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DISCLAIMER 

The use of company or product name(s) is for identification only and does not imply endorsement by the 
Agency for Toxic Substances and Disease Registry. 

This information is distributed solely for the purpose of pre dissemination public comment under 
applicable information quality guidelines.  It has not been formally disseminated by the Agency for Toxic 
Substances and Disease Registry.  It does not represent and should not be construed to represent any 
agency determination or policy. 
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UPDATE STATEMENT 


Toxicological profiles are revised and republished as necessary.  For information regarding the update 
status of previously released profiles, contact ATSDR at: 

Agency for Toxic Substances and Disease Registry

Division of Toxicology and Environmental Medicine/Applied Toxicology Branch 


1600 Clifton Road NE 

Mailstop F-32 


Atlanta, Georgia 30333 
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FOREWORD 

This toxicological profile is prepared in accordance with guidelines developed by the Agency for 
Toxic Substances and Disease Registry (ATSDR) and the Environmental Protection Agency (EPA).  The 
original guidelines were published in the Federal Register on April 17, 1987. Each profile will be revised 
and republished as necessary. 

The ATSDR toxicological profile succinctly characterizes the toxicologic and adverse health 
effects information for the hazardous substance described therein.  Each peer-reviewed profile identifies 
and reviews the key literature that describes a hazardous substance's toxicologic properties.  Other 
pertinent literature is also presented, but is described in less detail than the key studies.  The profile is not 
intended to be an exhaustive document; however, more comprehensive sources of specialty information 
are referenced. 

The focus of the profiles is on health and toxicologic information; therefore, each toxicological 
profile begins with a public health statement that describes, in nontechnical language, a substance's 
relevant toxicological properties. Following the public health statement is information concerning levels 
of significant human exposure and, where known, significant health effects.  The adequacy of information 
to determine a substance's health effects is described in a health effects summary.  Data needs that are of 
significance to protection of public health are identified by ATSDR and EPA.  

Each profile includes the following: 

(A) The examination, summary, and interpretation of available toxicologic information and 
epidemiologic evaluations on a hazardous substance to ascertain the levels of significant 
human exposure for the substance and the associated acute, subacute, and chronic health 
effects; 

(B) A determination of whether adequate information on the health effects of each substance is 
available or in the process of development to determine levels of exposure that present a 
significant risk to human health of acute, subacute, and chronic health effects; and 

(C) Where appropriate, identification of toxicologic testing needed to identify the types or levels 
of exposure that may present significant risk of adverse health effects in humans. 

The principal audiences for the toxicological profiles are health professionals at the Federal, State, 
and local levels; interested private sector organizations and groups; and members of the public.  We plan 
to revise these documents in response to public comments and as additional data become available.  
Therefore, we encourage comments that will make the toxicological profile series of the greatest use. 

Comments should be sent to: 

    Agency for Toxic Substances and Disease Registry
    Division of Toxicology and Environmental Medicine 

1600 Clifton Road, N.E. 
Mail Stop F-32 

Atlanta, Georgia 30333 



 

vi 

The toxicological profiles are developed in response to the Superfund Amendments and 
Reauthorization Act (SARA) of 1986 (Public Law 99-499) which amended the Comprehensive 
Environmental Response, Compensation, and Liability Act of 1980 (CERCLA or Superfund).  This 
public law directed ATSDR to prepare toxicological profiles for hazardous substances most commonly 
found at facilities on the CERCLA National Priorities List and that pose the most significant potential 
threat to human health, as determined by ATSDR and the EPA.  The availability of the revised priority 
list of 275 hazardous substances was announced in the Federal Register on December 7, 2005 (70 FR 
72840). For prior versions of the list of substances, see Federal Register notices dated April 17, 1987 
(52 FR 12866); October 20, 1988 (53 FR 41280); October 26, 1989 (54 FR 43619); October 17, 1990 (55 
FR 42067); October 17, 1991 (56 FR 52166); October 28, 1992 (57 FR 48801);  February 28, 1994 (59 
FR 9486); April 29, 1996 (61 FR 18744); November 17, 1997 (62 FR 61332); October 21, 1999 (64 FR 
56792); October 25, 2001 (66 FR 54014); and  November 7, 2003 (68 FR 63098). Section 104(i)(3) of 
CERCLA, as amended, directs the Administrator of ATSDR to prepare a toxicological profile for each 
substance on the list. 

This profile reflects ATSDR’s assessment of all relevant toxicologic testing and information that 
has been peer-reviewed. Staff of the Centers for Disease Control and Prevention and other Federal 
scientists have also reviewed the profile. In addition, this profile has been peer-reviewed by a 
nongovernmental panel and is being made available for public review.  Final responsibility for the 
contents and views expressed in this toxicological profile resides with ATSDR. 
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QUICK REFERENCE FOR HEALTH CARE PROVIDERS 

Toxicological Profiles are a unique compilation of toxicological information on a given hazardous 
substance. Each profile reflects a comprehensive and extensive evaluation, summary, and interpretation 
of available toxicologic and epidemiologic information on a substance.  Health care providers treating 
patients potentially exposed to hazardous substances will find the following information helpful for fast 
answers to often-asked questions. 

Primary Chapters/Sections of Interest 

Chapter 1: Public Health Statement: The Public Health Statement can be a useful tool for educating 
patients about possible exposure to a hazardous substance.  It explains a substance’s relevant 
toxicologic properties in a nontechnical, question-and-answer format, and it includes a review of 
the general health effects observed following exposure. 

Chapter 2: Relevance to Public Health: The Relevance to Public Health Section evaluates, interprets, 
and assesses the significance of toxicity data to human health. 

Chapter 3: Health Effects: Specific health effects of a given hazardous compound are reported by type 
of health effect (death, systemic, immunologic, reproductive), by route of exposure, and by length 
of exposure (acute, intermediate, and chronic).  In addition, both human and animal studies are 
reported in this section. 
NOTE: Not all health effects reported in this section are necessarily observed in the clinical 
setting. Please refer to the Public Health Statement to identify general health effects observed 
following exposure. 

Pediatrics: Four new sections have been added to each Toxicological Profile to address child health 
issues: 
Section 1.6 How Can (Chemical X) Affect Children? 

Section 1.7 How Can Families Reduce the Risk of Exposure to (Chemical X)? 

Section 3.7 Children’s Susceptibility 

Section 6.6 Exposures of Children 


Other Sections of Interest: 
Section 3.8 Biomarkers of Exposure and Effect 
Section 3.11 Methods for Reducing Toxic Effects 

ATSDR Information Center  
Phone:  1-800-CDC-INFO (800-232-4636) or 1-888-232-6348 (TTY)   Fax: (770) 488-4178 
E-mail: cdcinfo@cdc.gov Internet: http://www.atsdr.cdc.gov 

The following additional material can be ordered through the ATSDR Information Center: 

Case Studies in Environmental Medicine: Taking an Exposure History—The importance of taking an 
exposure history and how to conduct one are described, and an example of a thorough exposure 
history is provided.  Other case studies of interest include Reproductive and Developmental 

***DRAFT FOR PUBLIC COMMENT*** 

mailto:cdcinfo@cdc.gov
http://www.atsdr.cdc.gov


viii 1,4-DIOXANE 

Hazards; Skin Lesions and Environmental Exposures; Cholinesterase-Inhibiting Pesticide 
Toxicity; and numerous chemical-specific case studies. 

Managing Hazardous Materials Incidents is a three-volume set of recommendations for on-scene 
(prehospital) and hospital medical management of patients exposed during a hazardous materials 
incident. Volumes I and II are planning guides to assist first responders and hospital emergency 
department personnel in planning for incidents that involve hazardous materials.  Volume III— 
Medical Management Guidelines for Acute Chemical Exposures—is a guide for health care 
professionals treating patients exposed to hazardous materials. 

Fact Sheets (ToxFAQs) provide answers to frequently asked questions about toxic substances. 

Other Agencies and Organizations 

The National Center for Environmental Health (NCEH) focuses on preventing or controlling disease, 
injury, and disability related to the interactions between people and their environment outside the 
workplace. Contact: NCEH, Mailstop F-29, 4770 Buford Highway, NE, Atlanta, 
GA 30341-3724 • Phone: 770-488-7000 • FAX: 770-488-7015. 

The National Institute for Occupational Safety and Health (NIOSH) conducts research on occupational 
diseases and injuries, responds to requests for assistance by investigating problems of health and 
safety in the workplace, recommends standards to the Occupational Safety and Health 
Administration (OSHA) and the Mine Safety and Health Administration (MSHA), and trains 
professionals in occupational safety and health.  Contact: NIOSH, 200 Independence Avenue, 
SW, Washington, DC 20201 • Phone: 800-356-4674 or NIOSH Technical Information Branch, 
Robert A. Taft Laboratory, Mailstop C-19, 4676 Columbia Parkway, Cincinnati, OH 45226-1998 
• Phone: 800-35-NIOSH. 

The National Institute of Environmental Health Sciences (NIEHS) is the principal federal agency for 
biomedical research on the effects of chemical, physical, and biologic environmental agents on 
human health and well-being.  Contact:  NIEHS, PO Box 12233, 104 T.W. Alexander Drive, 
Research Triangle Park, NC 27709 • Phone: 919-541-3212. 

Referrals 

The Association of Occupational and Environmental Clinics (AOEC) has developed a network of clinics 
in the United States to provide expertise in occupational and environmental issues.  Contact: 
AOEC, 1010 Vermont Avenue, NW, #513, Washington, DC 20005 • Phone:  202-347-4976 
• FAX: 202-347-4950 • e-mail: AOEC@AOEC.ORG • Web Page:  http://www.aoec.org/. 

The American College of Occupational and Environmental Medicine (ACOEM) is an association of 
physicians and other health care providers specializing in the field of occupational and 
environmental medicine.  Contact: ACOEM, 25 Northwest Point Boulevard, Suite 700, 
Elk Grove Village, IL 60007-1030 • Phone:  847-818-1800 • FAX:  847-818-9266. 
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THE PROFILE HAS UNDERGONE THE FOLLOWING ATSDR INTERNAL REVIEWS: 

1. 	 Health Effects Review.  The Health Effects Review Committee examines the health effects 
chapter of each profile for consistency and accuracy in interpreting health effects and classifying 
end points. 

2.	 Minimal Risk Level Review. The Minimal Risk Level Workgroup considers issues relevant to 
substance-specific Minimal Risk Levels (MRLs), reviews the health effects database of each 
profile, and makes recommendations for derivation of MRLs. 

3. 	 Data Needs Review.  The Applied Toxicology Branch reviews data needs sections to assure 
consistency across profiles and adherence to instructions in the Guidance. 

4. 	 Green Border Review.  Green Border review assures the consistency with ATSDR policy. 
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PEER REVIEW 


A peer review panel was assembled for 1,4-dioxane.  The panel consisted of the following members:  

1.	 Dr. George Alexeeff, Deputy Director for Scientific Affairs, Office of Environmental Health 
Hazard Assessment, CAL/EPA, Oakland, California; 

2. 	 Dr. Phillip Leber, Consultant in Toxicology, Akron, Ohio; and 

3.	 Dr. Raghubir Sharma, Emeritus Fred C. Davison Distinguished Chair in Toxicology, Department 
of Physiology and Pharmacology, University of Georgia College of Veterinary Medicine, Athens, 
Georgia. 

These experts collectively have knowledge of 1,4-dioxane's physical and chemical properties, 
toxicokinetics, key health end points, mechanisms of action, human and animal exposure, and 
quantification of risk to humans.  All reviewers were selected in conformity with the conditions for peer 
review specified in Section 104(I)(13) of the Comprehensive Environmental Response, Compensation, 
and Liability Act, as amended. 

Scientists from the Agency for Toxic Substances and Disease Registry (ATSDR) have reviewed the peer 
reviewers' comments and determined which comments will be included in the profile.  A listing of the 
peer reviewers' comments not incorporated in the profile, with a brief explanation of the rationale for their 
exclusion, exists as part of the administrative record for this compound.   

The citation of the peer review panel should not be understood to imply its approval of the profile's final 
content. The responsibility for the content of this profile lies with the ATSDR. 
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1 1,4-DIOXANE 

1. PUBLIC HEALTH STATEMENT 

This public health statement tells you about 1,4-dioxane and the effects of exposure to it. 

The Environmental Protection Agency (EPA) identifies the most serious hazardous waste sites in the 

nation. These sites are then placed on the National Priorities List (NPL) and are targeted for long-term 

federal clean-up activities.  1,4-Dioxane has been found in at least 31 of the 1,689 current or former NPL 

sites. Although the total number of NPL sites evaluated for this substance is not known, the possibility 

exists that the number of sites at which 1,4-dioxane is found may increase in the future as more sites are 

evaluated. This information is important because these sites may be sources of exposure and exposure to 

this substance may harm you. 

When a substance is released either from a large area, such as an industrial plant, or from a container, 

such as a drum or bottle, it enters the environment.  Such a release does not always lead to exposure.  You 

can be exposed to a substance only when you come in contact with it.  You may be exposed by breathing, 

eating, or drinking the substance, or by skin contact. 

If you are exposed to 1,4-dioxane, many factors will determine whether you will be harmed.  These 

factors include the dose (how much), the duration (how long), and how you come in contact with it.  You 

must also consider any other chemicals you are exposed to and your age, sex, diet, family traits, lifestyle, 

and state of health. 

What is 1,4-dioxane? 

Clear liquid with
faint odor  

1,4-Dioxane is a clear liquid with a faint pleasant odor and mixes easily with 
water. 

Used as a solvent 
and laboratory 
reagent  

It is used as a solvent in the manufacture of other chemicals and as a 
laboratory reagent.   

Found as a 
contaminant 

1,4-Dioxane is a trace contaminant of some chemicals used in cosmetics, 
detergents, and shampoos. 

Manufacturers now reduce 1,4-dioxane from these chemicals to low levels 
before these chemicals are made into products used in the home. 
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1. PUBLIC HEALTH STATEMENT 

For more information on the physical and chemical properties of 1,4-dioxane, and its production, 

disposal, and use, see Chapters 4 and 5. 

What happens to 1,4-dioxane when it enters the environment?   

Found in air and 1,4-Dioxane can be released into the air, water, and soil at places where it is 
produced or used as a solvent.   

In soil, 1,4-dioxane does not stick to soil particles, so it can move from soil 
into groundwater. 

water  

Compounds in the air can rapidly breakdown 1,4-dioxane into different 
compounds. 

1,4-Dioxane is stable in water and does not break down.   

Breakdown  

For more information on 1,4-dioxane in the environment, see Chapter 6. 

How might I be exposed to 1,4-dioxane?  

Air You can be exposed to 1,4-dioxane by breathing contaminated air. 

Current levels of 1,4-dioxane in air are not known.  In the mid-1980s, levels 
of 1,4-dioxane were  

• 0.1–0.4 milligrams per cubic meter (mg/m3) in outdoor air  
• 4 mg/m3 for indoor air   

Water  You can be exposed to 1,4-dioxane in tap water. 

Current levels of 1,4-dioxane in water are not known.  In the 1970s, the level 
of 1,4-dioxane in drinking water was 1 microgram per liter of water (1 µg/L). 

Tap water can contain 1,4-dioxane, so you also can be exposed to 
1,4-dioxane during activities such as showering, bathing, and laundering.  
Exposure to 1,4-dioxane in tap water by breathing in during showering or 
other indoor activities can result in higher exposures to 1,4-dioxane than 
from drinking water.  

Consumer 
products 

Your skin may contact 1,4-dioxane when you use cosmetics, detergents, 
and shampoos containing 1,4-dioxane.   

During 1992–1997, the average concentration of 1,4-dioxane in some 
cosmetic products reportedly ranged from 14 to 79 mg/kg.  In a more recent 
survey reported by the Campaign for Safe Cosmetics, the levels of 
1,4-dioxane in cosmetic products were found to be lower than in the survey 
done by the FDA in the 1990s. 

For more information on human exposure to 1,4-dioxane, see Chapter 6.  
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1. PUBLIC HEALTH STATEMENT 

How can 1,4-dioxane enter and leave my body?   

Rapidly enters 
your body 

When you breathe air containing 1,4-dioxane, almost all of it will rapidly 
enter your body through your lungs.  Almost all of the 1,4-dioxane in your 
drinking water will rapidly enter your body through the digestive tract. 

Smaller amounts of 1,4-dioxane can enter your body through the skin.   

Rapidly leaves 
your body 

Once in your body, 1,4-dioxane is broken down into other chemicals.  
These other chemicals rapidly leave your body in the urine.   

For more information on how 1,4-dioxane enters and leaves the body, see Chapter 3. 

How can 1,4-dioxane affect my health?   

Scientists use many tests to protect the public from harmful effects of toxic chemicals and to find ways 

for treating persons who have been harmed. 

The effects of 1,4-dioxane on human health depends on how much 1,4-dioxane you are exposed to and 

the length of exposure.  The limited environmental monitoring data available suggest that the levels of 

1,4-dioxane to which the general public might be exposed through contact or use of consumer products 

(including food), or that are normally found in environmental media, are generally significantly lower 

than those used in studies with experimental animals. 
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Short-term 
exposure effects 

Eye and nose irritation was reported by people exposed to low levels of 
1,4-dioxane for short periods of time.  Exposure to very high levels may 
cause severe kidney and liver effects and possibly death. 

Long-term
exposure effects 

Studies in animals have shown that breathing vapors of 1,4-dioxane, 
swallowing liquid 1,4-dioxane or contaminated drinking water, or having skin 
contact with liquid 1,4-dioxane affects mainly the liver and kidneys.   

May cause cancer Studies in workers did not indicate whether 1,4-dioxane causes cancer. 

Laboratory rats and mice that drank water containing 1,4-dioxane during 
most of their lives developed liver cancer; the rats also developed cancer 
inside the nose.  Scientists are debating the degree to which the findings in 
rats and mice apply to exposure situations commonly encountered by 
people.  

The International Agency for Research on Cancer (IARC) has determined 
that 1,4-dioxane is possibly carcinogenic to humans.  

The U.S. Department of Health and Human Services (HHS) considers 
1,4-dioxane as reasonably anticipated to be a human carcinogen.  

EPA has established that 1,4-dioxane is a probable human carcinogen.   

Further information on the health effects of 1,4-dioxane in humans and animals can be found in 

Chapters 2 and 3. 

How can 1,4-dioxane affect children?  

This section discusses potential health effects in humans from exposures during the period from 

conception to maturity at 18 years of age. 

No data describe the effects of exposure to 1,4-dioxane on children or Children are likely 
immature animals.  It is likely that children would show the same health to have similar 
effects as adults.  We do not know whether children differ from adults in 
their susceptibility to the effects of 1,4-dioxane. 

effects as adults 

We do not know whether 1,4-dioxane can harm an unborn child.   Birth defects 
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How can families reduce the risk of exposure to 1,4-dioxane?   
 

Limit children’s 
exposure to 
consumer 
products which 
may contain 
1,4-dioxane 

1,4-Dioxane may be a contaminant in cosmetics, detergents, and shampoos 
that contain the following ingredients (which may be listed on the product 
label):   
 

• PEG 
• polyethylene 
• polyethylene glycol 
• polyoxyethylene 
• -eth 
• -oxynol 

 
Many products on the market today contain 1,4-dioxane in very small 
amounts.  However, some cosmetics, detergents, and shampoos may 
contain 1,4-dioxane at levels higher than recommended by the FDA for 
other products.  Families wishing to avoid cosmetics containing the 
ingredients listed above may do so by reviewing the ingredient statement 
that is required to appear on the outer container label of cosmetics offered 
for retail sale.  Also, families may look for cautionary statements on the 
labels of foaming detergent bath products with directions for safe use, the 
need to keep out of the reach of children, or the need for adult supervision. 

Limit exposure to 
contaminated 
drinking water  

Families that drink water that could be contaminated with 1,4-dioxane can 
reduce the risk for exposure to 1,4-dioxane by drinking uncontaminated 
bottled water. 

 

Is there a medical test to determine whether I have been exposed to 1,4-dioxane?  
 

Can be measured 
in blood and urine 
 

1,4-Dioxane and its breakdown products (metabolites) can be measured in 
blood and urine.   
 
The detection of 1,4-dioxane or these metabolites cannot be used to predict 
the kind of health effects that might develop from that exposure.   
 
The tests need to be conducted within days after exposure because 
1,4-dioxane and its metabolites leave the body fairly rapidly.   

 

For more information on the different substances formed by 1,4-dioxane breakdown and on tests to detect 

these substances in the body, see Chapters 3 and 7. 

 

What recommendations has the federal government made to protect human 
health? 
 

The federal government develops regulations and recommendations to protect public health.  Regulations 

can be enforced by law.  The EPA, the Occupational Safety and Health Administration (OSHA), and the 

Food and Drug Administration (FDA) are some federal agencies that develop regulations for toxic 

substances.  Recommendations provide valuable guidelines to protect public health, but cannot be 
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enforced by law.  The Agency for Toxic Substances and Disease Registry (ATSDR) and the National 

Institute for Occupational Safety and Health (NIOSH) are two federal organizations that develop 

recommendations for toxic substances. 

 

Regulations and recommendations can be expressed as “not-to-exceed” levels, that is, levels of a toxic 

substance in air, water, soil, or food that do not exceed a critical value that is usually based on levels that 

affect animals; they are then adjusted to levels that will help protect humans.  Sometimes these not-to-

exceed levels differ among federal organizations because they used different exposure times (an 8-hour 

workday or a 24-hour day), different animal studies, or other factors. 

 

Recommendations and regulations are also updated periodically as more information becomes available.  

For the most current information, check with the federal agency or organization that provides it.   

 

Some regulations and recommendations for 1,4-dioxane include the following: 

 

Levels in drinking 
water set by EPA 

The EPA has determined that exposure to 1,4-dioxane in drinking water at 
concentrations of 4 mg/L for one day or 0.4 mg/L for 10 days is not 
expected to cause any adverse effects in a child. 
 

Levels in 
workplace air set 
by OSHA 

OSHA set a legal limit of 100 ppm 1,4-dioxane in air averaged over an 
8-hour work day.   
 

Levels set by NAS The National Academy of Sciences (NAS) established a specification of 
10 ppm for 1,4-dioxane in the ingredient polysorbate, a food additive.   
 

Levels set by FDA FDA considered 10 ppm to be an acceptable limit for 1,4-dioxane during its 
consideration of a spermicide, N-9, in a contraceptive sponge product.   
 
FDA also set a limit on 1,4-dioxane at 10 ppm in approving glycerides and 
polyglycerides for use as excipients in products such as dietary 
supplements. 
 
FDA keeps a record of raw materials and products contaminated with 
1,4-dioxane.   

 

For more information on regulations and advisories, see Chapter 8. 

 



7 1,4-DIOXANE 

1. PUBLIC HEALTH STATEMENT 

Where can I get more information? 

If you have any more questions or concerns, please contact your community or state health or 

environmental quality department, or contact ATSDR at the address and phone number below. 

ATSDR can also tell you the location of occupational and environmental health clinics.  These clinics 

specialize in recognizing, evaluating, and treating illnesses that result from exposure to hazardous 

substances. 

Toxicological profiles are also available on-line at www.atsdr.cdc.gov and on CD-ROM.  You may 

request a copy of the ATSDR ToxProfilesTM CD-ROM by calling the toll-free information and  

technical assistance number at 1-800-CDCINFO (1-800-232-4636), by e-mail at cdcinfo@cdc.gov, or by 

writing to: 

Agency for Toxic Substances and Disease Registry

Division of Toxicology and Environmental Medicine 


  1600 Clifton Road NE 

  Mailstop F-32 

  Atlanta, GA 30333 

  Fax: 1-770-488-4178 


Organizations for-profit may request copies of final Toxicological Profiles from the following: 

National Technical Information Service (NTIS) 

5285 Port Royal Road 


  Springfield, VA 22161 

  Phone: 1-800-553-6847 or 1-703-605-6000 

  Web site: http://www.ntis.gov/ 
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2.  RELEVANCE TO PUBLIC HEALTH 
 

2.1   BACKGROUND AND ENVIRONMENTAL EXPOSURES TO 1,4-DIOXANE IN THE 
UNITED STATES  

 

1,4-Dioxane is a stable, clear liquid at ambient temperatures and is miscible with water.  It is used 

primarily as a solvent for chemical processing (e.g., adhesives, cleaning and detergent preparations, 

cosmetics, deodorant fumigants, emulsions and polishing compositions, fat, lacquers, pulping of wood, 

varnishes, waxes).  It has also been used as a laboratory reagent; in plastic, rubber, insecticides, and 

herbicides; as a chemical intermediate; as part of a polymerization catalyst; and as an extraction medium 

of animal and vegetable oils.  1,4-Dioxane may also be found as a contaminant in ethoxylated surfactants, 

which are used in consumer cosmetics, detergents, and shampoos.  Currently, manufacturers remove 

1,4-dioxane from ethoxylated surfactants to low levels by vacuum stripping. 

 

Human exposure to 1,4-dioxane may occur by inhalation, ingestion, and dermal contact.  Because 

1,4-dioxane may be found in tap water, human exposure to 1,4-dioxane may also occur during activities 

such as showering, bathing, and laundering.  Exposure to 1,4-dioxane in tap water through inhalation 

during showering or other indoor activities can result in higher exposures to 1,4-dioxane compared to 

ingestion of drinking water. 

 

Current levels of 1,4-dioxane in ambient air, drinking water, and food samples are not available.  In the 

mid 1980s, levels of 1,4-dioxane in ambient outdoor air ranged from 0.1 to 0.4 μg/m3 (0.028–0.11 ppb).  

Mean concentrations of 1,4-dioxane in indoor air were a factor of 10 higher at 3.704 μg/m3 (1.029 ppb).  

In the 1970s, municipal water supplies in the United States were reported to contain 1 μg/L (ppb) of 

1,4-dioxane.  1,4-Dioxane has been detected in food volatiles which may indicate that 1,4-dioxane may be 

a natural constituent in some foods.  Volatiles from chicken, meat, tomatoes, and small shrimp have been 

reported to contain 1,4-dioxane at unquantified levels.  Dermal exposure to 1,4-dioxane may occur with 

the use of consumer cosmetics, detergents, and shampoos containing ethoxylated surfactants.  Between 

the years 1992 and 1997, the average concentration of 1,4-dioxane in cosmetic finished products was 

reported to fluctuate from 14 to 79 ppm (mg/kg).  In a more recent survey reported by the Campaign for 

Safe Cosmetics, the levels of 1,4-dioxane in cosmetic products that were tested were found to be lower 

than in the survey done by the FDA in the 1990s.  FDA issued a regulation in 1986 that requires labels on 

foaming detergent bath products to bear adequate directions for safe use and a caution to keep the product 
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out of the reach of children (FDA 1986).  If the product is intended for children’s use, the label may add a 

caution requiring adult supervision. 

 

2.2   SUMMARY OF HEALTH EFFECTS  
 

Limited information exists regarding the health effects of 1,4-dioxane in humans.  Yet, the available data 

are sufficient to clearly identify the liver and kidneys as the target organs for 1,4-dioxane toxicity 

following short-term exposure to relatively high amounts of 1,4-dioxane, regardless of the route of 

exposure.  This has been corroborated in studies in animals.  Workplace exposures to undetermined, but 

presumably high concentrations of 1,4-dioxane have resulted in death.  Inhalation was the most likely 

route of exposure, although considerable dermal contact may also have taken place in one of these cases.  

Evaluation of the subjects prior to death did not provide a picture that could be considered unique to 

1,4-dioxane.  Subjects often complained of gastrointestinal pain, had high blood pressure, anuria, and 

leukocytosis, and exhibited signs of nervous system involvement.  The deaths occurred 5–8 days after the 

initial symptoms of illness.  Postmortem evaluation revealed extensive liver and kidneys damage and in 

three out of five cases described in one study; kidney disease was considered to be the direct cause of 

death.  Controlled exposures of volunteers to airborne 1,4-dioxane for periods ranging from a few minutes 

to 6 hours produced eye, nose, and throat irritation.  The lowest exposure concentration that produced eye 

irritation was 50 ppm during a 6-hour exposure, but exposure in a much older study to 2,000 ppm for 

3 minutes produced no complaints of eye or nasal discomfort.  In a more recent study, exposure of 

volunteers to 20 ppm for 2 hours did not induce eye or respiratory irritation.  Little is known about long-

term exposure to lower concentrations of 1,4-dioxane.  A study of workers exposed to 0.006–14.3 ppm 

1,4-dioxane for an average of 25 years found no evidence of liver or kidney disease or any other clinical 

effects.  An additional study that examined mortality rates among workers employed at a manufacturing 

and processing facility found no differences between observed and expected incidences of cancer.  

However, this study was limited in size and exposure duration.  Although no information was available 

regarding reproductive, developmental, or immunological effects specific to 1,4-dioxane in humans, some 

occupational studies of workers exposed to 1,4-dioxane in combination with other solvents have reported 

elevated rates of spontaneous abortion, stillbirths, premature births, and low birth weights.  These effects 

cannot be attributed solely to 1,4-dioxane. 

 

As previously mentioned, the liver and kidneys are also targets of 1,4-dioxane toxicity in animals and this 

has been described following inhalation, oral, and dermal exposure.  There are no studies of the effects of 

1,4-dioxane on reproductive function or immunocompetence in animals, and only one study in rats 
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evaluated developmental end points following oral exposure during gestation.  Slight fetotoxicity 

occurred at a dose level that also affected the mothers.  Chronic administration of 1,4-dioxane in the 

drinking water produced liver cancer in rats, mice, and guinea pigs, and cancer of the nasal cavity in rats.  

However, a 2-year inhalation study in rats exposed to relatively low concentrations of 1,4-dioxane 

(111 ppm) provided no evidence of carcinogenicity or any other health effect.  The mechanism of 

carcinogenicity of 1,4-dioxane has not been elucidated, but the lack of or weak genotoxicity of 

1,4-dioxane, its strong promotion properties, and the extensive cytotoxicity observed in some studies at 

dose levels that induce tumors suggest that 1,4-dioxane may be acting through a non-genetic mode of 

action. 

 

Only cancer (with emphasis on the liver) and kidney effects are discussed below since these are the 

effects of most concern should humans be accidentally acutely exposed to high amounts of 1,4-dioxane or 

populations be identified that are being exposed to low-level, long-term exposure to this chemical. 

 

Liver and Cancer Effects.    Liver effects have occurred in humans and animals exposed to 

1,4-dioxane, and the data in animals suggest that they occur regardless of the route of exposure.  An 

occupational study and a case report provided a detailed description of the liver pathology in subjects 

following exposure to 1,4-dioxane that resulted in deaths within 1–2 weeks after the exposure.  Upon 

postmortem examination, enlarged and pale liver and centrilobular necrosis were commonly observed.  

None of the subjects showed jaundice before death.  Neither workers exposed to lower concentrations of 

1,4-dioxane for many years nor volunteers exposed for a single 6-hour period to 50 ppm 1,4-dioxane 

showed indications of liver alterations.   

 

One study provided detailed descriptions of liver pathology in several animal species exposed 

intermittently to 1,4-dioxane by inhalation for a period of up to 13 weeks and also exposed orally and by 

dermal contact.  Both lethal and non-lethal concentrations (1,000–10,000 ppm) caused degrees of 

degeneration that varied from cloudy swelling to large areas of complete necrosis.  Similar effects were 

seen following oral and dermal exposure.  Hepatocyte vacuolation and swelling were reported in mice and 

rats dosed with 1,4-dioxane in the drinking water for 2 or 13 weeks.  Evidence of hepatic degenerative 

changes was seen in Sherman rats that died after 2–4 months of treatment in a 2-year drinking water 

bioassay.  Long-term oral studies in animals described hepatocellular degeneration and necrosis in 

Sherman rats at about 94 mg 1,4-dioxane/kg/day and liver hyperplasia in Fischer 344 rats at about 

81 mg/kg/day; hepatocytomegaly was observed in female Osborne-Mendel rats treated with 
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approximately 350 mg/kg/day.  The apparent different lesions and thresholds for the effects in the liver 

may reflect strain differences. 

 

The mechanism by which 1,4-dioxane induces liver damage in unknown.  Results from some studies 

suggest that toxicity occurs at high doses when the metabolism of 1,4-dioxane is saturated, which would 

suggest that the parent compound is the toxic form.  This also is consistent with more recent observations 

that induction of hepatic CYP2B1/2 and CYP2E1 did not play a role in the toxicity of 1,4-dioxane, which 

suggested that highly reactive and toxic intermediates do not play a major role in the liver toxicity of 

1,4-dioxane, even under conditions of enhanced metabolism.  On the other hand, it has also been reported 

that the metabolite, 1,4-dioxane-2-one, was several-fold more toxic than 1,4-dioxane based on 

intraperitoneal LD50 determinations in rats. 

 

All long-term studies in rats dosed with 1,4-dioxane via the drinking water reported an increased 

incidence of liver tumors.  In the better reported studies, tumor development occurred at doses that 

produced hepatocellular hyperplasia and degeneration and evidence of hepatic regeneration.  1,4-Dioxane 

also induced tumors in the nasal turbinates in rats and liver tumors in mice and guinea pigs.  The 

mechanism of carcinogenicity of 1,4-dioxane has not been elucidated, but the results from several lines of 

investigation have led some to conclude that 1,4-dioxane has a non-genotoxic, yet unknown, mode of 

action.  

 

The EPA has developed cancer risk values for 1,4-dioxane based on the increased incidence of tumors of 

the nasal cavity in male Osborne-Mendel rats in a 2-year drinking-water bioassay.  The relevance of these 

tumors to humans has been questioned.  It was suggested that the tumors resulted from inspiration of 

water containing 1,4-dioxane into the nasal cavity.  Preliminary studies with a dye in the drinking water 

have demonstrated that large amounts of inhaled water may be deposited directly in the nose.  The lack of 

nasal tumors in mice in chronic oral studies could be due to different tissue sensitivity and/or repair 

mechanism, or to a difference in anatomical features.  Also, the lack of nasal cytotoxicity and nasal 

tumors in Wistar rats exposed intermittently to 111 ppm 1,4-dioxane in the air for 2 years suggests that 

the minimal effective dose may not have been reached.  

 

Liver toxicity has been proposed to be necessary for liver tumor formation possibly in rats.  Since this 

suggests to some scientists the existence of a threshold, they have suggested using approaches other than 

the Linearized Multistage Model for estimating human cancer risk due to exposure to 1,4-dioxane.  In 

addition, the use of available physiologically based pharmacokinetic (PBPK) models may provide a 
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means for estimating the internal dose of 1,4-dioxane or metabolites delivered to the target organ from the 

doses administered in the animal bioassays.  Based on inadequate evidence in humans and sufficient 

evidence in experimental animals, the International Agency for Research on Cancer (IARC) has 

determined that 1,4-dioxane is possibly carcinogenic to humans.  The Department of Health and Human 

Services (DHHS) has stated that 1,4-dioxane is reasonably anticipated to be a human carcinogen based on 

sufficient evidence of carcinogenicity in experimental animals.  The EPA has established that 1,4-dioxane 

is a probable human carcinogen based on inadequate evidence in humans and sufficient evidence in 

animals.  The EPA is currently re-evaluating the health assessment for 1,4-dioxane. 

 

Renal Effects.    Kidney lesions appeared to be the cause of death of five workers who were exposed to 

unknown concentrations of 1,4-dioxane primarily by the inhalation route.  Death occurred 1–2 weeks 

after episodes of elevated exposure started at work.  All five cases experienced oliguria or anuria.  Post 

mortem examination revealed swollen kidneys with hemorrhages and necrosis of the cortex.  Similar 

findings were reported in a fatal case report.  No renal alterations, as judged by urinalyses, were described 

in other reports of long-term occupational exposure to low levels of 1,4-dioxane or in a group of 

volunteers following a single 6-hour exposure to 50 ppm 1,4-dioxane.  Very similar kidney lesions were 

observed in animals exposed to 1,4-dioxane by several routes of exposure.  Rodents exposed to acutely 

lethal concentrations of 1,4-dioxane showed severe kidney damage consisting in marked patchy cell 

degeneration of the cortical tubules and intense vascular congestion and hemorrhages both inter- and 

intra-tubular.  Well-marked kidney lesions were present in animals that survived intermittent inhalation 

exposure for up to 12 weeks.  Similar observations were made in intermediate-duration studies in rats and 

mice exposed orally and in guinea pigs and rabbits following dermal application of 1,4-dioxane.  

Evidence of renal degenerative changes was seen in Sherman rats that died after 2–4 months of treatment 

in a 2-year drinking water bioassay.  Nuclear enlargement of the proximal tubule was reported in rats in a 

13-week study.  Increased incidence of degeneration and necrosis of the tubular epithelium was seen in 

rats that survived until termination of the study and similar findings were reported in Osborne-Mendel 

rats.  Hematuria and nuclear enlargement of the proximal tubule were reported in Fischer-344 rats, and 

hematuria, proteinuria, and glucosuria were noted in Crj:BDF1 mice in a 2-year drinking water study.  No 

compound-related neoplastic lesions were observed in the kidneys in other long-term studies conducted 

with 1,4-dioxane in rodents.  The mechanism(s) by which 1,4-dioxane induces kidneys lesions is not 

known, and virtually no discussion about this topic was found in the reviews available.  The findings in 

the case studies are consistent with an acute nephritic syndrome, which is characterized by acute renal 

failure and oliguria.  It is not expected that exposure to concentrations commonly in the environment 

would cause adverse kidney effects in humans.    
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2.3 MINIMAL RISK LEVELS (MRLs) 

Estimates of exposure levels posing minimal risk to humans (MRLs) have been made for 1,4-dioxane.  

An MRL is defined as an estimate of daily human exposure to a substance that is likely to be without an 

appreciable risk of adverse effects (noncarcinogenic) over a specified duration of exposure.  MRLs are 

derived when reliable and sufficient data exist to identify the target organ(s) of effect or the most sensitive 

health effect(s) for a specific duration within a given route of exposure.  MRLs are based on 

noncancerous health effects only and do not consider carcinogenic effects.  MRLs can be derived for 

acute, intermediate, and chronic duration exposures for inhalation and oral routes.  Appropriate 

methodology does not exist to develop MRLs for dermal exposure. 

Although methods have been established to derive these levels (Barnes and Dourson 1988; EPA 1990), 

uncertainties are associated with these techniques.  Furthermore, ATSDR acknowledges additional 

uncertainties inherent in the application of the procedures to derive less than lifetime MRLs.  As an 

example, acute inhalation MRLs may not be protective for health effects that are delayed in development 

or are acquired following repeated acute insults, such as hypersensitivity reactions, asthma, or chronic 

bronchitis. As these kinds of health effects data become available and methods to assess levels of 

significant human exposure improve, these MRLs will be revised. 

Inhalation MRLs 

•	 An MRL of 2 ppm has been derived for acute-duration inhalation exposure (14 days or less) to 
1,4-dioxane. 

The acute-duration inhalation MRL is based on a no-observed-adverse-effect level (NOAEL) of 20 ppm 

for eye and respiratory irritation and pulmonary function effects in humans (Ernstgård et al. 2006).  In 

that study, six male and six female volunteers were exposed to 0 or 20 ppm 1,4-dioxane vapor for 2 hours 

under dynamic conditions.  Each subject was exposed on two separate occasions to 0 or 20 ppm.  End 

points monitored included self-rated symptoms on a visual analogue scale that measured discomfort of the 

eyes, nose and throat, breathing difficulty, solvent smell, headache, fatigue, nausea, dizziness and 'feeling 

of intoxication'.  Rating was performed before, during (3, 60, and 118 minutes), and after exposure 

(20 and 180 minutes).  Respiratory function was assessed by spirometry before exposure, immediately 

after and 3 hours after exposure ceased. The specific parameters measured included vital capacity, forced 

vital capacity, forced expiratory volume in 1 second, peak expiratory flow, and forced expiratory flow at 

25, 50, and 75% of the force vital capacity.  Also assessed was nasal swelling before, immediately after, 
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and 3 hours after exposure.  Eye blinking was monitored throughout the exposure period by 

electromyography.  Also, two inflammatory markers, high sensitivity C reactive protein and interleukin 6, 

were measured in blood before and 3 hours after exposure.  Exposure to 1,4-dioxane under the conditions 

of the study did not significantly affect any of the end points monitored except the perception of smell of 

the chemical, which increased significantly after 3, 60, and 118 minutes if exposure.  The NOAEL of 

20 ppm was divided by an uncertainty factor of 10 (for human variability) to yield the MRL of 2 ppm.  

An adjustment to 24-hour exposure was not necessary because the first effects observed, as shown by 

Young et al. (1977, see below), are local irritation effects that are not time-dependent. 

Support for the acute-duration inhalation MRL of 2 ppm is provided by a study by Young et al. (1977) in 

which four healthy male volunteers were exposed to 50 ppm 1,4-dioxane for 6 hours under dynamic 

airflow conditions. Prior to the study, the subjects provided a complete history and underwent tests 

including chest x-ray, EKG, respiratory function tests, a conventional battery of 12 blood chemistry tests 

plus triglyceride and creatinine determinations, and complete hematological and urine analyses.  Except 

for the chest x-ray, the tests were repeated 24 hours and 2 weeks after the exposure.  The tests conducted 

24 hours and 2 weeks after exposure did not reveal any exposure-related abnormalities, although no data 

were provided in the study.  Eye irritation was a frequent and the only complaint throughout the exposure.  

Tolerance to the odor of 1,4-dioxane occurred during exposure.  Two of the subjects could not perceive 

the odor after 4 and 5 hours in the chamber.  The 50 ppm exposure level constitutes a minimal LOAEL 

for eye irritation, although there was no control experiment, and possible low humidity in the exposure 

chamber (not addressed in the report) might have contributed to the eye irritation. 

Other studies with volunteers also support the findings of Ernstgård et al. (2006) and Young et al. (1977). 

For example, Silverman et al. (1946) exposed 12 subjects to various concentrations of 1,4-dioxane for 

only 15 minutes and determined a no-observed-adverse-effect level (NOAEL) of 200 ppm for eye and 

nose irritation; the LOAEL was 300 ppm.  Wirth and Klimmer (1936) reported that slight mucous 

membrane irritation started to take place in volunteers exposed to concentrations about 278 ppm for a few 

minutes (unspecified) and that at 1,390 ppm for several minutes, the subjects described prickling in the 

nose and scratchiness and dryness in the throat.  Fairley et al. (1934) reported a NOAEL of 2,000 ppm 

(only level tested) for respiratory and ocular effects in six subjects exposed to 1,4-dioxane for only 

3 minutes.  Finally, Yant et al. (1930) described slight eye, nose, and throat irritation in a group of five 

subjects exposed to 1,600 ppm (only level tested) 1,4-dioxane for only 10 minutes.  The available studies 

in animals used exposure concentrations that often caused death among the animals and were much 

higher than the concentrations tested by Ernstgård et al. (2006) and Young et al. (1977). 
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Because there were no adequate intermediate-duration inhalation studies in humans or animals from 

which to derive an intermediate-duration inhalation MRL, the chronic-duration inhalation MRL of 1 ppm 

(see derivation below) was adopted also for intermediate-duration exposure.  The intermediate-duration 

database for 1,4-dioxane consists of one early study that reports the effects of 1,4-dioxane in several 

animal species exposed to high concentrations (lethal in some cases) of 1,4-dioxane (Fairley et al. 1934).  

Rats, mice, guinea pigs, and rabbits were exposed 3 hours/day, 5 days/week for periods of up to 

12 weeks. At termination, examination of the animals revealed moderate to severe liver and kidney 

toxicity occurring at all exposure levels in all of the species tested.  The lowest exposure level was 

1,000 ppm. 

•	 An MRL of 1 ppm has been derived for chronic-duration inhalation exposure (365 days or more) 
to 1,4-dioxane. 

The MRL is based on a NOAEL of 111 ppm for liver effects in Wistar rats (Torkelson et al. 1974) and 

application of the physiologically-based pharmacokinetic (PBPK) model of Reitz et al. (1990).  Source 

code and parameter values for running the rat and human models in Advance Continuous Simulation 

Language (ACSL) were provided by Dr. Richard Reitz.  A detailed description of the model and its 

application is presented in Appendix B.  In the Torkelson et al. (1974) study, groups of Wistar rats 

(288/sex) were exposed to 1,4-dioxane vapors at a concentration of 0.4 mg/L (111 ppm) 7 hours/day, 

5 days/week for 2 years.  Controls were exposed to filtered room air.  End points examined included 

clinical signs, eye and nasal irritation, skin condition, respiratory distress, and tumor formation.  

Hematological parameters (hemoglobin, red blood cell count, total and differential leukocyte counts, 

corpuscular volume) were determined after 16 and 23 months of exposure.  Blood collected at termination 

was used also for determination of clinical chemistry parameters (serum alanine aminotransferase [ALT] 

and alkaline phosphatase activity, BUN, total protein).  Liver, kidneys, and spleen were weighed and the 

major tissues and organs were processed for microscopic examination.  Exposure to 1,4-dioxane vapors 

had no significant effect on mortality or body weight gain and induced no signs of eye or nasal irritation 

or respiratory distress. Slight but statistically significant changes in hematological and clinical chemistry 

parameters were within the normal physiological limits and were considered of no toxicological 

importance.  Organ weights were not significantly affected.  Microscopic examination of organs and 

tissues did not reveal treatment-related effects.  Because the only exposure level tested did not cause any 

significant adverse effects, the true study NOAEL is likely to be higher than 111 ppm.  Using the Reitz et 

al. (1990) model for interspecies extrapolation of 1,4-dioxane dosimetry for data from the Torkelson et al. 

(1974) study yields a human equivalent NOAEL of 35.5 ppm.  Applying an uncertainty factor of 30 (3 for 
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using dosimetric adjustments and 10 for human variability) yields a chronic-duration inhalation MRL of 

1 ppm.  Using EPA’s standard methodology for extrarespiratory effects for a category 3 gas rather than 

the PBPK model, and an uncertainty factor of 30, results in an MRL of 2 ppm for 1,4-dioxane.  The 

derivation using the PBPK model is preferred because it yields a more protective MRL. 

The limited human data supports the chronic-duration inhalation MRL.  An occupational study by Thiess 

et al. (1976) provided no evidence of ill effects in a group of 74 German workers exposed to 

concentrations ranging from 0.006 to 14.3 ppm for an average of 25 years.  In another epidemiological 

study, mortality rates were evaluated among workers exposed to 0.1–17 ppm 1,4-dioxane for up to 

21 years (Buffler et al. 1978).  No differences were found between observed and expected incidences of 

cancer. 

Long-term oral studies in animals also support the liver as sensitive target for 1,4-dioxane toxicity.  Liver 

hyperplasia, hepatocellular degeneration, and necrosis have been described in chronic-duration studies in 

rats (JBRC 1998c; Kociba et al. 1974; NCI 1978). 

Oral MRLs 

•	 An MRL of 4 mg/kg/day has been derived for acute-duration oral exposure (14 days or less) to 
1,4-dioxane. 

The acute-duration oral MRL is based on a NOAEL of 370 mg/kg/day for nasal effects in a study in rats 

(JBRC 1998a). In that study, F344/DuCrj rats (10/sex/group) were administered 1,4-dioxane in the 

drinking water in concentrations of 0, 1,110, 3,330, 10,000, 30,000, or 90,000 ppm for 2 weeks (0, 130, 

370, 1,010, or 2,960 mg/kg/day for males; 0, 160, 400, 1,040, or 2,750 mg/kg/day for females).  End 

points evaluated included clinical signs, food and water consumption, body weight, gross necropsy, and 

histopathology on 2–3 animals per group.  All animals in the highest-dose groups died.  Two females 

dosed with 2,750 mg/kg/day died.  Body weight gain was reduced by about 25% in males dosed with 

2,960 mg/kg/day and in females dosed with 2,750 mg/kg/day.  Food and water consumption was reduced 

approximately by 30% in males and females dosed with 2,960 mg/kg/day and 2,750 mg/kg/day, 

respectively. Also in these groups, there was nuclear enlargement of the olfactory epithelium, swelling 

and vacuolar changes of the central area in the liver, hydropic change of the proximal renal tubule, and 

vacuolar changes in the brain. Nuclear enlargement of the olfactory epithelium occurred in males at 

1,010 mg/kg/day (1/2 compared to 0/2 at 370 mg/kg/day) and in females at 1,040 mg/kg/day 

(2/2 compared to 0/2 at 400 mg/kg/day).  The study NOAEL was 400 mg/kg/day in females and 
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370 mg/kg/day in males (3,330 ppm).  Therefore, the dose level of 370 mg/kg/day in male rats is used as 

basis for the MRL. The MRL of 4 mg/kg/day was calculated by dividing the male NOAEL of 

370 mg/kg/day by an uncertainty factor of 100 (10 for animal to human extrapolation and 10 for human 

variability).  It should be pointed out that the study has several limitations, including the lack of statistical 

analysis of the results, only a small number (2–3) of animals were examined, and end points such as 

hematology, clinical chemistry, clinical signs, and gross examinations were not conducted or reported.  

JBRC (1998a) conducted a similar study in male and female Crj:BDF1 mice and identified NOAELs of 

1,380 and 1,780 mg/kg/day for liver effects in males and females, respectively. Doses of 2,550 and 

3,220 mg/kg/day caused swelling of the central area of the liver in males and females, respectively.  No 

nasal effects were observed in the mice. 

Most of the rest of the acute database consists of high-dose early studies aimed at determining 

LD50 values (de Navasquez 1935; Kesten et al. 1939; Laug et al. 1939; Pozzani et al. 1959; Smyth et al. 

1941).  The lowest dose that caused lethality was 327 mg 1,4-dioxane/kg/day in a study that tested only 

three dogs (Schrenk and Yant 1936).  This dose was provided in the drinking water and killed one dog 

after 10 days of treatment.  Doses of 375 mg/kg/day killed another dog in 9 days. However, because the 

dogs were allowed to drink the 1,4-dioxane solution only twice daily and no other source of water was 

available, dehydration may have played a role in the death of the animals.  A gestational exposure study 

in rats identified a maternal and developmental NOAEL and LOAEL of 513 and 1,033 mg/kg/day, 

respectively (Giavini et al. 1985).  Dams dosed with 1,033 mg/kg/day gained less weight than controls, 

and fetal weight in this group was reduced by 5.3% relative to controls.  In addition, a slightly but 

significantly higher incidence of reduced sternum ossification was noticed in the high-dose group. 

•	 An MRL of 0.6 mg/kg/day has been derived for intermediate-duration oral exposure (15–

364 days) to 1,4-dioxane. 


The intermediate-duration oral MRL is based on a NOAEL of 60 mg 1,4-dioxane/kg/day for liver effects 

in rats (JBRC 1998b).  In that study, groups of F344/DuCrj rats (10/sex/group) were administered 

1,4-dioxane in the drinking water in concentrations of 0, 640, 1,600, 4,000, 10,000, or 25,000 ppm for 

13 weeks (0, 60, 150, 330, 760, or 1,900 mg/kg/day in males; 0, 100, 200, 430, 870, or 2,020 mg/kg/day 

in females). End points evaluated included clinical signs, food and water consumption, body weight, 

complete hematology and clinical chemistry tests, urinalysis, organ weights, gross necropsy, and 

histopathology.  One female in the 2,020 mg/kg/day group died.  Body weight gain was reduced at 

870 mg/kg/day (12%) and 2,020 mg/kg/day (21%) in females and 1,900 mg/kg/day (21%) in males.  Food 

consumption was reduced 13% in females at 2,020 mg/kg/day.  Water consumption was reduced in a 
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dose-related manner in all male groups and in females at ≥200 mg/kg/day.  Hematology tests showed 

significant increases in erythrocyte counts, hemoglobin, hematocrit, and neutrophils, and a decrease in 

lymphocytes in males at 1,900 mg/kg/day, and decreases in mean corpuscular volume and platelets in 

females at 2,020 mg/kg/day.  Total protein and albumin were decreased in males at ≥330 mg/kg/day and 

in females at ≥430 mg/kg/day.  Serum aspartate aminotransferase (AST), ALT, alkaline phosphatase 

(AP), and leucine aminopeptidase (LAP) activities, and levels of cholesterol, triglycerides, sodium, and 

glucose were significantly elevated in high dose males and females.  Urinary pH was decreased in males 

at ≥330 mg/kg/day and in females at ≥870 mg/kg/day.  Absolute and relative kidney weights were 

increased in females at ≥200 mg/kg/day.  Nuclear enlargement of the respiratory epithelium occurred in 

males at ≥150 mg/kg/day and in females at ≥200 mg/kg/day; nuclear enlargement of the olfactory and 

tracheal epithelium occurred in males at ≥330 mg/kg/day and in females at ≥430 mg/kg/day. Swelling of 

the central area of the liver was observed in males at ≥150 mg/kg/day and in females at ≥870 mg/kg/day, 

and vacuolar changes in the liver occurred in males at ≥760 mg/kg/day and in females at 

2,020 mg/kg/day.  Nuclear enlargement of the proximal tubule of the kidneys was seen in males at 

≥760 mg/kg/day and in females at ≥870 mg/kg/day.  Hydropic changes in the proximal tubule of the 

kidneys and vacuolar changes in the brain occurred in high-dose males and females (1,900 and 

2,020 mg/kg/day, respectively).  The study LOAEL was 150 mg/kg/day for liver and nasal effects in male 

rats. Limitations of the study include the lack of reporting on clinical signs and gross necropsy.  To 

derive the MRL, the NOAEL of 60 mg/kg/day for liver effects in males was divided by an uncertainty 

factor of 100 (10 for animal to human extrapolation and 10 for human variability), yielding an 

intermediate-duration oral MRL of 0.6 mg/kg/day.  

A study by Lundberg et al. (1987) supports the liver findings of JBRC (1998b). The study used male 

Sprague-Dawley rats (8–11/group) that were treated with 100 or 1,000 mg 1,4-dioxane/kg by gavage in 

saline 5 days/week for 7 weeks.  One week after the last treatment, the rats were killed and the livers were 

processed for microscopic examination.  The livers of high-dose rats showed enlarged foamy hepatocytes 

mainly in midzonal regions.  The foamy appearance was due to vacuoles shown to contain fat.  No 

treatment-related histopathological alterations were observed in the liver at the 100 mg/kg/day dose level.  

Also supporting the findings from JBRC (1998b) is a report by Stott et al. (1981) who found that repeated 

dosing of rats with 1,000 mg 1,4-dioxane/kg/day for 7 or 11 weeks produced hepatocyte swelling and 

histopathology. Similar findings were reported in an earlier study in which rats were treated with doses of 

approximately 1,428 mg 1,4-dioxane/kg/day in the drinking water for 34 days (Fairley et al. 1934).  
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•	 An MRL of 0.1 mg/kg/day has been derived for chronic-duration oral exposure (365 days or 
more) to 1,4-dioxane. 

The chronic-duration oral MRL is based on a NOAEL of 9.6 mg 1,4-dioxane/kg/day for liver effects in 

male rats in a study by Kociba et al. (1974).  In that study, groups of Sherman rats (60/sex/dose level) 

were treated with 1,4-dioxane in the drinking water at levels of 0 (controls), 0.01, 0.1, or 1% for 716 days. 

Based on body weight and water consumption data, the investigators estimated that the water provided 

doses of 1,4-dioxane of 0, 9.6, 94, and 1,015 mg/kg/day for males and 0, 19, 148, and 1,599 mg/kg/day 

for females.  Blood samples were collected from controls and high-dose rats during the 4th, 6th, 12th, and 

18th months of the study and at termination.  Additional end points evaluated included clinical signs, 

body weight, organ weights, and gross and microscopic examination of major tissues and organs.  

Treatment with 1,4-dioxane significantly increased mortality in males dosed with 1,015 mg/kg/day and in 

females dosed with 1,599 mg/kg/day beginning at about 2–4 months of treatment.  These rats showed 

degenerative changes in both the liver and kidneys.  Rats in these groups also showed significantly 

reduced water consumption during the first year of the study and body weight gain was significantly 

reduced from the beginning of the study.  Microscopic lesions were restricted to the liver and kidneys in 

males treated with ≥94 mg/kg/day and females dosed with ≥148 mg/kg/day.  The liver lesions consisted 

of various degrees of hepatocellular degeneration and necrosis and evidence of hepatic regeneration as 

indicated by hepatocellular hyperplastic nodule formation.  The NOAEL for liver effects was 

9.6 mg/kg/day in males and 19 mg/kg/day in females.  The LOAELs were 94 mg/kg/day in males and 

148 mg/kg/day in females.  The kidneys showed tubular epithelial degeneration and necrosis, and there 

was evidence of renal tubular regeneration as indicated by increased tubular epithelial regenerative 

activity (≥94 mg/kg/day in males and ≥148 mg/kg/day in females).  There were no compound-related 

alterations in hematological parameters at any time point.  The MRL of 0.1 mg/kg/day was calculated by 

dividing the male rat NOAEL of 9.6 mg/kg/day by an uncertainty factor of 100 (10 for animal to human 

extrapolation and 10 for human variability).   

The NOAEL and LOAEL for liver effects from Kociba et al. (1974) are supported by the results of JBRC 

(1998c). In that study, groups of Fischer 344/DuCrj rats (50/sex/dose level) received 1,4-dioxane in the 

drinking water for 104 weeks.  1,4-Dioxane was administered at levels of 0, 200, 1,000, and 5,000 ppm 

for 2 years (0, 16, 81, and 398 mg/kg/day for males; 0, 21, 103, and 514 mg/kg/day for females).  End 

points evaluated included clinical signs, food and water consumption, body and organ weights, 

comprehensive hematology and clinical chemistry tests, urinalysis, and gross and microscopic 

examination of major organs and tissues.  In males, relative liver weight was increased at ≥81 mg/kg/day 

and absolute liver weight was increased at 398 mg/kg/day.  A significant increase incidence of spongiosis, 
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hyperplasia, and clear and mixed cell foci was observed in the liver from male rats with ≥81 mg 

1,4-dioxane/kg/day, but not 16 mg/kg/day.  These lesions were observed in females dosed with 

514 mg/kg/day, but not with lower doses.  In addition, in this study, female rats dosed with ≥103 mg 

1,4-dioxane/kg/day showed nuclear enlargement of the olfactory epithelium of the nasal cavity; no such 

lesions occurred with the lower female rat dose of 21 mg/kg/day.   

The NCI (1978) bioassay in Osborne-Mendel rats used somewhat higher dose levels than Kociba et al. 

(1974) and JBRC (1998c), but did not observe liver lesions in male rats dosed with 240 mg 

1,4-dioxane/kg/day, a dose level that caused liver hyperplasia in male Fischer 344 rats dosed with 

81 mg/kg/day or that caused hepatocyte degeneration in Sherman rats dosed with 94 mg/kg/day.  Since 

the dosing method was the same in the three studies, the drinking water, the different results may reflect 

differences in strain sensitivity. 

An alternate approach to derive a chronic-duration oral MRL is to use the PBPK model developed by 

Reitz et al. (1990), as was done above for the chronic inhalation data.  Using the model, it can be 

estimated that the human equivalent dose to the NOAEL of 9.6 mg/kg/day for liver effects in males is 

12.9 mg/kg/day.  Applying an uncertainty factor of 30 (3 for using dosimetric adjustments and 10 for 

human variability) to the human equivalent NOAEL of 12.9 mg/kg/day yields a chronic-duration oral 

MRL of 0.4 mg/kg/day, which supports the MRL of 0.1 mg/kg/day derived above.  A detailed 

explanation of the use of the model is presented in Appendix B.  
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3.1 INTRODUCTION 

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and 

other interested individuals and groups with an overall perspective on the toxicology of 1,4-dioxane.  It 

contains descriptions and evaluations of toxicological studies and epidemiological investigations and 

provides conclusions, where possible, on the relevance of toxicity and toxicokinetic data to public health. 

A glossary and list of acronyms, abbreviations, and symbols can be found at the end of this profile. 

3.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE  

To help public health professionals and others address the needs of persons living or working near 

hazardous waste sites, the information in this section is organized first by route of exposure (inhalation, 

oral, and dermal) and then by health effect (death, systemic, immunological, neurological, reproductive, 

developmental, genotoxic, and carcinogenic effects).  These data are discussed in terms of three exposure 

periods: acute (14 days or less), intermediate (15–364 days), and chronic (365 days or more). 

Levels of significant exposure for each route and duration are presented in tables and illustrated in 

figures. The points in the figures showing no-observed-adverse-effect levels (NOAELs) or lowest-

observed-adverse-effect levels (LOAELs) reflect the actual doses (levels of exposure) used in the studies. 

LOAELs have been classified into "less serious" or "serious" effects.  "Serious" effects are those that 

evoke failure in a biological system and can lead to morbidity or mortality (e.g., acute respiratory distress 

or death). "Less serious" effects are those that are not expected to cause significant dysfunction or death, 

or those whose significance to the organism is not entirely clear.  ATSDR acknowledges that a 

considerable amount of judgment may be required in establishing whether an end point should be 

classified as a NOAEL, "less serious" LOAEL, or "serious" LOAEL, and that in some cases, there will be 

insufficient data to decide whether the effect is indicative of significant dysfunction.  However, the 

Agency has established guidelines and policies that are used to classify these end points.  ATSDR 

believes that there is sufficient merit in this approach to warrant an attempt at distinguishing between 

"less serious" and "serious" effects.  The distinction between "less serious" effects and "serious" effects is 

considered to be important because it helps the users of the profiles to identify levels of exposure at which 

major health effects start to appear.  LOAELs or NOAELs should also help in determining whether or not 
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the effects vary with dose and/or duration, and place into perspective the possible significance of these 

effects to human health. 

The significance of the exposure levels shown in the Levels of Significant Exposure (LSE) tables and 

figures may differ depending on the user's perspective.  Public health officials and others concerned with 

appropriate actions to take at hazardous waste sites may want information on levels of exposure 

associated with more subtle effects in humans or animals (LOAELs) or exposure levels below which no 

adverse effects (NOAELs) have been observed.  Estimates of levels posing minimal risk to humans 

(Minimal Risk Levels or MRLs) may be of interest to health professionals and citizens alike. 

Levels of exposure associated with carcinogenic effects (Cancer Effect Levels, CELs) of 1,4-dioxane are 

indicated in Table 3-2 and Figure 3-2. Because cancer effects could occur at lower exposure levels, 

Figure 3-2 also shows a range for the upper bound of estimated excess risks, ranging from a risk of 1 in 

10,000 to 1 in 10,000,000 (10-4 to 10-7), as developed by EPA. 

Estimates of exposure levels posing minimal risk to humans (MRLs) have been made for 1,4-dioxane.  

An MRL is defined as an estimate of daily human exposure to a substance that is likely to be without an 

appreciable risk of adverse effects (noncarcinogenic) over a specified duration of exposure.  MRLs are 

derived when reliable and sufficient data exist to identify the target organ(s) of effect or the most sensitive 

health effect(s) for a specific duration within a given route of exposure.  MRLs are based on 

noncancerous health effects only and do not consider carcinogenic effects.  MRLs can be derived for 

acute, intermediate, and chronic duration exposures for inhalation and oral routes.  Appropriate 

methodology does not exist to develop MRLs for dermal exposure. 

Although methods have been established to derive these levels (Barnes and Dourson 1988; EPA 1990), 

uncertainties are associated with these techniques.  Furthermore, ATSDR acknowledges additional 

uncertainties inherent in the application of the procedures to derive less than lifetime MRLs.  As an 

example, acute inhalation MRLs may not be protective for health effects that are delayed in development 

or are acquired following repeated acute insults, such as hypersensitivity reactions, asthma, or chronic 

bronchitis. As these kinds of health effects data become available and methods to assess levels of 

significant human exposure improve, these MRLs will be revised. 

A User's Guide has been provided at the end of this profile (see Appendix C).  This guide should aid in 

the interpretation of the tables and figures for Levels of Significant Exposure and the MRLs. 
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3.2.1 Inhalation Exposure 
3.2.1.1 Death 

Several cases of death in humans have been documented after exposure to high concentrations of 

1,4-dioxane.  Barber (1934) described five deaths that occurred within a period of 2 weeks among factory 

workers engaged in a process that involved primarily exposure to 1,4-dioxane vapors, although minimal 

dermal exposure could have not been avoided.  Three of the subjects suffered from abdominal pain and 

vomiting before death occurred.  Post-mortem examination of the subjects showed extensive gross and 

microscopic lesions to the liver and kidneys.  Based on his observations, Barber (1934) suggested that the 

effects on the kidneys may have been responsible for the fatal outcome and that liver necrosis, although 

widespread, was compatible with recovery.  No exposure levels were available in these case reports.  

Johnstone (1959) described an additional fatal case of a worker exposed to 1,4-dioxane for only 1 week 

and whose post-mortem examination showed kidney and liver alterations similar to those described by 

Barber (1934). In the Johnstone case, the room in which the patient had worked had no exhaust 

ventilation and the worker was not provided a respirator.  The minimum concentration of 1,4-dioxane in 

the room was 208 ppm and the maximum was in excess of 650 ppm; the average concentration was 

470 ppm.  In addition, dermal exposure may have been considerable in this case. 

Studies in animals, mostly early studies, provide information on lethality of relatively high concentrations 

of 1,4-dioxane in several species and also indicate that the kidneys and liver, and in some cases, the lungs, 

are the main targets of high airborne concentrations of 1,4-dioxane.  Short-term exposure to 5,000 ppm 

1,4-dioxane was lethal to rats, mice, and rabbits, whereas 10,000 ppm was lethal to guinea pigs (Fairley et 

al. 1934).  A 4-hour LC50 of 14,261 ppm was calculated for rats (Pozzani et al. 1959).  An additional 

study in guinea pigs reported that the minimum period of exposure that caused the death of the majority 

of a group of six animals was 180 minutes to 30,000 ppm; no deaths occurred in groups exposed to up to 

10,000 ppm for up to 480 minutes (Yant et al. 1930).  One out of four rabbits exposed to 2,000 ppm 

1,4-dioxane 3 hours/day, 5 days/week died on week 4 of exposure, and the cause of death was attributed 

to renal and hepatic lesions (Fairley et al. 1934). 

The LOAEL values for death in each species and duration category are recorded in Table 3-1 and plotted 

in Figure 3-1. 
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Table 3-1  Levels of Significant Exposure to 1,4-dioxane  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

ACUTE EXPOSURE
Death
1

44

Fairley et al. 19345000 (3/3 deaths before a total
of 16 hours of exposure)

5000

Rat

(NS)

1 wk
5 d/wk
3 hr/d

2

59

Pozzani et al. 1959F14261 (4-hour LC50)
14261

Rat

(Wistar)

4 hr

3

45

Fairley et al. 19345000 (1/3 deaths after 3 hours
of exposure)

5000

Mouse

(NS)

1 wk
5 d/wk
3 hr/d

4

42

Fairley et al. 193410000 (6/6 deaths before 7.5
hours of exposure)

10000

Gn Pig

(NS)

1 wk
5 d/wk
3 hr/d

5

38

Yant et al. 193030000 (death of majority of
animals in 180 minutes)

30000

Gn Pig

(NS)

10-540 min

6

43

Fairley et al. 19345000 (1/4 death after 16.5
hours of exposure)

5000

Rabbit

(NS)

1 wk
5 d/wk
3 hr/d

Systemic
7

136

NOAELS are for
sensory irritation and
pulmonary function.

Ernstgard et al. 2006Resp
b

20
20

Human 2 hr

Ocular 20
20
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(continued)Table 3-1  Levels of Significant Exposure to 1,4-dioxane  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

8
135

Fairley et al. 1934Resp 1000 (1/4 throat constriction)
1000

Human 5 min

9

46

Fairley et al. 1934Resp 2000
2000

Human 3 min

Ocular 2000
2000

10

72

Silverman et al. 1946Resp 200
200

300 (nose and throat
irritation)

300

Human 15 min

Ocular 200
200

300 (eye irritation)
300

11

40

Yant et al. 1930Resp 1600 (slight nose and throat
irritation)

1600

Human 10 min

Ocular 1600 (slight eye irritation and
lacrimation)

1600
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(continued)Table 3-1  Levels of Significant Exposure to 1,4-dioxane  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

12

67

Tests done included
chest X-ray, EKG,
respiratory function,
clinical chemistry and
hematology, and
urinalysis.

Young et al. 1977Resp M50
50

Human 6 hr

Cardio M50
50

Hemato M50
50

Hepatic M50
50

Renal M50
50

Ocular M50 (eye irritation)
50

13

62

Drew et al. 1978Hepatic M1000 (increased serum
transaminases indicative
of liver injury)

1000

Rat

(CD)

4 hr

14

39

Yant et al. 1930Resp 1000 (immediate nasal
irritation)

1000

30000 (dyspnea, gasping,
shallow breathing,
hyperemia, congestion)

30000

Gn Pig

(NS)

10-540 min

Ocular 1000
1000

2000 (eye irritation)
2000

Neurological
15

61

Goldberg et al. 1964F1500
1500

F3000 (depressed avoidance
response)

3000

Rat

(Wistar)

2 wk
5 d/wk
4 hr/d
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(continued)Table 3-1  Levels of Significant Exposure to 1,4-dioxane  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

INTERMEDIATE EXPOSURE
Death
16

74

Fairley et al. 19342000 (1/4 death on week 4 of
exposure)

2000

Rabbit

(NS)

3-12 wk
5 d/wk
3 hr/d

Systemic
17

76

No gross or
microscopic lesions in
the lungs.

Fairley et al. 1934Resp 1000
1000

Rat

(NS)

3-12 wk
5 d/wk
3 hr/d

Hepatic 1000 (hepatocyte
degeneration)

1000

Renal 1000 (renal cortex
degeneration)

1000

18

77

No gross or
microscopic lesions in
the lungs.

Fairley et al. 1934Resp 1000
1000

Mouse

(NS)

3-12 wk
5 d/wk
3 hr/d

Hepatic 1000 (hepatocyte
degeneration)

1000

Renal 1000 (renal cortex
degeneration)

1000
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(continued)Table 3-1  Levels of Significant Exposure to 1,4-dioxane  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

19

73

No lesions were seen
in the lungs.

Fairley et al. 1934Resp 5000
5000

Gn Pig

(NS)

3-12 wk
5 d/wk
3 hr/d

Hepatic 1000 (hepatocyte
degeneration)

1000

Renal 1000 (cortical cell
degeneration)

1000

20

75

No lesions were seen
in the lungs.

Fairley et al. 1934Resp 1000
1000

Rabbit

(NS)

3-12 wk
5 d/wk
3 hr/d

Hepatic 1000 (hepatocyte
degeneration)

1000

Renal 1000 (cortical cell
degeneration)

1000
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(continued)Table 3-1  Levels of Significant Exposure to 1,4-dioxane  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

CHRONIC EXPOSURE
Systemic
21

20

Only one exposure
level tested.  End
points evaluated
included clinical signs,
hematology and clinical
chemistry, and
histopathology.

Torkelson et al. 1974Resp 111
111

Rat

(Wistar)

2 yr
5 d/wk
7 hr/d

Cardio 111
111

Gastro 111
111

Hemato 111
111

Hepatic
c

111
111

Renal 111
111

Endocr 111
111

Dermal 111
111

Ocular 111
111

Bd Wt 111
111

Immuno/ Lymphoret
22

22

No gross or
microscopic alterations
in spleen or lymph
nodes.

Torkelson et al. 1974111
111

Rat

(Wistar)

2 yr
5 d/wk
7 hr/d

Neurological
23

23

No signs of altered
behavior. No gross or
microscopic alterations
in the brain.

Torkelson et al. 1974111
111

Rat

(Wistar)

2 yr
5 d/wk
7 hr/d
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(continued)Table 3-1  Levels of Significant Exposure to 1,4-dioxane  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

Reproductive
24

a The number corresponds to entries in Figure 3-1.

b Used to derive an acute-duration inhalation minimal risk level (MRL) of 2 ppm for 1,4-dioxane; the MRL was derived by dividing the NOAEL by an uncertainty factor of 10 for human
variability.

c Used to derive a chronic-duration inhalation minimal risk level (MRL) of 1 ppm for 1,4-dioxane; the NOAEL was converted to a human equivalent concentration of 35.5 ppm by using
a PBPK model. The MRL was derived by dividing the NOAEL-HEC by an uncertainty factor of 30 (3 for animal to human extrapolation using a dosimetric adjustment and 10 to protect
sensitive populations).  The chronic duration inhalation MRL was adopted also as intermediate-duration MRL.

Bd Wt = body weight; Cardio = cardiovascular; d = day(s); EKG = electrocardiogram; F = Female; Gastro = gastrointestinal; Gn pig = guinea pig;  hemato = hematological; hr =
hour(s); LC50 = lethal concentration, 50% kill; LOAEL = lowest-observed-adverse-effect level; M = male; min = minute(s); NOAEL = no-observed-adverse-effect level; NS = not
specified; ppm = parts per million; Resp = respiratory; wk = week(s); yr = year(s)

24

No gross or
microscopic alterations
in testes, ovaries,
uterus, and vagina.

Torkelson et al. 1974111
111

Rat
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2 yr
5 d/wk
7 hr/d
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3.2.1.2 Systemic Effects  

No studies were located regarding musculoskeletal effects in humans or animals following inhalation 

exposure to 1,4-dioxane.  No studies were located regarding endocrine, dermal, or body weight effects in 

humans after inhalation exposure to 1,4-dioxane. 

The highest NOAEL and all reliable LOAEL values from each study for systemic effects in each species 

and duration category are recorded in Table 3-1 and plotted in Figure 3-1. 

Respiratory Effects.    In a group of six individuals exposed to 2,000 ppm 1,4-dioxane vapors for 

3 minutes in a 10 m3 chamber, there were no complaints of nasal discomfort, but one out of four subjects 

exposed to 1,000 ppm for 5 minutes complained of constriction of the throat (Fairley et al. 1934); 

however, the exposure concentrations were not verified.  Exposure of five subjects to about 278 ppm for a 

few minutes (unspecified) produced slight mucous membrane irritation, and 1,390 ppm caused a slight 

prickling in the nose, and scratchiness and dryness in the throat (Wirth and Klimmer 1936).  Exposure to 

300 ppm 1,4-dioxane for 15 minutes produced nose and throat irritation among a group of 12 volunteers 

(Silverman et al. 1946).  At 200 ppm, the report does not indicate the presence or absence of symptoms, 

but considers the exposure acceptable.  A 10-minute exposure to 1,600 ppm 1,4-dioxane produced slight 

nose and throat irritation that persisted throughout the test in a group of five individuals (Yant et al. 

1930).  In another experiment by the same investigators, exposure of the same five persons to 5,500 ppm 

1,4-dioxane for 1 minute resulted in a burning sensation to the nose and throat (Yant et al. 1930).  

Exposure of four men to 50 ppm for 6 hours reportedly caused no adverse respiratory signs or alterations 

in respiratory function, assessed 24 hours and 2 weeks after exposure (Young et al. 1977); however, no 

data were provided in the study.  Exposure of 12 volunteers (6 males and 6 females) to 20 ppm 

1,4-dioxane for 2 hours caused no significant respiratory effects during exposure or up to 3 hours after 

exposure (Ernstgård et al. 2006). Subjective symptoms were assessed with a questionnaire, but 

respiratory function was also assessed by spirometry. Also assessed was nasal swelling. The study by 

Ernstgård et al. (2006) was used to derive an acute-duration inhalation MRL for 1,4-dioxane. 

In a study in guinea pigs exposed to 1,000–30,000 ppm 1,4-dioxane for periods ranging from 10 to 

540 minutes, nasal irritation was evident almost immediately at all exposure levels (Yant et al. 1930).  No 

respiratory changes were noticed with concentrations of up to 10,000 ppm for 480 minutes, but dyspnea 

and gasping occurred at 30,000 ppm for 45–116 minutes.  The 30,000 ppm level caused death in the 

animals in about 180 minutes.  Gross necropsy revealed exposure-duration-related hyperemia in the 
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lungs. Surviving guinea pigs autopsied 8–10 days after exposure showed no gross pathological changes 

except for a few cases of hyperemic areas of congestion in the lungs.  Exposure of rats and guinea pigs to 

acute lethal concentrations of 1,4-dioxane produced vascular congestion of the lungs (Fairley et al. 1934).  

No lung lesions were seen in rats, mice, or rabbits exposed to 1,000 ppm 1,4-dioxane for 3–12 weeks or 

in guinea pigs exposed to 5,000 ppm for the same duration (Fairley et al. 1934).  In the 2-year inhalation 

study in rats by Torkelson et al. (1974), intermittent exposure to 111 ppm 1,4-dioxane caused no signs of 

nasal irritation, respiratory distress, or histopathologic alterations in the lungs and trachea of the animals. 

Cardiovascular Effects.    A study of four men exposed to 50 ppm 1,4-dioxane for 6 hours reported no 

abnormalities in the electrocardiograms (EKG) taken 24 hours and 2 weeks after exposure compared to 

EKGs taken prior to the study (Young et al. 1977); however, no data were provided in the study. High 

blood pressure was reported in subjects who eventually died following exposure to high amounts of 

1,4-dioxane (Barber 1934; Johnstone 1959), but this may have been a non-specific response to a stressful 

condition or due to acute renal failure. 

The only available information in animals is that no gross or histopathological alterations were observed 

in the heart from rats exposed to 111 ppm 1,4-dioxane for 7 hours/day, 5 days/week for 2 years 

(Torkelson et al. 1974). 

Gastrointestinal Effects.    Abdominal pain and vomiting were common features among subjects after 

exposure to high concentrations of 1,4-dioxane who eventually died (Barber 1934; Johnstone 1959). 

Barber (1934) suggested that the abdominal pain may have been due to stretching of the capsule of the 

liver and kidneys.  No gross or histologic alterations were observed in the gastrointestinal tract from rats 

exposed to 111 ppm 1,4-dioxane 7 hours/day, 5 days/week for 2 years (Torkelson et al. 1974). 

Hematological Effects.    A study of four male volunteers exposed to 50 ppm 1,4-dioxane for 6 hours 

reportedly did not show any significant effect of exposure on hematology parameters (Young et al. 1977); 

however, no data were provided in the study.  Blood was collected prior to exposure and 24 hours and 

2 weeks after exposure and subjected to a complete hematological analyses.  Leukocytosis and 

eosinophilia were described in subjects who survived exposure to high concentrations of 1,4-dioxane 

described by Barber (1934).  A cross-sectional study of 74 workers exposed to concentrations of 

1,4-dioxane between 0.006 and 14.3 ppm for an average length of exposure of almost 25 years found no 

significant alterations in hemoglobin concentration, erythrocyte counts, and total and differential 

leukocyte counts among the subjects (Thiess et al. 1976).   

***DRAFT FOR PUBLIC COMMENT*** 



38 1,4-DIOXANE 

3. HEALTH EFFECTS 

In the 2-year inhalation study in rats by Torkelson et al. (1974), hematological parameters were measured 

in blood collected after 16 and 23 months of exposure.  In this study, the rats were exposed to 111 ppm 

1,4-dioxane 7 hours/day, 5 days/week.  The specific hematological parameters measured were packed 

corpuscular volume, erythrocyte counts, hemoglobin concentration, and total and differential leukocyte 

counts. No toxicologically significant deviations from normal limits were found. 

Hepatic Effects.    Short-term exposure of humans to concentrations that eventually caused death 

produced serious liver damage. Barber (1934) described five lethal cases in which postmortem 

examination of the patients revealed an enlarged liver and centrilobular necrosis of the liver cells.  Similar 

lesions were observed in a lethal case described by Johnstone (1959).  A group of four men were exposed 

to 50 ppm 1,4-dioxane for 6 hours and were given 12 “standard clinical chemistry tests” at 24 hours and 

2 weeks after exposure (Young et al. 1977).  Although the nature of clinical chemistry tests was not 

specified, there were no effects related to exposure.  A cross sectional study of 74 workers exposed to 

concentrations of 1,4-dioxane between 0.006 and 14.3 ppm for an average length of exposure of almost 

25 years found no conclusive evidence of serious liver damage (Thiess et al. 1976).  Although 6 out of 

24 current workers had elevated serum transaminase levels, all 6 were known as habitual alcohol drinkers. 

Guinea pigs exposed to acute lethal concentrations of 1,4-dioxane had liver lesions ranging from cloudy 

swelling to areas of complete necrosis (Fairley et al. 1934).  The effect of 1,4-dioxane on the levels of 

serum ALT, AST, ornithine carbamyl transferase (OCT), and glucose-6-phosphatase was studied in 

groups of male rats exposed to 0, 1,000, or 2,000 ppm 1,4-dioxane for 4 hours (Drew et al. 1978).  The 

enzyme levels were used as indication of liver damage.  Exposure to 1,4-dioxane markedly increased the 

activities (concentration-related) of AST, ALT, and OCT, particularly 48 hours after exposure.  The 

activity of glucose-6-phosphatase was slightly increased 48 hours after exposure. 

A study in which rats, mice, guinea pigs, and rabbits were exposed to 1,000 ppm (the lowest 

concentration tested) 3 hours/day, 5 days/week for 3–12 weeks reported hepatocyte degeneration of 

varying severity in all of the species tested (Fairley et al. 1934).  In the 2-year inhalation bioassay in rats 

exposed intermittently to 111 ppm 1,4-dioxane, there was no evidence of any exposure-related gross or 

microscopic liver alterations or alterations in serum AST and alkaline phosphatase activities (Torkelson et 

al. 1974).  The NOAEL of 111 ppm was used to derive a chronic-duration inhalation MRL of 1 ppm for 

1,4-dioxane. 
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Renal Effects.    Swollen kidneys with hemorrhage was seen in subjects who died following exposure 

to unknown amounts of 1,4-dioxane in the air described by Barber (1934).  These subjects showed 

oliguria and/or anuria and in one case there was bloody urine.  Microscopic examination showed 

hemorrhage around the glomeruli with some necrosis.  Barber (1934) stated that in at least three of the 

five cases he described, kidney disease was the direct cause of death.  In a fatal case of a patient described 

by Johnstone (1959), postmortem examination revealed necrosis in the kidney cortex with extensive 

interstitial hemorrhage and oliguria.  A group of four men were exposed to 50 ppm 1,4-dioxane for 

6 hours and were given urinalysis tests at 24 hours and 2 weeks after exposure (Young et al. 1977).  There 

were no effects related to exposure. No evidence of kidney damage was found in a cross-sectional study 

of 74 workers exposed to concentrations of 1,4-dioxane between 0.006 and 14.3 ppm for an average 

length of exposure of almost 25 years (Thiess et al. 1976). 

Kidney lesions were commonly observed in rodents exposed to acute lethal concentrations of 1,4-dioxane 

(Fairley et al. 1934).  Examination of rats, mice, guinea pigs, and rabbits exposed to 1,000 ppm 

1,4-dioxane (the lowest concentration tested) 3 hours/day, 5 days/week for 3–12 weeks, showed varying 

degrees of kidney damage ranging from vascular congestion to renal cortex degeneration (Fairley et al. 

1934). In general, exposure to higher concentrations increased the severity of the effects.  In a 2-year 

inhalation study in rats exposed intermittently to 111 ppm 1,4-dioxane, there were no treatment-related 

gross or microscopic alterations in the kidneys or significant alterations in blood-urea nitrogen and total 

protein concentration (Torkelson et al. 1974).  

Endocrine Effects.    No gross or microscopic alterations were observed in the thyroid and pituitary 

glands from rats exposed to 111 ppm 1,4-dioxane 7 hours/day, 5 days/week for 2 years (Torkelson et al. 

1974).  No further relevant information was located. 

Dermal Effects.    In the 2-year study in rats by Torkelson et al. (1974), the investigators indicated that 

intermittent exposure to a concentration of 111 ppm 1,4-dioxane in the air had no significant effect on 

skin condition; no microscopic examination of the skin was conducted.  Had skin condition been affected, 

it would have been most likely due to direct contact with the chemical rather than due to inhaled 

1,4-dioxane. 

Ocular Effects.    In a group of six individuals exposed to 2,000 ppm 1,4-dioxane vapors for 3 minutes 

in a 10-m3 chamber, there were no complaints of ocular discomfort (Fairley et al. 1934).  Exposure to 

300 ppm 1,4-dioxane for 15 minutes produced eye irritation among a group of 12 volunteers (Silverman 
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et al. 1946). A 10-minute exposure to 1,600 ppm 1,4-dioxane produced slight eye irritation and 

lacrimation that persisted throughout the test in a group of five individuals (Yant et al. 1930).  In another 

experiment by the same investigators, exposure of the same five persons to 5,500 ppm 1,4-dioxane for 

1 minute resulted in irritation of the eyes (Yant et al. 1930).  Eye irritation throughout exposure was a 

frequent and the only complaint among four men exposed to 50 ppm for 6 hours in a study by Young et 

al. (1977). It is assumed that, in these cases, the irritation was caused by direct contact of the vapor with 

the eyes.  In addition, there was no control experiment and possible low humidity in the exposure 

chamber might contribute to the eye irritation.  A study of six men and six women exposed to 20 ppm 

1,4-dioxane for 2 hours reported no discomfort in the eyes (burning, irritation, or running eyes) among the 

subjects during or after exposure (Ernstgård et al. 2006).  Also unaffected was the eye blinking frequency, 

monitored by electromyography.   

In a study in guinea pigs exposed to 1,000–30,000 ppm 1,4-dioxane for 10–540 minutes, eye irritation 

was observed at 2,000 ppm for 5 minutes and 3,000 ppm for 8 minutes, but not at 1,000 ppm for 

480 minutes (Yant et al. 1930).  No evidence of eye irritation was observed in rats exposed to 111 ppm 

1,4-dioxane 7 hours/day, 5 days/week for 2 years, but no histological examination of the eyes was 

performed (Torkelson et al. 1974). 

Body Weight Effects.    No significant effect on body weight gain was observed in rats exposed to 

111 ppm 1,4-dioxane 7 hours/day, 5 days/week for 2 years (Torkelson et al. 1974).  No further relevant 

information was located. 

3.2.1.3 Immunological and Lymphoreticular Effects  

Exposure of 12 volunteers to 20 ppm 1,4-dioxane for 2 hours did not result in inflammatory changes, as 

measured by the levels of high sensitivity C reactive protein and interleukin 6 in blood collected before 

and 3 hours after exposure (Ernstgård et al. 2006).  No further information was located regarding 

immunological and lymphoreticular effects in humans following inhalation exposure to 1,4-dioxane. 

No gross or microscopic alterations were observed in lymph nodes or the spleen from rats exposed to 

111 ppm 1,4-dioxane 7 hours/day, 5 days/week for 2 years (Torkelson et al. 1974).  This value is 

presented as a NOAEL for lymphoreticular effects in Table 3-1 and plotted in Figure 3-1. 
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3.2.1.4 Neurological Effects 

In a study of volunteers (six males and six females) exposed to 20 ppm 1,4-dioxane for 2 hours, self-

reported ratings of headache, fatigue, nausea, and ‘feeling of intoxication’ during and after exposure were 

no different than before exposure (Ernstgård et al. 2006).  Edema of the brain was observed in three of the 

five fatal cases described by Barber (1934). However, as suggested by NIOSH (1977), these changes 

were probably terminal, rather than specific toxic effects of 1,4-dioxane.  Also, brain damage, possibly 

secondary to anoxia and cerebral edema, was observed in a worker who died following combined 

inhalation and dermal exposure to a high amount of 1,4-dioxane (Johnstone 1959).  Postmortem 

examination showed moderate perivascular widening of the brain and demyelination and partial loss of 

nerve fibers in small areas of the basal nuclei.  

Exposure of rats to ≥3,000 ppm 1,4-dioxane 4 hours/day 5 days/week for 2 weeks resulted in depression 

of an avoidance response (Goldberg et al. 1964).  The maximal effect was obtained after the second day 

of exposure. All of the effects on behavior were reversible.  Exposure of rats to 111 ppm 1,4-dioxane 

7 hours/day, 5 days/week for 2 years caused no significant gross or microscopic alterations in the brain 

(Torkelson et al. 1974).  Although only the brain was evaluated by Torkelson et al. (1974), the rats were 

observed throughout the study for signs of toxicity, including activity and demeanor; therefore, the value 

of 111 ppm is presented as a NOAEL for neurological effects in Table 3-1 and is plotted in Figure 3-1. 

3.2.1.5 Reproductive Effects  

Elevated rates of spontaneous abortion and stillbirths were associated with occupational exposure to 

1,4-dioxane in combination with other solvents (including a glycol ether) used in a silk screening process 

(NIOSH 1988). Increased incidences of miscarriages, premature births, and low birth weights were also 

reported in women occupationally exposed to 1,4-dioxane in combination with other chemicals in the 

electronics industry in Russia, as noted by the Australia National Industrial Chemicals Notification and 

Assessment Scheme (NICNAS 1998). These effects cannot be attributed solely to 1,4-dioxane. 

No alterations were observed in the reproductive organs from male (testes) and female (ovaries, oviduct, 

uterus, and vagina) rats exposed to 111 ppm 1,4-dioxane 7 hours/day, 5 days/week for 2 years (Torkelson 

et al. 1974). This NOAEL is presented in Table 3-1 and plotted in Figure 3-1.  
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3.2.1.6 Developmental Effects 

No studies were located regarding developmental effects in humans or in animals following inhalation 

exposure to 1,4-dioxane.   

3.2.1.7 Cancer 

Limited information exists regarding exposure to 1,4-dioxane and cancer in humans.  Thiess et al. (1976) 

conducted a cross-sectional study of 74 workers exposed to concentrations of 1,4-dioxane between 

0.006 and 14.3 ppm for an average length of exposure of almost 25 years.  Twelve deaths had been 

reported and two were attributed to cancer, but the overall death rate and the cancer death rate were not 

significantly different than expected rates.  Buffler et al. (1978) also found no evidence 1,4-dioxane­

induced cancer in an occupational study of 165 workers exposed intermittently to mean concentrations of 

1,4-dioxane between 0.1 and 17 ppm (the maximums ranged between 1.5 and 3.2 ppm) at least 1 month 

during a 21-year period.  However, the study was limited in power to detect an effect due to the small size 

of the cohort, low levels of exposure, and the relatively short exposures. 

No evidence of carcinogenicity due to 1,4-dioxane was found in a study in Wistar rats (288/sex) in which 

the animals were exposed to 111 ppm 1,4-dioxane 7 hours/day, 5 days/week for 2 years (Torkelson et al. 

1974). A group of 192 rats of each sex served as controls, and the evaluation included all major tissues 

and organs including the liver and nasal cavity.  

3.2.2 Oral Exposure  
3.2.2.1 Death 

No reports of death in humans following oral exposure to 1,4-dioxane were found in the literature 

reviewed. Studies in animals have reported lethal doses in various species.  Reported single dose LD50 

values in rats include 5,346 mg/kg (Laug et al. 1939), 6,369 mg/kg (Pozzani et al. 1959), and 7,120 mg/kg 

(Smyth et al. 1941).  Laug et al. (1939) also reported an LD50 of 5,852 mg/kg in mice and 4,033 mg/kg in 

guinea pigs. Two of 10 female rats dosed with 2,750 mg 1,4-dioxane/kg/day for 2 weeks in the drinking 

water died before the end of the study (JBRC 1998a).  Smyth et al. (1941) calculated an LD50 of 

3,150 mg/kg in guinea pigs, whereas de Navasquez (1935) reported 100% lethality in a group of five 

rabbits within 6 days of administration of a single dose of 2,068 mg of 1,4-dioxane/kg by gavage in 

water; a lower dose of 1,034 mg/kg was not lethal but produced narcolepsy, and doses of 207 mg/kg 

repeated at weekly intervals did not appear to affect the animals.  All 10 female mice dosed with 
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3,230 mg 1,4-dioxane/kg/day in the drinking water died, and 9 of 10 males dosed with 3,630 mg/kg/day 

also died (JBRC 1998a). In a study using three dogs, consumption of approximately 327 mg 

1,4-dioxane/kg/day via the drinking water killed one dog in 10 days, and consumption of approximately 

375 mg/kg/day was lethal to an additional dog in 9 days (Schrenk and Yant 1936).  Upon necropsy, 

common features in these animals were severe kidney and liver lesions consisting of cellular degeneration 

of the renal cortex and hemorrhages and vascular congestion in the kidneys and cellular degeneration in 

the liver. Because the dogs were allowed to drink the 1,4-dioxane solution only twice daily and no other 

source of water was available, dehydration may have played a role in their death. 

In an intermediate-duration study, five of six rats dosed through drinking water that provided 

approximately 1,000 mg 1,4-dioxane/kg/day died between the 14th and 35th day of the study (Fairley et al. 

1934). Necropsy of these animals revealed kidney and liver lesions.  In a 2-year cancer bioassay in 

Sherman rats, significant early mortality beginning at about 2–4 months in the study was observed in 

males and females treated with 1,015 and 1,599 mg 1,4-dioxane/kg/day, respectively, in the drinking 

water (Kociba et al. 1974).  Although the specific cause of death was not discussed, the investigators 

indicated that rats dying early showed degenerative changes in the liver and kidneys.  Early mortality also 

was reported in other long-term studies in rats given ≥240 mg 1,4-dioxane/kg/day in the drinking water 

for 104–110 weeks (NCI 1978), or 398–514 mg/kg/day for 2 years (JBRC 1998c) and in mice treated 

similarly with ≥380 mg/kg/day for 90–104 weeks (NCI 1978) or ≥323 mg/kg/day for 2 years (JBRC 

1998c). In the JBRC (1998c) study, early death in rats was attributed to liver and nasal cavity tumors and 

death in mice was attributed to liver tumors. 

The LOAEL values for death in each species and duration category are recorded in Table 3-2 and plotted 

in Figure 3-2. 

3.2.2.2 Systemic Effects  

No studies were located regarding respiratory, cardiovascular, gastrointestinal, hematological, 

musculoskeletal, hepatic, renal, endocrine, dermal, ocular, and body weight effects in humans after oral 

exposure to 1,4-dioxane. 

The highest NOAEL and all reliable LOAEL values from each study for systemic effects in each species 

and duration category are recorded in Table 3-2 and plotted in Figure 3-2. 
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Species 
(Strain) 

Exposure/ 
Duration/ 

Frequency 
(Route) 

ACUTE EXPOSURE 
Death 
1 Rat 

(Fischer- 344) 

2 wk 
ad lib 

(W) 

System 
NOAEL 

(mg/kg/day) 
Less Serious 

(mg/kg/day) 

LOAEL 

Serious 
(mg/kg/day) 

2750 F (2/10 deaths) 

Reference 
Chemical Form 

JBRC 1998a 

Comments 

2 Rat 

(NS) 

12 d 

(W) 
1034 (8/10 deaths within 12 

days) 
Kesten et al. 1939 

3 Rat 

(NS) 

once 

(G) 
5346 (LD50) Laug et al. 1939 

4 Rat 

(Wistar) 

once 

(G) 
6369 F (LD50) Pozzani et al. 1959 

5 Rat 

(Wistar) 

once 

(GW) 
7120 (LD50) Smyth et al. 1941 

6 Mouse 

(B6C3F1) 

2 wk 
ad lib 

(W) 

3230 F (10/10 deaths) JBRC 1998a 

7 Mouse 

(NS) 

once 

(G) 
5852 (LD50) Laug et al. 1939 

8 Gn Pig 

(NS) 

once 

(G) 
4033 (LD50) Laug et al. 1939 

9 Gn Pig 

(NS) 

once 

(GW) 
3150 (LD50) Smyth et al. 1941 
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Species 
(Strain) 

Exposure/ 
Duration/ 

Frequency 
(Route) 

System 
NOAEL 

(mg/kg/day) 
Less Serious 

(mg/kg/day) 

LOAEL 

Serious 
(mg/kg/day) 

Reference 
Chemical Form Comments 

10 Rabbit 

(NS) 

once 

(GW) 

Systemic 
11 Rat 

(Fischer- 344) 

2 wk 
ad lib 

(W) 

Resp 
b 

370 M 1010 M (nuclear enlargement of 
olfactory epithelium) 

2068 (5/5 deaths in 2-6 days) De Navasquez 1935 

JBRC 1998a 

Hepatic 1040 F 2750 F (hepatocyte swelling and 
vacuolation) 

Renal 1040 F 2750 F (hydropic change in 
proximal tubule) 

Bd Wt 1040 F 2750 F (24% reduced body 
weight gain) 

12 Rat 

(NS) 

12 d 

(W) 
Hepatic 1034 (unspecified liver 

abnormalities) 
Kesten et al. 1939 

Renal 1034 (kidney degeneration) 

13 Rat 

(Sprague-
Dawley) 

once 

(GW) 
Hepatic 1000 M Stott et al. 1981 No histopathological 

alterations in the liver. 

14 Mouse 

(B6C3F1) 

2 wk 
ad lib 

(W) 

Hepatic 1380 M 2550 M (swelling of central area) JBRC 1998a 

Bd Wt 1380 M 2550 M (swelling of central area) 
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Exposure/ 
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Frequency 
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System 
NOAEL 

(mg/kg/day) 
Less Serious 

(mg/kg/day) 

LOAEL 

Comments 
Serious 
(mg/kg/day) 

Reference 
Chemical Form 

Neurological 
15 Rat 

(Fischer- 344) 

2 wk 
ad lib 

(W) 

1040 F JBRC 1998a2750 F (vacuolar changes in the 
brain) 

16 Rabbit 

(NS) 

once 

(GW) 
207 De Navasquez 19351034 (narcolepsy, slow gate, 

ataxia) 

17 Rabbit 

(NS) 

once 

(G) 

Developmental 
18 Rat 

(Sprague-
Dawley) 

9 d 
Gd 6-15 

(GW) 

1760 

516 

Knoefel 19354400 (staggering) 

Giavini et al. 19851033 (decreased fetal weight; 
reduced sternum 
ossification) 

INTERMEDIATE EXPOSURE 
Death 
19 Rat 

(NS) 

34 d 
ad lib 

(W) 

20 Rat 

(Sherman) 

2-4 mo 
ad lib 

(W) 

Fairley et al. 19341000 (5/6 deaths before the 
35th day) 

Kociba et al. 19741015 M (significant early mortality 
beginning at 2 months in 
the study) 
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LOAEL 

Serious 
(mg/kg) 

Reference 
Chemical Form Comments 

Systemic 
21 Rat 

(NS) 

34 d 
ad lib 

(W) 

Gastro 1428 (gastroenteritis) Fairley et al. 1934 

Hepatic 1428 (hepatocyte 
degeneration) 

Renal 1428 (renal cortex 
degeneration) 
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Exposure/ 
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(mg/kg/day) 
Less Serious 

(mg/kg/day) 

LOAEL 

Serious 
(mg/kg/day) 

Reference 
Chemical Form Comments 

22 Rat 

(Fischer- 344) 

13 wk 
ad lib 

(W) 

Resp 60 M 150 M (nuclear enlargement of 
respiratory epithelium) 

JBRC 1998b NOAELs are for 
histopathology of 
organs and tissues. 

Cardio 2020 F 

Gastro 2020 F 

Hemato 760 M 1900 M (increased red blood cell, 
hemoglobin, hematocrit, 
neutrophils) 

Musc/skel 

Hepatic 

2020 F 

c 
60 M 150 M (swelling in central area) 

Renal 330 M 
d 

100 F 

760 M (nuclear enlargement of 
proximal tubule) 

d 
200 F (increased kidney weight) 

Endocr 2020 F 

Dermal 2020 F 

Ocular 2020 F 

Bd Wt 430 M 870 F (12% reduction in weight 
gain) 

2020 F (21% reduction in body 
weight gain) 

23 Rat 

(Sprague-
Dawley) 

7 wk 
5 d/wk 

(GW) 

Hepatic 100 M 1000 M (fatty vacuoles in 
cytoplasm of 
hepatocytes) 

Lundberg et al. 1987 
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Less Serious 

(mg/kg/day) 

LOAEL 

Serious 
(mg/kg/day) 

Reference 
Chemical Form Comments 

24 Rat 

(Sprague-
Dawley) 

11 wk 
ad lib 

(W) 

Hepatic 10 M 1000 M (minimal hepatocellular 
swelling) 

Stott et al. 1981 

Bd Wt 1000 M 

25 Mouse 

(NS) 

67 d 
ad lib 

(W) 

Hepatic 2916 (hepatocyte 
degeneration) 

Fairley et al. 1934 Only one dose level 
was tested. 

Renal 2916 (cell degeneration in 
renal cortex) 
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26	 Mouse 13 wk 

(B6C3F1) ad lib 

(W) 

Immuno/ Lymphoret 
27 Rat 13 wk 

(Fischer- 344) ad lib 

(W) 

System 

Resp 

Cardio 

Gastro 

Hemato 

Musc/skel 

Hepatic 

Renal 

Endocr 

Dermal 

Ocular 

Bd Wt 

LOAEL 

NOAEL 
(mg/kg/day) 

Less Serious 
(mg/kg/day) 

Serious 
(mg/kg/day) 

Reference 
Chemical Form 

170 F 410 F (nuclear enlargement of 
bronchial epithelium) 

JBRC 1998b 

2700 F 

2700 F 

920 M 1830 M (increase red blood cell, 
hemoglobin, hematocrit, 
corpuscular volume) 

2700 F 

260 M 580 M (single cell necrosis and 
swelling of central area) 

1710 F 2700 F (increased relative kidney 
weight) 

2700 F 

2700 F 

2700 F 
d 

920 M 

2700 F 

1830 M (29% reduced body 
weight gain) 

2020 F JBRC 1998b 

Comments 

NOAELs are for 
microscopic 
examination of organs 
and tissues. 

No histological effects 
in lymph nodes, spleen, 
or thymus. 

1
,4

-D
IO

X
A

N
E

3
.  H

E
A

L
T

H
 E

F
F

E
C

T
S

5
0



121

2700

108

760

1900

122

2700

107

1900

2020

109

1830

2700

129
398

Table 3-2 Levels of Significant Exposure to 1,4-dioxane - Oral (continued) 

***D
R

A
F

T
 F

O
R

 P
U

B
L
IC

 C
O

M
M

E
N

T
***

a 
Key to 
Figure 

Species 
(Strain) 

Exposure/ 
Duration/ 

Frequency 
(Route) 

System 
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(mg/kg/day) 

LOAEL 

Serious 
(mg/kg/day) 

Reference 
Chemical Form Comments 

28 Mouse 

(B6C3F1) 

13 wk 
ad lib 

(W) 

2700 F JBRC 1998b No histological effects 
in lymph nodes, spleen, 
or thymus. 

Neurological 
29 Rat 

(Fischer- 344) 

13 wk 
ad lib 

(W) 

760 M 1900 M (vacuolar changes in the 
brain) 

JBRC 1998b 

30 Mouse 

(B6C3F1) 

13 wk 
ad libi 

(W) 

2700 F JBRC 1998b No histological effects 
in brain, spinal cord, or 
sciatic nerve. 

Reproductive 
31 Rat 

(Fischer- 344) 

13 wk 
ad lib 

(W) 

d 
1900 M 

2020 F 

JBRC 1998b No histological effects 
in reproductive organs. 

32 Mouse 

(B6C3F1) 

13 wk 
ad lib 

(W) 

d 
1830 M 

2700 F 

JBRC 1998b No histological effects 
on reproductive organs. 

CHRONIC EXPOSURE 
Death 
33 Rat 

(Fischer- 344) 

2 yr 
ad lib 

(W) 

398 M (increased early 
mortality) 

JBRC 1998c 
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(mg/kg/day) 

LOAEL 

Serious 
(mg/kg/day) 

Reference 
Chemical Form Comments 

34 Rat 

(Osborne-
Mendel) 

110 wk 
ad lib 

(W) 

240 M (early mortality) NCI 1978 

35 Mouse 

(B6C3F1) 

2 yr 
ad lib 

(W) 

323 F (increased early 
mortality) 

JBRC 1998c 

36 Mouse 

(B6C3F1) 

Systemic 
37 Rat 

(Wistar) 

90 wk 
ad lib 

(W) 

452 d 
ad lib 

(W) 

Renal 

380 F (early mortality) 

584 M (glomerulonephritis) 

NCI 1978 

Argus et al. 1965 

1
,4

-D
IO

X
A

N
E

3
.  H

E
A

L
T

H
 E

F
F

E
C

T
S

5
2



123

21

103

514

514

16

81

514

16

81

21

103

514

514

514

81

398

Table 3-2 Levels of Significant Exposure to 1,4-dioxane - Oral	 (continued) 

***D
R

A
F

T
 F

O
R

 P
U

B
L
IC

 C
O

M
M

E
N

T
***

Exposure/

Duration/


Key to
a 

Species Frequency 
Figure (Strain) (Route) 

System 

38	 Rat 2 yr 

(Fischer- 344) ad lib Resp 

(W) 

Cardio 

Gastro 

Hemato 

Musc/skel 

Hepatic 

Renal 

Endocr 

Dermal 

Ocular 

Bd Wt 

LOAEL 

NOAEL 
(mg/kg/day) 

Less Serious 
(mg/kg/day) 

Serious 
(mg/kg/day) 

Reference 
Chemical Form Comments 

21 F 103 F	 (nuclear enlargement of JBRC 1998c NOAELs are for no 

olfactory epithelium) histopathological 
effects in organs and 
tissues. 

514 F 

514 F 

16 M 81 M (decreased erythocytes, 
hemoglobin, hematocrit) 

514 F 

16 M 81 M (liver hyperplasia, 
spongiosis, clear cell 
foci) 

21 F 103 F	 (blood in the urine; 
nuclear enlargement of 
proximal tubule) 

514 F 

514 F 

514 F 

81 M 398 M (10% reduced body 
weight gain) 
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Less Serious 

(mg/kg/day) 

LOAEL 

Serious 
(mg/kg/day) 

Reference 
Chemical Form Comments 

39 Rat 

(Sherman) 

716 d 
ad lib 

(W) 

Resp 1599 F Kociba et al. 1974 NOAELs are for no 
histopathological 
effects in organs and 
tissues. 

Cardio 1599 F 

Gastro 1599 F 

Hemato 

Hepatic 

1599 F 
e 

9.6 M 94 M (hepatocellular 
degeneration and 
necrosis) 

Renal 9.6 M 94 M (degeneration and 
necrosis of tubular 
epithelium) 

Endocr 1599 F 

Bd Wt 94 M 1015 M (>10% reduced weight 
gain) 
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Less Serious 

(mg/kg/day) 

LOAEL 

Serious 
(mg/kg/day) 

Reference 
Chemical Form Comments 

40 Rat 

(Osborne-
Mendel) 

110 wk 
ad lib 

(W) 

Resp 240 M (increased incidence of 
pneumonia) 

NCI 1978 NOAELs are for no 
histopathological 
effects in organs and 
tissues. 

Cardio 640 F 

Gastro 

Musc/skel 

Hepatic 

Renal 

640 F 

240 M 

240 M (stomach ulcers) 

350 F (hepatocytomegaly) 

240 M (cortical tubular 
degeneration) 

Endocr 640 F 

Dermal 640 F 

Bd Wt 240 M 530 M (reduced body weight 
gain, unquantified) 
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a 
Key to 
Figure 

Species 
(Strain) 

Exposure/ 
Duration/ 

Frequency 
(Route) 

System 

41 Mouse 

(B6C3F1) 

2 yr 
ad lib 

(W) 

Resp 

Cardio 

Gastro 

Hemato 

Musc/skel 

Hepatic 

Renal 

Endocr 

Dermal 

Ocular 

Bd Wt 

LOAEL 

NOAEL 
(mg/kg/day) 

Less Serious 
(mg/kg/day) 

Serious 
(mg/kg/day) 

Reference 
Chemical Form Comments 

66 M 251 M (nuclear enlargement of JBRC 1998c NOAELs are for no 

olfactory epithelium in histopathological 

nasal cavity)	 effects in organs and 
tissues. 

1066 F 

1066 F 

77 F 323 F	 (reduced blood platelets) 

1066 F 

66 M 251 M (increased serum AST, 
ALT, AP, and LDH 
activities) 

77 F 323 F	 (increased protein, 
glucose, and blood in 
urine) 

1066 F 

1066 F 

1066 F 

251 M 323 F (15% reduced body 768 M (43% reduced body 
d weight gain) weight gain)

77 F 
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380

860

860

860

860

860

860

860

830

380
860

126

514

16

1599

Exposure/ 
Duration/ 

a 
Key to Species Frequency 
Figure (Strain) (Route) 

Table 3-2 Levels of Significant Exposure to 1,4-dioxane - Oral	 (continued) 

LOAEL 

NOAEL 
(mg/kg/day) 

Less Serious 
(mg/kg/day) 

Serious 
(mg/kg/day) 

Reference 
Chemical Form 

380 F	 (increased incidence of NCI 1978 
pneumonia) 

860 F 

860 F 

860 F 

860 F 

860 F 

860 F 

860 F 

830 M 860 F (decreased body weight 
d gain, unquantified)

380 F 

514 F	 JBRC 1998c 

1599 F	 Kociba et al. 1974 

Comments 

NOAELs are for no 
histopathological 
effects in organs and 
tissues. 

No histopathological 
effects in spleen, lymph 
nodes, or thymus. 

No histopathological 
effects in spleen or 
mesenteric lymph 
nodes. 
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System 

Resp 

Cardio 

Gastro 

Musc/skel 

Hepatic 

Renal 

Endocr 

Dermal 

Bd Wt 

42	 Mouse 

(B6C3F1) 

Immuno/ Lymphoret 
43 Rat 

(Fischer- 344) 

44	 Rat 

(Sherman) 

90 wk 
ad lib 

(W) 

2 yr 
ad lib 

(W) 

716 d 
ad lib 

(W) 
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Table 3-2 Levels of Significant Exposure to 1,4-dioxane - Oral (continued) 
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Key to 
Figure 

Species 
(Strain) 

Exposure/ 
Duration/ 

Frequency 
(Route) 

System 
NOAEL 

(mg/kg/day) 
Less Serious 

(mg/kg/day) 

LOAEL 

Serious 
(mg/kg/day) 

Reference 
Chemical Form Comments 

45 Rat 

(Osborne-
Mendel) 

110 wk 
ad lib 

(W) 

640 F NCI 1978 No histopathological 
effects in spleen, lymph 
nodes, or thymus. 

46 Mouse 

(B6C3F1) 

2 yr 
ad lib 

(W) 

1066 F JBRC 1998c No histopathological 
effects in spleen, lymph 
nodes, or thymus. 

47 Mouse 

(B6C3F1) 

90 wk 
ad lib 

(W) 

860 F NCI 1978 No histopathological 
effects in spleen, lymph 
nodes, or thymus. 

Neurological 
48 Rat 

(Fischer- 344) 

2 yr 
ad lib 

(W) 

514 F JBRC 1998c No histopathological 
effects in brain, spinal 
cord, or sciatic nerve. 

49 Rat 

(Sherman) 

716 d 
ad lib 

(W) 

1599 F Kociba et al. 1974 No histopathological 
alterations in the brain 
or spinal cord. 

50 Rat 

(Osborne-
Mendel) 

110 wk 
ad lib 

(W) 

640 F NCI 1978 No histopathological 
effects in the brain, 
spinal cord, or sciatic 
nerve. 
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Table 3-2 Levels of Significant Exposure to 1,4-dioxane - Oral (continued) 
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Key to 
Figure 

Species 
(Strain) 

Exposure/ 
Duration/ 

Frequency 
(Route) 

System 
NOAEL 

(mg/kg/day) 
Less Serious 

(mg/kg/day) 

LOAEL 

Serious 
(mg/kg/day) 

Reference 
Chemical Form Comments 

51 Mouse 

(B6C3F1) 

2 yr 
ad lib 

(W) 

1066 F JBRC 1998c No histopathological 
effects in the brain, 
scpinal cord, or sciatic 
nerve 

52 Mouse 

(B6C3F1) 

90 wk 
ad lib 

(W) 

860 F NCI 1978 No histopathological 
alterations in the brain, 
spinal cord, or sciatic 
nerve. 

Reproductive 
53 Rat 

(Fischer- 344) 

2 yr 
ad lib 

(W) 

514 F JBRC 1998c No histopathological 
effects in reproductive 
organs. 

54 Rat 

(Sherman) 

716 d 
ad lib 

(W) 

1599 F Kociba et al. 1974 No histopathological 
effects in reproductive 
organs. 

55 Rat 

(Osborne-
Mendel) 

110 wk 
ad lib 

(W) 

640 F NCI 1978 No histopathological 
effects in reproductive 
organs. 

56 Mouse 

(B6C3F1) 

2 yr 
ad lib 

(W) 

1066 F JBRC 1998c No histopathological 
effects in reproductive 
organs. 
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Table 3-2 Levels of Significant Exposure to 1,4-dioxane - Oral	 (continued) 

Exposure/ LOAEL 
Duration/ 

a 
Key to Species Frequency NOAEL Less Serious Serious Reference 
Figure (Strain) (Route) 

System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments 
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57 Mouse 

(B6C3F1) 

90 wk 
ad lib 

(W) 

860 F 

Cancer 
58 Rat 

(Wistar) 

452 d 
ad lib 

(W) 

584 M 

59 Rat 

(Fischer- 344) 

2 yr 
ad lib 

(W) 

398 M 

60 Rat 

(Sherman) 

716 d 
ad lib 

(W) 

1015 M 

61 Rat 

(Osborne-
Mendel) 

110 wk 
ad lib 

(W) 

350 F 

240 

(CEL: liver tumors) 

(CEL: combined 
squamous cell 
carcinoma, sarcoma, 
rhabdomyosarcoma, 
esthesioneuroepithelioma 
of nasal cavity; 
hepatocallular carcinoma 
and sarcoma of the liver; 
mesothelioma of the 
peritoneum) 

(CEL: hepatocellular 
carcinomas) 

(CEL: hepatocellular 
carcinomas) 

(CEL: nasal carcinomas 
in both sexes) 

NCI 1978	 No histopathological 
effects in reproductive 
organs. 

Argus et al. 1965 

JBRC 1998c 

Kociba et al. 1974 

NCI 1978 
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134
77

8
380

66
1014

Table 3-2 Levels of Significant Exposure to 1,4-dioxane - Oral (continued) 

Exposure/ LOAEL 
Duration/ 

a 
Key to Species Frequency NOAEL Less Serious Serious Reference 
Figure (Strain) (Route) 

System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments 

1
,4

-D
IO

X
A

N
E

62 Mouse 

(B6C3F1) 

2 yr 
ad lib 

(W) 

77 F (CEL: hepatocellular 
adenomas and 
carcinomas) 

JBRC 1998c 

63 Mouse 

(B6C3F1) 

90 wk 
ad lib 

(W) 

380 F (CEL: increased 
incidence of 
hepatocellular 
carcinomas and 
adenomas) 

NCI 1978 

64 Gn Pig 

(NS) 

23 mo 
ad lib 

(W) 

1014 M (CEL: increased 
incidence of hepatomas) 

Hoch-Ligeti and Argus 1970 
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a The number corresponds to entries in Figure 3-2. 

b Used to derive an acute-duration oral minimal risk level (MRL) of 4.0 mg/kg/day for 1,4-dioxane; the MRL was derived by dividing the NOAEL by an uncertainty factor of 100 (10 
animal to human extrapolation and 10 to protect sensitive populations). 

c Used to derive an intermediate-duration oral minimal risk level (MRL) of 0.6 mg/kg/day for 1,4-dioxane; the MRL was derived by dividing the NOAEL by an uncertainty factor of 100 
(10 animal to human extrapolation and 10 to protect sensitive populations). 

d Differences in levels of health effects and cancer effects between male and females are not indicated in Figure 3-2. Where such differences exist, only the levels of effect for the 
most sensitive gender are presented. 

e Used to derive a chronic-duration oral minimal risk level (MRL) of 0.1 mg/kg/day for 1,4-dioxane; the MRL was derived by dividing the NOAEL by an uncertainty factor of 100 (10 
animal to human extrapolation and 10 to protect sensitive populations). 

ad lib = ad libitum; ALT = alanine aminotransferase; AST = aspartate aminotransferase; Bd Wt = body weight; Cardio = cardiovascular; CEL = cancer effect level; d = day(s); endocr 
= endocrine; F = Female; (G) = gavage; Gastro = gastrointestinal; Gd = gestational day; Gn pig = guinea pig; (GW) = gavage in water; hemato = hematological; LD50 = lethal dose, 
50% kill; LOAEL = lowest-observed-adverse-effect level; M = male; NOAEL = no-observed-adverse-effect level; NS = not specified; Resp = respiratory; (W) = drinking water; wk = 
week(s) 
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Figure 3-2 Levels of Significant Exposure to 1,4-Dioxane - Oral 
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Figure 3-2 Levels of Significant Exposure to 1,4-Dioxane - Oral (Continued)

Intermediate (15-364 days)
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Figure 3-2 Levels of Significant Exposure to 1,4-Dioxane - Oral (Continued)

Intermediate (15-364 days)
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Figure 3-2 Levels of Significant Exposure to 1,4-Dioxane - Oral (Continued) 
Chronic (≥365 days) 
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Figure 3-2 Levels of Significant Exposure to 1,4-Dioxane - Oral (Continued)

Chronic (≥365 days)
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Figure 3-2 Levels of Significant Exposure to 1,4-Dioxane - Oral (Continued) 
Chronic (≥365 days)
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68 1,4-DIOXANE 

3. HEALTH EFFECTS 

Respiratory Effects.  Information exists regarding nasal and respiratory effects in animals after oral 

exposure to 1,4-dioxane.  Nuclear enlargement of the olfactory epithelium was observed in male and 

female F344/DuCrj rats dosed with 1,010 and 1,040 mg 1,4-dioxane/kg/day, respectively, in the drinking 

water for 2 weeks (JBRC 1998a); the respective NOAELs were 370 and 400 mg/kg/day.  The same type 

of lesions were observed in male and female rats treated with 150 and 200 mg 1,4-dioxane/kg/day, 

respectively, for 13 weeks; the respective NOAELs were 60 and 100 mg/kg/day (JBRC 1998b).  The 

nasal effects in rats described by JBRC (1998a) were used to derive an acute-duration oral MRL of 

4 mg/kg/day for 1,4-dioxane.  Male and female Crj:BDF1 mice dosed with 580 and 410 mg 

1,4-dioxane/kg/day, respectively, in the drinking water for 13 weeks showed nuclear enlargement of the 

bronchial epithelium; higher doses also involved the nasal cavity, trachea, and lungs (JBRC 1998b); the 

respective NOAELs were 260 and 170 mg/kg/day.  No histopathologic changes were observed in the 

lungs and nasal turbinates from Sherman rats dosed with up to 1,599 mg 1,4-dioxane/kg/day in the 

drinking water for 716 days (Kociba et al. 1974).  No significant non-neoplastic lesions were seen in the 

lungs and trachea from Osborne-Mendel rats dosed with up to 640 mg 1,4-dioxane/kg/day via drinking 

water for 110 weeks (NCI 1978). However, an increased incidence of pneumonia was seen in treated 

males and females, although the incidence was not dose-related.  The investigators speculated that the 

development of nasal carcinomas might have been a contributing factor (NCI 1978).  Female Fischer 

344 rats dosed with approximately 103 mg 1,4-dioxane/kg/day, also in the drinking water, for 104 weeks 

showed a nuclear enlargement of the olfactory epithelium in the nasal cavity, the NOAEL was 

21 mg/kg/day (JBRC 1998c).  In males, nasal cavity lesions were observed at 398 mg/kg/day, and the 

NOAEL in males was 81 mg/kg/day.  

In B6C3F1 mice treated with 1,4-dioxane in the drinking water for 90 weeks, there was a dose-related 

increase in the incidence of pneumonia in males and females and of rhinitis in females (NCI 1978); males 

were dosed with 720 or 830 mg/kg/day and females were dosed with 380 or 860 mg/kg/day.  Examination 

of the lungs and trachea did not reveal any other treatment-related non-neoplastic alterations.  Male 

Crj:BDF1 mice dosed with 251 mg 1,4-dioxane/kg/day in the drinking water for 2 years showed nuclear 

enlargement of olfactory epithelium in the nasal cavity; the NOAEL was 66 mg/kg/day (JBRC 1998c).  

Higher doses also involved the tracheal and bronchial epithelium.  In females, nasal and bronchial 

alterations were observed at ≥323 mg/kg/day. 

Cardiovascular Effects.    No gross or histological alterations were observed in the heart from rats and 

mice dosed with up to 2,020 and 2,700 mg 1,4-dioxane/kg/day, respectively, in the drinking water for 

13 weeks (JBRC 1998b). Also, no gross or histological alterations were reported in the heart from rats 
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69 1,4-DIOXANE 

3. HEALTH EFFECTS 

dosed with up to 1,599 mg 1,4-dioxane/kg/day in the drinking water for 2 years (JBRC 1998c; Kociba et 

al. 1974; NCI 1978) or in mice dosed with up to 860 mg/kg/day for 90 weeks (NCI 1978) or 

1,066 mg/kg/day for 2 years (JBRC 1998c). 

Gastrointestinal Effects. Hemorrhage of the stomach was reported in rats, mice, guinea pigs, and 

dogs administered acute lethal doses of 1,4-dioxane by gavage (Laug et al. 1939; Schrenk and Yant 1936; 

Smyth et al. 1941).  Gastroenteritis was also reported in rats that died after drinking water that provided 

approximately 1,428 mg 1,4-dioxane/kg/day for up to 34 days (Fairley et al. 1934).  No gross or 

histological alterations were observed in the gastrointestinal tract from rats and mice dosed with up to 

2,020 and 2,700 mg 1,4-dioxane/kg/day, respectively, in the drinking water for 13 weeks (JBRC 1998b), 

In chronic-duration studies, no gastrointestinal alterations were reported in Sherman rats dosed with up to 

1,599 mg 1,4-dioxane/kg/day (Kociba et al. 1974), in F344/DuCrj rats dosed with up to 514 mg/kg/day 

(JBRC 1998c), in B6C3F1 mice treated with up to 860 mg/kg/day (NCI 1978), or in Crj:BDF1 mice dosed 

with up to 1,066 mg/kg/day (JBRC 1998c).  However, male Osborne-Mendel rats treated with 

≥240 mg/kg/day for 110 weeks developed stomach ulcers; no such lesions were seen in control males or 

in female rats (NCI 1978). 

Hematological Effects.    Hematological changes consisting of increased red blood cell counts, 

hemoglobin, and hematocrit were reported in F344/DuCrj male rats dosed with 1,900 mg 1,4-dioxane 

/kg/day in the drinking water for 13 weeks; no significant changes occurred at 760 mg/kg/day (JBRC 

1998b).  In females, there was a decrease in mean corpuscular volume and platelet concentration at 

2,020 mg/kg/day.  The same authors reported that male Crj:BDF1 mice treated with 1,830 mg 

1,4-dioxane/kg/day had increased red blood cell counts, hemoglobin, hematocrit, and mean corpuscular 

volume; the NOAEL was 920 mg/kg/day.  Female mice only showed an increase in mean corpuscular 

volume at ≥1,710 mg/kg/day.  Decreased red blood cell counts, hemoglobin, and hematocrit was reported 

in male and female F344/DuCrj rats treated with 81 and 514 mg 1,4-dioxane/kg/day, respectively, for 

2 years in the drinking water (JBRC 1998c).  The respective NOAELs were 16 and 103 mg/kg/day.  

However, Sherman rats showed no significant deviations from normality in hematological parameters in 

another 2-year study (Kociba et al. 1974).  In the latter study, the rats were dosed with up to 1,599 mg 

1,4-dioxane/kg/day in the drinking water; blood samples were collected during the 4th, 6th, 12th, and 

18th month and at termination, and analyzed for packed cell volume, total erythrocyte counts, hemoglobin 

concentration, and total and differential white blood cell counts.  
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Male Crj:BDF1 mice dosed with 768 mg 1,4-dioxane/kg/day in the drinking water for 2 years had 

increased red blood cell counts, hemoglobin, and hematocrit, whereas females exhibited a significant 

reduction in platelet concentration at ≥323 mg/kg/day (JBRC 1998c).  The respective hematological 

NOAELs were 251 and 77 mg/kg/day. 

Musculoskeletal Effects.    No gross or histological alterations were observed in bone and skeletal 

muscle (neither specified) from rats and mice dosed with up to 2,020 and 2,700 mg 1,4-dioxane/kg/day, 

respectively, in the drinking water for 13 weeks (JBRC 1998b), or in rats and mice dosed with up to 

514 and 1,066 mg 1,4-dioxane/kg/day, respectively, for 2 years (JBRC 1998c).  Similarly, no 

histopathologic alterations were observed in skeletal muscle from rats dosed with up to 640 mg 

1,4-dioxane/kg/day for 110 weeks or in mice treated with up to 860 mg/kg/day for 90 weeks (NCI 1978).  

Hepatic Effects.    Acute oral doses of 1,4-dioxane that caused lethality in rats, mice, rabbits, guinea 

pigs, and dogs (see Section 3.2.2.1) induced varying degrees of liver damage, including liver congestion 

and degeneration (de Navasquez 1935; Kesten et al. 1939; Laug et al. 1939; Schrenk and Yant 1936; 

Smyth et al. 1941).  In general, single doses that caused death were higher than 2,000 mg/kg.  A single 

dose of 1,000 mg/kg administered to rats, and that did not cause death, produced no histopathologic 

alterations in the liver (Stott et al. 1981).  Hepatocyte swelling and vacuolation of the central area were 

reported in the liver from F344/DuCrj rats dosed with 2,750–2,960 mg 1,4-dioxane/kg/day for 2 weeks in 

the drinking water (JBRC 1998a), but no significant liver alterations were seen at 1,010– 

1,040 mg/kg/day.  Crj:BDF1 mice treated in the same manner with 2,550–3,230 mg 1,4-dioxane/kg/day 

showed single cell necrosis and swelling of the central area; no significant alterations were reported at 

1,380–1,780 mg/kg/day (JRBC 1998a). 

Repeated administration of doses of approximately 1,428 mg 1,4-dioxane/kg/day in the drinking water for 

34 days was lethal to rats and examination of the animals showed liver congestion and hepatocyte 

degeneration (Fairley et al. 1934).  The same types of liver lesions were seen in mice treated in the same 

manner with approximately 2,916 mg 1,4-dioxane/kg/day; in this experiment, the mice survived up to 

day 67, at which time they were sacrificed (Fairley et al. 1934).  Repeated dosing of rats with 1,000 mg 

1,4-dioxane/kg/day for 7 or 11 weeks produced hepatocyte swelling and histopathology (Stott et al. 1981) 

and fatty vacuoles in the hepatocytes (Lundberg et al. 1987).  Male F344/DuCrj rats dosed with ≥150 mg 

1,4-dioxane/kg/day for 13 weeks in the drinking water showed swelling of the central area (JBRC 1998b); 

the NOAEL was 60 mg/kg/day.  Higher doses also produced vacuolar changes and granulation, and 

changes in clinical chemistry parameters indicative of liver toxicity.  In female rats, granulation was 
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evident at 430 mg/kg/day and hepatocyte swelling at 870 mg/kg/day.  The findings from the JBRC 

(1998b) study in rats were used to derive an intermediate-duration oral MRL of 0.6 mg/kg/day for 

1,4-dioxane using a NOAEL of 60 mg/kg/day for male rats.  In Crj:BDF1 mice treated in the same 

manner, doses of 580–920 mg 1,4-dioxane/kg/day caused single cell necrosis and swelling in the central 

area, but doses ≤410 mg/kg/day were without significant effect (JBRC 1998b). Changes in clinical 

chemistry parameters suggestive of liver damage were reported also in mice dosed with ≥580 mg 

1,4-dioxane/kg/day (JBRC 1998b).   

In the 2-year bioassay by Kociba et al. (1974) in Sherman rats, significant early deaths occurred with 

doses between 1,015 and 1,599 mg/kg/day beginning at about 2–4 months in the study, and the authors 

indicated that these rats exhibited degenerative changes in the liver, although is was not made clear 

whether these changes along with renal lesions were the cause of death.  Rats treated chronically with 

1,4-dioxane in the drinking water (≥94 mg/kg/day for males, ≥148 mg/kg/day for females) had liver 

lesions consisting of various degrees of hepatocellular degeneration and necrosis and evidence of hepatic 

regeneration, as indicated by hepatocellular hyperplastic nodule formation (Kociba et al. 1974).  No 

significant effects were seen in males at 9.6 mg/kg/day and in females at 19 mg/kg/day.  The findings 

from Kociba et al. (1974) were used to derive a chronic-duration oral MRL of 0.1 mg/kg/day for 

1,4-dioxane.  An elevated incidence of hepatocytomegaly was observed in female rats treated with 

≥350 mg 1,4-dioxane/kg/day (the lowest dose tested in females) and in males dosed with 530 mg/kg/day 

of the chemical in the drinking water for 2-years (NCI 1978); the NOAEL in males was 240 mg/kg/day.  

In another 2-year drinking water study in F344/DuCrj rats, liver hyperplasia, spongiosis, and cell foci 

developed in males dosed with ≥81 mg 1,4-dioxane/kg/day, but not with 16 mg/kg/day (JBRC 1998c).  

Females treated with 514 mg/kg/day also developed hyperplasia, spongiosis, and cell foci, but no such 

lesions were observed at 103 mg/kg/day.   

Mice dosed with up to 860 mg 1,4-dioxane/kg/day via the drinking water for 90 weeks showed no 

treatment-related non-neoplastic liver lesions (NCI 1978).  Although the investigators stated that 

hepatocytomegaly was commonly found in treated mice, the incidences were not significantly different 

than in controls and no trend was apparent.  Crj:BDF1 mice dosed with 251–323 mg 1,4-dioxane for 

2 years had significantly increased serum transaminase activities, and no gross or histological alterations 

were reported in females treated with doses of up to 1,066 mg/kg/day of 1,4-dioxane (JBRC 1998c).  

However, male mice showed angiectasis (abnormal dilation of a blood vessel) in the liver at 

768 mg/kg/day.  
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Renal Effects.    Acute lethal doses of 1,4-dioxane in rodents caused kidney lesions ranging from 

kidney enlargement to extensive kidney degeneration (de Navasquez 1935; Kesten et al. 1939; Laug et al. 

1939; Smyth et al. 1941).  Severe kidney damage was seen also in an acute study in dogs (Schrenk and 

Yant 1936). Hydropic changes of the proximal renal tubule were reported in male and female 

F344/DuCrj rats dosed with 2,960 and 2,750 mg 1,4-dioxane/kg/day, respectively, in the drinking water 

for 2 weeks (JBRC 1998a); the corresponding NOAELs were 1,010 and 1,040 mg/kg/day. Treatment for 

13 weeks resulted in nuclear enlargement of the proximal renal tubules at 760 and 870 mg 

1,4-dioxane/kg/day in male and female rats, respectively (JBRC 1998b); higher doses also induced 

hydropic changes in the proximal tubules.  The NOAELs for morphological alterations in the kidneys 

were 330 and 430 mg/kg/day in males and females, respectively. Other significant findings in this study 

were a decrease in urinary pH in males at ≥330 mg/kg/day and an increase in absolute and relative kidney 

weight in females at ≥200 mg/kg/day.  In another study, rats dosed for up to 34 days with 1,428 mg 

1,4-dioxane/kg/day, a dose that caused deaths, had vascular congestion in the kidneys and cell 

degeneration in the cortical epithelium (Fairley et al. 1934).  Similar lesions were observed in mice 

treated in the same fashion with approximately 2,916 mg/kg for up to 67 days (Fairley et al. 1934).  

Changes resembling glomerulonephritis were reported in male Wistar rats exposed to approximately 

584 mg 1,4-dioxane/kg/day in the drinking water for about 452 days (Argus et al. 1965).  Treatment of 

female Crj:BDF1 mice with 1,710 mg 1,4-dioxane/kg/day in the drinking water for 13 weeks increased 

absolute kidney weight and decreased urinary pH; urinary pH was decreased in males at 920 mg/kg/day. 

Doses of 580 and 920 mg/kg/day in males and females, respectively, did not cause any significant renal 

effects (JBRC 1998b).   

Kociba et al. (1974) observed degenerative changes in the kidneys from Sherman rats that died after 2– 

4 months of drinking water that provided approximately 1,015 mg 1,4-dioxane to males and 

1,599 mg/kg/day to females.  At termination of this 2-year study, the kidneys of both males 

(≥94 mg/kg/day) and females (≥148 mg/kg/day) showed tubular epithelial degeneration and necrosis, and 

there was evidence of renal tubular regeneration as indicated by increased tubular epithelial regenerative 

activity.  The NOAEL in males and females was 9.6 and 19 mg/kg/day, respectively, which were also the 

NOAELs for liver effects in the study (Kociba et al. 1974).  In the NCI (1978) bioassay in Osborne-

Mendel rats, kidney lesions consisting of vacuolar degeneration and/or focal tubular epithelial 

regeneration in the proximal cortical tubules and occasionally hyaline casts were seen with significantly 

higher incidence in treated males (≥240 mg/kg/day, dose-related) and in high-dose females 

(640 mg/kg/day).  The pH of the urine was significantly decreased in male F344/DuCrj rats dosed with 

398 mg 1,4-dioxane/kg/day in the drinking water for 2 years, but no change was observed at 
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81 mg/kg/day (JBRC 1998c).  In females, treatment with 103 mg/kg/day resulted in the detection of blood 

in the urine, decreased urinary pH, and nuclear enlargement of the proximal tubules; the NOAEL for renal 

effects in females was 21 mg/kg/day. 

No treatment-related kidney lesions were observed in B6C3F1 mice treated via the drinking water with up 

to 860 mg 1,4-dioxane/kg/day for 90 weeks (NCI 1978).  Similar treatment of male Crj:BDF1 mice with 

768 mg 1,4-dioxane/kg/day resulted in decreased pH of the urine and nuclear enlargement of the proximal 

tubule; no such changes were observed at 251 mg/kg/day (JBRC 1998c).  In females, doses of 

323 mg/kg/day induced the excretion of glucose and protein in the urine and hematuria, but no gross or 

histopathological alterations were reported with doses up to 1,066 mg/kg/day. The NOAEL for renal 

effects in females was 77 mg/kg/day. 

Endocrine Effects.    No gross or histological alterations were observed in endocrine (thyroid, 

parathyroid, adrenal, pituitary) and exocrine (pancreas, salivary) glands from rats and mice dosed with up 

to 2,020 and 2,700 mg 1,4-dioxane/kg/day, respectively, in the drinking water for 13 weeks (JBRC 

1998b), or in rats and mice dosed with up to 514 and 1,066 mg 1,4-dioxane/kg/day, respectively, for 

2 years (JBRC 1998c).  No gross or microscopic alterations were seen in the pituitary, adrenal, thyroid, 

and parathyroid glands from rats dosed with up to 1,599 mg 1,4-dioxane/kg/day in the drinking water for 

2 years (Kociba et al. 1974; NCI 1978) or in the same organs from mice dosed in the same manner with 

up to 860 mg 1,4-dioxane/kg/day (NCI 1978).  No further information was located on effects of 

1,4-dioxane on endocrine parameters. 

Dermal Effects.    No gross or histological alterations were observed in the skin from rats and mice 

dosed with up to 2,020 and 2,700 mg 1,4-dioxane/kg/day, respectively, in the drinking water for 13 weeks 

(JBRC 1998b), or in rats and mice dosed with up to 514 and 1,066 mg 1,4-dioxane/kg/day, respectively, 

for 2 years (JBRC 1998c).  Treatment of rats with up to 640 mg 1,4-dioxane/kg/day in the drinking water 

for 2 years or mice with up to 860 mg 1,4-dioxane/kg/day had no significant effect on the gross or 

microscopic appearance of the skin (NCI 1978).  

Ocular Effects.    No gross or histological alterations were observed in the eyes from rats and mice 

dosed with up to 2,020 and 2,700 mg 1,4-dioxane/kg/day, respectively, in the drinking water for 13 weeks 

(JBRC 1998b), or in rats and mice dosed with up to 514 and 1,066 mg 1,4-dioxane/kg/day, respectively, 

for 2 years (JBRC 1998c).  No other relevant information was located. 
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Body Weight Effects.    Administration of a single dose of 10 mg 1,4-dioxane/kg by gavage in water 

to rats reduced body weight gain by approximately 32% relative to controls in a 7-day period (Stott et al. 

1981).  According to the investigators, this was likely due to a reduction in food consumption, consistent 

with the histological observation that hepatocytes were depleted of glycogen. However, treatment with 

10 mg/kg/day for 11 weeks had no significant effect on weight gain, and doses of 1,000 mg/kg/day for 

11 weeks decreased body weight only about 9% relative to controls (Stott et al. 1981).  In 2-week 

drinking water studies, doses of approximately 2,750–2,960 mg 1,4-dioxane/kg/day reduced body weight 

gain in F344/DuCrj rats (JBRC 1998a). In Crj:BDF1 mice, a significant reduction in body weight gain 

occurred in males at 2,550 mg/kg/day, but not at 1,380 mg/kg/day (JBRC 1998a).  Reduced body weight 

gain was also reported in female F344/DuCrj rats treated for 13 weeks with ≥870 mg 1,4-dioxane/kg/day 

and in male and female Crj:BDF1 mice treated for the same duration with ≥1,830 mg/kg/day (JBRC 

1998b). In the JBRC (1998a, 1998b) studies, reduction in weight gain was usually associated with 

reduced food consumption and/or reduced water consumption.  Sherman rats treated with 1,015–1,599 mg 

1,4-dioxane/kg/day for 2 years gained approximately 10% less weight throughout the study (estimated 

from graphic data in the paper) than controls or rats dosed with 94–148 mg/kg/day (Kociba et al. 1974).  

In the NCI (1978) bioassay, body weight of male rats in the high-dose group (530 mg/kg/day) and female 

mice (860 mg/kg/day) were lower than controls during the second year of the study.  No data on food 

consumption were provided in these two chronic-duration studies.  In another chronic study, treatment of 

male F344/DuCrj rats with up to 398 mg 1,4-dioxane/kg/day did not significantly affect body weight, but 

females dosed with 514 mg/kg/day gained 19% less weight than controls; the NOAEL in females was 

103 mg/kg/day (JBRC 1998c).  Neither food nor water consumption was significantly altered in this case.  

Male Crj:BDF1 mice dosed with 768 mg 1,4-dioxane/kg/day for 2 years gained 43% less weight than 

controls, and females dosed with 323 and 1,066 mg/kg/day gained 15 and 45% less weight than controls, 

respectively (JBRC 1998c).  The NOAELs for males and females were 251 and 77 mg/kg/day, 

respectively. In mice, the reductions in weight gain were accompanied by significant reductions in water 

consumption, but there were no significant changes in food consumption. 

3.2.2.3 Immunological and Lymphoreticular Effects  

No studies were located regarding immunological and lymphoreticular effects in humans after oral 

exposure to 1,4-dioxane.  No gross or histological alterations were observed in the lymph nodes, spleen, 

and thymus from rats and mice dosed with up to 2,020 and 2,700 mg 1,4-dioxane/kg/day, respectively, in 

the drinking water for 13 weeks (JBRC 1998b), or in rats and mice dosed with up to 514 and 1,066 mg 

1,4-dioxane/kg/day, respectively, for 2 years (JBRC 1998c).  No histopathologic alterations were 
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observed in the spleen, thymus, and lymph nodes from rats dosed via drinking water with up to 1,599 mg 

1,4-dioxane/kg/day for 2 years or from mice dosed similarly with up to 860 mg/kg/day (Kociba et al. 

1974; NCI 1978).  These NOAEL values for lymphoreticular effects are listed in Table 3-2 and plotted in 

Figure 3-2. 

3.2.2.4 Neurological Effects 

No studies were located regarding neurological effects in humans after oral exposure to 1,4-dioxane.  In 

an acute study in rabbits, a single gavage dose of 4,400 mg 1,4-dioxane/kg induced staggering in one of 

three rabbits and 6,600 mg/kg produced narcosis in one of three rabbits and was lethal to two other rabbits 

(Knoefel 1935).  No further details were provided in this early study.  Male and female F344/DuCrj rats 

dosed with 2,960 and 2,750 mg 1,4-dioxane/kg/day, respectively, for 2 weeks showed vacuolar changes 

in the brain (JBRC 1998a); the respective NOAELs were 1,010 and 1,040 mg/kg/day.  Similar effects 

were reported in male and female F344/DuCrj rats dosed with 1,900 and 2,020 mg 1,4-dioxane/kg/day, 

respectively, for 13 weeks in the drinking water (JBRC 1998a); the respective NOAELs were 760 and 

870 mg/kg/day.  However, no significant alterations were seen in the spinal cord or sciatic nerve.  In the 

same study, no histopathological alterations were observed in the brain, spinal cord, and sciatic nerve 

from Crj:BDF1 mice dosed with up to 2,700 mg 1,4-dioxane/kg/day.  No histopathologic alterations were 

observed in the brain, spinal cord, and sciatic nerve from rats dosed via the drinking water with up to 

1,599 mg 1,4-dioxane/kg/day for 2 years or from mice dosed similarly with up to 860 mg/kg/day (JBRC 

1998c; Kociba et al. 1974; NCI 1978).  The NOAEL and LOAEL values for neurological effects are 

listed in Table 3-2 and plotted in Figure 3-2. 

3.2.2.5 Reproductive Effects  

No studies were located regarding reproductive effects in humans after oral exposure to 1,4-dioxane.   

Standard reproductive toxicity studies on 1,4-dioxane in animals were not located.  Only ancillary 

information is available.  No gross or histological alterations were observed in the reproductive organs 

(testes, prostate, seminal vesicles, epididymis, uterus, ovaries, vagina) from rats and mice dosed with up 

to 2,020 and 2,700 mg 1,4-dioxane/kg/day, respectively, in the drinking water for 13 weeks (JBRC 

1998b), or in rats and mice dosed with up to 514 and 1,066 mg 1,4-dioxane/kg/day, respectively, for 

2 years (JBRC 1998c).  No evidence of gross or microscopic alterations was found in the reproductive 

organs from rats exposed through the drinking water to up to 1,599 mg 1,4-dioxane/kg/day for up to 
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2 years (Kociba et al. 1974; NCI 1978) or from mice exposed to up to 860 mg 1,4-dioxane/kg/day for up 

to 90 weeks (NCI 1978). These values are presented in Table 3-2 and plotted in Figure 3-2. 

3.2.2.6 Developmental Effects 

No studies were located regarding developmental effects in humans after oral exposure to 1,4-dioxane.  

Only one relevant animal study was located.  In that study, groups of pregnant Sprague-Dawley rats were 

administered 0, 258, 516, or 1033 mg 1,4-dioxane by gavage on gestation days 6–15 and sacrifices were 

conducted on gestation day 21 (Giavini et al.1985).  Dams in the high-dose group gained less weight than 

controls and fetal weight in this group was reduced by 5.3% relative to controls.  In addition, a slightly 

but significantly higher incidence of reduced sternum ossification was noticed in the high-dose group.  No 

other significant differences between treated and control groups were observed, including number of 

implantations and of live fetuses, post-implantation loss, and incidence of malformations.  The NOAEL 

and LOAEL values are presented in Table 3-2 and plotted in Figure 3-2. 

3.2.2.7 Cancer 

No studies were located regarding oral exposure of humans to 1,4-dioxane and cancer, but numerous 

studies have examined the carcinogenicity of 1,4-dioxane in animals exposed orally, in all of them the test 

material has been administered in the drinking water.  In general, the studies in animals can be divided 

into a group in which numerous limitations are apparent, including small number of animals, low tumor 

incidences, lack of statistical analyses, and only one dose level was tested, and another small group of 

standard bioassays.  To the former category belong Argus et al. (1965, 1973), Hoch-Ligeti and Argus 

(1970), and Hoch-Ligeti et al. (1970), whereas the standard bioassays include JBRC (1998c), Kociba et 

al. (1974), and NCI (1978).   

Argus et al. (1965) exposed a group of 26 male Wistar rats to 1,4-dioxane in the drinking water at a 

concentration of 1% for 452 days.  Nine rats served as controls.  The maximal dose per rat was 132 g, 

which divided by an average exposure time of 452 days yields a daily dose of 584 mg/kg/day, assuming a 

reference body weight of 0.5 kg for mature male Wistar rats.  End points examined included gross 

necropsy and histopathologic examination of tissues, but the range of tissues examined was not specified.  

Six of the 26 rats treated with 584 mg 1,4-dioxane/kg/day developed liver tumors that ranged in 

appearance from small neoplastic nodules to multifocal hepatocellular carcinomas.  One treated rat had a 

transitional cell carcinoma of the kidney and one rat that received a total dose of 116 g for 387 days 

(599 mg/kg/day) developed leukemia.  One control rat developed a lymphosarcoma. 
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In a subsequent study by the same group of investigators, groups of male Sprague-Dawley rats (28– 

32/group) were treated with 1,4-dioxane in the drinking water for 13 months at levels of 0 (controls), 

0.75, 1.0, 1.4, or 1.8% (Hoch-Ligeti et al. 1970).  At termination, complete necropsy and 

histopathological examinations were conducted.  Doses were estimated at about 400, 600, 800, and 

1,000 mg/kg/day assuming that 13 months equals 390 days, a body weight of 0.6 kg for the rats, and the 

total dose provided in the study (104–256 g).  Six treated rats developed tumors of the nasal cavity.  All 

of the tumors consisted of squamous cell carcinomas with marked keratinization.  The incidences were as 

follows: one at 0.75%, one at 1%, two at 1.4%, and two at 1.8%.  Hepatocellular carcinomas were also 

observed in the rats that had nasal carcinomas in the 1.4 and 1.8% groups (Argus et al. 1973).  In the latter 

study, in addition to incidences of hepatomas and hepatocellular carcinomas, the authors reported the 

incidences of “incipient” hepatomas. Two types of incipient hepatomas were observed, one consisting of 

large cells, apparently filled and distended with fat, and the other of finger-like strands of rather smaller 

hepatocytes with large hyperchromic nuclei and dense cytoplasm.  According to Argus et al. (1973), these 

nodules appeared as histologically characteristic of fully developed hepatomas.  The following tumor 

incidences were reported: 4 incipient tumors at 0.75%, 9 incipient tumors at 1%, 13 incipient tumors and 

3 hepatomas at 1.4%, and 11 incipient tumors and 12 hepatomas at 1.8% 1,4-dioxane.  No tumors were 

found in the lungs.  The authors stated that the effective tumor dose (TD5), the 50% tumor dose (TD50), 

and the maximum effective dose (TD95) were 72, 149, and 260 g, respectively, evaluated from the probit 

plot of the dose-response (Argus et al. 1973). 

In the Kociba et al. (1974) study, groups of Sherman rats (60/sex/dose level) were treated with 

1,4-dioxane in the drinking water at levels of 0 (controls), 0.01, 0.1, or 1% for 716 days.  This 

corresponded to doses of 0, 9.6, 94, and 1,015 mg/kg/day in males and 0, 19, 148, and 1,599 mg/kg/day in 

females based on body weight and water consumption data.  Treatment with 1,4-dioxane significantly 

increased mortality in high-dose males and females beginning at about 2–4 months of treatment.  These 

rats showed degenerative changes in both the liver and kidneys.  Body weight gain was significantly 

reduced in high-dose animals from the beginning of the study.  Carcinogenic effects were limited to the 

liver and nasal turbinates. The investigators combined the incidence of tumors in males and females and 

expressed them as the effective incidences in the number of rats that survived for 12 months.  The 

incidence of all hepatic tumors was 2/106 (1.9%), 0/110 (0%), 1/106 (0.9%), and 12/66 (18.2%, 

p=0.0022) in controls, low-, mid-, and high-dose rats, respectively. The corresponding incidences of 

hepatocellular carcinomas were 1/106 (0.9%), 0/110 (0%), 1/106 (0.9%), and 10/66 (15.2%, p=0.00033).  
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Only three high-dose rats (one male and two females) had nasal carcinomas (p=0.05491) and were 

considered treatment-related by the investigators. 

In the NCI (1978) bioassay, groups of Osborne-Mendel rats (35/sex/dose level) were administered 

1,4-dioxane in the drinking water for 110 weeks.  The estimated doses were 0 (controls), 240 and 

530 mg/kg/day in males and 0, 350, and 640 mg/kg/day in females. Neoplasms associated with the 

administration of 1,4-dioxane occurred in the nasal cavity from males and females, liver from females, 

and testis/epididymis in males.  The incidences of squamous cell carcinomas in the nasal turbinates were 

0/33, 12/33 (36%), and 16/34 (47%) in control, low-, and high-dose males, respectively; the 

corresponding incidences in females were 0/34, 10/35 (29%), and 8/35 (23%).  The first tumors were seen 

at week 52 in males and week 66 in females.  Statistical analyses of these incidences revealed a 

significant dose-related trend and significant differences between treated groups and controls. The 

incidences of hepatocellular carcinomas in females were 0/31, 10/33 (30%), and 11/32 (34%) in controls, 

low-, and high-dose groups, respectively.  A higher incidence of mesotheliomas of the vaginal tunics of 

the testis/epididymis was seen in treated males than in controls (2/33, 4/33, and 5/34 in controls, low-, and 

high-dose, respectively).  The incidences of other neoplasms were not related to treatment with the test 

material by type, site, test group, or sex.  Under the conditions of the study, NCI (1978) concluded that 

1,4-dioxane induced hepatocellular carcinomas in female rats and squamous cell carcinoma of the nasal 

turbinates in male and female rats. 

In the JBRC (1998c) study, groups of Fischer 344/DuCrj rats (50/sex/dose level) received 1,4-dioxane in 

the drinking water at levels of 200, 1,000, and 5,000 ppm for 2 years (0, 16, 81, and 398 mg/kg/day for 

males; 0, 21, 103, and 514 mg/kg/day for females).  Survival was significantly decreased in the high-dose 

groups due to liver and nasal tumors.  Twenty-two of 50 high-dose male rats survived compared to 

40/50 in controls; 24/50 of high-dose females survived compared to 38/50 in controls.  In high-dose males 

(398 mg/kg/day), the incidence of nasal cavity tumors was 7/50 (p<0.01) compared to none in the other 

groups; in high-dose females (514 mg/kg/day), the incidence was 8/50 (p<0.01) compared to none in the 

other groups.  The nasal tumors included squamous cell carcinomas, sarcomas, rhabdomyosarcoma, and 

esthesioneuroepithelioma.  The incidence of combined hepatocellular adenoma or carcinoma in males 

was 0/50, 2/50, 4/49, and 33/50 (p<0.01) in the control, low-, mid-, and high-dose male rats; the 

corresponding incidences in females were 1/50, 0/50, 5/50, and 40/50 (p<0.01).  High-dose males also 

had an increased incidence of mesothelioma of the peritoneum (28/50 compared to 2/50 in controls).  

High-dose females had an increased incidence of mammary gland adenomas (16/50 compared to 6/50 in 

controls). 
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Two studies have been conducted in mice.  Groups of B6C3F1 mice (50/sex/dose level) were 

administered 1,4-dioxane in the drinking water for 90 weeks (NCI 1978).  Based on body weight and 

water consumption data, the investigators estimated that the water provided doses of 0 (controls), 720, 

and 830 mg/kg/day in males, and 0, 380, and 860 mg/kg/day in females.  Mortality was significantly 

increased (dose-related) in female mice.  In female mice, 28/50, (56%) in the high-dose group, 

39/50 (78%) in the mid-dose group, and 45/50 (90%) in the control group were still alive on week 91 of 

the study.  In males, at least 90% of the mice in each group were still alive at week 91.  Treatment with 

1,4-dioxane significantly increased the incidence of liver tumors.  The incidences of hepatocellular 

carcinoma were 2/49 (4%), 18/50 (36%), and 24/47 (51%), in controls, low-, and high-dose males, 

respectively; the corresponding incidences in females were 0/50, 12/48 (25%), and 29/37 (78%).  The 

incidences of hepatocellular carcinomas or adenomas in males were 8/49 (16%), 19/50 (38%), and 

28/47 (60%); the incidences in females were 0/50, 21/48 (44%), and 35/37 (95%).  Statistical analysis 

showed significance for dose-related trend and for direct comparisons with controls.  No other neoplasm, 

benign, or malignant, was found to be associated to treatment with 1,4-dioxane. 

In another study (JBRC 1998c), groups of Crj:BDF1 mice (50/sex/dose level) received 1,4-dioxane in the 

drinking water at levels of 500, 2,000, and 8,000 ppm for 2 years (0, 66, 251, and 768 mg/kg/day for 

males; 0, 77, 323, and 1,066 mg/kg/day for females).  Early mortality occurred in female mice, and this 

was attributed to liver tumors.  Survival rates at 104 weeks in females were 29/50, 29/50/ 17/50, and 

5/50 in control, low-, mid-, and high-dose groups, respectively.  A significant and dose-related increase in 

the incidence of liver adenomas and carcinomas of the liver was found in female mice.  The incidences of 

combined adenomas and carcinomas in control, low-, mid-, and high-dose females were 4/50, 34/50, 

41/40, and 46/50 (p<0.01 for all treated groups).  High-dose males (768 mg/kg/day) also showed a 

significant increased incidence of hepatocellular carcinomas; the combined incidences of adenomas and 

carcinomas, as the dose increased, were 21/50 (controls), 31/50, 37/50, and 39/50 (p<0.01).  There were 

no nasal cavity tumors in male or female mice. 

In the single study in guinea pigs, a group of 22 male guinea pigs was administered 1,4-dioxane in the 

drinking water at concentrations of 0.5–2% for 23 months (Hoch-Ligeti and Argus 1970).  Ten guinea 

pigs served as controls. The investigators stated that the total intake of 1,4-dioxane during the 23 months 

of the experiment was 588–625 g.  Assuming a reference body weight of 0.84 kg and converting 

23 months into 690 days (30 days/month), the intake of 1,4-dioxane was approximately 1,014– 

1,075 mg/kg/day.  All of the animals were sacrificed within 28 months.  Very little additional data were 
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presented in this brief note. Examination of the lungs revealed peri- or intrabronchial epithelial 

hyperplasia and nodular mononuclear infiltration in nine of the treated guinea pigs.  In addition, two 

guinea pigs had carcinoma of the gall bladder, three had early hepatomas, and one had adenoma of the 

kidney.  No tumors were found in the controls. 

1,4-Dioxane was tested also as a cancer initiator in mice (Bull et al. 1986) and promoter in rats (Lundberg 

et al. 1987). Female Sencar mice were dosed with 1,000 mg 1,4-dioxane/kg by gavage before receiving 

topical applications of 1 μg of 12-O-tetradecanoylphorbol-13-acetate (TPA) 3 times/week for 20 weeks.  

A control group was initiated with acetone before the TPA application.  Administration of 1,4-dioxane 

did not increase the formation of papillomas compared to mice initiated with the solvent (unspecified 

whether emulphor, saline, or water) and promoted with TPA, indicating a lack of initiating activity under 

the conditions of the study.  The tumor promotion activity of 1,4-dioxane was studied in groups of male 

Sprague-Dawley rats (8–11/group) (Lundberg et al. 1987).  All rats underwent a 2/3 hepatectomy before 

receiving a single intraperitoneal injection of 30 mg/kg of diethylnitrosamine (DENA).  Five days later, 

treatment by gavage with 100 or 1,000 mg/kg of 1,4-dioxane in saline started once daily, 5 days/week for 

7 weeks. One week after the last treatment, the rats were killed, the liver was removed and stained for 

gamma-glutamyl-transpeptidase (GGT), and the number and total volume of GGT-positive foci was 

studied. 1,4-Dioxane alone had no significant effect on the end points evaluated.  In DENA initiated rats, 

the high-dose of 1,4-dioxane induced a significant increase in the number of foci and total volume of foci 

relative to rats treated with DENA alone.  The livers of high-dose rats showed enlarged foamy 

hepatocytes mainly in midzonal regions.  The foamy appearance was due to vacuoles shown to contain 

fat. Thus, 1,4-dioxane promoted the carcinogenic potential of DENA. 

The data available indicate that 1,4-dioxane produced liver and nasal cancer in rats and liver tumors in 

mice. The EPA has derived an oral cancer potency factor of 0.011 (mg/kg/day)-1 for 1,4-dioxane using 

the Linearized Multistage Model (IRIS 2004).  This factor was calculated from oral exposure data 

reported by NCI (1978) regarding incidence of tumors of the nasal turbinates in male Osborne-Mendel 

rats. The lifetime average doses that would result in risk of 1x10-4, 1x10-5, 1x10-6, and 1x10-7 are 9x10-3, 

9x10-4, 9x10-5, and 9x10-6 mg/kg/day, respectively, as indicated in Figure 3-2.  The EPA is currently re­

evaluating the health assessment for 1,4-dioxane (EPA 2004f). 
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3.2.3 Dermal Exposure  
3.2.3.1 Death 

As mentioned in Section 3.2.1.1, Johnstone (1959) described a fatal case of a worker exposed to 

1,4-dioxane for only 1 week and whose post-mortem examination showed kidney and liver alterations.  

The room in which the patient had worked had no exhaust ventilation and the worker was not provided a 

respirator. Dermal exposure in this case may have been considerable since the worker used liquid 

1,4-dioxane to keep his hands free of glue.  A dermal LD50 of 7,600 mL/kg was reported for rabbits 

(RTECS 2004); this value is presented in Table 3-3. 

3.2.3.2 Systemic Effects  

No studies were located regarding respiratory, cardiovascular, gastrointestinal, hematological, 

musculoskeletal, endocrine, or body weight effects in humans or in animals after dermal exposure to 

1,4-dioxane.  No studies were located regarding hepatic and renal effects in humans following dermal 

exposure to 1,4-dioxane. 

The highest NOAEL and all reliable LOAEL values from each study for systemic effects in each species 

and duration category are recorded in Table 3-3. 

Hepatic Effects.    In a study with four guinea pigs, approximately 143 mg 1,4-dioxane/kg was applied 

to a clipped area of the nape 5 days/week for 49–101 days (Fairley et al. 1934).  Upon sacrifice on 

days 49, 66, 77, and 101, no gross alterations of the liver were observed, but there were indications of 

patchy cell degeneration. The same protocol conducted in four rabbits applied doses of approximately 

57 mg/kg showed vascular congestion of the liver and patchy cell degeneration in two of the rabbits 

(Fairley et al. 1934).   

Renal Effects.    Application of approximately 143 mg 1,4-dioxane/kg to a clipped area of the nape of 

guinea pigs 5 days/week for 49–101 days resulted in renal cortical cell degeneration and hemorrhages.  

The same experiment conducted in rabbits applied approximately 57 mg 1,4-dioxane/kg resulted in the 

same type of kidney lesions (Fairley et al. 1934). 

Dermal Effects.    Application of a single dose of up to 8,300 mg 1,4-dioxane/kg to an uncovered area 

of the skin of rats produced no signs of skin irritation within the period of observation of 14 days (Clark 
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Table 3-3  Levels of Significant Exposure to 1,4-dioxane  -  Dermal

Species
(Strain)

Exposure/
Duration/

Frequency
(Route) CommentsSystem NOAEL Less Serious

LOAEL

Serious
Reference
Chemical Form

ACUTE EXPOSURE
Death

(NS)
Rabbit once

7600 (LD50)

ml/kg

ml/kg

RTECS 2004

Systemic
Human 3 min Ocular 2000

ppm

ppm

Fairley et al. 1934

Human 15 min Ocular 200 B

ppm

ppm
300 B (eye irritation)

ppm

ppm

Silverman et al. 1946

Human 10 min Ocular 1600 (slight eye irritation)

ppm

ppm

Yant et al. 1930

Human 6 hr Ocular 50 M (eye irritation)

ppm

ppm

Young et al. 1977

(Wistar)
Rat once Dermal 8300 M

mg/kg

mg/kg

Clark et al. 1984 No signs of skin
irritation.
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Table 3-3  Levels of Significant Exposure to 1,4-dioxane  -  Dermal (continued)

Species
(Strain)

Exposure/
Duration/

Frequency
(Route) CommentsSystem NOAEL Less Serious

LOAEL

Serious
Reference
Chemical Form

INTERMEDIATE EXPOSURE
Systemic

(NS)
Gn Pig 49-101 d

5 d/wk
2 x/d

Hepatic 143 (cloudy swelling and
patchy cell degeneration)

mg/kg

mg/kg

Fairley et al. 1934 No signs of skin
irritation.

Renal 143 (degeneration and
necrosis of cortical
tubules)

mg/kg

mg/kg

Dermal 143

mg/kg

mg/kg

(NS)
Rabbit 49-101 d

5 d/wk
2 x/d

Hepatic 57 (patchy cell
degeneration)

mg/kg

mg/kg

Fairley et al. 1934 No signs of skin
irritation.

Renal 57 (tubular cell
degeneration)

mg/kg

mg/kg

B = both male and female; d = day(s); Gn pig = guinea pig; hr = hour(s); LD50 = lethal dose, 50% kill; LOAEL = lowest-observed-adverse-effect level; M = male; min = minute(s);
NOAEL = no-observed-adverse-effect level; NS = not specified; ppm = parts per million; wk = week(s); x = time(s)

Dermal 57

mg/kg

mg/kg
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et al. 1984). Application of approximately 143 mg 1,4-dioxane/kg 5 days/week for 40–101 days to a 

clipped area of the nape from guinea pigs did not produce skin irritation (Fairley et al. 1934).  Similar 

results were obtained in rabbits applied approximately 57 mg 1,4-dioxane/kg using the same protocol 

(Fairley et al. 1934). 

Ocular Effects.    The ocular effects observed in humans and in animals described in Section 3.2.1.2 

and listed in Table 3-1 are assumed to have occurred by direct contact of vapors of 1,4-dioxane with eyes 

and are also listed in Table 3-3. 

No studies were located regarding the following health effects in humans or animals after dermal 

exposure to 1,4-dioxane: 

3.2.3.3 Immunological and Lymphoreticular Effects  
3.2.3.4 Neurological Effects 
3.2.3.5 Reproductive Effects  
3.2.3.6 Developmental Effects 

3.2.3.7 Cancer 

The carcinogenicity and initiator and promoter properties of 1,4-dioxane have been evaluated.  To test 

whether 1,4-dioxane is a complete carcinogen, 0.2 mL of a solution of 1,4-dioxane in acetone 

(unspecified concentration) were applied 3 times/week to the shaved back from Swiss-Webster mice for 

60 weeks (King et al. 1973).  Examination of the skin at week 60 revealed only one skin sarcoma and one 

lymphoma, suggesting that under the conditions of the study, 1,4-dioxane was not a complete carcinogen.  

King et al. (1973) also tested whether 1,4-dioxane is a promoter by applying 50 μg of dimethyl-

benzanthracene (DMBA) to groups of Swiss-Webster followed 1 week later by the application of 0.2 mL 

of a solution of 1,4-dioxane (unspecified concentration) to the shaved back for 60 weeks.  At week 60, 

only 4 males and 5 females were still alive (out of 30/sex).  Treatment with 1,4-dioxane in mice initiated 

with DMBA resulted in an increased number of tumors in the skin, lungs, and kidneys.  The activity of 

1,4-dioxane in promoting skin tumors was similar to that observed with croton oil as a promoter.  

However, croton oil led to a much higher multiplicity of skin tumors per mouse than 1,4-dioxane.  Bull et 

al. (1986) tested 1,4-dioxane as an initiator.  In that study, female Sencar mice were applied topical doses 

of 1,000 mg 1,4-dioxane/kg before receiving topical applications of 1 μg 12-O-tetradecanoylphorbol­

13-acetate (TPA) 3 times/week for 20 weeks.  A control group received an application of acetone before 

***DRAFT FOR PUBLIC COMMENT*** 



85 1,4-DIOXANE 

3. HEALTH EFFECTS 

the TPA application. 1,4-Dioxane did not increase the formation of papillomas compared to mice 

initiated with acetone and promoted with TPA. 

3.3 GENOTOXICITY  

Studies of the in vitro and in vivo genotoxicity of 1,4-dioxane are summarized in Tables 3-4 and 3-5, 

respectively.  1,4-Dioxane was not genotoxic in standard in vitro tests of gene mutation in bacteria in the 

presence or absence of metabolic activation (Haworth et al. 1983; Khudoley et al. 1987; Morita and 

Hayashi 1998; Nestmann et al. 1984; Stott et al. 1981).  Kwan et al. (1990) tested 1,4-dioxane in a strain 

of Photobacterium phosphoreum, which is sensitive to chemicals that are DNA-damaging agents, 

DNA-intercalating agents, DNA-synthesis inhibitors, and direct mutagens.  1,4-Dioxane showed no 

activity in the absence of metabolic activation, but was not tested with metabolic activation.  No evidence 

of DNA damage was seen in Escherichia coli K-12 uvrB/recA incubated with 1,4-dioxane with or without 

metabolic activation (Helmér and Bolcsfoldi 1992).  A study in the yeast Saccharomyces cerevisiae strain 

D61M also gave negative results for chromosomal aneuploidy without activation (Zimmermann et al. 

1985), but was not repeated in the presence of metabolic activation.  Studies with isolated mammalian 

cells exposed to 1,4-dioxane have also yielded negative results.  For example, assays for induction of 

micronuclei, sister chromatid exchanges, and chromosomal aberrations in Chinese hamster ovary cells 

(CHO) were negative with and without metabolic activation (McElroy et al. 2003; Morita and Hayashi 

1998). A similar study by Galloway et al. (1987) also found no increase in chromosomal aberrations in 

CHO cells but did observe a slight increase in the incidence of sister chromatid exchanges in the absence 

of activation.  Morita and Hayashi (1998) and McGregor et al. (1991) found no increase in gene 

mutations in mouse lymphoma cells incubated with 1,4-dioxane.  1,4-Dioxane did not induce DNA 

damage in rat hepatocytes (Goldsworthy et al. 1991), but increased cell transformations in BALB/3t3 

cells at cytotoxic concentrations (Sheu et al. 1988).  A test for DNA single strand breaks in rat 

hepatocytes incubated with 1,4-dioxane yielded positive results only at cytotoxic concentrations of 

1,4-dioxane (Sina et al. 1983). 

Studies of in vivo exposure of organisms to 1,4-dioxane also have been mostly negative, although some 

positive results have been reported. The only information in humans is that no increases in chromosomal 

aberrations were observed in peripheral lymphocytes from a groups of six workers employed in 

1,4-dioxane production relative to observations made in six control subjects (Thiess et al. 1976).   
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Table 3-4. Genotoxicity of 1,4-Dioxane In Vitro 

Results 
With Without 

Species (test system) End point activation activation Reference 
Salmonella typhimurium (TA100, Gene mutation – – Haworth et al. 1983 
TA98, TA1535, TA1537) 
S. typhimurium (TA98, TA100, Gene mutation – – Stott et al. 1981 
TA1535, TA1537, TA1538) 
S. typhimurium (TA100, Gene mutation – – Nestmann et al. 1984 
TA1535) 
S. typhimurium (TA98, TA100, Gene mutation – – Khudoley et al. 1987 
TA1530, TA1535, TA1537) 
Photobacterium phosphoreum DNA damage NT – Kwan et al. 1990 
Escherichia coli K-12 uvrB/recA DNA damage – – Hellmer and Bolcsfoldi 

1992 
S. typhimurium (TA98, TA100, Gene mutation – – Morita and Hayashi 1998 
TA1535, TA1537) 
E. coli (WP2, WP2 uvrA) Gene mutation – – Morita and Hayashi 1998 
Saccharomyces cerevisiae (D61M) Chromosomal NT – Zimmermann et al. 1985 

malsegregation 
Mouse lymphoma cells Gene mutation – – Morita and Hayashi 1998 
CHO cells Chromosomal – – McElroy et al. 2003 

aberrations 
CHO-K1 cells Chromosomal – – Morita and Hayashi 1998 

aberrations 
CHO-K1 cells Sister chromatid – – Morita and Hayashi 1998 

exchange 
CHO-K1 cells Micronuclei – – Morita and Hayashi 1998 
Rat hepatocytes DNA repair – – Goldsworthy et al. 1991 
CHO-W-B1 cells Chromosomal – – Galloway et al. 1987 

aberrations 
CHO-W-B1 cells Sister chromatid – ± Galloway et al. 1987 

exchange 
Mouse lymphoma cells Gene mutation – – McGregor et al. 1991 
BALB/3T3 cells Cell NT + Sheu et al. 1988 

transformation 

– = negative result; + = positive result; ± = weak positive result; CHO = Chinese hamster ovary; NT = not tested 
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Table 3-5. Genotoxicity of 1,4-Dioxane In Vivo 

Species (test system) End point Results Reference 
Human peripheral Chromosomal aberrations – Thiess et al. 1976 
lymphocytes 
Rat hepatocytes DNA repair – Goldsworthy et al. 1991 
Rat nasal epithelial cells DNA repair – Goldsworthy et al. 1991 
Mouse hepatocytes Micronuclei + Morita and Hayashi 1998 
Mouse hepatocytes Micronuclei + Roy et al. 2005 
Mouse peripheral blood Micronuclei – Morita and Hayashi 1998 
Rat hepatocytes DNA alkylation or repair – Stott et al. 1981 
Rat hepatocytes DNA damage + Kitchin and Brown 1990, 

1994 
Mouse bone marrow Micronuclei – Tinwell and Ashby 1994 
Mouse bone marrow Micronuclei + Roy et al. 2005 
Mouse bone marrow Micronuclei + Mirkova 1994 
(C57BL6) 
Mouse bone marrow Micronuclei – Mirkova 1994 
(BALB/c) 
Mouse bone marrow Micronuclei – McFee et al. 1994 
Drosophila (food) Dominant lethal – Yoon et al. 1985 
Drosophila (food) Meiotic non-disjunction + Muñoz and Barnett 2002 

– = negative result; + = positive result; ± = weak positive result 
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Several studies have reported results regarding micronuclei formation.  An assay in bone marrow cells 

from C57BL6 mice after single gavage doses of up to 3,600 mg 1,4-dioxane/kg found a dose-related 

increase in the incidence of micronuclei, but the results in BALB/c mice were negative (Mirkova 1994).  

A similar study by Tinwell and Ashby (1994) found that 1,4-dioxane did not induce micronuclei in bone 

marrow cells from CBA mice treated with a single oral dose of 1,800 mg/kg or from C57BL6 mice dosed 

with 3,600 mg/kg.  Studies reported by McFee et al. (1994) of several trials conducted by two different 

laboratories yielded equivocal results for micronuclei formation in mouse bone marrow.  More recent data 

by Morita and Hayashi (1998) in CD-1 mice treated with a single gavage dose of up to 3,000 mg 

1,4-dioxane/kg showed an increase in micronuclei in hepatocytes, but not in peripheral blood 

reticulocytes.  Roy et al. (2005) also reported an increased incidence of micronuclei in hepatocytes and 

bone marrow from male CD-1 mice treated for 5 days with ≥2,500 mg 1,4-dioxane/kg and ≥1,500 mg 

1,4-dioxane/kg, respectively.  Their results indicate that at high doses, 1,4-dioxane can induce 

chromosome breakage resulting in micronuclei. 

Hepatocytes from Sprague-Dawley rats dosed with a single dose of 1,000 mg 1,4-dioxane/kg by gavage 

showed no evidence of DNA alkylation or DNA repair activity (Stott et al. 1981).  This dose level 

administered via the drinking water to the rats for 11 weeks induced minimal hepatocellular swelling, 

which was accompanied by increased DNA synthesis (Stott et al. 1981).  In male Fischer 344 rats 

administered single doses of up to 2,000 mg 1,4-dioxane/kg by gavage, 1,4-dioxane did not induce 

replicative DNA synthesis in hepatocytes (Uno et al. 1994), but it did in a subsequent study by the same 

group of investigators (Miyagawa et al. 1999).  In liver tissue from Sprague-Dawley rats given two doses 

of 2,550 or 4,200 mg 1,4-dioxane/kg, there was a dose-related increase in DNA damage (assessed by 

alkaline elution) and cytochrome P-450 content; no significant effect was seen at ≤840 mg/kg (Kitchin 

and Brown 1990).  Administration of a single oral dose of 1,000 mg 1,4-dioxane/kg to Fischer 344 rats 

produced no evidence of hepatocyte DNA repair, and the same negative response was obtained in rats 

dosed for a week via drinking water containing up to 2% 1,4-dioxane (Goldsworthy et al. 1991).  No 

DNA repair activity was also observed in nasal epithelial cells from rats given 1% 1,4-dioxane in the 

drinking water for 8 days followed by a single gavage dose of 1,000 mg/kg (Goldsworthy et al. 1991).  

1,4-Dioxane did not induce sex-linked recessive lethal mutations in Drosophila melanogaster in one 

study (Yoon et al. 1985), but was positive for meiotic non-disjunction in another study in D. 

melanogaster (Muñoz and Barnett 2002). 

Collectively, the information available suggests that 1,4-dioxane is a non-genotoxic compound, or at best, 

a weakly genotoxic compound. 
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3.4 TOXICOKINETICS 

Data in volunteers acutely exposed to vapors of 1,4-dioxane suggest that the chemical is readily and 

almost completely absorbed through the lungs.  Studies in animals also show that 1,4-dioxane is readily 

absorbed after inhalation and oral exposure, but much less 1,4-dioxane is absorbed through the skin.  No 

information is available regarding distribution of 1,4-dioxane or metabolites in humans.  In animals 

injected with radiolabelled 1,4-dioxane, 1,4-dioxane-derived radioactivity distributed widely throughout 

the body, and no organ seemed to preferentially accumulate radiolabel.  In humans and animals, 

1,4-dioxane is metabolized to β-hydroxyethoxyacetic acid (HEAA) by mixed-function oxidase enzymes; 

HEAA can be converted to 1,4-dioxane-2-one under acidic conditions.  Both of these products are rapidly 

and extensively eliminated in the urine. Unchanged 1,4-dioxane can also be excreted in the urine and in 

exhaled air, but mainly after high-dose exposure.  Studies have shown that the metabolism of 1,4-dioxane 

in rats is saturable at high doses. There is virtually no information regarding the toxicokinetics of 

1,4-dioxane in humans following oral or dermal exposure.  There is no indication that 1,4-dioxane or 

HEAA accumulates in the body. 

3.4.1 Absorption 
3.4.1.1 Inhalation Exposure 

Young et al. (1977) exposed a group of four healthy male volunteers to 50 ppm of 1,4-dioxane vapor for 

6 hours.  Plasma concentrations of 1,4-dioxane climbed rapidly during the first 2 hours of exposure, 

indicating an initial rapid absorption.  This was followed by a gradual slow down in the rate of absorption 

until a plateau was reached at approximately 3 hours. Thus, steady state was reached during exposure.  In 

contrast, the concentration of HEAA in plasma peaked approximately one hour after exposure ceased.  

Based on the presence of 1,4-dioxane and its main metabolite (HEAA) in the urine, the investigators 

calculated that the subjects absorbed a total mean dose of 5.4 mg 1,4-dioxane/kg at a mean rate of 

76.1 mg/hour. 

Experiments conducted in four male Sprague-Dawley rats exposed head-only to 50 ppm 1,4-dioxane 

vapors revealed that during a 6-hour exposure period, the rats absorbed a mean total dose of 71.9 mg 

1,4-dioxane/kg; this figure is based on the amounts of parent compound and HEAA measured in the urine 

over a 48-hour period (Young et al. 1978a, 1978b).  At the end of the exposure period, the concentration 

of 1,4-dioxane in the plasma was 7.3 μg/mL. It is worth noting that the value for total absorbed dose in 
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this study, on a per body weight basis, is considerably greater than that calculated from volunteers 

exposed to the same airborne concentration of 1,4-dioxane for the same length of time (Young et al. 

1977). 

3.4.1.2 Oral Exposure  

Data on the absorption of 1,4-dioxane following oral exposure in humans are not available. 

Young et al. (1978a, 1978b) administered single doses of 10, 100, or 1,000 mg/kg of uniformly labeled 
14C-1,4-dioxane exposed to groups of male Sprague-Dawley rats to by gavage for 17 days, and reported 

that <2% of the label was found in the feces in the first 24 hours (10 mg/kg dose) or 72 hours (100 or 

1,000 mg/kg doses), indicating rapid and nearly-complete absorption of the compound from the 

gastrointestinal tract. In another experimental series reported in the same manuscripts (Young et al. 

1978a, 1978b), groups of male Sprague-Dawley rats were given 10, 100, or 1,000 mg/kg of uniformly 

labeled 14C-1,4-dioxane by gavage daily for 17 days.  Less than 2% of the total administered label was 

recovered in the feces in 480 hours post-exposure, indicating that at least 98% absorption had occurred. 

3.4.1.3 Dermal Exposure  

Data on the absorption of 1,4-dioxane in humans following dermal exposure are not available, but a study 

with excised human skin reported that 10 times more 1,4-dioxane penetrates the skin under occluded 

conditions than under unoccluded conditions (3.2% of the applied dose vs. 0.30%, values obtained 

205 minutes after application) (Bronaugh 1982).  In the experiments, 14C-1,4-dioxane was dissolved in a 

popular lotion and applied to the skin in occluded and unoccluded diffusion cells.  The author explained 

that rapid evaporation was easily observed in the experiment.  The rate of penetration of 1,4-dioxane in 

water (0.36±0.03 µg cm-2hr-1) was similar to that in a popular lotion (0.23±0.03 µg cm-2hour-1) and about 

3 times slower than in a lipoidal vehicle, isopropyl myristate (0.94±0.10 µg cm-2hour-1) (Bronaugh 1982).  

A lethal case of intoxication with 1,4-dioxane in which the patient had extensive dermal contact with 

1,4-dioxane in addition to inhalation of vapors suggests that dermal absorption is possible (Johnstone 

1959). 

Data in animals are limited to a study by Marzulli et al. (1981) in which uniformly labeled 
14C-1,4-dioxane, dissolved in either methanol or skin lotion, was applied to the unoccluded, clipped skin 

of Rhesus monkeys for 24 hours.  The ability of the compound to penetrate the skin was assessed by 

analysis of radiolabel in the urine.  The skin penetration of 1,4-dioxane was <4% in all cases; however, 
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because the skin was unoccluded, evaporation may have influenced the study results.  The differences 

between the results in the Bronaugh (1982) absorption data and those of Marzulli et al. (1981) could be 

due to differences in experimental conditions, that is, excised human skin in diffusion cells versus in vivo 

exposure of monkey skin. 

3.4.2 Distribution  
3.4.2.1 Inhalation Exposure 

Data on the distribution of 1,4-dioxane following inhalation exposure in humans or animals are not 

available. 

3.4.2.2 Oral Exposure  

Data on the distribution of 1,4-dioxane following oral exposure in humans or animals are not available.   

3.4.2.3 Dermal Exposure  

Data on the distribution of 1,4-dioxane following dermal exposure in humans or animals are not available. 

3.4.2.4 Other Routes of Exposure 

The only relevant information regarding distribution of 1,4-dioxane is that reported in studies involving 

intraperitoneal exposure of animals.  In a study by Woo et al. (1977b), the distribution of 3H-1,4-dioxane­

derived radioactivity was followed in tissues from male Sprague-Dawley rats administered a single dose 

of 6.97 mg/kg intraperitoneally.  Levels of radioactivity were measured in whole blood, liver, kidney, 

spleen, lung, colon, and skeletal muscle at 1, 2, 6, and 16 hours after dosing.  The radioactivity was found 

to be widely distributed among the tissues examined and, for the most part, tissues had comparable levels 

of specific activity (nmol/g wet tissue).  For example, the concentrations of dioxane-derived radioactivity 

at 1 and 16 hours decreased from 93.4 to 41.4 nmol/mL in the blood, from 59.1 to 24.2 nmol/g in the 

liver, from 116.1 to 31.9 nmol/g in the kidney, from 49.6 to 30 nmol/g in the spleen, from 52.2 to 

23.2 nmol/g in the lung, from 56.1 to 27.7 nmol/g in the colon, and from 45.3 to 28.1 nmol/g in skeletal 

muscle.  It should be noted that the tissue samples were not perfused or corrected for levels of blood in 

the tissue, so there might have been some influence of the blood-borne activity on the reported tissue 

values. Within the tissues, the percent covalent binding at 16 hours was universally <20%, with the 

highest levels in the colon (17.3% bound), spleen (16.4% bound), and liver (13.7% bound), followed by 
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the lung (11.2% bound), kidney (9.5% bound), whole blood (3.1% bound), and skeletal muscle (2.7% 

bound).  Within the cells, the highest activity levels were found in the cytosol (~68% at 6 hours post-

exposure), with lesser amounts in the microsomal (~15% at 6 hours post-exposure), mitochondrial (~14% 

at 6 hours post-exposure), and nuclear (<3% at 6 hours post-exposure) fractions.  Interestingly, percent 

covalent binding was entirely opposite in proportion to total activity levels, with the greatest percent 

binding found in the nuclear fraction (~65%), followed by the mitochondrial (~46%), microsomal 

(~34%), and cytosolic (~5%) fractions. 

Mikheev et al. (1990) exposed rats to 14C-1,4-dioxane by intraperitoneal injection, and evaluated the 

levels of radioactivity in the blood, brain, testes, liver, and kidney at 5, 15, and 30 minutes and at 1, 3, and 

6 hours post-injection in order to determine the tissue:blood concentration ratios. For all evaluated tissues 

at all time points, the tissue:blood ratio was between 0.5 and 1.5, indicating that 1,4-dioxane is distributed 

evenly and does not appreciably accumulate in any of the evaluated tissues.  The maximum accumulation 

time (Tmax) was 5 minutes for liver and kidney, and 15 minutes for the blood, brain, and testes. 

3.4.3 Metabolism 

A proposed metabolism scheme for 1,4-dioxane is diagrammed in Figure 3-3. 

The exact metabolic pathways of 1,4-dioxane are not known.  However, numerous studies have reported 

that 1,4-dioxane is metabolized to a single urinary metabolite, believed to be HEAA.  There is some 

question as to whether HEAA or 1,4-dioxane-2-one is the ultimate metabolite (Braun and Young 1977; 

Woo et al. 1977a, 1977b, 1977c; Young et al. 1977).  This arises from the fact that under acid conditions, 

such as are often used in analytical assays, HEAA can be converted to 1,4-dioxane-2-one, and under 

alkaline conditions, the reverse reaction occurs. It is of note that HEAA is not volatile, and as a result, is 

often catalyzed to 1,4-dioxane-2-one in order to facilitate analysis, which may explain why Woo et al. 

(1977a, 1977d) reported 1,4-dioxane-2-one, rather than HEAA.  As mentioned above, acid conditions, 

such as were employed by the assays of Woo et al. (1977a, 1977d) result in the formation of 

1,4-dioxane-2-one from HEAA.  Additional evidence for HEAA as the primary metabolite, rather than 

1,4-dioxane-2-one, comes from structure-activity relationship analyses of the genotoxicity of the two 

putative 1,4-dioxane metabolites (Blake 1995; Gombar 1995).  1,4-Dioxane-2-one is predicted to be 

strongly mutagenic, based on its structure, while HEAA would be only weakly genotoxic; the observed 

results of tests of genotoxicity for 1,4-dioxane correlate much closer with the predicted results from 

HEAA than from those of 1,4-dioxane-2-one.  However, given the fact that the analytical methods used 
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for analysis of the metabolites of 1,4-dioxane are capable of causing the formation of 1,4-dioxane-2-one 

from HEAA, and the reverse reaction as well, the actual identity of the metabolite remains unresolved. 

Mixed-function oxidase enzymes, and cytochrome P-450 in particular, are critical to the metabolism of 

1,4-dioxane, as induction of these enzymes increases the rate of HEAA formation, and inhibition 

decreases HEAA formation (Woo et al. 1977c, 1978).  The initial step in metabolism is likely a P-450­

catalyzed oxidative step; however the specific oxidation that occurs has not yet been determined.  One 

possibility is diagrammed in pathway (a) of Figure 3-3.  Cytochrome P-450 could act on one of the oxane 

oxygens, resulting in decyclization and the formation of diethylene glycol.  Evidence supporting this 

pathway comes from the fact that in animals injected with diethylene glycol, HEAA was found as the 

major metabolite (Woo et al. 1977a).  Diethylene glycol could then be further metabolized to HEAA 

through an additional oxidative metabolic step.  Alternately, cytochrome P-450 enzymes could act on one 

of the carbons in 1,4-dioxane to add a single oxygen atom, resulting in the direct formation of 

1,4-dioxane-2-one as diagrammed in pathway (b) of Figure 3-3; however, no evidence is presently 

available to support this possible pathway.  Another possibility is that rather than a single oxygen, a 

hydroxyl group could be added to a carbon atom, resulting in 1,4-dioxane-2-ol, as shown in pathway (c) 

of Figure 3-3.  Additional oxidation to HEAA, resulting in a breaking of the ring structure, and further 

hydrolysis to HEAA could follow.  As with pathway (b), there is no direct evidence supporting pathway 

(c) as the pathway for 1,4-dioxane metabolism. 

1,4-Dioxane is extensively metabolized to HEAA in humans.  Young et al. (1977) reported that over 99% 

of the urinary elimination of 1,4-dioxane after a 4-hour exposure of volunteers to 50 ppm occurred as 

HEAA rather than the parent compound.  In an earlier study, the ratio of HEAA to dioxane in the urine of 

humans following a 7.5-hour exposure to 1.6 ppm dioxane was 118:1, indicating nearly complete 

metabolism at this exposure concentration (Young et al. 1976). 

The metabolism of 1,4-dioxane to HEAA in animals is nearly complete, as evidenced by studies 

examining the urine of exposed animals.  Following inhalation exposure of rats to 50 ppm of 1,4-dioxane 

for 6 hours, the ratio of HEAA to dioxane in the urine over the 48-hour observation period was >3,000, 

indicating that for urinary elimination, nearly all of the compound was eliminated as the metabolite, rather 

than as the parent compound (Young et al. 1978a, 1978b).   

The available animal data indicate that the metabolism of 1,4-dioxane is saturable.  Young et al. (1978a, 

1978b) reported that with an increasing oral dose level, a greater percentage of the total dose was  
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Figure 3-3. Suggested Metabolic Pathways of 1,4-Dioxane in the Rat 
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I = 1,4-dioxane; II = diethylene glycol; III = β-hydroxyethoxy acetic acid (HEAA); IV = 1,4-dioxane-2-one; 
V = 1,4-dioxane-2-ol; VI = β-hydroxyethoxy acetaldehyde 

Source: adapted from Woo et al. (1977c) 
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eliminated as expired 1,4-dioxane, suggesting that the normally-rapid metabolism of 1,4-dioxane had 

reached a maximum, allowing the free compound to circulate in the blood and be eliminated by 

respiration; no dose-related differences were seen in elimination as CO2 or in the feces that could 

otherwise account for this difference.  A similar pattern was seen following 17 repeated doses of 10 or 

1,000 mg/kg of 14C-1,4-dioxane, with a greater elimination of label, primarily as the metabolite, in the 

urine at the lower dose, with the higher dose resulting in a greater elimination, as both 14C-1,4-dioxane 

and 14CO2, in the expired air (Young et al. 1978a, 1978b).  In an intravenous study reported in the same 

manuscript, the metabolic clearance of 1,4-dioxane decreased from 2.82 mL/minute following a single 

injection of 10 mg/kg to 0.17 mL/minute following an injection of 1,000 mg/kg, indicating that the 

metabolic capacity to metabolize 1,4-dioxane to HEAA had been saturated. 

Woo et al. (1977a) reported that in the urine of rats orally exposed to 1–4 g/kg, only one metabolite was 

detected by gas chromatography.  This metabolite was identified as 1,4-dioxane-2-one using nuclear 

magnetic resonance (NMR), infrared, and gas chromatograph-mass spectroscopy.  Administration of 

diethylene glycol to rats resulted in the formation of the same metabolite, leading the study authors to 

hypothesize that diethylene glycol may represent an intermediate metabolite in the formation of 

1,4-dioxane-2-one.  In a later study by the same authors (Woo et al. 1977b), urine samples were collected, 

with glacial acetic acid as a preservative, from rats for 2 days following intraperitoneal injection of 50– 

400 mg/kg 1,4-dioxane.  Gas chromatography identified a single metabolite, which was confirmed to be 

1,4-dioxane-2-one by NMR, infrared, and mass spectroscopy.    

Braun and Young et al. (1977) exposed groups of rats to radiolabeled 1,4-dioxane and characterized the 

major radiolabeled metabolite in the urine.  The metabolite behaved identically to standards of both 

HEAA and 1,4-dioxane-2-one when evaluated using gas chromatography coupled with mass 

spectroscopy, preventing determination of the identity of the metabolite by this method.  Using thin-layer 

chromatography, the metabolite’s Rf value (the ratio of spot distance traveled to distance of the solvent 

front) of 0.60 correlated with that of HEAA (0.61) rather than that of 1,4-dioxane-2-one (1.00).  The study 

authors therefore concluded that the identity of the urinary metabolite in rats was HEAA, rather than 

1,4-dioxane-2-one, but noted the tendency for HEAA to cyclize under acidic conditions, forming 

1,4-dioxane-2-one. 

Woo et al. (1977c, 1978) pretreated groups of rats with phenobarbital (PB), Arochlor 1254 (PCB), or 

3-methylcholanthrene (MC) and examined the effects on the metabolism of an intraperitoneal dose of 

1,4-dioxane.  Pretreatment with PB resulted in a much more rapid metabolism of 1,4-dioxane, with the 
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majority of the dose eliminated in the urine as HEAA within 32 hours, compared to 40 hours for the 

controls. The addition of 2,4-dichloro-6-phenylphenoxy ethylamine (DPEA), an inhibitor of cytochrome 

P-450, resulted in a reversal of this effect.  Pretreatment with PCB resulted in similar effects as PB, while 

pretreatment with MC had no effect.  Pretreatment with cobaltous chloride, to suppress P-450 synthesis, 

resulted in decreased metabolite elimination, further implicating cytochrome P-450 enzymes in the 

metabolism of 1,4-dioxane. 

Recently, Nannelli et al. (2005) showed that 1,4-dioxane induces several isomers of cytochrome P-450 in 

various tissues from male Sprague-Dawley rats and that the induction is tissue-specific.  For example, 

administration of 2,000 mg 1,4-dioxane/kg/day by gavage for 2 days or ingestion of 1.5% 1,4-dioxane in 

the drinking water (approximately 2,200 mg 1,4-dioxane/kg/day) resulted in significant increases in the 

activities of CYP2B1/2, CYP2C11, and CYP2E1 in hepatic microsomes, but only CYP2E1 activity was 

increased in the kidney and nasal mucosa, and no alterations of P-450 activities were recorded in the 

lungs. Administration of the chemical by gavage also resulted in a significant increase in CYP3A activity 

in the liver. In addition, CYP4A1 activity was not enhanced by any treatment with 1,4-dioxane.  

According to Nannelli et al. (2005), the increase in liver CYP2C11 activity (2α-testosterone hydroxylase), 

which is normally under hormonal control and is suppressed in the presence of CYP2B1/2 and CYP2E1, 

may have been due to 1,4-dioxane altering plasma growth hormone levels.  It was also noted that the 

increases in CYP2E1 activities in the kidney and renal mucosa were accompanied by increases in 2E1 

mRNA, which suggested that 2E1 induction in these tissues is controlled by transcriptional activation.  In 

contrast, the lack of an increase in 2E1 mRNA in the liver suggested that induction of CYP2E1 in 

hepatocytes is regulated via a post-transcriptional mechanism.  In a different experiment, Nannelli et al. 

(2005) showed that induction of CYPB1/2 and CYP2E1 with phenobarbital or fasting did not increase the 

toxicity of 1,4-dioxane as measured by hepatic glutathione content or serum activity of ALT. This led the 

authors to suggest that reactive intermediates do not play a major role in the liver toxicity of 1,4-dioxane.  

The authors also suggested that a sustained induction of CYP2E1 may lead to production of reactive 

oxygen species that contribute to target organ toxicity and regenerative cell proliferation, but no data were 

provided to support this hypothesis. 

3.4.4 Elimination and Excretion 
3.4.4.1 Inhalation Exposure 

1,4-Dioxane and its metabolite, HEAA, were found in the urine of workers exposed to a time-weighted 

average concentration of 1.6 ppm of 1,4-dioxane for 7.5 hours (Young et al. 1976).  The concentration of 
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HEAA was 414 μmol/L, and that of unchanged 1,4-dioxane was only 3.5 μmol/L suggesting rapid and 

extensive metabolism.  In four volunteers exposed to 50 ppm of 1,4-dioxane for 6 hours, over 99% of the 

urinary elimination of the compound occurred as its metabolite HEAA (Young et al. 1977) during the 

exposure period or within the 18 hours post-exposure; the remainder of the urinary elimination occurred 

as the parent compound.  The half-life of elimination of 1,4-dioxane from plasma was 59 minutes, of 

dioxane in urine was 48 minutes, and of HEAA in the urine was 2.7 hours.  The urinary elimination data 

suggested that elimination kinetics of 1,4-dioxane and HEAA are best described with first-order, one-

compartment kinetic models.  Elimination by other pathways (e.g., feces, expired air) was not evaluated 

in this study. 

Following inhalation exposure in animals, the primary route of elimination is believed to be the urine.  

Young et al. (1978a, 1978b) reported that following inhalation exposure in rats, urinary elimination of 

1,4-dioxane was primarily as HEAA, rather than as the parent compound. 

3.4.4.2 Oral Exposure  

Data on the elimination of 1,4-dioxane in humans following oral exposure are not available. 

The administered dose of 1,4-dioxane has an effect on elimination of the compound.  While urinary 

elimination is the predominant pathway regardless of dose, at large doses, elimination in the expired air 

plays a greater role, possibly due to the saturable pathways of 1,4-dioxane metabolism.  After single oral 

doses of 14C-1,4-dioxane in rats, 99% of the label was recovered in the urine and <1% was recovered in 

the expired air at 10 mg/kg; 86% of the label was recovered in the urine and 4.7% in the expired air at 

100 mg/kg; and 76% of the label was found in the urine and 25% in the expired air at 1,000 mg/kg 

(Young et al. 1978a, 1978b).  Similar results were seen following 17 daily gavage doses of 
14C-1,4-dioxane in rats, with 99 and 83% of the label found in the expired air, 1.3 and 8.9% of the label 

found as expired dioxane, and 4.1 and 7% found as expired CO2 in animals receiving 10 and 1,000 mg/kg, 

respectively.  Elimination of 1,4-dioxane in both the expired air and in the urine appear to be first-order 

kinetic processes (Young et al. 1978a, 1978b). 

3.4.4.3 Dermal Exposure  

Data on the elimination of 1,4-dioxane following dermal exposure in humans and animals are not 

available. 
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3.4.4.4 Other Routes of Exposure 

After a single intravenous dose of 10 mg/kg of 1,4-dioxane in rats, 4% of the dioxane was eliminated in 

the urine as dioxane, 92% as HEAA, and 1% was eliminated in the expired air (Young et al. 1978a, 

1978b).  Following a 1000 mg/kg dose, 11% was eliminated in the urine as dioxane, 60% as HEAA, and 

27% in the expired air, indicating a dose-related shift in the elimination of the compound, possibly due to 

metabolic saturation.  At low intravenous doses, 1,4-dioxane is eliminated from the plasma with 

apparently linear kinetics, while higher doses are eliminated progressively more slowly, achieving linear 

kinetics only after a non-linear phase, indicating the involvement of a saturable process, very likely 

metabolic saturation, in elimination of the compound.  Elimination of 1,4-dioxane in both the expired air 

and in the urine following intravenous exposure appear to be first-order kinetic processes (Young et al. 

1978a, 1978b).  Pretreatment of rats with phenobarbital resulted in a 2.7-fold greater elimination of 

HEAA in the urine than in rats that were not pretreated (Woo et al. 1977c, 1978).  The addition of DPEA 

partly reduced this effect, with the PB + DPEA animals eliminating 1.8-fold the HEAA of controls. 

3.4.5 Physiologically Based Pharmacokinetic (PBPK)/Pharmacodynamic (PD) Models  

Physiologically based pharmacokinetic (PBPK) models use mathematical descriptions of the uptake and 

disposition of chemical substances to quantitatively describe the relationships among critical biological 

processes (Krishnan et al. 1994).  PBPK models are also called biologically based tissue dosimetry 

models.  PBPK models are increasingly used in risk assessments, primarily to predict the concentration of 

potentially toxic moieties of a chemical that will be delivered to any given target tissue following various 

combinations of route, dose level, and test species (Clewell and Andersen 1985).  Physiologically based 

pharmacodynamic (PBPD) models use mathematical descriptions of the dose-response function to 

quantitatively describe the relationship between target tissue dose and toxic end points.   

PBPK/PD models refine our understanding of complex quantitative dose behaviors by helping to 

delineate and characterize the relationships between: (1) the external/exposure concentration and target 

tissue dose of the toxic moiety, and (2) the target tissue dose and observed responses (Andersen and 

Krishnan 1994; Andersen et al. 1987). These models are biologically and mechanistically based and can 

be used to extrapolate the pharmacokinetic behavior of chemical substances from high to low dose, from 

route to route, between species, and between subpopulations within a species.  The biological basis of 

PBPK models results in more meaningful extrapolations than those generated with the more conventional 

use of uncertainty factors. 
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The PBPK model for a chemical substance is developed in four interconnected steps:  (1) model 

representation, (2) model parameterization, (3) model simulation, and (4) model validation (Krishnan and 

Andersen 1994).  In the early 1990s, validated PBPK models were developed for a number of 

toxicologically important chemical substances, both volatile and nonvolatile (Krishnan and Andersen 

1994; Leung 1993).  PBPK models for a particular substance require estimates of the chemical substance-

specific physicochemical parameters, and species-specific physiological and biological parameters.  The 

numerical estimates of these model parameters are incorporated within a set of differential and algebraic 

equations that describe the pharmacokinetic processes.  Solving these differential and algebraic equations 

provides the predictions of tissue dose.  Computers then provide process simulations based on these 

solutions. 

The structure and mathematical expressions used in PBPK models significantly simplify the true 

complexities of biological systems.  If the uptake and disposition of the chemical substance(s) are 

adequately described, however, this simplification is desirable because data are often unavailable for 

many biological processes.  A simplified scheme reduces the magnitude of cumulative uncertainty.  The 

adequacy of the model is, therefore, of great importance, and model validation is essential to the use of 

PBPK models in risk assessment. 

PBPK models improve the pharmacokinetic extrapolations used in risk assessments that identify the 

maximal (i.e., the safe) levels for human exposure to chemical substances (Andersen and Krishnan 1994).  

PBPK models provide a scientifically sound means to predict the target tissue dose of chemicals in 

humans who are exposed to environmental levels (for example, levels that might occur at hazardous waste 

sites) based on the results of studies where doses were higher or were administered in different species.  

Figure 3-4 shows a conceptualized representation of a PBPK model. 

If PBPK models for 1,4-dioxane exist, the overall results and individual models are discussed in this 

section in terms of their use in risk assessment, tissue dosimetry, and dose, route, and species 

extrapolations. 

Leung and Paustenbach (1990) Model. 

Leung and Paustenbach (1990) developed a PBPK model for 1,4-dioxane for rats and humans, based on 

the styrene model of Ramsey and Andersen (1984). The model simulates concentrations of 1,4-dioxane  
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Figure 3-4. Conceptual Representation of a Physiologically Based 

Pharmacokinetic (PBPK) Model for a  


Hypothetical Chemical Substance 
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Note: This is a conceptual representation of a physiologically based pharmacokinetic (PBPK) model for a 
hypothetical chemical substance.  The chemical substance is shown to be absorbed via the skin, by inhalation, or by 
ingestion, metabolized in the liver, and excreted in the urine or by exhalation. 

Source: adapted from Krishnan and Andersen 1994 
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in the four modeled tissue compartments, as well as in arterial and venous blood, and the amount of 

metabolites formed. 

Description of the Model.    The model consists of compartments for liver, fat, slowly perfused 

tissues, and richly perfused tissues. Model parameters are presented in Table 3-6.  Model inputs included 

inhalation, where 1,4-dioxane input was assumed to occur at a rate equal to the cardiac output, and 

drinking water, where 1,4-dioxane absorption was considered to be a zero-order process depositing 

1,4-dioxane directly into the liver compartment.  Tissue/air partition coefficients for rat blood, liver, fat, 

and muscle were determined by vial equilibration, and tissue/blood values were calculated by dividing the 

tissue/air coefficient by the blood/air coefficient.  The richly perfused coefficient was set equal to that of 

the liver. Human coefficients were assumed to be identical to the rat.  For the human model, alveolar 

ventilation rate and cardiac output were estimated using a (body weight)0.74 scalar.  The metabolic 

constants were obtained by optimization of the model with experimental data from Young et al. (1977, 

1978a, 1978b); these studies were also used to calibrate the model, using data on blood 1,4-dioxane 

levels, 1,4-dioxane in expired air, and urinary excretion of 1,4-dioxane and HEAA to compare with model 

predictions. 

Validation of the Model.    The model parameters were optimized against the rat and human data of 

Young et al. (1977, 1978a, 1978b).  Comparisons of model simulations against data from studies other 

than those used in model development were not presented. 

Risk Assessment. The model attempts to estimate concentrations of 1,4-dioxane in the blood and in 

the tissue compartments, as well as the levels of metabolites formed, following an inhalation or oral 

exposure to 1,4-dioxane. These internal dose surrogates could be used in the assessment of health risks 

from exposure to 1,4-dioxane.  The study authors used liver tumor data from a rat study (Kociba et al. 

1974) to estimate risk-specific doses for tumor formation following oral exposure, fitting the rat data to a 

multistage model and using liver dioxane concentrations as the dose metric for conversion from rat to 

human values.  Human risk levels calculated by dividing the rat value by 5.5 (a body surface area scaling 

factor) were compared with values calculated using the model to calculate a human equivalent 

concentration; the model values resulted in a 7–8-fold greater value for maximum likelihood exposure 

(MLE) risk values than did division of the rat values by 5.5.  It is important to note that the application of 

a PBPK model only addresses differences in pharmacokinetic behavior between species, and that 

differences in pharmacodynamic behavior must be discussed separately. 
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Table 3-6. Parameters Used in the PBPK Model for 1,4-Dioxane 

Rat Human 
Weights  
 Body (kg) 0.25 84.1 
 Liver (percent) 4 4 
 Fat (percent) 7 20 

Richly perfused (percent) 5 5 
Slowly perfused (percent) 75 62 

Blood Flow 
Cardiac output (L/hour) 5.4 399 

 Liver (percent) 25 25 
 Fat (percent) 5 5 

Richly perfused (percent) 51 51 
Slowly perfused (percent) 19 19 

Air flow 
Alveolar ventilation (L/hour) 5.4 399 

Partition coefficients 
 Liver/blood 0.85 0.85 

Fat/blood 0.4 0.4 
 Richly perfused/blood 0.85 0.85 
 Slowly perfused/blood 0.54 0.2a 

Metabolic constants 
Vmax 1.9a 300a

 Km 7.5a 15a 

aValues obtained by model optimization 


Source: Adapted from Leung and Paustenbach (1990) 
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Target Tissues. The model simulates concentrations of 1,4-dioxane in the four modeled tissue 

compartments, as well as in arterial and venous blood, and the amount of metabolites formed.  While two 

of the compartments represent actual body tissues (liver, fat), it is not known whether the model’s 

estimates of tissue concentrations of 1,4-dioxane in these tissues is representative of the actual 

concentration in the tissues. However, the model’s predictions of metabolite formation have been 

calibrated with actual data, providing evidence that the estimate of internal dose to the liver (where all 

metabolism is assumed to occur) is accurate. 

Species Extrapolation. The Leung and Paustenbach (1990) PBPK model for 1,4-dioxane was 

developed in rats and humans, and human data on the pharmacokinetics of 1,4-dioxane was used in the 

optimization of model parameters.  As such, interspecies extrapolation using the two models should be 

possible, although it has not yet been presented. 

Interroute Extrapolation.    The model includes inputs for both inhalation and oral exposures, and as 

such, should provide a means to estimate an internal dose to a target tissue compartment or other dose 

metric regardless of which of these two exposure routes is used.  The use of the model for interroute 

extrapolation is therefore feasible, although it has not yet been performed. 

Reitz et al. (1990) Model. 

Reitz et al. (1990) have also published a PBPK model for 1,4-dioxane in rats, mice, and humans, again 

building on the basic structure of the Ramsey and Andersen (1984) model for styrene.  The model 

estimates concentrations of 1,4-dioxane in the modeled tissue compartments, as well as in arterial and 

venous blood, and the amount of metabolites formed. 

Description of the Model.    The model consisted of six compartments:  lung, fat, liver, venous blood, 

slowly perfused tissues, and richly perfused tissues. The model was designed to simulate inhalation, 

intravenous, and oral exposures.  Oral exposures could be by gavage or in the drinking water, and were 

assumed to pass through the liver before entering the systemic circulation.  Intravenous injection was 

simulated by direct addition to the venous blood compartment, while inhalation deposited directly into 

arterial blood at a rate dependent on ventilation, cardiac output, and the blood/air partition coefficient for 

1,4-dioxane.  Tissue/air partition coefficients for 1,4-dioxane in human blood, rat blood, rat fat, rat 

muscle, and rat liver were determined by vial equilibration.  Organ volumes, blood flows, and air flows 

were similar to those employed by Andersen et al. (1987), except that ventilation and cardiac output rates 
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in humans were increased to provide a better simulation of the human blood level data.  Metabolic rate 

constants were determined from data presented by Young et al. (1977, 1978a, 1978b) during optimization 

of the model.  Metabolism was assumed to occur only in the liver, and metabolites were assumed to be 

removed from the system.  Elimination of parent compound was modeled in the expired air and in the 

urine. The model parameters are presented in Table 3-7.  After optimization using data from Young et al. 

(1977, 1978a, 1978b) the results of model runs and the corresponding experimental data were presented 

for venous blood concentrations in rats and humans following inhalation exposure, and venous blood 

concentrations in rats following intravenous exposure. 

Validation of the Model.    The model parameters were optimized against the rat and human data of 

Young et al. (1977, 1978a, 1978b).  Comparisons of model simulations against data from studies other 

than those used in model development were not presented. 

Risk Assessment. The model attempts to estimate concentrations of 1,4-dioxane in the blood and in 

the tissue compartments, as well as the levels of metabolites formed, following an inhalation, oral, or 

intravenous exposure to 1,4-dioxane.  These internal dose surrogates could be used in the assessment of 

health risks from exposure to 1,4-dioxane.  The study authors used the model to estimate “Human 

Virtually Safe Doses” (VSDs) based on tumor data from oral and inhalation studies in rats and mice 

(Kociba et al. 1974; NCI 1978; Torkelson et al. 1974).  The VSDs were calculated by converting the rat 

no observable effect level (NOEL) for tumor formation to a human equivalent dose, and then dividing by 

a safety factor 100.  The authors calculated a risk-specific water concentration of 20,000 μg/L for upper 

bound lifetime cancer risk of 1 in 100,000, calculated to represent the lower 95% confidence limit on 

administered dose producing a lifetime increase in risk of developing liver cancer, using the weighted 

average of area under the liver concentration/time curve and area under the metabolite concentration/time 

curve as the dose surrogate for conversion between species.  It is important to note, however, that the 

application of a PBPK model only addresses differences in pharmacokinetic behavior between species, 

and that differences in pharmacodynamic behavior must be discussed separately. 

Target Tissues. The model simulates concentrations of 1,4-dioxane in the four modeled tissue 

compartments, as well as in arterial and venous blood, and the amount of metabolites formed.  While 

three of the compartments represent actual body tissues (liver, fat, venous blood), only for venous blood 

levels have experimental data been compared to model simulations.  It is not known whether the model’s 

estimates of tissue concentrations of 1,4-dioxane in the other tissues is representative of the actual 
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Table 3-7. Parameters Used in the Reitz et al. (1990) PBPK Model for 1,4-Dioxane

 Mice Rats Humans 
Body weight (kg) 0.035 0.400 70.0 
Percentage of body weight
 Liver 4.0 4.0 3.1 

Fat 4.0 7.0 23.1 
 Rapidly perfused 5.0 5.0 3.7 
 Slowly perfused 73.0 70.0 56.1 

Blood 5.0 5.0 5.0 
Flows (L/hour) 
 Alveolar ventilation 2.34 7.61 696 
 Cardiac output 2.34 7.61 696 
Percent of cardiac output 

Liver 25.0 25.0 25.0 
Fat 5.0 5.0 5.0 

 Rapidly perfused 52.0 52.0 52.0 
 Slowly perfused 18.0 18.0 18.0 
Partition coefficients 

Blood/air 2,750 1,850 3,650 
Liver/air 1,557 1,557 1,557 
Fat/air 851 851 851 

 Rapidly perfused/air 1,557 1,557 1,557 
 Slowly perfused/air 1,557 1,557 1,557 

Saline/air 2,066 2,066 2,066 
Metabolic constants (allometric) 
 VmaxC (mg/hour) 10.0 13.7 6.35 
 Km (mg/L) 16.2 29.4 3.00 
Miscellaneous constants 
 Ka (hour-1) 5.0 5.0 5.0 

KME (hour-1) 0.42 0.28 0.56 
Water consumption (mL/day) 9.8 54 2,000 
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concentration in the tissues. However, the model’s predictions of metabolite formation have been 

calibrated with actual data, providing evidence that the estimate of internal dose to the liver (where all 

metabolism is assumed to occur) is accurate. 

Species Extrapolation. The Reitz et al. (1990) PBPK model for 1,4-dioxane was developed for rats, 

mice, and humans. Human and rat data on the pharmacokinetics of 1,4-dioxane were used in the 

optimization of model parameters; mouse parameters were generally assumed to be equivalent to those in 

the rat. As such, interspecies extrapolation using the models for the different species should be possible. 

Interroute Extrapolation.    The model includes inputs for both inhalation, oral, and intravenous 

exposures, and as such, should be able to estimate an internal dose to a target tissue compartment or other 

dose metric regardless of which of these exposure routes is used.  The use of the model for interroute 

extrapolation is therefore feasible, although it has not yet been performed. 

Fisher et al. (1997) Model. 

Fisher et al. (1997) have published a general PBPK model for volatile organic chemicals, which 

incorporates a compartment for elimination of the chemical in the breast milk.  Model simulations 

predicted a high degree (18%) of lactational transfer of 1,4-dioxane.  While the study authors note that the 

model is applicable to 1,4-dioxane, simulations using the model have not been compared to data from 

humans or animals exposed to 1,4-dioxane. 

3.5 MECHANISMS OF ACTION  
3.5.1 Pharmacokinetic Mechanisms 

Absorption.    The absorption of 1,4-dioxane following inhalation or oral exposure is rapid and 

essentially complete; absorption following dermal exposure is very low (Marzulli et al. 1981; Young et al. 

1977, 1978a, 1978b).  The mechanisms involved in the absorption of 1,4-dioxane have not been 

evaluated, but given the speed of the absorption and the chemical similarity of 1,4-dioxane to other low-

molecular-weight compounds, absorption is generally assumed to occur through passive diffusion. 

Distribution.    The mechanisms of distribution of 1,4-dioxane have not been evaluated.  Data on the 

distribution of 1,4-dioxane are limited to studies following injection of the compound (Mikheev et al. 

1990; Woo et al. 1977b).  In those studies, distribution of 1,4-dioxane was rapid (5–15 minutes to Tmax).  
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1,4-Dioxane has been detected in all tissues that have been evaluated, but has not been shown to 

appreciably accumulate in tissues, possibly due to its high water solubility.   

Metabolism.    Studies on the metabolism of 1,4-dioxane have clearly identified the primary metabolite 

as HEAA/1,4-dioxane-2-one, but have not confirmed a clear pathway for the formation of metabolites 

from 1,4-dioxane.  Cytochrome P-450 enzymes are clearly involved, as evidenced by the studies of Woo 

et al. (1977c, 1978) and Nannelli et al. (2005).  It has been suggested that P-450-mediated metabolism 

may result in the formation of diethylene glycol, since injection of diethylene glycol in rats also results in 

the formation of HEAA (Woo et al. 1977a); however, additional data supporting this pathway have not 

been presented.   

The issue of whether metabolism of 1,4-dioxane represents a detoxifying event or a process that generates 

toxic intermediates has not been resolved.  Data from Kociba et al. (1974, 1975) and Young et al. (1978a, 

1978b) indicate that toxicity occurs at high doses when the metabolism of 1,4-dioxane is saturated, which 

would suggest that the parent compound is the toxic form.  This also is consistent with more recent data 

from Nannelli et al. (2005) who observed that induction of hepatic CYP2B1/2 and CYP2E1 did not play a 

role in the toxicity of 1,4-dioxane, which suggested that highly reactive and toxic intermediates do not 

play a major role in the liver toxicity of 1,4-dioxane, even under conditions of enhanced metabolism.  On 

the other hand, Woo et al. (1978) reported that the metabolite, 1,4-dioxane-2-one, was several-fold more 

toxic than 1,4-dioxane based on intraperitoneal LD50 determinations in rats.  

Excretion.    The elimination of 1,4-dioxane occurs primarily (>95%) in the urine, as the primary 

metabolite, at low doses.  At higher doses, metabolism becomes saturated, and a greater fraction is 

eliminated in the expired air; however, urinary elimination remains the primary method of elimination.  

Elimination of 1,4-dioxane in both the expired air and the urine following intravenous exposure appear to 

be first-order kinetic processes (Young et al. 1978a, 1978b).  Evidence for active secretion or uptake of 

1,4-dioxane from the kidney has not been reported. 

3.5.2 Mechanisms of Toxicity 

The mechanism of carcinogenicity of 1,4-dioxane has not been elucidated, but the results from several 

lines of investigation suggest that 1,4-dioxane has a non-genotoxic mode of action (Goldsworthy et al. 

1991; Leung and Paustenbach 1990; Stott et al. 1981). Briefly, the collective evidence from evaluations 

of genetic toxicity suggests that 1,4-dioxane is unlikely to be genotoxic (see Section 3.3, Genotoxicity).  
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1,4-Dioxane was not mutagenic in bacterial assays with or without metabolic activation (Haworth et al. 

1983; Khudoley et al. 1987; Morita and Hayashi 1998; Nestmann et al. 1984; Stott et al. 1981), did not 

induce chromosomal aneuploidy in yeast (Zimmermann et al. 1985), mutations in mouse lymphoma cells 

(Morita and Hayashi 1998; McGregor et al. 1991), or sex-linked recessive lethal mutations in 

D. melanogaster (Yoon et al. 1995).  Moreover, in an occupational study there was no evidence of an 

increased incidence of chromosomal aberrations among workers chronically exposed to relatively low 

levels of 1,4-dioxane compared to controls (Thiess et al. 1976).  No significant increase in chromosomal 

aberrations was observed in Chinese hamster ovary cells incubated with 1,4-dioxane with or without 

metabolic activation, but there was a weak increase in sister chromatid exchanges when the cells were 

incubated without metabolic activation (Galloway et al. 1987).  Also, incubation of BALB/3t3 cells with 

1,4-dioxane increased the incidence of transformations leading to the formation of foci, but at 

concentrations of 1,4-dioxane that were cytotoxic to over 50% of the cells (Sheu et al. 1998).   

Several, structure-activity analyses have been conducted to study the mechanism of carcinogenicity of 

1,4-dioxane.  For example, a computerized structure relationship analysis using TOPKAT (version 3.0) in 

male rat and female mouse models showed that the -O-CH2- fragment of the molecule increased the 

carcinogenic potential in both models; however, the male rat model indicated that the symmetry of the 

1,4-dioxane molecule is more important in the carcinogenicity of 1,4-dioxane than the -O-CH2- fragment 

(Blake 1995).  Additional modeling efforts of the potential role of 1,4-dioxane’s metabolites, HEAA and 

1,4-dioxane-2-one, in the carcinogenity and genotoxicity of 1,4-dioxane predicted that HEAA would be 

noncarcinogenic and nonmutagenic, whereas 1,4-dioxane-2-one was predicted to have a strong positive 

influence in the female mouse carcinogenicity model and the Ames mutagenicity model (Gombar 1995).  

A structure-activity relationship analysis using the Computer-Automated Structure Evaluation (CASE) 

methodology found the fragment -O-CH2- associated with a high probability of induction of micronuclei 

in mice bone marrow cells (Rosenkranz and Klopman 1992).  According to unpublished results cited by 

Rosenkranz and Klopman (1992), the concordance between experimental results and CASE predictions of 

the induction of micronuclei is in excess of 83%.  However, Rosenkranz and Klopman (1992) indicated 

that because the -O-CH2- fragment does not seem to have intrinsic electrophilicity, they could not 

envision a possible DNA-reactive metabolite; however, the -O-CH2- fragment might contribute to a non­

genotoxic effect of 1,4-dioxane resulting in the induction of micronuclei.  Since the experimental results 

of micronuclei-induction studies in mice have been mixed (McFee et al. 1994; Mirkova 1994; Morita and 

Hayashi 1998; Tinwell and Ashby 1994), Ashby (1994) suggested that it is not always possible to 

categorize a chemical as either unequivocally positive or negative in genotoxicity activity. 
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Numerous studies have examined the possible role of DNA damage, DNA synthesis, cell proliferation, or 

peroxisome proliferation in the carcinogenic effects of 1,4-dioxane.  For instance, a test for DNA single 

strand breaks in rat hepatocytes incubated with 1,4-dioxane gave positive results, although only at 

cytotoxic concentrations (Sina et al. 1983).  Stott et al. (1981) reported that hepatocytes from Sprague-

Dawley rats dosed with 1,4-dioxane for 11 weeks showed no evidence of DNA alkylation or DNA repair 

activity, but showed increased levels of DNA synthesis.  Based on these results, Stott et al. (1981) 

suggested that 1,4-dioxane induces tumors by a non-genetic mechanism. 

The role of cell proliferation in the carcinogenicity of 1,4-dioxane was further evaluated in two studies 

that yielded inconclusive results.  Administration of single doses of up to 2,000 mg 1,4-dioxane/kg by 

gavage to male Fischer 344 failed to induce replicative DNA synthesis in hepatocytes (Uno et al. 1994), 

which led the authors to suggest that 1,4-dioxane may induce liver cancer only in initiated cells.  

However, in a subsequent study by the same group of investigators, and using the same experimental 

protocol, 1,4-dioxane did increase hepatocyte cell proliferation (Miyagawa et al. 1999); the reason for the 

discrepancy in the results between the two studies is not apparent.   

In liver tissue from Sprague-Dawley rats given single doses of 1,4-dioxane, there was a small but 

statistically significant amount of DNA damage (assessed by alkaline elution) at dose levels that did not 

induce cytotoxicity (Kitchin and Brown 1990, 1994). Liver toxicity was assessed by light microscopy 

and measurements of serum levels of ALT (no significant increase was observed).  The DNA damage was 

accompanied by an increase in cytochrome P-450 content and by large increases in the activity of hepatic 

ornithine decarboxylase, suggesting a strong promoter activity for 1,4-dioxane. 

Another study of the potential mechanisms of carcinogenicity of 1,4-dioxane showed that neither 

1,4-dioxane nor the metabolite 1,4-dioxane-2-one induced DNA repair activity in primary rat hepatocytes 

following incubation in vitro with the chemicals (Goldsworthy et al. 1991).  Administration of a single 

oral dose of 1,4-dioxane to Fischer 344 rats produced no evidence of hepatocyte DNA repair, did not 

increase DNA synthesis, relative liver weight or the activity of palmitoyl CoA oxidase (an indicator of 

peroxisome proliferation) (Goldsworthy et al. 1991). Furthermore, administration of a single dose of 

1,000 mg/kg of 1,4-dioxane did not increase the hepatocyte labeling index 24 or 48 hours after dosing, but 

exposure to 1% 1,4-dioxane in the drinking water for 2 weeks resulted in a 2-fold increase in hepatic 

labeling index (Goldsworthy et al. 1991); the latter suggested that cell proliferation may play a role in the 

induction of liver carcinoma.  In addition, no DNA repair activity or evidence of cells proliferation was 

observed in nasal epithelial cells from rats administered 1% 1,4-dioxane in the drinking water for 2 weeks 
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(Goldsworthy et al. 1991).  However, it must be mentioned that Goldsworthy et al. (1991) acknowledged 

that a 2-week period of exposure might have been too short for detecting a proliferative response.  

Goldsworthy et al. (1991) concluded that the mechanism of carcinogenicity of 1,4-dioxane remains 

obscure and may involve a novel mechanism.  In support of some of Goldsworthy’s findings, Nannelli et 

al. (2005) also provided evidence that excluded peroxisome proliferation as a way to explain the toxicity 

of 1,4-dioxane.  These investigators found that administration of approximately 2,200 mg 

1,4-dioxane/kg/day in the drinking water for 10 days to rats also failed to induce palmitoyl CoA oxidase 

activity.  

Gold et al. (1993) analyzed 351 chemicals in the Carcinogenic Potency Database (CPDB) and pointed out 

that, relative to non-mutagenic chemicals, mutagens are more likely to be carcinogenic, more likely to 

induce tumors at multiple target sites and, more likely to be carcinogenic in two species.  Since 

1,4-dioxane was carcinogenic in more than one species and induced tumors at multiple sites, one would 

expect that 1,4-dioxane would behave like a mutagen, but the empirical data suggest otherwise.  Gold 

(1993) pointed out that among the CPDB chemicals tested for mutagenicity 75% are mutagens compared 

to 45% for non-mutagens and suggested that administration of large doses in cancer bioassays result in 

mitogenesis, which in turn increases the rate of mutagenesis and thus carcinogenesis. 

The lack of significant genotoxicity along with the cytotoxicity observed at dose levels that induce tumors 

support the view that 1,4-dioxane acts via an unknown non-genotoxic mechanism. 

The mechanism(s) by which 1,4-dioxane induces kidneys lesions is not known and virtually no discussion 

about this topic was found in the available reviews.  The findings in the cases described by Barber (1934) 

and Johnstone (1959) are consistent with an acute nephritic syndrome, which is characterized by acute 

renal failure and oliguria.  The impaired glomerular filtration rate causes extracellular fluid volume 

expansion, edema, and hypertension.  A study of controlled exposures in volunteers showed that 

1,4-dioxane has poor renal clearance, 0.34 mL/minute (Young et al. 1977), which probably contributes to 

accumulation of the chemical in the kidneys as biotransformation to the metabolite HEAA becomes 

saturated under conditions of high exposure.   

3.5.3 Animal-to-Human Extrapolations 

Exposure to high concentrations of 1,4-dioxane induces liver and kidneys effects in humans and in 

animals, regardless of the route of exposure.  Based solely on the similarity of target organs, it would 
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appear that results from animal studies could be used as valid models to predict health effects in humans 

resulting from high-dose exposure to 1,4-dioxane.  

Long-term oral exposure of rodents to 1,4-dioxane has induced liver tumors in rats and mice as well as 

tumors in the nasal cavity of rats (JBRC 1998c; Kociba et al. 1974; NCI 1978).  Therefore, the issue is 

whether these long-term, relatively high-exposure studies in animals are relevant to the low 

environmental exposures to 1,4-dioxane experienced by the general population.  Studies of humans 

exposed chronically to relatively low concentrations of 1,4-dioxane in the air in occupational settings 

have provided no evidence of ill effects among the workers, including cancer, associated with 1,4-dioxane 

(Buffler et al. 1978; Thiess et al. 1976).  However, it is unclear if the effects reported in humans are 

consistent with the potency estimated in rodents. 

Some studies have shown that the liver tumors in rats are accompanied by extensive toxicity, as 

evidenced by hepatocyte hyperplasia, accumulation of fat in the cytoplasm, and degenerative changes 

(JBRC 1998c; Kociba et al. 1974; NCI 1978), which has led some to suggest that cell damage and 

degeneration may be a necessary occurrence for the formation of liver tumors in rats.  Since liver toxicity 

in rats seems to occur only at dose levels at which plasma clearance and excretion of HEAA are reduced, 

and plasma concentrations of unchanged 1,4-dioxane are increased, it may be appropriate to consider the 

differences in metabolic disposition when extrapolating from effects that occur only with high doses to 

low-dose events (Kociba et al. 1975). 

The relevance to humans of the nasal lesions and nasal tumors consistently seen in rats following 

exposure to 1,4-dioxane through the drinking water in many studies has been questioned (Stickney et al. 

2003).  Goldsworthy et al. (1991) suggested that the tumors resulted from inspiration of water containing 

1,4-dioxane into the nasal cavity.  Preliminary studies with a dye in the drinking water demonstrated that 

large amounts of inhaled water may be deposited directly in the nose as the animals drink (Reitz et al. 

1990). The lack of nasal tumors in mice in chronic drinking water studies could be due to differences in 

tissue sensitivity and/or repair mechanisms, or to differences in anatomical features.  However, species 

differences are difficult to establish since 1,4-dioxane acts via an unknown mechanism to produce tumors 

in liver, nasal cavity, and other sites. 
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3.6 TOXICITIES MEDIATED THROUGH THE NEUROENDOCRINE AXIS  

Recently, attention has focused on the potential hazardous effects of certain chemicals on the endocrine 

system because of the ability of these chemicals to mimic or block endogenous hormones.  Chemicals 

with this type of activity are most commonly referred to as endocrine disruptors. However, appropriate 

terminology to describe such effects remains controversial.  The terminology endocrine disruptors, 

initially used by Thomas and Colborn (1992), was also used in 1996 when Congress mandated the EPA to 

develop a screening program for “...certain substances [which] may have an effect produced by a 

naturally occurring estrogen, or other such endocrine effect[s]...”.  To meet this mandate, EPA convened a 

panel called the Endocrine Disruptors Screening and Testing Advisory Committee (EDSTAC), and in 

1998, the EDSTAC completed its deliberations and made recommendations to EPA concerning endocrine 

disruptors. In 1999, the National Academy of Sciences released a report that referred to these same types 

of chemicals as hormonally active agents. The terminology endocrine modulators has also been used to 

convey the fact that effects caused by such chemicals may not necessarily be adverse.  Many scientists 

agree that chemicals with the ability to disrupt or modulate the endocrine system are a potential threat to 

the health of humans, aquatic animals, and wildlife.  However, others think that endocrine-active 

chemicals do not pose a significant health risk, particularly in view of the fact that hormone mimics exist 

in the natural environment.  Examples of natural hormone mimics are the isoflavinoid phytoestrogens 

(Adlercreutz 1995; Livingston 1978; Mayr et al. 1992).  These chemicals are derived from plants and are 

similar in structure and action to endogenous estrogen.  Although the public health significance and 

descriptive terminology of substances capable of affecting the endocrine system remains controversial, 

scientists agree that these chemicals may affect the synthesis, secretion, transport, binding, action, or 

elimination of natural hormones in the body responsible for maintaining homeostasis, reproduction, 

development, and/or behavior (EPA 1997b).  Stated differently, such compounds may cause toxicities that 

are mediated through the neuroendocrine axis.  As a result, these chemicals may play a role in altering, 

for example, metabolic, sexual, immune, and neurobehavioral function.  Such chemicals are also thought 

to be involved in inducing breast, testicular, and prostate cancers, as well as endometriosis (Berger 1994; 

Giwercman et al. 1993; Hoel et al. 1992). 

Based on the available information, there is no evidence that 1,4-dioxane is an endocrine disruptor in 

humans or in animals, but appropriate tests have not been conducted.  The only relevant information that 

was located is that 1,4-dioxane tested negative for estrogenic activity in a reporter gene expression assay 

using yeast cells (Nishihara et al. 2000).  A substance was considered positive when its activity was more 

than 10% of the activity of 10-7M 17β-estradiol. 
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Long-term oral studies have found no histopathologic (non-neoplastic) alterations in endocrine glands and 

reproductive organs from rats and mice (Kociba et al. 1974; NCI 1978), and the same was found in a 

chronic-duration inhalation study in rats (Torkelson et al. 1974).  However, neoplasms associated with the 

administration of 1,4-dioxane occurred in the testis/epididymis in male rats administered ≥240 mg 

1,4-dioxane/kg/day in the drinking water for 2 years (NCI 1978).  Another 2-year bioassay reported an 

increased incidence of mammary gland adenomas in rats treated in the drinking water with 514 mg 

1,4-dioxane/kg/day (JBRC 1998c).  

Standard reproductive toxicity studies on 1,4-dioxane were not located and only one study that examined 

the developmental effects of 1,4-dioxane was available (Giavini et al. 1985).  The latter reported slight 

fetotoxicity occurring at a dose level that also affected the mothers. 

3.7 CHILDREN’S SUSCEPTIBILITY  

This section discusses potential health effects from exposures during the period from conception to 

maturity at 18 years of age in humans, when all biological systems will have fully developed.  Potential 

effects on offspring resulting from exposures of parental germ cells are considered, as well as any indirect 

effects on the fetus and neonate resulting from maternal exposure during gestation and lactation.  

Relevant animal and in vitro models are also discussed. 

Children are not small adults.  They differ from adults in their exposures and may differ in their 

susceptibility to hazardous chemicals.  Children’s unique physiology and behavior can influence the 

extent of their exposure.  Exposures of children are discussed in Section 6.6, Exposures of Children. 

Children sometimes differ from adults in their susceptibility to hazardous chemicals, but whether there is 

a difference depends on the chemical (Guzelian et al. 1992; NRC 1993).  Children may be more or less 

susceptible than adults to health effects, and the relationship may change with developmental age 

(Guzelian et al. 1992; NRC 1993).  Vulnerability often depends on developmental stage.  There are 

critical periods of structural and functional development during both prenatal and postnatal life and a 

particular structure or function will be most sensitive to disruption during its critical period(s).  Damage 

may not be evident until a later stage of development.  There are often differences in pharmacokinetics 

and metabolism between children and adults.  For example, absorption may be different in neonates 

because of the immaturity of their gastrointestinal tract and their larger skin surface area in proportion to 
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body weight (Morselli et al. 1980; NRC 1993); the gastrointestinal absorption of lead is greatest in infants 

and young children (Ziegler et al. 1978).  Distribution of xenobiotics may be different; for example, 

infants have a larger proportion of their bodies as extracellular water and their brains and livers are 

proportionately larger (Altman and Dittmer 1974; Fomon 1966; Fomon et al. 1982; Owen and Brozek 

1966; Widdowson and Dickerson 1964).  The infant also has an immature blood-brain barrier (Adinolfi 

1985; Johanson 1980) and probably an immature blood-testis barrier (Setchell and Waites 1975).  Many 

xenobiotic metabolizing enzymes have distinctive developmental patterns.  At various stages of growth 

and development, levels of particular enzymes may be higher or lower than those of adults, and 

sometimes unique enzymes may exist at particular developmental stages (Komori et al. 1990; Leeder and 

Kearns 1997; NRC 1993; Vieira et al. 1996).  Whether differences in xenobiotic metabolism make the 

child more or less susceptible also depends on whether the relevant enzymes are involved in activation of 

the parent compound to its toxic form or in detoxification.  There may also be differences in excretion, 

particularly in newborns who all have a low glomerular filtration rate and have not developed efficient 

tubular secretion and resorption capacities (Altman and Dittmer 1974; NRC 1993; West et al. 1948).  

Children and adults may differ in their capacity to repair damage from chemical insults.  Children also 

have a longer remaining lifetime in which to express damage from chemicals; this potential is particularly 

relevant to cancer. 

Certain characteristics of the developing human may increase exposure or susceptibility, whereas others 

may decrease susceptibility to the same chemical.  For example, although infants breathe more air per 

kilogram of body weight than adults breathe, this difference might be somewhat counterbalanced by their 

alveoli being less developed, which results in a disproportionately smaller surface area for alveolar 

absorption (NRC 1993). 

There are no studies that specifically address the health effects of exposure to 1,4-dioxane in children or 

in immature animals; therefore, it is unknown whether children differ from adults in their susceptibility to 

health effects from 1,4-dioxane.  Data in adults were derived from occupational studies (Barber 1934; 

Buffler et al. 1978; Thiess et al. 1976) and studies in volunteers (Fairley et al. 1934; Silverman et al. 

1946; Yant et al. 1930; Young et al. 1977).  The former showed that exposure to high concentrations of 

1,4-dioxane in the air (and also dermally) can severely damage the liver and kidneys and can be lethal.  

The studies of controlled exposure with volunteers showed that exposure to 1,4-dioxane in the air can 

produce eye, nose, and throat irritation.  It is reasonable to assume that the same types of effects would be 

seen in children accidentally exposed to high amounts of 1,4-dioxane.   
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There is no information regarding possible adverse developmental effects in humans exposed to 

1,4-dioxane.  A study in rats exposed orally to 1,4-dioxane during gestation found slight fetotoxicity, but 

at a dose level that also affected the mothers (Giavini et al. 1985). There is evidence that 1,4-dioxane is at 

most a weak genotoxic compound.  Therefore, it is unlikely that parental exposure would result in adverse 

childhood development or cancer development as a result of 1,4-dioxane metabolite exposures to parental 

germ cells. 

There is no information regarding pharmacokinetics of 1,4-dioxane in children.  Analysis of urine 

samples from humans exposed to 1,4-dioxane suggests the involvement mainly of phase I metabolic 

enzymes in the biotransformation and elimination of 1,4-dioxane.  A recent study showed that 

1,4-dioxane can induce several P-450 isozymes in the liver of rats (Nannelli et al. 2005), and one of them 

was CYP2E1, which has been shown to be developmentally-regulated (Vieira et al. 1996).  However, the 

question of whether metabolism of 1,4-dioxane represents a detoxifying mechanism or a process 

generating toxic intermediates is still unclear. It is not known whether 1,4-dioxane can cross the placenta 

and there are no reports on levels of 1,4-dioxane in maternal milk. 

There are no biomarkers of exposure or effect for 1,4-dioxane that have been validated in children or in 

adults exposed as children. No relevant studies were located regarding interactions of 1,4-dioxane with 

other chemicals in children or adults.  

No information was located regarding pediatric-specific methods for reducing peak absorption following 

exposure to 1,4-dioxane, reducing body burden, or interfering with the mechanisms of action for toxic 

effects. 

3.8 BIOMARKERS OF EXPOSURE AND EFFECT 

Biomarkers are broadly defined as indicators signaling events in biologic systems or samples. They have 

been classified as markers of exposure, markers of effect, and markers of susceptibility (NAS/NRC 

1989). 

Due to a nascent understanding of the use and interpretation of biomarkers, implementation of biomarkers 

as tools of exposure in the general population is very limited.  A biomarker of exposure is a xenobiotic 

substance or its metabolite(s) or the product of an interaction between a xenobiotic agent and some target 

molecule(s) or cell(s) that is measured within a compartment of an organism (NAS/NRC 1989).  The 
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preferred biomarkers of exposure are generally the substance itself or substance-specific metabolites in 

readily obtainable body fluid(s) or excreta.  However, several factors can confound the use and 

interpretation of biomarkers of exposure.  The body burden of a substance may be the result of exposures 

from more than one source.  The substance being measured may be a metabolite of another xenobiotic 

substance (e.g., high urinary levels of phenol can result from exposure to several different aromatic 

compounds).  Depending on the properties of the substance (e.g., biologic half-life) and environmental 

conditions (e.g., duration and route of exposure), the substance and all of its metabolites may have left the 

body by the time samples can be taken.  It may be difficult to identify individuals exposed to hazardous 

substances that are commonly found in body tissues and fluids (e.g., essential mineral nutrients such as 

copper, zinc, and selenium).  Biomarkers of exposure to 1,4-dioxane are discussed in Section 3.8.1. 

Biomarkers of effect are defined as any measurable biochemical, physiologic, or other alteration within an 

organism that, depending on magnitude, can be recognized as an established or potential health 

impairment or disease (NAS/NRC 1989).  This definition encompasses biochemical or cellular signals of 

tissue dysfunction (e.g., increased liver enzyme activity or pathologic changes in female genital epithelial 

cells), as well as physiologic signs of dysfunction such as increased blood pressure or decreased lung 

capacity.  Note that these markers are not often substance specific.  They also may not be directly 

adverse, but can indicate potential health impairment (e.g., DNA adducts).  Biomarkers of effects caused 

by 1,4-dioxane are discussed in Section 3.8.2. 

A biomarker of susceptibility is an indicator of an inherent or acquired limitation of an organism's ability 

to respond to the challenge of exposure to a specific xenobiotic substance.  It can be an intrinsic genetic or 

other characteristic or a preexisting disease that results in an increase in absorbed dose, a decrease in the 

biologically effective dose, or a target tissue response.  If biomarkers of susceptibility exist, they are 

discussed in Section 3.10, “Populations That Are Unusually Susceptible.” 

3.8.1 Biomarkers Used to Identify or Quantify Exposure to 1,4-Dioxane  

1,4-Dioxane and its metabolite, HEAA, were found in the urine of workers exposed to a time-weighted 

average air concentration of 1.6 ppm of 1,4-dioxane for 7.5 hours (Young et al. 1976).  The concentration 

of HEAA was 414 μmol/L and that of unchanged 1,4-dioxane was only 3.5 μmol/L, suggesting rapid and 

extensive metabolism.  1,4-Dioxane in the urine is a specific biomarker for exposure to 1,4-dioxane, but 

HEAA can also be produced by exposure to 1,4-dioxane-2-one and diethylene glycol.  In a controlled-

exposure study with volunteers exposed to 50 ppm 1,4-dioxane vapors for 6 hours, the half-life for 
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elimination of 1,4-dioxane from plasma was 59 minutes (Young et al. 1977).  The plasma concentration 

of HEAA reached a peak at about 1 hour after exposure ceased and decreased linearly thereafter.  Of all 

the 1,4-dioxane detected in the urine within a 48-hour period, 90% was excreted during the exposure 

period and none could be detected 6 hours after termination of the exposure.  The half-life for elimination 

of 1,4-dioxane in the urine was 48 minutes, and that of HEAA was 2.7 hours.  Almost all the 1,4-dioxane 

was excreted in the urine as HEAA.  About half of the total HEAA excreted was excreted during the 

exposure period and the excretion was complete 18 hours after the exposure ceased.  A simulation of 

repeated exposures to 50 ppm 1,4-dioxane for 8 hours/day showed that 1,4-dioxane will reach a peak in 

plasma at the end of each exposure day and will not accumulate; neither will HEAA.  Collectively, these 

results imply that 1,4-dioxane and HEAA in plasma and urine can be used as biomarkers of recent 

isolated exposure or multiple daily exposures, but that could not differentiate between the two types of 

exposure (providing the exposure concentrations are below about 50 ppm).  In addition, because these 

substances are rapidly eliminated, they cannot be used as biomarkers of past exposure to 1,4-dioxane.  

Given the low levels of 1,4-dioxane reported in the environment, it is not unlikely that the levels of 

1,4-dioxane and HEAA in members from the general population fall under the detection levels of the 

available analytical methods.  

Some chemicals bind to macromolecules (i.e., DNA, hemoglobin, etc.) to form compounds that can be 

used as specific biomarkers of exposure.  That is not the case for 1,4-dioxane.  In liver preparations from 

rats administered a single intraperitoneal dose of radioactive 1,4-dioxane, most of the radioactivity was 

bound non-covalently in the cytosol (Woo et al. 1977b).  Covalent binding to macromolecules was 

highest in nuclear fraction followed by mitochondrial, microsomal, whole homogenate, and cytosol 

fractions. The binding was nonspecific and not associated with DNA.  Pretreatment of rats with 

microsomal enzyme inducers had no significant effect on the covalent binding to macromolecules.  There 

was no microsomally-mediated binding of radioactivity to DNA. 

3.8.2 Biomarkers Used to Characterize Effects Caused by 1,4-Dioxane  

The liver and kidneys are targets for 1,4-dioxane toxicity, but lesions to these organs cannot be considered 

specific biomarkers for 1,4-dioxane because exposure to many different chemicals or health conditions 

unrelated to chemical exposures can produce similar effects.     
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3.9 INTERACTIONS WITH OTHER CHEMICALS  

The only information located that is relevant to environmental or occupational exposures is that from a 

study by Buffler et al. (1978) in workers, even though it provides only suggestive evidence that 

interactions may have played a role in the outcome. In a cohort of 165 workers exposed intermittently to 

concentrations of 1,4-dioxane between 0.1 and 17 ppm, seven deaths were identified among those 

working in the manufacturing area and five among those involved in the processing area (Buffler et al. 

1978).  The exposure histories of the seven subjects indicated that all were exposed to other chemicals of 

possible significance at earlier times and for longer intervals than their exposure to 1,4-dioxane.  In 

addition, the five deaths that occurred among the processing area were exposed to vinyl chloride 

simultaneously with their exposure to 1,4-dioxane.  No firm conclusions can be drawn from this study 

regarding interactions of 1,4-dioxane with other chemicals. 

If cytochrome CYP2E1 is involved in the metabolism of 1,4-dioxane (cytochrome P-450 is known to be 

involved in 1,4-dioxane metabolism), then ethanol could alter the hepatic effects of 1,4-dioxane if one 

assumes that the toxic entity is a metabolite of 1,4-dioxane.  In the Thiess et al. (1976) study, some 

workers exposed to 1,4-dioxane who consumed alcohol frequently had elevated serum levels of 

transaminases; however, the values became normal after the workers reduced their alcohol consumption, 

suggesting that the elevated transaminase values were purely due to exposure to ethanol and not to the 

combination of 1,4-dioxane and ethanol, at least at the relative low level of exposure experienced by the 

workers in this occupational study (maximum 14.3 ppm). 

3.10 POPULATIONS THAT ARE UNUSUALLY SUSCEPTIBLE 

A susceptible population will exhibit a different or enhanced response to 1,4-dioxane than will most 

persons exposed to the same level of 1,4-dioxane in the environment.  Reasons may include genetic 

makeup, age, health and nutritional status, and exposure to other toxic substances (e.g., cigarette smoke).  

These parameters result in reduced detoxification or excretion of 1,4-dioxane, or compromised function 

of organs affected by 1,4-dioxane.  Populations who are at greater risk due to their unusually high 

exposure to 1,4-dioxane are discussed in Section 6.7, Populations with Potentially High Exposures. 

Because 1,4-dioxane is a liver and kidney toxicant at high concentrations, people with compromised liver 

or kidneys function may be more susceptible to the effects of exposure to 1,4-dioxane than healthy 

individuals.  Among those unusually susceptible would be, for example, individuals who drink excessive 
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amounts of alcohol, those on medications known to affect the liver or the kidneys, or those with genetic 

diseases of the kidney. 

3.11 METHODS FOR REDUCING TOXIC EFFECTS  

This section will describe clinical practice and research concerning methods for reducing toxic effects of 

exposure to 1,4-dioxane. However, because some of the treatments discussed may be experimental and 

unproven, this section should not be used as a guide for treatment of exposures to 1,4-dioxane.  When 

specific exposures have occurred, poison control centers and medical toxicologists should be consulted 

for medical advice.   

No texts were found that provided specific information about treatment following exposure to 

1,4-dioxane. 

3.11.1 Reducing Peak Absorption Following Exposure  

The only relevant information that was located is that the skin and eyes should be immediately flushed 

with water for at least 15 minutes following skin and eye contact (NIOSH 1977).  If 1,4-dioxane is 

swallowed, vomiting should be induced immediately if the patient is conscious (NIOSH 1977). 

3.11.2 Reducing Body Burden  

No information was located regarding reducing body burden following exposure to 1,4-dioxane.  As 

mentioned in Section 3.4, Toxicokinetics, 1,4-dioxane and its main metabolites do not accumulate and are 

rapidly eliminated from the body in the urine.  

3.11.3 Interfering with the Mechanism of Action for Toxic Effects  

The liver and kidneys are targets for 1,4-dioxane toxicity in humans and animals.  Lesions have been 

found in humans acutely exposed to relatively high concentrations of 1,4-dioxane and in animals 

following inhalation, oral, and dermal exposure (see Section 3.2). Also, 1,4-dioxane has induced liver 

cancer in rats and mice and nasal cancer in rats.  The mechanism(s) of toxic action of 1,4-dioxane has not 

been elucidated, but there is increasing evidence that the liver lesions seen in animals evolve into 

neoplasms induced by 1,4-dioxane through a non-genotoxic mechanism of action.  Any attempt to discuss 

possible mechanisms to interfere with this action would be pure speculation at this time.  
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3.12 ADEQUACY OF THE DATABASE 

Section 104(I)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the 

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether 

adequate information on the health effects of 1,4-dioxane is available.  Where adequate information is not 

available, ATSDR, in conjunction with the National Toxicology Program (NTP), is required to assure the 

initiation of a program of research designed to determine the health effects (and techniques for developing 

methods to determine such health effects) of 1,4-dioxane. 

The following categories of possible data needs have been identified by a joint team of scientists from 

ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met would 

reduce the uncertainties of human health assessment.  This definition should not be interpreted to mean 

that all data needs discussed in this section must be filled.  In the future, the identified data needs will be 

evaluated and prioritized, and a substance-specific research agenda will be proposed. 

3.12.1 Existing Information on Health Effects of 1,4-Dioxane 

The existing data on health effects of inhalation, oral, and dermal exposure of humans and animals to 

1,4-dioxane are summarized in Figure 3-5.  The purpose of this figure is to illustrate the existing 

information concerning the health effects of 1,4-dioxane.  Each dot in the figure indicates that one or 

more studies provide information associated with that particular effect.  The dot does not necessarily 

imply anything about the quality of the study or studies, nor should missing information in this figure be 

interpreted as a “data need”.  A data need, as defined in ATSDR’s Decision Guide for Identifying 

Substance-Specific Data Needs Related to Toxicological Profiles (Agency for Toxic Substances and 

Disease Registry 1989), is substance-specific information necessary to conduct comprehensive public 

health assessments.  Generally, ATSDR defines a data gap more broadly as any substance-specific 

information missing from the scientific literature. 

As shown in Figure 3-5, there is limited information on the effects of 1,4-dioxane in humans.  The 

available information is derived from occupational studies in which exposure was assumed to have been 

primarily by inhalation of vapors, but that may have also involved dermal exposure.  These studies 

provided information on acute systemic effects and lethality and also effects due to long-term exposure.  

A few studies of controlled inhalation exposures with volunteers are also available and these studies  
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Figure 3-5. Existing Information on Health Effects of 1,4-Dioxane 
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provided data on acute systemic effects.  No information was located regarding oral exposure of humans 

to 1,4-dioxane. 

In animals, the studies available for review provided information on lethality and on systemic, 

neurological, and cancer effects following inhalation exposure to 1,4-dioxane.  For oral exposure, there 

are studies that evaluated systemic, neurological, developmental, genotoxic, and cancer effects.  No 

studies were available regarding chronic systemic effects, or immunological, neurological, reproductive, 

developmental, or genotoxic effects after dermal exposure to 1,4-dioxane. 

The information available from human and animals studies suggests that the effects of 1,4-dioxane are not 

route-dependent.  In addition, the limited environmental monitoring data available suggests that the levels 

of 1,4-dioxane to which the general population might be exposed through contact or use of consumer 

products (including food), or that are normally found in environmental media are generally orders of 

magnitude lower than those used in studies with experimental animals. 

3.12.2 Identification of Data Needs 

Acute-Duration Exposure.    Two occupational studies provided acute inhalation data for 

1,4-dioxane, Barber (1934) and Johnstone (1959).  Barber (1934) described five lethal cases among 

factory workers exposed to 1,4-dioxane, whereas Johnstone (1959) described one additional lethal 

occupational case in which dermal exposure also occurred.  Exposure to unknown, but lethal 

concentrations of 1,4-dioxane produced serious liver and kidney effects.  A few additional studies in 

volunteers evaluated mostly clinical signs, such as eye and nose irritation, during exposures varying from 

3 minutes to 6 hours (Ernstgård et al. 2006; Fairley et al. 1934; Silverman et al. 1946; Yant et al. 1930; 

Young et al. 1977).  Ernstgård et al. (2006) also evaluated pulmonary function by spirometry immediately 

after and 3 hours after exposure of volunteers to 20 ppm 1,4-dioxane for 2 hours and reported no 

alterations relative to measurements before exposure.  The lowest concentration that produced an effect in 

the studies mentioned above was 50 ppm during a 6-hour exposure, which caused eye irritation (Young et 

al. 1977).  Data from the studies by Young et al. (1977) and Ernstgård et al. (2006) were used to derive an 

acute-duration inhalation MRL for 1,4-dioxane.   

The animal database consists mainly of early studies in rodents exposed to lethal or near lethal 

concentration of 1,4-dioxane that indicated that the liver and kidneys are the main targets of 1,4-dioxane 

toxicity in animals (Fairley et al. 1934; Yant et al. 1930).  Additional acute inhalation studies conducted 
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according to current guidelines would be helpful to establish dose-response relationships for liver and 

kidney effects at low levels of exposure.  No data were located regarding acute oral exposure of humans 

to 1,4-dioxane.  Most studies in animals provided lethal dose levels and also showed that the liver and 

kidneys are the organs most severely affected by high oral doses of 1,4-dioxane (de Navasquez 1935; 

Kesten et al. 1939; Laug et al. 1939; Schrenk and Yant 1936; Smyth et al. 1941).  A more recent 2-week 

drinking water study in rats, although with limitations, provided sufficient information on systemic end 

points and was used as the basis for derivation of an acute-duration oral MRL for 1,4-dioxane (JBRC 

1998a). 

Additional acute oral studies conducted according to current guidelines could provide information on 

thresholds for liver and kidney effects.  Also, exposures to low or moderate single oral doses followed by 

long observation periods would provide information on reversibility of the effects.  Limited acute dermal 

data were found.  In the lethal occupational case described by Johnstone (1959), considerable dermal 

exposure occurred since the subject used to wipe his hands with 1,4-dioxane to clean them; this probably 

contributed to the liver and kidney toxicity observed.  In the studies with volunteers mentioned above, eye 

irritation was most likely due to direct contact of the eye with the vapors of 1,4-dioxane and not due to 

inhaled 1,4-dioxane.  A study in rats applied a dose of 8,300 mg/kg of 1,4-dioxane to a shaved area of the 

skin found no signs of skin irritation during a 14-day observation period (Clark et al. 1984).  Additional 

acute dermal studies may be tied to studies of the pharmacokinetics of 1,4-dioxane by this route of 

exposure, which has not been well characterized. 

Intermediate-Duration Exposure.    No intermediate-duration studies in humans were available.  An 

early study by Fairley et al. (1934) in several animal species provided enough information to determine 

that the liver and kidneys are targets for 1,4-dioxane toxicity.  The lowest concentration of 1,4-dioxane to 

which rats, mice, and guinea pigs were exposed intermittently for 3–12 weeks was 1,000 ppm, which 

caused moderate to severe kidney toxicity.  Because of the severity of the effects, this information was 

considered inadequate for derivation of an intermediate-duration inhalation MRL.  However, the chronic-

duration inhalation MRL (see below) was also adopted as the intermediate-duration inhalation MRL.  

Several oral studies in animals provided information on lethal doses (Fairley et al. 1934; Kociba et 

al.1974) and on systemic effects, mostly hepatic and renal (Fairley et al. 1934; Lundberg et al. 1987; Stott 

et al. 1981). A more recent 90-day drinking water study in rats provided sufficient information on 

multiple end points and was used as the basis (liver effects) for an intermediate-duration oral MRL for 

1,4-dioxane (JBRC 1998b).  Information by the dermal route of exposure was limited to a study of 

intermittent application of 1,4-dioxane to the skin of rabbits and guinea pigs for up to 101 days (Fairley et 
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al. 1934).  There were no dermal effects in either species at dose levels that induced liver and kidney 

lesions, which appeared to be more severe in rabbits than in guinea pigs.  Although the target organs 

following inhalation exposure are known, additional inhalation studies with lower concentrations of 

1,4-dioxane and following current testing standards are needed to establish dose-response relationships 

for liver and kidney effects and to obtain more information on possible effects on other organs (e.g., 

reproductive organs, endocrine glands).  Information on effects on other organs is also limited in 

intermediate oral studies.  The use of PBPK models for 1,4-dioxane (Leung and Paustenbach 1990; Reitz 

et al. 1990) may obviate the need for additional studies by multiple routes of exposure, since target organ 

concentrations obtained following exposure by one route may be used to back estimate exposure 

concentrations by a different route. 

Chronic-Duration Exposure and Cancer.    An occupational study of workers exposed to 

1,4-dioxane provides information regarding long-term exposure to this chemical. Thiess et al. (1976) 

found no adverse effects in workers exposed to 0.006–14.3 ppm 1,4-dioxane for an average of 25 years.  

Only one chronic-duration study by the inhalation route was available (Torkelson et al. 1974).  This study 

provided information on multiple organs and tissues, and hematology parameters in rats; no adverse 

effects were found.  This study was used to derive a chronic-duration inhalation MRL for 1,4-dioxane.  

Because only one exposure level was used, the true NOAELs for the various organs and systems are 

unknown and may be higher.  Therefore, additional studies in animals exposed to higher concentrations of 

1,4-dioxane may be necessary to fill this data gap.  Also, as mentioned above, PBPK models may be used 

to extrapolate data from the chronic oral studies to inhalation exposure situations.  Several chronic-

duration oral studies in rats and mice are available (JBRC 1998c; Kociba et al. 1974; NCI 1978).  These 

studies provided information on clinical signs, changes in body weight, hematology, blood chemistry, 

urinalysis, and gross and microscopic appearance of major organs and tissues.  The liver and kidneys 

were the main targets for 1,4-dioxane toxicity.  A NOAEL of 9.6 mg/kg/day for liver effects in male 

Sherman rats was used to derive a chronic-duration oral MRL for 1,4-dioxane (Kociba et al. 1974).  

Additional chronic oral studies do not seem necessary at this point.  No chronic dermal studies were 

located, but it is not apparent what new key information such studies could provide.  

Very limited information was found regarding human exposure to 1,4-dioxane and cancer.  A study of 

165 workers exposed intermittently to 0.1–17 ppm 1,4-dioxane for up to 21 years found no significant 

increases in the incidences of deaths due to cancer (Buffler et al. 1978).  1,4-Dioxane was not 

carcinogenic in rats in the only single inhalation bioassay (Torkelson et al. 1974).  However, only one 

exposure level was used; therefore, a dose-response relationship for cancer could not be estimated.  Long­
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term oral administration of 1,4-dioxane induced liver cancer in rats and mice and also nasal tumors in rats 

(Argus et al. 1965, 1973; Hoch-Ligeti et al. 1970; JBRC 1998c; Kociba et al. 1974; NCI 1978).  

1,4-Dioxane was not a complete carcinogen in a 60-week dermal exposure study in mice (King et al. 

1973), but showed promoter activity in oral (Lundberg et al. 1987) and dermal studies (King et al. 1973).  

1,4-Dioxane was not an initiator in a dermal assay in mice (Bull et al. 1986).  Additional bioassays will 

probably not provide any new key information at this time, but since the mechanism of carcinogenicity of 

1,4-dioxane is yet unknown, continued research on this topic and on the role of metabolism in 

carcinogenicity is necessary.  Some have suggested that the cancer risk assessment for 1,4-dioxane be 

updated (Stickney et al. 2003).  Specifically, it has been suggested that the nasal tumors in rats, which is 

the basis for the current oral slope factor derived by EPA (IRIS 2004), are not relevant for human 

exposure because they result from water entering the nasal cavity when the animals drink from sipper 

bottles. Also, the PBPK modeling studies of Leung and Paustenbach (1990) and Reitz et al. (1990) have 

been applied to estimate the internal dose and the potential human cancer risks.  Finally, the use of a 

nonlinear approach to low dose extrapolation might be considered based on the observations that liver 

toxicity, which some have suggested may be required for tumor development, occurs only at doses above 

which the metabolism of 1,4-dioxane is saturated.  The EPA is currently re-evaluating the health 

assessment for 1,4-dioxane (EPA 2004f). 

Genotoxicity.    The genotoxic effects of 1,4-dioxane have been well characterized in studies in vitro in 

microorganisms (Haworth et al. 1983; Hellmer and Bolcsfoldi 1992; Khudoley et al. 1987; Kwan et al. 

1990; Morita and Hayashi 1998; Nestmann et al. 1984; Stott et al. 1981; Zimmermann et al. 1985) and in 

mammalian cells (Galloway et al. 1987; Goldsworthy et al. 1991; McGregor et al. 1991; Morita and 

Hayashi 1998; Sheu et al. 1988).  Most of these studies were conducted both in the presence and absence 

of metabolic activation systems, which would suggest that metabolites of 1,4-dioxane also are not 

mutagenic.  The results from studies in vivo also provided mostly negative evidence of genotoxicity 

(Goldsworthy et al. 1991; Kitchin and Brown 1990, 1994; McFee et al. 1994; Mirkova 1994; Morita and 

Hayashi 1998; Muñoz and Barnett 2002; Stott et al. 1981; Tinwell and Ashby 1994; Yoon et al. 1985).  

The total weight of evidence suggests that 1,4-dioxane is either a weak genotoxin or not genotoxic, and it 

is unlikely that further studies will provide new information.  

Reproductive Toxicity.    No reliable information was located regarding reproductive effects of 

1,4-dioxane in humans.  There are studies that examined the gross and microscopic appearance of the 

reproductive organs from rats following chronic inhalation exposure (Torkelson et al. 1974) and from rats 

and mice following intermediate oral exposure (JBRC 1998b) and chronic oral exposure to 1,4-dioxane 
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(JBRC 1998c; Kociba et al. 1974; NCI 1978), but no assessments of reproductive function or 

examinations of sperm characteristics have been made.  The lack of effects on reproductive organs 

observed in these studies diminishes the need to conduct a 2-generation reproductive study.  In addition, 

only one study was located that tested the estrogenic properties of 1,4-dioxane in an assay in vitro 

(Nishihara et al. 2000), with negative results.  Additional standard in vivo and in vitro studies to assess 

whether 1,4-dioxane has endocrine disruptor properties would be useful. 

Developmental Toxicity.    There is no information on developmental effects in humans exposed to 

1,4-dioxane.  If populations were identified that are exposed to high levels of 1,4-dioxane, it would be 

useful to determine whether 1,4-dioxane or metabolites are found in breast milk.  This can also be done in 

surveys monitoring chemicals in the general population at the national level.  Only one study was located 

that evaluated developmental parameters in rats exposed orally by gavage during gestation (Giavini et al. 

1985).  Slight fetotoxicity was seen at a dose level that affected the mothers.  Additional studies are 

necessary to determine whether adverse developmental effects can occur without maternal toxicity. In 

addition, a developmental neurotoxicity study in rats in which pups are tested at various ages after being 

exposed in utero and/or via maternal milk would fill a data gap. 

Immunotoxicity.    Virtually no information was located regarding immunotoxic effects in humans 

following exposure to 1,4-dioxane.  Ernstgård et al. (2006) reported that exposure of volunteers to 20 ppm 

1,4-dioxane did not cause inflammatory changes as monitored by measurements of high sensitivity C 

reactive protein and interleukin 6 in blood.  This information is clearly insufficient to determine whether 

exposure to 1,4-dioxane affects the immune system in humans.  The information from animal studies is 

restricted to gross and microscopic examination of lymph nodes and the spleen from rats exposed 

intermittently to 111 ppm 1,4-dioxane vapors for 2 years (Torkelson et al. 1974) and of the lymph nodes, 

spleen, and thymus from rats and mice dosed with up to 2,700 mg 1,4-dioxane/kg/day in the drinking 

water for 13 weeks (JBRC 1998b), or in rats and mice dosed with up to 1,599 mg 1,4-dioxane/kg/day in 

the drinking water for up to 2 years (JBRC 1998c; Kociba et al. 1974; NCI 1978).  No treatment-related 

effects were observed.  Although there was no indication that immunocompetence was compromised in 

these studies, a study performing a complete Tier I battery of tests may be warranted to evaluate the 

possibility that exposure to 1,4-dioxane might cause subtle alterations in immune parameters. 

Neurotoxicity.    Edema of the brain was observed in lethal cases of intoxication with 1,4-dioxane 

vapors (Barber 1934; Johnstone 1959).  Occupational studies of long-term exposure to lower 

concentrations of 1,4-dioxane did not report signs or symptoms that would indicate neurological damage, 
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but sensitive tests were not conducted (Buffler et al. 1978; Thiess et al. 1976).  Exposure of mice and rats 

for 4 hours to 1,800–2,400 ppm 1,4-dioxane had a narcotic effect (Frantik et al. 1994) and exposure to 

3,000 ppm intermittently for 2 weeks affected an avoidance response in rats (Goldberg et al. 1964), which 

also could have been due to narcosis.  High oral doses also induced narcosis in rabbits (Knoefel 1935).  

Vacuolar changes were observed in the brain from rats exposed to 2,750–2,960 mg 1,4-dioxane/kg/day 

for 2 weeks (JBRC 1998a) and from rats exposed to 1,900–2,010 mg/kg/day for 13 weeks (JBRC 1998b). 

Long-term inhalation (Torkelson et al. 1974) and oral studies (JBRC 1998c; Kociba et al. 1974; NCI 

1978) in rats and mice have provided no indication of adverse clinical signs in the animals and 

examination of the brain, spinal cord, and sciatic nerve was unremarkable.  The overall information 

suggests that 1,4-dioxane may have narcotic properties at high concentrations, but it would be useful to 

determine whether possible subtle behavioral effects can be detected with more sensitive tests at exposure 

concentrations that do not induce narcosis.   

Epidemiological and Human Dosimetry Studies.    Information on the health effects of 

1,4-dioxane in humans is derived from cases of accidental exposure at work to relatively high 

concentrations of 1,4-dioxane, which caused death (Barber 1934; Johnstone 1959), and studies of long-

term exposure, also at work, to lower concentrations of 1,4-dioxane (Buffler et al. 1978; Thiess et al. 

1976).  Follow-up evaluations of individuals who may have been occupationally exposed would provide 

valuable information.  No specific group from the general population that may have been subjected to 

unusually high amounts of 1,4-dioxane was identified.  If such a situation arises, for example due to an 

accidental spill or leak from a waste site resulting in contaminated water or soil, individuals potentially 

exposed to 1,4-dioxane should be monitored for liver and kidney effects with standard function tests, 

since the liver and the kidneys have been identified as targets for 1,4-dioxane toxicity. 

Biomarkers of Exposure and Effect.     

Exposure. 1,4-Dioxane and its main metabolite, HEAA, have been identified in the blood and urine from 

workers exposed to 1,4-dioxane vapors (Young et al. 1976) and from volunteers exposed to controlled 

amounts 1,4-dioxane vapors (Young et al. 1977).  Under condition of low to moderate exposure, the 

transformation of 1,4-dioxane to HEAA is rapid and extensive, and HEAA is rapidly eliminated in the 

urine (Young et al. 1977).  The development of models that would support quantitative estimates of 

exposure to 1,4-dioxane based on urine levels of HEAA may be valuable in cases of high exposure, but 

given the very low levels of 1,4-dioxane that the general population is exposed to, the development of 

analytical methods capable to detect and quantify HEAA in the general population may be more useful. 
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Effect. There are no biomarkers of effect specific for 1,4-dioxane.  Exposure to high amounts of 

1,4-dioxane affects the liver and kidneys, but no 1,4-dioxane-induced health effects have been reported in 

populations exposed to low amounts of 1,4-dioxane (Buffler et al. 1978; Thiess et al. 1976).  Research to 

identify reliable biomarkers for exposure to 1,4-dioxane in humans would be useful in order to evaluate 

the prevalence and magnitude of exposure in an at-risk population. 

Absorption, Distribution, Metabolism, and Excretion.    Among the areas of absorption, 

distribution, metabolism, and excretion, the greatest data need lies in metabolism; specifically, the 

determination of the metabolic pathways involved in the metabolism of 1,4-dioxane to its primary 

metabolite, HEAA or 1,4-dioxane-one (Braun and Young 1977; Woo et al. 1977a, 1977b, 1977c; Young 

et al. 1977). While the identity of the metabolite has been determined and the involvement of cytochrome 

P-450 enzymes has been demonstrated (Nannelli et al. 2005; Woo et al. 1977c, 1978), the formation of 

intermediate metabolites, and their identities, has not been demonstrated.  Additional information 

regarding this pathway may be useful in the refinement of PBPK models and in the development of 

biomarkers of exposure and/or effect.  Data are lacking on the absorption of 1,4-dioxane in humans 

following oral and dermal exposure, but this information would likely do little to further our 

understanding of the pharmacokinetic processes of 1,4-dioxane. 

Comparative Toxicokinetics.    Studies directly comparing the toxicokinetics of 1,4-dioxane across 

species are not available.  Some limited data on 1,4-dioxane absorption following inhalation exposure 

suggest large differences in the absorbed dose, expressed on a per body weight basis, between rats and 

humans (Young et al. 1977, 1978a, 1978b).  However, these studies did not measure absorption 

efficiencies.  Studies examining absorption efficiency in humans and rats following inhalation and oral 

exposures would provide valuable data for evaluating possible species differences.  The available data on 

metabolism and elimination of 1,4-dioxane in humans and rats indicate that the compound behaves 

similarly in the two species (Woo et al. 1977a, 1977b, 1977c, 1978; Young et al. 1976, 1977, 1978a, 

1978b).  The available PBPK models for 1,4-dioxane also indicate that the behavior of 1,4-dioxane is 

similar in rats and humans.  Studies of the toxicokinetic behavior of 1,4-dioxane in animal species other 

than the rat would provide additional insight into potential interspecies differences, while studies directly 

comparing the toxicokinetic behavior of 1,4-dioxane in multiple species would add to our understanding 

of the comparative toxicokinetic behavior of 1,4-dioxane. 
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Methods for Reducing Toxic Effects.    No specific methods for the mitigation of effects of acute 

exposure to 1,4-dioxane were located other than measures to support vital functions.  No information was 

located concerning mitigation of effects of lower-level or longer-term exposure to 1,4-dioxane.  This, in 

part, may reflect the fact that no population has been identified as having been subjected or currently 

undergoing exposure to excessive amounts of 1,4-dioxane.  Attempts to propose studies of specific 

methods to reduce possible adverse effects do not appear warranted at this time. 

Children’s Susceptibility.    Data needs relating to both prenatal and childhood exposures, and 

developmental effects expressed either prenatally or during childhood, are discussed in detail in the 

Developmental Toxicity subsection above. 

There are no studies that specifically addressed exposure to 1,4-dioxane in children.  Workers exposed to 

high amounts of 1,4-dioxane vapors experienced liver and kidney effects and some died (Barber 1934; 

Johnstone 1959).  Volunteers exposed to low concentrations of 1,4-dioxane in the air experienced eye and 

nose irritation (Silverman et al. 1946; Yant et al. 1930; Young et al. 1977).  It is reasonable to assume that 

children exposed in similar manners will experience similar effects.  There is no information on whether 

the developmental process is altered in humans exposed to 1,4-dioxane.  Very limited evidence with 

1,4-dioxane in rats suggests that fetotoxicity may occur only at maternally toxic levels (Giavini et al. 

1985), but further studies are necessary on this issue.  The possibility that 1,4-dioxane may have 

endocrine-disrupting ability in mammals has not been systematically studied. 

There are no data to evaluate whether pharmacokinetics of 1,4-dioxane in children are different from 

adults. There is no information on whether 1,4-dioxane can cross the placenta and there are no studies on 

whether 1,4-dioxane can be transferred from mother to offspring through maternal milk.  Cross-fostering 

studies can provide important information regarding the role of in utero vs. lactation exposure to 

1,4-dioxane in normal development.  There are no data to permit an evaluation of whether metabolism of 

1,4-dioxane is different in children than in adults. 

Research into the development of sensitive and specific biomarkers of exposures and effects for 

1,4-dioxane would be valuable for both adults and children.  There are no data on the interactions of 

1,4-dioxane with other chemicals in children.  There are no pediatric-specific methods to reduce peak 

absorption 1,4-dioxane, to reduce body burdens, or to interfere with the mechanisms of action.  Based on 

the information available, it is reasonable to assume that the supportive methods recommended for 

maintaining vital functions in adults, will also be applicable to children.  
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Child health data needs relating to exposure are discussed in Section 6.8.1, Identification of Data Needs:  

Exposures of Children. 

3.12.3 Ongoing Studies 

Dr. D.A. Eastmond and colleagues from the University of California, Riverside, California, are 

investigating the role of chromosomal mechanisms in the genotoxic and carcinogenic effects of 

1,4-dioxane and other environmental and agricultural chemicals.  The initial studies will focus on the 

development and application of techniques to detect cellular and genetic alterations in human and animal 

cells. Next, selected environmental and model agents will be tested to identify agents inducing 

genotoxicity.  Mechanistic studies will then be performed to understand the underlying basis for the 

observed effects. Lastly, the investigators will apply these techniques to detect chromosomal alterations 

in cells human populations exposed to occupational and environmental chemicals. 

No further ongoing studies pertaining to 1,4-dioxane were identified in the FEDRIP (2007) database. 
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4.1 CHEMICAL IDENTITY  

1,4-Dioxane or para-dioxane is also commonly referred to as simply ‘dioxane’. However, 1,4-dioxane 

should not be confused with dioxin (or dioxins), which are a different class of chemical compounds. 

Information regarding the chemical identity of 1,4-dioxane is located in Table 4-1. 

4.2 PHYSICAL AND CHEMICAL PROPERTIES  

1,4-Dioxane is a colorless volatile liquid.  1,4-Dioxane is also completely miscible in water and organic 

solvents. The technical-grade product is >99.9% pure, but may contain bis(2-chloroethyl) ether as an 

impurity (DeRosa et al. 1996).  Information regarding the physical and chemical properties of 1,4-dioxane 

is located in Table 4-2. 
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Table 4-1. Chemical Identity of 1,4-Dioxane 

Characteristic Information 
Chemical name 	 1,4-Dioxane 
Synonym(s) 	1,4-diethylenedioxide; 1,4-dioxacyclohexane; 1,4-dioxanne (French); di(ethylene 

oxide); diethylene dioxide; diethylene ether; dioksan (Polish); diossano-1,4 
(Italian); dioxaan-1,4 (Dutch); dioxan; dioxan-1,4 (German); dioxane; dioxane-1,4; 
dioxanne (French); dioxyethylene ether; glycol ethylene ether; para-dioxane; 
p-dioxan (Czech); p-dioxane; p-dioxin, tetrahydro-; tetrahydro-1,4-dioxin; 
tetrahydro-para-dioxin; tetrahydro-p-dioxin  

Registered trade 	 No data 
name(s) 
Chemical formula 	 C4H8O2 

Chemical structure O 

O 
Identification numbers: 
 CAS Registry 123-91-1 
 NIOSH RTECS JG8225000 
 EPA Hazardous U108; A toxic waste when a discarded commercial chemical product or 
Waste manufacturing chemical intermediate or an off-specification commercial chemical 

product or a manufacturing chemical intermediate 
 OHM/TADS No data 
DOT/UN/NA/IMDG UN 1165; IMDG 3.2 
HSDB 81 
NCI No data 

CAS = Chemical Abstracts Services; CIS = Chemical Information System; DOT/UN/NA/IMDG = Department of 
Transportation/United Nations/North America/International Maritime Dangerous Goods Code; EPA = Environmental 
Protection Agency; HSDB = Hazardous Substance Data Bank; NCI = National Cancer Institute; NIOSH = National 
Institute for Occupational Safety and Health; OHM/TADS = Oil and Hazardous Materials/Technical Assistance Data 
System; RTECS = Registry of Toxic Effects of Chemical Substances 
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Table 4-2. Physical and Chemical Properties of 1,4-Dioxane 

Property 
Molecular weight (g/mol) 88.11a 

Color Clearb 

Physical state Liquida 

Melting point 11.8 °Ca 

Boiling point 101.1 °Ca 

Density 1.0329a 

Odor Faint pleasant odora 

Odor threshold: 
 Water 230 ppm w/vb 

Air 24 ppm v/vb 

Taste No data 
Solubility: 
 Water Misciblec 


Other solvents Soluble in organic solventsa 


Partition coefficients: 
 Log Kow -0.27d 

 Log Koc 1.23b 

Vapor pressure at 25 °C 38.1 mm Hge 

OH radical rate constant 1.09x10-11 cm3/molecule-secf 

Henry's law constant at 25 °C 4.80x10-6 atm-cm3/moleg 

Autoignition temperature 356 °F (180 °C)h 

Flashpoint 5–18 °Ca 

Flammability limits at 25 °C Lower: 2.0%; Upper: 22%b 

Incompatibilities Strong oxidizers, decaborane, triethynyl aluminumh 

Conversion factors (25 °C and 1 atm) 1 ppm = 3.6 mg/m3; 1 mg/m3 = 0.278 ppmb 

Explosive limits Vapor forms explosive mixtures with air over wide rangei 

aO’Neil et al. 2001 
bEC 2002 
cRiddick et al. 1986 
dHansch et al. 1995 
eDaubert and Danner 1985 
fAtkinson 1989 
gPark et al. 1987 
hNIOSH 2001 
iScienceLab 2005 

***DRAFT FOR PUBLIC COMMENT*** 



1,4-DIOXANE 134 

4. CHEMICAL AND PHYSICAL INFORMATION 

This page is intentionally blank. 

***DRAFT FOR PUBLIC COMMENT*** 



1,4-DIOXANE 135 

5. PRODUCTION, IMPORT/EXPORT, USE, AND DISPOSAL 

5.1 PRODUCTION 

1,4-Dioxane is manufactured in a closed system by acid catalyzed conversion of diethylene glycol via 

dehydration and ring closure.  The use of mono-, tri-, and polyethylene glycol and their ethers as raw 

materials has also been reported.  Concentrated sulfuric acid (ca. 5%) is used as the acid catalyst, although 

phosphoric acid, p-toluenesulfonic acid, strongly acidic ion-exchange resins, and zeolites are alternatives.  

Operating conditions vary; temperatures range from 130 to 200 °C and pressures range from a partial 

vacuum to slight pressure (i.e., 188–825 mm Hg).  The ideal temperature is reported to be 160 °C.  The 

reaction process is continuous and carried out in a heat vessel.  The raw 1,4-dioxane product forms an 

azeotrope with water which is then vaporized from the reaction vessel by distillation.  1,4-Dioxane vapors 

are passed through an acid trap and two distillation columns to remove water and purify the product.  

Yields of ca. 90% are achievable.  2-Methyl-1,3-dioxolane, 2-ethyl-1,3-dioxolane, and acetaldehyde are 

the main by-products.  To a lesser extent, crotonaldehyde, and polyglycol are also formed during the 

production. The crude 1,4-dioxane is further cleaned by heating with acids, distillation (to remove glycol 

and acetaldehyde), salting out with NaCl, CaCl2, or NaOH, and fine subsequent distillation (EC 2002; 

Surprenant 2002).   

While the latter production process is the most important industrially, two other processes are especially 

useful for the production of substituted dioxanes.  1,4-Dioxane can be prepared by ring closure of 

2-chloro-2’-hydroxydiethyl ether (formed from ethylene glycol reacting with 1,2-dibromoethane) through 

heating with 20% sodium hydroxide, and by catalysed cyclo-dimerisation of ethylene oxide either over 

NaHSO4, SiF4, or BF3, or at an elevated temperature with an acidic cation-exchange resin (EC 2002; 

Surprenant 2002).   

Commercial production of 1,4-dioxane in the United States was first reported in 1951, but semi-

commercial quantities were available in 1929 (NCI 1985).  Currently, 1,4-dioxane is produced in the 

United States by two manufacturers:  Dow Chemical (production site, Freeport, Texas) and Ferro 

Corporation (production site, Baton Rouge, Louisiana) (SRI 2003).  Outside of the United States, 

1,4-dioxane is produced by BASF AG in Lugwigshafen, Germany, Osaka Yuki and Toho Chem, Japan, 

and also in other countries around the world (ChemChannels 2004; EC 2002).   
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Recent information was not available on the production volumes of 1,4-dioxane in the United States.  The 

total production of 1,4-dioxane for 1982 was estimated at 15 million pounds (6,800 metric tons), up from 

12 million pounds (5,400 metric tons) reported in 1977 (HSDB 2005).  The worldwide production 

capacity in 1985 was estimated to be 11,000–14,000 metric tons/year.  In 1995, the production capacity of 

known producers and the worldwide production volume was estimated at 8,000 and 10,000 metric 

tons/year, respectively.  In Europe, the production volume in 1997 was estimated to be 2,000– 

2,500 metric tons (EC 2002).  However, current production levels of 1,4-dioxane are expected to be 

significantly less due to changing use patterns.  

Table 5-1 lists the facilities in each state that manufacture or process 1,4-dioxane, the intended use, and 

the range of maximum amounts of 1,4-dioxane that are stored on-site.  There are 368 facilities that 

produce or process 1,4-dioxane in the United States.  The data from the Toxics Release Inventory (TRI) 

listed in Table 5-1 should be used with caution, however, since only certain types of facilities were 

required to report (EPA 1995).  This is not an exhaustive list (TRI04 2007).  

5.2 IMPORT/EXPORT 

No information was located on the current import/export levels of 1,4-dioxane for the United States.  In 

1977, at least 9.1x104 kg of 1,4-dioxane were imported into the United States (HSDB 2005).  However, 

current import levels of 1,4-dioxane are expected to be significantly less due to changing use patterns.   

5.3 USE 

Because of its broad range of solvent properties, 1,4-dioxane has found a variety of applications.  

1,4-Dioxane is used as a solvent for chemical processing (e.g., adhesives, cleaning and detergent 

preparations, cosmetics, deodorant fumigants, emulsions and polishing compositions, fat, lacquers, 

pulping of wood, varnishes, waxes).  1,4-Dioxane has also been used as a laboratory reagent (e.g., mobile 

phase in chromatography); in plastic, rubber, insecticide, and herbicides; as a chemical intermediate; as 

part of a polymerization catalyst; and as an extraction medium of animal and vegetable oils.  Other minor 

uses are in the manufacture of membrane filters, for measuring optical activity, and for cryoscopic 

determination.  1,4-Dioxane has been reported to be used in the production processes of the following 

product categories: pharmaceuticals/pesticides, magnetic tape, and adhesives.  In the past, 1,4-dioxane 

was used primarily as a stabilizer in chlorinated solvents, particularly 1,1,1-trichloroethane.  

Approximately 90% of former production of 1,4-dioxane was used in this application.  1,4-Dioxane was 

typically used at a concentration of about 3.5% in chlorinated solvents.  However, at the end of 1995, the  
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Table 5-1. Facilities that Produce, Process, or Use 1,4-Dioxane 

Minimum Maximum 
Number of amount on site amount on site 

Statea facilities in poundsb in poundsb Activities and usesc 

AL 5 1,000 999,999 1, 5, 6, 7, 10, 11 
AR 6 1,000 999,999 1, 5, 7, 10, 12 
AZ 1 1,000 9,999 12 
CA 34 0 99,999 2, 3, 4, 6, 7, 8, 9, 10, 11, 12, 13 
CO 1 1,000 9,999 10 
CT 4 100 99,999 1, 2, 3, 5, 6, 8, 10 
GA 3 0 9,999 1, 5, 7 
IA 4 0 99,999 8, 12 
IL 14 100 9,999,999 1, 2, 4, 5, 7, 9, 10, 11, 12 
IN 12 0 99,999 2, 7, 10, 11, 12 
KS 2 0 999 1, 2, 3, 7, 11 
KY 2 100 999 7, 12 
LA 22 0 49,999,999 1, 4, 5, 7, 9, 12, 13 
MA 5 1,000 99,999 7, 10, 11, 12 
MD 1 1,000 9,999 7 
ME 2 100 9,999 11, 12 
MI 8 0 99,999 7, 9, 11, 12 
MN 9 0 99,999 1, 2, 3, 4, 5, 7, 10, 11, 12, 13 
MO 15 0 999,999 1, 3, 5, 6, 7, 8, 9, 10, 12, 13 
MS 12 0 999,999 1, 2, 5, 6, 7, 9, 11, 12 
NC 20 0 99,999 1, 2, 5, 6, 7, 9, 12, 13, 14 
NE 2 10,000 99,999 12 
NH 2 100 99,999 11 
NJ 6 0 99,999 1, 2, 4, 5, 7, 9, 10, 12, 14 
NY 17 100 99,999 1, 5, 7, 9, 10, 11, 12, 13 
OH 21 0 999,999 1, 5, 7, 9, 10, 11, 12 
OK 2 100 9,999 7, 8 
OR 2 1,000 99,999 10 
PA 9 100 99,999 7, 9, 10, 11, 12 
PR 4 0 999,999 10, 12 
SC 23 0 9,999,999 1, 5, 6, 7, 9, 11, 12, 13, 14 
TN 15 0 99,999 1, 5, 10, 12, 13 
TX 38 0 9,999,999 1, 3, 4, 5, 6, 7, 8, 9, 11, 12, 13, 14 
UT 10 0 999,999 7, 10, 11, 12 
VA 7 0 99,999 1, 2, 5, 10, 12 
WA 1 1,000 9,999 11 
WI 8 100 999,999 1, 5, 7, 9, 10, 11, 12, 13 
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Table 5-1. Facilities that Produce, Process, or Use 1,4-Dioxane 

Minimum Maximum 
Number of amount on site amount on site 

Statea facilities in poundsb in poundsb Activities and usesc 

WV 18 0 999,999 1, 3, 5, 6, 7, 8, 12, 13, 14 
WY 1 0 99 12 

aPost office state abbreviations used 
bAmounts on site reported by facilities in each state 
cActivities/Uses: 
1. Produce 
2. Import 
3. Onsite use/processing 
4. Sale/Distribution 
5. Byproduct 

6. Impurity 
7. Reactant 
8. Formulation Component 
9. Article Component 
10. Repackaging 

11. Chemical Processing Aid 
12. Manufacturing Aid  
13. Ancillary/Other Uses 
14. Process Impurity 

Source: TRI04 2007 (Data are from 2004) 
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use of 1,1,1-trichloroethane was limited under the Montreal Protocol due to the ozone depletion potential 

of 1,1,1-trichloroethane.  Thus, current use of 1,4-dioxane as a stabilizer of 1,1,1-trichloroethane will not 

be significant (EC 2002; Hartung 1989; HSDB 2005; NICNAS 1998).   

1,4-Dioxane has been found as an impurity in cosmetics, household and industrial detergents, and 

pharmaceuticals due to its occurrence as a by-product in ethoxylated emulsifiers (Hartung 1989).  

Currently, most manufacturers utilize vacuum stripping to remove 1,4-dioxane before formulation of 

ethoxylated surfactants in consumer cosmetics and household products (EC 2002).   

5.4 DISPOSAL 

The primary method of disposal of 1,4-dioxane is by incineration.  Small amounts of 1,4-dioxane can be 

diluted with large amounts of water and subsequently discharged to waste water treatment plants (United 

Nations 1985).  However, since 1,4-dioxane does not undergo significant biodegradation in waste water 

treatment plants, much of the 1,4-dioxane disposed by this method will end up in the environment.   

In contrast to biological or physical methods, chemical treatment has been found to be highly effective for 

the removal of 1,4-dioxane from water.  1,4-Dioxane is rapidly degraded by hydrogen peroxide in 

combination with a ferrous salt.  Chlorination has also been found to be highly effective for the removal 

of 1,4-dioxane from water.  For example, chlorine and hypochlorous acid are capable of oxidizing 

1,4-dioxane (Dow Chemical Co. 1989).  However, the extent to which 1,4-dioxane is removed from waste 

streams by these methods is unknown.   
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6.1 OVERVIEW 

1,4-Dioxane has been identified in at least 31 of the 1,689 hazardous waste sites that have been proposed 

for inclusion on the EPA National Priorities List (NPL) (HazDat 2007).  However, the number of sites 

evaluated for 1,4-dioxane is not known.  The frequency of these sites can be seen in Figure 6-1.  Of these 

sites, all are located within the United States. 

1,4-Dioxane is released into the environment during its production, the processing of other chemicals, its 

use, and with its unintentional formation during the manufacture of ethoxylated surfactants (EC 2002).  In 

the past, 1,4-dioxane was released into the environment with its use as a stabilizer for 1,1,1-trichloro­

ethane (TCA). Since the use of TCA has been discontinued, current releases from this source are 

expected to be very low.  

1,4-Dioxane is expected to volatilize from the surfaces of water and soil.  In air, it is subject to 

photooxidation with an estimated half-life of 1–3 days.  1,4-Dioxane biodegrades very slowly in water 

and soils and is considered recalcitrant.  It adsorbs weakly to soil and will move quickly into 

groundwater. Bioconcentration, bioaccumulation, and biomagnification are not considered important 

environmental fate processes for 1,4-dioxane. 

Current levels of 1,4-dioxane in the environment are unavailable.  Historical data (i.e., 1980s or earlier) 

suggest that ambient levels were 0.1–0.4 μg/m3 in air and 1 μg/L in water.  Higher concentrations of 

1,4-dioxane have been observed primarily in groundwaters. 

The general population is exposed to negligible levels of 1,4-dioxane.  The primary routes of human 

exposure to 1,4-dioxane are inhalation of 1,4-dioxane in air, ingestion of contaminated food and drinking 

water containing 1,4-dioxane, and dermal contact with contaminated consumer products (e.g., products 

containing ethoxylated surfactants).  Because 1,4-dioxane may be found in tap water, human exposure to 

1,4-dioxane may also occur during activities such as showering, bathing, and laundering.  Exposure to 

1,4-dioxane in tap water through inhalation during showering or other indoor activities can result in 

higher exposures to 1,4-dioxane compared to ingestion of drinking water.  Occupational exposure occurs 

during the production, processing, and use of 1,4-dioxane, which results in inhalation or dermal exposure. 
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6.2 RELEASES TO THE ENVIRONMENT 

The Toxics Release Inventory (TRI) data should be used with caution because only certain types of 

facilities are required to report (EPA 2005).  This is not an exhaustive list.  Manufacturing and processing 

facilities are required to report information to the TRI only if they employ 10 or more full-time 

employees; if their facility is included in Standard Industrial Classification (SIC) Codes 10 (except 1011, 

1081, and 1094), 12 (except 1241), 20–39, 4911 (limited to facilities that combust coal and/or oil for the 

purpose of generating electricity for distribution in commerce), 4931 (limited to facilities that combust 

coal and/or oil for the purpose of generating electricity for distribution in commerce), 4939 (limited to 

facilities that combust coal and/or oil for the purpose of generating electricity for distribution in 

commerce), 4953 (limited to facilities regulated under RCRA Subtitle C, 42 U.S.C. section 6921 et seq.), 

5169, 5171, and 7389 (limited S.C. section 6921 et seq.), 5169, 5171, and 7389 (limited to facilities 

primarily engaged in solvents recovery services on a contract or fee basis); and if their facility produces, 

imports, or processes ≥25,000 pounds of any TRI chemical or otherwise uses >10,000 pounds of a TRI 

chemical in a calendar year (EPA 2005). 

1,4-Dioxane is released into the environment during its production, processing, use, and with its 

unintentional formation during the manufacture of ethoxylated surfactants (EC 2002).  In the past, 

1,4-dioxane was released into the environment with its use as a stabilizer for TCA.  Since the use of TCA 

has been discontinued, current releases from this source are expected to be very low. 

1,4-Dioxane is unintentionally formed as an impurity during the manufacture of alkyl ether sulphates 

(AES) and other ethoxylated substances.  However, much of the 1,4-dioxane impurity in these chemicals 

is removed through a stripping process during their manufacture.  The stripper condensates from the 

manufacturing processes are discharged through normal plant effluents where they are diluted by other 

waste streams, and discharged as industrial wastes (NICNAS 1998).  1,4-Dioxane remaining as a by-

product in end-use products (a large percentage of which may be used in domestic detergents and 

personal care products) will be released to publicly owned treatment works (POTWs) along with the 

surfactants, although this release will be far more diffuse. 

According to the TRI, a total of 204,524 pounds (92,755 kg) of 1,4-dioxane were released to the 

environment in 2004 from facilities required to report to the TRI.  In addition, an estimated 

616,543 pounds (279,611 kg) were transferred off-site, including to POTWs (TRI04 2007). The TRI data 

should be used with caution because only certain types of facilities are required to report.  This is not an 
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exhaustive list. Since 1988, total on-site releases of 1,4-dioxane appear to be decreasing from a high of 

1,234,968 pounds (560,173 kg) in 1993 to a low of 182,505 pounds (82,957 kg) in 2002.  

6.2.1 Air 

Estimated releases of 115,001 pounds (~52 metric tons) of 1,4-dioxane to the atmosphere from 

51 domestic manufacturing and processing facilities in 2004, accounted for about 56% of the estimated 

total on-site environmental releases from facilities required to report to the TRI (TRI04 2007).  These 

releases are summarized in Table 6-1. 

1,4-Dioxane may be released to air during its production, the processing of other chemicals (e.g., 

pharmaceuticals/pesticides), and its use (EC 2002).  The total emissions of 1,4-dioxane from stationary 

sources in California are estimated to be at least 210,000 pounds per year, based on data reported under 

the Air Toxics “Hot Spots” Program (California ARB 1997). 

No further information was located on the emissions of 1,4-dioxane to air.  

1,4-Dioxane has been identified in air samples collected at 6 of the 1,689 NPL hazardous waste sites, 

where it was detected in some environmental media (air, groundwater, surface water, soil, and sediment) 

(HazDat 2007). 

6.2.2 Water 

Estimated releases of 89,521 pounds (~41 metric tons) of 1,4-dioxane to surface water from 51 domestic 

manufacturing and processing facilities in 2004, accounted for about 44% of the estimated total on-site 

environmental releases from facilities required to report to the TRI (TRI04 2007).  An additional 

616,543 pounds (~280 metric tons) were transferred off-site, which included releases to POTWs (TRI04 

2007). These releases are summarized in Table 6-1. 

1,4-Dioxane may be released to surface water and groundwater during its production, the processing of 

other chemicals, its use, and with its unintentional formation during the manufacture of ethoxylated 

surfactants (EC 2002). 
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Table 6-1. Releases to the Environment from Facilities that Produce, Process, or 

Use 1,4-Dioxanea


Reported amounts released in pounds per yearb 

Statec RFd Aire Waterf UIg Landh Otheri On-sitej

Total release 

Off-sitek 
On- and 
off-site 

AL 1 3,262 0 0 0 0 3,262 0 3,262 
AR 2 6,351 0 0 0 0 6,351 0 6,351 
CA 2 855 No data 0 0 0 855 0 855 
CO 1 1,000 No data 0 0 0 1,000 0 1,000 
IL 1 13,326 0 0 2 0 13,328 0 13,328 
KS 1 0 No data 0 0 0 0 0 0 
LA 4 3,933 12,529 0 6 0 16,462 3 16,465 
MI 1 22 No data 0 0 0 22 0 22 
MN 1 2,150 No data 0 0 0 2,150 0 2,150 
MO 1 33 0 0 0 0 33 0 33 
MS 1 500 0 0 4 0 500 2 502 
NC 5 34,936 16,546 0 34 0 51,482 17 51,499 
NE 1 5 No data 0 0 1 5 1 6 
NY 1 1,470 3,700 0 0 1 5,170 1 5,171 
OH 1 250 0 0 510 0 250 255 505 
OR 1 661 No data 0 60 0 661 30 691 
PR 1 150 No data 0 14 0 150 7 157 
SC 9 22,565 16,079 0 5,628 0 38,644 2,814 41,458 
TN 2 10,821 24,504 0 0 0 35,325 0 35,325 
TX 7 11,856 14,648 25,696 25,696 587,715 26,504 613,411 639,915 
UT 1 1 No data 0 2 1 1 3 3 
WI 2 265 No data 0 0 0 265 0 265 
WV 4 589 1,515 0 0 0 2,104 0 2,104 
Total 51 115,001 89,521 25,696 31,956 587,718 204,524 616,543 821,067 

aThe TRI data should be used with caution since only certain types of facilities are required to report.  This is not an 

exhaustive list.  Data are rounded to nearest whole number.

bData in TRI are maximum amounts released by each facility.

cPost office state abbreviations are used. 

dNumber of reporting facilities.

eThe sum of fugitive and point source releases are included in releases to air by a given facility. 

fSurface water discharges, waste water treatment-(metals only), and POTWs (metal and metal compounds). 

gClass I wells, Class II-V wells, and underground injection. 

hResource Conservation and Recovery Act (RCRA) subtitle C landfills; other on-site landfills, land treatment, surface 

impoundments, other land disposal, other landfills. 

iStorage only, solidification/stabilization (metals only), other off-site management, transfers to waste broker for 

disposal, unknown 

jThe sum of all releases of the chemical to air, land, water, and underground injection wells. 

kTotal amount of chemical transferred off-site, including to POTWs. 


RF = reporting facilities; UI = underground injection 

Source: TRI04 2007 (Data are from 2004) 
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1,4-Dioxane was detected at 1 μg/L in effluents from the North Side and Calumet sewage treatment plants 

on the Lake Michigan Basin (Konasewich et al. 1978).  1,4-Dioxane has been detected in discharges into 

Lake Michigan near Chicago in 1977 (Konasewich et al. 1978) and in the Haw River in North Carolina 

(Dietrich et al. 1988).  However, no information about the concentration of 1,4-dioxane or detection limit 

was provided in these sources. 

Effluent of a sewage treatment plant discharging into the River Lee (United Kingdom) contained <1 ng/L 

in 8-hour mixed samples (EC 2002).  Effluent of a sewage treatment plant from a polyethylene 

terephthalate (PET) manufacturing process contained 100 mg/L of 1,4-dioxane in 1995 (EC 2002).  

In Kanagawa prefecture, Japan, Abe (1999) reported that 1,4-dioxane concentrations in effluents from 

chemical plants that used the compound as a solvent ranged from 0.4 to 4,020 μg/L, the combined 

collection treatments of apartment houses, and river basin sewage systems were 0.8–46 and 1.0–97 μg/L, 

respectively. No further data were located for emissions of 1,4-dioxane to water. 

1,4-Dioxane has been identified in surface water and groundwater samples, collected at 5 and 18 sites, 

respectively, of the 1,689 NPL hazardous waste sites, where it was detected in some environmental media 

(HazDat 2007). 

6.2.3 Soil 

Estimated releases of 31,956 pounds (~14 metric tons) of 1,4-dioxane to soils from 51 domestic 

manufacturing and processing facilities in 2004, accounted for <1% of the estimated total on-site 

environmental releases from facilities required to report to the TRI (TRI04 2007).  An additional 

25,696 pounds (~12 metric tons), constituting <1% of the total environmental emissions, were released 

via underground injection (TRI04 2007). These releases are summarized in Table 6-1. 

1,4-Dioxane may be released to soil during its production, the processing of other chemicals, its use, and 

with its unintentional formation during the manufacture of ethoxylated surfactants (EC 2002). 

Between 1976 and 1985, Pall Life Sciences’ (PLS) predecessor, Gelman Sciences in Ann Arbor, 

Michigan disposed of large quantities of waste water containing 1,4-dioxane on soil in a holding pond and 

through a waste injection well. 1,4-Dioxane was used as a solvent for cellulose acetate, a component of 

micro-porous filters. This chemical contaminated soil and rock layers and seeped into the groundwater.  

***DRAFT FOR PUBLIC COMMENT*** 



1,4-DIOXANE 147 

6. POTENTIAL FOR HUMAN EXPOSURE 

Disposal of this chemical in this way was stopped in 1986 (City of Ann Arbor 2003; MSU 2001).  No 

further data were located for emissions of 1,4-dioxane to soil.  

1,4-Dioxane has been identified in soil samples, collected at 6 of the 1,689 NPL hazardous waste sites, 

where it was detected in some environmental media (HazDat 2007).   

6.3 ENVIRONMENTAL FATE 

1,4-Dioxane is expected to volatilize at a moderate rate from water and soil surfaces.  In air, it is subject 

to photooxidation with an estimated half-life of 1–3 days.  1,4-Dioxane is relatively resistant to 

biodegradation in water and soils. It binds weakly to soils and will therefore move readily into 

groundwater. Bioconcentration, bioaccumulation, and biomagnification are not significant for 

1,4-dioxane. 

6.3.1 Transport and Partitioning 

The Henry's law constant for 1,4-dioxane is 4.8x10-6 atm m3/mole which indicates that 1,4-dioxane is 

expected to volatilize from water surfaces (Park et al. 1987; Thomas 1990).  Based on this Henry's law 

constant, the volatilization half-life from a model river (1 m deep, flowing 1 m/second, wind velocity of 

3 m/second) is estimated as 7 days.  The volatilization half-life from a model lake (1 m deep, flowing 

0.05 m/second, wind velocity of 0.5 m/sec) is estimated as 56 days (EPA 2000). The Henry's law 

constant for 1,4-dioxane also indicates that volatilization from moist soil surfaces may occur.  The 

potential for volatilization of 1,4-dioxane from dry soil surfaces may exist based upon a vapor pressure of 

38.1 mm Hg (Daubert and Danner 1985). 

According to a classification scheme, an estimated Koc value of 17 suggests that 1,4-dioxane is expected 

to have very high mobility in soil (Swann et al. 1983).  This estimated Koc value was calculated using a 

log Kow of -0.27 and a regression-derived equation (Hansch et al. 1995; Thomas 1990).  In the absence of 

significant degradation processes for 1,4-dioxane (see Section 6.3.2), 1,4-dioxane is susceptible to 

leaching from soil into groundwater.  In clay soils, 1,4-dioxane will not be adsorbed because of any 

specific interaction with the surface of clay minerals.  However, 1,4-dioxane can get trapped in the 

interfacial region of clay soils due to its strong interaction with water molecules.  This may result in a 

lower than expected mobility for 1,4-dioxane in clay soils (Zhang et al. 1990).  Groundwater retardation 

factors (Rt) for 1,4-dioxane range from 1.0 to 1.6.  These values indicate that 1,4-dioxane is expected to 
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be a mobile compound (e.g., Rf for chloride=1.0, which is indicative of no retardation) in groundwater 

(Priddle and Jackson 1991).   

According to a classification scheme, a bioconcentration factor (BCF) value of 3 for 1,4-dioxane suggests 

the potential for bioconcentration in aquatic organisms is low (Franke et al. 1994).  This estimated BCF 

(the BCF is the concentration of the chemical in fish tissues over concentration of chemical in water) was 

calculated using a log Kow of -0.27 and a regression-derived equation (Hansch et al. 1995; Meylan et al. 

1999).  The results of an experimental bioconcentration study also reported very low BCF values (e.g., 

0.2–0.7) for 1,4-dioxane (EC 2002).  Therefore, bioconcentration, bioaccumulation, and biomagnification 

are unlikely to be significant for 1,4-dioxane.  

6.3.2 Transformation and Degradation  

6.3.2.1 Air 

The primary loss mechanism for 1,4-dioxane in the atmosphere is photooxidation with OH radicals, while 

photolysis, reaction with ozone molecules, and reaction with nitrate radicals are insignificant in 

comparison (Grosjean 1990).  The second-order rate constant for OH radical photooxidation of 

1,4-dioxane is 1.09x10-11 cm3/molecule-sec (Atkinson 1989).  Using OH radical concentrations of 

0.5x106–1.5x106 OH radicals/cm3 and a 12-hour day, the atmospheric half-lives for 1,4-dioxane are 

2.9 and 1.0 days, respectively.  Reaction products from OH radical photooxidation are 2-oxodioxane (or 

c-C4H7O2). The lifetime of this alkyl radical, 2-oxodioxane in air at 1 atm is 0.02 microseconds with 

respect to the addition of O2 to give the corresponding peroxy radical (c-C4H7O2)O2. These radicals react 

rapidly (t½=6 minutes based on NO concentration of 2.5x108 molecules/cm3) with NO to produce NO2 and 

by inference (c-C4H7O2)O alkoxy radicals.  The sole atmospheric fate of this alkoxy radical is 

decomposition via C-C bond scission leading to the formation of ethylene glycol diformate (Platz et al. 

1997). There are no known reactions for the in situ formation of 1,4-dioxane in the atmosphere (Grosjean 

1990). 

6.3.2.2 Water 

Since 1,4-dioxane does not have functional groups that are susceptible to hydrolysis (Wolfe and Jeffers 

2000), hydrolysis of 1,4-dioxane is not expected to occur in the environment.  Since 1,4-dioxane does not 

adsorb light in the environmental spectrum (i.e., >290 nm), 1,4-dioxane is not expected to undergo direct 

photolysis in aqueous media.  1,4-Dioxane may undergo indirect photolysis by aqueous hydroxyl radicals 
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near the water surface. The half-life for this reaction is 336 days at pH 7 (Anbar and Neta 1967).  

However, the extent of this reaction of OH radicals with 1,4-dioxane is unknown in the environment. 

1,4-Dioxane has been found to be resistant to biodegradation (Alexander 1973; Dow Chemical Co. 1989; 

Fincher and Payne 1962; Heukelekian and Rand 1955; Mills and Stack 1954). Results of a biological 

oxygen demand (BOD) test for 1,4-dioxane indicate that negligible oxygen was consumed over a 20-day 

test period (Swope and Kenna 1950). Mills and Stack (1954) noted that degradation of 1,4-dioxane was 

not observed in cultures of sewage microorganisms exposed for 1 year to waste water treatment plant 

effluents adjusted to contain 1,4-dioxane at concentrations ranging from 100 to 900 mg/L.  In a different 

study, microorganisms present in either municipal or industrial activated sludge were unable to degrade 

1,4-dioxane during 2 days of continuous exposure to concentrations ranging from 10 to 100 mg/L (Dow 

Chemical Co. 1989).  Accordingly, it appears that 1,4-dioxane will not undergo significant degradation in 

conventional biological treatment systems.  Thus, 1,4-dioxane has been classified as not readily 

biodegradable and it is not expected to rapidly biodegrade in the environment (Kawasaki 1980; Lyman et 

al. 1982).  

Acclimated microbial cultures may be capable of degrading 1,4-dioxane under certain conditions.  Roy et 

al. (1994) investigated the biodegradability of 1,4-dioxane in industrial wastes using microorganisms 

obtained from acclimated industrial waste.  These authors found that pure 1,4-dioxane and industrial 

wastes containing 1,4-dioxane are biodegradable.  Following a 10-day lag period, complete degradation 

of 150 mg/L of 1,4-dioxane was observed after 32 days of treatment using a electrolytic respirometer cell.  

However, partial degradation of 1,4-dioxane was observed at higher concentrations, which may have 

resulted from the build up of intermediates inhibitory to the biodegradation process (Roy et al. 1994, 

1995).  Zenker et al. (2000) reported that a mixed microbial culture enriched from a 1,4-dioxane 

contaminated aquifer was capable of aerobically degrading 1,4-dioxane in the presence of tetrahydrofuran 

(THF). No biodegradation of 1,4-dioxane was observed in the absence of THF and the measured cell 

yield was similar during degradation of 1,4-dioxane with THF or with THF alone.  This suggests that 

1,4-dioxane was biodegraded via a co-metabolic process (i.e., transformation of a non-growth substance 

[1,4-dioxane] in the presence of a growth substrate [THF] or another transformable compound).  

Zenker et al. (1999) reported that a mixed microbial culture enriched from a 1,4-dioxane contaminated 

soil was capable of aerobically degrading 1,4-dioxane in the presence of THF.  1,4-Dioxane and THF 

were added to the soil microcosm at a concentration of 200 mg/L under enhanced conditions, which 

included incubation at 35 °C and the addition of nitrogen, phosphorus, and trace minerals.  Both 
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1,4-dioxane and THF were completely degraded within 100 days, while 1,4-dioxane alone degraded 

completely after 300 days of incubation.  Microcosms incubated under ambient conditions exhibited no 

biodegradation of 1,4-dioxane or THF (Zenker et al. 1999). 

6.3.2.3 Sediment and Soil 

Limited information was located on the transformation and degradation of 1,4-dioxane in soils and 

sediment.  Kelley et al. (2001) investigated the potential to enhance 1,4-dioxane biodegradation in both 

planted and unplanted soil, by adding the 1,4-dioxane-degrading actiomycte, Amycolata sp. CB1190. 

1,4-Dioxane was not removed within 120 days in sterile controls or in viable microcosms not amended 

with CB1190.  Popular root extract (40 mg/L as chemical oxygen demand [COD]) stimulated 1,4-dioxane 

degradation in bioaugmented soil, and 100 mg/L of 1,4-dioxane was removed within 45 days. Other co­

substrates that enhanced 1,4-dioxane degradation by CB1190 included THF and 1-butanol, while glucose 

and soil extract did not affect 1,4-dioxane degradation (Kelley et al. 2001).  While long-term enrichments 

eventually yield cultures of CB1190 that are capable of growth on 1,4-dioxane alone, THF appears to be 

the preferred growth substrate for CB1190 (Parales et al. 1994).  

6.3.2.4 Other Media  

Pure 1,4-dioxane is known to react with molecular oxygen at ambient temperatures to form peroxides and 

hydroperoxides in the course of long-term storage and handling (Howard and Ingold 1969).  Peroxides are 

formed primarily with exposure to air and UV light. Formate esters are formed from subsequent 

transformations of peroxides and hydroperoxides by way of free-radical mechanisms (Jewett and Lawless 

1980). 

6.4 LEVELS MONITORED OR ESTIMATED IN THE ENVIRONMENT  

Reliable evaluation of the potential for human exposure to 1,4-dioxane depends in part on the reliability 

of supporting analytical data from environmental samples and biological specimens.  Concentrations of 

1,4-dioxane in unpolluted atmospheres and in pristine surface waters are often so low as to be near the 

limits of current analytical methods.  In reviewing data on 1,4-dioxane levels monitored or estimated in 

the environment, it should also be noted that the amount of chemical identified analytically is not 

necessarily equivalent to the amount that is bioavailable.  The analytical methods available for monitoring 

1,4-dioxane] in a variety of environmental media are detailed in Chapter 7. 
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Recent information on the levels of 1,4-dioxane in the ambient environment are unavailable. Historical 

data (i.e., 1980s or earlier) suggest that ambient levels were 0.1–0.4 μg/m3 in air and 1 μg/L in water.  

Higher concentrations of 1,4-dioxane in groundwaters have been observed in aquifers contaminated with 

TCA. 

6.4.1 Air 

Recent information on the ambient levels of 1,4-dioxane in air is unavailable.  Because the use of 

1,4-dioxane has declined in recent years, current levels of 1,4-dioxane in the ambient air are likely to be 

less than levels reported in the 1980s or in earlier periods.  In 1984, the concentration of 1,4-dioxane 

ranged from 0.1–0.4 μg/m3 in ambient air sampled from the United States.  No information was provided 

in this source on the locations where the air sampling occurred (EC 2002).  In the early to mid 1980s, the 

mean ambient levels of 1,4-dioxane in outdoor air was measured as part of the VOC National Ambient 

Database in the United States (Shah and Singh 1988).  The mean concentration of 1,4-dioxane was 

0.107 ppbv or 0.385 μg/m3 (n=617; median, 0.000 ppbv).  1,4-Dioxane was detected in outdoor air 

samples from the United States between 1981 and 1984 (detection limit unspecified).  In the winter of 

1984, 1,4-dioxane was detected in 67% of outdoor air samples from Los Angeles communities (n=25) at a 

median concentration of 0.27 μg/m3. In the summer of 1984, 1,4-dioxane was detected in 22% of outdoor 

air samples from Los Angeles communities (n=23) at a median concentration of 0.02 μg/m3. In the 

summer of 1984, 1,4-dioxane was detected in 20% of outdoor air samples from Antioch/West Pittsburg, 

California (n=10) at a median concentration of 0.03 μg/m3 (Pellizzari et al. 1986). Between 1979 and 

1984, the mean concentration of 1,4-dioxane in ambient air was 0.44 μg/m3 (range, 0–30 μg/m3; detected 

in 187 of 533 samples) in samples collected from 12 unspecified urban/suburban locations in the United 

States (EPA 1993). 

In the summer of 1981 (July 6–August 16), the geometric mean concentrations of 1,4-dioxane in air near 

three industrialized urban areas (i.e., Newark, Elizabeth, and Camden, New Jersey) of the United States 

were 0.01 (21 of 38 samples positive), 0.02 (15 of 38 samples positive), and 0.005 μg/m3 (21 of 

35 samples positive), respectively (Harkov et al. 1983).  The three same sites were also sampled from 

January 18–February 26, 1982.  The geometric means of these samples ranged from 0 to 0.01 μg/m3; 20% 

of samples were positive with a maximum value of 5.31 μg/m3 (Harkov et al. 1984; EC 2002).  Two 

ambient air samples taken in New Jersey were reported to contain 1,4-dioxane (Harkov et al. 1985).  In 

1983, near the Kramer Landfill in New Jersey, ambient air sampled contained 1,4-dioxane at a geometric 

mean concentration of 0.01 ppbv or 0.4 μg/m3 (maximum, 0.09 ppbv or 0.3 μg/m3). In 1982, at an 
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urban/industrial site in Newark, New Jersey, ambient air contained 1,4-dioxane at a geometric mean 

concentration of 0.01 ppbv or 0.4 μg/m3 (n=26; maximum, 1.45 ppbv or 5.22 μg/m3). At various landfills 

in the United States, the concentration of 1,4-dioxane in landfill gas was reported to be 0.62 μg/m3 and 

0.33 g/m3 (EC 2002). 

In the early to mid 1980s, the mean ambient levels of 1,4-dioxane in indoor air was measured as part of 

the VOC National Ambient Database in the United States (Shah and Singh 1988).  The mean 

concentration of 1,4-dioxane in indoor air was 1.029 ppbv or 3.704 μg/m3 (n=585; median, 0.000 ppbv).  

1,4-Dioxane was detected in indoor air samples from the United States between 1981 and 1984 (detection 

limit unspecified).  In the winter of 1984, 1,4-dioxane was detected in 64% of indoor air samples from 

Los Angeles communities (n=25) at a median concentration of 0.26 μg/m3. In the summer of 1984, 

1,4-dioxane was detected in 17% of indoor air samples from Los Angeles communities (n=23) at a 

median concentration of 0.02 μg/m3. In the summer of 1984, 1,4-dioxane was detected in 10% of indoor 

air samples from Antioch/West Pittsburg, California (n=10) at a median concentration of 0.07 μg/m3 

(Pellizzari et al. 1986).  In a multi-national survey taken between 1978 and 1990, mean 1,4-dioxane levels 

were 11 μg/m3 in indoor air samples taken from buildings (i.e., schools and offices) with unspecified 

complaints (Brown et al. 1994).  In June of 1990, 125 households in Woodland, California were 

monitored for a variety of toxic air contaminants.  Approximately 21% of the indoor samples collected 

contained measurable amounts of 1,4-dioxane.  The average concentration of 1,4-dioxane was below the 

quantifiable limit of 0.11 μg/m3, and the measurements ranged from below the quantifiable limit to 

140 μg/m3 (California ARB 1997). 

6.4.2 Water 

Recent information on the concentration levels of 1,4-dioxane in groundwater, surface water, and 

drinking water are limited.  However, because the use of 1,4-dioxane has declined in recent years, current 

levels of 1,4-dioxane in the aqueous media are likely to be less than levels reported in the 1980s or in 

earlier periods. 

In the 1970s, municipal water supplies in the United States were reported to contain 1 μg/L of 

1,4-dioxane (Kraybill 1978); however, the frequency of this level was not provided.  In a drinking water 

well in Massachusetts, a concentration of 2,100 μg/L was reported (Burmaster 1982).  However, this well 

appears to be contaminated.  In six drinking water wells (37% of samples) near a solid waste landfill 

located 60 miles southwest of Wilmington, Delaware, two wells were found to contain 0.1 and 0.5 μg/L 
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1,4-dioxane, but no 1,4-dioxane was detectable in the finished drinking water in the municipality using 

that well field (DeWalle and Chian 1981).  Concentrations in private wells ranged from 0.001–1 to 

200 mg/L (from 1–1,000 to 200,000 μg/L).  The concentration of 1,4-dioxane in five wells near 

Circleville, Ohio ranged from <1 to 360 μg/L after contamination of groundwater following treatment of 

industrial waste water (Hartung 1989).  Drinking water from the Netherlands contained 1,4-dioxane at a 

concentration of 0.5 μg/L (EC 2002).  Drinking water samples from homes near the Durham Meadows 

Superfund site in Durham, Connecticut had maximum 1,4-dioxane concentrations of 26 μg/L in untreated 

water at a residential well and 12 μg/L in treated water from another residential well (EPA 2004g).   

1,4-Dioxane was determined at 1.1–109 μg/L in contaminated groundwater in California (Draper et al. 

2000).  Extensive groundwater contamination (<0.01–220 mg/L or <10–220,000 μg/L) with more limited 

surface water contamination (<0.01–0.29 mg/L or <10–290 μg/L) resulted from treatment of industrial 

waste water in an unlined oxidation lagoon in Ann Arbor, Michigan (DeRosa et al. 1996).  Current levels 

of 1,4-dioxane were about 1 μg/L in eight groundwater wells located in the vicinity of this site.  However, 

the number of non-detects was not provided in this source (Michigan DEQ 2004).  1,4-Dioxane was 

discovered in groundwater at more than 250 ppm (mg/L) at a San Jose, California solvent recycling 

facility in 1998.  In a survey of TCA release sites in California, it was found that 1,4-dioxane was present 

in a majority of these sites (concentrations unspecified) (Mohr 2004).  At the Stanford Linear Accelerator 

Center (SLAC) in Menlo Park, California, the occurrence of 1,4-dioxane in groundwater is closely 

associated with TCA and its abiotic degradation product, 1,1-dichloroethane.  It was found at this location 

at a maximum concentration of 7,300 ppb (Mohr 2004).  Leachates from wells located near low level 

radioactive waste disposal sites contained 1,4-dioxane, but no quantitative data were presented (Francis et 

al. 1980).  Between 1983 and 1986, 1,4-dioxane was detected in groundwater near three landfills in 

Canada at concentrations <1 μg/L (EC 2002).  In groundwater beneath a landfill, the concentration of 

1,4-dioxane was 500 μg/L at a site in Canada sampled in 1982 (EC 2002). 

In 1982, 1,4-dioxane was detected in samples of river water from the Haw River in North Carolina, which 

flows through an industrialized section of the North Carolina Piedmont (Dietrich et al. 1988).  However, 

no information on the levels of 1,4-dioxane in these samples were reported by the authors.  1,4-Dioxane at 

1 μg/L was detected in the Chicago Sanitary and Ship Channel in the Lake Michigan basin (Konasewich 

et al. 1978). Surface water from the provincial area of Drente in the Netherlands contained 1,4-dioxane at 

concentrations ranging from 1 to 10 μg/L (EC 2002).  At five different locations near the banks of the 

Rhine River in Germany, surface water contained <10 μg/L 1,4-dioxane in 1996 (EC 2002). River water 

collected from an unspecified river in the United Kingdom contained 1,4-dioxane, but no quantitative data 
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were presented (Gelman Sciences 1989c).  Dioxane concentrations in river water ranged from <0.024 to 

0.69 μg/L in Kitakyushu, Japan (Kawata et al. 2003) and from 0.1 to 16 μg/L in Kanagawa, Japan (Abe 

1999). The Japanese Ministry of the Environment reported that 1,4-dioxane in river and coastal waters 

ranged from <0.08 to 46 μg/L at 34–35 sites in Japan during fiscal year 1997–1999 (Kawata et al. 2003).  

1,4-Dioxane was detected in surface water samples from 11 of 19 sites from Niigata, Japan at 

concentrations ranging from <0.03 to 0.39 μg/L (Kawata et al. 2003). 

During the period of 1988–1991, the maximum concentration of 1,4-dioxane detected at Superfund sites 

in 21 states was 10 μg/L (Canter and Sabatinti 1994).  1,4-Dioxane ranged in concentration from 1.1 to 

109 μg/L in leachate from hazardous waste disposal sites in Japan (Yasuhara et al. 1997).  In 2000–2001, 

the concentration of 1,4-dioxane in leachate from a closed hazardous waste landfill in Japan ranged from 

0.16 to 0.50 μg/L. At an open hazardous waste landfill, the concentration of 1,4-dioxane in leachate 

ranged from 0.91 to 10.6 μg/L (Yasuhara et al. 2003). At these landfills, waste plastics were disposed 

after either incineration, or crushing and pressing under heat.  The heating process appears to have 

resulted in the formation of 1,4-dioxane, although a mechanism for this process was not provided 

(Yasuhara et al. 2003).  The concentration of 1,4-dioxane in landfill leachates from eight hazardous 

disposal sites in Japan ranged from 1.100 to 109 μg/L (median, 3.900 μg/L) (Yasuhara et al. 1997). In 

May 1988, the concentration of 1,4-dioxane in an outwash aquifer near the Gloucester Hazardous Waste 

Landfill (Ottawa, Canada) ranged from ~300 to 2,000 μg/L with a 13% frequency of detection (detection 

limit=150 μg/L) (Lesage et al. 1990).  The concentrations of 1,4-dioxane was reported to be 11, 8, and 

36 μg/L in landfill leachates sampled from three municipal landfills in Göteburg, Sweden (Paxéus 2000).  

In an industrial/urban area of Japan (i.e., Kanagawa prefecture), the concentration of 1,4-dioxane in river 

water ranged from 0.3 to 0.9 μg/L during the period of 1996–1998; and ranged from 0.2 to 0.4 μg/L in 

groundwater during the period of 1995–1997 (Abe 1999).  High concentrations of 1,4-dioxane in polluted 

groundwater from this area ranged from <0.1 (not detected) to 52 μg/L and were correlated with TCA 

contamination of groundwater (Abe 1999).  Romero et al. (1998) measured the concentration of 

1,4-dioxane in industrial waste waters from producers of polyester resins in Barcelona, Spain. The 

polymer resins were polymerized using different glycols in acid catalyzed condensation reactions.  In 

these waste water samples, 1,4-dioxane was detected at a mean concentration of 6,400 μg/L (range, 

<100–31,400 μg/L) and a frequency of 48.6% (Romero et al. 1998). 
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6.4.3 Sediment and Soil 

No quantitative data were located on the concentrations of 1,4-dioxane in sediments or soil.  

6.4.4 Other Environmental Media 

There have been no systematic studies designed to determine the levels of 1,4-dioxane in foods.  

However, 1,4-dioxane has been detected in some foods, which may indicate that 1,4-dioxane may be a 

natural constituent. 1,4-Dioxane was identified but not quantified in chicken flavor and meat volatiles at 

unspecified concentrations (Shahidi et al. 1986).  1,4-Dioxane was also identified in volatile flavor 

compounds from fried chicken (Tang et al. 1983); however, no concentration levels were reported.  

Chung et al. (1983) identified 1,4-dioxane in the volatile components of tomato juices and tomato juice 

products by mass spectrometry, although levels of 1,4-dioxane were not quantified.  1,4-Dioxane was 

formed in trillnoloin (a component of fat oil used in deep-frying foods) after deep-fry heating (Chang et 

al. 1978).  However, the concentration of 1,4-dioxane was not specified.  Odor from cooked small shrimp 

was reported to contain 1,4-dioxane at unquantified levels (Choi et al. 1983).  Sanceda et al. (1984) 

detected 1,4-dioxane in Patis, a Philippine fermented fish sauce, which is a commonly used food 

condiment in the diet of Southeast Asian people.  It also may be readily available in some gourmet food 

stores in the United States.  The concentration of 1,4-dioxane in patis was not specified.  A recent study of 

the Japanese diet found that samples of a representative basket of foods contained 1,4-dioxane in levels 

from undetected to 13 ppm (mg/kg) (Nishimura et al. 2004).  No further information on the detection of 

1,4-dioxane in foods was located. 

Food additives have been reported to contain 1,4-dioxane, although current levels were unavailable.  For 

example, polysorbate 60 and polysorbate 80, which are used as food additives, have historically been 

found to contain 1,4-dioxane (Birkel et al. 1979).  Polysorbate 60 and polysorbate 80 are produced from 

the polymerization of polyoxyethylene.  Levels of 1,4-dioxane in these compounds have been reported to 

range from 4.8 to 6.0 ppm (mg/L) and from 5.3 to 5.8 ppm (mg/L), respectively.  No further information 

on the levels of 1,4-dioxane in food additives was located. 

In the FDA Cosmetic Handbook, it was reported that “cosmetics containing as ingredients ethoxylated 

surface active agents, i.e., detergents, foaming agents, emulsifiers, and certain solvents identifiable by the 

prefix, word or ‘PEG,’ ‘Polyethylene,’ ‘Polyethylene glycol,’ ‘Polyoxyethylene,’ ‘-eth-,’ or ‘-oxynol-,’ 

may be contaminated with 1,4-dioxane.” It is also reported that “it (1,4-dioxane) may be removed from 
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ethoxylated compounds by means of vacuum stripping at the end of the polymerizations process without 

unreasonable increase in raw material cost” (FDA 1992).   

Although manufacturers are able to remove 1,4-dioxane from ethoxylated raw materials by vacuum 

stripping, studies by FDA indicate that some ethoxylated raw materials may still contain 1,4-dioxane at 

significant levels. Since 1979, FDA has conducted periodic surveys of levels of 1,4-dioxane in 

ethoxylated raw materials used in cosmetic products and finished cosmetic products (Black et al. 2001). 

In 1997, the average concentration of 1,4-dioxane in ethoxylated raw materials used in cosmetic products 

was 348 ppm (range, 45–1,102 ppm).  In previous years, the average concentrations of 1,4-dioxane were 

49 ppm (1979), 207 ppm (1980), 71 ppm (1993), and 180 ppm (1996).  The average concentration of 

1,4-dioxane in ethoxylated alkyl sulfate surfactants were reported to be 229 ppm (range, 71–580 ppm), 

226 ppm (range, 6–1,410 ppm), 80 ppm (range, 16–243 ppm), 188 ppm (range, 20–653 ppm), and 

348 ppm (range, 45–1,102 ppm) in the years 1979, 1980, 1983, 1993, 1996, and 1997, respectively (Black 

et al. 2001). 

Although industry has taken steps to reduce 1,4-dioxane in ethoxylated surfactants, some cosmetic and 

household products may contain 1,4-dioxane at levels >10 ppm.  For example, EPA (1992) examined 

1,159 household products for chemical contaminants such as 1,4-dioxane.  In one of six samples of 

laundry presoak spray analyzed, 1,4-dioxane was reported at a concentration of 15.0 w/w%  In an FDA 

survey of cosmetic finished products in the United States, the average concentrations of 1,4-dioxane were 

reported to be 50 ppm (range, 2–279 ppm), 19 ppm (range, 2–36 ppm), 2 ppm (range, 1–8 ppm) for the 

years 1981, 1982, and 1983, respectively (Black et al. 2001).  After a 10-year break, FDA resumed its 

surveys of cosmetic finished products in 1992.  The number of products analyzed for 1,4-dioxane 

between 1992 and 1997 totaled 99.  Since 1994, the focus was on children’s shampoos and bubble baths, 

which are typically formulated with ethoxylated raw materials.  FDA observed that the previous 

downward trend in the levels of 1,4-dioxane in products in the late 1980s was no longer evident in the 

1990s.  The average concentrations of 1,4-dioxane in cosmetic finished products were reported to be 

41 ppm (range, 5–141 ppm), 79 ppm (range, 50–112 ppm), 45 ppm (range, 20–107 ppm), 74 ppm (range, 

42–90 ppm), 14 ppm (range, 6–34 ppm), and 19 ppm (range, 6–34 ppm) in the years 1992, 1993, 1994, 

1995, 1996, and 1997 (Black et al. 2001).  These data suggest that the levels of 1,4-dioxane, especially in 

children’s products are not effectively controlled by some raw materials producers.  A more recent survey 

reported by the Campaign for Safe Cosmetics (2007) found that the levels of 1,4-dioxane in cosmetic 

products that were tested were found to be lower than in the survey done by the FDA in the 1990s.  The 

levels of 1,4-dioxane in these products ranged from 1.5 to 12 ppm in baby and children’s products and 
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from 2 to 23 ppm in adult products.  Household laundry detergents, shampoos, soaps, and skin cleansers 

were found to contain 1,4-dioxane at levels ranging from 6 to 160 ppm (Gelman Sciences 1989a, 1989b).  

In Denmark, cosmetic products and dishwashing detergent, which used polyethoxylated surfactants, 

contained 1,4-dioxane at levels ranging from 0.3 to 96 ppm and from 1.8 to 65 ppm, respectively (Rastogi 

1990). 

1,4-Dioxane has been reported to be a contaminant in other consumer products.  For example, 

1,4-dioxane was found to be an impurity in two household adhesive products from the United States at 

concentrations of 0.5 and 1–3% (NIH 2004).  1,4-Dioxane was detected in 2 of 62 samples of household 

adhesives at concentrations of 1.0 w/w% for boot cement and 2.8 w/w% for universal cement (EPA 

1992). 

1,4-Dioxane is formed from the breakdown of diethylene glycol.  In 1988, consumer anti-freeze products 

contained 1,4-dioxane at concentrations ranging from 100 to 3,400 ppb (Gelman Sciences 1989c).  

Radiator fluids have been found to contain slightly higher levels of 1,4-dioxane at concentrations ranging 

from 10 to 22,000 ppb (Gelman Sciences 1989c).  

1,4-Dioxane was detected in 39 household aerosol products from Japan.  In each of these samples, TCA 

was detected. The range of 1,4-dioxane concentration was 0.17–2.25% (Mori et al. 1992).  A good 

correlation between the contents of 1,4-dioxane and TCA suggest that TCA containing 3% of 1,4-dioxane 

was used historically in the manufacture of aerosol products.  However, because the use of TCA has been 

phased out in the United States since 1996, current levels of 1,4-dioxane in aerosol products should be 

limited. 

Levels of 1,4-dioxane in human tissues and body fluids are not available for individuals from the United 

States. 1,4-Dioxane was identified but not quantified in human feces obtained from a healthy male 

individual from the former Soviet Union (Dmitriev et al. 1985).  However, no information was provided 

in this study on the possible source of 1,4-dioxane in this feces sample or whether or not the individual 

was occupationally exposed to 1,4-dioxane.  

Krotosznski et al. (1979) found 1,4-dioxane in the expired air of 24.8% of the samples taken from 

54 healthy humans.  The geometric mean concentration was 0.253 μg/m3. This concentration is 

significantly higher than those reported in the ambient air studies in New Jersey (see Section 6.4.1).  

However, no attempt was made to correlate the concentrations in the expired air with those found in the 
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ambient air, nor was there an attempt to correlate these concentrations with life style or occupational 

exposures. Conkle et al. (1975) also found 1,4-dioxane (0.41 μg/hour) in the expired air of one out of 

eight volunteers.  These authors speculated that 1,4-dioxane was a normal metabolic product, although 

neither this study nor the former monitoring study cited above had undertaken rigorous steps to prevent 

contamination with 1,4-dioxane during the analysis. 

In 1989, 1,4-dioxane was detected in highway rest-stop radiator boil-over pools at concentrations ranging 

from <10 to 2,300 ppb (Gelman Sciences 1989a, 1989b).  

6.5 GENERAL POPULATION AND OCCUPATIONAL EXPOSURE  

The primary routes of human exposure to 1,4-dioxane for the general population are inhalation of 

1,4-dioxane in air, ingestion of contaminated food and drinking water containing 1,4-dioxane, and dermal 

contact with consumer products. Because 1,4-dioxane may be found in tap water, human exposure to 

1,4-dioxane may also occur during activities such showering, bathing, and laundering.  Exposure to 

1,4-dioxane in tap water through inhalation during showering or other indoor activities can result in 

higher exposures to 1,4-dioxane compared to ingestion of drinking water.  

Recent levels of 1,4-dioxane in air are not available.  In 1984, the concentration of 1,4-dioxane ranged 

from 0.1 to 0.4 μg/m3 in ambient air sampled from the United States.  Assuming that an adult breathes 

approximately 20 m3 of air per day, the inhalation exposure would be 2–8 μg of 1,4-dioxane per day. 

Current exposure from air is likely to be less that this value.  Exposure may be somewhat higher for 

persons living near sources of 1,4-dioxane emission.  Individuals employed at industrial facilities that 

produce, process, and use 1,4-dioxane will also have higher exposures.  Similarly, 1,4-dioxane is taken 

into the body by ingestion of drinking water.  Current levels of 1,4-dioxane in drinking water are not 

available. In the 1970s, drinking waters in the United States were reported to contain 1 μg/L of 

1,4-dioxane (Kraybill 1978).  Using this concentration and the consumption rate as 2 L/day, the 

1,4-dioxane intake from drinking water would be 2 μg/day.  Current exposure from drinking water may 

likely be less than this value.  Recently, a Total Diet Study in Japan determined the intake of 1,4-dioxane 

in food based on the average intake of food in the Kanto area of Japan (Nishimura et al. 2004).  The 

1,4-dioxane content of 12 food groups ranged between 2 and 15 μg/kg.  From these results, the total daily 

intake of 1,4-dioxane was calculated to be 0.440 μg. This study indicates that the amount of 1,4-dioxane 

intake contributed from food is very low.  FDA has estimated the exposure to 1,4-dioxane from the use of 

polyethylene glycol mono-isotridecyl ether sulfate, sodium salt as a surfactant in adhesives intended for 
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use in contact with food. Based on a daily diet of 3 kg, exposure to 1,4-dioxane has been estimated to be 

0.2 ppb of daily diet or 0.6 μg/person/day (FDA 1998).  Since most consumer products (e.g., detergents, 

shampoos, and cosmetic products) containing 1,4-dioxane may be diluted with water prior to application, 

dermal exposure is expected to be small in comparison to other exposures such as air, drinking water, and 

food. 

Occupational exposure of individuals involved in the production, processing, or use of 1,4-dioxane may 

result from inhalation or dermal exposure (De Rosa et al. 1996).  The National Occupational Exposure 

Survey (1981–1983) indicated that 86,489 individuals, including 30,542 women, potentially were 

exposed to 1,4-dioxane (NIOSH 1977).  This estimate was derived from observations of the actual use of 

the compound (25% of total observations) and the use of trade name products known to contain the 

compound (75%).  The National Occupation Hazard Survey conducted by NIOSH from 1972 to 1974, 

estimated that 334,000 individuals were occupationally exposed to 1,4-dioxane, including 

100,000 individuals occupationally exposed as a result of 1,4-dioxane used as a stabilizer in TCA 

(NIOSH 1976). In 1977, NIOSH estimated that 2,500 individuals were occupationally exposed to 

1,4-dioxane, in addition to the 100,000 individuals occupationally exposed to both TCA and 1,4-dioxane 

(NIOSH 1977). OSHA reported that as many as 466,000 individuals may be occupationally exposed to 

1,4-dioxane. 

Individuals employed at chemical plants may be exposed to 1,4-dioxane as solvent vapors (Buffler et al. 

1978).  Between the period of 1994–1996, a survey in Hiroshima Prefecture, Japan was conducted to 

determine the levels of solvent vapors in 196 workplace areas.  The survey was repeated every 6 months 

during this 3-year period.  1,4-Dioxane was reported in 6 of 1,176 cases at median and maximum 

concentrations of 0.5 and 0.8 ppm, respectively. 1,4-Dioxane was only detected in work areas where 

degreasing, cleaning, and wiping operations had occurred (Yasugi et al. 1998). During 1979, industrial 

hygiene monitoring was conducted at several plants which produced alcohol ethoxysulfate salts.  Time-

weighted-average concentrations of 1,4-dioxane in air samples collected for five different jobs and 

locations within these plants were at or below the detection limit of <0.1 ppm.  A maximum TWA 

concentration of 0.4 ppm reported in this monitoring study (Shell Oil Co. 1988).  1,4-Dioxane and HEAA 

were detected in the urine of individuals occupationally exposed to 1,4-dioxane.  Individuals were 

exposed to a time-weighted average concentration of 1.6 ppm 1,4-dioxane for 7.5 hours.  The mean 

concentration of 1,4-dioxane and HEAA in urine samples from exposed individuals at the end of each 

workday were 3.5 and 414 μmol/L (0.31 and 36.5 mg/L), respectively (Young et al. 1976). 
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Individuals involved in the manufacture of ethoxylated chemicals may be exposed to 1,4-dioxane from its 

occurrence as a by-product, and in particular during the stripping process, which is carried out to remove 

1,4-dioxane from certain ethoxylated chemicals (mainly surfactants and emulsifiers) (EC 2002).  Because 

of the large quantities of TCA were previously used, past occupational exposure to 1,4-dioxane (used as a 

stabilizer) may have been significant, particularly in metal degreasing operations.  As the manufacture of 

TCA is currently restricted, only limited exposure from this exposure source is expected to occur. 

6.6 EXPOSURES OF CHILDREN  

This section focuses on exposures from conception to maturity at 18 years in humans.  Differences from 

adults in susceptibility to hazardous substances are discussed in Section 3.7, Children’s Susceptibility. 

Children are not small adults.  A child’s exposure may differ from an adult’s exposure in many ways. 

Children drink more fluids, eat more food, breathe more air per kilogram of body weight, and have a 

larger skin surface in proportion to their body volume.  A child’s diet often differs from that of adults.  

The developing human’s source of nutrition changes with age:  from placental nourishment to breast milk 

or formula to the diet of older children who eat more of certain types of foods than adults.  A child’s 

behavior and lifestyle also influence exposure.  Children crawl on the floor, put things in their mouths, 

sometimes eat inappropriate things (such as dirt or paint chips), and spend more time outdoors.  Children 

also are closer to the ground, and they do not use the judgment of adults to avoid hazards (NRC 1993). 

Specific information on the exposure of children to 1,4-dioxane does not exist.  As for adults in the 

general population, small exposures occur from the normal ingestion of food and drinking water, inhaling 

air, and dermal contact with contaminated consumer products (e.g., containing ethoxylated surfactants).  

Home exposures may result from the unintentional consumption of consumer products (e.g., baby 

shampoo, household detergents) containing 1,4-dioxane.  However, the extent of this possible exposure 

route in the general population is unknown.  

6.7 POPULATIONS WITH POTENTIALLY HIGH EXPOSURES  

Individuals who consume drinking water from contaminated wells may be exposed to higher levels of 

1,4-dioxane.  For example, groundwater has been reported to be contaminated with 1,4-dioxane in the 

following locations:  Ann Arbor, Michigan; San Jose, California; and Menlo Park, California (DeRosa et 

al. 1996; Mohr 2004).  The extent of 1,4-dioxane exposure for these populations is not known.  
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Individuals employed in occupations involved in the manufacture, processing, and handling and use of 

1,4-dioxane will have potentially higher exposures to this chemicals.  In addition, individuals involved in 

analytical science and research and development activities, which may utilize 1,4-dioxane as a solvent, 

may be exposed to higher levels of 1,4-dioxane.   

6.8 ADEQUACY OF THE DATABASE 

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the 

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether 

adequate information on the health effects of 1,4-dioxane is available.  Where adequate information is not 

available, ATSDR, in conjunction with NTP, is required to assure the initiation of a program of research 

designed to determine the health effects (and techniques for developing methods to determine such health 

effects) of 1,4-dioxane.  

The following categories of possible data needs have been identified by a joint team of scientists from 

ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met would 

reduce the uncertainties of human health assessment.  This definition should not be interpreted to mean 

that all data needs discussed in this section must be filled.  In the future, the identified data needs will be 

evaluated and prioritized, and a substance-specific research agenda will be proposed.  

6.8.1 Identification of Data Needs 

Physical and Chemical Properties. Sufficient information regarding the chemical and physical 

properties (i.e., log Kow, log Koc, Henry’s law constant, vapor pressure, etc.) of 1,4-dioxane is available to 

evaluate its environmental fate (see Table 4-2).  There are no data needs at this time. 

Production, Import/Export, Use, Release, and Disposal.    According to the Emergency 

Planning and Community Right-to-Know Act of 1986, 42 U.S.C. Section 11023, industries are required 

to submit substance release and off-site transfer information to the EPA.  The TRI, which contains this 

information for 2004, became available in May of 2006.  This database is updated yearly and should 

provide a list of industrial production facilities and emissions. 

1,4-Dioxane is currently produced in the United States, although current production volumes are not 

available. Information on current and future production and importation levels of 1,4-dioxane are needed 

to determine whether the risk for human exposure to 1,4-dioxane is significant.  Although 1,4-dioxane is 
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not widely used in the home, environment, or most workplaces, it can be present as a contaminant in 

materials that are found or used in these environments and, therefore, human exposures to 1,4-dioxane 

can occur. 1,4-Dioxane is used primarily as a solvent for chemical processing (e.g., adhesives, cleaning 

and detergent preparations, cosmetics, deodorant fumigants, emulsions and polishing compositions, fat, 

lacquers, pulping of wood, varnishes, waxes).  1,4-Dioxane has also been reported to be used in the 

production processes of following product categories:  pharmaceuticals/pesticides, magnetic tape, and 

adhesives. 1,4-Dioxane has been found as an impurity in cosmetics, household and industrial detergents, 

and pharmaceuticals due to its occurrence as a by-product in ethoxylated emulsifiers.  1,4-Dioxane may 

be present as a contaminant of food.  However, no information is available that quantifies actual levels of 

1,4-dioxane in food.  Water is the most likely media to be contaminated with significant quantities of 

1,4-dioxane (EC 2003; Hartung 1989).  

Pure or nearly pure 1,4-dioxane is disposed of by incineration.  It is expected that 1,4-dioxane is 

completely destroyed by this method.  Aqueous solutions of 1,4-dioxane are disposed in waste water 

treatment facilities.  Because 1,4-dioxane is resistant to biodegradation, complete mineralization of this 

chemical is not efficient.  Thus, there may be need to develop effective methods of disposal for aqueous 

solutions of 1,4-dioxane.  Additional information is needed on the amounts of 1,4-dioxane disposed of by 

each method. 

Environmental Fate. There are no data needs regarding the environmental fate of 1,4-dioxane.  

1,4-Dioxane is miscible in water and partitions primarily to the aqueous media in the environment.  

1,4-Dioxane has high mobility in soil and has the potential to migrate into groundwater.  In air, 

1,4-dioxane will degrade by reaction with OH radicals with a half-life of <1 day (EPA 2000). 

1,4-Dioxane has been found to be resistant to biodegradation in the environment (Alexander 1973; Dow 

Chemical Co. 1989; Fincher and Payne 1962; Heukelekian and Rand 1955; Mills and Stack 1954).  

1,4-Dioxane is expected to persist in both water and soil.   

Bioavailability from Environmental Media.    1,4-Dioxane is absorbed following inhalation, oral, 

and dermal contact (see Chapter 3).  However, 1,4-dioxane is not bioconcentrated.  No data needs have 

been identified at this time. 

Food Chain Bioaccumulation. Because 1,4-dioxane is miscible in water, it is not bioconcentrated 

in plants, aquatic organisms, or animals.  However, bioaccumulation in plants may occur by transpiration.  
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1,4-Dioxane is not biomagnified to any extent in prey organisms.  No data needs have been identified at 

this time. 

Exposure Levels in Environmental Media. Reliable monitoring data for the levels of 1,4-dioxane 

in contaminated media at hazardous waste sites are needed so that the information obtained on levels of 

1,4-dioxane in the environment can be used in combination with the known body burden of 1,4-dioxane 

to assess the potential risk of adverse health effects in populations living in the vicinity of hazardous 

waste sites. 

1,4-Dioxane has been detected in air, water, and foodstuff.  Although historical data are available (e.g., 

1980s and earlier), recent information on the levels of 1,4-dioxane in these media are not available.  

Reliable monitoring data for the levels of 1,4-dioxane in contaminated media at hazardous waste sites are 

needed so that the information obtained on levels of 1,4-dioxane in the environment can be used in 

combination with the known body burden of 1,4-dioxane to access the potential risk of adverse health 

effects in populations living in the vicinity of hazardous waste sites.  Estimates have been made for 

human intakes of 1,4-dioxane from air and drinking water.  However, these estimates are based on 

historical monitoring data which may not be representative of current levels of 1,4-dioxane in 

environmental media.  It is unclear how extensive the human exposure to 1,4-dioxane is indoors and from 

consumer products. Additional data that determines current levels of 1,4-dioxane in air, drinking water, 

food, and consumer products are necessary to assess human exposure to 1,4-dioxane.  

Exposure Levels in Humans. 1,4-Dioxane has been detected in the urine of individuals who are 

occupationally exposed to 1,4-dioxane (Young et al. 1976).  Two studies conducted by Conkle et al. 

(1975) and Krotosznski et al. (1979) involving 54 and 8 volunteers, respectively, detected 1,4-dioxane in 

a small number of expired air samples collected from these volunteers, but the source of the measured 

1,4-dioxane could not be determined because the studies did not adequately document lifestyle or 

occupation. No other biological monitoring studies have been done in populations surrounding hazardous 

waste sites or in the general population. This information is necessary for assessing the need to conduct 

health studies on these populations. No estimates have been made for human intake of 1,4-dioxane from 

various environmental media.  This information is necessary for determining the routes of exposure to 

1,4-dioxane from these various media.  

This information is necessary for assessing the need to conduct health studies on these populations. 
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Exposures of Children. Children are exposed to 1,4-dioxane in the same manner as adults.  

Exposure and body burden studies on children would be useful.  Children who take frequent bubble baths 

may be exposed to higher levels of 1,4-dioxane than adults due to possible contamination of ethoxylated 

surfactants found in these commercial products.  Additional studies are needed to determine whether this 

is a significant exposure route for children.  It is not known whether children are different in their weight-

adjusted intake of 1,4-dioxane.  Additional studies would help to determine if children are more or less 

exposed to 1,4-dioxane compared to adults. 

Child health data needs relating to susceptibility are discussed in Section 3.12.2, Identification of Data 

Needs: Children’s Susceptibility. 

Exposure Registries. No exposure registries for 1,4-dioxane were located.  This substance is not 

currently one of the compounds for which a sub-registry has been established in the National Exposure 

Registry.  The substance will be considered in the future when chemical selection is made for sub-

registries to be established.  The information that is amassed in the National Exposure Registry facilitates 

the epidemiological research needed to assess adverse health outcomes that may be related to exposure to 

this substance. 

Historically, 1,4-dioxane has been used as a stabilizer in TCA at concentrations up to 4%.  Often 

1,4-dioxane is present at sites where TCA has been found as a contaminant.  TCA is currently one of the 

compounds for which a Subregistry has been established in the Volatile Organic Compounds (VOCs) 

Registry.  The VOCs Registry is part of the National Exposure Registry (NER), which was created and is 

being maintained by the Agency for Toxic Substances and Disease Registry. 

6.8.2 Ongoing Studies 

The Federal Research in Progress (FEDRIP 2007) database provides additional information obtainable 

from a few ongoing studies that may fill in some of the data needs identified in Section 6.8.1.  

Researchers at North Carolina State University are investigating the intermediates and pathways of the 

microbial degradation of several important ether pollutants including 1,4-dioxane.  In addition, the key 

enzymes responsible involved in the biodegradation of these important pollutants are to be characterized 

and subsequently identify and characterize the genes encoding these enzymes. 
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The purpose of this chapter is to describe the analytical methods that are available for detecting, 

measuring, and/or monitoring 1,4-dioxane, its metabolites, and other biomarkers of exposure and effect to 

1,4-dioxane.  The intent is not to provide an exhaustive list of analytical methods.  Rather, the intention is 

to identify well-established methods that are used as the standard methods of analysis.  Many of the 

analytical methods used for environmental samples are the methods approved by federal agencies and 

organizations such as EPA and the National Institute for Occupational Safety and Health (NIOSH).  Other 

methods presented in this chapter are those that are approved by groups such as the Association of 

Official Analytical Chemists (AOAC) and the American Public Health Association (APHA).  

Additionally, analytical methods are included that modify previously used methods to obtain lower 

detection limits and/or to improve accuracy and precision. 

Levels of 1,4-dioxane in environmental and biological samples are determined analytically by gas 

chromatography-mass spectrometry (GC-MS) or gas chromatography-flame ionization detection (GC­

FID). The determination of 1,4-dioxane at parts-per-billion (ppb or μg/L) concentrations in samples 

where water is present (e.g., water, soil, sediment, and tissues) is difficult.  This is because of the high 

solubility of 1,4-dioxane in water.  As a polar volatile organic compound (VOC), 1,4-dioxane has a low 

purge efficiency from water compared to non-polar VOCs.  Consequently, 1,4-dioxane has a poor purge-

and-trap GC-MS response. The purge-and-trap technique also suffers from interferences by some 

substances. 1,4-Dioxane gives poor response with headspace sample introduction due to its low volatility 

from water.  The partition coefficients for 1,4-dioxane lead to low recoveries in single contact liquid-

liquid extraction (LLE), and very large solvent-to-water ratios are needed to achieve acceptable recoveries 

(Draper et al. 2000).  Because of these limitations, alternative techniques have been developed to improve 

the determination of 1,4-dioxane.  Methods have been developed to extract 1,4-dioxane from the aqueous 

phase using solid phase extraction (SPE) followed by desorption with an organic solvent, heated purge-

and-trap with salting out, azeotropic distillation; and continuous LLE.  Isotopic dilution has also been 

used to correct for variability in MS instrument response.   

7.1 BIOLOGICAL MATERIALS  

Methods for the specific analysis of 1,4-dioxane and its metabolites in biological tissues and fluids are 

limited.  Since the human body rapidly metabolizes 1,4-dioxane to 1,4-dioxane-2-one and HEAA, the 
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metabolites of 1,4-dioxane may be used as biomarkers of exposure to 1,4-dioxane (Young et al. 1976, 

1977). 

Using heated headspace technique, 1,4-dioxane was determined in blood or urine (e.g., 4–5 mg) by 

heating a sample in a sealed tube to 120 °C.  Volatiles from this sample were then analyzed by gas 

chromatography with the limit of detection being 0.01–0.02 μg (Royal Society of Chemistry 1988).   

Groves et al. (1997) described the analysis of organic vapors in exhaled breath, which could provide 

information about occupational exposures to 1,4-dioxane.  Analysis was conducted using an array of four 

polymer-coated surface-acoustic-wave (SAW) sensors and an adsorbant preconcentrator for rapid breath 

analysis.  The adsorbant used in the preconcentrator was a porous styrene-divinylbenzene resin.  Limits of 

detection range from 3.7 to 10.2 μg/L for 1,4-dioxane.   

Biomarkers of exposure to 1,4-dioxane are the urinary metabolites, 1,4-dioxane-2-one and HEAA (Royal 

Society of Chemistry 1988).  Young et al. (1976) described a method for detection of 1,4-dioxane and 

HEAA in urine. Urine samples were treated with hydrochloric acid/methanol to convert HEAA to its 

methyl ester.  Samples were then directly injected into a GC-MS for simultaneous analysis of 1,4-dioxane 

and HEAA. The detection limits were 0.07 and 0.1 μg/mL, respectively.  

Analytical methods for the determination of 1,4-dioxane and its metabolites in biological samples are 

given in Table 7-1.   

7.2 ENVIRONMENTAL SAMPLES 

NIOSH 1602 is used to determine the concentration of 1,4-dioxane in a 10-L air sample by GC-FID.  

Samples are collected by drawing air through a solid sorbent tube containing coconut shell charcoal.  The 

flow rate is between 0.01 and 0.2 L/minute for a total sample size of 0.5–15 L.  1,4-Dioxane is eluted 

from the solid sorbent with agitation using carbon disulfide.  The carbon disulfide eluent sample is then 

injected directly into the GC-FID.  Detection limits are 0.01 mg per sample (NIOSH 1994).  This method 

is similar to a GC-FID method described by Bozzelli et al. (1980), in which the air samples were pumped 

through two sorbent filters and 1,4-dioxane was extracted at elevated temperatures with either a solvent or 

steam.  The detection limit reported in this study was 0.01 ppb.   
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Table 7-1. Analytical Methods for Determining 1,4-Dioxane in Biological Samples 

Sample Analytical Sample Percent 
matrix Preparation method method detection limit recovery Reference 
Blood or Heat sample in a sealed GC 0.01–0.02 μg No data Royal Society 
urine tube to 120 °C; inject of Chemistry 

headspace into GC 1988 
Blood or Blood plasma or urine GC/MS 0.1 μg/mL (blood) No data Young et al. 
urine samples were analyzed by 0.2 μg/mL (urine) (1977) 

direct injection into the GC 
Exhaled Pre-concentrate on breath Four polymer­ 3.7–10.2 μg/L No data Groves et al. 
breath sample on porous styrene- coated surface­ 1997 

divinylbenzene resin acoustic-wave 
(SAW) sensors 

Urine Samples treated with GC-MS 0.07 μg/mL No data Young et al. 
HCl/methanol to convert (1,4-dioxane); and 1976 
HEAA to its methyl ester; 0.1 μg/mL (HEAA) 
samples then directly 
injected into GC-MS 

GC = gas chromatography; HCl = hydrochloric acid; HEAA = β-hydroxyethoxyacetic acid; MS = mass spectrometry 
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EPA Method 8015B is used to determine the concentration of 1,4-dioxane in environmental samples by 

GC. Samples may be introduced into the GC by direct injection (e g., aqueous samples) including the 

concentration of analytes by azeotropic distillation (EPA Method 5031).  Purge-and-trap and solvent 

extraction are not appropriate for this method.  Detection of the analyte is achieved by using a FID.  

Method detection limits for 1,4-dioxane in water, groundwater, and leachate are 12, 15, and 16 μg/L, 

respectively.  Method detection limits for 1,4-dioxane in solids (e.g., incinerator ash and kaolin) are 

0.31 and 0.16 mg/kg, respectively.  Using azeotropic microdistillation, recoveries for 1,4-dioxane in 

groundwater, leachate, incinerator ash, and kaolin were 96–124, 102–103, 48–106, and 48–105%, 

respectively (EPA 1996a). 

EPA Method 8260B is used to determine 1,4-dioxane in a variety of solid waste matrices by GC.  This 

method is applicable to nearly all types of samples, regardless of water content, including various air 

sampling trapping media, groundwater and surface water, aqueous sludges, caustic liquors, acid liquors, 

waste solvents, oily wastes, mousses, tars, fibrous wastes, polymeric emulsions, filter cakes, spent 

carbons, spent catalysts, soils, and sediments.  Samples may be introduced to the capillary GC column by 

direct injection following dilution, sample concentration by azeotropic distillation (EPA Method 5031), 

and closed system vacuum distillation (EPA Method 5032) for aqueous, soil, oil, and tissue samples.  

Detection of the analyte eluted from the capillary column is achieved by using MS.  The estimated 

quantitation limit for 1,4-dioxane is somewhat instrument dependent and also dependant on the choice of 

sample preparation/introduction method.  No information on the recoveries for 1,4-dioxane were provided 

for this method (EPA 1996b).   

EPA Method 1624 is used to determine 1,4-dioxane in water and in municipal and industrial discharges 

by isotopic dilution GC-MS.  In this method, isotopically labeled 1,4-dioxane-d8 is added to the sample as 

an isotope dilution standard. The samples are then introduced into the GC using a purge-and-trap 

methodology.  1,4-Dioxane is separated by GC and detected by MS.  The labeled compounds serve to 

correct for the variability of the analytical technique.  The detection limit for this method is 10 μg/L (EPA 

2001). 

Draper et al. (2000) described a sensitive method for detection of 1,4-dioxane in drinking water.  This 

method was based on continuous LLE of 1,4-dioxane from aqueous samples by dichloromethane.  

Extraction of 1,4-dioxane in dichloromethane was followed by analysis using GC-MS.  Detection limits 

as low as 0.2 μg/L were achieved in this method. 
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Epstein et al. (1987) described two methods for the determination of 1,4-dioxane in water and in solids 

and sediments. In the first method, 1,4-dioxane is extracted from water and soil samples using a heated 

purge-and-trap system following salting out with sodium sulfate at 1.6 M.  GC-MS is then used as the 

method of analysis.  The detection limit reported for this method was 2 ppb with recoveries averaging 

85%.  In the second method, 1,4-dioxane is adsorbed on coconut shell charcoal followed by desorption 

with carbon disulfide/methanol.  Analysis of the desorbate is conducted by GC with flame ionization 

detection. The limit of quantitation is around 2 ppb with recoveries ranging from 63 to 129%.   

Kadokami et al. (1990) described a method for analysis of 1,4-dioxane in water by GC-MS.  

Preconcentration of 1,4-dioxane is achieved by passing the aqueous sample through an activated carbon 

column followed by elution with acetone-dichloromethane. The organic extract is then concentrated with 

a Kuderna-Danish concentrator followed by direct injection into the GC-MS with a selective ion monitor.  

The method detection limit was reported to be 0.024 μg/L. Recoveries of 1,4-dioxane from organic-free 

water, seawater, and river water were 98–101, 102, and 101%, respectively.  Kawata et al. (2001) 

described a similar method of analysis for 1,4-dioxane in water.  However, in this method, the solid-phase 

extraction media was activated carbon fiber felt with acetone as the elution media.  Analytical 

determination of 1,4-dioxane was accomplished by GC-MS detection.  The method detection limit was 

reported to be 0.03 μg/L. Recoveries of 1,4-dioxane in groundwater and river water were 97 and 92%, 

respectively. 

Analytical methods for the determination of 1,4-dioxane in environmental samples are given in Table 7-2.  

7.3 OTHER SAMPLES 

Several methods are available that may be used to determine 1,4-dioxane in food, consumer cosmetic 

products, and surfactant raw materials.  

The concentration of 1,4-dioxane in food additives may be determined using the 1,4-dioxane limit test  

(Committee on Food Chemicals Codex 1996).  1,4-Dioxane is extracted from a sample placed in a closed-

system vacuum distillation apparatus.  The distillate is then analyzed using GC-FID.  The detection limit 

was not specified for this method.  Daniels et al. (1981) utilized a similar methodology in the analysis of 

1,4-dioxane in the food additive, polysorbate 65.  The detection limit was not specified.  Recoveries for 

1,4-dioxane concentrations ranging from 0.5 to 600 ppm were from 85 to 101%, respectively.  

***DRAFT FOR PUBLIC COMMENT*** 



1,4-DIOXANE	 170 

7. ANALYTICAL METHODS 

Table 7-2. Analytical Methods for Determining 1,4-Dioxane in Environmental 

Samples 


Sample 
Analytical detection Percent 

Sample matrix Preparation method method limit recovery Reference 
Air 	 Samples collected by 

drawing air through a solid 
sorbent tube containing 
coconut shell charcoal; 
1,4-dioxane eluted with 
agitation using carbon 
disulfide 

Air 	 Samples were collected by 
pumping air through two 
filters: Tenax, a porous 
polymer and Spherocarb, a 
carbon molecular sieve.  
Solvent or steam extraction 
at elevated temperature 
was used to remove 
1,4-dioxane from the filters. 

Drinking water 	 Continuous liquid-liquid 
extraction using 
dichloromethane 

Water, seawater, and 	 Pre-concentration by 
river water 	 passing aqueous sample 

through an activated 
carbon column followed by 
elution with acetone­
dichloromethane; organic 
extract concentrated with a 
Kuderna-Danish 
concentrator 

Groundwater and river 	 Solid-phase extraction 
water 	 using activated carbon fiber 

felt with acetone as eluent 
Water, groundwater, 	 Direct injection or 
leachate 	 azeotropic distillation (i.e., 

EPA Method 5031) 

Water, and municipal 	 Isotopically labeled 
and industrial discharges 1,4-dioxane-d8 is added to 

the sample as an isotope 
dilution standard 

Water, and solids and 	 Adsorbed on coconut shell 
sediments 	 charcoal followed by 

desorption with carbon 
disulfide/methanol 

GC-FID 0.01 mg per 	No data NIOSH 1994 
sample 	 (NIOSH 

Method 
1602) 

GC-FID 0.01 ppb No data 	 Bozzelli et 
al. (1980) 

GC-MS 0.2 μg/L No data 	 Draper et al. 
2000 

GC-MS 0.024 μg/L 98–102% Kadokami et 
with a al. 1990 
selective 
ion monitor 

GC-MS 0.03 μg/L 97%, 92% 	 Kawata et 
al. 2001 

GC-FID 12–16 μg/L 	96–124% EPA 1996a 
(ground- (EPA 
water), Method 
102–103% 8015B) 
(leachate) 

Purge-and- 10 μg/L No data EPA 2001 
trap GC- (EPA 
MS Method 

1624) 
GC-FID 2 ppb (μg/L 63–129% Epstein et 

or μg/kg) al. 1987 
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Table 7-2. Analytical Methods for Determining 1,4-Dioxane in Environmental 

Samples 


Sample 
Analytical detection Percent 

Sample matrix Preparation method method limit recovery Reference 
Water, and solids and Extracted from water and GC-MS 2 ppb (μg/L 85% Epstein et 
sediments soil samples using a or μg/kg) al. 1987 

heated purge-and-trap 
system following salting out 
with sodium sulfate at 
1.6 M 

Groundwater and Azeotropic distillation (i.e., GC-MS No data No data EPA 1996b 
surface water, aqueous EPA Method 5031) or (EPA 
sludges, caustic liquors, closed system vacuum Method 
acid liquors, waste distillation (i.e., EPA 8260B) 
solvents, oily wastes, Method 5032) 
mousses, tars, fibrous 
wastes, polymeric 
emulsions, filter cakes, 
spent carbons, spent 
catalysts, soils, and 
sediments 

1,4-dioxane-d8 = deuterium labeled 1,4-dioxane (or C4D8O2); EPA = Environmental Protection Agency; FID = flame 
ionization detector; GC = gas chromatography; kg = 103 grams; L = liter; mg = 10-3 grams; μg = 10-6 grams; 
MS = mass spectrometry; NIOSH = National Institute for Occupational Safety and Health; ppb = parts per billion  
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Stafford et al. (1980) described the determination of 1,4-dioxane in ethoxylated surfactants using a direct 

injection GC method. 1,4-Dioxane is extracted from the ethoxylated surfactants using chlorobenzene, 

which is then diluted, and injected directly into the GC-FID.  The detection limit was reported to be 

0.5 mg/kg with a recovery of approximately 100%.  Rastogi (1990) reported a method for the 

identification and quantification of 1,4-dioxane in polyethoxylated surfactants using headspace GC-MS.  

Dichloromethane and 1,4-dioxane-d8 are added to the surfactant sample in a closed vial, which is then 

heated at 80 °C for 16–18 hours.  The headspace gases are sampled with a gas-tight syringe and injected 

into the GC-MS for quantitative analysis.  The detection limit for this method was approximately 0.3 ppm 

with recoveries of 92–94%.  

1,4-Dioxane may be quantified in commercial cosmetic products by reversed-phase high-performance 

liquid chromatography (Scalia et al. 1990).  Cosmetic samples are extracted using solid-phase extraction 

cartridges. Samples are then analyzed directly on a reverse-phase column with spectrophotometric 

detection at 200 nm and acetonitrile-water as eluent.  The limit of detection was reported to be 6.5 μg/g.  

The recovery of 1,4-dioxane was between 81.5 and 90.1% in the 30–90 μg/g range.  Ghassempour et al. 

(1998) described a modified GC-MS method for determination of 1,4-dioxane in cosmetic products (i.e., 

polyoxyethylene compound).  Cosmetic product samples are prepared by dissolution of the material in 

dichloromethane.  Samples are then analyzed directly by injection into a programmable temperature 

vaporizer attached to GC-MS. The minimum detection limit was reported to be 1 ng/L for this method.  

However, as this value is very low, the detection limit is likely much higher than reported by the authors. 

Analytical methods for the determination of 1,4-dioxane in food and food additives, cosmetics, and 

ethoxylated surfactant samples are given in Table 7-3.   

7.4 ADEQUACY OF THE DATABASE 

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the 

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether 

adequate information on the health effects of 1,4-dioxane is available.  Where adequate information is not 

available, ATSDR, in conjunction with NTP, is required to assure the initiation of a program of research 

designed to determine the health effects (and techniques for developing methods to determine such health 

effects) of 1,4-dioxane.  
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Table 7-3. Analytical Methods for Determining 1,4-Dioxane in Food and Food 

Additives, Cosmetics, and Ethoxylated Surfactant Samples 


Sample 
detection Percent 

Sample matrix Preparation method Analytical method limit recovery Reference 
Food, food Extraction followed by GC-FID No data No data Committee on 
chemicals closed-system vacuum Food Chemicals 

distillation CODEX 1996 
Food additives Extraction followed by GC-FID No data 85–101% Daniels et al. 
(e.g., polysorbate closed-system vacuum 1981 
65) distillation 
Ethoxylated Extraction using GC-FID 0.5 mg/kg ~100% Stafford et al. 
surfactants chlorobenzene 1980 
Polyethoxylated Dichloromethane and Headspace GC­ 0.3 ppm 92–94% Rastogi 1990 
surfactants 1,4-dioxane-d8 added to MS 

sample in a closed vial 
which is then heated at 
80°C for 16–18 hours 

Commercial None Reversed-phase 6.5 μg/g 81.5– Scalia et al. 
cosmetic products high-performance 90.1% 1990 

liquid 
chromatography 

Cosmetic products Dissolution in Programmable 1 ng/L No data Ghassempour 
(i.e., dichloromethane temperature et al. 1998 
polyoxyethylene vaporizer-GC-MS 
compound) 

1,4-dioxane-d8 = deuterium labeled 1,4-dioxane (or C4D8O2); CODEX = Codex Alimentarius Commission; 
FID = flame ionization detector; g = grams; GC = gas chromatography; kg = 103 grams; MS = mass spectrometry; 
ng = 10-9 grams; ppm = parts per million; μg = 10-6 grams 
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The following categories of possible data needs have been identified by a joint team of scientists from 

ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met would 

reduce the uncertainties of human health assessment.  This definition should not be interpreted to mean 

that all data needs discussed in this section must be filled.  In the future, the identified data needs will be 

evaluated and prioritized, and a substance-specific research agenda will be proposed.  

7.4.1 Identification of Data Needs 

Methods for Determining Biomarkers of Exposure and Effect.     

Exposure. Existing methods do not appear to be sensitive enough to measure background levels of 

1,4-dioxane and its metabolite, HEAA, in the population (Young et al. 1976).  Standard methods for the 

determination of 1,4-dioxane and its metabolite, HEAA are needed to determine whether the general 

population is exposed to 1,4-dioxane.   

Effect. Existing methods appear to be sensitive enough to measure levels of 1,4-dioxane and its 

metabolite, HEAA, at levels at which biological effects may occur in humans (Young et al. 1976).  

Methods for Determining Parent Compounds and Degradation Products in Environmental 
Media.    The purpose of analytical methods is to identify contaminated areas and to determine if 

contaminant levels constitute a concern for human health.  The media that are of most concern for human 

exposure to 1,4-dioxane are drinking water, food, and cosmetic products.  In water, there are methods 

sensitive enough to measure background levels in the environment down to the sub-ppb level (<1 μg/L) 

(Draper et al. 2000; Kadokami et al. 1990; Kawata et al. 2001).  Standard methods are also available for 

measurement of 1,4-dioxane in air and water samples (EPA 1996a, 1996b; NIOSH 1994). Methods have 

also been reported for the determination of 1,4-dioxane in food and food additives (Committee on Food 

Chemicals Codex 1996; Daniels et al. 1981), cosmetics (Ghassempour et al. 1998; Scalia et al. 1990), and 

ethoxylated surfactant materials (Rastogi 1990; Stafford et al. 1980).   

7.4.2 Ongoing Studies 

The Environmental Health Laboratory Science Division of the National Center for Environmental Health, 

Centers for Disease Control and Prevention, is developing methods for the analysis of 1,4-dioxane and 

other volatile organic compounds in blood.  These methods use purge-and-trap methodology, high 
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resolution gas chromatography, and magnetic sector mass spectrometry, which give detection limits in the 

low parts per trillion (ppt) range.   

No ongoing studies on 1,4-dioxane were found as a result of a search of the Federal Research in Progress 

database (FEDRIP 2007). 
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The international, national, and state regulations and guidelines regarding 1,4-dioxane in air, water, and 

other media are summarized in Table 8-1. 

ATSDR has derived an acute-duration inhalation MRL of 2 ppm for 1,4-dioxane based on a NOAEL of 

20 ppm for sensory irritation and pulmonary function in humans (Ernstgård et al. 2006).  An uncertainty 

factor of 10 was used for human variability. 

ATSDR has derived a chronic-duration inhalation MRL of 1 ppm for 1,4-dioxane based on a NOAEL of 

111 ppm for liver effects in rats (Torkelson et al. 1974).  No LOAEL was defined in the study.  The MRL 

was derived using the PBPK model developed by Reitz et al. (1990).  An uncertainty factor 30 was used 

(3 for using dosimetric adjustments and 10 to protect sensitive populations).  The chronic-duration 

inhalation MRL of 1 ppm also has been adopted as the intermediate-duration inhalation MRL. 

ATSDR has derived an acute-duration oral MRL of 4 mg/kg/day for 1,4-dioxane based on a NOAEL of 

370 mg/kg/day for nasal effects in male rats (JBRC 1998a).  The LOAEL was 1,010 mg/kg/day in males 

and 1,040 mg/kg/day in females.  An uncertainty factor of 100 was used (10 for the protection of sensitive 

populations and 10 for animal to human extrapolation). 

ATSDR has derived an intermediate-duration oral MRL of 0.6 mg/kg/day for 1,4-dioxane based on a 

NOAEL of 60 mg 1,4-dioxane/kg/day for liver effects in male rats (JBRC 1998b).  The LOAEL was 

150 mg/kg/day in males and 200 mg/kg/day in females.  An uncertainty factor of 100 was used (10 for the 

protection of sensitive populations and 10 for animal to human extrapolation).  

ATSDR has derived a chronic-duration oral MRL of 0.1 mg/kg/day for 1,4-dioxane based on a NOAEL 

of 9.6 mg 1,4-dioxane/kg/day for liver effects in male rats (Kociba et al. 1974). The LOAEL was 

94 mg/kg/day in males and 148 mg/kg/day in females. An uncertainty factor of 100 was used (10 for the 

protection of sensitive populations and 10 for animal to human extrapolation). 

The EPA (IRIS 2004) has not derived a reference dose (RfD) or a reference concentration (RfC) for 

1,4-dioxane, but derived an oral slope actor of 1.1x10-2 (mg/kg/day)-1 based on the increased incidence of  
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Table 8-1. Regulations and Guidelines Applicable to 1,4-Dioxane 

Agency Description 	 Information Reference 
INTERNATIONAL 
Guidelines: 

IARC Carcinogenicity classification Group 2Ba IARC 1999 
WHO Air quality guidelines No data WHO 2000 

Water quality guidelines No data WHO 2004 
NATIONAL 
Regulations and Guidelines: 
a. 	Air 

ACGIH TLV (8-hour TWA) 20 ppmb ACGIH 2003 
NIOSH REL (30-minute ceiling TWA) 1 ppmc NIOSH 2004 

IDLH 500 ppm 
EPA Hazardous air pollutant EPA 2004d 

42 USC 7412 
OSHA PEL (8-hour TWA) for general industry 100 ppmb OSHA 2004c 

29 CFR 1910.1000, 
Table Z-1 

PEL (8-hour TWA) for construction 100 ppmb OSHA 2004b 
industry 29 CFR 1926.55, 

Appendix A 
PEL (8-hour TWA) for shipyard 100 ppmb OSHA 2004a 
industry 29 CFR 1915.1000, 

Table Z 
b. 	Water 

EPA Drinking water standards and health EPA 2004b 
advisories 

1-Day HA for a 10-kg child 4.0 mg/L 
10-Day HA for a 10-kg child 0.4 mg/L 
10-4 cancer risk 0.3 mg/L 

c. 	Food 
FDA 	 Indirect food additive for use only as a  FDA 2003 

component of adhesives 21 CFR 175.105 
d. 	Other 

ACGIH Carcinogenicity classification Group A3d ACGIH 2003
 EPA Carcinogenicity classification B2e IRIS 2004 

RfC No data 
RfD No data 
Oral slope factor 1.1x10-2 (mg/kg/day)-1 

Drinking water unit risk 3.1x10-7 (μg/L)-1 

Community right-to-know; toxic 01/01/1987 EPA 2004e 
chemical release reporting; effective 40 CFR 372.65 
date 
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Table 8-1. Regulations and Guidelines Applicable to 1,4-Dioxane 

Agency Description 	 Information Reference 
NATIONAL (cont.) 

EPA Superfund, Emergency Planning, and 
Community Right-To-Know Programs; 
designated as a hazardous substance 
pursuant to Section 112 of the Clean 
Air Act and Section 3001 of RCRA 

Reportable quantity 
Hazardous waste identification 

NTP Carcinogenicity classification 

STATE 
a. 	Air 
 No data 
b. 	Water 

California Drinking water guidelines 
Florida Drinking water guidelines 
Maine Drinking water guidelines 
Massachusetts Drinking water guidelines 

c. 	Food 
 No data 
d. 	Other 
 No data 

100 pounds 
U108 

Reasonably anticipated 
to be a human 
carcinogen 

3 μg/L 
5 μg/L 
32 μg/L 
50 μg/L 

EPA 2004a 
40 CFR 302.4 

EPA 2004c 
40 CFR 261, 
Appendix VIII 
NTP 2005 

HSDB 2005 

aGroup 2B: Possibly carcinogenic to humans. 

bSkin designation:  Potential significant contribution to the overall exposure by the cutaneous route, including 

mucous membranes and the eyes, either by contact with vapors, or of probable greater significance, by direct skin 

contact with the substance. 

cPotential occupational carcinogen. 

dGroup A3: Confirmed animal carcinogen with unknown relevance to humans. 

eB2: probable human carcinogen. 


ACGIH = American Conference of Governmental Industrial Hygienists; CFR = Code of Federal Regulations; 

EPA = Environmental Protection Agency; FDA = Food and Drug Administration; HA = Health Advisory; 

HSDB = Hazardous Substances Data Bank; IARC = International Agency for Research on Cancer; 

IDLH = immediately dangerous to life or health; IRIS = Integrated Risk Information System; NIOSH = National 

Institute for Occupational Safety and Health; NTP = National Toxicology Program; OSHA = Occupational Safety and 

Health Administration; PEL = permissible exposure limit; RCRA = Resource Conservation and Recovery Act; 

RfC = reference concentration; RfD = reference dose; TLV = threshold limit values; TWA = time-weighted average; 

USC = United States Codes; WHO = World Health Organization 
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nasal tumors in male Osborne-Mendel rats (NCI 1978).  As part of its systematic prioritization process, 

the EPA is currently re-evaluating the health assessment for 1,4-dioxane (EPA 2004f). 

 

The National Academy of Sciences (NAS) established a specification of 10 ppm for 1,4-dioxane in the 

ingredient polysorbate, a food additive.  It is also listed as an indirect food additive [21 CFR 175.105] 

(FDA 2003).  FDA considered the same level, 10 ppm, to be an acceptable limit for 1,4-dioxane, during 

its consideration of a spermicide, N-9, in a contraceptive sponge product (prior to at least 1997).  FDA 

also set a limit on 1,4-dioxane at 10 ppm in approving glycerides and polyglycerides for use as excipients 

in products such as dietary supplements (FDA 2006).  (This regulation is located at 21 CFR 172.736 and 

is available on FDA’s website at http://www.cfsan.fda.gov/~lrd/fr060331.html.)  In addition, FDA issued 

a regulation that the label of foaming detergent bath products, except for those labeled as intended for use 

exclusively by adults, bear adequate directions for safe use and the following caution:  “Use only as 

directed.  Excessive use or prolonged exposure may cause irritation to skin and urinary tract.  Discontinue 

use if rash, redness, or itching occurs.  Consult your physician if irritation persists.  Keep out of the reach 

of children.”  In the case of products intended for children’s use, the phrase “except under adult 

supervision” may be added (FDA 1986). 
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Absorption—The taking up of liquids by solids, or of gases by solids or liquids. 

Acute Exposure—Exposure to a chemical for a duration of 14 days or less, as specified in the 
Toxicological Profiles. 

Adsorption—The adhesion in an extremely thin layer of molecules (as of gases, solutes, or liquids) to the 
surfaces of solid bodies or liquids with which they are in contact. 

Adsorption Coefficient (Koc)—The ratio of the amount of a chemical adsorbed per unit weight of 
organic carbon in the soil or sediment to the concentration of the chemical in solution at equilibrium. 

Adsorption Ratio (Kd)—The amount of a chemical adsorbed by sediment or soil (i.e., the solid phase) 
divided by the amount of chemical in the solution phase, which is in equilibrium with the solid phase, at a 
fixed solid/solution ratio. It is generally expressed in micrograms of chemical sorbed per gram of soil or 
sediment. 

Benchmark Dose (BMD)—Usually defined as the lower confidence limit on the dose that produces a 
specified magnitude of changes in a specified adverse response.  For example, a BMD10 would be the 
dose at the 95% lower confidence limit on a 10% response, and the benchmark response (BMR) would be 
10%.  The BMD is determined by modeling the dose response curve in the region of the dose response 
relationship where biologically observable data are feasible.    

Benchmark Dose Model—A statistical dose-response model applied to either experimental toxicological 
or epidemiological data to calculate a BMD. 

Bioconcentration Factor (BCF)—The quotient of the concentration of a chemical in aquatic organisms 
at a specific time or during a discrete time period of exposure divided by the concentration in the 
surrounding water at the same time or during the same period. 

Biomarkers—Broadly defined as indicators signaling events in biologic systems or samples. They have 
been classified as markers of exposure, markers of effect, and markers of susceptibility. 

Cancer Effect Level (CEL)—The lowest dose of chemical in a study, or group of studies, that produces 
significant increases in the incidence of cancer (or tumors) between the exposed population and its 
appropriate control. 

Carcinogen—A chemical capable of inducing cancer. 

Case-Control Study—A type of epidemiological study that examines the relationship between a 
particular outcome (disease or condition) and a variety of potential causative agents (such as toxic 
chemicals).  In a case-controlled study, a group of people with a specified and well-defined outcome is 
identified and compared to a similar group of people without outcome. 

Case Report—Describes a single individual with a particular disease or exposure.  These may suggest 
some potential topics for scientific research, but are not actual research studies. 
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Case Series—Describes the experience of a small number of individuals with the same disease or 
exposure. These may suggest potential topics for scientific research, but are not actual research studies. 

Ceiling Value—A concentration of a substance that should not be exceeded, even instantaneously. 

Chronic Exposure—Exposure to a chemical for 365 days or more, as specified in the Toxicological 
Profiles. 

Cohort Study—A type of epidemiological study of a specific group or groups of people who have had a 
common insult (e.g., exposure to an agent suspected of causing disease or a common disease) and are 
followed forward from exposure to outcome.  At least one exposed group is compared to one unexposed 
group. 

Cross-sectional Study—A type of epidemiological study of a group or groups of people that examines 
the relationship between exposure and outcome to a chemical or to chemicals at one point in time. 

Data Needs—Substance-specific informational needs that if met would reduce the uncertainties of human 
health assessment. 

Developmental Toxicity—The occurrence of adverse effects on the developing organism that may result 
from exposure to a chemical prior to conception (either parent), during prenatal development, or 
postnatally to the time of sexual maturation.  Adverse developmental effects may be detected at any point 
in the life span of the organism. 

Dose-Response Relationship—The quantitative relationship between the amount of exposure to a 
toxicant and the incidence of the adverse effects. 

Embryotoxicity and Fetotoxicity—Any toxic effect on the conceptus as a result of prenatal exposure to 
a chemical; the distinguishing feature between the two terms is the stage of development during which the 
insult occurs.  The terms, as used here, include malformations and variations, altered growth, and in utero 
death. 

Environmental Protection Agency (EPA) Health Advisory—An estimate of acceptable drinking water 
levels for a chemical substance based on health effects information.  A health advisory is not a legally 
enforceable federal standard, but serves as technical guidance to assist federal, state, and local officials. 

Epidemiology—Refers to the investigation of factors that determine the frequency and distribution of 
disease or other health-related conditions within a defined human population during a specified period.   

Genotoxicity—A specific adverse effect on the genome of living cells that, upon the duplication of 
affected cells, can be expressed as a mutagenic, clastogenic, or carcinogenic event because of specific 
alteration of the molecular structure of the genome. 

Half-life—A measure of rate for the time required to eliminate one half of a quantity of a chemical from 
the body or environmental media. 

Immediately Dangerous to Life or Health (IDLH)—The maximum environmental concentration of a 
contaminant from which one could escape within 30 minutes without any escape-impairing symptoms or 
irreversible health effects. 
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Immunologic Toxicity—The occurrence of adverse effects on the immune system that may result from 
exposure to environmental agents such as chemicals. 

Immunological Effects—Functional changes in the immune response. 

Incidence—The ratio of individuals in a population who develop a specified condition to the total 
number of individuals in that population who could have developed that condition in a specified time 
period. 

Intermediate Exposure—Exposure to a chemical for a duration of 15–364 days, as specified in the 
Toxicological Profiles. 

In Vitro—Isolated from the living organism and artificially maintained, as in a test tube. 

In Vivo—Occurring within the living organism. 

Lethal Concentration(LO) (LCLO)—The lowest concentration of a chemical in air that has been reported 
to have caused death in humans or animals. 

Lethal Concentration(50) (LC50)—A calculated concentration of a chemical in air to which exposure for 
a specific length of time is expected to cause death in 50% of a defined experimental animal population. 

Lethal Dose(LO) (LDLo)—The lowest dose of a chemical introduced by a route other than inhalation that 
has been reported to have caused death in humans or animals. 

Lethal Dose(50) (LD50)—The dose of a chemical that has been calculated to cause death in 50% of a 
defined experimental animal population. 

Lethal Time(50) (LT50)—A calculated period of time within which a specific concentration of a chemical 
is expected to cause death in 50% of a defined experimental animal population. 

Lowest-Observed-Adverse-Effect Level (LOAEL)—The lowest exposure level of chemical in a study, 
or group of studies, that produces statistically or biologically significant increases in frequency or severity 
of adverse effects between the exposed population and its appropriate control. 

Lymphoreticular Effects—Represent morphological effects involving lymphatic tissues such as the 
lymph nodes, spleen, and thymus. 

Malformations—Permanent structural changes that may adversely affect survival, development, or 
function. 

Minimal Risk Level (MRL)—An estimate of daily human exposure to a hazardous substance that is 
likely to be without an appreciable risk of adverse noncancer health effects over a specified route and 
duration of exposure. 

Modifying Factor (MF)—A value (greater than zero) that is applied to the derivation of a Minimal Risk 
Level (MRL) to reflect additional concerns about the database that are not covered by the uncertainty 
factors. The default value for a MF is 1. 

Morbidity—State of being diseased; morbidity rate is the incidence or prevalence of disease in a specific 
population. 

***DRAFT FOR PUBLIC COMMENT*** 



1,4-DIOXANE 204 

10. GLOSSARY 

Mortality—Death; mortality rate is a measure of the number of deaths in a population during a specified 
interval of time. 

Mutagen—A substance that causes mutations.  A mutation is a change in the DNA sequence of a cell’s 
DNA. Mutations can lead to birth defects, miscarriages, or cancer. 

Necropsy—The gross examination of the organs and tissues of a dead body to determine the cause of 
death or pathological conditions. 

Neurotoxicity—The occurrence of adverse effects on the nervous system following exposure to a 
chemical. 

No-Observed-Adverse-Effect Level (NOAEL)—The dose of a chemical at which there were no 
statistically or biologically significant increases in frequency or severity of adverse effects seen between 
the exposed population and its appropriate control.  Effects may be produced at this dose, but they are not 
considered to be adverse. 

Octanol-Water Partition Coefficient (Kow)—The equilibrium ratio of the concentrations of a chemical 
in n-octanol and water, in dilute solution. 

Odds Ratio (OR)—A means of measuring the association between an exposure (such as toxic substances 
and a disease or condition) that represents the best estimate of relative risk (risk as a ratio of the incidence 
among subjects exposed to a particular risk factor divided by the incidence among subjects who were not 
exposed to the risk factor). An OR of greater than 1 is considered to indicate greater risk of disease in the 
exposed group compared to the unexposed group. 

Organophosphate or Organophosphorus Compound—A phosphorus-containing organic compound 
and especially a pesticide that acts by inhibiting cholinesterase. 

Permissible Exposure Limit (PEL)—An Occupational Safety and Health Administration (OSHA) 
allowable exposure level in workplace air averaged over an 8-hour shift of a 40-hour workweek. 

Pesticide—General classification of chemicals specifically developed and produced for use in the control 
of agricultural and public health pests. 

Pharmacokinetics—The dynamic behavior of a material in the body, used to predict the fate 
(disposition) of an exogenous substance in an organism.  Utilizing computational techniques, it provides 
the means of studying the absorption, distribution, metabolism, and excretion of chemicals by the body. 

Pharmacokinetic Model—A set of equations that can be used to describe the time course of a parent 
chemical or metabolite in an animal system.  There are two types of pharmacokinetic models:  data-based 
and physiologically-based.  A data-based model divides the animal system into a series of compartments, 
which, in general, do not represent real, identifiable anatomic regions of the body, whereas the 
physiologically-based model compartments represent real anatomic regions of the body. 

Physiologically Based Pharmacodynamic (PBPD) Model—A type of physiologically based dose-
response model that quantitatively describes the relationship between target tissue dose and toxic end 
points. These models advance the importance of physiologically based models in that they clearly 
describe the biological effect (response) produced by the system following exposure to an exogenous 
substance. 
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Physiologically Based Pharmacokinetic (PBPK) Model—Comprised of a series of compartments 
representing organs or tissue groups with realistic weights and blood flows.  These models require a 
variety of physiological information:  tissue volumes, blood flow rates to tissues, cardiac output, alveolar 
ventilation rates, and possibly membrane permeabilities.  The models also utilize biochemical 
information, such as air/blood partition coefficients, and metabolic parameters.  PBPK models are also 
called biologically based tissue dosimetry models. 

Prevalence—The number of cases of a disease or condition in a population at one point in time.  

Prospective Study—A type of cohort study in which the pertinent observations are made on events 
occurring after the start of the study.  A group is followed over time. 

q1*—The upper-bound estimate of the low-dose slope of the dose-response curve as determined by the 
multistage procedure.  The q1* can be used to calculate an estimate of carcinogenic potency, the 
incremental excess cancer risk per unit of exposure (usually μg/L for water, mg/kg/day for food, and 
μg/m3 for air). 

Recommended Exposure Limit (REL)—A National Institute for Occupational Safety and Health 
(NIOSH) time-weighted average (TWA) concentration for up to a 10-hour workday during a 40-hour 
workweek. 

Reference Concentration (RfC)—An estimate (with uncertainty spanning perhaps an order of 
magnitude) of a continuous inhalation exposure to the human population (including sensitive subgroups) 
that is likely to be without an appreciable risk of deleterious noncancer health effects during a lifetime.  
The inhalation reference concentration is for continuous inhalation exposures and is appropriately 
expressed in units of mg/m3 or ppm. 

Reference Dose (RfD)—An estimate (with uncertainty spanning perhaps an order of magnitude) of the 
daily exposure of the human population to a potential hazard that is likely to be without risk of deleterious 
effects during a lifetime.  The RfD is operationally derived from the no-observed-adverse-effect level 
(NOAEL, from animal and human studies) by a consistent application of uncertainty factors that reflect 
various types of data used to estimate RfDs and an additional modifying factor, which is based on a 
professional judgment of the entire database on the chemical.  The RfDs are not applicable to 
nonthreshold effects such as cancer. 

Reportable Quantity (RQ)—The quantity of a hazardous substance that is considered reportable under 
the Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA).  Reportable 
quantities are (1) 1 pound or greater or (2) for selected substances, an amount established by regulation 
either under CERCLA or under Section 311 of the Clean Water Act.  Quantities are measured over a 
24-hour period. 

Reproductive Toxicity—The occurrence of adverse effects on the reproductive system that may result 
from exposure to a chemical.  The toxicity may be directed to the reproductive organs and/or the related 
endocrine system.  The manifestation of such toxicity may be noted as alterations in sexual behavior, 
fertility, pregnancy outcomes, or modifications in other functions that are dependent on the integrity of 
this system. 
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Retrospective Study—A type of cohort study based on a group of persons known to have been exposed 
at some time in the past.  Data are collected from routinely recorded events, up to the time the study is 
undertaken. Retrospective studies are limited to causal factors that can be ascertained from existing 
records and/or examining survivors of the cohort. 

Risk—The possibility or chance that some adverse effect will result from a given exposure to a chemical. 

Risk Factor—An aspect of personal behavior or lifestyle, an environmental exposure, or an inborn or 
inherited characteristic that is associated with an increased occurrence of disease or other health-related 
event or condition. 

Risk Ratio—The ratio of the risk among persons with specific risk factors compared to the risk among 
persons without risk factors. A risk ratio greater than 1 indicates greater risk of disease in the exposed 
group compared to the unexposed group. 

Short-Term Exposure Limit (STEL)—The American Conference of Governmental Industrial 
Hygienists (ACGIH) maximum concentration to which workers can be exposed for up to 15 minutes 
continually. No more than four excursions are allowed per day, and there must be at least 60 minutes 
between exposure periods. The daily Threshold Limit Value-Time Weighted Average (TLV-TWA) may 
not be exceeded. 

Standardized Mortality Ratio (SMR)—A ratio of the observed number of deaths and the expected 
number of deaths in a specific standard population. 

Target Organ Toxicity—This term covers a broad range of adverse effects on target organs or 
physiological systems (e.g., renal, cardiovascular) extending from those arising through a single limited 
exposure to those assumed over a lifetime of exposure to a chemical. 

Teratogen—A chemical that causes structural defects that affect the development of an organism. 

Threshold Limit Value (TLV)—An American Conference of Governmental Industrial Hygienists 
(ACGIH) concentration of a substance to which most workers can be exposed without adverse effect.  
The TLV may be expressed as a Time Weighted Average (TWA), as a Short-Term Exposure Limit 
(STEL), or as a ceiling limit (CL). 

Time-Weighted Average (TWA)—An allowable exposure concentration averaged over a normal 8-hour 
workday or 40-hour workweek. 

Toxic Dose(50) (TD50)—A calculated dose of a chemical, introduced by a route other than inhalation, 
which is expected to cause a specific toxic effect in 50% of a defined experimental animal population. 

Toxicokinetic—The absorption, distribution, and elimination of toxic compounds in the living organism. 
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Uncertainty Factor (UF)—A factor used in operationally deriving the Minimal Risk Level (MRL) or 
Reference Dose (RfD) or Reference Concentration (RfC) from experimental data.  UFs are intended to 
account for (1) the variation in sensitivity among the members of the human population, (2) the 
uncertainty in extrapolating animal data to the case of human, (3) the uncertainty in extrapolating from 
data obtained in a study that is of less than lifetime exposure, and (4) the uncertainty in using lowest-
observed-adverse-effect level (LOAEL) data rather than no-observed-adverse-effect level (NOAEL) data. 
A default for each individual UF is 10; if complete certainty in data exists, a value of 1 can be used; 
however, a reduced UF of 3 may be used on a case-by-case basis, 3 being the approximate logarithmic 
average of 10 and 1. 

Xenobiotic—Any chemical that is foreign to the biological system. 
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APPENDIX A.  ATSDR MINIMAL RISK LEVELS AND WORKSHEETS 

The Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) [42 U.S.C. 

9601 et seq.], as amended by the Superfund Amendments and Reauthorization Act (SARA) [Pub. L. 99– 

499], requires that the Agency for Toxic Substances and Disease Registry (ATSDR) develop jointly with 

the U.S. Environmental Protection Agency (EPA), in order of priority, a list of hazardous substances most 

commonly found at facilities on the CERCLA National Priorities List (NPL); prepare toxicological 

profiles for each substance included on the priority list of hazardous substances; and assure the initiation 

of a research program to fill identified data needs associated with the substances. 

The toxicological profiles include an examination, summary, and interpretation of available toxicological 

information and epidemiologic evaluations of a hazardous substance.  During the development of 

toxicological profiles, Minimal Risk Levels (MRLs) are derived when reliable and sufficient data exist to 

identify the target organ(s) of effect or the most sensitive health effect(s) for a specific duration for a 

given route of exposure. An MRL is an estimate of the daily human exposure to a hazardous substance 

that is likely to be without appreciable risk of adverse noncancer health effects over a specified duration 

of exposure. MRLs are based on noncancer health effects only and are not based on a consideration of 

cancer effects.  These substance-specific estimates, which are intended to serve as screening levels, are 

used by ATSDR health assessors to identify contaminants and potential health effects that may be of 

concern at hazardous waste sites.  It is important to note that MRLs are not intended to define clean-up or 

action levels. 

MRLs are derived for hazardous substances using the no-observed-adverse-effect level/uncertainty factor 

approach. They are below levels that might cause adverse health effects in the people most sensitive to 

such chemical-induced effects.  MRLs are derived for acute (1–14 days), intermediate (15–364 days), and 

chronic (365 days and longer) durations and for the oral and inhalation routes of exposure.  Currently, 

MRLs for the dermal route of exposure are not derived because ATSDR has not yet identified a method 

suitable for this route of exposure. MRLs are generally based on the most sensitive chemical-induced end 

point considered to be of relevance to humans.  Serious health effects (such as irreparable damage to the 

liver or kidneys, or birth defects) are not used as a basis for establishing MRLs.  Exposure to a level 

above the MRL does not mean that adverse health effects will occur. 
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MRLs are intended only to serve as a screening tool to help public health professionals decide where to 

look more closely.  They may also be viewed as a mechanism to identify those hazardous waste sites that 

are not expected to cause adverse health effects.  Most MRLs contain a degree of uncertainty because of 

the lack of precise toxicological information on the people who might be most sensitive (e.g., infants, 

elderly, nutritionally or immunologically compromised) to the effects of hazardous substances.  ATSDR 

uses a conservative (i.e., protective) approach to address this uncertainty consistent with the public health 

principle of prevention. Although human data are preferred, MRLs often must be based on animal studies 

because relevant human studies are lacking.  In the absence of evidence to the contrary, ATSDR assumes 

that humans are more sensitive to the effects of hazardous substance than animals and that certain persons 

may be particularly sensitive.  Thus, the resulting MRL may be as much as 100-fold below levels that 

have been shown to be nontoxic in laboratory animals. 

Proposed MRLs undergo a rigorous review process:  Health Effects/MRL Workgroup reviews within the 

Division of Toxicology and Environmental Medicine, expert panel peer reviews, and agency-wide MRL 

Workgroup reviews, with participation from other federal agencies and comments from the public.  They 

are subject to change as new information becomes available concomitant with updating the toxicological 

profiles. Thus, MRLs in the most recent toxicological profiles supersede previously published levels.  

For additional information regarding MRLs, please contact the Division of Toxicology and 

Environmental Medicine, Agency for Toxic Substances and Disease Registry, 1600 Clifton Road NE, 

Mailstop F-32, Atlanta, Georgia 30333. 
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MINIMAL RISK LEVEL (MRL) WORKSHEET 

Chemical Name: 1,4-Dioxane 
CAS Number: 123-91-1 
Date: August 2007 
Profile Status: Final Draft Pre-Public Comment 
Route: [X] Inhalation [ ] Oral 
Duration: [X] Acute   [ ] Intermediate  [ ] Chronic 
Graph Key: 7 
Species: Human 

Minimal Risk Level: 2 [  ] mg/kg/day  [X] ppm 

Reference: Ernstgård L, Iregren A, Sjögren B, et al.  2006.  Acute effects of exposure to vapours of 
dioxane in humans.  Human Exp Toxicol 25:723-729. 

Experimental design: The acute-duration inhalation MRL is based on a NOAEL of 20 ppm for eye and 
respiratory effects in volunteers.  In that study, six male and six female volunteers were exposed to 0 or 
20 ppm 1,4-dioxane vapor for 2 hours under dynamic conditions.  Each subject was exposed on two 
separate occasions to 0 or 20 ppm.  End points monitored included self-rated symptoms on a visual 
analogue scale that measured discomfort of the eyes, nose and throat, breathing difficulty, solvent smell, 
headache, fatigue, nausea, dizziness and 'feeling of intoxication'.  Rating was performed before, during (3, 
60, and 118 minutes), and after exposure (20 and 180 minutes).  Respiratory function was assessed by 
spirometry before exposure, immediately after, and 3 hours after exposure ceased.  The specific 
parameters measured included vital capacity, forced vital capacity, forced expiratory volume in 1 second, 
peak expiratory flow, and forced expiratory flow at 25, 50, and 75% of the force vital capacity.  Also 
assessed was nasal swelling before, immediately after, and 3 hours after exposure.  Eye blinking was 
monitored throughout the exposure period by electromyography.  Also, two inflammatory markers, high 
sensitivity C reactive protein and interleukin 6, were measured in blood before and 3 hours after exposure.    

Effects noted in study and corresponding doses: Exposure to 1,4-dioxane under the conditions of the 
study did not significantly affect any of the end points monitored except the perception of smell of the 
chemical, which increased significantly after 3, 60, and 118 minutes if exposure.  The NOAEL of 20 ppm 
was divided by an uncertainty factor of 10 (for human variability) to yield the MRL of 2 ppm.  An 
adjustment to 24-hour exposure was not necessary because the first effects observed, as shown by Young 
et al. (1977), are local irritation effects that are not time-dependent.    

Dose and end point used for MRL derivation: 20 ppm; NOAEL for eye and respiratory effects in 
humans. 

[X ] NOAEL [  ] LOAEL 

Uncertainty Factors used in MRL derivation: 

[ ]   10 for use of a LOAEL 
[ ]   10 for extrapolation from animals to humans 
[X]  10 for human variability 

Was a conversion used from ppm in food or water to a mg/body weight dose? Not applicable. 
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If an inhalation study in animals, list the conversion factors used in determining human equivalent dose: 
Not applicable. 

Other additional studies or pertinent information which lend support to this MRL: Support for the acute-
duration inhalation MRL of 2 ppm is provided by a study by Young et al. (1977) in which four healthy 
male volunteers were exposed to 50 ppm 1,4-dioxane for 6 hours under dynamic airflow conditions.  Prior 
to the study, the subjects provided a complete history and underwent tests including chest x-ray, EKG, 
respiratory function tests, a conventional battery of 12 blood chemistry tests plus triglyceride and 
creatinine determinations, and complete hematological and urine analyses.  Except for the chest x-ray, the 
tests were repeated 24 hours and 2 weeks after the exposure.  The tests conducted 24 hours and 2 weeks 
after exposure did not reveal any exposure-related abnormalities, although no data were provided in the 
study.  Eye irritation was a frequent and the only complaint throughout the exposure.  Tolerance to the 
odor of 1,4-dioxane occurred during exposure.  Two of the subjects could not perceive the odor after 
4 and 5 hours in the chamber.  The 50 ppm exposure level constitutes a minimal LOAEL for eye 
irritation, although there was no control experiment, and possible low humidity in the exposure chamber 
(not addressed in the report) might have contributed to the eye irritation. 
. 

Other studies with volunteers also support the findings of Ernstgård et al. (2006) and Young et al. (1977). 
For example, Silverman et al. (1946) exposed 12 subject to various concentrations of 1,4-dioxane for only 
15 minutes and determined a NOAEL of 200 ppm for eye and nose irritation; the LOAEL was 300 ppm.  
Wirth and Klimmer (1936) reported that slight mucous membrane irritation started to take place in 
volunteers at exposure concentrations about 278 ppm for a few minutes (unspecified) and that at 
1,390 ppm for several minutes, the subjects described prickling in the nose and scratchiness and dryness 
in the throat. Fairley et al. (1934) reported a NOAEL of 2,000 ppm (only level tested) for respiratory and 
ocular effects in six subjects exposed to 1,4-dioxane for only 3 minutes.  Finally, Yant et al. (1930) 
described slight eye, nose, and throat irritation in a group of five subjects exposed to 1,600 ppm (only 
level tested) 1,4-dioxane for only 10 minutes.  The available studies in animals used exposure 
concentrations that often caused death among the animals and were much higher than the concentrations 
tested by Young et al. (1977). 

Agency Contact (Chemical Manager): Sharon Wilbur 
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MINIMAL RISK LEVEL (MRL) WORKSHEET 

Chemical Name: 1,4-Dioxane 
CAS Number: 123-91-1 
Date: August 2007 
Profile Status: Final Draft Pre-Public Comment 
Route: [X] Inhalation [ ] Oral 
Duration: [ ] Acute   [X] Intermediate  [ ] Chronic 
Graph Key: 21 
Species: Rat 

Minimal Risk Level: 1 [ ] mg/kg/day   [X] ppm 

Reference: Torkelson R, Leong BKJ, Kociba RJ, et al.  1974. 1,4-Dioxane.  II. Results of a 2-year 
inhalation study in rats.  Toxicol Appl Pharmacol 30:287-298. 

Although there were no adequate intermediate-duration inhalation studies in humans or animals from 
which to derive an intermediate-duration inhalation MRL, the chronic-duration inhalation MRL of 1 ppm 
was adopted also for intermediate-duration exposure.  The intermediate-duration database for 1,4-dioxane 
consists of one early study that reports the effects of 1,4-dioxane in several animal species exposed to 
high doses (lethal in some cases) of 1,4-dioxane (Fairley et al. 1934).  Rats, mice, guinea pigs, and rabbits 
were exposed 3 hours/day, 5 days/week for periods of up to 12 weeks.  At termination, examination of the 
animals revealed moderate to severe liver and kidney toxicity occurring at all exposure levels in all of the 
species tested.  The lowest exposure level was 1,000 ppm. 

Agency Contact (Chemical Manager): Sharon Wilbur 
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MINIMAL RISK LEVEL (MRL) WORKSHEET 

Chemical Name: 1,4-Dioxane 
CAS Number: 123-91-1 
Date: August 2007 
Profile Status: Final Draft Pre-Public Comment 
Route: [X] Inhalation [ ] Oral 
Duration: [ ] Acute   [ ] Intermediate   [X] Chronic 
Graph Key: 21 
Species: Rat 

Minimal Risk Level: 1 [ ] mg/kg/day   [X] ppm 

Reference: Torkelson R, Leong BKJ, Kociba RJ, et al.  1974.  1,4-Dioxane.  II. Results of a 2-year 
inhalation study in rats.  Toxicol Appl Pharmacol 30:287-298. 

Experimental design: The chronic-duration inhalation MRL is based on a NOAEL of 111 ppm for liver 
effects in rats and application of the physiologically-based pharmacokinetic (PBPK) model of Reitz et al. 
(1990).  Source code and parameter values for running the rat and human models in Advance Continuous 
Simulation Language (ACSL) were provided by Dr. Richard Reitz.  A detailed description of the model 
and its application is presented in Appendix B.  In the Torkelson et al. (1974) study, groups of Wistar rats 
(288/sex) were exposed to 1,4-dioxane vapors at a concentration of 0.4 mg/L (111 ppm) 7 hours/day, 
5 days/week for 2 years.  Controls were exposed to filtered room air.  End points examined included 
clinical signs, eye and nasal irritation, skin condition, respiratory distress, and tumor formation.  
Hematological parameters (hemoglobin, red blood cell count, total and differential leukocyte counts, 
corpuscular volume) were determined after 16 and 23 months of exposure.  Blood collected at termination 
was used also for determination of clinical chemistry parameters (serum ALT and alkaline phosphatase 
activity, BUN, total protein).  Liver, kidneys, and spleen were weighed and the major tissues and organs 
were processed for microscopic examination.    

Effects noted in study and corresponding doses: Exposure to 1,4-dioxane vapors had no significant effect 
on mortality, or body weight gain and induced no signs of eye or nasal irritation or respiratory distress.  
Slight but statistically significant changes in hematological and clinical chemistry parameters were within 
the normal physiological limits and were considered of no toxicological importance.  Organ weights were 
not significantly affected. Microscopic examination of organs and tissues did not reveal treatment-related 
effects. It should be noted that because no significant effects were seen at the concentration tested, the 
true study NOAEL is probably higher than 111 ppm.  Using the Reitz et al. (1990) model for interspecies 
extrapolation of 1,4-dioxane dosimetry for data from the Torkelson et al. (1974) study yields a human 
equivalent NOAEL of 35.5 ppm.  Applying an uncertainty factor of 30 (3 for using dosimetric 
adjustments and 10 for human variability) yields a chronic-duration inhalation MRL of 1 ppm.  Using 
EPA’s standard methodology for extrarespiratory effects for a category 3 gas rather than the PBPK 
model, and an uncertainty factor of 30, results in an MRL of 2 ppm for 1,4-dioxane.  The derivation using 
the PBPK model is preferred because it yields a more protective MRL.  

Dose and end point used for MRL derivation: 111 ppm; NOAEL for liver effects in rats. 

[X ] NOAEL [  ] LOAEL 
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Uncertainty Factors used in MRL derivation: 

[ ]  for use of a LOAEL 
[X]  3 for extrapolation from animals to humans using dosimetric adjustments 
[X]  10 for human variability 

Was a conversion used from ppm in food or water to a mg/body weight dose? Not applicable. 

If an inhalation study in animals, list the conversion factors used in determining human equivalent dose: 
The exposure concentration was not duration-adjusted. 

Other additional studies or pertinent information which lend support to this MRL: The limited human 
data support the chronic-duration inhalation MRL.  An occupational study by Thiess et al. (1976) 
provided no evidence of ill effects in a group of 74 German workers exposed to concentrations ranging 
from 0.006 to 14.3 ppm for an average of 25 years.  In another epidemiological study, mortality rates 
were evaluated among workers exposed to 0.1–17 ppm 1,4-dioxane for up to 21 years (Buffler et al. 
1978). No differences were found between observed and expected incidences of cancer. 

Long-term oral studies in animals also support the liver as sensitive target for 1,4-dioxane toxicity.  Liver 
hyperplasia, hepatocellular degeneration, and necrosis have been described in studies in rats (JBRC 
1998c; Kociba et al. 1974; NCI 1978).  

Agency Contact (Chemical Manager): Sharon Wilbur 

***DRAFT FOR PUBLIC COMMENT*** 



   

 

A-8 1,4-DIOXANE 

APPENDIX A 

MINIMAL RISK LEVEL (MRL) WORKSHEET 

Chemical Name: 1,4-Dioxane 
CAS Number: 123-91-1 
Date: August 2007 
Profile Status: Final Draft Pre-Public Comment 
Route: [ ] Inhalation [X] Oral 
Duration: [X] Acute   [ ] Intermediate  [ ] Chronic 
Graph Key: 11 
Species: Rat 

Minimal Risk Level: 4 [X] mg/kg/day  [ ] ppm 

Reference: JBRC. 1998a.  Two-week studies of 1,4-dioxane in F344 rats and BDF1 mice (drinking 
water studies).  Kanagawa, Japan:  Japan Bioassay Research Center. 

Experimental design: The acute-duration oral MRL is based on a NOAEL of 370 mg 1,4-dioxane/kg/day 
for nasal effects in rats. In that study, F344/DuCrj rats (10/sex/group) were administered 1,4-dioxane in 
the drinking water in concentrations of 0, 1,110, 3,330, 10,000, 30,000, or 90,000 ppm for 2 weeks (0, 
130, 370, 1,010, or 2,960 mg/kg/day for males; 0, 160, 400, 1,040, or 2,750 mg/kg/day for females).  End 
points evaluated included clinical signs, food and water consumption, body weight, gross necropsy and 
histopathology on 2–4 animals per group.  

Effects noted in study and corresponding doses: All animals in the 90,000 ppm group died.  Two females 
in the 30,000 ppm (2,750 mg/kg/day) died.  Body weight gain was reduced by about 25% in males and 
females from the 30,000 ppm groups (2,960 mg/kg/day for males, 2,750 mg/kg/day for females).  Food 
and water consumption was reduced approximately by 30% in males and females from the 30,000 ppm 
group.  At 30,000 ppm (2,960 mg/kg/day for males; 2,750 mg/kg/day for females), there was nuclear 
enlargement of the olfactory epithelium, swelling and vacuolar changes of the central area in the liver, 
hydropic change of the proximal renal tubule, and vacuolar changes in the brain. Nuclear enlargement of 
the olfactory epithelium occurred in males at 1,010 mg/kg/day (1/2 compared to 0/2 at 370 mg/kg/day) 
and in females at 1,040 mg/kg/day (2/2 compared to 0/2 at 400 mg/kg/day).  The study NOAEL was 
400 mg/kg/day in females and 370 mg/kg/day in males (3,330 ppm).  Therefore, the dose level of 
370 mg/kg/day in male rats is used as the basis for the MRL.  The MRL was calculated by dividing the 
male NOAEL of 370 mg/kg/day by an uncertainty factor of 100 (10 for animal to human extrapolation 
and 10 for human variability).  It should be pointed out that the study has several limitations, including 
the lack of statistical analysis of the results, only a small number (2–3) of animals were examined, and 
end points such as hematology, clinical chemistry, clinical signs, and gross examinations were not 
conducted or reported.   

Dose and end point used for MRL derivation: 370 mg/kg/day; NOAEL for nasal effects in rats. 

[X] NOAEL  [ ] LOAEL 

Uncertainty Factors used in MRL derivation: 

[ ] for use of a LOAEL 
[X]  10 for extrapolation from animals to humans 
[X]  10 for human variability 
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Was a conversion used from ppm in food or water to a mg/body weight dose? The conversion was done 
by the investigators, and the doses listed are means of ranges provided by the investigators.  

If an inhalation study in animals, list the conversion factors used in determining human equivalent dose: 
Not applicable. 

Other additional studies or pertinent information which lend support to this MRL: JBRC (1998a) 
conducted a similar study in male and female Crj:BDF1 mice and identified NOAELs of 1,380 and 
1,780 mg/kg/day for liver effects in males and females, respectively.  Doses of 2,550 and 
3,220 mg/kg/day caused swelling of the central area of the liver in males and females, respectively.  No 
nasal effects were observed in the mice.  Most of the rest of the acute database consists of high-dose early 
studies aimed at determining LD50 values (de Navasquez 1935; Kesten et al. 1939; Laug et al. 1939; 
Pozzani et al. 1959; Smyth et al. 1941).  The lowest dose that caused lethality was 327 mg 
1,4-dioxane/kg/day in a study that tested only three dogs (Schrenk and Yant 1936).  This dose was 
provided in the drinking water and killed one dog after 10 days of treatment.  Doses of 375 mg/kg/day 
killed another dog in 9 days.  However, because the dogs were allowed to drink the 1,4-dioxane solution 
only twice daily during a limited period of time, dehydration may have played a role in their death.  A 
gestational exposure study in rats identified a maternal and developmental NOAEL and LOAEL of 
513 and 1,033 mg/kg/day, respectively (Giavini et al. 1985).  Dams dosed with 1,033 mg/kg/day gained 
less weight than controls and fetal weight in this group was reduced by 5.3% relative to controls.  In 
addition, a slightly but significantly higher incidence of reduced sternum ossification was noticed in the 
high-dose group.   

Agency Contact (Chemical Manager): Sharon Wilbur 
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Chemical Name: 1,4-Dioxane 
CAS Number: 123-91-1 
Date: August 2007 
Profile Status: Final Draft Pre-Public Comment 
Route: [ ] Inhalation [X] Oral 
Duration: [ ] Acute   [X] Intermediate  [ ] Chronic 
Graph Key: 22 
Species: Rat 

Minimal Risk Level: 0.6 [X] mg/kg/day  [ ] ppm 

Reference: JBRC. 1998b.  Thirteen-week studies of 1,4-dioxane in F344 rats and BDF1 mice (drinking 
water studies).  Kanagawa, Japan:  Japan Bioassay Research Center. 

Experimental design: The intermediate-duration oral MRL is based on a NOAEL of 60 mg 
1,4-dioxane/kg/day for nasal and liver effects in rats.  In that study, groups of F344/DuCrj rats 
(10/sex/group) were administered 1,4-dioxane in the drinking water in concentrations of 0, 640, 1,600, 
4,000, 10,000, or 25,000 ppm for 13 weeks (0, 60, 150, 330, 760, or 1,900 mg/kg/day in males; 0, 100, 
200, 430, 870, or 2,020 mg/kg/day in females).  End points evaluated included clinical signs, food and 
water consumption, body weight, complete hematology and clinical chemistry tests, urinalysis, organ 
weights, gross necropsy and histopathology.  No information was provided as to when the blood and 
urine samples were collected.  

Effects noted in study and corresponding doses: One female in the 25,000 ppm (2,010 mg/kg/day) died.  
Body weight gain was reduced at 870 and 2,020 mg/kg/day in females and 1,900 mg/kg/day in males.  
Food consumption was reduced 13% in females at 2,020 mg/kg/day.  Water consumption was reduced in 
a dose-related manner in all male groups and in females at ≥200 mg/kg/day.  Hematology test showed 
significant increases in erythrocyte counts, hemoglobin, hematocrit, and neutrophils, and a decrease in 
lymphocytes in males at 1,900 mg/kg/day, and decreases in mean corpuscular volume and platelets in 
females at 2,020 mg/kg/day.  Total protein and albumin were decreased in males at ≥330 mg/kg/day and 
in females at ≥430 mg/kg/day.  Serum aspartate aminotransferase (AST), alanine aminotransferase 
(ALT), alkaline phosphatase (AP), and leucine aminopeptidase (LAP) activities, and levels of cholesterol, 
triglycerides, sodium, and glucose were significantly elevated in high dose males and females.  Urinary 
pH was decreased in males at ≥330 mg/kg/day and in females at ≥870 mg/kg/day.  Absolute and relative 
kidney weights were increased in females at ≥200 mg/kg/day.  Nuclear enlargement of the respiratory 
epithelium occurred in males at ≥150 mg/kg/day and in females at ≥200 mg/kg/day; nuclear enlargement 
of the olfactory and tracheal epithelium occurred in males at ≥330 mg/kg/day and in females at 
≥430 mg/kg/day.  Swelling of the central area of the liver was observed in males at ≥150 mg/kg/day and 
in females at ≥870 mg/kg/day, and vacuolar changes in the liver occurred in males at ≥760 mg/kg/day and 
in females at 2,020 mg/kg/day.  Nuclear enlargement of the proximal tubule of the kidneys was seen in 
males at ≥760 mg/kg/day and in females at ≥870 mg/kg/day.  Hydropic changes in the proximal tubule of 
the kidneys and vacuolar changes in the brain occurred in high-dose males and females (1,900 and 
2,020 mg/kg/day, respectively).  The study LOAEL was 150 mg/kg/day for liver and nasal effects in male 
rats. To derive the MRL, the NOAEL of 60 mg/kg/day for liver effects in males was divided by an 
uncertainty factor of 100 (10 for animal to human extrapolation and 10 for human variability), yielding an 
intermediate-duration oral MRL of 0.6 mg/kg/day.  Limitations of the study include lack of reporting on 
clinical signs and gross necropsy.  
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Dose and end point used for MRL derivation: 60 mg/kg/day; NOAEL for liver effects in rats. 

[X] NOAEL  [ ] LOAEL 

Uncertainty Factors used in MRL derivation: 

[ ] for use of a LOAEL 
[X]  10 for extrapolation from animals to humans 
[X]  10 for human variability 

Was a conversion used from ppm in food or water to a mg/body weight dose? The conversion was done 
by the investigators, and the doses listed are means of ranges provided by the investigators.  

If an inhalation study in animals, list the conversion factors used in determining human equivalent dose: 
Not applicable. 

Other additional studies or pertinent information which lend support to this MRL: A study by Lundberg 
et al. 1987) supports the liver findings of JBRC (1998b).  The study used male Sprague-Dawley rats (8– 
11/group) that were treated with 100 or 1,000 mg 1,4-dioxane/kg by gavage in saline 5 days/week for 
7 weeks. One week after the last treatment, the rats were killed and the livers were processed for 
microscopic examination.  The livers of high-dose rats showed enlarged foamy hepatocytes mainly in 
midzonal regions. The foamy appearance was due to vacuoles shown to contain fat.  No treatment-related 
histopathological alterations were observed in the liver at the 100 mg/kg/day dose level.  Also supporting 
the findings from JBRC (1998b) is a report by Stott et al. (1981) who found that repeated dosing of rats 
with 1,000 mg 1,4-dioxane/kg/day for 7 or 11 weeks produced hepatocyte swelling and histopathology.  
Similar findings were reported in an earlier study in which rats were treated with doses of approximately 
1,428 mg 1,4-dioxane/kg/day in the drinking water for 34 days (Fairley et al. 1934). 

Agency Contact (Chemical Manager): Sharon Wilbur 
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MINIMAL RISK LEVEL (MRL) WORKSHEET 

Chemical Name: 1,4-Dioxane 
CAS Number: 123-91-1 
Date: August 2007 
Profile Status: Final Draft Pre-Public Comment 
Route: [ ] Inhalation [X] Oral 
Duration: [ ] Acute   [ ] Intermediate   [X] Chronic 
Graph Key: 39 
Species: Rat 

Minimal Risk Level: 0.1 [X] mg/kg/day  [ ] ppm 

Reference: Kociba RJ, McCollister SB, Park C, et al. 1974. 1,4-Dioxane. I. Results of a 2-year 
ingestion study in rats.  Toxicol Appl Pharmacol 30:275-286. 

Experimental design: Groups of Sherman rats (60/sex/dose level) were treated with 1,4-dioxane in the 
drinking water at levels of 0 (controls), 0.01, 0.1, or 1% for 716 days.  Based on body weight and water 
consumption data, the investigators estimated that the water provided doses of 1,4-dioxane of 0, 9.6, 94, 
and 1,015 mg/kg/day for males and 0, 19, 148, and 1,599 mg/kg/day for females.  Blood samples were 
collected from controls and high-dose rats during the 4th, 6th, 12th, and 18th months of the study and at 
termination.  Additional end points evaluated included clinical signs, body weight, organ weights, and 
gross and microscopic examination of major tissues and organs. 

Effects noted in study and corresponding doses: Treatment with 1,4-dioxane significantly increased 
mortality in high-dose males and females beginning at about 2–4 months of treatment.  These rats showed 
degenerative changes in both the liver and kidneys.  Body weight gain was significantly reduced in high-
dose animals from the beginning of the study.  Microscopic lesions were restricted to the liver and 
kidneys from the mid- and high-dose groups.  The liver lesions consisted of various degrees of 
hepatocellular degeneration and necrosis and evidence of hepatic regeneration as indicated by 
hepatocellular hyperplastic nodule formation.  The NOAEL for liver effects was 9.6 mg/kg/day in males 
and 19 mg/kg/day in females.  The LOAELs were 94 mg/kg/day in males and 148 mg/kg/day in females.  
The kidneys showed tubular epithelial degeneration and necrosis, and there was evidence of renal tubular 
regeneration as indicated by increased tubular epithelial regenerative activity (≥94 mg/kg/day in males 
and ≥148 mg/kg/day in females).  There were no compound-related alterations in hematological 
parameters at any time point.  The MRL of 0.1 mg/kg/day was calculated by dividing the male rat 
NOAEL of 9.6 mg/kg/day by an uncertainty factor of 100 (10 for animal to human extrapolation and 
10 for human variability). 

Dose and end point used for MRL derivation: 9.6 mg/kg/day; NOAEL for liver effects in rats. 

[X] NOAEL  [ ] LOAEL 

Uncertainty Factors used in MRL derivation: 

[ ] for use of a LOAEL 
[X]  10 for extrapolation from animals to humans 
[X]  10 for human variability 

Was a conversion used from ppm in food or water to a mg/body weight dose? A conversion was done by 
the investigators. 
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If an inhalation study in animals, list the conversion factors used in determining human equivalent dose: 
Not applicable. 

Other additional studies or pertinent information which lend support to this MRL: The NOAEL and 
LOAEL for liver effects from Kociba et al. (1974) are supported by the results of JBRC (1998c).  In that 
study, groups of Fischer 344/DuCrj rats (50/sex/dose level) received 1,4-dioxane in the drinking water for 
104 weeks. 1,4-Dioxane was administered at levels of 0, 200, 1,000, and 5,000 ppm for 2 years (0, 16, 
81, and 398 mg/kg/day for males; 0, 21, 103, and 514 mg/kg/day for females).  End points evaluated 
included clinical signs, food and water consumption, body and organ weights, comprehensive hematology 
and clinical chemistry tests, urinalysis, and gross and microscopic examination of major organs and 
tissues. In males, relative liver weight was increased at ≥81 mg/kg/day and absolute liver weight was 
increased at 398 mg/kg/day.  A significant increase incidence of spongiosis, hyperplasia, and clear and 
mixed cell foci was observed in the liver from male rats with ≥81 mg 1,4-dioxane/kg/day, but not 
16 mg/kg/day.  These lesions were observed in females dosed with 514 mg/kg/day, but not with lower 
doses. In addition, in this study, female rats dosed with ≥103 mg 1,4-dioxane/kg/day showed nuclear 
enlargement of the olfactory epithelium of the nasal cavity; no such lesions occurred with the lower 
female rat dose of 21 mg/kg/day.   

The NCI (1978) bioassay in Osborne-Mendel rats used somewhat higher dose levels than Kociba et al. 
(1974) and JBRC (1998c), but did not observe liver lesions in male rats dosed with 240 mg 
1,4-dioxane/kg/day, a dose level that caused liver hyperplasia in male Fischer 344 rats dosed with 
81 mg/kg/day or that caused hepatocyte degeneration in Sherman rats dosed with 94 mg/kg/day.  Since 
the dosing method was the same in the three studies, the drinking water, the different results may reflect 
differences in strain sensitivity. 

An alternate approach to derive a chronic-duration oral MRL is to use the PBPK model developed by 
Reitz et al. (1990), as was done for the chronic inhalation data.  Using the model, it can be estimated that 
the human equivalent dose to the NOAEL of 9.6 mg/kg/day for liver effects in males is 12.9 mg/kg/day.  
Applying an uncertainty factor of 30 (3 for using dosimetric adjustments and 10 for sensitive populations) 
to the human NOAEL of 12.9 mg/kg/day yields a chronic-duration oral MRL of 0.4 mg/kg/day, which 
supports the MRL of 0.1 mg/kg/day derived above.  A detailed explanation of the use of the model is 
presented in Appendix B. 

Agency Contact (Chemical Manager): Sharon Wilbur 
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APPENDIX B.  USE OF PBPK MODEL FOR INTERSPECIES 

EXTRAPOLATION OF 1,4-DIOXANE DOSIMETRY 


Interspecies extrapolation (rat-to-human) of 1,4-dioxane dosimetry was achieved using PBPK models 
described in Reitz et al. (1990).  Source code and parameter values for running the rat and human models 
in Advance Continuous Simulation Language (ACSL) were provided by Dr. Richard Reitz.  Parameter 
values used in the interspecies extrapolation are presented in Table B-1.  Accuracy of the implementation 
of the model in ACSL (v. 11.8.4) was checked against observations reported in Reitz et al. (1990) (results 
shown in Figures B-1 and B-2). 

Two internal dose metrics (DM) were simulated:  

(1) The time-integrated 1,4-dioxane concentration in liver (DM1):  

⎛ t dAL ⎞ 1DM1 = AUCL = 
⎝
⎜ ∫0 dt ⎠

⎟ ⋅ 
VL 

where AUCL is area under1,4-dioxane liver concentration-time, AL is the amount (mg) of 1,4-dioxane in 
liver, and VL is the volume of the liver (L). 

(2) Daily average time-integrated 1,4-dioxane concentration in liver (DM2): 

ΣAUCL
DM 2 = i...n 

Nd 

where AUCLi is the area under the concentration time curve for a single day (24 hours) and Nd 

is the number of days in the simulation. 

Note that DM2 is the time-averaged value of DM1, with an averaging time of 24 hours.  The steady-state 
value of DM2 fluctuates (periodically) during an intermittent exposure (i.e., 7 hours/day, 5 days/week), 
whereas the value of DM1 increases over time, with the rate of increase fluctuating periodically, once a 
steady state is reached.  If the simulated exposure duration is held constant, both DM1 and DM2 produce 
nearly identical inter-species external dose extrapolations.  This was confirmed in the current analysis.  
Although DM2 was reported in Reitz et al. (1990), the results reported here are for DM1 (Table B-2), 
which can be more readily duplicated for a given exact exposure duration (i.e., there is no periodicity in 
DM1). 

Exposures in the Torkelson et al. (1974) rat inhalation study were simulated as exposures of a 0.4-kg rat 
to 111 ppm (400 mg/m3), 7 hours/day (7 hours/24 hours), 5 days/week (120 hours/168 hours) for 2 years 
(17,420 hours).  The predicted value for DM1 corresponding to this exposure was 53,079 mg-hour/L 
(row 1 of Table B-2).  Human equivalent exposure concentrations (HEC) were simulated as exposures of 
a 70-kg human for 24 hours/day, 7 days/week for 2 years.  The human model was run iteratively, varying 
the external exposure concentration until the model converged on the value for DM1 for the rat.  The 
HEC that corresponded to a value of DM1 of 53,079 mg-hour/L was 35.5 ppm (128 mg/m3, row 2, 
Table B-2). 
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Table B-1. Parameters Values for Rat and Human 1,4-Dioxane Models 

Parameter Definition Rat model Human model 
BW Body weight (kg) 0.4 70 
VLC Liver volume (fraction of body) 0.04 0.031 
VFC Fat volume (fraction of body) 0.05 0.231 
VSC Rapidly-perfused tissue volume (fraction of body) 0.05 0.037 
VRC Slowly-perfused tissue volume (fraction of body) 0.70 0.561 
VB Blood volume (fraction of body) 0.05 0.05 
QCC Cardiac output (L/hour-kg body weight) 15.0 30.0 
QPC Alveolar ventilation rate (L/hour-kg body weight) 15.0 30.0 
QLC Liver blood flow (fraction of cardiac output) 0.25 0.25 
QFC Fat blood flow (fraction of cardiac output) 0.05 0.05 
QSC Rapidly-perfused blood flow (fraction of cardiac output) 0.52 0.52 
QRC Slowly-perfused blood flow (fraction of cardiac output) 0.18 0.18 
PB Blood:air partition coefficient 1,850 3,660 
PL Liver:air partition coefficient 1,557 1,557 
PF Fat:air partition coefficient 851 851 
PS Rapidly-perfused:air partition coefficient 1,557 1,557 
PR Slowly-perfused:air partition coefficient 1,557 1,557 
VMAXC Maximum rate of metabolism (mg/hour-kg body weight) 13.7 6.35 
KM Michaelis-Menten coefficient for metabolism (mg/L) 29.4 3.0 
KA Rate constant for gastrointestinal absorption (hour-1) 5.0 5.0 
KME Rate constant for elimination of metabolites (hour-1) 0.28 0.56 

Source: Reitz et al. (1990) 
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Figure B-1. Comparison of Model Output Reported in Reitz et al. (1990, Figure 5a) 
and from SRC Version of the Reitz et al. (1990) 1,4-Dioxane Model (Inhalation) 
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Simulations are of the average daily area under concentration–time curve for 1,4-dioxane in liver, for a 
2-year (17,520 hours) continuous inhalation exposure (AAUCL, mg-hours/L) 

ΣAUCLi...nAAUCL =

N d


where AUCLi is the area under the concentration time curve for a single day (24 hours) and Nd 
is the number of days in the simulation.  Simulations are of a 0.4-kg rat and 70-kg human. 
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Figure B-2. Comparison of Model Output Reported in Reitz et al. (1990, Figure 5a) 
and from SRC Version of the Reitz et al. (1990) 1,4-Dioxane Model (Oral) 
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Simulations are of the average daily area under concentration–time curve for 1,4-dioxane in liver, for a 
2-year (17,520 hours) continuous exposure to 1,4-dioxane in drinking water (AAUCL, mg-hours/L) 

ΣAUCLi...nAAUCL =

N d


where AUCLi is the area under the concentration time curve for a single day (24 hours) and Nd 
is the number of days in the simulation.  Simulations are of a 0.4-kg rat and 70-kg human; water 
consumption IRwater was assumed to be 0.054 L/day in the rat and 2 L/day in the human: 

IRwater = 0.102 ⋅ BW 0.7 
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Table B-2. Summary of Internal Dose Predictions and Corresponding Human 
and Rat Equivalent Doses for Rat Inhalation Study 

BW ED EF1 EF2 EC EC DM1 HDM/ 
Species Strain Gender (kg) Route (yr) (day/wk) (hr/day) (ppm) (mg/m3) (mg hr/L) RDM 
Rat - male 0.4 I 2 5 7 111.0 400 53,079 -

Human - - 70 I 2 7 24 35.5 128 53,081 0.32 


BW = body weight; DM = dose metric; EC exposure concentration; ED = exposure duration; EF = exposure 
frequency; HDM = human dose metric; hr = hour; kg = kilogram; L = liter; mg = milligram; ppm = parts per million; 
RDM = rat dose metric; wk = week; yr = year 
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Exposures in the Kociba et al. (1974) rat drinking water study were simulated as exposures of a 0.4-kg rat 
to 9.6 mg/kg/day, 24 hours/day, 7 days/week for 2 years.  The predicted value for DM1 corresponding to 
this exposure was 9,610 mg-hour/L (row 1 of Table B-3).  Human equivalent doses (HED) were 
simulated as exposures of a 70 kg human for 24 hours/day, 7 days/week for 2 years (drinking water 
intake, 2 L/day).  The HED that corresponded to a value of DM1 of 9,620 mg-hour/L was 12.9 mg/kg-day 
(row 2, Table B-3). In the above simulations, both the rat and human drinking water exposures were 
assumed to be distributed uniformly over a 24-hour period.  However, simulations were also run, 
assuming distribution of the exposure over a 12-hour period (i.e., awake hours when water would be 
consumed); the value for the HED was 19% lower when a 12-hour/day exposure frequency was assumed 
(10.5 mg/kg/day) compared to the value obtained when a 24-hour/day exposure frequency was assumed 
(12.9 mg/kg/day). 

Uncertainties in Use of a PBPK Model for Interspecies Extrapolation of 1,4-Dioxane Dosimetry in the 
Inhalation Modeling 

The predicted slope of the relationship between exposure concentration and DM1 (and DM2), in humans, 
is extremely steep in the range of 10–100 ppm; the range in which the dose-equivalence calculations were 
made for the rat inhalation study (see Figure B-1).  Over this range, a 10-fold change in exposure 
concentration corresponds to a 900-fold change in the dose metric.  By contrast, the corresponding change 
predicted by the rat model is 15-fold.  This difference translates into a much higher sensitivity of the dose 
metric in humans to small changes in assumed exposure concentration, compared to rats.  For example, 
the value of DM1 for a human exposure concentration 5 ppm above the HEC (40 ppm) is 83,320; a 
1.57-fold increase above the value that corresponds to the NOAEL (53,081).  We have no basis for 
determining whether such relatively small increases in exposure concentration (14%), above the 
NOAELHEC would or would not have adverse consequences. 
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Table B-3. Summary of Internal Dose Predictions and Corresponding Human 
and Rat Equivalent Doses for Rat Drinking Water Study 

BW EF1 EF2 EC Dose DM1 HDM/ 
Species Strain Gender (kg) Route ED (yr) (day/wk) (hr/day) (ppm) (mg/kg/day) (mg hr/L) RDM 
Rat - male 0.4 W 2 7 24 100 9.6 9,611 -
Human - - 70 W 2 7 24 452 12.9 9,611 1.35 

BW = body weight; DM = dose metric; EC = exposure concentration; ED = exposure duration; EF = exposure 
frequency; HDM = human dose metric; hr = hour; kg = kilogram; L = liter; mg = milligram; ppm = parts per million; 
RDM = rat dose metric; wk = week; yr = year 
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APPENDIX C.  USER'S GUIDE 

Chapter 1 

Public Health Statement 

This chapter of the profile is a health effects summary written in non-technical language.  Its intended 
audience is the general public, especially people living in the vicinity of a hazardous waste site or 
chemical release.  If the Public Health Statement were removed from the rest of the document, it would 
still communicate to the lay public essential information about the chemical. 

The major headings in the Public Health Statement are useful to find specific topics of concern.  The 
topics are written in a question and answer format.  The answer to each question includes a sentence that 
will direct the reader to chapters in the profile that will provide more information on the given topic. 

Chapter 2 

Relevance to Public Health 

This chapter provides a health effects summary based on evaluations of existing toxicologic, 
epidemiologic, and toxicokinetic information.  This summary is designed to present interpretive, weight-
of-evidence discussions for human health end points by addressing the following questions: 

1.	 What effects are known to occur in humans? 

2. 	 What effects observed in animals are likely to be of concern to humans? 

3. 	 What exposure conditions are likely to be of concern to humans, especially around hazardous 
waste sites? 

The chapter covers end points in the same order that they appear within the Discussion of Health Effects 
by Route of Exposure section, by route (inhalation, oral, and dermal) and within route by effect.  Human 
data are presented first, then animal data.  Both are organized by duration (acute, intermediate, chronic).  
In vitro data and data from parenteral routes (intramuscular, intravenous, subcutaneous, etc.) are also 
considered in this chapter. 

The carcinogenic potential of the profiled substance is qualitatively evaluated, when appropriate, using 
existing toxicokinetic, genotoxic, and carcinogenic data.  ATSDR does not currently assess cancer 
potency or perform cancer risk assessments.  Minimal Risk Levels (MRLs) for noncancer end points (if 
derived) and the end points from which they were derived are indicated and discussed. 

Limitations to existing scientific literature that prevent a satisfactory evaluation of the relevance to public 
health are identified in the Chapter 3 Data Needs section. 

Interpretation of Minimal Risk Levels 

Where sufficient toxicologic information is available, ATSDR has derived MRLs for inhalation and oral 
routes of entry at each duration of exposure (acute, intermediate, and chronic).  These MRLs are not 
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meant to support regulatory action, but to acquaint health professionals with exposure levels at which 
adverse health effects are not expected to occur in humans. 

MRLs should help physicians and public health officials determine the safety of a community living near 
a chemical emission, given the concentration of a contaminant in air or the estimated daily dose in water.  
MRLs are based largely on toxicological studies in animals and on reports of human occupational 
exposure. 

MRL users should be familiar with the toxicologic information on which the number is based.  Chapter 2, 
"Relevance to Public Health," contains basic information known about the substance.  Other sections such 
as Chapter 3 Section 3.9, "Interactions with Other Substances,” and Section 3.10, "Populations that are 
Unusually Susceptible" provide important supplemental information. 

MRL users should also understand the MRL derivation methodology.  MRLs are derived using a 
modified version of the risk assessment methodology that the Environmental Protection Agency (EPA) 
provides (Barnes and Dourson 1988) to determine reference doses (RfDs) for lifetime exposure.   

To derive an MRL, ATSDR generally selects the most sensitive end point which, in its best judgement, 
represents the most sensitive human health effect for a given exposure route and duration.  ATSDR 
cannot make this judgement or derive an MRL unless information (quantitative or qualitative) is available 
for all potential systemic, neurological, and developmental effects.  If this information and reliable 
quantitative data on the chosen end point are available, ATSDR derives an MRL using the most sensitive 
species (when information from multiple species is available) with the highest no-observed-adverse-effect 
level (NOAEL) that does not exceed any adverse effect levels.  When a NOAEL is not available, a 
lowest-observed-adverse-effect level (LOAEL) can be used to derive an MRL, and an uncertainty factor 
(UF) of 10 must be employed.  Additional uncertainty factors of 10 must be used both for human 
variability to protect sensitive subpopulations (people who are most susceptible to the health effects 
caused by the substance) and for interspecies variability (extrapolation from animals to humans).  In 
deriving an MRL, these individual uncertainty factors are multiplied together.  The product is then 
divided into the inhalation concentration or oral dosage selected from the study. Uncertainty factors used 
in developing a substance-specific MRL are provided in the footnotes of the levels of significant exposure 
(LSE) tables. 

Chapter 3 

Health Effects 

Tables and Figures for Levels of Significant Exposure (LSE) 

Tables and figures are used to summarize health effects and illustrate graphically levels of exposure 
associated with those effects.  These levels cover health effects observed at increasing dose 
concentrations and durations, differences in response by species, MRLs to humans for noncancer end 
points, and EPA's estimated range associated with an upper- bound individual lifetime cancer risk of 1 in 
10,000 to 1 in 10,000,000. Use the LSE tables and figures for a quick review of the health effects and to 
locate data for a specific exposure scenario.  The LSE tables and figures should always be used in 
conjunction with the text.  All entries in these tables and figures represent studies that provide reliable, 
quantitative estimates of NOAELs, LOAELs, or Cancer Effect Levels (CELs). 

The legends presented below demonstrate the application of these tables and figures.  Representative 
examples of LSE Table 3-1 and Figure 3-1 are shown.  The numbers in the left column of the legends 
correspond to the numbers in the example table and figure. 

***DRAFT FOR PUBLIC COMMENT*** 



1,4-DIOXANE	 C-3 

APPENDIX C 

LEGEND 
See Sample LSE Table 3-1 (page B-6) 

(1) 	 Route of Exposure. One of the first considerations when reviewing the toxicity of a substance 
using these tables and figures should be the relevant and appropriate route of exposure.  Typically 
when sufficient data exist, three LSE tables and two LSE figures are presented in the document.  
The three LSE tables present data on the three principal routes of exposure, i.e., inhalation, oral, 
and dermal (LSE Tables 3-1, 3-2, and 3-3, respectively).  LSE figures are limited to the inhalation 
(LSE Figure 3-1) and oral (LSE Figure 3-2) routes.  Not all substances will have data on each 
route of exposure and will not, therefore, have all five of the tables and figures. 

(2) 	Exposure Period. Three exposure periods—acute (less than 15 days), intermediate (15– 
364 days), and chronic (365 days or more)—are presented within each relevant route of exposure.  
In this example, an inhalation study of intermediate exposure duration is reported.  For quick 
reference to health effects occurring from a known length of exposure, locate the applicable 
exposure period within the LSE table and figure. 

(3) 	Health Effect. The major categories of health effects included in LSE tables and figures are 
death, systemic, immunological, neurological, developmental, reproductive, and cancer.  
NOAELs and LOAELs can be reported in the tables and figures for all effects but cancer.  
Systemic effects are further defined in the "System" column of the LSE table (see key number 
18). 

(4) 	 Key to Figure. Each key number in the LSE table links study information to one or more data 
points using the same key number in the corresponding LSE figure.  In this example, the study 
represented by key number 18 has been used to derive a NOAEL and a Less Serious LOAEL 
(also see the two "18r" data points in sample Figure 3-1). 

(5) 	Species. The test species, whether animal or human, are identified in this column.  Chapter 2, 
"Relevance to Public Health," covers the relevance of animal data to human toxicity and 
Section 3.4, "Toxicokinetics," contains any available information on comparative toxicokinetics.  
Although NOAELs and LOAELs are species specific, the levels are extrapolated to equivalent 
human doses to derive an MRL. 

(6) 	Exposure Frequency/Duration. The duration of the study and the weekly and daily exposure 
regimens are provided in this column.  This permits comparison of NOAELs and LOAELs from 
different studies. In this case (key number 18), rats were exposed to “Chemical x” via inhalation 
for 6 hours/day, 5 days/week, for 13 weeks.  For a more complete review of the dosing regimen, 
refer to the appropriate sections of the text or the original reference paper (i.e., Nitschke et al. 
1981). 

(7) 	System. This column further defines the systemic effects.  These systems include respiratory, 
cardiovascular, gastrointestinal, hematological, musculoskeletal, hepatic, renal, and 
dermal/ocular.  "Other" refers to any systemic effect (e.g., a decrease in body weight) not covered 
in these systems.  In the example of key number 18, one systemic effect (respiratory) was 
investigated. 

(8) 	NOAEL. A NOAEL is the highest exposure level at which no harmful effects were seen in the 
organ system studied.  Key number 18 reports a NOAEL of 3 ppm for the respiratory system, 
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which was used to derive an intermediate exposure, inhalation MRL of 0.005 ppm (see 
footnote "b"). 

(9) 	LOAEL. A LOAEL is the lowest dose used in the study that caused a harmful health effect. 
LOAELs have been classified into "Less Serious" and "Serious" effects.  These distinctions help 
readers identify the levels of exposure at which adverse health effects first appear and the 
gradation of effects with increasing dose.  A brief description of the specific end point used to 
quantify the adverse effect accompanies the LOAEL.  The respiratory effect reported in key 
number 18 (hyperplasia) is a Less Serious LOAEL of 10 ppm.  MRLs are not derived from 
Serious LOAELs. 

(10)	 Reference. The complete reference citation is given in Chapter 9 of the profile. 

(11)	 CEL. A CEL is the lowest exposure level associated with the onset of carcinogenesis in 
experimental or epidemiologic studies.  CELs are always considered serious effects.  The LSE 
tables and figures do not contain NOAELs for cancer, but the text may report doses not causing 
measurable cancer increases. 

(12)	 Footnotes. Explanations of abbreviations or reference notes for data in the LSE tables are found 
in the footnotes.  Footnote "b" indicates that the NOAEL of 3 ppm in key number 18 was used to 
derive an MRL of 0.005 ppm. 

LEGEND 
See Sample Figure 3-1 (page B-7) 

LSE figures graphically illustrate the data presented in the corresponding LSE tables.  Figures help the 
reader quickly compare health effects according to exposure concentrations for particular exposure 
periods. 

(13)	 Exposure Period. The same exposure periods appear as in the LSE table.  In this example, health 
effects observed within the acute and intermediate exposure periods are illustrated. 

(14) 	Health Effect. These are the categories of health effects for which reliable quantitative data 
exists. The same health effects appear in the LSE table. 

(15)	 Levels of Exposure. Concentrations or doses for each health effect in the LSE tables are 
graphically displayed in the LSE figures.  Exposure concentration or dose is measured on the log 
scale "y" axis.  Inhalation exposure is reported in mg/m3 or ppm and oral exposure is reported in 
mg/kg/day. 

(16) 	NOAEL. In this example, the open circle designated 18r identifies a NOAEL critical end point in 
the rat upon which an intermediate inhalation exposure MRL is based.  The key number 18 
corresponds to the entry in the LSE table.  The dashed descending arrow indicates the 
extrapolation from the exposure level of 3 ppm (see entry 18 in the table) to the MRL of 
0.005 ppm (see footnote "b" in the LSE table). 

(17)	 CEL. Key number 38m is one of three studies for which CELs were derived.  The diamond 
symbol refers to a CEL for the test species-mouse.  The number 38 corresponds to the entry in the 
LSE table. 
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(18)	 Estimated Upper-Bound Human Cancer Risk Levels. This is the range associated with the upper-
bound for lifetime cancer risk of 1 in 10,000 to 1 in 10,000,000.  These risk levels are derived 
from the EPA's Human Health Assessment Group's upper-bound estimates of the slope of the 
cancer dose response curve at low dose levels (q1*). 

(19)	 Key to LSE Figure. The Key explains the abbreviations and symbols used in the figure. 
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1 →	 Table 3-1. Levels of Significant Exposure to [Chemical x] – Inhalation 

Key to 
figurea 

Exposure 
frequency/ 
durationSpecies System 

NOAEL 
(ppm) 

LOAEL (effect) 
Less serious 
(ppm) 

Serious (ppm) 
Reference 

→ INTERMEDIATE EXPOSURE 2 

3 

4 

1098765 

→ Systemic ↓ ↓ ↓ ↓ ↓ ↓ 

→ 
18 Rat 13 wk 

5 d/wk 
6 hr/d 

Resp 3b 10 (hyperplasia) 
Nitschke et al. 1981 

CHRONIC EXPOSURE 

Cancer 11 

↓ 

20 	 (CEL, multiple 
organs) 

10 	 (CEL, lung tumors, 
nasal tumors) 

10 	 (CEL, lung tumors, 
hemangiosarcomas) 

38 Rat 

39 Rat 

40 Mouse 

18 mo 
5 d/wk 
7 hr/d 

89–104 wk 
5 d/wk 
6 hr/d 

79–103 wk 
5 d/wk 
6 hr/d 

Wong et al. 1982 

NTP 1982 

NTP 1982 

12 →	
a The number corresponds to entries in Figure 3-1. 
b Used to derive an intermediate inhalation Minimal Risk Level (MRL) of  5x10-3 ppm; dose adjusted for intermittent exposure and divided 
by an uncertainty factor of 100 (10 for extrapolation from animal to humans, 10 for human variability). 
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APPENDIX D.  ACRONYMS, ABBREVIATIONS, AND SYMBOLS 

ACGIH American Conference of Governmental Industrial Hygienists 
ACOEM American College of Occupational and Environmental Medicine 
ADI acceptable daily intake 
ADME absorption, distribution, metabolism, and excretion 
AED atomic emission detection 
AFID alkali flame ionization detector 
AFOSH Air Force Office of Safety and Health 
ALT alanine aminotransferase 
AML acute myeloid leukemia 
AOAC Association of Official Analytical Chemists 
AOEC Association of Occupational and Environmental Clinics 
AP alkaline phosphatase 
APHA American Public Health Association 
AST aspartate aminotransferase 
atm atmosphere 
ATSDR Agency for Toxic Substances and Disease Registry 
AWQC Ambient Water Quality Criteria 
BAT best available technology 
BCF bioconcentration factor 
BEI Biological Exposure Index 
BMD benchmark dose 
BMR benchmark response 
BSC Board of Scientific Counselors 
C centigrade 
CAA Clean Air Act 
CAG Cancer Assessment Group of the U.S. Environmental Protection Agency 
CAS Chemical Abstract Services 
CDC Centers for Disease Control and Prevention 
CEL cancer effect level 
CELDS Computer-Environmental Legislative Data System 
CERCLA Comprehensive Environmental Response, Compensation, and Liability Act 
CFR Code of Federal Regulations 
Ci curie 
CI confidence interval 
CL ceiling limit value 
CLP Contract Laboratory Program 
cm centimeter 
CML chronic myeloid leukemia 
CPSC Consumer Products Safety Commission 
CWA Clean Water Act 
DHEW Department of Health, Education, and Welfare 
DHHS Department of Health and Human Services 
DNA deoxyribonucleic acid 
DOD Department of Defense 
DOE Department of Energy 
DOL Department of Labor 
DOT Department of Transportation 
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DOT/UN/ Department of Transportation/United Nations/ 
NA/IMCO     North America/Intergovernmental Maritime Dangerous Goods Code 

DWEL drinking water exposure level 
ECD electron capture detection 
ECG/EKG electrocardiogram 
EEG electroencephalogram 
EEGL Emergency Exposure Guidance Level 
EPA Environmental Protection Agency 
F Fahrenheit 
F1 first-filial generation 
FAO Food and Agricultural Organization of the United Nations 
FDA Food and Drug Administration 
FEMA Federal Emergency Management Agency 
FIFRA Federal Insecticide, Fungicide, and Rodenticide Act 
FPD flame photometric detection 
fpm feet per minute 
FR Federal Register 
FSH follicle stimulating hormone 
g gram 
GC gas chromatography 
gd gestational day 
GLC gas liquid chromatography 
GPC gel permeation chromatography 
HPLC high-performance liquid chromatography 
HRGC high resolution gas chromatography 
HSDB Hazardous Substance Data Bank  
IARC International Agency for Research on Cancer 
IDLH immediately dangerous to life and health 
ILO International Labor Organization 
IRIS Integrated Risk Information System 
Kd adsorption ratio 
kg kilogram 
kkg metric ton 
Koc organic carbon partition coefficient 
Kow octanol-water partition coefficient 
L liter 
LC liquid chromatography 
LC50 lethal concentration, 50% kill 
LCLo lethal concentration, low 
LD50 lethal dose, 50% kill 
LDLo lethal dose, low 
LDH lactic dehydrogenase 
LH luteinizing hormone 
LOAEL lowest-observed-adverse-effect level 
LSE Levels of Significant Exposure 
LT50 lethal time, 50% kill 
m meter 
MA trans,trans-muconic acid 
MAL maximum allowable level 
mCi millicurie 
MCL maximum contaminant level 
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MCLG maximum contaminant level goal 
MF modifying factor 
MFO mixed function oxidase 
mg milligram 
mL milliliter 
mm millimeter 
mmHg millimeters of mercury 
mmol millimole 
mppcf millions of particles per cubic foot 
MRL Minimal Risk Level 
MS mass spectrometry 
NAAQS National Ambient Air Quality Standard 
NAS National Academy of Science 
NATICH National Air Toxics Information Clearinghouse 
NATO North Atlantic Treaty Organization 
NCE normochromatic erythrocytes 
NCEH National Center for Environmental Health 
NCI National Cancer Institute 
ND not detected 
NFPA National Fire Protection Association 
ng nanogram 
NHANES National Health and Nutrition Examination Survey 
NIEHS National Institute of Environmental Health Sciences 
NIOSH National Institute for Occupational Safety and Health 
NIOSHTIC NIOSH's Computerized Information Retrieval System 
NLM National Library of Medicine 
nm nanometer 
nmol nanomole 
NOAEL no-observed-adverse-effect level 
NOES National Occupational Exposure Survey 
NOHS National Occupational Hazard Survey 
NPD nitrogen phosphorus detection 
NPDES National Pollutant Discharge Elimination System 
NPL National Priorities List 
NR not reported 
NRC National Research Council 
NS not specified 
NSPS New Source Performance Standards 
NTIS National Technical Information Service 
NTP National Toxicology Program 
ODW Office of Drinking Water, EPA 
OERR Office of Emergency and Remedial Response, EPA 
OHM/TADS Oil and Hazardous Materials/Technical Assistance Data System 
OPP Office of Pesticide Programs, EPA 
OPPT Office of Pollution Prevention and Toxics, EPA 
OPPTS Office of Prevention, Pesticides and Toxic Substances, EPA 
OR odds ratio 
OSHA Occupational Safety and Health Administration 
OSW Office of Solid Waste, EPA 
OTS Office of Toxic Substances 
OW Office of Water 
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OWRS Office of Water Regulations and Standards, EPA 
PAH polycyclic aromatic hydrocarbon 
PBPD physiologically based pharmacodynamic  
PBPK physiologically based pharmacokinetic 
PCE polychromatic erythrocytes 
PEL permissible exposure limit 
pg picogram 
PHS Public Health Service 
PID photo ionization detector 
pmol picomole 
PMR proportionate mortality ratio 
ppb parts per billion 
ppm parts per million 
ppt parts per trillion 
PSNS pretreatment standards for new sources 
RBC red blood cell 
REL recommended exposure level/limit 
RfC reference concentration 
RfD reference dose 
RNA ribonucleic acid 
RQ reportable quantity 
RTECS Registry of Toxic Effects of Chemical Substances 
SARA Superfund Amendments and Reauthorization Act 
SCE sister chromatid exchange 
SGOT serum glutamic oxaloacetic transaminase 
SGPT serum glutamic pyruvic transaminase 
SIC standard industrial classification 
SIM selected ion monitoring 
SMCL secondary maximum contaminant level 
SMR standardized mortality ratio 
SNARL suggested no adverse response level 
SPEGL Short-Term Public Emergency Guidance Level 
STEL short term exposure limit 
STORET Storage and Retrieval 
TD50 toxic dose, 50% specific toxic effect 
TLV threshold limit value 
TOC total organic carbon 
TPQ threshold planning quantity 
TRI Toxics Release Inventory 
TSCA Toxic Substances Control Act 
TWA time-weighted average 
UF uncertainty factor 
U.S. United States 
USDA United States Department of Agriculture 
USGS United States Geological Survey 
VOC volatile organic compound 
WBC white blood cell 
WHO World Health Organization 
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> greater than 
≥ greater than or equal to 
= equal to 
< less than 
≤ less than or equal to 
% percent 
α alpha 
β beta 
γ gamma 
δ delta 
μm micrometer 
μg microgram

* q1 cancer slope factor 
– negative 
+ positive 
(+) weakly positive result 
(–) weakly negative result 
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APPENDIX E.  HEALTH ADVISORY 

Health Advisory - An Overview for the Public 

1,4-Dioxane 
August 2007 

Why is 1,4-dioxane currently a potential health concern? 

Conflicting reports 
regarding
1,4-dioxane 
exposure from use 
of some bath and 
cosmetic products 

Recent reports in the media about 1,4-dioxane contamination of 
children’s bath products prompted ATSDR to reexamine its 
recommendations to families on reducing risks of exposure to 
1,4-dioxane.  Note: The acute effects described in this document 
are not likely to occur at concentrations of 1,4-dioxane that are 
normally found in the U.S. environment. 

Why has the Agency for Toxic Substances and Disease Registry (ATSDR) provided this 
health advisory for 1,4-dioxane? 

ATSDR provides 
trusted health 
information to the 
public 

What is 1,4-dioxane? 

1,4-Dioxane is used 
in manufacturing 
and in household 
products 

ATSDR’s mission is to serve the public by using the best science, 
taking responsive public health actions, and providing trusted health 
information to prevent harmful exposures and disease related 
exposures to toxic substances. 

1,4-Dioxane (also called dioxane) is produced in large amounts 
(between 10 million and 18 million pounds in 1990) by three 
companies in the United States.  Companies use dioxane:   

• for a solvent for paper, cotton, and textile processing 
• for chemical manufacturing, 
• in automotive coolant liquid, and 
• in shampoos and other cosmetic products.  
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How are people exposed to 1,4-dioxane? 

Transmission 1, 4-Dioxane enters the body when people breathe air or consume 
through inhalation, water or food contaminated with 1,4-dioxane.  It can also be 
ingestion, or skin absorbed through skin following contact with cosmetics, shampoo 
contact or bubble bath. 1,4-Dioxane does not remain in the body because it 

breaks down into chemicals that are removed quickly. 

Where is 1, 4-dioxane found ? 

Food Traces of 1,4-dioxane can be ingested from: 

• some food supplements 
• food containing residues from packaging adhesives 
• food sprayed with pesticides containing 1,4-dioxane as a 

solvent or inert ingredient   

Ground Water A few communities’ water supplies are contaminated with 1,4­
dioxane. Information on the concentrations of 1,4-dioxane in 
groundwater, surface waters and drinking water are limited.  

Household 
products 

1,4-Dioxane may be present as a trace contaminant in household 
products such as: 

• shampoo 
• liquid dishwashing soap 
• baby lotion 
• hair lotions 
• bath foam 
• and other cosmetic products 

Industrial 
solvents 

1,4-Dioxane is primarily used as an industrial solvent in several 
manufacturing processes. 

Spermicidal 
agents 

1,4-Dioxane is found in some over-the-counter spermicidal sponges. 
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What are the health effects of 1,4-dioxane exposure? 

Effects of 1,4-dioxane on human health and the environment depend on how much 1,4-dioxane is present 
and the length and frequency of exposures.  Note: The acute effects described below are not likely to 
occur at concentrations of 1,4-dioxane that are normally found in the U.S. environment. 

Short-term 
exposure to 
1,4-dioxane 

Long-term exposure 
to 1,4-dioxane 

Reproductive 
health/infants and
1,4-dioxane 

•	 Breathing: 1,4-Dioxane for short periods of time causes 
irritation of the eyes, nose and throat in humans.  Exposure to 
large amounts of 1,4-dioxane can cause kidney and liver 
damage.  

•	 Accidental worker exposure to large amounts of 1,4-dioxane 
has resulted in several deaths.  Symptoms associated with 
these industrial deaths suggest 1,4-dioxane causes adverse 
nervous system effects. 

•	 Animal studies: Laboratory studies show that repeated 
exposure to large amounts of 1,4-dioxane in drinking water, in 
air, or on the skin causes liver and kidney damage in animals 
Laboratory studies also show that oral exposure to 1,4-dioxane 
over a lifetime causes cancer in animals.  Skin exposure of 
animals to 1,4-dioxane has shown that it can increase the 
cancer-causing properties of other chemicals.  

•	 Human studies: There is little specific information regarding the 
non-cancer outcomes in workers following repeatedly breathing 
small amounts of 1,4-dioxane over long periods of time.  

•	 Cancer classifications: (based on inadequate evidence in 
humans and sufficient evidence in animals):  

o	 Department of Health and Human Services (HHS) 
considers 1,4-dioxane as reasonably anticipated to be 
a human carcinogen 

o	 Environmental Protection Agency (EPA) established 
that 1,4-dioxane is a probable human carcinogen. 

o	 International Agency for Research on Cancer (IARC) 
has determined that 1,4-dioxane is possibly 
carcinogenic to humans. 

•	 Miscarriage and still births: Although there are studies that 
show elevated rates of spontaneous abortion and still births 
associated with occupational exposure to 1,4-dioxane in 
combination with other solvents we do not know if this effect is 
due to 1,4-dioxane alone.  

•	 Breast milk transfer: A nursing mother exposed to a high 
amount of 1,4-dioxane might pass it to the infant through her 
breast milk.  This concern is based on scientific models, not on 
actual data from the breast milk of women exposed to 
1,4-dioxane.  
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Is there a medical test to show whether I've been exposed to 1,4-dioxane? 
 

1,4-Dioxane and its 
breakdown 
products can be 
measured in your 
blood and urine 

1,4-Dioxane and its breakdown products can be measured in your 
blood and urine, and positive results indicate you have been 
exposed to 1,4-dioxane.  The tests are not routinely available at 
your doctor’s office because they require special equipment, but the 
doctor can collect the samples and send them to a special 
laboratory.  The tests need to be conducted within days after the 
exposure because 1,4-dioxane and its breakdown products leave 
the body fairly rapidly.  These tests do not predict whether exposure 
to 1,4-dioxane will produce harmful health effects. 

 

 

What levels of 1,4-dioxane are considered acceptable by regulatory agencies? 
 

1,4-Dioxane levels 
in food set by the 
Food and Drug 
Administration 
(FDA) 

• The National Academy of Sciences (NAS) specified a limit of 
10 ppm (parts per million) for 1,4-dioxane in the ingredient 
polysorbate, a food additive.   

 

• FDA also set a limit on 1,4-dioxane at 10 ppm in approving 
glycerides and polyglycerides in products such as dietary 
supplements.  This regulation is located at 21 CFR 172.736 and 
is available on FDA's website at 
www.cfsan.fda.gov/~lrd/fr060331.html.  The FDA regulation for 
1,4-dioxane as an indirect food additive is also 10 ppm and 
refers to its use as an adhesive component in packaging 
material. 

1,4-Dioxane levels  
in cosmetics- 
voluntary 
cooperation 

• FDA’s regulatory authority over the cosmetics industry is less 
comprehensive than its authority over food and drugs.  
Consequently, FDA must rely, in part, on voluntary industry 
cooperation. 

 

• Whereas the press has recently reported that FDA 
recommends 10 ppm for 1,4-dioxane in cosmetic products, the 
FDA does not have a recommendation for 1,4-dioxane in 
cosmetic products.  However, the FDA does require foaming 
detergent bath product to bear labels with directions for safe 
use, to keep out of the reach of children, or caution use under 
adult supervision. 

 

1,4-Dioxane levels 
in ground water 

• The Environmental Protection Agency (EPA) recommends that 
the levels of 1,4-dioxane in drinking water that children drink for 
1 day not exceed 4 milligrams per liter (mg/L) or 0.4 mg/L, if 
they drink water for 10 days.  However EPA has not established 
a federal drinking water standard (maximum contaminant level 
or MCL). 
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What do studies show about the levels of 1,4-dioxane in shampoos and bubble baths?  

Note: Much of the information in this section is from: Black RE, Hurley FJ, Havery DC.  2001. 
Occurrence of 1,4-dioxane in cosmetic raw materials and finished cosmetic products.  J AOAC Int 
84(3):666-670. 

1979: 1,4-Dioxane 
identified in raw 
materials used in 
the manufacture of 
cosmetic products 

1980s- Downward 
trend in levels of 
1,4-dioxane. 

1990s- Levels 
increase 

Today-levels not 
controlled 

In 1979-1980, the FDA urged the cosmetic industry to monitor their 
raw materials for 1,4-dioxane. 

The results of surveys suggested a downward trend in the levels of 
1,4-dioxane in cosmetic finished products analyzed between 1981 
and 1984.  Changes in the manufacturing process may be 
responsible for the apparent trend.  FDA surveys were then 
suspended in 1984 but were resumed in 1992. 

Ninety-nine products were analyzed between 1992 and 1997.  The 
products analyzed since 1994 focused on children’s shampoos 
because the process used in their manufacturing was linked to 
1,4-dioxane.  The downward trend in the levels of 1,4-dioxane 
previously observed in products analyzed in the 1980s was no 
longer evident in the products analyzed in the 1990s.  Of particular 
concern were levels of 1,4-dioxane observed in children’s 
shampoos analyzed in 1994/95 manufactured by two companies.  
1,4-Dioxane was frequently present at levels in excess of 85 ppm. 

The most recent surveys indicate that not all raw material producers 
are effectively controlling the levels of 1,4-dioxane, especially in 
children’s products.  

Can high levels of 1-4-dioxane be avoided in cosmetics, bath products and shampoos? 

High levels can be 
avoided 

The low levels of 1,4-dioxane observed in some raw materials and 
finished products demonstrate that with current technology, 
excessive levels of 1,4-dioxane are avoidable.  Continued periodic 
monitoring of cosmetic ingredients and cosmetic finished products 
for the presence of 1,4-dioxane is necessary. 
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What can I do to ensure that my family is not exposed to dangerous levels of 
1,4-dioxane? 

Check ingredients 
listed on product 
packaging 

Given the expanding range of consumer products that may contain 
1,4-dioxane as a contaminant, families should exercise caution in 
selecting products that do not clearly specify the ingredients that 
contain 1,4-dioxane.  

The ingredients that may be listed on cosmetics, detergents, and 
shampoos include: 

• polyethylene glycol (PEG), 
• polyethylene, 
• polyoxyethylene, 

• or oxynol-


These ingredients are most likely to contain 1,4-dioxane at a range 
of levels potentially harmful to human health depending on the 
concentration, frequency and duration of exposure. 

Where can I find more information regarding 1,4-dioxane? 

Document Source 

ATSDR ToxFAQs http://www.google.com/search?hl=en&q=toxfaqs+1%2C4-dioxane 

EPA dioxane fact 
sheets 

http://www.epa.gov/opptintr/chemfact/dioxa-sd.txt 

http://clu-in.org/contaminantfocus/default/focus/sec/1,4­
Dioxane/cat/Overview/ 

FDA: Cosmetics Cosmetic Handbook.  1992.  U.S. Food and Drug Administration.  
Center for Food Safety and Applied Nutrition. FDA/IAS Booklet: 1992. 

FDA: Food 
Additives 

FDA's website at http://www.cfsan.fda.gov/~lrd/fr060331.html. 

National Industrial 
Chemicals 
Notification and 
Assessments 
System 

http://www.nicnas.gov.au/publications/car/pec/pec7/pec7_full_report_pd 
f.pdf 
This is a full public report on 1,4-dioxane from the National Industrial 
Chemicals Notification and Assessments Scheme. 
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ATSDR. 1986. Health Consultation on Gelman Sciences, Ann Arbor, Michigan.  Written communication 
(May 22) to Louise A. Fabinski, Public Health Advisor, EPA Region V, Chicago, IL from Jeffrey A. 
Lybarger, M.D., Acting Director, Office of Health Assessment.  U.S. Department of Health and Human 
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Health and Human Services. Public Health Service. Agency for Toxic Substances and Disease Registry, 
Atlanta, GA.. 
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Human Services. Public Health Service. Agency for Toxic Substances and Disease Registry, Atlanta, GA. 

ATSDR. 2007.  Toxicological Profile for 1,4-Dioxane.  U.S. Department of Health and Human Services. 
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DISCLAIMER 


The use of company or product name(s) is for identification only and does not imply endorsement by the 
Agency for Toxic Substances and Disease Registry. 

This information is distributed solely for the purpose of pre dissemination public comment under 
applicable information quality guidelines.  It has not been formally disseminated by the Agency for Toxic 
Substances and Disease Registry.  It does not represent and should not be construed to represent any 
agency determination or policy. 
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UPDATE STATEMENT 


A Toxicological Profile for Ethylbenzene was released in 1999.  This present edition supersedes any 
previously released draft or final profile. 

Toxicological profiles are revised and republished as necessary.  For information regarding the update 
status of previously released profiles, contact ATSDR at: 

Agency for Toxic Substances and Disease Registry

Division of Toxicology and Environmental Medicine/Applied Toxicology Branch 


1600 Clifton Road NE  

Mailstop F-32 


Atlanta, Georgia 30333 
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FOREWORD 

This toxicological profile is prepared in accordance with guidelines developed by the Agency for 
Toxic Substances and Disease Registry (ATSDR) and the Environmental Protection Agency (EPA).  The 
original guidelines were published in the Federal Register on April 17, 1987. Each profile will be revised 
and republished as necessary. 

The ATSDR toxicological profile succinctly characterizes the toxicologic and adverse health 
effects information for the hazardous substance described therein.  Each peer-reviewed profile identifies 
and reviews the key literature that describes a hazardous substance's toxicologic properties.  Other 
pertinent literature is also presented, but is described in less detail than the key studies.  The profile is not 
intended to be an exhaustive document; however, more comprehensive sources of specialty information 
are referenced. 

The focus of the profiles is on health and toxicologic information; therefore, each toxicological 
profile begins with a public health statement that describes, in nontechnical language, a substance's 
relevant toxicological properties. Following the public health statement is information concerning levels 
of significant human exposure and, where known, significant health effects.  The adequacy of information 
to determine a substance's health effects is described in a health effects summary.  Data needs that are of 
significance to protection of public health are identified by ATSDR and EPA.  

Each profile includes the following: 

(A) The examination, summary, and interpretation of available toxicologic information and 
epidemiologic evaluations on a hazardous substance to ascertain the levels of significant 
human exposure for the substance and the associated acute, subacute, and chronic health 
effects; 

(B) A determination of whether adequate information on the health effects of each substance is 
available or in the process of development to determine levels of exposure that present a 
significant risk to human health of acute, subacute, and chronic health effects; and 

(C) Where appropriate, identification of toxicologic testing needed to identify the types or levels 
of exposure that may present significant risk of adverse health effects in humans. 

The principal audiences for the toxicological profiles are health professionals at the Federal, State, 
and local levels; interested private sector organizations and groups; and members of the public.  We plan 
to revise these documents in response to public comments and as additional data become available.  
Therefore, we encourage comments that will make the toxicological profile series of the greatest use. 

Comments should be sent to: 

    Agency for Toxic Substances and Disease Registry
    Division of Toxicology and Environmental Medicine 

1600 Clifton Road, N.E. 
Mail Stop F-32 

Atlanta, Georgia 30333 



 

vi 

The toxicological profiles are developed in response to the Superfund Amendments and 
Reauthorization Act (SARA) of 1986 (Public Law 99-499) which amended the Comprehensive 
Environmental Response, Compensation, and Liability Act of 1980 (CERCLA or Superfund).  This 
public law directed ATSDR to prepare toxicological profiles for hazardous substances most commonly 
found at facilities on the CERCLA National Priorities List and that pose the most significant potential 
threat to human health, as determined by ATSDR and the EPA.  The availability of the revised priority 
list of 275 hazardous substances was announced in the Federal Register on December 7, 2005 (70 FR 
72840). For prior versions of the list of substances, see Federal Register notices dated April 17, 1987 
(52 FR 12866); October 20, 1988 (53 FR 41280); October 26, 1989 (54 FR 43619); October 17, 1990 (55 
FR 42067); October 17, 1991 (56 FR 52166); October 28, 1992 (57 FR 48801);  February 28, 1994 (59 
FR 9486); April 29, 1996 (61 FR 18744); November 17, 1997 (62 FR 61332); October 21, 1999 (64 FR 
56792); October 25, 2001 (66 FR 54014); and  November 7, 2003 (68 FR 63098). Section 104(i)(3) of 
CERCLA, as amended, directs the Administrator of ATSDR to prepare a toxicological profile for each 
substance on the list. 

This profile reflects ATSDR’s assessment of all relevant toxicologic testing and information that 
has been peer-reviewed. Staff of the Centers for Disease Control and Prevention and other Federal 
scientists have also reviewed the profile. In addition, this profile has been peer-reviewed by a 
nongovernmental panel and is being made available for public review.  Final responsibility for the 
contents and views expressed in this toxicological profile resides with ATSDR. 
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QUICK REFERENCE FOR HEALTH CARE PROVIDERS 

Toxicological Profiles are a unique compilation of toxicological information on a given hazardous 
substance. Each profile reflects a comprehensive and extensive evaluation, summary, and interpretation 
of available toxicologic and epidemiologic information on a substance.  Health care providers treating 
patients potentially exposed to hazardous substances will find the following information helpful for fast 
answers to often-asked questions. 

Primary Chapters/Sections of Interest 

Chapter 1: Public Health Statement: The Public Health Statement can be a useful tool for educating 
patients about possible exposure to a hazardous substance.  It explains a substance’s relevant 
toxicologic properties in a nontechnical, question-and-answer format, and it includes a review of 
the general health effects observed following exposure. 

Chapter 2: Relevance to Public Health: The Relevance to Public Health Section evaluates, interprets, 
and assesses the significance of toxicity data to human health. 

Chapter 3: Health Effects: Specific health effects of a given hazardous compound are reported by type 
of health effect (death, systemic, immunologic, reproductive), by route of exposure, and by length 
of exposure (acute, intermediate, and chronic).  In addition, both human and animal studies are 
reported in this section. 
NOTE: Not all health effects reported in this section are necessarily observed in the clinical 
setting. Please refer to the Public Health Statement to identify general health effects observed 
following exposure. 

Pediatrics: Four new sections have been added to each Toxicological Profile to address child health 
issues: 
Section 1.6 How Can (Chemical X) Affect Children? 

Section 1.7 How Can Families Reduce the Risk of Exposure to (Chemical X)? 

Section 3.7 Children’s Susceptibility 

Section 6.6 Exposures of Children 


Other Sections of Interest: 
Section 3.8 Biomarkers of Exposure and Effect 
Section 3.11 Methods for Reducing Toxic Effects 

ATSDR Information Center  
Phone:  1-800-CDC-INFO (800-232-4636) Fax: (770) 488-4178 

or 1-888-232-6348 (TTY)   
E-mail: cdcinfo@cdc.gov Internet: http://www.atsdr.cdc.gov 

The following additional material can be ordered through the ATSDR Information Center: 

Case Studies in Environmental Medicine: Taking an Exposure History—The importance of taking an 
exposure history and how to conduct one are described, and an example of a thorough exposure 
history is provided.  Other case studies of interest include Reproductive and Developmental 
Hazards; Skin Lesions and Environmental Exposures; Cholinesterase-Inhibiting Pesticide 
Toxicity; and numerous chemical-specific case studies. 
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Managing Hazardous Materials Incidents is a three-volume set of recommendations for on-scene 
(prehospital) and hospital medical management of patients exposed during a hazardous materials 
incident. Volumes I and II are planning guides to assist first responders and hospital emergency 
department personnel in planning for incidents that involve hazardous materials.  Volume III— 
Medical Management Guidelines for Acute Chemical Exposures—is a guide for health care 
professionals treating patients exposed to hazardous materials. 

Fact Sheets (ToxFAQs) provide answers to frequently asked questions about toxic substances. 

Other Agencies and Organizations 

The National Center for Environmental Health (NCEH) focuses on preventing or controlling disease, 
injury, and disability related to the interactions between people and their environment outside the 
workplace. Contact: NCEH, Mailstop F-29, 4770 Buford Highway, NE, Atlanta, 
GA 30341-3724 • Phone: 770-488-7000 • FAX: 770-488-7015. 

The National Institute for Occupational Safety and Health (NIOSH) conducts research on occupational 
diseases and injuries, responds to requests for assistance by investigating problems of health and 
safety in the workplace, recommends standards to the Occupational Safety and Health 
Administration (OSHA) and the Mine Safety and Health Administration (MSHA), and trains 
professionals in occupational safety and health.  Contact: NIOSH, 200 Independence Avenue, 
SW, Washington, DC 20201 • Phone: 800-356-4674 or NIOSH Technical Information Branch, 
Robert A. Taft Laboratory, Mailstop C-19, 4676 Columbia Parkway, Cincinnati, OH 45226-1998 
• Phone: 800-35-NIOSH. 

The National Institute of Environmental Health Sciences (NIEHS) is the principal federal agency for 
biomedical research on the effects of chemical, physical, and biologic environmental agents on 
human health and well-being.  Contact:  NIEHS, PO Box 12233, 104 T.W. Alexander Drive, 
Research Triangle Park, NC 27709 • Phone: 919-541-3212. 

Referrals 

The Association of Occupational and Environmental Clinics (AOEC) has developed a network of clinics 
in the United States to provide expertise in occupational and environmental issues.  Contact: 
AOEC, 1010 Vermont Avenue, NW, #513, Washington, DC 20005 • Phone:  202-347-4976 
• FAX: 202-347-4950 • e-mail: AOEC@AOEC.ORG • Web Page:  http://www.aoec.org/. 

The American College of Occupational and Environmental Medicine (ACOEM) is an association of 
physicians and other health care providers specializing in the field of occupational and 
environmental medicine.  Contact: ACOEM, 25 Northwest Point Boulevard, Suite 700, Elk 
Grove Village, IL 60007-1030 • Phone:  847-818-1800 • FAX:  847-818-9266. 
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CONTRIBUTORS 

CHEMICAL MANAGER(S)/AUTHOR(S): 

Jessilynn Taylor, M.S. 

Henry Abadin, M.S.P.H. 

Heraline Hicks 

Oscar Tarrago, M.D., M.P.H. 

Diana Cronin 

ATSDR, Division of Toxicology and Environmental Medicine, Atlanta, GA 


Julie M. Klotzbach, Ph.D., 

Mario Citra, Ph.D., 

Antonio Quiñones-Rivera, Ph.D. 

Syracuse Research Corporation, North Syracuse, NY 


THE PROFILE HAS UNDERGONE THE FOLLOWING ATSDR INTERNAL REVIEWS: 

1. 	 Health Effects Review.  The Health Effects Review Committee examines the health effects 
chapter of each profile for consistency and accuracy in interpreting health effects and classifying 
end points. 

2.	 Minimal Risk Level Review. The Minimal Risk Level Workgroup considers issues relevant to 
substance-specific Minimal Risk Levels (MRLs), reviews the health effects database of each 
profile, and makes recommendations for derivation of MRLs. 

3. 	 Data Needs Review.  The Applied Toxicology Branch reviews data needs sections to assure 
consistency across profiles and adherence to instructions in the Guidance. 

4. 	 Green Border Review.  Green Border review assures the consistency with ATSDR policy. 
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PEER REVIEW 


A peer review panel was assembled for ethylbenzene.  The panel consisted of the following members:  

1.	 John DeSesso, Ph.D., Senior Fellow, Noblis, Falls Church, VA;  

2.	 James McDougal, Ph.D., Professor and Director of Toxicology Research, Boonshoft School of 
Medicine, Wright State University, Department of Pharmacology and Toxicology, Dayton, OH;  

3.	 Andrew Salmon, Ph.D., Senior Toxicologist and Chief, Air Toxicology and Risk Assessment 
Unit, Office of Environmental Health Hazard Assessment, California Environmental Protection 
Agency, Oakland, CA 

These experts collectively have knowledge of ethylbenzene's physical and chemical properties, 
toxicokinetics, key health end points, mechanisms of action, human and animal exposure, and 
quantification of risk to humans.  All reviewers were selected in conformity with the conditions for peer 
review specified in Section 104(I)(13) of the Comprehensive Environmental Response, Compensation, 
and Liability Act, as amended. 

Scientists from the Agency for Toxic Substances and Disease Registry (ATSDR) have reviewed the peer 
reviewers' comments and determined which comments will be included in the profile.  A listing of the 
peer reviewers' comments not incorporated in the profile, with a brief explanation of the rationale for their 
exclusion, exists as part of the administrative record for this compound.   

The citation of the peer review panel should not be understood to imply its approval of the profile's final 
content. The responsibility for the content of this profile lies with the ATSDR. 
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1 ETHYLBENZENE  

1. PUBLIC HEALTH STATEMENT 

This public health statement tells you about ethylbenzene and the effects of exposure to it. 

The Environmental Protection Agency (EPA) identifies the most serious hazardous waste sites in the 

nation. These sites are then placed on the National Priorities List (NPL) and are targeted for long-term 

federal clean-up activities. Ethylbenzene has been found in at least 829 of the 1,689 current or former 

NPL sites. Although the total number of NPL sites evaluated for this substance is not known, the 

possibility exists that the number of sites at which ethylbenzene is found may increase in the future as 

more sites are evaluated.  This information is important because these sites may be sources of exposure 

and exposure to this substance may harm you. 

When a substance is released either from a large area, such as an industrial plant, or from a container, 

such as a drum or bottle, it enters the environment.  Such a release does not always lead to exposure.  You 

can be exposed to a substance only when you come in contact with it.  You may be exposed by breathing, 

eating, or drinking the substance, or by skin contact. 

If you are exposed to ethylbenzene, many factors will determine whether you will be harmed.  These 

factors include the dose (how much), the duration (how long), and how you come in contact with it.  You 

must also consider any other chemicals you are exposed to and your age, sex, diet, family traits, lifestyle, 

and state of health. 

What is ethylbenzene? 

Colorless liquid 
 You can smell ethylbenzene in the air at 2 parts of ethylbenzene per million 

parts of air (2 ppm).  It evaporates at room temperature and burns easily. that smells like 

gasoline 
Used in industry Ethylbenzene is found naturally in oil.  Large amounts of ethylbenzene are 

produced in the United States.  Most of it is used to make styrene.  and in consumer 
Ethylbenzene is also used in fuels.  products 

Consumer products containing ethylbenzene include: 
• gasoline 
• paints and inks 
• pesticides 
• carpet glues 
• varnishes and paints 
• tobacco products  

***DRAFT FOR PUBLIC COMMENT*** 



2 ETHYLBENZENE  

1. PUBLIC HEALTH STATEMENT 

For more information on the physical and chemical properties of ethylbenzene, and its production, 

disposal, and use, see Chapters 4 and 5. 

What happens to ethylbenzene when it enters the environment?   

Ethylbenzene moves easily into the air from water and soil.  Ethylbenzene in Most commonly 
soil can also contaminate groundwater. found in air 

Air:  Ethylbenzene in air is broken down in less than 3 days with the aid of Rapidly broken 
sunlight.   

Water:  In surface water such as rivers and harbors, ethylbenzene breaks 
down by reacting with other compounds naturally present in water.  

Soil:  In the soil, ethylbenzene is broken down by soil bacteria.  

down in air 

For more information on ethylbenzene in the environment, see Chapter 6. 

How might I be exposed to ethylbenzene?  

Air If you live in a city or near many factories or heavily traveled highways, you 
may be exposed to ethylbenzene in the air.  Releases of ethylbenzene into 
the air occur from burning oil, gas, and coal and from industries using 
ethylbenzene. 

The median levels of ethylbenzene in air are: 
• 0.62 ppb in city and suburban locations 
• 0.01 ppb in rural locations 
• 1 ppb in indoor air  

Water  Ethylbenzene is infrequently detected in private and public groundwater 
wells used for drinking water.  Higher levels of ethylbenzene may be found in 
private residential wells near landfills, waste sites, or leaking underground 
fuel storage tanks.  

People with ethylbenzene-contaminated tap water could be exposed by 
drinking the water or eating foods prepared with it.  Exposure could also 
result from breathing in ethylbenzene while showering, bathing, or cooking 
with contaminated water. 

Soil Background levels in soils have not been reported.  Ethylbenzene may get 
into the soil by gasoline or other fuel spills and poor disposal of industrial 
and household wastes. 
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Workplace air Gas and oil workers may be exposed to ethylbenzene either through skin 
contact or by breathing ethylbenzene vapors.  Varnish workers, spray 
painters, and people involved in gluing operations may also be exposed to 
high levels of ethylbenzene.  Exposure may also occur in factories that use 
ethylbenzene to produce other chemicals. 

Consumer 
products 

You might be exposed to ethylbenzene by using any of the following 
products: 

• gasoline 
• carpet glues 
• varnishes and paints 
• tobacco products 

For more information on human exposure to ethylbenzene, see Chapter 6.  

How can ethylbenzene enter and leave my body?   

Rapidly enters When you breathe air containing ethylbenzene, it enters your body rapidly 
your body and almost completely through your lungs.  Ethylbenzene in food or water 

may also rapidly and almost completely enter your body through the 
digestive tract.  It may enter through your skin when you come into contact 
with liquids containing ethylbenzene. 

Typically leaves Once in your body, ethylbenzene is broken down into other chemicals.  
your body within Most of these other chemicals leave your body in the urine within 2 days.   
2 days 

Small amounts can also leave through the lungs and in feces.   

For more information on how ethylbenzene enters and leaves the body, see Chapter 3. 

How can ethylbenzene affect my health?   

Scientists use many tests to protect the public from harmful effects of toxic chemicals and to find ways 

for treating persons who have been harmed 

The effect of ethylbenzene on human health depends on how much ethylbenzene is present, how you are 

exposed to it, and the length of exposure.  
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Short-term 
exposure in air 

Humans:  Exposure to high levels of ethylbenzene in the air for short 
periods can cause eye and throat irritation.  Exposure to higher levels can 
result in vertigo and dizziness. 

Animals:  Exposure to very high levels (about 2 million times the usual level 
in urban air) can cause death.   

Long-term 
exposure in air 

Hearing:  Exposure to relatively low concentrations of ethylbenzene for 
several days to weeks resulted in potentially irreversible damage to the 
inner ear and hearing of animals.   

Kidney:  Exposures to relatively low concentrations of ethylbenzene for 
several months to years caused in kidney damage in animals.  

Reproduction:  There is no clear evidence that ethylbenzene affects fertility. 

Cancer:  An increase in kidney tumors in rats and lung and liver tumors in 
mice were found after they were exposed to ethylbenzene in air for 2 years.  
The International Agency for Research on Cancer (an expert group that is 
part of the World Health Organization) has determined on that long-term 
exposure to ethylbenzene may cause cancer in humans.  

Long-term
exposure by
ingestion 

Hearing:  Rats exposed to large amounts of ethylbenzene by mouth had 
severe damage to the inner ear. 

Short-term eye 
and skin contact 

Irritation:  Liquid ethylbenzene caused eye damage and skin irritation in 
rabbits.   

Further information on the health effects of ethylbenzene in humans and animals can be found in 

Chapters 2 and 3. 

How can ethylbenzene affect children?  

This section discusses potential health effects in humans from exposures during the period from 

conception to maturity at 18 years of age. 

Children are likely 
to have similar 
effects as adults 

No information is available about the effect of exposure to ethylbenzene on 
children or immature animals.  It is likely that children would show the same 
health effects as adults.  We do not know whether children will have effects 
at the same exposure levels as adults.   

Birth defects We do not know whether ethylbenzene causes birth defects in people.  
Minor birth defects and low birth weights have occurred in newborn animals 
whose mothers were exposed air contaminated with ethylbenzene. 

Exposure from 
breast milk 

We do not know whether ethylbenzene can accumulate in breast milk. 
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How can families reduce the risk of exposure to ethylbenzene?   

Limit children’s 
exposure to 
consumer 
products 
containing
ethylbenzene 

Use adequate ventilation to minimize exposure to ethylbenzene vapors from 
consumer products such as 

• gasoline 
• pesticides 
• varnishes and paints 
• newly installed carpeting 

Sometimes older children sniff household chemicals in an attempt to get 
high. Your children may be exposed to ethylbenzene by inhaling products 
containing it, such as paints, varnishes, or gasoline.  Talk with your children 
about the dangers of sniffing chemicals.   

Store household 
chemicals out of 
reach of young 
children 

Always store household chemicals in their original labeled containers out of 
reach of young children to prevent accidental poisonings.  Never store 
household chemicals in containers children would find attractive to eat or 
drink from, such as old soda bottles.   

Gasoline should be stored in a gasoline can with a locked cap. 
Follow directions 
on label 

Always follow directions on household products, such as use with good 
ventilation. 

Limit exposure to 
tobacco smoke 

Ethylbenzene is a component of tobacco smoke.  Avoid smoking in 
enclosed spaces like inside the home or car in order to limit exposure to 
children and other family members. 

Is there a medical test to determine whether I have been exposed to 
ethylbenzene? 

Can be measured Ethylbenzene can be measured in blood and in the breath of people 
in blood and 
breath 

exposed to ethylbenzene.  

This should be done within a few hours after exposure occurs because 
these metabolites leave the body very quickly. 

Metabolites can 
be measured in 
urine 

The presence of ethylbenzene breakdown products (metabolites) in urine 
might indicate that you were exposed to ethylbenzene; however, these 
breakdown products can also form when you are exposed to other 
substances, such as styrene. 

The detection of these metabolites in your urine cannot be used to predict 
the kind of health effects that might develop from that exposure.   

You should have this test done within a few hours after exposure occurs 
because these metabolites leave the body very quickly.   

For more information on the different substances formed by ethylbenzene breakdown and on tests to 

detect these substances in the body, see Chapters 3 and 7. 
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What recommendations has the federal government made to protect human 
health? 

The federal government develops regulations and recommendations to protect public health.  Regulations 

can be enforced by law.  The EPA, the Occupational Safety and Health Administration (OSHA), and the 

Food and Drug Administration (FDA) are some federal agencies that develop regulations for toxic 

substances. Recommendations provide valuable guidelines to protect public health, but cannot be 

enforced by law.  The Agency for Toxic Substances and Disease Registry (ATSDR) and the National 

Institute for Occupational Safety and Health (NIOSH) are two federal organizations that develop 

recommendations for toxic substances. 

Regulations and recommendations can be expressed as “not-to-exceed” levels, that is, levels of a toxic 

substance in air, water, soil, or food that do not exceed a critical value that is usually based on levels that 

affect animals; they are then adjusted to levels that will help protect humans.  Sometimes these not-to­

exceed levels differ among federal organizations because they used different exposure times (an 8-hour 

workday or a 24-hour day), different animal studies, or other factors. 

Recommendations and regulations are also updated periodically as more information becomes available.  

For the most current information, check with the federal agency or organization that provides it.   

Some regulations and recommendations for ethylbenzene include the following: 

Levels in drinking
water set by EPA 

The EPA has determined that exposure to ethylbenzene in drinking water at 
concentrations of 30 ppm for one day or 3 ppm for 10 days is not expected 
to cause any harmful effects in a child. 

The EPA has determined that lifetime exposure to 0.7 ppm ethylbenzene is 
not expected to cause any harmful effects.   

Levels in surface 
water set by EPA 

If you eat fish and drink water from a body of water, the water should 
contain no more than 0.53 ppm ethylbenzene.   

Levels in 
workplace air set 
by OSHA 

OSHA set a legal limit of 100 ppm ethylbenzene in air averaged over an 
8-hour work day.   

For more information on regulations and advisories, see Chapter 8. 
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Where can I get more information? 

If you have any more questions or concerns, please contact your community or state health or 

environmental quality department, or contact ATSDR at the address and phone number below. 

ATSDR can also tell you the location of occupational and environmental health clinics.  These clinics 

specialize in recognizing, evaluating, and treating illnesses that result from exposure to hazardous 

substances. 

Toxicological profiles are also available on-line at www.atsdr.cdc.gov and on CD-ROM.  You may 

request a copy of the ATSDR ToxProfiles™ CD-ROM by calling the toll-free information and technical 

assistance number at 1-800-CDCINFO (1-800-232-4636), by e-mail at cdcinfo@cdc.gov, or by writing 

to: 

Agency for Toxic Substances and Disease Registry

Division of Toxicology and Environmental Medicine 


  1600 Clifton Road NE 

  Mailstop F-32 

  Atlanta, GA 30333 

  Fax: 1-770-488-4178 


Organizations for-profit may request copies of final Toxicological Profiles from the following: 

National Technical Information Service (NTIS) 

5285 Port Royal Road 


  Springfield, VA 22161 

  Phone: 1-800-553-6847 or 1-703-605-6000 


Web site: http://www.ntis.gov/ 
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2.1 	 BACKGROUND AND ENVIRONMENTAL EXPOSURES TO ETHYLBENZENE IN THE 
UNITED STATES 

Ethylbenzene is widely distributed in the environment.  It is primarily used for the production of styrene, 

which is the monomeric unit for polystyrene materials.  Ethylbenzene is also used as a solvent and in the 

manufacture of several organic compounds other than styrene; however, these uses are very minor in 

comparison to the amounts used for styrene production.  The production volume of ethylbenzene is 

typically among the highest of all chemicals manufactured in the United States.  In 2005, nearly 12 billion 

pounds of ethylbenzene were produced domestically, with historical levels ranging anywhere from 

approximately 7 to 13 billion pounds annually.  Routine human activities, such as driving automobiles, 

boats, or aircraft, or using gasoline powered tools and equipment, release ethylbenzene to the 

environment.  Environmental and background levels of ethylbenzene are generally small and therefore, 

have minimal impact on public health.  Trace levels of ethylbenzene are found in internal combustion 

engine exhaust, food, soil, water, and tobacco smoke, but usually at levels well below those that have 

been shown to exhibit toxic effects in laboratory animals or human exposure studies. 

Ethylbenzene is not considered highly persistent in the environment.  It partitions primarily to air and 

removal via photochemically generated hydroxyl radicals is an important degradation mechanism.  The 

half-life for this reaction in the atmosphere is approximately 1–2 days.  Biodegradation under aerobic 

conditions and indirect photolysis are important degradation mechanisms for ethylbenzene in soil and 

water. Based on a vapor pressure of 9.53 mm Hg and Henry’s law constant of 7.9x10-3 atm-m3/mol, 

volatilization from water and soil surfaces is expected to be an important environmental fate process for 

ethylbenzene.  If released to soil, ethylbenzene is expected to possess moderate mobility based on a soil 

adsorption coefficient (Koc) value of 240. 

Ethylbenzene is ubiquitous in ambient air, primarily as a result of automobile emissions.  The median 

level of ethylbenzene in city and suburban air was reported as 2.7 μg/m3 (0.62 ppb). In contrast, the 

median level of ethylbenzene measured in rural locations was 0.056 μg/m3 (0.013 ppb). Ethylbenzene 

levels in indoor air tend to be higher than corresponding levels monitored in outdoor air, as a result of 

contributions from environmental tobacco smoke (ETS) and various consumer products, in addition to the 

permeation indoors of ethylbenzene from outside air.  A study analyzed the components of ETS for the 

50 top-selling U.S. cigarette brand styles in 1991 and for the University of Kentucky Research cigarette, 

K1R4F. The ethylbenzene concentrations measured were 8.68 μg/m3 for full-flavor cigarettes, 
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8.24 μg/m3 for full-flavor, low-tar cigarettes, and 8.72 μg/m3 for ultra-low-tar cigarettes.  The mean 

ethylbenzene concentration for all cigarettes was 8.50 μg/m3. A study reported a maximum outdoor air 

concentration of 7.4 μg/m3 (1.7 ppb) for ethylbenzene at four residential locations, while indoor air 

concentrations at these same homes ranged from 5 to 110 μg/m3 (1–25.3 ppb).  Ethylbenzene is detected 

infrequently in surface water.  Data from the EPA STOrage and REtrieval Database (STORET), indicated 

that ethylbenzene was detected in <3% of the surface water samples analyzed in the United States from 

January 2005 to March 2007, with a maximum concentration of 2 ppb.  

Ethylbenzene was identified in 82 different food items at a maximum concentration of 0.129 ppm in data 

obtained from the FDA Total Diet Study Market Basket Surveys collected between September 1991 and 

October 2003. Trace concentrations of ethylbenzene have been reported in split peas (0.013 mg/kg 

[ppm]), lentils (0.005 mg/kg [ppm]), and beans (mean concentration 0.005 mg/kg [ppm]; maximum 

concentration 0.011 mg/kg [ppm]).     

The general population is primarily exposed to ethylbenzene from the inhalation of ambient air.  This is 

due to the direct release of ethylbenzene into the air by the burning of fossil fuels or industrial processes, 

and partitioning into the air from other media (e.g., soil, surface water).  This partitioning of ethylbenzene 

into the air or water would play a role in exposure to populations living near hazardous waste sites.  In 

addition to inhalation exposure, ingestion of ethylbenzene may also occur because trace amounts have 

been found in water supplies and various food items. 

2.2 SUMMARY OF HEALTH EFFECTS  

In humans, eye irritation was observed after exposure to 10,000 ppm ethylbenzene for a few seconds.  

Volunteers reported irritation and chest constriction after acute-duration exposures to 2,000 ppm 

ethylbenzene.  These symptoms worsened as the concentration was increased to 5,000 ppm.  Human 

exposures in the range of 2,000–5,000 ppm ethylbenzene were associated with dizziness and vertigo.  

Complete recovery occurs if exposure is not prolonged.  Momentary ocular irritation, a burning sensation, 

and profuse lacrimation were observed in humans exposed to 1,000 ppm ethylbenzene.  Workers exposed 

occupationally to solvent mixtures that included ethylbenzene showed an increased incidence of hearing 

loss compared to unexposed individuals.  Respiratory effects were not observed in two patients exposed 

to 55.3 ppm ethylbenzene for 15 minutes.  An increase in the mean number of lymphocytes and a 

decrease in hemoglobin levels were observed during a 1-year period in workers exposed chronically to 

solvents including ethylbenzene. However, no adverse hematological effects were observed in workers 
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exposed to ethylbenzene for 20 years.  Although no information on ethylbenzene concentrations was 

reported, an estimated concentration of 6.4 mg/m3 was derived from a mean post-shift in urinary mandelic 

acid concentration in workers, based on the relationship between ethylbenzene concentrations in air and 

urinary mandelic acid concentration in a chamber-exposed group.  No liver lesions or differences in liver 

function tests between exposed and nonexposed workers were observed and no cases of malignancy in 

workers were reported. However, given the low exposure concentration, this study had limited the power 

to detect any effect.  No other studies in humans exposed to ethylbenzene were located.  Given that little 

data in humans are available, it is assumed that adverse effects observed in animals are relevant to 

humans. 

Acute-duration and intermediate-duration studies in animals suggest that the auditory system is a sensitive 

target of ethylbenzene toxicity.  Significant losses of outer hair cells (OHCs) in the organ of Corti have 

been observed in rats after acute-duration exposure ≥400 ppm and intermediate-duration inhalation 

exposure to ≥200 ppm ethylbenzene.  These OHC losses have been observed up to 11 weeks after 

termination of the exposure, suggesting that these effects may be irreversible.  Significant deterioration of 

auditory thresholds is also observed in animals affected with OHC losses.  Auditory deficits have also 

been observed in animals after an intermediate-duration oral exposure to ethylbenzene.  An almost 

complete loss of the three rows of outer hair cells in the organ of Corti was observed in rats 10 days after 

the last dose (900 mg/kg/day) in an acute-duration study.  Effects on the central nervous system, such as 

moderate motor activation, narcotic effects, changes in posture and arousal, and salivation and prostration 

have been observed in animals after acute- and intermediate-duration exposure to ≥400 ppm 

ethylbenzene. 

Results of 4- and 13-week studies indicate that intermediate-duration oral exposure to ethylbenzene 

produces effects to the liver. Effects indicative of liver toxicity observed included increased activity of 

serum liver enzymes (alanine aminotransferase [ALT] and gamma-glutamyltransferase [GGT]) in males 

(≥250 mg/kg/day) and females (750 mg/mg/day), increased absolute and relative liver weights 

(≥250 mg/kg/day in males and females), and a dose-related increase in the incidence of centrilobular 

hepatocyte hypertrophy (≥250 mg/kg/day in males and females).  Increased bilirubin (≤250 mg/kg/day in 

males and 750 mg/kg/day in females), total protein (750 mg/kg/day in females), albumin (750 mg/kg/day 

in males and females), globulins (750 mg/kg/day in females), and cholesterol (≤250 mg/kg/day in males 

and females), and decreased prothrombin time (750 mg/kg/day in males and ≥250 mg/kg/day in females) 

were considered by study investigators as adaptive effects in the liver.  In males in the 75 mg/k/day group, 

relative liver weight was significantly increased by 4% compared to controls; however, no 
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histopathological changes, or increases in absolute liver or serum liver enzyme activities were observed at 

this dosage. Given that ethylbenzene is a microsomal enzyme inducer, and the absence of histopathology 

and other evidence of liver injury at the 75 mg/kg/day dosage, the small increase in relative liver weight 

in male rats was at this dosage not considered evidence for an adverse effect on the liver.  Results of the 

4-week gavage study in rats were similar to those of the 13-week study, identifying no-observed-adverse­

effect level (NOAEL) and lowest-observed-adverse-effect level (LOAEL) values of 250 and 

750 mg/kg/day, respectively, for liver effects.  Observed effects consistent with hepatotoxicity included 

increased absolute and relative liver weights (≥250 mg/kg/day in males and 750 mg/kg/day in females), 

increased incidence of hepatocyte centrilobular (≥250 mg/kg/day in males and 750 mg/kg/day in 

females), and increase serum liver enzyme activity (ALT) (750 mg/kg/day in males and females).  

Histopathological changes characterized by cloudy swelling of parenchymal cells of the liver and an 

increase in liver weight were observed in female rats administered 408 mg/kg/day by gavage for 

6 months.  No other hepatic changes were reported.  No liver effects were observed in female rats 

administered 136 mg/kg/day.  However, this study was poorly reported and did not provide adequate 

descriptions of study methods or results. 

Guinea pigs exposed to sublethal concentrations of ethylbenzene (≤10,000 ppm for <100 minutes) 

showed “moderate” pulmonary edema and congestion.  These findings had disappeared in animals after a 

4–8-day recovery period, suggesting that these pathological effects in the lung are reversible.  A 50% 

respiratory depression was observed in mice exposed to ≥1,432 ppm for 5–30 minutes.  Respiratory 

depression has not been reported in humans exposed to ethylbenzene.  Nasal and eye irritation was 

evident in animals exposed to 1,000 ppm for ≥3 minutes.  One study did not observe weight or 

histopathological effects in the lungs of rats or mice exposed to 782 ppm or rabbits exposed to 1,610 ppm 

ethylbenzene for 4 weeks.  Absolute and relative lung weight was increased in rats, but not mice, exposed 

to ≥250 ppm for 13 weeks; no treatment-related histopathological effects were observed.  One study did 

not report pulmonary injury in rats, guinea pigs, rabbits, or monkeys exposed to 600–2,200 ppm 

ethylbenzene for approximately 6 months; however, only two animals were used in some of the dose 

groups in rabbits and monkeys.  No treatment-related histopathological effects were noted in respiratory 

tissue in rats or female mice exposed to up to 750 ppm ethylbenzene for 2 years.  Although an increase in 

alveolar epithelial hyperplasia was noted in male mice in the 750-ppm group the incidence fell within 

historical controls for the conducting laboratory.  The available data on adverse respiratory effects 

associated with ethylbenzene exposure in animals and the limited data available in humans suggest that 

respiratory effects in humans could result following inhalation exposure to high concentrations of 
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ethylbenzene.  Respiratory effects from low-level exposure, such as that found in the outdoor air, appear 

to be less likely. 

Developmental effects have been reported in the offspring of pregnant animals exposed to ethylbenzene 

during gestation.  The best reported studies available suggest that developmental effects are generally 

observed at concentrations of approximately ≥1,000 ppm.  Significant increases in the incidence of fetal 

skeletal variations were observed in the offspring of pregnant rats exposed to 2,000 ppm and reductions in 

fetal body weight were observed in the offspring of pregnant rats exposed to ≥1,000 ppm ethylbenzene 

during gestation. Maternal toxicity, manifested as reduced body weight gain, was also observed in rats 

exposed to ≥1,000 ppm.  No developmental effects were observed at concentrations of ≤500 ppm.  In 

contrast, an increased incidence of fetuses with extra ribs was observed in the offspring of rats exposed to 

100 ppm during gestation, but not when the animals were exposed to 100 ppm during pre-mating and 

gestation. No other significant increases in major malformations or minor anomalies were observed.  

Neurodevelopmental assessments conducted on F2 rat offspring indicated no effects in a functional 

observational battery assessment, fore- or hind-limb grip strength, swimming ability, motor activity, 

startle response, or learning and memory assessments at 500 ppm. 

The number of implantations or live fetuses per litter and the percentage of resorptions or non-live 

implants per litter were unaffected in pregnant rats exposed to 2,000 ppm ethylbenzene during gestation.  

In a two-generation study, estrous cycle length was significantly reduced in F0, but not F1, females 

exposed to 500 ppm or in rats or mice exposed to 975 ppm ethylbenzene for 90 days.  Reproductive 

parameters were not affected in F0 or F1 males or females at 500 ppm ethylbenzene.  Exposure of rats 

and rabbits to 100 or 1,000 ppm ethylbenzene for 3 weeks during prior to mating or gestation or both 

resulted in no conclusive evidence of reproductive effects in either species.  Assessments of reproductive 

organs conducted following intermediate- and chronic-duration exposure to ethylbenzene have not 

observed histopathological changes in the testes of rats, mice, or rabbits exposed to concentrations as high 

as 2,400 ppm ethylbenzene for 4 days or in rats or mice exposed to 782 ppm ethylbenzene or rabbits 

exposed to 1,610 ppm for 4 weeks.  No effect was observed on spermatid counts, sperm motility, weight 

of the caudal epididymis, or testicular morphology in rats or mice exposed to 975 ppm ethylbenzene for 

90 days.  No adverse histopathological effects were seen in the testes of rats or guinea pigs exposed to 

concentrations up to 1,250 or 600 ppm, respectively, for 6–7 months.   

Other systemic effects have been observed in animals after acute-, intermediate-, and chronic-duration 

exposures to ethylbenzene.  Eye irritation and lacrimation have been observed after acute-duration 
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exposures in rats, mice, and guinea pigs exposed to ≥1,000 ppm ethylbenzene.  Lacrimation was observed 

in rats exposed to 382 ppm for 4 weeks.  In contrast, no ocular effects were seen in rats or mice after a 

13-week exposure to 975 ppm ethylbenzene.  Mild irritation, reddening, exfoliation, and blistering have 

been reported in rabbits when ethylbenzene was applied directly on the skin.  Slight irritation of the eye 

and corneal injuries were observed in rabbits when ethylbenzene was instilled onto the eyes.   

One study examined the possible association between occupational exposure to ethylbenzene and 

increased cancer risk; no cases of malignancy were observed in workers exposed to ethylbenzene for 

20 years.  Animal studies have found increased incidences of neoplasms in rats and mice following 

inhalation or oral exposure, which are considered relevant to humans.  The inhalation studies found clear 

evidence of carcinogenic activity in male rats based on increased incidences of renal tubule neoplasm's 

and testicular adenomas, some evidence of carcinogenic activity in female rats based on increased 

incidences of renal tubule adenomas, some evidence of carcinogenic activity in male mice based on 

increased incidences of alveolar/bronchiolar neoplasms, and some evidence of carcinogenic activity in 

female mice based on increased incidences of hepatocellular neoplasms.  In a reevaluation of the 

histopathology of rat kidneys from the NTP study, a study confirmed the NTP findings and suggested that 

the increased incidence of kidney tumors in rats in the high-dose group was related to a chemical-induced 

exacerbation of chronic progressive nephropathy (CPN) with a minor contributing factor in male rats 

being α2µ-globulin nephropathy.  The author suggests that since CPN is an age-related disease of rodents 

without a counterpart in humans, the kidney results of the NTP study are not relevant to humans for risk 

assessment purposes.  However, in an analysis of the association between CPN and renal tubule cell 

neoplasms in male F344 rats, a study concluded that the association between CPN and renal tubule cell 

neoplasms is marginal.  Results of this analysis suggest that the number of renal tubule cell neoplasms 

secondary to CPN would be few.  An increase in the total number of malignant tumors was observed in 

rats orally exposed to ethylbenzene; however, data on specific tumor types were not provided.  On the 

basis of the NTP study, IARC has classified ethylbenzene as a Group 2B carcinogen (possibly 

carcinogenic to humans).  In the most recent carcinogenicity assessment by the EPA conducted in 1991, 

ethylbenzene was classified as Group D (not classifiable as to human carcinogenicity) due to the lack of 

animal bioassays and human studies; however, the EPA assessment predated the NTP study. Ethyl-

benzene is not included in the NTP’s Report on Carcinogens; however, this may reflect that NTP has not 

recently considered the carcinogenicity of ethylbenzene, rather than a judgment that ethylbenzene is not 

carcinogenic. 
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Acute- and intermediate-duration studies provide strong evidence that ototoxicity is a sensitive effect 

following inhalation exposure to ethylbenzene.  A more detailed discussion of this effect follows.  The 

reader is referred to Section 3.2, Discussion of Health Effects by Route of Exposure, for additional 

information on other effects.   

A study of workers exposed occupationally to solvent mixtures that include ethylbenzene (mean exposure 

level 1.8 ppm) showed a 58% incidence of hearing loss compared to 36% in the reference (unexposed) 

group. The role of ethylbenzene in the observed losses cannot be ascertained from this study given that 

ethylbenzene was only one of several solvents, most of which were present at mean concentrations 1.5– 

3.5 times higher than ethylbenzene.  Consistent with the outcome of occupational studies showing hearing 

loss, significant and persistent adverse auditory effects have been shown in animals after acute- and 

intermediate-duration inhalation exposures to ethylbenzene and after acute-duration oral exposures.  

OHCs in the organ of Corti (located in the cochlea) are a sensitive target of toxicity of ethylbenzene.  

Significant losses of OHCs in the organ or Corti were observed in male rats after acute-duration 

inhalation exposure to ≥400 ppm and intermediate-duration inhalation exposure to ≥200 ppm ethyl-

benzene. These losses in OHC were observed 8–11 weeks after the last exposures.  Inhalation of 

≥400 ppm ethylbenzene for 5 days or 4 weeks also resulted in a significant deterioration of auditory 

thresholds. The magnitude of the shifts in auditory thresholds observed after the first 4 weeks of exposure 

did not change during a 13-week exposure period or after an 8-week post-exposure recovery period.  

Inner hair cells were affected by ethylbenzene only at ≥600 ppm in the intermediate-duration study. 

Guinea pigs exposed to ethylbenzene at 2,500 ppm for 5 days did not show auditory deficits or losses in 

outer hair cells, whereas significant deficits and hair cell loss were observed in rats exposed to ethyl-

benzene at 550 ppm.  An almost complete loss of OHC was reported in male rats 10 days after an acute-

duration oral exposure to ethylbenzene.  The mechanisms of the species differences between rats and 

guinea pigs are not understood.  However, given the observations of hearing loss in workers exposed to 

1.8 ppm ethylbenzene, the rat appears to be an appropriate animal model. 

2.3 MINIMAL RISK LEVELS (MRLs) 

Estimates of exposure levels posing minimal risk to humans (MRLs) have been made for ethylbenzene.  

An MRL is defined as an estimate of daily human exposure to a substance that is likely to be without an 

appreciable risk of adverse effects (noncarcinogenic) over a specified duration of exposure.  MRLs are 

derived when reliable and sufficient data exist to identify the target organ(s) of effect or the most sensitive 

health effect(s) for a specific duration within a given route of exposure.  MRLs are based on 
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noncancerous health effects only and do not consider carcinogenic effects.  MRLs can be derived for 

acute, intermediate, and chronic duration exposures for inhalation and oral routes.  Appropriate 

methodology does not exist to develop MRLs for dermal exposure. 

Although methods have been established to derive these levels (Barnes and Dourson 1988; EPA 1990a), 

uncertainties are associated with these techniques.  Furthermore, ATSDR acknowledges additional 

uncertainties inherent in the application of the procedures to derive less than lifetime MRLs.  As an 

example, acute inhalation MRLs may not be protective for health effects that are delayed in development 

or are acquired following repeated acute insults, such as hypersensitivity reactions, asthma, or chronic 

bronchitis. As these kinds of health effects data become available and methods to assess levels of 

significant human exposure improve, these MRLs will be revised. 

Inhalation MRLs 

•	 An MRL of 10 ppm has been derived for acute-duration inhalation exposure (14 days or less) to 
ethylbenzene based on a NOAEL for significant deterioration in CAP auditory threshold and 
significant OHC loss at 400 ppm (LOAEL). 

The database for acute-duration inhalation exposure to ethylbenzene is composed mostly of studies in 

laboratory animals.  Some of the available reports and studies in humans are of limited use for dose-

response assessment because insufficient information was provided to clearly characterize the exposure to 

ethylbenzene.  Several studies with laboratory animals identify ototoxicity as the most sensitive end point 

for acute-duration inhalation exposure to ethylbenzene.  Damage to the OHCs of the organ of Corti and, 

in some cases, significant reductions in auditory thresholds were observed in rats exposed to ≥400 ppm 

ethylbenzene by inhalation for 5 days (Cappaert et al. 1999, 2000, 2001, 2002).  Losses of OHCs 

appeared to be concentration related as losses were 52–66% in animals exposed to 800 ppm ethylbenzene 

(Cappaert et al. 1999), 40–75% at 550 ppm, and approximately 25% at 400 ppm (Cappaert et al. 2000, 

2001). OHC losses in rats exposed to 300 ppm were small (12%) and not statistically significant 

(Cappaert et al. 2000).  Significant auditory deterioration, manifested as shifts in auditory thresholds, was 

also observed in rats exposed to ≥400 ppm ethylbenzene for 5 days (Cappaert et al. 1999, 2000, 2001, 

2002).  Auditory thresholds in rats exposed to ethylbenzene at ≥400 ppm were significantly affected in 

the mid-frequency region; however, an increasingly broader range of frequencies were affected with 

increasing concentrations of ethylbenzene (Cappaert et al. 1999, 2000).  Cappaert et al. (2002) 

demonstrated a significant species difference in the susceptibility of rats and guinea pigs to the ototoxic 

effects of ethylbenzene with guinea pigs showing no auditory deficits or losses in OHCs at 2,500 ppm 
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ethylbenzene after 5 days (Cappaert et al. 2002).  Auditory assessments indicate that effects were evident 

shortly after exposure and persisted for up to 11 weeks (termination of the observation period) (Cappaert 

et al. 1999, 2000, 2001, 2002).  The data suggest that these auditory effects might be irreversible. 

The observed damage to the auditory capacity of rats exposed to ethylbenzene during acute-duration 

studies reported in Cappaert et al. study (2000) was chosen as a critical effect to derive the acute-duration 

inhalation MRL.  Ototoxicity was observed at relatively low exposure levels (400 ppm) and was a serious 

adverse effect that the impaired auditory threshold; no other adverse effects were observed at lower 

levels. An acute-duration MRL based on ototoxicity would be considered as protective of other effects 

observed in acute-exposure studies. 

In the study by Cappaert et al. (2000), Wag/Rij rats (eight rats/group; sex not provided) were exposed to 

0, 300, 400, or 550 ppm ethylbenzene (99% pure) 8 hours/day for 5 days.  Animal weight was recorded 

weekly.  Measurement of Distortion Product Otoacoustic Emissions (DPOAE), Compound Action 

Potential (CAP), and hair cell counts were conducted 3–6 weeks after the last ethylbenzene exposure.  

Exposed animals did not show clinical signs of intoxication and there were no significant differences in 

terminal body weight between exposed and control rats.  DPOAE amplitude growth curves showed a 

significant reduction in rats exposed to 550 ppm, but not to 300 or 400 ppm ethylbenzene.  Effects were 

significant at 5.6, 8, and 11.3 kHz, but not at other frequencies.  The DPOAE thresholds were 

significantly shifted (increased stimulus was needed to elicit the threshold response) at 5.6, 8, 11.3, and 

16 kHz in rats in the 550-ppm group.  DPOAE threshold shifts were not observed in other exposure 

groups. Animals exposed to 550 ppm showed a significant shift in the CAP amplitude growth curves at 

8, 12, and 16 kHz.  In the 400-ppm group, the CAP growth curves were affected only at 12 kHz and there 

was no effect in animals in the 300-ppm group.  CAP thresholds were significantly shifted at 8, 12, and 

16 kHz in the 550-ppm group and at 12 and 16 kHz in the 400-ppm group.  There was no deterioration of 

CAP thresholds in the 300-ppm group.  Significant OHC losses of approximately 33 and 75% were 

observed in the 550-ppm group in the auditory regions corresponding to 11 and 21 kHz, respectively.  In 

the 400-ppm group, significant losses (25%) were observed in the 11 kHz region.  OHC losses in the 

21 kHz region in the 300-ppm group were approximately 12%, but were not statistically significantly 

different from controls.  This study identifies a NOAEL of 300 ppm and a LOAEL of 400 ppm for 

significant deterioration in CAP auditory thresholds and significant OHC losses. 

A LOAEL/NOAEL approach was used to derive a point of departure to estimate an acute-duration 

inhalation MRL for ethylbenzene using the NOAEL of 300 ppm and the LOAEL of 400 ppm.  
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Application of a benchmark dose analysis was precluded because the results in Cappaert et al. (2000) 

were presented graphically and the details necessary to conduct a benchmark dose assessment, such as 

standard errors or standard deviations, were not clearly discernible.  The NOAEL of 300 ppm was not 

adjusted for intermittent exposure given that the pharmacokinetics of ethylbenzene indicate that 

ethylbenzene will rapidly be absorbed, attain equilibrium with blood, be metabolized, and be eliminated 

from the body.  Steady-state blood ethylbenzene concentrations achieved within 2 hours of initiating 

inhalation exposure to ethylbenzene concentration ranging from 75 to 500 ppm (Charest-Tardif et al. 

2006).  The blood elimination kinetics of inhaled ethylbenzene show that ethylbenzene is rapidly 

eliminated from the blood, with elimination half-times ranging from 3.3 to 63 minutes (e.g., nonlinearity 

of clearance with exposure concentration, similar elimination half-times (Charest-Tardif et al. 2006; 

Tardif et al. 1997). To calculate the human equivalent NOAEL (NOAELHEC), the NOAEL was multiplied 

by the ratio of the animal-to-human blood/gas partition coefficients for ethylbenzene.  The blood/air 

partition coefficients for ethylbenzene were estimated to be 42.7 for the rat and 28.0 for the human 

(Tardif et al. 1997).  Since the ethylbenzene blood/gas partitioning coefficient in animals is greater than 

the partitioning coefficient in humans, a default value of 1 is used for the animal-to-human blood/gas ratio 

(EPA 1994o).  Thus, the NOAELHEC is 300 ppm.  The NOAEL[HEC] was divided by an uncertainty factor 

of 30 (3 for extrapolation from animals to humans with dosimetric adjustment and 10 for human 

variability), resulting in an acute-duration inhalation MRL of 10 ppm. 

The developmental effects of inhaled ethylbenzene have been examined in high quality, guideline-

compliant studies, which included complete examination of fetuses (Faber et al. 2006, 2007; NIOSH 

1981; Saillenfait et al. 2003, 2006, 2007).  Results of studies in rats indicate that ethylbenzene produces 

reduced fetal weight, skeletal anomalies, and delayed development of urogenital tract; skeletal anomalies 

and delayed urogenital development were observed in the presence of maternal toxicity (Faber et al. 2006; 

NIOSH 1981). Urogenital malformations (not specified) in mice and decreased fetal weight in rabbits 

also have been observed (Ungváry and Tátrai 1985); however, the usefulness of this study is hampered by 

the incomplete descriptions of the results and because an analysis of the results on a per litter basis was 

not provided.  Malformations of the uropoietic apparatus at the ethylbenzene concentrations reported by 

Ungváry and Tátrai (1985) were not observed in longer-duration studies (Faber et al. 2006, 2007; 

Saillenfait et al. 2003, 2006, 2007). 

Neurotoxic and respiratory effects were observed after acute-duration exposure to ethylbenzene at 

concentrations equal to or higher than those that elicited auditory effects in animals.  Effects observed 

after acute-duration exposure to ethylbenzene include moderate activation of motor behavior in rats 
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exposed to 400 ppm (Molnar et al. 1986) and reduced activity and prostration and shallow breathing in 

rats and mice at 1,200 ppm (Ethylbenzene Producers Association 1986a).  Rats or mice exposed to 

≥2,000 ppm showed posture changes, reduced grip strength, reduced motor coordination (Tegeris and 

Balster 1994), narcotic effects (Molnar et al. 1986), and neurotransmission disturbances in the forebrain 

and hypothalamus (Andersson et al. 1981).  Mice exposed to 4,060 ppm for 20 minutes showed a 50% 

reduction in respiratory rate (Nielsen and Alarie 1982).  A 50% respiratory depression observed in mice at 

1,432 ppm was attributed to sensory irritation (De Ceaurriz et al. 1981).  Ethylbenzene concentrations of 

1,000 ppm caused momentary ocular irritation, a burning sensation, and profuse lacrimation in humans 

(Thienes and Haley 1972; Yant et al. 1930).  Male volunteers exposed to 2,000 ppm ethylbenzene 

reported throat irritation and chest constriction (Yant et al. 1930).  No histopathological findings were 

made in the lungs of surviving rats, mice, or rabbits exposed to 1,200, 400, or 2,400 ppm ethylbenzene, 

respectively, for 4 days (Ethylbenzene Producers Association 1986a). 

Increased liver weight was reported after acute-duration exposure in rats exposed to ≥400 ppm 

ethylbenzene (Ethylbenzene Producers Association 1986a; Toftgard and Nilsen 1982), but not in mice at 

1,200 ppm or rabbits at 2,400 ppm (Ethylbenzene Producers Association 1986a).  At these same levels 

and durations of exposures, induction of microsomal enzymes and related ultrastructural changes (e.g., 

proliferation of the smooth endoplasmic reticulum) were observed.  These effects occurred in the absence 

of histopathological changes to the liver.  Therefore, the effects on the liver appear to be related to 

induction of microsomal enzymes in smooth endoplamic reticulum.   

Kidney weight was increased in rats exposed to ≥1,200 ppm (Ethylbenzene Producers Association 1986a; 

Toftgard and Nilsen 1982), but not in mice at 1,200 ppm or rabbits at 2,400 ppm (Ethylbenzene Producers 

Association 1986a). However, increased kidney weights occurred in the absence of histological changes 

(Ethylbenzene Producers Association 1986a). 

•	 An MRL of 0.7 ppm has been derived for intermediate-duration inhalation exposure (15–

364 days) to ethylbenzene based on a loss of cochlear OHC at 200 ppm. 


Otoxiticity (loss of cochlear OHC) observed in the study by Gagnaire et al. (2007) was selected as the 

critical effect to derive the intermediate-duration inhalation MRL.  Ototoxicity was observed at relatively 

low exposure levels (200 ppm) and was a serious adverse effect that the impaired auditory threshold; no 

other adverse effects were observed at lower levels.  An intermediate-duration MRL based on ototoxicity 

would be considered as protective of other effects observed in intermediate-exposure studies. 
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Male Sprague-Dawley rats (14 rats/exposure group) were exposed to 0, 200, 400, 600, and 800 ppm 

ethylbenzene (99% pure), 6 hours/day, 6 days/week, for 13 weeks (Gagnaire et al. 2007).  Ototoxicity was 

assessed based on effects on neurophysiological measurements and cochlear total hair cell counts.  

Following the 8th week of recovery, eight rats/group were killed.  In the 800-ppm group, one rat lost its 

head plug and could not undergo neurophysiological testing, one rat died for unknown reasons, and 

another rat was sacrificed due to a large neck tumor.  There were no significant differences in body 

weight gain between the surviving treated animals and controls.  Audiometric thresholds at 2, 4, 8, and 

16 kHz were significantly higher than in animals exposed to 400, 600, and 800 ppm ethylbenzene in 

controls. The effect was evident at week 4, did not change throughout the exposure period, and was not 

reversed after 8 weeks of recovery.  No shift in audiometric thresholds was observed in rats in the 

200-ppm group; however, the morphological assessment of the organ of Corti showed significant losses 

(up to 30% of the outer hair cells in the mid frequency region) in the third row of the OHC in four of eight 

rats exposed to 200 ppm.  A concentration-related loss in third row OHC (OHC3) was evident with 

almost complete loss observed in the 600- and 800-ppm groups.  The data suggest that the extent of the 

damage at each concentration was greatest in the OHC3 followed, in decreasing order, by damage in 

OHC2, OHC1, and IHC.  There was no significant hair cell loss in the control animals.  The LOAEL for 

OHC3 loss was 200 ppm, the lowest concentration tested. 

A LOAEL/NOAEL approach was used to derive a point of departure to estimate an intermediate-duration 

inhalation MRL for ethylbenzene.  Application of a benchmark dose analysis was precluded because the 

results in the Gagnaire et al. (2007) study were presented graphically and the details necessary to conduct 

a benchmark dose assessment, such as standard errors or standard deviations, were not clearly discernible 

or, for those results where the necessary data were available, the benchmark models tested did not fit the 

data adequately. 

The LOAEL of 200 ppm was not adjusted for intermittent exposure given that the pharmacokinetics of 

ethylbenzene indicate that ethylbenzene will rapidly be absorbed, attain equilibrium with blood, be 

metabolized, and be eliminated from the body.  Steady-state blood ethylbenzene concentrations achieved 

within 2 hours of initiating inhalation exposure to ethylbenzene concentration ranging from 75 to 

500 ppm (Charest-Tardif et al. 2006).  The blood elimination kinetics of inhaled ethylbenzene show that 

ethylbenzene is rapidly eliminated from the blood, with elimination half-times ranging from 3.3 to 

63 minutes (e.g., nonlinearity of clearance with exposure concentration, similar elimination half-times 

(Charest-Tardif et al. 2006; Tardif et al. 1997).  To calculate the human equivalent LOAEL (LOAELHEC), 

the LOAEL is multiplied by the ratio of the animal-to-human blood/gas partition coefficients for 
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ethylbenzene.  Since the ethylbenzene blood/gas partitioning coefficient in animals is greater than the 

partitioning coefficient in humans, a default value of 1 is used for the animal-to-human blood/gas ratio 

(EPA 1994o).  Thus, the LOAELHEC is 200 ppm.  The LOAELHEC was divided by an uncertainty factor of 

300 (10 for use of a LOAEL, 3 for extrapolation from animals to humans with dosimetric adjustment, and 

10 for human variability) resulting in an intermediate-duration inhalation MRL of 0.7 ppm. 

The database of toxicity studies of intermediate-duration inhalation exposures includes several studies in 

animals, but no studies in humans.  The available animal studies indicate that rats are sensitive to the 

ototoxic effects of ethylbenzene (Gagnaire et al. 2007).  This is in agreement with the results of acute-

duration studies (Cappaert et al. 1999, 2000, 2001, 2002).  Rats exposed to ≥400 ppm ethylbenzene via 

inhalation for 13 weeks showed significant increases in auditory thresholds after 4 weeks.  These 

threshold shifts persisted unchanged for the duration of the exposure period and during an 8-week post-

exposure recovery period (Gagnaire et al. 2007).  Cell counts conducted in the organ of Corti after the 

8-week recovery period showed significant losses of outer hair cells in rats exposed to ≥200 ppm. 

Concentration-related losses of inner hair cells (IHC) (14 and 32%) were observed in animals in the 600- 

and 800-ppm groups, respectively, with occasional IHC losses in the 400-ppm group. Exposed rats did 

not show clinical signs of toxicity or differences in body weight gain relative to unexposed animals 

(Gagnaire et al. 2007). 

Systemic effects have been observed at concentrations equal to or higher than those that elicited ototoxic 

effects in rats. Increased liver, kidney, lung, and spleen weights have been observed in animals exposed 

to ethylbenzene concentrations in the 250- to 1,000-ppm range (Cragg et al. 1989; Elovaara et al. 1985; 

NIOSH 1981; NTP 1992; Wolf et al. 1956).  For instance, significant increases in absolute and relative 

liver weights were observed in rats and mice exposed to 782 ppm for 4 weeks, but not in animals in the 

382-ppm groups (Cragg et al. 1989).  Liver weight was not affected in rabbits at concentrations as high as 

1,610 ppm.  No other organs, including lung or kidney, showed weight changes in rats or mice at 

782 ppm or in rabbits at 1,610 ppm (Cragg et al. 1989).  Gross and microscopic examination of over 

30 organs (including organs of the respiratory, endocrine, digestive, renal, and nervous systems) did not 

show treatment-related effects in rats or mice exposed to 782 ppm or rabbits at 1,610 ppm (Cragg et al. 

1989). Absolute and relative lung weights were significantly increased in female rats exposed to 

≥250 ppm for 13 weeks; male rats showed an increased relative lung weight at 1,000 ppm (NTP 1992); 

however, there was no evidence of histopathological injury. Increased absolute and/or relative liver and 

kidney weights without evidence of histopathological injury were observed in male and female rats or 

mice exposed to ≥250 ppm ethylbenzene for 13 weeks (NTP 1992).  Some of the organ weight increases 
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reported at the lower concentrations were <10% (NTP 1992) or deemed to be slight (Wolf et al. 1956).  

Neurological effects (sporadic salivation) were reported in rats at ≥382 ppm (Cragg et al. 1989).  Cragg et 

al. (1989) observed small, but statistically significant, increases in platelet counts in male rats and 

leukocyte counts in female rats exposed to 782 ppm ethylbenzene for 4 weeks.  Although no details were 

provided, Wolf et al. (1956) did not report hematological changes in animals exposed to up to 2,200 ppm. 

Increased incidence of skeletal variations or all variations combined were observed in the offspring of 

pregnant rats exposed to ≥1,000 ppm ethylbenzene; however, on a per litter basis, significant increases 

were observed only at 2,000 ppm (Saillenfait et al. 2003).  Fetal malformations in the offspring of rats 

exposed to ≤500 ppm ethylbenzene occurred at a low frequency and did not appear to be attributable to 

ethylbenzene exposure (Saillenfait et al. 2003, 2006, 2007).  Significant reductions in fetal body weight 

were observed in the offspring of pregnant rats exposed to ≥1,000 ppm ethylbenzene during gestation 

(Saillenfait et al. 2003, 2006, 2007), but not in rats exposed to ≤500 ppm (Saillenfait et al. 2003, 2006, 

2007).  Maternal toxicity was observed only in rats exposed to ≥1,000 ppm as evidenced by the 

significant reduction in weight gain (corrected for gravid uterine weight) (Saillenfait et al. 2003, 2006, 

2007). NIOSH (1981) observed an increase in the incidence of skeletal anomalies in the offspring of rats 

exposed to approximately 1,000 ppm during pre-mating and gestation.  Increased maternal liver, kidney, 

and spleen weights were observed in that dose group.  Developmental effects were not consistently 

evident at approximately 100 ppm.  Developmental landmarks and neurodevelopment were not 

statistically or biologically significantly affected in the offspring of rats exposed to up to 500 ppm 

ethylbenzene in a two-generation reproductive toxicity test (Faber et al. 2006, 2007).  Reproductive 

parameters were not significantly affected in animals exposed to ethylbenzene concentrations as high as 

1,000 ppm (Saillenfait et al. 2003, 2006, 2007).  Faber et al. (2006) reported a reduction in estrus cycle 

length in F0, but not F1, females exposed to 500 ppm ethylbenzene.  There was no impairment in fertility 

or increased time to mating in the F0 females (Faber et al. 2006). 

•	 An MRL of 0.3 ppm has been derived for chronic-duration inhalation exposure (365 days or 
more) to ethylbenzene based on a LOAEL of 75 ppm for nephropathy in rats. 

In the NTP (1999) study, groups of F344/N rats (50 animals/sex/dose group) were exposed to 0, 75, 250, 

or 750 ppm ethylbenzene by inhalation 5 days/week, 6 hours/day, for 104 weeks.  Animals were observed 

twice daily and clinical findings were recorded monthly.  Body weights were recorded at the initiation of 

the study, weekly for the first 13 weeks, at week 16, monthly through the end of exposure, and prior to 

terminal necropsy.  Animals that survived to study termination were killed by asphyxiation with CO2. A 

complete necropsy and microscopic examination of major tissues and organs were performed on all rats 
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that survived to study termination or died early.  Survival of male rats in the 750-ppm group was 

significantly less than that of the chamber controls.  No clinical findings were attributed to ethylbenzene 

exposure. The severity of nephropathy observed in exposed rats was significantly increased in females at 

≥75 ppm and in males at 750 ppm.  In male rats exposed to 750 ppm, the incidences of renal tubule 

proliferative lesions were significantly increased relative to control animals.  The incidences of renal 

tubule adenoma and adenoma or carcinoma (combined) in the 750-ppm group were significantly greater 

than the incidence in control animals.  The incidence of renal tubule hyperplasia in 750 ppm males was 

significantly greater than that in the control group.  An increase was observed in the incidence of cystic 

degeneration of the liver in male rats at 750 ppm.   

In a 2-year study, female mice exposed to ≥250 ppm ethylbenzene showed an increased incidence of 

hyperplasia (characterized as focal, poorly delineated, monomorphic increases of cells lacking 

compressive features or altered arrangement) of the pituitary gland pars distalis relative to the incidence 

in control animals (NTP 1999).  Male and female mice in the 750-ppm group showed an increased 

incidence of follicular cell hyperplasia in the thyroid gland.  Eosinophilic foci of the liver were observed 

in females in the 750-ppm group at a higher incidence that in control animals.  Syncytial alterations of 

hepatocytes were observed in male mice in all ethylbenzene exposure groups, but not in controls, with a 

significant increase in incidence observed at ≥250 ppm.  Other nonneoplastic changes in male mice 

exposed to 750 ppm included mild-to-minimal hepatocellular hypertophy and hepatocyte necrosis (NTP 

1999).  The only available chronic-duration inhalation studies in animals suggest that a concentration-

related increase in the severity of nephropathy in female rats is the most sensitive end point of 

ethylbenzene exposure.  Thus, the study by NTP (1999) was selected to estimate a chronic-duration 

inhalation MRL. 

A LOAEL/NOAEL approach was used to derive a point of departure to estimate a chronic-duration 

inhalation MRL for ethylbenzene.  Application of a benchmark dose analysis was precluded because 

standard errors or standard deviations were not provided for the nephropathy severity ratings in the NTP 

(1999) study.  The LOAEL of 75 ppm was not adjusted for intermittent exposure given that the 

pharmacokinetics of ethylbenzene indicate that ethylbenzene will rapidly be absorbed, attain equilibrium 

with blood, be metabolized, and be eliminated from the body.  Steady-state blood ethylbenzene 

concentrations achieved within 2 hours of initiating inhalation exposure to ethylbenzene concentration 

ranging from 75 to 500 ppm (Charest-Tardif et al. 2006).  The blood elimination kinetics of inhaled 

ethylbenzene show that ethylbenzene is rapidly eliminated from the blood, with elimination half-times 

ranging from 3.3 to 63 minutes (e.g., nonlinearity of clearance with exposure concentration, similar 
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elimination half-times (Charest-Tardif et al. 2006; Tardif et al. 1997).  To calculate the human equivalent 

LOAEL (LOAELHEC), the LOAEL is multiplied by the ratio of the animal-to-human blood/gas partition 

coefficients for ethylbenzene.  Since the ethylbenzene blood/gas partitioning coefficient in animals is 

greater than the partitioning coefficient in humans, a default value of 1 is used for the animal-to-human 

blood/gas ratio (EPA 1994o).  Thus, the LOAELHEC is 75 ppm.  The LOAELHEC was divided by an 

uncertainty factor of 300 (10 for use of a LOAEL, 3 for extrapolation from animals to humans with 

dosimetric adjustment, and 10 for human variability) resulting in an intermediate-duration inhalation 

MRL of 0.3 ppm. 

The database of chronic-duration inhalation studies with ethylbenzene includes a chronic-duration study 

in rats and mice (NTP 1999) and studies in humans.  Hematological effects (increased average number of 

lymphocytes and decreased hemoglobin) were observed in workers exposed to solvents containing 

ethylbenzene (Angerer and Wulf 1985).  Concentration-related increases in the severity of nephropathy 

were observed in female rats exposed to ≥75 ppm for 2 years (NTP 1999).  In male rats, the severity of 

nephropathy was higher than in control animals only at 750 ppm (NTP 1999). Significant increases in the 

incidence of renal tubule hyperplasia were also observed in male and female rats in the 750-ppm groups.   

Oral MRLs 

Acute-duration Exposure.    No studies describing acute-duration oral exposure of humans to 

ethylbenzene were found in the literature.  Two animal studies have examined the acute oral toxicity of 

ethylbenzene.  An almost complete loss of the three rows of OHCs in the organ of Corti were reported in 

male rats administered 900 mg/kg/day (the only dose tested) by gavage for 2 weeks (Gagnaire and 

Langlais 2005). These losses were observed 10 days after the last dose.  Although losses of OHCs have 

also been observed in acute-duration inhalation studies (Cappaert et al. 1999, 2000, 2001, 2002), 

Gagnaire and Langlais (2005) did not have a control group to establish the magnitude of the effects 

relative to unexposed animals. This study was used to rank the ototoxicity of 21 solvents administered by 

gavage. Nevertheless, the OHC losses observed in the ethylbenzene-treated animals were among the 

highest observed among the 21 organic solvents tested (Gagnaire and Langlais 2005).  The 

900 mg/kg/day dose was considered a serious LOAEL for ototoxicity.  In the second study, doses of 

500 or 1,000 mg/kg ethylbenzene decreased luteinizing hormone, progesterone, and 17 β-estradiol levels, 

increased stromal tissue with dense collagen bundles and reduced lumen in the uterus, and delayed the 

estrus cycle in female rats during the diestrus stage (Ungvary 1986).  The poor reporting of the methods 

and results of the Ungvary (1986) study precludes using as the basis on an MRL. 
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Because the only dose tested in the Gagnaire and Langlais (2005) study is a serious LOAEL, an acute-

duration oral MRL cannot be derived for ethylbenzene. 

•	 An MRL of 0.5 mg/kg/day has been derived for intermediate-duration oral exposure to 

ethylbenzene based on the BMDL10 of 48.2 mg/kg/day for hepatotoxicity (centrilobular 

hepatocyte hypertrophy) in male rats. 


Hepatoxicity, specifically the incidence of centrilobular hepatocyte hypertrophy, was selected as the 

critical effect to derive the intermediate-duration oral MRL.  Based on evidence of hepatotoxicity 

(increased serum liver enzyme activity, absolute and relative liver weights, dose-related increased 

incidence of centrilobular hepatocyte hypertrophy, and the lack of evidence for adverse effects in other 

tissues or organ systems at lower oral intermediate-duration dosages, liver effects were selected as the 

basis for deriving the intermediate oral MRL.  The critical study identified NOAEL and LOAEL values 

for hepatotoxicity of 75 and 250 mg/kg/day, respectively (Mellert et al. 2007).  No other adverse effects 

were observed at lower doses. 

In the principal study, groups of 10 male and 10 female Wister rats were administered ethylbenzene (no 

vehicle) by oral gavage at doses of 0, 75, 250, or 750 mg/kg/day for 13 weeks.  The total daily dose of 

ethylbenzene was administered as split morning/evening half doses.  Animals were examined daily for 

mortality and clinical signs.  Food and water consumption and body weights were recorded weekly.  A 

detailed clinical examination (ophthalmology and a functional observational battery [FOB]) and 

assessment of motor activity were conducted during the last week of treatment.  After 13 weeks, 

urinalysis was conducted and blood samples were obtained and analyzed for hematology and clinical 

chemistry; organ weights were recorded and gross histopathologic examinations of the liver, kidney, and 

pancreas were conducted on animals in all groups.  A comprehensive histopathological examination of 

tissues was performed in the control and 750 mg/kg/day groups. 

No mortalities were observed during the course of the study (Mellert et al. 2007). Clinical signs (post­

dosing salivation) in treated animals were observed in all animals administered ≥250 mg/kg/day and in 

one animal administered 75 mg/kg/day.  Terminal body weight in males was significantly decreased by 

14% compared to controls in the 750 mg/kg/day group.  Mean corpuscular volume was increased in males 

and females and platelet count was reduced in females treated with 750 mg/kg/day.  Prothrombin time 

was significantly decreased (<8% compared to controls) in females administered ≥250 mg/kg/kg, but no 

changes in prothrombin times were observed in males in any treatment group.  Effects indicative of liver 
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toxicity included increased activity of serum liver enzymes ALT and GGT in males (≥250 mg/kg/day) 

and females (750 mg/mg/day), increased absolute and relative liver weights (≥250 mg/kg/day in males 

and females), and a dose-related increase in the incidence of centrilobular hepatocyte hypertrophy 

(≥250 mg/kg/day in males and females).  Increased bilirubin (≤250 mg/kg/day in males and 

750 mg/kg/day in females), total protein (750 mg/kg/day in females), albumin (750 mg/kg/day in males 

and females), globulins (750 mg/kg/day in females), and cholesterol (≤250 mg/kg/day in males and 

females), and decreased prothrombin time (750 mg/kg/day in males and ≥250 mg/kg/day in females) were 

considered by study investigators as adaptive effects in the liver.  In males in the 75 mg/k/day group, 

relative liver weight was significantly increased by (4% compared to controls); however, no histopatho­

logical changes or increases in absolute liver or serum liver enzyme activities were observed at this 

dosage. Given that ethylbenzene is a microsomal enzyme inducer and the absence of histopathology and 

other evidence of liver injury at the 75 mg/kg/day dosage, the small increase in relative liver weight in 

male rats at this dosage was not considered indicative of an adverse effect on the liver. 

Renal effects in males included increased serum creatinine (750 mg/kg/day), increased incidences of 

transitional epithelial cells and granular and epithelial cell casts in the urine (≥250 mg/kg/day), increased 

absolute and relative kidney weights (≥250 mg/kg/day), and a dose-related increase in severity of hyaline 

droplet nephropathy (≥250 mg/kg/day) (Mellert et al. 2007).  Adverse renal effects in males were most 

likely related to accumulation of α2µ-globulin accumulation, and, therefore, considered not relevant to 

humans.  Absolute kidney weight was significantly increased by 7 and 13% in females administered 

250 and 750 mg/kg/day, respectively, compared to controls.  However, since no histopathological 

findings or alterations in urinalysis parameters were observed, increased kidney weight in females was 

not considered adverse. Absolute and relative thymus weights were decreased in females treated with 

≥250 mg/kg/day, but no histopathological findings were observed.  Histopathological examination of all 

other tissues did not reveal any abnormalities.  Results of the FOB did not reveal consistent treatment-

related effects. NOAEL and LOAEL values of 250 and 750 mg/kg/day, respectively, were identified 

based on hepatotoxicity in male and female rats. 

Based on evidence of hepatotoxicity (increased serum liver enzyme activity, absolute and relative liver 

weights, and incidence of centrilobular hepatocyte hypertrophy), the liver was identified as the most 

sensitive target for oral ethylbenzene, with NOAEL and LOAEL values of 75 and 250 mg/kg/day, 

respectively. Since serum liver enzyme activities were increased in the mid- and high-dose groups in 

males, but only in the high-dose group in females, males appeared more sensitive than females to hepatic 

effects of oral ethylbenzene.  To determine the point of departure for derivation of the intermediate­
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duration MRL, data sets for serum liver enzymes (ALT and GGT), relative liver weight, and centrilobular 

hepatocyte hypertrophy in male rats were evaluated for suitability for benchmark dose (BMD) modeling.  

Using all available continuous variable models in the EPA Benchmark Dose Software (BMDS) 

version 1.3.2 (EPA 2000), no models provided adequate fit to the data for serum liver enzymes and 

relative liver weights; therefore, these data sets were considered unsuitable for BMD analysis.  Data for 

the incidence of centrilobular hepatocyte hypertrophy were analyzed using all available dichotomous 

models in the EPA Benchmark Dose Software (version 1.3.2).  Predicted doses associated with a 10% 

extra risk were calculated.  As assessed by the chi-square goodness-of-fit statistic, all available 

dichotomous models provided adequate fit (X2 p>0.1).  Comparing across models, a better fit is generally 

indicated by a lower Akaike’s Information Criteria (AIC).  As assessed by AIC, the log-probit model 

(Figure 2-1) provided the best fit to the data.  The BMD10 and BMDL10 predicted by the log-probit model 

for the data on centrilobular hepatocyte hypertrophy in male rats were 78.9 and 48.2 mg/kg/day, 

respectively. The BMDL10 of 48.2 mg/kg/day for male rats was selected as the point of departure for 

deriving the intermediate-duration oral MRL. 

The BMDL10 of 48.2 mg/kg/day was divided by a total uncertainty factor of 100 (10 for extrapolation 

from animals to humans and 10 for human variability), resulting in an intermediate-duration oral MRL of 

0.5 mg/kg/day. 

The intermediate-duration oral database for ethylbenzene is limited to the critical study by Mellert et al. 

(2007) evaluating the effects of oral exposure of rats to ethylbenzene for 4 and 13 weeks, and a poorly 

reported 6-month exposure study in rats (Wolf et al. 1956).  Results of the 4-week exposure study in rats 

are similar to those observed in the 13-week study, showing that the liver is the primary target organ for 

oral ethylbenzene.  Effects consistent with hepatotoxicity include increased absolute and relative liver 

weights (≥250 mg/kg/day in males and 750 mg/kg/day in females), increased incidence of hepatocyte 

centrilobular (≥250 mg/kg/day in males and 750 mg/kg/day in females), and increased serum liver 

enzyme activity (ALT) (750 mg/kg/day in males and females).  The increase in relative kidney weight 

and hyaline droplet nephropathy in males administered ≥250 mg/kg/day was most likely secondary to 

increases accumulation of accumulation of α2µ-globulin accumulation, and, therefore, considered not 

relevant to humans.  The 4-week study identified NOAEL and LOAEL values of 250 and 750 mg/kg/day, 

respectively, for liver in male rats (Mellert et al. 2007).  Histopathological changes characterized by 

cloudy swelling of parenchymal cells of the liver and an increase in liver weight were observed in female 

rats administered 408 mg/kg/day by gavage for 6 months (Wolf et al. 1956).  No other hepatic changes  
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Figure 2-1. Predicted (Log-Probit Model) and Observed Incidence of Centrilobular 

Hepatocyte Hypertrophy in Male Rats Exposed to Oral Ethylbenzene by Gavage 
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were reported.  No liver effects were observed in female rats administered 136 mg/kg/day.  However, this 

study was poorly reported and did not provide adequate descriptions of study methods or results. 

Although no additional data are available regarding the effects of intermediate oral exposure to 

ethylbenzene, results of an acute-duration oral study indicate that ethylbenzene is ototoxic (Gagnaire and 

Langlais 2005).  In male rats administered 900 mg/kg/day (the only dose tested) by gavage for 2 weeks, 

an almost complete loss of the three rows of OHCs in the organ of Corti was observed in male rats 

(Gagnaire and Langlais 2005).  The 4- and 13-week oral studies by Mellert et al. (2007) did not examine 

the cochlea or measure auditory function.  Therefore, it is not possible to determine whether ototoxicity 

occurred in the 4- and 13-week studies.  

Chronic-duration Exposure.    No studies describing the non-carcinogenic effects of chronic-duration 

oral exposure to ethylbenzene in humans or animals were located. 
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3.1 INTRODUCTION 

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and 

other interested individuals and groups with an overall perspective on the toxicology of ethylbenzene.  It 

contains descriptions and evaluations of toxicological studies and epidemiological investigations and 

provides conclusions, where possible, on the relevance of toxicity and toxicokinetic data to public health. 

A glossary and list of acronyms, abbreviations, and symbols can be found at the end of this profile. 

3.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE  

To help public health professionals and others address the needs of persons living or working near 

hazardous waste sites, the information in this section is organized first by route of exposure (inhalation, 

oral, and dermal) and then by health effect (death, systemic, immunological, neurological, reproductive, 

developmental, genotoxic, and carcinogenic effects).  These data are discussed in terms of three exposure 

periods: acute (14 days or less), intermediate (15–364 days), and chronic (365 days or more). 

Levels of significant exposure for each route and duration are presented in tables and illustrated in 

figures. The points in the figures showing no-observed-adverse-effect levels (NOAELs) or lowest-

observed-adverse-effect levels (LOAELs) reflect the actual doses (levels of exposure) used in the studies. 

LOAELs have been classified into "less serious" or "serious" effects.  "Serious" effects are those that 

evoke failure in a biological system and can lead to morbidity or mortality (e.g., acute respiratory distress 

or death). "Less serious" effects are those that are not expected to cause significant dysfunction or death, 

or those whose significance to the organism is not entirely clear.  ATSDR acknowledges that a 

considerable amount of judgment may be required in establishing whether an end point should be 

classified as a NOAEL, "less serious" LOAEL, or "serious" LOAEL, and that in some cases, there will be 

insufficient data to decide whether the effect is indicative of significant dysfunction.  However, the 

Agency has established guidelines and policies that are used to classify these end points.  ATSDR 

believes that there is sufficient merit in this approach to warrant an attempt at distinguishing between 

"less serious" and "serious" effects.  The distinction between "less serious" effects and "serious" effects is 

considered to be important because it helps the users of the profiles to identify levels of exposure at which 
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major health effects start to appear.  LOAELs or NOAELs should also help in determining whether or not 

the effects vary with dose and/or duration, and place into perspective the possible significance of these 

effects to human health. 

The significance of the exposure levels shown in the Levels of Significant Exposure (LSE) tables and 

figures may differ depending on the user's perspective.  Public health officials and others concerned with 

appropriate actions to take at hazardous waste sites may want information on levels of exposure 

associated with more subtle effects in humans or animals (LOAELs) or exposure levels below which no 

adverse effects (NOAELs) have been observed.  Estimates of levels posing minimal risk to humans 

(Minimal Risk Levels or MRLs) may be of interest to health professionals and citizens alike. 

A User's Guide has been provided at the end of this profile (see Appendix B).  This guide should aid in 

the interpretation of the tables and figures for Levels of Significant Exposure and the MRLs. 

3.2.1 Inhalation Exposure 

3.2.1.1 Death 

No studies were located regarding lethality in humans following inhalation exposure to ethylbenzene.  

Matsumoto et al. (1992) reported the case of a 44-year-old man who died 9 days after exposure to 

gasoline vapors for at least 10 hours in an enclosed car.  The patient’s clothing was saturated with 

gasoline, but there was no apparent ingestion of gasoline.  The patient suffered chemical burns over 50% 

of the total body surface area, and the cause of death was reported as multiple organ failure.  Ethyl-

benzene was detected in the patient’s blood (estimated initial blood concentration of 2.6 µg/mL).  

However, since gasoline contains approximately 1.4% (by weight) ethylbenzene (Agency for Toxic 

Substances and Disease Registry 1995), it is unlikely that death was due to ethylbenzene exposure. 

Studies on the lethality of inhaled ethylbenzene have been conducted using several animal models, with 

exposure times ranging from a few hours to 2 years.  The LC50 values obtained from acute inhalation 

exposure studies were 13,367 ppm following a 2-hour exposure (Ivanov 1962) and 4,000 ppm following a 

4-hour exposure (Smyth et al. 1962); 100% mortality was observed following exposure to 16,698 ppm for 

2 hours (Ivanov 1962) and exposure to 8,000 ppm for 4 hours (Smyth et al. 1962).  Inhalation exposure of 

Fischer 344 rats and B6C3F1 mice to ethylbenzene for 6 hours/day for 4 days produced lethality at 

concentrations of 1,200 and 2,400 ppm, respectively, although exposure to concentrations up to 
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2,400 ppm was not lethal to rabbits (Ethylbenzene Producers Association 1986a).  In intermediate-

duration exposure studies, inhalation exposure of rats and mice to 782 ppm or rabbits to 1,610 ppm 

ethylbenzene for 4 weeks did not produce lethality (Cragg et al. 1989).  No mortality was observed in rats 

or mice exposed to 782 ppm or rabbits exposed to 1,610 ppm ethylbenzene for 4 weeks (Cragg et al. 

1989) or in rats or mice exposed to 975 ppm ethylbenzene for 90 days (NTP 1992).  Survival of male rats, 

but not female rats or male or female mice, exposed to 750 ppm ethylbenzene for 2 years was 

significantly decreased (NTP 1999); survival in male rats exposed to 75 or 250 ppm ethylbenzene was not 

affected. 

The LC50 values and all reliable LOAEL values for death in rats and mice following acute- or chronic-

duration exposure are recorded in Table 3-1 and plotted in Figure 3-1. 

3.2.1.2 Systemic Effects  

Little data are available on the systemic effects of inhaled ethylbenzene in humans.  Most of the 

information available is from case reports in which quantitative data on exposure concentrations and 

durations were not reported.  In addition, most of the available studies have confounding factors (e.g., 

simultaneous exposures to other toxic substances) and insufficient reporting of important study details.  In 

general, the systemic effects observed in humans were respiratory tract and ocular irritation, and possible 

ototoxicity (hearing loss) and hematological alterations (increased lymphocyte counts and decreased 

hemoglobin concentration) (Angerer and Wulf 1985; Cometto-Muñiz and Cain 1995; Thienes and Haley 

1972; Yant et al. 1930). 

Several studies were located on the systemic effects of ethylbenzene in animals following inhalation 

exposure. Acute- and intermediate-duration exposure to inhaled ethylbenzene is associated with 

respiratory irritation, changes to the liver (increased organ weights and induction of microsomal 

enzymes), and effects on the hematological system (decreased platelets and increased leukocyte counts).  

Chronic exposure is associated with adverse effects to the liver (necrosis and hypertrophy), kidney 

(nephropathy and hyperplasia), and endocrine system (thyroid and pituitary hyperplasia). 

No studies were located describing cardiovascular, gastrointestinal, musculoskeletal, renal, endocrine, 

dermal, body weight, or metabolic effects in humans, or dermal effects in animals after inhalation 

exposure to ethylbenzene. 
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Table 3-1  Levels of Significant Exposure to Ethylbenzene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

ACUTE EXPOSURE
Death
1

513

Ethylbenzene Producers
Association 1986a

M2400 (100% mortality by
day 3)

2400

Rat

(Fischer- 344)

4 d
6 hr/d

2

63

Smyth et al. 1962M4000 (LC50)
4000

Rat

(NS)

4 hr

3

514

Ethylbenzene Producers
Association 1986a

M1200 (4/5 animals died by
day 3)

1200

Mouse

(B6C3F1)

4 d
6 hr/d

Systemic
4

520

Elovaara et al. 1985Hepatic M50 (induction of
UDP-glucuronyl
transferase and
D-glucuronyllactone
dehydrogenase)

50

Rat

(Wistar)

2 wk
5 d/wk
6 hr/d

Renal M600 (increase in relative
kidney weights)
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(continued)Table 3-1  Levels of Significant Exposure to Ethylbenzene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

5

59

No liver or renal
histopathological
changes were
observed.

Ethylbenzene Producers
Association 1986a

Resp M2000
2000

Rat

(Fischer- 344)

4 d
6 hr/d

Hepatic M400 (increased liver weight)
400

Renal M400
400

M1200 (increased relative kidney
weight)

1200

Ocular M400
400

M1200 (lacrimation)
1200

Bd Wt M1200
1200

6

3

Toftgard and Nilsen 1982Resp M2000
2000

Rat

(Sprague-
Dawley)

3 d
6 hr/d

Hepatic M2000 (increased relative liver
weight, and induction of
nadph-cytochrome
reductase and
7-ethoxycoumarin
o-deethylase)

2000

Renal M2000 (increased relative kidney
weight)

2000

7

4

De Ceaurriz et al. 1981Resp M1432 (RD50)
1432

Mouse

(Swiss)

5 min
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(continued)Table 3-1  Levels of Significant Exposure to Ethylbenzene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

8

57

Ethylbenzene Producers
Association 1986a

Ocular M400 (lacrimation)
400

Mouse

(B6C3F1)

4 d
6 hr/d

Bd Wt M400
400

9

48

Nielsen and Alarie 1982Resp M4060 (RD50)
4060

Mouse

(Swiss-
Webster)

30 min

10

433

Tegeris and Balster 1994Ocular M2000 (lacrimation and
palpebral closure)

2000

Mouse

(CFW)

20 min

11

60

Ethylbenzene Producers
Association 1986a

Resp M2400
2400

Rabbit

(New
Zealand)

4 d
6 hr/d

Hepatic M2400
2400

Renal M2400
2400

Ocular M400 (lacrimation)
400

Bd Wt M2400
2400

Neurological
12

954

Cappaert et al. 1999M800 (loss of outer hair cells
and hearing loss)

800

Rat

(Wag/Rij/Cpb/H

8 hr/d
5 d

13

953

Cappaert et al. 2000
b

300
300

400 (loss of outer hair cells
and shifts in hearing
thresholds)

400

Rat

(Wag/Rij)

8 hr
5 d
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(continued)Table 3-1  Levels of Significant Exposure to Ethylbenzene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

14

968

Cappaert et al. 2001300
300

400 (loss of outer hair cells)
400

Rat

(albino
Wag/Rij)

8 hr/d
5 d

15

955

Cappaert et al. 2002F550 (loss of outer hair cells
and shifts in hearing
thresholds)

550

Rat

(Wag/Rij)

8 hr/d
5 d

16

516

Ethylbenzene Producers
Association 1986a

M1200
1200

M2400 (salivation, prostration)
2400

Rat

(Fischer- 344)

4 d
6 hr/d

17

2

Molnar et al. 1986M200
200

M400 (moderate activation in
motor behavior)

400

M2180 (narcotic effects)
2180

Rat

(CFY)

4 hr

18

517

Ethylbenzene Producers
Association 1986a

M400
400

M1200 (prostration and reduced
activity)

1200

Mouse

(B6C3F1)

4 d
6 hr/d

19

434

Tegeris and Balster 1994M2000 (postural changes,
decreased arousal and
rearing, distrubed gait,
decreased mobility,
righting reflex, decreased
grip strength, increased
landing
foot splay, impaired
psychomotor
coordination)

2000

Mouse

(CFW)

20 min
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(continued)Table 3-1  Levels of Significant Exposure to Ethylbenzene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

20

455

Ethylbenzene Producers
Association 1986a

M2400
2400

Rabbit

(New
Zealand)

4 d
6 hr/d

Reproductive
21

456

Ethylbenzene Producers
Association 1986a

M2400
2400

Rat

(Fischer- 344)

4 d
6 hr/d

22

457

Ethylbenzene Producers
Association 1986a

M1200
1200

Mouse

(B6C3F1)

4 d
6 hr/d

23

458

Ethylbenzene Producers
Association 1986a

M2400
2400

Rabbit

(New
Zealand)

4 d
6 hr/d
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(continued)Table 3-1  Levels of Significant Exposure to Ethylbenzene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

INTERMEDIATE EXPOSURE
Systemic
24

424

Cragg et al. 1989Resp 782
782

Rat

(Fischer- 344)

4 wk
5 d/wk
6 hr/d

Cardio 782
782

Gastro 782
782

Hemato 382
382

782 (increased platelet
counts in males;
increased mean total
leukocyte counts in
males and females)

782

Musc/skel 782
782

Hepatic 382
382

782 (increased absolute and
relative liver weight)

782

Renal 782
782

Endocr 782
782

Ocular 99
99

382 (sporadic incidence of
lacrimation)

382

Bd Wt 782
782
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(continued)Table 3-1  Levels of Significant Exposure to Ethylbenzene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

25

6

Elovaara et al. 1985Hepatic M50 (induction of
UDP-glucuronyl
transferase and
D-glucuronyllactone
dehydrogenase)

50

Rat

(Wistar)

5-16 wk
5 d/wk
6 hr/d

Renal M300 (increase in microsomal
enzyme activity and
glutathione)

300

Bd Wt M600
600

26

530

NIOSH 1981Resp F985
985

Rat

(Wistar)

3 wk
5 d/wk
7 hr/d
Gd 1-19

Hepatic F97
97

F959 (increased liver weight)
959

Renal F97
97

F959 (increased kidney weight)
959

Bd Wt F985
985
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(continued)Table 3-1  Levels of Significant Exposure to Ethylbenzene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

27

90

NTP 1992Resp F99
99

F246 (increased absolute and
relative lung weight)

246

Rat

(F344/N)

90 d
5 d/wk
6 hr/d

Cardio 975
975

Gastro 975
975

Hemato 975
975

Musc/skel 975
975

Hepatic M99
99

M246 (increased absolute and
relative liver weight)

246

Renal M246
246

M498 (<10% increase in
absolute and relative
kidney weight)

498

Endocr 975
975

Ocular 975
975

Bd Wt 975
975

28

958

Saillenfait et al. 2006, 2007Hepatic F250 (increased absolute and
relative liver weight,
moderate to marked
hepatocellular
hypertrophy)

250

Rat

SD

6 hr/d
Gd 6-20

Bd Wt F250
250

F1000
1000
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(continued)Table 3-1  Levels of Significant Exposure to Ethylbenzene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

29

419

Cragg et al. 1989Resp 782
782

Mouse

(B6C3F1)

4 wk
5 d/wk
6 hr/d

Cardio 782
782

Gastro 782
782

Hemato 782
782

Musc/skel 782
782

Hepatic 382
382

782 (increased absolute and
relative liver weight)

782

Renal 782
782

Endocr 782
782

Ocular 782
782

Bd Wt 782
782
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Figure

(continued)Table 3-1  Levels of Significant Exposure to Ethylbenzene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

30

91

NTP 1992Resp 975
975

Mouse

(B6C3F1)

90 d
5 d/wk
6 hr/d

Cardio 975
975

Gastro 975
975

Hemato 975
975

Musc/skel 975
975

Hepatic M498
498

M740 (increased absolute and
relative liver weight)

740

Renal F740
740

F975 (increased relative kidney
weight)

975

Endocr 975
975

Ocular 975
975

Bd Wt 975
975
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Figure

(continued)Table 3-1  Levels of Significant Exposure to Ethylbenzene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

31

429

Cragg et al. 1989Resp 1610
1610

Rabbit

(New
Zealand)

4 wk
5 d/wk
6 hr/d

Cardio 1610
1610

Gastro 1610
1610

Hemato 1610
1610

Musc/skel 1610
1610

Hepatic 1610
1610

Renal 1610
1610

Endocr 1610
1610

Ocular 1610
1610

Bd Wt 1610
1610

32

528

NIOSH 1981Resp F962
962

Rabbit

(New
Zealand)

Gd 1-24
7 d/wk
7 hr/d

Hepatic F99
99

F962 (increased absolute and
relative liver weights in
pregnant rabbits)

962

Renal F962
962

Bd Wt F962
962

Other F962
962

Immuno/ Lymphoret
33

425

Cragg et al. 1989782
782

Rat

(Fischer- 344)

4 wk
5 d/wk
6 hr/d
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Figure

(continued)Table 3-1  Levels of Significant Exposure to Ethylbenzene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

34

531

NIOSH 1981F97
97

F959 (increased spleen
weight)

959

Rat

(Wistar)

3 wk
5 d/wk
7 hr/d
Gd 1-19

35

549

NOAEL based on
evaluation of thymus
weight, gross
pathology,
histopathology, and
hematology.

NTP 1992975
975

Rat

(F344/N)

90 d
5 d/wk
6 hr/d

36

420

NOAEL based on
evaluation of thymus
and spleen weight,
gross pathology,
histopathology, and
hematology.

Cragg et al. 1989782
782

Mouse

(B6C3F1)

4 wk
5 d/wk
6 hr/d

37

550

NOAEL based on
evaluation of thymus
weight, gross
pathology,
histopathology, and
hematology.

NTP 1992975
975

Mouse

(B6C3F1)

13 wk
5 d/wk
6 hr/d

38

430

Cragg et al. 19891610
1610

Rabbit

(New
Zealand)

4 wk
5 d/wk
6 hr/d
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Figure

(continued)Table 3-1  Levels of Significant Exposure to Ethylbenzene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

Neurological
39

426

Cragg et al. 198999
99

382 (sporadic incidence of
salivation)

382

Rat

(Fischer- 344)

4 wk
5 d/wk
6 hr/d

40

957

Gagnaire et al. 2007
c

M200
200

M600 (complete loss of third
row outer hair cells and
hearing loss)

600

Rat

(SD)

6 hr/d
6 d/wk
13 wk

41

551

NTP 1992975
975

Rat

(F344/N)

90 d
5 d/wk
6 hr/d

42

421

NOAEL based on
clinical observations,
organ weights, and
histopathology.

Cragg et al. 1989782
782

Mouse

(B6C3F1)

4 wk
5 d/wk
6 hr/d

43

552

NOAEL based on
clinical observations,
organ weights, and
histopathology.

NTP 1992975
975

Mouse

(B6C3F1)

90 d
5 d/wk
6 hr/d

44

431

NOAEL based on
clinical observations,
organ weights, and
histopathology.

Cragg et al. 19891610
1610

Rabbit

(New
Zealand)

4 wk
5 d/wk
6 hr/d
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Figure

(continued)Table 3-1  Levels of Significant Exposure to Ethylbenzene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

Reproductive
45

427

NOAEL based on
histopathological
examination of
reproductive organs.

Cragg et al. 1989782
782

Rat

(Fischer- 344)

4 wk
5 d/wk
6 hr/d

46

959

NOAEL based on
reproductive
parameters
(mating/fertility indices,
gestation length,
implantations,
births/litter and litter
size.

Faber et al. 2006500
500

Rat

(Crl-CD)

6 hr/d
70 d

47

75

NOAEL assessed by
pregnancy rate,
implantations, number
of litters, resorptions,
and live fetuses.

NIOSH 1981F985
985

Rat

(Wistar)

3 wk
5 d/wk
7 hr/d
Gd 1-19

48

553

NOAEL based on
vaginal cytology and
sperm motility, organ
weights, and estrous
cycle.

NTP 1992975
975

Rat

(F344/N)

90 d
5 d/wk
6 hr/d
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a
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Figure

(continued)Table 3-1  Levels of Significant Exposure to Ethylbenzene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

49

422

NOAEL based on
histopathological
examination of
reproductive organs.

Cragg et al. 1989782
782

Mouse

(B6C3F1)

4 wk
5 d/wk
6 hr/d

50

554

NOAEL based on
vaginal cytology and
sperm motility, organ
weights, and estrous
cycle.

NTP 1992975
975

Mouse

(B6C3F1)

13 wk
5 d/wk
6 hr/d

51

432

NOAEL based on
histopathological
assessment of
reproductive organs.

Cragg et al. 19891610
1610

Rabbit

(New
Zealand)

4 wk
5 d/wk
6 hr/d

52

77

NOAEL assessed by
pregnancy rate,
implantations, number
of litters, resorptions,
and live fetuses.

NIOSH 1981F962
962

Rabbit

(New
Zealand)

Gd 1-24
7 d/wk
7 hr/d

Developmental
53

960

NOAEL based on fetal
survival and gross and
histopathological
examination of fetuses.

Faber et al. 2006F500
500

Rat

(Crl-CD)

6 hr/d
70 d
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(continued)Table 3-1  Levels of Significant Exposure to Ethylbenzene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

54

961

NOEAL based on fetal
survival, body weights,
physical landmarks,
and neurobehavioral
tests.

Faber et al. 2007F500
500

Rat

(Crl-CD)

6 hr/d
70 d

55

76

NIOSH 1981F97
97

F959 (skeletal anomalies,
supemumerary ribs)

959

Rat

(Wistar)

3 wk
5 d/wk
7 hr/d
Gd 1-19

56

966

Saillenfait et al. 2003F500
500

F1000 (decreased fetal body
weight)

1000

Rat

(Sprague-
Dawley)

6 hr/d
Gd 6-20

57

967

Saillenfait et al. 2006, 2007F250
250

F1000 (slight decrease in fetal
body weight)

1000

Rat

(Sprague-
Dawley)

6 hr/d
Gd 6-20

58

527

NOAEL assessed by
pregnancy rate,
implantations, number
of litters, resorptions,
and live fetuses.

NIOSH 1981F962
962

Rabbit

(New
Zealand)

Gd 1-24
7 d/wk
7 hr/d
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(continued)Table 3-1  Levels of Significant Exposure to Ethylbenzene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

CHRONIC EXPOSURE
Death
59

980

Survival of male rats
was not affected at 75
or 250 ppm.  In
addition, survival of
female rats and male
and female mice was
not affected at 750
ppm.

NTP 1999M750 (decreased survival)
750

Rat

(F344)

6 hr/d
5 d/wk
2 yr

Systemic
60

971

NTP 1999Resp 750
750

Rat

(F344)

6 hr/d
5 d/wk
2 yr

Cardio 750
750

Hemato 750
750

Musc/skel 750
750

Hepatic 750
750

Renal
d

F75 (increased severity of
nephropathy)

75

Endocr 750
750

Dermal 750
750

Bd Wt 750
750
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(continued)Table 3-1  Levels of Significant Exposure to Ethylbenzene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

61

970

NTP 1999Resp 750
750

Mouse

(F344)

6 hr/d
5 d/wk
2 yr

Cardio 750
750

Gastro 750
750

Musc/skel 750
750

Hepatic M250
250

M750 (hypertrophy and
necrosis)

750

Renal 750
750

Endocr F75
75

F250 (hyperplasia in pituitary
gland pars distalis)

250

750 (thyroid follicular cell
hyperplasia)

750

Dermal 750
750

Bd Wt 750
750

Cancer
62

965

NTP 1999M750 (CEL: renal tubule
adenoma or carcinoma)

750

Rat

(F344)

6 hr/d
5 d/wk
2 yr
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(continued)Table 3-1  Levels of Significant Exposure to Ethylbenzene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

63

a The number corresponds to entries in Figure 3-1.

b Used to derive an acute-duration inhalation minimal risk level (MRL) of 10 ppm for ethylbenzene.  The NOAEL of 300 ppm was converted to a human equivalent concentration,
which was divided by an uncertainty factor of 30 (3 for extrapolation from animals to humans using dosimetric adjustment and 10 for human variability) (see Appendix A).

c Used to derive an intermediate-duration inhalation minimal risk level (MRL) of 0.7 ppm for ethylbenzene.  The LOAEL of 200 ppm was converted to a human equivalent
concentration, which was divided by an uncertainty factor of 300 (10 for use of a LOAEL, 3 for extrapolation from animals to humans using dosimetric adjustment, and 10 for human
variability) (see Appendix A).

d Used to derive a chronic-duration inhalation minimal risk level (MRL) of 0.3 ppm for ethylbenzene.  The LOAEL of 75 ppm was converted to a human equivalent concentration,
which was divided by an uncertainty factor of 300 (10 for use of a LOAEL, 3 for extrapolation from animals to humans using dosimetric adjustment, and 10 for human variability) (see
Appendix A).

Bd Wt = body weight; Cardio = cardiovascular; CEL = cancer effect level; d = day(s); Endocr = endocrine; F = Female; Gastro = gastrointestinal; Gd = gestational day; Gn pig =
guinea pig; Hemato = hematological; hr = hour(s); HVA = homovanillic acid; Immuno/Lymphoret = immunological/lymphoreticular; LC50 = lethal concentration, 50% kill; LOAEL =
lowest-observed-adverse-effect level; M = male; min = minute(s); mo = month(s); Musc/skel = musculoskeletal; NADPH = Nicotinamide adenosine dinucleotide phosphate; NOAEL =
no-observed-adverse-effect level; NS = not specified; ppm = parts per million; RD50 = 50% decrease in respiration rate; Resp = respiratory; x = time(s); (W) = drinking water; wk =
week(s); yr = year(s)

972

NTP 1999750 (CEL:
alveolar/bronchiolar
adenoma or carcinoma
and hepatocellular
adenoma or carcinoma)

750

Mouse

(F344)

6 hr/d
5 d/wk
2 yr
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Figure 3-1  Levels of Significant Exposure to Ethylbenzene - Inhalation
Acute (≤14 days)
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The systemic effects observed after inhalation exposure are discussed below.  The highest NOAEL values 

and all reliable LOAEL values for systemic effects in each species and duration category are recorded in 

Table 3-1 and plotted in Figure 3-1. 

Respiratory Effects. Male volunteers reported throat and nasal irritation and feelings of “chest 

constriction” during a 6-minute inhalation exposure to 2,000 ppm ethylbenzene (Yant et al. 1930).  More 

severe throat and nasal irritation were reported immediately upon exposure to 5,000 ppm ethylbenzene.  

No data on pulmonary function were reported (Yant et al. 1930). No bronchospastic response was 

observed in two subjects challenged with 55 ppm ethylbenzene for 15 minutes in an inhalation chamber, 

based on comparison of pre- and post-exposure pulmonary function tests (Moscato et al. 1987).   

Results of acute studies in animals indicate that inhalation of ethylbenzene produces adverse respiratory 

effects ranging from irritation to pulmonary congestion.  Nasal irritation (based on nose rubbing) was 

observed in guinea pigs exposed to 1,000 ppm for 3 and 8 minutes and to 2,000, 5,000, and 10,000 ppm 

for 480, 30, and 10 minutes, respectively (Yant et al. 1930).  Gross histopathology revealed congestion 

and edema in the lungs of animals that died after exposure to 10,000 ppm ethylbenzene, with less severe 

effects observed in surviving animals.  Pulmonary congestion also was observed in rats and mice that died 

during exposure a 4-day exposure to 2,400 and ≥1,200 ppm ethylbenzene, respectively (Ethylbenzene 

Producers Association 1986a).  A 50% reduction in breathing rate was observed in mice exposed to 

1,432 ppm for 5 minutes (De Ceaurriz et al. 1981) and 4,060 ppm for 30 minutes (Nielsen and Alarie 

1982).  No adverse respiratory effects were observed in rats exposed to 2,000 ppm for 3 days (Toftgard 

and Nilsen 1982) or in rats, mice, and rabbits exposed to 1,200, 400, or 2,400 ppm, respectively, for 

4 days (Ethylbenzene Producers Association 1986a). 

Adverse respiratory effects attributed to intermediate- or chronic-duration inhalation exposures to 

ethylbenzene have been observed in animals.  Relative lung weight was increased in male rats exposed to 

975 ppm for 90 days, although increased absolute and relative lung weights were observed only in female 

rats exposed to 246 ppm ethylbenzene, but not to higher concentrations (NTP 1992).  Pulmonary lesions 

(inflammatory cell infiltrate) were observed in male rats exposed to ≥246 ppm for 90 days (NTP 1992).  

However, the NTP Pathology Working Group considered these effects to be more typical of an infectious 

agent than a response to the test compound; therefore, pulmonary findings were not attributed to 

ethylbenzene exposure.  No histopathological changes were observed in rats exposed to 2,200 ppm, 

guinea pigs or rabbits exposed 1,250 ppm, or monkeys exposed to 600 ppm ethylbenzene for 6 months 

(Wolf et al. 1956); however, the utility of this study is limited by a general lack of study details (e.g., no 
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exposure or control data were provided) and the small size of exposure groups (1–2 rabbits or monkeys 

per group).  No histopathological findings clearly attributable to ethylbenzene were observed in 

respiratory tissue of rats or mice exposed to up to 750 ppm ethylbenzene for 2 years (NTP 1999).  

Although the incidences of edema, congestion, and hemorrhage observed in male rats in the 750 ppm 

group were increased relative to control rats, observations were considered to be agonal changes in 

moribund animals and not directly related to chemical toxicity (NTP 1999). 

Cardiovascular Effects. Intermediate and chronic exposure of animals to inhaled ethylbenzene does 

not appear to produce adverse cardiovascular effects, based on results of histopathological examinations.  

No adverse histopathological effects were reported in cardiac tissue of rats or mice exposed to 782 ppm or 

rabbits exposed to 1,610 ppm ethylbenzene for 4 weeks (Cragg et al. 1989).  Similarly, no cardiovascular 

effects were observed in rats or mice exposed to 975 ppm ethylbenzene for 90 days (NTP 1992) or in rats 

exposed to 2,200 ppm, guinea pigs or rabbits exposed to 1,250 ppm, or monkeys exposed to 600 ppm 

ethylbenzene for 6 months (Wolf et al. 1956).  No adverse histopathological findings were observed in 

cardiovascular tissues of rats or mice exposed to 750 ppm ethylbenzene for 2 years (NTP 1999). 

Gastrointestinal Effects.    No adverse effects on the gastrointestinal system have been observed 

following intermediate or chronic inhalation exposure of animals. No changes in gross appearance or 

adverse histopathological effects were observed in the intestines of rats and mice exposed to 782 ppm or 

rabbits exposed to 1,610 ppm ethylbenzene for 4 weeks (Cragg et al. 1989).  No adverse histopathological 

changes in gastrointestinal tissue were observed in rats or mice exposed to ≤975 ppm ethylbenzene for 

90 days (NTP 1992) or in rats or mice exposed to ≤750 ppm ethylbenzene for 2 years (NTP 1999). 

Hematological Effects. Two studies involving long-term monitoring of workers occupationally 

exposed to ethylbenzene were located (Angerer and Wulf 1985; Bardodej and Cirek 1988). Angerer and 

Wulf (1985) reported increased lymphocyte count and decreased hemoglobin concentration in male 

varnish workers exposed to a mixture of solvents, including ethylbenzene, compared to an unexposed 

control group.  Workers were employed for an average of 8.2 years and exposed to an average 

ethylbenzene concentration of 1.64 ppm.  Average lymphocyte levels increased (41.5–68.8%) and 

average hemoglobin values decreased (5.2–7.1%) in exposed workers, compared to unexposed controls.  

However, due to concomitant exposure to other chemicals (xylenes, lead, toluene), the relationship of 

adverse hematological effects to inhaled ethylbenzene cannot be established.  No adverse hematological 

effects were seen in male workers employed at an ethylbenzene manufacturing facility over a 20-year 

period, compared to unexposed control workers (Bardodej and Cirek 1988).  Although no information on 
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ethylbenzene concentrations was reported, an estimated concentration of 6.4 mg/m3 was derived from a 

mean post-shift in urinary mandelic acid concentration in workers, based on the relationship between 

ethylbenzene concentrations in air and urinary mandelic acid concentration in a chamber-exposed group 

(Bardodej and Bardodejova 1988).  However, given the low exposure concentration, this study had 

limited power to detect any effect.   

Studies using animal models yield conflicting results regarding hematological effects of inhaled 

ethylbenzene.  Platelet count was significantly decreased in male rats and mean total leukocyte count was 

significantly increased in female rats exposed to 782 ppm ethylbenzene for 4 weeks; hematological 

effects were not observed in male or female rats exposed to ≤382 ppm, mice exposed to ≤782 ppm, or 

rabbits exposed to ≤1,610 ppm (Cragg et al. 1989).  No adverse hematological effects were observed in 

rats or mice exposed to 975 ppm ethylbenzene for 90 days (NTP 1992), or in rats exposed to ≤2,200 ppm, 

guinea pigs or rabbits exposed ≤1,250 ppm, or monkeys exposed to ≤600 ppm ethylbenzene for 6 months 

(Wolf et al. 1956). 

Musculoskeletal Effects. No musculoskeletal effects have been observed in laboratory animals 

exposed to inhaled ethylbenzene for intermediate or chronic durations.  No bone tissue abnormalities 

were observed upon histopathological examination of tissue from rats and mice exposed to 782 ppm and 

rabbits exposed to 1,610 ppm for 4 weeks (Cragg et al. 1989).  Similarly, no adverse effect on bone tissue 

was observed in rats or mice exposed to 975 ppm ethylbenzene for 90 days (NTP 1992) or 750 ppm for 

2 years (NTP 1999). 

Hepatic Effects. No adverse effects on liver function, as measured by serum liver enzyme activities, 

were observed in male workers employed at an ethylbenzene manufacturing facility over a 20-year period 

(Bardodej and Cirek 1988).  Although no information on ethylbenzene concentrations was reported, an 

estimated concentration of 6.4 mg/m3 was derived as described above under hematological effects 

(Section 3.2.1.3 ).  Given the low exposure concentration, this study had limited the power to detect any 

effect. 

Results of studies in laboratory animals have found various effects on the liver, including induction of 

cytochrome P-450, changes in liver weight (at least in part related to induction of cytochrome P-450), 

changes in hepatocyte ultrastructure consistent with induction of smooth endoplasmic reticulum, and 

histopathological changes, including hepatocyte necrosis.  Increased liver weights, induction of hepatic 

drug metabolizing enzymes, and changes in hepatocyte ultrastructure (consistent with induction of 
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smooth endoplasmic reticulum) have been observed in rats following acute inhalation exposure to 

ethylbenzene.  Concentration-related increases in absolute and relative liver weights were reported in 

male rats exposed to ≥400 ppm ethylbenzene for 3–4 days, although no histopathological changes were 

observed (Ethylbenzene Producers Association 1986a).  Increased relative liver weight, increased hepatic 

concentration of cytochrome P-450, and induction of hepatic microsomal enzymes (NADPH-cytochrome 

reductase, 7-ethoxycoumarin O-deethylase) were reported in rats exposed to 2,000 ppm ethylbenzene 

concentrations for 3 days (Toftgard and Nilsen 1982).  Similarly, hepatic drug metabolizing enzymes 

(UDP glucuronyl-transferase, D-glucuronolactone dehydrogenase) were increased in male rats exposed to 

50 ppm ethylbenzene for 2 weeks, and ethyoxycoumarin o-deethylase was increased at 300 ppm 

(Elovaara et al. 1985).  Electron microscopy showed changes in hepatocyte ultrastructure consistent with 

induction of cytochrome P-450 (e.g., smooth endoplasmic reticulum proliferation, slight degranulation of 

rough endoplasmic reticulum) in rats exposed to 600 ppm ethylbenzene for 2 weeks (Elovaara et al. 

1985).  Hepatic changes following acute exposure to ethylbenzene are consistent with induction of 

hepatic microsomal enzymes. 

Similar hepatic effects (liver weights, induction of hepatic drug metabolizing enzymes, and changes in 

hepatocyte ultrastructure) also have been reported in laboratory animals exposed to inhaled ethylbenzene 

for intermediate exposure durations. Significant increases in relative liver weight were observed in 

female rats exposed to ≥250 ppm ethylbenzene for 15 days (Saillenfait et al. 2006), rats and mice exposed 

to 782 ppm ethylbenzene for 4 weeks (Cragg et al. 1989), pregnant and nonpregnant rats and pregnant 

rabbits exposed to 1,000 ppm ethylbenzene for 3 weeks prior to mating and throughout gestation (NIOSH 

1981), and rats and mice exposed to 246 and 740 ppm ethylbenzene, respectively, for 90 days (NTP 

1992). Increased liver weight was also observed in rats exposed to 400 ppm, and guinea pigs and 

monkeys exposed to 600 ppm ethylbenzene for 6 months (Wolf et al. 1956).  Hepatic microsomal 

enzymes (total cytochrome P-450 protein, 7-ethoxycoumarin O-deethylase, aminopyrine N-demthylase) 

were induced in rats exposed to 50 ppm ethylbenzene for 16 weeks and changes in hepatocyte 

ultrastructure (e.g., smooth endoplasmic reticulum proliferation, slight degranulation of rough 

endoplasmic reticulum) in rats exposed to ethylbenzene from 2 to 15 weeks (Elovaara et al. 1985). 

Other histopathological findings in animals exposed to inhaled ethylbenzene were moderate to marked 

hypertrophy of periportal hepatocytes with clear cytoplasm in female rats exposed to ≥250 ppm 

ethylbenzene for 15 days (the investigators noted that minimal hypertrophy was observed in controls) 

(Saillenfait et al. 2006) and a cloudy swelling of hepatocytes of rats exposed to 2,200 ppm for 6 months 
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(Wolf et al. 1956).  No histopathological changes in the liver were observed in rats or mice exposed to 

246 and 740 ppm, respectively, for 90 days (NTP 1992).   

Chronic exposure of mice, but not rats, to inhaled ethylbenzene for 2 years produced hepatic toxicity, as 

indicated by histopathological changes (syncytial alterations of hepatocytes, hepatocellular hypertrophy, 

and hepatocyte necrosis) (NTP 1999). Syncytial alterations (enlarged hepatocytes with multiple nuclei), 

which were concentration-related in incidence and severity, were observed at in male mice exposed to 

≥75 ppm ethylbenzene, and hepatocyte hypertrophy and necrosis were observed in male mice exposed to 

750 ppm.  In female mice exposed to 750 ppm ethylbenzene for 2 years, the incidence and severity of 

eosinophilic foci, which was considered to be a preneoplastic lesion, was increased.   

Renal Effects. Renal effects of acute and intermediate exposure to inhaled ethylbenzene are primarily 

limited to minimally adverse effects, including increased kidney weight in rats and mice and induction of 

microsomal enzymes in rats.  However, chronic exposure of male and female rats results in more serious 

renal effects, including nephropathy, renal tubule hyperplasia, and renal tubular adenomas and 

carcinomas (see Section 3.2.1.7, Cancer).  In addition, effects associated with accumulation of 

α2µ-globulin and hyaline droplets have been observed in male rats exposed to inhaled ethylbenzene.  

Accumulation of α2µ-globulin in the renal tubule epithelial cells of male rats is associated with tubular 

epithelial necrosis, regenerative proliferation, and renal tumors.  This accumulation is not observed in 

female rats, mice, or humans (which lack that protein), or in male rats, which are genetically lacking 

α2µ-globulin.  Adverse effects in male rats associated with renal accumulation of α2µ-globulin are 

therefore not considered relevant to humans (EPA 1991g).  However, since renal toxicity of chronic 

exposure to inhaled ethylbenzene has been observed in female rats, renal effects associated with 

ethylbenzene are relevant to humans. 

Acute exposure to inhaled ethylbenzene had been reported to produce increases in kidney weight, induce 

renal microsomal enzymes, and enhance renal hyaline droplets in rats of both sexes.  In male rats only, 

this accumulation includes α2µ-globulin, but evidently other proteins are involved in females, and 

probably also in the males.  Relative kidney weight was significantly increased (11–20%) in male rats 

exposed to 2,000 ppm for 2 days (Toftgard and Nilsen 1982) and 1,200 ppm ethylbenzene for 4 days 

(Ethylbenzene Producers Association 1986a), and in male and female rats exposed to 750 ppm 

ethylbenzene (6–7%), but not at 75 ppm, for 1 week (Stott et al. 2003).  Although no change in renal 

histopathology accompanied increased kidney weight in rats exposed to 1,200 ppm ethylbenzene for 

4 days (Ethylbenzene Producers Association 1986a), increased accumulation of α2µ-globulin and hyaline 
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droplets were observed after 1 week in the kidneys of male rats exposed to 750 ppm ethylbenzene 

compared to controls (Stott et al. 2003).  Renal congestion was reported in rats and mice that died during 

exposure to 2,400 or 1,200 ppm ethylbenzene, respectively (Ethylbenzene Producers Association 1986a).  

Induction of renal cytochrome P-450 microsomal enzymes (7-ethoxycoumarin, O-deethylase, UDP 

glucuronyl-transferase, NADPH-cytochrome c reductase) was reported in rats following a 3-day exposure 

to 2,000 ppm ethylbenzene (Toftgard and Nilsen 1982). 

Renal effects of intermediate-duration exposure to inhaled ethylbenzene are similar to those observed 

following acute exposure (increased kidney weight, induction of renal microsomal enzymes, and changes 

associated with accumulation of α2µ-globulin).  Several studies have shown that exposure of rats or mice 

to inhaled ethylbenzene for durations of 4 weeks –7 months increases relative kidney weight (Elovaara et 

al. 1985; NIOSH 1981; NTP 1999; Stott et al. 2003; Wolf et al. 1956).  Concentration-related increases in 

renal microsomal enzymes (7-ethoxycoumarin O-deethylase, UDP glucuronyl-transferase) and renal 

glutathione concentration were reported in rats following a 5–16-week exposure to ethylbenzene at 

concentrations ranging from 50 to 600 ppm (Elovaara et al. 1985).  Histopathological changes in the 

kidney include α2µ-globulin-associated changes (nuclear-size and staining variations and vacuolation or 

decreased amount of cytoplasm) in male rats exposed to 750 ppm for 4 weeks (Stott et al. 2003) and 

swelling of the tubular epithelium in rats exposed to 600 ppm ethylbenzene for up to 7 months (Wolf et 

al. 1956). 

Chronic exposure of male and female rats, but not mice, to inhaled ethylbenzene for 2 years resulted in 

nephropathy and renal tubule hyperplasia (NTP 1999).  Although age-related nephropathy was observed 

in control rats, the severity was increased compared to controls in female rats exposed to ≥75 ppm and 

male rats exposed to 750 ppm.  The incidence of renal tubular hyperplasia (considered as a preneoplastic 

effect) was increased in male and female rats exposed to 750 ppm.  NTP (1999) concluded that 

ethylbenzene may have exacerbated the development of age-related nephropathy in rats and that renal 

tubular lesions were related to exposure.  Additional information pertaining to renal carcinogenesis is 

provided in Section 3.2.1.7. 

Endocrine Effects. Adverse endocrine effects, based on histopathological examinations of endocrine 

tissues, have not been observed in laboratory animals exposed to inhaled ethylbenzene for 4 weeks to 

6 months (Cragg et al. 1989; NTP 1992; Wolf et al. 1956), although chronic exposure is reported to 

produce hyperplasia of the thyroid and pituitary (NTP 1999).  Mice exposed to 750 ppm ethylbenzene for 

2 years showed an increased incidence of follicular cell hyperplasia in the thyroid gland.  In female mice 
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exposed to ≥250 ppm ethylbenzene, the incidences of hyperplasia of the pituitary gland pars distalis were 

significantly greater than those in the control group. No effects on other endocrine tissues were observed 

in mice and no effects on any endocrine tissue were observed in rats exposed to 750 ppm ethylbenzene for 

2 years (NTP 1999). 

Ocular Effects.    Ocular effects observed in humans and animals after inhalation exposure to 

ethylbenzene are presumed to be due to direct contact of the eyes with ethylbenzene vapor.  These effects 

are discussed in Section 3.2.3.2. 

Body Weight Effects.    Studies in animals examined body weight effects in acute-, intermediate-, and 

chronic-duration inhalation exposure to ethylbenzene.  Mean body weight was not affected in rats or mice 

exposed to 400 ppm or in rabbits exposed to 2,400 ppm ethylbenzene for 4 days (Ethylbenzene Producers 

Association 1986a). Rats exposed to 1,200 ppm showed a mean body weight that was lower than in 

control animals.  No effect on body weight was observed in rabbits after 7 days of exposure to 750 ppm 

(Romanelli et al. 1986). 

No changes in body weight were observed in pregnant rats or rabbits exposed to 985 and 962 ppm 

ethylbenzene, respectively, for 3 weeks prior to mating and throughout gestation (NIOSH 1981).  A 

decrease in body weight gain of 26–48% at weeks 2, 5, and 9, but not at week 16 was observed in male 

rats exposed to 600 ppm ethylbenzene for 16 weeks (Elovaara et al. 1985).  No adverse effect on body 

weight was observed in rats or mice exposed to 782 ppm or rabbits exposed to 1,610 ppm ethylbenzene 

for 4 weeks (Cragg et al. 1989). No effect on body weight was observed in rats and mice exposed to 

975 ppm ethylbenzene for 90 days (NTP 1992).  Similarly, no biologically significant effect on body 

weight was observed in rats and mice exposed to concentrations of ethylbenzene of up to 750 ppm for 

2 years (NTP 1999). 

3.2.1.3 Immunological and Lymphoreticular Effects  

Angerer and Wulf (1985) reported increased lymphocyte counts in male varnish workers exposed to a 

mixture of solvents, including ethylbenzene, compared to an unexposed control group.  Workers were 

employed for an average of 8.2 years and exposed to an average ethylbenzene concentration of 1.64 ppm.  

Average lymphocyte levels increased (41.5–68.8%) in exposed workers, compared to unexposed controls.  
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However, due to concomitant exposure to other chemicals (xylenes, lead, toluene), the relationship of 

adverse hematological effects to inhaled ethylbenzene cannot be established.   

Mean total leukocyte count was significantly increased in female rats expose to 782 ppm ethylbenzene, 

but not ≤382 ppm, for 4 weeks (Cragg et al. 1989).  Absolute and relative spleen weights were increased 

in pregnant rats exposed to 1,000 ppm ethylbenzene during pre-mating and gestation or gestation alone, 

although histopathological changes were not observed (NIOSH 1981).  Spleen weight was not affected in 

rabbits exposed to 1,000 ppm during gestation (NIOSH 1981).  No histopathological changes were 

observed in bone marrow (sternum), lymph nodes, thymic region, or spleen of rats or mice exposed to 

782 ppm or rabbits exposed to 1,610 ppm ethylbenzene for 4 weeks (Cragg et al. 1989).  No treatment-

related effect on the histopathology of several lymphoreticular tissues, including bronchial lymph nodes, 

regional lymph nodes, mandibular and mesenteric lymph nodes, mediastinal lymph nodes, spleen, or 

thymus were observed in rats and mice exposed to 975 ppm ethylbenzene for 90 days (NTP 1992) or 

750 ppm for 2 years (NTP 1999). 

The highest NOAELs for immunological and lymphoreticular effects in each species for intermediate- or 

chronic-duration exposure are reported in Table 3-1 and plotted in Figure 3-1. 

3.2.1.4 Neurological Effects 

Symptoms of dizziness accompanied by vertigo have been observed in humans acutely exposed to air 

concentrations of ethylbenzene ranging from 2,000 to 5,000 ppm for 6 minutes (Yant et al. 1930). 

Workers exposed occupationally for a mean of 13 years to solvent mixtures that include ethylbenzene 

(mean ethylbenzene exposure level 1.8 ppm) showed a 58% incidence of hearing loss compared to 

36% in the reference group (Sliwinska-Kowalska et al. 2001).  Hearing losses (expressed as increased 

hearing thresholds) were observed at all frequencies and appeared to range from 3 to 8 dB.  The role of 

ethylbenzene in the observed losses cannot be ascertained from this study given that ethylbenzene was 

only one of several solvents, most of which were present at mean concentrations 1.5–3.5 times higher 

than ethylbenzene.   

Neurological effects have been observed in several animals following acute-duration exposure to inhaled 

ethylbenzene, although there is considerable variability in species sensitivity.  In general, central nervous 
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system depression is associated with acute exposure to higher concentrations, whereas stimulation of the 

motor nervous system is associated with lower concentrations.  The most serious adverse neurological 

effect associated with acute- and intermediate-duration inhalation exposure to ethylbenzene is ototoxicity, 

characterized by deterioration in auditory thresholds and alterations of cochlear morphology. 

Clinical signs of general central nervous system depression or increased motor activity have been 

observed in animals acutely exposed to inhaled ethylbenzene.  Moderate activation in motor behavior was 

observed in rats following a 4-hour inhalation exposure to levels of ethylbenzene ranging from 400 to 

1,500 ppm, whereas narcotic effects were observed at higher ethylbenzene concentrations (2,180– 

5,000 ppm) (Molnar et al. 1986).  This study is limited by a lack of methodological detail and appropriate 

statistical analysis.  Central nervous system depression (unconsciousness) and ataxia were observed in 

guinea pigs exposed to 2,000 ppm ethylbenzene for acute-duration periods (Yant et al. 1930).  Salivation, 

prostration, and/or reduced activity were observed in rats and mice exposed to 2,400 or 1,200 ppm 

ethylbenzene, respectively, for 4 days (Ethylbenzene Producers Association 1986a).  However, rabbits 

exposed to 2,400 ppm ethylbenzene for the same period showed no adverse behavioral effects.  Exposure 

of mice to ethylbenzene for 20 minutes to ≥2,000 ppm produced changes in posture; decreased arousal 

and rearing; increased ease of handling; disturbances of gait, mobility, and righting reflex; decreased 

forelimb grip strength; increased landing foot splay; and impaired psychomotor coordination (Tegeris and 

Balster 1994). These acute effects were short-lived and more pronounced during exposure than after 

exposure, with recovery beginning within minutes of removal from the exposure chamber.  Sensorimotor 

reactivity also decreased.  Acute exposure of rats and mice to 245 and 342 ppm, respectively (Frantik et 

al. 1994), resulted in a 30% depression of evoked electrical activity in the brain immediately after 

exposure. 

General signs of neurotoxicity have not been observed in animals exposed to inhaled ethylbenzene for 

intermediate or chronic durations, although ethylbenzene concentrations evaluated in intermediate- and 

chronic-duration studies were lower than those evaluated in acute studies.  No behavioral changes, 

clinical signs of neurotoxicity or histopathological alterations of neurological tissues were observed in 

rats or mice exposed to concentrations of up to 782 ppm or rabbits exposed to concentrations up to 

1,610 ppm ethylbenzene for 4 weeks.  Sporadic salivation was noted in rats at doses of ≥382 ppm (Cragg 

et al. 1989). In a 90-day study (NTP 1992), rats and mice showed no adverse histopathological effects on 

brain tissue at doses up to 975 ppm.  No adverse effects were noted in the brain tissues of rats and mice 

exposed to concentrations of ethylbenzene of up to 750 ppm for 2 years (NTP 1999). 
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Ototoxic effects of inhaled ethylbenzene have been observed following acute- or intermediate-duration 

exposure of rats.  Effects are characterized by deterioration in auditory thresholds and alterations of 

cochlear morphology.  Male rats exposed to ethylbenzene at 800 ppm, 8 hours/day for 5 days showed 

significant deterioration in auditory thresholds (threshold shifts were 10–20 and 17–28 dB using two 

methods) 1 and 4 weeks after the exposure had ceased (Cappaert et al. 1999).  The magnitude of the 

increase in thresholds did not change between assessments conducted on post-exposure weeks 1 and 4; 

threshold shifts were evident at all tested frequencies (1–24 kHz).  Eight to 11 weeks after exposure, a 

significant loss (52–66%) of outer hair cells (OHCs) in the organ of Corti in the auditory region 

corresponding to 11–21 kHz was observed.  No loss of inner hair cells (IHCs) was found in the exposed 

animals (Cappaert et al. 1999).  Similarly, auditory threshold shifts (approximately 15–30 dB) and OHC 

losses (25–75%) were observed 3–6 weeks after exposure in male rats exposed to 400 or 550 ppm 

ethylbenzene, 8 hours/day for 5 days.  Auditory thresholds and OHC counts were not affected in rats 

exposed to 300 ppm ethylbenzene (Cappaert et al. 2000, 2001).  Cappaert et al. (2002) demonstrated a 

significant species difference in the susceptibility of rats and guinea pigs to the ototoxic effects of 

ethylbenzene.  Guinea pigs exposed to ethylbenzene at 2,500 ppm, 6 hours/day for 5 days did not show 

auditory deficits or losses in OHCs.  There was no loss of IHCs in either species (Cappaert et al. 2002).   

Electrophysiological measures showed significant shifts in auditory thresholds in rats exposed to 

ethylbenzene at ≥400 ppm ethylbenzene, 6 hours/day, 6 days/week for 4 weeks (Frantik et al. 1994).  

Auditory deficits persisted unchanged throughout the 13-week exposure period and the 8-week post-

exposure recovery period in rats exposed to ≥400 ppm ethylbenzene (Gagnaire et al. 2007). Histological 

assessments conducted after the 8-week recovery period showed significant losses in OHCs in rats 

exposed to ≥200 ppm ethylbenzene, 6 hours/day, 6 days/week for 13 weeks (Gagnaire et al. 2007).  IHC 

losses (14–32%) were observed in rats exposed to 600 and 800 ppm ethylbenzene, but only occasionally 

in rats exposed to 400 ppm (Gagnaire et al. 2007).   

The highest NOAEL values and all reliable LOAEL values for neurological effects in each species and 

duration category are recorded in Table 3-1 and plotted in Figure 3-1. 

3.2.1.5 Reproductive Effects  

No studies were located regarding reproductive effects in humans following inhalation exposure to ethyl-

benzene. 
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Adverse reproductive outcome was observed in rabbits exposed to inhaled ethylbenzene during gestation 

(Ungváry and Tátrai 1985); however, adverse reproductive effects have not been observed in other studies 

in rabbits, rats, or mice (Faber et al. 2006; NIOSH 1981; Saillenfait et al. 2003, 2006, 2007; Ungváry and 

Tátrai 1985).  Treatment-related effects on reproductive organs, as assessed by histopathological 

examination, have not been observed (Cragg et al. 1989; Ethylbenzene Producers Association 1986a; 

Faber et al. 2006; NTP 1992; Wolf et al. 1956). 

Pregnant rats exposed to ethylbenzene during gestation exhibited increased postimplantation loss at 

≥138 ppm and rabbits exhibited increased abortions at 230 ppm (Ungváry and Tátrai 1985), however, due 

to inadequate reporting, it is unclear if effects occurred in the presence or absence of maternal toxicity.  

No reproductive effects were noted in mice or rabbits exposed during gestation to 115 ppm (Ungváry and 

Tátrai 1985) or rats exposed to 250–2,000 ppm (Saillenfait et al. 2003, 2006, 2007).  No adverse effects 

on reproduction were observed in female rats and rabbits exposed to approximately 100 or 1,000 ppm 

ethylbenzene for 3 weeks prior to mating and throughout gestation (NIOSH 1981).  Reproductive 

function and outcome was assessed in a 2-generation reproductive toxicity study in rats exposed to 25, 

100, or 500 ppm ethylbenzene starting with a pre-mating exposure of ≥70 days and continuing through 

gestation day 20, lactation day 5–21 (oral exposure of mothers on lactation days 1–4), and postnatal 

day 21 (Faber et al. 2006).  Estrous cycle length was significantly reduced in F0 rats in the 500-ppm 

group (4.0 days vs. 4.4 days in controls), but was not altered in the F1 females.  Reproductive parameters 

(mating or fertility indices, gestation length, number of implantation sites, number of births/litter, and 

litter size) were not affected in F0 or F1 females (or males, as appropriate) exposed to 25–500 ppm 

ethylbenzene.   

No treatment-related histopathological changes were noted in the testes of rats, mice, or rabbits exposed 

to concentrations as high as 2,400 ppm ethylbenzene for 4 days (Ethylbenzene Producers Association 

1986a). No testicular histopathological abnormalities were reported in rats and mice exposed to 782 ppm 

and rabbits exposed to ethylbenzene concentrations as high as 1,610 ppm for 4 weeks (Cragg et al. 1989).  

NTP (1992) reported no effect on sperm or testicular morphology or on the length of the estrous cycle in 

rats or mice exposed to 975 ppm ethylbenzene for 90 days.  Mice showed a decrease in epididymal 

weight in the 1,000-ppm group; however, this observation was not considered biologically significant 

since there was no significant difference in spermatid counts, sperm motility, or weight of the caudal 

epididymis among treated and control animals.  Inhalation exposure of male monkeys and rabbits to 

600 ppm ethylbenzene for 6 months produced degeneration of germinal epithelium in the testes of one 
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monkey and one rabbit (Wolf et al. 1956).  No adverse histopathological effects were seen in the testes of 

rats or guinea pigs exposed to concentrations up to 1,250 or 600 ppm, respectively, for 6–7 months (Wolf 

et al. 1956). In a 2-generation reproduction study, no effects were observed on sperm number, motility, 

and morphology in F0 and F1 rats exposed to 25–500 ppm ethylbenzene (Faber et al. 2006). 

The highest NOAEL values and all reliable LOAEL values for reproductive effects in each species for 

acute-, intermediate-, and chronic-duration are recorded in Table 3-1 and plotted in Figure 3-1. 

3.2.1.6 Developmental Effects 

No studies were located regarding developmental effects in humans following inhalation exposure to 

ethylbenzene. 

The developmental effects of inhaled ethylbenzene have been studied in rats (NIOSH 1981; Ungváry and 

Tátrai 1985), mice (Ungváry and Tátrai 1985), and rabbits (NIOSH 1981; Ungváry and Tátrai 1985) 

exposed during gestation or pre-mating and gestation, rats exposed from pre-gestation through lactation 

(Faber et al. 2006), and in a 2-generation reproduction study in rats (Faber et al. 2007).  Results of studies 

in rats indicate that ethylbenzene produces reduced fetal weight, skeletal anomalies, and anomalies and 

delayed development of urogenital tract; skeletal and urogenital anomalies were observed in the presence 

of maternal toxicity (Faber et al. 2006; NIOSH 1981; Ungváry and Tátrai 1985).  Studies conducted by 

Faber et al. (2006, 2007) and NIOSH (1981) are of high quality and guideline-compliant. However, 

usefulness of the Ungváry and Tátrai (1985) study is hampered by incomplete descriptions of the results 

and because an analysis of the results on a per litter basis was not provided. 

In rats, continuous inhalation exposure to ethylbenzene on gestational days 7–15 to concentrations 

ranging from 138 to 552 ppm resulted in fetal resorption and a concentration-related retardation of 

skeletal development in surviving fetuses (Ungváry and Tátrai 1985).  Retarded skeletal development was 

observed in 28, 30, and 35% of fetuses exposed to 138, 276, and 552 ppm ethylbenzene, respectively. 

Increased incidence of extra ribs and anomalies of the urinary tract (specific effects not reported) were 

observed in 7% of fetuses at 552 ppm, but were not observed in controls.  Maternal toxicity was reported 

to be moderate and dose-dependent, but data were not presented.  In this same study, the incidence of 

anomalies of the uropoietic apparatus (not specified) was observed in the offspring of mice exposed to 

115 ppm ethylbenzene on gestation days 6–15, although no adverse developmental effects were observed 
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after exposure of rats to 138 ppm for 6 hours/day on gestation days 7–15 (Ungváry and Tátrai 1985).  

Anomalies of the uropoietic apparatus were not observed in other developmental studies (Faber et al. 

2006, 2007; Saillenfait et al. 2003, 2006, 2007).  Since Ungváry and Tátrai (1985) did not include 

sufficient details regarding the adverse fetal effects, dictating caution in the interpretation of study 

findings. 

In a NIOSH study conducted by Andrews et al. (NIOSH 1981), increases in the incidences of fetuses with 

extra ribs were observed in the offspring of rats exposed to 100 or 1,000 ppm ethylbenzene through 

gestation day 19 or 1,000 ppm during pre-mating and gestation.  The incidence of supernumerary ribs was 

increased only in the offspring of rats exposed to 1,000 ppm during gestation.  Reduced pup crown-rump 

length and an increased incidence of supernumerary ribs were observed in the offspring of rats exposed to 

1,000 ppm during gestation, but not in the offspring of rats exposed to 1,000 ppm during pre-mating and 

gestation. No other significant increases in major malformations or minor anomalies were observed.  

There was some evidence of maternal toxicity (increased relative liver, kidney, and spleen weights) in rats 

exposed to 1,000 ppm ethylbenzene during pre-mating and gestation or gestation only (NIOSH 1981). 

Statistically significant reductions in fetal body weight were observed in the offspring of pregnant rats 

exposed to ≥1,000 ppm ethylbenzene during gestation (Saillenfait et al. 2003, 2006, 2007), but not in rats 

exposed to 500 ppm (Saillenfait et al. 2003) or 250 ppm (Saillenfait et al. 2006, 2007).  A significant 

increase in the number of fetuses with fetal malformations (mostly skeletal variations) was observed in 

the offspring of rats exposed to ≥1,000 ppm ethylbenzene (Saillenfait et al. 2003, 2006, 2007). On a per 

litter basis, a significant increase in the incidence of fetal malformations was observed only at 2,000 ppm 

(Saillenfait et al. 2003). Maternal toxicity was observed in rats exposed to ≥1,000 ppm, as indicated by 

significant reductions in maternal weight gain compared to control animals (Saillenfait et al. 2003, 2006, 

2007). 

Survival from birth to postnatal days (PND) 4 and 21 was not affected in F1 or F2 offspring of pregnant 

rats exposed to ethylbenzene at 25, 100, or 500 ppm during premating, mating, gestation, and lactation 

(Faber et al. 2006). A statistically significant delay in balanopreputial separation was observed in F1 

males in the 500 ppm group, although the mean age at separation in that group (44.7 days) was similar to 

that observed in historical controls (44.8 days). No exposure-related macroscopic findings or changes in 

organ weight in F1 pups necropsied on PND 21 were observed. 
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Results of a 2-generation reproduction study in rats show that the mean age at acquisition of vaginal 

patency was significantly reduced in F1 females at 25, 100, and 500 ppm; however, the values in the 

treated groups (33.3–33.9 days) were similar to the historical control value (33.4 days) in the conducting 

laboratory (Faber et al. 2006).  F2 generation pups (which were not exposed to ethylbenzene by 

inhalation) did not show differences from controls in the age at preputial separation or vaginal patency 

(Faber et al. 2007). Developmental landmarks (pinna detachment, hair growth, incisor eruption, and eye 

opening) were not affected in F1 male or female pups exposed to 25–500 pm ethylbenzene (Faber et al. 

2006); however, in the F2 generation, statistically significant delays in hair growth were observed in 

males and females in all exposure groups and eye opening was significantly delayed in males the 25 and 

100 ppm groups, but not in the 500 ppm group (Faber et al. 2007).  Neurodevelopmental tests conducted 

on subsets of the F2 offspring (Faber et al. 2007) did not show statistically significant differences from 

controls in a functional observational battery assessment or in fore- or hind-limb grip strength. Although 

the data suggest an increase in motor activity in F2 males and females in the 25–500 ppm groups on 

PNDs 13 and 17, there were no statistical differences in motor activity on PNDs 13, 17, and 21 between 

exposed and control animals (Faber et al. 2007).  A statistically significant increase in motor activity was 

observed on PND 61 in F2 females in the 25 ppm group only.  Startle response was not affected in F2 rats 

of either sex on PND 20 or females on PND 60; F2 males showed statistically lower startle responses, but 

this was attributed to highly variable and abnormal responses in some control animals.  Swimming ability, 

learning, and memory assessments conducted in a Biel water maze did not reveal any significant effects 

in F2 animals in any of the exposure groups (Faber et al. 2007).  No morphometric or histologic effects in 

brains of F2 animals were observed from any exposure group on PND 21 or 72 (Faber et al. 2007). 

Reduced fetal weight was observed in female rats exposed to 115 ppm during gestation (Ungváry and 

Tátrai 1985).  In the offspring of rabbits exposed to ethylbenzene, no treatment-related effects were 

observed in fetal size, placental weight, or intrauterine growth retardation and there were no significant 

incidences of major malformations, minor anomalies, or common variants observed in the absence of 

maternal toxicity (NIOSH 1981). 

The highest NOAEL values and all reliable LOAEL values for developmental effects in each species and 

duration category are recorded in Table 3-1 and plotted in Figure 3-1. 
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3.2.1.7 Cancer 

No association has been found between the occurrence of cancer in humans and occupational exposure to 

ethylbenzene.  No cases of malignancy were observed in workers exposed to ethylbenzene monitored for 

20 years (Bardodej and Cirek 1988).  No information on ethylbenzene concentrations was reported, 

although an estimated concentration of 6.4 mg/m3 was derived as described above under hematological 

effects (Section 3.2.1.3).  However, no clear conclusions can be drawn from this study due to the lack of 

measured ethylbenzene concentrations.  Furthermore, the low exposure concentration limited the power 

of this study to detect any effect.  No other studies were found regarding cancer effects in humans 

exposed to ethylbenzene by inhalation. 

Information concerning the carcinogenicity of ethylbenzene in animals comes from an NTP-sponsored 

bioassay in male and female rats and mice exposed to 0, 75, 250, or 750 ppm ethylbenzene for up to 

2 years (NTP 1999).  NTP (1999) concluded that ethylbenzene showed clear evidence of carcinogenic 

activity in male rats based on increased incidences of renal tubule neoplasms and testicular adenomas, 

some evidence of carcinogenic activity in female rats based on increased incidences of renal tubule 

adenomas, some evidence of carcinogenic activity in male mice based on increased incidences of 

alveolar/bronchiolar neoplasms, and some evidence of carcinogenic activity in female mice based on 

increased incidences of hepatocellular neoplasms (NTP 1999).  

Pathological findings in male and female rats exposed to 750 ppm ethylbenzene showed significant 

increases in the incidence of renal tubule adenoma and adenoma or carcinoma (combined) compared to 

control animals.  An extended histopathological evaluation of the kidneys showed significant increases in 

the incidence of nephropathy and of renal tubular hyperplasia (a preneoplastic lesion) in male rats 

exposed to 750 ppm; in female rats, nephropathy was observed at concentrations ≥75 ppm and renal 

tubular hyperplasia was only observed at a concentration of 750 ppm.  In a reevaluation of the 

histopathology of rat kidneys from the NTP study, Hard (2002) confirmed the NTP (1999) findings and 

suggested that the increase incidence of kidney tumors in rats in the high-dose group was related to a 

chemical-induced exacerbation of chronic progressive nephropathy (CPN), with a minor contributing 

factor in male rats being α2µ-globulin nephropathy.  However, in an analysis of the association between 

CPN and renal tubule cell neoplasms in male F344 rats, Seely et al. (2002) concluded that the association 

between CPN and renal tubule cell neoplasms is marginal.  Results of this analysis suggest that the 

number of renal tubule cell neoplasm's secondary to CPN would be few (Seely et al. 2002). The 

incidence of interstitial cell adenoma in the testes of males exposed to 750 ppm was significantly greater 
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than in the control group and slightly exceeded the historical control range for inhalation studies.  The 

incidence of bilateral testicular adenoma was also significantly increased in males exposed to 750 ppm.   

In male mice, the incidences of alveolar/bronchiolar adenoma and alveolar/bronchiolar adenoma or 

carcinoma (combined) were significantly greater in males exposed to 750 ppm than in the controls.  No 

significant increased in the incidence of neoplastic lung lesions was observed in female rats.  The 

incidences of hepatocellular adenoma and hepatocellular adenoma or carcinoma (combined) were 

significantly greater in female mice exposed to 750 ppm than in the control group. Hepatocellular 

adenomas or carcinomas were not observed in male mice. 

3.2.2 Oral Exposure  

3.2.2.1 Death 

No studies were located regarding death in humans following oral exposure to ethylbenzene.   

Lethality has been observed in laboratory animals following ingestion of ethylbenzene.  The oral LD50 for 

gavage administration of ethylbenzene was reported to be 4,769 mg/kg ethylbenzene in rats (Smyth et al. 

1962).  In another oral study with rats exposed to ethylbenzene, the LD50 was reported to be 

approximately 3,500 mg/kg ethylbenzene (Wolf et al. 1956).  The usefulness of these data is limited since 

the study methodology was not provided. 

An oral LD50 value for rats is recorded in Table 3-2 and plotted in Figure 3-2. 

3.2.2.2 Systemic Effects  

No studies were located describing respiratory, cardiovascular, gastrointestinal, hematological, musculo­

skeletal, hepatic, renal, endocrine, dermal, ocular, body weight, or metabolic effects in humans or gastro­

intestinal, musculoskeletal, endocrine, dermal, ocular, body weight, or metabolic effects in animals after 

oral exposure to ethylbenzene. 

The highest NOAEL values and all reliable LOAEL values are recorded in Table 3-2 and plotted in 

Figure 3-2. 
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Table 3-2  Levels of Significant Exposure to Ethylbenzene  -  Oral

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(mg/kg/day)
Less Serious

(mg/kg/day)
Serious
(mg/kg/day)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

ACUTE EXPOSURE
Death
1

13

Smyth et al. 1962M4769 (LD50)
4769

Rat

(Carworth-
Wistar)

once

(G)

Neurological
2

963

Gagnaire and Langlais 2005M900 (complete loss of outer
hair cells in cochlea)

900

Rat

(SD)

1 x/d
5 d/wk
2 wk

(G)

INTERMEDIATE EXPOSURE
Systemic
3

981

Mellert et al. 2007Resp 750
750

Rat

(Wistar)

4 wk
7 d/wk
2 x/d

(GO)

Cardio 750
750

Hemato 750
750

Hepatic M75
75

M250 (increased absolute and
relative liver weights,
increased incidence of
centrilobular hepatocyte
hypertrophy)

250

Renal M75
75
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(continued)Table 3-2  Levels of Significant Exposure to Ethylbenzene  -  Oral

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(mg/kg/day)
Less Serious

(mg/kg/day)
Serious
(mg/kg/day)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

4

984

Mellert et al. 2007Resp 750
750

Rat

(Wistar)

13 wk
7 d/wk
2 x/d

(GO)

Cardio 750
750

Hemato 250
250

750 (increased mean
corpuscular volume in
males and females,
decreased platelet
counts in females)

750

Hepatic
b

75
75

250 (increased serum liver
enzymes in males,
increased absolute and
relative liver weights in
males and females,
increased incidence of
centrilobular hepatocyte
hypertrophy in males and
females)

250

Renal M75
75

M250 (hyaline droplet
nephropathy)

250
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(continued)Table 3-2  Levels of Significant Exposure to Ethylbenzene  -  Oral

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(mg/kg/day)
Less Serious

(mg/kg/day)
Serious
(mg/kg/day)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

5

29

Quality of study is poor,
with inadequate
descriptions of study
methods and results.

Wolf et al. 1956Hemato F680
680

Rat 6 mo
5 d/wk
1 x/d

(GO)

Hepatic F136
136

F408 (increased liver weight;
cloudy swelling of
parenchymal liver cells)

408

Renal F136
136

F408 (increased kidney weight;
cloudy swelling of kidney
tubular epithelium)

408

Neurological
6

982

Mellert et al. 2007750
750

Rat

(Wistar)

4 wk
7 d/wk
2 x/d

(GO)

7

985

NOAEL based on
absence of
histopathological
findings of neurological
tissues and negative
findings for
assessment of motor
activity and FOB.

Mellert et al. 2007750
750

Rat

(Wistar)

13 wk
7 d/wk
2 x/d

(GO)

Reproductive
8

983

Mellert et al. 2007750
750

Rat

(Wistar)

4 wk
7 d/wk
2 x/d

(GO)
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(continued)Table 3-2  Levels of Significant Exposure to Ethylbenzene  -  Oral

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(mg/kg/day)
Less Serious

(mg/kg/day)
Serious
(mg/kg/day)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

9

a The number corresponds to entries in Figure 3-2.

b Study results used to derive an intermediate-duration oral minimal risk level (MRL) of 0.5 mg/kg/day for ethylbenzene, as described in detail in Appendix A.  Benchmark dose (BMD)
analysis was performed on incidences of centrilobular hepatocyte hypertrophy to select a point of departure (BMDL10 = 48.2), which was divided by an uncertainty factor of 100 (10
for extrapolation from animals to humans and 10 for human variability)

d = day(s); F = Female; (G) = gavage; (GO) = gavage in oil; Hemato = hematological; LD50 = lethal dose, 50% kill; LOAEL = lowest-observed-adverse-effect level; M = male; mo =
month(s); NOAEL = no-observed-adverse-effect level; x = time(s); wk = week(s)

986

NOAEL based on
absence of
histopathological
findings of reproductive
tissues.
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Respiratory Effects. No clinical signs of respiratory effects or histopathological findings in 

respiratory tissues were observed in male and female rats exposed to 750 mg/kg/day by gavage for 4 or 

13 weeks (Mellert et al. 2007). No respiratory effects were observed in female rats orally exposed to 

680 mg/kg ethylbenzene by gavage for 6 months (Wolf et al. 1956).  The utility of this study is limited 

because of poor protocol description. 

Cardiovascular Effects. No histopathological findings were made in cardiac tissue from male and 

female rats exposed to 750 mg/kg/day by gavage for 4 or 13 weeks (Mellert et al 2007) or from female 

rats exposed to 13.6–680 mg/kg via gavage for 6 months (Wolf et al. 1956)   

Hematological Effects. Decreased platelet count was observed in females administered 750 

mg/kg/day and increased mean corpuscular volume was observed in males and females exposed to ≥250 

mg/kg/day ethylbenzene by gavage for 13 weeks (Mellert et al 2007).  No effects on hematological 

parameters were observed in rats treated for 4 weeks (Mellert et al. 2007).  No adverse effects on bone 

marrow counts or histopathology were reported in female rats orally exposed to 13.6–680 mg/kg 

ethylbenzene by gavage for 6 months (Wolf et al. 1956).  The usefulness of this study is limited by the 

poorly described and limited results that were provided. 

Hepatic Effects. Effects indicative of liver toxicity were observed in male and female rats exposed to 

oral ethylbenzene for 4 and 13 weeks (Mellert et al. 2007).  After 4 weeks of exposure, observed effects 

consistent with hepatotoxicity included increased absolute and relative liver weights (≥250 mg/kg/day in 

males and 750 mg/kg/day in females), increased incidence of hepatocyte centrilobular hypertrophy 

(≥250 mg/kg/day in males and 750 mg/kg/day in females), and increase serum liver enzyme activity 

(ALT) (750 mg/kg/day in males and females) (Mellert et al. 2007).  After 13 weeks of exposure, 

increased activity of serum liver enzymes (ALT and GGT) in males (≥250 mg/kg/day) and females 

(750 mg/mg/day), increased absolute and relative liver weights (≥250 mg/kg/day in males and females), 

and a dose-related increase in the incidence of centrilobular hepatocyte hypertrophy (≥250 mg/kg/day in 

males and females) were observed.  Increased bilirubin (≤250 mg/kg/day in males and 750 mg/kg/day in 

females), total protein (750 mg/kg/day in females), albumin (750 mg/kg/day in males and females), 

globulins (750 mg/kg/day in females), and cholesterol (≤250 mg/kg/day in males and females), and 

decreased prothrombin time (750 mg/kg/day in males and ≥250 mg/kg/day in females) were considered 

by study investigators as adaptive effects in the liver.  In males in the 75 mg/k/day group, relative liver 

weight was significantly increased by (4% compared to controls); however, no histopathological changes, 
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or increases in absolute liver or serum liver enzyme activities were observed at this dosage. Given that 

ethylbenzene is a microsomal enzyme inducer, and the absence of histopathology and other evidence of 

liver injury at the 75 mg/kg/day dosage, the small increase in relative liver weight in male rats was at this 

dosage not considered evidence for an adverse effect on the liver (Mellert et al. 2007).  Histopathological 

changes characterized by cloudy swelling of parenchymal cells of the liver and an increase in liver weight 

were observed in female rats administered 408 mg/kg/day for 6 months (Wolf et al. 1956).  No other 

hepatic changes were reported. No liver effects were observed in female rats administered 136 

mg/kg/day. No conclusions could be drawn from these results because of serious weaknesses in the 

methodology and reporting of the data, including incidence data and statistical analyses. 

Renal Effects. Renal effects in males administered ethylbenzene by gavage for 13 weeks included 

increased serum creatinine (750 mg/kg/day), increased incidences of transitional epithelial cells and 

granular and epithelial cell casts in the urine (≥250 mg/kg/day), increased absolute and relative kidney 

weights (≥250 mg/kg/day), and a dose-related increase in severity of hyaline droplet nephropathy 

(≥250 mg/kg/day) (Mellert et al. 2007). Adverse renal effects in males were most likely related to 

accumulation of α2µ-globulin accumulation, and, therefore, considered not relevant to humans.  Similar 

renal findings were observed in male rats exposed for 4 weeks (administered ethylbenzene by gavage for 

13 weeks). Absolute kidney weight was significantly increased by 7 and 13% in females administered 

250 and 750 mg/kg-day, respectively, compared to controls.  However, since no histopathological 

findings or alterations in urinalysis parameters were observed, increased kidney weight in females was 

not considered evidence for renal toxicity in female rats.  The only animal study that investigated renal 

effects following ethylbenzene exposure involved female rats administered 13.6–680 mg/kg/body weight 

ethylbenzene by gavage for 6 months (Wolf et al. 1956).  Histopathological changes characterized as 

cloudy swelling of the tubular epithelium in the kidney and an increase in kidney weight were observed at 

the 408 mg/kg/day dose level.  No other renal changes were reported.  As in hepatic effects, no 

conclusions could be drawn from these results because of serious weaknesses in the methodology and 

reporting of the data (e.g., no data on the number of animals with renal effects).  Furthermore, no 

statistical analysis was performed. 

3.2.2.3 Immunological and Lymphoreticular Effects  

No studies were located regarding immunological effects in humans following oral exposure to ethyl-

benzene. 
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Absolute and relative thymus weights were significantly decreased in females treated with 

≥250 mg/kg/day for 13 weeks, but no histopathological findings were observed (Mellert et al. 2007).  

Therefore, effects were not considered adverse. 

3.2.2.4 Neurological Effects 

No studies were located regarding neurological effects in humans following oral exposure to ethyl-

benzene. 

Significant ototoxic effects were observed in male rats administered 900 mg/kg/day (the only dose tested) 

by gavage for 2 weeks (Gagnaire and Langlais 2005).  The authors reported an almost complete loss of 

the three rows of OHCs in the organ of Corti 10 days after the last exposure to ethylbenzene.  This study 

did not have a control group to clearly establish the magnitude of the effects relative to unexposed 

animals; nevertheless, this study showed that the losses observed in ethylbenzene-exposed animals were 

among the highest observed among 21 organic solvents tested (Gagnaire and Langlais 2005). No 

ethylbenzene-related behavioral changes were observed in female rats administered 13.6–680 mg/kg/day 

ethylbenzene by gavage for 6 months (Wolf et al. 1956).  No other parameters were investigated.  The 

utility of this study is limited because the monitored behavioral changes were not reported, and the study 

protocol was poorly described. 

In male and female rats exposed to 75–750 mg/kg/day ethylbenzene by gavage for 13 weeks, no 

neurological effects were observed, based on negative results of motor activity tests and a functional 

observational battery (FOB) (Mellert et al. 2007).  However, assessments of ototoxicity were not 

conducted; therefore, it is not possible to determine whether ototoxicity occurred in the 13-week study. 

3.2.2.5 Reproductive Effects  

No studies were located regarding reproductive effects in humans following oral exposure to 

ethylbenzene. 

The only available reproduction study reported that acute oral exposure to 500 or 1,000 mg/kg ethyl-

benzene decreases peripheral hormone levels and may block or delay the estrus cycle in female rats 
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during the diestrus stage (Ungváry 1986).  Decreased levels of hormones, including luteinizing hormone, 

progesterone, and 17 β-estradiol, were accompanied by uterine changes, which consisted of increased 

stromal tissue with dense collagen bundles and reduced lumen.  No dose response was noted. The study 

is limited by the absence of statistical analysis of the data. 

No histopathological findings of reproductive tissues were observed in male and female rats exposed to 

750 mg/kg/day by gavage for 4 or 13 weeks (Mellert et al. 2007). 

3.2.2.6 Developmental Effects 

No studies were located regarding developmental effects in humans or animals following oral exposure to 

ethylbenzene. 

3.2.2.7 Cancer 

No studies were located regarding carcinogenic effects in humans following oral exposure to 

ethylbenzene. 

The carcinogenicity of ethylbenzene by the oral route has been evaluated in a chronic-duration study in 

Sprague-Dawley rats (Maltoni et al. 1985).  A statistically significant increase in total malignant tumors 

was reported in females and in combined male and female groups exposed to 500 mg kg/day via gavage 

for 104 weeks and observed until after week 141.  No data on specific tumor type were presented, only 

one dose was tested, and no information on survival was provided. 

3.2.3 Dermal Exposure  

3.2.3.1 Death 

No studies were located regarding lethal effects in humans following only dermal exposure to ethyl-

benzene. Matsumoto et al. (1992) reported the case of a 44-year-old man who died 9 days after being 

massively exposed to gasoline (which contained ethylbenzene) dermally and by inhalation for ≥10 hours. 
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The dermal LD50 in rabbits exposed to liquid ethylbenzene (applied to clipped skin subsequently covered 

with an impervious plastic film) was calculated to be 15,433 mg/kg/body weight (Smyth et al. 1962).  No 

additional studies were located regarding death in animals following dermal exposure to ethylbenzene. 

3.2.3.2 Systemic Effects  

No studies were located regarding respiratory, cardiovascular, gastrointestinal, hematological, 

musculoskeletal, hepatic, renal, endocrine, body weight, or metabolic effects in humans or animals after 

dermal exposure to ethylbenzene. 

The systemic effects observed after dermal exposure to ethylbenzene are discussed below.  The highest 

NOAEL values and all reliable LOAEL values for each species and duration category are recorded in 

Table 3-3. 

Dermal Effects.    No studies were located regarding dermal effects in humans following dermal 

exposure to ethylbenzene. 

Liquid ethylbenzene applied directly to the skin of an unspecified number of rabbits caused irritation 

characterized by reddening, exfoliation, and blistering (Wolf et al. 1956).  Mild dermal irritation (grade 2 

on a scale of 10) was also noted in New Zealand White rabbits 24 hours after application of ethylbenzene 

to clipped skin (Smyth et al. 1962). 

Ocular Effects.    Ocular effects observed in humans and animals after inhalation exposure are assumed 

to be due to exposure of the mucous membranes of the eye to ethylbenzene vapor.  Volunteers reported 

eye irritation and burning, and profuse lacrimation, which gradually decreased with continued exposure to 

1,000 ppm for 1–6 minutes (Yant et al. 1930).  Upon entering the chamber with an ethylbenzene 

concentration of 2,000 or 5,000 ppm, the volunteers also experienced severe eye irritation.  

Cometto-Muñiz and Cain (1995) reported eye irritation in humans after exposure to ethylbenzene vapor.  

Eye irritation was observed at 10,000 ppm.   

Liquid ethylbenzene applied directly to the eyes of rabbits for an unspecified duration caused slight 

irritation of conjunctival membranes (Wolf et al. 1956) and slight corneal injury (Smyth et al. 1962; Wolf 

et al. 1956). 
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Table 3-3  Levels of Significant Exposure to Ethylbenzene  -  Dermal

Species
(Strain)

Exposure/
Duration/

Frequency
(Route) CommentsSystem NOAEL Less Serious

LOAEL

Serious
Reference
Chemical Form

ACUTE EXPOSURE
Death

(New
Zealand)

Rabbit 24 hr
15433 M (LD50)

mg/kg/day

mg/kg/day

Smyth et al. 1962

Systemic

(New
Zealand)

Rabbit 24 hr Dermal 8.67 (grade 4 skin irritation)

mg

mg

Smyth et al. 1962

INTERMEDIATE EXPOSURE
Systemic

(F344/N)
Rat 13 wk

5 d/wk
6 hr/d

Ocular 975 B

ppm

ppm

NTP 1992

(B6C3F1)
Mouse

B = both male and female; d = day(s); hr = hour(s); LD50 = lethal dose, 50% kill; LOAEL = lowest-observed-adverse-effect level; M = male; NOAEL = no-observed-adverse-effect
level; ppm = parts per million; wk = week(s)

13 wk
5 d/wk
6 hr/d

Ocular 975 B

ppm

ppm

NTP 1992
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Irritant effects from exposure to ethylbenzene vapor have been reported in animals.  Tegeris and Balster 

(1994) reported lacrimation and palpebral closure in mice after 20 minutes of exposure to 2,000 ppm 

ethylbenzene.  Eye irritation was observed in guinea pigs exposed to 1,000 ppm for 8 minutes, and in 

animals exposed to 2,000, 5,000, and 10,000 ppm for 480, 30, and 10 minutes, respectively (Yant et al. 

1930).  Lacrimation was observed in rats exposed to 1,200 ppm ethylbenzene and in mice and rabbits 

exposed to 400 ppm ethylbenzene for 4 days (Ethylbenzene Producers Association 1986a).  After 4 weeks 

of exposure to 382 ppm, rats showed sporadic lacrimation, whereas mice and rabbits showed no ocular 

effects at 782 and 1,610 ppm, respectively (Cragg et al. 1989).  No ocular effects were seen in rats or 

mice after a 13-week exposure to 975 ppm ethylbenzene (NTP 1992). 

No studies were located regarding the following health effects in humans or animals after dermal 

exposure to ethylbenzene: 

3.2.3.3 Immunological and Lymphoreticular Effects  

3.2.3.4 Neurological Effects 

3.2.3.5 Reproductive Effects  

3.2.3.6 Developmental Effects 

3.2.3.7 Cancer 

3.3 GENOTOXICITY  

Holz et al. (1995) reported no increase in sister chromatid exchanges, DNA adduct formation, 

micronuclei, or DNA single-strand breaks in the peripheral lymphocytes of workers exposed to low levels 

of ethylbenzene and other aromatic hydrocarbons (benzene, toluene, and xylene) in a styrene plant.  NTP 

(1992) showed no increase in micronucleated peripheral erythrocytes in mice exposed to 1,000 ppm 

ethylbenzene for 13 weeks.  Another in vivo study investigated the genotoxic effects of ethylbenzene and 

reported no dose-dependent increase in the frequency of micronucleated polychromatic erythrocytes in 

mice (Mohtashamipur et al. 1985).  This study is limited by inadequate sampling time.  In addition, the 

type of clastogenic effect occurring cannot be defined.  These data are shown in Table 3-4. 
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Table 3-4. Genotoxicity of Ethylbenzene In Vivo 

Results 
With Without 

Species (test system) End point activation activation Reference 
Mammalian cells: 
 Mouse (peripheral Micronuclei NA – NTP 1999 

erythrocytes) 
 Human (occupational DNA adducts, NA – Holz et al. 1995 

exposure/peripheral micronuclei, sister 

lymphocytes) chromatid exchange, DNA


strand breaks 


– = negative result; NA = not applicable 
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The genotoxic potential of ethylbenzene has been investigated primarily using in vitro assays in 

Salmonella typhimurium (Dean et al. 1985; Degirmenci et al. 2000; Florin et al. 1980; Kubo et al. 2002; 

Nestmann et al. 1980; NTP 1986, 1999), Escherichia coli (Dean et al. 1985), Saccharomyces cerevisiae 

(Dean et al. 1985; Nestmann and Lee 1983), Chinese hamster ovary cells (NTP 1986, 1999), mouse 

lymphoma cells (McGregor et al. 1988; NTP 1999), and human lymphocytes (Norppa and Vainio 1983a).  

Results of these in vitro genotoxicity studies are shown in Table 3-5.  The available data indicate that 

ethylbenzene is not mutagenic in bacteria or yeast cells in the presence or absence of metabolic activation.  

Ethylbenzene also failed to induce sister-chromatid exchanges and chromosomal aberrations in Chinese 

hamster cells.  However, ethylbenzene was found to be mutagenic at 80 mg/L without metabolic 

activation, and lethal to cells at 100 mg/L in the mouse lymphoma assays (McGregor et al. 1988).  No 

dose-response was reported. A weak positive response was observed when ethylbenzene was tested for 

sister chromatid exchanges in human lymphocytes (Norppa and Vainio 1983a).  Chromosomal 

aberrations were observed in peripheral blood lymphocytes of workers concomitantly exposed to 

ethylbenzene (0.2–13.1 mg/m3) and benzene (0.4–15.1 mg/m3). Although reduction in exposure (reduced 

ethylbenzene and benzene concentrations not reported) reduced chromosomal aberrations, due to 

concomitant exposure to benzene, an association between chromosomal damage and ethylbenzene 

exposure cannot be established (Sram et al. 2004).  Metabolites of ethylbenzene (ethylhydroquinone and 

4-ethylcatechol) produced oxidative damage to DNA from the human P53 tumor suppressor gene and 

from calf thymus (Midorikawa et al. 2004). 

In summary, genotoxicity studies on ethylbenzene have provided negative results in a variety of in vitro 

assays using numerous prokaryotic organisms, S. cerevisiae, and Chinese hamster ovary cells and rat liver 

epithelial cells, and in an in vivo assay using mouse bone marrow cells.  Ethylbenzene has, however, 

caused a mutagenic effect in mouse lymphoma cells and has been shown to induce a marginal, yet 

statistically significant, increase in sister chromatid exchanges in human lymphocytes.  In addition, 

ethylbenzene metabolites have been shown to produce DNA damage.  Thus, although the majority of the 

data suggest that ethylbenzene is not mutagenic in most systems, the two studies that showed positive 

results suggest that ethylbenzene might cause an increased potential for genotoxicity in humans. 
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Table 3-5. Genotoxicity of Ethylbenzene In Vitro 

Results 
With Without 

Species (test system) End point activation activation Reference 
Prokaryotic organisms: 

Salmonella typhimurium Gene mutation – – Dean et al. 1985a; Florin et 
(plate incorporation assay) al. 1980b; Nestmann et al. 

1980c 

S. tymphimurium (plate Gene mutation – – NTP 1986d


incorporation assay; strains 

TA87, TA98, TA100, 

TA1537; TA1538) 

S. tymphimurium (plate Gene mutation – – NTP 1999d


incorporation assay; strains 

TA97, TA98, TA100, 

TA1535) 

Escherichia coli WP2, Gene mutation – – Dean et al. 1985a


WP2uvrA 

Eukaryotic organisms: 

Saccharomyces cerevisiae Gene mutation – – Dean et al. 1985 
JD1 gene conversion assay 
S. cerevisiae Dy, Gene mutation – No data Nestmann and Lee 1983 
XV185-14C 

Mammalian cells: 
Mouse lymphoma cells Gene mutation No data + McGregor et al. 1988 
Mouse lymphoma cells Gene mutation No data + NTP 1999 

Rat liver (RL4) epithelial type Chromosome – – Dean et al. 1985 

cells/chromosome assay damage 

Chinese hamster ovary cells 	Sister chromatid – – NTP 1986 


exchange 

Chinese hamster ovary cells Sister chromatid – – NTP 1999 


exchange 

Chinese hamster ovary cells Chromosome – – NTP 1999 


damage 


aConcentrations of ethylbenzene tested:  0, 0.2, 2, 20, 500, or 2,000 μg/plate (>99% pure)

bConcentrations of ethylbenzene tested:  0, 3, 31, 318, or 3,184 μg/plate (0, 0.03, 0.3, 3, or 30 μmole/plate) 

cConcentrations of ethylbenzene tested:  up to 0.4 mg/plate, a concentration causing lethality

dConcentrations of ethylbenzene tested:  0, 10, 33, 110, 333, 666, or 1,000 μg/plate 


C = negative result; + = positive result 
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3.4 TOXICOKINETICS 

Ethylbenzene is absorbed from the lungs, gastrointestinal tract, and through the skin.  Absorbed 

ethylbenzene is rapidly eliminated (blood t1/2 #1 hour) by metabolism and excretion of metabolites.  The 

major metabolic pathways are side chain and ring hydroxylation with subsequent formation of 

O-glucuronide and sulfate conjugates.  Conjugates, mandelic acid and phenylgyoxyilic acid are the 

primary excreted metabolites.  The distribution of ethylbenzene to tissues has been modeled as a flow-

limited process (i.e., clearance from blood to tissues can be predicted by tissue blood flow) with rapid 

equilibrium achieved between blood and tissues.  Measured blood:tissue partition coefficients in the rat 

are approximately as follows:  fat, 36; liver, 2; and muscle, 0.6.  These values predict the same order for 

tissue concentrations for any given blood concentration; however, this order has not been verified 

experimentally with simultaneously measured blood and tissue ethylbenzene concentrations in vivo. 

3.4.1 Absorption 

3.4.1.1 Inhalation Exposure 

Inhalation studies in humans demonstrate that ethylbenzene is rapidly absorbed via this route.  Volunteers 

exposed for 8 hours to ethylbenzene at concentrations of 23–85 ppm were shown to retain 64% of the 

inspired vapor, with only trace amounts detected in expired air at the end of the exposure period 

(Bardodej and Bardodejova 1970).  Another inhalation study that involved humans exposed to similar 

levels of ethylbenzene demonstrated mean retention rates of 49% (Gromiec and Piotrowski 1984).  The 

differences may be attributable to human variability in absorption rates although they could also be due to 

differences in methodology.  

An initial concentration of ethylbenzene in blood of 2.6 μg/mL and a half-life of 27.5 hours were 

estimated in a 44-year-old man who died after a massive inhalation and dermal exposure of ≥10 hours to 

gasoline (Matsumoto et al. 1992).  This absorption value may have been slightly overestimated, however, 

because possible contributions from dermal exposure were not addressed. 

In a study conducted in Italy, blood concentrations of ethylbenzene in non-smoking policemen working as 

traffic wardens showed no significant differences between before and after work shift values or from 

blood ethylbenzene concentrations in policemen working indoors (Fustinoni et al. 1995).  Indoor and 
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outdoor mean air concentrations (measured by personal air samplers) were 21 and 37 mg/m3, respectively. 

Before and after shift blood ethylbenzene concentrations were 140 and 163 ng/L in indoor workers, 

respectively, and were 158 and 184 ng/L in outdoor workers, respectively. 

Ethylbenzene concentrations in whole blood collected from workers at the end of their work shifts 

correlated significantly with the average concentrations of occupational exposure to ethylbenzene (Kawai 

et al. 1992). The maximum ethylbenzene concentration in air in the workplace was 5 ppm (Kawai et al. 

1992). 

Inhalation studies in animals exposed to ethylbenzene showed results similar to those found in humans.  

Harlan-Wistar rats rapidly absorbed radiolabeled ethylbenzene during respiration, with a retention rate of 

44% (Chin et al. 1980b).  This absorption value may have been slightly overestimated, however, because 

possible contributions from dermal exposure were not addressed.  The concentrations of ethylbenzene in 

the blood of rats and guinea pigs exposed to ethylbenzene at 550 ppm for 8 hours reached 23 and 

3 µg/mL, respectively.  Ethylbenzene concentrations in blood after the last of three daily exposures 

(8 hours each) had diminished to 6 µg/mL in rats and to <2 µg/mL in guinea pigs (Cappaert et al. 2002).  

These data demonstrate a marked interspecies difference among rats and guinea pigs in the disposition of 

inhaled ethylbenzene.  In mice, steady-state blood ethylbenzene concentrations achieved within 2 hours of 

initiating inhalation exposures were approximately 0.71 mg/L at 75 ppm, 2.3 mg/L at 200 ppm, and 

20 mg/L at 500 ppm (Charest-Tardif et al. 2006).  Ethylbenzene concentrations in blood in adult rats and 

their offspring increased at a rate that was greater than proportional to dose (Faber et al. 2006).  

Ethylbenzene levels in maternal blood, collected on PND 22, after a 6-hour exposure to 25, 100, or 

500 ppm, were 0.11, 0.56, and 11 mg/L, respectively.  The mean concentrations in the blood of pups 

(males/females), culled from the dams sampled above, in the 25-, 100-, and 500-ppm groups were 

0.021/0.025, 0.26/0.24, and 11.4/12.7 mg/mL, respectively (Faber et al. 2006). 

No studies describing factors specifically affecting absorption of ethylbenzene following inhalation 

exposure were available. 

3.4.1.2 Oral Exposure  

No studies were located regarding the absorption of ethylbenzene in humans following oral exposure.  

Studies in animals, however, indicate that ethylbenzene is quickly and effectively absorbed by this route.  
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Recovery of ethylbenzene metabolites in the urine of rabbits administered a single dose of 593 mg/kg was 

between 72 and 92% of the administered dose 24 hours following exposure (El Masry et al. 1956).  

Similarly, 84% of the radioactivity from a single oral dose of 30 mg/kg ethylbenzene administered to 

female rats was recovered within 48 hours (Climie et al. 1983).  Ethylbenzene was detected at 0.49, 3.51, 

and 18.28 mg/L in maternal blood of rats 1 hour after the last of four daily administrations of 26, 90, or 

342 mg/kg/day (distributed over three equal doses), respectively; however, ethylbenzene was not detected 

(limit of detection:  0.006 mg/L) in blood of weanlings culled from the same dams (Faber et al. 2006).  It 

is unclear if the latter finding is due to low transfer of ethylbenzene to milk or if the 1-hour exposure-to­

sampling time-lapse was too long to allow detection of ethylbenzene.  

3.4.1.3 Dermal Exposure  

Studies in humans dermally exposed to liquid ethylbenzene demonstrate rapid absorption through the 

skin, but absorption of ethylbenzene vapors through the skin appears to be minimal (Dutkiewicz and 

Tyras 1967; Gromiec and Piotrowski 1984).  Absorption rates of 24–33 mg/cm2/hour and 0.11– 

0.23 mg/cm2/hour have been measured for male subjects exposed to liquid ethylbenzene and ethylbenzene 

from aqueous solutions, respectively (Dutkiewicz and Tyras 1967).  The average amounts of 

ethylbenzene absorbed after volunteers immersed one hand for up to 2 hours in an aqueous solution of 

112 or 156 mg/L ethylbenzene were 39.2 and 70.7 mg ethylbenzene, respectively.  These results indicate 

that skin absorption could be a major route of uptake of liquid ethylbenzene or ethylbenzene in water.  In 

contrast, ethylbenzene metabolite levels in urine following dermal exposure to 150–300 ppm (650– 

1,300 mg/m3) ethylbenzene vapors for two hours did not differ from values taken prior to exposure, 

indicating minimal, if any, dermal absorption of ethylbenzene vapors (Gromiec and Piotrowski 1984). 

Susten et al. (1990) conducted in vivo percutaneous absorption studies of ethylbenzene in mice.  Results 

showed total absorption (sums of radioactivity found in the excreta, carcass, skin application site, and 

expired breath) was 3.4% of the nominal dose.  The total percentage recovered (includes wipe of skin 

area, ethylbenzene 0.03%) was 95.2%.  The amount of ethylbenzene absorbed at an estimated contact 

time of 5 minutes was 148.55 μg with an absorption rate of 37 μg/cm2/minute. 

The volumes of ethylbenzene absorbed in rats treated dermally for 24 hours with aqueous solutions of 

ethylbenzene (neat [99% pure], saturated, 2/3 or 1/3 saturated), were 0.24, 0.20, 0.18, and 0.17 mL, 

respectively (Morgan et al. 1991).  Peak blood level during exposure to neat ethylbenzene was reported at 

***DRAFT FOR PUBLIC COMMENT*** 



93 ETHYLBENZENE  

3. HEALTH EFFECTS 

5.6 μg/mL, attained after 1 hour of exposure, which decreased during the remainder of the exposure 

period. The concentration of ethylbenzene in the blood was highest after exposure to saturated aqueous 

solutions, followed by the 2/3 and 1/3 saturated solutions.   

Results of dermal penetration studies in excised rat skin indicate that the penetration rate of pure 

ethylbenzene (Tsuruta 1982) is faster than that of ethylbenzene from JP-8 jet fuel (McDougal et al. 2000). 

The penetration rates of pure liquid ethylbenzene following 3-, 4-, and 5-hour exposure durations in rat 

skin were approximately 2.38, 3.12, and 3.22 µg/cm2/hour (calculated by ATSDR from reported data on 

exposure area, exposure time, and mass transfer); these rates are substantially lower than the rate of 

dermal absorption determined for humans (Tsuruta 1982).  This might be attributed to differences 

between in vitro and in vivo testing and/or differences in rat versus human skin.  McDougal et al. (2000) 

reported an ethylbenzene flux of 0.377 µg/cm2/hour (0.0004 mg/cm2/hour) for ethylbenzene and a 

permeability coefficient of 3.1x10-4 cm/hour during a 4-hour period in excised rat skin which had 

received 2 mL of JP-8 fuel containing approximately 1,200 µg ethylbenzene/mL fuel (0.15% w/w).  It 

was recognized that the choice of vehicle (JP-8) could affect dermal penetration of ethylbenzene.  The 

steady state flux, permeability, and diffusivity values of ethylbenzene in pig skin treated with JP-8 ex vivo 

were 1.04 µg/cm2/hour, 0.06x10-3 cm/hour, and 715x10-6 cm2/hour (Muhammad et al. 2005). 

3.4.2 Distribution  

3.4.2.1 Inhalation Exposure 

In humans exposed for 2 hours to a mixture of industrial xylene containing 40.4% ethylbenzene, the 

estimated solvent retention in adipose tissue was 5% of the total uptake (Engstrom and Bjurstrom 1978).  

Since there was no indication of differences in turnover rates of chemicals within the mixture, it is likely 

that the retention of ethylbenzene in adipose tissue was approximately 2% of the total uptake. No studies 

were located concerning the distribution of ethylbenzene in humans following exposure to ethylbenzene 

alone. However, studies by Pierce et al. (1996) suggest that in vitro, the partitioning of ethylbenzene 

from air into human adipose tissue is similar to that observed in rats. 

In rats, the concentrations of ethylbenzene in perirenal adipose tissue were reported to increase, although 

not linearly, with increasing concentrations of ethylbenzene (Engstrom et al. 1985) and in a mixture of 

solvent vapors containing ethylbenzene (Elovaara et al. 1982).  The less-than-linear increase of 

ethylbenzene in adipose tissue with increasing dose was partially attributed to the induction of drug­
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metabolizing enzymes occurring with increasing exposure concentrations, altered blood flow to adipose 

tissue, changes in lung excretion, and changes in the distribution of ethylbenzene in different tissues.  

Ethylbenzene was shown to be efficiently distributed throughout the body in rats following inhalation 

exposure to radiolabeled ethylbenzene (Chin et al. 1980b).  The highest amounts of radioactivity in 

tissues 42 hours after exposure to 230 ppm ethylbenzene for 6 hours were found in the carcass, liver, and 

gastrointestinal tract, with lower amounts detected in the adipose tissue. 

3.4.2.2 Oral Exposure  

No studies were located regarding distribution of ethylbenzene in humans or animals following oral 

exposure. 

3.4.2.3 Dermal Exposure  

No studies were located regarding distribution in humans following dermal exposure to ethylbenzene. 

The percentages of absorbed doses following dermal application of [14C]-ethylbenzene in hairless mice 

were: 15.5%, carcass; 4.5%, application site; 14.3%, expired breath; and 65.5%, excreta (Susten et al. 

1990). 

3.4.3 Metabolism 

The metabolism of ethylbenzene has been studied in humans and other mammalian species.  The data 

demonstrate that ethylbenzene is metabolized mainly through hydroxylation and then through conjugation 

reactions from which numerous metabolites have been isolated.  Figure 3-3 summarizes the proposed 

metabolic pathway for ethylbenzene in humans (Engstrom et al. 1984).  The major urinary metabolites 

have been identified (Kiese and Lenk 1974; Sullivan et al. 1976).  Comparisons of in vitro data with data 

from intact animals indicate that liver microsomal enzymes participate in ethylbenzene hydroxylation 

(McMahon and Sullivan 1966; McMahon et al. 1969; Sams et al. 2004).  In microsomes prepared from 

human liver, hydroxylation of ethylbenzene to 1-phenylethanol is catalyzed by cytochrome P-450 

isoforms CYP2E1 and CYP2B6 (Sams et al. 2004). Adrenal cortex may be a major site of extra-hepatic 

ethylbenzene metabolism (Greiner et al. 1976).  No significant qualitative differences in metabolism 
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Figure 3-3. Metabolic Scheme for Ethylbenzene in Humans 
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between oral and inhalation routes were reported in humans or animals.  The metabolism of ethylbenzene 

has been found to vary with species, sex, and nutritional status.  These differences are described below. 

In humans exposed via inhalation, the major metabolites of ethylbenzene are mandelic acid 

(approximately 64–71%) and phenylglyoxylic acid (approximately 19–25%) (Bardodej and Bardodejova 

1970; Engstrom et al. 1984).  Based on data from human, animal, and in vitro studies, the metabolic 

pathway for ethylbenzene in humans was proposed (Engstrom et al. 1984).  This pathway is shown in 

Figure 3-3.  Evidence indicates that the initial step in this metabolic pathway is oxidation (hydroxylation) 

of the side chain of ethylbenzene to produce 1-phenylethanol.  Microsomal preparations from rat liver 

have shown that the oxidation of ethylbenzene proceeds with the incorporation of atmospheric oxygen, as 

opposed to oxygen from water molecules (McMahon et al. 1969).  Filipovic et al. (1992) have shown that 

cytochrome P-450(cam) from Pseudomonas putida provides a useful metabolic model for ethylbenzene 

hydroxylation, converting ethylbenzene to 1-phenylethanol at 98%.  1-Phenylethanol is conjugated to 

glucuronide, which then is either excreted or converted to subsequent metabolites.  Oxidation of 

1-phenylethanol yields acetophenone, which is both excreted in the urine as a minor metabolite and 

further transformed. Continued oxidation of the side chain leads to the sequential formation of 

2-hydroxyacetophenone, 1-phenyl-1,2-ethanediol, mandelic acid, and phenylglyoxylic acid.  Minor 

pathways (e.g., ring hydroxylation) include glucuronide and sulfate conjugation with hydroxylated 

derivatives to form glucuronides and sulfates that are excreted in the urine.  Analysis of urine from 

humans exposed to ethylbenzene via the inhalation route showed that approximately 70 and 25% of the 

retained dose of ethylbenzene is excreted as mandelic acid and phenylglyoxylic acid, respectively 

(Bardodej and Bardodejova 1970; Engstrom et al. 1984).  Additional metabolites detected in human urine 

include 1-phenylethanol (4%), p-hydroxyacetophenone (2.6%), m-hydroxyacetophenone (1.6%), and 

trace amounts of 1-phenyl-1,2-ethanediol, acetophenone, 2-hydroxyacetophenone, and 4-ethylphenol. 

Following dermal exposure of humans, however, excretion of mandelic acid was shown to be only 

4.6% of the absorbed dose (Dutkiewicz and Tyras 1967), which may indicate differences in the metabolic 

fate between inhalation and dermal exposure routes.  However, the small percentage of absorbed dose 

accounted for limits the interpretation.  No animal data were located which could confirm these metabolic 

differences following dermal exposure.  Generally, ethylbenzene metabolites and intermediates are 

thought to be only slightly toxic, since no adverse effects from human experimental exposure have been 

reported (Bardodej and Bardodejova 1970). 

Qualitative and quantitative differences in the biotransformation of ethylbenzene in animals as compared 

to humans have been reported (Bakke and Scheline 1970; Climie et al. 1983; El Masry et al. 1956; 
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Engstrom et al. 1984, 1985; Smith et al. 1954a, 1954b; Sollenberg et al. 1985).  The major metabolites of 

ethylbenzene differ from species to species, and different percentages of the metabolites are seen in 

different species. The principal metabolic pathway in rats is believed to begin with oxidation 

(hydroxylation) of the side chain as in humans (Climie et al. 1983; Engstrom et al. 1984, 1985; Smith et 

al. 1954a). In rats exposed by inhalation or orally to ethylbenzene, the major metabolites were identified 

as hippuric and benzoic acids (approximately 38%), 1-phenylethanol (approximately 25%), and mandelic 

acid (approximately 15–23%), with phenylglyoxylic acid making up only 10% of the metabolites (Climie 

et al. 1983; Engstrom et al. 1984, 1985).  The urinary excretion rate of mandelic acid in rats exposed to 

250 ppm ethylbenzene, 6 hours/day for 15 days was the same after the first exposure as it was after the 

last exposure. In contrast, excretion in the 1,000 ppm group was 2–5 times higher after the last exposure 

than it was after the first exposure (Saillenfait et al. 2006). Both in vivo studies using rats and in vitro 

studies using rat liver microsomes showed that 4-ethylphenol was also produced from ethylbenzene, 

perhaps by rearrangement of corresponding arene oxides (Bakke and Scheline 1970; Kaubisch et al. 

1972).  Kaubisch et al. (1972) also showed that 2-hydroxyethylbenzene was produced from ethylbenzene 

in vitro in the presence of rat liver microsomes.  The level of ethylbenzene exposure was shown to affect 

the metabolic pattern. This was thought to be due either to selective enzymatic induction in the 

biotransformation of ethylbenzene or to delayed excretion of certain metabolites with increasing doses. 

Acetophenone was detected (quantitative data were not provided) in blood of rats and guinea pigs 

exposed to ethylbenzene in air at 500 ppm, 8 hours/day for 3 days (Cappaert et al. 2002).  Further 

clarification of ethylbenzene metabolic pathways was provided by Sullivan et al. (1976).  Using 

intraperitoneally dosed rats, the authors demonstrated that the conversion of 1-phenylethanol to mandelic 

acid initially involves oxidation to acetophenone.  Acetophenone was considered to be the precursor of 

mandelic acid, benzoylformic acid, and benzoic acid.  A similar study in which rabbits were 

intraperitoneally injected with a single dose of 250 mg ethylbenzene/kg body weight was conducted by 

Kiese and Lenk (1974).  This study showed that between 1 and 10% of the dose was excreted as 

1-phenylethanol in the urine and <1% was excreted in the urine as 2-hydroxyacetophenone, p-hydroxy­

acetophenone, and m-hydroxyacetophenone. 

Rabbits given an oral dose of ethylbenzene showed the major metabolic pathway to be hydroxylation of 

the α-carbon to 1-phenylethanol, which is oxidized further to a number of intermediates and metabolites 

(El Masry et al. 1956; Smith et al. 1954a).  Many of these intermediates are subsequently conjugated to 

glucuronides and sulfates and excreted.  In rabbits, the most important metabolite is hippuric acid, which 

is probably formed by oxidative decarboxylation of phenylglyoxylic acid (El Masri et al. 1958).  
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Oxidation of the methyl group of ethylbenzene was also shown to occur, as evidenced by the presence of 

phenaceturic acid in the urine. A slight increase in the excretion of thioether suggests that glutathione 

conjugation may also play a minor role. 

The nutritional status of animals was demonstrated to have a marked effect on ethylbenzene metabolism 

in rats (Nakajima and Sato 1979).  The in vitro metabolic activity of liver microsomal enzymes on ethyl-

benzene was shown to be significantly enhanced in fasted rats despite a marked loss of liver weight.  No 

significant increases in the microsomal protein and cytochrome P-450 contents were detected in fasted 

rats compared with fed rats.  In addition, the metabolic rate in fasted males was significantly higher than 

in fasted females, but the difference in rates decreased following food deprivation for 3 days.  These 

results suggest possible sex differences in the rate of ethylbenzene metabolism. However, it is not known 

if such differences exist in the normally fed rats. 

Metabolism of ethylbenzene has not been studied in children or immature animals.  However, some 

members of two of the enzyme superfamilies involved in conjugation of phase I ethylbenzene metabolites 

are known to be developmentally regulated.  In humans, UDP glucuronosyltransferase activity does not 

reach adult levels until about 6–18 months of age, although the development of this activity is isoform 

specific. Activity of sulfotransferases seems to develop earlier, although again, it is isoform specific.  The 

activity of some sulfotransferase isoforms may even be greater during infancy and early childhood than in 

adults (Leeder and Kearns 1997). 

3.4.4 Elimination and Excretion 

3.4.4.1 Inhalation Exposure 

Excretion of ethylbenzene has been studied in humans and in a number of animal species.  Ethylbenzene 

has been shown to be rapidly metabolized and then eliminated from the body, primarily as urinary 

metabolites. The major metabolic products have been previously described in Section 3.4.3. 

Elimination of ethylbenzene has been studied in volunteers exposed by inhalation (Bardodej and 

Bardodejova 1970; Dutkiewicz and Tyras 1967; Engstrom and Bjurstrom 1978; Gromiec and Piotrowski 

1984; Yamasaki 1984) and in humans exposed by inhalation in the occupational setting (Holz et al. 1995; 

Kawai et al. 1991, 1992; Ogata and Taguchi 1988). The elimination of the ethylbenzene metabolite, 

mandelic acid, was reported to be rapid, with the acid detected in the first urine sample following the 
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initiation of an 8-hour inhalation exposure to 0, 4, 8, 18, 35, or 46 ppm ethylbenzene (Gromiec and 

Piotrowski 1984).  Elimination of mandelic acid was reported to be biphasic, with half-lives of 3.1 hours 

for the rapid phase and 25 hours for the slow phase (Gromiec and Piotrowski 1984).  During the 8-hour 

exposure, 23% of the retained ethylbenzene was eliminated in the urine, and 14 hours following 

termination of exposure an additional 44% of the retained ethylbenzene was eliminated.  The highest 

excretion rate of urinary metabolites in humans exposed to ethylbenzene by inhalation occurred 6– 

10 hours after the beginning of exposure (Gromiec and Piotrowski 1984; Yamasaki 1984).  The metabolic 

efficiency was reported to be independent of the exposure dose.   

Concentrations of ethylbenzene metabolites in before-shift and after-shift urine were significantly higher 

in workers exposed to 85 to >921 ppm ethylbenzene in a styrene plant than in control workers exposed to 

33.4–66.8 ppm (Holz et al. 1995). 

A statistically significant correlation was observed between urinary excretion of mandelic acid and 

ethylbenzene exposure in workers exposed to mixed solvents (including an ethylbenzene time-weighted 

average [TWA] of 0.9 ppm) in a metal-coating factory (Kawai et al. 1991).  No correlation was observed 

between ethylbenzene exposure and phenylglyoxylic acid urinary excretion.  In a study of chronic-

duration exposure at lower levels (2.1 and 2.3 ppm for geometric and arithmetic mean, respectively), no 

significant correlation was observed between ethylbenzene exposure and urinary excretion of 

phenylglyoxylic acid and mandelic acid (Kawai et al. 1992).  

In animals, elimination of 14C-ethylbenzene following inhalation exposure is rapid and occurs primarily 

via urinary excretion (Chin et al. 1980a, 1980b; Engstrom et al. 1984, 1985) and to a much lesser degree 

via the feces, and expired “gasses” and carbon dioxide (Chin et al. 1980b).  Rats exposed to 230 ppm 

radiolabeled ethylbenzene for 6 hours via inhalation excreted virtually all of the radioactivity within 

24 hours after the onset of exposure (Chin et al. 1980a, 1980b).  Ninety-one percent of the radioactivity 

was recovered, primarily in the form of urinary metabolites.  In a similar inhalation experiment using rats 

exposed to 300 or 600 ppm, urinary excretion was reported to be 83 and 59% of the absorbed dose within 

48 hours after the onset of exposure, with 13% eliminated during the first 6 hours of exposure (Engstrom 

et al. 1984). 

Quantitative differences between species in the percentages of metabolites excreted in the urine were also 

reported by Chin et al. (1980a).  In this report, urinary metabolites in dogs and rats exposed to 

ethylbenzene by inhalation were studied.  Although similarities in the types of metabolites recovered 
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following inhalation exposure were reported, quantitative differences, albeit minor ones, were noted in the 

ratio of metabolites present in the urine.  These results were attributed to differences in metabolism 

between dogs and rats. 

Blood elimination rate constants for ethylbenzene measured at the conclusion of 4-hour exposures to 

concentrations ranging from 75 to 1,000 ppm were 0.21 minute-1 (t1/2=3.3 minute) at 75 ppm and 

0.011 minute-1 (t1/2=63 minutes) at 1,000 ppm (Charest-Tardif et al. 2006).  The concentration dependence 

on elimination is consistent with a capacity limitation in metabolism of ethylbenzene. 

3.4.4.2 Oral Exposure  

No studies were located regarding the excretion of ethylbenzene metabolites in humans following oral 

exposure to ethylbenzene. 

Elimination of ethylbenzene and its metabolites in animals after oral exposure has been shown to be 

similar to that following inhalation exposure.  Female rats administered a single oral dose of 30 mg 

radiolabeled ethylbenzene/kg/body weight showed very rapid elimination, mostly in the urine (Climie et 

al. 1983).  Eighty-two percent of the radioactivity was detected in the urine, while 1.5% was detected in 

the feces. The major metabolites were mandelic acid (23%) and hippuric acid (34%), with 1-phenylethyl 

glucuronide detected as a minor metabolite.  Relatively minor metabolites (e.g., 4-ethylphenol, 2-phenyl­

ethanol, 1-phenylethanol) were shown to be excreted in the urine of male rats exposed to a single oral 

dose of 100 mg/kg ethylbenzene administered by gavage in oil (Bakke and Scheline 1970). No data on 

the major metabolites were provided in this study. 

In a similar study in which male rats were given single oral doses of 350 mg/kg/body weight ethyl-

benzene, the excretion of mandelic acid and phenylglyoxylic acid was detected in the first urine sample 

after exposures. Peak concentration was reached within 17 hours, and ethylbenzene was virtually 

eliminated 48 hours following the onset of exposure (Sollenberg et al. 1985). 

As in inhalation experiments, quantitative and qualitative differences between species were shown to exist 

in the percentages of metabolites excreted in the urine.  Rabbits orally exposed to ethylbenzene excreted 

large amounts of glucuronide conjugates in the urine (El Masry et al. 1956; Smith et al. 1954a, 1954b) 

instead of mandelic acid, hippuric acid, and phenylglyoxylic acid, which are the major metabolites in rats 
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(see above). Glucuronide conjugates accounted for 32% of the administered dose, with mandelic acid 

making up only 2% of the administered dose (El Masry et al. 1956).  These results were confirmed in a 

study by Smith et al. (1954a, 1954b), who detected 32% of a single oral dose of ethylbenzene 

(433 mg/kg) administered to rabbits as glucuronide conjugates excreted in the urine. 

3.4.4.3 Dermal Exposure  

In humans, the pattern of excretion of ethylbenzene metabolite following dermal exposure has been 

shown to differ significantly from the pattern in which humans have been exposed by inhalation.  Dermal 

absorption of ethylbenzene in aqueous solutions was estimated as the difference of the ethylbenzene 

concentrations in solution before and after exposure.  The urinary excretion of mandelic acid in humans 

dermally exposed to ethylbenzene for 2 hours was only 4.6% of the absorbed ethylbenzene (Dutkiewicz 

and Tyras 1967).  Urine was collected periodically during the 2-hour exposure period and a 10-hour 

follow-up. Interpretation is difficult due to the small percentage of absorbed dose accounted for.  No 

ethylbenzene was reported to be excreted in exhaled air.  No further details on the excretion patterns were 

provided. 

Susten et al. (1990) conducted in vivo percutaneous absorption studies of ethylbenzene in Hairless mice.  

Results showed total absorption (sums of radioactivity found in the excreta, carcass, skin application site, 

and expired breath) was 3.4% of the nominal dose.  The absorbed dose collected in expired breath during 

the first 15 minutes of ethylbenzene application was 9.3%.  The percentage of absorbed doses following 

dermal application of [14C]-ethylbenzene are as follows:  15.5% in the carcass; 4.5% at the application 

site; 14.3% in expired breath; and 65.5% in excreta. 

3.4.5 Physiologically Based Pharmacokinetic (PBPK)/Pharmacodynamic (PD) Models  

Physiologically based pharmacokinetic (PBPK) models use mathematical descriptions of the uptake and 

disposition of chemical substances to quantitatively describe the relationships among critical biological 

processes (Krishnan et al. 1994).  PBPK models are also called biologically based tissue dosimetry 

models.  PBPK models are increasingly used in risk assessments, primarily to predict the concentration of 

potentially toxic moieties of a chemical that will be delivered to any given target tissue following various 

combinations of route, dose level, and test species (Clewell and Andersen 1985).  Physiologically based 
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pharmacodynamic (PBPD) models use mathematical descriptions of the dose-response function to 

quantitatively describe the relationship between target tissue dose and toxic end points.   

PBPK/PD models refine our understanding of complex quantitative dose behaviors by helping to 

delineate and characterize the relationships between: (1) the external/exposure concentration and target 

tissue dose of the toxic moiety, and (2) the target tissue dose and observed responses (Andersen and 

Krishnan 1994; Andersen et al. 1987). These models are biologically and mechanistically based and can 

be used to extrapolate the pharmacokinetic behavior of chemical substances from high to low dose, from 

route to route, between species, and between subpopulations within a species.  The biological basis of 

PBPK models results in more meaningful extrapolations than those generated with the more conventional 

use of uncertainty factors. 

The PBPK model for a chemical substance is developed in four interconnected steps:  (1) model 

representation, (2) model parameterization, (3) model simulation, and (4) model validation (Krishnan and 

Andersen 1994).  In the early 1990s, validated PBPK models were developed for a number of 

toxicologically important chemical substances, both volatile and nonvolatile (Krishnan and Andersen 

1994; Leung 1993).  PBPK models for a particular substance require estimates of the chemical substance-

specific physicochemical parameters, and species-specific physiological and biological parameters.  The 

numerical estimates of these model parameters are incorporated within a set of differential and algebraic 

equations that describe the pharmacokinetic processes.  Solving these differential and algebraic equations 

provides the predictions of tissue dose.  Computers then provide process simulations based on these 

solutions. 

The structure and mathematical expressions used in PBPK models significantly simplify the true 

complexities of biological systems.  If the uptake and disposition of the chemical substance(s) are 

adequately described, however, this simplification is desirable because data are often unavailable for 

many biological processes.  A simplified scheme reduces the magnitude of cumulative uncertainty.  The 

adequacy of the model is, therefore, of great importance, and model validation is essential to the use of 

PBPK models in risk assessment. 

PBPK models improve the pharmacokinetic extrapolations used in risk assessments that identify the 

maximal (i.e., the safe) levels for human exposure to chemical substances (Andersen and Krishnan 1994).  

PBPK models provide a scientifically sound means to predict the target tissue dose of chemicals in 

humans who are exposed to environmental levels (for example, levels that might occur at hazardous waste 
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sites) based on the results of studies where doses were higher or were administered in different species.  

Figure 3-4 shows a conceptualized representation of a PBPK model. 

If PBPK models for ethylbenzene exist, the overall results and individual models are discussed in this 

section in terms of their use in risk assessment, tissue dosimetry, and dose, route, and species 

extrapolations. 

Several models have been developed that simulate the kinetics of inhaled ethylbenzene in animals and 

humans (Dennison et al. 2003; Tardif et al. 1997).  The Dennison et al. (2003) and Tardif et al. (1997) 

inhalation models have been incorporated into models of gasoline component mixture models (Dennison 

et al. 2004, 2005; Haddad et al. 2001). A model of dermal absorption ethylbenzene in human has also 

been reported (Shatkin and Brown 1991).  Models that simulate kinetics of ingested ethylbenzene have 

not been reported. 

The Tardif et al. (1997) Model 

Description of the Model.    Tardif et al. (1997) developed a PBPK model for simulating the kinetics 

of ethylbenzene, toluene, and xylene in blood following inhalation exposures to the individual chemicals 

or the ternary mixture (in rats and humans).  The structure of the model is essentially identical the generic 

model depicted in Figure 3-4, with tissue compartments limited to lungs, liver, fat, richly perfused tissues 

(RPT), and poorly perfused tissues (SPT).  All metabolism was attributed to the liver and represented as 

functions of the concentration of parent compound in liver venous blood, affinity constant (Km), and 

maximum reaction velocity (Vmax). Transfers of parent compound between blood and tissues were 

assumed to be flow-limited, with clearance represented by tissue blood flow (L/hour).  Parameters for the 

ethylbenzene model are presented in Table 3-6.  Partition coefficients for ethylbenzene were derived from 

vial equilibrium studies of isolated rat tissues.  Metabolism parameter values for ethylbenzene were 

derived by fitting the model to observations of blood ethylbenzene kinetics measured in rats during and 

following 4-hour exposures to ethylbenzene in a dynamic exposure chamber (Tardif et al. 1996).  

Physiological parameters, cardiac output (QC), alveolar ventilation rate (QP), and metabolism Vmax were 

allometrically scaled across species (i.e., rat to human) as a function of body weight (BW, scaling 

factor=BW0.75) 

Validation of the Model.    Optimization of the metabolism parameters against observed blood 

kinetics of ethylbenzene in rats exposed for 4 hours to 100 or 200 ppm ethylbenzene achieved predicted  
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Figure 3-4. Conceptual Representation of a Physiologically Based 

Pharmacokinetic (PBPK) Model for a Hypothetical  


Chemical Substance 
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Table 3-6. Parameter Values for Tardif et al. (1997) Ethylbenzene PBPK Models 

Parameter Definition Rat model Human model 

Physiological parameters 

VLC Liver volume (fraction of body) 0.049 0.026 

VFC Fat volume (fraction of body) 0.09 0.19 

VSC Slowly-perfused tissue volume (fraction of body) 0.72 0.62 

VRC Richly-perfused tissue volume (fraction of body) 0.05 0.05 

QCC Cardiac output (L/hour-kg BW) 15a 18a 

QPC Alveolar ventilation rate (L/hour-kg body weight) 15a 18a 

QLC Liver blood flow (fraction of cardiac output) 0.25 0.26 

QFC Fat blood flow (fraction of cardiac output) 0.09 0.05 

QSC Slowly-perfused blood flow (fraction of cardiac output) 0.15 0.25 

QRC Richly-perfused blood flow (fraction of cardiac output) 0.51 0.44 

Chemical parameters 

PB Blood:air partition coefficient 42.7 28.0 

PL Liver:blood partition coefficient 1.96b (83.8) 2.99b 

PF Fat:blood partition coefficient 36.44b (1,556) 55.57b 

PS Slowly-perfused partition coefficient 0.61b (26.0) 0.93b 

PR Readily-perfused partition coefficient 1.41b (60.3) 2.15b 

VmaxC Maximum rate of metabolism (mg/hour-kg body weight) 7.3a,c 7.3a,c

 KmC Michaelis-Menten coefficient for metabolism (mg/L) 1.39c 1.39c 

aScaled to body weight (BW0.74) 

bTissue:blood partition coefficients calculated based on reported, experimentally determined (vial equilibrium), 

tissue:air partition coefficients for rats (values in parentheses) and blood:air coefficient (PB): 

tissue:blood=tissue:air/blood:air. 

cValues derived by optimization to data on blood ethylbenzene concentrations in rats exposed to ethylbenzene

(dynamic chamber).
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blood concentration of ethylbenzene that were within 1–2 standard deviations (SD) of the observations.  

Most of the validation efforts reported in Tardif et al. (1997) were directed at exploring how well the 

mixture model predicted observed blood kinetics of ethylbenzene, toluene, or xylene in rats during and 

following exposures to binary or ternary mixtures of the chemicals.  Interactions were simulated as 

competitive, noncompetitive, or uncompetitive inhibition of metabolism, with the values of the inhibition 

constants derived by fitting the model to observed blood kinetics during and following exposures to 

binary mixtures.  Although the mixture model achieved predictions similar to observations (i.e., within 1– 

2 SD of observations), this outcome would have been highly influenced by the parameter values selected 

for each of the individual chemicals, including fitted interaction constants.  A more direct evaluation of 

the ethylbenzene model was explored by comparing predictions of the human model (allometrically 

scaled from the rat) to ethylbenzene concentrations observed in human subjects who were exposed to 

ethylbenzene (33 ppm) for 7 hours/day on 4 different days (Tardif et al. 1991). Predicted blood 

concentrations of ethylbenzene in subjects exposed to ethylbenzene were within 1–2 SD of observations.  

The Tardif et al. (1997) model has been incorporated into a mixtures model of JP-8 vapor and its 

components (Campbell and Fisher 2007).  The model included simulations of the kinetics of m-xylene 

and ethylbenzene, with other aromatic components of JP-8 vapor represented as a lumped component.  

Interactions between m-xylene and ethylbenzene were simulated as competitive inhibition of metabolism. 

The mixtures model predicted kinetics liver concentrations of ethylbenzene in rats during and following 

4-hour exposures to JP-8 vapor (380–2,700 mg/m3) that were similar to observed kinetics (i.e., predicted 

liver concentrations were within 1–2 SD of observations). 

Risk Assessment. The ethylbenzene model predicts blood kinetics of ethylbenzene and kinetics of 

metabolism of ethylbenzene that occur in association with inhalation exposures.  These predictions are 

potentially useful for predicting inhalation-derived internal doses of ethylbenzene in rats and/or humans 

(e.g., blood concentrations, liver concentrations of parent compound, or amounts of total metabolites 

formed in the liver), and for making extrapolations of these internal dose metrics across species.  The 

applicability any of the above dose metrics to risk assessment will depend on the mechanism for the 

specific toxicity end point being assessed, and contribution of the parent compound and/or metabolism 

metabolites to toxicity.  Current knowledge of the mechanism of toxicity of ethylbenzene does not include 

an understanding of the relative contributions of parent compound or metabolites as proximate toxic 

agents in the major end points of ethylbenzene toxicity (i.e., kidney, liver, otic, cancer).    

The Tardif et al. (1997) ethylbenzene model has been incorporated into a mixtures model for 

alkylbenzenes (ethylbenzene, toluene, m-xylene), benzene, and dichloromethane (DCM), (Haddad et al. 
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2001).  This mixture model has been applied to the derivation of interaction coefficients for various 

endpoints of dichloromethane toxicity (i.e., hypoxia, central nervous system effects, and cancer) based on 

predictions of corresponding relevant DCM internal dose metrics (i.e., carboxyhemoglobin concentration, 

area under concentration-time curve for DCM in richly perfused tissues; time-integrated amount of DCM 

conjugated with GSH). Interactions were simulated as dose addition, with internal dose metrics 

representing dose and the sole interaction mechanism assumed to be competitive inhibition of cytochrome 

P-450-mediated metabolism of DCM.  The Tardif et al. (1997) model also has been incorporated into a 

mixtures model of JP-8 vapor and its components (Campbell and Fisher 2007). The model included 

simulations of the kinetics of m-xylene and ethylbenzene, with other aromatic components of JP-8 vapor 

represented as a lumped component.  Interactions between m-xylene and ethylbenzene were simulated as 

competitive inhibition of metabolism. The Tardif et al. (1997) mixtures model was also utilized to 

evaluate occupational exposure limits for ethylbenzene, toluene, m-xylene for hypothetical exposures to 

ternary mixtures of the chemicals (Dennison et al. 2005). These analyses demonstrate the potential utility 

of the ethylbenzene model for predicting metabolic interactions with other chemicals that share a common 

mechanism of metabolic elimination, and the potential impacts of such interactions on risk (e.g., hazard 

index, cancer risk, occupation exposure limits). 

Target Tissues. The Tardif et al. (1997) ethylbenzene model was calibrated and evaluated to predict 

blood kinetics of ethylbenzene that occur in association with inhalation exposures.  Essential to this 

prediction is the accurate prediction of rates of metabolism of ethylbenzene, which, in the model, is 

attributed solely to the liver.  The model has potential utility for predicting, in addition to blood kinetics 

of ethylbenzene, kinetics of concentrations of ethylbenzene in important toxicity target tissues, including 

liver and richly perfused tissues (which includes kidney and central nervous system), and rates of 

metabolism of ethylbenzene and total amount of metabolites formed in liver.  The model does not 

simulate, specifically, the kidney or central nervous system. 

Species Extrapolation. The Tardif et al. (1997) model was initially developed and calibrated to 

simulate ethylbenzene kinetics in the rat, and was allometrically scaled to the human.  The scaled human 

model was evaluated for predicting ethylbenzene blood concentrations observed in human subjects who 

were exposed to ethylbenzene (33 ppm) for 7 hours/day on 4 different days (Tardif et al. 1991).  Predicted 

blood concentrations of ethylbenzene in subjects exposed to ethylbenzene were within 1–2 SD of 

observations.  Studies of the robustness of the model for predicting ethylbenzene kinetics in other species 

(after allometric scaling to those species) were not located. 
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Interroute Extrapolation.    Studies that evaluated the model for predicting ethylbenzene kinetics 

following oral or dermal exposure were not located. 

The Dennison et al. (2003, 2004) Model 

Description of the Model.    Dennison et al. (2003, 2004) developed a PBPK model for simulating the 

blood and elimination kinetics of components of gasoline, including benzene, ethylbenzene, n-hexane, 

toluene, o-xylene, and other volatile components (represented as a single lumped composition) in rats.  

The structure of the model is essentially identical the generic model depicted in Figure 3-4, with tissue 

compartments limited to lungs, liver, fat, richly perfused tissues (RPT), and slowly perfused tissues 

(SPT). All metabolism was attributed to the liver and represented as functions of the concentration of 

parent compound in liver venous blood, affinity constant (Km), and maximum reaction velocity (Vmax). 

Transfers of parent compound between blood and tissues were assumed to be flow-limited, with clearance 

represented by tissue blood flow (L/hour).  Parameters for the ethylbenzene portion of the model are 

presented in Table 3-7. Partition coefficients for ethylbenzene were derived from vial equilibrium studies 

of isolated rat tissues (Gargas et al. 1989).  Metabolism parameter values for ethylbenzene were derived 

by fitting the model to observations of blood ethylbenzene kinetics measured in rats during closed-

chamber exposures to ethylbenzene (Dennison et al. 2003).  Physiological parameters, cardiac output 

(QC), and alveolar ventilation rate (QP), and metabolism Vmax were allometrically scaled to body weight 

(BW, scaling factor=BW0.74) 

Validation of the Model.    Optimization of the metabolism parameters for rats against observed 

closed chamber air concentration kinetics achieved predicted elimination kinetics of ethylbenzene that 

were similar to observations (Dennison et al. 2003).  Validation efforts reported in Dennison et al. (2004) 

were directed at exploring how well the mixture model predicted observed closed chamber air kinetics of 

ethylbenzene, toluene, or xylene during exposures of rats to gasoline (1, 10, 100, 1,000 ppm).  

Interactions were simulated as competitive inhibition of metabolism, with the values of the inhibition 

constants derived by fitting to chamber air concentration kinetics during exposures to binary mixtures.  

Although the mixture model achieved predictions similar to observations, this outcome would have been 

highly influenced by the parameter values selected for each of the individual chemicals (or lumped 

chemicals), including fitted interaction constants and, therefore, does not directly address the validity of 

the ethylbenzene model.    
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Table 3-7. Parameter Values for Dennison et al. (2003) Ethylbenzene PBPK Model 

Parameter Definition Rat model 

Physiological parameters 

VLC Liver volume (fraction of body) 0.037 

VFC Fat volume (fraction of body, scaled to body weight) 0.036(body weight)+0.205 

VSC Slowly-perfused tissue volume (fraction of body) 0.91-remaininga 

VRC Richly-perfused tissue volume (fraction of body) 0.054 

VLBV Lung blood volume (fraction of body) 0.002 

QCC Cardiac output (L/hour-kg body weight) 15b 

QPC Alveolar ventilation rate (L/hour-kg body weight) 15b,c 

QLC Liver blood flow (fraction of cardiac output) 0.183 

QSC Fat blood flow (fraction of cardiac output) 0.07 

QFC Slowly-perfused blood flow (fraction of cardiac output) 0.237d 

QRC Richly-perfused blood flow (fraction of cardiac output) 0.51 

Chemical parameters 

PB Blood:air partition coefficient 42.7e 

PL Liver:blood partition coefficient 1.96e 

PF Fat:blood partition coefficient 36.4e 

PS Slowly-perfused partition coefficient 0.609e 

PR Readily-perfused partition coefficient 1.96 

VmaxC Maximum rate of metabolism (mg/hour-kg body weight) 7.6b,f 

KmC Michaelis-Menten coefficient for metabolism (mg/L) 0.10f 

aVSC=0.91-(VLC+VFC+VRC+VLB) 

bScaled to body weight (BW0.74) 

cQPC varied with exposure:  14.9 at 500 ppm, 13.1 at 1,000 ppm, and 12.5 at 1,500 ppm. 

dQSC=1-(QLC+QFC+QRC) 

eTissue:blood partition coefficients calculated based on reported, experimentally determined (vial equilibrium) 

tissue:air partition coefficients for rats (Tardif et al. 1997). 

fValues derived by optimization to data on blood ethylbenzene concentrations in rats exposed to ethylbenzene

(closed chamber).
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Risk Assessment. The Dennison et al. (2003) ethylbenzene model predicts blood kinetics of 

ethylbenzene and kinetics of metabolism of inhaled ethylbenzene.  These predictions are potentially 

useful for predicting internal doses of inhaled ethylbenzene in rats (e.g., blood concentrations, liver 

concentrations of parent compound, or amounts of total metabolites formed in the liver).  The 

applicability any of the above dose metrics to risk assessment will depend on the mechanism for the 

specific toxicity endpoint being assessed, and contribution of the parent compound and/or metabolism to 

toxicity.  Current knowledge of the mechanism of toxicity of ethylbenzene does not include an 

understanding of the relative contributions of parent compound or metabolites as proximate toxic agents 

in the major end points of ethylbenzene toxicity (i.e., kidney, liver, otic, cancer).    

The Dennison et al. (2003) ethylbenzene model has been incorporated into a mixtures model for gasoline 

(benzene, ethylbenzene, n-hexane, toluene, o-xylene, and other volatile components).  In the mixtures 

model, chemical interactions were attributed to competitive inhibition of metabolism and inhibition 

constants were derived by fitting model predictions of closed chamber air concentration kinetics during 

exposures to binary mixtures.  The model was used to predict the effect of increasing exposure 

concentration to gasoline on blood concentrations and amounts of individual mixture components 

metabolized (Dennison et al. 2004).   

Target Tissues. The Dennison et al. (2003) ethylbenzene model was calibrated and evaluated to 

predict elimination (i.e., metabolism) kinetics of ethylbenzene that occur in association with inhalation 

exposures. Essential to this prediction is the accurate prediction of rates of metabolism of ethylbenzene, 

which, in the model, is attributed solely to the liver.  The model has potential utility for predicting, in 

addition to elimination kinetics of ethylbenzene, kinetics of concentrations of ethylbenzene in important 

toxicity target tissues, including liver, richly perfused tissues (which includes kidney and central nervous 

system), and rates of metabolism of ethylbenzene and total amount of metabolites formed in liver.  The 

model does not simulate, specifically, the kidney or central nervous system. 

Species Extrapolation. The Dennison et al. (2003) ethylbenzene model was developed and 

calibrated to simulate ethylbenzene kinetics in the rat; however, it could be allometrically scaled to the 

human.  Studies of the robustness of the model for predicting ethylbenzene kinetics in species other than 

the rat (after allometric scaling to those species) were not located. 
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Interroute Extrapolation.    Studies that evaluated the model for predicting ethylbenzene kinetics 

following oral or dermal exposure were not located. 

The Shatkin and Brown (1991) Model 

Description of the Model.    Shatkin and Brown (1991) described a model of dermal absorption of 

several nonpolar organic nonelectrolytes in dilute aqueous solution, one of which was ethylbenzene.  The 

structure of the model is depicted in Figure 3-5; model parameters are presented in Table 3-8.  The model 

includes three compartments:  stratum corneum, viable epidermis, and blood.  Transfers of ethylbenzene 

in solution through the fully hydrated stratum corneum and viable epidermis are assumed to be diffusive, 

with passage through the stratum corneum being the rate-limiting step.  A uniform thickness of 40 μm 

was assumed for the stratum corneum, with adjustments for different body parts.  Immersion of the hand 

or of the full body was assumed for the predicted models.  The viable epidermis was assumed to be 

200 μm, although the thickness was varied to test the outcome of the model.  Transfer from the viable 

epidermis to blood was assumed to be flow-limited.  Elimination from blood (i.e., distribution to tissues, 

excretion to urine and air, and metabolism) was represented with a single first-order rate constant.  A 

sensitivity analysis revealed a relatively high influence of epidermal blood flow (as expected for flow-

limited transfer to blood), epidermal thickness (increasing thickness decreased absorption), and stratum 

corneum fat (increasing fat content decreased absorption).  

Validation of the Model.    Model predictions were compared to the estimates of dermal absorption of 

ethylbenzene in humans (Dutkiewicz and Tyras 1967, 1968).  In this study, adult males (n=7) immersed 

their hands into a bath solution of 151 mg/L ethylbenzene for 1 hour and the absorbed dose was estimated 

from the change in concentration of the exposure bath.  The model predicted absorption of 34–37% of the 

bath ethylbenzene in 1 hour, compared to the observed mean absorption of 39% (range, 0.33–0.54). The 

simulated kinetics of absorption were not reported or compared to observations. 

Risk Assessment. The Shatkin and Brown (1991) model is potentially useful for predicting dermal 

absorption of ethylbenzene in risk assessment applications.  An example of one application is prediction 

of the dermal-absorbed dose of ethylbenzene for a bathing scenario (20-minute immersion in 0.1 mg 

ethylbenzene/L); the predicted absorbed dose, 0.47–0.50 mg, was higher than the absorbed dose predicted 

for ingestion of 2 L of water at the same concentration, or from inhalation during a 20-minute shower 

(Shatkin and Brown 1991).  The model may be useful in predicting absorbed doses of ethylbenzene 

resulting from bathing, swimming, and other activities (Shatkin and Brown 1991).  
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Figure 3-5. Schematic Representation of the Model of Dermal Absorption 
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Table 3-8. Parameters Used in the Shatkin and Brown PBPK Model of Dermal 

Absorption of Ethylbenzene 


Parametera Value 	 Reference 
Stratum corneum/water NG Calculated from Roberts et al. 1975 
partition coefficient (Km) 
Stratum corneum diffusion NG Calculated from Guy and Maibach 
coefficient (Dsc) 1984 
Skin surface 320 cm2 (adult, hands and forearms) Dutkiewicz and Tyras 1967, 1968 

NG (adult, body) 	 Guy and Maibach 1984 
Skin surface (infant) 1,900 cm2	 Guy and Maibach 1984 
Epidermis diffusion coefficient 3.6x10-4 cm2/minute 	 Scheuplein 1976; Scheuplein et al. 
(De) 	 1969 
Stratum corneum thickness 0.004 cm 	 Blank and Scheuplein 1969 
(Hsc) 
Epidermis thickness (He) 0.02–0.1 cm 	 Blank and McAuliffe 1985; Blank 

and Scheuplein 1969; Guy et al. 
1982 

Epidermal blood flow (Feb) 280 mL/minute–m2	 Wade et al. 1962 
(adult, at rest) 
Epidermal blood flow (Feb) 4,000 mL/minute–m2	 Rowell 1986 
(adult, heavy exercise) 
Epidermis/blood partition 2.75 	 Shatkin and Brown 1991 
coefficient (Keb) 
Stratum corneum/epidermis NG 	 Shatkin and Brown 1991 
partition coefficient (Ksc/e) 
Blood volume (Vb) (adults) 5,000 mL 	 Shatkin and Brown 1991 
Blood volume (Vb) (infants) 693 mL 	 Shatkin and Brown 1991 
Fat in blood 0.7–0.9% 	 Brown and Hattis 1989 
Fat in stratum corneum 3–6% 	 Raykar et al. 1988 
Fat in epidermis 2–2.5% 	 Scheuplein 1976 
Elimination rate constant (Ke) 0.1 minute-1	 Hagemann 1979 
Octanol/water partition 2,230 	 Shatkin and Brown 1991 
coefficient (Kow) 

aTaken from Shatkin and Brown 1991.  All parameters used were either taken from published experimental work of 
others or calculated from previously reported mathematical relationships. 

NG = value not given 
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Target Tissues. The Shatkin and Brown (1991) model was developed to simulate dermal absorption 

of ethylbenzene (and other volatile organics); it does not predict concentrations of ethylbenzene in 

specific tissues, other than skin.  However, if the model were integrated into PBPK models of the 

distribution and elimination of absorbed ethylbenzene (e.g., Dennison et al. 2003; Tardif et al. 1997), the 

combined models might be useful for predicting internal doses of ethylbenzene associated with dermal 

exposures. 

Species Extrapolation. The Shatkin and Brown (1991) model was developed to simulate dermal 

absorption of ethylbenzene in humans and has been evaluated with observations in humans.  The major 

physiological parameters in the model are scalable or could be determined in different species (e.g., 

dermal thickness, dermal fat content, dermal blood flow), and the chemical parameters could be evaluated 

in other species (e.g., partition coefficients) or predicted from physical-chemical properties (e.g., diffusion 

coefficients).  These features improve the feasibility of scaling the model to other species. 

Interroute Extrapolation.    The Shatkin and Brown (1991) model, in combination with existing 

PBPK ethylbenzene inhalation models (e.g., Dennison et al. 2003; Tardif et al. 1997), may have utility for 

estimating dermal exposures (i.e., concentration, time) that would be expected to yield equivalent 

absorbed doses from inhalation exposures.  

3.5 MECHANISMS OF ACTION  

3.5.1 Pharmacokinetic Mechanisms 

Studies of the in vitro metabolism of ethylbenzene in microsomes prepared from human liver have 

identified high and low affinity catalytic pathways for the initial hydroxylation to 1-phenylethanol (Sams 

et al. 2004). In human liver microsomes, the high affinity pathway exhibited a lower Km and lower Vmax 

(Km=8 :M, Vmax=689 pmol/minute/mg protein) than the low affinity pathway (Km=391 :M, 

Vmax=3,039 pmol/min/mg protein) and was inhibited by diethyldithiocarbamate.  Studies conducted in 

microsomes prepared from insect cells expressing recombinant human isoforms of cytochrome P-450 also 

revealed a relatively high affinity, low Vmax catalysis by CYP2E1and lower affinity, higher Vmax catalysis 

by CYP1A2 and CYP2B6, suggesting that the latter two isoforms may contribute to the low affinity 

pathway observed in human liver microsome (Sams et al. 2004). 
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Blood kinetics of inhaled ethylbenzene have been successfully modeled with assumptions of flow-limited 

transfer of ethylbenzene to tissues and capacity-limited elimination by metabolism (Dennison et al. 2003, 

2004; Tardif et al. 1997, see Section 3.4.5).  These models have been successfully scaled from the rat to 

humans by applying species physiological parameter values (e.g., tissue volumes) and partition 

coefficients (i.e., blood:air partition coefficient) and allometrically scaling flows (i.e., cardiac output, 

alveolar ventilation rate) and metabolism parameters (i.e., Km, Vmax) to body weight (Tardif et al. 1997).  

These studies suggest a general similarity of the distribution and elimination kinetics in rats and humans.  

The robustness of these models for predicting ethylbenzene kinetics in other species has not been 

reported; however, the blood elimination kinetics of inhaled ethylbenzene in the mouse show similarities 

to that in the rat (e.g., nonlinearity of clearance with exposure concentration, similar elimination half­

times (Charest-Tardif et al. 2006; Tardif et al. 1997). 

3.5.2 Mechanisms of Toxicity 

Mechanisms of ototoxicity, toxicity to the liver and kidney, and carcinogenicity have not been identified.  

Since metabolites of ethylbenzene have been shown to produce oxidative damage to DNA (Midorikawa et 

al. 2004), it is possible that ethylbenzene metabolites contribute to the toxicity observed following 

ethylbenzene exposure.  Likewise, a genotoxic mechanism of carcinogencity is plausible. 

Ethylbenzene has been shown to exert adverse central nervous system effects on both humans (Yant et al. 

1930) and animals (Cragg et al. 1989; Ethylbenzene Producers Association 1986a; Molnar et al. 1986; 

Tegeris and Balster 1994; Yant et al. 1930). In vivo animal studies of ethylbenzene toxicity at the cellular 

level indicate that changes in brain levels of dopamine and other biochemical alterations, and in evoked 

electrical activity in the brain may be involved in ethylbenzene central nervous system toxicity 

(Andersson et al. 1981; Frantik et al. 1994; Mutti et al. 1988; Romanelli et al. 1986). 

Based on in vitro studies conducted with toluene, Cappaert et al. (2001) briefly speculated that increased 

intracellular calcium levels might be responsible for the obliteration of outer hair cells exposed to solvents 

such as ethylbenzene. 

In vitro studies of the mechanism of toxicity have focused on the effect of ethylbenzene on cell 

membranes, particularly that of the astrocyte (Engelke et al. 1993; Naskali et al. 1993, 1994; Sikkema et 

al. 1995; Vaalavirta and Tähti 1995a, 1995b).  In a review by Sikkema et al. (1995), changes in the 
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structure and integrity of the cell membrane after partitioning of ethylbenzene into the lipid bilayer may 

be a mechanism of toxicity.  Changes in the integrity of the cell membrane may subsequently affect the 

function of membrane, particularly as a barrier and in energy transduction, and in the formation of a 

matrix for proteins and enzymes. 

The work of Vaalavirta and Tähti (1995a, 1995b) and Naskali et al. (1993, 1994) has investigated the 

effect of ethylbenzene on the membrane of the rat astrocyte, as an in vitro model for the membrane-

mediated effects of solvents on the central nervous system.  Cultured astrocytes from the cerebella of 

neonatal Sprague-Dawley rats were sensitive to the effects of ethylbenzene, as measured by the inhibition 

of activity of Na+, K+-ATPase, and Mg++-ATPase (Vaalavirta and Tähti 1995a, 1995b).  This effect was 

found to be dose-dependent (Naskali et al. 1994).  Inhibition of these membrane-bound enzymes that 

regulate the ion channels of the membrane may disturb the ability of the cells to maintain homeostasis.  

Experiments with rat synaptosome preparations, similar to those using microsomal preparations by 

Engelke et al. (1993), showed that membrane fluidity was increased after exposure to ethylbenzene.  

ATPase and acetylcholinesterase activity were also decreased, as seen in the astrocyte preparations. 

3.5.3 Animal-to-Human Extrapolations 

Species differences have been shown for ethylbenzene metabolism. In humans exposed via inhalation, 

the major metabolites of ethylbenzene are mandelic acid (approximately 70% of the absorbed dose) and 

phenylglyoxylic acid (approximately 25% of the absorbed dose), which are excreted in the urine 

(Bardodej and Bardodejova 1970; Engstrom et al. 1984).  Evidence indicates that the initial step in this 

metabolic pathway is oxidation of the side chain of ethylbenzene to produce 1-phenylethanol.  In rats 

exposed by inhalation or orally to ethylbenzene, the major metabolites were identified as hippuric and 

benzoic acids (approximately 38%), 1-phenylethanol (approximately 25%), and mandelic acid 

(approximately 15–23%), with phenylglyoxylic acid making up only 10% of the metabolites (Climie et al. 

1983; Engstrom et al. 1984, 1985).  In rabbits, the most important metabolite is hippuric acid, which is 

probably formed by oxidative decarboxylation of phenylglyoxylic acid (El Masri et al. 1958). Rabbits 

have been shown to excrete higher levels of glucuonidated metabolites than do humans or rats (El Masry 

et al. 1956; Smith et al. 1954a, 1954b). Thus, there are no animal models of ethylbenzene metabolism 

that are completely consistent with human metabolism.  However, of the experimental models 

investigated, rats appear to be a more appropriate model than rabbits. 
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Models of the pharmacokinetic mechanisms and mechanisms of toxicity of ethylbenzene have focused on 

cellular processes (see Sections 3.5.1 and 3.5.2, above).  In these, humans and animals appear to be 

similar.  Although some species differences exist with respect to toxicity, adverse effects observed after 

ethylbenzene exposure in both humans and animals seem to be similar in scope (i.e., respiratory, hepatic, 

renal, and neurological). Rats may be more sensitive than mice or rabbits (Cragg et al. 1989; NTP 1992). 

Thus, the rat may be the most appropriate animal model for studying the mechanism of toxicity of 

ethylbenzene as it relates to human health effects assessment.   

3.6 TOXICITIES MEDIATED THROUGH THE NEUROENDOCRINE AXIS  

Recently, attention has focused on the potential hazardous effects of certain chemicals on the endocrine 

system because of the ability of these chemicals to mimic or block endogenous hormones.  Chemicals 

with this type of activity are most commonly referred to as endocrine disruptors. However, appropriate 

terminology to describe such effects remains controversial.  The terminology endocrine disruptors, 

initially used by Thomas and Colborn (1992), was also used in 1996 when Congress mandated the EPA to 

develop a screening program for “...certain substances [which] may have an effect produced by a 

naturally occurring estrogen, or other such endocrine effect[s]...”.  To meet this mandate, EPA convened a 

panel called the Endocrine Disruptors Screening and Testing Advisory Committee (EDSTAC), and in 

1998, the EDSTAC completed its deliberations and made recommendations to EPA concerning endocrine 

disruptors. In 1999, the National Academy of Sciences released a report that referred to these same types 

of chemicals as hormonally active agents. The terminology endocrine modulators has also been used to 

convey the fact that effects caused by such chemicals may not necessarily be adverse.  Many scientists 

agree that chemicals with the ability to disrupt or modulate the endocrine system are a potential threat to 

the health of humans, aquatic animals, and wildlife.  However, others think that endocrine-active 

chemicals do not pose a significant health risk, particularly in view of the fact that hormone mimics exist 

in the natural environment.  Examples of natural hormone mimics are the isoflavinoid phytoestrogens 

(Adlercreutz 1995; Livingston 1978; Mayr et al. 1992).  These chemicals are derived from plants and are 

similar in structure and action to endogenous estrogen.  Although the public health significance and 

descriptive terminology of substances capable of affecting the endocrine system remains controversial, 

scientists agree that these chemicals may affect the synthesis, secretion, transport, binding, action, or 

elimination of natural hormones in the body responsible for maintaining homeostasis, reproduction, 

development, and/or behavior (EPA 1997b).  Stated differently, such compounds may cause toxicities that 

are mediated through the neuroendocrine axis.  As a result, these chemicals may play a role in altering, 
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for example, metabolic, sexual, immune, and neurobehavioral function.  Such chemicals are also thought 

to be involved in inducing breast, testicular, and prostate cancers, as well as endometriosis (Berger 1994; 

Giwercman et al. 1993; Hoel et al. 1992). 

No studies were located regarding endocrine disruption in humans or animals after exposure to 

ethylbenzene.  Nishihara et al. (2000) concluded that ethylbenzene was not estrogenic as established in an 

in vitro yeast two-hybrid assay.  No additional in vitro studies were located regarding endocrine 

disruption of ethylbenzene. 

3.7 CHILDREN’S SUSCEPTIBILITY  

This section discusses potential health effects from exposures during the period from conception to 

maturity (most development is complete by early in the third decade) in humans (that most development 

is complete by the early 20’s), when all biological systems will have fully developed.  Potential effects on 

offspring resulting from exposures of parental germ cells are considered, as well as any indirect effects on 

the fetus and neonate resulting from maternal exposure during gestation and lactation.  Relevant animal 

and in vitro models are also discussed. 

Children are not small adults.  They differ from adults in their exposures and may differ in their 

susceptibility to hazardous chemicals.  Children’s unique physiology and behavior can influence the 

extent of their exposure.  Exposures of children are discussed in Section 6.6, Exposures of Children. 

Children sometimes differ from adults in their susceptibility to hazardous chemicals, but whether there is 

a difference depends on the chemical (Guzelian et al. 1992; NRC 1993).  Children may be more or less 

susceptible than adults to health effects, and the relationship may change with developmental age 

(Guzelian et al. 1992; NRC 1993).  Vulnerability often depends on developmental stage.  There are 

critical periods of structural and functional development during both prenatal and postnatal life, and a 

particular structure or function will be most sensitive to disruption during its critical period(s).  Damage 

may not be evident until a later stage of development.  There are often differences in pharmacokinetics 

and metabolism between children and adults.  For example, absorption may be different in neonates 

because of the immaturity of their gastrointestinal tract and their larger skin surface area in proportion to 

body weight (Morselli et al. 1980; NRC 1993); the gastrointestinal absorption of lead is greatest in infants 

and young children (Ziegler et al. 1978).  Distribution of xenobiotics may be different; for example, 

***DRAFT FOR PUBLIC COMMENT*** 



119 ETHYLBENZENE 

3. HEALTH EFFECTS 

infants have a larger proportion of their bodies as extracellular water, and their brains and livers are 

proportionately larger (Altman and Dittmer 1974; Fomon 1966; Fomon et al. 1982; Owen and Brozek 

1966; Widdowson and Dickerson 1964).  The infant also has an immature blood-brain barrier (Adinolfi 

1985; Johanson 1980) and probably an immature blood-testis barrier (Setchell and Waites 1975).  Many 

xenobiotic metabolizing enzymes have distinctive developmental patterns.  At various stages of growth 

and development, levels of particular enzymes may be higher or lower than those of adults, and 

sometimes unique enzymes may exist at particular developmental stages (Komori et al. 1990; Leeder and 

Kearns 1997; NRC 1993; Vieira et al. 1996).  Whether differences in xenobiotic metabolism make the 

child more or less susceptible also depends on whether the relevant enzymes are involved in activation of 

the parent compound to its toxic form or in detoxification.  There may also be differences in excretion, 

particularly in newborns who have a low glomerular filtration rate and have not developed efficient 

tubular secretion and resorption capacities (Altman and Dittmer 1974; NRC 1993; West et al. 1948).  

Children and adults may differ in their capacity to repair damage from chemical insults.  Children also 

have a longer remaining lifetime in which to express damage from chemicals; this potential is particularly 

relevant to cancer. 

Certain characteristics of the developing human may increase exposure or susceptibility, whereas others 

may decrease susceptibility to the same chemical.  For example, although infants breathe more air per 

kilogram of body weight than adults breathe, this difference might be somewhat counterbalanced by their 

alveoli being less developed, which results in a disproportionately smaller surface area for alveolar 

absorption (NRC 1993). 

There are no data describing the effect of exposure to ethylbenzene in children.  Respiratory and eye 

irritation, and dizziness are the most prevalent signs of exposure to high levels of ethylbenzene (Yant et 

al. 1930), and it is expected that children would also exhibit these effects, as well as other effects 

observed in adults.  Minor birth defects have occurred in newborn rats, but not rabbits, whose mothers 

were exposed by breathing air contaminated with ethylbenzene (NIOSH 1981; Ungváry and Tátrai 1985).  

These defects consisted of urinary tract anomalies (not specified) and supernumerary ribs.  

Supernumerary ribs were observed in the presence of minimal maternal changes.  Although 

developmental effects were reported in the offspring of animals exposed to <500 ppm ethylbenzene 

(Ungváry and Tátrai 1985) several longer duration studies have shown developmental effects at 

biologically or statistically significant levels only in the offspring of rats exposed to >500 ppm 

ethylbenzene (Faber et al. 2006, 2007; Saillenfait et al. 2003, 2006, 2007).  Furthermore, the report by 

Ungváry and Tátrai (1985) lacks pertinent experimental details, including specific data on the urinary 
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tract anomalies, dictating caution in the interpretation of study findings.  Section 3.2.1.6, Developmental 

Effects, contains a more detailed discussion of these results.  It is not known whether these developmental 

effects observed in animals would be observed in people.  Ethylbenzene has been detected in human 

breast milk at unspecified concentrations (Pellizzari et al. 1982), but no pharmacokinetic experiments 

have been done to confirm that it is actually transferred to breast milk in mammals.  No specific 

information was found concerning ethylbenzene concentrations in placenta, cord blood, or amniotic fluid.  

Since there is no information about health effects in children, it is unknown whether they differ from 

adults in their susceptibility to health effects from ethylbenzene.  However, in general, the principle that 

early-in-life exposures may increases susceptibility to carcinogens may apply to ethylbenzene (EPA 

2005). 

There is no specific information about the metabolism of ethylbenzene in children or immature adults.  

However, since two of the enzyme families responsible for the conjugation and elimination of 

ethylbenzene are developmentally regulated, it is possible that the activity of these enzymes would differ 

in children or immature animals compared to adults.  In humans, UDP glucuronosyltransferase activity 

does not reach adult levels until about 6–18 months of age, although the development of this activity is 

isoform specific.  Activity of sulfotransferases (which is also isoform specific) seems to develop earlier.  

The activity of some sulfotransferase isoforms may even be greater during infancy and early childhood 

than in adulthood (Leeder and Kearns 1997).  In addition, age-dependence of elimination kinetics (e.g., 

glomerular filtration and tubular secretion of organic anion metabolites of ethylbenzene), potentially, 

could contribute to age-related differences in sensitivity to ethylbenzene. 

3.8 BIOMARKERS OF EXPOSURE AND EFFECT 

Biomarkers are broadly defined as indicators signaling events in biologic systems or samples. They have 

been classified as markers of exposure, markers of effect, and markers of susceptibility (NAS/NRC 

1989). 

Due to a nascent understanding of the use and interpretation of biomarkers, implementation of biomarkers 

as tools of exposure in the general population is very limited.  A biomarker of exposure is a xenobiotic 

substance or its metabolite(s) or the product of an interaction between a xenobiotic agent and some target 

molecule(s) or cell(s) that is measured within a compartment of an organism (NAS/NRC 1989).  The 

preferred biomarkers of exposure are generally the substance itself, substance-specific metabolites in 
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readily obtainable body fluid(s), or excreta.  However, several factors can confound the use and 

interpretation of biomarkers of exposure.  The body burden of a substance may be the result of exposures 

from more than one source.  The substance being measured may be a metabolite of another xenobiotic 

substance (e.g., high urinary levels of phenol can result from exposure to several different aromatic 

compounds).  Depending on the properties of the substance (e.g., biologic half-life) and environmental 

conditions (e.g., duration and route of exposure), the substance and all of its metabolites may have left the 

body by the time samples can be taken.  It may be difficult to identify individuals exposed to hazardous 

substances that are commonly found in body tissues and fluids (e.g., essential mineral nutrients such as 

copper, zinc, and selenium).  Biomarkers of exposure to ethylbenzene are discussed in Section 3.8.1. 

Biomarkers of effect are defined as any measurable biochemical, physiologic, or other alteration within an 

organism that, depending on magnitude, can be recognized as an established or potential health 

impairment or disease (NAS/NRC 1989).  This definition encompasses biochemical or cellular signals of 

tissue dysfunction (e.g., increased liver enzyme activity or pathologic changes in female genital epithelial 

cells), as well as physiologic signs of dysfunction such as increased blood pressure or decreased lung 

capacity.  Note that these markers are not often substance specific.  They also may not be directly 

adverse, but can indicate potential health impairment (e.g., DNA adducts).  Biomarkers of effects caused 

by ethylbenzene are discussed in Section 3.8.2. 

A biomarker of susceptibility is an indicator of an inherent or acquired limitation of an organism's ability 

to respond to the challenge of exposure to a specific xenobiotic substance.  It can be an intrinsic genetic or 

other characteristic or a preexisting disease that results in an increase in absorbed dose, a decrease in the 

biologically effective dose, or a target tissue response.  If biomarkers of susceptibility exist, they are 

discussed in Section 3.10, Populations That Are Unusually Susceptible. 

3.8.1 Biomarkers Used to Identify or Quantify Exposure to Ethylbenzene  

Information on ethylbenzene concentrations in human tissue or fluids is available.  Exposure to 

ethylbenzene may be determined by the detection of mandelic acid and phenylglyoxylic acid in urine 

(Bardodej and Bardodejova 1970) or by direct detection of ethylbenzene in whole human blood (Antoine 

et al. 1986; Ashley et al. 1992; Cramer et al. 1988).  However, mandelic acid and phenylglyoxilic acid are 

also metabolites of styrene (Agency for Toxic Substances and Disease Registry 1992). 
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The 1982 National Human Adipose Tissue Survey conducted by EPA measured ethylbenzene in 96% of 

the 46 composite samples analyzed for volatile organic compounds (EPA 1986a).  A wet tissue 

concentration range of not detected (detection limit=2 ng/g) to 280 ng/g was reported, but an average 

concentration was not provided. 

Numerous studies indicate that environmental exposures to ethylbenzene can result in detectable levels in 

human tissues (Antoine et al. 1986; Cramer et al. 1988; Pellizzari et al. 1982; Wolff 1976; Wolff et 

al. 1977) and in expired air (Conkle et al. 1975; Engstrom and Bjurstrom 1978; EPA 1984e).  Analysis of 

blood specimens from a test population of 250 patients (Antoine et al. 1986) and composite samples 

obtained from blood donations of laboratory personnel with potentially low-level exposure (Cramer et 

al. 1988) indicated ethylbenzene concentrations in the blood to range from below detection limits to 

59 ppb. Similarly, ethylbenzene was detected in 8 of 12 milk samples from lactating women living in 

various urban areas of the United States with high probability of emissions of pollutants (Pellizzari et 

al. 1982).  Subcutaneous fat samples taken from individuals exposed to an average of 1–3 ppm ethyl-

benzene in the workplace contained ethylbenzene levels as high as 0.7 ppm (Wolff 1976; Wolff et 

al. 1977). 

Studies examining the correlation of ethylbenzene concentrations in ambient air with concentrations 

measured in expired or alveolar air have also been conducted (Conkle et al. 1975; Engstrom and 

Bjurstrom 1978; EPA 1984e).  Ethylbenzene concentrations in breath samples were reported to correlate 

well with ethylbenzene concentrations in indoor samples taken with personal air monitors (EPA 1984e).  

A correlation was also found between ethylbenzene uptake and ethylbenzene concentrations in alveolar 

air during, but not after, inhalation exposure in volunteers (Engstrom and Bjurstrom 1978).  Rates of 

ethylbenzene expiration measured in volunteers with no known previous exposure to ethylbenzene ranged 

from 0.78 to 14 μg/hour, with higher rates detected in smokers than in nonsmokers (Conkle et al. 1975). 

3.8.2 Biomarkers Used to Characterize Effects Caused by Ethylbenzene  

For more information on biomarkers for renal and hepatic effects of chemicals see ATSDR/CDC 

Subcommittee Report on Biological Indicators of Organ Damage (Agency for Toxic Substances and 

Disease Registry 1990) and for information on biomarkers for neurological effects see OTA (1990). 
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No specific biomarkers of effect for ethylbenzene were identified.  Most of the information on humans is 

from case reports in which the effects are general and non-specific, such as eye and throat irritation and 

chest constriction (Yant et al. 1930). 

3.9 INTERACTIONS WITH OTHER CHEMICALS  

The metabolism of ethylbenzene includes pathways involving mono-oxygenases (e.g., cytochrome P-450) 

and formation of glucuronide and sulfate conjugates. Therefore, the metabolism of ethylbenzene could be 

markedly altered by inhibitors (e.g., carbon monoxide, SKF 525A) and inducers (e.g., phenobarbital, 

described above) of drug-metabolizing enzymes (Gillette et al. 1974) and by the availability of 

conjugation reactants (e.g., glucuronic acid, sulfate) that facilitate the excretion of ethylbenzene 

metabolites. Mono-oxygenases (MOs) are a class of enzymes involved in the detoxication of xenobiotics, 

including ethylbenzene.  Substances that induce MO enzymes may decrease the toxicity of ethylbenzene 

by increasing the rate of production of its less toxic metabolites.  Conversely, MO enzyme inhibitors 

would be expected to have the opposite effect. Compounds that affect glucuronic acid availability could 

also affect the excretion rate of ethylbenzene metabolites. 

Numerous studies have demonstrated interactions between ethylbenzene and chemicals that inhibit 

cytochrome P-450 (e.g., carbon monoxide; Maylin et al. 1973), compete with ethylbenzene for 

metabolism by cytochrome P-450 (e.g., alkylbenzenes, ethanol; Angerer and Lehnert 1979; Elovaara et al. 

1984; Engstrom et al. 1984; Romer et al. 1986), or induce cytochrome P-450 (e.g. phenobarbital; Maylin 

et al. 1973; McMahon and Sullivan 1966).  Competitive inhibition of metabolism by alkylbenzenes, 

including ethylbenzene, has been introduced into PBPK models of alkylbenzene mixtures and gasoline 

component mixtures (Dennison et al. 2003, 2004; Haddad et al. 2001; Tardif et al. 1997). 

3.10 POPULATIONS THAT ARE UNUSUALLY SUSCEPTIBLE 

A susceptible population will exhibit a different or enhanced response to ethylbenzene than will most 

persons exposed to the same level of ethylbenzene in the environment.  Reasons may include genetic 

makeup, age, health and nutritional status, and exposure to other toxic substances (e.g., cigarette smoke).  

These parameters result in reduced detoxification or excretion of ethylbenzene, or compromised function 

of organs affected by ethylbenzene.  Populations who are at greater risk due to their unusually high 

exposure to ethylbenzene are discussed in Section 6.7, Populations with Potentially High Exposures. 
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Even though ethylbenzene is not known to bioaccumulate (Aster 1995; Meylan et al. 1999; Nuns and 

Benville 1979; Ogata et al. 1984), human and animal studies suggest that several factors can contribute to 

an increased probability of adverse health effects following ethylbenzene exposure (NIOSH/OSHA 

1978).  Exposure to ethylbenzene has been shown to produce hearing loss in humans and animals; 

therefore, individuals with pre-existing hearing loss (e.g., congenital or infection-related) or individuals 

participating in activities that may result in hearing loss (e.g., sharpshooting) may be more susceptible to 

the ototoxic effects of ethylbenzene.  Exposure of individuals with impaired pulmonary function to ethyl-

benzene in air has been shown to exacerbate symptoms because of ethylbenzene's irritant properties.  

Because ethylbenzene is detoxified primarily in the liver and excreted by the kidney, individuals with 

liver or kidney disease might be more susceptible to ethylbenzene toxicity, as would persons taking 

medications or other drugs (e.g., alcohol) that are known hepatotoxins.  Persons with dermatitis or other 

skin diseases may be at greater risk, since ethylbenzene is a defatting agent and may aggravate these 

symptoms.  Children’s susceptibility is discussed in Section 3.7. 

In summary, groups that might be more susceptible to the toxic effects of ethylbenzene are individuals 

with hearing loss and diseases of the respiratory system, liver, kidney, or skin; young children; fetuses; 

pregnant women; and individuals taking certain medications such as hepatotoxic medications or drugs. 

3.11 METHODS FOR REDUCING TOXIC EFFECTS  

This section will describe clinical practice and research concerning methods for reducing toxic effects of 

exposure to ethylbenzene.  However, because some of the treatments discussed may be experimental and 

unproven, this section should not be used as a guide for treatment of exposures to ethylbenzene.  When 

specific exposures have occurred, poison control centers and medical toxicologists should be consulted 

for medical advice. The following texts provide specific information about treatment following exposures 

to ethylbenzene:   

Leikin JB, Poloucek FP.  2002.  Poisoning and toxicology handbook.  Hudson, OH:  Lexi-Comp, Inc., 
554. 

Proctor NH, Hughes JP. 1978.  Chemical hazards of the workplace.  Philadelphia, PA: J.B. Lippincott 
Company, 251-252. 

***DRAFT FOR PUBLIC COMMENT*** 



125 ETHYLBENZENE 

3. HEALTH EFFECTS 

3.11.1 Reducing Peak Absorption Following Exposure  

Human exposure to ethylbenzene can occur by inhalation, oral, or dermal contact.  General 

recommendations for reducing absorption of ethylbenzene following exposure include removing the 

exposed individual from the contaminated area and removing the contaminated clothing.  Removal of the 

patient from the source of contamination is an initial priority along with proper ventilation and cardiac 

monitoring.  If the eyes and skin were exposed, they should be flushed with water.  Emesis or lavage is 

not recommended following oral exposure due to the risk of aspiration pneumonia (Leikin and Paloucek 

2002).  Activated charcoal may be administered to adsorb ethylbenzene (Leikin and Paloucek 2002).  

Benzodiazepines may be used to control seizures (Leikin and Paloucek 2002).  Administration of 

catecholamines should be avoided due to the risk of ventricular arrhythmia (Leikin and Paloucek 2002). 

3.11.2 Reducing Body Burden  

Following absorption into the blood, ethylbenzene is rapidly distributed throughout the body. The initial 

stage of ethylbenzene metabolism in humans is the formation of 1-phenylethanol via hydroxylation of the 

of the side chain. Further oxidation leads to the formation of mandelic acid and phenylglyoxylic acid, the 

major urinary metabolites of ethylbenzene in humans.  Detoxication pathways generally involve the 

formation of glucuronide or sulfate conjugates of 1-phenylethanol or its subsequent metabolites.  Urinary 

excretion is the primary route of elimination of metabolized ethylbenzene.  Studies in humans and 

animals indicate that urinary excretion occurs in several phases, with half-lives of hours.  Hence, 

ethylbenzene and its metabolites have relatively short half-lives in the body, and while some of these 

metabolites are clearly toxic, substantial body burdens are not expected.  

No methods are currently used for reducing the body burden of ethylbenzene.  It is possible that methods 

could be developed to enhance the detoxication and elimination pathways. 

3.11.3 Interfering with the Mechanism of Action for Toxic Effects  

Treatments interfering with the mechanism of action for toxic effects have not been identified. 
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3.12 ADEQUACY OF THE DATABASE 

Section 104(I)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the 

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether 

adequate information on the health effects of ethylbenzene is available.  Where adequate information is 

not available, ATSDR, in conjunction with the National Toxicology Program (NTP), is required to assure 

the initiation of a program of research designed to determine the health effects (and techniques for 

developing methods to determine such health effects) of ethylbenzene. 

The following categories of possible data needs have been identified by a joint team of scientists from 

ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met would 

reduce the uncertainties of human health assessment.  This definition should not be interpreted to mean 

that all data needs discussed in this section must be filled.  In the future, the identified data needs will be 

evaluated and prioritized, and a substance-specific research agenda will be proposed. 

3.12.1 Existing Information on Health Effects of Ethylbenzene  

The existing data on health effects of inhalation, oral, and dermal exposure of humans and animals to 

ethylbenzene are summarized in Figure 3-6.  The purpose of this figure is to illustrate the existing 

information concerning the health effects of ethylbenzene.  Each dot in the figure indicates that one or 

more studies provide information associated with that particular effect.  The dot does not necessarily 

imply anything about the quality of the study or studies, nor should missing information in this figure be 

interpreted as a “data need”.  A data need, as defined in ATSDR’s Decision Guide for Identifying 

Substance-Specific Data Needs Related to Toxicological Profiles (Agency for Toxic Substances and 

Disease Registry 1989), is substance-specific information necessary to conduct comprehensive public 

health assessments.  Generally, ATSDR defines a data gap more broadly as any substance-specific 

information missing from the scientific literature. 

Figure 3-6 graphically describes the existing health effects information on ethylbenzene by route and 

duration of exposure.  Little information concerning humans exposed via inhalation to ethylbenzene is 

available. Most of the information concerning health effects in humans is reported in occupational 

studies, which are difficult to interpret given the limitations of the studies (e.g., simultaneous exposure to 

other hazardous substances, unquantified exposure concentrations, and exposure probably occurring by a 

combination of routes).  No data were available concerning human health effects following oral exposures 
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Figure 3-6. Existing Information on Health Effects of Ethylbenzene 
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to ethylbenzene.  Dermal effects in humans exposed to ethylbenzene vapors include respiratory and 

ocular irritation. 

In animals, the lethality of ethylbenzene is documented for all routes of exposure.  Systemic, 

immunologic, neurologic, developmental, and reproductive effects have been reported following acute-, 

intermediate-, or chronic-duration inhalation exposures to ethylbenzene.  Limited data on the health 

effects resulting from oral or dermal exposure to ethylbenzene were located.   

3.12.2 Identification of Data Needs 

In general, data on the toxic effects of ethylbenzene in humans and animals are limited.  In many areas for 

which studies have been conducted, the lack of reliable data precludes any definitive conclusions from 

being drawn. 

Acute-Duration Exposure.    The database for acute-duration inhalation exposure to ethylbenzene is 

largely composed of inhalation studies in laboratory animals with a limited number of human studies.  

The available acute-duration studies in humans (Sliwinska-Kowalska et al. 2001; Yant et al. 1930) and 

animals (Andersson et al. 1981; Cappaert et al. 1999, 2000, 2001, 2002; Ethylbenzene Producers 

Association 1986a; Molnar et al. 1986; Tegeris and Balster 1994; Yant et al. 1930) indicate that the 

nervous system, and particularly the auditory system, is sensitive to the toxic effects of ethylbenzene.  

The available reports and studies in humans are of limited use for dose-response assessment because 

insufficient information was provided to clearly characterize the exposure to ethylbenzene or because 

exposures were for mixtures of solvents, not ethylbenzene alone.  Ethylbenzene is an acute ocular and 

respiratory irritant in humans (Cometto-Muñiz and Cain 1995; Thienes and Haley 1972; Yant et al. 

1930); however, animal studies suggest that acute sublethal inhalation exposures do not result in 

pulmonary histopathology (Ethylbenzene Producers Association 1986a).  Developmental and 

reproductive effects were reported in animals exposed to ethylbenzene by inhalation during gestation 

(Ungváry and Tátrai 1985); however, the latter study is limited by incomplete description of the results 

and the absence of an analysis on a per litter basis.  Increased organ weight (liver, kidneys) has been 

observed in a number of studies in animals (Ethylbenzene Producers Association 1986a; Toftgard and 

Nilsen 1982); however, no findings are made upon microscopic examination of the liver or kidneys 

(Ethylbenzene Producers Association 1986a).  An acute-duration inhalation MRL of 10 ppm was derived 

based on ototoxicity in animals.  No studies describing acute-duration oral exposure of humans to 
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ethylbenzene were found in the literature.  Although two animal studies have examined the acute oral 

toxicity of ethylbenzene (Gagnaire and Langlais 2005; Ungvary 1986), they were not adequate for the 

derivation of an acute-duration oral MRL.  Mild irritation (Smyth et al. 1962), reddening, exfoliation, and 

blistering (Wolf et al. 1956) have been reported in rabbits when ethylbenzene was applied directly on the 

skin. Slight irritation of the eye (Wolf et al. 1956) and corneal injuries (Smyth et al. 1962; Wolf et al. 

1956) were observed in rabbits when ethylbenzene was instilled onto the eyes.  There is a data need for 

additional acute-duration oral and dermal toxicity studies in animals exposed to ethylbenzene. 

Intermediate-Duration Exposure.    The database of intermediate-duration inhalation studies 

includes several studies in animals, but no studies in humans.  It has been shown that the auditory system 

is sensitive to the toxic effects of ethylbenzene after intermediate-duration inhalation exposure (Gagnaire 

et al. 2007). Systemic effects have been observed at concentrations equal to or higher than those that 

elicited ototoxic effects in rats.  Effects at even higher concentrations include neurological and 

hematological effects (Cragg et al. 1989; Wolf et al. 1956) and increased organ weight (Cragg et al. 1989; 

Elovaara et al. 1985; NIOSH 1981; NTP 1992; Wolf et al. 1956).  Organs showing increased weight did 

not show treatment-related histopathological effects (Cragg et al. 1989; NTP 1992).  Developmental 

and/or reproductive effects have been reported in offspring of animals following intermediate-duration 

inhalation exposures to ethylbenzene during gestation (Faber et al. 2006, 2007; NIOSH 1981; Saillenfait 

et al. 2003, 2006, 2007) at concentrations that were higher than those that elicited ototoxic effects.  An 

intermediate-duration inhalation MRL of 0.7 ppm was derived based on the observed ototoxic effects in 

animals (Gagnaire et al. 2007).  The intermediate-duration oral database for ethylbenzene is limited to the 

critical study by Mellert et al. (2007) evaluating the effects of oral exposure of rats to ethylbezene for 

4 and 13 weeks, and a poorly reported 6-month exposure study in rats (Wolf et al. 1956).  Results of the 

13-week gavage study in rats observed effects indicative of liver toxicity, including increased activity of 

serum liver enzymes (ALT and GGT), increased absolute and relative liver weights, and a dose-related 

increase in the incidence of centrilobular hepatocyte hypertrophy. Results of the 4-week exposure study 

in rats are similar to those observed in the 13-week study, showing that the liver is the primary target 

organ for oral ethylbenzene; effects consistent with hepatotoxicity, including increased absolute and 

relative liver weights, increased incidence of hepatocyte centrilobular, and increased serum liver enzyme 

activity (ALT) (Mellert et al. 2007).  Wolf et al. (1956) reported slight weight and histopathological 

effects in the liver and kidney of female rats.  An intermediate-duration oral MRL of 0.5 mg/kg/day was 

derived based on the observed liver effects in animals exposed for 13 weeks (Mellert et al. 2007). 
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Chronic-Duration Exposure and Cancer.    The database of chronic-duration/carcinogenicity 

inhalation studies with ethylbenzene includes a chronic duration study in rats and mice (NTP 1999) and a 

limited number of studies in humans.  Hematological effects were observed in workers exposed to 

solvents containing ethylbenzene (Angerer and Wulf 1985), but no hematological effects, liver lesions or 

effects on liver function, or cases of malignancy were reported in a study of workers exposed chronically 

(>20 years) to ethylbenzene (Bardodej and Cirek 1988).  The severity of nephropathy was significantly 

increased in female and male rats exposed to ≥75 or 750 ppm ethylbenzene, respectively, for 2 years 

(NTP 1999). At higher concentrations rats showed significant increases in renal tubule hyperplasia; male 

rats showed an increased incidence of interstitial cell adenoma in the testis.  Effects observed in male or 

female mice exposed to ethylbenzene for 2 years include an increased incidence of hyperplasia of the 

pituitary gland pars distalis, increased incidence of follicular cell hyperplasia in the thyroid gland, an 

increased incidence of syncytial alterations of the hepatocytes, hypertrophy, and hepatic necrosis, and an 

increased incidence of eosinophilic foci (NTP 1999). Ethylbenzene showed clear evidence of 

carcinogenic activity in male rats based on increased incidences of renal tubule neoplasms, some evidence 

of carcinogenic activity in female rats based on increased incidences of renal tubule adenomas, some 

evidence of carcinogenic activity in male mice based on increased incidences of alveolar/bronchiolar 

neoplasms, and some evidence of carcinogenic activity in female mice based on increased incidences of 

hepatocellular neoplasms (NTP 1999). The 2-year inhalation study in rats suggests that an increase in the 

severity of nephropathy in female rats is the most sensitive end point of ethylbenzene exposure.  This end 

point was selected to estimate a chronic-duration inhalation MRL of 0.3 ppm.  There is no need to 

conduct additional carcinogenicity studies of ethylbenzene via inhalation.  A statistically significant 

increase in total malignant tumors was reported in female rats and in combined male and female groups 

exposed to 500 mg kg/day via gavage for 104 weeks (Maltoni et al. 1985).  No data on specific tumor 

type were presented, only one dose was tested, and no information on survival was provided.  It might be 

useful to conduct a toxicity and carcinogenicity study of ethylbenzene administered orally to at least two 

animal species.  It might be useful to conduct chronic-duration studies in at least two species with an 

emphasis in ototoxic effects. 

Genotoxicity.    Available human data (Holz et al. 1995) indicate that ethylbenzene may be marginally 

genotoxic.  A weak induction of sister chromatid exchanges in human lymphocytes following 

ethylbenzene exposure was seen (Norppa and Vainio 1983a).  Data are available regarding the genotoxic 

potential of ethylbenzene from in vitro assays in bacteria, yeast, and mammalian cell cultures (McGregor 

et al. 1988; NTP 1999).  Although the results generally indicate that ethylbenzene is not genotoxic, 

marginal genotoxic effects have been reported in some tests.  Independent confirmation or refutation of 
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these studies, as well as further genotoxicity studies, especially in mammalian systems, would help 

provide clarification of these conflicting results.  In particular, chromosome aberrations in occupationally 

exposed persons would provide useful information. 

Reproductive Toxicity. No studies were located regarding reproductive effects in humans following 

inhalation exposure to ethylbenzene.  Reproductive end points have been assessed after acute- (Ungváry 

and Tátrai 1985) and intermediate-duration exposures of animals exposed during gestation (Saillenfait et 

al. 2003, 2006, 2007) and in a two-generation reproductive toxicity study (Faber et al. 2006, 2007).  

Effects on reproductive organs (Cragg et al. 1989; NTP 1992, 1999; Wolf et al. 1956) in animals exposed 

to ethylbenzene have also been evaluated.  The only available oral-exposure reproduction study reported 

decreased hormone levels and blockage or delay of the estrus cycle in female rats (Ungvary 1986).  

Additional inhalation exposure reproductive toxicity studies are not deemed necessary at this time.  It 

might be useful to conduct additional oral exposure reproductive toxicity studies in at least two species. 

Developmental Toxicity.    No studies of developmental effects in humans following inhalation 

exposure to ethylbenzene were located.  The available studies have reported developmental effects in the 

offspring of animals exposed to ethylbenzene during gestation (NIOSH 1981; Saillenfait et al. 2003, 

2006, 2007; Ungváry and Tátrai 1985).  The report by Ungváry and Tátrai (1985) has many deficiencies, 

including poor reporting of the experimental conditions and poor description of the maternal and fetal 

observations.  Maternal toxicity has been generally reported at the highest doses tested (Saillenfait et al. 

2003, 2006, 2007; Ungváry and Tátrai 1985).  Biologically or statistically significant developmental or 

neurodevelopmental effects were not observed in the offspring of animals in a two-generation inhalation 

study (Faber et al. 2006, 2007).  No studies were located regarding developmental effects in humans and 

animals following oral or dermal exposure to ethylbenzene.  A data need exists for oral and dermal 

developmental toxicity studies. 

Immunotoxicity.  No studies were found regarding immunological effects in humans following 

inhalation exposure to ethylbenzene.  Studies were located that examined organs of the immune system in 

animals after intermediate- (Cragg et al. 1989; NIOSH 1981; NTP 1992) or chronic-duration (NTP 1999) 

exposure to ethylbenzene.  No studies were located regarding immunological effects in humans or 

animals following oral or dermal exposure to ethylbenzene.  No additional immunological studies are 

deemed to be necessary at this time. 

***DRAFT FOR PUBLIC COMMENT*** 



132 ETHYLBENZENE 

3. HEALTH EFFECTS 

Neurotoxicity.  Human studies have established that acute exposure to ethylbenzene may result in 

dizziness and vertigo (Yant et al. 1930) and that hearing loss is significantly increased in workers exposed 

to solvent mixtures that include ethylbenzene (Sliwinska-Kowalska et al. 2001).  The role of ethylbenzene 

in the observed hearing losses cannot be ascertained from this study given that ethylbenzene was only one 

of several solvents. 

Animal studies indicate that the auditory system is the most sensitive target of ethylbenzene toxicity after 

acute- (Cappaert et al. 1999, 2000, 2001, 2002) or intermediate-duration (Gagnaire et al. 2007) inhalation 

exposures and after acute-duration oral exposures to ethylbenzene (Gagnaire and Langlais 2005).  The 

effects of ethylbenzene on the central nervous system have been assessed in animals after acute-duration 

exposure to ethylbenzene (Ethylbenzene Producers Association 1986a; Molnar et al. 1986; Tegeris and 

Balster 1994; Yant et al. 1930). Neurobiochemical and electrical activity alterations have been reported 

in animals after acute-duration exposure to ethylbenzene (Andersson et al. 1981; Frantik et al. 1994; 

Mutti et al. 1988; Romanelli et al. 1986).  No adverse histopathological findings were observed in brain 

tissue of animals after intermediate- (NTP 1992) or chronic-duration (NTP 1999) exposure to 

ethylbenzene.  No studies were located regarding neurological effects in humans following oral exposure 

to ethylbenzene.  Ototoxicity is also observed in animals after acute-duration oral exposure to 

ethylbenzene (Gagnaire and Langlais 2005).  Additional studies are needed to establish the mechanism of 

action by which ethylbenzene elicits ototoxicity, as no information on the mechanism of ethylbenzene­

induced ototoxicity was identified.  Furthermore, due to the large differences between rats and guinea 

pigs in susceptibility to ethylbenzene-induced ototoxicity, additional studies on hearing and ear 

physiology in rodents are needed to evaluate which species is most similar to humans.  No studies were 

located regarding neurological effects in humans or animals following dermal exposure to ethylbenzene.  

Additional inhalation studies are needed to establish an intermediate-duration NOAEL for ototoxic 

effects. Additional studies are also needed to characterize the concentration-response pattern for 

ototoxicity after acute- and intermediate-duration oral exposures to ethylbenzene. 

Epidemiological and Human Dosimetry Studies.    The few available epidemiological studies on 

the health effects of ethylbenzene were primarily limited to occupational studies in which quantitative 

estimates of exposure were lacking and other limitations (e.g., multiple exposure routes, simultaneous 

exposure to other hazardous chemicals) were present.  Studies using volunteers exposed to low concen­

trations of ethylbenzene have provided useful information on effects of acute-duration inhalation 

exposure on the central nervous system (Yant et al. 1930).  No studies were available in which humans 

were exposed orally or dermally to ethylbenzene.  Epidemiological studies conducted in populations 
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exposed to ethylbenzene alone may provide useful information on the effects of ethylbenzene in humans.  

Emphasis should be placed in the detection of ototoxic effects as this end point is the most sensitive effect 

observed in animal studies. 

Biomarkers of Exposure and Effect.    Sensitive methods are available for determining ethyl-

benzene and ethylbenzene metabolites in biological tissues and fluids.  However, limited data are 

available associating levels of ethylbenzene in human tissues and fluids with adverse health effects.  

Additional animal or epidemiological studies evaluating the association between levels in tissue or fluids 

and adverse health effects would be useful to devise more sensitive and more specific early biomarkers of 

effect. 

Exposure.  Exposure to ethylbenzene can be monitored through levels of ethylbenzene in breath, blood, 

or tissue, or levels of its metabolites, mandelic or phenylglyoxylic acid in urine. A statistically significant 

correlation was observed between urinary excretion of mandelic acid and ethylbenzene exposure in 

workers exposed to mixed solvents (including an ethylbenzene TWA of 0.9 ppm) in a metal-coating 

factory (Kawai et al. 1991).  However, neither one of the metabolites is specific to ethylbenzene.  

Additional studies to identify a biomarker or biomarkers of exposure specific to ethylbenzene are needed. 

Effect. There are currently no known specific biomarkers of effect for ethylbenzene.  Development of 

methods to identify biomarkers that would indicate toxic effects, and the extent of those toxic effects after 

exposure to ethylbenzene, would be helpful in managing health effects that occur after significant 

exposure to ethylbenzene. 

Absorption, Distribution, Metabolism, and Excretion.    Ethylbenzene is absorbed by humans 

following inhalation (Bardodej and Bardodejova 1970; Gromiec and Piotrowski 1984) and dermal 

(Dutkiewicz and Tyras 1967) exposures.  Absorption rates were 49–64% by inhalation.  Dermal 

absorption rates were in the range of 24–33 and 0.11–0.23 mg/cm2/hour for male subjects exposed to 

liquid ethylbenzene and ethylbenzene from aqueous solutions, respectively (Dutkiewicz and Tyras 1967).  

Animal data support these findings and indicate that absorption rates are high following oral exposures as 

well (Climie et al. 1983; El Masry et al. 1956). 

Only one study (Engstrom and Bjurstrom 1978) is available that outlines the distribution of ethylbenzene 

in humans following inhalation exposure.  This study indicates rapid distribution to adipose tissues 

throughout the body.  Inhalation studies in animals support these results (Elovaara et al. 1982; Engstrom 
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et al. 1985). Ethylbenzene is accumulated primarily in the intestine, liver, kidney, and fat, which provides 

some basis for ethylbenzene-induced effects observed in the liver and kidney.  No data on distribution of 

ethylbenzene following dermal exposure were located.  Such information would be useful because 

absorption of liquid ethylbenzene via this route is rapid in humans and because the potential exists in 

humans for dermal exposure. 

The metabolism of ethylbenzene in humans and animals has been studied.  Although some differences in 

the metabolic pattern according to route of exposure, sex, nutritional status (Nakajima and Sato 1979), 

and species (Bakke and Scheline 1970; Climie et al. 1983; El Masry et al. 1956; Engstrom et al. 1984, 

1985; Smith et al. 1954a, 1954b; Sollenberg et al. 1985) have been documented, pharmacokinetic data 

show no significant differences in metabolism between oral and inhalation routes in either humans or 

animals (Climie et al. 1983; Engstrom et al. 1984, 1985).  Further studies that correlate these differences 

in metabolism with differences in health effects would be useful.  Data on metabolism following dermal 

exposure are sparse, because it is difficult to accurately measure absorption of volatile compounds.  

Additional data on metabolism following dermal exposure would be useful as these exposures could 

occur both from contaminated soil or groundwater. 

Ethylbenzene has been shown to be rapidly eliminated from the body following inhalation exposure 

(primarily in the urine) in both humans and animals.  These studies (Gromiec and Piotrowski 1984; 

Yamasaki 1984) are sufficient to characterize the elimination of ethylbenzene following inhalation 

exposure. A small number of studies in animals exposed orally and humans exposed dermally support 

these findings.  Further studies on elimination of ethylbenzene via these exposure routes would be useful, 

especially because differences in the excretion patterns have been observed with different routes of 

exposure. 

PBPK models have been developed for predicting ethylbenzene kinetics (including metabolism) in rats 

and humans exposed by inhalation (Dennison et al. 2003, 2004; Tardif et al. 1997).  No models have been 

developed for simulating kinetics or oral exposures.  Oral models would be potentially useful for route-to­

route extrapolations (e.g., inhalation to oral) of internal doses of ethylbenzene. 

Comparative Toxicokinetics.    Quantitative and qualitative variations in the absorption, distribution, 

metabolism, and excretion of ethylbenzene were observed depending on exposure routes, sex, nutritional 

status, and species, as previously outlined.  Further studies that focus on these differences and their 

implications for human health would be useful. Additionally, in vitro studies using human tissue and 
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PBPK modeling would contribute significantly to the understanding of the kinetics of ethylbenzene, since 

they would provide information on half-lives and saturation kinetics associated with the metabolism of 

ethylbenzene. 

Methods for Reducing Toxic Effects.    No information was found that specifically addressed the 

reduction of toxic effects after absorption of ethylbenzene.  Development of clinical procedures for 

minimizing the effects of ethylbenzene on the respiratory, hepatic, and renal systems, and the central 

nervous system would be useful in situations where significant exposure had occurred. 

Children’s Susceptibility.    Data needs relating to both prenatal and childhood exposures, and 

developmental effects expressed either prenatally or during childhood, are discussed in detail in the 

Developmental Toxicity subsection above. 

There are no data describing the effects of ethylbenzene exposure in children or developing postnatal 

animals.  Data needs relating to development are discussed in more detail above under developmental 

effects. In order to evaluate whether ethylbenzene presents a unique hazard to children, additional 

information on the health effects, pharmacokinetics, metabolism, and mechanism of action in children is 

needed. It is unknown whether children differ from adults in their susceptibility to health effects from 

exposure to ethylbenzene.  Pharmacokinetic studies investigating whether ethylbenzene or its active 

metabolites cross the placenta or are transferred into breast milk would be useful.  Studies to determine 

whether there are specific biomarkers of exposure in children would be helpful in monitoring the 

exposure of children to this chemical.  In addition, information describing methods of reducing toxic 

effects and decreasing body burden in children might be helpful.   

Child health data needs relating to exposure are discussed in Section 6.8.1, Identification of Data Needs:  

Exposures of Children. 

3.12.3 Ongoing Studies 

Ongoing studies pertaining to ethylbenzene have been identified and are shown in Table 3-9 (FEDRIP 

2007). 
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Table 3-9. Ongoing Studies on Ethylbenzene 

Investigator Affiliation Research description Sponsor 
Thrall KD 

Backes WL 

Burke J 

Davis-Hoover W 

Venosa A 

Vroblesky DA 

Jayarao BM 

Sylva TY 

Holm RH 

Miknis F 

Starr RC 

Friesen DT 

Sibold J 

Battelle Pacific 

Northwest 

Laboratories


Louisiana State 

University  


Environmental 

Protection

Agency 

Environmental 

Protection

Agency 

Environmental 

Protection

Agency 

Department of the 

Interior, U.S. 

Geological 

Survey, Water 

Resources 

Division 

Pennsylvania

State University, 

Veterinary

Science 

University of 

Hawaii, Molecular 

Biosciences and 

Biosystems


Harvard 

University, 

Department of 

Chemistry 

FETC-MGN


Idaho National 

Engineering and 

Environmental 

Laboratory  

Bend Research, 

Inc.

Golden 

Technologies 

Company, Inc.


Dermatopharmacokinetics of paint solvents. 


Identify conditions under which individuals 

may be susceptible to alkylbenzene-induced 

toxicity. 

A critical review and probabilistic model input 

distribution development for 

microenvironmental exposures to benzene. 

Determining if biologically active in situ

BioNets could bioremediate methyl-tert-butyl 

ether and BTEX contaminated groundwater. 

Treatability of co-mingled groundwater plume 

contaminated with polycyclic aromatic 

hydrocarbons. 

Remediation of JP-4 contamination using 

hydraulic containment and in situ 

biodegradation at the Defense Fuel Supply 

Center, Charleston, South Carolina. 


Bioreporter-based technology for detection of 

organic toxicants directly from milk and milk 

products.


Application of bioremediation to hydrocarbon 

contaminated soils. 


Transformations catalyzed by the 

molybdenum and tungsten oxotransferases 

and hydroxylases.


Noncatalytic concept for the direct conversion 

of fossil fuels and hydrocarbon-containing

materials to transportation fuels with 

simultaneous reduction in the heteroatom

content. 

Development and testing of an in situ system 

for remediating groundwater contaminated 

with BTEX. 


High-performance membranes for gas, vapor, 

and liquid separations. 

Investigating the use of ceramic membranes 

in dehydrogenation reactions.


National Institute for 
Occupational safety 
and Health 
National Institute of 
environmental 
Health Sciences 
Environmental 
Research 
Laboratories 
Risk Management 
Resource Library 

Risk Management 
Resource Library 

Department of the 
Interior, U.S. 
Geological Survey, 
Water Resources 
Division 

Pennsylvania State 
University, 
Veterinary Science 

University of Hawaii, 
Molecular 
Biosciences and 
Biosystems 
National Science 
Foundation 

Office of Fossil 
Energy 

Office of Fossil 
Energy 

Office of Energy 
Research 
Energy Efficiency, 
Department of 
Energy 
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Table 3-9. Ongoing Studies on Ethylbenzene 

Investigator 
Ittrell J 

aPierre R 

Affiliation 
SE, Inc. 

Recision 
Combustion, Inc 

Research description Sponsor 
Advanced low temperature emissions control 
technology for MTB destruction. 

SE, Inc. 

Investigating ano-zeolite coatings on microlith 
substrates for high selectivity chemical 
reactions. 

Recision 
Combustion, Inc. 

BTEX = benzene, toluene, ethylbenzene, and xylenes 

Source: FEDRIP 2007 
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4. CHEMICAL AND PHYSICAL INFORMATION 

4.1 CHEMICAL IDENTITY  

Ethylbenzene is an aromatic hydrocarbon that occurs naturally in petroleum and is a component of 

aviation and automotive fuels.  It is used as a solvent and in the production of synthetic rubber and 

styrene.  Information regarding the chemical identity of ethylbenzene is located in Table 4-1. 

4.2 PHYSICAL AND CHEMICAL PROPERTIES  

Ethylbenzene is a colorless liquid with an aromatic odor.  Information regarding the physical and 

chemical properties of ethylbenzene is located in Table 4-2.  Ethylbenzene is a flammable and 

combustible liquid.  Vapors are heavier than air and may travel to a source of ignition and flash back.  

Liquid ethylbenzene floats on water and may travel to a source of ignition and spread fire.  Combustion 

may produce irritants and toxic gases (NFPA 1994). Ethylbenzene may accumulate static electricity and 

will react with oxidizing materials (NFPA 1994). 
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Table 4-1. Chemical Identity of Ethylbenzene 

Characteristic Information Reference 
Chemical name Ethylbenzene Budavari and O'Neil 1989 
Synonym(s) EB; ethyl benzene; ethylbenzol; HSDB 2007 

phenylethane; etilbenzene; 
ethylbenzeen; aethylbenzol 

Registered trade name(s) No data 
Chemical formula C8H10 Budavari and O'Neil 1989 
Chemical structure CH3 

Verschueren 1983 

CH2 

Identification numbers: 
CAS registry 100-41-4 Budavari and O'Neil 1989 

 NIOSH RTECS NIOSH/DA0700000 RTECS 2007 
EPA hazardous waste F003 HSDB 2007 

 OHM/TADS 7216709 HSDB 1995 
DOT/UN/NA/IMDG shipping UN 1175; IMDG 3.2  HSDB 2007 
HSDB 84 HSDB 2007 
NCI NCI-C56393 HSDB 2007 
STCC 49 091 63 HSDB 2007 

CAS = Chemical Abstracts Service; DOT/UN/NA/IMDG = Department of Transportation/United Nations/North 
America/International Maritime Dangerous Goods Code; EPA = Environmental Protection Agency; 
HSDB = Hazardous Substances Data Bank; NCI = National Cancer Institute; NIOSH = National Institute for 
Occupational Safety and Health; OHM/TADS = Oil and Hazardous Materials/Technical Assistance Data System; 
RTECS = Registry of Toxic Effects of Chemical Substances; STCC = Standard Transport Commodity Code 
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Table 4-2. Physical and Chemical Properties of Ethylbenzene 

Property Information Reference 
Molecular weight 106.17 Lide 1994 
Color Colorless Budavari and O'Neil 1989 
Physical state Liquid Budavari and O'Neil 1989 
Melting point -95 °C Lide 1994 
Boiling point 136.2 °C Lide 1994 
Density at 20 °C/4 °C 0.8670 Lide 1994 

at 25 °C/25 °C 0.866 Budavari and O'Neil 1989 
Odor Sweet, gasoline-like CHRIS 1985 
Odor threshold: 
 Water 0.029 mg/L Amoore and Hautala 1983

0.140 mg/L Rosen et al. 1963; Verschueren 1983 
Air 2.3 ppm Amoore and Hautala 1983

2–2.6 mg/m3 Verschueren 1983 
Solubility: 
Water at 0 °C 197 mg/L Polak and Lu 1973 

at 15 °C 140 mg/L Verschueren 1983 
at 20 °C 152 mg/L Verschueren 1983 
at 25 °C 160 mg/L Amoore and Hautala 1983 
at 25 °C 177 mg/L Polak and Lu 1973 
at 25 °C 208 mg/L Bohon and Claussen 1951 

Organic solvents Miscible with usual organic solvents Budavari and O'Neil 1989 
Soluble in alcohol and ether Lide 1994 

Partition coefficients: 
 Log Kow 4.34 EPA 1982 

3.13 Yalkowsky and Valvani 1976 
3.15 Hansch and Leo 1979 

 Log Koc 2.22 (calculated) Chiou et al. 1983 
2.38 (measured) Hodson and Williams 1988 
2.40 (calculated) Vowles and Mantoura 1987 

Vapor pressure  
at 20 °C 7 mm Hg Verschueren 1983 
at 25 °C 1.27 kPa (9.53 mm Hg) Mackay and Shiu 1981 
at 25.9 °C 10 mm Hg Sax and Lewis 1989 
at 30 °C 12 mm Hg Verschueren 1983 

Henry's law constant: 
at 20 °C 6.6x10-3 atm-m3/mol EPA 1982 
at 20 °C 8.7x10-3 atm-m3/mol Lyman et al. 1982 
at 25 °C 8.43x10-3 atm-m3/mol Mackay et al. 1979 
at 25 °C 7.9x10-3 atm-m3/mol Mackay and Shiu 1981 
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Table 4-2. Physical and Chemical Properties of Ethylbenzene 

Property Information Reference 
Autoignition temperature 810 °F (432 °C) NFPA 1994 

Flash point 70 °F (21 °C) NFPA 1994 

Flammability limits 0.8 (lower) vol% –6.7 (upper) vol% NFPA 1994 

Conversion factors 1 mg/m3=0.230 ppm Verschueren 1983 

(25 °C, 1 atm) 1 ppm=4.35 mg/m3
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5.1 PRODUCTION 

Ethylbenzene is primarily produced by the alkylation of benzene with ethylene in liquid-phase slurry 

reactors promoted with aluminum trichloride catalysts or by vapor-phase reaction of benzene with dilute 

ethylene-containing feedstock with a boron trifluoride catalyst supported on alumina (Clayton and 

Clayton 1981; HSDB 2007; Ransley 1984).  Other methods of manufacturing ethylbenzene include 

preparation from acetophenone, dehydrogenation of naphthenes, catalytic cyclization and aromatization, 

separation from mixed xylenes via fractionation, reaction of ethylmagnesium bromide and chlorobenzene, 

extraction from coal oil, and recovery from benzene-toluene-xylene (BTX) processing (Clayton and 

Clayton 1981; HSDB 2007; Ransley 1984).  Commercial grades of ethylbenzene may also contain small 

amounts of m-xylene, p-xylene, cumene, and toluene (HSDB 2007). 

Ethylbenzene is traditionally ranked as one of the top 50 chemicals produced in the United States.  

Table 5-1 shows the historical production volumes of ethylbenzene from 1983 to 2005 (C&EN 1994a, 

1994b, 1995, 2006; Kirschner 1995).   

Table 5-2 lists the facilities in each state that manufacture or process ethylbenzene, the intended use, and 

the range of maximum amounts of ethylbenzene that are stored on site.  There are currently 

3,558 facilities that produce, process, or use ethylbenzene in the United States.  The data listed in 

Table 5-2 are derived from the Toxics Release Inventory (TRI05 2007).  These data should be used with 

caution however since only certain types of facilities are required to report (EPA 1995d).  Therefore, this 

is not an exhaustive list. 

Currently, there are eight major producers of ethylbenzene in the United States, with a combined annual 

production capacity of approximately 15.8 billion pounds (SRI 2006).  These producers and their 

respective plant locations are provided in Table 5-3. 

5.2 IMPORT/EXPORT 

According to the Chemical Marketing Reporter, import volumes were negligible in 2002 and were 

4.95x107 kg (109 million pounds) in 2003 (CMR 2004).  Import volumes for ethylbenzene have been  
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Table 5-1. Ethylbenzene Production in the United States from 1983 to 2005 

Production in thousands of Production in billions of 
Year metric tons pounds 
1983 3,583 7.9 
1984 3,447 7.6 
1985 3,357 7.4 
1986 4,082 9.0 
1987 4,218 9.3 
1988 4,491 9.9 
1989 4,173 9.2 
1990 3,810 8.4 
1991 5,171 11.4 
1992 5,035 11.1 
1993 5,352 11.8 
1994 5,398 11.9 
1995 6,194 13.7 
1996 4,699 10.4 
1997 5,432 12.0 
1998 5,743 12.7 
1999 5,945 13.1 
2000 5,968 13.2 
2001 4,642 10.2 
2002 5,412 11.9 
2003 5,578 12.3 
2004 5,779 12.7 
2005 5,251 11.6 

Source: C&EN 1994a, 1994b, 1995, 2006; Kirschner 1995 
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Table 5-2. Facilities that Produce, Process, or Use Ethylbenzene 

Minimum 
Number of amount on site Maximum amount 

Statea facilities in poundsb on site in poundsb Activities and usesc 

AK 21 0 49,999,999 1, 2, 3, 4, 5, 7, 8, 9, 10, 12 
AL 105 0 99,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
AR 48 0 9,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
AS 1 100,000 999,999 9 
AZ 33 100 9,999,999 1, 2, 4, 5, 7, 8, 9, 10, 11, 12, 13 
CA 230 0 99,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
CO 32 0 9,999,999 1, 2, 3, 4, 6, 7, 8, 9, 10, 11, 12, 13 
CT 37 0 999,999,999 1, 2, 3, 4, 6, 7, 8, 9, 10, 11, 12, 13, 14 
DE 17 0 49,999,999 1, 2, 3, 6, 7, 8, 10, 11, 12, 13 
FL 61 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 14 
GA 81 0 99,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
GU 7 100 9,999,999 2, 3, 4, 7, 9, 12 
HI 20 100 9,999,999 1, 2, 3, 4, 5, 6, 7, 9, 10, 12, 13, 14 
IA 53 0 9,999,999 1, 2, 3, 6, 7, 8, 9, 10, 11, 12, 13 
ID 4 1,000 999,999 1, 5, 7, 9, 11, 12 
IL 149 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
IN 131 0 49,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
KS 90 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
KY 90 0 49,999,999 1, 2, 3, 4, 5, 7, 8, 9, 10, 11, 12, 13, 14 
LA 223 0 999,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
MA 42 100 99,999,999 1, 2, 4, 5, 7, 8, 9, 10, 11, 12, 14 
MD 52 100 9,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
ME 15 100 49,999,999 2, 3, 4, 7, 9, 10, 11, 12 
MI 178 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
MN 79 0 99,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
MO 92 0 9,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
MP 7 0 999,999 2, 3, 4, 7, 9 
MS 72 0 49,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
MT 19 10,000 9,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 12, 13, 14 
NC 67 0 49,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
ND 11 1,000 9,999,999 1, 2, 3, 4, 6, 7, 9, 10, 12 
NE 22 0 9,999,999 1, 2, 3, 7, 8, 10, 11, 12 
NH 15 0 999,999 2, 7, 9, 10, 11, 12, 13 
NJ 101 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
NM 29 1,000 9,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 13 
NV 13 100 999,999 1, 2, 4, 7, 8, 9, 11, 12 
NY 81 0 49,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
OH 168 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
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Table 5-2. Facilities that Produce, Process, or Use Ethylbenzene 

Minimum 
Number of amount on site Maximum amount 

Statea facilities in poundsb on site in poundsb Activities and usesc 

OK 57 100 99,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
OR 35 0 9,999,999 1, 2, 3, 4, 5, 7, 8, 9, 10, 11, 12, 13 
PA 136 0 49,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
PR 57 100 10,000,000,000 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
SC 52 0 9,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
SD 8 100 99,999 7, 10, 11 
TN 78 0 49,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
TX 393 0 10,000,000,000 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
UT 45 100 9,999,999 1, 2, 3, 4, 6, 7, 8, 9, 10, 11, 12, 13 
VA 66 0 49,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
VI 8 10,000 49,999,999 1, 2, 3, 4, 6, 7, 8, 9 
VT 5 0 999,999 7, 11 
WA 66 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
WI 72 0 9,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
WV 58 0 9,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
WY 35 1,000 9,999,999 1, 2, 3, 4, 5, 6, 7, 9, 10, 11, 12, 13, 14 

aPost office state abbreviations used 
bAmounts on site reported by facilities in each state 
cActivities/Uses: 
1. Produce 
2. Import 
3. Onsite use/processing 
4. Sale/Distribution 
5. Byproduct 

6. Impurity 
7. Reactant 
8. Formulation Component 
9. Article Component 
10. Repackaging 

11. Chemical Processing Aid 
12. Manufacturing Aid  
13. Ancillary/Other Uses 
14. Process Impurity 

Source: TRI05 2007 (Data are from 2005) 
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Table 5-3. Manufacturers and Annual Production Capacity of Ethylbenzene 

Annual capacity  
Manufacturer Plant location (millions of pounds) 
Chevron Phillips Chemical Company St. James, Louisiana 2,083 

Pascagoula, Mississippi 289 
Cos-Mar Company Carville, Louisiana 2,822 
The Dow Chemical Company Freeport, Texas 1,896 
INEOS America Texas City, Texas 1,124 
Lyondell Chemical Company Channelview, Texas 3,245 
NOVA Chemical Corporation Bayport, Texas 1,940 
Sterling Chemicals Incorporated Texas City, Texas 1,920 
Westlake Styrene Corporation Sulphur, Louisiana 450 
Total capacity  15,769 

Source: SRI 2006 
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relatively small as compared to annual production, typically representing ≤1% of the annual domestic 

production volume. 

U.S. exports for 2002 and 2003 were reported as 1.86x107 kg (41 million pounds) and 1.50x107 kg 

(33 million pounds), respectively (CMR 2004).  Export volumes for ethylbenzene have been relatively 

small typically representing ≤1% of the annual domestic production volume.  

5.3 USE 

Ethylbenzene is used primarily as a precursor in the production of styrene (ACGIH 2002; Ransley 1984; 

Verschueren 1983).  It is estimated that >99% of the ethylbenzene manufactured in the United States is 

ultimately used in styrene production, while the remainder is exported or sold in solvent applications 

(CMR 2004; HSDB 2007).  Minor uses of ethylbenzene include use as a solvent, as a constituent of 

asphalt and of naphtha, and in fuels (ACGIH 2002; Verschueren 1983).  Ethylbenzene is also used in the 

manufacture of acetophenone, cellulose acetate, diethylbenzene, ethyl anthraquinone, ethylbenzene 

sulfonic acids, propylene oxide, and α-methylbenzyl alcohol (HSDB 2007; Verschueren 1983). 

5.4 DISPOSAL 

Regulations governing the treatment and disposal of wastes containing ethylbenzene are detailed in 

Chapter 8. Recommended methods for the disposal of ethylbenzene include burial in a landfill and rotary 

kiln incineration, liquid injection incineration, and fluidized bed incineration (EPA 1981d; HSDB 2007).  

Ethylbenzene may be disposed of by adsorbing it in vermiculite, dry sand, earth, or a similar material and 

then by burial in a secured sanitary landfill or by atomizing in a suitable combustion chamber (IRPTC 

1985).  Ethylbenzene is a good candidate for liquid injection incineration at a temperature range of 650– 

1,600 °C and a residence time of 0.1–2 seconds; a candidate for rotary kiln incineration at a temperature 

range of 820–1,600 °C and a residence time of seconds for gases and liquids and hours for solids; and a 

good candidate for fluidized bed incineration at a temperature range of 450–980 °C and a residence time 

of seconds for gases and liquids, and longer for solids (HSDB 2007). 

The following waste water treatment technologies have been investigated for disposal of ethylbenzene; 

biological treatment, air and steam stripping, or activated carbon treatment (HSDB 2007).  Spent ethyl-

benzene solvents and still bottoms from the recovery of these solvents are designated hazardous wastes 
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and, as such, are subject to the Resource Conservation and Recovery Act (RCRA) of 1976 handling and 

record-keeping requirements (EPA 1992c). 

According to the TRI, in 2005, an estimated 177,331 pounds (80,436 kg) were transferred off-site, which 

includes releases to publicly owned treatment works (POTWs) (TRI05 2007).  No additional information 

was located on the trends in disposal methods related to ethylbenzene.  

***DRAFT FOR PUBLIC COMMENT*** 



150 ETHYLBENZENE 

5. PRODUCTION, IMPORT/EXPORT, USE, AND DISPOSAL 

This page is intentionally blank. 

***DRAFT FOR PUBLIC COMMENT*** 



151 ETHYLBENZENE 

6. POTENTIAL FOR HUMAN EXPOSURE 

6.1 OVERVIEW 

Ethylbenzene has been identified in at least 829 of the 1,689 hazardous waste sites that have been 

proposed for inclusion on the EPA National Priorities List (NPL) (HazDat 2007).  However, the number 

of sites evaluated for ethylbenzene is not known.  The frequency of these sites can be seen in Figure 6-1. 

Of these sites, 825 are located within the United States, 2 are located in the Commonwealth of Puerto 

Rico, and 2 are located in the Virgin Islands (not shown). 

Ethylbenzene is an aromatic hydrocarbon naturally present in crude petroleum.  It is also a combustion 

byproduct of biomass.  It is widely distributed in the environment because of human activities such as the 

use of fuels and solvents (which account for the bulk of emissions) and through chemical manufacturing 

and production activities. Because of its volatile nature, ethylbenzene tends to partition to the atmosphere 

when it is released to the environment; therefore, exposure to this chemical is most likely to occur by 

inhalation. However, it is also present in trace amounts in some water supplies and food items.  Thus, 

ingestion also may be an important exposure pathway in some cases.  Exposures from contaminated water 

may also occur via inhalation and dermal absorption during showering and other household activities 

(Beavers et al. 1996). 

Physical, chemical, and biological processes can remove ethylbenzene from the medium of concern and 

reduce human exposures. In the atmosphere, ethylbenzene exists primarily in the vapor phase.  Vapor 

phase ethylbenzene is removed from air by reacting with photochemically produced hydroxyl radicals, 

with an approximate half-life of 2 days.  Photolytic transformations may also take place in surface water 

in the presence of naturally occurring humic materials (sensitized photolysis).  Biologically induced 

transformations take place largely in soil and surface water in the presence of oxygen; however, anaerobic 

degradation can also occur in soil, sediment, and groundwater, but at a much slower rate than aerobic 

biodegradation.  Although chemical transformations can result in reduced exposures to ethylbenzene in 

the atmosphere, one toxic by-product of ethylbenzene photodegradation, peroxyacetylnitrate (PAN), may 

be of concern. Ethylbenzene, as well as a variety of other hydrocarbons, has been implicated in the 

atmospheric formation of PAN in smog (Yanagihara et al. 1977). 

The kinetics of partitioning and/or transformation processes are site-specific and depend upon many 

external factors.  For example, the extent of biodegradation observed in an environmental medium 
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depends upon the type and population of microorganisms present, the concentration of ethylbenzene, the 

presence of other compounds that may act as a substrate, and the presence or absence of oxygen.  

Biodegradation in soil will also compete with transport processes such as volatilization and infiltration to 

groundwater. Because ethylbenzene migration is only moderately retarded by adsorption onto soil, 

leaching of the compound to an anaerobic environment (groundwater) before biotransformation in soil is 

possible and may allow ethylbenzene to persist in an aquifer. 

Although information is limited on dietary exposures, ethylbenzene does not appear to significantly 

bioaccumulate in aquatic or terrestrial food chains, and human exposure through this route is not likely to 

be of concern. 

Exposure of the general population to ethylbenzene is possible through contact with gasoline, automobile 

emissions, solvents, pesticides, printing ink, varnishes, coatings, and paints.  Cigarette smoke also has 

been identified as a source of exposure to this chemical.  Ethylbenzene is widely present at low 

concentrations in rural, suburban, and urban atmospheres with the highest concentrations generally 

detected in areas of gasoline stations, tunnels, highways, and parking lots.  Ethylbenzene is also present in 

indoor air.  Very often ethylbenzene levels in indoor air exceed the levels typically found in outdoor air.  

Occupational exposures are expected within the petroleum industry; within industries using solvents, 

paints, and coatings; and during the manufacture and handling of ethylbenzene and styrene (which is 

manufactured from ethylbenzene).  

Several groups within the general population may have potentially higher exposures to ethylbenzene by 

inhalation, oral, or dermal contact with contaminated drinking water or soil.  These groups include 

individuals living near manufacturing and processing facilities, petroleum refineries, and hazardous waste 

disposal sites. Exposures associated with the consumption of contaminated drinking water as well as with 

inhalation and dermal exposure during showering and bathing in contaminated water would be expected 

for individuals that derive their primary drinking water supply from residential wells downgradient of 

uncontrolled landfills, hazardous waste sites, and leaking underground storage tanks that are contaminated 

with ethylbenzene.  Individuals living near these sites may also be exposed via dermal contact with, or 

ingestion of soil contaminated with ethylbenzene.  
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6.2 RELEASES TO THE ENVIRONMENT 

The Toxics Release Inventory (TRI) data should be used with caution because only certain types of 

facilities are required to report (EPA 2005).  This is not an exhaustive list.  Manufacturing and processing 

facilities are required to report information to the TRI only if they employ 10 or more full-time 

employees; if their facility is included in Standard Industrial Classification (SIC) Codes 10 (except 1011, 

1081, and 1094), 12 (except 1241), 20–39, 4911 (limited to facilities that combust coal and/or oil for the 

purpose of generating electricity for distribution in commerce), 4931 (limited to facilities that combust 

coal and/or oil for the purpose of generating electricity for distribution in commerce), 4939 (limited to 

facilities that combust coal and/or oil for the purpose of generating electricity for distribution in 

commerce), 4953 (limited to facilities regulated under RCRA Subtitle C, 42 U.S.C. section 6921 et seq.), 

5169, 5171, and 7389 (limited S.C. section 6921 et seq.), 5169, 5171, and 7389 (limited to facilities 

primarily engaged in solvents recovery services on a contract or fee basis); and if their facility produces, 

imports, or processes ≥25,000 pounds of any TRI chemical or otherwise uses >10,000 pounds of a TRI 

chemical in a calendar year (EPA 2005). 

6.2.1 Air 

Estimated releases of 4,887,109 pounds (~2,217 metric tons) of ethylbenzene to the atmosphere from 

1,508 domestic manufacturing and processing facilities in 2005, accounted for about 83% of the estimated 

total environmental releases from facilities required to report to the TRI (TRI05 2007).  These releases are 

summarized in Table 6-1. 

The majority of ethylbenzene releases to the environment occur to the atmosphere.  Because of its 

frequent use, and production in manufacturing operations, ethylbenzene is an important industrial 

chemical.  Ethylbenzene is consistently ranked among the top 50 chemicals produced in the United States, 

with total production ranging from approximately 11 to 13 billion pounds annually (C&EN 1995, 2006; 

Kirschner 1995). In 2005, 11.6 billion pounds of ethylbenzene were produced by U.S. manufacturers 

(C&EN 2006). Its release can occur during manufacturing, processing, and handling.  In 1978, emissions 

of ethylbenzene in the United States from catalytic reformate production alone were estimated at over 

2 million pounds (Fishbein 1985).  Fuels and solvents, however, are considered to account for the bulk of 

emissions (Fishbein 1985).  Ethylbenzene has been measured from tail pipe emissions of gasoline-

powered vehicles at a weighted average rate of 12 mg/km (considering both catalyst and noncatalyst 

equipped cars) (Hampton et al. 1983).  Exposures to ethylbenzene can also occur while individuals are 
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Table 6-1. Releases to the Environment from Facilities that Produce, Process, or 

Use Ethylbenzenea


Reported amounts released in pounds per yearb 

Total release 

Statec RFd Aire Waterf UIg Landh Otheri 
On-sitej Off-sitek 

On- and off-
site 

AK 10 6,087 16 0 119 7 6,222 7 6,229 
AL 33 255,783 735 0 225 333 256,523 553 257,076 
AR 13 27,082 1 0 27 0 27,083 27 27,110 
AZ 15 37,016 17 0 5 250 37,038 250 37,288 
CA 95 70,285 41 20 9,996 2,179 79,382 3,139 82,521 
CO 11 3,821 0 0 255 0 3,821 255 4,076 
CT 11 3,902 1 0 0 0 3,903 0 3,903 
DE 4 5,326 1,200 0 38 0 6,526 38 6,564 
FL 35 85,985 10 0 0 227 85,995 227 86,222 
GA 33 138,453 3 0 282 2,591 138,456 2,873 141,329 
GU 2 2,528 1 0 0 164 2,529 164 2,693 
HI 8 2,193 50 0 420 16 2,248 431 2,679 
IA 22 50,060 0 0 0 0 50,060 0 50,060 
ID 3 1,234 No data 0 14 49,480 1,246 49,482 50,728 
IL 71 198,784 439 0 17,644 6,922 199,369 24,420 223,789 
IN 73 302,906 561 0 45 562 303,477 597 304,074 
KS 26 140,531 23 50 1,075 5 140,855 829 141,684 
KY 39 172,670 30 0 17,524 9 172,701 17,532 190,234 
LA 71 277,504 797 0 1,465 8 278,347 1,427 279,774 
MA 17 8,392 32 0 53 5,647 8,468 5,655 14,124 
MD 22 23,765 6 0 2 21 23,771 23 23,794 
ME 4 1,110 10 0 0 1,301 1,120 1,301 2,421 
MI 72 477,436 6 2 19,915 839 477,441 20,756 498,197 
MN 24 68,457 13 0 70 16 68,470 86 68,556 
MO 47 262,200 1 0 251 335 262,201 586 262,787 
MP 2 165 0 0 0 1 165 1 166 
MS 24 165,820 39 0 288 0 165,859 288 166,147 
MT 6 5,177 1 0 55 0 5,182 52 5,234 
NC 28 70,213 0 0 63 321 70,220 378 70,598 
ND 2 3,800 1 0 0 2 3,801 2 3,803 
NE 6 3,784 No data 0 3,253 0 3,830 3,207 7,037 
NH 3 253 No data 0 0 0 253 0 253 
NJ 42 38,157 255 0 1,701 131 39,737 507 40,244 
NM 10 11,878 5 5 14 1,843 11,895 1,850 13,745 
NV 4 733 No data 0 0 0 733 0 733 
NY 53 44,128 257 0 2,560 3,126 45,664 4,407 50,071 
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Table 6-1. Releases to the Environment from Facilities that Produce, Process, or 

Use Ethylbenzenea


Reported amounts released in pounds per yearb 

Total release 

Statec RFd Aire Waterf UIg Landh Otheri 
On-sitej Off-sitek 

On- and off-
site 

OH 112 386,690 79 87 3,991 1,945 387,970 4,822 392,792 
OK 19 64,380 27 18 659 705 64,939 850 65,789 
OR 13 19,002 0 0 85 0 19,002 85 19,087 
PA 74 153,444 111 0 1,660 2,528 153,555 4,187 157,742 
PR 11 24,646 6 0 47 17 24,699 17 24,715 
RI 2 576 4 0 0 1,228 580 1,228 1,808 
SC 14 50,350 7 17 39 11,326 50,357 11,382 61,739 
SD 4 32,447 No data 0 0 0 32,447 0 32,447 
TN 36 340,519 23 0 760 250 340,542 1,010 341,552 
TX 168 571,385 2,884 788,674 8,853 2,814 1,364,743 9,866 1,374,610 
UT 12 3,955 750 0 18 22 4,710 35 4,745 
VA 24 82,340 141 0 254 0 82,482 254 82,736 
VI 3 10,738 0 0 10 0 10,738 10 10,748 
VT 1 510 No data 0 0 0 510 0 510 
WA 19 20,050 10 0 54 18 20,082 51 20,133 
WI 34 69,451 5 0 826 453 69,456 1,278 70,735 
WV 15 81,962 8 0 250 398 81,970 648 82,618 
WY 6 7,046 0 0 505 0 7,296 255 7,551 
Total 1,508 4,887,109 8,606 788,874 95,372 98,040 5,700,669 177,331 5,878,000 

aThe TRI data should be used with caution since only certain types of facilities are required to report.  This is not an 

exhaustive list.  Data are rounded to nearest whole number.

bData in TRI are maximum amounts released by each facility.

cPost office state abbreviations are used. 

dNumber of reporting facilities.

eThe sum of fugitive and point source releases are included in releases to air by a given facility. 

fSurface water discharges, waste water treatment-(metals only), and publicly owned treatment works (POTWs) (metal 

and metal compounds). 

gClass I wells, Class II-V wells, and underground injection. 

hResource Conservation and Recovery Act (RCRA) subtitle C landfills; other on-site landfills, land treatment, surface 

impoundments, other land disposal, other landfills. 

iStorage only, solidification/stabilization (metals only), other off-site management, transfers to waste broker for 

disposal, unknown 

jThe sum of all releases of the chemical to air, land, water, and underground injection wells. 

kTotal amount of chemical transferred off-site, including to POTWs. 


RF = reporting facilities; UI = underground injection 

Source: TRI05 2007 (Data are from 2005) 
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traveling in the passenger compartment of automobiles, and the chemical has been found at much higher 

concentrations during automobile engine malfunctions (Lawryk and Weisel 1996; Lawryk et al. 1995).   

Emissions from gasoline-powered vehicles were found to be somewhat higher than from diesel trucks 

(Hampton et al. 1983).  Similarly, ethylbenzene has been measured in jet fuel emissions (Katzman and 

Libby 1975) and has been reported in waste incinerator stack emissions (Jay and Steiglitz 1995; Junk and 

Ford 1980). Ethylbenzene has also been shown to be released into the atmosphere from volatile organic 

compound (VOC)-laden waste water in municipal sewer systems (Quigley and Corsi 1995). 

Emissions of ethylbenzene can arise from transport of hot asphalt from a manufacturing plant to a paving 

site and from subsequent road paving operations.  Kitto et al. (1997) measured the emissions of volatile 

organic compounds from Type I and Type II hot asphalts.  At 150 °C, the concentration of the ethyl-

benzene emissions from Type I asphalt was 800 μg/m3; at 200 °C, the concentration was 2,200 μg/m3, an 

increase by a factor of 2.8.  At 150 °C, the concentration of the ethylbenzene emissions from Type II 

asphalt was 7,000 μg/m3; at 200 °C, the concentration was 21,000 μg/m3, an increase by a factor of 3.   

Mukund et al. (1996) conducted chemical mass balance source apportionment modeling on a data set of 

142 3-hour integrated air samples collected at six different sites in three separate campaigns during the 

summer of 1989 in Columbus, Ohio.  The contributions (± standard error) to the observed atmospheric 

levels of ethylbenzene from the sources considered, expressed as percentage of measured average 

concentration, were: 55±11 from vehicle exhaust; 0.7±0.2 from gasoline vapor; 0±3 from natural gas; 

20±4 from industrial solvents; and 0±1 from the dry cleaning/degreasing/waste water composite source.  

These five sources contributed an estimated 76±12% of the measured average concentration of 1.1 μg/m3. 

Ethylbenzene releases to the air especially in indoor environments can occur with the use of consumer 

products such as pesticides, liquid process photocopiers and plotters, solvents, carpet glue, paints, 

varnishes, automotive products, adhesives, and fabric and leather treatments that contain ethylbenzene 

(Hodgson et al. 1991; Lillo et al. 1990; NAS 1980; Otson et al. 1994; Sack et al. 1992; Wallace et al. 

1987b). Ethylbenzene (in addition to other aromatic hydrocarbons, such as benzene, styrene, and 

xylenes) has also been measured in cigarette smoke (Barrefors and Petersson 1993; Wallace et al. 1986, 

1987c). An analysis of indoor air in a home using gasoline-contaminated tap water found that exposures 

to ethylbenzene could occur via inhalation during showering and other household activities (Beavers et al. 

1996).  Ethylbenzene concentrations in the shower area were often one to two orders of magnitude higher 

than in other areas of the home.  
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Ethylbenzene has been identified in air samples collected at 121 of the 829 NPL hazardous waste sites 

respectively, where it was detected in some environmental media (HazDat 2007). 

6.2.2 Water 

Estimated releases of 8,606 pounds (~3.9 metric tons) of ethylbenzene to surface water from 

1,508 domestic manufacturing and processing facilities in 2005, accounted for <1% of the estimated total 

environmental releases from facilities required to report to the TRI (TRI05 2007).  An additional 

177,331 pounds (80.4 metric tons) were transferred off-site or released to publicly owned treatment works 

(POTWs) (TRI05 2007).  These releases are summarized in Table 6-1. 

Releases to water can occur as a result of industrial discharges (Snider and Manning 1982), fuel spillage 

(Gschwend et al. 1982; Tester and Harker 1981), leaking petroleum pipelines or underground storage 

tanks (Cotruvo 1985), landfill leachate (Barker 1987; Beavers et al. 1996; Chen and Zoltek 1995; 

Hallbourg et al. 1992), and the inappropriate disposal of wastes containing ethylbenzene (Eiceman et al. 

1986). Ethylbenzene emissions to oceans occur as a result of offshore oil production, hydrocarbon 

venting, oil field brines, and tanker oil spills (Sauer et al. 1978).  Sauer and Tyler (1995) reported that 

ethylbenzene was one of the most commonly detected VOCs in motor vehicle waste fluids released from 

routine vehicle maintenance shops entering catch basins and septic tanks in Wisconsin.  Ethylbenzene 

was detected at a mean concentration of 11 ppb (range 3–98 ppb) in catch basin waste water, 1.5 ppb 

(range 7–23 ppb) in septic tank effluent, and 8 ppb (range 9–53 ppb) in septic tank sludge.  

Ethylbenzene has been identified in surface water at 123 sites and groundwater collected at 557 of the 

829 NPL hazardous waste sites respectively, where it was detected in some environmental media (HazDat 

2007). 

6.2.3 Soil 

Estimated releases of 95,372 pounds (~43.3 metric tons) of ethylbenzene to soils from 1,508 domestic 

manufacturing and processing facilities in 2005, accounted for about 2% of the estimated total 

environmental releases from facilities required to report to the TRI (TRI05 2007).  An additional 

788,874 pounds (~357.8 metric tons), constituting about 13% of the total environmental emissions, were 

released via underground injection (TRI05 2007).  These releases are summarized in Table 6-1. 
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Ethylbenzene can be released to soils through the spilling of gasoline and other fuels (Sauer and Tyler 

1995; Tester and Harker 1981); through the disposal of solvents and household products such as paint, 

cleaning and degreasing solvents, varnishes, and pesticides; through emissions from leaking underground 

storage tanks (Cotruvo 1985); and leaching from landfill sites (Barker 1987). 

Ethylbenzene has been identified in soil and sediment samples collected at 469 and 144 of the 829 NPL 

hazardous waste sites respectively, where it was detected in some environmental media (HazDat 2007). 

6.3 ENVIRONMENTAL FATE 

6.3.1 Transport and Partitioning 

The large vapor pressure and Henry’s law constant of ethylbenzene (Table 4-2) suggests a moderate to 

strong tendency for ethylbenzene to partition into the atmosphere where it will exist predominantly in the 

vapor phase (Eisenreich et al. 1981; Mackay 1979; Masten et al. 1994).  Depending upon site-specific 

conditions, releases to surface soil can result in substantial losses to the atmosphere in addition to 

subsurface infiltration. Since it has a moderately high vapor pressure, ethylbenzene will evaporate fairly 

rapidly from dry soil.  Vapor phase transport will occur from subsurface releases (i.e., from leaking 

underground storage tanks) and during migration through unsaturated soil pore spaces (Rhue et al. 1988).  

Atmospheric reaction with hydroxyl radicals can limit the atmospheric transport of ethylbenzene (Dewulf 

and van Langenhove 1997). 

The large Henry's law constant (Table 4-2), which measures partitioning between water and air, indicates 

that a significant proportion of ethylbenzene will partition from water into air (Mackay 1979; Masten et 

al. 1994).  Ethylbenzene dissolved in surface water, soil pore water, or groundwater will thus migrate into 

an available atmospheric compartment until its saturated vapor concentration is reached.  The 

volatilization half-life of ethylbenzene in a constructed wetland (length=228 m, width=60 m, depth=0.5– 

1.5 m) located in Phoenix, Arizona ranged from approximately 40 to 200 hours (Keefe et al. 2004). 

Based on log Koc values in the range of 2.2–2.4 (Table 4-2) and using the classification scheme of Swann 

et al. (1983), ethylbenzene is classified as having moderate mobility in soils.  Sorption and retardation by 

soil organic carbon content will occur to a moderate extent, but sorption is not significant enough to 

completely prevent migration in most soils.  Particularly in soils with low organic carbon content, 
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ethylbenzene will tend to leach into groundwater.  Mobility is also possible in aquifers that contain very 

little solid-phase organic matter, a condition common to sand and gravel aquifers (Ptacek et al. 1984).  

Sorption and desorption experiments performed by Dewulf et al. (1996) demonstrated that the sorption 

process of ethylbenzene on marine sediments is reversible and that the sorption is even lower than 

expected from the log Kow data and the organic carbon content of the sediment.  They concluded that the 

marine sediment compartment is not an important sink for the VOCs investigated when they are released 

to water. 

When ethylbenzene is part of a complex mixture of hydrocarbons associated with a petroleum spill or 

leak, the proportion of ethylbenzene that will bind to soil versus the amount that will migrate toward 

groundwater depends primarily on the type of soil, the particular petroleum product in which the 

ethylbenzene is dissolved, the size of the spill, and the amount of rainfall (Stokman 1987).  For example, 

the solubility of ethylbenzene varies in accordance with the presence of other petroleum products (Ptacek 

et al. 1984). While the pure compound solubility of ethylbenzene in water is 180 mg/L, its solubility in 

water equilibrated with JP-jet fuel is 10.6 mg/L (Burris and MacIntyre 1984).  Potter (1993) also reported 

that the equilibrium aqueous solubility of ethylbenzene was 2.4 mg/L with gasoline, 0.18 mg/L with 

diesel fuel, and 0.007 mg/L with #6 fuel oil equilibrated with groundwater.  Both of these authors 

calculated the solubility concentrations of ethylbenzene in water equilibrated with various petroleum 

products. In addition, solvent spills of chemicals such as ethylbenzene may enhance the mobility of other 

organic chemicals, which do strongly adsorb to soil (Rao et al. 1985).  No information was found 

concerning bioavailability of ethylbenzene from soil for human dermal or oral uptake. 

Boyd et al. (1990) reported that corn residues high in organic matter that were left on the surface of a no 

tillage field, adsorbed a significantly greater amount of ethylbenzene as compared with surface soil.  The 

authors suggested that the highly lipophilic plant cuticle appears to be the sorptive component.  Kango 

and Quinn (1989) also reported that humic acid adsorbed higher amounts of ethylbenzene and xylenes 

ranging from 40 to 77 times greater than soil. 

Once in the atmosphere, ethylbenzene will be transported until it is removed by physical or chemical 

processes. Physical removal processes, which involve partitioning into clouds or rainwater, are relevant 

to ethylbenzene, which has been measured in Los Angeles rainwater (Kawamura and Kaplan 1983).  The 

concentrations of several dissolved organic chemicals in rainwater and in the atmosphere during rainfall 

events were measured by Ligocki et al. (1985).  The authors found that the concentration of ethylbenzene 

in rain water was approximately equal to the inverse of the dimensionless Henry's law constant 
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(Table 4-2) at atmospheric temperatures.  This indicates that ethylbenzene is removed from the 

atmosphere through precipitation, but it can re-enter the atmospheric environment upon evaporation. 

In comparison to chemicals such as polychlorinated biphenyls (PCBs), DDT, and other chlorinated 

pesticides, which are of great concern with respect to bioaccumulation, ethylbenzene does not 

significantly bioaccumulate in aquatic food chains.  A measured bioconcentration factor (BCF) of 15 was 

reported for ethylbenzene in goldfish (Ogata et al. 1984).  A BCF value of 53 was estimated in fish, using 

a log Kow of 3.15 and a regression derived equation (Meylan et al. 1999).  A 3% weighted average lipid 

content in fish and shellfish was assumed by EPA in the calculation.  The calculated BCF is a theoretical 

value based on known constants, and is a conservative estimate of the bioconcentration of this chemical in 

fish. A calculated BCF of 167 was also estimated for fathead minnows (Pimephales promelas) (ASTER 

1995).  In a shellfish study, the ethylbenzene concentration in clam tissue was 5 times higher than that 

measured in water after an 8-day continuous-flow exposure to the water-soluble fraction of Cook Inlet 

crude oil (Nunes and Benville 1979). 

Ethylbenzene has also been found to partition into human tissues; primarily as a result of inhalation 

exposures (see Section 6.5).  Ethylbenzene has been detected in human adipose tissue (Sections 3.4.2.1 

and 3.8.1), blood (Section 3.4.1.1), and in breast milk (Section 3.7).  No information was located 

concerning the bioavailability of ethylbenzene from contaminated soil or sediment either with respect to 

dermal exposure or oral intake via consumption of soil particles from unwashed hands. 

6.3.2 Transformation and Degradation  

6.3.2.1 Air 

Ethylbenzene undergoes atmospheric transformations through reaction with photochemically generated 

hydroxyl radicals (Atkinson et al. 1978; Ohta and Ohyama 1985; Ravishankara et al. 1978), NO3 radicals 

(Atkinson et al. 1987), and atomic oxygen (Grovenstein and Mosher 1970; Herron and Huie 1973).  Gas 

phase reactions with ozone and structurally similar molecules such as toluene have been observed 

(Atkinson and Carter 1984).  The predominant degradation pathway for ethylbenzene in the atmosphere 

occurs via reaction with hydroxyl radicals and nitrate radicals (which are only present during non daylight 

hours), with the other degradation mechanisms being of only minor importance.  The rate constant for the 

vapor phase reaction of ethylbenzene with photochemically generated hydroxyl radicals was measured as 

7.1x10-12 cm3 per molecule-second (Kwok and Atkinson 1994).  This corresponds to an atmospheric half­

***DRAFT FOR PUBLIC COMMENT*** 



162 ETHYLBENZENE 

6. POTENTIAL FOR HUMAN EXPOSURE 

life of approximately 2 days using a hydroxyl radical concentration of 5x105 hydroxyl radicals per cm3. 

The rate constant for the degradation of ethylbenzene with nitrate radicals was measured as 6x10-16 cm3 

per molecule-second (Atkinson et al. 1987).  Using a nighttime nitrate radical concentration of 

5x108 nitrate radicals per cm3, a half-life of approximately 26 days is estimated.  Atmospheric degradation 

occurs more rapidly during summer months as opposed to winter since the concentration of hydroxyl 

radicals in the atmosphere peaks during summer (Ravishankara et al. 1978; Singh et al. 1981), and is also 

faster under photochemical smog conditions (Dilling et al. 1976).  Oxidation by-products from the 

reaction with hydroxyl radicals and nitrogen oxides include ethylphenols, benzaldehyde, acetophenone, 

and m- and p-nitroethylbenzene (Hoshino et al. 1978).  The major degradation pathways for ethylbenzene 

in the atmosphere are summarized in Figure 6-2. 

Experiments conducted with various hydrocarbons on the formation of photochemical aerosols or the 

haze associated with smog revealed that aromatics such as ethylbenzene produced only low yields of 

aerosol when compared with more reactive compounds such as alkenes (O'Brien et al. 1975). The 

formation of PAN is related to the photoreactivity of the reacting hydrocarbon.  The photoreactivity of 

ethylbenzene is intermediate relative to other atmospheric hydrocarbons, and it is less reactive than 

gasoline, toluene, and alkenes such as propene (Yanagihara et al. 1977). 

6.3.2.2 Water 

In surface water, transformations of ethylbenzene may occur through two primary processes— 

photooxidation and biodegradation.  Since ethylbenzene does not contain hydrolysable functional groups 

at environmental pH (pH 5–9), hydrolysis is not considered an important environmental fate process.  

Although ethylbenzene does not absorb light in the environmental ultraviolet spectrum, it is capable of 

undergoing photooxidation in water through an indirect reaction with other light-absorbing molecules, a 

process known as sensitized photolysis.  The compounds 1-methylphenyl ketone (acetophenone), 

1-phenylethanol, and benzaldehyde were identified as degradation products from the laboratory 

photooxidation of ethylbenzene in both distilled water and seawater with anthraquinone used as a 

sensitizer (Ehrhardt and Petrick 1984).  In the environment, similar degradation is expected to occur in the 

presence of ubiquitous, naturally occurring humic material sensitizers.  The major degradation pathways 

for ethylbenzene in water are summarized in Figure 6-3. 

Biodegradation in aerobic surface water will compete with sensitized photolysis and transport processes 

such as volatilization. Volatilization and biodegradation of ethylbenzene in seawater have been observed  
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Figure 6-2. Major Degradation Pathways for Ethylbenzene in the Atmosphere 
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Figure 6-3. Major Degradation Pathways for Ethylbenzene in Water, Sediment, 
and Soil 
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by Gschwend et al. (1982), Masten et al. (1994), and Wakeham et al. (1983).  Migration from surface 

water to subsurface soil with low amounts of oxygen or to aquifers with lower microbial populations, 

however, will limit the rate of transformation.  No significant disappearance of ethylbenzene during 

11 weeks of incubation with bacteria under low oxygen (anoxic) conditions was observed by Bouwer and 

McCarty (1983).  Slow degradation of ethylbenzene was reported in anaerobic aquifer materials known to 

support methanogenesis, although a long acclimation period or lag time was required (Wilson et al. 1986).  

Less than 1% of the initial concentration of ethylbenzene remained after 120 weeks, indicating that, given 

sufficient time, ethylbenzene will be essentially completely biodegraded.   

Laboratory microcosm tests were conducted to determine optimum conditions for ethylbenzene bio­

degradation by aquifer microorganisms under denitrifying condition (Hutchins 1991).  Ethylbenzene was 

degraded to <5 μg/L when present as a sole source substrate and stoichiometric calculations indicated that 

nitrate removal was sufficient to account for 70–80% of the compound being mineralized.  Bio­

degradation did not occur without the presence of nitrate, and nitrate removal was minimal without the 

presence of the ethylbenzene over a 55-day incubation period.  In a laboratory microcosm containing 

aquifer material and groundwater from the North Bay site in Ontario, Canada, no significant loss of ethyl-

benzene was observed compared to unamended controls over a period of 187 days.  In another experiment 

conducted at the North Bay site that used in situ biodegradation columns, ethylbenzene was completely 

degraded in at least 1 of the 8 in situ columns in <100 days (Acton and Barker 1992).  In all cases, the 

authors attributed the ethylbenzene attenuation to biodegradation by methanogenic and fermentative 

bacteria. In another study using a laboratory scale flow-through aquifer column system, low dissolved 

oxygen (<1 mg/L) conditions were initiated with the nitrate-amended column influent in order to mimic 

contaminated groundwater conditions distal from a nutrient injection well (Anid et al. 1993). The authors 

reported that 40% of the ethylbenzene was removed after several months of operation.  In a similar study, 

using batch incubations seeded with four different aquifer materials, ethylbenzene was not degraded 

within 4 months in any of the denitrifying enrichments tested, even though nitrate reduction occurred.  

Burback and Perry (1993) reported than Mycobacterium vaccae can catabolize a number of major 

groundwater pollutants, including ethylbenzene.  At a concentration of 100 ppm, ethylbenzene was not 

measurably degraded; however, at 50 ppm, 80% of the added ethylbenzene was degraded.  A product 

peak of 4-ethylphenol was detected as well as a small amount of 1-phenylethanol.  

The contrast between biodegradation rates in the presence or absence of oxygen was demonstrated by a 

biofilm reactor study designed to simulate an aquifer (Bouwer and McCarty 1984).  Continuous-flow 

laboratory column studies under aerobic and methanogenic conditions were performed with mixed 
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bacterial cultures on glass beads.  In the aerobic biofilm column, 99% of the ethylbenzene initially present 

was degraded within a 20-minute detention time, while under methanogenic (anaerobic) conditions, only 

7% was degraded within a 2-day detention time. 

6.3.2.3 Sediment and Soil 

Biodegradation of ethylbenzene by aerobic soil microbes has been reported by various researchers.  The 

common soil microorganism Pseudomonas putida is able to utilize ethylbenzene as a sole source of 

carbon and energy (Fukuda et al. 1989; Gibson et al. 1973).  In some instances, co-oxidation or co­

metabolism was observed (i.e., ethylbenzene was degraded by Nocardia sp. in the presence of other 

compounds that are more readily metabolized by the microorganism) (Jamison et al. 1970; 

Van der Linden and Thijsse 1965).  Yadav and Reddy (1993) reported that the white-rot fungus 

Phanerochaete chrysosporium efficiently degraded ethylbenzene as well as other benzene, toluene, ethyl-

benzene, and xylenes (BTEX) compounds when these chemicals were added either individually or as a 

composite mixture.  In addition, substantially greater degradation of all the BTEX compounds was 

observed in static rather than in shaken liquid cultures.  Furthermore, degradation was greater at 25 °C 

than at 37 °C, but pH variations between 4.5 and 7 had little effect on the extent of the degradation.  Chen 

and Taylor (1995) reported that two thermophilic bacterial strains, Thermus aquaticus and an unidentified 

Thermus sp. degraded ethylbenzene (in a mixture with other BTEX chemicals) by 18% after 45 days of 

incubation at 70 °C and by 32% after 45 days of incubation at 60 °C, respectively.  Zappi et al. (1996) 

reported that ethylbenzene degraded rapidly in a pilot scale bioslurry reactor under aerobic conditions.  

The initial concentration (0.35 mg/kg) was degraded by 94% in 2 days.  

Biotic transformations by aerobic soil microbes involve oxidation of the ethyl side chain to form pheny­

lacetic acid (Van der Linden and Thijsse 1965) and 1-phenylethanol (Bestetti and Galli 1984); ring 

hydroxylation to form 2,3-dihydroxy-1-ethylbenzene (Gibson et al. 1973), 2-hydroxyphenlacetic acid, 

4-hydroxyphenylacetic acid, and 2,5- and 3,4-dihydroxyphenylacetic acid (Van der Linden and Thijsse 

1965); and ultimate ring cleavage to form straight chain carboxylic acids such as fumaric and acetoacetic 

acids (Van der Linden and Thijsse 1965).  The major degradation pathways for ethylbenzene are 

summarized in Figure 6-3. 

Anaerobic degradation of ethylbenzene based on observations from studies conducted under anaerobic 

conditions in other media and as discussed above (Bouwer and McCarty 1983, 1984; Wilson et al. 1986), 

would be much slower than that observed under aerobic conditions.  Ramanand et al. (1995) studied the 
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biodegradation of several organic pollutants including ethylbenzene in soil columns under denitrifying 

conditions. These authors reported that one of the significant factors governing biodegradation is the 

availability of suitable electron acceptors.  The biodegradation of ethylbenzene, toluene, and xylenes has 

been demonstrated in laboratory samples obtained from subsurface habitats or in pure cultures under 

dinitrifying conditions (Hutchins 1991; Hutchins et al. 1991).  Ramanand et al. (1995) reported that soil 

column bacteria, after sufficient acclimation time, metabolized 100–500 μM of toluene and ethylbenzene 

in <6 days under denitrifying conditions.  These compounds were successfully degraded under anoxic 

conditions by the addition of nitrate and by stimulating the indigenous soil denitrifying bacteria. 

The kinetics of biodegradation appear to be site specific, and depend upon factors such as the type and 

population of microbes present, the environmental temperature, the concentration of ethylbenzene, the 

presence of other compounds that may act as a substrate, and the amount of oxygen and electron 

acceptors present. Biodegradation in soil will also compete with migration processes such as 

volatilization and infiltration to groundwater.   

6.4 LEVELS MONITORED OR ESTIMATED IN THE ENVIRONMENT  

Reliable evaluation of the potential for human exposure to ethylbenzene depends in part on the reliability 

of supporting analytical data from environmental samples and biological specimens.  Concentrations of 

ethylbenzene in unpolluted atmospheres and in pristine surface waters are often so low as to be near the 

limits of current analytical methods.  In reviewing data on ethylbenzene levels monitored or estimated in 

the environment, it should also be noted that the amount of chemical identified analytically is not 

necessarily equivalent to the amount that is bioavailable.  The analytical methods available for monitoring 

ethylbenzene in a variety of environmental media are detailed in Chapter 7. 

6.4.1 Air 

Ambient air levels of volatile organic compounds, including ethylbenzene, were monitored as a part of a 

multi-media study known as the Lower Rio Grande Valley Environmental Scoping Study.  Monitoring 

was preformed at a “central” site and at a “border” site in the Brownsville, Texas, air shed in the spring 

and summer of 1993.  The median ambient concentration of ethylbenzene at the central site was 

0.80 μg/m3 (0.18 ppbv) (n=22; range=0.20–1.7 μg/m3 [0.046–0.39 ppbv]) in the spring and 0.4 μg/m3 

(0.09 ppb) (n=14; range=0.2–1.0 μg/m3 [0.04–0.2 ppbv]) in the summer.  These concentrations are either 

lower or comparable to those found in previous EPA and other monitoring investigations (Ellenson et al. 
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1997). The median indoor concentration of ethylbenzene for nine Rio Grande Valley residences 

measured in the spring was 1.00 μg/m3 (0.230 ppbv) compared to a median outdoor concentration of 

0.70 μg/m3 (0.16 ppbv); in the summer, the median indoor concentration of ethylbenzene for five 

residences was 1.40 μg/m3 (0.321 ppbv) compared to a median outdoor concentration of 0.35 μg/m3 

(0.080 ppbv) (Mukerjee et al. 1997).  The mean indoor concentration of ethylbenzene at the homes of 

46 high school students residing in New York City was 3.57 μg/m3 (0.821 ppbv) in the winter months as 

compared to a mean indoor concentration of 1.99 μg/m3 (0.458 ppbv) during the summer months (Kinney 

et al. 2002). The corresponding mean outdoor levels of ethylbenzene were 1.27 (0.292 ppbv) and 

1.88 μg/m3 (0.432 ppbv) in the winter and summer months, respectively.    

An update of the 1980 National Ambient Volatile Organic Compounds (VOC) database prepared for EPA 

summarized concentrations of ethylbenzene by site type (EPA 1988c).  Median values are reported 

because they are less biased by a few high or low concentrations and, thus, may better represent the data 

than would average values.  The median indoor concentration of ethylbenzene detected at 95 locations 

was 1.0 ppbv (4.4 μg/m3) (mean 2.9 ppbv), while personal air monitoring of 1,650 individuals found a 

median concentration of 1.3 ppbv (5.6 μg/m3) (mean 3.2 ppbv). 

Of particular interest is that personal air monitoring of indoor air found higher concentrations of ethyl-

benzene than those observed in outdoor air.  This was also observed during the Total Exposure 

Assessment Methodology (TEAM) Study conducted by EPA between 1979 and 1985 in an effort to 

measure exposures to 20 VOCs in personal air, outdoor air, and drinking water.  The major cause for the 

higher personal air concentrations was felt to be the presence of ethylbenzene sources in the home.  In the 

TEAM study, tobacco smoke was reported to be a main source of exposure to volatile aromatic 

compounds such as ethylbenzene (Wallace et al. 1987a, 1987c).  Based on the results of a stepwise 

regression carried out on data collected during the fall in New Jersey from 352 participants, overnight 

geometric mean ethylbenzene exposures of persons living in homes with smokers were approximately 

1.5 times the geometric mean exposures of persons living in homes without smokers.  The amount of 

ethylbenzene measured in mainstream smoke of a single cigarette containing 16 mg of tar and nicotine 

was 8 μg (Wallace et al. 1987c). Wallace et al. (1989) reported that a maximum outdoor air concentration 

of ethylbenzene of 7.4 μg/m3 (1.7 ppbv) was detected in nine outdoor samples collected at each of three 

houses while maximum indoor air concentrations at these same residences ranged from 5 to 110 μg/m3 

(1–25.3 ppbv).  Mean personal exposures averaged 28 μg/m3 (6.4 ppbv) (range 4.6–144 μg/m3 [1.0– 

33.1 ppbv]) and the personal/outdoor ratio for ethylbenzene was 16.  

***DRAFT FOR PUBLIC COMMENT*** 



169 ETHYLBENZENE 

6. POTENTIAL FOR HUMAN EXPOSURE 

The poor quality of indoor air has been linked to a number of symptoms (headache; nausea; irritation of 

the eyes, mucous membranes, and respiratory system; drowsiness; fatigue; and general malaise) which 

have been defined as "sick building" syndrome.  Kostiainen (1995) identified over 200 VOCs in the 

indoor air of 26 normal houses.  Ethylbenzene was detected in 100% of the houses studied at an average 

concentration of 3.2 μg/m3 [0.74 ppbv] (median 2.41 μg/m3 [0.554 ppbv], minimum 0.62 μg/m3 

[0.14 ppbv], and maximum 10.54 μg/m3 [2.42 ppbv] concentration).  The median concentration of ethyl-

benzene (2.41 μg/m3 [0.554 ppbv]) in these normal houses was lower in all but one case than ethyl-

benzene concentrations detected in houses with "sick building" syndrome where the concentrations 

ranged from 2.25 to 747.24 μg/m3 (0.517–172 ppbv). 

A nationwide study of indoor air concentration of 26 VOCs was conducted in Canada in 1991 (Fellin and 

Otson 1994).  These authors reported that mean indoor ethylbenzene concentrations were 6.46 μg/m3 

(1.48 ppbv), 8.15 μg/m3 (1.87 ppbv), 4.35 μg/m3 (1.00 ppbv) , and 13.98 μg/m3 (3.21 ppbv) in the winter, 

spring, summer and fall months, respectively  and that the concentrations declined with an increase in 

ambient air temperature.  At ≤0, 0–15, and ≥15 °C, the mean ethylbenzene concentrations were 

12.76 μg/m3 (2.93 ppbv), 7.78 μg/m3 (1.79 ppbv), and 6.46 μg/m3 (1.48 ppbv), respectively. These 

authors concluded that indoor sources of ethylbenzene (primarily from household products) are likely to 

have a more significant influence on indoor air concentrations than climatic variables. 

Concentrations of ethylbenzene were measured in soil gas, and indoor and outdoor air of a home located 

near a landfill in California (Hodgson et al. 1992).  During the first sampling in September, ethylbenzene 

concentrations were not detected in soil gas or outdoor air, but were detected at 0.6 ppbv (3 μg/m3) in 

basement air.  In October, ethylbenzene concentrations averaged 3.3 ppbv (14 μg/m3) in soil gas, 0.8 ppbv 

(4 μg/m3) in basement air, and 0.7 ppbv (3 μg/m3) in bedroom air.  In this study, the authors found that the 

existence of soil gas contamination alone is not sufficient to result in significantly elevated indoor 

exposures. The entry rate of ethylbenzene and VOCs form the soil into the house was low.  The limited 

entry that occurred at the conditions of the study was apparently the result of diffusive and advective flux 

of VOC through the cement blocks used in the basement wall construction.  The authors suggest that there 

is a general need to identify variables associated with residential sites with the highest potential for 

significantly elevated indoor exposures resulting from soil gas contamination.  

Indoor VOC concentrations were analyzed in 12 California office buildings as part of the California 

Healthy Building Study (Daisey et al. 1994).  These authors reported that ethylbenzene was detected at a 

geometric mean of 0.50 μg/m3 (0.11 ppbv) (range 0.27–0.98 μg/m3 [0.062–0.22 ppbv]).  These authors 
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also reported that an estimated 82% of indoor air concentrations were contributed from motor vehicle 

emissions.  Hodgson et al. (1991) reported that concentrations of ethylbenzene in indoor air of a new 

office building ranged from 7 to 18.7 μg/m3 (2–4.30 ppbv) over the course of a 14-month sampling 

period. Furthermore, ethylbenzene indoor air concentrations were higher than those in outdoor air and 

that the dominant source of VOCs in the building was liquid-process photocopiers and plotters which 

emitted a characteristic mixture of C10–C11 isoparaffinic hydrocarbons.   

Wadden et al. (1995) reported average VOC concentrations for indoor air monitored in a sheetfed offset 

printing shop. These authors reported mean ethylbenzene concentrations ranging from 0.27 to 

0.84 mg/m3 (0.062–0.19 ppmv) based on 12 1-hour samples. 

Levels of ethylbenzene monitored in ambient air show great variation (Jonsson et al. 1985). Generally, 

air concentrations are much lower in rural areas than in urban areas, where vehicle emissions are thought 

to be a major contributor of ethylbenzene to ambient air.  Ethylbenzene concentrations range from below 

detection limits in rural areas to 100 μg/m3 (23.0 ppbv) on busy urban streets (Jonsson et al. 1985).  Kelly 

et al. (1994) reported a median concentration of ethylbenzene of 1.1 μg/m3 (0.25 ppbv) for 8,723 samples 

collected from 93 locations throughout the United States. 

Median outdoor air concentrations of ethylbenzene for 6 remote and 122 rural locations are reported as 

0.156 and 0.013 ppbv (0.679 and 0.056 μg/m3), respectively (EPA 1988c).  Median concentrations of 

0.62 ppbv (2.7 μg/m3) were reported for 886 suburban and 1,532 urban locations.  The daily median 

concentration of ethylbenzene considering all site types including source dominated areas and workplace 

air was 0.60 ppbv (2.6 μg/m3). Table 6-2 lists some monitoring results reported for ethylbenzene in 

various cities. 

Ethylbenzene concentrations at four locations along U.S. Highway 70 near Raleigh, North Carolina, 

during the month of May were reported to range from 10 to 16 ppbv (44–70 μg/m3) that were corrected to 

include upwind concentrations (Zweidinger et al. 1988). 

Concentrations of ethylbenzene were measured in two tunnels:  the Fort McHenry Tunnel in Baltimore, 

Maryland (June 18–24, 1992) and the Tuscarora Mountain Tunnel in Pennsylvania (September 2–8, 

1992) (Zielinska et al. 1996).  These authors reported minimum and maximum ethylbenzene 

concentrations (on a carbon basis) for the Fort McHenry Tunnel of 6.3 and 89.2 ppbC (0.79 and 

11.2 ppbv) for bore #3, respectively, and 0.5 and 114.1 ppbC (0.06 and 14.26 ppbv) for bore #4,  
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Table 6-2. Ethylbenzene Concentrations in Ambient Air Samples Collected in the 

United States 


Location Concentration Comments Reference 
Downey,  
California 

4.6±3.7 ppb (mean±SD) 
16.1 ppba 

February 18–27, 1984; 
n=100 

Singh et al. 1985 

Los Angeles, 3–12 ppb (range) September 29– Grosjean and Fung 
California November 13, 1981 1984 
Riverside, 
California 

1.3±0.8 ppb (mean±SD) 
4.0 ppba 

July 1–13, 1980;  
n=100 

Singh et al. 1985 

Denver,  
Colorado 

2.2±3.1 ppb (mean±SD) 
18.5 ppba 

June 15–28, 1980;  
n=100 

Singh et al. 1985 

Chicago,  
Illinois 

0.8±1.2 ppb (mean±SD) 
9.5 ppba 

April 20–May 2, 1981; 
n=100 

Singh et al. 1985 

St. Louis, 
Missouri 

0.6±0.5 ppb (mean±SD) 
2.1 ppba 

May 29–June 9, 1980;  
n=100 

Singh et al. 1985 

Camden,  0.17 ppb (mean) July 6–August 16, 1981; Harkov et al. 1983 
New Jersey n=35 
Elizabeth, 0.26 ppb (mean) July 6–August 16, 1981; Harkov et al. 1983 
New Jersey n=37 
Newark,  0.33 ppb (mean) July 6–August 16, 1981; Harkov et al. 1983 
New Jersey n=38 
Staten Island, 
New York 

1.7±2.5 ppb (mean±SD) 
17.2 ppba 

March 26–April 5, 1981; 
n=100 

Singh et al. 1985 

Staten Island, 
New York 

2.7±4.2 ppb (mean±SD) 
16.7 ppba 

April 25–May 1, 1984; 
n=100 

Singh et al. 1985 

Philadelphia, 
Pennsylvania 

0.8±0.8 ppb (mean±SD) 
7.3 ppba 

April 4–22, 1983  
n=100 

Singh et al. 1985 

Pittsburgh, 
Pennsylvania 

0.8±1.6 ppb (mean±SD) 
10.5 ppba 

April 7–17, 1981;  
n=100 

Singh et al. 1985 

Houston,  
Texas 

1.5±1.6 ppb (mean±SD) 
8.2 ppba 

March 8–17, 1984;  
n=100 

Singh et al. 1985 

Jones State Forest, 2.8 ppbb January 4–6, 1978 EPA 1979 
Texas 

aMaximum measured concentration 

bMedian concentration in 10 bag samples (median concentration in 5 can samples was 1.0 ppb) 


n = number of samples; SD = standard deviation 
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respectively, and concentrations for the Tuscarora Tunnel of 1.2 and 11.1 ppbC (0.15 and 6.04 ppbv) , 

respectively. The total number of light-duty vehicles (LDV) and heavy-duty vehicles (HDV) that passed 

through each tunnel was 12,273 LDV and 187 HDV for bore #3 and 11,788 LDV and 2,417 HDV for 

bore #4 of the Fort McHenry Tunnel and 4,887 LDV and 1,041 HDV for the Tuscarora Tunnel. 

Ethylbenzene and other VOCs have been found to be removed from waste water in municipal sewers and 

were emitted to the ambient atmosphere prior to entering a downstream waste water treatment facility in 

Toronto, Ontario (Quigley and Corsi 1995). These authors measured concentrations of ethylbenzene 

during four monitoring events and found that concentrations ranged from not detectable to 5 ppm.  

Headspace concentrations of ethylbenzene exhibited a significant weekday/weekend trend.  Significant 

emissions of all VOCs monitored occurred during three of the four monitoring events.  Ethylbenzene had 

the second highest emissions during all periods and ranged from 7 to 14 g/hour (62–130 kg/year) for 

event 1 and from 1 to 13 g/hour (9–115 kg/year) for event 2.  Ethylbenzene emissions at five municipal 

treatment facilities ranged from 0.08 to 93 g/day (0.003–3.9 g/hour).  Results of this study suggest that 

sewers that accept VOC-laden waste water, and that are characterized by significant ventilation and drop 

structures, can be significant sources of VOC emissions (including ethylbenzene) relative to municipal 

waste water treatment facilities.  

Assmuth and Kalevi (1992) reported that ethylbenzene was detected in municipal solid waste landfill gas 

at minimum and maximum concentrations of 6.6–7.6 mg/m3 (1.5–1.7 ppmv), <0.1–9.6 mg/m3 (<0.02– 

2.2 ppmv), 0.2–1.2 mg/m3 (0.04–0.28 ppmv), and 85–98 mg/m3 (20–22 ppmv) at four different landfill 

sites in Finland. Concentrations of ethylbenzene measured in a biogas collection system at the Miron 

Quarry Municipal Waste Landfill Site in Montreal, Quebec ranged from 2 to 36 mg/m3 (0.5–8.3 ppmv) 

(Goldberg et al. 1995). 

6.4.2 Water 

The median ethylbenzene concentration in ambient surface waters in the United States in 1980–1982 was 

<5.0 μg/L (ppb) according to EPA's STORET water quality database (Staples et al. 1985).  The chemical 

was detected in 10% of the 1,101 samples collected during that period.  Ethylbenzene was also detected in 

7.4% of the 1,368 industrial effluent samples collected during 1980–1982 at a median concentration of 

<3.0 μg/L (ppb). More recent data from the STORET database indicated that ethylbenzene was only 

detected in 15 out of 548 surface water samples obtained from January 2005 to March 2007, at a 

maximum concentration of 2 ppb (EPA 2007i).   
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From 1989 to 1993, New York City municipal waste waters were analyzed to determine the frequency of 

detection of organic priority pollutants, including ethylbenzene (Stubin et al. 1996).  Ethylbenzene was 

detected in 14 of 84 (17%) influent samples at concentrations ranging from 1 to 11 μg/L (ppb) and in only 

1 of 84 (1%) effluent samples at a concentration of 2 μg/L (ppb). 

Ethylbenzene and other VOCs have been detected in waste water in municipal sewers prior to entering a 

downstream waste water treatment facility in Toronto, Ontario (Quigley and Corsi 1995).  These authors 

measured concentrations of ethylbenzene in waste water during several monitoring events and found that 

concentrations ranged from 0.059 to 0.086 mg/L (ppm) in one event and from 7 to 11 mg/L (ppm) in 

another event. The authors also determined that the stripping efficiency across two drop structures with 

waste water fall heights of 1.4–3 meters within the sewer system removed 31–36% of the ethylbenzene in 

the waste water.  Results of this study suggest that sewers that accept VOC-laden waste water, and that 

are characterized by significant ventilation and drop structures, can be significant sources of VOC 

emissions (including ethylbenzene) relative to municipal waste water treatment facilities.  

As part of EPA's Nationwide Urban Runoff Program, ethylbenzene was measured in 4% of the municipal 

runoff samples collected in 15 cities throughout the United States (Cole et al. 1984).  The measured ethyl-

benzene concentration range was 1–2 μg/L (ppb).  Ethylbenzene was detected in 41 out of 249 (16.5%) 

storm water runoff samples collected at 46 different sampling locations in North Carolina over a 1-year 

period (Borden et al. 2002).  The mean, median, and maximum ethylbenzene levels were 0.10, 0.07, and 

0.36 μg/L (ppb), respectively. 

Ethylbenzene was measured in seawater at an average concentration of 0.011 μg/L (ppb) and a 

concentration range of 0.0018–0.022 μg/L (ppb) over a 15-month observation period at Vineyard Sound, 

Massachusetts (Gschwend et al. 1982).  Ethylbenzene also has been reported in surface waters of the Gulf 

of Mexico at a concentration range of 0.0004–0.0045 μg/L (ppb) (Sauer et al. 1978). 

Ethylbenzene has been detected in a relatively remote location (Mt. Mitchell, North Carolina) in cloud 

water at a mean concentration of 170 ng/L (range 0–450 ng/L) (Aneja 1993).  The average concentration 

of ethylbenzene in precipitation was 34 ng/L.  Ethylbenzene has also been detected in snow samples from 

two remote sites in the province of Québec, Canada (Kos and Ariya 2006).  Ethylbenzene levels reported 

in μg/L±3σ were: 2.65±1.28 (Resolute Bay); 0.22±0.02 (Gaspé Peninsula); and 0.31±0.06 (Gaspé 

Peninsula). 
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From 1989 to 1990 and from 1992 to 1993, ethylbenzene was monitored in wetland-treated leachate water 

at a municipal solid waste landfill in central Florida (Chen and Zoltek 1995).  During the first sampling 

period, ethylbenzene was detected in surface water samples ranging from 0.06 to 0.09 ppb and in 

groundwater samples ranging from 0.06 to 9.75 ppb.  During the second sampling period (1992–1993), 

ethylbenzene was not detected in surface water samples, but was detected in groundwater samples at 

concentrations ranging from below detection limits to 10.55 ppb.  Ethylbenzene was detected in a study of 

three landfills in central Florida (Hallbourg et al. 1992).  These authors reported concentrations of ethyl-

benzene in groundwater of 1.63–9.75, <1–83.8, and <1–8.6 μg/L (ppb) at the three different landfill sites.  

The mean concentration of ethylbenzene detected in landfill leachate from these disposal areas was 

17.5 μg/L. 

Ethylbenzene was measured in all three drinking water plants sampled as part of the New Orleans Area 

Water Supply Study conducted by EPA in 1974 (Keith et al. 1976).  The reported concentrations were 

1.6, 1.8, and 2.3 μg/L (ppb).  The 1982 Ground Water Supply Survey conducted by EPA reported ethyl-

benzene in only 3 out of 466 random samples at a mean concentration of 0.8 μg/L (ppb) and a maximum 

concentration of 1.1 μg/L (ppb) (Cotruvo 1985).  Chemical monitoring of 617 private and 1,174 public 

groundwater wells in the state of Wisconsin revealed that ethylbenzene was detected in 3 community and 

12 private wells (Krill and Sonzongni 1986).  The concentration of ethylbenzene detected exceeded the 

state's recommended drinking water advisory limit of 1,400 μg/L (ppb) in 9 of the 12 private wells, but no 

exceedences were observed in the public wells.   

Ethylbenzene was infrequently detected in a comprehensive survey conducted by the United States 

Geological Survey (USGS) of volatile organic compounds in private and public groundwater wells used 

for drinking water (USGS 2006).  Ethylbenzene was identified in 18 out of 3,497 aquifer samples at a 

median concentration of 0.035 μg/L for the 18 samples having positive detections.  In an analysis of 

domestic groundwater wells, the median concentration of ethylbenzene was reported as 0.041 μg/L for 

samples having positive detections.  Ethylbenzene was identified in 7 out of 1,083 samples obtained from 

public wells across the United States at a median concentration of 0.32 μg/L for samples having positive 

detections. 

Although ethylbenzene does not appear to be a frequent contaminant in public water supplies, private 

residential wells near landfills, hazardous waste sites, or gas stations are more likely to contain detectable 

levels of this compound.  Ethylbenzene was listed as one of the 58 most frequently detected chemicals 
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associated with groundwater contamination near superfund sites (Knox and Canter 1994).  Ethylbenzene 

was listed as having a medium priority with respect to its frequency of occurrence.  Ethylbenzene has 

been detected in wells downgradient from landfills in Southern Ontario at concentrations ranging from 

12 to 74 μg/L (ppb) (Barker 1987).  Ethylbenzene was detected at levels of 1–22, 1–5, and <1 μg/L in 

groundwater 0–37, 50–114, and 170–254 meters, respectively, downgradient from a municipal landfill 

located in Grindsted, Denmark (Baun et al. 2000).   

Borden and Yanoschak (1990) compared ground and surface water quality impacts associated with North 

Carolina sanitary landfills.  These authors found that ethylbenzene was detected at ≈25% of the waste 

water effluents (receiving secondary treatment) and only 3% of the groundwater sampled in the vicinity 

of sanitary landfill sites.  Groundwater monitoring at 479 hazardous waste disposal sites indicated that 

ethylbenzene, like the other 9 VOCs monitored, was detected at more than 100 of the 479 sites tested 

(Plumb 1991).  Ethylbenzene was also one of the VOCs detected in groundwater samples from hazardous 

waste sites in all 10 EPA regions.  Rosenfeld and Plumb (1991) reported that ethylbenzene was detected 

in groundwater at 19% of wood-treatment industry sites based on its frequency of detection and average 

concentration. Groundwater near an underground coal gasification site in northeastern Wyoming 

contained concentrations of ethylbenzene ranging from 92 to 400 μg/L (ppb) (Stuermer et al. 1982).  

Groundwater samples near a fuel spill in the Great Ouse Basin in Great Britain contained ethylbenzene 

concentrations as high as 1,110 μg/L (ppb) (Tester and Harker 1981). 

6.4.3 Sediment and Soil 

The median ethylbenzene concentration (dry weight) detected in sediment in the United States in 1980– 

1982 was 5 μg/kg (ppb) according to EPA's STORET water quality database (Staples et al. 1985).  The 

compound was detected in 11% of 350 sediment samples analyzed.  More recent data from the STORET 

database indicated that ethylbenzene was identified, but not quantified, in 25 out of 68 sediment samples 

obtained from January 2005 to March 2007 (EPA 2007i). 

6.4.4 Other Environmental Media 

Data from the FDA Total Diet Study Market Basket Surveys collected between September 1991 and 

October 2003 indicate that ethylbenzene was detected in 82 different food items at a maximum 

concentration of 0.129 ppm (FDA 2006b).  In a previous Market Basket Survey, ethylbenzene was 

identified in 15 out of 234 table-ready food items at an average concentration of 0.0146 ppm and a range 
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of 0.00637–0.0387 ppm (Heikes et al. 1995).  Trace concentrations of ethylbenzene have been reported in 

split peas (0.013 mg/kg [ppm]), lentils (0.005 mg/kg [ppm]), and beans (mean concentration 0.005 mg/kg 

[ppm]; maximum concentration 0.011 mg/kg [ppm]) (Lovegren et al. 1979).  Ethylbenzene was reported 

as one of 227 organic chemicals present in roasted filbert nuts (Kinlin et al. 1972).  Gorna-Binkul et al. 

(1996) reported concentrations of ethylbenzene in orange peel (0.0236 μg/g [ppm] dry weight) and in 

parsley leaves (0.2567 μg/g [ppm] dry weight).  The author reported that the differences in concentrations 

of the VOCs were dependent on the plant species and the morphological part of the plant analyzed.  In 

underground parts (i.e., roots and bulbs) not directly exposed to polluted ambient air during growth, no 

VOC concentrations were detected.  Biedermann et al. (1995) reported concentrations of several VOCs in 

extra virgin olive oil collected in northwest Italy.  These authors measured ethylbenzene levels in raw 

olives of 6 μg/kg (ppb), which increased with time as they were milled to 25 μg/kg (ppb).  Levels in the 

finished olive oils ranged from 11 to 27 μg/kg (ppb) depending on the preparation method used.  These 

authors reported that while some of the ethylbenzene was accumulated in the olives in the orchards, a 

larger proportion was accumulated as a result of exposure of the oil to air in the milling areas.  Ethyl-

benzene concentrations in olive oil increased from 6 to 235 ppb after 2 days of exposure.  The authors 

concluded that the production process increased the concentration of ethylbenzene in the oil as a result of 

uptake from the air that was likely to be contaminated with gasoline vapors associated with small vehicles 

used to move the olives from area to area within the olive oil mill.  

Ethylbenzene was also found to migrate from thermoset polyester cooking containers (composed of cross-

linking chains of styrene) into belly pork during cooking (Gramshaw and Vandenburg 1995). Migration 

ranged from <6 to 34 μg/kg for ethylbenzene.  The authors also found that the migration measured during 

the second use of the cookware was generally higher than that during the first use.  These authors also 

reported that ethylbenzene concentrations in food cooked in foil-covered dishes was higher than that in 

the same food cooked uncovered.  This was especially true for ethylbenzene that was more volatile than 

the styrene tested.  Ehret-Henry et al. (1994) also reported migration of ethylbenzene from polystyrene 

containers into dairy products.  Concentrations of ethylbenzene were 2–4 μg/kg for yogurt and 4 μg/kg for 

chocolate dessert.  

Sack et al. (1992) conducted a survey of VOCs in 1,159 household items, including automotive products, 

household cleaners and polishes, paint related products, fabric and leather treatments, cleaners for 

electronic equipment, oils, greases, and lubricants, adhesive-related products, and miscellaneous products.  

Ethylbenzene was detected in 157 of 658 (24%) of the products tested.  The highest mean ethylbenzene 

concentrations and percentage of products in each category in which ethylbenzene was detected are as 
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follows; 7.2% w/w (wet weight) in 7.5% of automotive products, 2.4% w/w in 47.8% of paint-related 

products, and 1.0% w/w in 11.8% of fabric and leather treatments. 

Hodgson et al. (1996) determined the contribution of environmental tobacco smoke (ETS) to 

concentrations of VOCs in smoking environments.  These authors reported that the average emission 

factor for ethylbenzene for six brands of cigarettes was 101 μg/cigarette (range 83–142 μg/cigarette). The 

average concentration of ethylbenzene in five smoking areas ranged from 1.3 to 8.7 μg/m3 (0.3–2 ppbv).  

Martin et al. (1997) determined the ETS yield of selected analytes, including ethylbenzene, for the 50 top-

selling U.S. cigarette brand styles in 1991 and for the University of Kentucky Research cigarette, K1R4F.  

The ETS was generated by smokers in an environmental test chamber.  The ethylbenzene concentrations 

measured were 8.68 μg/m3 for full flavor cigarettes, 8.24 μg/m3 for full flavor low tar cigarettes, and 

8.72 μg/m3 for ultra-low-tar cigarettes. The mean ethylbenzene concentration for all cigarettes was 

8.50 μg/m3. The mean ethylbenzene yields by tar category weighted by market share were 

81.18 μg/cigarette for full flavor cigarettes, 76.79 μg/cigarette for full flavor low tar cigarettes, and 

81.66 μg/cigarette for ultra low tar cigarettes. The mean ethylbenzene yield for all cigarettes was 

79.57 μg/cigarette. 

Ethylbenzene was not detected (at a detection limit of 0.025 mg/kg [ppm] wet weight) in any of the 

97 biota samples collected from all STORET stations in 1980–1983 (Staples et al. 1985).  Ethylbenzene 

was detected at low concentrations (0.8 ng/g [0.8 ppb]) in oyster tissue, but not in clam tissue from Lake 

Pontchartrain at Passes, Louisiana (Ferrario et al. 1985).  The highest average ethylbenzene concentration 

measured in tissue of bottomfish from Commencement Bay in Tacoma, Washington was reported as 

0.01 mg /kg (ppm) (Nicola et al. 1987). 

6.5 GENERAL POPULATION AND OCCUPATIONAL EXPOSURE  

The highest exposure to ethylbenzene for the general public is most likely to occur via inhalation 

associated with the use of self-service gasoline pumps or while driving a gasoline-powered motor vehicle 

especially in high traffic areas or in tunnels (Lawryk et al. 1995).  Backer et al. (1997) performed a study 

that measured exposures associated with the pumping two different blends of fuel under cold conditions 

in Fairbanks, Alaska.  The subjects in the study had significantly higher levels of gasoline components in 

their blood after pumping gasoline than before.  The changes in VOC levels in blood were similar 

whether the individuals pumped regular or oxygenated gasoline.  Prior to pumping regular gasoline, the 

median concentration of ethylbenzene in blood was 0.10 ppb (n=26) with a range of 0.02–0.73 ppb; after 
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pumping, the median concentration was 0.16 ppb with a range of 0.06–1.40 ppb.  Before pumping an 

oxygenated fuel blend that was 10% ethanol, the median concentration of ethylbenzene in blood was 

0.11 ppb (n=22) with a range of 0.04–0.55 ppb; after pumping, the ethanol blend, the median 

concentration was 0.16 ppb with a range of 0.06–0.64 ppb.  

Lawryk and Weisel (1996) measured in-vehicle concentrations of selected gasoline-derived volatile 

organic compounds on 113 commutes through suburban New Jersey and 33 New Jersey/New York 

commutes.  In a typical suburban commute, the mean in-vehicle concentration of ethylbenzene was 

11.5±18.8 μg/m3 (2.64±4.32 ppbv; n=52) under low ventilation conditions and 8.5±11.2 μg/m3 

(1.9±2.57 ppbv; n=43) under high ventilation conditions.  On the New Jersey turnpike and in the Lincoln 

Tunnel, the mean in-vehicle concentrations of ethylbenzene were 8.8±10.8 μg/m3 (2.0±2.48 ppbv; n=32) 

and 14.3±10.2 μg/m3 (3.29±2.34 ppbv; n=32), respectively.  

Ethylbenzene is ubiquitous in urban and rural atmosphere resulting from vehicular and industrial 

emissions (EPA 1988c).  Tobacco smoke also provides a general source of exposure to ethylbenzene in 

indoor air (Wallace et al. 1987c).  Wallace et al. (1989) also reported that two activities, painting and the 

use of automotive products (carburetor cleaner), led to increased indoor exposure to ethylbenzene by 

100-fold.  Information on exposure from foods is limited, but is not likely to be a significant source of 

ethylbenzene for the general population. 

Human exposure to styrene and ethylbenzene was assessed by considering inhalation exposure (including 

cigarette smoking) and food intake (Tang et al. 2000).  The daily exposure to ethylbenzene for the general 

population was calculated as 1.8 μg/kg bodyweight/day, with up to 99% of the exposure due to inhalation 

routes and only 1–2% caused by food consumption.   

One-half of the household drinking water used in the United States is supplied by groundwater, and 

contamination of groundwater by petroleum products is an increasingly common problem (Beavers et al. 

1996).  Beavers et al. (1996) conducted a study in a New England household that used groundwater 

contaminated by gasoline from a leaking underground storage tank.  A total daily dose of 379 μg 

ethylbenzene (204 μg ingested and 175 μg inhaled) was estimated for an exposed subject compared to a 

median daily dose of 32 μg for unexposed subjects. Of the 175 μg inhaled by the exposed subject, 108 μg 

was attributed to shower activities. The exposed subject and the three non-exposed subjects all were 

smokers. 
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The 1982 National Human Adipose Tissue Survey conducted by EPA measured ethylbenzene in 96% of 

the 46 composite samples analyzed for VOCs (EPA 1986a).  A wet tissue concentration range of not 

detected (detection limit=2 ng/g) to 280 ng/g (ppb) was reported, but an average concentration was not 

provided.  

Ethylbenzene has been detected in breast milk samples collected from 8 of 12 women from various cities 

in the United States; however, the concentrations were not reported (Pellizzari et al. 1982).  The 

12 women sampled in the study were residents of Bayonne, New Jersey (6 women), Jersey City, New 

Jersey (2 women), Bridgeville, Pennsylvania (2 women), and Baton Rouge, Louisiana (2 women).   

Mean and median concentrations of ethylbenzene detected in 631 blood samples from participants in the 

Third National Health and Nutrition Examination Survey (NHANES III 1998–1994 data) were 0.11 and 

0.06 ppb (95 percentile value of 0.25 ppb), respectively (Ashley et al. 1994).  In an earlier study (Ashley 

et al. 1992), these authors reported a mean ethylbenzene concentration of 0.12 ppb in 13 blood samples.  

Hajimiragha et al. (1989) conducted a study of 13 nonsmokers and 14 smokers with no known 

occupational or hobby-related exposure to volatile organic hydrocarbons.  These authors reported a mean 

and median ethylbenzene concentration of 651 ng/L (0.651 ppb) and 431 ng/L (0.431 ppb) for the 

nonsmokers and 837 ng/L (0.837 ppb) and 533 ng/L (0.533 ppb) for the smokers.  Ethylbenzene 

concentrations tended to occur at higher concentrations in the blood of smokers than in nonsmokers; 

however, the difference was not significant.  Ashley et al. (1995) also reported that smoking elevated the 

blood levels of ethylbenzene and was highly correlated with blood levels of 2,5-dimethylfuran.  These 

authors reported a mean concentration of 0.10 ng/mL (ppb) (median 0.048 ng/mL; range from below 

detection limit to 2.7 ng/mL) for nonsmokers and a mean concentration of 0.17 ng/mL (ppb) (median 

0.16 ng/mL; range 0.036–0.88 ng/mL) for smokers.  To aid in understanding the kinetics of uptake and 

elimination of volatile organics (including ethylbenzene), Ashley and Prah (1997) measured blood 

concentrations before, during, and after exposure of five individuals to a mixture of volatile organics in a 

controlled chamber.  The half-lives of the compounds measured were <0.5 hour, but the elimination time 

courses were multiexponential and suggested that, with repeated exposure, bioaccumulation may occur in 

humans.     

Occupational exposure to ethylbenzene in the petroleum industry has been reported in a study that 

measured ethylbenzene concentrations in air for 49–56 workers during the summer of 1984 (Rappaport et 

al. 1987).  The average air concentrations of ethylbenzene measured over the full work shift for gasoline 

service station attendants, transport drivers, and outdoor refinery personnel were comparable at 0.063, 
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0.079, and 0.079 mg/m3, respectively (14.5, 18.2, and 18.2 ppbv, respectively).  The authors noted that 

exposures of service station attendants were significantly lower when vapor recovery systems were 

present. 

Personal air monitoring of 35 varnish workers (spraymen) has revealed an average ethylbenzene 

concentrations of 4.0 ppm, while the average concentration in blood was 61.4 μg/L (Angerer and Wulf 

1985).  Concentrations of ethylbenzene were monitored in auto paint shops in Spain that used organic 

solvents (de Medinilla and Espigares 1988). These authors reported air concentrations of ethylbenzene 

ranging from 0.50 to 125.0 mg/m3 (0.12–28.75 ppmv).  

The indoor air of screen printing plant workrooms located directly below houses in Amsterdam, Holland 

was found to contain median TWA concentrations of ethylbenzene ranging from <0.03 mg/m3 (7 ppbv) to 

1.30 mg/m3 (299 ppbv) and maximum TWA concentrations ranging from 0.11 mg/m3 (25 ppbv) to 

3.21 mg/m3 (738 ppbv) (Verhoeff et al. 1988). 

Spray-painting and gluing operations can also result in exposure to ethylbenzene; personal air monitoring 

of workers measured average exposures of approximately 0.50 ppmv (2.2 mg/m3) (Whitehead et al. 

1984).  Most of the operations measured during the study were performed in ventilation hoods. 

Holz et al. (1995) reported that ethylbenzene air concentrations detected from air sampling in all areas of 

a styrene production facility located in the former German Democratic Republic ranged from 365 to 

2,340 μg/m3 (0.08–0.53 ppmv).   

According to the National Occupational Exposure Study (NOES) conducted by NIOSH from 1981 to 

1983, an estimated 201,838 workers were potentially exposed to ethylbenzene in the workplace (NIOSH 

1990).  The NOES database does not contain information on the frequency, concentration, or duration of 

occupational exposure to any of the chemicals listed.  The survey provides only estimates of the numbers 

of workers for whom potential exposure in the workplace is an issue.  

The Occupational Safety and Health Administration (OSHA) has set a Permissible Exposure Limit (PEL) 

based on a TWA of 100 ppm (≈435 mg/m3 at 1 atm and 25 °C) in the workplace (OSHA 1974).  The 

American Conference of Governmental Industrial Hygienists also recommends a Threshold Limit Value 

(TLV-TWA) of 100 ppm (≈435 mg/m3) for occupational exposures (ACGIH 1992).  The recommended 

exposure limit (REL) for occupational exposures (TWA) set by the NIOSH is also 100 ppm 
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(≈435 mg/m3) for ethylbenzene based on a 10-hour average workday and a 40-hour workweek (NIOSH 

2005). 

6.6 EXPOSURES OF CHILDREN  

This section focuses on exposures from conception to maturity at 18 years in humans.  Differences from 

adults in susceptibility to hazardous substances are discussed in Section 3.7, Children’s Susceptibility. 

Children are not small adults.  A child’s exposure may differ from an adult’s exposure in many ways. 

Children drink more fluids, eat more food, breathe more air per kilogram of body weight, and have a 

larger skin surface in proportion to their body volume.  A child’s diet often differs from that of adults.  

The developing human’s source of nutrition changes with age:  from placental nourishment to breast milk 

or formula to the diet of older children who eat more of certain types of foods than adults.  A child’s 

behavior and lifestyle also influence exposure.  Children crawl on the floor, put things in their mouths, 

sometimes eat inappropriate things (such as dirt or paint chips), and spend more time outdoors.  Children 

also are closer to the ground, and they do not use the judgment of adults to avoid hazards (NRC 1993). 

Children can be exposed to ethylbenzene by inhalation in urban and rural atmospheres contaminated by 

vehicular and industrial emissions. Tobacco smoke also provides a general source for exposure of 

children to ethylbenzene in indoor air, especially in the homes where one or both parents smoke.  Some 

household activities, such as painting, can lead to short-term exposures to higher levels of ethylbenzene if 

ventilation is inadequate.  The limited information available on exposure from foods indicates that food is 

not likely to be a significant source of ethylbenzene for children.  Ethylbenzene is heavier than air, and 

since young children are closer to the ground or floor because of their height, during accidental exposures 

they may be exposed to more ethylbenzene vapors than adults. 

A 2- year monitoring study (2000–2001) involving 134 children aged 6–10 was conducted in 

Minneapolis, Minnesota in order to assess exposure to VOCs, including ethylbenzene (Sexton et al. 

2005). The distribution of ethylbenzene measured in the blood of these children (416 samples) is 

provided in Table 6-3. Comparing these data to monitoring results from NHANES III, the levels of 

ethylbenzene in children’s blood is approximately 2 or more times lower than in non-occupationally 

exposed adults (Sexton et al. 2005). Ethylbenzene has been detected in breast milk samples collected 

from 8 of 12 women from various cities in the United States; however, the concentrations were not 

reported (Pellizzari et al. 1982).  The 12 women sampled in the study were residents of Bayonne, New 
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Table 6-3. Distribution of Blood Ethylbenzene Concentrations in 

Children (ng/mL) 


Percentage 
Sampling above 
period Samples detection limit 10th 25th 50th 75th 90th 95th 99th 
February 2000 92 79.1 0.02 0.02 0.03 0.05 0.07 0.08 0.12 
May 2000 86 66.7 0.01 0.02 0.03 0.04 0.05 0.07 0.17 
February 2001 63 61.1 0.02 0.02 0.02 0.03 0.03 0.03 0.04 
May 2001 88 98.9 0.03 0.04 0.05 0.06 0.08 0.09 0.10 

Source: Sexton et al. 2005 
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Jersey (6 women); Jersey City, New Jersey (2 women); Bridgeville, Pennsylvania (2 women); and Baton 

Rouge, Louisiana (2 women).  No direct pharmacokinetic experiments have been done to investigate 

whether significant amounts of ethylbenzene are transferred to breast milk in mammals.  No studies were 

located that expressed the level of ethylbenzene or its metabolites in amniotic fluid, meconium, cord 

blood or neonatal blood. 

Although no data were found in the literature, it is possible that children playing near hazardous waste 

sites could be dermally exposed to ethylbenzene in soil or orally exposed by hand-to-mouth activity 

and/or soil pica. Ethylbenzene, however, is only moderately adsorbed by soil.  Since it has a moderately 

high vapor pressure, it will evaporate fairly rapidly from dry soil.  However, under certain soil conditions, 

ethylbenzene may persist for longer periods of time; it has been detected in soil samples collected at 

469 of the 829 NPL hazardous waste sites where it has been detected in some environmental media 

(HazDat 2007). No information was found concerning dermal and oral bioavailability of ethylbenzene in 

soil. In the home, intentionally sniffing solvents could lead to high levels of exposure.  No information 

was found concerning differences in the weight-adjusted intakes of ethylbenzene by children. 

No exposures of children to ethylbenzene by contamination of workers’ homes were found in the 

Workers’ Home Contamination Study conducted under the Worker’s Family Protection Act (NIOSH 

1995). 

6.7 POPULATIONS WITH POTENTIALLY HIGH EXPOSURES  

In addition to individuals who are occupationally exposed to ethylbenzene (see Section 6.5), there are 

several groups within the general population that may receive potentially high exposures (higher than 

background levels) to ethylbenzene.  These populations include individuals living in proximity to sites 

where ethylbenzene is produced or used in manufacturing or sites where ethylbenzene is disposed, and 

includes individuals living near the 829 NPL hazardous waste sites where ethylbenzene has been detected 

in some environmental media (HazDat 2007).  Ethylbenzene has been detected in air and groundwater at 

121 and 557 NPL hazardous waste sites, respectively. 

Individuals living or working near petroleum refineries or chemical manufacturing plants may receive 

higher inhalation exposures than those experienced by the general population.  Residents living in the 

vicinity of gasoline stations, high traffic areas, tunnels, parking lots, and highways may also receive a 

higher than average inhalation exposure since ethylbenzene is a component of gasoline.  Residential wells 
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downgradient of leaking underground storage tanks, landfills, and hazardous waste sites contaminated 

with petroleum products and solvents may contain high levels of ethylbenzene.  If these residential wells 

are the primary source of drinking water, this may pose a risk to human health via consumption of 

contaminated water as well as increased inhalation of and dermal contact with ethylbenzene during 

showering and bathing.  A study of indoor air in a home using gasoline-contaminated drinking water 

found that exposures to ethylbenzene could occur via inhalation during showering and other household 

activities (Beavers et al. 1996). Ethylbenzene concentrations in shower air were often one to two orders 

of magnitude higher than non-shower air.  These authors reported a total daily household dose of 

ethylbenzene of 379 μg, with 204 μg derived from ingestion of drinking water and 175 μg derived from 

inhalation (108 μg from shower-related inhalation and 67 μg from non-shower-related inhalation) to the 

exposed subject living in the home.  The daily dose of ethylbenzene for an unexposed smoker by 

comparison was estimated to be 32 μg. 

6.8 ADEQUACY OF THE DATABASE 

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the 

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether 

adequate information on the health effects of ethylbenzene is available.  Where adequate information is 

not available, ATSDR, in conjunction with NTP, is required to assure the initiation of a program of 

research designed to determine the health effects (and techniques for developing methods to determine 

such health effects) of ethylbenzene.  

The following categories of possible data needs have been identified by a joint team of scientists from 

ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met would 

reduce the uncertainties of human health assessment.  This definition should not be interpreted to mean 

that all data needs discussed in this section must be filled.  In the future, the identified data needs will be 

evaluated and prioritized, and a substance-specific research agenda will be proposed.  

6.8.1 Identification of Data Needs 

Physical and Chemical Properties. The physical and chemical properties of ethylbenzene are well 

characterized (see Table 4-2) and allow prediction of the transport and transformation of the compound in 

the environment (Amoore and Hautala 1983; Bohon and Claussen 1951; Chiou et al. 1983; EPA 1982; 
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Hansch and Leo 1979; Hodson and Williams 1988; Mackay and Shiu 1981; Polak and Lu 1973; Sutton 

and Calder 1975; Verschueren 1983). No additional studies are needed at the present time. 

Production, Import/Export, Use, Release, and Disposal.    According to the Emergency 

Planning and Community Right-to-Know Act of 1986, 42 U.S.C. Section 11023, industries are required 

to submit substance release and off-site transfer information to the EPA.  The TRI, which contains this 

information for 2005, became available in May of 2007.  This database is updated yearly and should 

provide a list of industrial production facilities and emissions. 

Ethylbenzene has numerous uses (ACGIH 2002; Ransley 1984; Verschueren 1983), and production of the 

chemical has steadily increased since 1983 (C&EN 1994a, 1994b, 1995, 2006; Kirschner 1995).  Releases 

occur from a variety of common sources including manufacturing and production (TRI05 2007), fuels, 

automobile exhaust, and fumes from paints, varnishes, solvents, carpet glue, and hot asphalt (Fishbein 

1985; Hampton et al. 1983; Junk and Ford 1980; Katzman and Libby 1975; Kitto et al. 1997; Mukund et 

al. 1996; NAS 1980; Wallace et al. 1987b).  Ethylbenzene also is released from waste waters to the 

atmosphere in municipal sewer systems (Quigley and Corsi 1995).  Therefore, the potential for human 

exposure to ethylbenzene is considerable.  The medium most likely to be contaminated is air, although 

ethylbenzene has also been detected in trace amounts in water supplies.  Some ethylbenzene-containing 

wastes are designated as hazardous and are subject to EPA handling and recordkeeping requirements.  

Recommended methods for the disposal of ethylbenzene include burial in a landfill and rotary kiln 

incineration, liquid injection incineration, and fluidized bed incineration (EPA 1981d).  No data need is 

identified at this time. 

Environmental Fate. Ethylbenzene is primarily partitioned to and transported in air (Dewulf and 

van Langenhove 1997; Eisenreich et al. 1981; Mackay 1979; Masten et al. 1994).  The partitioning and 

transport processes in water, soil, and aquatic life are also well characterized (ASTER 1995; Dewulf et al. 

1996; Kawamura and Kaplan 1983; Ligocki et al. 1985; Swann et al. 1983).  Transformation and 

degradation processes have also been well characterized in air (Atkinson and Carter 1984; Atkinson et al. 

1978; Grovenstein and Mosher 1970; Herron and Huie 1973; Hoshino et al. 1978; O'Brien et al. 1975; 

Ohta and Ohyama 1985; Ravishankara et al. 1978; Yanagihara et al. 1977), water (Acton and Barker 

1992; Anid et al. 1993; Bouwer and McCarty 1984; Burback and Perry 1993; Ehrhardt and Petrick 1984; 

Gschwend et al. 1982; Hutchins 1991; Masten et al. 1994; Wakeham et al. 1983; Wilson et al. 1986), and 

in soil and sediment (Bestetti and Galli 1984; Chen and Taylor 1995; Hutchins 1991; Hutchins et al. 
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1991; Jamison et al. 1970; Ramanand et al. 1995; Van der Linden and Thijsse 1965; Yadav and Reddy 

1993; Zappi et al. 1996).  No data need is identified at this time. 

Bioavailability from Environmental Media.    Ethylbenzene is absorbed following inhalation, oral, 

and dermal exposures. Information is available on its absorption from air and water, but little data exist 

regarding dermal bioavailability and absorption from soil and food.  Due to its large vapor pressure and 

Henry’s law constant, ethylbenzene is expected to volatilize fairly rapidly from soil surfaces. Based on 

the moderate affinity of ethylbenzene for soil, especially soils with relatively high organic carbon content, 

the amount of ethylbenzene in bioavailable form in soil is expected to be low to moderate.  Because of the 

low BCF values calculated for ethylbenzene, food chain bioaccumulation would not be expected to be 

significant sources of ethylbenzene exposure.  No data need is identified at this time. 

Food Chain Bioaccumulation. Limited data suggests that ethylbenzene does not bioconcentrate in 

aquatic organisms (Ogata et al. 1984), and is not likely to bioaccumulate in aquatic or terrestrial food 

chains. However, little information on food residues in commercially important fish and shellfish species 

is currently available.  Additional monitoring data regarding the levels of ethylbenzene would be helpful 

for several commercially important fish and shellfish species. 

Exposure Levels in Environmental Media. Reliable monitoring data for the levels of 

ethylbenzene in contaminated media at hazardous waste sites are needed so that the information obtained 

on levels of ethylbenzene in the environment can be used in combination with the known body burden of 

ethylbenzene to assess the potential risk of adverse health effects in populations living in the vicinity of 

hazardous waste sites. 

An extensive amount of atmospheric monitoring data exists (EPA 1988c; Goldberg et al. 1995; Kinney et 

al. 2002; Kostiainen 1995; Mukerjee et al. 1997; Quigley and Corsi 1995; Wallace et al. 1987a, 1987c; 

Zielinska et al. 1996; Zweidinger et al. 1988). Ethylbenzene has also been detected in surface water and 

groundwater (Barker 1987; Borden and Yanoschak 1990; Chen and Zoltek 1995; Cole et al. 1984; 

Cotruvo 1985; Gschwend et al. 1982; Krill and Sonzongni 1986; Quigley and Corsi 1995; Staples et al. 

1985; Stubin et al. 1996; Stuermer et al. 1982; Tester and Harker 1981), sediment (Staples et al. 1985), a 

limited number of foodstuffs (Ferrario et al. 1985; Górna-Binkul et al. 1996; Kinlin et al. 1972; Lovegren 

et al. 1979; Nicola et al. 1987), and in cigarette smoke (Hodgson et al. 1996; Martin et al. 1997; Wallace 

1986; Wallace et al. 1987c).  Continued monitoring data at or around hazardous waste sites are needed in 

order to assess human exposure for populations residing in these areas.  
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Exposure Levels in Humans. Ethylbenzene and its metabolites have been detected in human blood 

(Angerer and Wulf 1985; Ashley et al. 1994), urine (Bardodej and Bardodevova 1970; Dutkiewicz and 

Tyras 1967; Engstrom and Bjurstrom 1978; Gromiec and Piotrowski 1984; Kiese and Lenk 1974; 

Sullivan et al. 1976; Yamasaki 1984), breast milk (Pellizzari et al. 1982), and adipose tissue (Engstrom 

and Bjurstrom 1978; EPA 1986a).  Most of the monitoring data have come from occupational studies of 

specific worker populations exposed by inhalation.  Members of the general population can be exposed to 

ethylbenzene through inhalation of fumes while pumping gas or riding in gasoline-powered vehicles 

(Backer et al. 1997; Lawryk and Weisel 1996; Lawryk et al. 1995).  Additional information regarding the 

general population’s exposure to ethylbenzene would be useful.  Dietary intake is expected to be 

insignificant as compared to inhalation exposure (Tang et al. 2000).  Oral exposures are likely to be low, 

except for the consumption of contaminated drinking water by populations living in the vicinity of 

hazardous waste sites, leaking underground storage tanks, or municipal landfills. 

Exposures of Children. Children are exposed to ethylbenzene by the same routes that affect adults.  

Biomonitoring data suggest that blood levels of ethylbenzene are lower in children than non-­

occupationally exposed adults (Sexton et al. 2005).  Ethylbenzene has been detected in breast milk 

samples collected from 8 or 12 women from various cities in the United States; however, the 

concentrations were not reported (Pellizzari et al. 1982).  There do not appear to be any childhood 

specific means to decrease exposure to ethylbenzene.  A data need exists to determine current 

ethylbenzene residues and their sources in breast milk of members of the general population. 

Child health data needs relating to susceptibility are discussed in Section 3.12.2, Identification of Data 

Needs: Children’s Susceptibility. 

Exposure Registries No exposure registries for ethylbenzene were located.  This substance is not 

currently one of the compounds for which a sub-registry has been established in the National Exposure 

Registry.  The substance will be considered in the future when chemical selection is made for sub-

registries to be established.  The information that is amassed in the National Exposure Registry facilitates 

the epidemiological research needed to assess adverse health outcomes that may be related to exposure to 

this substance. 
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6.8.2 Ongoing Studies 

The Federal Research in Progress (FEDRIP 2007) database provides additional information obtainable 

from a few ongoing studies that may fill in some of the data needs identified in Section 6.8.1.  These 

studies are summarized in Table 6-4. 

As part of the Third National Health and Nutrition Evaluation Survey (NHANES III), the Environmental 

Health Laboratory Sciences Division of the National Center for Environmental Health, Centers for 

Disease Control and Prevention, will be analyzing human blood samples for ethylbenzene and other 

volatile organic compounds.  These data will give an indication of the frequency of occurrence and 

background levels of these compounds in the general population. 
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Table 6-4. Ongoing Research Regarding the Environmental Fate and Exposure to 

Ethylbenzene 


Investigator Affiliation Description Sponsor 
Thrall KD Battelle Pacific The overall research objective for this NIOSH 

Northwest Laboratories, project is to expand prior studies to 
Richland, Washington evaluate the percutaneous absorption of 

compounds commonly encountered 
within similar industries (styrene and 
ethylbenzene) along with focused 
studies to evaluate the dermal 
bioavailability of compounds with both 
lipophilic and hydrophilic properties. 

Burke J EPA The development of a human exposure EPA 
model has been initiated to characterize 
population exposures to air toxics in 
support of risk assessment activities in 
the National Air Toxics Program.  This 
research will develop probabilistic inputs 
for exposure to chemicals such as 
benzene and ethylbenzene for use in the 
model. 

EPA = Environmental Protection Agency; NIOSH = National Institute for Occupational Safety and Health 

Source: FEDRIP 2007 
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The purpose of this chapter is to describe the analytical methods that are available for detecting, 

measuring, and/or monitoring ethylbenzene, its metabolites, and other biomarkers of exposure and effect 

to ethylbenzene.  The intent is not to provide an exhaustive list of analytical methods.  Rather, the 

intention is to identify well-established methods that are used as the standard methods of analysis.  Many 

of the analytical methods used for environmental samples are the methods approved by federal agencies 

and organizations such as EPA and the National Institute for Occupational Safety and Health (NIOSH).  

Other methods presented in this chapter are those that are approved by groups such as the Association of 

Official Analytical Chemists (AOAC) and the American Public Health Association (APHA).  

Additionally, analytical methods are included that modify previously used methods to obtain lower 

detection limits and/or to improve accuracy and precision. 

7.1 BIOLOGICAL MATERIALS  

Ethylbenzene can be determined in biological fluids, and tissues, and breath using a variety of analytical 

methods. Representative methods are summarized in Table 7-1. Most analytical methods for biological 

fluids and tissues use headspace gas chromatographic (GC) analysis.  Breath samples are usually 

collected on adsorbent traps or in sampling bags or canisters, and then analyzed by GC.  

The headspace method involves equilibrium of volatile analytes such as ethylbenzene between a liquid or 

solid sample phase and the gaseous phase.  The gaseous phase in then analyzed by GC.  There are two 

main types of headspace methodology: static (equilibrium) headspace and dynamic headspace, which is 

usually called the "purge-and-trap" method (Seto 1994).  The static headspace technique is relatively 

simple, but may be less sensitive than the purge-and-trap method.  The purge-and-trap method, while 

providing increased sensitivity, requires more complex instrumentation and may result in artifact 

formation (Seto 1994). Generally, an inert gas such as helium is passed over the biological sample at 

elevated temperature, and the purged volatile organic compound (VOC) is trapped onto an adsorbent 

polymeric resin (Tenax).  The organic compound is thermally desorbed from the adsorbent followed by 

identification and quantitation using various detectors; flame ionization detection (FID) and mass 

spectrometry (MS) are used most often.  Other sample preparation methods have been used, but less 

frequently.  Solvent extraction permits concentration, thereby increasing sensitivity, but the extraction 

solvent can interfere with analysis.  Direct aqueous injection is a very rapid method, but sensitivity is low 

and matrix effects can be a serious problem. 
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Table 7-1. Analytical Methods for Determining Ethylbenzene in Biological 

Samples 


Sample Analytical Sample Percent 
matrix Preparation method method detection limit recovery Reference 
Whole blood Whole blood samples Capillary 0.015– 114–118 Ashley et al. 1992, 

were collected by GC/MS 0.020 ppb 1994 
venipuncture, sealed, and 
refrigerated. Extraction 
accomplished using a 
closed system purge and 
trap sampler 

Blood Direct analysis via inertial GC/MS <1 ppb No data St-Germain et al. 
spray extraction interface 1995 

Blood Automated head space Capillary 0.002 μg/mL 90–110 Otson and 
GC/FID (estimated) Kumarathasan 1995 

Blood 	 Extraction using dynamic cap GC/FID 50 ng/L 39 Fustinoni et al. 1996 
headspace purge and trap (calculated) 
system followed by 
thermal desorption to the 
GC 

Urine Purge and trap Capillary No data 64–123 for Michael et al. 1980 
GC/MS model 

compounds 
Urine 	 Extraction using dynamic Capillary 50 ng/L 61 Fustinoni et al. 1996 

headspace purge and trap GC/FID (calculated) 
system followed by 
thermal desorption to the 
GC 

Mother’s Purge and trap Capillary No data 35–88 for Michael et al. 1980 
milk GC/MS model 

compounds 
Brain tissue Modified headspace (full Capillary 0.038 nmoles/ 80–120 Schuberth 1996 
(post evaporation technique) GC-ITD sample 
mortem) 
Fat tissue Add saline; freeze; thaw GC/FID; No data No data Wolff et al. 1977 

to 0 °C prior to analysis; confirmation 
add CS2; inject into GC GC/MS 

Adipose Purge and trap Capillary No data 13–80 for Michael et al. 1980 
tissue GC/MS halogen­

ated hydro­
carbons 

Breath Collection via spirometer Capillary low μg/m3 77–82 Thomas et al. 1991 
into passivated canisters GC/MS levels 

Breath 	 Collection via spirometer Capillary 0.2 μg/m3 No data Riedel et al. 1996 
onto charcoal traps; GC/MS-SIM (1 L sampled) 
microwave desorption 

FID = flame ionization detector; GC = gas chromatography; HPLC = high performance liquid chromatography; 
ITD = ion trap detector; MS = mass spectrometry; SIM = selected ion monitoring 
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A spirometer is usually used for the collection of breath samples.  The device is used to provide clean air 

for inhalation and a mechanism for pumping exhaled breath into the collection media (Pellizzari et al. 

1985).  The breath samples are collected into Tedlar bags with subsequent adsorption onto Tenax traps 

(Pellizzari et al. 1985) or into passivated stainless steel canisters (Thomas et al. 1991).  The Tenax traps 

are analyzed by thermal desorption GC techniques, and canister samples are analyzed by GC as well. 

A sensitive and reliable method for identification and quantitation of ethylbenzene in samples of whole 

blood taken from humans following exposure to VOCs has been developed by Ashley and coworkers at 

the Centers for Disease Control and Prevention (Ashley et al. 1992, 1994).  The method involves purge-

and-trap of a 10-mL blood sample with analysis by capillary GC/MS.  Anti-foam procedures were used, 

as well as special efforts to remove background levels of VOCs from reagents and equipment (Ashley et 

al. 1992).  The method is sensitive enough (ppt levels) to determine background levels of VOCs in the 

population and provides adequate accuracy (114–118% recovery) and precision (16–44% relative 

standard deviation [RSD]) for monitoring ethylbenzene in the population. 

Few methods are available for the determination of ethylbenzene in body fluids and tissues other than 

blood. A modified dynamic headspace method for urine, mother's milk, and adipose tissue has been 

reported (Michael et al. 1980). Volatiles swept from the sample are analyzed by capillary GC/FID.  

Acceptable recovery was reported for model compounds, but detection limits were not reported (Michael 

et al. 1980). Ethylbenzene in brain tissue may be determined using a headspace, capillary/ion trap 

detector (ITD) technique (Schuberth 1996).  Recovery was good (80–120%) as was precision 

(≈20% RSD); the detection limit was reported as 4 ng/sample (0.038 nmoles) (Schuberth 1996). 

Sensitive, reliable methods are available for measuring ethylbenzene in breath.  Exhaled breath is 

collected using a spirometer.  The exhaled breath is collected into Tedlar bags for later transfer to 

adsorption tubes (Wallace et al. 1982), into passivated canisters (Thomas et al. 1991), or directly onto 

adsorbent traps (Riedel et al. 1996).  The spirometer system, using adsorption onto Tenax traps and 

analysis by thermal desorption/capillary GC/MS techniques, was field-tested over the course of a very 

large exposure study (EPA 1987).  The quantitation limit was ≈1 μg/m3, recovery was 91–100%, and the 

precision for duplicate samples was ≤30% RSD (EPA 1987). Advances in the methodology include 

development of a more compact system with collection in 1.8-L canisters (Thomas et al. 1992).  Recovery 

of ethylbenzene is 92–104%, precision for duplicate samples is <3% RSD, and the detection limit was 

estimated as 3 μg/m3 for ethylbenzene (Thomas et al. 1992).   
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7.2 ENVIRONMENTAL SAMPLES 

Methods are available for determining ethylbenzene in a variety of environmental matrices.  A summary 

of representative methods is shown in Table 7-2.  Validated methods, approved by agencies and 

organizations such as EPA, ASTM, APHA, and NIOSH, are available for air, water, and solid waste 

matrices.  Gas chromatography is the most widely used analytical technique for quantifying 

concentrations of ethylbenzene in environmental matrices.  Various detection devices used for GC include 

FID, MS, and the photoionization detector (PID).  Because of the complexity of the sample matrix and the 

low concentration of VOCs in most environmental media, sample preconcentration is generally required 

prior to GC analysis.  Air samples may be collected and concentrated on adsorbent or in canisters for 

subsequent analysis.  Methods suitable for determining trace amounts of ethylbenzene in aqueous and 

other environmental media include three basic approaches to the pretreatment of the sample:  gas purge-

and-trap technique, headspace gas analysis, and extraction with organic solvent. 

Gas purge-and-trap is the most widely used method for the isolation and concentration of VOCs in 

environmental samples (Lesage 1993).  The purge-and-trap technique offers advantages over other 

techniques in that it allows facile isolation and concentration of target compounds, thereby improving 

overall limits of detection and recovery of sample.  Detection limits of <1 μg of ethylbenzene per liter of 

sample have been achieved (APHA 1995c; EPA 1984c, 1991e, 1992a).  A serious drawback of this 

technique, particularly for quantitative analysis, is interference by impurities found in the stripping gas 

(EPA 1994c). 

A purge-and-trap method with GC/FID analysis (Otson and Williams 1982) or GC/MS (Otson and Chan 

1987) has been reported for the analysis and quantitation of ethylbenzene in environmental samples.  

Detection limits of <0.1 μg/L for GC/FID analysis and 0.1 μg/L were reported. Accuracy was also good, 

74–88% (Otson and Chan 1987; Otson and Williams 1982). 

Extraction with organic solvents (liquid-liquid extraction) provides a simple, rapid screening method for 

semi-quantitative determination of ethylbenzene in aqueous samples containing limited number of VOCs, 

but is less effective for aqueous samples containing large numbers of VOCs.  Furthermore, interference 

from the organic extraction solvent (hexane) makes it more difficult to completely identify all 

components (Karasek et al. 1987; Otson and Williams 1981). 
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Table 7-2. Analytical Methods for Determining Ethylbenzene in Environmental 

Samples 


Analytical Sample Percent 
Sample matrix Preparation method method detection limit recovery Reference 
Occupational air Collection on charcoal GC/FID 0.001– Bias -7.6% NIOSH 1994a 

adsorbent tube; 
desorption with CS2 

0.01 mg/ 
samplea 

(NIOSH Method 
1501) 

Ambient air Collection on Tenax 
adsorbent; thermal 

Capillary 
GC/MS 

20 ng 
estimateda 

No data EPA 1988a 
(Method TO-1) 

desorption 
Ambient air Collection in passivated Capillary No data No data EPA 1988b 

stainless steel canisters GC/MS or (Method TO-14) 
PID or FID 

Ambient air Collection on Tenax Capillary 2 nga No data Pellizzari et al. 
adsorbent; thermal GC/MS 1993 
desorption (IARC Method 6) 

Ambient air Collection in canisters GC/MS 0.2 ppbv bias -8.1% McClenny and 
Fortune 1995 
(CLP Method) 

Ambient air Collection on Capillary 0.036 ppbv 102 Oliver et al. 
multisorbent traps; GC/MS 1996 
automated 
preconcentration 

Ambient air Collection on Capillary 0.25 ppbv 98 Oliver et al. 
multisorbent traps; GC/FID 1996 
thermal desorption with 
modified cryofocussing 

Indoor air Collection on Tenax GC/MS 0.05–0.2 μg/m3 No data Kostianinen 
acsorbent; thermal 1995 
desorption 

In-vehicle air Collection on Tenax or Capillary No data No data Lawryk and 
multisorbent traps; GC/MS-SIM Weisel 1996 
thermal desorption 

Flue gas Collection on adsorbent Capillary 0.05 μg/m3 No data Jay and Steiglitz 
traps using probe; GC/FID (estimated) 1995 
thermal desorption 

Product Collection on charcoal Capillary No data No data Wadden et al. 
emissions traps; desorption with GC/FID 1995 

CS2 

Tobacco smoke Collection on fused-silica No data No data Barrefors and 
multisorbent traps; PLOT column Petersson 1993 
thermal desorption GC/MS 

Snow SPME using DVB­ GC/MS 0.20 μg/L No data Kos and Ariya 
coated PDMS fiber with 2006 
a film thickness of 
65 μm 
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Table 7-2. Analytical Methods for Determining Ethylbenzene in Environmental 

Samples 


Analytical Sample Percent 
Sample matrix Preparation method method detection limit recovery Reference 
Drinking water Purge and trap GC/PID 0.01–0.04 μg/L 98–101 EPA 1991d 

(EPA Method 
502.2) 

Drinking water Purge and trap GC/PID; 0.002 μg/L 93 EPA 1991e 
confirmation (EPA Method 
on second 503.1) 
column or 
GC/MS 

Drinking water Purge and trap GC/MS 1–2 μg/L No data EPA 1991f 
(EPA Method 
524.1) 

Drinking water Purge and trap Capillary 0.06 μg/L 96–99 EPA 1992a 
GC/MS (EPA Method 

524.2) 
Drinking water Purge and trap GC/FID or low μg/L 84–114 ASTM 1999b 

GC/MS (ASTM Method 
D 3871) 

Drinking water Direct injection GC/FID ~1 mg/L No data ASTM 1999a 
(ASTM Method 
D 2908) 

Waste water Purge and trap GC/PID; 0.2 μg/L 98 EPA 1984c 
confirmation (EPA Method 
on second 602) 
column 

Waste water Purge and trap GC/MS 7.2 μg/L 100–103 EPA 1999 
(EPA Method 
624) 

Water Closed-loop stripping Capillary 50 ng/L No data APHA 1995a 
GC/MS (instrumental) (Method 6040B) 

Waste water Purge and trap GC/MS 7.2 μg/L APHA 1995b 
(Method 6210B) 

Waste water Purge and trap GC/PID; 0.2 μg/L 93 APHA 1995c 
confirmation (Method 6220B) 
on second 
column or 
GC/MS 

Waste water Purge and trap GC/PID 0.01–0.05 μg/L 93 APHA 1995d 
(Method 6220C) 

Solid waste Direct injection or purge Capillary ~1 μg/L (soil, 101 EPA 1994d 
and trap GC/PID sediment); (SW846 Method 

~0.1 mg/kg 8021A) 
(wastes) 

Solid waste Purge and trap Capillary ~1 μg/L (soil, 101 EPA 1995a 
GC/PID sediment); 9SW846 Method 

~0.1 mg/kg 8021B, 
(wastes) proposed) 
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Table 7-2. Analytical Methods for Determining Ethylbenzene in Environmental 

Samples 


Analytical Sample Percent 
Sample matrix Preparation method method detection limit recovery Reference 
Solid waste Purge and trap Capillary ~5 μg/kg (soil, 99 EPA 1994e 

GC/MS sediment) (SW846 Method 
8260A) 

Solid waste Various options Capillary purge and trap: 90–112 EPA 1995b 
including purge and GC/MS ~5 μg/kg (soil (purge and (SW846 Method 
trap, headspace, closed and sediment); trap) 8260B, 
system vacuum ~0.5 mg/kg proposed) 
distillation (wastes) 

Plant foliage Solvent extraction; Capillary 50 pg/μL No data Keymeulen et al. 
filtration GC/SM-SIM extract 1991 

Fish Solvent extraction; GC/FID 5 μg/gb 98–102 Karasek et al. 
cleanup on florisil 1987 
column; solvent 
microextraction 

Fish and sedi- Homogenization;  Capillary 25 ppbb Sediments, Hiatt 1981, 1983 
ment freezing and vacuum GC/MS 97 recovery; 

extraction fish, 76% 
average for 
all analytes 

Eggs Headspace Capillary 0.002 μg/mL 94 (white); Stein and 
GC/PID; 49 (whole); Narang 1990 
confirmation 21 (yolk) 
by GC/MS 

Fruits and Solvent extraction; Capillary No data No data Górna-Binkul et 
vegetables filtration GC/MS-SIM al. 1996 
Olives and olive Headspace Capillary Low μg/kg No data Biedermann et 
oil GC/MS levels al. 1995 
Cooked meat Azeotropic distillation Capillary 6 μg/kg No data Gramshaw and 

using Kilens-Nickerson GC/MS Vandenburg 
estractor 1995 

Food containers Incubation with DMF; Capillary 10 ppm 96–102 Sugita et al. 
(polystyrene) headspace GC/FID; 1995 

confirmation 
GC/MS 

aSample detection limit will depend upon volume sampled.  Value is estimated instrumental detection limit. 
bMethod detection limits were not provided; estimates cited are based on lowest concentrations used for method 
performance evaluation. 

CS2 = carbon disulfide; DMF = dimethylformamide; DVB = divinylbenzene; FID = flame ionization detector; GC = gas 
chromatography; MeOH = methanol; MS = mass spectrometry; PDMS = polydimethylsiloxane; PID = photoionization 
detector; PLOT = pourous-layer open tubular; SIM = selected ion monitoring; SPME = solid phase microextraction; 
UV = ultraviolet spectrophotometry 
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Ethylbenzene may be determined in occupational air using collection on multisorbent cartridges, solvent 

desorption and analysis by GC/FID (NIOSH 1994a). Accuracy is very good (-7.6% bias); detection limits 

depend upon the amount of air sampled.  Ambient air samples may also be collected on adsorbent traps 

(EPA 1988a; Pellizzari et al. 1993) or in stainless steel canisters (EPA 1988b; McClenny and Fortune 

1995).  Recovery for Tenax traps is very good, ranging from 91 to 100% (EPA 1987).  Little information 

on accuracy is available for multisorbent traps, but good recovery (102%) has been reported (Oliver et al. 

1996).  Bias of -8.1% for canister collection has been reported (McClenny and Fortune 1995).  Detection 

limits depend upon the amount of air sampled, but values in the sub-ppb range have been reported 

(Kostiainen 1995; McClenny and Fortune 1995; Oliver et al. 1996). 

Purge-and-trap methodology is used most often for determination of ethylbenzene in water and hazardous 

wastes (Lesage 1993).  The method was developed by Bellar and Lichtenberg (1974) for waste water.  An 

inert gas is bubbled through the sample to strip out volatile components.  The analytes in the gas stream 

are adsorbed onto sorbent traps, then thermally desorbed into the GC column.  Very low detection limits 

for drinking water are reported for the purge-and-trap method with GC/PID (0.002–0.04 μg/L) (EPA 

1991e). Accuracy is very good (93–101% recovery) (EPA 1991e).  While the method is quite selective, 

confirmation using a second GC column or GC/MS is recommended (EPA 1991e).  A sensitive 

(0.06 μg/L) and reliable method (96–99% recovery; <10% RSD) for drinking water uses capillary column 

GC/MS (EPA 1992a). Purge-and-trap methodology with analysis by GC/PID or GC/MS is used for 

waste waters (APHA 1995b, 1995c, 1995d; EPA 1984c, 1999).  The detection limits are lower for 

GC/PID (0.2 μg/L) (EPA 1984c) than for GC/MS (7.2 μg/L) (EPA 1984b), but confirmation on a second 

column is recommended (EPA 1984c) when PID is used.  Recovery and precision are very good (98– 

103% recovery; ≤10% RSD) (EPA 1984c, 1999). 

Soil, sediment, and solid waste samples are difficult to analyze.  Volatilization during sample handling 

and homogenization can result in ethylbenzene losses.  The wet sample is usually dispersed in a solvent, 

then added to water for purge-and-trap/GC analysis (EPA 1994c).  Capillary GC/PID or GC/MS analysis 

provides detection limits in the low ppb range for soil and sediment and in the sub-ppm range for solid 

wastes (EPA 1994d, 1994e, 1995a, 1995b).  

Few methods are available for the determination of ethylbenzene in fish and biota.  A method for the 

determination of ethylbenzene in fish at low ppm levels using solvent extraction with GC/FID analysis 

has been reported (Karasek et al. 1987).  A procedure to identify and quantify ethylbenzene in fish 

samples by vacuum distillation with capillary column GC/MS has been reported (Hiatt 1981, 1983).  
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Recovery of 98–102% from spiked fish tissue was reported, but detection limits were not reported (Hiatt 

1981).  Purge-and-trap/capillary GC/MS has also been used for the determination of ethylbenzene in fish.  

Performance data for fish tissue samples were not reported (Dreisch and Munson 1983). 

Few methods are available for the determination of ethylbenzene in food.  Available methods involve 

solvent extraction (Górna-Binkul et al. 1996), headspace purge (Biedermann et al. 1995), and azeotropic 

distillation (Gramshaw and Vandenburg 1995) followed by capillary GC/MS or GC/PID analysis.  

Detection limits are in the low μg/kg range (Biedermann et al. 1995; Gramshaw and Vandenburg 1995).  

Little performance data are available.  Recoveries from 21% (egg yolk) to 94% (egg white) were reported 

for headspace/capillary GC/PID analysis of eggs (Stein and Narang 1990). 

Screening methods and field-portable methods may be useful analytical tools.  Soil screening for 

petroleum hydrocarbons, including ethylbenzene, can be conducted using immunoassay procedures (EPA 

1995e). Sensitivity is in the ppm range.  Solid phase microextraction (SPME) has been tested as a 

screening method for water (Shirey 1995).  The method is used in conjunction with capillary GC 

techniques. Portable GCs have been used for field monitoring of air (Berkley et al. 1991), water (Driscoll 

and Atwood 1993), soil (Driscoll and Atwood 1993), and hazardous waste (Overton et al. 1995).  There 

are several studies that compare portable GC methods with laboratory methods (Berkley et al. 1991; 

Driscoll and Atwood 1993).   

7.3 ADEQUACY OF THE DATABASE 

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the 

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether 

adequate information on the health effects of ethylbenzene is available.  Where adequate information is 

not available, ATSDR, in conjunction with NTP, is required to assure the initiation of a program of 

research designed to determine the health effects (and techniques for developing methods to determine 

such health effects) of ethylbenzene.  

The following categories of possible data needs have been identified by a joint team of scientists from 

ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met would 

reduce the uncertainties of human health assessment.  This definition should not be interpreted to mean 

that all data needs discussed in this section must be filled.  In the future, the identified data needs will be 

evaluated and prioritized, and a substance-specific research agenda will be proposed.  
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7.3.1 Identification of Data Needs 

Methods for Determining Biomarkers of Exposure and Effect.    

Exposure. Exposure to ethylbenzene can be determined by the detection of mandelic acid and 

phenylglycolic acid in urine or by direct detection of ethylbenzene in human blood.  Environmental 

exposures to ethylbenzene can result in detectable levels in human tissues.  Existing methods for the 

determination of ethylbenzene in blood have the sensitivity necessary (0.008–0.012 ppb) (Ashley et al. 

1992) to detect and measure low to trace levels of ethylbenzene in blood that might be present in the 

general population, as well as concentrations of ethylbenzene that might be associated with specific health 

effects. Methods for measurement of ethylbenzene in exhaled breath are sensitive enough (low μg/m3) 

(Thomas et al. 1991) to provide background levels of ethylbenzene in the general population as well as to 

measure exposure. Additional performance information would be helpful, as would further development 

of a portable breath collection system.  Information on levels of ethylbenzene in tissues is limited and the 

existing methods are not as well characterized.  Improvements in the sensitivity of the methods for 

measuring concentrations of ethylbenzene in tissues and additional performance data would be helpful. 

Methods for measuring metabolites and biomarkers for ethylbenzene are shown in Table 7-3. Methods 

exist for measuring ppm levels of ethylbenzene metabolites in urine (Ogata and Taguchi 1987, 1988; 

Sollenberg et al. 1985).  They are sufficiently sensitive for measuring occupational exposure to 

ethylbenzene.  These analytical methods are reliable and precise, but may not be sensitive enough to 

measure non-occupational exposure.  Improvements in the sensitivity of the methods for measuring 

concentrations of ethylbenzene in tissues, and improvements in the sensitivity for measurement of 

metabolites in urine would allow better assessment of the correlation between levels in these media and 

observed health effects. 

Effect. No specific biomarkers of effect for ethylbenzene were identified. 

Methods for Determining Parent Compounds and Degradation Products in Environmental 
Media. Sensitive methods are available for measuring background levels of ethylbenzene in air, water, 

and wastes, the media of most concern for exposure of the general population and those populations 

located near hazardous waste sites. Few methods are available for measuring levels of ethylbenzene in 

fish, plants and biota. Detection limits in the low ppb range have been reported (Dreisch and Munson 
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Table 7-3. Analytical Methods for Determining Biomarkers of Ethylbenzene in 

Biological Materials 


Sample Analytical Sample detection Accuracy per-
matrix Sample preparation method limit cent recovery Reference 
Urine (MA) Dilution; centrifugation HPLC/UV MA 5 ng injected MA 100–102 Ogata and 

Taguchi 1988 
Urine (MA MeOH addition; HPLC PGA 8.5x103 μg/L PGA 101 Ogata and 
and PGA) centrifugation MA 10x103 μg/L MA 102.6 Taguchi 1987 

Urine (MA 
and PGA) 

Filtration; solvent 
extraction; evaporation 

HPLC/UV MA, PGA 
1.5x103 μg/L 

No data Sollenberg et al. 
1985 

and dissolution 
Urine (MA 
and PGA) 

Filtration; solvent 
extraction; evaporation 

ITP MA 6.1x103 μg/L 
PGA 3.0x103 μg/L 

No data Sollenberg et al. 
1985 

and dissolution 

HPLC = high performance liquid chromatography; ITP = isotachophoresis; MA = mandelic acid; 
PGA = phenylglyoxylic acid; UV = ultraviolet (detection) 
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1983; Hiatt 1981; Karasek et al. 1987; Keymeulen et al. 1991), but other performance data are generally 

lacking. Few methods are available for measuring levels of ethylbenzene in food.  Little performance 

data are available for the available methods.  Although several good analytical methods are available for 

detecting ethylbenzene in some environmental media, validated, reliable methods for measuring 

ethylbenzene in fish and foods are needed.  These would be helpful in evaluating the potential for human 

exposure and health effects that might result from ethylbenzene contamination. 

Methods for detecting environmental degradation products of ethylbenzene in environmental media are 

summarized in Table 7-4.  Although methods are available for detecting major environmental degradation 

products (1-phenylethanol, acetophenone, benzaldehyde, for example) in reaction mixtures, it is not 

known whether these methods have the sensitivity and specificity for application to environmental media.  

Sensitive, reliable methods for determining degradation products in air, water, and waste would be 

helpful. 

7.3.2 Ongoing Studies 

The Environmental Health Laboratory Sciences Division of the National Center for Environmental 

Health, Centers for Disease Control and Prevention, is developing methods for the analysis of 

ethylbenzene and other volatile organic compounds in blood.  These methods use purge and trap 

methodology, high-resolution gas chromatography, and magnetic sector mass spectrometry, which give 

detection limits in the low ppt range.  
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Table 7-4. Analytical Methods for Determining Environmental Degradation 

Products of Ethylbenzene 


Sample Analytical Sample Accuracy per-
matrix Preparation method method detection limit cent recovery Reference 
Reaction Solvent extraction; Capillary No data No data Ehrhardt and 
mixtures concentration GC/FID Petrick 1984 
Reaction Centrifugation; solvent GC/FID; No data No data Fukuda et al. 1989 
mixtures extraction; confirmation 

concentration GC/MS 

FID = flame ionization detector; GC = gas chromatography; MS = mass spectrometry 
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The international and national regulations and guidelines pertaining to ethylbenzene in air, water, and 

other media are summarized in Table 8-1. 

ATSDR has derived an acute-duration inhalation MRL of 10 ppm for ethylbenzene based on a NOAEL of 

300 ppm and a LOAEL of 400 ppm for significant deterioration of auditory thresholds and significant 

losses of outer hair cells in the organ of Corti in rats exposed 8 hours/day for 5 days (Cappaert et al. 

2000). The MRL was derived by dividing the NOAELHEC of 300 ppm by an uncertainty factor of 

30 (3 for animal to human extrapolation with dosimetric adjustment and 10 for human variability). 

ATSDR has derived an intermediate-duration inhalation MRL of 0.7 ppm for ethylbenzene based on a 

LOAEL of 200 ppm for significant loss of outer hair cells in the organ of Corti in rats exposed for 

6 hours/day, 6 days/week for 13 weeks (Gagnaire et al. 2007).  The MRL was derived by dividing the 

LOAELHEC of 200 ppm by an uncertainty factor of 300 (10 for use of a LOAEL, 3 for animal to human 

extrapolation with dosimetric adjustment, and 10 for human variability). 

ATSDR has derived a chronic-duration inhalation MRL of 0.3 ppm for ethylbenzene based on a LOAEL 

of 75 ppm for a significant increase in the severity of nephropathy in female rats exposed to ethylbenzene 

by inhalation for 5 days/week, 6 hours/day, for 104 weeks (NTP 1999).  The MRL was derived by 

dividing the LOAELHEC of 75 ppm by an uncertainty factor of 300 (10 for use of a LOAEL, 3 for animal 

to human extrapolation with dosimetric adjustment, and 10 for human variability). 

ATSDR has derived an intermediate-duration oral MRL of 0.5 mg/kg/day for ethylbenzene based on a 

BMDL10 of 48.2 mg/kg/day for hepatotoxicity (centrilobular hepatocyte hypertrophy) in male rats 

exposed to ethylbenzene by gavage for 13 weeks (Mellert et al. 2007).  The MRL was derived by dividing 

the BMDL10 of 48.2 mg/kg/day by an uncertainty factor of 100 (10 for animal to human extrapolation 

with dosimetric adjustment and 10 for human variability). 

The EPA oral reference dose (RfD) for ethylbenzene is 0.1 mg/kg/day, based on the LOAEL for liver and 

kidney toxicity in rats administered 291 mg/kg/day ethylbenzene via gavage 5 days/week for 182 days 

(Wolf et al. 1956). The RfD was calculated by dividing the NOAEL of 97 mg/kg/day by an uncertainty 

factor of 1,000 (10 for use of a subchronic study, 10 for interspecies extrapolation, and 10 for intraspecies 

variability). 
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The EPA inhalation reference concentration (RfC) for ethylbenzene is 1 mg/m3 (equivalent to 0.23 ppm), 

based on developmental toxicity seen in rats and rabbits exposed to 4,340 mg/m3 (IRIS 2007). The 

ATSDR intermediate-duration inhalation MRL of 0.3 ppm is comparable to the EPA RfC. 

The EPA has classified ethylbenzene as Group D (not classifiable as to human carcinogenicity), due to 

the lack of animal bioassays and human studies (IRIS 2007).  IARC (2006) has classified ethylbenzene as 

a Group 2B carcinogen (possibly carcinogenic to humans).  NTP has not classified ethylbenzene for its 

carcinogenicity. 
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Table 8-1. Regulations and Guidelines Applicable to Ethylbenzene 

Agency Description Information Reference 
INTERNATIONAL 
Guidelines:  

IARC Carcinogenicity classification Group 2Ba IARC 2006 
WHO Air quality guidelines 

Drinking water quality guidelines 
No data 
0.3 mg/Lb

WHO 2000 
 WHO 2004 

NATIONAL 
Regulations and 
Guidelines: 
a. Air 

ACGIH TLV (8-hour TWA) 100 ppm ACGIH 2006 
STEL (15-minute TWA) 125 ppm 

EPA AEGL-1, -2, -3 No data EPA 2007a 
Hazardous air pollutant Yes EPA 2007c 

42 USC 7412 
NIOSH REL (10-hour TWA) 100 ppm NIOSH 2005 

STEL (15-minute TWA) 125 ppm 
IDLH 800 ppm 

OSHA PEL (8-hour TWA) for general industry 100 ppm OSHA 2006c 
29 CFR 1910.1000 

PEL (8-hour TWA) for shipyard industry 100 ppm OSHA 2006a 
29 CFR 1915.1000 

PEL (8-hour TWA) for construction 
industry 

100 ppm OSHA 2006b 
29 CFR 1926.55, 
Appendix A 

b. Water 
EPA Designated as hazardous substances 

in accordance with Section 311(b)(2)(A) 
of the Clean Water Act 

Yes EPA 2007b 
40 CFR 116.4 

Designated as a toxic pollutant 
pursuant to Section 307(a)(1) of the 
Clean Water Act 

Yes EPA 2007g 
40 CFR 401.15 

Drinking water standards and health 
advisories 

EPA 2006a 

1-Day health advisory for a 10-kg 
child 

30 mg/L 

10-Day health advisory for a 10-kg 
child 

3 mg/L 

DWEL 3 mg/L 
Lifetime 
10-4 Cancer risk 

0.7 mg/L 
No data 
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Table 8-1. Regulations and Guidelines Applicable to Ethylbenzene 

Agency Description 	 Information Reference 
NATIONAL (cont.) 

EPA National primary drinking water EPA 2003 
standards 

MCLG 0.7 mg/L 
MCL 0.7 mg/Lc 

Public health goal 0.7 mg/L 
Reportable quantities of hazardous 1,000 pounds EPA 2007d 
substances designated pursuant to 40 CFR 117.3 
Section 311 of the Clean Water Act 
Water quality criteria for human health EPA 2006b 
consumption of: 

Water + organism 0.53 mg/L 
Organism only 2.1 mg/L 

c. 	Food 
EPA Inert pesticide ingredients in pesticide List 2d EPA 2004 

products 
FDA Bottled water requirement 0.7 mg/L FDA 2006a 

21 CFR 165.110 
EAFUS No data FDA 2007b 

d. 	Other 
 ACGIH Carcinogenicity classification A3e ACGIH 2006

Biological exposure indices (end of shift 1.5 g/g creatininef 

at end of workweek); sum of mandelic 
acid and phenyl glyoxylic acid in urine 

EPA Carcinogenicity classification Class Dg IRIS 2007 

Oral slope factor No data 

Inhalation unit risk No data 


RfC 1 mg/m3

 RfD 0.1 mg/kg/day 
Master Testing List Yesh EPA 2007j 
Superfund, emergency planning, and 
community right-to-know 

Designated CERCLA hazardous Yesi EPA 2007e 
substance 40 CFR 302.4 

Reportable quantity 1,000 pounds 
Effective date of toxic chemical 01/01/87 EPA 2007f 
release reporting 40 CFR 372.65 

TSCA health and safety data reporting Yes EPA 2007h 
requirements 40 CFR 716.120 
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Table 8-1. Regulations and Guidelines Applicable to Ethylbenzene 

Agency Description Information Reference 
NATIONAL (cont.)


NTP Carcinogenicity classification No data NTP 2005 


aGroup 2B: possibly carcinogenic to humans 
bConcentrations of the substance at or below the health based guideline value may affect the appearance, taste, or 
odor of the water, leading to consumer complaints. 
cPotential health effects from exposure above the MCL include liver or kidneys problems; and the common sources of 
contaminant in drinking water is from the discharge from petroleum refineries. 
dList 2: potentially toxic other ingredients and high priority for testing inerts 
eA3: confirmed animal carcinogen with unknown relevance to humans 
fACGIH (2006) has submitted notice of intended changes for ethylbenzene in which the BEI will be lowered to 
0.7 g/g creatinine. 
gClass D:  not classifiable as to human carcinogenicity 
hEthylbenzene was recommended to the Master Testing List (MTL) by the U.S. EPA’s Office of Pollution Prevention 
and Toxics on the basis of the Screening Information Data Sets (SIDS).  Styrene was added to the MTL in 1993 and 
the chemical testing program is currently underway by way of a VTA.  The testing needs include health effects, 
environmental effects, and environmental fate and exposure.  The Office of Air and Radiation recommended 
ethylbenzene to the MTL in 1995 on the basis that ethylbenzene is a hazardous air pollutant.  EPA is in the process 
of determining the testing needs for the following: acute toxicity, neurotoxicity, developmental toxicity, reproductive, 
and immunotoxicity
iDesignated CERCLA hazardous substance pursuant to Section 311(b)(2) and Section 307(a) of the Clean Water and 
Section 112 of the Clean Air Act. 

ACGIH = American Conference of Governmental Industrial Hygienists; AEGL = Acute Exposure Guideline Levels; 
BEI = biological exposure indices; CERCLA = Comprehensive Environmental Response, Compensation, and Liability 
Act; CFR = Code of Federal Regulations; DWEL = drinking water equivalent level; EAFUS = Everything Added to 
Food in the United States; EPA = Environmental Protection Agency; FDA = Food and Drug Administration; 
IARC = International Agency for Research on Cancer; IDLH = immediately dangerous to life or health; 
IRIS = Integrated Risk Information System; MCL = maximum contaminant level; MCLG = maximum contaminant level 
goal; NIOSH = National Institute for Occupational Safety and Health; NTP = National Toxicology Program; 
OSHA = Occupational Safety and Health Administration; PEL = permissible exposure limit; REL = recommended 
exposure limit; RfC = inhalation reference concentration; RfD = oral reference dose; STEL = short-term expsoure 
limit; TLV = threshold limit values; TSCA = Toxic Substances Control Act; TWA = time-weighted average; 
USC = United States Code; WHO = World Health Organization 
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Absorption—The taking up of liquids by solids, or of gases by solids or liquids. 

Acute Exposure—Exposure to a chemical for a duration of 14 days or less, as specified in the 
Toxicological Profiles. 

Adsorption—The adhesion in an extremely thin layer of molecules (as of gases, solutes, or liquids) to the 
surfaces of solid bodies or liquids with which they are in contact. 

Adsorption Coefficient (Koc)—The ratio of the amount of a chemical adsorbed per unit weight of 
organic carbon in the soil or sediment to the concentration of the chemical in solution at equilibrium. 

Adsorption Ratio (Kd)—The amount of a chemical adsorbed by sediment or soil (i.e., the solid phase) 
divided by the amount of chemical in the solution phase, which is in equilibrium with the solid phase, at a 
fixed solid/solution ratio. It is generally expressed in micrograms of chemical sorbed per gram of soil or 
sediment. 

Benchmark Dose (BMD)—Usually defined as the lower confidence limit on the dose that produces a 
specified magnitude of changes in a specified adverse response.  For example, a BMD10 would be the 
dose at the 95% lower confidence limit on a 10% response, and the benchmark response (BMR) would be 
10%.  The BMD is determined by modeling the dose response curve in the region of the dose response 
relationship where biologically observable data are feasible.    

Benchmark Dose Model—A statistical dose-response model applied to either experimental toxicological 
or epidemiological data to calculate a BMD. 

Bioconcentration Factor (BCF)—The quotient of the concentration of a chemical in aquatic organisms 
at a specific time or during a discrete time period of exposure divided by the concentration in the 
surrounding water at the same time or during the same period. 

Biomarkers—Broadly defined as indicators signaling events in biologic systems or samples. They have 
been classified as markers of exposure, markers of effect, and markers of susceptibility. 

Cancer Effect Level (CEL)—The lowest dose of chemical in a study, or group of studies, that produces 
significant increases in the incidence of cancer (or tumors) between the exposed population and its 
appropriate control. 

Carcinogen—A chemical capable of inducing cancer. 

Case-Control Study—A type of epidemiological study that examines the relationship between a 
particular outcome (disease or condition) and a variety of potential causative agents (such as toxic 
chemicals).  In a case-controlled study, a group of people with a specified and well-defined outcome is 
identified and compared to a similar group of people without outcome. 

Case Report—Describes a single individual with a particular disease or exposure.  These may suggest 
some potential topics for scientific research, but are not actual research studies. 

Case Series—Describes the experience of a small number of individuals with the same disease or 
exposure. These may suggest potential topics for scientific research, but are not actual research studies. 
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Ceiling Value—A concentration of a substance that should not be exceeded, even instantaneously. 

Chronic Exposure—Exposure to a chemical for 365 days or more, as specified in the Toxicological 
Profiles. 

Cohort Study—A type of epidemiological study of a specific group or groups of people who have had a 
common insult (e.g., exposure to an agent suspected of causing disease or a common disease) and are 
followed forward from exposure to outcome.  At least one exposed group is compared to one unexposed 
group. 

Cross-sectional Study—A type of epidemiological study of a group or groups of people that examines 
the relationship between exposure and outcome to a chemical or to chemicals at one point in time. 

Data Needs—Substance-specific informational needs that if met would reduce the uncertainties of human 
health assessment. 

Developmental Toxicity—The occurrence of adverse effects on the developing organism that may result 
from exposure to a chemical prior to conception (either parent), during prenatal development, or 
postnatally to the time of sexual maturation.  Adverse developmental effects may be detected at any point 
in the life span of the organism. 

Dose-Response Relationship—The quantitative relationship between the amount of exposure to a 
toxicant and the incidence of the adverse effects. 

Embryotoxicity and Fetotoxicity—Any toxic effect on the conceptus as a result of prenatal exposure to 
a chemical; the distinguishing feature between the two terms is the stage of development during which the 
insult occurs.  The terms, as used here, include malformations and variations, altered growth, and in utero 
death. 

Environmental Protection Agency (EPA) Health Advisory—An estimate of acceptable drinking water 
levels for a chemical substance based on health effects information.  A health advisory is not a legally 
enforceable federal standard, but serves as technical guidance to assist federal, state, and local officials. 

Epidemiology—Refers to the investigation of factors that determine the frequency and distribution of 
disease or other health-related conditions within a defined human population during a specified period.   

Genotoxicity—A specific adverse effect on the genome of living cells that, upon the duplication of 
affected cells, can be expressed as a mutagenic, clastogenic, or carcinogenic event because of specific 
alteration of the molecular structure of the genome. 

Half-life—A measure of rate for the time required to eliminate one half of a quantity of a chemical from 
the body or environmental media. 

Immediately Dangerous to Life or Health (IDLH)—The maximum environmental concentration of a 
contaminant from which one could escape within 30 minutes without any escape-impairing symptoms or 
irreversible health effects. 

Immunologic Toxicity—The occurrence of adverse effects on the immune system that may result from 
exposure to environmental agents such as chemicals. 
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Immunological Effects—Functional changes in the immune response. 

Incidence—The ratio of individuals in a population who develop a specified condition to the total 
number of individuals in that population who could have developed that condition in a specified time 
period. 

Intermediate Exposure—Exposure to a chemical for a duration of 15–364 days, as specified in the 
Toxicological Profiles. 

In Vitro—Isolated from the living organism and artificially maintained, as in a test tube. 

In Vivo—Occurring within the living organism. 

Lethal Concentration(LO) (LCLO)—The lowest concentration of a chemical in air that has been reported 
to have caused death in humans or animals. 

Lethal Concentration(50) (LC50)—A calculated concentration of a chemical in air to which exposure for 
a specific length of time is expected to cause death in 50% of a defined experimental animal population. 

Lethal Dose(LO) (LDLO)—The lowest dose of a chemical introduced by a route other than inhalation that 
has been reported to have caused death in humans or animals. 

Lethal Dose(50) (LD50)—The dose of a chemical that has been calculated to cause death in 50% of a 
defined experimental animal population. 

Lethal Time(50) (LT50)—A calculated period of time within which a specific concentration of a chemical 
is expected to cause death in 50% of a defined experimental animal population. 

Lowest-Observed-Adverse-Effect Level (LOAEL)—The lowest exposure level of chemical in a study, 
or group of studies, that produces statistically or biologically significant increases in frequency or severity 
of adverse effects between the exposed population and its appropriate control. 

Lymphoreticular Effects—Represent morphological effects involving lymphatic tissues such as the 
lymph nodes, spleen, and thymus. 

Malformations—Permanent structural changes that may adversely affect survival, development, or 
function. 

Minimal Risk Level (MRL)—An estimate of daily human exposure to a hazardous substance that is 
likely to be without an appreciable risk of adverse noncancer health effects over a specified route and 
duration of exposure. 

Modifying Factor (MF)—A value (greater than zero) that is applied to the derivation of a Minimal Risk 
Level (MRL) to reflect additional concerns about the database that are not covered by the uncertainty 
factors. The default value for a MF is 1. 

Morbidity—State of being diseased; morbidity rate is the incidence or prevalence of disease in a specific 
population. 

Mortality—Death; mortality rate is a measure of the number of deaths in a population during a specified 
interval of time. 
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Mutagen—A substance that causes mutations.  A mutation is a change in the DNA sequence of a cell’s 
DNA. Mutations can lead to birth defects, miscarriages, or cancer. 

Necropsy—The gross examination of the organs and tissues of a dead body to determine the cause of 
death or pathological conditions. 

Neurotoxicity—The occurrence of adverse effects on the nervous system following exposure to a 
chemical. 

No-Observed-Adverse-Effect Level (NOAEL)—The dose of a chemical at which there were no 
statistically or biologically significant increases in frequency or severity of adverse effects seen between 
the exposed population and its appropriate control.  Effects may be produced at this dose, but they are not 
considered to be adverse. 

Octanol-Water Partition Coefficient (Kow)—The equilibrium ratio of the concentrations of a chemical 
in n-octanol and water, in dilute solution. 

Odds Ratio (OR)—A means of measuring the association between an exposure (such as toxic substances 
and a disease or condition) that represents the best estimate of relative risk (risk as a ratio of the incidence 
among subjects exposed to a particular risk factor divided by the incidence among subjects who were not 
exposed to the risk factor). An OR of greater than 1 is considered to indicate greater risk of disease in the 
exposed group compared to the unexposed group. 

Organophosphate or Organophosphorus Compound—A phosphorus-containing organic compound 
and especially a pesticide that acts by inhibiting cholinesterase. 

Permissible Exposure Limit (PEL)—An Occupational Safety and Health Administration (OSHA) 
allowable exposure level in workplace air averaged over an 8-hour shift of a 40-hour workweek. 

Pesticide—General classification of chemicals specifically developed and produced for use in the control 
of agricultural and public health pests. 

Pharmacokinetics—The dynamic behavior of a material in the body, used to predict the fate 
(disposition) of an exogenous substance in an organism.  Utilizing computational techniques, it provides 
the means of studying the absorption, distribution, metabolism, and excretion of chemicals by the body. 

Pharmacokinetic Model—A set of equations that can be used to describe the time course of a parent 
chemical or metabolite in an animal system.  There are two types of pharmacokinetic models:  data-based 
and physiologically-based.  A data-based model divides the animal system into a series of compartments, 
which, in general, do not represent real, identifiable anatomic regions of the body, whereas the 
physiologically-based model compartments represent real anatomic regions of the body. 

Physiologically Based Pharmacodynamic (PBPD) Model—A type of physiologically based dose-
response model that quantitatively describes the relationship between target tissue dose and toxic end 
points. These models advance the importance of physiologically based models in that they clearly 
describe the biological effect (response) produced by the system following exposure to an exogenous 
substance. 
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Physiologically Based Pharmacokinetic (PBPK) Model—Comprised of a series of compartments 
representing organs or tissue groups with realistic weights and blood flows.  These models require a 
variety of physiological information:  tissue volumes, blood flow rates to tissues, cardiac output, alveolar 
ventilation rates, and possibly membrane permeabilities.  The models also utilize biochemical 
information, such as air/blood partition coefficients, and metabolic parameters.  PBPK models are also 
called biologically based tissue dosimetry models. 

Prevalence—The number of cases of a disease or condition in a population at one point in time.  

Prospective Study—A type of cohort study in which the pertinent observations are made on events 
occurring after the start of the study.  A group is followed over time. 

q1*—The upper-bound estimate of the low-dose slope of the dose-response curve as determined by the 
multistage procedure.  The q1* can be used to calculate an estimate of carcinogenic potency, the 
incremental excess cancer risk per unit of exposure (usually μg/L for water, mg/kg/day for food, and 
μg/m3 for air). 

Recommended Exposure Limit (REL)—A National Institute for Occupational Safety and Health 
(NIOSH) time-weighted average (TWA) concentration for up to a 10-hour workday during a 40-hour 
workweek. 

Reference Concentration (RfC)—An estimate (with uncertainty spanning perhaps an order of 
magnitude) of a continuous inhalation exposure to the human population (including sensitive subgroups) 
that is likely to be without an appreciable risk of deleterious noncancer health effects during a lifetime.  
The inhalation reference concentration is for continuous inhalation exposures and is appropriately 
expressed in units of mg/m3 or ppm. 

Reference Dose (RfD)—An estimate (with uncertainty spanning perhaps an order of magnitude) of the 
daily exposure of the human population to a potential hazard that is likely to be without risk of deleterious 
effects during a lifetime.  The RfD is operationally derived from the no-observed-adverse-effect level 
(NOAEL, from animal and human studies) by a consistent application of uncertainty factors that reflect 
various types of data used to estimate RfDs and an additional modifying factor, which is based on a 
professional judgment of the entire database on the chemical.  The RfDs are not applicable to 
nonthreshold effects such as cancer. 

Reportable Quantity (RQ)—The quantity of a hazardous substance that is considered reportable under 
the Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA).  Reportable 
quantities are (1) 1 pound or greater or (2) for selected substances, an amount established by regulation 
either under CERCLA or under Section 311 of the Clean Water Act.  Quantities are measured over a 
24-hour period. 

Reproductive Toxicity—The occurrence of adverse effects on the reproductive system that may result 
from exposure to a chemical.  The toxicity may be directed to the reproductive organs and/or the related 
endocrine system.  The manifestation of such toxicity may be noted as alterations in sexual behavior, 
fertility, pregnancy outcomes, or modifications in other functions that are dependent on the integrity of 
this system. 

Retrospective Study—A type of cohort study based on a group of persons known to have been exposed 
at some time in the past.  Data are collected from routinely recorded events, up to the time the study is 
undertaken. Retrospective studies are limited to causal factors that can be ascertained from existing 
records and/or examining survivors of the cohort. 
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10. GLOSSARY 

Risk—The possibility or chance that some adverse effect will result from a given exposure to a chemical. 

Risk Factor—An aspect of personal behavior or lifestyle, an environmental exposure, or an inborn or 
inherited characteristic that is associated with an increased occurrence of disease or other health-related 
event or condition. 

Risk Ratio—The ratio of the risk among persons with specific risk factors compared to the risk among 
persons without risk factors. A risk ratio greater than 1 indicates greater risk of disease in the exposed 
group compared to the unexposed group. 

Short-Term Exposure Limit (STEL)—The American Conference of Governmental Industrial 
Hygienists (ACGIH) maximum concentration to which workers can be exposed for up to 15 minutes 
continually. No more than four excursions are allowed per day, and there must be at least 60 minutes 
between exposure periods. The daily Threshold Limit Value-Time Weighted Average (TLV-TWA) may 
not be exceeded. 

Standardized Mortality Ratio (SMR)—A ratio of the observed number of deaths and the expected 
number of deaths in a specific standard population. 

Target Organ Toxicity—This term covers a broad range of adverse effects on target organs or 
physiological systems (e.g., renal, cardiovascular) extending from those arising through a single limited 
exposure to those assumed over a lifetime of exposure to a chemical. 

Teratogen—A chemical that causes structural defects that affect the development of an organism. 

Threshold Limit Value (TLV)—An American Conference of Governmental Industrial Hygienists 
(ACGIH) concentration of a substance to which most workers can be exposed without adverse effect.  
The TLV may be expressed as a Time Weighted Average (TWA), as a Short-Term Exposure Limit 
(STEL), or as a ceiling limit (CL). 

Time-Weighted Average (TWA)—An allowable exposure concentration averaged over a normal 8-hour 
workday or 40-hour workweek. 

Toxic Dose(50) (TD50)—A calculated dose of a chemical, introduced by a route other than inhalation, 
which is expected to cause a specific toxic effect in 50% of a defined experimental animal population. 

Toxicokinetic—The absorption, distribution, and elimination of toxic compounds in the living organism. 

Uncertainty Factor (UF)—A factor used in operationally deriving the Minimal Risk Level (MRL) or 
Reference Dose (RfD) or Reference Concentration (RfC) from experimental data.  UFs are intended to 
account for (1) the variation in sensitivity among the members of the human population, (2) the 
uncertainty in extrapolating animal data to the case of human, (3) the uncertainty in extrapolating from 
data obtained in a study that is of less than lifetime exposure, and (4) the uncertainty in using lowest-
observed-adverse-effect level (LOAEL) data rather than no-observed-adverse-effect level (NOAEL) data. 
A default for each individual UF is 10; if complete certainty in data exists, a value of 1 can be used; 
however, a reduced UF of 3 may be used on a case-by-case basis, 3 being the approximate logarithmic 
average of 10 and 1. 

Xenobiotic—Any chemical that is foreign to the biological system. 
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APPENDIX A.  ATSDR MINIMAL RISK LEVELS AND WORKSHEETS 

The Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) [42 U.S.C. 

9601 et seq.], as amended by the Superfund Amendments and Reauthorization Act (SARA) [Pub. L. 99– 

499], requires that the Agency for Toxic Substances and Disease Registry (ATSDR) develop jointly with 

the U.S. Environmental Protection Agency (EPA), in order of priority, a list of hazardous substances most 

commonly found at facilities on the CERCLA National Priorities List (NPL); prepare toxicological 

profiles for each substance included on the priority list of hazardous substances; and assure the initiation 

of a research program to fill identified data needs associated with the substances. 

The toxicological profiles include an examination, summary, and interpretation of available toxicological 

information and epidemiologic evaluations of a hazardous substance.  During the development of 

toxicological profiles, Minimal Risk Levels (MRLs) are derived when reliable and sufficient data exist to 

identify the target organ(s) of effect or the most sensitive health effect(s) for a specific duration for a 

given route of exposure. An MRL is an estimate of the daily human exposure to a hazardous substance 

that is likely to be without appreciable risk of adverse noncancer health effects over a specified duration 

of exposure. MRLs are based on noncancer health effects only and are not based on a consideration of 

cancer effects.  These substance-specific estimates, which are intended to serve as screening levels, are 

used by ATSDR health assessors to identify contaminants and potential health effects that may be of 

concern at hazardous waste sites.  It is important to note that MRLs are not intended to define clean-up or 

action levels. 

MRLs are derived for hazardous substances using the no-observed-adverse-effect level/uncertainty factor 

approach. They are below levels that might cause adverse health effects in the people most sensitive to 

such chemical-induced effects.  MRLs are derived for acute (1–14 days), intermediate (15–364 days), and 

chronic (365 days and longer) durations and for the oral and inhalation routes of exposure.  Currently, 

MRLs for the dermal route of exposure are not derived because ATSDR has not yet identified a method 

suitable for this route of exposure. MRLs are generally based on the most sensitive chemical-induced end 

point considered to be of relevance to humans.  Serious health effects (such as irreparable damage to the 

liver or kidneys, or birth defects) are not used as a basis for establishing MRLs.  Exposure to a level 

above the MRL does not mean that adverse health effects will occur. 

MRLs are intended only to serve as a screening tool to help public health professionals decide where to 

look more closely.  They may also be viewed as a mechanism to identify those hazardous waste sites that 
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are not expected to cause adverse health effects.  Most MRLs contain a degree of uncertainty because of 

the lack of precise toxicological information on the people who might be most sensitive (e.g., infants, 

elderly, nutritionally or immunologically compromised) to the effects of hazardous substances.  ATSDR 

uses a conservative (i.e., protective) approach to address this uncertainty consistent with the public health 

principle of prevention. Although human data are preferred, MRLs often must be based on animal studies 

because relevant human studies are lacking.  In the absence of evidence to the contrary, ATSDR assumes 

that humans are more sensitive to the effects of hazardous substance than animals and that certain persons 

may be particularly sensitive.  Thus, the resulting MRL may be as much as 100-fold below levels that 

have been shown to be nontoxic in laboratory animals. 

Proposed MRLs undergo a rigorous review process:  Health Effects/MRL Workgroup reviews within the 

Division of Toxicology and Environmental Medicine, expert panel peer reviews, and agency-wide MRL 

Workgroup reviews, with participation from other federal agencies and comments from the public.  They 

are subject to change as new information becomes available concomitant with updating the toxicological 

profiles. Thus, MRLs in the most recent toxicological profiles supersede previously published levels.  

For additional information regarding MRLs, please contact the Division of Toxicology and 

Environmental Medicine, Agency for Toxic Substances and Disease Registry, 1600 Clifton Road NE, 

Mailstop F-32, Atlanta, Georgia 30333. 
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MINIMAL RISK LEVEL (MRL) WORKSHEET 

Chemical Name: Ethylbenzene 
CAS Numbers: 100-41-4 
Date: August 2007 
Profile Status: Final Pre-Public Draft 
Route: [x] Inhalation  [ ] Oral 
Duration: [x] Acute   [ ] Intermediate   [ ] Chronic 
Graph Key: 13 
Species: Rat 

Minimal Risk Level: 10 [ ] mg/kg/day   [x] ppm 

Reference: Cappaert NLM, Klis SFL, Baretta AB, et al.  2000.  Ethyl benzene-induced ototoxicity in rats: 
A dose-dependent mid-frequency hearing loss.  J Assoc Res Otolaryngol 1(4):292-299. 

Experimental design: Wag/Rij rats (eight rats/group; sex not provided) were exposed to 0, 300, 400, or 
550 ppm ethylbenzene (99% pure), 8 hours/day for 5 days.  Animal weight was recorded weekly.  
Measurement of Distortion Product Otoacoustic Emissions (DPOAE), Compound Action Potential 
(CAP), and hair cell counts were conducted 3–6 weeks after the last ethylbenzene exposure.  
DPOAE:  Stimuli were delivered to the ear canal via a probe system incorporating two speakers and a 
low-noise microphone.  The microphone signal was amplified and the response to the stimulus was 
measured. DPOAE amplitude growth curves with stimulus levels were obtained from both ears.  Growth 
functions were obtained at 4, 5.6, 8, 11.3, 16, and 22.6 kHz.  The DPOAE threshold, defined as the 
stimulus level required to elicit a response of 0 dB SPL DPOAE was determined for each of the six 
frequencies. 
CAP: CAP was conducted immediately after DPOAE measurements.  Auditory-evoked responses were 
recorded via a silverball electrode at the apex of the cochlea after presenting tone bursts of 1, 2, 4, 8, 12, 
16, and 24 kHz.  An isoresponsive criterion of 1 µV level was used to define CAP thresholds. CAP 
amplitude was defined as the difference between the first negative peak and the summating potential in 
the electrophysiologic response.  Hair cell counts: Immediately after conducting the electrocochleography 
(CAP) cochleas were removed and bisected longitudinally.  Hair cell counts were conducted on five 
locations of the organ of Corti. Outer hair cell (OHC) loss was determined and expresses as a percentage 
of the expected number of OHC in different auditory regions. 

Effect noted in study and corresponding doses: Rats did not show signs of ill health.  There were no 
significant differences in terminal body weight between exposed and control rats.   
DPOAE:  DPOAE amplitude growth curves showed a significant reduction in rats exposed to 550 ppm, 
but not 300 or 400 ppm ethylbenzene.  Effects were significant at 5.6, 8, and 11.3 kHz, but not at other 
frequencies. The DPOAE thresholds were significantly shifted (increased stimulus was needed to elicit 
the threshold response) at 5.6, 8, 11.3, and 16 kHz in rats in the 550-ppm group.  DPOAE threshold shifts 
were not observed in other exposure groups.   
CAP:  Animals exposed to 550 ppm showed a significant shift in the CAP amplitude growth curves at 8, 
12, and 16 kHz.  In the 400-ppm group, the growth curves were affected only at 12 kHz and there was no 
effect in animals in the 300-ppm group.  CAP thresholds were significantly shifted at 8, 12, and 16 kHz in 
the 550-ppm group and at 12 and 16 kHz in the 400-ppm group.  There was no deterioration of CAP 
thresholds in the 300-ppm group.  Significant OHC losses of approximately 33 and 75% were observed in 
the 550-ppm group in the auditory regions corresponding to 11 and 21 kHz, respectively.  In the 400-ppm 
group, significant losses (25%) were observed in the 11 kHz region.  OHC losses in the 21 kHz region in 
the 300-ppm group were approximately 12%, but were not statistically significant. 
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Dose and end point used for MRL derivation: The MRL is based on a NOAEL of 300 ppm and a LOAEL 
of 400 ppm for significant deterioration in CAP auditory thresholds and significant OHC losses. 

[x] NOAEL   [ ] LOAEL 

Uncertainty Factors used in MRL derivation: 

[ ]  10 for use of a LOAEL 
[x]  3 for extrapolation from animals to humans with dosimetric adjustment 
[x]  10 for human variability 

Was a conversion factor used from ppm in food or water to a mg/body weight dose?  Not applicable 

If an inhalation study in animals, list conversion factors used in determining human equivalent dose: The 
human equivalent concentration (HEC) for the NOAEL was calculated using Formula 4-48 (page 4-60), 
from Methods for Derivation of Inhalation Reference Concentrations and Application of Inhalation 
Dosimetry (EPA 1994o).  The recommended equation is that for category 3 gases: 

(H b / g ) A
NOAEL[HEC] (ppm) = NOAEL[ADJ] (ppm) x 

(H b / g )H 

= 300 ppm x [1] = 300 ppm 
where: 

(Hb/g)A, (Hb/g)H  = Blood/gas partition coefficient in animal and human blood, 
respectively.  Blood/gas partition coefficients of 30.2 and 28.2 for rat and human 
blood, respectively, were obtained (Abraham et al. 2005).  However, when 
(Hb/g)A > (Hb/g)H, a value of 1 is used for the ratio (EPA 1994o).  Thus, a default 
value of 1.0 was used for the animal-to-human blood gas ratio. 

Was a conversion used from intermittent to continuous exposure? No adjustment for intermittent 
exposure was made because the pharmacokinetics of ethylbenzene indicate that ethylbenzene will rapidly 
be absorbed, attain equilibrium with blood, be metabolized, and be eliminated from the body.  Steady-
state blood ethylbenzene concentrations achieved within 2 hours of initiating inhalation exposure to 
ethylbenzene concentration ranging from 75 to 500 ppm (Charest-Tardif et al. 2006).  The blood 
elimination kinetics of inhaled ethylbenzene show that ethylbenzene is rapidly eliminated from the blood, 
with elimination half-times ranging from 3.3 to 63 minutes (e.g., nonlinearity of clearance with exposure 
concentration, similar elimination half-times (Charest-Tardif et al. 2006; Tardif et al. 1997). 

Other additional studies or pertinent information that lend support to this MRL: Cappaert et al. (1999, 
2001, 2002) showed significant adverse effects in the auditory system of rats after acute-duration 
exposures to ≥400 ppm ethylbenzene via inhalation. OHC losses, generally the most sensitive end point 
evaluated in these studies, showed a concentration-related pattern.  Functional auditory deficits were 
observed at exposure concentrations that were greater than or equal to the concentrations that elicited 
OHC loss. Rats administered ethylbenzene by gavage at 8.47 mmol/kg/day (900 mg/kg/day), 
5 days/week for 2 weeks showed almost complete loss of the three rows of OHCs (Gagnaire and Langlais 
2005).  An intermediate-duration study in rats showed significant irreversible ototoxicity in rats exposed 
to ≥200 ppm ethylbenzene via inhalation. 

Agency Contacts (Chemical Managers): Jessilynn Taylor, Henry Abadin, Heraline Hicks 
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MINIMAL RISK LEVEL (MRL) WORKSHEET 

Chemical Name: Ethylbenzene 
CAS Numbers: 100-41-4 
Date: August 2007 
Profile Status: Final Pre-Public Draft 
Route: [x] Inhalation  [ ] Oral 
Duration: [ ] Acute  [x] Intermediate   [ ] Chronic 
Graph Key: 40 
Species: Rat 

Minimal Risk Level: 0.7 [ ] mg/kg/day  [x] ppm 

Reference: Gagnaire F, Langlais C, Grossman S, et al.  2007.  Ototoxicity in rats exposed to 
ethylbenzene and to two xylene vapors for 13 weeks.  Arch Toxicol 81:127-143. 

Experimental design: Male Sprague-Dawley rats (14 rats/exposure group) were exposed to 0, 200, 400, 
600 and 800 ppm ethylbenzene (99% pure), 6 hours/day, 6 days/week, for 13 weeks.  Ototoxicity was 
assessed based on effects on neurophysiological measurements and cochlear total hair cell counts.  For the 
neurophysiologic assessments, rats were surgically fitted with electrodes (active electrode was placed at 
the lamba point over the inferior colliculus, the reference electrode was placed posterior to the bregma 
and to the right of the midline, and the ground electrode was placed over the nasal bone).  Exposure to 
ethylbenzene was conducted starting 3–4 weeks after implantation of the electrodes and neuro­
physiological measurements were conducted at the end of 4th, 8th, and 13th week of exposure and at the 
end of the 8th week of recovery (week 21).  Brainstem auditory responses were evoked with 
50 microsecond clicks at 10 clicks/second presented in 5 dB steps.  The evoked activity was analyzed for 
10 ms following each click.  Audiometric thresholds were determined at 2, 4, 8, and 16 kHz by inspection 
of the auditory brainstem responses.  Following the 8th week of recovery (post-exposure) eight rats/group 
were sacrified.  The organ of Corti and the basilar membrane were dissected from the cochlea and 
prepared for total hair cell counts (cytocochleograms).  Four left and four right cochleas were prepared in 
this manner in all groups including controls. 

Effect noted in study and corresponding doses: In the 800 ppm group, one rat lost its head plug and could 
not undergo neurophysiological testing, one rat died for unknown reasons and another rat was sacrificed 
due to a large neck tumor.  There were no significant differences in body weight gain between the 
surviving treated animals and controls. 

Audiometric thresholds at 2, 4, 8, and 16 kHz were significantly higher in animals exposed to 400, 600, 
and 800 ppm ethylbenzene than in controls (p<0.05). The effect was evident at week 4, did not increase 
significantly throughout the exposure period, and was not reversed after 8 weeks of recovery. No shift in 
audiometric thresholds was observed in rats in the 200 ppm group. 

The morphological assessment of the organ of Corti (conducted after an 8-week recovery period) showed 
significant losses (up to 30% of the OHC in the mid frequency region) in the third row of the OHC in 
4/8 rats exposed to 200 ppm.  A dose related loss in third row OHC (OHC3) was evident with almost 
complete loss observed in the 600- and 800-ppm groups.  The data suggest that the extent of the damage 
at each dose was greatest in the OHC3 followed, in decreasing order, by damage in OHC2, OHC1, and 
inner hair cells (IHC). There was no significant hair loss in the control animals.  The LOAEL for OHC3 
loss was 200 ppm.  A NOAEL was not established. 

***DRAFT FOR PUBLIC COMMENT*** 



A-6 ETHYLBENZENE  

APPENDIX A 

Dose and end point used for MRL derivation: The MRL is based on a LOAEL of 200 ppm for significant 
loss of cochlear OHCs after 13 weeks of exposure. 

[ ] NOAEL   [x] LOAEL 

Uncertainty Factors used in MRL derivation: 

[x]  10 for use of a LOAEL 
[x]  3 for extrapolation from animals to humans with dosimetric adjustment 
[x]  10 for human variability 

Was a conversion factor used from ppm in food or water to a mg/body weight dose?  Not applicable 

If an inhalation study in animals, list conversion factors used in determining human equivalent 
concentration: The human equivalent concentration (HEC) for the LOAEL was calculated using Formula 
4-48 (page 4-60), from Methods for Derivation of Inhalation Reference Concentrations and Application 
of Inhalation Dosimetry (EPA 1994o).  The recommended equation is that for category 3 gases: 

(H b / g ) A
LOAEL[HEC] (ppm) = LOAEL[ADJ] (ppm) x 

(H b / g )H 

= 200 ppm x [1] = 200 ppm 
where: 

(Hb/g)A, (Hb/g)H  = Blood/gas partition coefficient in animal and human blood, 
respectively.  Blood/gas partition coefficients of 30.2 and 28.2 for rat and human 
blood, respectively, were obtained (Abraham et al. 2005).  However, when 
(Hb/g)A > (Hb/g)H, a value of 1 is used for the ratio (EPA 1994o).  Thus, a default 
value of 1.0 was used for the animal-to-human blood gas ratio. 

Was a conversion used from intermittent to continuous exposure? No adjustment for intermittent 
exposure was made because the pharmacokinetics of ethylbenzene indicate that ethylbenzene will rapidly 
be absorbed, attain equilibrium with blood, be metabolized, and be eliminated from the body.  Steady-
state blood ethylbenzene concentrations achieved within 2 hours of initiating inhalation exposure to 
ethylbenzene concentration ranging from 75 to 500 ppm (Charest-Tardif et al. 2006).  The blood 
elimination kinetics of inhaled ethylbenzene show that ethylbenzene is rapidly eliminated from the blood, 
with elimination half-times ranging from 3.3 to 63 minutes (e.g., nonlinearity of clearance with exposure 
concentration, similar elimination half-times (Charest-Tardif et al. 2006; Tardif et al. 1997). 

Other additional studies or pertinent information that lend support to this MRL: Significant adverse 
effects on the auditory system was observed in rats after acute-duration exposures to ≥400 ppm 
ethylbenzene via inhalation (Cappaert et al. 1999, 2000, 2001, 2002).  OHC losses, usually the most 
sensitive end point evaluated in these acute-duration studies, showed a concentration-related pattern.  
Functional auditory deficits were observed at exposure concentrations that were greater than or equal to 
the concentrations that elicited OHC loss. Rats administered ethylbenzene by gavage at 
8.47 mmol/kg/day (900 mg/kg/day), 5 days/week for 2 weeks showed almost complete loss of the three 
rows of OHCs (Gagnaire and Langlais 2005). 

Agency Contacts (Chemical Managers):  Jessilynn Taylor, Henry Abadin, Heraline Hicks 
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MINIMAL RISK LEVEL (MRL) WORKSHEET 

Chemical Name: Ethylbenzene 
CAS Numbers: 100-41-4 
Date: August 2007 
Profile Status: Final Pre-Public Draft 
Route: [x] Inhalation  [ ] Oral 
Duration: [ ] Acute  [ ] Intermediate  [x] Chronic 
Graph Key: 60 
Species: Rat 

Minimal Risk Level: 0.3 [ ] mg/kg/day  [x] ppm 

Reference: NTP. 1999.  NTP technical report on the toxicology and carcinogenesis studies of 
ethylbenzene in F344/N rats and B6C3F1 mice (inhalation studies).  Research Triangle Park, NC:  
National Toxicology Program, U.S. Department of Health and Human Services.  NTP TR 466. 

Experimental design: Groups of F344/N rats and B6C3Fl mice (50 animals/sex/dose group) were 
exposed to 0, 75, 250, or 750 ppm ethylbenzene by inhalation for 5 days/week, 6 hours/day, for 104 (rats) 
or 103 (mice) weeks.  Animals were observed twice daily and clinical findings were recorded monthly. 
Body weights were recorded at the initiation of the study, weekly for the first 13 weeks, at week 16, 
monthly through the end of exposure, and prior to terminal necropsy.  Animals that survived to study 
termination were killed by asphyxiation with CO2. A complete necropsy and microscopic examination 
were performed on all rats and mice that survived to study termination or died early.  The tissues 
examined included the adrenal gland, blood vessel (aorta), bone and marrow, brain, clitoral gland, 
esophagus, gall bladder, harderian gland, heart, large intestine (cecum, colon, and rectum), small intestine 
(duodenum, jejunum, ileum), kidney, liver, lung, lymph nodes (mandibular and mesenteric), mammary 
gland, nose, ovary, pancreas, parathyroid gland, preputial gland, prostate gland, salivary gland, spleen, 
stomach (forestomach and glandular stomach), testis with epididymis and seminal vesicle, thymus, 
thyroid gland, trachea, urinary bladder, and uterus.   

Effect noted in study and corresponding doses: Survival of male rats in the 750-ppm group was 
significantly less than that of control animals.  Survival was not affected in rats in other exposure groups 
or in mice at any ethylbenzene concentration.  No clinical findings were attributed to ethylbenzene 
exposure in rats or mice.  The severity of nephropathy observed in exposed rats was significantly 
increased in females at ≥75 ppm and in males at 750 ppm.  Nephropathy was characterized by dilation of 
renal tubules with hyaline or cellular casts, interstitial fibrosis, infiltration of inflammatory cells, tubular 
regeneration, and transitional hyperplasia of the renal papilla.  In male rats exposed to 750 ppm, the 
incidences of renal tubule proliferative lesions were significantly increased relative to control animals.  
The incidences of renal tubule adenoma and adenoma or carcinoma (combined) in the 750-ppm group 
were significantly greater than the incidence in control animals.  The incidence of renal tubule hyperplasia 
in 750-ppm males was significantly greater than that in the control group.  Significant increases were 
observed in the incidence of interstitial cell adenoma and bilateral testicular adenoma in males in the 
750-ppm group.  An increase was observed in the incidence of cystic degeneration of the liver in male 
rats at 750 ppm.  Significant increases in the incidence of hyperplasia of the pituitary gland pars distalis 
were observed in female mice at ≥250 ppm.  A significant increase in the incidence of alveolar epithelial 
metaplasia was observed in male mice in the 750-ppm group.  In 750-ppm males, the incidences of 
alveolar/bronchiolar adenoma and alveolar/bronchiolar adenoma or carcinoma (combined) were 
significantly greater than those in control animals but remained within the historical control ranges.  The 
incidence of hepatocellular adenoma and adenoma or carcinoma (combined) in female mice was 
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significantly increased in the 750-ppm group.  Eosinophilic foci of the liver were observed in females in 
the 750-ppm group at a higher incidence that in control animals.  Syncytial alterations of hepatocytes 
were observed in male mice in all ethylbenzene exposure groups, but not in controls, with a significant 
increase in incidence observed at ≥250 ppm.  Other nonneoplastic changes in male mice exposed to 
750 ppm included mild-to-minimal hepatocellular hypertrophy and hepatocyte necrosis.  A significant 
increase in incidences of follicular cell hyperplasia was observed in male and female mice in the 750-ppm 
groups. 

A NOAEL was not established. 

Dose and end point used for MRL derivation: The MRL is based on a LOAEL of 75 ppm for significant 
increases in the severity of nephropathy in female rats after 2 years of exposure. 

[ ] NOAEL   [x] LOAEL 

Uncertainty Factors used in MRL derivation: 

[x]  10 for use of a LOAEL 
[x]  3 for extrapolation from animals to humans with dosimetric adjustment 
[x]  10 for human variability 

Was a conversion factor used from ppm in food or water to a mg/body weight dose?  Not applicable 

If an inhalation study in animals, list conversion factors used in determining human equivalent 
concentration: The human equivalent concentration (HEC) for the LOAEL was calculated using Formula 
4-48 (page 4-60), from Methods for Derivation of Inhalation Reference Concentrations and Application 
of Inhalation Dosimetry (EPA 1994o).  The recommended equation is that for category 3 gases: 

(H b / g ) A
LOAEL[HEC] (ppm) = LOAEL[ADJ] (ppm) x 

(H b / g )H 

= 75 ppm x [1] = 75 ppm 
where: 

(Hb/g)A, (Hb/g)H  = Blood/gas partition coefficient in animal and human blood, 
respectively.  Blood/gas partition coefficients of 30.2 and 28.2 for rat and human 
blood, respectively, were obtained (Abraham et al. 2005).  However, when 
(Hb/g)A > (Hb/g)H, a value of 1 is used for the ratio (EPA 1994o).  Thus, a default 
value of 1.0 was used for the animal-to-human blood gas ratio. 

Was a conversion used from intermittent to continuous exposure? No adjustment for intermittent 
exposure was made because the pharmacokinetics of ethylbenzene indicate that ethylbenzene will rapidly 
be absorbed, attain equilibrium with blood, be metabolized, and eliminated from the body. Steady-state 
blood ethylbenzene concentrations achieved within 2 hours of initiating inhalation exposure to 
ethylbenzene concentration ranging from 75 to 500 ppm (Charest-Tardif et al. 2006).  The blood 
elimination kinetics of inhaled ethylbenzene show that ethylbenzene is rapidly eliminated from the blood, 
with elimination half-times ranging from 3.3 to 63 minutes (e.g., nonlinearity of clearance with exposure 
concentration, similar elimination half-times (Charest-Tardif et al. 2006; Tardif et al. 1997). 

Other additional studies or pertinent information that lend support to this MRL: A limited number of 
studies have examined the chronic toxicity of ethylbenzene.  Two studies have looked at possible effects 
in workers chronically exposed to ethylbenzene and NTP (1999) examined chronic toxicity in rats and 
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mice. Hematological effects (increased average number of lymphocytes and decreased hemoglobin) were 
observed in workers exposed to solvents containing ethylbenzene (Angerer and Wulf 1985).  No 
hematological effects, liver lesions or effects on liver function were reported in a study of workers 
exposed chronically (>20 years) to ethylbenzene (Bardodej and Cirek 1988).  Exposure levels were not 
indicated in the latter study, but the risk of ethylbenzene exposure in this production plant was reported as 
negligible. An increased incidence of hyperplasia of the pituitary gland pars distalis was observed in 
female mice exposed to 250 ppm (NTP 1999).  At 750 ppm, increased incidence of follicular cell 
hyperplasia in the thyroid gland and syncytial alterations of the hepatocytes, hypertrophy, and hepatic 
necrosis were observed in mice (NTP 1999). 

Agency Contacts (Chemical Managers): Jessilynn Taylor, Henry Abadin, Heraline Hicks 
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MINIMAL RISK LEVEL (MRL) WORKSHEET 

Chemical Name: Ethylbenzene 
CAS Numbers: 100-41-4 
Date: August 2007 
Profile Status: Final Pre-Public Draft 
Route: [ ] Inhalation  [x] Oral 
Duration: [ ] Acute  [x] Intermediate   [ ] Chronic 
Graph Key: 4 
Species: Rat 

Minimal Risk Level: 0.5 [x ] mg/kg/day  [ ] ppm 

Reference: Mellert W, Deckardt K, Kauffmann W, et al.  2007. Ethylbenzene: 4- and 13-week rat oral 
toxicity.  Arch Toxicol 81:361-370. 

Experimental design: Groups of 10 male and 10 female Wister rats were administered ethylbenzene (no 
vehicle) by oral gavage at doses of 0, 75, 250, or 750 mg/kg/day for 13 weeks.  The total daily dose of 
ethylbenzene was administered as split morning/evening half doses.  Animals were examined daily for 
mortality and clinical signs.  Food and water consumption and body weights were recorded weekly.  A 
detailed clinical examination [ophthalmology and a functional observational battery (FOB)] and 
assessment of motor activity were conducted during the last week of treatment.  After 13 weeks, 
urinalysis was conducted and blood samples were obtained and analyzed for hematology and clinical 
chemistry; organ weights were recorded and gross histopathologic examinations of the liver, kidney, and 
pancreas were conducted on animals in all groups.  A comprehensive histopathological examination of 
tissues was performed in the control and 750 mg/kg/day groups. 

Effect noted in study and corresponding doses: Clinical signs (post-dosing salivation) in treated animals 
were observed in all animals administered ≥250 mg/kg/day and in one animal administered 75 mg/kg/day. 
Terminal body weight in males was significantly decreased by 14% compared to controls in the 
750 mg/kg/day group.  Mean corpuscular volume was increased in males and females and platelet count 
was reduced in females treated with 750 mg/kg/day. Effects indicative of liver toxicity included 
increased activity of serum liver enzymes (ALT and GGT) in males (≥250 mg/kg/day) and females 
(750 mg/mg/day), increased absolute and relative liver weights (≥250 mg/kg/day in males and females), 
and a dose-related increase in the incidence of centrilobular hepatocyte hypertrophy (≥250 mg/kg/day in 
males and females). Increased bilirubin (≤250 mg/kg/day in males and 750 mg/kg/day in females), total 
protein (750 mg/kg/day in females), albumin (750 mg/kg/day in males and females), globulins 
(750 mg/kg/day in females), and cholesterol (≤250 mg/kg/day in males and females), and decreased 
prothrombin time (750 mg/kg/day in males and ≥250 mg/kg/day in females) were considered by study 
investigators as adaptive effects in the liver.  In males in the 75 mg/k/day group, relative liver weight was 
significantly increased by (4% compared to controls); however, no histopathological changes or increases 
in absolute liver or serum liver enzyme activities were observed at this dosage. Given that ethylbenzene is 
a microsomal enzyme inducer and the absence of histopathology and other evidence of liver injury at the 
75 mg/kg/day dosage, the small increase in relative liver weight in male rats at this dosage was not 
considered indicative of an adverse effect on the liver. 

Renal effects in males included increased serum creatinine (750 mg/kg/day), increased incidences of 
transitional epithelial cells and granular and epithelial cell casts in the urine (≥250 mg/kg/day), increased 
absolute and relative kidney weights (≥250 mg/kg/day), and a dose-related increase in severity of hyaline 
droplet nephropathy (≥250 mg/kg/day).  Adverse renal effects in males were most likely related to 
accumulation of α2µ-globulin, and, therefore, considered not relevant to humans.  Absolute kidney 
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weight was significantly increased by 7 and 13% in females administered 250 and 750 mg/kg/day, 
respectively, compared to controls; however, since no histopathological findings or alterations in 
urinalysis parameters were observed, the increased kidney weight in females was not considered 
indicative of an adverse kidney effect in female rats.  Absolute and relative thymus weights were 
decreased in females treated with ≥250 mg/kg/day, but no histopathological findings were observed.  
Results of the FOB did not reveal consistent treatment-related effects. 

Dose and end point used for MRL derivation: Based on evidence of hepatotoxicity (increased serum liver 
enzyme activity, absolute and relative liver weights, and dose-related increased incidence of centrilobular 
hepatocyte hypertrophy), and the lack of evidence for adverse effects in other tissues or organ systems at 
lower oral intermediate-duration dosages, liver effects were selected as the basis for deriving the 
intermediate oral MRL, with NOAEL and LOAEL values of 75 and 250 mg/kg/day, respectively. Since 
serum liver enzyme activities were increased in the mid- and high-dose groups in males, but only in the 
high-dose group in females, males appeared more sensitive than females to the adverse hepatic effects of 
oral ethylbenzene.  To determine the point of departure for derivation of the intermediate-duration MRL, 
data sets for serum liver enzymes (ALT and GGT), relative liver weight, and centrilobular hepatocyte 
hypertrophy in male rats were evaluated for suitability for benchmark dose (BMD) modeling. Using all 
available continuous variable models in the EPA Benchmark Dose Software (BMDS) version 1.3.2 (EPA 
2000), no models provided adequate fit to the data for serum liver enzymes and relative liver weights; 
therefore, these data sets were considered unsuitable for BMD analysis.  Data for the incidence of 
centrilobular hepatocyte hypertrophy (Table A-1) were analyzed using all available dichotomous models 
in the EPA Benchmark Dose Software (version 1.3.2).  Predicted doses associated with a 10% extra risk 
were calculated.  As assessed by the chi-square goodness-of-fit statistic, all available dichotomous models 
provided adequate fit (X2 p>0.1) (Table A-2).  Comparing across models, a better fit is generally 
indicated by a lower Akaike’s Information Criteria (AIC).  As assessed by AIC, the log-probit model 
(Figure A-1) provided the best fit to the data.  The BMD10 and BMDL10 predicted by the log-probit model 
for the data on centrilobular hepatocyte hypertrophy in male rats were 78.9 and 48.2 mg/kg/day, 
respectively. The BMDL10 of 48.2 mg/kg/day for male rats was selected as the point of departure for 
deriving the intermediate-duration oral MRL. 

[ ] NOAEL   [ ] LOAEL  [X] BMDL 

Table A-1. Incidence Data for Centrilobular Hepatocyte Hypertrophy in Male Rats 
Exposed to Ethylbenzene for 13 Weeks 

Dose group (mg/kg/day) Incidence 
0 1/10 

75 1/10 
250 6/10 
750 8/10 

Source: Mellert et al. 2007 
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Table A-2. Modeling Predictions for the Incidence of Centrilobular Hepatocyte 

Hypertrophy in Male Rats Exposed to Oral Ethylbenzene by Gavage for  


13 Weeks 


Model BMD10 (mg/kg/day) BMDL10 (mg /kg/day) x2 p-value AIC 
Gammaa 61.5899 29.1257 1.60 44.152 
Logistic 114.336 73.5251 3.46 43.9535 
Log-logisticb 73.0775 18.2396 1.04 43.5549 
Multi-stagec 46.8785 28.9177 1.62 42.2384 
Probit 112.022 76.3196 3.44 43.9119 
Log-probitb 78.9472 48.2564 0.98 41.482 
Quantal linear 46.8785 28.9177 1.62 42.2384 
Quantal quadratic 173.773 126.831 4.80 44.9624 
Weibulla 54.5432 28.9959 1.62 44.2057 

aRestrict power ≥1. 

bSlope restricted to >1. 

cRestrict betas ≥0; lowest degree polynomial with an adequate fit is reported; degree of polynomial=3.  


Source: Mellert et al. 2007 

Figure A-1. Predicted (Log-Probit Model) and Observed Incidence of 

Centrilobular Hepatocyte Hypertrophy in Male Rats Exposed to Oral  


Ethylbenzene by Gavage for 13 Weeks* 
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*BMDs and BMDLs indicated are associated with a 10% extra risk change from the control, and are in units of 
mg/kg/day. 
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Uncertainty Factors used in MRL derivation: 

[ ]  10 for use of a less serious LOAEL 
[x] 10 for extrapolation from animals to humans 
[x] 10 for human variability 

Was a conversion factor used from ppm in food or water to a mg/body weight dose?  Not applicable. 

If an inhalation study in animals, list conversion factors used in determining human equivalent dose: Not 
applicable. 

Was a conversion used from intermittent to continuous exposure? Not applicable. 

Other additional studies or pertinent information that lend support to this MRL: The selection of BMDL10 

of 48.2 mg/kg/day, derived for male rats exposed to ethylbenzene for 13 weeks (Mellert et al. 2007), as a 
point of departure for deriving an intermediate-duration oral MRL for ethylbenzene is supported by 
results a 4-week oral gavage study in rats (Mellert et al. 2007) and a 6-month oral study in rats (Wolf et 
al. 1956).  Results of the 4-week gavage study in rats were similar to those of the 13-week study, 
identifying NOAEL and LOAEL values of 250 and 750 mg/kg/day, respectively, for liver effects.  
Observed effects consistent with hepatotoxicity included increased absolute and relative liver weights 
(≥250 mg/kg/day in males and 750 mg/kg/day in females), increased incidence of hepatocyte 
centrilobular (≥250 mg/kg/day in males and 750 mg/kg/day in females), and increased serum liver 
enzyme activity (ALT) (750 mg/kg/day in males and females).  Histopathological changes characterized 
by cloudy swelling of parenchymal cells of the liver and an increase in liver weight were observed in 
female rats administered 408 mg/kg/day by gavage for 6 months (Wolf et al. 1956).  No other hepatic 
changes were reported.  No liver effects were observed in female rats administered 136 mg/kg/day (Wolf 
et al. 1956). However, this study was poorly reported and did not provide adequate descriptions of study 
methods or results. 

Agency Contacts (Chemical Managers): Jessilynn Taylor, Henry Abadin, Heraline Hicks 
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Chapter 1 

Public Health Statement 

This chapter of the profile is a health effects summary written in non-technical language.  Its intended 
audience is the general public, especially people living in the vicinity of a hazardous waste site or 
chemical release.  If the Public Health Statement were removed from the rest of the document, it would 
still communicate to the lay public essential information about the chemical. 

The major headings in the Public Health Statement are useful to find specific topics of concern.  The 
topics are written in a question and answer format.  The answer to each question includes a sentence that 
will direct the reader to chapters in the profile that will provide more information on the given topic. 

Chapter 2 

Relevance to Public Health 

This chapter provides a health effects summary based on evaluations of existing toxicologic, 
epidemiologic, and toxicokinetic information.  This summary is designed to present interpretive, weight-
of-evidence discussions for human health end points by addressing the following questions: 

1.	 What effects are known to occur in humans? 

2. 	 What effects observed in animals are likely to be of concern to humans? 

3. 	 What exposure conditions are likely to be of concern to humans, especially around hazardous 
waste sites? 

The chapter covers end points in the same order that they appear within the Discussion of Health Effects 
by Route of Exposure section, by route (inhalation, oral, and dermal) and within route by effect.  Human 
data are presented first, then animal data.  Both are organized by duration (acute, intermediate, chronic).  
In vitro data and data from parenteral routes (intramuscular, intravenous, subcutaneous, etc.) are also 
considered in this chapter. 

The carcinogenic potential of the profiled substance is qualitatively evaluated, when appropriate, using 
existing toxicokinetic, genotoxic, and carcinogenic data.  ATSDR does not currently assess cancer 
potency or perform cancer risk assessments.  Minimal Risk Levels (MRLs) for noncancer end points (if 
derived) and the end points from which they were derived are indicated and discussed. 

Limitations to existing scientific literature that prevent a satisfactory evaluation of the relevance to public 
health are identified in the Chapter 3 Data Needs section. 

Interpretation of Minimal Risk Levels 

Where sufficient toxicologic information is available, ATSDR has derived MRLs for inhalation and oral 
routes of entry at each duration of exposure (acute, intermediate, and chronic).  These MRLs are not 
meant to support regulatory action, but to acquaint health professionals with exposure levels at which 
adverse health effects are not expected to occur in humans. 
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MRLs should help physicians and public health officials determine the safety of a community living near 
a chemical emission, given the concentration of a contaminant in air or the estimated daily dose in water.  
MRLs are based largely on toxicological studies in animals and on reports of human occupational 
exposure. 

MRL users should be familiar with the toxicologic information on which the number is based.  Chapter 2, 
"Relevance to Public Health," contains basic information known about the substance.  Other sections such 
as Chapter 3 Section 3.9, "Interactions with Other Substances,” and Section 3.10, "Populations that are 
Unusually Susceptible" provide important supplemental information. 

MRL users should also understand the MRL derivation methodology.  MRLs are derived using a 
modified version of the risk assessment methodology that the Environmental Protection Agency (EPA) 
provides (Barnes and Dourson 1988) to determine reference doses (RfDs) for lifetime exposure.   

To derive an MRL, ATSDR generally selects the most sensitive end point which, in its best judgement, 
represents the most sensitive human health effect for a given exposure route and duration.  ATSDR 
cannot make this judgement or derive an MRL unless information (quantitative or qualitative) is available 
for all potential systemic, neurological, and developmental effects.  If this information and reliable 
quantitative data on the chosen end point are available, ATSDR derives an MRL using the most sensitive 
species (when information from multiple species is available) with the highest no-observed-adverse-effect 
level (NOAEL) that does not exceed any adverse effect levels.  When a NOAEL is not available, a 
lowest-observed-adverse-effect level (LOAEL) can be used to derive an MRL, and an uncertainty factor 
(UF) of 10 must be employed.  Additional uncertainty factors of 10 must be used both for human 
variability to protect sensitive subpopulations (people who are most susceptible to the health effects 
caused by the substance) and for interspecies variability (extrapolation from animals to humans).  In 
deriving an MRL, these individual uncertainty factors are multiplied together.  The product is then 
divided into the inhalation concentration or oral dosage selected from the study. Uncertainty factors used 
in developing a substance-specific MRL are provided in the footnotes of the levels of significant exposure 
(LSE) tables. 

Chapter 3 

Health Effects 

Tables and Figures for Levels of Significant Exposure (LSE) 

Tables and figures are used to summarize health effects and illustrate graphically levels of exposure 
associated with those effects.  These levels cover health effects observed at increasing dose 
concentrations and durations, differences in response by species, MRLs to humans for noncancer end 
points, and EPA's estimated range associated with an upper- bound individual lifetime cancer risk of 1 in 
10,000 to 1 in 10,000,000. Use the LSE tables and figures for a quick review of the health effects and to 
locate data for a specific exposure scenario.  The LSE tables and figures should always be used in 
conjunction with the text.  All entries in these tables and figures represent studies that provide reliable, 
quantitative estimates of NOAELs, LOAELs, or Cancer Effect Levels (CELs). 

The legends presented below demonstrate the application of these tables and figures.  Representative 
examples of LSE Table 3-1 and Figure 3-1 are shown.  The numbers in the left column of the legends 
correspond to the numbers in the example table and figure. 
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LEGEND 
See Sample LSE Table 3-1 (page B-6) 

(1) 	 Route of Exposure. One of the first considerations when reviewing the toxicity of a substance 
using these tables and figures should be the relevant and appropriate route of exposure.  Typically 
when sufficient data exist, three LSE tables and two LSE figures are presented in the document.  
The three LSE tables present data on the three principal routes of exposure, i.e., inhalation, oral, 
and dermal (LSE Tables 3-1, 3-2, and 3-3, respectively).  LSE figures are limited to the inhalation 
(LSE Figure 3-1) and oral (LSE Figure 3-2) routes.  Not all substances will have data on each 
route of exposure and will not, therefore, have all five of the tables and figures. 

(2) 	Exposure Period. Three exposure periods—acute (less than 15 days), intermediate (15– 
364 days), and chronic (365 days or more)—are presented within each relevant route of exposure.  
In this example, an inhalation study of intermediate exposure duration is reported.  For quick 
reference to health effects occurring from a known length of exposure, locate the applicable 
exposure period within the LSE table and figure. 

(3) 	Health Effect. The major categories of health effects included in LSE tables and figures are 
death, systemic, immunological, neurological, developmental, reproductive, and cancer.  
NOAELs and LOAELs can be reported in the tables and figures for all effects but cancer.  
Systemic effects are further defined in the "System" column of the LSE table (see key number 
18). 

(4) 	 Key to Figure. Each key number in the LSE table links study information to one or more data 
points using the same key number in the corresponding LSE figure.  In this example, the study 
represented by key number 18 has been used to derive a NOAEL and a Less Serious LOAEL 
(also see the two "18r" data points in sample Figure 3-1). 

(5) 	Species. The test species, whether animal or human, are identified in this column.  Chapter 2, 
"Relevance to Public Health," covers the relevance of animal data to human toxicity and 
Section 3.4, "Toxicokinetics," contains any available information on comparative toxicokinetics.  
Although NOAELs and LOAELs are species specific, the levels are extrapolated to equivalent 
human doses to derive an MRL. 

(6) 	Exposure Frequency/Duration. The duration of the study and the weekly and daily exposure 
regimens are provided in this column.  This permits comparison of NOAELs and LOAELs from 
different studies. In this case (key number 18), rats were exposed to “Chemical x” via inhalation 
for 6 hours/day, 5 days/week, for 13 weeks.  For a more complete review of the dosing regimen, 
refer to the appropriate sections of the text or the original reference paper (i.e., Nitschke et al. 
1981). 

(7) 	System. This column further defines the systemic effects.  These systems include respiratory, 
cardiovascular, gastrointestinal, hematological, musculoskeletal, hepatic, renal, and 
dermal/ocular.  "Other" refers to any systemic effect (e.g., a decrease in body weight) not covered 
in these systems.  In the example of key number 18, one systemic effect (respiratory) was 
investigated. 

(8) 	NOAEL. A NOAEL is the highest exposure level at which no harmful effects were seen in the 
organ system studied.  Key number 18 reports a NOAEL of 3 ppm for the respiratory system, 
which was used to derive an intermediate exposure, inhalation MRL of 0.005 ppm (see 
footnote "b"). 
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(9) 	LOAEL. A LOAEL is the lowest dose used in the study that caused a harmful health effect. 
LOAELs have been classified into "Less Serious" and "Serious" effects.  These distinctions help 
readers identify the levels of exposure at which adverse health effects first appear and the 
gradation of effects with increasing dose.  A brief description of the specific end point used to 
quantify the adverse effect accompanies the LOAEL.  The respiratory effect reported in key 
number 18 (hyperplasia) is a Less Serious LOAEL of 10 ppm.  MRLs are not derived from 
Serious LOAELs. 

(10)	 Reference. The complete reference citation is given in Chapter 9 of the profile. 

(11)	 CEL. A CEL is the lowest exposure level associated with the onset of carcinogenesis in 
experimental or epidemiologic studies.  CELs are always considered serious effects.  The LSE 
tables and figures do not contain NOAELs for cancer, but the text may report doses not causing 
measurable cancer increases. 

(12)	 Footnotes. Explanations of abbreviations or reference notes for data in the LSE tables are found 
in the footnotes.  Footnote "b" indicates that the NOAEL of 3 ppm in key number 18 was used to 
derive an MRL of 0.005 ppm. 

LEGEND 
See Sample Figure 3-1 (page B-7) 

LSE figures graphically illustrate the data presented in the corresponding LSE tables.  Figures help the 
reader quickly compare health effects according to exposure concentrations for particular exposure 
periods. 

(13)	 Exposure Period. The same exposure periods appear as in the LSE table.  In this example, health 
effects observed within the acute and intermediate exposure periods are illustrated. 

(14) 	Health Effect. These are the categories of health effects for which reliable quantitative data 
exists. The same health effects appear in the LSE table. 

(15)	 Levels of Exposure. Concentrations or doses for each health effect in the LSE tables are 
graphically displayed in the LSE figures.  Exposure concentration or dose is measured on the log 
scale "y" axis.  Inhalation exposure is reported in mg/m3 or ppm and oral exposure is reported in 
mg/kg/day. 

(16) 	NOAEL. In this example, the open circle designated 18r identifies a NOAEL critical end point in 
the rat upon which an intermediate inhalation exposure MRL is based.  The key number 18 
corresponds to the entry in the LSE table.  The dashed descending arrow indicates the 
extrapolation from the exposure level of 3 ppm (see entry 18 in the table) to the MRL of 
0.005 ppm (see footnote "b" in the LSE table). 

(17)	 CEL. Key number 38m is one of three studies for which CELs were derived.  The diamond 
symbol refers to a CEL for the test species-mouse.  The number 38 corresponds to the entry in the 
LSE table. 
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(18)	 Estimated Upper-Bound Human Cancer Risk Levels. This is the range associated with the upper-
bound for lifetime cancer risk of 1 in 10,000 to 1 in 10,000,000.  These risk levels are derived 
from the EPA's Human Health Assessment Group's upper-bound estimates of the slope of the 
cancer dose response curve at low dose levels (q1*). 

(19)	 Key to LSE Figure. The Key explains the abbreviations and symbols used in the figure. 
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1 →	 Table 3-1. Levels of Significant Exposure to [Chemical x] – Inhalation 

Key to 
figurea 

Exposure 
frequency/ 
durationSpecies System 

NOAEL 
(ppm) 

LOAEL (effect) 
Less serious 
(ppm) 

Serious (ppm) 
Reference 

→ INTERMEDIATE EXPOSURE 2 

3 

4 

1098765 

→ Systemic ↓ ↓ ↓ ↓ ↓ ↓ 

→ 
18 Rat 13 wk 

5 d/wk 
6 hr/d 

Resp 3b 10 (hyperplasia) 
Nitschke et al. 1981 

CHRONIC EXPOSURE 

Cancer 11 

↓ 

18 mo 20 
5 d/wk 
7 hr/d 

89–104 wk 10 
5 d/wk 
6 hr/d 

79–103 wk 10 
5 d/wk 
6 hr/d 

38 Rat 

39 Rat 

40 Mouse 

(CEL, multiple 
organs) 

(CEL, lung tumors, 
nasal tumors) 

(CEL, lung tumors, 
hemangiosarcomas) 

Wong et al. 1982 

NTP 1982 

NTP 1982 

12 →	
a The number corresponds to entries in Figure 3-1. 
b Used to derive an intermediate inhalation Minimal Risk Level (MRL) of  5x10-3 ppm; dose adjusted for intermittent exposure and divided 
by an uncertainty factor of 100 (10 for extrapolation from animal to humans, 10 for human variability). 
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ACGIH American Conference of Governmental Industrial Hygienists 
ACOEM American College of Occupational and Environmental Medicine 
ADI acceptable daily intake 
ADME absorption, distribution, metabolism, and excretion 
AED atomic emission detection 
AFID alkali flame ionization detector 
AFOSH Air Force Office of Safety and Health 
ALT alanine aminotransferase 
AML acute myeloid leukemia 
AOAC Association of Official Analytical Chemists 
AOEC Association of Occupational and Environmental Clinics 
AP alkaline phosphatase 
APHA American Public Health Association 
AST aspartate aminotransferase 
atm atmosphere 
ATSDR Agency for Toxic Substances and Disease Registry 
AWQC Ambient Water Quality Criteria 
BAT best available technology 
BCF bioconcentration factor 
BEI Biological Exposure Index 
BMD benchmark dose 
BMR benchmark response 
BSC Board of Scientific Counselors 
C centigrade 
CAA Clean Air Act 
CAG Cancer Assessment Group of the U.S. Environmental Protection Agency 
CAS Chemical Abstract Services 
CDC Centers for Disease Control and Prevention 
CEL cancer effect level 
CELDS Computer-Environmental Legislative Data System 
CERCLA Comprehensive Environmental Response, Compensation, and Liability Act 
CFR Code of Federal Regulations 
Ci curie 
CI confidence interval 
CL ceiling limit value 
CLP Contract Laboratory Program 
cm centimeter 
CML chronic myeloid leukemia 
CPSC Consumer Products Safety Commission 
CWA Clean Water Act 
DHEW Department of Health, Education, and Welfare 
DHHS Department of Health and Human Services 
DNA deoxyribonucleic acid 
DOD Department of Defense 
DOE Department of Energy 
DOL Department of Labor 
DOT Department of Transportation 
DOT/UN/ Department of Transportation/United Nations/ 

NA/IMDG     North America/Intergovernmental Maritime Dangerous Goods Code 
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DWEL drinking water exposure level 
ECD electron capture detection 
ECG/EKG electrocardiogram 
EEG electroencephalogram 
EEGL Emergency Exposure Guidance Level 
EPA Environmental Protection Agency 
F Fahrenheit 
F1 first-filial generation 
FAO Food and Agricultural Organization of the United Nations 
FDA Food and Drug Administration 
FEMA Federal Emergency Management Agency 
FIFRA Federal Insecticide, Fungicide, and Rodenticide Act 
FPD flame photometric detection 
fpm feet per minute 
FR Federal Register 
FSH follicle stimulating hormone 
g gram 
GC gas chromatography 
gd gestational day 
GLC gas liquid chromatography 
GPC gel permeation chromatography 
HPLC high-performance liquid chromatography 
HRGC high resolution gas chromatography 
HSDB Hazardous Substance Data Bank  
IARC International Agency for Research on Cancer 
IDLH immediately dangerous to life and health 
ILO International Labor Organization 
IRIS Integrated Risk Information System 
Kd adsorption ratio 
kg kilogram 
kkg metric ton 
Koc organic carbon partition coefficient 
Kow octanol-water partition coefficient 
L liter 
LC liquid chromatography 
LC50 lethal concentration, 50% kill 
LCLo lethal concentration, low 
LD50 lethal dose, 50% kill 
LDLo lethal dose, low 
LDH lactic dehydrogenase 
LH luteinizing hormone 
LOAEL lowest-observed-adverse-effect level 
LSE Levels of Significant Exposure 
LT50 lethal time, 50% kill 
m meter 
MA trans,trans-muconic acid 
MAL maximum allowable level 
mCi millicurie 
MCL maximum contaminant level 
MCLG maximum contaminant level goal 
MF modifying factor 
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MFO mixed function oxidase 
mg milligram 
mL milliliter 
mm millimeter 
mmHg millimeters of mercury 
mmol millimole 
mppcf millions of particles per cubic foot 
MRL Minimal Risk Level 
MS mass spectrometry 
NAAQS National Ambient Air Quality Standard 
NAS National Academy of Science 
NATICH National Air Toxics Information Clearinghouse 
NATO North Atlantic Treaty Organization 
NCE normochromatic erythrocytes 
NCEH National Center for Environmental Health 
NCI National Cancer Institute 
ND not detected 
NFPA National Fire Protection Association 
ng nanogram 
NHANES National Health and Nutrition Examination Survey 
NIEHS National Institute of Environmental Health Sciences 
NIOSH National Institute for Occupational Safety and Health 
NIOSHTIC NIOSH's Computerized Information Retrieval System 
NLM National Library of Medicine 
nm nanometer 
nmol nanomole 
NOAEL no-observed-adverse-effect level 
NOES National Occupational Exposure Survey 
NOHS National Occupational Hazard Survey 
NPD nitrogen phosphorus detection 
NPDES National Pollutant Discharge Elimination System 
NPL National Priorities List 
NR not reported 
NRC National Research Council 
NS not specified 
NSPS New Source Performance Standards 
NTIS National Technical Information Service 
NTP National Toxicology Program 
ODW Office of Drinking Water, EPA 
OERR Office of Emergency and Remedial Response, EPA 
OHM/TADS Oil and Hazardous Materials/Technical Assistance Data System 
OPP Office of Pesticide Programs, EPA 
OPPT Office of Pollution Prevention and Toxics, EPA 
OPPTS Office of Prevention, Pesticides and Toxic Substances, EPA 
OR odds ratio 
OSHA Occupational Safety and Health Administration 
OSW Office of Solid Waste, EPA 
OTS Office of Toxic Substances 
OW Office of Water 
OWRS Office of Water Regulations and Standards, EPA 
PAH polycyclic aromatic hydrocarbon 
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PBPD physiologically based pharmacodynamic  
PBPK physiologically based pharmacokinetic 
PCE polychromatic erythrocytes 
PEL permissible exposure limit 
pg picogram 
PHS Public Health Service 
PID photo ionization detector 
pmol picomole 
PMR proportionate mortality ratio 
ppb parts per billion 
ppm parts per million 
ppt parts per trillion 
PSNS pretreatment standards for new sources 
RBC red blood cell 
REL recommended exposure level/limit 
RfC reference concentration 
RfD reference dose 
RNA ribonucleic acid 
RQ reportable quantity 
RTECS Registry of Toxic Effects of Chemical Substances 
SARA Superfund Amendments and Reauthorization Act 
SCE sister chromatid exchange 
SGOT serum glutamic oxaloacetic transaminase 
SGPT serum glutamic pyruvic transaminase 
SIC standard industrial classification 
SIM selected ion monitoring 
SMCL secondary maximum contaminant level 
SMR standardized mortality ratio 
SNARL suggested no adverse response level 
SPEGL Short-Term Public Emergency Guidance Level 
STEL short term exposure limit 
STORET Storage and Retrieval 
TD50 toxic dose, 50% specific toxic effect 
TLV threshold limit value 
TOC total organic carbon 
TPQ threshold planning quantity 
TRI Toxics Release Inventory 
TSCA Toxic Substances Control Act 
TWA time-weighted average 
UF uncertainty factor 
U.S. United States 
USDA United States Department of Agriculture 
USGS United States Geological Survey 
VOC volatile organic compound 
WBC white blood cell 
WHO World Health Organization 

***DRAFT FOR PUBLIC COMMENT*** 



C-5 ETHYLBENZENE  

APPENDIX C 

> greater than 
≥ greater than or equal to 
= equal to 
< less than 
≤ less than or equal to 
% percent 
α alpha 
β beta 
γ gamma 
δ delta 
μm micrometer 
μg microgram

* q1 cancer slope factor 
– negative 
+ positive 
(+) weakly positive result 
(–) weakly negative result 
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DISCLAIMER

The use of company or product name(s) is for identification only and does not imply endorsement by the
Agency for Toxic Substances and Disease Registry.
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UPDATE STATEMENT

Toxicological profiles are revised and republished as necessary, but no less than once every three years. 
For information regarding the update status of previously released profiles, contact ATSDR at:

Agency for Toxic Substances and Disease Registry
Division of Toxicology/Toxicology Information Branch

1600 Clifton Road NE, E-29
Atlanta, Georgia 30333
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QUICK REFERENCE FOR HEALTH CARE PROVIDERS

Toxicological Profiles are a unique compilation of toxicological information on a given hazardous
substance. Each profile reflects a comprehensive and extensive evaluation, summary, and interpretation of
available toxicologic and epidemiologic information on a substance.  Health care providers treating
patients potentially exposed to hazardous substances will find the following information helpful for fast
answers to often-asked questions.

Primary Chapters/Sections of Interest

Chapter 1:  Public Health Statement: The Public Health Statement can be a useful tool for educating
patients about possible exposure to a hazardous substance.  It explains a substance’s relevant
toxicologic properties in a nontechnical, question-and-answer format, and it includes a review of
the general health effects observed following exposure.

Chapter 2: Health Effects: Specific health effects of a given hazardous compound are reported by route
of exposure, by type of health effect (death, systemic, immunologic, reproductive), and by length
of exposure (acute, intermediate, and chronic). In addition, both human and animal studies are
reported in this section. 

NOTE: Not all health effects reported in this section are necessarily observed in
the clinical setting.  Please refer to the Public Health Statement to identify
general health effects observed following exposure.

Pediatrics: Four new sections have been added to each Toxicological Profile to address child health
issues:
Section 1.6 How Can Methylene Chloride Affect Children?
Section 1.7 How Can Families Reduce the Risk of Exposure to Methylene Chloride?
Section 2.7 Children’s Susceptibility
Section 5.6 Exposures of Children

Other Sections of Interest:
Section 2.8 Biomarkers of Exposure and Effect
Section 2.11 Methods for Reducing Toxic Effects

ATSDR Information Center 
Phone:  1-888-42-ATSDR or (404) 639-6357  Fax:    (404) 639-6359
E-mail:  atsdric@cdc.gov  Internet:  http://www.atsdr.cdc.gov

The following additional material can be ordered through the ATSDR Information Center:

Case Studies in Environmental Medicine: Taking an Exposure History—The importance of taking an
exposure history and how to conduct one are described, and an example of a thorough exposure
history is provided. Other case studies of interest include Reproductive and Developmental
Hazards; Skin Lesions and Environmental Exposures; Cholinesterase-Inhibiting Pesticide
Toxicity; and numerous chemical-specific case studies.
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Managing Hazardous Materials Incidents is a three-volume set of recommendations for on-scene
(prehospital) and hospital medical management of patients exposed during a hazardous materials incident. 
Volumes I and II are planning guides to assist first responders and hospital emergency department
personnel in planning for incidents that involve hazardous materials.  Volume III—Medical Management
Guidelines for Acute Chemical Exposures—is a guide for health care professionals treating patients
exposed to hazardous materials.

Fact Sheets (ToxFAQs) provide answers to frequently asked questions about toxic substances.

Other Agencies and Organizations

The National Center for Environmental Health (NCEH) focuses on preventing or controlling disease,
injury, and disability related to the interactions between people and their environment outside the
workplace.  Contact: NCEH, Mailstop F-29, 4770 Buford Highway, NE, Atlanta, GA 30341-
3724 • Phone: 770-488-7000 • FAX: 770-488-7015.

The National Institute for Occupational Safety and Health (NIOSH) conducts research on occupational
diseases and injuries, responds to requests for assistance by investigating problems of health and
safety in the workplace, recommends standards to the Occupational Safety and Health
Administration (OSHA) and the Mine Safety and Health Administration (MSHA), and trains
professionals in occupational safety and health.  Contact: NIOSH, 200 Independence Avenue,
SW, Washington, DC 20201 • Phone: 800-356-4674 or  NIOSH Technical Information Branch,
Robert A. Taft Laboratory, Mailstop C-19, 4676 Columbia Parkway, Cincinnati, OH 45226-1998
• Phone: 800-35-NIOSH.

 The National Institute of Environmental Health Sciences (NIEHS) is the principal federal agency for
biomedical research on the effects of chemical, physical, and biologic environmental agents on
human health and well-being. Contact: NIEHS, PO Box 12233, 104 T.W. Alexander Drive,
Research Triangle Park, NC 27709 • Phone: 919-541-3212.

Referrals

The Association of Occupational and Environmental Clinics (AOEC) has developed a network of clinics
in the United States to provide expertise in occupational and environmental issues.  Contact: 
AOEC, 1010 Vermont Avenue, NW, #513, Washington, DC 20005 •   Phone: 202-347-4976 •
FAX: 202-347-4950 • e-mail: aoec@dgs.dgsys.com  •  AOEC Clinic Director: http://occ-env-
med.mc.duke.edu/oem/aoec.htm.

 
The American College of Occupational and Environmental Medicine (ACOEM) is an association of

physicians and other health care providers specializing in the field of occupational and
environmental medicine.  Contact:  ACOEM, 55 West Seegers Road, Arlington Heights, IL
60005 • Phone: 847-228-6850 • FAX: 847-228-1856.
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THE PROFILE HAS UNDERGONE THE FOLLOWING ATSDR INTERNAL REVIEWS:

1. Health Effects Review.  The Health Effects Review Committee examines the health effects
chapter of each profile for consistency and accuracy in interpreting health effects and classifying
end points.

2. Minimal Risk Level Review.  The Minimal Risk Level Workgroup considers issues relevant to
substance-specific minimal risk levels (MRLs), reviews the health effects database of each
profile, and makes recommendations for derivation of MRLs.

3. Data Needs Review.  The Research Implementation Branch reviews data needs sections to assure
consistency across profiles and adherence to instructions in the Guidance.
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PEER REVIEW

A peer review panel was assembled for methylene chloride.  The panel consisted of the following
members: 

1. Harvey Clewell III, M.S., ICF Kaiser International, Ruston, LA.

2. William J. George, Ph.D., Professor of Pharmacology, Director of Toxicology, Tulane University
School of Medicine, New Orleans, LA.

3. Lyman K. Skory, Ph.D., Skory Consulting, Inc., Midland, MI.

These experts collectively have knowledge of methylene chloride's physical and chemical properties,
toxicokinetics, key health end points, mechanisms of action, human and animal exposure, and
quantification of risk to humans.  All reviewers were selected in conformity with the conditions for peer
review specified in Section 104(I)(13) of the Comprehensive Environmental Response, Compensation,
and Liability Act, as amended.

Scientists from the Agency for Toxic Substances and Disease Registry (ATSDR) have reviewed the peer
reviewers' comments and determined which comments will be included in the profile.  A listing of the
peer reviewers' comments not incorporated in the profile, with a brief explanation of the rationale for their
exclusion, exists as part of the administrative record for this compound.  A list of databases reviewed and
a list of unpublished documents cited are also included in the administrative record.

The citation of the peer review panel should not be understood to imply its approval of the profile's final
content.  The responsibility for the content of this profile lies with the ATSDR.
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1.  PUBLIC HEALTH STATEMENT

This public health statement tells you about methylene chloride and the effects of exposure.  

The Environmental Protection Agency (EPA) identifies the most serious hazardous waste sites in

the nation.  These sites make up the National Priorities List (NPL) and are the sites targeted for

long-term federal cleanup activities.  Methylene chloride has been found in at least 882 of the

1,569 current or former NPL sites.  However, the total number of NPL sites evaluated for this

substance is not known.  As more sites are evaluated, the sites at which methylene chloride is

found may increase.  This information is important because exposure to this substance may harm

you and because these sites may be sources of exposure.

When a substance is released from a large area, such as an industrial plant, or from a container,

such as a drum or bottle, it enters the environment.  This release does not always lead to

exposure.  You are exposed to a substance only when you come in contact with it.  You may be

exposed by breathing, eating, or drinking the substance, or by skin contact.

If you are exposed to methylene chloride, many factors determine whether you’ll be harmed. 

These factors include the dose (how much), the duration (how long), and how you come in

contact with it.  You must also consider the other chemicals you’re exposed to and your age, sex,

diet, family traits, lifestyle, and state of health.

1.1 WHAT IS METHYLENE CHLORIDE?

Methylene chloride, also known as dichloromethane, is a colorless liquid that has a mild sweet

odor, evaporates easily, and does not burn easily.  It is widely used as an industrial solvent and

as a paint stripper.  It can be found in certain aerosol and pesticide products and is used in the

manufacture of photographic film.  The chemical may be found in some spray paints, automotive

cleaners, and other household products.  Methylene chloride does not appear to occur naturally

in the environment.  It is made from methane gas or wood alcohol.  Most of the methylene
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chloride released to the environment results from its use as an end product by various industries

and the use of aerosol products and paint removers in the home.

More information on the properties and uses of methylene chloride may be found in Chapters 3

and 4.

1.2 WHAT HAPPENS TO METHYLENE CHLORIDE WHEN IT ENTERS THE
ENVIRONMENT?

Methylene chloride is mainly released to the environment in air, and to a lesser extent in water

and soil, due to industrial and consumer uses.  Many chemical waste sites, including NPL sites,

contain methylene chloride and these might act as additional sources of environmental

contamination through spills, leaks, or evaporation.  Because methylene chloride evaporates

readily, most of it is released into the air.  In the air, it is broken down by sunlight and by

reaction with other chemicals present in the air.  About half of the methylene chloride disappears

from air in 53 to 127 days.  Although methylene chloride does not dissolve easily in water, small

amounts may be found in some drinking water.  Methylene chloride that is present in water is

broken down slowly by reactions with other chemicals or by bacteria.  Over 90% of the

methylene chloride in the environment changes to carbon dioxide (CO2), which is already

present in air.  It takes about 1 to 6 days for half the methylene chloride to break down in water. 

When methylene chloride is spilled on land, it attaches loosely to nearby surface soil particles.  It

moves from the soil into the air.  Some may also move into groundwater.  We do not know how

long it remains in soil.  We do not expect methylene chloride to build up in plants or animals.

More information on what happens to methylene chloride in the environment may be found in

Chapters 4 and 5.
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1.3 HOW MIGHT I BE EXPOSED TO METHYLENE CHLORIDE?

You may be exposed to methylene chloride in air, water, food, or from consumer products. 

Because methylene chloride evaporates easily, the greatest potential for exposure is when you

breathe vapors of contaminated air.  Background levels in air are usually at less than one part

methylene chloride per billion parts (ppb) of air.  Methylene chloride has been found in some

urban air and at some hazardous waste sites at average concentrations of 11 ppb of air.  The

average daily intake of methylene chloride from outdoor air in three U.S. cities ranges from 33 to

309 micrograms per day (1 milligram is equivalent to 1,000 micrograms, 1 mg = 1,000 µg.)

Contact with consumer products such as paint strippers or aerosol cans that contain methylene

chloride is another frequent source of exposure.  Exposure occurs as a result of breathing the

vapors given off by the product or from direct contact of the liquid material with the skin.  The

highest and most frequent exposures to methylene chloride usually occur in workplaces where

the chemical is used; exposure can be dangerously high if methylene chloride is used in an

enclosed space without adequate ventilation.  People who work with it can breathe in the

chemical or it may come in contact with their skin.  In the past, concentrations ranging from 1 to

1,000 parts of methylene chloride per million parts of air (ppm; 1 ppm is 1,000 times more than

1 ppb) have been detected in general work areas, while higher concentrations (1,400 ppm) have

been detected in samples in the breathing zone of some workers.  These exposure levels exceed

the current recommended federal limits.  The National Institute for Occupational Safety and

Health (NIOSH) estimated that 1 million workers may be exposed to methylene chloride. 

Averages of 68 ppb of methylene chloride in surface water and 98 ppb methylene chloride in

groundwater have been found at some hazardous waste sites.  Less than 1 ppb has been found in

most drinking water analyzed.  We expect exposure from water and food to be low because very

little methylene chloride has been detected in these sources.

More information on how you might be exposed to methylene chloride is given in Chapter 5.
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1.4 HOW CAN METHYLENE CHLORIDE ENTER AND LEAVE MY BODY?

Methylene chloride may enter your body when you breathe vapors of contaminated air.  It may

also enter your body if you drink water from contaminated wells, or it may enter if your skin

comes in contact with it.  Since methylene chloride evaporates into air rapidly, exposure by

breathing is the most likely source of exposure at hazardous waste sites, in the home, and in the

workplace.  When you breathe in methylene chloride, over 70% of it enters your bloodstream

and quickly spreads throughout your body, with most of it going to the liver, kidney, brain,

lungs, and fatty tissue.  Increased physical activity or an increased amount of body fat tends to

increase the amount of methylene chloride that remains or accumulates in your body tissue. 

About half of the methylene chloride in the blood leaves within 40 minutes.  Some of the

methylene chloride is broken down into other chemicals, including carbon monoxide (CO), a

natural substance in the body occurring from the breakdown of hemoglobin.  Unchanged

methylene chloride and its breakdown products are removed from your body mainly in the air

you breathe out.  Small amounts leave in your urine.  This usually occurs within 48 hours after

exposure.  Although the rate of uptake through the stomach has not been measured, uptake is

likely to be fast.  Skin absorption is usually small.  Trapping the chemical against the skin with

clothing or gloves can lead to greater absorption and possible chemical burns.

More information on how methylene chloride enters and leaves the body is given in Chapter 2.

1.5 HOW CAN METHYLENE CHLORIDE AFFECT MY HEALTH?

To protect the public from the harmful effects of toxic chemicals and to find ways to treat people

who have been harmed, scientists use many tests.  

One way to see if a chemical will hurt people is to learn how the chemical is absorbed, used, and

released by the body; for some chemicals, animal testing may be necessary.  Animal testing may

also be used to identify health effects such as cancer or birth defects.  Without laboratory

animals, scientists would lose a basic method to get information needed to make wise decisions 
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to protect public health.  Scientists have the responsibility to treat research animals with care and

compassion.  Laws today protect the welfare of research animals, and scientists must comply

with strict animal care guidelines.

If you breathe large amounts (800 ppm) of methylene chloride you may not be able to react fast,

remain steady, or perform tasks requiring precise hand movements.  You may experience

dizziness, nausea, tingling or numbness of the fingers and toes, and drunkenness if you breathe

methylene chloride for a sufficiently long period of  time.  In most cases, effects disappear

shortly after the exposure ends.  Studies in animals suggest that exposure to higher

concentrations (8,000–20,000 ppm) can lead to unconsciousness and death.  There have been

reports of some people becoming unconscious and some people dying after breathing high

concentrations of methylene chloride; accidents of this kind happen more often when methylene

chloride is used without adequate ventilation.

Breathing methylene chloride may cause changes in the liver and kidney in animals, but similar

effects have not been observed in humans.  Animal studies indicate that should you be exposed

to high levels of vapors of methylene chloride in air, the vapors may irritate your eyes and affect

your cornea.  One study reported these effects at concentrations of 490 ppm; however, the effects

usually disappeared within a few days.

In humans, direct skin contact with large amounts of methylene chloride causes intense burning

and mild redness of the skin.  In a workplace accident in which a person was found to have lost

consciousness and partly fallen into an open vat of methylene chloride, extended direct contact

with the liquid caused severe burns of the skin and eyes (cornea); these conditions were

treatable.  In rabbits, effects were observed on the eyes (e.g., cornea), but they were reversible

within a few days.

People can smell methylene chloride at about 200 ppm in air.  After about 3 hours of exposure at

this level, a person will become less attentive and less accurate in tasks that require hand-eye 
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coordination.  Because people differ in their ability to smell various chemicals, odors may not be

helpful in avoiding over-exposure to methylene chloride.

There is not clear evidence that methylene chloride causes cancer in humans exposed to vapors

in the workplace.  However, breathing high concentrations of methylene chloride for long

periods of time did increase the incidence of cancer in mice.  No information was found

regarding the cancer-causing effects of methylene chloride in humans after oral exposure.  The

Department of Health and Human Services (DHHS) has determined that methylene chloride may

reasonably be anticipated to be a cancer-causing chemical.  The International Agency for

Research on Cancer (IARC) has classified methylene chloride in Group 2B, possibly causing

cancer in humans.  The EPA has determined that methylene chloride is a probable cancer-

causing agent in humans.

More information on how methylene chloride can affect your health is given in Chapter 2.

1.6 HOW CAN METHYLENE CHLORIDE AFFECT CHILDREN?

This section discusses potential health effects from exposures during the period from conception

to maturity at 18 years of age in humans.

Children and adults may be exposed to low levels of methylene chloride in drinking water. 

Small children who live near factories that produce or use methylene chloride could accidently

eat some of the chemical by putting dirty hands in their mouths, but the amount of methylene

chloride in the soil is thought to be too low to be harmful.  Children could breathe in methylene

chloride that is used in a number of household products, since it evaporates easily.  Also, since

the vapor of methylene chloride is heavier than air, it will tend to stay close to the ground; as a

result, children, being shorter, would breathe in larger amounts than adults during accidental

exposure.

The effects of methylene chloride have not been studied in children, but they would likely

experience the same health effects seen in adults exposed to the chemical.  It is also not known if
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the way in which methylene chloride is absorbed, metabolized, and eliminated from the body is

different in children than it is in adults.  Therefore, adverse effects noted in animals and adult

humans (as discussed in Section 1.5) might also occur in children.  

There have not been any reports of a connection between methylene chloride exposure during

pregnancy and birth defects in humans.  If a pregnant woman is exposed to methylene chloride, a

small amount may cross the placenta, but not enough to harm the fetus.  Studies in animals show

that breathing methylene chloride at relatively high levels during pregnancy may lead to bone

variations, none of which are serious and some of which may be outgrown, in newborn pups. 

Methylene chloride has been shown to cross the placenta in rats.  Methylene chloride has not

been accurately measured in human milk and there are no animal studies testing to what extent it

can pass into milk.

Sections 2.7 and 5.6 contain specific information about the effects of methylene chloride in

children.

1.7 HOW CAN FAMILIES REDUCE THE RISK OF EXPOSURE TO METHYLENE
CHLORIDE?

If your doctor finds that you have been exposed to significant amounts of methylene chloride,

ask whether your children might also be exposed.  Your doctor might need to ask your state

health department to investigate.

Children may be exposed to methylene chloride in consumer household products, such as paint

removers, which contain a large percentage of methylene chloride.  In general, the amounts of

methylene chloride in consumer products are low and children are not likely to be harmed unless

large amounts contact the skin or are accidentally swallowed.  Using paint removers, especially

in unventilated or poorly ventilated areas, may cause the amount of methylene chloride in the air

to reach potentially dangerous levels.  Caution should be used when using paint removers inside

your house; you should follow instructions on the package label for the proper ventilation
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conditions when using these products.  It is also advisable to make certain that children do not

remain near indoor paint removal activities.  

Household chemicals should be stored out of reach of young children to prevent accidental

poisonings or skin irritation.  Always store household chemicals in their original labeled

containers.  Never store household chemicals in containers that children would find attractive to

eat or drink from, such as old soda bottles.  Keep your Poison Control Center’s number next to

the phone.

Sometimes older children sniff household chemicals in an attempt to get high.  Your children

may be exposed to methylene chloride by inhaling products containing it.  Talk with your

children about the dangers of sniffing chemicals.

1.8 IS THERE A MEDICAL TEST TO DETERMINE WHETHER I HAVE BEEN
EXPOSED TO METHYLENE CHLORIDE?

Several tests exist for determining whether you have had measurable exposure to methylene

chloride.  The most direct method measures methylene chloride in the air you breathe out.  Your

blood can also be analyzed to determine if methylene chloride is present.  However, these tests

are only useful for detecting exposures which have occurred within a few days because

methylene chloride remains in the blood for a very short time.  Some absorbed methylene

chloride is stored in fat and slowly returns to the bloodstream.  A test to measure

carboxyhemoglobin (COHb), a chemical formed in blood as methylene chloride breaks down in

the body, can also be used as an indicator of exposure.  However, this test is not specific, since

smoking and exposure to other chemicals may also increase COHb levels.  Your urine can also

be tested for methylene chloride itself or for other chemicals (such as formic acid) that are

produced as methylene chloride breaks down in the body.  These tests are not routinely available

in a doctor's office, and they require special equipment.  Also, the test for formic acid is not

specific for methylene chloride, since other chemicals, such as formaldehyde, are broken down 
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to formic acid.  The tests may be useful to determine exposure to methylene chloride but do not

by themselves measure or predict health effects.

More information on how methylene chloride can be measured in exposed humans is presented

in Chapters 2 and 6.

1.9 WHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO
PROTECT HUMAN HEALTH?

The federal government develops regulations and recommendations to protect public health. 

Regulations can be enforced by law.  Federal agencies that develop regulations for toxic

substances include the Environmental Protection Agency (EPA), the Occupational Safety and

Health Administration (OSHA), and the Food and Drug Administration (FDA). 

Recommendations provide valuable guidelines to protect public health but cannot be enforced by

law.  Federal organizations that develop recommendations for toxic substances include the

Agency for Toxic Substances and Disease Registry (ATSDR) and the National Institute for

Occupational Safety and Health (NIOSH).

Regulations and recommendations can be expressed in not-to-exceed levels in air, water, soil, or

food that are usually based on levels that affect animals; then they are adjusted to help protect

people.  Sometimes these not-to-exceed levels differ among federal organizations because of

different exposure times (an 8-hour workday or a 24-hour day), the use of different animal

studies, or other factors.

Recommendations and regulations are also periodically updated as more information becomes

available.  For the most current information, check with the federal agency or organization that

provides it.  Some regulations and recommendations for methylene chloride include the

following:
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The EPA requires that releases of methylene chloride of 1,000 pounds or more be reported to the

federal government.  The EPA has provided guidelines on how much methylene chloride you

may be exposed to for certain amounts of time without causing risk to human health.  It

recommends that exposure of children to methylene chloride in drinking water should not exceed

10 milligrams/liter (mg/L) for 1 day or 2 mg/L for 10 days.

Because methylene chloride is used in processing spices, hops extract, and decaffeinated coffee,

the FDA has established limits on the amounts of methylene chloride that can remain in these

food products.

The OSHA currently has a “permissible exposure limit” (PEL) of 25 ppm for an 8-hour workday

with 125 ppm as a “short-term exposure limit” (STEL) for 15 minute durations for persons who

work with methylene chloride.

NIOSH no longer has a “recommended exposure limit” (REL) for methylene chloride.  Because

methylene chloride causes tumors in some animals, NIOSH currently considers it a possible

cancer-causing substance in the workplace and recommends that exposure be lowered to the

lowest feasible limit.

More information on government recommendations regarding methylene chloride can be found

in Chapter 7.

1.10 WHERE CAN I GET MORE INFORMATION?

If you have any more questions or concerns, please contact your community or state health or

environmental quality department or

Agency for Toxic Substances and Disease Registry
Division of Toxicology
1600 Clifton Road NE, Mailstop E-29
Atlanta, GA 30333
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* Information line and technical assistance

Phone: 1-888-42-ATSDR (1-888-422-8737)
Fax: (404) 639-6359

ATSDR can also tell you the location of occupational and environmental health clinics.  These

clinics specialize in recognizing, evaluating, and treating illnesses resulting from exposure to

hazardous substances.

* To order toxicological profiles, contact

National Technical Information Service
5285 Port Royal Road
Springfield, VA 22161
Phone: (800) 553-6847 or (703) 605-6000
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2.1 INTRODUCTION

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and

other interested individuals and groups with an overall perspective on the toxicology of methylene

chloride.  It contains descriptions and evaluations of toxicological studies and epidemiological

investigations and provides conclusions, where possible, on the relevance of toxicity and toxicokinetic

data to public health.

A glossary and list of acronyms, abbreviations, and symbols can be found at the end of this profile.

2.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To help public health professionals and others address the needs of persons living or working near

hazardous waste sites, the information in this section is organized first by route of exposure (inhalation,

oral, and dermal) and then by health effect (death, systemic, immunological, neurological, reproductive,

developmental, genotoxic, and carcinogenic effects).  These data are discussed in terms of three exposure

periods: acute (14 days or less), intermediate (15–364 days), and chronic (365 days or more).

Levels of significant exposure for each route and duration are presented in tables and illustrated in

figures.  The points in the figures showing no-observed-adverse-effect levels (NOAELs) or

lowest-observed-adverse-effect levels (LOAELs) reflect the actual doses (levels of exposure) used in the

studies.  LOAELS have been classified into "less serious" or "serious" effects.  "Serious" effects are those

that evoke failure in a biological system and can lead to morbidity or mortality (e.g., acute respiratory

distress or death).  "Less serious" effects are those that are not expected to cause significant dysfunction

or death, or those whose significance to the organism is not entirely clear.  ATSDR acknowledges that a

considerable amount of judgment may be required in establishing whether an end point should be

classified as a NOAEL, "less serious" LOAEL, or "serious" LOAEL, and that in some cases, there will be

insufficient data to decide whether the effect is indicative of significant dysfunction.  However, the

Agency has established guidelines and policies that are used to classify these end points.  ATSDR

believes that there is sufficient merit in this approach to warrant an attempt at distinguishing between

"less serious" and "serious" effects.  The distinction between "less serious" effects and "serious" effects is 
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considered to be important because it helps the users of the profiles to identify levels of exposure at which

major health effects start to appear.  LOAELs or NOAELs should also help in determining whether or not

the effects vary with dose and/or duration, and place into perspective the possible significance of these

effects to human health.  

The significance of the exposure levels shown in the Levels of Significant Exposure (LSE) tables and

figures may differ depending on the user's perspective.  Public health officials and others concerned with

appropriate actions to take at hazardous waste sites may want information on levels of exposure

associated with more subtle effects in humans or animals (LOAEL) or exposure levels below which no

adverse effects (NOAELs) have been observed.  Estimates of levels posing minimal risk to humans

(Minimal Risk Levels or MRLs) may be of interest to health professionals and citizens alike.

Levels of exposure associated with carcinogenic effects (Cancer Effect Levels, CELs) of methylene

chloride are indicated in Tables 2-1 and 2-2 and Figures 2-1 and 2-2.  Because cancer effects could occur

at lower exposure levels, Figures 2-1 and 2-2 also show a range for the upper bound of estimated excess

risks, ranging from a risk of 1 in 10,000 to 1 in 10,000,000 (10-4 to 10-7), as developed by EPA.

Estimates of exposure levels posing minimal risk to humans (Minimal Risk Levels or MRLs) have been

made for methylene chloride.  An MRL is defined as an estimate of daily human exposure to a substance

that is likely to be without an appreciable risk of adverse effects (noncarcinogenic) over a specified

duration of exposure.  MRLs are derived when reliable and sufficient data exist to identify the target

organ(s) of effect or the most sensitive health effect(s) for a specific duration within a given route of

exposure.  MRLs are based on noncancerous health effects only and do not consider carcinogenic effects. 

MRLs can be derived for acute, intermediate, and chronic duration exposures for inhalation and oral

routes.  Appropriate methodology does not exist to develop MRLs for dermal exposure.

Although methods have been established to derive these levels (Barnes and Dourson 1988; EPA 1990d),

uncertainties are associated with these techniques.  Furthermore, ATSDR acknowledges additional

uncertainties inherent in the application of the procedures to derive less than lifetime MRLs.  As an

example, acute inhalation MRLs may not be protective for health effects that are delayed in development

or are acquired following repeated acute insults, such as hypersensitivity reactions, asthma, or chronic

bronchitis.  As these kinds of health effects data become available and methods to assess levels of

significant human exposure improve, these MRLs will be revised.
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A User's Guide has been provided at the end of this profile (see Appendix B).  This guide should aid in

the interpretation of the tables and figures for Levels of Significant Exposure and the MRLs.

2.2.1 Inhalation Exposure

2.2.1.1 Death

Case studies of methylene chloride poisoning during paint stripping operations have demonstrated that

inhalation exposure can be fatal to humans (Bonventre et al. 1977; Hall and Rumack 1990; Stewart and

Hake 1976).  Although quantitative estimates of exposure levels were not reported for these cases, levels

of methylene chloride in various tissues were reported: liver (14.4 mg/dL), blood (51 mg/dL), serum

(29 µg/mL), and brain (24.8 mg/100 g) (Bonventre et al. 1977; Hall and Rumack 1990).  The cause of

death in these cases was uncertain; however, myocardial infarction was reported in one case (Stewart and

Hake 1976).  Death also occurred in two workers involved in oleoresin extraction processes and liquid

cleaning operations (Moskowitz and Shapiro 1952; Winek et al. 1981).  Exposure reportedly occurred

from less than 1 hour up to 3 hours, but the concentration of methylene chloride was not reported.  The

compound was detected in the lung (0.1 mL/500 g wet tissue), brain (0.27 g/L), and blood (29.8 mg%)

(Moskowitz and Shapiro 1952; Winek et al. 1981).  Two cases of lethal poisoning following acute

inhalation of extremely high concentrations of methylene chloride in air (estimated as up to 168,000 ppm)

occurred in two workers burying barrels containing mixed solvents and solid chemical waste in a well

about 2 meters below ground level (Manno et al. 1992).  Methylene chloride concentrations in blood of

the two workers were 572 and 601 mg/L, respectively.  Blood carboxyhemoglobin (COHb) concen-

trations were about 30% higher than normal.  Death appears to have been caused by narcosis and

respiratory depression due to the acute effects of high concentration methylene chloride on the central

nervous system.  One death in the United Kingdom resulting from acute inhalation occupational exposure

to methylene chloride (concentration not provided) was attributed to acute narcosis resulting in

respiratory depression (Bakinson and Jones 1985); necropsy revealed evidence of liver and spleen

congestion.  One case of fatal gassing occurred during paint-stripping of a chemical tank (Tay et al.

1995).  The paint stripper contained 74% w/w (weight by weight) of methylene chloride; the

concentration of methylene chloride vapor within the tank was later estimated to have been well above

100,000 ppm.  The worker did not wear a respirator and did not engage a forced ventilation system into

the confined space of the tank.  He was found unconscious and died 4 days later.  His methylene chloride

blood concentration was 281 mg/L.
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Another case of fatal poisoning was reported in Korea:  the body of the chief executive of a painting and

coating factory was discovered in an underground trichloroethylene tank in which methylene chloride was

being used to removed rust from iron sheets (Kim et al. 1996a).  Autopsy revealed pronounced organ

congestion in the brain, kidneys, liver, and lungs; blood tissue samples contained 3% COHb and

252 mg/L of methylene chloride.  This methylene chloride blood concentration is similar to that reported

for other fatalities (Manno et al. 1992; Tay et al. 1995).  Concentrations of methylene chloride in other

tissues ranged from 26 mg/kg in the lungs to 75 mg/kg in the brain (Kim et al. 1996a).  The data were

sufficient to confirm that the death was due to methylene chloride poisoning.

In another study, no increase in deaths in methylene chloride workers, assessed by life table analysis, was

found after exposure to 30–120 ppm (time weighted averages) for over 30 years (Friedlander et al. 1978). 

Fiber production workers exposed to methylene chloride (140–475 ppm) for at least 3 months did not

have a significant increase in mortality (Lanes et al. 1993; Ott et al. 1983b).

Studies in animals confirm that methylene chloride may be lethal after inhalation exposure at high

concentrations.  Acute exposure to 16,000–19,000 ppm of methylene chloride for 4–8 hours caused death

in rats and mice (NTP 1986; Svirbely et al. 1947).  Also, one of four female monkeys died after 10 days

of continuous exposure to 5,000 ppm methylene chloride (MacEwen et al. 1972).  Data suggest there is a

narrow margin between concentrations causing anesthesia and death.  An LC50 of 16,189 ppm was

reported in mice acutely exposed to methylene chloride (Svirbely et al. 1947).  No deaths were found in

mice exposed for 4 hours to 16,800 ppm, but 70% of the mice exposed to 17,250 ppm died (NTP 1986). 

Repeated exposure from intermediate to lifetime duration at levels ranging from 1,000 to 16,000 ppm can

cause increased deaths in rats, mice, guinea pigs, rabbits, and dogs (Burek et al. 1984; Heppel et al. 1944;

NTP 1986).  Results of the different inhalation studies described in the NTP (1986) report illustrate that

with increasing duration, the lethal exposure level decreases.  A 19-day intermittent exposure to

6,500 ppm of methylene chloride or a 13-week exposure to 4,200 ppm were not lethal to rats or mice, but

exposure for 2 years at 4,000 ppm reduced survival in female rats and in mice of both sexes (NTP 1986). 

Although the same target organs (central nervous system, lungs, liver) are affected in mammals, the

available mortality data suggest differences in sensitivity among species, with dogs being more sensitive

than mice and rats.

An LC50 value and all reliable LOAEL values for lethality in each species and duration category are

recorded in Table 2-1 and plotted in Figure 2-1.
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2.2.1.2 Systemic Effects

No studies were located regarding musculoskeletal or dermal effects in humans or animals after inhalation

exposure to methylene chloride.  Effects of methylene chloride on the respiratory, cardiovascular,

gastrointestinal, hepatic, renal, and ocular systems are discussed below.

The highest NOAEL values and all reliable LOAEL values for systemic effects in each species and

duration category are recorded in Table 2-1 and plotted in Figure 2-1.

Respiratory Effects.    Asphyxia was determined to be the cause of death in the case of a male worker

who was subjected to acute inhalation exposure (concentration unknown) for 1 hour (Winek et al. 1981);

the autopsy revealed bilateral pulmonary congestion with focal hemorrhage.  Respiratory symptoms

(cough, breathlessness, chest tightness) were reported in only 4 of 33 cases of acute inhalation exposure

to methylene chloride that were reported to occupational health authorities in the United Kingdom

between 1961 and 1980 (Bakinson and Jones 1985); no exposure levels were provided in this study.  No

pulmonary function abnormalities were found in humans exposed to methylene chloride vapors

(50–500 ppm) for 6 weeks (NIOSH 1974).  Irritative symptoms of the respiratory tract were more

prevalent among 12 Swedish male graffiti removers, employed to clean underground stations by using

methylene chloride-based solvent, than those of the general population (Anundi et al. 1993).  The 8-hour

time-weighted average (TWA) to which these workers were exposed ranged from 18–1,200 mg/m3.

Two clinical case studies (Snyder et al. 1992a, 1992b) were reported in which two men who had been

working in confined spaces with a nationally advertised brand of paint remover (consisting of >80% w/w

methylene chloride) presented to the hospital emergency department complaining of dyspnea, cough, and

discomfort in the midchest.  In chest x-rays, each of the patients showed alveolar and interstitial

infiltrates.  One patient was treated with oxygen and albuterol and his symptoms improved over 48 hours;

a repeat chest x-ray showed complete clearing of the infiltrates.  During the next year, the patient

continued to have episodic cough with wheeze and breathlessness which improved with albuterol therapy. 

The patient had no prior history of asthma or cough.  A methacholine challenge test verified that he had

hyperactive airways.  The second patient was treated with oxygen and his symptoms improved during the

next 48 to 72 hours; a repeat chest x-ray taken 3 days later revealed marked, but not complete, resolution

of previously-noted lung infiltrates.  Ten days later he was asymptomatic and his chest x-ray was normal.
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Pulmonary effects were observed in animals that died following exposure to high concentrations of

methylene chloride (Heppel et al. 1944).  Extreme pneumonia was found in 3/14 guinea pigs exposed to

5,000 ppm for up to 6 months, and pulmonary congestion and edema with focal necrosis was found in

3/5 rabbits and 2/16 rats exposed to 10,000 ppm for up to 8 weeks (Heppel et al. 1944).  A high incidence

of foreign body pneumonia, involving focal accumulation of mononuclear and multinucleate

inflammatory cells, was observed in 10/20 rats exposed to methylene chloride at 8,400 ppm for 13 weeks

(NTP 1986).  The significance of this finding is uncertain since the effect was observed only at the

highest concentration tested.  Male B6C3F1 mice exposed to 4,000 ppm methylene chloride for

6 hours/day, 5 days/week for 13 weeks showed acute Clara cell damage in the lung after a 1-day exposure

to methylene chloride, which appeared to resolve after 5 consecutive daily exposures (Foster et al. 1992). 

The appearance and disappearance of the lesion in Clara cells correlated well with the activity of

cytochrome P-450 monooxygenase in Clara cells, as assessed immunocytochemically in the whole lung,

and biochemically in freshly isolated Clara cells.  Nasal cavity squamous metaplasia was observed in rats

exposed intermittently to 1,000 ppm methylene chloride in the NTP (1986) bioassay.

Cardiovascular Effects.  Studies in humans exposed to methylene chloride vapors between 50 and

500 ppm have not reported significant electrocardiographic abnormalities (Cherry et al. 1981; Ott et al.

1983c; NIOSH 1974).  In cohort studies of methylene chloride workers, no increased ischemic heart

disease mortality was observed with chronic time-weighted average exposures from 26 to 1,700 ppm

(Hearne et al. 1990; Lanes et al. 1993; Ott et al. 1983b).  There were no differences in cardiac effects, as

measured by a health history questionnaire relating to heart problems (e.g., chest discomfort with

exercise; racing, skipping, or irregular heartbeat), between 150 workers occupationally exposed for more

than 10 years to relatively high levels of methylene chloride (8-hour TWA of 475 ppm), and a similar,

nonexposed group of employees at a polyester staple plant (Soden 1993).  The exposed cohort were also

exposed to mean 8-hour TWA concentrations of 900 and 100 ppm of acetone and methanol, respectively.

Data in animals are limited to one study evaluating cardiac arrhythmia in the mouse (Aviado and Belej

1974).  Atrioventricular block was observed following acute exposure to methylene chloride at

concentrations greater than 200,000 ppm.  Exposure to high concentrations of this sort is not likely to

occur in the environment under normal conditions.
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Gastrointestinal Effects.   Nausea and vomiting were reported in 13 out of 33 cases of acute

inhalation exposure to methylene chloride that were registered with occupational health authorities in the

United Kingdom between 1961 and 1980 (Bakinson and Jones 1985); concentration levels were not

provided in this study.  Dilatation of the stomach was reported in mice after inhalation exposure to

4,000 ppm methylene chloride for 2 years (NTP 1986).

Hematological Effects.   In humans, average blood COHb levels measure less than 1% in an

atmosphere free of carbon monoxide, and less than 4% in a normal atmosphere.  Blood COHb

concentrations were about 30% higher than normal in two cases of lethal poisoning following acute

inhalation of extremely high concentrations of methylene chloride in air (estimated ~168,000 ppm) in

workers who were burying barrels containing mixed solvents and solid chemical waste in a well about

2 meters below ground level (Manno et al. 1992).  Employees monitored at the end of 1 work day

following exposure to methylene chloride at 7–90 ppm (8-hour TWA) had average COHb concentrations

between 1.7 and 4.0% for nonsmokers, and between 4.95 and 6.35% for smokers (Soden et al. 1996). 

Additional daily cumulative exposure to methylene chloride did not produce increased levels of COHb. 

In volunteers who were exposed to methylene chloride at 200 ppm for 4 hours, blood COHb levels rose to

approximately 5% (Putz et al. 1979); this was equivalent to the levels seen in volunteers after inhaling

70 ppm of carbon monoxide for 4 hours.  In nonsmoking volunteers exposed to 50, 100, 150, or 200 ppm

of methylene chloride for 7.5 hours, blood COHb levels rose to 1.9, 3.4, 5.3, and 6.8%, respectively, and

blood COHb levels declined immediately following exposure (DiVincenzo and Kaplan 1981).

Other studies in humans reported increases in the red cell count, hemoglobin, and hematocrit in women

occupationally exposed to concentrations up to 475 ppm during an 8-hour workday, but no effects were

found in men.  These effects were judged by the authors to be suggestive of compensatory hematopoiesis

(Ott et al. 1983d).  It may be anticipated that stress polycythemia will occur in the majority of individuals,

especially cigarette smokers, who are chronically exposed to methylene chloride vapor concentrations in

the 500 ppm range.

In animals, no significant hematologic or clinical chemistry alterations were reported in dogs and

monkeys exposed continuously to up to 100 ppm methylene chloride for 100 days (Haun et al. 1972).  In

the dogs, COHb increased from 0.5 to about 2% during exposure to 100 ppm methylene chloride, but no

significant increase was seen at 25 ppm.  In the monkeys, COHb levels were approximately 0.5, 1.7, and

4.5% in controls, 25 ppm, and 100 ppm exposed groups, respectively.  No treatment-related effects on 
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common hematologic parameters (cell counts, hemoglobin concentration differentials, white cell counts,

etc.) were observed among rats chronically exposed to methylene chloride at concentrations up to

3,500 ppm (Burek et al. 1984; Nitschke et al. 1988a). 

Musculoskeletal Effects.  No musculoskeletal effects have been reported in either animals or humans

after inhalation exposure to methylene chloride.

Hepatic Effects.  There is very little published information on the hepatic effects of methylene chloride

in humans.  One autoworker, who was exposed to methylene chloride by inhalation and dermally for

1.5 years, was reported to have an enlarged liver in addition to adverse neurological and reproductive

effects (Kelly 1988).  NIOSH found workplace levels of methylene chloride to average 68 ppm (range of

3.3–154.4 ppm), which may be an underestimate given evaporation of the volatile liquid from the

applicator pads and cotton gloves that were used; the worker was also exposed to low levels of styrene

(7.2 ppm, range of 1.5–10.4 ppm).  Exposure to methylene chloride was verified by a blood COHb level

of 6.4% in a sample taken more than 24 hours after work.  The relative contributions of the inhalation and

dermal exposures to the hepatic effect was not determined.  There were no alterations in serum enzyme

activity (alkaline phosphatase, alanine aminotransferase [ALT], or lactic dehydrogenase) or in serum

bilirubin, calcium, and phosphorus in humans exposed to methylene chloride vapors (50–500 ppm) for

6 weeks (NIOSH 1974).  In a clinical epidemiologic assessment of methylene chloride workers, an

exposure-related increase (not clinically significant) in serum bilirubin was observed in workers exposed

to methylene chloride (up to 475 ppm) and methanol, but there were no concentration-related changes in

serum enzyme levels that could indicate liver injury (Ott et al. 1983a).  In Swedish graffiti removers

employed to clean underground stations using methylene chloride solvent, no exposure-related deviations

in serum concentrations of creatinine, aspartate transaminase (AST), ALT, or gamma-glutamyl

transpeptidase were observed (Anundi et al. 1993).  Based on these data, the liver appears to be a less

sensitive target organ in humans than it is in rodents (see below).

In animals, the effects of methylene chloride have been studied more extensively.  For the most part,

exposure to methylene chloride has resulted in fatty changes in the liver and elevated plasma enzymes. 

These effects were reversible when exposure ceased.  No histopathological changes were observed in

guinea pigs following acute exposure to 5,200 ppm; however, there was a 2.5-fold increase in hepatic

triglycerides (Morris et al. 1979).  When male guinea pigs were exposed to 5,000 ppm of methylene

chloride for up to 6 months, 3/8 died and exhibited moderate centrilobular fatty degeneration of the liver 
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(Heppel et al. 1944); no deaths, but similar liver histopathology was observed after exposure to

10,000 ppm for 8 weeks (guinea pigs) or 1 week (dogs).  Fatty changes in the liver were noted in

monkeys, mice, and dogs continuously exposed to 5,000 ppm for 4 weeks (MacEwen et al. 1972).  In

addition, mice exposed to 1,000 ppm exhibited iron pigmentation, nuclear degeneration, and pyknotic

cells (MacEwen et al. 1972).  Hepatic microsomal enzymes were elevated at 500 ppm (p<0.01) following

10 days of exposure, but were not increased significantly over control levels in rats exposed to methylene

chloride at 250 ppm for 28 days (Norpoth et al. 1974).  Continuous exposure of mice and rats for

100 days to 25 or 100 ppm caused fatty changes in the liver (Haun et al. 1972; Kjellstrand et al. 1986;

Weinstein and Diamond 1972).  No effects were seen in mice continuously exposed at 25 ppm, but

cytoplasmic vacuolization was reported in rats at this exposure level (Haun et al. 1972).  No adverse liver

effects were reported in dogs or monkeys exposed to up to 100 ppm methylene chloride in the Haun et al.

(1972) study.  Using results from the Haun et al. (1972) study, an intermediate inhalation MRL of

0.3 ppm was derived based on the LOAEL of 25 ppm for liver effects in rats.  In 13-week studies,

centrilobular hydropic degeneration was observed in female mice exposed to 4,200 ppm, and in both

sexes at 8,400 ppm (NTP 1986).  Repeated exposure of rats to 200–500 ppm or greater for 2 years

resulted in increased incidences of hepatocellular vacuolization and multinucleate hepatocytes (Burek et

al. 1984; Nitschke et al. 1988a; NTP 1986), but not at 50 ppm (Nitschke et al. 1988a).  In the 2-year NTP

(1986) study, other liver effects in rats included hemosiderosis, focal necrosis of hepatocytes, basophilic

change (females only), hepatocytomegaly, bile duct fibrosis in males, and granulomatous inflammation in

females.  The NOAEL of 50 ppm identified in the Nitschke et al. (1988a) study was used as the basis for

derivation of a chronic inhalation MRL of 0.3 ppm.

Renal Effects.  Daily exposures to concentrations up to 500 ppm methylene chloride for 6 weeks did

not alter blood urea nitrogen or urine urobilinogen levels in humans (NIOSH 1974).  In Swedish graffiti

removers employed to clean underground stations using methylene chloride solvent, no exposure-related

deviations in urinary concentrations of microglobulins or N-acetyl-beta-glucosaminidase were observed

(Anundi et al. 1993).  

Renal tubular vacuolization was observed in dogs following continuous inhalation exposure to 1,000 ppm

for 4 weeks and in rats following exposure at 5,000 ppm for 14 weeks (MacEwen et al. 1972). 

Nonspecific renal tubular degenerative and regenerative changes were observed after continuous exposure

in rats at 25 and 100 ppm for 100 days (Haun et al. 1972).  No significant gross or histopathologic

alterations in the kidneys were reported in dogs or monkeys exposed continuously to up to 100 ppm 
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methylene chloride for 100 days (Haun et al. 1972).  Inhalation exposure to 2,000 ppm for 2 years

resulted in statistically significant increases in the incidences of kidney degeneration in female rats and of

kidney/tubule casts in mice of both sexes (NTP 1986). 

Ocular Effects.  One human study reported mild eye irritation in males exposed to 500 ppm methylene

chloride vapors after 1 hour (NIOSH 1974).  This was most likely due to direct contact of methylene

chloride vapor with the eyes.  Irritative symptoms of the eyes were more prevalent among 12 Swedish

male graffiti removers (employed to clean underground stations using a methylene chloride-based

solvent) compared to the general population (Anundi et al. 1993).  The 8-hour TWA to which these

workers were exposed ranged from 5 to 340 ppm.

One study reported transient increases in the thickness of the cornea in rabbits that were acutely exposed

to vapors of methylene chloride at 490 ppm (Ballantyne et al. 1976).  It is likely that the effects observed

were due to direct effect of vapors on the cornea (see Section 2.2.3.2).

2.2.1.3 Immunological and Lymphoreticular Effects

No studies were located regarding immunological effects in humans after inhalation exposure to

methylene chloride.

Some animal studies have reported alterations in secondary lymphoid organs following exposure to

methylene chloride.  Splenic fibrosis was observed in a chronic rat study (Mennear et al. 1988) and

splenic atrophy in an intermediate dog study (MacEwen et al. 1972) at exposure concentrations of

1,000 ppm or greater.  The significance of these effects on the spleen as an indicator of chemical insult to

the immune system is not clear since no information was obtained on alterations in germinal cell

proliferation, the lymphocyte subpopulation, or other immunological parameters.  For these reasons, these

studies are not presented in Table 2-1.  However, a recent study by the Halogenated Solvent Industry

Alliance, Inc. (2000) in which male and female rats were exposed whole body to 5,187 ppm methylene

chloride 6 hours/day, 5 days/week, for 28 days found no evidence of immunotoxicity as judged by gross

and microscopical examination of lymphoid tissues, hematology, or IgM antibody response to sheep red

blood cells (SRBC).  This NOAEL is listed in Table 2-1 and plotted in Figure 2-1.
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2.2.1.4 Neurological Effects

A number of human studies reveal that the nervous system is perhaps the most important target of acute

methylene chloride toxicity.  All 33 cases of acute inhalation exposure to methylene chloride that were

reported to occupational health authorities in the United Kingdom between 1961 and 1980 involved

depression of the central nervous system (Bakinson and Jones 1985).  Unconsciousness occurred in 13 of

these cases and other common effects included headache and dizziness; a few instances of confusion,

intoxication, incoordination, and paresthesia were also reported.  Acute inhalation exposure to methylene-

chloride-based paint strippers in rooms with inadequate ventilation led to unconsciousness in four cases

and to generalized seizures in one of these (Hall and Rumack 1990); 10/21 respondents to an occupational

health questionnaire reported experiencing dizziness and headache while working in these conditions, but

the symptoms abated when they moved to fresh air.  In volunteers, a single 4-hour exposure to 200 ppm

methylene chloride significantly decreased visual and psychomotor performance and auditory function

(Putz et al. 1979).  Auditory monitoring, eye-hand coordination, and high-difficulty peripheral brightness

test performances were not degraded until the final hour of exposure, by which time, the level of carbon

monoxide in exhaled breath had risen to 50 ppm and the level of COHb in blood had risen to 5%.   A

single 3- to 4-hour exposure to methylene chloride at 300 ppm caused decreased visual and auditory

functions in volunteers, but the adverse effects were reversible once exposure ceased (Fodor and Winneke

1971; Winneke 1974).  Winneke (1974) attributed these effects to methylene chloride rather than its

metabolite COHb, since exposure to carbon monoxide at concentrations up to 100 ppm did not cause

similar effects.  At the lowest exposure level (300 ppm of methylene chloride), critical flicker fusion

frequency (visual) and auditory vigilance tasks were impaired.  These higher-order functions involved

complex visual and central nervous system processes that are assumed to be influenced by the degree of

“cortical alertness” mediated by subcortical structures, especially the reticular formation (Fodor and

Winneke 1971).  Similarly, psychomotor performance (reaction time, hand precision, steadiness) was

impaired, but this occurred at higher exposure levels (800 ppm for 4 hours) (Winneke 1974).  Since these

parameters are sensitive indicators of overt central nervous system-related depression, drowsiness, or

narcosis, the Winneke (1974) study was selected as an appropriate basis for deriving an MRL for acute

inhalation effects of methylene chloride.  Alterations in visual evoked response were observed in humans

exposed to methylene chloride at 515–986 ppm for 1–2 hours (Stewart et al. 1972).  In another study,

there were no effects on spontaneous electroencephalogram, visual evoked response, or a battery of

cognitive effects in humans exposed to concentrations of methylene chloride up to 500 ppm (NIOSH 
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1974).  While some changes in tests related to mood have been reported in humans after acute combined

exposure to methylene chloride (28–173 ppm) and methanol (Cherry et al. 1983), no evidence of

neurological or behavioral impairment was observed at exposure levels of 75–100 ppm (Cherry et al.

1981).  Dementia and gait impairment were reported in one case of a person exposed to methylene

chloride (500–1,000 ppm) for 3 years (Barrowcliff and Knell 1979).  Based on a LOAEL of 300 ppm for

neurological effects (Winneke 1974), an acute inhalation MRL of 0.6 ppm was calculated as described in

Table 2-1 and Section 2.5.

No acute central nervous system effects were observed among 12 Swedish male graffiti removers

employed to clean underground stations using methylene-chloride-based solvent compared to the general

population (Anundi et al. 1993).  The 8-hour TWA to which these workers were exposed ranged from

5 to 340 ppm.  Two cases of men using a paint remover (>80% methylene chloride by weight) in small

confined spaces were studied by Snyder et al. (1992a, 1992b) in a hospital emergency room.  One

reported symptom was severe headache, which disappeared within 24 hours after cessation of exposure. 

The authors considered this symptom to be associated with methylene chloride neurotoxicity.  No

neurologic effects, as measured by responses to questions relating to neurotoxicity (e.g., recurring severe

headaches, numbness/tingling in hands of feet, loss of memory, dizziness) were reported in a group of

150 employees in a fiber plant occupationally exposed to methylene chloride (mean 8-hour

TWA=475 ppm) for more than 10 years, when compared to a similar, nonexposed cohort (Soden 1993). 

In a retrospective epidemiology study, there were no significant associations between potential solvent

exposure and self-reported neurological symptoms (based on a standard battery of medical surveillance

questions) among workers exposed to a variety of solvents, including methylene chloride, at a

pharmaceutical company (Bukowski et al. 1992).  However, Bukowski et al. (1992) concluded that

questionnaires were not the most appropriate tool to investigate potential neurobehavioral changes caused

by low-level exposure to solvents, and recommended the use of neurological test batteries.  This caveat

would also apply to the study of Soden (1993).

In a group of 34 autoworkers, which included a subgroup of 26 ‘bonders’, complaints of central nervous

system dysfunction were common following occupational exposure to methylene chloride for up to

3 years (Kelly 1988); the precise number of individuals with neurological complaints was not provided,

since the report focused on reproductive effects.  The bonding job involved soaking pads from open

buckets of methylene chloride using ungloved hands, so exposures were both by inhalation and by the

dermal route; exposure to methylene chloride was confirmed by analysis of blood COHb levels.  In

workplace air samples, NIOSH measured 3.3–154.4 ppm (average=68 ppm) of methylene chloride, but
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worker exposure is likely to have been sometimes higher from the evaporation of liquid spilled onto

clothing; bonders were also exposed to styrene at 1.5–10.4 ppm (average=7.2 ppm), which is less than the

threshold limit value (TLV) for that chemical (ACGIH 1999).  The neurological complaints reported in

this group included dizziness, lightheadedness, memory loss, personality changes, and depression. 

Affected individuals were recommended for further neurological testing, but no test results were reported. 

The neurotoxicity of occupational exposure to methylene chloride was examined in a cohort study of

retired airline mechanics who had been chronically exposed to methylene chloride at concentrations

ranging from a mean 8-hour TWA of 105 to 336 ppm, with short-term high exposures ranging from

395 to 660 ppm (Lash et al. 1991).  Five categories of variables were assessed: demographic and some

potential confounders, health symptoms, and physiological, psychophysical, and psychological variables. 

There were three tests of physiological characteristics (each measuring olfactory, visual, and auditory

parameters) and four tests of psychophysical variables (finger tapping, simple reaction time, choice

reaction time, and complex choice reaction time).  Six psychological variables were assessed, most by

more than one test: short-term visual memory, retention measure of visual memory, short-term verbal

memory, and retention measures of verbal memory, attention, and spatial ability.  None of the measured

variables were statistically different between the exposed and control groups.  However, trends in the

effect sizes appeared within clusters of some variables.  In the group of psychological variables showing

effects on memory and attention, the exposed group scored higher than the unexposed group on the verbal

memory tasks but lower on the attention tasks.  The major potential confounder was exposure

misclassification.  Lack of precision, sampling biases, and random measurement errors might also have

affected the results.  However, the authors concluded that overall no effects on the central nervous system

were attributable to chronic, low-level exposures to methylene chloride, a finding they reported as being

consistent with that of Cherry et al. (1981).

White et al. (1995) conducted a 2-year prospective study among workers in the screen printing industry to

investigate the association between exposure to mixed solvents with known neurotoxic properties and

neurobehavioral deficits.  Thirty subjects participated in the study which involved medical, demographic,

occupational, and neurological screening, completion of a questionnaire on medical history, life style, and

occupational history, and neurobehavioral assessment using a standard battery of neuropsychological

tests.  Subjects were evaluated and tested twice.  Air monitoring studies identified workplaces within the

plant that were most exposed to the following chemicals: toluene, methyl ethyl ketone (MEK), mineral 
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spirits, β-ether, methylene chloride, diacetone alcohol, acetic acid, and lead.  A measure of total

hydrocarbon content (THC) was also assessed to account for unidentified solvents in the workplaces. 

Generally, exposure to each of the major airborne chemical constituents was below the TLV.  Among the

12 subjects classified as having high-acute exposure,  performance, adjusted for age and education, was

poorer for tasks involving visual memory and manual dexterity.  Whether or to what degree exposure to 

methylene chloride contributed to these neurological effects cannot be determined.

Acute studies in animals are consistent with findings in humans that methylene chloride affects the central

nervous system.  Narcotic effects of methylene chloride (incoordination, reduced activity, somnolence)

were observed in monkeys, rabbits, rats, and guinea pigs exposed to 10,000 ppm for up to 4 hours

(Heppel et al. 1944); reduced activity was measured in rats exposed to 5,000 ppm (Heppel and Neal

1944).  Dogs exposed to 10,000 ppm for 4 hours, first became uncoordinated, then excited and

hyperactive to the extent of bruising themselves, but rapidly recovered afterwards (Heppel et al. 1944).

Somatosensory-evoked potentials were altered in rats after 1 hour of exposure to methylene chloride at

concentration levels of 5,000 ppm or greater (Rebert et al. 1989).  Decreased levels of succinate

dehydrogenase were measured in the cerebellum of rats exposed to 500 ppm of methylene chloride for

2 weeks (Savolainen et al. 1981).  

Changes in neurotransmitter amino acids and brain enzymes were observed in gerbils after continuous

exposure to 210 ppm for 3 months (Briving et al. 1986; Karlsson et al. 1987; Rosengren et al. 1986).  The

DNA concentration decreased in the hippocampus and cerebellum in gerbils exposed to $210 ppm of

methylene chloride, indicating decreased cell density in these brain regions, probably due to cell loss

(Karlsson et al. 1987; Rosengren et al. 1986).  Methylene chloride (4,500 ppm) did not affect wheel

running activity and avoidance learning in rats born to dams exposed prior to and/or during gestation

(Bornschein et al. 1980).  No treatment-related alterations in sensory evoked potentials, reflexes, posture,

or locomotion were observed in rats exposed at 2,000 ppm (Mattsson et al. 1990).

The highest NOAEL values and all reliable LOAEL values for neurological effects for each species and

duration category are recorded in Table 2-1 and plotted in Figure 2-1.
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2.2.1.5 Reproductive Effects

Exposure to methylene chloride has been reported to result in adverse reproductive effects in humans and

animals. 

One group of case studies reported reproductive effects in 8 out of 34 men who complained of central

nervous system dysfunction following occupational exposure to methylene chloride for 0.4–2.9 years

(Kelly 1988).  The eight men (ages 20–47) were part of a subgroup of 26 ‘bonders’ who applied

methylene chloride to automobile parts during assembly; this involved soaking pads from open buckets of

methylene chloride using ungloved hands, so exposures were both by inhalation and by the dermal route. 

In workplace air samples, NIOSH measured 3.3–154.4 ppm (average=68 ppm) of methylene chloride, but

worker exposure is likely to have been sometimes higher from the evaporation of liquid spilled onto

clothing; bonders were also exposed to styrene at 1.5–10.4 ppm (average=7.2 ppm), which is less than the

TLV for that chemical (ACGIH 1999).  Exposure to methylene chloride within the group was suggested

by blood COHb levels of 1.2–11% for six nonsmokers and 7.3 and 17.3% for two smokers.  All eight men

had recent histories of infertility and complained of genital pain (testicular, epididymal, and/or prostatic);

the testes were atrophied in two workers (ages 27 and 47).  Infectious disease was eliminated as a cause of

these reproductive effects.  Four men who submitted to testing had reduced sperm counts and the

proportion of sperm with abnormal morphology ranged from 38 to 50%.  Uncertainty regarding this study

involves the small number of subjects, the multiple exposure to other organic chemicals, the lack of blood

or urine samples quantifying exposure to methylene chloride, and the lack of a control group.  No other

studies were located that reported similar male reproductive effects from exposure to methylene chloride. 

Contrary to Kelly’s (1988) findings, Wells et al. (1989) found no evidence of oligospermia in four

workers who had been exposed to levels of methylene chloride that were twice as high as in the Kelly

study, while involved in furniture stripping for at least 3 months.  It is not certain whether the longer

duration of exposure (minimum occupational exposure 1.4 years) or exposure to other chemicals in the

Kelly (1988) study contributed to the different outcomes in the two studies.

In a retrospective study of pregnancy outcomes among Finnish pharmaceutical workers during the late

1970s, female workers at eight factories had a higher rate of spontaneous abortions compared to the

general population (Taskinen et al. 1986).  It is likely that the women were exposed to multiple solvents,

including methylene chloride, prior to conception, as well as during pregnancy.  In the case-control study 
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of 44 pharmaceutical workers who had spontaneous abortions, exposure to various solvents, including 

methylene chloride, was associated with a slightly higher abortion rate (Taskinen et al. 1986).  Exposure

to methylene chloride was associated with an odds ratio (OR) for spontaneous abortion of 2.3, but the

increase was of borderline significance (p=0.06; 95% confidence interval [CI]=1.0–5.7).  In a logistic

regression model, the odds ratio of spontaneous abortion increased with increasing frequency of exposure

to methylene chloride, but the sample size was too small for statistical significance.  In addition, smoking

and alcohol consumption were not considered.  The authors mentioned that improved industrial hygiene

procedures that eliminated solvent vapors in the workplace may have contributed to an overall decline in

rates of spontaneous abortion among pharmaceutical workers during the period in question.

No adverse effects on reproduction were observed in rats exposed to concentrations up to 1,500 ppm of

methylene chloride for two generations (Nitschke et al. 1988b).  In dominant lethal tests involving male

mice exposed to #200 ppm methylene chloride for up to 6 weeks, no microscopic lesions were found in

the testes (Raje et al. 1988).  Uterine, ovarian, and testicular atrophy was observed in rats and mice

exposed to vapors of methylene chloride (4,000 ppm) for 2 years (NTP 1986), but the authors considered

this effect to be secondary to malignant hepatic and alveolar neoplasms, as described in Section 2.2.1.8

Cancer.  Existing data suggest reproductive toxicity may occur following chronic exposure to relatively

high concentrations of methylene chloride.

The highest NOAEL values and all reliable LOAEL values for each study for reproductive effects are

recorded in Table 2-1 and plotted in Figure 2-1.

2.2.1.6 Developmental Effects

The only information reported on potential developmental effects of methylene chloride in humans was

part of retrospective study of pregnancy outcomes among Finnish pharmaceutical workers (Taskinen et al.

1986).  In the case-control study of these workers, exposure to methylene chloride (probably both before

and during pregnancy) was associated through an odds-ratio prediction with a higher risk of spontaneous

abortion (Taskinen et al. 1986).  (See Section 2.2.1.5 Reproductive Effects for additional details).

In a study examining the relationship between birth weights and environmental exposures to methylene

chloride from Kodak manufacturing processes in Monroe Country, New York, no significant adverse 
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effects on birth weight were found among 91,302 single births from 1976 through 1987 (Bell et al. 1991). 

The highest predicted environmental concentration of methylene chloride was 0.01 ppm, which is

substantially lower than levels found in occupational settings, but significantly higher than the average

ambient background level of 50 parts per trillion.

 

A study in rats demonstrated that methylene chloride crosses the placental barrier (see Section 2.3.2.1;

Anders and Sunram 1982).  No treatment-related visceral abnormalities were reported in fetuses of mice

and rats exposed to 1,250 ppm of methylene chloride during gestation, but an increase in the incidence of

minor skeletal variants (e.g., delayed ossification of sternebra or extra sternebrae) was observed in both

species; rats also exhibit an increased incidence of dilated renal pelvis.  A maternal effect of increased

liver weight was observed (Schwetz et al. 1975).  When rats were exposed to 4,500 ppm, maternal liver

weights increased and fetal body weights decreased, but teratogenic effects were not observed and

viability and growth were not affected (Bornschein et al. 1980; Hardin and Manson 1980).  Wheel

running activity and avoidance learning were not affected in rats born to dams exposed prior to and/or

during gestation to methylene chloride at 4,500 ppm (Bornschein et al. 1980).  Longer-term exposure (for

two generations) to concentrations of 1,500 ppm of methylene chloride did not affect neonatal survival or

neonatal growth in rats (Nitschke et al. 1988b).  Although fetal body weights were decreased, the absence

of other fetotoxic effects, major skeletal variants, or significant embryolethality suggests that

developmental toxicity is not a major area of concern following exposure to methylene chloride.

The highest NOAEL values and all reliable LOAEL values for developmental effects for each species and

duration category are recorded in Table 2-1 and plotted in Figure 2-1.

2.2.1.7 Genotoxic Effects

No studies were located regarding genotoxic effects in humans after inhalation exposure to methylene

chloride.  

Results of in vivo assays following inhalation exposure in animals were mixed.  Inhalation exposure of

mice to methylene chloride for 10 days at concentrations of 4,000 ppm or higher resulted in significant

increases in frequencies of sister chromatid exchanges in lung cells and peripheral blood lymphocytes,

chromosomal aberrations in lung and bone marrow cells, and micronuclei in peripheral blood erythrocytes

(Allen et al. 1990).  However, no evidence of chromosomal abnormalities was seen in bone marrow cells 
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of rats exposed by inhalation to concentrations up to 3,500 ppm for 6 months (Burek et al. 1984).  The

difference in responses observed may be due, in part, to species differences or test methodology.  The

relevance of these two studies to clastogenic mechanisms in humans is not certain.

More recent in vivo genotoxicity studies have attempted to elucidate the mechanism(s) of genotoxic

action of methylene chloride.  Casanova et al. (1992) pre-exposed male B6C3F1 mice and Syrian Golden

hamsters for 2 days (6 hours/day) to 4,000 ppm of methylene chloride.  On the third day, animals were

exposed for 6 hours to a decaying concentration of [14C] methylene chloride and then examined for the

presence of DNA-protein crosslinks.  DNA-protein crosslinks were detected in mouse liver, but not in

mouse lung, hamster liver, or hamster lung.  Similar results were observed in a second experiment

(Casanova et al. 1996).  B6C3F1 mice, exposed to methylene chloride for 6 hours/day for 3 days at

concentrations ranging from approximately 500 to 4,000 ppm formed DNA-protein crosslinks in the liver. 

The formation of DNA-protein crosslinks was a nonlinear function of airborne concentrations of

methylene chloride.  In addition, mice exposed for 6 hours/day for 3 days to concentrations ranging from

approximately 1,500 to 4,000 ppm showed an increased rate of DNA synthesis in the lung, indicating cell

proliferation, but increased cell turnover was not detected in mouse lung at exposure concentrations of

150 or 500 ppm.  Hamsters showed no evidence of cell proliferation in the lung at any concentration, nor

did cell proliferation occur in the livers of either species. 

Devereux et al. (1993) analyzed liver and lung tumors induced in female B6C3F1 female mice by

inhalation of 2,000 ppm of methylene chloride for 6 hours/day, 5 days/week exposure for up to

104 weeks for the presence of activated ras proto-oncogenes.  In methylene chloride-induced liver

tumors, mutations, mainly transversions or transitions in base 1 or base 2, were detected, and were similar

to those observed for the H-ras gene in spontaneous liver tumors.  Mutations were also identified in the

lung.  The K-ras activation profiles in the methylene chloride-induced tumors were not significantly

different from those in spontaneously occurring tumors.  No other transforming genes were found in the

nude mouse tumorigenicity assay.  The authors were unable to identify any transforming genes other than

ras genes in either mouse liver or lung tumors.  Based on liver tumor data, they suggested that methylene

chloride may affect the liver by promoting cells with spontaneous lesions.

Hegi et al. (1994) generated allelotypes of 38 methylene chloride-induced lung carcinomas from female

B6C3F1 mice exposed 6 hours/day, 5 days/week for 2 years to 2,000 ppm.  The allelotypes were

examined for various genotoxic endpoints, and the results compared to genotoxicity findings in two other 
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reciprocal-cross mouse strains.  Throughout the genome, allelic losses occurred infrequently, except for

markers on chromosome 4, which were lost in approximately half of the carcinomas.  In lung adenomas,

chromosome 4 losses were associated with malignant conversion.  Methylene chloride-induced liver

tumors did not demonstrate chromosome 4 loss, which indicated that this finding was specific for lung

carcinomas.  Preferential loss of the maternal chromosome 4 was also observed in carcinomas in B6C3F1

mice.  On chromosome 6, an association between K-ras gene activation and allelic imbalances was also

found in B6C3F1 mouse lung tumors.  When allelotypes of tumors in mice from two reciprocal cross

strains, AC3F1 and C3AF1, were examined and compared with the findings in B6C3F1 mice,  one allele of

the putative chromosome 4 tumor suppressor gene was shown to be inactivated.  Whereas the results in

B6C3F1 mice suggested that nondisjunction events were responsible for the chromosome 4 losses, tumors

from both reciprocal-cross mouse strains appeared to show small interstitial deletions in a chromosomal

region that is homologous with a region in human chromosomes which is often lost in a variety of tumors,

including lung cancers.  In human chromosomes, a candidate tumor suppressor gene, MTS1, is located in

this region.

In another genotoxic analysis with the same cohort (Hegi et al. 1994), loss of heterozygosity at markers

near the p53 gene on chromosome 11 and within the retinoblastoma tumor suppressor gene were

examined in methylene chloride-induced liver and lung tumors and compared to spontaneous tumors in

control mice.  The authors concluded that inactivations of p53 and the retinoblastoma tumor suppressor

gene were infrequent events in lung and liver tumorogenesis in mice exposed to methylene chloride.

Replicative DNA synthesis was examined by Kanno et al. (1993) to evaluate the potential role of

treatment-induced lung cell proliferation on pulmonary carcinogenicity in female B6C3F1 mice exposed

to 2,000 or 8,000 ppm of methylene chloride for 6 hours/day, 5 days/week for 2 years.  By the end of the

study, there was a statistically significant increase in lung tumors in exposed animals when compared to

controls.  Cell proliferation was assessed in the lung after 1, 2, 3, or 4 weeks of inhalation exposure to

2,000 or 8,000 ppm, and after 13- and 26-week exposures to 2,000 ppm, as measured by changes in

labeling indices (LI).  The LI of both bronchiolar epithelium and terminal bronchioles were substantially

decreased in mice exposed to 2,000 ppm of methylene chloride for 2–26 weeks.  Similar findings, but not

as severe, were observed in mice exposed to 8,000 ppm.  The decreases in LI were not accompanied by

cytotoxicity.  The authors concluded that high-concentration exposure to methylene chloride for up to

26 weeks reduces cell proliferation in lung epithelial cells in female B6C3F1 mice.
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Maronpot et al. (1995b) assessed replicative DNA synthesis after 13, 26, 52, and 78 weeks of inhalation

exposure of female B6C3F1 mice to 2,000 ppm of methylene chloride for 6 hours/day, 5 days/week.  A

statistically significant decrease in the hepatocyte LI was only observed at 13 weeks.  In lung epithelial

cells, the results were similar to those observed by Kanno et al. (1993).  No increases in replicative DNA

synthesis were found in liver foci cells or lung parenchymal cells.  K-ras gene activation in liver tumors

and H-ras gene activation in lung tumors did not differ among methylene chloride-induced tumors and

those observed in control animals.  The authors concluded that these oncogenes were not involved in

mouse tumorigenesis.

Other genotoxicity studies are discussed in Section 2.5.

2.2.1.8 Cancer

No excess risk of death from malignant neoplasms has been detected in workers exposed to methylene

chloride at levels up to 475 ppm (Friedlander et al. 1978; Hearne et al. 1987, 1990; Lanes et al. 1993; Ott

et al. 1983a).  Lanes et al. (1990) reported excess mortality associated with cancer of the buccal cavity

and pharynx (combined), and liver and biliary passages (combined) in workers occupationally exposed to

methylene chloride (#1,700 ppm) in the cellulose fiber production industry for more than 20 years. 

Although the actual number of cases was small, the excess mortality for the combined liver/biliary cancer

cases was statistically significant (standard mortality rate [SMR]=5.75; 95% CI=1.82–13.78); since three

of the four deaths were biliary cancer, the SMR was 20 (95% CI=5.2–56.0) for that site alone (Lanes et al.

1990).  In a follow-up study of the same cohort (Lanes et al. 1993), no new cancer cases were found, but

there was still an excess mortality for the cohort (SMR=2.98; 95% CI=0.81–7.63).  Lanes et al. (1993)

concluded that the excess death in this cohort from liver/biliary cancer was “statistically unstable”, but

warranted further monitoring.

Tomenson et al. (1997) studied mortality due to cancer in a group of workers occupationally exposed to

methylene chloride vapors at a mean exposure concentration of 19 ppm (8-hour TWA); the average

length of employment was 9 years.  Compared to national and local rates, the occupationally-exposed

group had lower rates for all cancers, including those of the liver, lung, pancreas, and biliary tract.  The

authors suggested that the significant reduction in mortality due to lung cancer was likely associated with

restrictions on smoking in the workplace.
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Gibbs et al. (1996) examined causes of mortality in an occupationally exposed group of workers similar

to that studied by Lanes et al. (1990, 1993).  Exposure was classified categorically, with the airborne

concentrations in the high-exposure group ranging from 350 to 700 ppm, and in the low exposure group

from 50 to 100 ppm.  Because there were no jobs in this cohort that did not involve methylene chloride

exposure, a “0” exposure category was created as an internal control.  There was no increase in mortality

from cancers of the lung, liver, pancreas, or biliary tract.  An unexpected finding was a concentration-

related increase in mortality from prostate cancer among men with 20 or more years of employment. 

Another unexpected finding was an increase in mortality from cervical cancer among women with 20 or

more years of employment, although the increase in women was not concentration-related.  These results

are not consistent with those from other studies.  It should be noted that the confidence intervals were

very large and no potentially confounding variables were measured.  The authors concluded that the

results were difficult to interpret biologically and required further investigation.

In a case control study, Heineman et al. (1994) evaluated exposures of men in the petroleum refining and

chemical manufacturing industries to chlorinated aliphatic hydrocarbons (CAHs), including methylene

chloride, as potential risk factors for astrocytic brain tumors.  Job-exposure matrices for six individual

CAHs, including methylene chloride, and for total organic solvents, were developed by estimating the

probability of exposure and the frequency and magnitude of exposure to CAH solvents by industry and

by job classification, based on likely solvent usage over 6 decades (1920–1980).  An increase in the

incidence of mortality due to astrocytic brain cancer was observed for exposure to four CAHs (carbon

tetrachloride, methylene chloride, tetrachloroethylene, and trichloroethylene); the strongest association

was with methylene chloride.  In occupations judged to be associated with methylene chloride exposure,

risk of astrocytic brain cancer increased with increasing exposure, as measured by the job exposure matrix

in conjunction with duration of employment.  The authors stated that these trends could not be explained

by exposures to the other solvents.  

As first evidence of such an association, these results should be interpreted very cautiously.  The principal

limitation of the study was the lack of direct information on exposure to solvents; no quantitative

measurements were made, nor were specific-use records available.  Instead, qualitative estimates of

exposure were made by industrial hygienists based on work histories provided by next-of-kin; there were

no workplace records.  A lack of quantitative information on the use of specific solvents in various

occupations, the ability of solvents to be used interchangeably for many industrial applications, and the

use of multiple, or mixtures of, solvents also contributed to a high potential for exposure 
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misclassification.  The authors stated that “few individual risks were statistically significant and most

confidence intervals were broad”; interpretation of the results was based on “patterns of trends”

(Heineman et al. 1994).  The authors added that “...the trends and consistency of the methylene chloride

and brain cancer association suggest that chance seems unlikely to entirely explain the results.”

In another case-control study, Cocco et al. (1999) examined the occupational risk of central nervous

system cancer among women, using a study design similar to that described for Heineman et al. (1994). 

From death certificates in a U.S. 24-state database for the period 1984–1992, the authors identified 12,980

cases of cancers of the brain and other parts of the central nervous system.  For each case, four controls

were selected among women who died from nonmalignant diseases (excluding neurological disorders),

frequency-matched by state, race, and 5-year age-group.  Job exposure matrices were developed for 11

occupational hazards, including methylene chloride.  An estimate of intensity of exposure was developed

for each occupation and industry listed in the U.S. Census code.  A final intensity level score and a

probability of exposure score were then developed for each occupation/industry combination appearing in

death certificates of the study subjects.  The ORs were calculated with logistic regression for each

workplace exposure, adjusting for marital status, socioeconomic status, and age at death.  The authors

found that potential exposure to methylene chloride was associated with a modest, but statistically

significant, 20–30% increase in risk of mortality from central nervous system cancer (OR=1.2; 95%

CI=1.1–1.2).  However, the authors characterized the association as “equivocal”,  since risk did not show

a clear increase by probability or intensity of exposure.  Admitted weaknesses of the study include poor

occupational information in the death certificates, possible diagnostic bias among lower socioeconomic

status cases, and the absence of more detailed information to supplement that provided in the death

certificates.  

Cantor et al. (1995) conducted a case control study with 33,509 cases and 117,794 controls, matched for

age, gender, and race, to investigate the association between occupational exposure to workplace

chemicals and the incidence of breast cancer in women.  Exposure was indirectly estimated using a job

exposure matrix that ranked the probability and level of 31 workplace exposures, among them methylene

chloride.  All workplace chemical exposures were evaluated separately.  After adjusting for

socioeconomic status imputed from occupation, the OR in the highest exposure category of methylene

chloride (probability and level of exposure combined) was slightly greater than 1.0, and statistically

significant (OR=1.46, CI=1.2–1.7).  The authors caution that this analysis is crude and should be

considered a first-level “hypothesis-generating” evaluation rather than one which is “hypothesis testing.”  
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They also noted that the study had numerous methodologic limitations, including the use of death

certificates as the primary source of individual information and the use of a job-exposure matrix rather

than quantitative workplace measurements to estimate exposure.  Additionally, no adjustments were made

for other risk factors such as smoking, obesity, family history, duration of employment, or other

confounding variables.

In rats exposed to low levels of methylene chloride (100 ppm) for 2 years, there was a nonsignificant

increase in the total incidence of malignant tumors (Maltoni et al. 1988).  In mice and rats, inhalation of

very high levels of methylene chloride significantly increased the incidence of liver and lung cancer

(Mennear et al. 1988; NTP 1986) and benign mammary gland tumors (fibroadenomas or adenomas)

(Mennear et al. 1988; Nitschke et al. 1988a; NTP 1986).  

In the NTP (1986) study, groups of 50 animals of each sex were exposed to methylene chloride by

inhalation 6 hours/day, 5 days/week for 102 weeks.  F344/N rats were exposed to 0, 1,000, 2,000, or

4,000 ppm of methylene chloride and B6C3F1 mice were exposed to 0, 2,000, or 4,000 ppm.  At or above

2,000 ppm, the incidence of liver tumors (mostly hepatocellular adenomas or carcinomas) in mice was

significantly higher than in chamber and historical control groups (NTP 1986); at 4,000 ppm, the

incidence of liver tumors was highly significant (p#0.001).  The incidence of combined benign and

malignant liver tumors was high (67–83%) in the treated animals.  There was also a statistically

significant increase in the incidence of lung tumors in mice (p<0.001) exposed at 2,000 ppm or above;

these tumors were primarily alveolar/bronchiolar adenomas or carcinomas.  The incidence of combined

benign and malignant lung tumors was 54–85% in the treated animals.  The NTP (1986) report concluded

that there was “some evidence of carcinogenicity” in male rats and “clear evidence of carcinogenicity” in

female rats, based on the increased incidence of benign mammary neoplasms following 2 years of

inhalation exposure to methylene chloride.  The report concluded that there was “clear evidence for

carcinogenicity” for methylene chloride chronic inhalation exposure, based on the increased incidence of

alveolar/bronchiolar neoplasms and of hepatocellular neoplasms.  

In two related studies, Kari et al. (1993) and Maronpot et al. (1995b) examined the progressive

development of lung and liver tumors in B6C3F1 mice exposed via chamber inhalation to 2,000 ppm

methylene chloride for 6 hours/day, 5 days/week, for 104 weeks.  In addition, a series of stop exposure

experiments were performed to evaluate the effects of differing exposure durations on tumor

development.  Kari et al. (1993) examined histology and histopathology of lung and liver tumors, whereas 
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Maronpot et al. (1995b) evaluated DNA synthesis and oncogene expression during tumor development.

(mechanistic aspects of Maronpot et al. (1995b) are discussed in Sections 2.2.1.7 and 2.4.2).  Chronic

high-concentration exposure to methylene chloride resulted in:  (1) an 8-fold increase in the incidence of

animals having lung adenomas or carcinomas as compared to controls; (2) a 13-fold increase in the total

number of lung tumors in each animal at risk; (3) a 2.5-fold increase in the incidence of mice having liver

adenomas or carcinomas compared to controls; and (4) a 3-fold increase in the number of liver tumors in

each animal at risk.  The development of the first lung tumors in methylene chloride exposed mice

occurred 1 year earlier than in control animals.  In contrast, there was no difference in the latency to first

liver tumor period between exposed and control animals.  The incidences of tumors in lungs, but not liver,

continued to increase after cessation of exposure.  Maronpot et al. (1995b) found that 26 weeks of

exposure was sufficient to significantly and irreversibly increase the incidence of lung tumors at 2 years,

whereas the incidence of hepatic tumors increased with 78 weeks of exposure, but not with 25 or

52 weeks of exposure.  Furthermore, vulnerability to methylene chloride may have been age-related, since

no lung tumor increase was observed in mice that were kept under control conditions for 52 weeks prior

to methylene chloride exposure for 52 weeks.  Based on these results, Kari et al. (1993) and Maronpot et

al. (1995b) concluded that methylene chloride is a more potent lung than liver carcinogen in female

B6C3F1 mice; the differing incidence of lung and liver tumors under various exposure regimes suggests

that the mechanisms of tumorigenesis in these target organs may be different.

The EPA (1985b) reviewed the NTP data on the carcinogenic effects of methylene chloride and

calculated a human potency estimate.  The potency factor (q1*) which represents a 95% upper confidence

limit of the extra lifetime human risk, is 1.4x10-2 (mg/kg/day)-1.  The unit risk estimate (the excess cancer

risk associated with lifetime exposure to 1 µg/m3) for inhalation exposures is 4.1x10-6.  The EPA (1987a,

1987b) lowered this risk estimate to 4.7x10-7 µg/m3 on the basis of pharmacokinetics data reported by

Andersen et al. (1987).  Based on this value, cancer risk levels of 10-4, 10-5, 10-6, and 10-7 correspond to

70 years of continuous exposure to 0.06, 0.006, 0.0006, and 0.00006 ppm, respectively.  The predicted

cancer risks are considered conservative upper estimates.  The actual risk of cancer is unlikely to be

higher and may be substantially lower.  These values are recorded in Figure 2-1.  EPA is planning to re-

evaluate potential human risks associated with inhalation exposure to methylene chloride based on new

mechanistic data and more recent pharmacokinetic modeling using tissue dosimetry (see Sections 2.3.5

and 2.4).
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2.2.2 Oral Exposure

2.2.2.1 Death

Hughes and Tracey (1993) reported a case in which a woman ingested 300 mL of Nitromors, a paint

remover solvent containing 75–80% methylene chloride, and died 25 days later.  Ingestion of this paint

remover is known to cause severe corrosion of the gastrointestinal tract, and the autopsy revealed that

death was due to the corrosive effects of the paint remover rather than to the metabolic consequences of

methylene chloride ingestion.

Acute oral LD50 values of 2,100 (Kimura et al. 1971) and 2,300 mg/kg (Marzotko and Pankow 1987)

were reported for methylene chloride in rats.  Ninety-five percent lethality was reported in rats dosed with

4,382 mg/kg of methylene chloride (Ugazio et al. 1973).  The cause of death appeared to be respiratory

failure as a result of depression of the central nervous system.  Statistically significant increases in

mortality occurred among male rats gavaged with 320 mg/kg/day of methylene chloride and among male

and female mice receiving $64 mg/kg/day for more than 36 weeks (Maltoni et al. 1988).

LD50 values and LOAEL values for lethality in each species and duration category are recorded in

Table 2-2 and plotted in Figure 2-2.

2.2.2.2 Systemic Effects

No studies were located regarding respiratory, cardiovascular, musculoskeletal, or dermal effects in

humans or animals following oral exposure to methylene chloride.  Gastrointestinal, hematological, 

hepatic, renal, endocrine, and metabolic effects after oral exposure to methylene chloride are discussed

below.

The highest NOAEL values and all reliable LOAEL values for systemic effects in each species and

duration category are recorded in Table 2-2 and plotted in Figure 2-2.

Gastrointestinal Effects.  A fatal single oral dose of Nitromors, a paint solvent containing 75–80%

methylene chloride resulted in severe corrosion of the gastrointestinal tract, perforation, peritonitis,

septicemia, and death (Hughes and Tracey 1993).  A man who ingested 1–2 pints of Nitromors in a 















METHYLENE CHLORIDE 56

2.  HEALTH EFFECTS

suicide attempt, and started treatment with diuresis and hydrocortisone 1.5 hours later, had episodic

gastrointestinal hemorrhage and duodenojejunal ulceration that developed into diverticula 6 months later

(Roberts and Marshall 1976).  No studies were located regarding gastrointestinal effects in animals after

oral exposure to methylene chloride.

Hematological Effects.  COHb levels were elevated to 9% in a woman following lethal ingestion of

300 mL of Nitromors, a paint remover solvent containing 75–80% methylene chloride (Hughes and

Tracey 1993).  The authors reported that this case study was the first to reveal that ingestion of methylene

chloride results in the formation of COHb, as occurs with methylene chloride inhalation.  A  man who

ingested 1–2 pints of Nitromors in a suicide attempt exhibited gross hemoglobinuria, a symptom of

intravascular hemolysis (Roberts and Marshall 1976).

In an acute rat study, hemolysis developed within 2 days following a single gavage dose of 1,325 mg/kg

of methylene chloride (Marzotko and Pankow 1987); no such effect was seen at 798 mg/kg.  In rats that

were given $420 mg/kg/day of methylene chloride in the drinking water for 3 months, mean hemoglobin

concentrations were elevated in males, and erythrocyte counts were elevated, although mean corpuscular

hemoglobin was reduced, in females (Kirschman et al. 1986); because no quantitative data were

presented,  this information is not presented in Table 2-2.  In rats of both sexes that were given

55–249 mg/kg/day of methylene chloride in drinking water for 2 years, red blood cell counts and

hematocrit and hemoglobin levels were increased over concurrent control levels (Serota et al. 1986a);

however, Serota et al. (1986a) indicate that half of these increases were statistically significant without

specifying which ones.  A dose level of 6 mg/kg/day was a NOAEL.  In mice exposed similarly to

60–236 mg/kg/day no significant hematological effects were observed after 104 weeks of treatment

(Serota et al. 1986b).  

Hepatic Effects.  No studies were located regarding hepatic effects in humans after oral exposure to

methylene chloride.

In rats given two doses (39–1,275 mg/kg each) of methylene chloride by gavage, there were no

significant effects (within 24 hours) in the liver on levels of glutathione, cytochrome P-450, or serum

ALT (Kitchin and Brown 1989).  However, at the highest dose level, the activity of ornithine

decarboxylase, an enzyme involved in cell growth, was significantly increased, and DNA damage was

detected in the livers of rats.  In another rat study, acute exposure to doses of 1,095 mg/kg/day of 
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methylene chloride by gavage resulted in liver necrosis (Ugazio et al. 1973).  After ingestion of

methylene chloride in drinking water at or above doses of 1,200 mg/kg/day for 3 months, hepatic effects

in rats included centrilobular necrosis, granulomatous foci, accumulation of ceroid or lipofuscin, and

dose-related hepatocytic vacuolation (Kirschman et al. 1986).  Liver damage was indicated by increases

in serum ALT in males ($166 mg/kg/day) and females (1,469 mg/kg/day), and by an increase in serum

AST in the latter group.  In a parallel 3-month study in mice, there were dose-related hepatic centrilobular

fatty changes over the dose range between 226 and 2,030 mg/kg/day (Kirschman et al. 1986).  Chronic

ingestion of methylene chloride in drinking water has been associated with histological alterations of the

liver (cellular foci and areas of cellular alterations) of rats exposed to dose levels of 55 mg/kg/day or

greater (Serota et al. 1986a) and fatty changes in mice exposed to levels of 236 mg/kg/day (Serota et al.

1986b); the NOAELs were 6 and 175 mg/kg/day in rats and mice, respectively.  F344 rats and B6C3F1

mice were exposed for 104 weeks to methylene chloride in deionized drinking water at target doses of 0,

5, 50, 125, or 250 mg/kg/day (for rats) and 0, 60, 125, 185, or 250 mg/kg/day (for mice) (Serota et al.

1986a, 1986b).  Based on the calculated intake of 6 mg/kg/day for rats (Serota et al. 1986a), a chronic oral

MRL of 0.06 mg/kg/day was calculated as described in the footnote of Table 2-2.

Renal Effects.   Hemoglobinuria as a result of hemolysis was noted in the case of a suicide attempt by

ingestion of the paint remover Nitromors (Roberts and Marshall 1976); the authors indicated that the renal

damage that could have been a consequence of hemolysis was averted by treatment with diuresis and

hydrocortisone.  In an acute animal study, administration of a single oral dose of 1,325 mg/kg of

methylene chloride inhibited diuresis in rats (Marzotko and Pankow 1987).  In a 3-month study, the pH of

the urine was lowered in all rats that ingested methylene chloride at levels $166 mg/kg/day, and increased

kidney weights were observed in female rats receiving 1,469 mg/kg/day of methylene chloride, but not

607 mg/kg/day (Kirschman et al. 1986).

Endocrine Effects.    No studies were located regarding endocrine effects in humans following oral

exposure to methylene chloride.  In the only animal study that mentions endocrine effects, administration

of a single oral dose of methylene chloride ($526 mg/kg) to male rats resulted in angiectasis (dilatation of

capillaries) of the adrenal medulla and statistically significant increases in secretion of catecholamines

(epinephrine and norepinephrine) (Marzotko and Pankow 1987).  The authors suggested that these

findings appeared to be stress-related. 
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Ocular Effects.  No studies were located regarding ocular effects in humans after oral exposure to

methylene chloride.  No treatment-related ophthalmologic findings in rats administered up to 249 mg

methylene chloride/kg/day in the drinking water for 104 weeks (Serota et al.1986a).  No further relevant

information was located.

Metabolic Effects.    Metabolic acidosis was detected in a man who attempted suicide by drinking

1–2 pints of Nitromors paint remover that contained methylene chloride as the active ingredient (Roberts

and Marshall 1976); he recovered following treatment with diuresis and hydrocortisone. 

2.2.2.3 Immunological and Lymphoreticular Effects

No studies were located regarding immunological or lymphoreticular effects in humans or animals after

oral exposure to methylene chloride.

2.2.2.4 Neurological Effects

One and a half hours after drinking 1–2 pints of paint remover (9,000–18,000 mg/kg) that contained

methylene chloride as the active ingredient, a man was deeply unconscious and unresponsive to painful

stimuli; his pupils were reactive, but tendon jerks were depressed and plantar response was absent

(Roberts and Marshall 1976).  He was treated by diuresis and hydrocortisone and regained consciousness

by 14 hours after the initial event; at this time, no apparent cerebral damage was detected.  The authors

suggested that recovery would have been unlikely without medical intervention.

2.2.2.5 Reproductive Effects

No studies were located regarding reproductive effects in humans or animals following oral exposure to

methylene chloride.

2.2.2.6 Developmental Effects

No studies were located regarding developmental effects in humans or animals following oral exposure to

methylene chloride.
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2.2.2.7 Genotoxic Effects

No studies were located regarding genotoxic effects in humans after oral exposure to methylene chloride.

In rats given two doses of 1,275 mg/kg of methylene chloride by gavage (17 hours apart), significant

DNA breakage was detected in the liver 4 hours after the last dose (Kitchin and Brown 1989).  Methylene

chloride did not induce a statistically significant increase of micronuclei of polychromatic erythrocytes in

mice when administered at doses up to 4,000 mg/kg (Sheldon et al. 1987).  In mice given a single dose of

1,720 mg/kg of methylene chloride, DNA breaks were detected in nuclei from the liver and lung, but not

from stomach, kidney, urinary bladder, brain, or bone marrow; the authors indicated that there was no

evidence of cytotoxicity that might have caused the genetic damage (Sasaki et al. 1998).  The variability

in genotoxicity may reflect tissue-specific variation in the metabolism of methylene chloride. 

Other genotoxicity studies are discussed in Section 2.5.

2.2.2.8 Cancer

No studies were located regarding carcinogenic effects in humans after oral exposure to methylene

chloride.

Studies in animals provide suggestive evidence that ingestion of methylene chloride may increase the

incidence of liver cancer.  In an acute rat study, two doses of 1,275 mg/kg of methylene chloride (given

17 hours apart) caused an increase in the liver activity of ornithine decarboxylase, an enzyme that may

contribute to the promotion of hepatic cancer (Kitchin and Brown 1989).  Liver tumors were observed in

female, but not in male rats that ingested methylene chloride (up to 250 mg/kg/day) for 2 years, but the

cancer incidence rates were within historical control ranges (Serota et al. 1986a).  Although liver cancer

was observed in male mice, the incidence was not significantly elevated.  Female mice did not have

increased liver tumor incidence (Serota et al. 1986b).  An increased incidence of mammary tumors was

found in female rats that received methylene chloride by gavage at 500 mg/kg/day for 64 weeks but the

results were not statistically significant (Maltoni et al. 1988).  Under the same exposure conditions, an

increased incidence of pulmonary tumors in male mice was statistically significant (p<0.05) when the

increased mortality rate was taken into account (Maltoni et al. 1988).  The EPA (1985b, 1987a) reviewed 
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the available data on the carcinogenic effects of methylene chloride and concluded that there was

borderline evidence for carcinogenicity.  The EPA estimated that the upper bound incremental unit

carcinogenic risk for drinking water containing 1 µg/L methylene chloride for a lifetime was

2.1x10-7 (µg/L)-1.  This risk estimate derivation was based on the mean of the carcinogenic risk estimates

from the finding of liver tumors in the NTP (1986) inhalation study in female mice; the lung tumor data

from the NTP study were not included in EPA’s analysis.  Since the extrapolation model is linear at low

doses, additional lifetime cancer risk is directly proportional to the water concentration of methylene

chloride.  Thus, risk levels of 10-4, 10-5, 10-6, and 10-7 are associated with 0.5, 0.05, 0.005, and

0.0005 mg/L, respectively (0.1, 0.01, 0.001, and 0.0001 mg/kg/day).  Because these values are based on

upper bound estimates, the true risk could be lower.  These values are shown in Figure 2-2.

2.2.3 Dermal Exposure

2.2.3.1 Death

No studies were located regarding death in humans or animals after dermal exposure to methylene

chloride.

2.2.3.2 Systemic Effects

Respiratory Effects.  Shortness of breath was reported among some autoworkers who were exposed to

methylene chloride both dermally and by inhalation for periods of up to 3 years (Kelly 1988).  However,

it is likely that inhalation exposure is largely responsible for this effect.  No studies were located

regarding respiratory effects in animals following dermal exposure to methylene chloride.

No studies were located regarding the following systemic effects in humans or animals after dermal

exposure to methylene chloride:

Cardiovascular Effects.  
Gastrointestinal Effects.  
Hematological Effects.    
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Musculoskeletal Effects.  
Renal Effects.  

Hepatic Effects.    One autoworker who was exposed to methylene chloride by dermal contact and by

inhalation (3.3–154.4 ppm, average of 68 ppm) for 1.5 years was reported to have an enlarged liver in

addition to adverse neurological and reproductive effects (Kelly 1988).  This study is described in more

detail under “Inhalation Exposure” in Section 2.1.3.2.  The relative contributions of the two exposure

routes to hepatotoxicity were not determined.  

No studies were located regarding hepatic effects in animals after dermal exposure to methylene chloride.

Dermal Effects.    There are few studies of dermal effects of methylene chloride in humans.  In several

cases, workers who were rendered unconscious while stripping furniture using a methylene chloride-

based compound in an open tank became partially immersed in the liquid (Hall and Rumack 1990); first

or second degree chemical burns developed on areas of the body having direct contact with the liquid.  In

another case, a worker who was cleaning the interior of a tank with methylene chloride became

unconscious and fell into the solvent when the bucket overturned (Wells and Waldron 1984); during the

30 minutes before he was removed, second and third degree burns developed on the areas of contact.  In a

similar workplace accident, in which a man was found dead after 1 hour of exposure to methylene

chloride, chemical burns with excoriation had developed on the areas of contact (Winek et al. 1981).

Ocular Effects.  Data are limited regarding ocular effects in humans after dermal exposure to

methylene chloride.  Severe corneal burns developed in a worker who was found unconscious and

slumped over with his face partially submerged in an open tank of paint stripper containing methylene

chloride (Hall and Rumack 1990).  The duration of exposure was not indicated.

In animals, methylene chloride (0.01–0.1 mL) caused eye irritation and inflammation, increased corneal

thickness, and increased intraocular tension in rabbits following instillation of the liquid solvent into the

conjunctival sac (Ballantyne et al. 1976).  Effects were reversible within 3–9 days after treatment.  In the

same study, rabbits exposed to vapors of methylene chloride at concentrations of 490 ppm or greater for

10 minutes also showed effects on the eyes.  There were small increases in corneal thickness and

intraocular tension.  Effects were reversible within 2 days.  It is likely that effects observed were due to 



METHYLENE CHLORIDE 62

2.  HEALTH EFFECTS

direct effect of vapors on the cornea rather than to inhaled methylene chloride or its metabolites acting on

the eyes.

2.2.3.3 Immunological and Lymphoreticular Effects

No studies were located regarding immunological or lymphoreticular effects in humans or animals after

dermal exposure to methylene chloride.

2.2.3.4 Neurological Effects

Neurological effects (loss of memory, loss of concentration, sensory deficit) were reported in a group of

34 male autoworkers, who were exposed to methylene chloride by dermal contact and by inhalation

(3.3–154.4 ppm, average of 68 ppm) for up to 3 years (Kelly 1988).  This study is described in more

detail under “Inhalation Exposure” in Section 2.1.3.4.  The relative contributions of the two exposure

routes to neurotoxicity were not determined.

No studies were located regarding neurological effects in animals after dermal exposure to methylene

chloride.

2.2.3.5 Reproductive Effects

One group of case studies reported reproductive effects in 8 out of 34 men who complained of central

nervous system dysfunction following occupational exposure to methylene chloride for 0.4–2.9 years

(Kelly 1988).  The eight men were part of a subgroup of 26 ‘bonders’ who applied methylene chloride to

automobile parts during assembly; this involved soaking pads from open buckets of methylene chloride

using ungloved hands, so exposures were both by dermal contact and by inhalation (3.3–154.4 ppm,

average of 68 ppm).  This study is described in more detail under “Inhalation Exposure” in

Section 2.1.3.5.  Infectious disease was eliminated as a cause of the adverse reproductive effects (genital

pain, testicular atrophy, and oligospermia).  The relative contributions of the two exposure routes to

reproductive toxicity were not determined.  Uncertainty regarding this study involves the small number of

subjects, the multiple exposure to other organic chemicals, the lack of blood or urine samples quantifying

exposure to methylene chloride, and the lack of a control group.  No other studies were located that

reported similar male reproductive effects from exposure to methylene chloride.  Contrary to Kelly’s 



METHYLENE CHLORIDE 63

2.  HEALTH EFFECTS

(1988) findings, Wells et al. (1989) found no evidence of oligospermia among four workers who had been

exposed to levels of methylene chloride that were twice as high as in the Kelly study while involved in

furniture stripping for at least 3 months; dermal exposure may have occurred, but this was not specified in

the report.  It is not certain whether the longer duration of exposure (minimum occupational exposure 1.4

years) or exposure to other chemicals in the Kelly (1988) study contributed to the different outcomes in

the two studies.

2.2.3.6 Developmental Effects

No studies were located regarding developmental effects in humans or animals after dermal exposure to

methylene chloride.

2.2.3.7 Genotoxic Effects

No studies were located regarding genotoxic effects in humans or animals after dermal exposure to

methylene chloride.

Genotoxicity studies are discussed in Section 2.5.

2.2.3.8 Cancer

No studies were located regarding cancer effects in humans or animals after dermal exposure to

methylene chloride.

2.3 TOXICOKINETICS

Inhalation is the main route of exposure to methylene chloride for humans.  Within the first few minutes

of exposure, approximately 70–75% of inhaled vapor is absorbed.  However, as the concentration of

methylene chloride in the blood increases, the net uptake is greatly reduced until at steady-state, it is equal

to metabolic clearance, which has a maximum (determined by the fraction of blood flowing to the liver)

of 25% (EPA 1994).  Under conditions of continuous exposure to air concentrations of up to

approximately 300 ppm, blood steady state concentrations of methylene chloride are reached in about

4 hours.  Pulmonary absorption is influenced by exercise and body fat.  In animals, pulmonary absorption 
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is proportional to magnitude and duration of exposure over a concentration range of 100–8,000 ppm.  An

increase of the steady state blood/air concentration ratio at high exposure levels reflects saturation of

metabolic pathways rather than an increased absorption coefficient.  There is only qualitative evidence of

oral absorption in humans.  In animals, methylene chloride is easily absorbed from the gastrointestinal

tract, particularly from aqueous media.  Seventy-five to 98% of an administered dose may be absorbed in

10–20 minutes.  There are no quantitative data on dermal absorption of methylene chloride, although it is

known to occur.

Distribution data in humans are lacking, but methylene chloride has been found in human breast milk and

blood.  Methylene chloride is widely distributed in animal tissues after inhalation exposure.  The highest

concentrations are found in adipose tissue and liver.  Methylene chloride has been found in blood from

rats’ fetuses.  After acute exposure, methylene chloride disappears rapidly from fat.  Distribution of

methylene chloride does not seem to be route-dependent and it does not bioaccumulate in tissues.

There are two main competing metabolic pathways for methylene chloride; one initially catalyzed by

cytochrome P-450 enzymes (CYP2E1) and the other by a theta glutathione-S-transferase (GSSTl-1).  The

P-450 pathway (MFO) produces carbon monoxide and carbon dioxide via formyl chloride and the

glutathione pathway (GST) produces carbon dioxide via a postulated glutathione conjugate (S-chloro-

methyl glutathione) and formaldehyde.  Both pathways can give rise to toxic metabolites.  The oxidative

pathway is preferred at lower exposure concentrations and becomes saturated as exposure levels increase. 

Oxidative biotransformation of methylene chloride is similar in rats and humans.  In rats, the MFO

pathway is high-affinity low capacity, whereas the GST pathway has lower affinity, but higher capacity. 

The GST pathway is more active in mice than in rats and less active in hamsters and humans than in rats.  

After inhalation exposure, humans eliminate methylene chloride mainly in expired air, but also in the

urine.  In rats, following a single exposure to radioactive methylene chloride, exhaled air had the most

radioactivity, but radioactivity was also found in urine and feces.  In exhaled air, the radiolabel was

mostly as carbon monoxide and carbon dioxide.  Physiologically based pharmacokinetic (PBPK) models

have been developed to describe disposition of methylene chloride in humans and animals.  These models

were designed to distinguish contributions of the two metabolic pathways in lung and liver tissue, to look

for correlations between tumor incidence and various measures of target tissue dose predicted by the

models, and to extrapolate cancer risks from mice to humans.
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2.3.1 Absorption

There is no information to determine whether absorption of methylene chloride in children is different

than in adults.

2.3.1.1 Inhalation Exposure

The principal route of human exposure to methylene chloride is inhalation.  During absorption through

the lungs, the concentration of methylene chloride in alveolar air in equilibrium with pulmonary venous

blood content approaches the concentration in inspired air until a steady state is achieved.  After tissue

and total body steady states are reached through the lungs and other routes, uptake is balanced by

metabolism and elimination.  Steady state blood methylene chloride concentrations appear to be reached

after 2–4 hours of exposure (DiVincenzo and Kaplan 1981; McKenna et al. 1980).

Evaluation of pulmonary uptake in humans indicated that 70–75% of inhaled methylene chloride vapor

was absorbed initially (DiVincenzo and Kaplan 1981).  Initial absorption of methylene chloride was rapid

as indicated by an uptake of methylene chloride into the blood of approximately 0.6 mg/L in the first hour

of exposure to levels of 100–200 ppm.  At a concentration of 50 ppm, the increase in blood methylene

chloride concentration was 0.2 mg/L for the first hour (DiVincenzo and Kaplan 1981).  There was a direct

correlation between the steady state blood methylene chloride values and the exposure concentration,

with a proportionality constant of approximately 0.008 ppm in blood per ppm in air (DiVincenzo and

Kaplan 1981).  The blood concentrations reached steady state values during the 4th through 8th hour of

continuous exposure to the vapor.  Once exposure ceased, methylene chloride was rapidly cleared from

the blood.  Six hours after the end of exposure, only traces of methylene chloride were present in the

blood in the highest-concentration group, and pre-exposure baseline blood levels were detected in the

other exposure groups.

Similar to other lipophilic organic vapors, methylene chloride absorption appears to be influenced by

factors other than the vapor concentration.  Increased physical activity increases the amount of methylene

chloride absorbed by the body due to an increase in ventilation rate and cardiac output (Astrand et al.

1975; DiVincenzo et al. 1972).  Uptake also increases with the percent body fat since methylene chloride

dissolves in fat to a greater extent than it dissolves in aqueous media (Engstrom and Bjurstrom 1977). 

Therefore, obese subjects will absorb and retain more methylene chloride than lean subjects exposed to 
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the same vapor concentration.  This does not mean obese subjects are more sensitive to toxicity.  Under

controlled conditions, there was a 30% greater absorption and retention of methylene chloride by obese

subjects exposed to 75 ppm for 1 hour as compared to lean subjects (Engstrom and Bjurstrom 1977).

Studies of the relationship of inhalation exposures of animals to their blood methylene chloride

concentrations indicate that absorption is proportional to the magnitude and duration of the exposure over

a methylene chloride concentration range of 100–8,000 ppm.  This conclusion is based on the monitoring

of blood methylene chloride concentrations following inhalation exposure in dogs and rats (DiVincenzo

et al. 1972; MacEwen et al. 1972; McKenna et al. 1982).  As was the case with humans, blood methylene

chloride levels reached a steady state value as the duration of exposure increased (McKenna et al. 1982).

Studies of blood methylene chloride values during 6-hour exposures of rats to between 50 and 1,500 ppm

of methylene chloride suggest that the steady state blood/air concentration ratio increases as the exposure

concentration increases.  The ratio of the steady state methylene chloride concentration in the blood to the

exposure concentration increased from 0.001 to 0.005 and 0.007 as the exposure increased from 50 to 500

to 1,500 ppm, respectively (McKenna et al. 1982).  It is postulated that the increased ratio at steady state

results from saturation of metabolic pathways as exposure increases rather than from an increased

absorption coefficient.

2.3.1.2 Oral Exposure

No quantitative studies were located regarding absorption in humans after oral exposure to methylene

chloride.  There is qualitative evidence that the compound is absorbed when ingested.  A male became

deeply unconscious within 1.5 hours after ingestion of 1–2 pints of a paint remover (9,000–18,000 mg/kg)

(Roberts and Marshall 1976).

In animals, the limited available data suggest that methylene chloride is easily absorbed from the

gastrointestinal tract, particularly if exposed via aqueous media.  Ten minutes after treatment, 24% of the

administered dose (50 mg/kg in aqueous solution) was recovered from the upper gastrointestinal tract of

mice when the stomach and small intestinal tissues and contents were analyzed (Angelo et al. 1986a). 

Only 2.2% of the methylene chloride was in the stomach and small intestines 20 minutes after compound

administration and less than 1% remained after 40 minutes.  At 10 minutes the large intestines and 
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caecum contained 0.08% of the dose; these values were less than those detected after 20 minutes.  Thus,

75% of the dose was absorbed within 10 minutes and about 98% of the dose was absorbed within 20 minutes.

On the other hand, after treatment of mice with 10–1,000 mg methylene chloride in corn oil,

approximately 55% of the administered dose was detected in the stomach and small intestines at

20 minutes and remained there at 2 hours (Angelo et al. 1986a).  The large intestines and caecum tissues

and contents contained about 5–8% of the dose at 10 minutes.  This value declined to 1–2% at the end of

2 hours.  This suggests that the absorption processes are slowed when methylene chloride is presented in

a hydrophobic vehicle.  During the 2 hours of observation, approximately 40–45% of the 50 mg dose was

absorbed from the oil vehicle as compared to essentially all of a comparable dose in water.  These data are

consistent with the slower emptying of chyme from the stomach when lipids are present, the partitioning

of methylene chloride between the corn oil and the aqueous digestive fluids, the necessity that fats be

emulsified by bile prior to digestion and absorption, and delayed mobilization of lipophilic substances

from the gastrointestinal tract.

Staats et al. (1991) developed a two-compartment model of oral absorption, dependent in part on the

vehicle (aqueous or lipid) and on the lipophilic characteristics of the ingested compound.  Absorption

along the gastrointestinal tract was predicted to increase in the first compartment (likely the stomach),

when fat-soluble toxicants are administered in water.  When administered in corn oil, the toxicants are

likely to adhere to the lipid vehicle in the first compartment and absorption in the stomach is likely to

decrease.  The model also predicts that passage of the compound from the first compartment (stomach) to

the second compartment (small intestine) is enhanced when the vehicle is oil rather than water.  However,

existing experimental data suggest that absorption from the second compartment (small intestine) is

generally slow for all lipophilic compounds, irrespective of vehicle.  Using previously-determined

absorption and transfer constant values, the model developed by Staats et al. (1991) was able to predict

reasonably experimental data for trichloroethylene.  The ability of the model to predict the gastrointestinal

absorption of methylene chloride was not determined.  However, in general, the model is consistent with

methylene chloride experimental data (Angelo et al. 1986a).
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2.3.1.3 Dermal Exposure

No studies were located regarding absorption in humans following dermal exposure to methylene

chloride.

Dermal permeability constants for rats were obtained for 3 concentrations of methylene chloride (30,000,

60,000, and 100,000 ppm) in air for use in developing a pharmacokinetics model for dermal absorption of

vapors (McDougal et al. 1986).  The mean permeability constant was 0.28 cm/hr.  The total amount

absorbed was determined to be 34.4, 57.5, and 99.4 mg, respectively, for the three concentrations tested.

2.3.2 Distribution

There is no information to ascertain whether distribution of methylene chloride would be different in

children than in adults.

2.3.2.1 Inhalation Exposure

When methylene chloride is absorbed by the lungs it is expected that it will dissolve in the lipoprotein

components of the blood and enter the systemic circulation after passage through the heart.  It is

distributed from the systemic circulation to the body organs.  However, no quantitative data were located

which showed the distribution of methylene chloride following human inhalation exposure.  Some data

are available which relate to the uptake of methylene chloride by human adipose tissues.  These data

indicate that the methylene chloride concentrations in the adipose deposits of lean subjects are greater

than those in obese subjects.  However, the total methylene chloride adipose tissue load is greater for the

obese subjects due to their greater adipose mass (Engstrom and Bjurstrom 1977). 

Distribution studies in rats demonstrate that methylene chloride and/or its metabolites are present in the

liver, kidney, lungs, brain, muscle, and adipose tissues after inhalation exposures (Carlsson and

Hultengren 1975; McKenna et al. 1982).  One hour after exposure, the highest concentration of

radioactive material was found in the white adipose tissue, followed by the liver.  The concentration in the

kidney, adrenals, and brain were less than half that in the liver (Carlsson and Hultengren 1975). 

Radioactivity in the fat deposits declined rapidly during the first 2 hours after exposure (Carlsson and

Hultengren 1975).  Concentrations in the other tissues declined more slowly.  On the other hand, after
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5 days of exposure to 200 ppm, 6 hours per day, the concentration of methylene chloride in the perirenal

fat was 6- to 7-fold greater than that in the blood and liver (Savolainen et al. 1977).   

The animal data are accordingly consistent with the human adipose tissue data discussed above.  When

pregnant rats were exposed to 500 ppm of methylene chloride by inhalation for 1 hour, the chemical was

found in fetal blood, but at a lower level than in maternal blood (Anders and Sunram 1982).

2.3.2.2 Oral Exposure

No studies were located regarding distribution in humans following oral exposure to methylene chloride.

In animals, radioactivity from labeled methylene chloride was detected in the liver, kidney, lung, brain,

epididymal fat, muscle, and testes after exposure of rats to a single oral gavage dose of 1 or 50 mg/kg

methylene chloride (McKenna and Zempel 1981).  The tissue samples were taken 48 hours after dosing. 

At that time, the lowest concentration of radioactivity was found in the fat.  The highest concentrations

were in the liver and kidney; this was true for both doses.  Radioactivity was found in the blood, liver,

and carcass of mice.  Similar results were observed in rats administered doses of 50–1,000 mg/kg

methylene chloride for 14 days (Angelo et al. 1986a, 1986b).  At each dose tested, and in each tissue, the

label was rapidly cleared during the 240 minutes after each exposure.  These data suggest that methylene

chloride and/or its metabolites do not bioaccumulate in any tissues.

2.3.2.3 Dermal Exposure

In humans, direct dermal contact with pure methylene chloride causes an intense burning, mild erythema

and paresthesia (Stewart and Dodd 1964).  Absorption is relatively rapid (McDougal et al. 1986).

2.3.3 Metabolism

Methylene chloride metabolism is not known to be qualitatively different in children than adults.

Information regarding the developmental expression of enzymes that metabolize methylene chloride is

discussed in Section 2.7, Children’s Susceptibility.
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Inhalation Exposure

Available data suggest that there are two pathways by which methylene chloride is metabolized.  One

pathway utilizes the mixed function oxidase (MFO) enzymes and produces carbon monoxide (CO)

(Figure 2-3, Pathway 1).  The other pathway involves the glutathione transferase (GST) and produces

carbon dioxide (CO2) (Figure 2-3, Pathway 2).  It has been postulated that CO2 can also be produced by

the MFO pathway if the reactive intermediate in this pathway (postulated to be formyl chloride) reacts

with a nucleophile prior to elimination of the chloride ion and formation of CO (Figure 2-3, Pathway 3)

(Gargas et al. 1986).

The MFO pathway seems to be the preferred pathway for methylene chloride metabolism following

inhalation exposures.  Human subjects exposed by inhalation to 500 ppm or greater for 1 or 2 hours

experienced elevated COHb concentrations indicating that methylene chloride was metabolized to CO by

the MFO pathway (Stewart et al. 1972).  The COHb concentrations rose to an average of 10.1%

saturation 1 hour after the exposure of 3 subjects to 986 ppm of methylene chloride for 2 hours.  The

mean COHb concentration at 17 hours-post exposure remained elevated (3.9% saturation) above the pre-

exposure baseline value (1–1.5% saturation).  The exposure of 8 subjects to 515 ppm of methylene

chloride for 1 hour increased the COHb level, which remained elevated above baseline for more than

21 hours.

In human subjects exposed by inhalation to 50–500 ppm of methylene chloride for up to 5 weeks, COHb

concentrations could be predicted from methylene chloride exposure parameters (Peterson 1978). 

However, the exhaled breath concentrations of methylene chloride correlated better with exposure

parameters than did COHb concentrations.  No differences in methylene chloride metabolism between

male and female subjects were detectable and there was no induction of metabolism to CO during

5-weeks exposure to concentrations ranging from 100 to 500 ppm of methylene chloride (Peterson 1978).

Metabolism of methylene chloride in animals has been shown to be similar to that in humans in an

experiment by Fodor et al. (1973).  Albino rats exposed to methylene chloride showed COHb formation,

confirming the observation that methylene chloride is metabolized to CO following inhalation exposures. 

Among rats exposed to methylene chloride for 4 hours, concentrations of 500 or 2,500 ppm resulted in

similar maximal blood levels of COHb (Wirkner et al. 1997).  A concentration-response relationship

between inhaled methylene chloride and the maximum changes in COHb values was observed when 
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4 rabbits were exposed to 1,270–11,520 ppm of methylene chloride for a 4-week period (Roth et al.

1975).  The larger the exposure concentration, the longer it took for the changes in blood COHb values to

reach their maximum values.  The maximum COHb concentration was observed 1.5 hours after exposure

to 1,270 ppm and 3.5 hours after exposure to 11,520 ppm.

In rats, inhalation of 50 ppm for 6 hours resulted in 26 and 27% of the body burden being recovered as

expired CO and CO2, respectively, during the first 48 hours after the exposure period (McKenna et al.

1982).  At 1,500 ppm, 14 and 10% of the body burden were recovered as CO and CO2, respectively. 

These values are consistent with the concept that the enzymes responsible for the metabolic conversion of

methylene chloride to CO and CO2 become saturated at high-exposure concentrations.

Anders and Sunram (1982) monitored the fetal and maternal blood concentrations of methylene chloride

and carbon monoxide following inhalation exposure of pregnant rats to methylene chloride at 500 ppm

for 1 hour.  Whereas the level of methylene chloride in fetal blood was significantly lower than in

maternal blood, the levels of carbon monoxide were about the same.  The authors suggested that the

maternal liver has higher biotransforming activity than the fetal liver and that the metabolically generated

carbon monoxide equilibrates between the fetal and maternal circulations.

Thier et al. (1991) investigated whether the human metabolism of methylene chloride was similar to

monohalogenated methanes; these compounds are metabolized via a glutathione-dependent pathway in

human erythrocytes in a subgroup of the human population (called “conjugators”), whereas another

subgroup does not exhibit erythrocyte glutathione-mediated metabolism (called “nonconjugators”). 

Blood samples were taken from 10 volunteers who had previously been determined to be either

“conjugators” (subgroup B) or “nonconjugators” (subgroup A) of monohalogenated methanes.  The

samples were exposed to radiolabeled methylene chloride, incubated, centrifuged to separate blood

plasma from cellular fraction, and the distribution of radioactivity between the different blood

compartments measured.  For individuals from subgroup B, radioactivity in blood plasma increased over

time, reaching 30% in the low-molecular weight fraction and 5% in the high-molecular weight fraction

after 9 hours.  For individuals in subgroup A, almost no radioactivity was found in either blood plasma

molecular fraction.  In all samples from both groups, no radioactivity was found in either erythrocyte

cytoplasm or membranes.  Thus, although dihalogenated methylene chloride does not appear to undergo

metabolism in erythrocytes, some metabolic transformation of methylene chloride appears to have

occurred in the plasma of all individuals classified as “conjugators” (subgroup B), whereas this
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metabolism did not occur in “nonconjugators” (subgroup A).  The authors concluded that these data

provide evidence for enzyme polymorphism in humans with respect to methylene chloride metabolism.

The contributions of the MFO and GST pathways to the metabolism of methylene chloride were studied

in male rats by Gargas et al. (1986).  Based on the data from these studies, the MFO pathway is a high

affinity-low capacity pathway with a metabolic rate of 47 µmol/kg/hour.  The GST pathway, on the other

hand, has a lower affinity than the MFO pathway but a higher capacity.  As part of this study, rats were

pretreated with an inhibitor of the MFO pathway or a glutathione (GSH) depleting agent.  Concentrations

of COHb were measured to assess the relative contribution of each pathway to the total metabolism of

methylene chloride.  Pretreatment with the MFO inhibitor essentially abolished CO production by the

high-affinity saturable MFO pathway and limited metabolism to the GSH-transferase pathway. 

Concentrations of COHb following treatment with the GSH-depleting agent were increased 20–30%

compared to untreated controls, indicating increased activity of the MFO pathway.  Some CO2 was

produced, indicating that despite some depletion of GSH, some methylene chloride was still metabolized

by the GST pathway or by conversion of CO to CO2 via the MFO pathway.

There appear to be species differences in pathway preference.  The GST pathway is more active in the

mouse than the rat, based on studies of metabolic end products in both species during and immediately

after 6 hours of exposure to 500, 1,000, 2,000, and 4,000 ppm of methylene chloride (Green et al. 1986c). 

The cytochrome MFO pathway leading to CO and COHb was shown to be saturated at the 500 ppm-

exposure level.  After saturation of this pathway had occurred, the blood levels of methylene chloride in

the rat increased almost linearly with concentration, indicating little further metabolism in this species.  In

contrast, there was evidence for significant metabolism of methylene chloride in the mouse at high-

concentration levels by the GST pathway, which leads to CO2.  Comparison of expired CO2 levels after

4,000-ppm exposure for 6 hours showed almost an order of magnitude more CO2 produced per kilogram

of body weight in the mouse than in the rat.  A marked difference was seen in the rate of clearance of

methylene chloride from tissues, as measured by its elimination in expired air.  Although cleared from

blood rapidly in both species, the rate of clearance from rat tissues was markedly slower than in the

mouse.  This slow release in the rat sustained metabolism for up to 8 hours after the end of exposure and,

consequently, had a marked effect on the overall body burden of metabolites.  Methylene chloride was

cleared from tissues in the mouse in less than 2 hours.  Overall, saturation of the cytochrome P-450 MFO

pathway occurred at similar levels in both species, but significantly more methylene chloride was 
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metabolized by the GST pathway in the mouse when assessed either from the blood levels of methylene

chloride or by CO2 formation at high-concentration levels.

The isoenzymes involved in the metabolism and biotransformation of methylene chloride have recently

been identified for each major pathway.  The MFO pathway involves cytochrome P-450 2E1 and the

glutathione-mediated pathway involves a Θ (theta) class glutathione S-transferase, GSTT1-1 (Blocki et al.

1994; Mainwaring et al. 1996b; Meyer et al. 1991).  GSTT1-1 is expressed in a number of human organs

in a tissue-specific manner which is different from the pattern of expression of other glutathione

S-transferases, specifically those from the α, µ, and π classes (Sheratt et al. 1997).  A recent in vitro study

by Sheratt et al. (1997) detected very low levels of GSTT1-1 in human lung cells, suggesting that the

human lung is likely to have a low capacity for activating methylene chloride into reactive metabolites. 

Although Mainwaring et al. (1996b) found that the overall distribution of mRNA and protein for

GSTT1-1 and GSTT2-2 in the liver and lungs of humans was lower than in mice and rats, they found

localized high concentrations of GSTT2-2 enzyme in human bile-duct epithelial cells.  However, since the

enzyme did not localize to the nucleus in these cells, the risk of genotoxic effects from methylene chloride

metabolism would appear to be small.  Mainwaring et al . (1996b) also found locally high concentrations

of GSTT1-1 mRNA in a small number of Clara cells and ciliated cells of the alveolar/bronchiolar junction

in one human lung sample out of four.  Mainwaring et al. (1996b) also found that rates of metabolism of

methylene chloride were low in human tissue, and lower in the lung than in the liver.  Thus, it is possible

that, in some individuals, specific cell types may be vulnerable to genotoxic effects from reactive

intermediates of methylene chloride metabolism, although the overall risk is likely to be low.

The oxidative cytochrome P-450 2E1 is presumed to metabolize methylene chloride to carbon dioxide via

a reactive intermediate, formyl chloride; this metabolic pathway also produces carbon monoxide (Green

1997; Reitz 1990).  The glutathione pathway metabolizes methylene chloride to carbon dioxide following

the formation of both formaldehyde and a glutathione conjugate, putatively chloromethyl glutathione.  No

carbon monoxide is produced during glutathione-mediated metabolism (Green 1997; Reitz 1990). 

Neither the formyl chloride, nor the chloromethyl glutathione, nor any other glutathione conjugate of

methylene chloride, has been isolated and characterized.  However, according to Green (1997), the

formation of these reactive intermediates is consistent with the end products formed, and with the

enzymes and cofactors available.
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An extremely detailed analysis of these two metabolic pathways was conducted in mice, rats, hamsters,

and humans, both in vivo and in vitro.  These studies provide evidence for the concentration-dependent

behaviors of the two pathways and compare the metabolic rates by each pathway in the four species 

(Bogaards et al. 1993; Green 1991, 1997; Reitz et al. 1989).  In vivo, the cytochrome P-450 MFO

pathway was the major route of metabolism at low-concentration inhalation exposures to methylene

chloride.  In both rats and mice, saturation of the MFO pathway occurred at concentration levels of

500 ppm and above, with maximum COHb levels reported to be 12–15%.  In vitro studies verified that

this pathway was similar in all four species.  In contrast, the glutathione S-transferase pathway was the

major metabolic pathway at exposure concentrations used in the rodent cancer bioassays, and showed a

linear concentration response.  Furthermore, metabolic activity in mouse tissue was more than 10-fold

greater than metabolic activity in rat tissue.  The glutathione-mediated metabolic rates in hamster and

human tissues were even lower than those observed in the rat (Green 1997).  In human tissues, metabolic

rates in the lung were about 10-fold lower than those in the liver (Green 1997).  Although the Θ (theta)

class glutathione S-transferase (enzyme 5-5 in rat) has a high specific activity for metabolizing methylene

chloride (Meyer et al. 1991; Sheratt et al.1997), the µ-class GSTs (enzymes 3-3, 3-4, and 4-4) are, as a

group, 800-fold more abundant in rat liver (Blocki et al. 1994); in rat liver cytosol, the Θ-class enzyme

(5-5) and the µ-class group of enzymes (3-3, 3-4, and 4-4) are each responsible for half of the metabolism

of methylene chloride to formaldehyde (Blocki et al. 1994).  In addition, another Θ-class enzyme (12-12)

is present in rat liver, but its lability during isolation has prevented analysis of its specific activity (Meyer

et al. 1991).  Although Schroder et al. (1996) demonstrated that the human erythrocyte GSTT1-1 is

polymorphic, from N-terminal modification, and differs from liver and lung GSTT1-1, it is not yet known

whether liver and lung human GSTT1-1 are polymorphic.  Thus, the enzymatic basis for methylene

chloride metabolism in different tissues in different species is not completely elucidated.  

Nelson et al. (1995) examined the distribution of erythrocyte GSTT1-1 polymorphisms among five

different ethnic groups:  North American Caucasians, African-Americans, Mexican-Americans, Chinese,

and Koreans.  Polymerase chain reaction (PCR)-based genotyping of erythrocyte GSTT1-1 demonstrated

that significant ethnic variations occur.  The prevalence of the nonfunctional genotype (i.e., the one

lacking the ability to metabolize methylene chloride) was highest among Chinese (64%), followed by

Koreans (60%), African-Americans (22%), Caucasians (20%), and Mexican-Americans (10%).  These

data suggest that there are ethnic differences in metabolizing capacity; additionally, substantial variations

in GSTT1-1 polymorphisms also occur within ethnic groups (Nelson et al. 1995)



METHYLENE CHLORIDE 76

2.  HEALTH EFFECTS

Kim et al. (1996b) conducted a series of experiments using the vial equilibration technique on freshly

isolated liver tissue of male Sprague Dawley rats in order to characterize the metabolism of methylene

chloride.  Several different hepatic microsomal preparations were used to compare and contrast the MFO-

and GSH-mediated pathways.  To produce glutathione depletion in one study, rats were injected

intraperitoneally with 250 mg phorone/kg body weight in corn oil prior to sacrifice and preparation of

liver homogenate for in vitro testing; controls received corn oil only.  A glycerol buffer preparation

significantly inhibited methylene chloride metabolism while a sucrose buffer containing EDTA and KCl

did not.  The use of substrates for P-450 2E1 (i.e., ethanol, pyrazole) completely inhibited methylene

chloride metabolism, indicating that the methylene chloride was metabolized preferentially by the MFO

pathway under the conditions of this study.  Pretreatment with phorone to produce hepatic glutathione

depletion had little effect on the metabolic rate of methylene chloride, demonstrating that the glutathione-

mediated metabolism was not a major pathway under the conditions of the study.  The authors concluded

that these results demonstrate that at low exposure levels, little methylene chloride is metabolized by the

GSH pathway, and thus these results confirm the results of other investigators.

Several PBPK models have been developed that can be used to predict tissue-specific exposures to

methylene chloride, taking into account absorption, distribution, and metabolism.  A PBPK model was

used to provide quantitative estimates of the levels of methylene chloride in various organs of four

mammalian species (rats, mice, hamsters, and humans) following inhalation exposure (Andersen et al.

1987).  The model, which incorporates a variety of variables representing the blood and tissue

concentrations of methylene chloride, exhaled methylene chloride, and instantaneous rates of metabolism

by each pathway, was validated by comparing predictions of concentrations of methylene chloride in

blood with time-course data obtained with Fischer-344 rats, Syrian Golden hamsters, B6C3F1 mice, and

human volunteers.  The predicted values for each of the four species were in agreement with the

experimental data.  The model was also shown to predict the appearance and elimination of methylene

chloride metabolites reasonably well.

Other PBPK models are discussed in Section 2.3.5.

Oral Exposure  In a lethal poisoning case, a 56 year-old woman ingested approximately 300 mL of

Nitromors, a paint remover solvent whose major ingredient is 75–80% methylene chloride (Hughes and

Tracey 1993).  COHb levels in the patient were increased to about 9% in blood samples taken several

hours later.  According to the authors, this case demonstrated that conversion of ingested methylene
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chloride to COHb occurs in humans; previously, the conversion of ingested methylene chloride to COHb

had only been reported in rats.

No other studies were located regarding metabolism in humans after oral exposure to methylene chloride.

Animal data on metabolism indicate that the process appears to be similar for inhalation and oral

exposures.  When rats were gavaged with a single oral dose of 526 mg/kg of methylene chloride, COHb

levels in blood rose to nearly 10% (Wirkner et al. 1997).  When methylene chloride was administered to

rats and mice by gavage at daily doses of 50 and 200 mg/kg in the mice and 50 mg/kg in the rats, there

was a dose-dependent biotransformation of methylene chloride to CO2 and CO (Angelo et al. 1986a,

1986b).  Pulmonary excretion of methylene chloride, CO, and CO2 could be detected within 30 minutes

of administration.  Initially, exhaled CO2 levels from the methylene chloride subjects exceeded CO levels

in the rats.  However, the amount of exhalant did increase with time.  A similar profile of metabolism was

apparent in mice based on exhaled methylene chloride, CO, and CO2 values except that the exhaled CO2

values support studies which indicated that the GST pathway is more important in mice than in rats

(Green et al. 1986c, 1988).

Immediately following administration of doses of 500 or 1,000 mg/kg of methylene chloride in corn oil,

the values for pulmonary excretion of methylene chloride, CO2, and CO were all lower than when

methylene chloride was administered in aqueous solution, reflecting the slower absorption of methylene

chloride from the corn oil vehicle (Angelo et al. 1986a).  Three hours after administration the corn oil,

pulmonary excretory patterns were similar, but still had lower values than those for the methylene

chloride in aqueous solution.

Pankow and Jagielki (1993) studied the in vivo metabolism of methylene chloride to carbon monoxide as

measured by the COHb level in blood under the following conditions: pretreatment with methanol;

simultaneous administration of methanol; and pretreatment with glutathione-depleting chemicals.  Male

Wistar rats were administered 6.2 mmol (=0.4 mL)/kg body mass methylene chloride via gavage and

>148 mmol/kg of methanol.  Six hours following methylene chloride administration, blood samples were

taken for COHb determination.  The animals were then sacrificed and glutathione levels were measured in

the liver.  The authors concluded that the cytochrome P-450 2E1 oxidative pathway is responsible for the

formation of COHb and the metabolism of methylene chloride to carbon monoxide, and suggested that

the two metabolic pathways of methylene chloride (i.e, oxidation cytochrome P-450 2E1 and conjugation
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via glutathione/glutathione-S-transferase) may be independent at study doses in rats.  However, the

rationale for this suggestion was unclear.

A comparison of the rates of pulmonary elimination of methylene chloride, CO2, and CO for oral and

intravenous exposures of rats indicated that biotransformation rather than absorption was the rate-limiting

factor that controlled the CO and CO2 production (Angelo et al. 1986b).  The same situation was true in

mice when the pulmonary elimination patterns of the methylene chloride in water were compared to those

from intravenous injection (Angelo et al. 1986a).  This was not the case when the methylene chloride was

given in corn oil.

These data suggest that both the MFO and GST pathways can participate in the metabolism of methylene

chloride.  Factors which influence the metabolism of methylene chloride by the oral exposure route are

the rate of absorption and the distribution of the MFO and GST enzyme systems in the various tissues and

the transportation of methylene chloride via the aqueous blood components to the liver or via the

chylomicrons to systemic circulation.

Dermal Exposure  No studies were located on the metabolism of methylene chloride after dermal

exposure to humans or animals.

2.3.4 Elimination and Excretion

Elimination and excretion of methylene chloride in children are not expected to be different from adults;

however, this has not been investigated.

2.3.4.1 Inhalation Exposure

Methylene chloride is removed from the body primarily in expired air and urine.  In 4 human subjects

exposed to 100 ppm of methylene chloride for 2 hours, an average of 22.6 µg (0.003%) methylene

chloride was excreted in the urine within 24 hours after the exposure; in 7 subjects exposed to 200 ppm of

methylene chloride for 2 hours, the corresponding value was 81.5 µg (0.006%) (DiVincenzo et al. 1972). 

The percentage values are based on a respiration rate of 1 mg/m3 and the assumption that methylene

chloride is completely absorbed.  No data were found on amounts recovered in feces.  Methylene chloride 
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excretion in the expired air was most evident in the first 30 minutes after exposure.  Initial postexposure

methylene chloride concentrations in expired breath following 2- and 4-hour exposure periods were about

20 ppm and dropped to about 5 ppm at the end of 30 minutes.  Small amounts of methylene chloride

remained in the expired air at 2.5 hours.

In rats, methylene chloride was excreted in the expired air, urine, and feces following a single 6-hour

exposure to 50, 500, or 1,500 ppm of methylene chloride (McKenna et al. 1982).  Exhaled air accounted

for 58–79% of the radioactive concentration.  At the 50 ppm exposure only 5% of the exhaled label was

found as methylene chloride.  The remainder was exhaled as CO and CO2.  As the exposures increased, so

did the amount of unmetabolized methylene chloride exhaled.  Methylene chloride accounted for 30% of

the label from the 500 ppm concentration and 55% of the label for the 1,500 ppm concentration.  Exhaled

methylene chloride, CO2, and CO accounted for 58, 71, and 79% of the inhaled methylene chloride for

the 50, 500, and 1,500 concentrations, respectively.  Urinary excretions accounted for 7.2–8.9% of the

absorbed dose and 1.9–2.3% of the absorbed dose was in the feces.

2.3.4.2 Oral Exposure

No studies were located regarding excretion in humans after oral exposure to methylene chloride.

Expired air accounted for 78–90% of the excreted dose in rats in the 48-hour period following a 1 or

50 mg/kg methylene chloride dose in aqueous solution (McKenna and Zemple 1981).  The radiolabel was

present in the exhaled air as CO and CO2, as well as in expired methylene chloride.  The amount of

methylene chloride in the expired air increased from 12 to 72% as the dose was increased from 1 to

50 mg/kg.  Radiolabel in the urine accounted for 2–5% of the dose under the above exposure conditions,

while 1% or less of the dose was found in the feces.  These data indicate that the lungs are the major

organ of methylene chloride excretion even under oral exposure conditions.

2.3.4.3 Dermal Exposure

No studies were located regarding excretion in humans or animals after dermal exposure to methylene

chloride.
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2.3.5 Physiologically Based Pharmacokinetic (PBPK)/Pharmacodynamic (PD) Models

Physiologically based pharmacokinetic (PBPK) models use mathematical descriptions of the uptake and

disposition of chemical substances to quantitatively describe the relationships among critical biological

processes (Krishnan et al. 1994).  PBPK models are also called biologically based tissue dosimetry

models.  PBPK models are increasingly used in risk assessments, primarily to predict the concentration of

potentially toxic moieties of a chemical that will be delivered to any given target tissue following various

combinations of route, dose level, and test species (Clewell and Andersen 1985).  Physiologically based

pharmacodynamic (PBPD) models use mathematical descriptions of the dose-response function to

quantitatively describe the relationship between target tissue dose and toxic end points.  

PBPK/PD models refine our understanding of complex quantitative dose behaviors by helping to

delineate and characterize the relationships between: (1) the external/exposure concentration and target

tissue dose of the toxic moiety, and (2) the target tissue dose and observed responses (Andersen et al.

1987; Andersen and Krishnan 1994).  These models are biologically and mechanistically based and can

be used to extrapolate the pharmacokinetic behavior of chemical substances from high to low dose, from

route to route, between species, and between subpopulations within a species.  The biological basis of

PBPK models results in more meaningful extrapolations than those generated with the more conventional

use of uncertainty factors.  

The PBPK model for a chemical substance is developed in four interconnected steps: (1) model

representation, (2) model parametrization, (3) model simulation, and (4) model validation (Krishnan and

Andersen 1994).  In the early 1990s, validated PBPK models were developed for a number of

toxicologically important chemical substances, both volatile and nonvolatile (Krishnan and Andersen

1994; Leung 1993).  PBPK models for a particular substance require estimates of the chemical substance-

specific physicochemical parameters, and species-specific physiological and biological parameters.  The

numerical estimates of these model parameters are incorporated within a set of differential and algebraic

equations that describe the pharmacokinetic processes.  Solving these differential and algebraic equations

provides the predictions of tissue dose.  Computers then provide process simulations based on these

solutions.  

The structure and mathematical expressions used in PBPK models significantly simplify the true

complexities of biological systems.  If the uptake and disposition of the chemical substance(s) is 
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adequately described, however, this simplification is desirable because data are often unavailable for

many biological processes.  A simplified scheme reduces the magnitude of cumulative uncertainty.  The

adequacy of the model is, therefore, of great importance, and model validation is essential to the use of

PBPK models in risk assessment.

PBPK models improve the pharmacokinetic extrapolations used in risk assessments that identify the

maximal (i.e., the safe) levels for human exposure to chemical substances (Andersen and Krishnan 1994). 

PBPK models provide a scientifically sound means to predict the target tissue dose of chemicals in

humans who are exposed to environmental levels (for example, levels that might occur at hazardous waste

sites) based on the results of studies where doses were higher or were administered in different species. 

Figure 2-4 shows a conceptualized representation of a PBPK model.

PBPK models for methylene chloride are discussed in this section in terms of their use in risk assessment,

tissue dosimetry, and dose, route, and species extrapolations.

2.3.5.1  Methylene Chloride PBPK Model Comparison

The first methylene chloride-specific pharmacokinetic model was developed by Andersen et al. (1987) for

use in methylene chloride human risk assessment, formulated by integrating information on mouse

physiology, methylene chloride solubility characteristics, and metabolic rate constants to describe the

disposition of methylene chloride in target tissues.  This model was actually a modification of earlier

models developed by Ramsey and Andersen (1984) for generic PBPK analysis of volatile chemicals and 

by Gargas et al. (1986) for study of the kinetics and metabolism of dihalomethanes.  The model could

predict the time-course of the parent chemical and the production of metabolites by both GSH and MFO

pathways.  A more comprehensive model developed by Andersen et al. (1991) is also capable of

describing the production of carbon monoxide during oxidative metabolism by the MFO pathway and the

production of COHb by CO binding to blood hemoglobin.  This model (Andersen et al. 1991) provided a

coherent description of experimental data from both rodents and humans.  In an earlier draft of this

toxicological profile, the Andersen et al. (1991) model was used to conduct route-to-route extrapolation

of the inhalation data in humans from the Putz et al. (1979) study to develop an equivalent oral dose that

was evaluated as the basis for an acute oral MRL.   (However, a different critical study has been selected

and has been modeled as described below).   The model calculated the peak level (6.37%) of carbon 
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Figure 2-4.  Conceptual Representation of a Physiologically Based
Pharmacokinetic (PBPK) Model for a Hypothetical Chemical Substance

Source: adapted from Krishnan et al. 1994

Note: This is a conceptual representation of a physiologically based pharmacokinetic (PBPK)
model for a hypothetical chemical substance.  The chemical substance is shown to be absorbed
via the skin, by inhalation, or by ingestion, metabolized in the liver, and excreted in the urine or
by exhalation.
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monoxide in the blood that produced a neurological effect (decreased visual and psychomotor

performance and auditory function) following exposure to 200 ppm of   methylene chloride (Putz et al.

1979).  The equivalent concentration of methylene chloride in drinking water that will produce the same

neurological effect was 865 mg/L.  Using a daily drinking water consumption value of 2 L and an average

human body weight of 70 kg, the LOAEL was calculated to be 25 mg/kg/day.  Reitz et al. (1988, 1989),

Reitz (1990, 1991), and Andersen and Krishnan (1994) used the Andersen et al. (1987) model to make

predictions about GSH-mediated target tissue doses associated with tumorigenesis, or the lack thereof, in

the long-term inhalation and drinking water bioassays.  Using target tissue dosimetry as a concentration

surrogate for atmospheric concentrations of methylene chloride, these investigators calculated a unit

inhalation risk for methylene chloride that was two orders of magnitude lower than EPA’s, using the same

linearized multistage methodology.

Dankovic and Bailer (1994) used the models developed by Andersen et al. (1987) and Reitz et al. (1988,

1989; Reitz 1990, 1991) to examine the effects of exercise and intersubject variability on estimation of

human dose levels of methylene chloride.  Casanova et al. (1992) developed an extended PBPK model for

DNA-protein crosslink (DPX) formation in mouse liver, based on the model developed by Andersen et al.

(1987).

Reitz et al. (1997) and DeJongh et al. (1998) have expanded earlier models (Andersen et al. 1987,

DeJongh and Blaauboer 1996, Ramsey and Andersen 1984) to include simulations of brain concentrations

of methylene chloride.  Reitz et al. (1997) used their model to make route-to-route dose extrapolations

based on brain methylene chloride concentrations.  Winneke (1974) had concluded that neurological

effects (decreased visual and auditory functions) of acute exposure to methylene chloride were based

primarily on the properties of the parent compound, and not on the accumulation of COHb, which had

been the conclusion of Putz et al. (1979).  Based on the study of Winneke (1974) in humans, an inhalation

exposure to 300 ppm methylene chloride for 4 hours was predicted to result in a similar peak brain

methylene chloride concentration as an exposure to 565 mg methylene chloride/L drinking water, both

exposures correspond to approximately 4 mg/L of brain tissue.  Using a daily drinking water consumption

value of 2 L and an average human body weight of 70 kg, the LOAEL was calculated to be 16 mg/kg/day.

This LOAEL was used as the basis for the acute oral MRL (see Section 2.5).  DeJongh et al. (1998) used

a rat PBPK model to estimate brain methylene chloride concentrations in rats corresponding to inhalation

exposures to the rat 15-minute or 6-hour LC50.
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Earlier models have also been extended to simulate humans during pregnancy and lactation.  The Reitz et

al. (1997) model is based on an earlier model of trichloroethylene pharmacokinetics in the pregnant rat

(Fisher et al. 1989) and includes compartments representing mammary tissue, placenta, and the fetus.  The

Reitz et al. (1997) model has been used to simulate fetal doses of methylene chloride in rats that were

exposed to methylene chloride by the inhalation route.  Exposure to 1,250 ppm methylene chloride

(4,342 mg/m3) for 7 hours/day during gestation days 6–15 was predicted to result in a dose to the fetus of

3.67 mg/L of fetus.  The corresponding drinking water intake in the human that would result in the same

fetal dose was estimated from the human PBPK model to be 5,000 mg/L drinking water.  Fisher et al.

(1997) described an extension of the PBPK model of Ramsey and Andersen (1984) which simulates

amounts and concentrations of methylene chloride in human breast milk that would result from inhalation

exposures.  The human lactation model includes a breast milk compartment and parameters for simulating

breast milk production and intake of breast milk by nursing infants.  Simulations of a workday maternal

exposure to methylene chloride at an air concentration of 50 ppm (174 mg/m3) yielded a predicted intake

in the infant of 0.213 mg/24 hours.

Advances in modeling methylene chloride pharmacokinetics have also been achieved by linking

methylene chloride models to other PBPK models or to other types of simulation or prediction models. 

For example, OSHA (1997) developed a PBPK model that utilizes a Monte Carlo approach to simulate

variability in methylene chloride pharmacokinetics.  The model outputs a probability distribution of the

amount of methylene chloride metabolized in the lung through the glutathione-S-transferase pathway.

Poulin and Krishnan (1999) developed a structure-based PBPK model that uses information on chemical

structure to estimate tissue:blood and tissue:air partition coefficients needed to run the model.  This

approach can be used to model volatile organic chemicals for which empirically-based estimates are not

available (Poulin and Krishnan 1999).  A PBPK model of methylene chloride has been linked to a PBPK

model of toluene (Pelekis and Krishnan 1997).  The composite model has been used to simulate the

pharmacokinetic and toxicodynamic outcomes (e.g., COHb concentrations) that might result from

interactions between methylene chloride and toluene at the level of the mixed function oxidase pathway.



METHYLENE CHLORIDE 85

2.  HEALTH EFFECTS

2.3.5.2  Discussion of Methylene Chloride PBPK Models

The Reitz (1990) Model  (Also the Andersen et al. [1987], the Reitz et al. [1988, 1989, 1997],
and Andersen and Krishnan [1994] Models)  

Risk assessment.  An inhalation to oral route extrapolation was pharmacokinetically modeled using

data from the Haun et al. (1972) study.  Reitz (1990) incorporates PBPK principles into estimating excess

lifetime cancer risk for humans continuously exposed to 1 µg/m3.  Using the linearized multistage model,

the upper-bound estimate of excess lifetime human cancer risk is 2.8x10-4 ppm which differs from that of

EPA (4.1x10-6) by 2orders of magnitude.  It should be noted that EPA used default assumptions of low-

dose linear extrapolation and of surface area adjustment to account for interspecies differences.

Description of the model.  Reitz (1990) used the mathematical model developed by Andersen et al.

(1987), which can quantitatively describe the production of metabolites in target tissues by either the

MFO or glutathione (GSH) pathway, to test whether model predictions are consistent with the results

obtained in the rodent inhalation and drinking water cancer bioassays of methylene chloride.  The MFO

pathway is oxidative and appears to yield carbon monoxide as well as considerable amounts of carbon

dioxide.  The glutathione-dependent pathway produces formaldehyde and carbon dioxide, but no carbon

monoxide.  Potentially reactive intermediates are formed in each of the metabolic pathways for methylene

chloride.  Distribution of methylene chloride metabolism between these pathways is dose dependent.  The

MFO pathway is a high-affinity, limited-capacity pathway which saturates at relatively low airborne

concentrations (about 200–500 ppm).  In contrast, the GSH pathway has a lower affinity for methylene

chloride, and does not appear to saturate at experimental concentrations (<5,000 ppm).  Thus, at low

concentrations, most of the methylene chloride is metabolized by the MFO pathway.  As exposure

concentrations increase and the MFO pathway saturates, metabolism by the secondary GSH pathway is

observed.

Predicted amounts of methylene chloride metabolism produced by each pathway (mg equivalents of

methylene chloride metabolized per L of liver tissue per day) are presented in Reitz’s (1990) analysis. 

The predicted amounts of MFO metabolites formed in lung and liver tissue are nearly identical for the 2

concentration levels in the mouse inhalation cancer bioassay (2,000 and 4,000 ppm) because saturation of

the MFO pathway is reached between 200 and 500 ppm of administered methylene chloride.  However,

mouse liver and lung tumors are consistently higher in the 4,000 ppm exposure group than in the 
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2,000 ppm group in this study.  Therefore, there is no concentration-response relationship between rodent

tumor incidence and MFO-metabolite levels.  The PBPK model also predicts that levels of MFO

metabolites produced by drinking water administration of 250 mg/kg/day methylene chloride to B6C3F1

mice should be similar to the amounts of MFO metabolites produced in the inhalation study.  Because no

statistically significant increases in tumors in the drinking water study were observed, MFO metabolites

would not be predicted to be involved in rodent tumorigenicity.  Predicted rates of metabolism of

methylene chloride by the GSH pathway correlate more clearly with the induction of lung and liver

tumors, or lack thereof, in the two chronic studies.  In the inhalation study, predicted levels of GSH

metabolites at 4,000 ppm are higher than predicted levels of GSH metabolites at 2,000 ppm.  In contrast,

predicted levels of GSH metabolites formed in target tissues during drinking water administration of

methylene chloride are very low.  Thus, the pattern of tumor induction, or lack thereof, in both studies

shows a good correlation with the rates of metabolism of methylene chloride by the GSH pathway. 

Because the concentration-dependency of GSH-metabolite formation is nonlinear at low concentrations,

the delivered dose arriving at the target sites cannot be directly extrapolated from very high inhalation

concentrations (4,000 ppm) to very low concentrations (<1 ppm) typical of human exposure. 

Additionally, with regard to interspecies sensitivity, humans would only be more sensitive than mice

(based on the default surface area interspecies adjustment) if the parent chemical were directly

responsible for observed toxicity.  In the case of methylene chloride, metabolism mediated by the GSH

pathway is necessary to activate methylene chloride to reactive intermediates, so this assumption is not

applicable.  Reitz et al. (1990) incorporates these PBPK findings and principles into estimating excess

lifetime risk for humans continuously exposed to 1 µg/m3, using the linearized multistage model; his

upper-bound estimate of excess lifetime human cancer risk is 2.8x10-4 ppm, which differs from that of

EPA (4.1x10-6) by two orders of magnitude (EPA used default assumptions of low-dose linear

extrapolation and surface area adjustment for interspecies differences).

Validation of the model.  The model was validated by comparing predicted responses with

experimental data.

Target tissues.  The target tissues were the liver and the lung.

Species extrapolation.  Human physiological parameters and assumptions about interspecies

sensitivity were derived from PBPK modeling and use in extrapolation from mice to humans.
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Interroute extrapolation.  The results and conclusions from this model application are limited to

exposure via inhalation.

The Andersen et al. (1991) Model  

Risk assessment.  A modification of the  Andersen et al. (1991) model by Reitz et al. (1997) was used

to derive an acute oral MRL from inhalation data in humans from Winneke  (1974).  For acute

neurological effects, the associated dose measure was defined as the peak concentration of methylene

chloride in brain tissue of humans exposed to 300 ppm of methylene chloride for 4 hours by inhalation. 

The modified PBPK model calculated that the administered inhalation dose was equivalent to 3.95 mg of

methylene chloride per liter of brain tissue.  The equivalent administered human concentration in drinking

water that will produce the same neurological effects was 565 mg of methylene chloride/liter.  Using a

daily water consumption of 70 kg, the LOAEL was calculated to be 16 mg/kg/day.

Description of the model.  Andersen et al. (1991) previously developed a PBPK model expanding the

original PBPK model of Ramsey and Andersen (1984) for the disposition of inhaled volatiles.  This

model expands the previously developed Andersen et al. (1987) model by both describing the kinetics of

carbon monoxide (CO), COHb, and parent compound methylene chloride, and by comparing the

inhalation kinetics of CO and methylene chloride in rats and humans.  The description of CO and COHb

kinetics was adapted from the Coburn-Forster-Kane equation, which assumes that most heme is bound

with oxygen and that endogenous CO production is constant.  Methylene chloride kinetics and

metabolism were originally described by the generic PBPK model for volatile chemicals (Ramsey and

Andersen (1984).  Predictions in humans from the model were compared to several experimental data sets

in the literature from human volunteers exposed to CO or to methylene chloride, and to experimental data

collected by Andersen et al. (1991) from six male volunteers exposed to methylene chloride vapors at

concentrations of 100 or 350 ppm for a period of 6 hours.  

Physiological and biochemical constants for CO were first estimated by exposing rats to 200 ppm of CO

for 2 hours and examining the time course of COHb after cessation of CO exposure.  The CO inhalation

studies provided estimates of CO diffusing capacity under free breathing and for the Haldane coefficient,

i.e., the relative equilibrium distribution ratio for hemoglobin between CO and oxygen.  The CO model

was then coupled with the PBPK model for methylene chloride both to predict COHb time-course

concentrations during and after methylene chloride exposures in rats, and to estimate the yield of CO 
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produced from oxidation of methylene chloride.  In rats, only about 0.7 mol of CO was produced from

1 mol of methylene chloride during oxidation.  The combined model predicted COHb and methylene

chloride behavior following 4-hour exposures to 200 or 1,000 ppm of methylene chloride, and COHb

behavior following 30-minutes exposure to 5,160 ppm of methylene chloride.  The rat PBPK model was

scaled to predict methylene chloride, COHb, and CO kinetics in humans exposed to either methylene

chloride or CO.  Three human data sets from the literature were examined: inhalation of CO at 50, 100,

250, and 500 ppm; seven 30-minute inhalation exposures to 50, 100, 250, and 500 ppm of methylene

chloride; and 2-hour inhalation exposures to 986 ppm of methylene chloride.  Additional experimental

data from volunteers exposed to 100 or 350 ppm of methylene chloride were also reported.  Endogenous

CO production rates and the initial amount of CO in the blood compartment varied in each study, as

necessary, to provide a baseline value of COHb.  The combined PBPK model accurately predicted the

experimental findings in all four human studies. 

Validation of the model.  In rats, the combined model adequately represented COHb and methylene

chloride behavior following 4-hour exposures to 200 or 1,000 ppm of methylene chloride, and COHb

behavior following ½-hour exposure to 5,160 ppm of methylene chloride.  In addition, short-duration

exposures conducted with 5,000 ppm of bromochloromethane, with adjustment of metabolic parameters

and partition coefficients for this different chemical, demonstrated that the PBPK model gave a good

description of COHb levels for up to 6 hours postexposure.  In humans, the combined PBPK model

provided a good representation of the experimental data in all four studies examined.

Target tissues.  Blood was identified as the target.  Both concentrations of COHb and methylene

chloride were considered in the model.

Species extrapolation.  The application of the model was validated in both rats and humans.  The

authors concluded that this model could be useful for developing biological monitoring strategies for CO

and methylene chloride, based on observed COHb blood concentrations following exposure.

Interroute extrapolation.  The model was used to convert inhalation data in humans from Winneke

(1974) into equivalent oral doses that were used as the basis for the acute oral MRL (Reitz 1997).
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The Dankovic and Bailer (1994) Model  

Risk assessment.  Risk assessment was not addressed directly in this model application.  However,

the results indicated that some occupationally-exposed individuals may receive glutathione S-transferase-

metabolized methylene chloride doses several-fold greater than human doses previously estimated by

Reitz et al. (1989), based on differing levels of physical activity, and inter-individual variability in

methylene chloride metabolism.  Therefore, the assessment of excess lifetime human risk associated with

methylene chloride exposure would be affected.

Description of the model.  Dankovic and Bailer (1994) examined the impact of exercise and inter-

individual variability on human dose estimates to methylene chloride, using the models developed by

Andersen et al. (1987) and used by Reitz et al. (1989; Reitz 1990, 1991).  Earlier models used

physiological parameters appropriate for humans at rest and metabolic parameters based on average rates

of methylene chloride metabolism.  Dankovic and Bailer (1994) increased model parameters describing

cardiac output, alveolar ventilation, and blood flows to tissues to account for exercise, assuming an

8-hour workday exposed to mean methylene chloride concentrations of 25 ppm.  The GSH-mediated

metabolized doses for human liver and lung were increased by a factor of 2.9 and 2.4, respectively, as

compared with the metabolized GSH-mediated dose estimates of Reitz et al. (1989).  The model was also

modified to account for inter-individual variability in methylene chloride metabolism.  Modeled

metabolized GSH-mediated dose estimates for human liver ranged from 0 to 5.4-fold greater than the

doses estimated by Reitz et al. (1989); for human lung, estimates were 0–3.6-fold greater than those of

Reitz et al. (1989).  The authors concluded that their results indicated that some occupationally-exposed

individuals may receive GST-metabolized doses several-fold greater than human doses previously

estimated.

Validation of the model.  The model used by Dankovic and Bailer (1994) has been previously

validated (Andersen et al. 1987; Reitz 1990, 1991; Reitz et al. 1988, 1989).  The authors merely modified

the model parameters to be consistent with light work conditions, as opposed to the resting condition

parameters used in the earlier models, and to reflect inter-individual variability in methylene chloride

metabolism.
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Target tissues.  Target tissues were the human liver and the human lung.

Species extrapolation.  The model has been previously validated for use with rodents and humans.

Interroute extrapolation.  The results and conclusions from this model application are limited to

exposure via inhalation.

The Casanova et al. (1996) Model  

Risk assessment.  The use of DNA-protein crosslinks as a tissue dosimeter of methylene chloride

exposure markedly reduced the upper-bound estimate and improved the precision of the low-dose excess

lifetime liver cancer risk estimates (as defined by the ratio of the upper-bound estimate to the maximum

likelihood estimate), while having only a minor effect on the maximum likelihood estimate.  The

reduction in excess lifetime cancer risk was 2 orders of magnitude less than those estimated by using

airborne methylene chloride vapor concentrations of 10, 30, and 100 ppm.

Description of the model.  Casanova et al. (1996) developed an extended PBPK model for DNA-

protein crosslink (DPX) formation in mouse liver associated with chronic methylene chloride exposure by

modifying the model originally developed by Andersen et al. (1987).  This extended PBPK model

estimated area under the curve for methylene chloride in mouse liver as the independent variable. 

Formaldehyde, one of at least two reactive intermediates formed during glutathione-mediated metabolism,

was considered to be the proximate metabolite associated with tumorigenicity.  Parameter estimates for

formaldehyde disposition in methylene chloride-exposed mouse liver were derived from the published

literature.  The amount of DPX formed in the mouse liver was estimated for methylene chloride

concentrations used in rodent cancer inhalation bioassay (i.e., 2,000 and 4,000 ppm).  Using the linearized

multistage model, the tumor incidence data in mice were fitted to two alternative measures of exposure:

DPX yields and airborne concentration of methylene chloride.  The 2 dose measures gave similar

maximum likelihood estimates for the excess lifetime cancer risk at administered concentrations ranging

from 10 to 100 ppm, but the upper 95% confidence limit on this risk estimate was reduced by 2 orders of

magnitude when DPX yield, as compared with airborne concentrations, was used as the measure of

exposure.  These results demonstrate that in the case of methylene chloride, the use of DNA-protein

crosslinks as a dose surrogate markedly reduced the upper-bound estimate and improved the precision of

the low-dose risk estimates (as defined by the ratio of the upper-bound estimate to the maximum-
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likelihood estimate), while having only a slight effect on the maximum-likelihood estimate.  However,

Casanova et al. (1996) point out that DNA-protein crosslinks cannot be used directly as a surrogate for

the internal dose in humans because human hepatocytes, unlike mouse hepatocytes, do not appear to form

DNA-protein crosslinks in measurable amounts (Casanova et al. 1996).  A surrogate for the internal dose,

RNA adducts of formaldehyde, has been developed and can be detected in human hepatocytes exposed to

methylene chloride (Casanova et al. 1996, 1997).  The utility of this measure is under study.

Validation of the model.  The model has been previously validated in other applications and for other

endpoints.  For this application, predicted concentrations of DPX were compared with actual

concentrations induced by experimental concentrations.

Target tissues.  The target tissue effect was the formation of DNA-protein crosslinks in mouse liver.

Species extrapolation.  The results and conclusions from this model application are limited to DPX

formation in mouse liver.

Interroute extrapolation.  Casanova et al. (1996) point out that DNA-protein crosslinks cannot be

used directly as a surrogate for the internal dose in humans, because human hepatocytes, unlike mouse

hepatocytes, do not appear to form DNA-protein crosslinks in measurable amounts (Casanova et al.

1996).  As a surrogate for the internal dose, RNA adducts of formaldehyde have been developed and can

be detected in human hepatocytes exposed to methylene chloride (Casanova et al. 1996).  The formation

of this dose surrogate in the hepatocytes of different species is currently being examined.

The Andersen and Krishnan (1994) Model  

Risk assessment.  The PBPK model-based risk assessment estimated an excess lifetime cancer risk to

humans of 3.7x10-8 for a lifetime inhalation exposure of 2.8x10-4, which is lower by more than two orders

of magnitude than that calculated by the EPA using the linearized multistage model for low-dose

extrapolation and a default body surface correction factor for interspecies scaling.
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Description of the model.  The mouse PBPK model developed earlier by Andersen et al. (1987) was

validated by comparing model predictions with observed pharmacokinetic data.  To predict the tissue

dosimetry of methylene chloride and its metabolites in humans, the physiological parameters of the model

were scaled and methylene chloride-specific parameters for humans were determined.  The metabolic rate

constants for humans were estimated from volunteer human exposure studies (Andersen et al. 1991).  The

high-dose to low-dose extrapolation and interspecies extrapolation of methylene chloride induced cancer

risk were conducted with the tissue doses of the glutathione pathway metabolite predicted by the PBPK

model.  This was validated by demonstration of a concentration-response association between this dose

metric and the degree of methylene chloride-induced rodent cancers rodent bioassay concentrations

between 2,000 and 4,000 ppm.  The cancer risk assessment was conducted using the linearized multistage

model to relate tissue dose of methylene chloride glutathione metabolite to the increases in tumor

incidence in mice exposed to high concentrations of methylene chloride by inhalation.  In assessing the

excess lifetime cancer risks associated with human exposure to methylene chloride, the authors assumed

that humans are as sensitive (i.e., not more sensitive) as the most sensitive target species; this assumption

is consistent with what is known about methylene chloride chemistry and metabolism, and about

interspecies variability in carcinogenic response to xenobiotics.  The PBPK model-based risk assessment

estimated an excess lifetime human cancer inhalation unit risk 3.7x10-8 per inhalation exposure of

2.8x10-4.  This human risk estimate is lower by two orders of magnitude than that calculated by the EPA

using the linearized multistage model for low-dose extrapolation and a default body surface adjustment

factor for interspecies scaling.

Validation of the model.  The model has been previously validated by comparing predicted with

actual pharmacokinetic data.

Target tissues.  The target tissues were the liver and the lung.

Species extrapolation.  The animal PBPK model was used for interspecies extrapolation of

pharmacokinetic behavior of methylene chloride by scaling the physiological parameters and determining

chemical-specific parameters in the species of interest (i.e., humans).  Metabolic rates for humans were

developed from experimental literature on human volunteers.  It was also assumed that humans are as

sensitive (i.e., not more sensitive than) as the most sensitive target species; this assumption is consistent

with what is known about methylene chloride chemistry and metabolism, and about interspecies

variability in carcinogenic response to xenobiotics.
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Interroute extrapolation.  The results and conclusions from this model application are limited to

exposure via inhalation.

The Reitz et al. (1997) Model  

1. Inhalation Route-to-Oral Route Extrapolation in Volunteers  

Risk assessment.  In this toxicological profile, ATSDR (2000) establishes a minimal risk level (MRL)

for acute inhalation using the study reported by Winneke (1974).  Volunteers were exposed to

300–800 ppm of methylene chloride for approximately 4 hours and tested for neurobehavioral effects. 

Concentration-dependent adverse effects included decreased performance in auditory vigilance-

performance tasks; and three small decrements in the visual critical flicker fusion frequency.  Because

similar exposures to 50–100 ppm of carbon monoxide alone did not produce these effects, the author

concluded that they were mediated by methylene chloride directly and not by its oxidative metabolite,

carbon monoxide.  A LOAEL of 300 ppm from this study was used to determine an acute oral drinking

water equivalent.  Using pharmacokinetic modeling, Reitz et al. (1997) was able to estimate that an

inhalation concentration of 300 ppm of methylene chloride would produce a target organ-specific (brain-

specific) dose equivalent to that produced by a drinking water concentration of 565 mg/L of methylene

chloride.  Multiplying the drinking water concentration by the default daily water consumption rate (2 L)

and dividing by the default human body weight yields an acute oral dose of 16 mg/kg/day. 

Description of the model.  Reitz et al. (1997) modified the basic PBPK methylene chloride model

developed by Andersen et al. (1987), Reitz et al. (1988), and Andersen et al. (1991) in the following

manner: (1) liver weights for rodents were based on the actual organ weights of control animals which

were sacrificed during chronic toxicity studies at 6–18 months of age; (2) partition coefficients for

methylene chloride derived from in vitro experiments performed by Gargas et al. (1986) were used for

liver, fat, muscle, and blood, and (3) a brain compartment was added to the methylene chloride model so

that central nervous system effects could be assessed in female and male rodents and humans.  Size of

rodent brains, blood flow rates to the brain, and partition coefficients for brain tissue were obtained from

either published literature (e.g., Stott et al. 1983; Thomas 1975) or personal communication by the

authors.  The modified methylene chloride model thus contained six tissue compartments: fat, muscle

(slowly perfused tissue), rapidly perfused tissue, liver tissue, mammary tissue, and brain tissue.
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For acute neurological effects, the associated dose measure was defined as the peak concentration of

methylene chloride in brain tissue (mg/L of brain tissue) of humans exposed to 300 ppm of methylene

chloride for 4 hours, by inhalation.  The modified PBPK model calculated that the administered inhalation

concentration was equivalent to 3.95 mg methylene chloride/L of brain tissue.  Human exposure patterns

in the PBPK model simulated realistic human drinking water consumption patterns, (i.e., consisting of

bouts of drinking during the day, with and between meals, and little-to-no drinking during the night). 

PBPK modeling predicted that peak concentrations of methylene chloride in the brain would increase

rapidly after each episode of drinking water consumption, and then drop sharply, to near-zero, between

bouts of drinking.  Additionally, there would be no cumulative effects of repeated exposure. The

equivalent administered human concentration in drinking water was calculated to be 565 mg methylene

chloride/L.  Using a daily drinking water consumption value of 2 L and an average human body weight of

70 kg, the LOAEL was calculated to be 16 mg/kg/day.

Validation of the model.    Model predictions of brain methylene chloride concentrations in humans or

rats have not been evaluated for comparability with empirical observations.  However, this model has

been previously validated with human and animal data.

Target tissues.  The target organ of the model was the central nervous system.

Species extrapolation.  There was no species extrapolation because the experiment that was

pharmacokinetically-modeled (Winneke 1974) was conducted in human volunteers.

Interroute extrapolation.  The PBPK modeling was conducted to extrapolate from the inhalation route

of exposure to an oral route, specifically drinking water concentration of methylene chloride.

2. Inhalation Route-to-Oral Route Extrapolation and Rodent-to-Human Species
Extrapolation Using PBPK Modeling of Subchronic Toxicity Data  

Risk assessment.  ATSDR established an intermediate inhalation minimal risk level (MRL) using the

study reported by Haun et al. (1972).  Rats were exposed continuously to either 25 or 100 ppm of

methylene chloride for 100 days.  Data on liver histopathology of rats exposed to 25 or 100 ppm of

methylene chloride were selected as the critical effect.  The authors report that liver cytoplasmic

vacuolization and Oil-Red-O staining associated with fatty deposits were observed in rats at both

exposure concentrations.  In mice, fatty deposits (but no liver vacuolization) were reported at the higher
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exposure concentration, 100 ppm.  Additionally, renal changes were also reported in this study.  ATSDR

considered the liver effects at 25 ppm to be adverse and established that concentration as a LOAEL. 

Using pharmacokinetic modeling and data on human drinking water consumption patterns, Reitz et al.

(1997) estimated that a drinking water concentration of 6,170 mg/L of methylene chloride produces a

target organ-specific dose equivalent to that produced by an inhalation concentration of 25 ppm. 

Multiplying the drinking water concentration by the default daily water consumption rate (2 L) and

dividing by the default human body weight yields an intermediate oral dose of 176 mg/kg/day.

Description of the model.  For inhalation-to-oral and rat-to-human extrapolations, Reitz et al. (1997)

modified the basic PBPK methylene chloride model developed by Andersen et al. (1987), Reitz et al.

(1988), and Andersen et al. (1991) in the following manner: (1) liver weights for rodents were based on

the actual organ weights of control animals which were sacrificed during chronic toxicity studies at

6–18 months of age; (2) partition coefficients for methylene chloride derived from in vitro experiments

performed by Gargas et al. (1986), were used for liver, fat, muscle, and blood; and (3) a brain

compartment was added to the methylene chloride model so that central nervous system effects could be

assessed in female and male rodents and humans.  Size of rodent brains, blood flow rates to the brain, and

partition coefficients for brain tissue were obtained from either published literature (Stott et al. 1983;

Thomas 1975) or personal communication by the authors.  The modified methylene chloride model thus

contained six tissue compartments:  fat, muscle (slowly perfused tissue), rapidly perfused tissue, liver

tissue, mammary tissue, and brain tissue.

The PBPK model was utilized to compare the average daily production of methylene chloride metabolites

per L of liver in rats exposed to methylene chloride via inhalation for 24 hours/day with the mean daily

production of methylene chloride metabolites per L of liver in humans drinking water that contained

specific concentrations of methylene chloride.  The dose measure was defined as the average daily

concentration of metabolites per L of liver tissue.  No distinctions were made between metabolites

produced via the MFO pathway and those produced during glutathione conjugation by the GSH pathway. 

Total metabolite production was obtained by integrating the rate of metabolite production during

simulation; the result was then divided by the number of 24-hour exposure periods simulated and the

volume of the liver in each species (rodent and human).  At inhalation concentrations by rats of 25 ppm

for 24 hours/day for 100 days, the metabolized tissue-specific dose calculated by the model was 1,259 mg 
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metabolites methylene chloride/L liver/day.  In humans, the drinking water concentration yielding an

equivalent concentration of metabolized tissue-specific dose was found to be approximately 6,170 mg/L.

Multiplying this value by 2 L/day (human drinking water consumption rate) and dividing by the default

human body weight of 70 kg yields a daily dose (NOAEL) of 142 mg/kg/day. 

Validation of the model.   Model predictions of the concentrations of methylene chloride or its

metabolites in liver of humans or rats have not been evaluated for comparability with empirical

observations. However, this model has been previously validated with human and animal data.

Target tissue.  The target tissue was the liver.

Species extrapolation.  Rat-to-human extrapolation was conducted using appropriate partition

coefficients, metabolic rates, and other species-specific PBPK variables. 

Interroute extrapolation.  The PBPK modeling was conducted to extrapolate from the inhalation route

of exposure to an oral route, described in terms of drinking water concentration of methylene chloride. 

3. Inhalation Route-to-Oral Route Extrapolation and Rodent-to-Human Species
Extrapolation Using PBPK Modeling of Developmental Toxicity Data  

Risk assessment.  The developmental toxicity of methylene chloride in rodents was studied by

Schwetz et al. (1975) who exposed rats to 1,250 ppm of methylene chloride vapors for 7 hours/day from

day 6–15 of gestation.  There were slight, statistically significant increases in the incidence of minor

skeletal variants in the offspring of females exposed to 1,250 ppm of methylene chloride during gestation. 

Therefore, 1,250 ppm was considered to be a LOAEL.  The PBPK model was used to extrapolate from

pregnant rodents to pregnant humans and from inhalation route to oral route of exposure.  Using

pharmacokinetic modeling and data on human drinking water consumption patterns, Reitz et al. (1997)

estimated that a maternal drinking water concentration of 5,000 mg/L of methylene chloride produces a

fetal dose equivalent to that produced by a maternal inhalation concentration of 1,250 ppm.  Multiplying 
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the drinking water concentration by the default daily water consumption rate (2 L) and dividing by the

default human body weight of 70 kg yields an intermediate oral dose of 

142 mg/kg/day.

Description of the model.  For determination of developmental effects, modifications to the basic

PBPK methylene chloride model (Andersen et al. 1987) were based on procedures reported by Fisher et

al. (1989).  The model consisted of the addition of three compartments:  mammary tissue; placental tissue;

and fetal tissue.  The fetal dose measure was of the parent compound in fetal tissue and was estimated by

integrating the fetal concentration of methylene chloride (expressed as mg/L of fetal tissue) during the

exposure period in order to calculate the total area under the curve (AUC) for the exposure period.  The

AUC was then divided by the total number of hours during which gestational exposure occurred to give

the average concentration of methylene chloride during the exposure period.  Because it was assumed that

human fetuses would be exposed continuously throughout gestation, the total AUC for the human fetus

was divided by the total gestation period to calculate the fetal concentration of parent compound

methylene chloride (not metabolites), expressed in mg methylene chloride/L of fetal tissue.

Simulation of the exposure paradigm used by Schwetz et al. (1975) with the PBPK model yielded

3.67 mg methylene chloride/L of fetal tissue in the rodent.  PBPK simulation of human drinking water

exposures gave equivalent values of mg methylene chloride/L of fetal tissue at methylene chloride

concentrations approximately 5,000 mg/L of water.  Multiplying by 2 L/day and dividing by 70 kg body

weight yielded a human LOAEL of 142 mg/kg/day.

Validation of the model.   Model predictions of the concentrations of methylene chloride in rat or

human fetal tissues have not been evaluated for comparability with empirical observations.  However, this

model has been previously validated with human and animal data.

Target tissues.  The target tissue was the developing fetus.

Species extrapolation.  Rat-to-human extrapolation was connected using appropriate partition

coefficients, metabolic rates, and other species-specific PBPK variables.
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Interroute extrapolation.  The PBPK modeling was conducted to extrapolate from the inhalation route

of exposure to an oral route, described in terms of drinking water concentration of methylene chloride.

The Fisher et al. (1997) Model  

Risk assessment.    The model provides an approach to estimating rates of intake of methylene

chloride and other volatile chemicals by the nursing infant for a given temporal pattern of maternal

exposure and infant nursing.  Simulations of a workday maternal exposure to methylene chloride at an air

concentration of 50 ppm (174 mg/m3) yielded a predicted intake in the infant of 0.213 mg/24 hours

(Fisher et al. 1997).

Description of the model.    Fisher et al. (1997) described a PBPK model for estimating amounts and

concentrations of methylene chloride in human breast milk that would result from inhalation exposures to

methylene chloride (other air borne volatile chemicals are also simulated in the model).  The human

lactation model is an adaptation of the PBPK model of Ramsey and Andersen (1984), with the addition of

a breast milk compartment and parameters for simulating breast milk production and intake of breast milk

by nursing infants.  The model simulates seven tissue compartments: blood, lung, fat, liver, richly

perfused tissues, poorly perfused tissues, and breast milk.  Two metabolic pathways for methylene

chloride are assumed to occur exclusively in the liver.  A glutathione-S-transferase pathway is represented

by an allometrically scaled first order rate constant, and a mixed function oxidase pathway is represented

by a Michaelis-Menton function with constants Vmax and Km.

The major innovation in this model is simulation of a breast milk compartment, which allows calculations

of the rates of transfer of chemicals from blood into breast milk and rates of transfer to the infant during

breast feeding.  The volume of the breast milk compartment is assumed to decrease from an initial volume

of 0.125 L at the beginning of each nursing session to a residual volume of 0.010 L at the end of each

session.  The rate of change in the milk volume is simulated as the difference between a zero order

production rate of 0.06 L/hour and the loss rate from nursing, defined as the product the current milk

volume and a first order loss constant of 20/hour.  The amount of methylene chloride in breast milk is

calculated using standard PBPK algorithms for flow-limited transfer from blood, assuming that methylene

chloride partitions from blood directly into breast milk according to empirically derived milk/blood 
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partition coefficients (Fisher et al. 1997).  The resulting concentrations in breast milk are used to calculate

rates of intake by the nursing infant for a given temporal pattern of maternal exposure and infant nursing.

Validation of the model.    The human lactation model, as described in Fisher et al. (1997), has not

been calibrated against an empirical data set or validated for any specific use of the model.  

Target tissues.    Output from the model described are estimates of the amount and concentration of

methylene chloride in breast milk and the rate of intake of methylene chloride by a nursing infant. 

Species extrapolation.  The model is designed to predict the transfer of inhaled methylene chloride to

breast milk in humans.  Extrapolation to other species would require modification of the model to account

for different tissue masses, blood flows, and possibly other kinetic variables. 

Interroute extrapolation.  The model is designed to simulate the pharmacokinetics of methylene

chloride when exposure is by inhalation to airborne methylene chloride.  The pharmacokinetics of

methylene chloride would be expected to be different for other routes of exposure; therefore, the output of

the model cannot be extrapolated to other exposure pathways (e.g., dietary, drinking water) or routes

(e.g., oral, dermal) without modification of the model. 

The DeJongh et al. (1998) Model  

Risk assessment.    The model provides an approach to estimating the brain concentrations of

methylene chloride associated with acute inhalation exposures in rats.  DeJongh et al. (1998) reported the

results of simulations of exposures at the 15-minute and 6-hour LC50 in the rat.  The predicted methylene

chloride concentrations in brain were as follows: 15-minute LC50 exposure, 95,781 ppm (331,770 mg/m3,

brain 24.3 mM, brain lipid 97.6 mM; and 6-hour LC50 exposure, 25,181 ppm (87,469 mg/m3), brain

17.3 mM (1,594 mg/L), brain lipid 69.5 mM (6,403 mg/L). 

Description of the model.    DeJongh et al. (1998) developed a PBPK model for estimating brain

concentrations of methylene chloride and other airborne volatile chemicals in rats.  The model is an

adaptation of PBPK models of toluene (DeJongh and Blaauboer 1996) and styrene (Ramsey and

Andersen 1984), with the addition of a brain compartment.  The model simulates seven tissue

compartments: blood, lung, fat, liver, richly perfused tissues, slowly perfused tissues, and brain.  Two 
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metabolic pathways for methylene chloride are assumed to occur exclusively in the liver.  A glutathione-

S-transferase pathway is represented by an allometrically scaled first order rate constant, and a mixed

function oxidase pathway is represented by a Michaelis-Menten function with constants Vmax and Km.

The major innovation in this model is the simulation of a brain compartment, which allows calculations of

the rates of transfer of methylene chloride from blood into water and lipid compartments of brain.  The

amount of methylene chloride in the brain is calculated using standard PBPK algorithms for flow-limited

transfer from blood, assuming that methylene chloride partitions from blood directly into the brain

according to an empirically-derived blood-brain partition coefficient (Gargas et al. 1989).  Partitioning of

methylene chloride between aqueous and lipid compartments in the brain is calculated from an octanol-

water partition coefficient (Meylan and Howard 1995).

Validation of the model.    The model, as described in DeJongh et al. (1998), has not been calibrated

against an empirical data set or validated for predicting brain methylene chloride concentrations.

Target tissues.  Outputs from the model described in DeJongh et al. (1998) are estimates of the amount

and concentration of methylene chloride in whole brain or brain lipid.

Species extrapolation.  The model is designed to predict the distribution of inhaled methylene

chloride to the brain in rats.  Extrapolation to other species would require modification of the model to

account for different tissue masses, blood flows, and possibly other kinetic variables. 

Interroute extrapolation.  The model is designed to simulate the pharmacokinetics of methylene

chloride when exposure is by inhalation to airborne methylene chloride.  The kinetics would be expected

to be different for other routes of exposure; therefore, the output of the model cannot be extrapolated to

other exposure pathways (e.g., dietary, drinking water) or routes (e.g., oral, dermal) without modification

of the model. 

The Poulin and Krishnan (1999) Model  

Risk assessment.    The model provides an approach to estimating the concentrations of methylene

chloride in venous blood, and possibly other tissues, associated with acute inhalation exposures.  Poulin

and Krishnan (1998) reported the results of simulations of a 6-hour inhalation exposure of an adult human 
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to 100 ppm methylene chloride (347 mg/m3).  The predicted methylene chloride concentrations in venous

blood after 6 hours of exposure were approximately 0.5 and 1.5 mg/L for the bounding assumptions, liver

extraction ratio of one or zero, respectively.

Description of the model.    Poulin and Krishnan (1999) described a quantitative structure-toxico-

kinetic relationship (QSTkR) model for estimating venous blood concentrations, and tissue:air and

tissue:blood partition coefficients of methylene chloride (and other airborne volatile chemicals) in

humans.  The QSTkR model is an adaptation of the PBPK model of Andersen et al. (1991) with the

addition of a model for estimating values of the partition coefficients based on molecular structure

fragment and tissue composition information.  The model simulates blood, lung, fat, liver, richly perfused

tissues, and slowly perfused tissues.  Two innovations in this model are the approach to the simulation of

methylene chloride metabolism in the liver and the inclusion of the structure-based estimation of partition

coefficients. 

The rate of metabolism of methylene chloride in the liver is represented as the products of the liver blood

flow rate, the arterial concentration of methylene chloride, and the liver extraction ratio (ratio of hepatic

clearance to hepatic blood flow).  This approach does not require specification of values for the kinetic

constants of metabolism (e.g., Vmax, Km), but does require specification of a value, or range of values, for

the liver extraction ratio.  In the absence of an empirical basis for any given value for the extraction ratio,

bounding estimates for venous blood concentrations, as affected by hepatic metabolism, can be made by

running simulations in which the extraction ratio is assumed to be either zero or one (Poulin and Krishnan

1999).

The octanol:water partition coefficient, the water:air partition coefficient, and the boiling point are

estimated using molecular structure fragment information (Poulin and Krishnan 1996, 1998).  The

estimated values for the above parameters are used with tissue composition information (e.g., water and

lipid content) to estimate values for blood:air and tissue:blood partition coefficients.

Validation of the model.    Estimates of blood:air and tissue:blood concentration predicted with the

QSTkR compared well with empirical determinations for methylene chloride (and a variety of other

volatile organic compounds).  Measured venous blood concentrations of methylene chloride in humans

exposed to 100 ppm methylene chloride (347 mg/m3) for 6 hours (Andersen et al. 1991) were within the

bounding estimates (liver extraction ratio assumed to be zero or one) predicted with the QSTkR. 
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Target tissues.  Output from the model described in Poulin and Krishnan (1998) are estimates of the

concentration of methylene chloride in venous blood.

Species extrapolation.  The model is designed to predict venous blood concentration of methylene

chloride in humans.  Extrapolation to other species would require modification of the model to account

for different tissue masses, blood flows, and possibly other kinetic variables. 

Interroute extrapolation.  The model is designed to simulate the pharmacokinetics of methylene

chloride when exposure is by inhalation to airborne methylene chloride.  The kinetics would be expected

to be different for other routes of exposure; therefore, the output of the model cannot be extrapolated to

other exposure pathways (e.g., dietary, drinking water) or routes (e.g., oral, dermal) without modification

of the model. 

The Pelekis and Krishnan (1997) Model  

Risk assessment.    The model provides an approach to estimating the COHb levels in blood that

would result from oral or inhalation exposures to mixtures of methylene chloride and toluene if certain

assumptions are made regarding the mechanism of interaction between the two chemicals: (1) the

interaction occurs at the level of the mixed function oxidase-mediated metabolism of methylene chloride

to carbon monoxide in the liver; and (2) the mechanism of inhibition can be simulated by Michaelis-

Menten type models of competitive, noncompetitive or uncompetitive inhibition of the pathway.  Pelekis

and Krishnan (1997) extrapolated the rat model to humans by replacing the rat values with human values

for physiological variables and by assuming that partition coefficients and the metabolism kinetic

constants are the same in the rat and human.  The resulting human model was used to predict the area

under the COHb-time curve for a human exposure to the ACGIH 8-hour TLV for methylene chloride

(50 ppm, 174 mg/m3), or to a simultaneous exposure to the methylene chloride and toluene at their

respective TLVs (50 ppm, 188 mg/m3).  The model predicted a 2–9% decrease in COHb levels in the

mixed exposure compared to the exposure to methylene chloride alone, depending on which mechanism

of inhibition of the mixed function oxidase pathway was assumed. 

Description of the model.    Pelekis and Krishnan (1997) linked a PBPK model for methylene

chloride (Andersen et al. 1991) with a PBPK model of toluene (Tardif et al. 1993).  The composite model

was used to simulate the kinetics of COHb production resulting from exposures to mixtures of the two 
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chemicals in rats or humans.  The model simulates seven tissue compartments: blood, gastrointestinal

tract, lung, fat, liver, richly perfused tissues, and slowly perfused tissues.  Metabolic pathways for

methylene chloride are assumed to occur exclusively in the liver.  A glutathione-S-transferase pathway is

represented by a first order rate constant, and a mixed function oxidase pathway, which produces carbon

monoxide as a product, is represented by a Michaelis-Menton function with constants Vmax and Km.  The

metabolism of toluene is assumed to occur in the liver through a mixed function oxidase pathway.  An

innovation in this model is the simulation of interactions between methylene chloride and toluene at the

level of the mixed function oxidase pathway.  This is achieved with Michaelis-Menton equations that

simulate four possible interaction possibilities: (1) no interaction between methylene chloride and

toluene; (2) competitive inhibition of the mixed function oxidase pathway (increase in apparent Km); (3)

noncompetitive inhibition of the pathway (decrease in Vmax); or (4) or uncompetitive inhibition (increase

in Km and decrease in Vmax).  The relationship between carbon monoxide production (including

endogenous production) and percent COHb in blood is simulated using the Coburn-Foster-Kane model,

as implemented in the model described by Andersen et al. (1991).

Validation of the model.    The results of simulations were compared with observations made in

studies of single or mixed exposures to methylene chloride and toluene in rats (Ciuchta et al. 1979;

Pankow et al. 1991a, 1991b).  Pankow et al. (1991a, 1991b) reported the levels of COHb in rats exposed

to either a single oral dose of methylene chloride (6.2 mmol/kg, 527 mg/kg), or combined single oral

doses of 6.2 mmol/kg methylene chloride (527 mg/kg) and 18.8 mmol/kg toluene (1,732 mg/kg) (Pankow

et al. 1991a, 1991b).  The observed COHb level 6 hours after dosing with methylene chloride was 9.3%

compared to 1.7% after combined dosing with methylene chloride and toluene.  The corresponding COHb

levels simulated with the PBPK model were 8.7% for dosing with methylene chloride alone, and 2.1% for

the combined dosing, assuming competitive inhibition of the mixed function oxidase pathway, or 0.6%,

assuming either noncompetitive or uncompetitive inhibition (Pelekis and Krishnan 1997).  The PBPK

model also predicted COHb levels 12 hours after dosing with methylene chloride alone and the

corresponding 12-hour area under the COHb-time curve that agreed well with observations from Pankow

et al. (1991).  Observed peak COHb levels following exposure of rats for 1 hour to 5,000 ppm

(17,368 mg/m3) methylene chloride were 10–12% compared to less than 1% when the methylene chloride

exposure occurred 30 minutes after a single intraperitoneal dose of 0.005 mmol/kg (0.46 mg/kg) of

toluene (Ciuchta et al.1979).  Corresponding model simulations agreed well with these observations, only

when uncompetitive or noncompetitive inhibition of the mixed function oxidase pathway was assumed. 

The competitive inhibition model severely overestimated the peak COHb concentrations observed in the 
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combined exposure experiment.  These results suggest that, of the three interactions mechanisms

simulated, the noncompetitive and uncompetitive mechanisms more accurately predicted the in vivo

observations.

Target tissues.  Output from the model described in Pelekis and Krishnan (1997) are estimates of the

COHb level in arterial blood (expressed in units of percent saturation of hemoglobin).  

Species extrapolation.  The model was calibrated against observed arterial blood COHb levels in rats. 

Although Pelekis and Krishnan (1997) have extrapolated the rat model to simulate human exposures to

methylene chloride and toluene, model outputs have not been compared to empirical observations in

humans; therefore, the accuracy of the extrapolation has not been evaluated.  Extrapolation to other

species (other than human) would require additional modifications to the model to account for different

tissue masses, blood flows, and possibly other kinetic variables. 

Interroute extrapolation.  The model is designed to simulate the pharmacokinetics of methylene

chloride and toluene when exposures are by the inhalation or oral routes.  COHb levels predicted by the

model are highly sensitive to the assumed value of the gastrointestinal absorption rate constant of

methylene chloride, and less sensitive to the value of the rate constant for absorption of toluene (Pelekis

and Krishnan 1997).  This suggests that potential dose level or exposure medium effects (e.g., diet,

drinking water) or interaction effects on the absorption rate constants should be considered in simulations

of the oral route.  The kinetics would be expected to be different for other routes of exposure; therefore,

the output of the models cannot be extrapolated to other exposure pathways (e.g., dermal) without

modification of the model.

The OSHA (1997) Model  

Risk assessment.    The OSHA model provides an approach to estimating various internal dose

surrogates corresponding to inhalation exposures to methylene chloride.  OSHA (1997) used the mouse

PBPK model to translate methylene chloride inhalation exposure levels used in an NTP (1986) mouse

bioassay to equivalent amounts of methylene chloride metabolized by the mouse lung glutathione-

S-transferase pathway.  The resulting internal dose estimates were used to establish an internal dose-

response relationship for lung tumors observed in the mouse bioassay.  The mouse internal dose-response

relationship was then translated into an equivalent human internal dose-response relationship using the 
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human PBPK model.  The mean and 95th percentile cancer risks (based on the maximum likelihood of

the dose-response parameters) associated with a human exposure to 25 ppm methylene chloride

(87 mg/m3), 8 hours/day, 5 days/week for 45 years were 1.24x10-3 and 3.63x10-3, respectively.

Description of the model.    OSHA (1997) proposed a PBPK model in support of its Final Rule on

limits for occupational exposure to methylene chloride.  The OSHA model is based on several more

recent extensions of the Andersen et al. (1991) model as described by Clewell (unpublished report

available as an exhibit in OSHA (1997) and Reitz et al. (1997).  The model simulates eight tissue

compartments: blood, gastrointestinal tract, lung, fat, liver, well perfused tissues, poorly perfused tissues,

and bone marrow.  

Innovations in the OSHA model include the following. (1) Bone marrow is simulated as a distinct tissue

rather than including it in the well or poorly perfused tissue compartment.  (2) Metabolism of methylene

chloride is assumed to occur in the liver and lung tissues.  The liver and lung Km values for the mixed

function oxidase pathway are assumed to be identical.  The values for the Vmax for the mixed function

oxidase pathway in the lung and the rate constant for the glutathione-S-transferase pathway in the lung

are set as fixed fractions of their respective values in liver.  These estimates take into account relative

tissue volumes, in vitro estimates of metabolism rates in the two tissues, and the relative abundance of

microsomal or soluble protein in the two tissues.  (3) Alveolar ventilation rates are dependent on cardiac

output.  The relationship between the two variables is assumed to be a direct proportionality with a

ventilation-perfusion ratio as the proportionality term.  (4) Cardiac output, tissue distribution of cardiac

output, and the ventilation-perfusion ratio are related to work intensity allowing various work-related

exposure scenarios to be simulated.  (5) Tissue blood flows, as a fraction of the cardiac output, are

constrained so that either the fractional flow to the well-perfused tissues (mouse model) or poorly

perfused tissues (human model) is set as 1 minus the sum of the fractional flows to all other tissues.  This

constraint was imposed as an approach to ensure mass balance of flows when a Monte Carlo sampling

approach was used to select parameter values.

Probability distributions for input parameters in the mouse and human versions of the OSHA model were

developed using a Bayesian analysis of empirical data from gas uptake studies in mice and human open

chamber inhalation studies, respectively.  The resulting probability distributions were used in a Monte

Carlo approach to implement the PBPK models.  This approach results in probability distributions for

model outputs, rather than single point estimates.
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Validation of the model.    The mouse and human models were calibrated using data from gas uptake

studies in mice and human open chamber inhalation studies (OSHA 1997).  Comparisons of model

outputs with empirical observations other than those used in the Bayesian analysis were not reported in

OSHA (1997). 

Target tissues.  The mouse and human models have been used to estimate the amounts of methylene

chloride metabolized through the glutathione-S-transferase pathway in liver and lung (OSHA 1997). 

Species extrapolation.  Separate models for the mouse and human have been developed, enabling

extrapolations of internal dose surrogates between these two species (OSHA 1997).  Extrapolation to

other species would require additional modifications to the models to account for different tissue masses,

blood flows, and possibly other kinetic variables. 

Interroute extrapolation.  The mouse and human models have been used to simulate the

pharmacokinetics of methylene chloride when exposures are by the inhalation route (OSHA 1997).  The

models include gastrointestinal tissue compartment and, therefore, could be applied to oral exposures,

provided that validation studies support such uses of the model.  The kinetics would be expected to be

different for other routes of exposure; therefore, the output of the models cannot be extrapolated to other

exposure pathways (e.g., dermal) without modification of the models.

2.4 MECHANISMS OF ACTION

2.4.1 Pharmacokinetic Mechanisms

The physical properties of methylene chloride, particularly its lipophilic nature, high vapor pressure, and

high serum/air partition coefficient, suggest that it is likely to be absorbed across the alveolar membranes

of the lung, mucosal membranes of the gastrointestinal tract, and the skin by passive diffusion.  Once in

the body, it is widely distributed, with the greatest amounts accumulating in the more lipophilic tissues;

this probably also occurs by passive diffusion.

Andersen et al. (1987),  Reitz (1990, 1991), Reitz et al. (1988), and Andersen and Krishnan (1994) have

used a PBPK model to predict amounts of methylene chloride metabolism produced (mg equivalents of

methylene chloride metabolized per L of liver tissue per day) produced by the two major pathways of 
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methylene chloride metabolism: the MFO pathway and the GSH-mediated pathway.  This model

identifies the pathway which appears to activate methylene chloride to reactive intermediates but neither

characterizes the putative metabolite nor describes the mechanisms of action.  In essence, the MFO

pathway is oxidative and appears to yield carbon monoxide as well as considerable amounts of carbon

dioxide.  The glutathione-dependent pathway produces formaldehyde and carbon dioxide, but no carbon

monoxide.  Potentially reactive intermediates are formed in each of the metabolic pathways for methylene

chloride: formyl chloride via the MFO pathway and methylchloroglutathione via the GSH pathway. 

Distribution of methylene chloride metabolism between these pathways is dose dependent.  The MFO

pathway is a high-affinity, limited-capacity pathway which saturates at relatively low airborne

concentrations (about 200–500 ppm).  In contrast, the GSH pathway has a lower affinity for methylene

chloride, and does not appear to saturate at experimental concentrations (<5,000 ppm).  Thus, at low

concentrations, most of the methylene chloride is metabolized by the MFO pathway.  As exposure

concentrations increase and the MFO pathway saturates, metabolism by the secondary GSH pathway is

observed.

Predicted amounts of methylene chloride metabolism produced by each pathway (mg equivalents of

methylene chloride metabolized per L of liver tissue per day) are presented in Reitz’s (1990, 1991)

analyses.  The predicted amounts of MFO metabolites formed in lung and liver tissue are nearly identical

for the 2 concentration levels in the mouse inhalation cancer bioassay (2,000 and 4,000 ppm) because

saturation of the MFO pathway occurs at administered airborne concentrations of approximately

200–500 ppm.  However, mouse liver and lung tumors are consistently higher in the 4,000 ppm exposure

group than in the 2,000 ppm group in this bioassay.  Therefore, there is no concentration-response

relationship between rodent tumor incidence and MFO metabolite levels.  The PBPK model also predicts

that levels of MFO metabolites produced by long-term drinking water administration of 250 mg/kg/day

methylene chloride to B6C3F1 mice should be similar to the levels of MFO metabolites produced in the

inhalation bioassay.  However, no statistically significant increases in tumors in the drinking water

bioassay were observed; therefore, MFO metabolites would not be predicted to be involved in rodent

tumorigenicity by either route of administration.  Predicted rates of metabolism of methylene chloride by

the GSH pathway correlate more clearly with the induction of lung and liver tumors, or lack thereof, in

the two chronic studies.  In the inhalation study, predicted levels of GSH metabolites at 4,000 ppm are

higher than predicted levels of GSH metabolites at 2,000 ppm.  In contrast, predicted levels of GSH

metabolites formed in target tissues during drinking water administration of methylene chloride are very

low.  Thus, the pattern of tumor induction, or lack thereof, in both studies shows a good correlation with 
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the rates of metabolism of methylene chloride by the GSH pathway.  Because the dose dependency of

GSH metabolite formation is nonlinear at low concentrations, the delivered dose arriving at the target

sites cannot be directly extrapolated from very high inhalation concentrations (4,000 ppm) to the very low

concentrations (<1 ppm) typical of human exposure.  

Casanova et al. (1996) developed an extended PBPK model for DNA-protein crosslink (DPX) formation

in mouse liver, based on the model originally developed by Andersen et al. (1987).  The extended PBPK

model estimated area under the curve for methylene chloride in mouse liver as the independent variable. 

Tissue-specific yields of DPX were used as the dose surrogate.  Estimates were made of the amount of

DPX formed in the mouse liver at methylene chloride inhalation concentrations used in the bioassay (i.e.,

2,000 and 4,000 ppm) and plotted against liver tumor yields in the mouse.  DPX thus served as a

concentration surrogate for airborne methylene chloride concentrations.  The model assumes that DPX

formation is associated with methylene chloride mouse liver tumorigenicity.  Because formaldehyde

produces DPX, and GSH-mediated metabolism of methylene chloride produces formaldehyde as a

reactive intermediate, the authors suggest that formaldehyde is involved in the genotoxic mechanism(s) of

action associated with mouse liver tumorigenicity.  When excess lifetime cancer risk was estimated using

the mouse liver tumor data and two alternate dose measures, DPX and airborne vapor concentrations, the

maximum likelihood estimates were similar, but the upper-bound estimate using DPX was two orders of

magnitude lower than that using airborne concentrations.  Thus, DPX appears to be a reasonable dose

surrogate for methylene chloride inhalation exposure.  However, most other investigators do not consider

DPX formed by the weakly mutagenic activity of formaldehyde to be the putative mechanism of action of

methylene chloride-induced liver tumorigenicity (see Section 2.4.2, Mechanisms of Toxicity). 

Furthermore, human hepatocytes do not appear to form DPX in measurable amounts, as do mouse

hepatocytes (Casanova et al. 1996).

2.4.2 Mechanisms of Toxicity

The lung, the blood system, and the nervous system are the major target organs of toxicity associated with

exposure to methylene chloride.

Non-neoplastic Mechanisms.  In humans, Snyder et al. (1992a, 1992b) have reported headache, chest

discomfort, cough, and the presence of alveolar and interstitial infiltrates in the lung as a result of short-

term high-concentration vapor exposure to methylene chloride in confined, unventilated rooms or 



METHYLENE CHLORIDE 109

2.  HEALTH EFFECTS

basements.  In B6C3F1 mice exposed to 4,000 ppm of methylene chloride vapors for 6 hours (Foster et al.

1992), the major initial morphological effect observed in mouse lung was acute Clara cell damage. 

However, the damage appeared to resolve after five consecutive daily exposures to methylene chloride. 

The appearance and disappearance of the lesion in the Clara cell correlated well with the activity of

cytochrome P-450 monooxygenase in the Clara cell, as assessed immunocytochemically (CYP2B1 and

CYP2B2) in the whole lung and biochemically in the freshly isolated Clara cell (as determined by

ethoxycoumarin O-dealkylation and aldrin epoxidation).

Over 13 weeks (5 days/week) of exposure, the acute Clara cell damage, which developed after a 1-day

exposure but resolved after 5 consecutive exposures, reappeared on reexposure after a 2-day weekly

break.  The severity of the lesion diminished as the study progressed.  The authors suggest that the reason

for the decrease or disappearance of the lesion was due to an adaptation/tolerance in the Clara cell to

methylene chloride that was linked to a marked decrease of methylene chloride metabolism by

cytochrome P-450 pathways.  Glutathione (GST) activity in the Clara cell either remained unchanged or

increased following methylene chloride exposure.  

Inhalation and ingestion exposures to methylene chloride result in the production of carbon monoxide

associated mainly with metabolism via the MFO pathway.  CO binds to hemoglobin, and can cause

carboxyhemoglobinemia.  In two fatal human cases of methylene chloride poisoning, COHb was elevated

to approximately 30% (Manno et al. 1992).  Other reports on human and animals show that COHb

increases from baselines of 0–2 to 4–15%, under varying regimes of methylene chloride inhalation

exposure. 

Neurotoxicity resulting from exposure to methylene chloride is believed to be associated with the

lipophilic properties of methylene chloride; however, the precise mechanisms of neurotoxicity are not

known.  Presumably, the methylene chloride enters cell membranes, which in the case of neurons,

interferes with signal transmission, in a manner similar to general anesthetics (De Jongh et al. 1998;

Sikkema et al. 1995).  Neurotoxicity is also assumed to be caused by the hypoxia that results from the

formation of COHb.

Cancer.  With regard to tumor induction in the rodent lung and liver, methylene chloride is postulated to

be activated to an unknown reactive intermediate via metabolism.  There are two major metabolic

pathways: the MFO pathway, specifically cytochrome P-450 2E1 and glutathione-glutathione 
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S-transferase-mediated (GSH-GST) pathway.  The isoenzyme involved in the GSH-GST pathway has

been identified as a Θ (theta) class glutathione S-transferase, GSTT1-1, which is present in moderate

quantities in the mouse lung, but has been detected only at very low levels in human lung and liver tissue

samples (Mainwaring et al. 1996b; Sheratt et al. 1997).  These findings suggest that in humans the lung

and liver are likely to have little capacity to activate methylene chloride into its reactive metabolites. 

However, higher than background levels of GSTT1-1 mRNA were detected in a small number of Clara

cells and alveolar/bronchiolar ciliated epithelial cells of one human lung sample (out of four) and of

GSTT2-2 enzyme in the biliary epithelium of the human liver (Mainwaring et al. 1996b).  Thus, it is

possible that, in some individuals, these specific cell types may be vulnerable to genotoxic effects from

reactive intermediates of methylene chloride metabolism, although the overall risk is likely to be low.

The MFO pathway is oxidative and appears to yield carbon monoxide as well as considerable amounts of

carbon dioxide.  The glutathione-dependent pathway produces formaldehyde and carbon dioxide, but no

carbon monoxide.  Potentially reactive intermediates are formed in each of the metabolic pathways for

methylene chloride:  formyl chloride in the oxidative pathway, and formaldehyde and chloromethyl

glutathione in the conjugative pathway.  Neither formyl chloride nor the glutathione conjugate of

methylene chloride has been isolated or characterized, although Green (1997) reports that their formation

is entirely consistent with available information on glutathione-mediated metabolism.  Distribution of

methylene chloride metabolism between these pathways is dose dependent.  The MFO pathway is a high-

affinity, limited-capacity pathway which saturates at relatively low atmospheric concentrations

(approximately 200–500 ppm).  The GSH pathway, in contrast, has a lower affinity for methylene

chloride, but does not appear to saturate at experimentally produced concentrations (<5,000 ppm).  Thus,

the MFO pathway accounts for most of the metabolized methylene chloride at concentrations less than

500 ppm, but as exposure concentrations increase above the MFO saturation level, increases in the

amount of methylene chloride metabolized by the secondary GSH pathway are seen (Reitz 1990).  The

concentration dependency of these two metabolic pathways is consistent with the tumor results obtained

in long-term rodent inhalation and drinking water cancer bioassays of methylene chloride and supports

the assertion that GSH-mediated metabolism is responsible for methylene chloride-induced

tumorigenicity in B6CF1 mice.

There is no evidence to suggest that methylene chloride is a direct acting carcinogen; the marked species

differences in carcinogenicity induced by methylene chloride are not typical behavior of direct-acting

compounds.  Methylene chloride also does not exhibit the chemical reactivity towards nucleophiles
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normally associated with direct action (Green 1997).  Therefore, metabolic activation is required which

interacts in some way with mouse tissues to cause tumors.

A series of bacterial mutagenicity tests has demonstrated that:  methylene chloride induction of bacterial

mutagenicity is expressed more strongly in Salmonella typhimurium TA 1535 modified to express a

mammalian GST Θ class enzyme (NM5004 strain) than in the original strain (Oda et al. 1996);  meth-

ylene chloride induction of bacterial mutagenicity S. typhimurium strain TA 100 is unaffected by the

presence of GST α or π classes (Simula et al. 1993); methylene chloride is less mutagenic in a S.

typhimurium GSH-deficient strain (TA100/NG11) as compared to TA 100 (Graves et al. 1994a); and

bacterial testing with 3 K12 strains of Escherichia coli showed that methylene chloride (activated by S9

mouse liver fraction) and formaldehyde were mutagenic only in the wild-type E. coli, a characteristic

shared with crosslinking agents; these data initially suggested a mutagenic role for metabolically-derived

formaldehyde in E. coli (Graves et al. 1994a).

These bacterial assays demonstrated that in in vitro tests, methylene chloride was activated by a Θ class

GST enzyme to a bacterial mutagen in S. typhimurium and behaved similarly to formaldehyde in E. coli

tester strains.  However, in the Chinese Hamster ovary (CHO) assay involving the hypoxanthine-guanine

phosphoribosyl transferase (HPRT) gene assay, studies of DNA single strand breaks and DNA-protein

crosslinks at mutagenic concentrations of methylene chloride and formaldehyde showed that both these

compounds induced DNA single-strand breaks; only formaldehyde induced significant DNA-protein

crosslinking (Graves et al. 1996).  Similar findings were observed in cultured, freshly isolated mouse

hepatocytes (Graves and Green 1996), but not in rat hepatocytes (Graves et al. 1994b, 1995).  The authors

concluded that, although formaldehyde might play a role in methylene chloride genotoxicity, its weak

mutagenicity and the absence of methylene chloride-induced DNA-protein crosslinking in the

CHO/HPRT assay suggested that methylene chloride-induced DNA damage and resulting mutations are

likely produced by its glutathione conjugate, putatively chloromethylglutathione.  Graves and Green

(1996) also concluded that these results suggested that the mechanism for methylene chloride

tumorigenicity in the mouse liver was likely to be genotoxic and mediated by the GSH pathway. 

Observed species differences in liver tumorogenicity between the mouse and the rat might result from

species differences in the amount of GSH-mediated metabolism induced by methylene chloride exposure.

A series of studies have been conducted to elucidate the precise genetic mechanisms of methylene

chloride carcinogenicity.  Female B6C3F1 mice were exposed to vapor concentrations of
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2,000–8,000 ppm for 2 years and sacrificed at various intervals to evaluate a number of genotoxic

endpoints.  

Replicative DNA synthesis in the bronchiolar epithelium, examined by the use of the labeling index (LI),

indicated that mice exposed to 2,000 ppm of methylene chloride for 2–26 weeks decreased to 40–60% of

controls (Kanno et al. 1993).  Mice exposed to 8,000 ppm of methylene chloride have a less dramatic

decrease in LI.  No pathological changes were found in the exposed lungs.  Thus, high-concentration

exposure to methylene chloride for up to 26 weeks reduces the cell turnover of bronchiolar cells in these

mice; therefore, increased cell proliferation does not appear to be involved in mouse lung tumorogenesis. 

DNA single-strand breaks were detected in the livers of B6C3F1 male mice, but not Syrian Golden male

hamsters, immediately following inhalation exposure to 2,000–8,000 ppm for 6 hours, but not 2 hours

after exposure, suggesting active DNA repair (Graves et al. 1995).  The DNA of mouse Clara cells

incubated in vitro with methylene chloride was also damaged at high concentrations.  Pretreatment of

mice with a glutathione depletor prior to inhalation exposure caused a decrease in the amount of DNA

damage detected, suggesting a GST-mediated mechanism; similar findings were observed in Clara cells

incubated in vitro with methylene chloride and a glutathione depletor. 

Devereux et al. (1993) analyzed liver and lung tumor, induced in female B6C3F1 female mice by

inhalation of 2,000 ppm of methylene chloride for 6 hours/day, 5 days/week exposure for up to

104 weeks, for the presence of activated ras proto-oncogenes.  In methylene chloride-induced liver

tumors, mutations, mainly transversions or transitions in base 1 or base 2, were detected and were similar

to those observed for the H-ras gene in spontaneous liver tumors.  Mutations were also identified in the

lung.  The K-ras activation profile in the methylene chloride-induced tumors was not significantly

different from the profile in spontaneously-occurring tumors.  No other transforming genes were found in

the nude mouse tumorogenicity assay.  The authors concluded that at present, no transforming genes other

than ras genes could be identified in either mouse liver or lung tumors.  Based on liver tumor data, they

also suggested that methylene chloride may affect the liver by promoting cells with spontaneous lesions.

Hegi et al. (1993) studied allelotypes of 38 methylene chloride-induced lung carcinomas from female

B6C3F1 mice exposed 6 hours/day, 5 days/week for 2 years to 2,000 ppm.  The allelotypes were

examined for various genotoxic endpoints, and the results were compared with genotoxicity findings in

two other reciprocal-cross mouse strains.  Throughout the genome, allelic losses occurred infrequently, 
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except for markers on chromosome 4, which were lost in approximately half of the carcinomas.  In lung

adenomas, chromosome 4 losses were associated with malignant conversion.  Methylene chloride-induced

liver tumors did not demonstrate chromosome 4 loss, which indicated that this finding was specific for

lung carcinomas.  Preferential loss of the maternal chromosome 4 was also observed in carcinomas in

B6C3F1 mice.  On chromosome 6, an association between K-ras gene activation and allelic imbalances

was also found in B6C3F1 mouse lung tumors.  When allelotypes of tumors in mice from two reciprocal

cross strains, AC3F1 and C3AF1, were examined and compared to the findings in B6C3F1 mice, one allele

of the putative chromosome 4 tumor suppressor gene was shown to be inactivated.  Whereas the results in

B6C3F1 mice suggested that nondisjunction events were responsible for the chromosome 4 losses, tumors

from both reciprocal-cross mouse strains appeared to show small interstitial deletions in a chromosomal

region homologous with a region in human chromosome which is often lost in a variety of tumors,

including lung cancers.  In human chromosomes, a candidate tumor suppressor gene, MTS1, is located in

this region.

In another genotoxic analysis with the same cohort (Hegi et al. 1994), loss of heterozygosity at markers

near the p53 gene on chromosome 11 and within the retinoblastoma tumor suppressor gene were

examined in methylene chloride-induced liver and lung tumors and compared to spontaneous tumors in

control mice.  The authors concluded that inactivations of p53 and the retinoblastoma tumor suppressor

gene were infrequent events in lung and liver tumorigenesis in mice exposed to methylene chloride.

Replicative DNA synthesis was examined by Kanno et al. (1993) to evaluate the potential role of

treatment-induced lung cell proliferation on pulmonary carcinogenicity in female B6C3F1 mice exposed

to 2,000 or 8,000 ppm of methylene chloride for 6 hours/day, 5 days/week for 2 years.  By the end of the

study, there was a statistically significant increase in lung tumors in exposed animals when compared to

controls.  Cell proliferation was assessed in the lung after 1, 2, 3, or 4 weeks of inhalation exposure to

2,000 or 8,000 ppm, and after 13 and 26 weeks exposure to 2,000 ppm, as measured by changes in

labeling indices (LI).  The LI of both bronchiolar epithelium and terminal bronchioles were substantially

decreased in mice exposed to 2,000 ppm of methylene chloride for 2–26 weeks.  Similar findings, but not

as severe, were observed in mice exposed to 8,000 ppm.  The decreases in LI were not accompanied by

cytotoxicity.  The authors concluded that high-concentration exposure to methylene chloride for up to

26 weeks reduces cell proliferation in lung epithelial cells in female B6C3F1 mice.
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Maronpot et al. (1995b) assessed replicative DNA synthesis after 13, 26, 52, and 78 weeks of inhalation

exposure by female B6C3F1 mice to 2,000 ppm of methylene chloride for 6 hours/day, 5 days/week.  A

statistically significant decrease in the hepatocyte LI was only observed at 13 weeks.  In lung epithelial

cells, the results were similar to those observed by Kanno et al. (1993).  No increases in replicative DNA

synthesis were found in liver foci cells or lung parenchymal cells.  K-ras gene activation in liver tumors

and H-ras gene activation in lung tumors did not differ between methylene chloride-induced tumors and

those observed in control animals.  The authors concluded that these oncogenes were not involved in

mouse tumorogenesis.  

DNA-protein crosslinks (DPX) in lung and liver were examined by Casanova et al. (1992, 1996) in male

B6C3F1 mice exposed to 2,000 and 4,000 ppm of methylene chloride for 6 hours/day for 2 days and in

male Syrian Golden hamsters exposed to 3,500 ppm.  The authors suggested that formaldehyde derived

from GSH-mediated methylene chloride metabolism might be forming DPX in mouse liver.  Although

DPX were detected in mouse liver, there was no evidence of DPX formation in mouse lung, hamster liver,

or hamster lung.  Additionally, DPX are not formed in measurable amounts in human liver tissue

(Casanova et al. 1996).  Therefore, the induction of DPX by formaldehyde in mouse liver might be a

species-specific, tissue-specific response.  A subsequent in vitro study by this laboratory confirmed the

absence of DPX formation in response to methylene chloride in human, rat, and hamster hepatocytes,

whereas a dose-response was observed in mouse hepatocytes (Casanova et al. 1997).  In a different

experiment, a dose-response in the formation of RNA-formaldehyde adducts was observed in hepatocytes

of all four species (mouse>human>rat>hamster).  RNA adduct production was related to the expression of

the GSTT1-1 enzyme; the human liver sample lacking GSTT1-1 did not produce RNA adducts.

In vitro tests using two different strains of Salmonella, one with and one without GST expression,

revealed that methylene chloride may be mutagenic by at least two pathways (DeMarini et al. 1997).  The

bacterial strains employed were TA100 and RSJ100; the latter is a derivative of the strain TA1535 (not

normally mutagenized by methylene chloride) that contains recombinant rat GSTT1-1.  In RSJ100,

methylene chloride was mutagenic at moderate doses, and produced a single class of mutation (GC ÷ AT

transversions) only at the middle C of the target CCC.  Although methylene chloride was mutagenic in

TA100, it required a much higher dose to match the mutation frequency in RSJ100.  Furthermore, it

produced a variety of lesions and mutations (predominantly GC ÷ TA transversions) at the first and

second positions of the CCC target.  The implication of these results is that genotoxic effects of

methylene chloride will be different, depending on the GSTT1 phenotype.  Those who lack the functional
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gene would only be susceptible to genetic damage from methylene chloride under high exposure levels,

whereas carriers might be vulnerable to genetic damage at much lower exposure levels.

According to Maronpot et al. (1995b), the precise mode of action of methylene chloride-induced mouse

tumorigenicity appears to be elusive and has not yet been confirmed.

2.4.3 Animal-to-Human Extrapolations

The two major difficulties in applying the results of rodent cancer bioassays to humans involve

extrapolation from the high-concentration rodent exposures to the lower concentrations typical of human

exposure conditions; and the interspecies extrapolation.  The predominant tumors of interest with regard

to methylene chloride-induced tumorigenicity are mouse lung and mouse liver.  However, species

differences among rodent tumorigenic, genotoxic, and morphological responses to methylene chloride, as

well as differences between mice and humans, appear to limit the applicability of mouse tumor data to

humans, according to some authors.  Foster et al. (1992) have suggested that the Clara cell may have a

role in mouse lung tumor induction; there is a substantially higher number of Clara cells in the mouse

than in other rodent species or in humans.  GSH-mediated activation of the proximate carcinogenic agent

of methylene chloride in mice has been associated with a specific isoenzyme, the Θ (theta) class GSTs;

Sheratt et al. (1997) have shown that this isozyme is expressed at very low levels in human pulmonary

cells in vitro, suggesting that in humans, the lung has little capacity to activate methylene chloride into

biologically reactive intermediates.  In vitro studies (e.g., Graves et al. 1995) have shown species

differences in the ability to induce DNA single-strand breaks in mouse, rat, hamster, and human cells that

are compatible with the known rodent carcinogenicity, or lack thereof, in chronic cancer bioassays. 

These in vitro studies suggested that humans are unlikely to be more susceptible than rodents to

methylene chloride-induced liver cancer.  

In a comparison of rates of methylene chloride metabolism by each of the two major pathways in four

species, the mouse, rat, hamster, and human, Green (1997) presented in vivo and in vitro evidence that the

MFO pathway metabolic rates are similar among all four species and saturated at concentrations of

500 ppm or above.  In contrast, the GSH-mediated metabolism is linear over the concentration range

studied; it is also the major metabolic pathway for methylene chloride in mice at concentration levels used

in cancer inhalation bioassays.  Furthermore, the activity in mouse tissues is more than an order of

magnitude greater than the activity in rat tissues.  Hamster and human tissues show metabolic rates for

this pathway that are even lower than those found in the rat.  These findings are corroborated by the

localization study of Mainwaring et al. (1996b), which found higher levels of GSTT1-1 mRNA and

protein in the liver and lung of mice than in rats or humans.  In mechanistic terms, Green (1997)
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concludes that these studies demonstrate that differences in glutathione-mediated metabolism among

mice, rats, hamsters, and humans are correlated with differences in carcinogenicity of methylene chloride. 

This is supported by the levels of glutathione that have been detected in the livers of the different species. 

The hepatic concentrations of GSH (in nmol/106 cells) were approximately 129 in B6C3F1 mice (Ruch et

al. 1989), 50 in Sprague-Dawley rats (Jones et al. 1978), 22 in Syrian Golden hamsters, and 21 in humans

(Steinmetz et al. 1988).  Thus, the mouse is the most sensitive species to metabolic activation of

methylene chloride by glutathione metabolism, whereas humans appear to be the least sensitive.  

However, other evidence suggests that methylene chloride may be potentially carcinogenic in humans. 

Mainwaring et al. (1996b) analysis of the distribution of mRNA and protein for GSTT1-1 and GSTT2-2

in the analysis of the liver and lungs of mice, rats, and humans corroborated the finding of Sheratt et al.

(1997) that the overall levels in human tissues are much lower than in those of mice.  However, the

immunodetection of localized high concentrations of GSTT2-2 enzyme in human bile-duct epithelial cells 

is potentially significant, considering the increased incidence of biliary cancer following chronic exposure

to methylene chloride as reported by Lanes et al. (1990).  On the other hand, the GSTT2-2 antibody did

not localize to the nucleus of human biliary epithelial cells, which would tend to reduce the potential

genotoxic effect in humans.  Although Mainwaring et al. (1996b) found that rates of metabolism of

methylene chloride were very low in human lung, they also detected higher than background amounts of

GSTT1-1 mRNA in a few Clara cells and ciliated cells of the alveolar/ bronchiolar junction of the lung in

one human sample out of four.  Therefore, despite the general low level of GSTT1-1and GSTT2-2 in

human tissue, it is possible that in some individuals, specific cell types within the human liver (bile duct)

and lung might produce genotoxic reactive intermediates as a result of methylene chloride metabolism. 

Based on GSTT enzyme distributions and concentrations, the carcinogenic risk from methylene chloride

in humans appears to be low as in rats rather than high as in mice.

The mouse model has been employed in assessment of excess lifetime cancer risks in humans from

inhalation exposure to methylene chloride by EPA and others.  Recent data, both in vitro and in vivo, 
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strongly indicate that the higher sensitivity of the mouse, relative to humans, must be taken into

consideration if mouse data are to be used to estimate potential human health risks.

2.5 RELEVANCE TO PUBLIC HEALTH

Issues relevant to children are explicitly discussed in 2.7, Children’s Susceptibility, and 5.6, Exposures of

Children.

Overview.  Methylene chloride has been widely used in industrial processes, food preparation,

agriculture, and consumer products; consequently, there have been numerous studies describing its effects

in a variety of experimental animal species.  Humans have not been clinically studied as extensively. 

Although methylene chloride uses in agricultural goods and some consumer products have declined in

recent years, there is still potential public health concern due to its continued use in industrial processes,

and continued releases into the environment.

The central nervous system is affected adversely in humans and animals at inhalation exposure levels of

200 ppm or higher (Putz et al. 1979).  Effects in animals were also reported on the liver and kidney

following continuous exposure at concentrations of 25 ppm or greater (Haun et al. 1972), and on the

cardiovascular system, but at extremely high exposures (Aviado and Belej 1974).  Long-term inhalation

exposure to methylene chloride (500 ppm or greater) increased tumors in some animals (Nitschke et al.

1988a), but did not cause teratogenic or reproductive effects in a two-generation study (Nitschke et al.

1988b).  Since inhalation is the principal route of exposure to methylene chloride, most of these effects

have been tested for or observed by this route.  Data on effects observed after oral and dermal exposure

are somewhat more limited.  Further details are presented below.

Minimal Risk Levels for Methylene Chloride.  

Inhalation MRLs.

C An MRL of 0.6 ppm has been derived for acute inhalation exposure (0–14 days) to methylene
chloride.  This MRL supersedes the previous MRL of 3 ppm derived in the 1998 draft for public
comment profile.  Refer to chapter 7 for additional information.
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The acute inhalation MRL was derived from the behavioral toxicity study by Winneke (1974) in which a

randomized blind clinical chamber experiment was used to expose 6–20 volunteers to vapors of

methylene chloride (300, 500, or 800 ppm) or filtered air for 3–4 hours.  Subjects were tested at

45-minute intervals with standard neurobehavioral tests measuring: (1) critical flicker fusion frequency

(visual); (2) auditory vigilance performance; and (3) performance on psychomotor tasks. The tested

parameters were considered to reflect the status of ‘cortical alertness’ (Fodor and Winneke 1971).  A

statistically significant depression in critical flicker fusion (CFF) frequency was observed at all

concentrations.  The magnitude of CFF frequency depression was similar at exposure concentrations of

300 and 500 ppm and was larger at 800 ppm.  Thus, there was no dose-response at the two lowest

concentrations, and a dose-response was evident at the highest concentration.  A decrease in auditory

vigilance performance was observed at 500 ppm and psychomotor task performance was impaired at

800 ppm.  Thus, reduced CFF frequency is the most sensitive neurological response to acute inhalation

exposure to methylene chloride.  Based on this endpoint, the LOAEL is 300 ppm.  A PBPK model for this

experiment was used to adjust the dosage to a 24 hour exposure period, thus resulting in a LOAEL of

60 ppm for the same endpoint (Reitz et al. 1997).  The MRL was derived by dividing the LOAEL of

60 ppm by an uncertainty factor of 100 (10 for the use of a LOAEL and 10 for human variability).

C An MRL of 0.3 ppm has been derived for intermediate inhalation exposure (15–364 days) to
methylene chloride.  

The intermediate inhalation MRL was derived from a study by Haun et al. (1972) in which groups of

mice, rats, dogs, and monkeys were continuously exposed to methylene chloride for 14 weeks at chamber

concentrations of either 0, 25, or 100 ppm.  Body weights and clinical signs were monitored throughout

the study.  Necropsy was performed and tissues were examined histopathologically and organ-to-body

weight were determined at the end of the exposure.  Data on liver histopathology of rats exposed to 25 or

100 ppm of methylene chloride were selected as the critical effect.  Liver cytoplasmic vacuolization and

staining associated with fatty deposits were observed in rats at both exposure concentrations; Haun et al.

(1972) did not mention whether there were quantitative differences in the effect observed at the two

exposure levels.  The MRL was derived based on a LOAEL of 25 ppm for hepatic effects.  Because the

critical effect observed is an extrarespiratory effect (rat liver), a human equivalent concentration (HEC)

was calculated.  Since the ratio of the blood:air partition coefficient in the rat to the blood:air partition

coefficient in the human was > 1, the value of 1.0 was used to calculate the LOAEL[HEC] (EPA 1994). 

This resulted in an MRL of  0.3 ppm by dividing the LOAEL of 25 ppm by an uncertainty factor of 90 (3

for use of a minimal LOAEL, 3 for extrapolation from animals to humans, and 10 for human variability).
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C An MRL of 0.3 ppm has been derived for chronic inhalation exposure ($365 days) to methylene
chloride.

The chronic inhalation MRL was derived from a study by Nitschke et al. (1988a) in which groups of

90 male and 108 female Sprague-Dawley rats were exposed to methylene chloride at 0 (controls), 50,

200, or 500 ppm for 6 hours/day, 5 days/week for 2 years.  A number of satellite groups were also

exposed to assess the temporal relationship between methylene chloride exposure and evidence of

toxicity.  Subgroups of females in the main study were sacrificed after 6, 12, 15, and 18 months of

exposure.  The following end points were evaluated: body weight, food consumption rates, organ weights,

hematology, clinical chemistry, urinalysis, pathology, histopathology, and blood COHb levels.  Blood

COHb levels were consistently higher than 10% in animals exposed to $200 ppm.  No pathologic or

histopathologic nontumor findings were reported except in the liver.  Hepatocellular cytoplasmic

vacuolization consistent with fatty changes, and multinucleate hepatocytes were elevated in female rats

exposed to methylene chloride at 200 and 500 ppm; a slight increase in the incidence of hepatocellular

vacuolization was also observed in male rats exposed to 500 ppm.

The NOAEL of 50 ppm was adjusted for continuous exposure (6 hour/day, 5 day/week) resulting in a

NOAEL[ADJ] of 8.92 ppm.  Whereas the MRL was derived based on hepatic effects (extrarespiratory), a

human equivalent concentration (HEC) was calculated.  Since the ratio of the blood:air partition

coefficient in the rat to the blood:air partition coefficient in the human was > 1, the value of 1.0 was used

to calculate the LOAEL[HEC] (EPA 1994).  This resulted in an MRL of  0.3 ppm by dividing the LOAEL

of 8.92 ppm by an uncertainty factor of 30 (3 for extrapolation from animals to humans, and 10 for human

variability).

Oral MRLs.

CAn MRL of 0.2 mg/kg/day has been derived for acute oral exposure (0–14 days) to methylene
chloride.  This MRL supersedes the previous MRL of 0.5 mg/kg/day derived in the 1998 draft for public
comment profile.  Refer to chapter 7 for additional information.

The acute oral MRL was derived by route-to-route extrapolation of the data from Winneke (1974) in

which a randomized blind clinical chamber experiment was used to expose 6–12 volunteers to vapors of

methylene chloride (300, 500, or 800 ppm) or filtered air for 3–4 hours.  Subjects were tested at

45-minute intervals with standard neurobehavioral tests measuring: (1) critical flicker fusion frequency

 



METHYLENE CHLORIDE 120

2.  HEALTH EFFECTS

(visual); (2) auditory vigilance performance; and (3) performance on psychomotor tasks.  A statistically

significant depression in critical flicker fusion (CFF) frequency was observed at all concentrations.  The

magnitude of CFF frequency depression was similar at exposure concentrations of 300 and 500 ppm and

was larger at 800 ppm.  Thus, there was no dose-response at the two lowest concentrations, and a dose-

response was evident at the highest concentration.  A decrease in auditory vigilance performance was

observed at 500 ppm and psychomotor task performance was impaired at 800 ppm.  Thus, reduced CFF

frequency is the most sensitive neurological response to acute inhalation exposure to methylene chloride. 

Based on this end point, the LOAEL is 300 ppm. 

Reitz et al. (1997) modified the basic PBPK model for methylene chloride that was developed by

Andersen et al. (1987), Reitz et al. (1988), and Andersen et al. (1991) as described in Section 2.3.5.2. 

The major modification of the model was the inclusion of a brain compartment so that central nervous

system effects could be assessed.  Reitz et al. (1997) modeled the Winneke (1974) data to obtain the

target organ (brain) concentrations of methylene chloride associated with administered inhalation

concentrations, and then calculate the human drinking water concentrations (mg/L) that would result in

the equivalent target organ-specific doses. Human exposure patterns in the PBPK model simulated

realistic human drinking water consumption patterns, (i.e., consisting of bouts of drinking during the day,

with and between meals, and little-to-no drinking during the night).  PBPK modeling predicted that peak

concentrations of methylene chloride in the brain would increase rapidly after each episode of drinking

water consumption, and then drop sharply, to near-zero, between bouts of drinking.  Additionally, there

would be no cumulative effects from repeated exposure. 

For acute neurological effects, the associated dose measure was defined as the peak concentration of

methylene chloride in brain tissue (mg/L of brain tissue) of humans exposed to 300 ppm of methylene

chloride for 4 hours by inhalation.  The modified PBPK model calculated that the administered inhalation

dose was equivalent to 3.95 mg of methylene chloride per L of brain tissue.  The equivalent administered

human concentration in drinking water that will produce the same neurological effects was 565 mg of

methylene chloride/L. Using a daily drinking water consumption value of 2L and an average human body

weight of 70 kg, the LOAEL was calculated to be 16 mg/kg/day.  An acute oral MRL was calculated by

dividing the LOAEL (16 mg/kg/day) by an uncertainty factor of 100 (10 for the use of a LOAEL and

10 for human variability), to yield 0.2 mg/kg/day.
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C An MRL of 0.06 mg/kg/day has been derived for chronic oral exposure ($365 days) to methylene
chloride.  This MRL supersedes the previous MRL of 0.2 mg/kg/day derived in the 1998 draft for
public comment profile.  Refer to chapter 7 for additional information.

The chronic oral MRL was derived from a study by Serota et al. (1986a) in which F344 rats (85/sex/dose)

were exposed to methylene chloride in deionized drinking water at concentrations to provide target doses

of 0, 5, 50, 125, or 250 mg/kg/day for 104 weeks.  The nominal mean doses were 0, 6, 55, 131, and

249 mg/kg/day.  There were no treatment-related effects on survival or on the incidence of adverse

clinical signs.  Organ weights were not significantly affected by treatment.  Histopathology was only

observed in the liver, which therefore is the critical target organ.  Statistically significant cellular changes

(hepatic foci/areas of cellular alterations and fatty changes) were observed at dose levels $50 mg/kg/day. 

Reduced weight gain was observed at 131 and 249 mg/kg/day, but quantitative data were not provided. 

Hematological effects (increased mean hematocrit, hemoglobin, and erythrocyte count) were observed at

all dose levels except 6 mg/kg/day.  Therefore, the lowest dose in rats was identified as the NOAEL. 

Based on measured, mean drinking water consumption rates, this dose was calculated to be 6 mg/kg/day. 

The chronic oral MRL was calculated by dividing the NOAEL (6 mg/kg/day) by an uncertainty factor of

100 (10 for extrapolation from animals to humans and 10 for human variability).

No intermediate oral MRL was derived because of an inadequate database.

Death.  Acute inhalation exposure to methylene chloride has caused death in humans (Bakinson and

Jones 1985; Bonventre et al. 1977; Hall and Rumack 1990; Stewart and Hake 1976).  Although exposure

levels were not measured, estimates suggest that a combination of high exposure levels and/or inadequate

ventilation has contributed to these lethal accidents.  Measurements of methylene chloride in tissues or of

COHb in blood have corroborated high exposures in some cases (Manno et al. 1992; Moskowitz and

Shapiro 1952; Winek et al. 1981; Tay et al. 1995).  The biologic cause of death was not verified in all

cases, but is thought to have been respiratory depression secondary to narcosis.  Asphyxia accompanied

by bilateral pulmonary congestion and focal hemorrhage was reported in one case (Winek et al. 1981) and

myocardial infarction was reported in another (Stewart and Hake 1976).  Mortality risk was not increased

in humans exposed occupationally to 30–120 ppm of methylene chloride for over 30 years (Friedlander et

al. 1978) and no excess mortality was found in workers exposed to 140–475 ppm for at least 3 months

(Lanes et al. 1993; Ott et al. 1983b).  Inhalation exposure to concentrations of 3,500 ppm for longer 
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durations (14 weeks to 2 years) was lethal in some animals (Burek et al. 1984; MacEwen et al. 1972).  No

mortality increase was noted in chronic inhalation studies at 500 ppm in the rat (Nitschke et al. 1988a).  

In one suicide case, ingestion of paint remover containing 75–80% methylene chloride resulted in death

from corrosion of the gastrointestinal tract (Hughes and Tracey 1993).  In animals, acute exposure to high

doses (2,100 mg/kg or greater) by gavage caused death (Kimura et al. 1971; Ugazio et al. 1973);

intermediate-duration exposures to 64 or 320 mg/kg/day by gavage significantly increased mortality in

female mice and male rats, respectively (Maltoni et al. 1988).  However, exposure to methylene chloride

in drinking water (up to 250 mg/kg/day) did not significantly affect survival (Serota et al. 1986a, 1986b). 

Gavage administration may result in more severe effects than ad libitum water ingestion since the

administered dose may temporarily saturate normal metabolic processes, and result in a different

metabolic profile.  No data were found on death in humans or animals from dermal exposure.

Systemic Effects  

Respiratory Effects.  In one workplace accident, acute inhalation exposure to methylene chloride

(probably at a high concentration) resulted in bilateral pulmonary congestion with focal hemorrhage

(Winek et al. 1981).  Less severe respiratory symptoms (cough, breathlessness, chest tightness) were

reported in occupational exposure incidents (concentrations unknown; Bakinson and Jones 1985). 

Exposure to 18–1,200 mg/m3 (5–340 ppm; 8-hour TWA) resulted in irritation of the respiratory tract in

one occupational study (Anundi et al. 1993).  However, a study in humans found no effect on pulmonary

function following repeated exposures to methylene chloride vapors (up to 500 ppm) (Stewart et al.

1972).  Studies in animals corroborated the severe pulmonary effects (congestion, edema, inflammation)

of acute or intermediate exposures at high concentrations (Heppel et al. 1944; NTP 1986).  Resolution of

acute Clara cell damage in mice exposed to 4,000 ppm of methylene chloride was correlated with

cytochrome P-450 activity in the lung (Foster et al. 1992).  No information was found on the respiratory

effects of low levels of methylene chloride in humans near hazardous waste sites or industrial urban areas

or in animals.

Cardiovascular Effects.  Myocardial infarction occurred in one case of acute inhalation occupational

exposure (Stewart and Hake 1976).  However, occupational studies in humans did not find any

association between exposure to methylene chloride at 75–475 ppm and cardiac abnormalities (Cherry et

al. 1981) or excess mortality due to ischemic heart disease (Hearne et al. 1990; Ott et al. 1983b).  Further, 
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a cross-sectional study of workers showed no excess of electrocardiographic abnormalities among those

exposed to methylene chloride (Ott et al. 1983c).  Another study in humans did not reveal effects on

cardiovascular functions at concentrations up to 500 ppm (NIOSH 1974).  These findings suggest the

cardiovascular system is not a sensitive target for exposure to methylene chloride in humans.  One study

in mice reported atrioventricular block following acute inhalation exposure to very high levels of

methylene chloride (>200,000 ppm) (Aviado and Belej 1974).  The relevance of this finding is limited

since the exposure level was so high. 

In an experiment with rats, using an ischemia-reperfusion model, intravenous methylene chloride infusion

(leading to blood concentrations of <0.1 mg/mL) markedly increased the atrioventricular block during the

reperfusion phase (Scholz et al. 1991).  From these results, the authors concluded that the initial coma

resulting from methylene chloride-induced poisoning is likely to result not only from anesthetic effects,

but also from sudden onset of cardiac arrhythmias.

Gastrointestinal Effects.  Nausea and vomiting were reported in 13 out of 33 occupational cases of acute

inhalation exposure to methylene chloride in the United Kingdom (Bakinson and Jones 1985); exposure

levels were not reported in these cases.  In mice exposed to 4,000 ppm of methylene chloride for 2 years,

dilatation of the stomach was reported (NTP 1986).  In humans attempting suicide, ingestion of a single

oral dose of Nitromors, a paint remover solvent containing 75–80% methylene chloride, resulted in severe

corrosion and ulceration of the gastrointestinal tract (Hughes and Tracey 1993), peritonitis and septicemia

occurred in the fatal case, whereas intestinal diverticuli developed during recovery in the another case

(Roberts and Marshall 1976).  No other studies were located regarding gastrointestinal effects in humans

or animals after exposure to methylene chloride.

Hematological Effects.  Metabolism of methylene chloride results in excess carbon monoxide and

increases in COHb, which contributes to hypoxia (Tomaszewski 1998).  Blood COHb concentrations

were about 30% higher than normal in 2 lethal cases in which workers were estimated to be exposed to

extremely high concentrations (up to 168,000 ppm) of methylene chloride in a confined work space

(Manno et al. 1992).  Several hours after an adult woman ingested a fatal oral dose of Nitromors, a paint

remover containing 75–80% methylene chloride, her COHb level was 9%.  In all three fatal exposures,

cause of death was not associated with elevated COHb.  In autoworkers who were exposed to methylene

chloride dermally and by inhalation (3–154 ppm), blood COHb measurements taken within 24 hours of

exposure were 1.2–11% for nonsmokers and 7.3 and 17.3% for two smokers (Kelly 1988).  One-day 
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occupational exposures to methylene chloride at levels below ACGIH standard (50 ppm, 8-hour TWA)

produced small increases in COHb levels in both nonsmoking and smoking adults (Soden et al. 1996);

additional daily cumulative exposure to methylene chloride did not further increase COHb levels. 

Increases in blood COHb levels between 5 and 6.8% were measured in nonsmoking volunteers exposed to

methylene chloride at concentrations up to 200 ppm for 4 to 7.5 hours (DiVincenzo and Kaplan 1981;

Putz et al. 1979). 

Other studies have reported increases in red cell count, hemoglobin, and hematocrit in women, but not in

men, occupationally exposed to concentrations of up to 475 ppm during an 8-hour workday (Ott et al.

1983d); these effects were judged by the authors to be suggestive of compensatory hematopoietic effects. 

Similar findings were not observed in rodents chronically exposed to methylene chloride by inhalation at

concentrations up to 3,500 ppm (Burek et al. 1984), but were observed in rodents exposed orally for

3 months at 480 mg/kg/day (Kirschman et al. 1986), or for 2 years at 55–249 mg/kg/day (Serota et al.

1986a, 1986b).  Intravascular hemolysis was reported in the case of a man who attempted suicide by

ingesting the paint remover, Nitromors (Roberts and Marshall 1976) and in a high-dose acute gavage

study in rats (Marzotko and Pankow 1987).

Hepatic Effects.  Human data are limited on the effects of methylene chloride on the liver.  A slight

exposure-related increase in serum bilirubin (but not at levels of clinical significance) was observed in

workers with exposure up to an average of 475 ppm of methylene chloride, but serum levels of hepatic

enzymes (e.g., aspartate aminotransferase, alanine aminotransferase, lactate dehydrogenase, and alkaline

phosphatase) were not elevated (Ott et al. 1983a); another occupational study found no exposure-related

changes in hepatic enzymes (Anundi et al. 1993).  In another study, methylene chloride vapors (up to

500 ppm) did not affect comparable serum enzyme activity in volunteers (Stewart et al. 1972).  However,

the liver appears to be a major target organ following methylene chloride exposure in animals,

particularly at high exposure levels (>5,000 ppm; Heppel et al. 1944).  Histomorphological and

biochemical changes of the liver occur following acute inhalation (6 hours to 7 days) at high

concentration levels (5,200 ppm) (Morris et al. 1979), while fatty changes and biochemical alterations

(altered cytochrome P-450 levels) were also observed at lower concentrations (100 ppm) for continuous,

24-hour intermediate-duration exposure (100 days) (Haun et al. 1972; Kjellstrand et al. 1986; Weinstein

and Diamond 1972).  Cytoplasmic vacuolization was observed in rats at 25 ppm (Haun et al. 1972). 

Using these data, ATSDR derived an intermediate inhalation MRL of 0.3 ppm, as calculated in Table 2-1. 

Exposure to 1,000–4,000 ppm for 2 years resulted in an increased incidence of hemosiderosis and focal 
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hepatic necrosis in rats (NTP 1986).  An increased incidence of fatty changes occurred following chronic

exposure at 500 ppm, but not at 200 ppm (Nitschke et al. 1988a); fatty changes were reversible when

exposure ceased.  Using data from the Nitschke et al. (1988a) study, ATSDR derived a chronic inhalation

MRL of 0.3 ppm, as shown in Table 2-1.  Necrosis or fatty changes in the liver have been observed in rats

given high oral doses (>1,000 mg/kg/day) of methylene chloride (Kirschmann et al. 1986; Ugazio et al.

1973).  Chronic ingestion of methylene chloride in drinking water has been associated with fatty changes

in rats at 55 mg/kg/day or greater and in mice at 175 mg/kg/day or greater, but not at 6 mg/kg/day (Serota

et al. 1986a, 1986b).  Based on this value (6 mg/kg/day), a chronic oral MRL of 0.06  mg/kg/day was

calculated as described in Table 2-2.  

Endocrine Effects.  No relevant information was located regarding endocrine effects in human or animals

associated with exposure to methylene chloride.

Renal Effects.  Kidney function was not altered in humans repeatedly exposed to methylene chloride

vapors (up to 500 ppm) for 6 weeks (Stewart et al. 1972) and no alterations in urinary microglobulins or

N-acetyl-beta-glucosaminidase were detected in workers chronically exposed to methylene chloride

(Anundi et al. 1993).  In rats, nonspecific renal tubular and degenerative changes occurred after

continuous intermediate-duration exposure to methylene chloride vapors (100–5,000 ppm) (Haun et al.

1972; MacEwen et al. 1972) or chronic exposure to 4,000 ppm (NTP 1986).  Similar renal changes

occurred in dogs exposed to 1,000 ppm for 4 weeks (MacEwen et al. 1972).  There were no studies

reporting renal effects following oral exposure to methylene chloride in humans.  In rat oral studies using

methylene chloride at doses >1,300 mg/kg/day, a single dose inhibited diuresis (Marzotko and Pankow

1987) and treatment for 3 months increased kidney weights in females (Kirschman et al. 1986).  At

$166 mg/kg/day, methylene chloride lowered the pH of urine in rats of both sexes (Kirschman et al.

1986).  There are no data that would enable an assessment of the potential for renal effects in humans

living near hazardous waste sites.

Dermal Effects.  No studies were located regarding dermal effects in human or animals associated with

inhalation or oral exposure to methylene chloride.  However, in some occupational accidents, direct

contact with methylene chloride has resulted in second or third degree chemical burns within 30 minutes

(Hall and Rumack 1990; Wells and Waldron 1984; Winek et al. 1981).
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Ocular Effects.  No studies were located on ocular effects in humans by oral or dermal exposure. 

However, repeated direct exposure to methylene chloride vapors (up to 500 ppm) caused mild irritation to

the eyes of volunteers (Stewart et al. 1972).  In one occupational accident, direct contact with the liquid

(duration unspecified) resulted in severe corneal burns (Hall and Rumack 1990).  In animals, small

increases in corneal thickness and intraocular tension were reported after exposure to vapors of 490 ppm

of methylene chloride or greater, but effects were reversible within 2 days after exposure ceased

(Ballantyne et al. 1976).  Inflammation of the conjunctivas and eyelids as well as increases in corneal

thickness and intraocular tension were observed following direct contact of methylene chloride (0.1 mL)

with the eyes of rabbits.  Effects were reversible within 3–9 days (Ballantyne et al. 1976).

Immunological and Lymphoreticular Effects.  No studies were located regarding immunological

effects in humans after inhalation, oral, or dermal exposure.  Splenic atrophy was evident in dogs that

died following continuous intermediate-duration exposure to vapors of methylene chloride (1,000 ppm)

(MacEwen et al. 1972), but the incidence did not increase over control levels in rats and mice chronically,

but discontinuously, exposed at a level of 4,000 ppm or less (NTP 1986). Splenic fibrosis was observed in

rats after chronic inhalation exposure at $1,000 ppm methylene chloride (Mennear et al. 1988), but was

not observed in a recent intermediate-duration study in rats exposed to 5,187 ppm methylene choride

(Halogenated Solvent Industry Alliance, Inc. (2000).  This latter study also found that the IgM antibody

response to SRBC was not significantly altered in exposed rats relative to controls.  Due to the very

limited and inconsistent nature of the database, further studies are necessary before conclusions can be

drawn about the relevance of these findings to human health.

Neurological Effects.  Studies in humans and animals indicate the central nervous system is an

important target for methylene chloride; in the case of acute exposures, anesthetic responses, which

subsided once exposure ceased, have been reported in humans and animals (Bakinson and Jones 1985;

Hall and Rumack 1990; Heppel et al. 1944; Snyder et al. 1992a, 1992b).  Neurological effects in humans

have included headache, dizziness, confusion, memory loss, intoxication, incoordination, paresthesia, and

in severe cases, unconsciousness and seizures (Bakinson and Jones 1985; Hall and Rumack 1990; Kelly

1988).  Degraded performance in various psychomotor tasks was reported in humans acutely exposed to

methylene chloride (200 ppm or greater) in experimental studies (Fodor and Winneke 1971; Putz et al.

1979; Stewart et al. 1972; Winneke 1974).  Impaired performance during exposure to methylene chloride

was associated with a rise in blood levels COHb to about 5%, which occurred after 3 hours of exposure at

200 ppm (Putz et al. 1979).  In more specific measures of cortical function, Winneke (1974) attributed 
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impaired performance in volunteers following 3–4 hours of exposure to 300 ppm of methylene chloride to

the properties of the parent compound; exposure to 50–100 ppm of carbon monoxide did not generate the

same adverse effects.  Based on this value (300 ppm), an acute inhalation MRL of 0.6 ppm was calculated

as described in Table 2-1 (Winneke 1974).  Studies in factory workers chronically exposed to methylene

chloride revealed no evidence of neurological or behavioral impairment at exposure levels of 75–100 ppm

(Cherry et al. 1981).  There was a reduction in test scores pertaining to mood changes in workers in 1 of

3 rapid rotation shifts exposed to vapors of methylene chloride (28–173 ppm), but no effects were

observed on performance as determined by digit symbol substitution scores (Cherry et al. 1983).  Mood

changes are very subjective and these results may reflect other causes.  

Neurological effects have been noted in animals following exposure to methylene chloride independent of

the route.  Narcotic effects of methylene chloride (incoordination, gait disturbances, reduced activity,

somnolence) were observed in monkeys, rabbits, rats and guinea pigs following acute exposure at

$10,000 ppm (Heppel and Neal 1944; Heppel et al. 1944); dogs exposed at this level became

uncoordinated, then excited and hyperactive (Heppel et al. 1944).  These effects wore off when exposure

ceased.  Studies in rats and gerbils suggest that methylene chloride induces regional alterations in DNA

concentrations, amino acids levels, and enzyme activities in the brain.  There was a decrease in succinic

dehydrogenase activity in the cerebellum in rats exposed to vapors of methylene chloride at concen-

trations of 500 ppm or greater and signs of increased protein breakdown in the cerebrum at 1,000 ppm

(Savolainen et al. 1981).  The DNA concentration decreased in the hippocampus and cerebellum in

gerbils exposed to $210 ppm of methylene chloride, indicating decreased cell density in these brain

regions, probably due to cell loss (Karlsson et al. 1987; Rosengren et al. 1986).  Levels of aminobutyric

acid increased in the posterior cerebellar vermis of gerbils exposed to 210 ppm of methylene chloride;

however, the significance of this finding is uncertain (Briving et al. 1986).  On the other hand, studies in

rats exposed to methylene chloride (2,000 ppm) for 13 weeks revealed that the compound did not cause 

clinical, postural, sensory, locomotor, evoked potential, or pathological effects (Mattsson et al. 1990). 

However, when rats were given an intraperitoneal injection of methylene chloride, 115 mg/kg was

sufficient to alter the pattern of flash evoked potentials (Herr and Boyes 1997); in this study, the

responses generated in methylene chloride-treated rats were different from those generated by other

solvents, leading the authors to conclude that lipid solubility alone was insufficient to predict the

neurotoxic effects.  The mechanism by which methylene chloride exerts its effects on the central nervous

system is not clear.  Anaesthetic effects of the parent compound and hypoxic effects of its metabolite

carbon monoxide may both contribute to the observed symptoms.
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Reproductive Effects.  Data on reproductive toxicity in humans are limited; there are no studies

involving oral exposure.  One group of cases reported genital pain, testicular atrophy, recent infertility,

and low/abnormal sperm counts in workers who inhaled vapors of methylene chloride and who had direct

contact with the liquid on the job for more than a year (Kelly 1988).  Exposure to methylene chloride in

this group was confirmed by blood COHb analysis and the presence of typical neurological deficits.  A

retrospective study of pregnancy outcomes among Finnish pharmaceutical workers reported a slightly

increased risk of spontaneous abortion (not quite statistically significant) associated with inhalation

exposure to methylene chloride (Taskinen et al. 1986).  No animal reproductive studies were conducted

for oral or dermal exposures to methylene chloride, and the inhalation studies were negative.  Methylene

chloride did not adversely affect fertility and litter size in rats that inhaled methylene chloride vapors at

concentrations up to 1,500 ppm or less for two generations (Nitschke et al. 1988b).  After intermediate-

duration exposure (6 weeks) to vapors of methylene chloride (200 ppm or less), there were no

microscopic lesions in testes of rats (Raje et al. 1988).  Uterine, ovarian, and testicular atrophy has been

noted in rats and mice chronically exposed for 2 years to 4,000 ppm of methylene chloride, but this was

reported to be secondary to malignant neoplasms (NTP 1986).  Based on these data, methylene chloride

does not appear to pose a hazard to human reproduction, except at very high exposure levels.

Developmental Effects.  There are few studies addressing developmental effects in humans.  A

retrospective study of pregnancy outcomes among Finnish pharmaceutical workers reported a slightly

increased risk of spontaneous abortion associated with inhalation exposure to methylene chloride

(Taskinen et al. 1986).  A study examining the effect of low environmental concentrations of methylene

chloride (<0.01 ppm) on over 90,000 births found no significant effect on birth weight (Bell et al. 1991). 

Studies in rats demonstrated that methylene chloride crosses the placenta and that metabolism of

methylene chloride by the maternal liver elevates the blood levels of carbon monoxide in the fetus

(Anders and Sunram 1982).  Animal studies demonstrated that inhalation of methylene chloride vapors at

concentrations of 1,250 ppm produced minor skeletal variants: delayed ossification of sternebrae in rats

and extra center of ossification in the sternum of mice and rats (Schwetz et al. 1975).  Fetal weight was

reduced and behavioral changes occurred in rat pups following exposure of dams to 4,500 ppm of

methylene chloride (Bornschein et al. 1980; Hardin and Manson 1980).  The significance of these

observations is uncertain since each of the three studies used only one concentration level and the

observed effects occurred at maternally toxic concentrations.  Growth (yolk sac blood vessel growth,

body length, protein concentration) and development (somite addition) were significantly retarded in rat

embryos cultured in the presence of methylene chloride at $0.5 mg/mL, but not at 0.2 mg/mL 
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(Brown-Woodman et al. 1998); the effect on the yolk sac blood vessels may have interfered with the

ability of the embryos to take up nutrients.  Methylene chloride had no effect on heart function in these

embryos.  Although fetal body weights were decreased in these animal studies, the absence of other

fetotoxic effects, embryolethality, or major malformations, suggests that methylene chloride is not likely

to cause developmental effects or behavioral changes at levels normally encountered in the environment;

with current standards and procedures, workplace exposure of pregnant women is unlikely to be

hazardous to the fetus.  The reduction in the rate of spontaneous abortions observed during the later years

of the Finnish study was attributed partly to improved industrial hygiene (Taskinen et al. 1986).

Genotoxic Effects.  No studies were located regarding the genotoxic effects of methylene chloride in

humans after inhalation, oral, or dermal exposure.  In vitro results were mixed in bacterial assays and in

tests employing mammalian cells (Table 2-3).  Methylene chloride has caused chromosomal aberrations

in some studies, but not in others.  Given the evidence of in vitro clastogenicity and its negative results in

unscheduled DNA-synthesis and DNA-binding studies, methylene chloride may be a weak mutagen in

mammalian systems.  The chemical has been evaluated in several in vivo assay systems in animals to

assess its potential to induce gene mutation and cause chromosomal aberrations or DNA damage and

repair.  Many studies were negative and some were positive (Table 2-4).  Tissue-specific genetic damage

in mice following exposure to methylene chloride, suggests that the ability of tissues to metabolize

methylene chloride may determine its genotoxicity (Sasaki et al. 1998).  Specific polymorphisms in the

metabolizing enzymes are associated with genotoxicity.  In vitro, low concentrations of methylene

chloride were more mutagenic when a functional GSTT1-1 gene was present (DeMarini et al. 1997).

Human erythrocytes expressing the GSTT1-null phenotype had a higher incidence of sister chromatid

exchange than normal following exposure to methylene chloride (Hallier et al. 1994).  Similarly,

expression of the DraI DD mutant of CYP2E1 was associated with an increase in bleomycin-induced

single-strand breaks in human lymphocyte DNA (El-Zein et al. 1997a); possibly methylene chloride

exposure would induce similar genetic damage in individuals with that genotype.  Additional details are

presented in Section 2.10, Populations that are Unusually Susceptible. 
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Table 2-3.  Genotoxicity of Methylene Chloride In Vitro

Results

Species (test system) End point
With

activation
Without

activation Reference

Mammalian cells:
Peripheral lymphocytes Chromosomal aberrations + 0 Thilagar et al.

1984a

Mouse/lymphoma L5178Y Chromosomal aberrations + + Thilagar et al. 1984a

Chinese hamster Chromosomal aberrations + + Thilagar et al. 1984a

Human/primary fibroblasts Unscheduled DNA synthesis Not tested – Jongen et al. 1981

Chinese hamster (V79) Unscheduled DNA synthesis Not tested – Jongen et al. 1981

Chinese hamster (V79) Sister chromatid exchanges (+) (+) Jongen et al. 1981

Human/peripheral lymphocytes Unscheduled DNA synthesis – – Perocco and Prodi 1981

Prokaryotic organisms:
Salmonella typhimurium
(TA98, TA100)

Gene mutation + + Gocke et al. 1981

S. typhimurium
(TA1535, TA1538, TA1537)

Gene mutation – – Gocke et al. 1981

DNA = deoxyribonucleic acid; + = positive result; – = negative result; (+) = weakly positive result
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Table 2-4.  Genotoxicity of Methylene Chloride In Vivo

Species (test system) End point Results Reference

Mammalian cells:
Mouse (bone marrow and lung cells) Chromosomal aberrations + Allen et al. 1990

Mouse (peripheral erythrocytes) Micronuclei + Allen et al. 1990

Mouse (peripheral lymphocytes and lung cells) Sister chromatid exchanges + Allen et al. 1990

Mouse (bone marrow cells) Micronuclei – Sheldon et al. 1987

Mouse Dominant lethality – Raje et al. 1988

Mouse  (liver and lung) DNA breakage + Sasaki et al. 1998

Mouse  (stomach, urinary bladder, kidney, brain 
and bone marrow)

DNA breakage _ Sasaki et al. 1998

Rat (liver) DNA breakage + Kitchin and Brown 1989

Rat Unscheduled DNA synthesis – Trueman and Ashby 1987

Mouse Unscheduled DNA synthesis – Trueman and Ashby 1987

Rat (bone marrow cells) Chromosomal aberrations – Burek et al. 1984

Mouse (bone marrow cells) Chromosomal aberrations – Gocke et al. 1981

Rat (liver and lung cells) DNA alkylation – Green et al. 1988

Mouse (liver and lung cells) DNA alkylation – Green et al. 1988

Eukaryotic organisms:
Insect:
Drosphila Gene mutation (sex-linked

recessive lethal)
(+) Gocke et al. 1981

+ = positive result; – = negative result; (+) = weakly positive result; DNA = deoxyribonucleic acid
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Cancer.  A significant increase in bile-duct cancer was observed within a cohort of workers who had

been exposed to methylene chloride (at #1,700 ppm, 8-hour TWA) for up to 28 years (Lanes et al. 1990). 

Epidemiology studies have not revealed a causal relationship between deaths due to cancer and

occupational exposure to methylene chloride at lower levels (475 ppm or less) (Friedlander et al. 1978;

Hearne et al. 1987, 1990; Ott et al. 1983b).  It should be noted that these latter studies had limited power

to detect very small increases in cancer and are not sufficient to rule out a carcinogenic potential of

methylene chloride.  Studies in animals exposed via inhalation have demonstrated that methylene chloride

can increase the incidence of naturally-occurring tumors.  When administered by inhalation, methylene

chloride (2,000 ppm or greater) increased the incidence of alveolar/bronchiolar neoplasms in 

mice of both sexes (NTP 1986).  Concentrations of 500 ppm or greater of methylene chloride increased

the incidence of benign mammary gland tumors per animal in females and male rats (Burek et al. 1984;

Nitschke et al. 1988a; NTP 1986).  The incidence of liver tumors increased over concurrent control levels

in male mice and female rats administered methylene chloride (50–250 mg/kg/day) in drinking water;

however, the incidence of lesions in treated groups were within the historical range of control values and

showed no dose response (Serota et al. 1986a, 1986b).  The results of recent toxicokinetics studies

suggest that the parent compound and/or reactive metabolites produced by the GST pathway are the

source of methylene chloride-induced tumor increases.  Based on these findings, the EPA has ranked

methylene chloride as a Group B2 carcinogen (probable human carcinogen).  The EPA has calculated that

an upper limit 10-6 risk level corresponds to 0.0006 ppm and 0.001 mg/kg/day for inhalation and oral

70-year continuous exposures, respectively.  OSHA (1997) determined that methylene chloride is a

potential occupational carcinogen, based on rodent inhalation studies and PBPK modeling, and

established an inhalation unit risk of 3.62 x 10-3 (µg/m3)-1  for occupational exposures.

The Department of Health and Human Services (NTP 1999) has determined that methylene chloride may

reasonably be anticipated to be a human carcinogen.  IARC (1987) has classified methylene chloride in

Group 2B (possibly carcinogenic to humans).  EPA (IRIS 1999) has determined that methylene chloride

is a probable human carcinogen.  Section 2.10 discusses polymorphisms in genes that metabolize

methylene chloride that may be associated with an increased risk of cancer.
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2.6 ENDOCRINE DISRUPTION

Recently, attention has focused on the potential hazardous effects of certain chemicals on the endocrine

system because of the ability of these chemicals to mimic or block endogenous hormones, or otherwise

interfere with the normal function of the endocrine system.  Chemicals with this type of activity are most

commonly referred to as endocrine disruptors.  Some scientists believe that chemicals with the ability to

disrupt the endocrine system are a potential threat to the health of humans, aquatic animals, and wildlife. 

Others believe that endocrine disrupting chemicals do not pose a significant health risk, particularly in

light of the fact that hormone mimics exist in the natural environment.  Examples of natural hormone

mimics are the isoflavinoid phytoestrogens (Adlercreutz 1995; Livingston 1978; Mayr et al. 1992).  These

compounds are derived from plants and are similar in structure and action as endogenous estrogen.  While

there is some controversy over the public health significance of endocrine disrupting chemicals, it is

agreed that the potential exists for these compounds to affect the synthesis, secretion, transport, binding,

action, or elimination of natural hormones in the body that are responsible for the maintenance of

homeostasis, reproduction, development, and/or behavior (EPA 1997).  As a result, endocrine disruptors

may play a role in the disruption of sexual function, immune suppression, and neurobehavioral function. 

Endocrine disruption is also thought to be involved in the induction of breast, testicular, and prostate

cancers, as well as endometriosis (Berger 1994; Giwercman et al. 1993; Hoel et al. 1992).

There is no evidence suggesting that methylene chloride is an endocrine disruptor.

2.7 CHILDREN’S SUSCEPTIBILITY

This section discusses potential health effects from exposures during the period from conception to

maturity at 18 years of age in humans, when all biological systems will have fully developed.  Potential

effects on offspring resulting from exposures of parental germ cells are considered, as well as any indirect

effects on the fetus and neonate resulting from maternal exposure during gestation and lactation. 

Relevant animal and in vitro models are also discussed.

Children are not small adults.  They differ from adults in their exposures and may differ in their

susceptibility to hazardous chemicals.  Children’s unique physiology and behavior can influence the

extent of their exposure.  Exposures of children are discussed in Section 5.6 Exposures of Children.



METHYLENE CHLORIDE 134

2.  HEALTH EFFECTS

Children sometimes differ from adults in their susceptibility to hazardous chemicals, but whether there is

a difference depends on the chemical (Guzelian et al. 1992; NRC 1993).  Children may be more or less

susceptible than adults to health effects, and the relationship may change with developmental age

(Guzelian et al. 1992; NRC 1993).  Vulnerability often depends on developmental stage.  There are

critical periods of structural and functional development during both prenatal and postnatal life and a

particular structure or function will be most sensitive to disruption during its critical period(s).  Damage

may not be evident until a later stage of development.  There are often differences in pharmacokinetics

and metabolism between children and adults.  For example, absorption may be different in neonates

because of the immaturity of their gastrointestinal tract and their larger skin surface area in proportion to

body weight (Morselli et al. 1980; NRC 1993); the gastrointestinal absorption of lead is greatest in infants

and young children (Ziegler et al. 1978).  Distribution of xenobiotics may be different; for example,

infants have a larger proportion of their bodies as extracellular water and their brains and livers are

proportionately larger (Altman and Dittmer 1974; Fomon 1966; Fomon et al. 1982; Owen and Brozek

1966; Widdowson and Dickerson 1964).  The infant also has an immature blood-brain barrier (Adinolfi

1985; Johanson 1980) and probably an immature blood-testis barrier (Setchell and Waites 1975).  Many

xenobiotic metabolizing enzymes have distinctive developmental patterns.  At various stages of growth

and development, levels of particular enzymes may be higher or lower than those of adults, and

sometimes unique enzymes may exist at particular developmental stages (Komori et al. 1990; Leeder and

Kearns 1997; NRC 1993; Vieira et al. 1996).  Whether differences in xenobiotic metabolism make the

child more or less susceptible also depends on whether the relevant enzymes are involved in activation of

the parent compound to its toxic form or in detoxification.  There may also be differences in excretion,

particularly in newborns who all have a low glomerular filtration rate and have not developed efficient

tubular secretion and resorption capacities (Altman and Dittmer 1974; NRC 1993; West et al. 1948). 

Children and adults may differ in their capacity to repair damage from chemical insults.  Children also

have a longer remaining lifetime in which to express damage from chemicals; this potential is particularly

relevant to cancer.

Certain characteristics of the developing human may increase exposure or susceptibility while others may

decrease susceptibility to the same chemical.  For example, although infants breathe more air per

kilogram of body weight than adults breathe, this difference might be somewhat counterbalanced by their

alveoli being less developed, which results in a disproportionately smaller surface area for alveolar

absorption (NRC 1993).
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There is no evidence from human toxicity studies that children are, or are likely to be, more susceptible to

health effects from inhalation, oral, or dermal exposure to methylene chloride than adults.  No cases of

accidental poisoning in children due to methylene chloride exposure have been reported.  The nervous

system is a sensitive acute target of methylene chloride exposure in adults and the response in children is

likely to be similar.  Methylene chloride is neurotoxic at high concentrations, in part because of its

lipophilic characteristics.  There are no data in the literature that suggest that children are more

susceptible to the acute or chronic neurotoxic effects of methylene chloride than adults.  However, there is

little information available in the literature on the chronic low-concentration neurotoxic effects of

methylene chloride exposure in either children or adults.  Methylene chloride did not produce any

toxicologically significant developmental effects in animals in a two-generation reproductive study with

rats (Nitschke et al. 1988b) or in mouse and rat developmental studies, except at very high, maternally

toxic doses (Bornschein et al. 1980; Hardin and Manson 1980; Schwetz et al. 1975).

The only animal study that is suggestive of potentially age-related vulnerability to methylene chloride is

that of Maronpot et al. (1995b), in which B6C3F1 mice were exposed to 2,000 ppm of methylene chloride

by inhalation for 26, 52, or 78 weeks.  The results of stop-exposure experiments showed that early

exposure to methylene chloride was more effective than late exposure in inducing pulmonary neoplasms. 

However, the authors mentioned the possibility that the late-exposed animals were sacrificed too early for

tumors to have developed. 

There is no information regarding the pharmacokinetics of methylene chloride in children or regarding

the nutritional factors that may influence the absorption of methylene chloride.  A PBPK model has been

developed for estimating the amounts and concentrations of methylene chloride in human breast milk that

would result from inhalation exposures to methylene chloride (Fisher et al. 1997).  Animal studies

demonstrate that methylene chloride and/or its metabolites distribute in the liver, kidney, lungs, brain,

muscle, and adipose tissues after inhalation exposures (Carlsson and Hultengren 1975; McKenna et al.

1982) and has also been shown to cross the placenta in rats (Anders and Sunram 1982).  Toxicokinetic

data indicate that methylene chloride is rapidly cleared after cessation of exposure.  Small amounts of

methylene chloride have been found in breast milk (EPA 1980d; Pellizzari et al. 1982). 

It is not known whether the metabolism of methylene chloride in children is different than in adults, but

there are theoretical reasons to suspect it might be.  Available data suggest that there are two pathways by

which methylene chloride is metabolized.  One pathway utilizes the mixed function oxidase (MFO) 
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enzymes and produces carbon monoxide (CO).  The other pathway involves the glutathione transferase

(GST) and produces carbon dioxide (CO2).  No information was located regarding the possibility that the

metabolism of methylene chloride via the GST metabolic pathway is developmentally regulated.  

CYP2E1 (the specific MFO pathway for methylene chloride) expression is low in fetal liver but increases

several hours after birth in humans and continues to increase during the first week of life (Carpenter et al.

1996, 1997; Jones et al. 1992; Viera et al. 1996).  In the human fetal liver, CYP2E1 transcripts were not

detected at 10 weeks of gestation, but were detected as early as 19 weeks (Carpenter et al. 1996).  The

CYP2E1 gene in the liver is modified by cytosine methylation at the 3' region during fetal development,

which contributes to the low expression of the gene during fetal life (Jones et al. 1992; Viera et al. 1996). 

CYP2E1 expression in the fetal brain, however, has been detected near baseline levels at 46 days of

gestation, but at significant levels beginning at 58 days (Brzezinski et al. 1999).  The early expression of

CYP2E1 in the fetal brain suggests that the brain may be particularly vulnerable to oxidative stress as a

result of xenobiotic metabolism.

In cases of heavy ethanol consumption by the mother, CYP2E1 is induced in the placenta (Rasheed et al.

1997) and in the liver (Carpenter et al. 1997).  In vitro tests demonstrated that ethanol treatment of human

fetal hepatocytes upregulated expression of CYP2E1 (Carpenter et al. 1996).  This presumably would

increase the rate of metabolism of methylene chloride in the fetus. 

Evidence from pregnant rats exposed to methylene chloride indicates that the maternal liver metabolizes

methylene chloride at a higher rate than the fetus, but that the metabolite carbon monoxide equilibrates

between the dam and fetus (Anders and Sunram 1982).  The high affinity of fetal hemoglobin for both

carbon monoxide and oxygen suggests that fetuses may be at risk from hypoxia following maternal

exposures to high levels of methylene chloride (Anders and Sunram 1982; Longo 1977).  The greater risk

of hypoxia and the potential for greater neurological damage would last until the expression of adult

hemoglobin during the first year of life.

As mentioned above, methylene chloride has been isolated from human breast milk (EPA 1980d;

Pellizzari et al. 1982), so it is possible that maternal exposures could transmit the compound to infants. 

However, PBPK modeling suggests that lactating females who breast feed their infants will not deliver

methylene chloride in significant quantities (Fisher et al. 1997).  Simulation of a workday maternal

inhalation exposure to methylene chloride at 50 ppm yielded a predicted daily intake in the infant of only

0.213 mg, which is significantly less than the 2.0 mg/day equivalent EPA Health Advisory Intake.
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There are no biomarkers of exposure or effect for methylene chloride that have been validated in children

or in adults exposed as children.  There are no biomarkers in adults that identify previous childhood

exposure.  No information was located regarding pediatric-specific methods for reducing peak absorption

following exposure to methylene chloride, reducing body burden or interfering with the mechanism of

action for toxic effects.  In addition, no data were located regarding whether methods for reducing toxic

effects might be contraindicated in children. 

2.8 BIOMARKERS OF EXPOSURE AND EFFECT

Biomarkers are broadly defined as indicators signaling events in biologic systems or samples.  They have

been classified as markers of exposure, markers of effect, and markers of susceptibility (NAS/NRC 1989).

Due to a nascent understanding of the use and interpretation of biomarkers, implementation of biomarkers

as tools of exposure in the general population is very limited.  A biomarker of exposure is a xenobiotic

substance or its metabolite(s) or the product of an interaction between a xenobiotic agent and some target

molecule(s) or cell(s) that is measured within a compartment of an organism (NAS/NRC 1989).  The

preferred biomarkers of exposure are generally the substance itself or substance-specific metabolites in

readily obtainable body fluid(s), or excreta.  However, several factors can confound the use and

interpretation of biomarkers of exposure.  The body burden of a substance may be the result of exposures

from more than one source.  The substance being measured may be a metabolite of another xenobiotic

substance (e.g., high urinary levels of phenol can result from exposure to several different aromatic

compounds).  Depending on the properties of the substance (e.g., biologic half-life) and environmental

conditions (e.g., duration and route of exposure), the substance and all of its metabolites may have left the

body by the time samples can be taken.  It may be difficult to identify individuals exposed to hazardous

substances that are commonly found in body tissues and fluids (e.g., essential mineral nutrients such as

copper, zinc, and selenium).  Biomarkers of exposure to methylene chloride are discussed in

Section 2.8.1.

Biomarkers of effect are defined as any measurable biochemical, physiologic, or other alteration within an

organism that, depending on magnitude, can be recognized as an established or potential health

impairment or disease (NAS/NRC 1989).  This definition encompasses biochemical or cellular signals of

tissue dysfunction (e.g., increased liver enzyme activity or pathologic changes in female genital epithelial 
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cells), as well as physiologic signs of dysfunction such as increased blood pressure or decreased lung

capacity.  Note that these markers are not often substance specific.  They also may not be directly

adverse, but can indicate potential health impairment (e.g., DNA adducts).  Biomarkers of effects caused

by methylene chloride are discussed in Section 2.8.2.

A biomarker of susceptibility is an indicator of an inherent or acquired limitation of an organism's ability

to respond to the challenge of exposure to a specific xenobiotic substance.  It can be an intrinsic genetic

or other characteristic or a preexisting disease that results in an increase in absorbed dose, a decrease in

the biologically effective dose, or a target tissue response.  If biomarkers of susceptibility exist, they are

discussed in Section 2.10 “Populations That Are Unusually Susceptible”.  

2.8.1 Biomarkers Used to Identify or Quantify Exposure to Methylene Chloride

Measurements of parent methylene chloride and its metabolites in expired air, blood, and urine have been

used as indicators of exposure.  Elimination of methylene chloride from the body occurs primarily

through pulmonary excretion; approximately 70–75% is excreted unchanged at concentrations from 50 to

200 ppm (DiVincenzo and Kaplan 1981).  Pulmonary excretion was rapid during the first hour, then

began to decline as steady state was approached.  By 7 hours postexposure, expired air contained less than

1 ppm of methylene chloride for exposures between 50 and 150 ppm.  The 7-hour values for an exposure

of 200 ppm were twice that for the other concentrations.  At 16 hours, negligible levels of methylene

chloride were detected in all concentration groups.  Therefore, measurements of methylene chloride in

expired air as a biomarker are useful only if they occur within 6–8 hours of the most recent exposure

(DiVincenzo and Kaplan 1981).

Methylene chloride can be detected in blood.  Because it is cleared from blood very rapidly, this method

is only useful for monitoring recent exposures.  A plasma half-life of inhaled methylene chloride in

humans is estimated to be 40 minutes (DiVincenzo et al. 1972).  

Methylene chloride has been detected in adipose tissue in humans, but animal studies suggest that

methylene chloride is cleared so rapidly (90% decrease in 2 hours), that it is useful for measuring only

recent exposures (Carlsson and Hultengren 1975).  Methylene chloride was detected in the breast milk of

mothers living in urban industrial areas, but the route of exposure was not analyzed (EPA 1980e;

Pellizzari et al. 1982).
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Methylene chloride is also excreted in urine.  Humans exposed to 100 ppm of methylene chloride vapor

for 2 hours averaged 26.6 µg methylene chloride in the urine within 24 hours after exposure and 85.5 µg

at exposure levels of 200 ppm (DiVincenzo et al. 1972).

Levels of COHb in the blood may also be used as an indicator of exposure to methylene chloride.  Levels

of COHb are concentration- and time-dependent (Stewart et al. 1972).  Human subjects exposed to

concentrations of 500 ppm or less for 1 hour experienced elevation in COHb levels (1–4%).  These levels

rose to an average of 10% saturation within 1 hour after exposure to higher concentrations (1,000 ppm for

2 hours) (Stewart et al. 1972).  Exposure to concentrations as low as 100 ppm for 7.5 hours or 200 ppm

for 4 hours resulted in COHb elevation above 5% in nonsmokers (Putz et al. 1979; Stewart et al. 1972). 

Levels of COHb can remain elevated above preexposure levels for more than 21 hours post exposure

(Stewart et al. 1972).  DiVincenzo and Kaplan (1981) showed recovery to baseline each day for

5 consecutive days.  COHb saturation levels were lower than in Stewart et al. (1972).  Different methods

of COHb detection were used by the authors.  Although COHb levels can be used as an indicator of

exposure to methylene chloride, this biomarker is not specific.  Exposure to other sources of carbon

monoxide, such as tobacco smoke, incomplete organic fuel combustion, and automobile exhaust, will also

increase COHb levels.

Ghittori et al. (1993) examined several methods for conducting biological monitoring of workers exposed

occupationally to methylene chloride.  Twenty males (12 smokers and 8 nonsmokers), employed at

different jobs in a pharmaceutical factory where methylene chloride was used to wash gelatin capsules,

wore a personal passive dosimeter in the respiratory zone during half of work days (4 hours) in order to

measure the weighted mean-inspired environmental concentration of methylene chloride. 

Tetrachloroethylene was also present in the work environment.  Immediately after the end of the

exposure, a urine sample was collected using gas-tight samplers.  Carbon monoxide (CO) was determined

at the end of the shift using a portable instrument.

Ambient exposures ranged from 49 to 168 ppm.  No significant correlation was observed among the CO

of all subjects and the concentration of methylene chloride in ambient air.  When those workers who

smoked were removed from analysis, a correlation between the methylene chloride concentration in air

and the CO concentration in alveolar air was found ® = 0.87).  Significant linear correlation was found

between the environmental concentration of methylene chloride in the breathing zone and methylene

chloride concentration in urine ® = 0.9 uncorrected, 0.72 corrected for creatinine).  The authors suggest 
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that measuring methylene chloride in the urine was a more useful measure of exposure, since unlike

COHb in the blood or CO in exhaled breath, it was unaffected by smoking.

Concentrations of CO in exhaled air studied in other groups of volunteers were shown to reach a

maximum at 1–2 hours after exposure and were also directly proportional to the magnitude of exposure

both during and after exposure.  These findings are consistent with those studies.

The authors concluded that the results indicated that methylene chloride urinary concentration could be

used as a possible biological index to evaluate methylene chloride air exposure, according to what has

been observed for other solvents.  However, at high ambient exposures (i.e., those exceeding 5–7 times

the threshold limit value-time weighted average [TLV-TWA] of 49 ppm), the use of methylene chloride

as a biological index might be problematic because exposure to very high concentrations gives

disproportionately less COHb in the blood and more unmetabolized methylene chloride is produced.

2.8.2 Biomarkers Used to Characterize Effects Caused by Methylene Chloride

As discussed in Section 2.2, the effects that are most often observed in humans exposed to methylene

chloride vapors are central nervous system depression and behavioral effects.  Clinical signs and

symptoms which may be monitored include irritability, narcosis, and fatigue.  Impairment of visual,

auditory, and psychomotor functions can also be evaluated to detect early effects on the central nervous

system.  Since these effects also occur following exposure to numerous other chemicals, they are not

specific for methylene chloride exposure and evaluation is often subjective.  

Honma and Suda (1997) have investigated the effects of a single intraperitoneal administration of several

short-chain chlorinated compounds, including methylene chloride, on lipoproteins in plasma and liver in

male Fischer F344 rats.  Changes in lipoproteins caused by these solvents were compared with

hepatotoxicity markers such as GPT (ALT).  Following administration of methylene chloride in olive oil,

concentrations of lipoproteins (VLDL, LDL, HDL), triglyceride, cholesterol, and GPT in plasma were

determined, as were changes in liver weight and amounts of triglyceride and glutathione in liver tissue. 

For methylene chloride, peaks of changes in these endpoints were observed at 8 or 19 hours following

compound administration.  The dose dependency of these changes were investigated after intraperitoneal

dosing of 300 and 1,000 mg/kg methylene chloride.  HDL decreased significantly at a dose of 300 mg/kg,

whereas a marked increase in LDL occurred at 1,000 mg/kg.  GPT also increased significantly at a dose 
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of 1,000 mg/kg.  The authors conclude that changes in some lipoproteins in plasma occurred at lower

doses than those causing elevation of GPT activity; therefore, these lipoproteins may be able to serve as

sensitive and simple markers of adverse liver effects (i.e., biomarkers of effects).  However, further

investigation is necessary to determine whether these endpoints can serve as biomarkers of effects in

humans when exposure is via inhalation and confounding variables are be numerous.

No other biomarkers have been identified to characterize effects associated with exposure to methylene

chloride.

For more information on biomarkers for renal and hepatic effects of chemicals see ATSDR/CDC

Subcommittee Report on Biological Indicators of Organ Damage (1990) and for information on

biomarkers for neurological effects see OTA (1990).

2.9 INTERACTIONS WITH OTHER CHEMICALS

Limited studies were found in the available literature on the interactions of methylene chloride with other

chemicals.  Exposure of adult human subjects to 500 ppm of methylene chloride resulted in levels of

COHb in the blood comparable with those produced by the TLV for CO (50 ppm) (Fodor and Roscovana

1976).  A 4-hour exposure of human subjects to 200 ppm of methylene chloride or 70 ppm of CO resulted

in similar blood COHb levels (Putz et al. 1979).  This suggests that simultaneous exposure to methylene

chloride and CO has an additive effect on blood COHb levels.

A possible additive effect of methylene chloride and toluene (as well as mineral spirits and methyl ethyl

ketone) may have been operative in an occupational mixed-solvent exposure study in which manual

dexterity, and visual memory task performances were impaired, even though the concentrations of the

specific chemicals were below the recommended their threshold limit values (White et al. 1995); the

reported adverse neurobehavioral effects are similar to those reported for individual exposures of

methylene chloride at higher concentrations (Putz et al. 1979).  In a rat study, methylene chloride and

toluene interacted in an additive manner to cause retardation of embryonic growth and development in

vitro (Brown-Woodman et al. 1998).  In rats, combined CO and methylene chloride exposure yielded

additive increases in the COHb levels (ACGIH 1986). 
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Methylene chloride decreases the nerve conduction velocity in animals when used alone but when the

compound is administered with ethanol there is a more pronounced decrease of nerve conduction velocity

(Glatzel et al. 1987).  The additive or synergist effect of ethanol coadministration decreases at higher

doses.  Rats maintained on drinking water containing 10% (v/v) ethanol show increased levels of COHb

after a single oral dose or during inhalation exposure to methylene chloride compared to rats that have not

been exposed to ethanol (Wirkner et al. 1997).  This interaction has been attributed to the induction of

CYP2E1 by ethanol and a resulting increased production of carbon monoxide from methylene chloride. 

Wirkner et al. (1997) indicate that ethanol has no synergistic effect when methylene chloride is

administered at high doses because the cytochrome P-450-dependent monooxygenase pathway becomes

saturated at exposures >500 ppm.

Interactions resulting from the inhibition of metabolism of methylene chloride have been described in

rats.  Blood COHb levels in rats, after an oral dose of methylene chloride or during inhalation exposure to

methylene chloride, are decreased by a concurrently administered oral dose of toluene (Ciuchta et al.

1979; Pankow et al. 1991a, 1991b).  This interaction has been attributed to inhibition of the metabolism

of methylene chloride to carbon monoxide, possibly as a result of both chemicals being a substrate for the

2E1 isoenzyme of cytochrome P-450 (Pelekis and Krishnan 1997).  

In a rat study, methylene chloride (coinjected intraperitoneally) potentiated the hepatotoxic effect of

carbon tetrachloride (Kim 1997).  Coadministration reduced the methylene-chloride-induced rise in blood

COHb, but augmented the carbon tetrachloride-induced increase in liver microsomal enzyme activities 3-

to 8-fold.  Methylene chloride increased the covalent binding of carbon tetrachloride metabolites to lipids,

which the author suggests may be a cause of enhanced hepatotoxicity of the mixture.

2.10 POPULATIONS THAT ARE UNUSUALLY SUSCEPTIBLE

A susceptible population will exhibit a different or enhanced response to methylene chloride than will

most persons exposed to the same level of methylene chloride in the environment.  Reasons may include

genetic makeup, age, health and nutritional status, and exposure to other toxic substances (e.g., cigarette

smoke).  These parameters result in reduced detoxification or excretion of methylene chloride, or

compromised function of organs affected by methylene chloride.  Populations who are at greater risk due

to their unusually high exposure to methylene chloride are discussed in Section 5.7, Populations With

Potentially High Exposures.
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There are certain subgroups of the general population that may be more susceptible to methylene chloride

than others.  One basis for this concern is the potential effect of COHb, produced from CO, a metabolite

of methylene chloride.  The COHb generated from methylene chloride is expected to be additive to COHb

from other sources.  Thus, methylene chloride exposure at high concentrations may pose an additional

human health burden.  Of particular concern are smokers (who maintain significant constant levels of

COHb), and persons with existing cardiovascular disease.  In addition, higher than normal levels of CO

may result when alcoholics are exposed to methylene chloride, since ethanol increases the expression and

activity of CYP2E1 (Carpenter et al. 1996).  Similarly, enhanced expression of CY2E1 occurs in the

condition of diabetes, although insulin erases that effect (Thomas et al. 1987).

Varying susceptibility to methylene chloride may be correlated with polymorphism in its metabolizing

enzymes.  Genetic polymorphisms have been identified for both GSTT1 and CYP2E1 (Garte and Crosti

1999), and the health consequences of these variants are being explored (d’Errico et al. 1999; Lang and

Pelkonen 1999; Pelkonen et al. 1999; Strange and Fryer 1999; Stubbins and Wolf 1999).  In the case of

GSTT1, which is the major metabolic pathway for methylene chloride at concentrations >500 ppm, there

is, in addition to the wild type gene, a nonfunctioning allele with a deletion, so that three phenotypes

exist: “high conjugators” homozygous for the wild type allele; “nonconjugators” homozygous for the

deletion (“null) allele; and “low conjugators”, heterozygotes with one of each (Thier et al. 1998).  Thier et

al. (1998) demonstrated that tissue samples representing the three phenotypes varied in the ability to

metabolize methylene chloride.  The health implications of the homozygous GSTT1-null genotype for

people exposed to methylene chloride exposure are not clear.  A potentially positive effect is that no toxic

reactive GST-intermediates of methylene chloride would be produced, as demonstrated by the absence of

RNA-formaldehyde adduct formation in GSTT1-null human hepatocytes treated with methylene chloride

in vitro (Casanova et al. 1997).  However, the overall rate of methylene chloride metabolism and

elimination would be reduced in GSTT1-null individuals, so that narcotic effects of the parent compound

would last longer.  Furthermore, increased genotoxic damage (sister chromatid exchange) occurs

following exposure to methylene chloride, in null-phenotype, compared to wild type lymphocytes (Hallier

et al. 1994).  Variations in the incidence of GSTT1 polymorphisms have been identified in different

ethnic groups (Strange and Fryer 1999).  In one study, the proportion of individuals carrying functional

GSTT1 alleles was 36% among Chinese, 80% among Caucasians, and 90% among Mexican-Americans

(Nelson et al. 1995).  In a study of 416 subjects, the GSTT1-null genotype occurred among 24.1% of the

blacks and 15% of the whites (Chen et al. 1996).  The GSTT1-null phenotype was detected in 21.1% of 
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lung cancer patients with either squamous cell carcinoma or adenocarcinoma (El-Zein et al. 1997a).

Polymorphisms have also been detected in CYP2E1 (Garte and Crosti 1999; Lang and Pelkonen 1999). 

One polymorphism involves a mutation in the 5' flanking region of the CYP2E1 gene that leads to a

higher rate of transcription, a higher level of protein, and higher enzyme activity compared to cells

containing the wild type allele (Wan et al. 1998).  The frequency of the mutant allele was 16% in a group

of 203 Mexican-Americans (Wan et al. 1998), which is considerably higher than the 1–5% frequency

measured in Caucasians (Stephens et al. 1994).  Presumably, this allele would result in higher rates of

metabolism of methylene chloride, and possibly more severe toxic effects, but this has not been assayed. 

A number of studies have tried to associate specific polymorphisms with cancer incidence (d’Errico et al.

1999).  The CYP2E1 DraI DD genotype was found to be associated with a significantly higher risk of

lung cancer among Mexican-Americans and African-Americans (Wu et al. 1998); expression of this

genotype was also associated with an increase in bleomycin-induced single-strand breaks in lymphocytes

tested in vitro.  In another study, a rare CYP2E1 PstI variant (mutated in the transcription regulation

region) was found in 7/57 lung cancer patients and 2/48 controls (El-Zein et al. 1997a); all seven patients

developed adenocarcinoma.  In a case control study, combined homozygosity for the CYP2E1 PstI

variant and the GSTT1-null genotype was associated with an increased risk of developing lung cancer

(El-Zein et al. 1997b).  Presumably, individuals expressing these mutant genotypes would be susceptible

to adverse effects following exposure to methylene chloride.  

2.11 METHODS FOR REDUCING TOXIC EFFECTS

This section will describe clinical practice and research concerning methods for reducing toxic effects of

exposure to methylene chloride.  However, because some of the treatments discussed may be

experimental and unproven, this section should not be used as a guide for treatment of exposures to

methylene chloride.  When specific exposures have occurred, poison control centers and medical

toxicologists should be consulted for medical advice.  The following texts provide specific information

about treatment following exposures to methylene chloride: Ellenhorn 1997; Stewart and Dodd 1964.  
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2.11.1 Reducing Peak Absorption Following Exposure

Human exposure to methylene chloride may occur by inhalation, ingestion, or by dermal contact. 

Mitigation approaches to reduce absorption of methylene chloride have included general

recommendations of separating contaminated food, water, air, or clothing from the exposed individual. 

Externally, exposed eyes and skin are flushed with a clean neutral solution such as water or normal saline. 

If the victim is alert and oriented and has an intact gag reflex, water or milk may be administered after

ingestion of small amount of methylene chloride to wash residual chemical through the esophagus and

dilute the contents in the stomach.  In cases where persons have ingested more than several swallows,

emesis can be induced with ipecac syrup after it has been determined that the victim is alert and oriented

and precautions have been taken to protect the respiratory tract from aspiration of gastric contents.  Once

the individual is placed in the care of a health professional, gastric lavage can be performed within 1 hour

of the exposure.  Activated charcoal and cathartics are frequently recommended; however, no data exist to

support their efficacy (Ellenhorn 1997).  

Once methylene chloride has been inhaled or ingested, it is readily absorbed through the lungs or

gastrointestinal tract.  Dermal exposure also results in absorption, although at a slower rate than the other

exposure routes and some references question whether the amount absorbed would be sufficient to cause

systemic toxicity (Ellenhorn 1997; Stewart and Dodd 1964).  Once absorbed, methylene chloride is

rapidly metabolized in the liver in part to carbon monoxide.  Because of the affinity of hemoglobin for

carbon monoxide, COHb levels in the blood will increase, but free circulating carbon monoxide will not

increase.

2.11.2 Reducing Body Burden

Inhalation data demonstrate that a portion of the absorbed methylene chloride is stored in fat tissue as

evidenced by continued increase in COHb levels.  It is likely to occur only with long-term exposure and

at high concentrations (DiVincenzo et al. 1972).  Investigations in humans following oral exposure to

methylene chloride have failed to detect significant retention in fat or other tissue stores (Angelo et al.

1986a, 1986b; Ellenhorn 1997).

Following absorption, methylene chloride is distributed mainly to the liver, brain and subcutaneous

adipose tissue (Carlsson and Hultengren 1975).  The liver is the primary site of metabolism, although 
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additional transformation occurs in the lungs and kidneys.  In the liver, methylene chloride may undergo

metabolism by two pathways.  The first pathway produces CO and CO2 and is saturable at a few

hundred ppm.  The second pathway yields formaldehyde and formic acid and shows no indication of

saturation at inhaled concentrations up to 10,000 ppm.  Acute toxic effects (central nervous system

depression) may persist for hours after removal from the source of exposure because of continued

metabolism of methylene chloride released from tissue storage (ATSDR 1990).  COHb levels can

continue to rise, peaking 5–6 hours after exposure.  Peak levels of 12 (NIOSH 1974) and 50% (Ellenhorn

1997) have been reported.  Most of the effects seen following acute high-concentration exposure are due

to the anesthetic properties of the parent compound.  Fatalities have occurred with COHb levels less than

10%; thus, it is not likely that carboxyhemoglobinea was the cause of death.  A study by Scholz et al.

(1991) suggests that, in addition to anesthetic effects, the sudden onset of cardiac arrhythmia induced by

acute exposure to methylene chloride may contribute to its lethality.

The metabolic contribution of each pathway appears to vary in humans, particularly with the exposure

level, and therefore toxicity extrapolation between high and low doses is complex (Gargas et al. 1986). 

Furthermore, recent studies suggest that the second pathway is considerably more active in certain animal

species, particularly mice, a finding that complicates interspecies comparisons (ATSDR 1990; Green et

al. 1986b, 1986c).

The body eliminates methylene chloride primarily through the lungs.  A small amount of unchanged

methylene chloride is also eliminated in the urine and feces.  At low doses, a large percentage of

methylene chloride is metabolized to form COHb and eliminated as carbon monoxide, while at higher

doses more of the unchanged parent compound is exhaled (ATSDR 1990).  The administration of 100%

oxygen is efficacious in reducing the half-life of carbon monoxide and should be continued until COHb is

less than 5%.

The prompt application of hemoperfusion and diuretic therapy eliminated metabolic acidosis and

hemoglobinuria in the case of an acute oral exposure to paint remover containing methylene chloride

(Roberts and Marshall 1976).  This treatment was thought to have prevented renal damage, but did not

address the problem of gastrointestinal ulceration. 
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2.11.3 Interfering with the Mechanism of Action for Toxic Effects

The primary effects of exposure to methylene chloride appear to be hepatotoxicity and neurotoxicity. 

However, mechanisms of action for these toxic effects are not well characterized and it is difficult to

speculate concerning specific methods for preventing these effects.

Because one consequence of metabolism of methylene chloride is production of COHb, methylene

chloride exposure victims are sometimes given supplemental oxygen.  The administration of oxygen

increases the dissociation of carbon monoxide from hemoglobin and hastens the reduction of COHb.  The

half-life of COHb is normally approximately 5.3 hours but this can be reduced to 60–90 minutes with

inhalation of 100% oxygen.  Hyperbaric oxygen as used in carbon monoxide poisoning from direct

carbon monoxide inhalation may be useful when high COHb levels are present (Haddad and Winchester

1990).  At high COHb levels, hyperbaric oxygen will reduce the half-life to 20–40 minutes (ATSDR

1990).  Because carbon monoxide is generated metabolically, this often necessitates a longer duration of

oxygen therapy after methylene chloride poisoning than with carbon monoxide poisoning.

Specific mechanisms of action relating to neurological effects are not well understood.  Steroids and

mannitol have been used to decrease cerebral edema caused by methylene chloride toxicity, but their

value in preventing later neurologic sequelae remains unproven (ATSDR 1990).

Victims with cardiopulmonary disease or workers who are exposed to carbon monoxide sources could

have an elevated risk from methylene chloride metabolism and should be monitored closely.  One

reference suggests that physical exercise and smoking be avoided because these activities may have an

additive effect on the COHb level (Ellenhorn 1997).

2.12 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether

adequate information on the health effects of methylene chloride is available.  Where adequate

information is not available, ATSDR, in conjunction with the National Toxicology Program (NTP), is

required to assure the initiation of a program of research designed to determine the health effects (and

techniques for developing methods to determine such health effects) of methylene chloride.
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The following categories of possible data needs have been identified by a joint team of scientists from

ATSDR, NTP, and EPA.  They are defined as substance-specific informational needs that if met would

reduce the uncertainties of human health assessment.  This definition should not be interpreted to mean

that all data needs discussed in this section must be filled.  In the future, the identified data needs will be

evaluated and prioritized, and a substance-specific research agenda will be proposed.

2.12.1 Existing Information on Health Effects of Methylene Chloride

The existing data on health effects of inhalation, oral, and dermal exposure of humans and animals to

methylene chloride are summarized in Figure 2-5.  The purpose of this figure is to illustrate the existing

information concerning the health effects of methylene chloride.  Each dot in the figure indicates that one

or more studies provide information associated with that particular effect.  The dot does not necessarily

imply anything about the quality of the study or studies, nor should missing information in this figure be

interpreted as a “data need”.  A data need, as defined in ATSDR’s Decision Guide for Identifying

Substance-Specific Data Needs Related to Toxicological Profiles (ATSDR 1989), is substance-specific

information necessary to conduct comprehensive public health assessments.  Generally, ATSDR defines a

data gap more broadly as any substance-specific information missing from the scientific literature.

As shown in Figure 2-5, studies of humans exposed to methylene chloride by the inhalation route are

available.  These have focused mainly on neurological, cancer, and systemic effects (e.g., cardiovascular). 

One report focused on possible reproductive effects following inhalation (and possible dermal) exposure. 

Other end points (immunological, developmental, and genotoxic effects) have not been evaluated.  There

are no studies on the effects of methylene chloride in humans after ingestion.  Other than one study

evaluating potential reproductive effects following inhalation and possibly dermal exposure, no other end

points have been evaluated following dermal exposure.

Studies in animals have also focused mainly on inhalation exposure and several end points have been

evaluated.  Effects of oral exposure have focused on death, systemic effects after intermediate and chronic

exposure, genotoxicity, and cancer.  Other end points have not been evaluated.  There are limited reports

on the effects of methylene chloride after direct ocular exposure of animals.
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2.12.2 Identification of Data Needs

Acute-Duration Exposure.    Available data indicate that the central nervous system is the primary

target of inhaled methylene chloride in humans (Bakinson and Jones 1985; Fodor and Winneke 1971;

Hall and Rumack 1990; Putz et al. 1979; Stewart et al. 1972; Winneke 1974), rats (Heppel and Neal 1944;

Rebert et al. 1989; Savolainen et al. 1981), guinea pigs, rabbits, dogs, and monkeys (Heppel et al. 1944). 

An acute inhalation MRL was derived for methylene chloride based on a LOAEL of 300 ppm for

neurological effects in humans (Winneke 1974).  Respiratory effects (cough, breathlessness, and in one

fatal case, pulmonary congestion with focal hemorrhage) were observed in several cases of acute

occupational exposure to methylene chloride in humans (Bakinson and Jones 1985; Snyder et al. 1992a,

1992b; Winek et al. 1981).  No cardiovascular effects were seen in humans acutely exposed to

concentrations between 100 and 475 ppm (Cherry et al. 1981; Ott et al. 1983c).  Gastrointestinal effects

(nausea and vomiting) were reported in several cases of acute occupational exposure to methylene

chloride (Bakinson and Jones 1985).  Acute inhalation exposure to methylene chloride increased the

blood COHb level in humans (DiVincenzo and Kaplan 1981; Manno et al. 1992; Putz et al. 1979; Soden

et al. 1996).  An acute inhalation study in mice (Aviado and Belej 1974) suggests that the cardiovascular

system may be a target for methylene chloride toxicity; however, the effects were observed at lethal

concentrations.  An acute study in guinea pigs demonstrated an increase in hepatic triglycerides, but no

histopathological effects on the liver following exposure to methylene chloride at 5,200 ppm (Morris et

al. 1979).  Since the most sensitive acute effects in humans are neurological, additional animal studies

that evaluate changes in analogous functions (visual, auditory discrimination tasks) at low levels of

exposure might be needed.  These experiments should monitor CO/COHb levels in the animals to

correlate exposure and effect.  Furthermore, the animals should be genotyped with respect to for GSTT1

and CYP2E1 to evaluate the mechanism of toxicity.

The only studies in humans on the effects of acute oral exposure to methylene chloride are reports of

suicide attempts by ingestion of paint removers.  One of these studies reported suppression of the central

nervous system and metabolic acidosis (Roberts and Marshall 1976).  Corrosion of the gastrointestinal

tract was also reported (Hughes and Tracey 1993; Roberts and Marshall 1976).  Hematological effects

included elevated COHb (Hughes and Tracey 1993) and intravascular hemolysis leading to

hemoglobinuria (Roberts and Marshall 1976).  No acute respiratory, cardiovascular, hepatic, endocrine, or

immunological effects have been reported in humans following ingestion of methylene chloride, and there

are no acute oral studies on the effect of low doses in humans.  Limited studies in animals involved 
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exposure of rats to high doses of methylene chloride via gavage, resulting in increased mortality (Kimura

et al. 1971; Ugazio et al. 1973); as in suicide cases, respiratory failure as a result of suppression of the

central nervous system was the cause of death in these animal studies.  Hemolysis occurred and diuresis

was inhibited in rats gavaged with 1,325 mg/kg of methylene chloride (Marzotko and Pankow 1987); in

rats given single oral doses $526 mg/kg, the only endocrine effects noted were dilatation of capillaries of

the adrenal medulla and an increase in the secretion of catecholamines (Marzotko and Pankow 1987).  In

rats gavaged twice with 1,275 mg/kg, DNA damage and an increase in the activity of ornithine

decarboxylase were detected in the liver (Kitchin and Brown 1989).  Genotoxicity (DNA breakage) was

detected in nuclei from selected rat organs following a single dose of methylene chloride (1,720 mg/kg)

(Sasaki et al. 1998).  Since there is a potential for oral exposure for humans near hazardous waste sites

(through contaminated groundwater sources where volatization is restricted), additional animal data on

the effects of acute oral exposure to lower doses of methylene chloride would strengthen the database. 

An acute oral MRL was derived by using a PBPK model to extrapolate human inhalation data from

Winneke (1974) to estimate the concentration of methylene chloride in drinking water needed to produce

a tissue specific concentration equivalent to that produced by exposure to 300 ppm of methylene chloride

(Reitz et al. 1997).

Case reports indicate that methylene chloride can cause eye and skin damage following direct contact

with the liquid (Hall and Rumack 1990; Wells and Waldron 1984; Winek et al. 1981).  An acute study in

rabbits demonstrated adverse ocular effects (Ballantyne et al. 1976).  Dermal absorption of methylene

chloride has been demonstrated in animals (McDougal et al. 1986), and therefore, is possible in humans. 

Additional dermal studies in animals are needed to provide further insight into the potential risks of living

near hazardous waste sites. 

Intermediate-Duration Exposure.    Suggestive evidence for liver effects in humans exists, as

workers exposed to methylene chloride (up to 475 ppm) via inhalation have shown increased serum

bilirubin levels, but not at clinically significant levels (Ott et al. 1983a).  Other liver injury parameters

were normal.  Repeated exposures to methylene chloride vapors (up to 500 ppm) did not alter serum

enzyme activity, pulmonary function, or urine chemistry significantly in exposed and control groups

(NIOSH 1974).  However, irritation of the respiratory tract, but no changes in urinary chemistry were

noted after exposure to a TWA of 5–340 ppm in an occupational study (Anundi et al. 1993).
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Available data for rats, dogs, monkeys, rabbits, guinea pigs, gerbils, and mice indicate that repeated

exposure to methylene chloride via inhalation produces central nervous system effects (Briving et al.

1986; Karlsson et al. 1987; Rosengren et al. 1986), respiratory effects (Heppel et al. 1944; NTP 1986)

hepatic effects (Haun et al. 1972; Heppel et al. 1994; Kjellstrand et al. 1986; MacEwen et al. 1972;

Norpoth et al. 1974; NTP 1986; Weinstein and Diamond 1972), and kidney effects (Haun et al. 1972;

MacEwen et al. 1972).  An intermediate inhalation MRL was based on a LOAEL of 25 ppm for hepatic

and renal effects in rats (Haun et al. 1972).

No quantitative data are available for oral exposures of intermediate duration in humans.  Hepatic damage

and lowered urinary pH in rats was reported following oral exposure $166 mg/kg/day for 3 months

(Kirschman et al. 1986), but the reporting of results was incomplete in this study.  Furthermore, since the

lowest dose was a LOAEL, additional intermediate oral studies are needed in animals to evaluate specific

tissue and organ effects at lower doses and to determine threshold levels and dose-response relationships.

Reitz et al. (ATSDR 1997) developed a PBPK model to extrapolate inhalation data for an oral MRL,

based on the inhalation study of Haun et al. (1972), but the reporting of results in this study was

incomplete; a new intermediate oral animal study would be preferable.  No intermediate oral MRL was

derived because of lack of adequate data.

There are no quantitative intermediate dermal exposure data available for humans or animals.  Given the

potential for human exposure to methylene chloride through paint strippers, adhesives, glues, paint

thinners, wood stain, varnishes, spray paint, and automobile spray primers, information on the effects of

dermal exposures are needed to estimate more accurately the risks to human health from methylene

chloride.

Chronic-Duration Exposure and Cancer.    No data are available on the non-neoplastic effects in

humans after chronic exposure to methylene chloride via the oral or dermal routes.  Neurological and

reproductive effects have been reported in workers following combined inhalation/dermal exposures for

up to 3 years (Kelly 1988).  Studies in animals suggest that the liver is a target organ following chronic

inhalation (Burek et al. 1984; Nitschke et al. 1988a; NTP 1986) and oral (Serota 1986a, 1986b) exposure. 

Both a chronic inhalation MRL and a chronic oral MRL were derived using hepatotoxicity as the critical

endpoint (Nitschke et al. 1988a; Serota et al. 1986a).  Renal effects were also observed following chronic

inhalation of methylene chloride in rodents (NTP 1986).  Dermal data in animals after chronic exposure 
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to methylene chloride are not available.  Additional dermal studies in animals are needed to enhance our

understanding of potential risk to people living near hazardous waste sites.

Epidemiological studies of human occupational cohorts show no increase in cancer of the lung, liver, or

any other organs from occupational inhalation exposures (Friedlander et al. 1978; Hearne et al. 1987,

1990; Ott et al. 1983a).  There are no human oral or dermal exposure data for the cancer endpoint. 

Inhalation studies in animals show a concentration-dependent, statistically significant increase in liver and

lung adenomas and carcinomas in mice exposed to high concentration of methylene chloride (Mennear et

al. 1988; NTP 1986) and benign mammary gland tumors in rats (Mennear et al. 1988; NTP 1986)

following 2 years of exposure to methylene chloride.  The evidence for carcinogenicity in animals from

oral exposures (Serota et al. 1986a, 1986b) is inconclusive, and there are no dermal data available. 

Therefore, additional chronic oral and dermal studies are needed to clarify the cancer risk of ingested

methylene chloride.  The carcinogenic mechanism of inhaled methylene chloride in animals is not yet

understood despite an extensive database on toxicokinetics and potential mode(s) of action.  Additional

information on the mechanisms of carcinogenesis is needed to provide further insight regarding current

findings that (1) the concentration-response may be nonlinear at low exposure concentrations and there is

a concentration range below which carcinogenicity is unlikely to occur and (2) the mouse is not an

appropriate model for investigation of potential human carcinogenicity because it is much more sensitive

than any other species.  

Genotoxicity.  Genotoxicity data show mixed results.  Generally, mutagenesis assays are negative in

mammalian in vivo studies (Burek et al. 1984; Sheldon et al. 1987).  Methylene chloride is mutagenic in

bacteria (Gocke et al. 1981), but results for Drosophila (Gocke et al. 1981) are contradictory.  This

compound has shown a dose-response relationship for clastogenesis in mammalian cells in vitro (Thilagar

et al. 1984a) but rats exposed in vivo (Burek et al. 1984) have shown no effects.  In mice exposed in vivo,

tissue-specific DNA breaks were observed in mice (Sasaki et al. 1998), which suggests that genotoxicity

of methylene chloride may be dependent on the expression of metabolizing enzymes.  In view of the

unknown carcinogenic mechanisms, additional in vivo studies of clastogenesis are needed to provide

useful markers, both for dosimetry and specific mechanisms.  A recent in vitro test using strains of

Salmonella with or without recombinant GSTT1 has demonstrated that methylene chloride may have

more than one mechanism of genotoxicity (De Marini et al. 1997).  In bacteria expressing mammalian

GSTT1, methylene chloride, at moderate doses, caused a single type of genetic lesion.  In bacteria without

GSTT1, higher doses were required to induce genetic lesions and the results were more varied.  These 
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results may explain the variability observed in previous studies.  Therefore, additional genotoxicity

studies should be carried out on mammalian cells for which the expression of GSTT1 and/or CYP2E1

isoenzymes is defined.

Reproductive Toxicity.  Data on reproductive toxicity in humans are limited.  One case study reported

genital pain, and low sperm counts (testicular atrophy in some cases) in workers who inhaled vapors of

methylene chloride and had direct contact with the liquid on the job for up to 3 years (Kelly 1988); they

were also exposed to styrene at low levels.  Exposure to methylene chloride was confirmed by blood

COHb levels.  In another study, workers exposed to methylene chloride for a shorter time showed no

reproductive effects (Wells et al. 1989b).  A case-control occupational study reported a nearly significant

association of methylene chloride exposure and the incidence of spontaneous abortion (Taskinen et al.

1986).  There are no oral or dermal exposure data that pertain to reproductive effects in humans.  A two-

generation inhalation study in rats reported no effects on fertility and litter size (Nitschke et al. 1988b).  In

addition, no effects on the testes were observed in dominant lethal tests involving male mice that inhaled

concentrations of methylene chloride up to 200 ppm for up to 6 weeks (Raje et al. 1988).  Uterine,

ovarian, and testicular atrophy were observed in rodents following chronic exposure to methylene

chloride at 4,000 ppm (NTP 1986).  There are no data on reproductive effects in animals following oral or

dermal exposure.  Intermediate-duration oral and dermal studies that incorporate histopathological

analysis of the reproductive organs are needed to address this data need.  Part of the analysis should

include a determination of whether the reproductive organs express GSTT1 and/or CYP2E1, as a first step

in evaluating their possible role in the reproductive toxicity of methylene chloride. 

Developmental Toxicity.  No data are available on developmental toxicity of methylene chloride

following inhalation, oral, or dermal exposure in humans, aside from the case-control study relating

exposure and the rate of spontaneous abortion mentioned above (Taskinen et al. 1986).  Exposure to

0.01 ppm of methylene chloride had no effect on birth outcome in a study of over 90,000 pregnancies

(Bell et al. 1991).  Several inhalation studies in animals indicate that methylene chloride can cross the

placenta (Anders and Sunram 1982).  Some of these studies showed statistically nonsignificant

malformations in rats and mice or decreased fetal weight at maternally toxic concentrations (Bornschein

et al. 1980; Hardin and Manson 1980; Schwetz et al. 1975).  However, there was a statistically significant

increase in the incidence of delayed ossification of sternebrae (Schwetz et al. 1975).  The use of only one

concentration in these studies precludes any evaluation of concentration-response relationships.  
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However, Reitz et al. (1997) developed an inhalation route-to-oral route extrapolation and rodent-to-

human species extrapolation using PBPK modeling of the developmental toxicity data in Schwetz et al.

(1975).  The resulting LOAEL was an intermediate oral dose of 142 mg/kg/day.  Additional studies for

inhalation and dermal exposures in two species would be useful in clarifying the developmental toxicity

potential of this chemical.  Conducting studies on animals with known genotypes with respect to

metabolizing enzymes GSTT1 and CYP2E1 are needed to evaluate the risk of exposure to methylene

chloride.

Immunotoxicity.  No human data are available on immunotoxicity of methylene chloride.  Animal data

are limited on the immunotoxicity of methylene chloride.  One study was located that indicated that

methylene chloride caused splenic atrophy in dogs following continuous intermediate-duration inhalation

exposure (MacEwen et al. 1972). Splenic fibrosis was observed in a chronic rat study (Mennear et al.

1988), but occurred only at the highest concentration tested (1,000 ppm) and only in one sex.  A recent

intermediate-duration study, also in rats, found no evidence of gross or microscopical alterations in the

spleen at a concentration of 5,187 ppm methylene chloride (Halogenated Solvent Industry Alliance, Inc.

(2000).  This study also found no effect on IgM response to SRBC.  Additional immunotoxicity studies

including evaluation of humoral- and cell-mediated immunity are needed to determine whether this

system is susceptible to methylene chloride, as some chlorinated hydrocarbons do affect the immune

system.

Neurotoxicity.  The central nervous system is a target for both short- and long-term inhalation

exposures in humans.  These data are derived from experimental (Fodor and Winneke 1971; Putz et al.

1979; Stewart et al. 1972; Winneke 1974;) and occupational studies (Lash et al.1991; White et al. 1995)

that reported alterations in behavioral performance and various psychomotor tasks following exposure to

methylene chloride.  Other neurotoxic effects noted in occupational studies included dizziness, headaches,

nausea, memory loss, paresthesia, tingling in hands and feet, and loss of consciousness (Bakinson and

Jones 1985; Hall and Rumack 1990; Kelly 1988).  It should be noted that some of these workers were

exposed to other unspecified solvents at the same time.  Winneke (1974) attributed the neurological

effects in volunteers following a 3–4 hour inhalation exposure to 300–800 ppm of methylene chloride to

the anaesthetic properties of the parent compound since exposures to 50–100 ppm of carbon monoxide

alone did not produce these effects.  The specific parameters in the Winneke (1974) study, critical flicker

fusion frequency, auditory vigilance, and other psychomotor tasks, were considered to be specific

measures of ‘cortical alertness’ or central nervous system depression.   Putz et al. (1979) correlated 
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neurological deficits following inhalation exposure to methylene chloride (200 ppm) with the

accumulation of COHb in the blood and carbon monoxide in the exhaled breath; performance did not

deteriorate until 3 hours of exposure had elapsed and blood COHb levels exceeded 5%.  Although the

Putz et al. (1979) study seems to implicate the metabolite CO as the neurotoxic agent, there is a need for

studies to determine the relative contributions of parent compound and metabolite to the neurotoxic

effects of methylene chloride.  The Winneke (1974) study, which was deemed to have used more specific

measures of central nervous system depression than the Putz et al. (1979) study, was used to derive an

acute inhalation MRL and , by route-to-route extrapolation, also to derive an acute oral MRL (Reitz et al.

1997).

Subtle neurological effects were reported in rats after acute exposure to methylene chloride.  Changes in

somatosensory-evoked potentials were observed after 1 hour exposure to 5,000 ppm of methylene

chloride (Rebert et al. 1989), and changes in cerebellar enzymes were detected following 2 weeks of

exposure at 500 ppm (Savolainen et al. 1981).  Inhalation studies in rats did not reveal neurobehavioral

effects after intermediate-duration exposure at 4,500 ppm of methylene chloride vapors (Bornschein et al.

1980).  In other studies, neurochemical changes were reported in gerbils at 210 ppm (Briving et al. 1986;

Karlsson et al. 1987; Rosengren et al. 1986).  There were no treatment-related neurophysiological or

neuropathological effects in rats exposed to concentrations of 2,000 ppm for 13 weeks (Mattsson et al.

1990).

There are no oral or dermal studies in either humans or animals with regard to neurotoxicity of methylene

chloride.  Data on electrophysiology, functional observational batteries, and neuropathology from 90-day

oral or dermal exposures in at least two different species would be useful to further evaluate neurotoxic

effects from these routes of exposure, since human exposure can occur from all three routes at hazardous

waste sites.

Epidemiological and Human Dosimetry Studies.  Information on the effects of methylene

chloride in humans comes from occupational studies, case reports of acute high exposure, and studies

with volunteers.  Asphyxia and eventually death occurred in a subject acutely exposure to a high but

undetermined concentration of methylene chloride in the air (Winek et al. 1981).  Exposure to lower

concentrations affects primarily the central nervous system; signs and symptoms observed include

dizziness, incoordination, loss of balance, unconsciousness, and decreased performance in tests of sensory

and motor functions (Bakinson and Jones 1985; Fodor and Winneke 1971; Hall and Rumack 1990; Putz 
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et al. 1979; Stewart et al. 1972; Winneke 1974).  These effects are likely to be caused by a combination of

the anaesthetic properties of the parent compound and accumulation of COHb which forms as a result of

methylene chloride metabolism.  There is a potential for low-level general population exposure from

ambient methylene chloride emissions from paint removal, aerosol use, metal degreasing, electronics and

pharmaceutical manufacturing, and food processing (Callahan 1981; CPSC 1987, 1990; NAS 1978). 

Such exposure levels are unlikely to produce adverse neurological effects.  Hazardous waste sites release

methylene chloride into the air, groundwater, surface water, and soil.  There are very few monitoring data

for methylene chloride outside the occupational setting (Singh et al. 1981).  Because methylene chloride

evaporates readily from water and soil, inhalation is the main route of potential exposure.  In the unlikely

event that long-term exposure of the general population (in the past or present) to low levels of primarily

methylene chloride is identified, individuals should be monitored for hematological and hepatic effects, as

these have been observed in studies in animals.

Biomarkers of Exposure and Effect.  

Exposure.  The presence of methylene chloride in the postexposure expired breath is the most commonly

used biomarker of exposure.  Methylene chloride is easily detected in expired air for 24 hours following a

vapor exposure (NIOSH 1974).  Methylene chloride can be detected in blood, but because clearance is so

rapid, this method is only useful for monitoring recent exposures (DiVincenzo and Kaplan 1980).  The

half-life of COHb following methylene chloride exposure is twice that following exposure to carbon

monoxide (NIOSH 1974; Stewart and Hake 1976).  COHb in blood may be monitored; however, COHb

is cleared so rapidly (plasma half-life of 40 minutes) that it is unlikely to be useful for monitoring

environmental exposures (DiVincenzo et al. 1972).  Urinary excretion of methylene chloride is

measurable for several hours postexposure (DiVincenzo et al. 1972).

Effect.  Changes in the nervous system are sensitive, but not specific, biomarkers of methylene chloride

effects.  Clinical signs and symptoms which may be monitored include narcosis, fatigue, and analgesia

(Bakinson and Jones 1985; Hall and Rumack 1990; Putz et al. 1979; Winneke 1974).  Impairment of

neurobehavioral functions and electromyographic measurements of nerve conduction velocity and

amplitude can be monitored to detect early signs of neurotoxicity in people exposed to methylene chloride

(Glatzel et al. 1987; White et al. 1995).  Additional studies that couple measurement of methylene

chloride with tests for determining nervous system effects are needed to correlate exposure with adverse

health effects of this chemical.
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While neurobehavioral tests are not specific for methylene chloride-induced toxicity, they do identify

potential health impairment.  Studies to develop more specific biomarkers of methylene chloride-induced

effects are needed to assess the potential health risk of methylene chloride exposure near hazardous waste

sites.

Absorption, Distribution, Metabolism, and Excretion.  Methylene chloride is a volatile liquid

with high lipid solubility and modest solubility in water.  In humans, it is rapidly absorbed by the

inhalation (DiVincenzo and Kaplan 1981; McKenna et al. 1980) and ingestion routes of exposure

(Roberts and Marshall 1976).  Dermal absorption is suspected to occur in humans, but quantitative data

are lacking.  Methylene chloride is also readily absorbed by animals following inhalation (DeVincenzo et

al. 1972; MacEwen et al. 1972; McKenna et al. 1982) and oral exposure (Angelo et al. 1986a); dermal

absorption data in animals are also lacking.  Once absorbed, methylene chloride is quickly distributed to a

wide range of tissues and body fluids.  Absorption and distribution of methylene chloride can be affected

by a number of factors, including dose level, vehicle, physical activity, duration of exposure, and amount

of body fat (Astrand et al. 1975; DiVincenzo et al. 1972; Engstrom and Bjorstrom 1977).

Distribution data in humans are lacking, but it has been found in human breast milk (EPA 1980e;

Pellizzari et al. 1982).  Methylene chloride is widely distributed in animal tissues after inhalation

exposure (Carlsson and Hultengren 1975; McKenna et al. 1982).  The highest concentrations are found in

adipose tissue and liver.  Methylene chloride has been found in blood from rats’ fetuses (Anders and

Sunram 1982).  After acute exposure, methylene chloride disappears rapidly from fat (Carlsson and

Hultengren 1975).  No studies were located regarding distribution of methylene chloride following

dermal exposure in animals.  Distribution of methylene chloride does not seem to be route-dependent and

it does not bioaccumulate in tissues.

Methylene chloride is metabolized via two pathways, the MFO pathway, which produces CO and CO2,

and the GST pathway which yields only CO2 (Gargas et al. 1986).  Methylene chloride is metabolized

almost exclusively by the MFO pathway at low exposures.  The only data available for humans on the

toxicokinetics parameters are for inhalation exposures.  These data show that the GST activity is low in

humans relative to other animal species (Andersen et al. 1987).  It has been postulated that the activity of

the GST pathway in rats is less than that of mice and might only become significant when the P-450

pathway (MFO) has been saturated (Green et al. 1986b, 1986c).  Toxicokinetic data for oral and dermal

exposures would be useful because some exposures to humans are expected to be from contaminated 
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drinking water and soils.  Toxicokinetic models (Andersen and Krishnan 1994; Andersen et al. 1987,

1991; Dankovic and Bailer 1994; Ramsey and Andersen 1984; Reitz 1990) have been developed that

account for the nonlinearities in the internal dose across exposure levels that arise from concentration-

dependent changes in absorption, distribution, excretion, and saturation of metabolism following

inhalation exposure to methylene chloride.  Reitz et al. (1997) have developed an inhalation route-to-oral

route extrapolation for methylene chloride.  The metabolism of methylene chloride in humans appears to

be qualitatively similar to that in animals (Fodor et al. 1973; Wirkner et al. 1997).

Methylene chloride is excreted via expired air primarily as CO and CO2 at low concentrations (McKenna

et al. 1982).  As concentration increases, more unchanged parent compound is exhaled.  A small fraction

of absorbed methylene chloride or metabolites has been detected in urine of humans occupationally

exposed (DiVincenzo et al. 1972) and in the urine and feces of experimental animals (McKenna at al.

1982).  Additional data on excretion parameters as functions of concentration are needed to understand

the toxicokinetics of methylene chloride.

Comparative Toxicokinetics.    Generally, animal data on toxicokinetics parameters substantiate

those from humans.  There is rapid absorption through the lung (DiVincenzo and Kaplan 1981;

DiVincenzo et al. 1972; MacEwen et al. 1972; McKenna et al. 1982).  The metabolites of methylene

chloride in different species indicate that they are metabolized by the same pathways to CO or to CO2

(Fodor et al. 1973; Gargas et al. 1986; Wirnker et al. 1997).  The data from both human and animal

studies indicate that the target organs of methylene chloride toxicity are the same across species. 

Interesting differences do exist, however, in some metabolic parameters.  The rate of clearance from rat

tissues was markedly slower than in the mouse following inhalation exposures.  In contrast to findings of

a direct proportional relationship between inspired air concentration of methylene chloride and blood

level in man and other animals, there is a report that the ratio at steady state between blood levels of

methylene chloride and exposure increases as the concentration increases in rats (Green et al. 1986b,

1986c).  Distribution of methylene chloride across tissues in rats and humans has been shown to be

lipophilic except for one rat study that showed less of the chemical in adipose tissue (McKenna and

Zempel 1981).  Species differences in placental anatomy and physiology may contribute to variations in

fetal exposure to methylene chloride or its metabolites following maternal exposure.  Additional data on

the impact of differences in species sensitivity to specific internal doses by different routes of exposure

are needed to resolve questions about extrapolation of predicted effects from different routes in different

species.
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Methods for Reducing Toxic Effects.  There is no specific treatment or antidote for methylene

chloride intoxication.  Available methods and treatments (e.g., gastric lavage with the airway protected, or

the use of oxygen as in carbon monoxide poisoning) for reducing peak absorption have been shown to be

beneficial (Shih 1998; Tomaszewski 1998).  There is no evidence that activated charcoal or cathartics are

effective (Shih 1998).  Because methylene chloride is metabolized to carbon monoxide, mitigation

strategies (e.g., hyperbaric oxygen) used for carbon monoxide intoxication have been effective in

increasing the oxygen carrying capacity of the blood (Tomaszewski 1998).

Children’s Susceptibility.    Data needs relating to both prenatal and childhood exposures, and

developmental effects expressed either prenatally or during childhood, are discussed in detail in the

Developmental Toxicity subsection above.

There are no studies that specifically addressed effects of exposure to methylene chloride in children. 

There is no evidence from human toxicity studies that children are, or are likely to be, more susceptible to

health effects of exposure to methylene chloride than adults.  No cases of accidental poisoning in children

due to methylene chloride exposure have been reported.  The nervous system is a sensitive target for acute

exposure to methylene chloride in adults, and the response in children is likely to be similar.

Although developmental studies in animals indicate that methylene chloride is not a teratogen

(Bornschein et al. 1980; Hardin and Manson1980), there is a need to evaluate neurological/neuro-

behavioral effects in animals exposed in utero.  Subtle neurological effects could result from hypoxia

(CO-mediated) or from reactive intermediates of metabolism that would only be revealed by appropriate

behavioral testing of the offspring.  It is not clear that the "wheel running activity" and"avoidance

learning" tests that Bornschein et al. (1980) employed in rats exposed in utero were adequate to reveal

neurological deficits.  Acute effects observed in an adult human study involved degraded performance on

visual and auditory discrimination tasks (Putz et al.1979).  If neurological effects were detected in mice, it

would be useful to conduct additional developmental studies using mice in which functional genes for

GSTT1 and/or CYP2E1 have been knocked-out, to discover which metabolic pathway is implicated in

developmental neurological effects. 

There is no direct evidence regarding pharmacokinetics or the mechanism of toxicity of methylene

chloride in children.  However, considering what is known about the expression of metabolizing enzymes

(see Section 2.7 Children’s Susceptibility), there is no reason to expect that children over the age of 
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6 months will be qualitatively different from adults; by 6 months, the last of the fetal hemoglobin has

been replaced by the adult isoforms.  At fetal and early postnatal stages, however, children will be more

vulnerable to methylene-chloride-generated CO because of its effect on fetal hemoglobin (Longo 1977). 

CO binding to Hb causes oxygen to be held more tightly, so that tissues receive less oxygen; the net effect

is that the CO clears more slowly from the circulation.  It is not known to what extent methylene chloride

(or metabolites other than CO or CO2) can cross the placenta in humans or accumulate in breast milk.  A

study in animals showed that methylene chloride crosses the placental barrier (Anders and Sunram 1982),

but quantitative data are lacking.  There are no animal studies testing whether methylene chloride can

pass into breast milk.  There are no studies quantifying maternal exposure and output into breast milk. 

The Fisher et al. (1997) PBPK model predicts a relatively low transfer into breast milk following maternal

inhalation exposure. 

In adults, the biomarker of exposure to methylene chloride is the parent compound, and the biomarkers of

effect are CO in the exhaled breath or COHb in the blood.  There is no reason to expect that biomarkers in

children would be any different.

It is expected that any chemical interactions involving methylene chloride would have the same effects in

children as in adults.  The exception would be the fetal period, during which concentrations of

metabolizing enzymes are significantly lower than in the adult.  A fetus exposed to methylene chloride

and another chemical that requires CYP2E1 for metabolism, might be at higher risk than an adult.  

Treatment with 100% oxygen has been used to enhance the rate of clearance of CO from the bloodstream

after acute methylene chloride exposure.  Although there is no specific information regarding pediatric

treatments for methylene chloride exposure, 100% oxygen has been used for treating pregnant women

exposed to CO (Longo 1977).  In these cases, it is recommended that the oxygen treatment be extended

3.5–5 times longer than the time required to bring the maternal COHb level down to 3%, to ensure that

the fetus is adequately treated.  If an exposed mother has neurological symptoms or a COHb level above

15%, a single hyperbaric oxygen treatment is indicated (Tomaszewski 1998).  It does not appear that any

pediatric-specific methods need to be developed.

Since methylene chloride may be genotoxic, depending on the genotype with respect to GSTT1 and

CYP2E1 (see Section 2.10), it is possible that parental exposure could affect the fetus.  At issue would be

whether the gonads express alleles that are associated with genotoxicity, since the effect is intracellular. 
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Child health data needs relating to exposure are discussed in 5.8.1 Identification of Data Needs:

Exposures of Children.

2.12.3 Ongoing Studies

A number of research projects are in progress investigating the health effects and mechanism of action of

methylene chloride.  These projects have been identified from FEDRIP (1999).

Dr. J.B. Wheeler, at Vanderbilt University, Nashville, Tennessee, is comparing the ability of rat and

human glutathione S-transferases (GST) to form mutagenic DNA adducts with glutathione in the presence

of different haloalkanes.  He will examine the mechanism of activation by GST, the stability of the

glutathione conjugates, and the DNA adducts produced.  This research is sponsored by the National

Cancer Institute.

Dr. T.R. Devereux, at the NIEHS, is identifying critical target genes and genetic alterations that may be

important in chemical carcinogenesis.  He is characterizing genetic alterations in oncogenes (e.g., ras) and

tumor suppressor genes (e.g., p53 and p16) from rodent tumors and human cancers generated by exposure

to chemical agents.  He is also examining polymorphisms in the human p16 gene that may predispose to

lung cancer.

Dr. D.A. Bell, of the Genetic Risk Group at the NIEHS, is conducting case-control studies of

5,000 genotyped individuals to test the impact of cancer susceptibility genes on cancer of the bladder,

lung, liver, colon, stomach, prostate, and breast.  He and his colleagues have identified ethnic differences

in the frequency of at-risk genotypes for glutathione transferase (M1, theta 1, and Pi), and

N-acetyltransferase (1 and 2).  
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3.1 CHEMICAL IDENTITY

Information regarding the chemical identity of methylene chloride is located in Table 3-1.  Methylene

chloride is a halogenated hydrocarbon.  It is also commonly known as dichloromethane.

Table 3-1 lists common synonyms, trade names, and other pertinent identification information for

methylene chloride.  

3.2 PHYSICAL AND CHEMICAL PROPERTIES

Information regarding the physical and chemical properties of methylene chloride is located in Table 3-2. 

Methylene chloride is a colorless liquid with a sweet, pleasant odor.



METHYLENE CHLORIDE 164

3.  CHEMICAL AND PHYSICAL INFORMATION

H H

Cl

Cl

Table 3-1.  Chemical Identity of Methylene Chloride

Characteristic Information Reference

Chemical Name Methylene chloride Lide 1994

Synonyms Dichloromethane Lide 1994

Registered trade name(s) Narkotil; Solaesthin; Solmethine;
and others

OHM/TADS 1998

Chemical formula CH2Cl2 Lide 1994

Chemical structure Lide 1994

Identification numbers:

CAS 75-09-2 Lide 1994

NIOSH RTECS PA8050000 RTECS 1999

EPA hazardous waste U080, F002 Lewis 1996

OHM/TADS 7217234 OHM/TADS 1998

DOT/UN/NA/IMCO shipping UN1593, IMCO 6.1 HSDB 1999

HSDB 66 HSDB 1999

NCI C50102 HSDB 1999

CAS = Chemical Abstracts Services; DOT/UN/NA/IMCO = Department of Transportation/United Nations/North
America/International Maritime Dangerous Goods Code; EPA = Environmental Protection Agency;
HSDB = Hazardous Substances Data Bank; NCI = National Cancer Institute; NIOSH = National Institute for
Occupational Safety and Health; OHM/TADS = Oil and Hazardous Materials/Technical Assistance Data System;
RTECS = Registry of Toxic Effects of Chemical Substances
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3.  CHEMICAL AND PHYSICAL INFORMATION

Table 3-2.  Physical and Chemical Properties of Methylene Chloride

Property Information Reference

Molecular weight 84.93 Lide 1994

Color Colorless Lewis 1996

Physical state Liquid Lide 1994

Melting point -95.1 EC Weast 1985

Boiling point 40 EC Lide 1994

Density:
at 25 EC 1.3182 g/mL Lide 1994

Vapor density 2.93 (Air =1) Verscheuren 1983

Odor Sweet, pleasant Verschueren 1983

Odor threshold:
Water
Air

9.1 ppm
540–2,160 mg/m3

(160–620 ppm)

Amoore and Hautala 1983
Ruth 1986

Solubility:
Water at 20 EC
at 25 EC
Organic solvent(s)

20,000 mg/L
16,700 mg/L
Soluble in alcohol, ether,
acetone, chloroform, and carbon
tetrachloride

Verschueren 1983
Verschueren 1983
Lewis 1996

Partition coefficients:
Log Kow

Log Koc

1.3
1.4

Hansch and Leo 1979
Roy and Griffin 1982

Vapor pressure:
at 20 EC
at 30 EC

349 mmHg
500 mmHg

Verscheuren 1983
Verscheuren 1983

Henry’s law constant 2.03x10-3 atm-m3/mol at 25 EC EPA 1982e

Autoignition temperature 1,139 EF (615 EC) Lewis 1996

Flashpoint Nonflammable Sax and Lewis 1987

Flammability limits Nonflammable Sax and Lewis 1987

Coversion factors 1 mg/m3=0.28 ppm
1 ppm=3.53 mg/m3

WHO 1996
WHO 1996

Explosive limits Not explosive Sax and Lewis 1987
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4.  PRODUCTION, IMPORT/EXPORT, USE, AND DISPOSAL

4.1 PRODUCTION

Table 4-1 lists the facilities in each state that manufacture or process methylene chloride, the intended

use, and the range of maximum amounts of methylene chloride that are stored on site.  There are currently

461 facilities that reported producing or processing methylene chloride in the United States.  The data

listed in Table 4-1 are derived from the Toxics Release Inventory (TRI98 2000).  Only certain types of

facilities were required to report (461 facilities reported this type of information out of a total of 714

facilities that reported methylene chloride releases to the environment).  Therefore, this is not an

exhaustive list.

Methylene chloride is produced by the chlorination of methane with chlorine or by the chlorination of

methanol with hydrogen chloride followed by chlorination of methyl chloride (Mannsville Chemical

Products Corporation 1988).  Production of methylene chloride grew steadily through the 1970s and early

1980s at about 3% each year, with a peak production of about 620 million pounds in 1984.  By 1988,

methylene chloride production volume had dropped due to declining demand to about 500 million pounds

(Mannsville Chemical Products Corporation 1988; USITC 1989).  This decline in the demand for

methylene chloride was expected to continue at a rate of about 1–2% per year through 1993, as more

manufacturers move toward water-based aerosol systems in anticipation of further regulation of

methylene chloride (HSDB 1999; NTP 1989).  In 1994, the latest year for which data are available,

403 million pounds of methylene chloride were produced (C&EN 1996).  As of October 1, 1996, the

International Trade Commission ceased to collect or publish annual synthetic organic chemicals data. 

The National Petroleum Refiners Association, which currently collects such data, does not include

methylene chloride on its list of organic chemicals.

The Toxics Release Inventory (TRI98 2000) reports that methylene chloride is produced at 23 facilities in

14 states.  Table 4-1 summarizes information on the U.S. companies that reported the manufacture and

use of methylene chloride in 1998 (TRI98 2000).  The TRI data should be used with caution since only

certain types of facilities are required to report.  This is not an exhaustive list.

The Stanford Research Institute (SRI 1999) reports methylene chloride production by two companies at

four U.S. facilities with a total manufacturing capacity of 545 million pounds.  These facilities are Dow
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Table 4-1.  Facilities that Manufacture or Process Methylene Chloride

Statea Number of facilities
reporting

Range of maximum amounts
on site in thousands of
poundsb Activities and usesc

AL 12 100-999999 1,4,7,8,10,11,12,13

AR 7 1000-999999 2,3,7,10,11,12,13

AZ 5 100-999999 8,10,11,12,13

CA 23 0-9999999 2,3,4,8,9,10,11,12,13

CO 4 1000-999999 8,10,11,13

CT 8 1000-99999 2,3,10,11,12,13

DE 2 10000-99999 8,11

FL 12 100-999999 8,10,11,12,13

GA 18 0-999999 2,3,8,9,10,11,12,13

IA 10 100-999999 8,10,11,12,13

IL 23 0-9999999 1,2,3,5,7,8,9,10,11,12,13

IN 21 100-9999999 1,2,3,5,8,9,10,10,11,12,13

KS 8 100-999999 1,2,3,4,8,10,11,12,13

KY 9 100-99999 1,5,7,8,10,11,13

LA 8 1000-9999999 1,4,5,6,7,8,10,12,13

MA 10 1000-999999 2,3,8,9,10,11,12,13

MD 5 1000-99999 8,10,12,13

ME 1 1000-9999 13

MI 17 100-999999 1,2,3,4,5,7,8,10,11,12,13

MN 8 100-99999 2,3,8,11,12,13

MO 13 1000-999999 4,8,10,11,12,13

MS 11 100-999999 1,2,3,8,11,12,13

MT 1 1000-9999 12

NC 17 100-999999 1,2,4,5,7,8,10,11,12,13
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Table 4-1.  Facilities that Manufacture or Process 
Methylene Chloride (continued)

Statea Number of facilities

Range of maximum amounts
on site in thousands of
poundsb Activities and usesc

NE 3 1000-999999 11,13

NH 3 1000-99999 8,12,13

NJ 19 0-999999 1,2,3,4,7,8,9,10,11,12,13

NM 2 1000-99999 8,12

NV 3 100-9999 1,2,3,8,11,13

NY 14 1000-9999999 2,3,4,7,8,9,10,11,12,13

OH 17 100-9999999 2,3,7,8,10,11,12,13

OK 9 100-999999 8,10,11,13

OR 6 1000-999999 2,4,8,10,11,12,13

PA 17 1000-999999 8,9,10,11,12,13

PR 12 1000-9999999 1,2,5,6,8,9,10,11,12,13

RI 2 10000-99999 10,13

SC 14 100-999999 7,8,10,11,12,13

TN 15 100-9999999 8,9,10,11,12,13

TX 27 0-49999999 1,2,3,4,5,6,7,8,9,10,11,12,
13

UT 6 1000-999999 8,10,11,12,13

VA 10 1000-999999 8,10,11,12,13

WA 10 0-99999 1,6,7,10,11,12,13

WI 14 1000-999999 1,4,5,8,10,11,12,13

WV 5 0-9999999 8,11,13

TRI98 (2000 )
aPost office state abbreviations
bData in TRI are maximum amounts on site at each facility
cActivities/Uses:

1.  Produce
2.  Import
3.  For on-site use/processing
4.  For sale/distribution
5.  As a byproduct
6.  As an impurity
7.  As a reactant

8.  As a formulation component
9.  As an article component
10.  For repackaging only
11.  As a chemical processing aid
12.  As a manufacturing aid
13.  Ancillary or other use
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Chemical Company in Freeport, Texas and Plaquemine, Louisiana; and Vulcan Materials Company in

Geismar, Louisiana and Wichita, Kansas.

4.2 IMPORT/EXPORT

Imports of methylene chloride had been decreasing from 60 million pounds in 1985 to 25–27 million

pounds in 1988–1989 (Mannsville Chemical Products Corporation 1988; NTP 1989).  During 1992, the

import of methylene chloride had dropped to about 15.5 million pounds, but has since increased to

30 million pounds in 1996 (NTDB 1998).  Methylene chloride exports have ranged from about

60–130 million pounds over the period of 1975–1988 (Mannsville Chemical Products Corporation 1988)

and ranged from about 132 to 145 million pounds over the period of 1992–1996 (NTDB 1998).

4.3 USE

Methylene chloride is used as a solvent in paint strippers and removers (25%), as a propellant in aerosols

(25%), as a process solvent in the manufacture of drugs, pharmaceuticals, and film coatings (20%), as a

metal cleaning and finishing solvent (10%), in electronics manufacturing (10%), and as an agent in

urethane foam blowing (10%) (NTP 1989).  Aerosol products in which methylene chloride may be found

include paints, automotive products, and insect sprays.  However, because of labeling regulations and

concerns over health and environmental issues, the use of methylene chloride in consumer aerosol

products has declined (Mannsville Chemical Products Corporation 1988).  Methylene chloride was once

used in hair sprays but this use was banned in 1989 (FDA 1989).

Methylene chloride is also used as an extraction solvent for spice oleoresins, hops, and for the removal of

caffeine from coffee.  These uses of methylene chloride are approved by the Food and Drug

Administration (see Chapter 7).  However, it has been reported that because of concern over residual

solvent, most decaffeinators no longer use methylene chloride (Mannsville Chemical Products

Corporation 1988).  Methylene chloride is also approved for use as a post-harvest fumigant for grains and

strawberries and as a degreening agent for citrus fruit (Hearne et al. 1990; Mannsville Chemical Products

Corporation 1988; Meister 1989; NTP 1989).
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4.4 DISPOSAL

Methylene chloride is listed as a toxic substance under Section 313 of the Emergency Planning and

Community Right to Know Act (EPCRA) under Title III of the Superfund Amendments and

Reauthorization Act (SARA) (EPA 1995).  Disposal of wastes containing  methylene chloride is

controlled by a number of federal regulations (see Chapter 7).

Methylene chloride and wastes containing methylene chloride are considered hazardous wastes and as

such, are subject to handling, transport, treatment, storage, and disposal requirements as mandated by law

(see Chapter 7) (IRPTC 1990; NTP 1989).

Methylene chloride wastes may be disposed of by controlled incineration (liquid injection, rotary kiln, or

fluidized bed) at the appropriate temperatures.  No information was found regarding the amount of

methylene chloride disposed of by each incineration method.  The percent removal of methylene chloride

by incineration is mandated by law depending upon the quantity of methylene chloride in the waste

(HSDB 1999; IRPTC 1990).

According to the Toxics Release Inventory (TRI98 2000), about 0.37 million pounds of methylene

chloride were transferred to landfills and/or other treatment/disposal facilities including publicly-owned

treatment works in 1998 (see Section 5.2).  No information was found on disposal method trends or past

disposal practices.
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5.  POTENTIAL FOR HUMAN EXPOSURE

5.1 OVERVIEW

Methylene chloride has been identified in at least 882 of the 1,569 hazardous wastes sites that have been

proposed for inclusion on the EPA National Priorities List (NPL) (HazDat 1999).  However, the number

of sites evaluated for methylene chloride is not known.  The frequency of these sites can be seen in

Figure 5-1.  Of these sites, 882 are located in the United States, and none are located in the

Commonwealth of Puerto Rico (not shown).

Methylene chloride is a widely used industrial chemical with reported emissions to air of more than

40 million pounds annually in the United States.  Most of the methylene chloride released to the

environment will partition to the atmosphere, where it will degrade with a lifetime of 6 months by

reaction with photochemically produced hydroxyl radicals (WHO 1996).  The compound is expected to

be highly mobile in soil and to volatilize rapidly from surface water to the atmosphere.  Biodegradation

may be important, but bioconcentration does not appear to be significant.  

The principal route of exposure for the general population to methylene chloride is inhalation of ambient

air.  Average daily intake of methylene chloride from urban air has been estimated to range from about

33 to 309 µg.  Occupational and consumer exposure to methylene chloride in indoor air may be much

higher, especially from spray painting or other aerosol uses.

5.2 RELEASES TO THE ENVIRONMENT

According to the Toxics Release Inventory (TRI), in 1998, a total of about 41 million pounds

(18.6 million kg) of methylene chloride was released to the environment from 714 facilities (714 facilities

reported environmental releases of methylene chloride to TRI, another 113 facilities reported no releases

at all for a total of 827 facilities) (TRI98 2000).  This total release volume is approximately 10% of the

total reported for 1997 (TRI97 1999).  Table 5-1 lists amounts released from these facilities.  In addition,

an estimated 0.37 million pounds (0.17 million kg) were released by manufacturing and processing

facilities to publicly owned treatment works (POTWs) or other off-site facilities (TRI98 2000).  The TRI

data should be used with caution because only certain types of facilities are required to report.  This is not

an exhaustive list.  
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Table 5-1.  Releases to the Environment from Facilities that Manufacture or Process Methylene Chloride

Total reported amounts released in pounds per yeara

Stateb

Number
of
facilities Airc Water Land

Underground
injection

Total 
on-site released

Total 
off-site
releasee 

Total on and  
Off-site release

AL 14 948907 0 0 0 948907 470 949377

AZ 6 65837 0 0 0 65837 0 65837

AR 12 125869 12 0 360837 486718 269 486987

CA 44 986871 3 0 0 986874 9768 996642

CO 6 37077 0 0 0 37077 0 37077

CT 31 784114 755 3 0 784872 7450 792322

DE 2 4100 0 0 0 4100 0 4100

FL 16 932255 0 0 0 932255 759 933014

GA 31 973595 1160 169543 0 1144298 14935 1159233

IL 45 1745258 57 0 0 1745315 3295 1748610

IN 47 4630842 639 5 0 4631486 1152 4632638

IA 13 1156800 0 5 0 1156805 500 1157305

KS 12 288373 0 0 41323 329696 1799 331495

KY 15 2157130 57 0 0 2157187 11435 2168622

LA 11 41136 1020 0 9954 52110 2236 54346

ME 1 3394 0 0 0 3394 0 3394

MD 5 118361 0 0 0 118361 0 118361
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Table 5-1.  Releases to the Environment from Facilities that Manufacture or Process Methylene Chloride
(continued)

Total reported amounts released in pounds per yeara

Stateb

Number
of
facilities Airc Water Land

Underground
injection

Total on-site
released

Total off-site
releasee

Total on and  
Off-site release

MA 29 139895 0 0 0 139895 4772 144667

MI 32 422374 177 0 54800 477351 1954 479305

MN 17 183564 290 0 0 183854 0 183854

MS 15 3355695 0 0 0 3355695 900 3356595

MO 26 302907 110 5 0 303022 0 303022

MT 1 42300 0 0 0 42300 0 42300

NE 3 41152 0 0 0 41152 2085 43237

NV 2 6834 0 0 0 6834 0 6834

NH 3 38696 0 0 0 38696 40 38736

NJ 35 243166 548 3 0 243717 5977 249694

NM 1 105 0 0 0 105 0 105

NY 24 2038566 4305 0 0 2042871 29091 2071962

NC 29 2599415 4271 450 0 2604136 750 2604886

OH 54 1864209 257 0 0 1864466 21070 1885536

OK 12 250064 0 0 0 250064 32 250096

OR 7 79509 0 0 0 79509 2987 82496



Table 5-1.  Releases to the Environment from Facilities that Manufacture or Process Methylene Chloride
(continued)

Total reported amounts released in pounds per yeara

Stateb

Number
of
facilities Airc Water Land

Underground
injection

Total on-site
released

Total off-site
releasee

Total on and  
Off-site release
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PA 36 3545433 37 0 1 3545471 47945 3593416

PR 18 2441482 0 0 0 2441482 7555 2449037

RI 2 18677 0 0 0 18677 0 18677

SC 22 1934986 1050 12127 0 1948163 6020 1954183

TN 26 2738055 0 0 0 2738055 17200 2755255

TX 54 822273 567 1990 23749 848579 110891 959470

UT 7 56753 0 0 0 56753 8376 65129

VA 20 1412207 0 5 0 1412212 422 1412634

WA 14 176129 294 176 0 176599 45145 221744

WV 5 67789 147 38 0 67974 0 67974

WI 22 565148 0 0 0 565148 0 565148

Total 827 40387302 15756 184350 490664 41078072 367280 41445352

Source:  TRI98 2000

aData in TRI are maximum amounts released by each facility.
bPost office state abbreviations are used.
cThe sum of fugitive and stack releases are included in releases to air by a given facility.
dThe sum of all releases of the chemical to air, land, water, and underground injection wells.
eTotal amount of chemical transferred off-site, including to publicly owned treatment works (POTW) 
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Figure 5-1. Frequency of NPL Sites with Methylene Chloride Contamination
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Methylene chloride has been identified in a variety of environmental media (air, surface water,

groundwater, soil, and sediment) collected at 882 of the 1,569 NPL hazardous waste sites (HazDat 1999).

5.2.1 Air

According to the Toxics Release Inventory, in 1998, the estimated releases of methylene chloride of 

40 million pounds (18.3 million kg) to air from 714 large processing facilities accounted for about 97.4%

of total environmental releases (TRI98 2000).  Table 5-1 lists amounts released from these facilities.  The

TRI data should be used with caution because only certain types of facilities are required to report.  This

is not an exhaustive list.

Methylene chloride has been identified in air samples collected at 108 of the 1,569 NPL hazardous waste

sites where it was detected in some environmental media (HazDat 1999).

Because methylene chloride is a highly volatile substance, most environmental releases are into the

atmosphere.  Methylene chloride is released to the atmosphere during its production, storage, and

transport, but most (more than 99%) of the atmospheric releases result from industrial and consumer uses

(EPA 1983c, 1985e).  In 1992, 32.5% of the total global emission of methylene chloride was attributed to

North America (McCulloch and Midgley 1996).  It has been estimated that 85% of the total amount of

methylene chloride produced in the United States is lost to the environment (EPA 1985e), about 86% of

which is released to the atmosphere (EPA 1982a).  Thus, about 73% (370 million pounds) of the U.S.

production volume for 1988 (500 million pounds), of methylene chloride was lost to the atmosphere in

1988.  Manufacturers, processors, and users of methylene chloride are required to report the quantities of

methylene chloride released to environmental media or transferred to off-site disposal facilities annually

(EPA 1998j).  The data currently available, compiled in the Toxics Release Inventory (TRI98 2000), are

for releases in 1998 and are summarized in Table 5-1.  Methylene chloride was the 14th-largest release

and transfer chemical reported in the United States for 1988 (EPA 1990c).  The TRI data should be used

with caution because only certain types of facilities are required to report.  This is not an exhaustive list.

Industrial methylene chloride emissions to the atmosphere reported to EPA for the 1988 TRI totaled about

127 million pounds (TRI88 1990).  Emissions from the use of consumer products and other sources such

as hazardous waste sites may be estimated to be 243 million pounds by subtracting industrial emissions

(127 million pounds) from total atmospheric loss of methylene chloride (370 million pounds).  Consumer 
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products containing methylene chloride in wide use include paint strippers, aerosols, adhesives and glues,

and cleaning fluids and degreasers (CPSC 1990).  Virtually all the methylene chloride in these products is

released to the atmosphere during use.  Its use in hair sprays was banned in 1989 by the FDA (1989). 

Methylene chloride is formed during water chlorination (NAS 1977) and is emitted to the air from waste

waters in treatment plants (Corsi et al. 1987; Dunovant et al. 1986; Namkung and Rittmann 1987). 

Methylene chloride emissions from treatment plants in California are estimated to exceed 400,000 pounds

annually (Corsi et al. 1987).  Declining production amounts of methylene chloride will result in a

decrease in the volume emitted to the atmosphere.

5.2.2 Water

According to the Toxics Release Inventory, in 1998, the estimated releases of methylene chloride of about

15,756 pounds (7,090 kg) to water from 714 facilities accounted for < 0.04% of total environmental

releases (TRI98 2000).  Table 5-1 lists amounts released from these facilities.  The TRI data should be

used with caution because only certain types of facilities are required to report.  This is not an exhaustive

list.

Methylene chloride has been identified in surface water and groundwater samples collected at 633 and

218, respectively, of the 1,569 NPL hazardous waste sites where it was detected in some environmental

media (HazDat 1999).

About 2% of environmental releases of methylene chloride are to water (EPA 1982a).  Industrial releases

of methylene chloride to surface water and underground injection (potential groundwater release)

reported to the TRI in 1998 totaled 506,420 pounds (TRI98 2000).  Methylene chloride has been

identified in industrial and municipal waste waters from several sources at concentrations ranging from

0.08 ppb to 3,400 ppm (Dunovant et al. 1986; EPA 1979a, 1982a; Namkung and Rittmann 1987).  It has

also been reported in the leachate from industrial and municipal landfills at concentrations from 0.01 to

184 ppm (Brown and Donnelly 1988; Sawhney 1989).  The levels of methylene chloride in surface water

have been reported to vary from nondetectable to 10 ppb (California Environmental Protection Agency

1992).
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Methylene chloride has been detected in both surface water and groundwater samples taken at hazardous

waste sites.  Data from the Contract Laboratory Program (CLP) Statistical Database indicate methylene

chloride was found at geometric mean concentrations of 68 and 98 ppb in surface water and groundwater

samples, respectively, at about 30% of the sites sampled (CLPSD 1990).  Note that the information used

from the CLP Statistical Database includes data from both NPL and non-NPL sites.

5.2.3 Soil

According to the Toxics Release Inventory, in 1998, the estimated releases of methylene chloride of about

184,350 pounds (82,958 kg) to soil from 714 facilities accounted for about <0.44% of total environmental

releases (TRI98 2000).  Table 5-1 lists amounts released from these facilities.  The TRI data should be

used with caution because only certain types of facilities are required to report.  This is not an exhaustive

list.

Methylene chloride has been identified in soil (412  sites) and sediment (179 sites) samples collected at 

the 1,569 NPL hazardous waste sites where it was detected in some environmental media (HazDat 1999).  

The principal sources of methylene chloride releases to land are disposal of methylene chloride products

and containers to landfills.  Substantial reduction to industrial disposal of methylene chloride to the land

is likely since the inception of the Land Disposal Restrictions (EPA 1998c).  However, disposal of

containers for consumer products containing residues of methylene chloride may continue to occur.  It is

estimated that about 12% of methylene chloride losses to the environment are to land (EPA 1982a).

Methylene chloride has been detected in soil/sediment samples taken at 36% of the hazardous waste sites

included in the CLP Statistical Database at a geometric mean concentration of 104 ppb (CLPSD 1990).

5.3 ENVIRONMENTAL FATE

5.3.1 Transport and Partitioning

Methylene chloride is a volatile liquid, with a boiling point of 40 EC (Lide 1994) and a vapor pressure of

349 mm Hg at 20 EC (Verschueren 1983).  Therefore, methylene chloride tends to volatilize to the 

atmosphere from water and soil.  The half-life of methylene chloride volatilization from water has been 
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found to be 21 minutes under experimental conditions (Dilling et al. 1975), but actual volatilization from

natural waters will depend on the rate of mixing, wind speed, temperature, and other factors (Dilling et al.

1975; EPA 1979b).  The Henry's law constant value (H) of 0.002 atm/m3/mol (EPA 1982e; Gossett 1987)

indicates that methylene chloride will volatilize rapidly from moist soil and water surfaces (Thomas

1990).

Methylene chloride is not strongly sorbed to soils or sediments (Dilling et al. 1975; Dobbs et al. 1989). 

Based on its low soil organic carbon partitioning coefficient (Koc) of 25, methylene chloride is likely to be

very highly mobile in soils (Bahnick and Doucette 1988; Roy and Griffin 1985) and may be expected to

leach from soils into groundwater.

Based on a reported log octanol/water partition coefficient (Kow) of 1.3 (Hansch and Leo 1979), an

estimated bioconcentration factor (BCF) of 2.3 was derived (EPA 1980a, 1984).  There is no evidence of

biomagnification, but because the estimated BCF is low, significant biomagnification of methylene

chloride in aquatic food chains is not expected.

5.3.2 Transformation and Degradation

5.3.2.1 Air

The main degradation pathway for methylene chloride in air is its reaction with photochemically

generated hydroxyl radicals (Cox et al. 1976; Crutzen and Fishman 1977; Davis et al. 1976; EPA 1980f,

1987i).  Thus, the atmospheric lifetime of methylene chloride may be predicted from the hydroxyl radical

concentration in air and the rate of reaction.  Most reported rates for hydroxyl radical reaction with

methylene chloride range from 1.0x10-13 to 1.5x10-13 cm3/mol/sec, and estimates of average atmospheric

hydroxyl radical concentration range from 2.5x105 to 1x106 mol/cm3 (Cox et al. 1976; Crutzen and

Fishman 1977; Davis et al. 1976; EPA 1980f, 1985e, 1985g).  Using this information, an average

atmospheric lifetime for methylene chloride may be calculated to be 130 days.  Other estimates range

from 100 to 500 days (Altshuller 1980; Cox et al. 1976; Davis et al. 1976; EPA 1987i; Sidebottom and

Franklin 1996).  Because this degradation pathway is relatively slow, methylene chloride may become

widely dispersed but is not likely to accumulate in the atmosphere.  The small amount of methylene

chloride which reaches the stratosphere (about 1%) may undergo direct photolytic degradation; however,

photolysis in the troposphere is not expected (Howard et al. 1990).  Reactions of methylene chloride with
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ozone or other common atmospheric species (e.g., oxygen atoms, chlorine atoms, and nitrate radicals) are

not believed to contribute to its breakdown (EPA 1985g, 1987i; WHO 1996).

5.3.2.2 Water

Methylene chloride undergoes slow hydrolysis in water.  The experimental half-life reported for the

hydrolysis reaction, at neutral conditions, is approximately 18 months at 25 EC (Dilling et al. 1975). 

However, the rate of reaction varies greatly with changes in temperature and pH.  A hydrolytic half-life of

14 days was reported for methylene chloride in acidic solutions at 80–150 EC (EPA 1979b, 1985e).  This

experimental value, when extrapolated to 25 EC, is about 700 years.  Different  mechanisms of hydrolyses

may be responsible for these two widely different values.

Both aerobic and anaerobic biodegradation may be an important fate process for methylene chloride in

water (Brunner et al. 1980; Davis et al. 1981; EPA 1985e; Stover and Kincannon 1983; Tabak et al.

1981).  In the laboratory, methylene chloride can be biodegraded by aerobic bacteria such as

Methylobacterium sp. and Methylophilus sp. and anaerobic bacteria such as Hyphomicrobium sp. and

Dehalobacterium sp. (Leisinger et al. 1994; Magli et al. 1998).  These bacteria are able to efficiently

utilize methylene chloride as a carbon and energy source.  The Acinebacter sp. has been shown to use

oxygen or nitrate ion as the electron acceptor (Sheehan and Freedman 1996).  Methylene chloride has

been observed to undergo degradation at a rapid rate under aerobic conditions.  Reported total methylene

chloride loss was 100% after 7 days in a static culture flask biodegradability screening test (Tabak et al.

1981) and 92% after 6 hours in a mixed microbial system (Davis et al. 1981).  Volatilization loss was not

more than 25% (Tabak et al. 1981).

5.3.2.3 Sediment and Soil

Degradation of methylene chloride was found to occur in soils with concentrations ranging from

approximately 0.1 to 5.0 ppm (Davis and Madsen 1991).  The rate of biodegradation was found to be

dependent on soil type, substrate concentration, and redox state of the soil.  Methylene chloride

biodegradation has been reported to occur under both aerobic conditions and anaerobic conditions (Davis

and Madsen 1991).  The biodegradation of methylene chloride appears to be accelerated by the presence

of elevated levels of organic carbon (Davis and Madsen 1991).
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Methylene chloride has a low tendency to absorb to soil (Dilling et al. 1975; Dobbs et al. 1989);

therefore, there is a potential for leaching to groundwater.  Also, because of the high vapor pressure,

volatilization to air is also a likely fate process from dry soil.  Its high Henry’s law constant

(0.002 atm/m3/mol) indicates that volatilization from moist soil is also likely.

5.4 LEVELS MONITORED OR ESTIMATED IN THE ENVIRONMENT

Reliable evaluation of the potential for human exposure to methylene chloride depends in part on the

reliability of supporting analytical data from environmental samples and biological specimens.  In

reviewing the data on methylene chloride levels monitored or estimated in the environment, it should also

be noted that the amount of chemical identified analytically is not necessarily equivalent to the amount

that is bioavailable.  The analytical methods available for monitoring methylene chloride in a variety of

environmental media are detailed in Chapter 6 (Analytical Methods).

5.4.1 Air

Methylene chloride has been detected in ambient air samples taken from around the world, as shown in

Table 5-2.  Background levels are usually at about 50 parts per trillion (0.17 µg/m3) (Singh et al. 1982). 

Methylene chloride was among the chemicals monitored in a statewide survey of hazardous air pollutants

by the Arizona Hazardous Air Pollutants Monitoring Program.  The average amount of methylene

chloride detected in air ranged from 0.61 ppm on a hillside in Yavapai County to 1.62 ppm in Phoenix

(Zielinska et al. 1998).  Concentrations of methylene chloride in urban areas and in the vicinity of

hazardous waste sites are generally one to two orders of magnitude higher.  These values are all much

lower than the concentrations which may be encountered inside buildings where products containing

methylene chloride are being used (NAS 1978; Otson et al. 1983).

5.4.2 Water

Methylene chloride has been detected in surface water, groundwater, and finished drinking water

throughout the United States.  It was detected in 30% of 8,917 surface water samples recorded in the

STORET database, at a median concentration of 0.1 ppb (Staples et al. 1985).  In a New Jersey survey

(Page 1981), methylene chloride was found in 45% of 605 surface water samples, with a maximum

concentration of 743 ppb.  Methylene chloride has also been identified in surface waters in Maryland
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Table 5-2. Summary of Methylene Chloride Levels in Air

Concentration (ppb)a

Location Maximum Mean Reference

Background No data 0.05 Singh et al. 1982

Oceanic:
Northern Hemisphere
Southern Hemisphere

No data
No data

10.37
5.18

Koppmann et al. 1993
Koppmann et al. 1993

Rural/suburban United States No data 0.05c–0.60c EPA 1988d

Urban United States 22–200 0.23–1.93b EPA 1980e, 1988d; Harkov
et al. 1984, 1985; Shikiya
et al. 1984; Singh et al.
1982

Source dominated No data 0.58c EPA 1988d

Hazardous waste sites 10–190 0.09–11.23b Harkov et al. 1985;
La Regina et al. 1986

Indoor (nonresidential) 19,000 0.06–5,472b Harsch 1977; Otson et al.
1983

a 1 ppb = 3.47 µg/m3

b Range of values
c Median value
d Range of individual values



METHYLENE CHLORIDE 185

5.  POTENTIAL FOR HUMAN EXPOSURE

(Helz and Hsu 1978), in Lakes Erie and Michigan (Konasewich et al. 1978), and at hazardous waste sites

(Hauser and Bromberg 1982).  Methylene chloride (0.2 ppm) was also detected in the shallow ground-

water beneath Denver, Colorado (Bruce and McMahon 1996).  Seawater also contains small amounts of

methylene chloride; the mean reported concentration is 2.2x10-3 ppb (Singh et al. 1983).

Since volatilization is restricted in groundwater, concentrations of methylene chloride are often higher

there than in surface water.  Occurrence of methylene chloride in groundwater has been reported in

several surveys across the United States, with concentrations ranging from 0 to 3,600 ppb (Dyksen and

Hess 1982; EPA 1985h; Page 1981).  Based on CERCLA records compiled during 1987, the compound

was the sixth most frequently detected organic contaminant found in groundwater during hazardous waste

disposal site investigations with a detection frequency of 19% (Plumb 1987).

Methylene chloride has been detected in drinking water supplies in numerous U.S. cities (Coleman et al.

1976; Dowty et al. 1975; EPA 1975b; Kool et al. 1982; Kopfler et al. 1977).  Reported mean concentra-

tions are generally less than 1 ppm (EPA 1975b).  It was detected in 2.2% of 182 samples of bottled water

surveyed with a mean concentration of positive samples at 0.059 ppb (Page et al. 1993).  Water

chlorination in treatment plants appears to increase both the concentration and the frequency of

occurrence of methylene chloride in drinking water supplies (Bellar et al. 1974; EPA 1975b; NAS 1977).

5.4.3 Sediment and Soil

No studies were located on methylene chloride levels in soil.  However, methylene chloride was detected

in 20% of 338 sediment samples recorded in the STORET database, at a median concentration of

13 µg/kg (Staples et al. 1985).

5.4.4 Other Environmental Media

Although methylene chloride is used in food processing (solvent extraction of coffee, spices, hops) and as

a post-harvest fumigant for some foods (strawberries, grain), little information was located on levels in

foods.  Residual levels of methylene chloride in decaffeinated coffee beans ranging from 0.32 to

0.42 ppm were reported in the United States (IARC 1986), and levels ranging from 0.01 to 0.1 ppm were

reported by a major coffee processor (FDA 1985).  These levels are well within the FDA limits of 10 ppm

for methylene chloride in decaffeinated coffee.  Although the FDA considers residues at or below the 
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FDA limit to be safe (FDA 1985), it has been reported that methylene chloride is no longer used as a

decaffeinating agent by most coffee decaffeinators (Mannsville Chemical Products Corporation 1988). 

The FDA has also set a limit of 30 ppm for methylene chloride in spice oleoresins, but EPA has exempted

methylene chloride from the requirement of a tolerance for fumigated food materials (see Chapter 7). 

Oysters and clams from Lake Pontchartrain in Louisiana had mean methylene chloride levels of 7.8 and

27 ppb, respectively (Ferrario et al. 1985).  

5.5 GENERAL POPULATION AND OCCUPATIONAL EXPOSURE

Inhalation of methylene chloride from ambient air is the predominant route of exposure for the general

population in the United States.  As calculated by Singh et al. (1981), the average daily doses of

methylene chloride from ambient air in three U.S. cities range from 33 to 309 µg/day, based on 1979

monitoring data and a daily air intake of 23 m3 by an adult.  Since the amount of methylene chloride

manufactured has recently dropped below the production levels of the late 1970s, average daily doses

may currently be somewhat less than these values.  Methylene chloride was detected in the blood of fewer

than 10% of the 600 samples obtained from people who participated in the Third National Health and

Nutrition Examination Survey (NHANES III) (Ashley et al. 1994).  Inhalation exposure may also occur

through the use of consumer products containing methylene chloride (CPSC 1987) (see Section 5.7).

Since concentrations of methylene chloride in water and food are generally quite low, it appears that

exposure from sources other than air is unlikely to be important. For example, drinking water containing

1 ppb methylene chloride would provide an additional intake of 2 µg per day for an adult drinking 2 L of

water per day.

Methylene chloride has been identified, but not quantified, in eight out of eight samples of human breast

milk collected in four urban areas in the United States (EPA 1980d; Pellizzari et al. 1982). 

Occupational exposure to methylene chloride may be important in numerous industries.  Workers may be

exposed during the production and processing of methylene chloride.  They may also be exposed to

methylene chloride during a variety of industrial activities including spray painting, spray gluing, metal

painting, paint stripping, and aerosol packing (IARC 1986; OSHA 1986; Whitehead et al. 1984).  The

NIOSH estimated that the number of workers exposed to methylene chloride increased from about 
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1 million in the early 1970s to 1.4 million in the early 1980s (NIOSH 1986; NOES 1990).  Since

production and use of methylene chloride has decreased (as have threshold limit values) since the

mid-1980s (see Sections 4.1 and 4.3), the number of workers exposed to methylene chloride has

decreased accordingly.

Monitoring data for methylene chloride in workplace air from 1968 to 1982 indicate that concentrations

in the general work area ranged from 0.086 to 964.8 ppm while samples in the breathing zone of workers

ranged up to 1,411 ppm (IARC 1986).  Installation of appropriate ventilation systems has been found to

lower the workers’ exposure to methylene chloride in the breathing zone from 600–1,150 ppm to

28–34 ppm (Estill and Spencer 1996).  The current OSHA Permissible Exposure Limit (PEL) for

methylene chloride for an 8-hour workday is 25 ppm (88.25 mg/m3) (OSHA 1997).  An estimated

237,496 workers are potentially exposed while involved with methylene chloride manufacturing, paint

manufacturing, metal cleaning, polyurethane foam manufacturing, plastics and adhesives manufacturing,

ink use, pharmaceuticals, construction, and shipyards.  The largest numbers of occupationally exposed

individuals occur in areas of metal cleaning, industrial paint stripping, and ink solvent uses (OSHA 1997). 

The American Conference of Governmental Industrial Hygienists (ACGIH) reduced their Threshold

Limit Value (TLV) (the recommended 8-hour exposure limit) from 100 to 50 ppm (174 mg/m3) in 1988

(ACGIH 1990), which continues to be the recommended TLV level (ACGIH 1998).

5.6 EXPOSURES OF CHILDREN

This section focuses on exposures from conception to maturity at 18 years in humans.  Differences from

adults  in susceptibility to hazardous substances are discussed in 2.7 Children's Susceptibility.

Children are not small adults.  A child's exposure may differ from an adult's exposure in  many ways. 

Children drink more fluids,  eat more food, breathe more air per kilogram of body weight, and have a

larger skin surface in proportion to their body volume.  A child's diet often differs from that of adults. 

The developing human's source of  nutrition changes with age: from placental nourishment to breast milk

or formula to the diet of older children who eat more of certain types of foods than adults.  A child's 

behavior and lifestyle also influence exposure.  Children crawl on the floor, put things in their mouths,

sometimes eat inappropriate things (such as dirt or paint chips), and spend more time outdoors.  Children

also are closer to the ground, and they do not use the  judgment of adults in avoiding hazards (NRC

1993).
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Young children often play close to the ground and frequently play in dirt, which increases their dermal

exposure to toxicants in dust and soil.  They also tend to ingest soil, either intentionally through pica or

unintentionally through hand-to-mouth activity.  Children, thus, may be orally and dermally exposed to

methylene chloride present as a contaminant in soil and dust.  It has been demonstrated that methylene

chloride is rapidly absorbed by the skin (McDougal et al. 1986).  Methylene chloride has a Koc of 25,

indicating a very low adsorption to soil (Bahnick and Doucette 1988; Roy and Griffin 1985; Swann et al.

1983).  Most of the methylene chloride present in the upper layers of the soil will be rapidly volatilized to

air (vapor pressure=349 mmHg at 20 EC).  Loss of methylene chloride from the soil decreases the

potential of dermal and oral exposure to children, but its rapid volatilization results in inhalation being the

most likely route of exposure during play on the ground.

The higher ventilation rate in children compared to adults means that for a brief period, children will be

more vulnerable than adults to acute neurological effects from short-term inhalation exposures.  However,

differences between children and adults are eliminated as steady-state concentrations are reached, i.e.,

within 2–4 hours (see Section 2.3.1.1).  Thus, children would not be expected to be more vulnerable than

adults in the case of intermediate- or chronic-duration exposures.  Young children are closer to the ground

or floor because of their shorter stature.  The methylene chloride vapors being heavier than air (vapor

density = 2.93) tend to concentrate near the ground.  Children, therefore, are at a greater risk of exposure

than adults during accidental spills or through indoor use of methylene chloride in an unventilated area.

Exposures of the embryo or fetus to volatile organic compounds such as methylene chloride may occur if

the expectant mother is exposed.  A newborn infant may be exposed by breathing contaminated air and by

ingestion of mother’s milk, which can contain small amounts of methylene chloride.  Children may be

exposed through accidental ingestion of products containing methylene chloride.  Older children and

adolescents may be exposed to methylene chloride in their jobs or hobbies, or through deliberate solvent

abuse by “sniffing.”  Human epidemiological studies and case reports discussing reproductive and/or

developmental toxicity of methylene chloride in humans have been reviewed.  Exposure routes included

occupational duties and sniffing of paint removers.  Inhalant abuse during pregnancy poses significant

risks to the pregnancy and endangers both the mother and the fetus.  Solvent abuse of methylene chloride

for euphoric effects results in exposure levels that equal or exceed those producing adverse effects in

animals.
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There are no existing studies that have monitored the level of exposure from methylene chloride to

children.  Most uses of methylene chloride are associated with occupational purposes, so it is unlikely that

children will receive significant doses.  Under extreme conditions where paint thinners or other mixtures

containing high concentrations of methylene chloride are used in the presence of children in an enclosed

area with little or no ventilation, children could receive significant exposure.  There are studies that

examine the exposure to children from parents’ work clothes, skin, hair, tools, or other objects removed

from the workplace (NIOSH 1995); however, this type of “take home” or secondary exposure is unlikely

due to the high volatility of methylene chloride.  Additional exposure from consumer products can occur,

but is unlikely to be significant, although little data are available at this time. 

Methylene chloride has been identified, but not quantified, in eight out of eight samples of human breast

milk collected in four urban areas in the United States (EPA 1980d; Pellizzari et al. 1982). 

It is not known whether children differ in their weight-adjusted intake of methylene chloride.  However,

children drink more fluids per kilogram of body weight than adults (NRC1993) and methylene chloride

has been detected in drinking water (Section 5.4.2). 

5.7 POPULATIONS WITH POTENTIALLY HIGH EXPOSURES

In addition to individuals who are occupationally exposed to methylene chloride (see Section 5.5), there

are several groups within the general population that could have potentially high exposures (higher than

background levels) to methylene chloride.  These populations include individuals living in proximity to

sites where methylene chloride was produced or sites where methylene chloride was disposed, and

individuals living near 1 of the 1,569 NPL hazardous waste sites where methylene chloride has been

detected in some environmental media (HazDat 1996).

Individuals using consumer products containing substantial amounts of methylene chloride have the

potential for high exposure to this compound (CPSC 1987).  Paint strippers, adhesive removers, spray

shoe polishes, adhesives, glues, paint thinners, and many other household products contain enough

methylene chloride to expose consumers to significant amounts of methylene chloride vapor when the

products are used, especially indoors (CPSC 1987, 1990).  Indoor air concentrations resulting from the

use of methylene chloride-containing consumer products have been estimated to range from 0.06 to

5,472 ppb (Callahan 1981; NAS 1978; Otson et al. 1983).  Previous estimates indicated that a concentra
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tion of 50 ppm (174 mg/m3) of methylene chloride would have been expected in the breathing zone of

consumers following hair spray use (FDA 1985), resulting in a time-weighted average exposure of

0.174 ppm.  Hair care specialists would have been exposed to 10 times this level (FDA 1985).  However,

this source of exposure has been virtually eliminated since the FDA (1989) banned the use of methylene

chloride in hairsprays.  

Coffee drinkers who consume large amounts of decaffeinated coffee which has been extracted with

methylene chloride may be exposed from this source.  Assuming all the methylene chloride is extracted

from the beans during brewing and none is volatilized (FDA 1985), the maximum daily intake for a

person drinking 5 cups of decaffeinated coffee is about 12 µg, a fraction of intake from ambient air. 

Since volatilization during brewing is very likely, the actual intake is probably much lower.  In addition,

this source of exposure is becoming less important, since most decaffeination processes no longer use

methylene chloride.

People living near industrial or hazardous waste sites with higher than average levels of methylene

chloride in the air or water would have potential above-average exposure.  However, the magnitude of

this exposure can only be evaluated on a site-by-site basis.

Currently, workers in the industries identified above (Section 5.5) have the highest potential exposure to

methylene chloride.  OSHA has determined that a PEL TWA of 25 ppm substantially reduces significant

risk of cancer from methylene chloride in occupational settings.  OSHA also believes that a lower limit

would further reduce risk and has set an action level measured as an 8-hour TWA to 12.5 ppm (OSHA

1997).

5.8 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether

adequate information on the health effects of methylene chloride is available.  Where adequate

information is not available, ATSDR, in conjunction with the National Toxicology Program (NTP), is

required to assure the initiation of a program of research designed to determine the health effects (and

techniques for developing methods to determine such health effects) of methylene chloride. 
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The following categories of possible data needs have been identified by a joint team of scientists from

ATSDR, NTP, and EPA.  They are defined as substance-specific informational needs that if met would

reduce the uncertainties of human health assessment.  This definition should not be interpreted to mean

that all data needs discussed in this section must be filled.  In the future, the identified data needs will be

evaluated and prioritized, and a substance-specific research agenda will be proposed. 

5.8.1 Identification of Data Needs

Physical and Chemical Properties.  Knowledge of the physical and chemical properties is essential

for estimating the partitioning of the chemical and the fate in the environment.  Information about the

physical and chemical properties of methylene chloride is adequate (EPA 1982e; Hansch and Leo 1979;

Lide 1994; Roy and Griffin 1982; Verschueren 1983) and can be used to determine the behaviors of the

chemical.  No further investigation is required.

Production, Import/Export, Use, Release, and Disposal.  As of October 1, 1996, the Interna-

tional Trade Commission ceased to collect or publish annual synthetic organic chemicals data.  The

National Petroleum Refiners Association, which currently collects such data, does not include methylene

chloride on its list of organic chemicals.  The available production data for methylene chloride are out of

date.  It is essential that these data be updated regularly to allow a more accurate determination of the

potential for human exposure.

Remedial investigations and feasibility studies at NPL sites that contain methylene chloride are needed to

provide further information on environmental concentrations and human exposure levels near these sites.

According to the Emergency Planning and Community Right-to-Know Act of 1986, 42 U.S.C. Section

11023, industries are required to submit chemical release and off-site transfer information to the EPA. 

The Toxics Release Inventory (TRI), which contains this information for 1996, became available in May

of 1998.  This database will be updated yearly and should provide a list of industrial production facilities

and emissions.

Data on the production and uses of methylene chloride in the United States are available (Mannsville

Chemical Products Corporation 1988; NTP 1989; SRI 1999; TRI98 2000), however the parameters in

which companies are monitored for the production of methylene chloride could be better characterized.  
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Production of methylene chloride has decreased due to declining demands (HSDB 1990; Mannsville

Chemical Products Corporation 1988; USITC 1989).  Import/export data are available (Mannsville

Chemical Products Corporation 1988; NTDB 1998) as well as data on land disposal (TRI98 2000), but

more information is needed on disposal by incineration.

Environmental Fate.  Methylene chloride is a highly volatile chemical and tends to volatilize from

water and soil to the atmosphere (Dilling et al. 1975; EPA 1979b; Gossett 1987).  The half-life of

methylene chloride volatilization from water has been measured (Dilling et al. 1975).  Methylene chloride

does not strongly sorb to soils or sediments and can be expected to leach from soils to ground water

(Dilling et al. 1975; Dobbs et al. 1989).  Atmospheric lifetimes have been estimated from the reactions of

methylene chloride with hydroxyl radicals and the concentration of such radicals (Altshuller 1980; Cox et

al. 1976; Davis et al. 1976; EPA 1987i).  Half-life values for the hydrolysis of methylene chloride in

water has been reported (Dilling et al. 1975).  Degradation of methylene chloride has been found to occur

(Davis and Madsen 1991).  Biodegradation of methylene chloride has been found to occur under both

aerobic and anaerobic conditions (Leisinger et al. 1994; Magli et al. 1998; Sheehan and Freedman 1996). 

More information and data are needed for this process.

Bioavailability from Environmental Media.  Data indicates the predominant  route of exposure to

methylene chloride is through inhalation (Angelo et al. 1986a; DiVincenzo et al. 1972).  Studies also

indicate the compound is readily absorbed following dermal exposure and ingestion (DiVincenzo and

Kaplan 1981; McDougal et al. 1986; Stewart and Dodd 1964).  Little information was found on levels of

methylene chloride in food and no studies were found on the levels of methylene chloride in soil. 

Additional data on absorption in humans following ingestion and dermal exposures are needed to

establish the importance of consumption of contaminated drinking water and foodstuffs and dermal

contact with consumer products containing methylene chloride as exposure pathways for the general

population.

Food Chain Bioaccumulation.  The bioconcentration factor (2.3) estimated for methylene chloride is

low (EPA 1980a, 1984).  More data is needed on the bioaccumulation of methylene chloride by plants,

aquatic organisms, and animals, and the biomagnification of methylene chloride in terrestrial and aquatic

food chains.  Data on bioaccumulation and biomagnification would aid in determining if levels of

methylene chloride in the environment affect food chains and potentially impact human exposure.
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Exposure Levels in Environmental Media.  Studies are available documenting levels of methylene

chloride in air (EPA 1988d; Harkov et al. 1984; Otson et al. 1983; Singh et al. 1982), water (Dyksen and

Hess 1982; EPA 1975b, 1985h; Page 1981; Singh et al. 1983; Staples et al. 1985), and sediments (Staples

et al. 1985).  More information is needed regarding the levels of methylene chloride in soils and

sediments since there is little information at this time.  Since production and use of methylene chloride

have decreased in recent years and are projected to continue the downward trend, it would be valuable to

have recent data to better estimate current human exposure levels from these media.  More information is

needed on methylene chloride levels measured in food.

Reliable monitoring data for the levels of methylene chloride in contaminated media at hazardous waste

sites are needed so that the information obtained on levels of methylene chloride in the environment can

be used in combination with the known body burdens of methylene chloride to assess the potential risk of

adverse health effects in populations living in the vicinity of hazardous waste sites.

Exposure Levels in Humans.  Methylene chloride has been identified and quantified in human breast

milk (EPA 1980d; Pellizzari et al. 1982).  More data is needed to determine the levels of methylene

chloride in blood, urine, and other tissues in the general population, particularly for populations living in

the vicinity of hazardous waste sites that contain methylene chloride.  This information is needed to

establish levels of methylene chloride to which the general population has been exposed through contact

with contaminated air, drinking water, and consumer products.  This information is necessary for

assessing the need to conduct health studies on these populations.

Exposures of Children.  There are no studies monitoring the level of exposure of children to

methylene chloride.  This data gap requires future studies to determine the exposure of methylene

chloride to children and if the significant exposures can be decreased by any means.  Additional studies

are needed to examine various exposure pathways that are unique to children.  Studies are also needed to

examine children’s weight-adjusted intake of methylene chloride. 

Despite their higher ventilation rate per kilogram of body weight compared to adults, children are not at a

greater risk of inhalation exposure to methylene chloride, except, initially for acute exposures.  Steady

state considerations tend to eliminate the difference between children and adults after a short time (see

Section 2.3.1.1).  They also spend more time closer to ground because of their height.  Methylene

chloride vapors, being heavier than air, tend to concentrate closer to the ground, thereby increasing the
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risk for children.  No data are available on the exposure of children to methylene chloride present in the

air.  

A study on usefulness of intervention methods in cases of inhalant abuse by pregnant women is required. 

More research is needed to rule out concomitant risk factors and to identify specific chemicals and

patterns of use associated with adverse effects.

Child health data needs relating to susceptibility are discussed in 2.12.2, Identification of Data Needs:

Children’s Susceptibility.

Exposure Registries.  No exposure registries for methylene chloride were located.  This substance is

not currently one of the compounds for which a subregistry has been established in the National Exposure

Registry.  The substance will be considered in the future when chemical selection is made for

subregistries to be established.  The information that is amassed in the National Exposure Registry

facilitates the epidemiological research needed to assess adverse health outcomes that may be related to

exposure to this substance.

5.8.2 Ongoing Studies

As part of the ongoing Third National Health and Nutrition Evaluation Survey (NHANES III), the

Environmental Health Laboratory Sciences Division of the National Center for Environmental Health,

Centers for Disease Control and Prevention, is analyzing human blood samples for methylene chloride

and other volatile organic compounds.  These data will give an indication of the frequency of occurrence

and background levels of these compounds in the general population.

A number of ongoing research efforts may provide data regarding the potential for human exposure to

methylene chloride.  These projects are summarized in Table 5-3.
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Table 5-3. Ongoing Studies on the Potential for Human Exposure to 
Methylene Chloride

Investigator Affiliation Research Description Sponsor

Argonne National
Laboratory, 
Lemont, IL

Destruction/conversion of
hazardous waste chlorocarbons

EM

Smith, G.B. New Mexico State
University, 
Las Cruces, NM

Pollutant toxicity reduction through
biodegradation

NIGMS

Anders, M.W. University of
Rochester, 
Rochester, NY

Metabolism and toxicity of
halogenated hydrocarbons

NIEHS

Hemingway,
R.W.

Forest Service,
Pineville, LA

Knot VOCs USDA, CRGO

Morra, M.J. University of Idaho,
Moscow, ID

Biotic and abiotic degradation of
glucosinolates and halogenated
hydrocarbons in soil

USDA, CRGO

Scow, K.M. University of California,
Davis, CA

Microbial biodegradation of
organic chemicals in soil

USDA, CRGO

Cook, R. TDA Research, Inc.
Wheat Ridge, CO

Catalysts for the oxidation of
chlorinated hydrocarbons

EPA

Dragan, A. Dragan Engineering,
Encino, CA

Biofilteration of volatile organic
compounds emitted a industrial
waste treatment

AF

Wijmans, J.G. Membrane Technology
and Research, 
Menlo Park, NJ

Recovery of liquid hazardous
wastes from carbon adsorption
steam regeneration streams

EPA

Pfefferle, W. Precision Combustion,
New Haven, CT

Catalytically stabilized thermal
incineration

NSF

Bohn, M.S. National Renewable
Energy Laboratory,
Golden, CO

Incineration of hazardous
materials with carbonate salts

USDOE

Strand, S.E. University of
Washington, 
Seattle, WA

Using trees to remediate
groundwaters contaminated with
chlorinated hydrocarbons

Bernhard, R.A. University of California,
Davis, CA

Isolation, identification, and
significance of micro-organic
constituents in foods

AF = Air Force; EPA = Environmental Protection Agency; NIEHS = National Institute of Environmental Health
Sciences; NIGMS = National Institute of General Medical Sciences; NSF = National Science Foundation; 
USDA, CRGO = U.S. Department of Agriculture, Competitive Research Grant Office; USDOE = U.S. Department of
Energy
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The purpose of this chapter is to describe the analytical methods that are available for detecting, 

measuring, and/or monitoring methylene chloride, its metabolites, and other biomarkers of exposure and

effect to methylene chloride.  The intent is not to provide an exhaustive list of analytical methods. 

Rather, the intention is to identify well-established methods that are used as the standard methods of

analysis.  Many of the analytical methods used for environmental samples are the methods approved by

federal agencies and organizations such as EPA and the National Institute for Occupational Safety and

Health (NIOSH).  Other methods presented in this chapter are those that are approved by groups such as

the Association of Official Analytical Chemists (AOAC) and the American Public Health Association

(APHA).  Additionally, analytical methods are included that modify previously used methods to obtain

lower detection limits and/or to improve accuracy and precision.

6.1 BIOLOGICAL SAMPLES

Analysis of biological materials for methylene chloride is performed most frequently by gas

chromatography with a flame ionization detector (GC/FID) (DiVincenzo et al. 1971; Engstrom and

Bjurstrom 1977).  Table 6-1 summarizes the data for specific methods for biological fluids and tissues.

Separation of methylene chloride from biological samples in preparation for GC/FID analysis is most

often achieved by heating the sample in a sealed flask until the analyte concentration is in equilibrium in

the sample matrix and the headspace vapor.  The headspace vapor is then drawn off for analysis by gas

chromatography (GC).  Headspace sampling eliminates the need for a solvent extraction procedure, thus

simplifying sample preparation and improving sensitivity (DiVincenzo et al. 1971).  However,

partitioning of the analyte between the headspace and the sample matrix depends on the nature of the

matrix and must be determined separately for each different kind of matrix (Walters 1986).  Acid

hydrolysis of adipose tissue is required prior to headspace sampling (Engstrom and Bjurstrom 1977).

6.2 ENVIRONMENTAL SAMPLES

Several methods are available for the determination of methylene chloride in air, water, soil/sediments,

and food.  Table 6-2 summarizes several representative methods appropriate for quantifying methylene In

most analytical methods, methylene chloride is trapped on a solid sorbent such as activated charcoal.  Air
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Table 6-1.  Analytical Methods for Determining Methylene Chloride in Biological Materials

Sample matrix Preparation method
Analytical
method

Sample
detection
limit

Percent
recovery Reference

Blood Heat sample, collect headspace vapor GC/FID 0.022 ppm 49.8±1.33 DiVincenzo et al. 1971

Urine Heat sample, collect headspace vapor GC/FID No data 59±2.75 DiVincenzo et al. 1971

Urine Heat sample, inject headspace air, loop GC/MS 0.5 ppb 95% Ghittori et al. 1993

Breath Heat sample, inject into gas sample, loop GC/FID 0.2±0.1 ppm No data DiVincenzo et al. 1971

Adipose tissue Hydrolyze with acid, heat sample, collect
headspace vapor

GC/FID 1.6 ppma No data Engstrom and Bjurstrom 1977

Human milk Purge with helium, trap on sorbent trap,
desorb thermally

GC/MS No data No data Pellizzari et al. 1982

aLowest reported concentration

FID = flame ionization detector; GC = gas chromatography; MS = mass spectrometry
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Table 6-2.  Analytical Methods for Determining Methylene Chloride in Environmental Samples

Sample matrix Preparation method
Analytical
method

Sample
detection
limit

Percent
recovery Reference

Air Adsorb on charcoal, desorb with carbon
disulfide

GC/FID 25 ppba 90–100b APHA 1977

Air Adsorb on charcoal, desorb with carbon
disulfide

GC/MS No data No data Ghittori et al. 1993

Air Adsorb on charcoal, desorb with carbon
disulfide

GC/MS No data No data Xiao et al. 1993

Air Adsorb on charcoal, desorb with carbon
disulfide

GC/FID 2,900 ppb
0.01 mg/sample

95.3 NIOSH 1994
[Method 1005]

Air Extract with methylene chloride, purge with
helium, desorb thermally

GC/MS 0.05 ppm -100 Savard et al. 1992

Air Adsorb on charcoal, desorb with benzyl
alcohol

GC/ECD .0.5 ppb No data Woodrow et al. 1988

Air Purge with nitrogen, direct beam with
mirrors to detect signal

RS-FTIR 0.57 ppm-m 99.7–100 Xiao et al. 1993

Air Adsorb on activated charcoal, desorb with
carbon disulfide

Toxic Gas
Vapor Detector
Tube

No data No data EMMI 1999a

Air Adsorb on activated charcoal, desorb with
carbon disulfide

GC/FID No data No data EMMI 1999b

Air Aspirate with a pump through detector tube Toxic Gas
Vapor Detector
Tube

50 ppm No data EMMI 1999c

Stack gas
effluents

Sorption onto Tenax®, thermal desorption GC/MS No data 50–150 EPA 1986e
OSW 5041A
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Table 6-2.  Analytical Methods for Determining Methylene Chloride in Environmental Samples(continued)

Sample matrix Preparation method
Analytical
method

Sample
detection
limit

Percent
recovery Reference

Water Purge with inert gas, trap on sorbent trap,
desorb thermally

GC/HSD No data 85 EPA 1989f

Water Purge with inert gas, trap on sorbent trap,
desorb thermally

GC/ELCD 0.01 ppb 97–100 EPA 1989g

Water Purge with inert gas, trap on sorbent trap,
desorb thermally

GC/MS 1.0 ppb 99 EPA 1989c

Water Purge with inert gas, trap on sorbent trap,
desorb thermally

HRGC/MS 0.03–0.09 ppb 95–97 EPA1989b

Water Purge with inert gas, trap on sorbent trap,
desorb thermally

HRGC/ELCD 0.01–0.05 ppb 97±28 APHA 1989a

Water Purge with inert gas, trap on sorbent trap,
desorb thermally

HRGC/MS 0.02–0.2 ppb 95±5 APHA 1989b

Water Purge with helium, trap on sorbent trap,
desorb thermally

GC/MS No data 99–105 Michael et al. 1988

Water Purge with helium, trap on sorbent trap,
desorb thermally

GC/MS 0.099 ppb 85 APHA 1998a

Waste water Purge with helium, trap on sorbent trap,
desorb thermally

GC/MS or
GC/PID or
GC/ECD

0.5 ppb 80–120 APHA 1998b

Waste water Purge with inert gas, trap on sorbent trap,
desorb thermally

GC/MS 0.25 ppb 25–162 EPA 1998h [Method 601]

Waste water Purge with inert gas, trap on sorbent trap,
desorb thermally

GC/MS 2.8 ppb D–221 EPA 1998i [Method 624]



Table 6-2.  Analytical Methods for Determining Methylene Chloride in Environmental Samples(continued)

Sample matrix Preparation method
Analytical
method

Sample
detection
limit

Percent
recovery Reference
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Solid/
Solid Waste

Purge with inert gas, trap on sorbent trap,
desorb thermally

GC/MS 0.03 ppb 95 EPA 1996b [Method 8260]

Solid/
Solid Waste

Purge with inert gas, trap on sorbent trap,
desorb thermally; or inject directly into GC

GC/PID/HECD 0.02 ppb 95±2.8 EPA 1996c [Method 8021]

Soil/sediment/
solid waste

Headspace extraction GC/FID or
GC/PID/ELCD

No data No data EPA 1986e
OSW 5021

Soil/sediment Extract with methanol, purge and trap GC/ECD No data 25–162 EPA 1986e
OSW 8010B

Solid waste
matrices

Purge and trap or direct injection GC/ECD/PID 0.02 ppb 97 EPA 1986e
OSW 8021B-PID

Solid waste
matrices

Headspace extraction, purge and trap GC/MS 5 ppb 0–0221 EPA 1986e
OSW 8240B-S

Solid waste
matrices

Purge and trap or direct injection GC/MS 0.03 ppb 95 EPA 1986e
OSW 8260B

Food Equilibrate in heated sodium sulfate
solution, collect headspace vapor

GC/ELCD 0.05 ppm No data Page and Charbonneau
1984

Food Isolate solvent by closed system vacuum
distillation with toluene as carrier solvent

GC/ELCD 7 ng 94 Page and Charbonneau
1984

Food Isolate solvent by closed system vacuum
distillation with toluene as carrier solvent

GC/ECD 7 ng 100 Page and Charbonneau
1984



Table 6-2.  Analytical Methods for Determining Methylene Chloride in Environmental Samples(continued)

Sample matrix Preparation method
Analytical
method

Sample
detection
limit

Percent
recovery Reference
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Food Purge with nitrogen, trap on sorbent trap,
elute with hexane

GC/ELCD 1.2 ppbc 84–96 Heikes 1987

Food Extract with acetone-water, back extract
with isooctane

GC/ELCD 4 ppb 66 Daft 1987

aLowest value for various compounds reported during collaborative testing of this method.
bEstimated accuracy of the method when the personal sampling pump is calibrated with a charcoal tube in the line.
cLowest reported concentration.

D = detected; ECD = electron capture detector; ELCD = electrolytic conductivity detector; FID = flame ionization detector; GC = gas chromatography; HECD =
electrolytic conduction detector; HRGC = high resolution gas chromatography; HSD = halogen specific detector; MS = mass spectrometry; PID = photo ionization
detector; RS-FTIR = remote sensing Fourier transform infrared
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samples are drawn directly through the sorbent (APHA 1977; NIOSH 1984).  For water, soil, or solid

chloride in each of these environmental media.  The EPA and NIOSH methods are standardized to

comply with regulatory requirements.

waste samples, methylene chloride is purged from the sample with an inert gas such as helium, and then

passed through the sorbent (APHA 1989a, 1989b; EPA 1989c, 1989f, 1989g).  Desorption is thermal or

by carbon disulfide.  Vacuum distillation or solvent extraction are sometimes used for separation of

methylene chloride from food samples (Daft 1987; Page and Charbonneau 1977). 

Following separation of the organic compounds by GC, methylene chloride is detected by one of several

types of instruments: a flame ionization detector (FID), electron capture detector (ECD), electrolytic

conductivity detector (ELCD) or halogen specific detector (HSD).  A mass spectrometer (MS) may be

used for unequivocal identification.  While the ELCD appears to be most sensitive, detection limits for all

these methods are well below levels of health concern, but are not below EPA calculated cancer risk

levels or all MRLs.

Several physical parameters may interfere with analytical accuracy.  High sampling flow rates and high

temperature and humidity may cause decreased adsorption of methylene chloride vapor on the solid

sorbent (APHA 1977).  In addition, methylene chloride is a common laboratory contaminant and is

frequently found in laboratory blanks and in the environment (e.g., soil and water samples).

6.3 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether

adequate information on the health effects of methylene chloride is available.  Where adequate

information is not available, ATSDR, in conjunction with the National Toxicology Program (NTP), is

required to assure the initiation of a program of research designed to determine the health effects (and

techniques for developing methods to determine such health effects) of methylene chloride. 

 

The following categories of possible data needs have been identified by a joint team of scientists from

ATSDR, NTP, and EPA.  They are defined as substance-specific informational needs that if met would

reduce the uncertainties of human health assessment.  This definition should not be interpreted to mean
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that all data needs discussed in this section must be filled.  In the future, the identified data needs will be

evaluated and prioritized, and a substance-specific research agenda will be proposed. 

6.3.1 Identification of Data Needs

Methods for Determining Biomarkers of Exposure and Effect.  Exposure to methylene chloride

may be evaluated by measuring the levels of this compound in blood (Ashley et al. 1994), urine, breath

(DiVincenzo et al. 1971), adipose tissue (Engstrom and Bjurstrom 1977), and human milk (Pellizari et al.

1982).  Sensitive methods such as gas chromatography with a flame ionization detector (GC/FID) and gas

chromatography with a mass spectrometry detector (GC/MS) are available for the determination of

methylene chloride in biological materials.  However, additional data on detection limits and accuracy are

needed to determine whether these methods are sufficiently sensitive and specific to identify individuals

with low-level exposures.

Neurological or neurobehavioral effects are characteristic markers of effects of methylene chloride. 

These effects can occur in people exposed to low levels.  No specific tests are known that measure

specific biomarkers of methylene chloride effects.  The tests are standard for a wide range of chemicals

and are not very sensitive.  Therefore, other methods are needed to identify specific biomarkers of

methylene chloride exposure.

Methods for Determining Parent Compounds and Degradation Products in Environmental
Media.  Air is the environmental medium of most concern for human exposure to methylene chloride. 

Exposure from drinking water may also be of concern in some areas, such as near hazardous waste sites. 

Existing analytical methods can measure methylene chloride in these and other environmental media at

background levels.  Analytical methods such as gas chromatography with flame ionization detector

(GC/FID), electron capture detector (GC/ECD), and mass spectrometry detector (GC/MS) are available

for determining methylene chloride in environmental media.  High resolution gas chromatography with

mass spectrometry (HLGC/MS) and with electrolytic conductivity detector (HLGC/ELCD) as well as

Remote Sensing Fourier Transform Infrared (RS-FTIR) spectroscopy are also reliable.  Exposure to

methylene chloride may be evaluated by measuring the levels of this compound in air (APHA, NIOSH),

water (APHA 1989a, 1989b; EPA 1989a, 1989b, 1989c, 1989d, 1989e, 1989f, 1989g), waste water (EPA

1998a, 1998b, 1998c, 1998d, 1998e, 1998f, 1998g, 1998h, 1998i, 1998j, 1998k, 1998l), soil/solid waste 
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(EPA 1996a, 1996b, 1996c, 1996d), and food (Daft 1987; Heikes 1987; Page and Charbonneau 1977,

1984).  The accuracy and precision of the methods are well documented and mass spectrometry provides

adequate specificity.  Development of methods to improve the accuracy, sample preparation, and transfer

techniques are needed to monitor environmental media, especially how to preclude false positives.

6.3.2 Ongoing Studies

The following information was found as a result of a search of Federal Research in Progress (FEDRIP

1996).

The Environmental Health Laboratory Sciences Division of the National Center for Environmental

Health, Centers for Disease Control and Prevention, is developing methods for the analysis of methylene

chloride and other volatile organic compounds in blood.  These methods use purge and trap methodology,

high resolution gas chromatography, and magnetic sector mass spectrometry which gives detection limits

in the low parts per trillion (ppt) range.

The Environmental Health Laboratory Sciences Division of the National Center for Environmental

Health, Centers for Disease Control and Prevention, is developing methods for the analysis of methylene

chloride and other phenolic compounds in urine.  These methods use high resolution gas chromatography

and magnetic sector mass spectrometry which gives detection limits in the low parts per trillion (ppt)

range.

Other on-going studies to improve analytical methods for methylene chloride and related compounds

include the EPA "Master Analytical Scheme" being developed for organic compounds in water (Michael

et al. 1988), the research in supercritical fluid extraction (King 1989) which is applicable to organohalide

analytes, and the development of whole column cryotrapping techniques (Pankow and Rosen 1988). 

These improvements are designed to overcome problems with purge and trap sample preparation and

increase sensitivity, reliability, and speed of the analyses.
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The international, national, and state regulations and guidelines regarding methylene chloride in air,

water, and other media are summarized in Table 7-1.

The International Agency for Research on Cancer (IARC) classifies methylene chloride as a Group 2B

carcinogen (possibly carcinogenic to humans) (IARC 1987).  The Department of Health and Human

Services (DHHS) has determined that methylene chloride may reasonably be anticipated to be a

carcinogen.  The National Institute for Occupational Safety and Health has listed methylene chloride as a

possible human carcinogen (NIOSH 1997).

OSHA requires employers of workers who are occupationally exposed to methylene chloride to institute

engineering controls and work practices to reduce and maintain employee exposure at or below

permissible exposure limits (PEL).  The employer must use engineering and work practice controls, if

feasible, to reduce exposure to or below an 8-hour TWA of 25 ppm (OSHA 1998a, 1998b).  Respirators

must be provided and used during the time period necessary to install or implement feasible engineering

and work practice controls, or where controls are not yet sufficient.  Respirators are also required when

the employer determines that compliance with the TWA or PEL is not feasible with engineering or work

practice controls, such as maintenance and repair activities, vessel cleaning, or other operations where

exposures are intermittent and limited in duration, and in emergencies (OSHA 1987).

The EPA has calculated a chronic oral reference dose (RfD) of 0.06 mg/kg/day for methylene chloride

based on a NOAEL of approximately 6 mg/kg/day for rats in a 2-year drinking water bioassay (IRIS

1999; Serota et al. 1986a).  The critical effect was liver toxicity.  ATSDR has calculated an acute

inhalation MRL of 0.6 ppm based on a LOAEL of 300 ppm in an acute study in humans that evaluated

the effects of methylene chloride on the central nervous system (Winneke 1974).  This MRL supersedes

the previous acute inhalation MRL of 3 ppm derived in the 1998 draft for public comment version of this

profile.  In the new derivation of this MRL, a PBPK model (Reitz et al.  1997) was applied to adjust the

dosage yielding an adjusted LOAEL of 60 ppm.  An intermediate-duration inhalation MRL of 0.3 ppm

was calculated based on a 100-day inhalation study in rats that identified a LOAEL of 25 ppm for liver

effects (Haun et al. 1972).  A chronic inhalation MRL of 0.3 ppm was calculated based on a NOAEL of

50 ppm for liver effects (Nitschke et al. 1988a).  Using a PBPK model for inhalation-to-oral extrapolation

of the Winneke (1974) data, an acute oral MRL of 0.2 mg/kg/day was calculated, based on a LOAEL of 
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16 mg/kg/day for neurological effects (Reitz et al. 1997).  This MRL supersedes the previous acute oral

MRL of 0.5 mg/kg/day published in the 1998 draft for public comment version of this profile.  In the new

derivation, the uncertainty factor for human variability was increased from 3 to 10.  ATSDR has also

calculated a chronic oral MRL of 0.06 mg/kg/day based on a NOAEL of 6 mg/kg/day for liver effects

(Serota et al. 1986a).  This MRL supersedes the previous chronic oral MRL of 0.2 mg/kg/day published

in the 1998 draft for public comment version of this profile.  In the new derivation, the uncertainty factor

for extrapolation from animals to humans was increased from 3 to 10.
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Table 7-1.  Regulations and Guidelines Applicable to Methylene Chloride

Agency Description Information References

INTERNATIONAL

IARC Carcinogenic classification Group 2Ba IARC 1987

NATIONAL

Regulations:

a. Air:

ACGIH TLV-TWA 50 ppm ACGIH 1999

NIOSH REL Lowest feasible
concentration

NIOSH 1999

OSHA PEL 8hr-TWA
STEL determined over a 15
minute sampling period

25 ppm
125 ppm

29 CFR 1910.1052
OSHA 1999

b. Water:

EPA MCL applying to community
and non-transient, non-
community water systems

0.005 mg/L 40 CFR 141.61
EPA 1999g

MCLG Zero 40 CFR 141.50
EPA 1999f

Health Advisories
1-day (10-kg child)
10-day (10-kg child)
Longer-term child
Longer-term adult
DWEL

10 mg/L
2 mg/L
NDb

ND
2 mg/L

EPA 1996a

Water Quality Criteria
water + organisms
organisms only

4.7 µg/L
1600 µg/L

EPA 1999j

c. Food:

EPA Indirect food additive:
ingredient in pesticide
formulations as a solvent
used on growing crops

No tolerance limit when
used as an inert
ingredient

40 CFR 180.1001
EPA 1999i

Exemption from tolerance for
fumigant uses

Yes 40 CFR 180.1010
EPA 1998b 

FDA Ban on use of methylene
chloride in cosmetic products

Yes 21 CFR 700.19
FDA 1999c
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Table 7-1.  Regulations and Guidelines Applicable to 
Methylene Chloride (continued) 

Agency Description Information References

FDA (contd)

Methylene chloride present in
foods with the following limits:

Spice oleoresins, residue
Limit in hops extract
Hops extract, residue
Decaffeinated roasted
coffee and soluble coffee
extract (instant coffee)

30 ppm
2.2%
5 ppm
10 ppm

21 CFR 173.255
FDA 1999b

Indirect food additive
component of adhesives
used in food packaging or
transporting

Yes 21 CFR 175.105
FDA 1999a

Indirect food additive: used in
the production of
polycarbonate resins which
are used for food packaging
and transport

Yes 21 CFR 177.1580
FDA 1999d

Indirect food additive: used in
ink for marking fruits and
vegetables

Yes 21 CFR 73.1
FDA 1999e

d. Other:

ACGIH Carcinogenic classification
Biological Exposure Indices

Methemoglobin in blood

A3c

1.5% of hemoglobin

ACGIH 1999

EPA RfD (oral)
Carcinogen Classification
Cancer slope factor (q1*)
Inhalation unit risk

6x10-2 mg/kg/day
Group B2d

7.5x10-3 (mg/kg)/day
4.7x10-7 (µg/m3)-1

IRIS 1999

Reportable quantity for
hazardous substances

Methylene chloride -
designated CERCLA
hazardous substance
under sections 307(a) of
the Clean Water Act and
RCRA section 3001

1,000 lbs 40 CFR 302.4
EPA 1999a

Toxic Chemical Release
Reporting— effective date

1/1/87 40 CFR 372.65
EPA 1999b

Identification and listing as a
hazardous waste

Yes 40 CFR 261.33
EPA 1999c
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Table 7-1.  Regulations and Guidelines Applicable to 
Methylene Chloride (continued) 

Agency Description Information References

d. Other: 
EPA (contd)

List of toxic pollutants
designated pursuant to
section 307(a)(1) of the Act

Yes 40 CFR 401.15
EPA 1998h

OSHA Inhalation Unit Risk 3.62x10-3 (µg/m3)-1 OSHA 1997

USC List of hazardous air
pollutants

Yes 42 USC 7412
USC 1999

Universal treatment
standards

wastewater
non-wastewater

0.089 mg/L
30 mg/L

40 CFR 268.48
EPA 1999d

STATE
Regulations and
guidelines:

a. Air:

Idaho Acceptable ambient
concentration for a
carcinogen

2.4x10-1 µg/m3 ID Dept Health
Welfare 1999

Kansas Concentration limits for
hazardous air emissions

10 tons/year KS Dept. Health
Env 1998

Massachusetts Acceptable ambient air
concentrations

0.24 µg/m3 (annual) MA Dept. Env.
Protect. 1998

New Jersey Acceptable ambient air
concentrations

4.7x10-7 µg/m3 NJ Dept Env.
Protect. 1998

New York Acceptable ambient air
concentrations

27.0 µg/m3 (annual) NY Dept. Env.
Conserv. 1998

North Carolina Acceptable ambient air
concentrations

2.4x10-2 mg/m3 (annual) NC Div. Env.
Manage. 1998

Rhode Island Acceptable ambient air
concentrations

2.0 µg/m3 (annual) RI Dept. Env
Management 1992

Vermont Acceptable ambient air
concentrations

0.02 µg/m3 (annual) VT Nat. Res.
Agency 1998

Washington Acceptable ambient air
concentrations

2.0 µg/m3 (annual) WA Dept. Ecology
1998

Wisconsin Acceptable emission levels
<25 feet
25 feet

29 lbs/hr
122 lbs/hr

WI Dept Natural
Resources 1997
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Table 7-1.  Regulations and Guidelines Applicable to 
Methylene Chloride (continued) 

Agency Description Information References

b. Water.

Alabama Human health criteria for the
consumption of:

water and organisme

organism onlye
3.4x10-4 µg/L
1.48x10-2 µg/L

AL Dept Env
Management 1998

Alaska Maximum contaminant level 0.005 mg/L AK Dept Env
Conserv 1999

New Jersey Ground water quality 2 µg/L NJ Dept Env Protec
1993

Oklahoma Ground water quality criteria 10.0 µg/L OK Dept Env
Quality 1997

South Dakota Maximum contaminant
levels— apply to community
and non-transient and non-
community  water systems

0.005 mg/L SD Dept Env
Natural Resources
1998

a: Group 2B - The agent is possibly carcinogenic to humans
b: ND - Not data
c: A3 - Confirmed animal carcinogen with unknown relevance to humans
d: B2 - Probable human carcinogen
e: The following equations were used to calculate the values as given in the Alabama State laws:

Consumption of water and organism:
Concentration (mg/l) =  (HBW x RL)/(CPF x [(FCR x BCF) + WCR])

Consumption of organism only:
Concentration (mg/l) =  (HBW x RL)/(CPF x FCR x BCF)

HBW = human body weight, set at 70 kg
RL = risk level, set at 1 x 10-5

CPF = cancer potency factor, 0.0075 (kg-day)/mg
FCR = fish consumption rate, set at 0.030 kg/day
BCF = bioconcentration factor, 0.9 L/kg
WCR = water consumption rate, set at 2 L/day

ACGIH = American Conference of Governmental Industrial Hygienists; DWEL = drinking water equivalent level;
EPA = Environmental Protection Agency; FDA = Food and Drug Administration; IARC = International Agency for
Research on Cancer; IRIS = Integrated Risk Information System; MCL = maximum contaminant level;
MCLG = maximum contaminant level goal; NIOSH = National Institute of Occupational Safety and Health;
OSHA = Occupational Safety and Health Administration; PEL = permissible exposure limit; REL = recommended
exposure release; RfD = reference dose; TLV= threshold limit value; TWA = time-weighted average
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Absorption—The taking up of liquids by solids, or of gases by solids or liquids.

Acute Exposure—Exposure to a chemical for a duration of 14 days or less, as specified in the
Toxicological Profiles.

Adsorption—The adhesion in an extremely thin layer of molecules (as of gases, solutes, or liquids) to the
surfaces of solid bodies or liquids with which they are in contact.

Adsorption Coefficient (Koc)—The ratio of the amount of a chemical adsorbed per unit weight of
organic carbon in the soil or sediment to the concentration of the chemical in solution at equilibrium.

Adsorption Ratio (Kd)—The amount of a chemical adsorbed by a sediment or soil (i.e., the solid phase)
divided by the amount of chemical in the solution phase, which is in equilibrium with the solid phase, at a
fixed solid/solution ratio.  It is generally expressed in micrograms of chemical sorbed per gram of soil or
sediment.

Benchmark Dose (BMD)—Usually defined as the lower confidence limit on the dose that produces a
specified magnitude of changes in a specified adverse response.  For example, a BMD10  would be the
dose at the 95% lower confidence limit on a 10% response, and the benchmark response (BMR) would be
10%. The BMD is determined by modeling the dose response curve in the region of the dose response
relationship where biologically observable data are feasible.   

Benchmark Dose Model—A statistical dose-response model applied to either experimental toxicological
or epidemiological data to calculate a BMD.

Bioconcentration Factor (BCF)—The quotient of the concentration of a chemical in aquatic organisms
at a specific time or during a discrete time period of exposure divided by the concentration in the
surrounding water at the same time or during the same period.

Biomarkers—Broadly defined as indicators signaling events in biologic systems or samples.  They have
been classified as markers of exposure, markers of effect, and markers of susceptibility.

Cancer Effect Level (CEL)—The lowest dose of chemical in a study, or group of studies, that produces
significant increases in the incidence of cancer (or tumors) between the exposed population and its
appropriate control.

Carcinogen—A chemical capable of inducing cancer.

Case-Control Study—A type of epidemiological study which examines the relationship between a
particular outcome (disease or condition) and a variety of potential causative agents (such as toxic
chemicals).  In a case-controlled study, a group of people with a specified and well-defined outcome is
identified and compared to a similar group of people without outcome.

Case Report—Describes a single individual with a particular disease or exposure.  These may suggest
some potential topics for scientific research but are not actual research studies.
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Case Series—Describes the experience of a small number of individuals with the same disease or
exposure.  These may suggest potential topics for scientific research but are not actual research studies.

Ceiling Value—A concentration of a substance that should not be exceeded, even instantaneously.

Chronic Exposure—Exposure to a chemical for 365 days or more, as specified in the Toxicological
Profiles.

Cohort Study—A type of epidemiological study of a specific group or groups of people who have had a
common insult (e.g., exposure to an agent suspected of causing disease or a common disease) and are
followed forward from exposure to outcome.  At least one exposed group is compared to one unexposed
group.

Cross-sectional Study—A type of epidemiological study of a group or groups which examines the
relationship between exposure and outcome to a chemical or to chemicals at one point in time.

Data Needs—Substance-specific informational needs that if met would reduce the uncertainties of human
health assessment.

Developmental Toxicity—The occurrence of adverse effects on the developing organism that may result
from exposure to a chemical prior to conception (either parent), during prenatal development, or
postnatally to the time of sexual maturation.  Adverse developmental effects may be detected at any point
in the life span of the organism.

Dose-Response Relationship—The quantitative relationship between the amount of exposure to a
toxicant and the incidence of the adverse effects.

Embryotoxicity and Fetotoxicity—Any toxic effect on the conceptus as a result of prenatal exposure to
a chemical; the distinguishing feature between the two terms is the stage of development during which the
insult occurs.  The terms, as used here, include malformations and variations, altered growth, and in utero
death.

Environmental Protection Agency (EPA) Health Advisory—An estimate of acceptable drinking water
levels for a chemical substance based on health effects information.  A health advisory is not a legally
enforceable federal standard, but serves as technical guidance to assist federal, state, and local officials.

Epidemiology—Refers to the investigation of factors that determine the frequency and distribution of
disease or other health-related conditions within a defined human population during a specified period.  

Genotoxicity—A specific adverse effect on the genome of living cells that, upon the duplication of
affected cells, can be expressed as a mutagenic, clastogenic or carcinogenic event because of specific
alteration of the molecular structure of the genome.

Half-life—A  measure of rate for the time required to eliminate one half of a quantity of a chemical from
the body or environmental media.

Immediately Dangerous to Life or Health (IDLH)—The maximum environmental concentration of a
contaminant from which one could escape within 30 minutes without any escape-impairing symptoms or
irreversible health effects.
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Incidence—The ratio of individuals in a population who develop a specified condition to the total
number of individuals in that population who could have developed that condition in a specified time
period. 

Intermediate Exposure—Exposure to a chemical for a duration of 15–364 days, as specified in the
Toxicological Profiles.

Immunologic Toxicity—The occurrence of adverse effects on the immune system that may result from
exposure to environmental agents such as chemicals.

Immunological Effects—Functional changes in the immune response.

In Vitro—Isolated from the living organism and artificially maintained, as in a test tube.

In Vivo—Occurring within the living organism.

Lethal Concentration(LO) (LCLO)—The lowest concentration of a chemical in air which has been
reported to have caused death in humans or animals.

Lethal Concentration(50) (LC50)—A calculated concentration of a chemical in air to which exposure for a
specific length of time is expected to cause death in 50% of a defined experimental animal population.

Lethal Dose(LO) (LDLO)—The lowest dose of a chemical introduced by a route other than inhalation that
has been reported to have caused death in humans or animals.

Lethal Dose(50) (LD50)—The dose of a chemical which has been calculated to cause death in 50% of a
defined experimental animal population.

Lethal Time(50) (LT50)—A calculated period of time within which a specific concentration of a chemical
is expected to cause death in 50% of a defined experimental animal population.

Lowest-Observed-Adverse-Effect Level (LOAEL)—The lowest exposure level of chemical in a study,
or group of studies, that produces statistically or biologically significant increases in frequency or severity
of adverse effects between the exposed population and its appropriate control.

Lymphoreticular Effects—Represent morphological effects involving lymphatic tissues such as the
lymph nodes, spleen, and thymus.

Malformations—Permanent structural changes that may adversely affect survival, development, or
function.

Minimal Risk Level (MRL)—An estimate of daily human exposure to a hazardous substance that is
likely to be without an appreciable risk of adverse noncancer health effects over a specified route and
duration of exposure.

Modifying Factor (MF)—A value (greater than zero) that is applied to the derivation of a minimal risk
level (MRL) to reflect additional concerns about the database that are not covered by the uncertainty
factors. The default value for a MF is 1.
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Morbidity—State of being diseased; morbidity rate is the incidence or prevalence of disease in a specific
population.

Mortality—Death; mortality rate is a measure of the number of deaths in a population during a specified 
interval of time.

Mutagen—A substance that causes mutations.  A mutation is a change in the DNA sequence of a cell’s
DNA.  Mutations can lead to birth defects, miscarriages, or cancer.

Necropsy—The gross examination of the organs and tissues of a dead body to determine the cause of
death or pathological conditions.

Neurotoxicity—The occurrence of adverse effects on the nervous system following exposure to a
chemical.

No-Observed-Adverse-Effect Level (NOAEL)—The dose of a chemical at which there were no
statistically or biologically significant increases in frequency or severity of adverse effects seen between
the exposed population and its appropriate control.  Effects may be produced at this dose, but they are not
considered to be adverse.

Octanol-Water Partition Coefficient (Kow)—The equilibrium ratio of the concentrations of a chemical
in n-octanol and water, in dilute solution.

Odds Ratio (OR)—A means of measuring the association between an exposure (such as toxic substances
and a disease or condition) which represents the best estimate of relative risk (risk as a ratio of the
incidence among subjects exposed to a particular risk factor divided by the incidence among subjects who
were not exposed to the risk factor).  An odds ratio of greater than 1 is considered to indicate greater risk
of disease in the exposed group compared to the unexposed.

Organophosphate or Organophosphorus Compound—A phosphorus containing organic compound
and especially a pesticide that acts by inhibiting cholinesterase.

Permissible Exposure Limit (PEL)—An Occupational Safety and Health Administration (OSHA)
allowable exposure level in workplace air averaged over an 8-hour shift of a 40-hour workweek.

Pesticide—General classification of chemicals specifically developed and produced for use in the control
of agricultural and public health pests.

Pharmacokinetics—The science of quantitatively predicting the fate (disposition) of an exogenous
substance in an organism. Utilizing computational techniques, it provides the means of studying the
absorption, distribution, metabolism and excretion of chemicals by the body.

Pharmacokinetic Model—A set of equations that can be used to describe the time course of a parent
chemical or metabolite in an animal system.  There are two types of pharmacokinetic models: data-based
and physiologically-based.  A data-based model divides the animal system into a series of compartments
which, in general, do not represent real, identifiable anatomic regions of the body whereas the
physiologically-based model compartments represent real anatomic regions of the body.

Physiologically Based Pharmacodynamic (PBPD) Model—A type of physiologically-based dose-
response model which quantitatively describes the relationship between target tissue dose and toxic end
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points.  These models advance the importance of physiologically based models in that they clearly
describe the biological effect (response) produced by the system following exposure to an exogenous
substance. 

Physiologically Based Pharmacokinetic (PBPK) Model—A model comprising a series of
compartments representing organs or tissue groups with realistic weights and blood flows.  These models
require a variety of physiological information: tissue volumes, blood flow rates to tissues, cardiac output,
alveolar ventilation rates and, possibly membrane permeabilities.  The models also utilize biochemical
information such as air/blood partition coefficients, and metabolic parameters.  PBPK models are also
called biologically based tissue dosimetry models.

Prevalence—The number of cases of a disease or condition in a population at one point in time. 

Prospective Study—A type of cohort study in which the pertinent observations are made on events
occurring after the start of the study.  A group is followed over time.

q1*—The upper-bound estimate of the low-dose slope of the dose-response curve as determined by the
multistage procedure.  The q1* can be used to calculate an estimate of carcinogenic potency, the
incremental excess cancer risk per unit of exposure (usually µg/L for water, mg/kg/day for food, and
µg/m3 for air).

Recommended Exposure Limit (REL)—A National Institute for Occupational Safety and Health
(NIOSH) time-weighted average (TWA) concentrations for up to a 10-hour workday during a 40-hour
workweek.

Reference Concentration (RfC)—An estimate (with uncertainty spanning perhaps an order of
magnitude) of a continuous inhalation exposure to the human population (including sensitive subgroups)
that is likely to be without an appreciable risk of deleterious noncancer health effects during a lifetime. 
The inhalation reference concentration is for continuous inhalation exposures and is appropriately
expressed in units of mg/m3 or ppm.

Reference Dose (RfD)—An estimate (with uncertainty spanning perhaps an order of magnitude) of the
daily exposure of the human population to a potential hazard that is likely to be without risk of deleterious
effects during a lifetime.  The RfD is operationally derived from the no-observed-adverse-effect level
(NOAEL-from animal and human studies) by a consistent application of uncertainty factors that reflect
various types of data used to estimate RfDs and an additional modifying factor, which is based on a
professional judgment of the entire database on the chemical.  The RfDs are not applicable to
nonthreshold effects such as cancer.

Reportable Quantity (RQ)—The quantity of a hazardous substance that is considered reportable under
the Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA).  Reportable
quantities are (1) 1 pound or greater or (2) for selected substances, an amount established by regulation
either under CERCLA or under Section 311 of the Clean Water Act.  Quantities are measured over a
24-hour period.

Reproductive Toxicity—The occurrence of adverse effects on the reproductive system that may result
from exposure to a chemical.  The toxicity may be directed to the reproductive organs and/or the related
endocrine system.  The manifestation of such toxicity may be noted as alterations in sexual behavior,
fertility, pregnancy outcomes, or modifications in other functions that are dependent on the integrity of
this system.
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Retrospective Study—A type of cohort study based on a group of persons known to have been exposed
at some time in the past.  Data are collected from routinely recorded events, up to the time the study is
undertaken.  Retrospective studies are limited to causal factors that can be ascertained from existing
records and/or examining survivors of the cohort.

Risk—The possibility or chance that some adverse effect will result from a given exposure to a chemical.

Risk Factor—An aspect of personal behavior or lifestyle, an environmental exposure, or an inborn or
inherited characteristic, that is associated with an increased occurrence of disease or other health-related
event or condition.

Risk Ratio—The ratio of the risk among persons with specific risk factors compared to the risk among
persons without risk factors.  A risk ratio greater than 1 indicates greater risk of disease in the exposed
group compared to the unexposed.

Short-Term Exposure Limit (STEL)—The American Conference of Governmental Industrial
Hygienists (ACGIH) maximum concentration to which workers can be exposed for up to 15 min
continually.  No more than four excursions are allowed per day, and there must be at least 60 min
between exposure periods.  The daily Threshold Limit Value - Time Weighted Average (TLV-TWA) may
not be exceeded.

Target Organ Toxicity—This term covers a broad range of adverse effects on target organs or
physiological systems (e.g., renal, cardiovascular) extending from those arising through a single limited
exposure to those assumed over a lifetime of exposure to a chemical.

Teratogen—A chemical that causes structural defects that affect the development of an organism.

Threshold Limit Value (TLV)—An American Conference of Governmental Industrial Hygienists
(ACGIH) concentration of a substance to which most workers can be exposed without adverse effect. 
The TLV may be expressed as a Time Weighted Average (TWA), as a Short-Term Exposure Limit
(STEL), or as a ceiling limit (CL).

Time-Weighted Average (TWA)—An allowable exposure concentration averaged over a normal 8-hour
workday or 40-hour workweek.

Toxic Dose(50) (TD50)—A calculated dose of a chemical, introduced by a route other than inhalation,
which is expected to cause a specific toxic effect in 50% of a defined experimental animal population.

Toxicokinetic—The study of the absorption, distribution and elimination of toxic compounds in the
living organism.

Uncertainty Factor (UF)—A factor used in operationally deriving the Minimal Risk Level (MRL) or
Reference Dose (RfD) or Reference Concentration (RfC) from experimental data.  UFs are intended to
account for (1) the variation in sensitivity among the members of the human population, (2) the
uncertainty in extrapolating animal data to the case of human, (3) the uncertainty in extrapolating from
data obtained in a study that is of less than lifetime exposure, and (4) the uncertainty in using lowest-
observed-adverse-effect level (LOAEL) data rather than no-observed-adverse-effect level (NOAEL) data. 
A default for each individual UF is 10; if complete certainty in data exists, a value of one can be used;
however a reduced UF of three may be used on a case-by-case basis, three being the approximate
logarithmic average of 10 and 1.
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9.  GLOSSARY

Xenobiotic—Any chemical that is foreign to the biological system.
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ATSDR MINIMAL RISK LEVELS AND WORKSHEETS

The Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) [42 U.S.C.

9601 et seq.], as amended by the Superfund Amendments and Reauthorization Act (SARA) [Pub. L.

99–499], requires that the Agency for Toxic Substances and Disease Registry (ATSDR) develop jointly

with the U.S. Environmental Protection Agency (EPA), in order of priority, a list of hazardous substances

most commonly found at facilities on the CERCLA National Priorities List (NPL); prepare toxicological

profiles for each substance included on the priority list of hazardous substances; and assure the initiation

of a research program to fill identified data needs associated with the substances.

The toxicological profiles include an examination, summary, and interpretation of available toxicological

information and epidemiologic evaluations of a hazardous substance.  During the development of

toxicological profiles, Minimal Risk Levels (MRLs) are derived when reliable and sufficient data exist to

identify the target organ(s) of effect or the most sensitive health effect(s) for a specific duration for a

given route of exposure.  An MRL is an estimate of the daily human exposure to a hazardous substance

that is likely to be without appreciable risk of adverse noncancer health effects over a specified duration

of exposure.  MRLs are based on noncancer health effects only and are not based on a consideration of

cancer effects.  These substance-specific estimates, which are intended to serve as screening levels, are

used by ATSDR health assessors to identify contaminants and potential health effects that may be of

concern at hazardous waste sites.  It is important to note that MRLs are not intended to define clean-up or

action levels.

MRLs are derived for hazardous substances using the no-observed-adverse-effect level/uncertainty factor

approach.  They are below levels that might cause adverse health effects in the people most sensitive to

such chemical-induced effects.  MRLs are derived for acute (1–14 days), intermediate (15–364 days), and

chronic (365 days and longer) durations and for the oral and inhalation routes of exposure.  Currently,

MRLs for the dermal route of exposure are not derived because ATSDR has not yet identified a method

suitable for this route of exposure.  MRLs are generally based on the most sensitive chemical-induced end

point considered to be of relevance to humans.  Serious health effects (such as irreparable damage to the

liver or kidneys, or birth defects) are not used as a basis for establishing MRLs.  Exposure to a level

above the MRL does not mean that adverse health effects will occur.
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MRLs are intended only to serve as a screening tool to help public health professionals decide where to

look more closely.  They may also be viewed as a mechanism to identify those hazardous waste sites that

are not expected to cause adverse health effects.  Most MRLs contain a degree of uncertainty because of

the lack of precise toxicological information on the people who might be most sensitive (e.g., infants,

elderly, nutritionally or immunologically  compromised) to the effects of hazardous substances.  ATSDR

uses a conservative (i.e., protective) approach to address this uncertainty consistent with the public health

principle of prevention.  Although human data are preferred, MRLs often must be based on animal studies

because relevant human studies are lacking.  In the absence of evidence to the contrary, ATSDR assumes

that humans are more sensitive to the effects of hazardous substance than animals and that certain persons

may be particularly sensitive.  Thus, the resulting MRL may be as much as a hundredfold below levels

that have been shown to be nontoxic in laboratory animals.

Proposed MRLs undergo a rigorous review process:  Health Effects/MRL Workgroup reviews within the

Division of Toxicology, expert panel peer reviews, and agency wide MRL Workgroup reviews, with

participation from other federal agencies and comments from the public.  They are subject to change as

new information becomes available concomitant with updating the toxicological profiles.  Thus, MRLs in

the most recent toxicological profiles supersede previously published levels.  For additional information

regarding MRLs, please contact the Division of Toxicology, Agency for Toxic Substances and Disease

Registry, 1600 Clifton Road, Mailstop E-29, Atlanta, Georgia 30333.
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MINIMAL RISK LEVEL (MRL) WORKSHEET
 
Chemical name(s): Methylene Chloride
CAS number(s): 75-09-2
Date: July 28, 2000
Profile status: Draft 3 Post Public Comment
Route: [X] Inhalation [ ] Oral
Duration: [X] Acute [ ] Intermediate [ ] Chronic
Key to figure: 15
Species: Human

MRL:  0.6   [ ] mg/kg/day [X] ppm  [ ] mg/m3

Reference:   Winneke G.  1974.  Behavioral effects of methylene chloride and carbon monoxide as
assessed by sensory and psychomotor performance.  In: Behavioral Toxicology.  Early Detection of
Occupational Hazards, Eds. C  Xintaras, B Johnson, I deGroot.  U.S. Department of Health, Education,
and Welfare.

Reitz RH, Hays SM, Gargas ML.  1997.  Assessing priority data needs for methylene chloride with
physiologically-based pharmacokinetic modeling.  Halogenated Solvents Industry Alliance (HSIA),
prepared for ATSDR.

Experimental design: Winneke (1974) exposed from 6 to 20 volunteers in a randomized blind clinical
chamber experiment to either filtered air or to concentrations of 300, 500, or 800 ppm of methylene
chloride vapors.  Subjects were exposed for 3–4 hours and tested at 45-minute intervals with standard
neurobehavioral tests measuring: (1) critical flicker fusion frequency (visual); (2) auditory vigilance
performance; and (3) performance on psychomotor tasks.

Effects noted in study and corresponding doses: A statistically significant depression in critical flicker
fusion frequency (CFF frequency) was observed at all concentrations.  The magnitude of CFF depression
was similar at exposure concentrations of 300 and 500 ppm and was larger at 800 ppm.  Thus, there was
no dose-response at the two lowest concentrations, and a dose-response was evident at the highest
concentration.  A decrease in auditory vigilance performance was observed at 500 ppm and psychomotor
task performance was impaired at 800 ppm.  Thus, of the neurological indicators tested, CFF frequency is
most sensitive to acute inhalation exposure to methylene chloride.  Based on this end point, the LOAEL is
300 ppm.  

The Reitz et al. (1997) PBPK model was used to convert the LOAEL to account for a 24-hour exposure
scenario, yielding a duration-adjusted LOAEL of 60 ppm.

Dose and end point used for MRL derivation: 60 ppm; the MRL was derived based on a LOAEL of 300
ppm for adverse neurological effects (decreased critical flicker frequency and auditory vigilance
performance), duration-adjusted to 60 ppm by Rietz et al. (1997) . 

[ ] NOAEL [X] LOAEL: 
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Uncertainty factors used in MRL derivation: 

[ ] 1 [ ] 3    [X] 10 (for use of a LOAEL)   
[ ] 1 [ ] 3    [ ]   10 (for extrapolation from animals to humans)
[ ] 1 [ ] 3    [X] 10 (for human variability)

Was a conversion factor used from ppm in food or water to a mg/body weight dose?
No

If an inhalation study in animals, list conversion factors used in determining human equivalent dose:  N/A

Was a conversion used from intermittent to continuous exposure?  If so, explain:  
The Reitz et al. (1997) PBPK model was used to convert the LOAEL of 300 ppm to 60 ppm to account
for a 24-hour scenario.

Other additional studies or pertinent information that lend support to this MRL:  Fodor and Winneke
(1971) observed similar effects on critical flicker fusion frequency at the same concentration (300 ppm) in
a different group of volunteers.  Stewart et al. (1972) observed altered visual evoked responses in humans
exposed to 515 ppm methylene chloride for 1–2 hours.  Putz et al. (1979) reported impairment in some 
visual and psychomotor tasks following 4 hours of exposure to 200 ppm of methylene chloride. 
(Although Putz et al. (1979) identified a lower LOAEL, it was not chosen as the basis for the acute
inhalation MRL because ATSDR considered the neurological tests employed by Winneke (1974) to be
more specific.)  OSHA’s  (OSHA 1997) new occupational standard of 125 ppm as a 15-minute STEL
(short term exposure limit) is consistent with this inhalation MRL. 
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MINIMAL RISK LEVEL (MRL) WORKSHEET

Chemical name(s): Methylene Chloride
CAS number(s): 75-09-2
Date: July 28, 2000
Profile status: Draft 3 Post Public Comment
Route: [X ] Inhalation [ ] Oral
Duration: [ ] Acute [X ] Intermediate [ ] Chronic
Key to figure: 36r
Species: Rat

MRL:  0.3  [ ] mg/kg/day  [X] ppm  [ ] mg/m3

Reference:  Haun CC, Vernot EH, Darmer KI, et al.  1972.  Continuous animal exposure to low levels of
dichloromethane.  AMRL-TR-72-130, paper no. 12.

Experimental design: Groups of 20 rats (sex and strain not specified) were exposed to methylene chloride
vapors continuously for 14 weeks at chamber concentrations of either 0 (controls), 25, or 100 ppm.  Body
weights and clinical signs were monitored throughout the study.  Necropsy was performed and tissues
were examined histopathologically and relative organ weights were determined at the end of exposure.  
The study also evaluated mice, monkeys, and dogs.  Those results are described below as supporting
evidence.   

Effects noted in study and corresponding dose: Cytoplasmic vacuolization and positive-oil-red stain
(indicative of fatty infiltration) were reported at 25 and 100 ppm.  Nonspecific tubular degeneration and
regenerative changes of the kidney were also observed at both exposure levels.  The study did not report
whether there were exposure-related differences in the incidence or severity of effects. There were no
exposure-related effects on organ weights.  

Dose and end point used for MRL derivation:   The MRL was derived based on a LOAEL of 25 ppm for
hepatic effects (cytoplasmic vacuolization and fatty infiltration).

[ ] NOAEL [X] LOAEL: 

Uncertainty factors used in MRL derivation:  

[ ] 1 [X ] 3    [ ]   10 (for use of a minimal LOAEL) 
[ ] 1 [X] 3    [ ]   10 (for extrapolation from animals to humans)
[ ] 1 [ ]   3    [X] 10 (for human variability)

Was a conversion factor used from ppm in food or water to a mg/body weight dose?
No

If an inhalation study in animals, list conversion factors used in determining human equivalent dose:
The blood:gas partition coefficient (Hb/g) for the Sprague-Dawley rat and human are 19.4 and 8.94,
respectively.  The ratio of the rat Hb/g to the human Hb/g is:

 (Hb/g)A/(Hb/g)H = 19.4/8.94 = 2.2
Since the ratio is greater than 1, a value of 1.0 was used (EPA, 1994).  
NOAEL[HEC] = NOAEL[ADJ] x (Hb/g)A/(Hb/g)H 
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= 25 x 1.0
= 25 ppm

Was a conversion used from intermittent to continuous exposure?  If so, explain:
No.  Dosing was continuous for 90 days.

Other additional studies or pertinent information that lend support to this MRL: Haun et al. (1972) also
evaluated the effects of methylene chloride in mice, dogs, and monkeys.  For all three species, exposure
was continuous for 14 weeks to 0, 25, or 100 ppm of methylene chloride. 

In mice (20/group, sex and strain not reported), exposure to 100 ppm methylene chloride significantly
decreased the activity of liver cytochrome P-450 and decreased b5 at 30, 60, and 90 days.  Cytochromes b5

and P-420 were also reduced at 30 days, but were elevated at 90 days.  The 25 ppm exposure level had no
significant effect on liver cytochrome activities.  Hexobarbital sleeping time measured at 30, 60, and
90 days was not significantly altered by exposure to methylene chloride.  Although the authors indicate
that at the end of the exposure period, the animals were killed and subjected to gross and histopathologic
examination, the only result reported is that mice exposed to 25 ppm of  methylene chloride showed no
pathologic changes, although the livers of the animals in the 100 ppm exposure group did show positive
fat stains.

Four monkeys per exposure level (sex and strain not reported) were exposed to methylene chloride. 
Hematologic and clinical chemistry tests were conducted at various times during the experiment.  Gross
and histopathologic examinations were done at the end of the study, but the scope was not indicated (it is
assumed that at least the liver and kidneys were examined).  Significant but non-toxic elevations in
carboxyhemoglobin were seen throughout the study.  Carboxyhemoglobin rose from about 0.5% in
controls to 1.7 and 4.5% in the low- and high-exposure groups, respectively.  Hematology and clinical
chemistry values showed no significant differences from controls.  The authors also reported that
exposure to methylene chloride did not cause any significant gross or histopathologic alterations.

The protocol used with the monkeys was also used with dogs.  Sixteen dogs per exposure level were used
(sex and strain not reported).  Hematology and clinical chemistry results showed no significant
differences from control dogs and there were no exposure-related gross or histopathologic alterations.

One additional study that reported effects at similar exposure levels as those as those used by Haun et al.
(1972) is that of Kjellstrand et al. (1986) who observed fatty infiltration and increased liver weight in
mice exposed continuously to 75 ppm of methylene chloride (the lowest level tested) for 90 days. 
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MINIMAL RISK LEVEL (MRL) WORKSHEET

Chemical name(s): Methylene Chloride
CAS number(s): 75-09-2
Date: July 28, 2000
Profile status: Draft 3 Post Public Comment
Route: [X] Inhalation [ ] Oral
Duration: [ ] Acute [ ] Intermediate [X] Chronic
Key to figure: 63r
Species: Rat

MRL:  0.3  [ ] mg/kg/day  [X] ppm  [ ] mg/m3

Reference:  Nitschke KD, Burek JD, Bell TJ, et al. 1988a.  Methylene Chloride: A 2-year inhalation
toxicity and oncogenicity study in rats.  Fundam Appl Toxicol 11:60-67.

Experimental design:  The goal of the Nitchke et al. (1988a) study was to investigate the toxicity of
inhaled methylene chloride at lower concentrations than those in the other bioassays, in order to
determine a NOAEL for both toxicity and carcinogenicity.  Exposure concentrations of 0, 50, 200, and
500 ppm of methylene chloride were selected for this bioassay.  Groups of 90 male and 108 female
Sprague-Dawley rats were exposed to these concentrations for 6 hours/day, 5 days/week for 2 years.  A
number of satellite groups were also exposed to assess the temporal relationship between methylene
chloride exposure and the expression of toxicity; subgroups of females in the main study were sacrificed
after 6, 12, 15, and 18 months of methylene chloride exposure.  End points evaluated included: body
weight, food consumption rates, organ weights; hematology, clinical chemistry, urinalysis; pathology;
histopathology; and blood carboxyhemoglobin levels.

Effects noted in study and corresponding doses:   No exposure-related gross or histopathologic changes
were observed in animals from interim sacrifice groups.  At terminal sacrifice, the incidences of both
hepatocellular cytoplasmic vacuolization consistent with fatty changes and multinuceated hepatocytes
were statistically elevated in female rats exposed to 200 and 500 ppm of methylene chloride; a slight
increase in the incidence of hepatocellular vacuolization was also observed in male rats exposed to 500
ppm. Histopathological changes in the liver were not found in the male rats exposed to 50 or 200 ppm of
methylene chloride.  No other pathologic or histopathologic nontumor findings were reported.  

Dose and end point used for MRL derivation: Based on liver histopathology in female rats, a NOAEL of
50 ppm is used for MRL derivation.

[X] NOAEL [ ] LOAEL: 

Uncertainty factors used in MRL derivation:

[ ] 1 [ ]   3    [ ]   10 (for use of a LOAEL) 
[ ] 1 [X] 3    [ ]   10 (for extrapolation from animals to humans)
[ ] 1 [ ]   3    [X] 10 (for human variability)

Was a conversion factor used from ppm in food or water to a mg/body weight dose?
No

If an inhalation study in animals, list conversion factors used in determining human equivalent dose: 
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The blood:gas partition coefficient (Hb/g) for the Sprague-Dawley rat and human are 19.4 and 8.94,
respectively.  The ratio of the rat Hb/g to the human Hb/g is:

 (Hb/g)A/(Hb/g)H = 19.4/8.94 = 2.2
Since the ratio is greater than 1, a value of 1.0 was used (EPA, 1994).  

NOAEL[HEC] = NOAEL[ADJ] x (Hb/g)A/(Hb/g)H 
= 8.92 x 1.0
= 8.92 ppm

Was a conversion used from intermittent to continuous exposure?  If so, explain:  
Yes.  The NOAEL was multiplied by 6/24 hours and 5/7 days.

NOAEL[ADJ] = 50 ppm x 6/24 x 5/7 = 8.92 ppm

Other additional studies or pertinent information that lend support to this MRL:  The results of this study
are consistent with the body of data on methylene chloride toxicity and toxicokinetics.  Studies by Burek
et al. (1984) and NTP (1986) demonstrate concordance and complementarity with the Nitschke et al.
(1988a) study.  At doses of 500 ppm or higher, these other studies show a clear dose-response with liver
histopathology as the end point in rats.  The findings of the Nitschke et al. (1988a) bioassay are also
supported by what is known about the toxicokinetics and mechanisms of action of methylene chloride
toxicity (and carcinogenicity). 
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MINIMAL RISK LEVEL (MRL) WORKSHEET

Chemical name(s): Methylene Chloride
CAS number(s): 75-09-2
Date: July 28, 2000
Profile status: Draft 3 Post Public Comment
Route: [ ] Inhalation [X] Oral
Duration: [X] Acute [ ] Intermediate [ ] Chronic
Key to figure: 6
Species: Human

MRL: 0.2  [X] mg/kg/day  [ ] ppm  [ ] mg/m3

Reference:  Reitz RH, Hays SM, and Gargas ML.  1997.  Assessing Priority Data Needs for Methylene
Chloride with Physiologically-Based Pharmacokinetic Modeling. Halogenated Solvents Industry Alliance
(HSIA), prepared for ATSDR, using human volunteer data from Winneke (1974).

Experimental design: Reitz et al. (1997) modeled inhalation data from Winneke (1974) to predict the unit
concentration of methylene chloride in drinking water needed to produce a tissue-specific dose equivalent
to that produced by inhaling 300 ppm of methylene chloride.  Volunteers were exposed via inhalation to
300-800 ppm of methylene chloride for approximately 4 hours and tested for neurobehavioral effects that
would reflect cortical function.

Reitz et al. (1997) modified the basic PBPK methylene chloride model developed by Andersen et al.
(1987), Reitz et al. (1988), and Andersen et al. (1992) in the following manner: (1) liver weights for
rodents were based on the actual organ weights of conrol laboratory animals which were sacrificed during
chronic toxicity studies at 6–18 months of age; (2) partition coefficients for methylene chloride derived
from in vitro experiments performed by Gargas et al. (1989), were used for liver, fat, muscle, and blood;
and  (3) a brain compartment was added to the methylene chloride model so that central nervous system
effects could be assessed in female and male rodents and humans.  Size of rodent brains, blood flow rates
to the brain, and partition coefficients for brain tissue were obtained from either published literature (e.g.,
Stott et al. 1983; Thomas 1975) or personal communication from the authors.  The modified methylene
chloride model thus contained six tissue compartments: fat, muscle (slowly perfused tissue), rapidly
perfused tissue, liver, mammary tissue, and brain. 

Effects noted in study and corresponding doses:  Minimally adverse, dose-dependent effects in
neurobehavioral measurements were observed (visual critical flicker fusion frequency, auditory vigilance
performance, psychomotor tasks).  Because similar exposures to 50–100 pm of carbon monoxide alone
did not produce these effects, the author (Winneke 1974) concluded that they were mediated by
methylene chloride directly and not by its oxidative metabolite carbon monoxide.  A LOAEL of 300 ppm
from this study, based on decreased visual critical flicker fusion frequency, was used for the derivation of
the acute oral MRL.  Auditory vigilance and psychomotor performance were only statistically decreased
at 500 and 800 ppm, respectively.  Thus, critical flicker fusion frequency is the most sensitive end point
tested and can be considered to be a minimal effect.

Dose and end point used for MRL derivation: 16 mg/kg/day; route-to-route extrapolation.  Reitz et al.
(1997) modeled the Winneke (1974) data to obtain the target organ (brain) concentrations of methylene
chloride associated with administered inhalation concentrations, and then calculate the human drinking
water concentrations (mg/L) that would result in the equivalent target organ-specific doses.  Human
exposure patterns in the PBPK model simulated realistic human drinking water consumption patterns (i.e.,
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consisting of bouts of drinking during the day, with and between meals, and little-to-no drinking during
the night).  PBPK modeling predicted that peak concentrations of methylene chloride in the brain would
increase rapidly after each episode of drinking water consumption, and then drop sharply, to near-zero,
between bouts of dringing.  Additionally, there would be no cumulative effects of repeated exposure. 

For acute neurological effects, the associated dose measure was defined as the peak concentration of
methylene chloride in brain tissue (mg/L of brain tissue) of humans exposed to 300 ppm of methylene
chloride for 4 hours by inhalation. The modified PBPK model calculated that the administered inhalation
dose was equivalent to 3.95 mg of methylene chloride per liter of brain tissue.  The equivalent
administered human concentration in drinking water that will produce the same neurological effects was
565 mg of methylene chloride/liter. Using a daily drinking water consumption value of 2 liters and an
average human body weight of 70 kg, the LOAEL was calculated to be 16 mg/kg/day.

[ ] NOAEL [X] LOAEL: 

Uncertainty factors used in MRL derivation:

[ ] 1 [ ]   3    [X] 10 (for use of a LOAEL)
[ ] 1 [ ]   3    [ ]   10 (for extrapolation from animals to humans)
[ ] 1 [ ]  3     [X]  10 (for human variability)

Was a conversion factor used from ppm in food or water to a mg/body weight dose?  If so, explain:
Yes.  The PBPK model predicted a unit concentration in drinking water in mg/L.  This value was
multiplied by 2 liters (default drinking water consumption rate) and divided by 70 kg (default human
body weight) to yield a mg/kg body weight dose.

Calculated LOAEL = unit concentration (mg/L) x water consumption (L) ÷ BW
= 565 mg/L x 2 L ÷ 70 kg
= 16 mg/kg/day

If an inhalation study in animals, list conversion factors used in determining human equivalent dose:

Was a conversion used from intermittent to continuous exposure?  If so, explain:
No.

Other additional studies or pertinent information that lend support to this MRL: The PBPK model has
been validated.
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MINIMAL RISK LEVEL (MRL) WORKSHEET

Chemical name(s): Methylene Chloride
CAS number(s): 75-09-2
Date: July 28, 2000
Profile status: Draft 3 Post Public Comment
Route: [ ] Inhalation [X] Oral
Duration: [ ] Acute [ ] Intermediate [X] Chronic
Key to figure: 11r
Species: Rat

MRL:  0.06   [X] mg/kg/day  [ ] ppm  [ ] mg/m3

Reference:  Serota D, Thakur, AK, Ulland BM, et al.  1986a.  A two year drinking water study of
dichloromethane in rodents. I. Rats. Food Chem Toxicol 24:951-958.

Experimental design: Only one long-term bioassay has been conducted with methylene chloride (Serota et
al. 1986a, 1986b).  Fischer-344 rats (85/sex/dose) and B6C3F1 mice (50–200/sex/dose) were exposed to
methylene chloride in deionized drinking water at target concentrations aimed at exposing rats to 0, 5, 50,
125, or 250 mg/kg/day and mice to 0, 60, 125, 185, and 250 mg/kg/day for 104 weeks.  Two untreated
control groups were run concurrently.  The nominal mean doses were 0, 6, 55, 131, and 249 mg/kg/day. A
satellite group was exposed to nominal daily doses of 250 mg/kg/day for 78 weeks followed by a
24-week recovery period. Subgroups of animals were sacrificed at 26, 52, and 78 weeks in treated groups
and one control group.  Body weights and food and water consumption rates were recorded weekly. 
Ophthalmologic examinations were conducted prior to treatment and at termination of treatment. 
Hematology, serum chemistry, and urinalysis assessments were done during interim sacrifices at 52 and
78 weeks.  Organ weights were evaluated and all animals received a complete necropsy.

Effects noted in study and corresponding doses: At the two highest dose groups, the following findings
were observed in rats: decreased body weights and body weight gains in both sexes, with concomitant
decrease in water consumption throughout the study and in food consumption during the first 13 weeks,
and changes in hematology and serum chemistry, but not urinalysis parameters.  No treatment-related
ophthalmologic effects were observed throughout the study.  Gross pathological effects were
unremarkable.  There were no histopathologic changes except in the liver.  A dose-related, statistically
significant, positive trend in the incidences of hepatic foci, areas of cellular alterations, and fatty deposits
were observed in all dose groups, but the lowest occurred at both week 78 and week 104.  After 24 weeks
of nontreatment, the fatty deposits in the recovery group decreased, but there was no change in the
incidence of cellular foci or areas of cellular alterations.

In mice (Serota et al. 1986b), the liver was the only identifiable target organ.  There was a marginal
increase in the fatty content of the liver in the highest dose group, although the significance of this finding
was not clear.

Dose and end point used for MRL derivation: 6 mg/kg/day.  Histopathology was only observed in the
liver; therefore, the liver is the critical target organ.  Marginal liver changes were only observed in mice at
the highest dose level tested.  Statistically significant cellular changes (hepatic foci, areas of cellular
alterations) were observed in all dose groups in the rat except for the lowest.  Therefore, the lowest dose
in the rat study was identified as the NOAEL.  Based on measured mean drinking water consumption
rates, this dose was calculated to be 6 mg/kg/day.
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[X] NOAEL [ ] LOAEL: 

Uncertainty factors used in MRL derivation: 

[ ] 1 [ ]   3    [ ]   10 (for use of a LOAEL) 
[ ] 1 [ ] 3    [X]   10 (for extrapolation from animals to humans)
[ ] 1 [ ]   3    [X] 10 (for human variability)

Was a conversion factor used from ppm in food or water to a mg/body weight dose?  If so, explain:
No.

If an inhalation study in animals, list conversion factors used in determining human equivalent dose: 

Was a conversion used from intermittent to continuous exposure?  If so, explain:
No. 

Other additional studies or pertinent information that lend support to this MRL: These data are consistent
with the large body of data on methylene chloride toxicity and toxicokinetics.
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USER'S GUIDE

Chapter 1

Public Health Statement

This chapter of the profile is a health effects summary written in non-technical language.  Its intended
audience is the general public especially people living in the vicinity of a hazardous waste site or
chemical release.  If the Public Health Statement were removed from the rest of the document, it would
still communicate to the lay public essential information about the chemical.

The major headings in the Public Health Statement are useful to find specific topics of concern.  The
topics are written in a question and answer format.  The answer to each question includes a sentence that
will direct the reader to chapters in the profile that will provide more information on the given topic.

Chapter 2

Tables and Figures for Levels of Significant Exposure (LSE)

Tables (2-1, 2-2, and 2-3) and figures (2-1 and 2-2) are used to summarize health effects and illustrate
graphically levels of exposure associated with those effects.  These levels cover health effects observed at
increasing dose concentrations and durations, differences in response by species, minimal risk levels
(MRLs) to humans for noncancer end points, and EPA's estimated range associated with an upper- bound
individual lifetime cancer risk of 1 in 10,000 to 1 in 10,000,000.  Use the LSE tables and figures for a
quick review of the health effects and to locate data for a specific exposure scenario.  The LSE tables and
figures should always be used in conjunction with the text.  All entries in these tables and figures
represent studies that provide reliable, quantitative estimates of No-Observed-Adverse- Effect Levels
(NOAELs), Lowest-Observed-Adverse-Effect Levels (LOAELs), or Cancer Effect Levels (CELs).

The legends presented below demonstrate the application of these tables and figures.  Representative
examples of LSE Table 2-1 and Figure 2-1 are shown.  The numbers in the left column of the legends
correspond to the numbers in the example table and figure.

LEGEND
See LSE Table 2-1

(1) Route of Exposure  One of the first considerations when reviewing the toxicity of a substance using
these tables and figures should be the relevant and appropriate route of exposure.  When sufficient
data exists, three LSE tables and two LSE figures are presented in the document.  The three LSE
tables present data on the three principal routes of exposure, i.e., inhalation, oral, and dermal (LSE
Table 2-1, 2-2, and 2-3, respectively).  LSE figures are limited to the inhalation (LSE Figure 2-1)
and oral (LSE Figure 2-2) routes.  Not all substances will have data on each route of exposure and
will not therefore have all five of the tables and figures.
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(2) Exposure Period  Three exposure periods - acute (less than 15 days), intermediate (15–364 days),
and chronic (365 days or more) are presented within each relevant route of exposure.  In this
example, an inhalation study of intermediate exposure duration is reported.  For quick reference to
health effects occurring from a known length of exposure, locate the applicable exposure period
within the LSE table and figure.

(3) Health Effect  The major categories of health effects included in LSE tables and figures are death,
systemic, immunological, neurological, developmental, reproductive, and cancer.  NOAELs and
LOAELs can be reported in the tables and figures for all effects but cancer.  Systemic effects are
further defined in the "System" column of the LSE table (see key number 18).

(4) Key to Figure  Each key number in the LSE table links study information to one or more data points
using the same key number in the corresponding LSE figure.  In this example, the study represented
by key number 18 has been used to derive a NOAEL and a Less Serious LOAEL (also see the 2
"18r" data points in Figure 2-1).

(5) Species  The test species, whether animal or human, are identified in this column.  Section 2.5,
"Relevance to Public Health," covers the relevance of animal data to human toxicity and Section
2.3, "Toxicokinetics," contains any available information on comparative toxicokinetics.  Although
NOAELs and LOAELs are species specific, the levels are extrapolated to equivalent human doses
to derive an MRL.

(6) Exposure Frequency/Duration  The duration of the study and the weekly and daily exposure
regimen are provided in this column.  This permits comparison of NOAELs and LOAELs from
different studies.  In this case (key number 18), rats were exposed to 1,1,2,2-tetrachloroethane via
inhalation for 6 hours per day, 5 days per week, for 3 weeks.  For a more complete review of the
dosing regimen refer to the appropriate sections of the text or the original reference paper, i.e.,
Nitschke et al. 1981.

(7) System  This column further defines the systemic effects.  These systems include:  respiratory,
cardiovascular, gastrointestinal, hematological, musculoskeletal, hepatic, renal, and dermal/ocular. 
"Other" refers to any systemic effect (e.g., a decrease in body weight) not covered in these systems. 
In the example of key number 18, 1 systemic effect (respiratory) was investigated.

(8) NOAEL  A No-Observed-Adverse-Effect Level (NOAEL) is the highest exposure level at which no
harmful effects were seen in the organ system studied.  Key number 18 reports a NOAEL of 3 ppm
for the respiratory system which was used to derive an intermediate exposure, inhalation MRL of
0.005 ppm (see footnote "b").

(9) LOAEL  A Lowest-Observed-Adverse-Effect Level (LOAEL) is the lowest dose used in the study
that caused a harmful health effect.  LOAELs have been classified into "Less Serious" and
"Serious" effects.  These distinctions help readers identify the levels of exposure at which adverse
health effects first appear and the gradation of effects with increasing dose.  A brief description of
the specific endpoint used to quantify the adverse effect accompanies the LOAEL.  The respiratory
effect reported in key number 18 (hyperplasia) is a Less serious LOAEL of 10 ppm.  MRLs are not
derived from Serious LOAELs.

(10) Reference  The complete reference citation is given in chapter 8 of the profile.

(11) CEL  A Cancer Effect Level (CEL) is the lowest exposure level associated with the onset of
carcinogenesis in experimental or epidemiologic studies.  CELs are always considered serious
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effects.  The LSE tables and figures do not contain NOAELs for cancer, but the text may report
doses not causing measurable cancer increases.

(12) Footnotes  Explanations of abbreviations or reference notes for data in the LSE tables are found in
the footnotes.  Footnote "b" indicates the NOAEL of 3 ppm in key number 18 was used to derive an
MRL of 0.005 ppm.

LEGEND

See Figure 2-1

LSE figures graphically illustrate the data presented in the corresponding LSE tables.  Figures help the
reader quickly compare health effects according to exposure concentrations for particular exposure
periods.

(13) Exposure Period  The same exposure periods appear as in the LSE table.  In this example, health
effects observed within the intermediate and chronic exposure periods are illustrated.

(14) Health Effect  These are the categories of health effects for which reliable quantitative data exists. 
The same health effects appear in the LSE table.

(15) Levels of Exposure  concentrations or doses for each health effect in the LSE tables are graphically
displayed in the LSE figures.  Exposure concentration or dose is measured on the log scale "y" axis. 
Inhalation exposure is reported in mg/m3 or ppm and oral exposure is reported in mg/kg/day.

(16) NOAEL  In this example, 18r NOAEL is the critical endpoint for which an intermediate inhalation
exposure MRL is based.  As you can see from the LSE figure key, the open-circle symbol indicates
to a NOAEL for the test species-rat.  The key number 18 corresponds to the entry in the LSE table. 
The dashed descending arrow indicates the extrapolation from the exposure level of 3 ppm (see
entry 18 in the Table) to the MRL of 0.005 ppm (see footnote "b" in the LSE table).

(17) CEL  Key number 38r is 1 of 3 studies for which Cancer Effect Levels were derived.  The diamond
symbol refers to a Cancer Effect Level for the test species-mouse.  The number 38 corresponds to
the entry in the LSE table.

(18) Estimated Upper-Bound Human Cancer Risk Levels  This is the range associated with the
upper-bound for lifetime cancer risk of 1 in 10,000 to 1 in 10,000,000.  These risk levels are derived
from the EPA's Human Health Assessment Group's upper-bound estimates of the slope of the
cancer dose response curve at low dose levels (q1*).

(19) Key to LSE Figure  The Key explains the abbreviations and symbols used in the figure.
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SAMPLE

1
6 TABLE 2-1.  Levels of Significant Exposure to [Chemical x] – Inhalation

Key to
figurea Species

Exposure
frequency/
duration System

NOAEL
(ppm)

LOAEL (effect)

ReferenceLess serious (ppm) Serious (ppm)

2 6 INTERMEDIATE EXPOSURE

5 6 7 8 9 10

3 6 Systemic 9 9 9 9 9 9

4 6 18 Rat 13 wk
5d/wk
6hr/d

Resp 3b 10 (hyperplasia) Nitschke et al.
1981

CHRONIC EXPOSURE

11

Cancer 9

38 Rat 18 mo
5d/wk
7hr/d

20 (CEL, multiple
organs)

Wong et al. 1982

39 Rat 89–104 wk
5d/wk
6hr/d

10 (CEL, lung tumors,
nasal tumors)

NTP 1982

40 Mouse 79–103 wk
5d/wk
6hr/d

10 (CEL, lung tumors,
hemangiosarcomas)

NTP 1982

a The number corresponds to entries in Figure 2-1.

12
6 b Used to derive an intermediate inhalation  Minimal Risk Level (MRL) of 5 x 10-3 ppm; dose adjusted for intermittent exposure and divided by

an uncertainty factor of 100 (10 for extrapolation from animal to humans, 10 for human variability).
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Figure 2-1.  Levels of Significant Exposure to [Chemical X] – Inhalation

Acute
(≤14 days)
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(15-364 days)
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r*

17r

* Doses represent the lowest dose tested per study that produced a tumorigenic response and do not imply
  the existence of a threshold for the cancer end point.

10-4

10-5

10-6

10-7

Estimated
Upper Bound
Human Cancer
Risk LevelsKey

r    Rat

m  Mouse

h   Rabbit

g   Guinea Pig

k   Monkey

The number next to each point
corresponds to entries in the
accompanying table.

Minimal risk level for effects
other than cancer

LOAEL for serious effects (animals)

LOAEL for  less serious effects (animals)

NOAEL (animals)

CEL - Cancer Effect Level

24g 18r

18r

20m

18r 22g 21r
20m 31r

30r

33r
28m

22m
29r

35m

37m

34r

34r
27r 40m

38r

39r

1313

14

16

15

17

18

19
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Chapter 2 (Section 2.5)

Relevance to Public Health

The Relevance to Public Health section provides a health effects summary based on evaluations of
existing toxicologic, epidemiologic, and toxicokinetic information.  This summary is designed to present
interpretive, weight-of-evidence discussions for human health end points by addressing the following
questions.

1. What effects are known to occur in humans?

2. What effects observed in animals are likely to be of concern to humans?

3. What exposure conditions are likely to be of concern to humans, especially around hazardous
waste sites?

The section covers end points in the same order they appear within the Discussion of Health Effects by
Route of Exposure section, by route (inhalation, oral, dermal) and within route by effect.  Human data are
presented first, then animal data.  Both are organized by duration (acute, intermediate, chronic).  In vitro
data and data from parenteral routes (intramuscular, intravenous, subcutaneous, etc.) are also considered
in this section.   If data are located in the scientific literature, a table of genotoxicity information is
included.

The carcinogenic potential of the profiled substance is qualitatively evaluated, when appropriate, using
existing toxicokinetic, genotoxic, and carcinogenic data.  ATSDR does not currently assess cancer
potency or perform cancer risk assessments.  Minimal risk levels (MRLs) for noncancer end points (if
derived) and the end points from which they were derived are indicated and discussed.

Limitations to existing scientific literature that prevent a satisfactory evaluation of the relevance to public
health are identified in the Data Needs section.

Interpretation of Minimal Risk Levels

Where sufficient toxicologic information is available, we have derived minimal risk levels (MRLs) for
inhalation and oral routes of entry at each duration of exposure (acute, intermediate, and chronic).  These
MRLs are not meant to support regulatory action; but to acquaint health professionals with exposure
levels at which adverse health effects are not expected to occur in humans.  They should help physicians
and public health officials determine the safety of a community living near a chemical emission, given the
concentration of a contaminant in air or the estimated daily dose in water.  MRLs are based largely on
toxicological studies in animals and on reports of human occupational exposure.

MRL users should be familiar with the toxicologic information on which the number is based.  Chapter
2.5, "Relevance to Public Health," contains basic information known about the substance.  Other sections
such as 2.7, "Interactions with Other Substances,” and 2.8, "Populations that are Unusually Susceptible"
provide important supplemental information.

MRL users should also understand the MRL derivation methodology.  MRLs are derived using a
modified version of the risk assessment methodology the Environmental Protection Agency (EPA)
provides (Barnes and Dourson 1988) to determine reference doses for lifetime exposure (RfDs).  
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To derive an MRL, ATSDR generally selects the most sensitive endpoint which, in its best judgement,
represents the most sensitive human health effect for a given exposure route and duration.  ATSDR
cannot make this judgement or derive an MRL unless information (quantitative or qualitative) is available
for all potential systemic, neurological, and developmental effects.  If this information and reliable
quantitative data on the chosen endpoint are available, ATSDR derives an MRL using the most sensitive
species (when information from multiple species is available) with the highest NOAEL that does not
exceed any adverse effect levels.  When a NOAEL is not available, a lowest-observed-adverse-effect
level (LOAEL) can be used to derive an MRL, and  an uncertainty factor (UF) of 10 must be employed. 
Additional uncertainty factors of 10 must be used both for human variability to protect sensitive
subpopulations (people who are most susceptible to the health effects caused by the substance) and for
interspecies variability (extrapolation from animals to humans).  In deriving an MRL, these individual
uncertainty factors are multiplied together.  The product is then divided into the inhalation concentration
or oral dosage selected from the study.  Uncertainty factors used in developing a substance-specific MRL
are provided in the footnotes of the LSE Tables.
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ACRONYMS, ABBREVIATIONS, AND SYMBOLS

ACGIH American Conference of Governmental Industrial Hygienists
ADME Absorption, Distribution, Metabolism, and Excretion
atm atmosphere
ATSDR Agency for Toxic Substances and Disease Registry
BCF bioconcentration factor
BSC Board of Scientific Counselors
C Centigrade
CDC Centers for Disease Control
CEL Cancer Effect Level
CERCLA Comprehensive Environmental Response, Compensation, and Liability Act
CFR Code of Federal Regulations
CHO/HPRT Chinese Hamster ovary assay involving the hypoxanthine guanine phosphoribosyl

transferase gene
CI confidence interval
CLP Contract Laboratory Program
cm centimeter
CNS central nervous system
COHb carboxyhemoglobin
d day
DHEW Department of Health, Education, and Welfare
DHHS Department of Health and Human Services
DOL Department of Labor
ECG electrocardiogram
EEG electroencephalogram
EPA Environmental Protection Agency
EKG see ECG
F Fahrenheit
F1 first filial generation
FAO Food and Agricultural Organization of the United Nations
FEMA Federal Emergency Management Agency
FIFRA Federal Insecticide, Fungicide, and Rodenticide Act
fpm feet per minute
ft foot
FR Federal Register
g gram
GC gas chromatography
gen generation
HPLC high-performance liquid chromatography
hr hour
IDLH Immediately Dangerous to Life and Health
IARC International Agency for Research on Cancer
ILO International Labor Organization
in inch
Kd adsorption ratio
kg kilogram
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kkg metric ton
Koc organic carbon partition coefficient
Kow octanol-water partition coefficient
L liter
LC liquid chromatography
LCLo lethal concentration, low
LC50 lethal concentration, 50% kill
LDLo lethal dose, low
LD50 lethal dose, 50% kill
LOAEL lowest-observed-adverse-effect level
LSE Levels of Significant Exposure
m meter
mg milligram
min minute
mL milliliter
mm millimeter
mmHg millimeters of mercury
mmol millimole
mo month
mppcf millions of particles per cubic foot
MRL Minimal Risk Level
MS mass spectrometry
NIEHS National Institute of Environmental Health Sciences
NIOSH National Institute for Occupational Safety and Health
NIOSHTIC NIOSH's Computerized Information Retrieval System
ng nanogram
nm nanometer
NHANES National Health and Nutrition Examination Survey
nmol nanomole
NOAEL no-observed-adverse-effect level
NOES National Occupational Exposure Survey
NOHS National Occupational Hazard Survey
NPL National Priorities List
NRC National Research Council
NTIS National Technical Information Service
NTP National Toxicology Program
OR odds ratio
OSHA Occupational Safety and Health Administration
PBPK physiologically-based pharmacokinetic
PEL permissible exposure limit
pg picogram
pmol picomole
PHS Public Health Service
PMR proportionate mortality ratio
ppb parts per billion
ppm parts per million
ppt parts per trillion
REL recommended exposure limit
RfD Reference Dose
RTECS Registry of Toxic Effects of Chemical Substances
sec second



METHYLENE CHLORIDE C-3

APPENDIX C

SCE sister chromatid exchange
SIC Standard Industrial Classification
SMR standard mortality ratio
STEL short term exposure limit
STORET STORAGE and RETRIEVAL
TLV threshold limit value
TSCA Toxic Substances Control Act
TRI Toxics Release Inventory
TWA time-weighted average
U.S. United States
UF uncertainty factor
yr year
WHO World Health Organization
wk week

> greater than
> greater than or equal to
= equal to
< less than
< less than or equal to
% percent
α alpha
β beta
δ delta
γ gamma
µm micrometer
µg microgram
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Division of Toxicology/Toxicology Information Branch

1600 Clifton Road NE, E-29
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*Legislative Background

The toxicological profiles are developed in response to the Superfund Amendments and Reauthorization Act
(SARA) of 1986 (Public Law 99-499) which amended the Comprehensive Environmental Response, Compensation, and
Liability Act of 1980 (CERCLA or Superfund). This public law directed ATSDR to prepare toxicological profiles for
hazardous substances most commonly found at facilities on the CERCLA National Priorities List and that pose the most
significant potential threat to human health, as determined by ATSDR and the EPA. The availability of the revised
priority list of 275 hazardous substances was announced in the Federal Register on April 29, 1996 (61 FR 18744). For
prior versions of the list of substances, see Federal Register notices dated April 17, 1987 (52 FR 12866); October 20,
1988 (53 FR 41280); October 26, 1989 (54 FR 43619); October 17, 1990 (55 FR 42067); October 17, 199l (56 FR
52166); October 28, 1992 (57 FR 48801); and February 28, 1994   (59 FR 9486).  Section 104(I)(3) of CERCLA, as
amended, directs the Administrator of ATSDR to prepare a toxicological profile for each substance on the list.
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THE PROFILE HAS UNDERGONE THE FOLLOWING ATSDR INTERNAL REVIEWS:

1. Green Border Review. Green Border review assures consistency with ATSDR policy.

2. Health Effects Review. The Health Effects Review Committee examines the health effects chapter
of each profile for consistency and accuracy in interpreting health effects and classifying end
points.

3. Minimal Risk Level Review. The Minimal Risk Level Workgroup considers issues relevant to
substance-specific minimal risk levels (MRLs), reviews the health effects database of each profile,
and makes recommendations for derivation of MRLs.
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A peer review panel was assembled for MTBE. The panel consisted of the following members:

1. Dr. C. Clifford Conaway, Research Scientist, 80 Watermelon Hill Rd., Mahopac, New York;

2. Dr. Arthur Gregory, Private Consultant, 220 West Ash Road, Sterling, Virginia; and

3. Dr. Norbert Page, Private Consultant, 17601 Stoneridge Court, Gaithersburg, Maryland.

These experts collectively have knowledge of MTBE’s physical and chemical properties, toxicokinetics, key health end
points, mechanisms of action, human and animal exposure, and quantification of risk to humans. All reviewers were
selected in conformity with the conditions for peer review specified in Section 104(i)(13) of the Comprehensive
Environmental Response, Compensation, and Liability Act, as amended.

Scientists from the Agency for Toxic Substances and Disease Registry (ATSDR) have reviewed the peer reviewers’
comments and determined which comments will be included in the profile. A listing of the peer reviewers’ comments not
incorporated in the profile, with a brief explanation of the rationale for their exclusion, exists as part of the administrative
record for this compound. A list of databases reviewed and a list of unpublished documents cited are also included in the
administrative record.

The citation of the peer review panel should not be understood to imply its approval of the profile’s final content. The
responsibility for the content of this profile lies with the ATSDR.
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1. PUBLIC HEALTH STATEMENT

This public health statement tells you about methyl tert-butyl ether (MTBE) and the effects of

exposure.

The Environmental Protection Agency (EPA) identifies the most serious hazardous waste sites in the nation. These sites

make up the National Priorities List (NPL) and are the sites targeted for long-term federal cleanup activities. MTBE has

been found in at least 12 of the 1,430 current or former NPL sites. However, it’s unknown how many NPL sites have

been evaluated for this substance. As more sites are evaluated, the sites with MTBE may increase. This information is

important because exposure to this substance may harm you and because these sites may be sources of exposure.

When a substance is released from a large area, such as an industrial plant, or from a container, such as a drum or bottle,

it enters the environment. This release does not always lead to exposure. You are exposed to a substance only when you

come in contact with it. You may be exposed by breathing, eating, or drinking the substance or by skin contact.

If you are exposed to MTBE, many factors determine whether you’ll be harmed. These factors include the dose (how

much), the duration (how long), and how you come in contact with it. You must also consider the other chemicals you’re

exposed to and your age, sex, diet, family traits, lifestyle, and state of health.

1.1  WHAT IS MTBE?

MTBE is the common name for a synthetic chemical called methyl tert-butyl ether. It is a flammable liquid made from

combinations of chemicals like isobutylene and methanol. It has a distinctive odor that most people find disagreeable. It

was first introduced as an additive for unleaded gasolines in the 1980s to enhance octane ratings. In city areas where

there are concerns over pollutants like carbon monoxide, EPA may require the use of MTBE or ethanol



METHYL tert-BUTYL ETHER 2

1. PUBLIC HEALTH STATEMENT

as an oxygenating agent to make the fuel burn more cleanly during the winter months. Fuels containing these additives

are called reformulated gasolines. Most MTBE is mixed with gasoline, so most people would come in contact with it

while exposed to automobile fuel vapors or exhausts. MTBE has other special uses as a laboratory chemical and in

medicine to dissolve gallstones. Its basic physical and chemical properties are summarized in Chapter 3; for more

information on its production and use, see Chapter 4.

1.2  WHAT HAPPENS TO MTBE WHEN IT ENTERS THE ENVIRONMENT?

MTBE will quickly evaporate from open containers. In the open air, it will quickly break down into other chemical

compounds, with half of it disappearing in about 4 hours. Like most ethers and alcohols, MTBE dissolves readily in

water. If MTBE is spilled on the ground, rainwater can dissolve it and carry it through the soil into the groundwater.

Spills or leaks from storage containers can seep into deeper soil layers and pollute groundwater, especially near

manufacturing sites, pipelines, and shipping facilities. Leakage from underground storage tanks, such as tanks at gasoline

filling stations, can also add MTBE to groundwater. MTBE is not expected to concentrate in fish or plants found in lakes,

ponds, and rivers. For more information, please see Chapters 4 and 5.

1.3  HOW MIGHT I BE EXPOSED TO MTBE?

Low levels of MTBE can be present in both indoor and outdoor air, and are mostly linked with the use of MTBE as a

gasoline additive.  Because it is not presently considered a major harmful pollutant, it is usually not included in routine

national monitoring programs for liquids.  This makes it difficult to estimate how much you could be exposed to.

Because MTBE evaporates quickly, large amounts of the vapor could enter closed spaces.  Leaks, spills, or open

containers of MTBE pose a fire and explosion threat in the presence of open flames and electrical sparks, especially in

closed spaces.  Most people are exposed to MTBE from auto exhaust when driving or from gasoline while fueling their

cars.  People can also be exposed to MTBE from groundwater pollution.  The chemical is likely to be present in very

small amounts in the
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air in cities or near highways. MTBE is used to treat gallstones, so patients treated with this medical procedure will have

some exposure.

1.4  HOW CAN MTBE ENTER AND LEAVE MY BODY?

MTBE can enter your body rapidly if you breathe air, drink water, or eat food that contains it.

If your skin comes into contact with MTBE, it can enter your body through the skin, but this

happens more slowly.  Most of the MTBE that you breathe in or take in by mouth can get into

your blood.  Not as much gets into the blood through the skin. No matter how you are

exposed, a large amount of MTBE is breathed out without being changed into other chemicals. The MTBE that is not

breathed out is changed into other chemicals such as butyl alcohol, methyl alcohol, formaldehyde, formic acid, and

carbon dioxide.  These chemicals also leave the body quickly in the air that you breathe out or in the urine.  MTBE does

not stay in any organs of your body for a long time.  Most of it and its breakdown products leave the body in 1 or 2 days.

For more information, see Chapter 2.

1.5  HOW CAN MTBE AFFECT MY HEALTH?

Some people who were exposed to MTBE while pumping gasoline, driving their cars, or

working as attendants or mechanics at gas stations complained of headaches, nausea, dizziness, irritation of the nose or

throat, and feelings of spaciness or confusion.  These symptoms were reported when high levels of MTBE were added to

gasoline in order to lower the amount of carbon monoxide, a known poison, released from cars.  MTBE has a very

unpleasant odor that most people can smell before any harmful effects would occur, but some people might feel irritation

of the nose or throat before noticing the smell.  MTBE caused side effects in some patients who were given MTBE to

dissolve gallstones.  The MTBE is given to these patients through special tubes that are placed into their gallbladders.  If

MTBE leaks from the gallbladder into other areas of the body, the patient can have minor liver damage, a lowering of the

amount of white blood cells, nausea, vomiting, sleepiness, dizziness, and confusion.  These effects are not long lasting.



METHYL tert-BUTYL ETHER 4

1. PUBLIC HEALTH STATEMENT

We know more about how MTBE affects the health of animals than the health of humans. Some rats and mice died after

they breathed high amounts of MTBE, but these levels were much higher than people are likely to be exposed to. MTBE

also caused irritation to the noses and throats of animals that breathed MTBE, The most common effect of MTBE in

animals is on their nervous systems. Breathing MTBE at high levels can cause animals to act as if they are drunk. For

example, some became less active, staggered, fell down, were unable to get up, and had partially closed eyelids. These

effects lasted only for about an hour, and then the animals seemed normal again. Some animals that breathed high levels

of MTBE for several hours a day for several weeks gained less weight than normal, probably because they ate less food

while they were inactive. When rats breathed high levels of MTBE for several hours every day for two years, some got

more serious kidney disease than these rats usually get as they grow old. Some of the male rats developed cancer in the

kidney, but whether this has meaning for people is not known When mice breathed high levels of MTBE for several

hours every day for a year and a half, some had larger livers than normal, and some mice developed tumors in the liver.

When rats were given high levels of MTBE by mouth for 2 years, some male rats developed cancer in the testes and

some female rats developed cancer of the blood (leukemia) and cancer (lymphoma) of some of the tissues that produce

blood cells. The Department of Health and Human Services (DHHS), the International Agency for Research on Cancer

(IARC), and the EPA have not classified MTBE for its ability to cause cancer. When pregnant rats, rabbits, or mice

breathed MTBE, birth defects occurred only in the baby mice. We do not know if this has any relevance for people.

MTBE did not affect the animals’ ability to reproduce.

Some rats and mice died after being given very large amounts of MTBE by mouth. The

amounts were much higher than people are likely to swallow from drinking water containing

MTBE. The effects on the nervous system in animals that are given MTBE by mouth are the

same as the effects that occur in animals that breathe MTBE. Some animals that were given

MTBE by mouth had diarrhea and irritation in their stomachs and intestines. Some animals also had very slight liver

damage.

MTBE irritated the skin of animals when it was placed directly on their skin. MTBE also
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irritated the eyes of animals when it was placed in their eyes or when air containing MTBE came

into contact with their eyes. For more information on the health effects of MTBE, please see

Chapter 2.

1.6  IS THERE A MEDICAL TEST TO DETERMINE WHETHER I HAVE BEEN

       EXPOSED TO MTBE?

There are no specific medical tests to determine whether you have been exposed to MTBE. But MTBE and its

breakdown product, butyl alcohol, can be measured in exhaled air, in blood, and in urine. Because MTBE and its

breakdown products leave the body in 1 or 2 days, these measurements can only tell if you have been exposed recently.

The effects of exposure to MTBE, such as stomach aches, fatigue, and dizziness, are common to many chemicals and

illnesses. These symptoms are not very useful in determining whether you were exposed to this particular chemical. For

more information, see Chapters 2 and 6.

1.7  WHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO

       PROTECT HUMAN HEALTH?

To protect workers, the American Conference of Governmental Industrial Hygienists (ACGIH) recommends that the

amount in workroom air be limited to 100 parts per million (ppm) in an 8-to 10-hour work shift. At this time,

governmental agencies such the National Institute for Occupational Safety and Health (NIOSH), Occupational Safety and

Health Administration (OSHA), and EPA have not established exposure criteria for MTBE. For more information, see

Chapter 7.
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1.8  WHERE CAN I GET MORE INFORMATION?

If you have any more questions or concerns, please contact your community or state health or

environmental quality department or:

Agency for Toxic Substances and Disease Registry

Division of Toxicology

1600 Clifton Road NE, E-29

Atlanta, Georgia 30333

(404) 639-6000

This agency can also provide you with information on the location of occupational and

environmental health clinics. These clinics specialize in the recognition, evaluation, and

treatment of illness resulting from exposure to hazardous substances.
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2.1  INTRODUCTION

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and

other interested individuals and groups with an overall perspective of the toxicology of methyl tert-butyl

ether (MTBE). It contains descriptions and evaluations of toxicological studies and epidemiological

investigations and provides conclusions, where possible, on the relevance of toxicity and toxicokinetic

data to public health.

A glossary and list of acronyms, abbreviations, and symbols can be found at the end of this profile.

2.2  DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To help public health professionals and others address the needs of persons living or working near

hazardous waste sites, the information in this section is organized first by route of exposure-inhalation,

oral, and dermal; and then by health effect-death, systemic, immunological, neurological, reproductive,

developmental, genotoxic, and carcinogenic effects. These data are discussed in terms of three exposure

periods-acute (14 days or less), intermediate (15-364 days), and chronic (365 days or more).

Levels of significant exposure for each route and duration are presented in tables and illustrated in figures.

The points in the figures showing no-observed-adverse-effect levels (NOAELs) or lowest-observed-adverse-effect levels

(LOAELs) reflect the actual doses (levels of exposure) used in the studies. LOAELS

have been classified into “less serious” or “serious” effects. “Serious” effects are those that evoke failure

in a biological system and can lead to morbidity or mortality (e.g., acute respiratory distress or death).

“Less serious” effects are those that are not expected to cause significant dysfunction or death, or those

whose significance to the organism is not entirely clear. ATSDR acknowledges that a considerable

amount of judgment may be required in establishing whether an end point should be classified as a

NOAEL, “less serious” LOAEL, or “serious” LOAEL, and that in some cases, there will be insufficient

data to decide whether the effect is indicative of significant dysfunction. However, the Agency has

established guidelines and policies that are used to classify these end points. ATSDR believes that there is

sufficient merit in this approach to warrant an attempt at distinguishing between “less serious” and

“serious” effects. The distinction between “less serious” effects and “serious” effects is considered to be
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important because it helps the users of the profiles to identify levels of exposure at which major health

effects start to appear. LOAELs or NOAELs should also help in determining whether or not the effects

vary with dose and/or duration, and place into perspective the possible significance of these effects to

human health.

The significance of the exposure levels shown in the LSE tables and figures may differ depending on the

user’s perspective. Public health officials and others concerned with appropriate actions to take at

hazardous waste sites may want information on levels of exposure associated with more subtle effects in

humans or animals (LOAEL) or exposure levels below which no adverse effects (NOAELs) have been

observed. Estimates of levels posing minimal risk to humans (Minimal Risk Levels or MRLs) may be of

interest to health professionals and citizens alike.

Levels of exposure associated with carcinogenic effects (Cancer Effect Levels, CELs) of MTBE are

indicated in Tables 2-1 and 2-2, and Figures 2-l and 2-2.

Estimates of exposure levels posing minimal risk to humans (Minimal Risk Levels or MRLs) have been

made for MTBE. An MRL is defined as an estimate of daily human exposure to a substance that is likely

to be without an appreciable risk of adverse effects (noncarcinogenic) over a specified duration of

exposure. MRLs are derived when reliable and sufficient data exist to identify the target organ(s) of effect

or the most sensitive health effect(s) for a specific duration within a given route of exposure. MRLs are

based on noncancerous health effects only and do not consider carcinogenic effects. MRLs can be derived

for acute, intermediate, and chronic duration exposures for inhalation and oral routes. Appropriate

methodology does not exist to develop MRLs for dermal exposure.

Although methods have been established to derive these levels (Barnes and Dourson 1988; EPA 1990),

uncertainties are associated with these techniques. Furthermore, ATSDR acknowledges additional

uncertainties inherent in the application of the procedures to derive less than lifetime MRLs. As an

example, acute inhalation MRLs may not be protective for health effects that are delayed in development

or are acquired following repeated acute insults, such as hypersensitivity reactions, asthma, or chronic

bronchitis. As these kinds of health effects data become available and methods to assess levels of

significant human exposure improve, these MRLs will be revised.

A User’s Guide has been provided at the end of this profile (see Appendix B). This guide should aid in the

interpretation of the tables and figures for Levels of Significant Exposure and the MRLs.
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2.2.1  Inhalation Exposure

2.2.1.1  Death

No studies were located regarding death in humans following inhalation exposure to MTBE.

Information regarding death in animals was located for rats, mice, and rabbits. Acute inhalation 4-hour

LC50 (lethal concentration, 50% kill) values in rats for 2 grades of MTBE were determined to be

39,395 ppm for ARCO MTBE (96.2% MTBE) and 33,370 ppm for commercial MTBE (99.1% MTBE)

(ARCO 1980). An acute LC50 in mice following inhalation of MTBE for 10 minutes was determined to be

180,000 ppm (Snamprogetti 1980). The LT50 (time at which death occurs in 50% of exposed animals) in

mice following inhalation exposure to 209,300 ppm MTBE was 5.6 minutes. No deaths occurred in male

or female Fischer rats exposed to < 8,000 ppm for 6 hours (Bioresearch Labs 1990d; Gill 1989).

Intermittent inhalation exposure of Sprague-Dawley rats of both sexes to MTBE for 9 days to

concentrations ranging from 100 to 3,000 ppm did not result in any treatment-related deaths (Biodynamics

1981). Intermittent exposure of rats for 5 days (Vergnes and Morabit 1989), rats and mice for 13 days

(Dodd and Kintigh 1989), or mice for 1 or 2 days (Vergnes and Chun 1994; Vergnes and Kintigh 1993) to

concentrations <8,000 ppm MTBE was not lethal. Similarly, no deaths occurred in pregnant Sprague-

Dawley rats (Conaway et al. 1985), pregnant CD-l mice (Conaway et al. 1985; Tyl and Neeper-Bradley

1989), or pregnant New Zealand rabbits exposed intermittently to < 8,000 ppm (Tyl 1989) during

gestation.

Intermediate-duration exposure of rats (5-10 minutes per day, 5 days per week for 30 days) to 50,000 and

80,000 ppm MTBE caused no mortality (Snamprogetti 1980). However, in mice similarly exposed, death

occurred in 1 of 30 mice exposed to 80,000 ppm for 10 minutes per day, 5 days per week for 30 days, but

no mice died after exposure to 50,000 ppm for 10 minutes per day or to 80,000 ppm for 5 minutes per day.

No mortality was observed in rats or mice exposed to <8,000 ppm MTBE 6 hours per day, 5 days per week

for 4 or 5 weeks (Chun and Kintigh 1993). No rats died during intermittent exposure to <8,000 ppm

MTBE for I3 weeks (Dodd and Kintigh 1989; Greenough et al. 1980) or to <2,500 ppm for 16-28 weeks

(Biles et al. 1987).

In a 24-month inhalation study, increased mortality and decreased mean survival time occurred in male

rats exposed intermittently to 3,000 and 8,000 ppm MTBE (Chun et al. 1992). These groups were

sacrificed at weeks 97 and 82, respectively. A slight increase in mortality and a significantly decreased
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mean survival time also occurred in the male rats exposed to 400 ppm (lowest concentration tested). This

group was maintained until the scheduled sacrifice. Chronic progressive nephropathy was the main cause

of death. Although female rats had slightly more deaths from chronic progressive nephropathy, the

increased mortality was not statistically significant. As discussed for Renal Effects in Section 2.2.1.2, the

higher incidence and greater severity of chronic progressive nephropathy at lower exposure concentrations

in male rats compared with female rats may be due to the exacerbation of this syndrome by the

accumulation of α2u-globulin or another unknown protein unique to male rats. In mice exposed to the

same concentrations of MTBE for 18 months, increased mortality and decreased mean survival time, due

to a slightly increased incidence of obstructive uropathy, occurred in males at 8,000 ppm (Burleigh-Flayer

et al. 1992). No increased mortality occurred in female mice. The LC50 values in rats and mice, the LT50

value in mice, and the concentrations associated with increased mortality in male mice in the chronicduration

studies are recorded in Table 2-l and plotted in Figure 2- 1.

2.2.1.2.  Systemic Effects

Studies regarding the systemic effects in humans and animals after inhalation exposure to MTBE are

discussed below. The highest NOAEL values and the LOAEL values for each systemic effect from all

reliable studies for each species and duration category are recorded in Table 2-l and plotted in Figure 2-l.

Respiratory Effects.  Since MTBE has been used as a gasoline additive to increase octane levels and

more recently to reduce the levels of carbon monoxide emissions; some humans have reported respiratory

symptoms while adding gasoline to automobile tanks or while driving. Such anecdotal reports have

prompted studies by the Centers for Disease Control and Prevention (CDC). Preliminary investigations

were conducted by the state of Alaska, with the assistance of CDC (Belier and Middaugh 1992; Chandler

and Middaugh 1992). To determine whether symptoms were occurring, whether symptoms occurred in a

consistent pattern, and whether symptoms could be related to exposure to oxyfuel in Fairbanks and

Anchorage, Alaska, people believed to travel routinely in motor vehicles (taxi cab drivers and health-care

workers) were asked if they experienced an increase in health complaints during 1 or 2 months since

oxyfuel programs were initiated. In the study in Fairbanks (Beller and Middaugh 1992), university

students were used as controls. No appropriate control group was identified in Anchorage; university

students did not live in dormitories on a campus as isolated as in Fairbanks, and thus could not serve as a

control group (Chandler and Middaugh 1992). In the Fairbanks study (Beller and Middaugh 1992), the

percentage of persons who met the case definition (an increase in headaches or an increase in two or more

of the following: nausea or vomiting; burning sensation in the nose, mouth, or throat; cough; dizziness;
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spaciness or disorientation; eye irritation) was highest in taxi drivers (4 of 12 or 33%), followed by health – care workers

(26 of 90 or 29%); the percentage of Fairbanks university students who met the case definition was 15% (15 of 101). The

proportion of cases in which symptoms while traveling were reported was 3 of 4 taxi drivers, I1 of 26 health-care

workers, and 3 of 15 students; the proportion of cases in which symptoms while fueling were reported was 1 of 4 taxi

drivers, 9 of 26 health-care workers, and 3 of 15 students. Of the cases, burning sensation in the nose or throat was

reported by 0 of 4 (0%) taxi drivers, 2 of 26 (8%) health workers, and 3 of 15 (20%) students, and cough was reported by

1 of 4 (25%) taxi drivers, 8 of 26 (31%) health-care workers, and 3 of 15 (20%) students. On average, taxi drivers,

healthcare workers, and students reported spending 69, 7.7, and 0.8 hours/week, respectively, traveling by motor vehicle.

In the Anchorage study (Chandler and Middaugh 1992), the proportion of persons who met the case definition, as

defined above, was 12 of 25 (48%) taxi drivers and 36 of 137 (26%) health-care workers. The proportion of cases in

which symptoms while traveling were reported was 12 of 12 taxi drivers and 27 of 36 health-care worker, and the

proportion of cases in which symptoms while fueling were reported was 9 of 12 taxi drivers and 19 of 36 health-care

workers. Of these cases, nose or throat burning was reported by 5 of 12 (42%) taxi drivers and 13 of 36 (36%) health-

care workers, and cough was reported by 4 of 12 (33%) taxi drivers and 13 of 36 (36%) health-care workers. The authors

of these reports noted that these investigations do not provide definitive evidence that symptoms are due to the oxyfuel

programs, but since these investigations were initiated with only modest goals and had many limitations, no definitive

results could be expected. Limitations of these studies include the observations that the university students were

interviewed shortly before their final examinations took place (when students historically experience more headaches)

and that some of the students had access to motor vehicles, factors which could bias results against finding an association

between symptoms and exposure to oxyfuel. In addition, the investigations were not conducted when the temperature

dropped below 0 ºF, when many people reported that health complaints were worse. Furthermore, the results of these

investigations could have been heavily influenced by widespread media coverage and public opposition to the oxyfuel

program. Several Anchorage taxi drivers mentioned issues that could bias their symptom

reporting: that oxyfuels cost more money, that their cabs were running poorly, that they experienced

decreased gas mileage, and that they lost profits because the airport was charging the taxi drivers more.

CDC studies were conducted in Fairbanks, Alaska (CDC 1993a; Moolenaar et al. 1994) and in Stamford,

Connecticut (CDC 1993b; White et al. 1995), during oxygenated fuel programs. In the Fairbanks study,

people exposed to MTBE in gasoline were monitored during the first 2 weeks of December, 1992 (Phase

I), when the oxygenated fuel program was in full effect, and during the beginning of February, 1993

(Phase II), after the oxygenated fuel program had ended on December 22, 1992 (CDC 1993a; Moolenaar et
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al. 1994). In Phase I, the subjects consisted of 10 mechanics and workers at service stations and

automobile dealerships and 8 subjects who spent most of their workdays in motor vehicles (animal control

officers, meter and telephone technicians, and a garbage collector). The median 8-hour time-weighted

average (TWA) concentration of MTBE in the workplace air of the service stations and dealership garages

was 0.1 ppm, with a range of 0.01-0.81 ppm. The frequencies of key respiratory symptoms were 9 of 18

for burning sensation of nose or throat and 5 of 18 for cough. In Phase II, the subjects consisted of 12 of

the original 18 participants in Phase I and an additional 16 workers from service stations and garages

(n=28 workers). The median 8-hour TWA concentration of MTBE in the workplace air was 0.04 ppm,

with a range of nondetectable to 0.14 ppm. The difference in the median TWAs of MTBE concentrations

in Phase I and Phase II was statistically significant. The frequency of key respiratory symptoms in the

Phase II subjects was 0 of 28 for both cough and burning sensations of the nose or throat. As discussed in

Section 2.3.1.1, the median preshift concentrations of MTBE in blood of occupationally exposed workers

were 1.15 µg/L (range, 0.1-27.8 µg/L) in Phase I and 0.20 µg/L (range, 0.05 to 4.35 µg/L) in Phase II,

which were statistically significantly different. Likewise, postshift blood concentrations of MTBE in

occupationally exposed workers were statistically significantly higher in Phase I (median 1.80 µg/L and

range 0.2-37.0 µg/L) than in Phase II (median 0.24 µg/L and range 0.05-I .44 µg/L). The authors reported

that when the Phase I postshift blood concentrations were separated into quartiles, all of the 4 workers

whose levels were in the top quartile (above 9.6 µg/L) had one or more of the 7 key health complaints

(headache, eye irritation, burning of the nose of throat, cough, nausea or vomiting, dizziness, and a

sensation of spaciness or disorientation) on the day the blood samples were obtained, compared with 9 of

14 of those whose levels were in the lower 3 quartiles. The Stamford, Connecticut study (CDC 1993b;

White et al. 1995) was conducted from April 5 to 16, 1993, about 5 months after gasoline stations began

selling gasoline containing 15% MTBE (no Phase II in Stamford study). The study participants were

divided into 4 groups: Group 1 consisted of 48 male mechanics or gasoline station attendants; Group 2

consisted of 57 male taxi or limousine drivers; Group 3 consisted of 12 “other” male workers who spent

most of their time around traffic or motor vehicles (e.g., meter readers); and Group 4 consisted of 59 men

not occupationally exposed, but who commuted to work in their cars. The frequency of key respiratory

symptoms was as follows: burning nose or throat in 7 of 48 (14.6%) mechanics (Group 1), in 0 of 57 (0%)

professional drivers (Group 2), in 4 of 12 (33.3%) “other” workers (Group 3), and in 4 of 59 (6.8%)

commuters (Group 4); cough in 7 of 48 (14.6%) mechanics, in 3 of 57 (5.3%) professional drivers, in 5 of

12 (41.7%) “other” workers, and in 9 of 59 (15.3%) in commuters. Approximate median blood levels of

MTBE were 0.1 µg/L in 14 commuters, 2 µg/L in 2 1 car repairers, 0.1 µg/L in 6 “other” workers, and

25 µg/L in 3 gas station attendants. The 11 individuals with the highest blood MTBE levels (>2.4 µg/L)

were significantly more likely to report one or more key symptoms. Both personal breathing zone levels
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of MTBE for the mechanics and workroom levels of MTBE were measured. Personal breathing zone

levels of mechanics ranged from <0.03 to 12.04 ppm, while workroom levels ranged from 0.001 to

0.429 ppm. In both the Stamford and the Fairbanks studies, the accuracy of the measured workroom levels

was questionable since the content of the air a worker actually breathed may have been substantially

different from the air level measured by the monitoring devices. In addition, in the Stamford study, many

of the windows and doors were open due to the mildness of the weather, leading to an underestimation of

the exposure levels (CDC 1993b; White et al. 1995). Furthermore, the breathing zone levels, which were

measured approximately one week earlier, were questioned because exposure to higher levels of MTBE

probably occurred while the workers were close to the gasoline tank. Other limitations of these studies

include the participation of only healthy working adults, no control groups, small to modest numbers of

participants limiting the statistical power, and the possibilities that an unknown contaminant or

combustion product of MTBE, interaction between MTBE and other gasoline components, or the other

components alone, may have been responsible for the symptoms. In addition, it is possible that persons

willing to participate in the study may have been more likely to report symptoms; or that participants and

investigators may have been biased due to awareness of the purpose of the study, publicity, the cost of

oxygenated fuel, the odor, or negative personal views.

A telephone interview survey was conducted in metropolitan Milwaukee, Wisconsin, and in metropolitan

Chicago, Illinois (the use of reformulated gasoline was required in both of these areas), and in the rest of

Wisconsin exclusive of metropolitan Milwaukee (where the use of reformulated gasoline was not required)

(Anderson et al. 1995). In the Milwaukee metropolitan area, 23% of the telephone survey respondents

reported experiencing unusual symptoms since the reformulated gasoline program started, while in the

Chicago metropolitan area and in the rest of Wisconsin, only 6% of the respondents reported experiencing

unusual symptoms. Therefore, the proportion in Chicago was not statistically different from that found in

Wisconsin. Prevalence of respiratory symptoms associated with MTBE exposure in the questionnaire

(throat irritation, difficulty breathing, sinus congestion, funny smells) was statistically higher in

Milwaukee than in either Chicago or Wisconsin; the prevalence was not different between Chicago and

Wisconsin for any symptom. These results suggest that factors other than reformulated gasoline use

contributed significantly to the differences in symptom prevalence between Milwaukee and the other two

areas. Knowledge about reformulated gasoline, including the likely awareness of the potential negative

effects of reformulated gasoline in Milwaukee and Wisconsin, may have biased the symptom reporting. It

was noted that following the nationally televised story about the health effects of MTBE on January 19,

1995, a local Milwaukee television station ran a week-long feature about MTBE, which prompted an

increasing number of complaints from Milwaukee residents. In the telephone survey, familiarity with
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MTBE as a reformulated gasoline additive was reported by 54% of the Milwaukee residents, 23% of

Chicago residents, and 40% of the Wisconsin residents. The authors concluded that the study was unable

to attribute the increased prevalence of symptoms in Milwaukee to reformulated gasoline use, but did not

rule out subtle effects or the possibility that a relatively small number of individuals in Milwaukee may

have had a greater sensitivity to reformulated gasoline mixtures.

In May 1993, CDC and New York state health officials investigated whether exposure to MTBE in fuels

was measurable in occupationally and nonoccupationally exposed people in Albany, where MTBE is used

in small concentrations (CDC 1993c). Questionnaires regarding MTBE-associated symptoms (headache,

eye irritation, burning of the nose or throat, cough, nausea, dizziness, and spaciness) were administered.

Group 1 consisted of 34 automobile repair shop workers and service station attendants exposed to gasoline

fumes; Group 2 consisted of 48 policemen, toll booth workers, and parking garage attendants exposed to

automobile exhaust; and Group 3 consisted of 182 office workers and college students who may have been

exposed to minute amounts of automobile emissions, but who were not occupationally exposed to

gasoline. Ambient air and worksite levels of MTBE were nondetectable (<5 ppb), but MTBE was

detectable in the personal air monitoring zone of 2 of 13 auto mechanics and gas station attendants, one at

a level of 140 ppb. The proportion of subjects who reported burning nose or throat was 2 of 34 (6%) in

Group I, 2 of 48 (4%) in Group 2, and 24 of 182 (13%) in Group 3. The proportion of subjects who

reported cough was 5 of 34 (15%) in Group 1, 12 of 48 (25%) in Group 2, and 37 of 182 (20%) in Group

3. All key symptoms were slightly more prevalent and the presence of 2 or more key symptoms was

2-3 times more prevalent in Groups 2 and 3 than in Group 1, but the increases were not statistically

significant. Thus, no increase in health complaints among people with higher gasoline exposures was

detected. Limitations of the this study included that the study sample may not have accurately represented

the population in the various exposure categories; that subjects in Group 3 may have been more likely to

report symptoms; and that the study was conducted in early May, when the people may have been driving

with their car windows open, when car repair garages typically had their bays open, and when allergies

related to pollen may have affected the symptom reporting.

A cross-sectional cohort study investigated self-reported symptoms (headache, nausea, cough,

lightheadedness, sleepiness while driving, daytime sleepiness, eye irritation) of garage workers in the state

of New Jersey exposed to high (115 workers in northern New Jersey during the wintertime oxyfuel

program) and low (122 workers in southern New Jersey 10 weeks after the phase-out date for oxyfuel

program) MTBE concentration environments; the results of the questionnaire regarding respiratory

symptoms (cough) over the last 30 days showed no significant difference (12% in the northern workers
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and 17% in the southern workers, p=0.23) (Mohr et al. 1994). Results of the pre- and postshift

questionnaires revealed that all workers felt worse at the end of the workday with regard to symptoms

associated with MTBE (not otherwise specified), but no difference was found between the groups or in

reporting rates between groups across the work shift. No difference in 30-day symptom reporting was

found in subgroups of 13 northern New Jersey workers and 15 southern New Jersey workers who spent an

average of >5 hours per day pumping gasoline. However, analysis of the pre- and postshift questionnaires

showed a higher rate of symptom reporting (p=0.03 for MTBE-associated symptoms) for the northern gas

pumpers than for the southern gas pumpers, but not when the same analysis was repeated with northern

gas pumpers and age-, sex-, and education-matched southern gas pumpers. Active air sampling done for

1 hour, which was converted to 8-hour TWAs, yielded high MTBE levels (1.66-6.1 ppm) in northern New

Jersey garages and nondetectable (<0.28 ppm) to low (0.28-0.83 ppm) MTBE levels in southern New

Jersey garages. Passive samplers worn by some of the workers indicated high (1.66-6.1 ppm) or very high

(>6.1 ppm) MTBE levels in northern New Jersey. For the southern New Jersey workers, some of the

samplers had high levels, but most were low or nondetectable. The authors concluded that no increased

rate of symptom reporting was found, even though the northern New Jersey workers received higher

exposures. Nevertheless, even 10 weeks after the phase-out date of oxyfuels in southern New Jersey, some

workers still received significant exposure, probably due to changing fuel filters and pumps in vehicles

that still contained the wintertime oxyfuel.

To address some of the issues identified in the occupational and field studies, an experimental double - blind

study was conducted in 22 healthy men and 21 healthy women, who were examined for both objective

and subjective effects (Cain et al. 1994). In this study, half of the subjects were exposed

sequentially to 1.7 ppm MTBE for 1 hour on 1 day, to uncontaminated air for 1 hour 2 days later, and to

7.1 ppm of a 17-component mixture of volatile organ compounds (VOCs) for 1 hour 2 days later. The

other half of the subjects were similarly exposed in the reverse order. The subjects were able to detect the

odor of MTBE, but expressed little objection to it. Analysis of nasal lavage material for differential cell

counts of polymorphonuclear neutrophilic leukocytes (PMNs), epithelial cells, monocytes, eosinophils,

and lymphocytes revealed no statistically significant differences across the three exposure conditions. In

addition, statistical analysis of the results of questionnaires administered every 10 minutes during the

various exposure conditions revealed no differences for irritation of the nose or throat, dry or sore throat,

stuffy or runny nose, sinus congestion, cough, wheezing, chest tightness, or shortness of breath when the

subjects were exposed to MTBE or when they exposed to air. In a similar study, 19 healthy men and

18 healthy women were exposed for 1 hour to clean air and 1.39 ppm MTBE in separate sessions at least

1 week apart (Prah et al. 1994). The order of exposure was randomly selected, but because of the odor of



METHYL tert-BUTYL ETHER 35

2. HEALTH EFFECTS

MTBE, it is likely that subjects were aware of the exposure conditions. Results of questionnaires

administered prior to exposure, immediately upon entering the exposure chamber, after 30 minutes of

exposure, and during the last 5 minutes of exposure revealed no differences for irritation of the nose,

cough, wheezing, chest tightness, shortness of breath, stuffy or runny nose, or irritation of the throat. No

differences were found for nasal inflammation by the determination of neutrophils, interleukin-8, albumin

and prostaglandin D2 in nasal lavage material. Female subjects reported that the air quality in the MTBE

condition was worse than in the clean air condition. The odor threshold was determined to be

approximately 0.18 ppm. Thus, other than detection of the odor and the reported poor air quality in these

experimental studies, no reactions to exposure to MTBE were observed or reported under the conditions of

the studies. Although the exposure concentrations used in these experimental studies were chosen on the

basis of airborne concentrations of MTBE to which commuters are exposed, the studies could not resolve

whether multiple exposures, exposure to higher concentrations, and exposure for longer durations, which

are more relevant for real-life exposure of motorists to MTBE, would have caused cumulative effects.

In a study conducted to determine whether symptoms associated with MTBE were reported at an increased

rate among subjects known to be sensitive to chemicals and in situations where exposure to MTBE was

likely to be greatest, 14 individuals with multiple chemical sensitivities, 5 individuals with chronic fatigue

syndrome, and 6 normal control individuals were interviewed regarding symptoms in response to

situations in which gasoline containing MTBE was used (driving a car, gasoline stations) and not used

(shopping malls, grocery stores, office buildings, parks) (Fiedler et al. 1994). The symptoms of interest

included cough and burning sensation in the nose. Although multiple chemical sensitivity subjects and

chronic fatigue syndrome subjects reported more symptoms than normal controls in some situations, no

significant differences were found among the groups for driving a car or visiting gas stations. The authors

concluded that the study did not provide clear evidence to support that an unusually high rate of symptoms

or an increase of symptoms occurred uniquely where MTBE exposure was likely.

Respiratory effects have been observed in animals following inhalation exposure to MTBE. A 4-hour

exposure of rats to > 19,621 ppm ARCO MTBE (96.2% MTBE) caused hyperpnea, while a 4-hour

exposure of rats to >18,892 ppm commercial MTBE (99.1% MTBE) caused tachypnea and nasal

discharge, with respiration gradually slowing until the rats died (ARCO 1980). In a study to determine the

RD50 (the concentration that results in 50% decrease in respiratory rate) for respiratory irritancy of MTBE,

mice were exposed to 83,277,832, 2,774, or 8,321 ppm MTBE for 1 hour (Tepper et al. 1994). A

threshold irritant response (13%) in respiratory rate occurred at 83 ppm, and a 52% decrease in breathing

frequency occurred at 8,321 ppm. No pulmonary irritation was observed at < 2,774 ppm, but a mixed
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pattern of irritant response, indicating both sensory and pulmonary irritation, occurred at 8,321 ppm. The

RD50, indicative of sensory irritation, was determined to be 4,604 ppm.

Intermittent exposure of rats for 9 days to concentrations of 1,000 or 3,000 ppm MTBE resulted in high

incidence (27 of 40 in both groups) and increased severity of chronic inflammation of the nasal mucosa

and trachea (Biodynamics 1981). In mated female rabbits exposed to < 8,000 ppm MTBE on

gestational days 6 through 18, no gross lesions were observed in the respiratory tract of the exposed dams

when sacrificed on gestational day 29 (Tyl 1989), but histological examination was not performed.

However, labored breathing was observed in mouse dams exposed to 8,000 ppm, but not 1,000 or

4,000 ppm, MTBE on gestational days 6-15 (Tyl and Neeper-Bradley 1989). Necropsy revealed color

changes in the lungs of 1 dam in the control group, 3 dams in the 4,000 ppm group, and 5 dams in the

8,000 ppm group, but histological examination was not performed. In rats exposed intermittently for

16-28 weeks to concentrations < 2,500 ppm MTBE, nasal discharge and rales were among the most

common observations, but control animals were reported to have similar types and incidences of these

clinical signs (Biles et al. 1987). However, male and female rats exposed intermittently for 13 days or

13 weeks to < 8,000 ppm had no gross or microscopic lesions in the lungs (Dodd and Kintigh 1989). Rats

exposed intermittently for 13 weeks to 1,000 ppm MTBE had significant reductions in absolute and

relative lung weights (Greenough et al. 1980). This appears to be a nonspecific effect; gross necropsy of

the respiratory tract of males and females exposed to 250-l,000 ppm revealed froth in the airways,

congestion of the lung tissues, and small grey foci over the lungs, but these changes were not sex- or doserelated. Rats of

both sexes exposed intermittently for 14-19 weeks to concentrations < 8,000 MTBE

showed no treatment-related lesions in the gross examination or in the histological evaluation of the upper

and lower respiratory tract (Neeper-Bradley 1991). In chronic-duration inhalation studies in rats (Chun et

al. 1992) and mice (Burleigh-Flayer et al. 1992) exposed intermittently to 400, 3,000, or 8,000 ppm

MTBE, gross and histological examination of lungs, nasopharynx, trachea, and larynx revealed no

treatment-related lesions.

Cardiovascular Effects.  No studies were located regarding cardiovascular effects in humans after

inhalation exposure to MTBE.

MTBE does not appear to have adverse effects on the cardiovascular system of rats. No treatment-related

gross or histopathological lesions in the heart were found in rats exposed intermittently for 9 days to

< 3,000 ppm (Biodynamics 1981) or for 13 weeks to < 1,000 ppm (Greenough et al. 1980) or < 8,000 ppm

(Dodd and Kintigh 1989). Similarly, histological examination of the aorta revealed no treatment-related
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lesions following 13 weeks exposure to < 1,000 ppm MTBE (Greenough et al. 1980). In chronic-duration

inhalation studies in rats (Chun et al. 1992) and mice (Burleigh-Flayer et al. 1992) exposed intermittently

to 400, 3,000, or 8,000 ppm MTBE, gross and histological examination of the heart revealed no treatment-related lesions.

Gastrointestinal Effects.  Nausea or vomiting were among the symptoms reported by motorists or

gas station workers during oxygenated fuel programs in which MTBE had been added to gasoline to

reduce carbon monoxide emissions. Since these symptoms may be related to the neurological symptoms,

the gastrointestinal symptoms are also discussed in Section 2.2.1.4. In a preliminary investigation to

determine whether symptoms were occurring, whether symptoms occurred in a consistent pattern, and

whether symptoms could be related to exposure to oxyfuel in Fairbanks, Alaska, nausea or vomiting was

reported by 3 of 4 (75%) taxi drivers, 9 of 26 (35%) health-care workers, and 6 of 15 (40%) students who

met the case definition (4 of 12 taxi drivers, 26 of 90 health-care workers, and 15 of 101 students)  (Beller

and Middaugh 1992). In the preliminary investigation in Anchorage, Alaska,, nausea or vomiting was

reported by 5 of 12 (42%) taxi drivers and 9 of 36 (25%) health-care workers who met the case definition

(12 of 25 taxi drivers and 36 of 137 health-care workers) (Chandler and Middaugh 1992).

In the more definitive CDC study in Fairbanks, Alaska, the frequency of nausea or vomiting in the Phase I

subjects, when the oxyfuel program was in full effect, was 6 of 18 in occupationally exposed workers

(CDC 1993a; Moolenaar et al. 1994). In the Phase II subjects, after the oxyfuel program was terminated,

the frequency of nausea or vomiting was 1 of 28. In the CDC study in Stamford, Connecticut, when the

oxyfuel program was in full effect (no Phase II in Stamford), nausea or vomiting was reported by 1 of 48

(2.1%) mechanics and gas station attendants, 0 of 57 (0%) professional drivers, I of 12 (8.3%) in “other”

workers, and 0 of 59 (0%) commuters (CDC 1993b; White et al. 1995).

In the telephone interview survey conducted in metropolitan Milwaukee, Wisconsin and in metropolitan

Chicago, Illinois (where the use of reformulated gasoline was required in both of these areas) and in the

rest of Wisconsin exclusive of metropolitan Milwaukee (where the use of reformulated gasoline was not

required), the prevalence of nausea associated with MTBE exposure was statistically higher in Milwaukee

than in either Chicago or Wisconsin; prevalence was not different between Chicago and Wisconsin for any

symptom (Anderson et al. 1995). As discussed under Respiratory Effects in Section 2.2.1.2, these results

suggest that factors other than reformulated gasoline use, such as knowledge about reformulated gasoline

and the likely awareness of potential negative effects, significantly contributed to the differences in

symptom prevalence between Milwaukee and the other two areas.
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In a cross-sectional cohort study of self-reported symptoms of garage workers in the state of New Jersey

exposed to high (115 workers in northern New Jersey during the wintertime oxyfuel program) and low

(122 workers in southern New Jersey 10 weeks after the phase-out date for oxyfuel program) MTBE

concentration environments, the results of the questionnaire regarding nausea over the last 30 days

indicated that southern New Jersey workers experienced nausea (35%) more often than the northern New

Jersey workers (27%) (p=0.03) (Mohr et al. 1994).

In the study conducted in Albany, New York, the proportion of subjects who reported nausea was 2 of 34

(6%) in Group 1 (automobile repair shop workers and service station attendants), 3 of 48 (6%) in Group 2

(policemen, toll booth workers, and parking garage attendants), and 14 of 182 (8%) in Group 3 (office

workers and college students) (CDC 1993c). Key symptoms were slightly more prevalent and the

presence of 2 or more key symptoms was 2-3 times more prevalent in Groups 2 and 3 than in Group 1, but

the increases were not statistically significant. Thus, no increase in health complaints among people with

higher gasoline exposures was detected.

In the study conducted to determine whether symptoms associated with MTBE were reported at an

increased rate among subjects known to be sensitive to chemicals and in situations where exposure to

MTBE was likely to be greatest, the symptoms of interest included gastrointestinal upset (Fiedler et al.

1994). As discussed in the Respiratory Effects category in Section 2.2.1.2, although multiple chemical

sensitivity subjects and chronic fatigue syndrome subjects reported more symptoms than normal controls

in some situations, no significant differences were found among the groups for driving a car or visiting gas

stations. The authors concluded that the study did not provide clear evidence that an unusually high rate

of symptoms or an increase of symptoms occurred uniquely where MTBE exposure was likely. (See

Respiratory Effects in Section 2.2.1.2 for a more complete discussion of the human studies regarding

protocols, limitations, and conclusions.)

The gastrointestinal tract was not affected in rats exposed to MTBE by inhalation. Intermittent exposure

of rats for 9 days to 3,000 ppm MTBE caused no gross or histological changes of the stomach, duodenum,

jejunum, ileum, colon, or rectum (Biodynamics 1981). Likewise, gastrointestinal tract tissue of rats

exposed intermittently for 13 weeks to 8,000 ppm did not exhibit microscopic lesions (Dodd and Kintigh

1989). Histological examination of the salivary glands, tongue, esophagus, and gastrointestinal tract

revealed no treatment-related lesions in rats exposed intermittently for 13 weeks to 1,000 ppm (Greenough

et al. 1980) or for 14-19 weeks to 8,000 ppm MTBE (Neeper-Bradley 1991). In chronic-duration

inhalation studies in rats (Chun et al. 1992) and mice (Burleigh-Flayer et al. 1992) exposed intermittently
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to 400, 3,000, or 8,000 ppm MTBE, gross and histological examination of the gastrointestinal tract

revealed no treatment-related lesions.

Hematological Effects.  No studies were located regarding hematological effects in humans after

inhalation exposure to MTBE.

Rats exposed intermittently for 9 days to < 3,000 ppm MTBE had mean hematological values that were not

significantly different from controls (Biodynamics 1981). Male and female rats exposed intermittently for

13 weeks to 1,000 ppm MTBE exhibited a slight increase in white blood cell counts, while males also

showed a slight but statistically significant increase in hemoglobin levels (Greenough et al. 1980). Both

of these increases were considered of no biological or toxicological significance. All other hematological

parameters were normal. Intermittent exposure of male rats for 13 weeks to 800, 4,000, or 8,000 ppm

MTBE caused mild decreases (2-4%) in erythrocyte count and mean corpuscular hemoglobin

concentration (MCHC) and mild increases (2-5%) in mean corpuscular volume (MCV), mean corpuscular

hemoglobin (MCH), and reticulocytes (Dodd and Kintigh 1989). This exposure also induced a 15%

decrease in the leukocyte count, primarily in the lymphocyte population, in male rats. At the end of the

treatment period, female rats of the 8,000 ppm group had increased hematocrit and segmented neutrophil

count. In chronic-duration inhalation studies in rats (Chun et al. 1992) and mice (Burleigh-Flayer et al.

1992) exposed intermittently to 400, 3,000, or 8,000 ppm MTBE, no treatment-related changes in

hematological parameters were found. In addition, histological examination of the bone marrow revealed

no treatment-related lesions.

Musculoskeletal Effects.  No studies were located regarding musculoskeletal effects in humans after

inhalation exposure to MTBE.

Gross and histological examination of bone and skeletal muscle of rats revealed no treatment-related

lesions following intermittent exposure to 3,000 ppm MTBE for 9 days (Biodynamics 1981) or to

1,000 ppm for 13 weeks (Greenough et al. 1980). Similarly, an intermittent exposure for 13 weeks to

concentrations < 8,000 ppm MTBE produced no microscopic lesions in bones of treated rats (Dodd and

Kintigh 1989). Intermittent exposure for 2-l 5 weeks to 300 ppm MTBE did not affect muscle succinate

dehydrogenase or acetylcholinesterase activities in rats (Savolainen et al. 1985). Muscle creatine kinase

activity decreased at 2 weeks, returned to normal levels at week 10, and then significantly increased at

I5 weeks in rats exposed to 100 or 300 ppm. These changes in creatine kinase activity were attributed to

adaptation at the muscle level to MTBE exposure and were not considered adverse. In chronic-duration
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inhalation studies in rats (Chun et al.1992) and mice (Burleigh-Flayer et al. 1992) exposed intermittently

to 400, 3,000, or 8,000 ppm MTBE, gross and histological examination of the gastrocnemius muscle

revealed no treatment-related lesions. No treatment-related histopathological lesions were found in the

bone tissue of mice (Burleigh-Flayer et al. 1992); however, fibrous osteodystrophy, which was secondary

to chronic progressive nephropathy, was observed in male rats at all concentrations and in female rats at

3,000 and 8,000 ppm (Chun et al. 1992). As discussed for Renal Effects in Section 2.2.1.2, the higher

incidence and greater severity of chronic progressive nephropathy at lower exposure concentrations in

male rats compared with female rats may be due to the exacerbation of this syndrome by the accumulation

of α2u,-globulin or another unknown protein unique to male rats.

Hepatic Effects.  No studies were located regarding hepatic effects in humans after inhalation

exposure to MTBE.

Acute-, intermediate-, or chronic-duration inhalation exposure to MTBE did not produce substantial

hepatic toxicity in rats. Intermittent exposure for 9 days to < 3,000 ppm MTBE had no effect in serum

glutamic-pyruvic transaminase (SGPT), serum glutamic-oxaloacetic transaminase (SGOT), serum alkaline

phosphatase, serum bilirubin, and serum cholesterol (Biodynamics 1981). Relative liver weights were

significantly increased in both sexes of rats exposed to 3,000 ppm MTBE. In addition, exposure of male

and female rats to MTBE intermittently for 13 days resulted in increased relative liver weights in both

sexes at 8,000 ppm (17-24%) and 4,000 ppm (10-l 3%), and increased absolute liver weights in female

rats at 8,000 ppm (21%) and 4,000 ppm (14%), but not in males (Dodd and Kintigh 1989). No changes in

liver weight or gross liver lesions were observed in mated rats exposed to 2,500 ppm intermittently

from day 6-l 5 of gestation (Conaway et al. 1985). At 8,000 ppm MTBE, liver weight of female rabbits

exposed on gestational days 6-l8 was significantly increased (Tyl 1989). This increase probably resulted

from induction of metabolizing enzymes.

In rats exposed intermittently to 3,000 or 8,000 ppm, but not 400 ppm, MTBE for 4-5 weeks, increased

absolute and/or relative liver weights occurred in both sexes (Chun and Kintigh 1993). No clinical or

histological evidence of hepatic toxicity was found. Intermittent exposure of rats for 13 weeks to

800-8,000 ppm MTBE caused an increase in liver weight that was greater in male rats than females (Dodd

and Kintigh 1989). No treatment-related histopathological hepatic lesions were found. In some rats, there

was a decrease in SGOT and SGPT, the toxicological significance of which is unclear. Intermittent

exposure to 1,000 ppm MTBE for 13 weeks caused no histological lesions in rat liver, but caused a slight

increase in serum lactic dehydrogenase levels in male rats and a decrease in females (Greenough et al.
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1980). In a reproductive study, inhalation exposure of rats for 14-19 weeks to MTBE intermittently

resulted in increased liver weight in F1 males at >3,000 ppm and in F1 females at 8,000 ppm, but no liver

lesions were found (Neeper-Bradley 1991). Liver microsomal uridine diphosphate glucuronosyl

transferase (UDPGT) activity was increased in a dose-related manner in rats exposed to 50, 100, and

300 ppm MTBE for 2 weeks, but not at other times (Savolainen et al. 1985). The biological significance

of this finding is not clear. Exposure to these levels for up to 15 weeks did not affect rat liver microsomal

cytochrome P-450 content or the enzymatic activities of NADP-cytochrome c reductase or

7-ethoxycoumarin 0-deethylase. Although induction of liver microsomal enzymes may be potentially

adverse, other studies (Biodynamics 1981; Burleigh-Flayer et al. 1992; Chun and Kintigh 1993; Chun et

al. 1992; Dodd and Kintigh 1989; Greenough et al. 1980) indicate that mild microscopic hepatic lesions

and increased liver weight due to enzyme induction occur in animals only at much higher exposure levels.

In male and female rats exposed intermittently to 400, 3,000, or 8,000 ppm MTBE for 24 months,

increased absolute and relative liver weights (to both body weight and brain weight) in females were

concentration-related at 3,000 and 8,000 ppm (Chun et al. 1992). However, gross and histological

examination of the liver revealed no treatment-related lesions in females or males at any concentration.

The increase in liver weight was probably due to microsomal enzyme induction, which may be considered

potentially adverse.

MTBE was slightly more toxic to the liver in mice than in rats. While a 10-day exposure of mated female

mice on gestational days 6-15 to 2,500 ppm (Conaway et al. 1985) or 8,000 ppm (Tyl and Neeper-Bradley

1989) MTBE produced no effect on liver weight, increased relative liver weights occurred in both sexes of

mice exposed to 8,000 ppm (13-l 8%) and in females exposed to 4,000 ppm (12%) and 2,000 ppm (13%)

MTBE intermittently for 13 days (Dodd and Kintigh 1989). Absolute liver weights were increased by

16-20% in female mice at all exposure levels. Intermittent exposure of mice to 400, 3,000, or 8,000 ppm

for 28 days also resulted in increased absolute and/or relative liver weight at 3,000 and 8,000 ppm in

female mice and 8,000 ppm in male mice, and increased incidence of centrilobular hepatocellular

hypertrophy in both sexes at 8,000 ppm (Chun and Kintigh 1993). In addition, in male and female mice

exposed to 400, 3,000, or 8,000 ppm for 18 months, increased absolute and relative liver weights (to both

body weight and brain weight) were concentration-related in both sexes at 3,000 and 8,000 ppm (Burleigh-

Flayer et al. 1992). Increased liver weight in mice at 400 ppm was described as minimal. Gross

examination of the livers revealed an increased incidence of liver masses in male and female mice exposed

to 8,000 ppm. Histological examination revealed an increased incidence of hepatocellular hypertrophy in

both sexes at 8,000 ppm and in males at 3,000 ppm.
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In a special experiment for cell proliferation evaluations of hepatocytes, male and female mice were

exposed to these concentrations for 5 or 23 exposures (Chun and Kintigh 1993). Significantly increased

uptake of 5-bromo-2’-deoxyuridine in the nuclei of hepatocytes of female mice, but not male mice, was

found at an exposure level of 8,000 ppm, but not <3,000 ppm, for 5 days. No increase in hepatocellular

proliferation was found when mice were similarly exposed for 23 exposures. These results suggest that

MTBE initially places an increased metabolic demand on liver cells resulting in a compensatory increase

in hepatocellular proliferation that eventually leads to hepatocellular hypertrophy with longer exposure.

Renal Effects.  No studies were located regarding renal effects in humans after inhalation exposure to

MTBE.

Acute intermittent exposure for 9 days to concentrations ranging from 100 to 3,000 ppm MTBE produced

no renal toxicity in rats-as indicated by the lack of effect on blood urea nitrogen (BUN) level and

urinalysis and by the absence of gross and histological changes in the kidney and urinary bladder

(Biodynamics 1981). Exposure of male and female rats to MTBE intermittently for 13 days resulted in

increased relative kidney weights in males at 8,000 ppm (14%) and 4,000 ppm (8%) and absolute kidney

weights in females at 8,000 ppm (8%)  (Dodd and Kintigh 1989). Inhalation exposure of rats for 13 weeks

to 1,000 ppm MTBE produced no histological changes of the kidneys and urinary bladder, but male rats

exposed to 1,000 ppm exhibited significant increases in BUN (Greenough et al. 1980). No lesions were

observed in the gross or histological examination in kidneys of rats exposed to < 8,000 ppm MTBE for

14-19 weeks (Neeper-Bradley 1991). In another intermediate-duration study, exposure of rats to

concentrations < 8,000 ppm MTBE had no effect on BUN, creatinine, or albumin levels, but concentrations

of >800 ppm produced statistically significant increases in kidney weights that were greater in male than

female rats (Dodd and Kintigh 1989). No histopathological changes in the kidneys were observed, but

male rats exposed to 8,000 ppm had large hyaline droplets in the renal proximal tubules, an effect that may

be specific to male rats. The finding of large hyaline droplets in the renal tubules of male rats suggests,

but not definitively, the involvement of α2u-globulin accumulation. The accumulation of α2u-globulin

complex leads to a nephropathy that is specific for male rats. Male, but not female, rats exposed to

> 800 ppm MTBE for 13 weeks showed a treatment-related increase in area and intensity of α2u -globulin

positive staining (Swenberg and Dietrich 1991). However, the α2u -globulin positive staining was not

dose-related, and α2u-globulin positive proteinaceous casts at the junction of the proximal tubules and thin

limb of Henle were not observed, unlike the classical lesions of other α2u-globulin inducing agents.
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The possible involvement of α2u-globulin accumulation in MTBE-induced male rat nephropathy has been

specifically examined using immunostaining with an antibody to α2u-globulin (Chun and Kintigh 1993).

In this study, exposure of male and female rats to 400, 3,000, or 8,000 ppm MTBE for 4-5 weeks resulted

in increased protein accumulation and proliferation of epithelial cells in the proximal convoluted tubules

of male rats, but not female rats, at 3,000 and 8,000 ppm. However, no evidence of α2u-globulin

accumulation was found, suggesting that a mechanism other than a α2u-globulin accumulation (perhaps the

accumulation of another protein unique to male rats) may be responsible for the increased cell

proliferation in the epithehal cells of the proximal convoluted tubules. The increased proliferation was

also observed in males rats, but not female rats, after 5 exposures. Increased absolute and relative kidney

weights were observed in male rats at 8,000 ppm and in female rats at >3,000 ppm after exposure for

4-5 weeks. Urinalysis and urine chemistry evaluations revealed increased urine volume and decreased

urinary pH in both sexes at 8,000 ppm, but there was no other indication of renal damage. No renal effects

were observed in mice similarly exposed in this study.

The effect of intermittent inhalation exposure to 50-300 ppm MTBE for 2-15 weeks on rat kidney

microsomal enzymes has been studied (Savolainen et al. 1985). Cytochrome P-450 content was reported

to be significantly increased only after 15 weeks of exposure to 100-300 ppm MTBE, while UDPGT and

NADP-cytochrome c reductase activities were significantly increased only after 2 weeks of exposure. The

enzymatic activity of 2-ethoxycoumarin 0-deethylase was not affected. Although induction of kidney

microsomal enzymes may be potentially adverse, other studies (Biodynamics 1981; Burleigh-Flayer et al.

1992; Chun and Kintigh 1993; Chun et al. 1992; Dodd and Kintigh 1989; Greenough et al. 1980) indicate

that microscopic renal lesions and increased kidney weight due to enzyme induction occur in animals only

at much higher exposure levels.

In rats intermittently exposed to 400, 3,000, or 8,000 ppm MTBE for up to 24 months, increased absolute

kidney weight and kidney weights relative to both body weight and brain weight were concentration- related

in females at 3,000 and 8,000 ppm (Chun et al. 1992). Gross examination of kidneys revealed

evidence of chronic progressive nephropathy in male rats at all concentrations and in female rats at

3,000 and 8,000 ppm. Histological examination revealed increased incidence and severity of chronic

progressive nephropathy, accompanied by fibrous osteodystrophy, hyperplasia in the parathyroid glands,

and mineralization in numerous tissues. Chronic progressive nephropathy is an age-related spontaneous

disorder of rats that is more severe in males than in females. The exacerbation of chronic progressive

nephropathy by MTBE was concentration-related in males at all exposure concentrations and in females at

3,000 and 8,000 ppm. No evidence of renal effects was found in the female rats at 400 ppm. The higher
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incidence and greater severity of chronic progressive nephropathy at lower exposure concentrations in

male rats as compared with female rats is consistent with the known greater susceptibility of male rats

compared with female rats and may be due to the exacerbation of this syndrome by the accumulation of a

unique protein in male rats (α2u-globulin or other unknown protein) induced by MTBE. Thus, the

enhancement of chronic progressive nephropathy in male rats is generally not considered for MRL

derivation. However, since female rats also had enhanced chronic progressive nephropathy, another

mechanism not associated with α2u-globulin or other protein accumulation also appears to be involved.

Therefore, the chronic inhalation MRL of 0.7 ppm was calculated based on the NOAEL of 400 ppm for

kidney effects in female rats as described in the footnote in Table 2-I. The chronic-duration inhalation

NOAEL for renal effects is also a NOAEL for clinical signs of neurotoxicity (see Section 2.2.1.4).

In mice similarly exposed to 400, 3,000, or 8,000 ppm for 18 months, increased absolute and relative

kidney weights (to both body weight and brain weight) were observed in male mice at all exposure

concentrations and in female mice at 8,000 ppm (Burleigh-Flayer et al. 1992). The increase in kidney

weight in males, however, was not concentration-related. Furthermore, gross and histological examination

revealed no treatment-related lesions in the kidneys of mice. A slight increase in the pH of the urine in

male and female mice at 8,000 ppm and a slight increase in the gamma globulin fraction in male mice at

8,000 ppm were found upon urinalysis. Male mice exposed to 8,000 ppm were reported to have increased

mortality and decreased mean survival time due to a slightly increased incidence of obstructive uropathy,

which may have been due to the increases in pH and gamma globulin fraction.

Endocrine Effects.  No studies were located regarding endocrine effects in humans after inhalation

exposure to MTBE.

Acute intermittent exposure of rats to 100-3,000 ppm MTBE for 9 days produced no treatment-related

lesions in the adrenals, pancreas, and thyroid/parathyroid glands (Biodynamics 1981). No treatment-related

changes in adrenal weights were found. However, exposure of male and female rats to MTBE

intermittently for 13 days resulted in increased relative and absolute adrenal weights in both sexes at

8,000 ppm, but histological examination of the adrenal glands was not performed (Dodd and Kintigh

1989). In mice exposed to <8,000 ppm MTBE for 28 days, no effects on thyroid weight and no

histopathological lesions of the thyroid were found (Chun and Kintigh 1993). Special blood chemistry

evaluation of total T3, total T4, thyroid stimulating hormone (TSH), total bile acid, and estradiol revealed

that an increase in total T4 and TSH occurred in male mice at 8,000 ppm. However, these increases were

not considered to be biologically significant due to the absence of histological evidence of thyroid lesions.
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Decreases in total T4 were found in female mice in the special hepatic cell proliferation studies (see

Hepatic Effects above), but net in the main study; therefore, the decrease in T4 was not considered

exposure-related. Adrenal weights were significantly increased in male rats exposed to 8,000 ppm and in

female rats exposed to 3,000 and 8,000 ppm for 4-5 weeks, but the adrenal glands were not examined

histologically (Chun and Kintigh 1993). Although longer exposure (13 weeks) to high concentrations

ranging from 800 to 8,000 ppm MTBE had no effect on serum aldosterone or adrenocorticotropic hormone

levels in rats, there was an increase in corticosterone level at 8,000 ppm MTBE (Dodd and Kintigh 1989).

Exposure to concentrations of 4,000 or 8,000 ppm MTBE produced increases in adrenal weight that were

greater in male rats than females. No histopathological changes resulted from this treatment in the

adrenals, pancreas, or pituitary glands. These results are in agreement with other intermediate-duration

intermittent exposures of rats. In rats exposed to < 1,000 ppm MTBE, no treatment-related lesions were

found in the pancreas, thyroid, parathyroid, adrenal, or pituitary (Greenough et al. 1980). Similarly, no

exposure-related gross or microscopic lesions in the pancreas or pituitary were found in parental F0 and F1

rats following exposure for 10 weeks prior to breeding to < 8,000 ppm for 5 days per week and through day

19 of gestation (Neeper-Bradley 1991).

In a 24-month study in which rats were exposed intermittently to 400, 3,000, or 8,000 ppm, decreased

levels of corticosterone were found at 81 weeks in male rats exposed to 8,000 ppm (Chun et al. 1992).

This group was terminated at week 82 because of high mortality from chronic progressive nephropathy.

Hyperplasia of the parathyroid gland, which was secondary to chronic progressive nephropathy, was found

in male rats at all exposure concentrations and in female rats at 3,000 and 8,000 ppm. No treatment-related

histopathological lesions were found in the pituitary, adrenal gland, or pancreas. In mice similarly

exposed to the same concentrations for 18 months, no treatment-related histopathological lesions were

found in the pituitary, thyroid/parathyroid, or pancreas (Burleigh-Flayer et al. 1992). Adrenal gland

weights were increased in high dose males, but were not accompanied by histopathological lesions.

However, corticosterone levels were increased at week 79 in both sexes exposed to 8,000 ppm. The

toxicological significance of these transient and inconsistent changes in corticosterone levels in rats and

mice is questionable.

Dermal Effects.  In two experimental studies in which human subjects were exposed to MTBE vapors

for 1 hour at 1.7 ppm (Cain et al. 1994) or 1.39 ppm (Prah et al. 1994), no evidence was found that

exposure to MTBE vapors resulted in skin rash or dry skin. Rats and mice have been examined for dermal

effects after exposure to MTBE vapors in air (Biles et al. 1987; Burleigh-Flayer et al. 1992; Chun et al.

1992; Dodd and Kintigh 1989; Greenough et al. 1980). Since any dermal effects in these studies in
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humans and animals would probably be due to direct contact of the skin with the vapor, these studies are

discussed more fully in Section 2.2.3.2.

Ocular Effects.  Eye irritation was among the symptoms reported by motorists or gas station workers

during oxygenated fuel programs in which MTBE had been added to gasoline to reduce carbon monoxide

emissions. Several survey studies in humans (Anderson et al. 1995; Belier and Middaugh 1992; CDC

1993a, 1993b, 1993c; Chandler and Middaugh 1992; Mohr et al. 1994; Moolenaar et al. 1994; White et al.

1995) and experimental studies in humans (Cain et al. 1994; Prah et al. 1994) have investigated whether

the eye irritation was specifically associated with exposure to MTBE vapor in air. In addition, rats and

mice have been examined for ocular effects following exposure to MTBE vapors in air (ARCO 1980; Biles

et al. 1987; Biodynamics 1981; Burleigh-Flayer et al. 1992; Chun et al. 1992; Conaway et al. 1985; Dodd

and Kintigh 1989; Greenough et al. 1980; Neeper-Bradley 1991; Tyl and Neeper-Bradley 1989). Since

any ocular effects in these studies in humans and animals would probably be due to direct contact of the

eyes with the vapor, these studies are discussed in Section 2.2.3.2.

Body Weight Effects.  No studies were located regarding body weight effects in humans after

inhalation exposure to MTBE.

A single exposure of rats to < 8,000 ppm for 6 hours had no effect on body weight (Gill 1989). Acute

exposure of rats intermittently for 9 days to  < 3,000 ppm MTBE (Biodynamics 1981) or to < 2,500 ppm for

10 days during gestational days 6-15 did not affect body weight (Conaway et al. 1985). In contrast, in rats

exposed intermittently to 800, 4,000, or 8,000 ppm for 5 days, an unspecified weight loss in males and an

unspecified decrease in body weight gain in females occurred at 8,000 ppm (Vergnes and Morabit 1989).

Male rats of the 800 and 4,000 ppm groups had marginally depressed body weight gains during the

exposure regimen. Similarly, a decrease in body weight gain of 65-66% occurred in male rats during the

first l-3 and 1-14 days of exposure to 4,000 and 8,000 ppm, respectively, and a 36% decrease in body

weight gain occurred in female rats during the first 1-7 days of exposure to 8,000 ppm in a preliminary

13-day range-finding study for a 13-week study (Dodd and Kintigh 1989). In the 13-week study, transient

decreases in body weight or body weight gain occurred during the first few weeks, accompanied by

reduced food consumption, in the rats exposed to 4,000 or 8,000 ppm, but both body weight and food

consumption recovered thereafter. Thus, compared with controls, final body weights were only 6% lower

in male rats and 3% lower in female rats exposed to 8,000 ppm. The initial depressions in body weight

were, therefore, probably due to the reduced food consumption, which in turn may have been secondary to

the reduced motor activity of the 4,000 ppm and 8,000 ppm groups (Dodd and Kintigh 1989). In a
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4-5-week study in rats, a 2% loss of body weight was observed in male rats exposed to 8,000 ppm during

the first week, and decreased body weight gain occurred throughout the study in male rats exposed to

8,000 ppm, with a decreased body weight gain as high as 49% from exposure days 1-12 (Chun and

Kintigh 1993). Similarly, decreased body weight gain (24%) occurred in female rats exposed to

8,000 ppm, but only during the first 2 weeks. Exposure of mated rabbits to > 4,000 ppm (Tyl 1989) and

mated mice to 8,000 ppm (Tyl and Neeper-Bradley 1989) during gestation decreased body weight of the

dams, and there was a reduction in food consumption. However, exposure of mice for 10 days during

gestation to < 2,500 ppm MTBE did not affect the dams’ body weight (Conaway et al. 1985). Similarly,

intermittent exposure of mice to < 8,000 ppm for 1 or 2 days (Vergnes and Kintigh 1993) for 13 days

(Dodd and Kintigh 1989), or for 28 days (Chun and Kintigh 1993) had no effect on body weight. In

intermediate-duration studies, no effects on body weight were found in rats exposed to 300-2,500 ppm

(Biles et al. 1987; Greenough et al. 1980; Savolainen et al. 1985). However, male rats exposed to

8,000 ppm for 14-19 weeks had a 10.3% reduction in body weight gain (Neeper-Bradley 1991).

In a 24-month inhalation study in rats intermittently exposed to 400, 3,000, or 8,000 ppm MTBE, both

male and female rats had decreased absolute body weight and decreased body weight gain at 8,000 ppm

(Chun et al. 1992). In mice similarly exposed to the same concentrations for 18 months, slightly decreased

absolute body weight and decreased body weight gain were observed in both sexes at 8,000 ppm

(Burleigh-Flayer et al. 1992).

2.2.1.3  Immunological and Lymphoreticular Effects

Effects on the immune system were measured by monitoring plasma interleukin-6 levels in 22 volunteers

exposed to auto emissions derived from oxyfuels during a 4-week period in late November and early

December 1992 at several different locations around Fairbanks, Alaska (Duffy 1994). Blood samples were

collected at the beginning of work shifts and the end of the workday and analyzed for interleukin-6 by an

immunochemical assay. No differences in interleukin-6 levels were found between the morning and

evening blood samples.

In the experimental double-blind study in humans exposed sequentially to 1.7 ppm MTBE for 1 hour on

1 day, to uncontaminated air for 1 hour 2 days later, and to 7.1 ppm of a 17-component mixture of VOCs

for 1 hour 2 days later (or the reverse sequence) (see Respiratory Effects in Section 2.2.1.2), nasal lavage

material and tear fluid from the eyes were stained for the total numbers of cells and differential counts for

polymorphonuclear neutrophilic leukocytes, epithelial cells, monocytes, eosinophils, and lymphocytes
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(Cain et al. 1994). No notable changes between pre- and postexposure values were observed for exposure

to MTBE or air.

Acute intermittent exposure of rats for 9 days to < 3,000 ppm MTBE did not produce gross or histological

lesions in bone marrow, lymph nodes, or spleen (Biodynamics 1981). Similar results were obtained for

lymph nodes of rats after exposure for 13 days to < 8,000 ppm MTBE (Dodd and Kintigh 1989). In rats

and mice exposed to 400, 3,000 or 8,000 ppm for < 28 days, decreased absolute and relative spleen weights

were found in both sexes of rats and in female mice, but not in male mice, at 8,000 ppm, but spleens were

not examined histologically (Chun and Kintigh 1993). In some studies in which rats were exposed for

13 weeks to 1,000 ppm (Greenough et al. 1980) or for 14-19 weeks to 8,000 ppm (Neeper-Bradley 1991),

MTBE did not cause treatment-related gross or histopathological lesions in the spleen, thymus, or lymph

nodes (Greenough et al. 1980; Neeper-Bradley 1991); in another study, however, exposure for 13 weeks to

8,000 ppm of MTBE resulted in a higher incidence of lymphoid hyperplasia in submandibular lymph

nodes in male rats (Dodd and Kintigh 1989).

In rats exposed to 400, 3,000, or 8,000 ppm for 24 months, gross and histological examination revealed no

treatment-related lesions in the spleen, lymph nodes, thymus, or bone marrow (Chun et al. 1992). In mice

exposed to 400, 3,000, or 8,000 ppm for 18 months, absolute spleen weights were decreased in male and

female mice at 8,000 ppm, but no treatment-related gross or histopathological lesions accompanied the

decreased spleen weights (Burleigh-Flayer et al. 1992). Furthermore, no treatment-related lesions were

found in the lymph nodes, thymus, or bone marrow.

The highest NOAEL values for acute-, intermediate-, and chronic-duration inhalation exposure to MTBE

for immunological and lymphoreticular effects in rats and mice and the LOAEL for lymphoid hyperplasia

in rats after intermediate-duration inhalation exposure to MTBE are recorded in Table 2-l and plotted in

Figure 2- 1.

2.2.1.4  Neurological Effects

Headache, nausea or vomiting, dizziness, and a feeling of spaciness or disorientation were among the

symptoms reported by motorists or gas station workers during oxygenated fuel programs in which MTBE

had been added to gasoline to reduce carbon monoxide emissions. In the preliminary investigation to

determine whether symptoms were occurring, whether symptoms occurred in a consistent pattern, and

whether symptoms could be related to exposure to oxyfuel in Fairbanks, Alaska, headache was reported by
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3 of 4 (75%) taxi drivers, 21 of 26 (81%) health-care workers, and 10 of 15 (67%) students who met the

case definition (4 of 12 taxi drivers, 26 of 90 health-care workers, and 15 of 101 students) (Beller and

Middaugh 1992). Nausea or vomiting was reported by 3 of 4 (75%) taxi drivers, 9 of 26 (35%) health-care

workers, and 6 of 15 (40%) students, and spaciness was reported by 1 of 4 (25%) taxi drivers, 1 of 26 (4%)

health-care worker, and 2 of 15 ( 13%) students who met the case definition. In the preliminary

investigation in Anchorage, Alaska, headache was reported by 11 of 12 (92%) taxi drivers and 31 of 36

(86%) health-care workers who met the case definition (12 of 25 taxi drivers and 36 of 137 health-care

workers) (Chandler and Middaugh 1992). Nausea or vomiting was reported by 5 of 12 (42%) taxi drivers

and 9 of 36 (25%) health-care workers, dizziness was reported by 4 of 12 (33%) taxi drivers and 7 of 36

(19%) health-care workers, and spaciness was reported by 4 of 12 (75%) taxi drivers and 3 of 36 (8%) of

health-care workers. As discussed in the Respiratory Effects in Section 2.2.1.2, these investigations do not

provide definitive evidence that these symptoms were due to the oxyfuel programs.

In the more definitive CDC study in Fairbanks, Alaska, the frequency of headache in the Phase I subjects,

when the oxyfuel program was in full effect, was 13 of 18 in occupationally exposed workers (CDC

1993a; Moolenaar et al. 1994). Nausea or vomiting was reported by 6 of 18, dizziness by 8 of 18, and

spaciness by 6 of 18 workers. In the Phase II subjects, after the oxyfuel program was terminated, the

frequency of headache was 1 of 28, of nausea or vomiting was 1 of 28, of dizziness was 0 of 18, and of

spaciness was 0 of 18. In the CDC study in Stamford, Connecticut, when the oxyfuel program was in full

effect (no Phase II in Stamford), headache was reported by 13 of 48 (27.1%) at least once, 12 of 48 (25%)

at least twice, and 4 of 48 (8.3%) at least 5 times in mechanics and gas station attendants; by 15 of 57

(26.3%) at least once, 12 of 57 (21.1%) at least twice, and 5 of 57 (8.8%) at least 5 times in professional

drivers; by 5 of 12 (41.7%) at least once, 5 of 12 (41.7%) at least twice, and 1 of 12 (8.3%) at least 5 times

in “other” workers; and by 15 of 59 (25.4%) at least once, 14 of 59 (23.7%) at least twice, and 3 of 59

(5.1%) at least 5 times in commuters (CDC 1993b; White et al. 1995). Nausea or vomiting was reported

by 1 of 48 (2.1%) mechanics and gas station attendants, 0 of 57 (0%) professional drivers, 1 of 12 (8.3%)

“other” workers, and 0 of 59 (0%) commuters. Dizziness was reported by 3 of 48 (6.3%) mechanics and

gas station attendants, 3 of 57 (5.3%) professional drivers, 2 of 12 (16.7%) “other” workers, and 1 of 59

(1.7%) commuters. Spaciness was reported by 5 of 48 (10.4%) mechanics and gas station attendants, 1 of

57 (1.8%) professional drivers, 1 of 12 (8.3%) “other” workers, and 2 of 59 (3.4%) commuters.

In the cross-sectional cohort study of self-reported symptoms of garage workers in the state of New Jersey

exposed to high (115 workers in northern New Jersey during the wintertime oxyfuel program) and low

(122 workers in southern New Jersey 10 weeks after the phase-out date for oxyfuel program) MTBE
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concentration environments, the results of the questionnaire regarding headache (36% of northern workers,

39% of southern workers, p=0.82), lightheadedness (10% of northern workers, 13% of southern workers,

p=0.4 I), sleepiness while driving (20% of northern workers, 24% of southern workers, p=0.37), daytime

sleepiness (13% of northern workers, 24% of southern workers, p=0.00l), and nausea (27% of northern

workers, 35% of southern workers, p=0.03) over the last 30 days showed either no significant differences

or a greater prevalence in southern workers (Mohr et al. 1994).

In the study conducted in Albany, New York, the proportion of subjects who reported headache was 7 of

34 (21%) in Group 1 (automobile repair shop workers and service station attendants), 23 of 48 (47%) in

Group 2 (police officers, toll booth workers, and parking garage attendants), and 44 of 182 (24%) in

Group 3 (office workers and college students) (CDC 1993c). The proportion of subjects who reported

dizziness was 3 of 34 (9%) in Group 1, 6 of 48 (13%) in Group 2, and 5 of 182 (3%) in Group 3. The

proportion of subjects who reported spaciness was 0 of 34 (0%) in Group 1, 2 of 48 (4%) in Group 2, and

13 of 182 (7%) in Group 3. Nausea was reported by 2 of 34 (6%) Group 1 subjects, 3 of 48 (6%) Group 2

subjects, and 14 of 182 (8%) Group 3 subjects. Key symptoms were slightly more prevalent and the

presence of two or more key symptoms was 2-3 times more prevalent in Groups 2 and 3 than in Group 1,

but the increases were not statistically significant. Thus, no increase in health complaints among people

with higher gasoline exposures was detected.

A telephone interview survey was conducted in metropolitan Milwaukee, Wisconsin, metropolitan

Chicago, Illinois (use of reformulated gasoline was required in both of these areas), and in the rest of

Wisconsin exclusive of metropolitan Milwaukee (where the use of reformulated gasoline was not

required). Prevalence of headache, dizziness, and spaciness associated with MTBE exposure was

statistically higher in Milwaukee than in either Chicago or Wisconsin; prevalence was not different

between Chicago and Wisconsin for any symptom (Anderson et al. 1995). As discussed in the Respiratory

Effects in Section 2.2.1.2, these results suggest that factors other than reformulated gasoline use, such as

knowledge about reformulated gasoline and the likely awareness of potential negative effects,

significantly contributed to the differences in symptom prevalence between Milwaukee and the other two

areas.

In the study conducted to determine whether symptoms associated with MTBE were reported at an

increased rate among subjects known to be sensitive to chemicals and in situations where exposure to

MTBE was likely to be greatest, the symptoms of interest included headache, dizziness, nausea,

sleepiness, spaciness, and disorientation (Fiedler et al. 1994). Although multiple chemical sensitivity
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subjects and chronic fatigue syndrome subjects reported more symptoms than normal controls in some

situations, no significant differences were found among the groups for driving a car or visiting gas

stations. The authors concluded that the study did not provide clear evidence to support that an unusually

high rate of symptoms or an increase of symptoms occurred uniquely where MTBE exposure was likely.

In the experimental double-blind study in humans exposed sequentially to 1.7 ppm MTBE for 1 hour on

1 day, to uncontaminated air for 1 hour 2 days later, and to 7.1 ppm of a 17-component mixture of VOCs

for 1 hour 2 days later (or the reverse sequence), neurobehavioral tests evaluating symbol-digit

substitution, switching attention, and a profile of mood state (POMS) were administered at 1 hour before

exposure and during the last 15 minutes of exposure (Cain et al. 1994). In addition, the subjects were

administered questionnaires regarding subjective symptoms of headache; difficulty remembering things or

concentrating; feelings of depression; unusual tiredness, fatigue or drowsiness; tension, irritability, or

nervousness; dizziness or lightheadedness; mental fatigue or “fuzziness;” and pain or numbness in the

hands or wrists. Results of statistical analysis of variance in the neurobehavioral tests revealed no

differential effects across the three conditions of exposure to MTBE, air, or VOCs. No differences in

reporting of symptoms were noted for exposure to MTBE versus exposure to air. In a similar study,

19 healthy men and 18 healthy women were exposed for 1 hour to clean air and 1.39 ppm MTBE in

separate sessions separated by at least 1 week (Prah et al. 1994). The order of exposure was randomly

selected, but because of the odor of MTBE, it is likely that the subjects were aware of the exposure

conditions. Analysis of the results of the questionnaires administered prior to exposure, immediately upon

entering the exposure chamber, after 30 minutes of exposure, and during the last 5 minutes of exposure

revealed no differences for headache, difficulty in memory or concentration, depressed feelings, unusual

tiredness, fatigue, drowsiness, tension, irritability, nervousness, dizziness, lightheadedness, mental fatigue,

“fuzziness,” or pain, stiffness, or numbness of the back, shoulders, neck, hands, or wrists. Specific

neurobehavioral evaluation system tests, which consisted of symbol-digit substitution, switching attention,

and mood scales, were completed as baseline before entering the chamber and after 45 minutes of

exposure. No measures approached significance. (See Respiratory Effects in Section 2.2.1.2 for a more

complete discussion of the human studies regarding protocols, limitations, and conclusions.)

Acute inhalation exposure of laboratory animals to MTBE results in neurological deficits. Rats exposed to

19,62 1 ppm ARCO MTBE (96.2% MTBE) exhibited lacrimation within 3 minutes of exposure (ARCO

1980). After 4 hours of exposure, these animals developed ataxia, loss of righting reflex, hyperpnea,

incoordination, and prostration. Similar effects were observed when the rats were exposed to 18,892 ppm

of commercial MTBE (99.1 % MTBE). Similarly, in rats exposed to 400 or 8,000 ppm MTBE for 6 hours,
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ataxia occurred within 0.5 hours and drowsiness occurred within 1.5 hours (Bioresearch Labs 1990d). In

rats exposed intermittently to 4,000 or 8,000 ppm for 5 days, ataxia was noted at 8,000 ppm (Vergnes and

Morabit 1989). In addition, clinical signs of neurotoxicity were observed in mice exposed intermittently

for 2 days at 3,000 ppm (hypoactivity and lack of startle response) and at 8,000 ppm (hypoactivity,

abdominal breathing, ataxia, and prostration) (Vergnes and Chun 1994).

In rats studied for motor activity and given a functional observation battery of tests after a 6-hour exposure

to 800, 4,000, or 8,000 ppm, concentration-related increases in incidence and severity of ataxia and duck-  walk gait

occurred in both males and females at 4,000 and 8,000 ppm (Gill 1989). Other effects noted in

high-dose males included labored respiration pattern, decreased muscle tone, decreased performance on a

treadmill, and increased hind limb splay. Other effects noted in females included decreased hind limb grip

strength at > 4,000 ppm and labored respiration and increased latency to rotate on the inclined screen at

8,000 ppm. These effects were seen at 1 hour after exposure, but not at 6 or 24 hours after exposure,

indicating the transient nature. The time course of changes in motor activity corresponded with the

functional observation battery findings, and supported the exposure-related central nervous system

depression. No neurological effects were observed at 800 ppm for 6 hours. Based on this NOAEL, an

acute-duration inhalation MRL of 2 ppm was calculated as described in the footnote in Table 2-l.

In a preliminary 13-day range-finding study for a 13-week study, rats exposed to 4,000 and 8,000 ppm

MTBE exhibited hypoactivity and ataxia as well as decreased startle and pain reflexes, and decreased

muscle tone (Dodd and Kintigh 1989). The 2,000 ppm level also resulted in hypoactivity. Concentrations

of 2,000 or 4,000 ppm did not produce neurobehavioral changes. In the 13-week study, hypoactivity was

observed at 4,000 ppm and hypoactivity and ataxia were observed at 8,000 ppm daily after the 6 hour/day

exposure, thus representing effects of acute exposure. Similarly, when rats and mice were exposed to

MTBE at concentrations of 400, 3,000, and 8,000 ppm 6 hours per day, 5 days per week for < 28 days,

ataxia, hypoactivity, and lack of startle response were observed at > 3,000 ppm during daily exposures

(Chun and Kintigh 1993). The rats also showed blepharospasm. Exposure for 9 days to < 3,000 ppm

showed no treatment-related lesions in rat brains (Biodynamics 1981). While no clinical signs were

observed in mice exposed to < 8,000 ppm for 1 or 2 days (Vergnes and Kintigh 1993), in a 13-day study in

mice, hypoactivity and ataxia occurred at 4,000 and 8,000 ppm during exposure, but only ataxia occurred

following exposure in the 8,000 ppm group (Dodd and Kintigh 1989). Hypoactivity was also observed in

the 2,000 ppm group during exposures on days 2 and 3, and prostration occurred in 2 of 5 females during

exposure to 8,000 ppm on day 9. Also, mice exposed to 4,000 and 8,000 ppm MTBE on gestational days

6-15 exhibited hypoactivity and ataxia (Tyl and Neeper-Bradley 1989). Mice also became prostrate at
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8,000 ppm. Similar signs of toxicity were observed in rabbits exposed to < 8,000 ppm MTBE for I3 days

during gestation (Tyl 1989).

In a 13-week intermediate-duration study, MTBE induced anesthesia in rats exposed intermittently to

250-l,000 ppm (Greenough et al. 1980), but the lowest concentration resulting in anesthesia was not

specified. In these animals, MTBE did not result in histopathologic lesions in the brain or the sciatic

nerve. In another 13-week study in rats, exposure to < 8,000 ppm did not affect relative brain weights and

did not produce microscopic changes, but decreased hindlimb grip strength occurred in males exposed to

4,000 ppm at 1, 2,4, 8, and 13 weeks; decreased motor activity occurred in males exposed to 8,000 ppm at

week 8; and increased motor activity occurred in females exposed to 800 and 4,000 ppm at week 8 and at

4,000 ppm at week 13 (Dodd and Kintigh 1989). Exposure of male and female rats for 10 weeks prior to

mating and through day 19 of gestation to the concentration of 8,000 ppm MTBE resulted in salivation

and hypoactivity in F0 and F1 parental rats (Neeper-Bradley 1991). F0 and F1 parental groups also showed

hypoactivity and lack of startle response, as well as blepharospasm, at 3,000 ppm. A concentration of

400 ppm did not produce any effects. Based on the NOAEL of 400 ppm, an intermediate-duration

inhalation MRL of 0.7 ppm was calculated as described in the footnote in Table 2- 1. Neither rat brain

succinate dehydrogenase nor acetylcholinesterase activity was affected by exposure for 15 weeks to

50-300 ppm MTBE (Savolainen et al. 1985).

In chronic-duration studies in which rats (Chun et al. 1992) and mice (Burleigh-Flayer et al. 1992) were

intermittently exposed to 400, 3,000, or 8,000 ppm MTBE, clinical signs of neurotoxicity were observed at

3,000 and/or 8,000 ppm in males and/or females. These signs consisted of blepharospasm, hypoactivity,

ataxia, lack of startle reflex, salivation (rats), stereotypy (mice), and prostration (mice). Gross and

histological examination of the brains, spinal cords, and sciatic nerves, however, revealed no treatment-  related lesions

in either species at any concentration.

The highest NOAEL values and all LOAEL values for each reliable study for neurological effects in each

species and duration category are recorded in Table 2-l and plotted in Figure 2- 1.
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2.2.1.5  Reproductive Effects

No studies were located regarding reproductive effects in humans after inhalation exposure to MTBE.

Acute exposure to MTBE did not produce reproductive toxicity in experimental animals. Exposure of rats

for 9 days to < 3,000 ppm MTBE did not result in gross or histological changes in the reproductive system

of males or females (Biodynamics 1981). Also, studies on the potential developmental effects of MTBE

showed no effects on the dams or the fetuses. Exposure of rats or mice for 10 days during gestation to

< 2,500 ppm MTBE did not adversely affect the mean number of corpora lutea, uterine implantations,

resorptions, or live fetuses (Conaway et al. 1985). Also, exposure of rabbits for 13 days (Tyl 1989) or

mice for 10 days (Tyl and Neeper-Bradley 1989) to < 8,000 ppm MTBE during gestation did not cause

gross lesions in the reproductive tract of the dams. This treatment did not affect the number of ovarian

corpora lutea, number of total, nonviable, or viable implantations, proportion of pre- or postimplantation

loss, fetal body weight, or sex ratio. Only gravid uterine weights were decreased in both species of dams

exposed to 8,000 ppm. Exposure of male mice for 13 days at < 8,000 ppm MTBE neither produced

microscopic lesions in testes, nor did it cause changes in testicular weight (Dodd and Kintigh 1989).

A study on the effect of long-term exposure (16-28 weeks) to 250-2,500 ppm MTBE on fertility,

reproductive systems, performance of male and female rats, and the development of offspring revealed that

MTBE had no structural effect on the reproductive system or effect on reproductive performance of male

and female rats (Biles et al. 1987). MTBE did not produce microscopic lesions in the prostate, testes,

uterus, ovaries, or mammary tissues of rats exposed to < 8,000 ppm for 13 weeks (Dodd and Kintigh 1989;

Greenough et al. 1980). A reproductive study was carried out in rats exposed to < 8,000 ppm MTBE for

14-19 weeks including 10 weeks prebreeding period, l-3 weeks breeding period, 3 weeks gestational

period, and for females, 3 weeks postnatal period (Neeper-Bradley 1991). This treatment had no effect on

F0 and F1 reproductive parameters including gestational length and mating, fertility, and gestational

indices. No histological lesions were seen in the vagina, uterus, ovaries, testes, epididymis, seminal

vesicles, or prostate.

In chronic-duration studies, in which male and female rats (Chun et al. 1992) and male and female mice

(Burleigh-Flayer et al. 1992) were intermittently exposed to 400, 3,000, or 8,000 ppm MTBE, gross and

histological examination of reproductive organs (testes, epididymides, prostate, seminal vesicles, ovaries,

vagina, uterus, fallopian tubes, mammary glands) revealed no treatment-related lesions.
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The highest NOAEL values and all LOAEL values from each reliable study for reproductive effects in

each species and duration category are recorded in Table 2- 1 and plotted in Figure 2-I.

2.2.1.6  Developmental Effects

No studies were located regarding developmental effects in humans after inhalation exposure to MTBE.

MTBE did not cause adverse developmental effects in rats and rabbits. Exposure of female rats during

days 6-15 of gestation to < 2,500 ppm MTBE had no effect on percentage of resorption, percentage of live

fetuses, mean fetal weights, crown-rump distances, incidence of external malformations, or the incidence

of fetal soft-tissue and fetal skeletal malformations (Conaway et al. 1985). Similarly, exposure of rabbits

during gestational days 6-18 to < 8,000 ppm did not change the number of total nonviable fetuses (such as

early or late resorptions or dead fetuses), viable implantations, percentage of pre- or postimplantation loss,

fetal body weight, or sex ratio (Tyl 1989). This treatment did not increase the incidence of fetal

malformations.

MTBE has been found to produce dose-dependent developmental effects in mice. Exposure for

10 gestational days to 250-2,500 ppm MTBE had no effects on percentage of resorption, percentage of

live fetuses, mean fetal weights, crown-rump distances, incidence of external malformations, or the

incidence of fetal soft-tissue malformations (Conaway et al. 1985). In this study, a slight but not

statistically significant increase in fused sternebrae was observed in the offspring of all exposed groups,

while no fused sternebrae were present in controls. Thus, while no treatment-related developmental

effects were found in mice at < 2,500 ppm (Conaway et al. 1985), exposure of mice to a higher

concentration (8,000 ppm) of MTBE resulted in the following developmental effects: increased number of

nonviable implantations per litter; increased late resorption; and reduced number of viable implantations,

sex ratio (% male fetuses), and fetal body weight (Tyl and Neeper-Bradley 1989). Mice exposed to

8,000 ppm MTBE also exhibited a significant increase in the incidence of cleft palate and a significant

reduction in the incidence of partial fetal atelectasis. Skeletal malformations included the following

regions: cervical centra, thoracic centra, caudal centra, skull plates/bones, forepaws, hindpaws, and

sternebrae. At 4,000 ppm, there was an increased incidence of reduced skeletal ossification, and reduced

fetal body weight. Maternal toxicity consisted of reduced maternal body weight, reduced maternal weight

gain, and reduced food consumption at 8,000 ppm and increased incidence of treatment-related clinical

signs of central nervous system depression at 4,000 and 8,000 ppm. The authors speculated that the cleft

palate could have resulted from maternal stress, which may be related to elevated endogenous maternal
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blood levels of corticosterone (see Endocrine Effects in Section 2.2.1.2), which may produce cleft palate in

susceptible strains of mice.

Long-term exposure of male and female rats to 250-2,500 ppm MTBE during premating and gestational

periods for a total of 16-28 weeks (without exposing the litters) had no effect on the offspring when the

following parameters were determined: pup viability, mean pup body weight, and renal pelvises (Biles et

al. 1987). Exposure of rats for 10 weeks prior to mating, 3 weeks during gestation, and 3 weeks during

postnatal period to 400, 3,000, or 8,000 ppm MTBE had no effects on pups except for reduced body

weights at 3,000 and 8,000 ppm (Neeper-Bradley 1991). Maternal exposure to MTBE did not affect the

total number of live and stillborn F1 or F2 litter size or sex ratio. MTBE did not affect F1 or F2 pup live

birth and survival indices. At 8,000 ppm, pup weights were significantly reduced in F2 pups from

lactational day 7 to lactational day 28. Significant weight reductions were also observed in F2 pups from

lactational day 14 to lactational day 28 at 3,000 ppm. Significant weight gain reductions were observed

during most of the lactational period at 3,000 and 8,000 ppm.

The highest NOAEL values and all LOAEL values from each reliable study for developmental effects in

each species and for each duration category are recorded in Table 2-1 and plotted in Figure 2-l.

2.2.1.7  Genotoxic Effects

No studies were located regarding genotoxic effects in humans after inhalation exposure to MTBE.

Whole body inhalation exposure of male and female Fischer 344 rats to 800, 4,000, and 8,000 ppm MTBE

vapor for 6 hours per day for 5 days resulted in no concentration-related increase or significant increase in

the number of chromosomal aberrations at any concentration compared with unexposed controls (Vergnes

and Morabit 1989). Similarly, no statistically significant increases in the incidence of micronucleated

polychromatic erythrocytes (Vergnes and Kintigh 1993) or increases in DNA repair in cultured primary

hepatocytes (Vergnes and Chun 1994) were found in male or female CD-l mice exposed to 400, 3,000, or

8,000 ppm MTBE for 6 hours per day for 1 or 2 days compared with controls. However, in the Vergnes

and Chun (1994) study, the MTBE exposed mice were sacrificed 18 hours after the second exposure,

which may have been too late to detect DNA repair. The positive control mice, which were treated

intraperitoneally with N-nitrosodemethylamine at 10 mg/kg, were sacrificed 2 hours after the dose and

showed increased DNA repair. Other genotoxicity studies are discussed in Section 2.5.
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2.2.1.8.  Cancer

No studies were located regarding cancer in humans after inhalation exposure to MTBE.

In a 24-month inhalation study, in which rats were intermittently exposed to 400, 3,000, or 8,000 ppm

MTBE, increased mortality occurred in males exposed to 3,000 and 8,000 ppm due to chronic progressive

nephropathy (Chun et al. 1992). These groups were terminated at 97 and 82 weeks, respectively.

Increased incidences of renal tubular cell adenoma and carcinoma were observed in male rats at 3,000 and

8,000 ppm. The incidences of renal tubular adenoma and carcinoma (combined) were 1 of 50 in controls,

0 of 50 at 400 ppm, 8 of 50 at 3,000 ppm, and 3 of 50 at 8,000 ppm. Renal tubular cell carcinomas were

observed only in the 3,000 ppm group at an incidence of 3 of 50. The increase was statistically significant

at 3,000 ppm (p=0.015), although not at 8,000 ppm. Since the rats in these groups had increased mortality

and decreased survival time, it is possible that the number of tumor-bearing rats might have increased if

they had survived longer. These renal tumors may have resulted from accumulation of α2u-globulin or

other protein unique to male rats (see Renal Effects in Section 2.2.1.2) in the renal tubular cells. In

addition, a dose-related increased incidence of interstitial cell adenoma in the testes was observed at 3,000

and 8,000 ppm. The incidence was 32 of 50 in controls, 33 of 50 at 400 ppm, 41 of 50 at 3,000 ppm, and

47 of 50 at 8,000 ppm. However, Fischer 344 rats commonly develop testicular tumors, as seen from the

high incidence in the concurrent control group. Furthermore, the incidences in the mid- and high-dose

groups were in the range of historic controls, while the incidence in the concurrent control group was

lower than the incidence in historic controls.

In an 18-month inhalation study, in which mice were intermittently exposed to 400, 3,000, or 8,000 ppm

MTBE, an increased incidence of hepatocellular adenoma was observed in female mice at 8,000 ppm

(10 of 50 compared with 2 of 50 in controls, 1 of 50 at 400 ppm, and 2 of 50 at 3,000 ppm) (Burleigh-

Flayer et al. 1992). Male mice exposed to 8,000 ppm also had increased incidences of hepatocellular

adenoma and carcinoma. The incidences of the hepatic tumors (adenoma and carcinoma combined) were

12 of 49 in controls, 12 of 50 at 400 ppm, 12 of 50 at 3,000 ppm and 16 of 49 at 8,000 ppm. The

incidences of hepatocellular carcinoma alone in male mice were 2 of 49 in controls and 8 of 49 at

8,000 ppm (p=0.045). The incidence of combined hepatocellular adenoma and carcinoma in high-dose

males was reported to be within the range seen in historic controls; therefore, the authors suggested that

the increased incidence of hepatic neoplasms in male mice may not have been due to MTBE exposure.

However, the increased incidence of hepatocellular carcinoma in the high-dose males was statistically

significant compared with the concurrent control, suggesting that the increase was due to MTBE exposure.
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Furthermore, the increased incidence of hepatocellular adenoma in high-dose females was attributed to

MTBE exposure.

The cancer effect levels (CELs) are recorded in Table 2- 1 and plotted in Figure 2-1.

2.2.2  Oral Exposure

2.2.2.1  Death

No studies were located regarding death in humans after oral exposure to MTBE.

MTBE has a low oral acute toxicity in experimental animals. Its oral LD50 (lethal dose, 50% kill) was

determined by administering the undiluted MTBE by gavage to rats of both sexes and was found to be

3,866 mg/kg (ARCO 1980). The low acute toxicity of MTBE has also been documented in the mouse with

a reported oral LD50 of 4,000 mg/kg (Little et al. 1979). No treatment-related deaths were observed in rats

given MTBE by gavage in water at 400 mg/kg (Bioresearch Labs 1990a) or in rats given MTBE by gavage

in oil at < 1,428 mg/kg/day for 14 days (Robinson et al. 1990). No deaths in male or female rats resulted

from oral gavage doses of 90-l,750 mg/kg/day MTBE for 4 weeks (ITT Research Institute 1992) or

100-l,200 mg/kg/day for 90 days (Robinson et al. 1990). Similarly, no deaths in male or female mice

resulted from oral gavage doses of < 1,000 mg/kg/day for 3 weeks (Ward et al. 1994). However, in a

104-week carcinogenicity study, in which male and female rats were given gavage doses of 250 or

1,000 mg/kg/day, 4 days per week, a dose-related increased mortality was observed in female rats,

beginning at 16 weeks from the start of the study (Belpoggi et al. 1995). The LD50 values in rats and mice

and the intermediate LOAEL value for increased mortality in female rats are recorded in Table 2-2 and

plotted in Figure 2-2.

2.2.2.2  Systemic Effects

No studies were located regarding systemic effects in humans after oral exposure to MTBE. The systemic

effects observed in animals after oral exposure to MTBE are discussed below. The highest NOAEL values

and all LOAEL values from each reliable study for systemic effects in each species and duration category

are recorded in Table 2-2 and plotted in Figure 2-2.
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Respiratory Effects.  High oral doses (> 4,080 mg/kg) of MTBE caused labored respiration in rats

(ARCO 1980). This treatment, however, did not produce grossly observable changes in the major organ

systems at 1,900 mg/kg, and at higher doses (> 2,450 mg/kg) the few gross signs were attributed to the

irritating nature of MTBE. In rats given daily oral doses of 357, 714, 1,071, or 1,428 mg/kg/day for

14 days, absolute and relative lung weight was decreased at all doses in female rats but only at

714 mg/kg/day in male rats (Robinson et al. 1990). Histological examination of the lungs, however,

revealed no treatment-related lesions at any dose: No gross lesions were found in the lungs, larynx, nasal

turbinates, or trachea, and no histopathological lesions were found in the lungs or trachea (other

respiratory tissues were not examined microscopically) of rats given < 1,750 mg/kg/day for 4 weeks

(ITT Research Institute 1992). Similarly, while absolute and relative lung weights were significantly

increased in males gavaged with 1,200 mg/kg/day MTBE for 90 days, no significant changes in lung

weights were found in female rats, and no treatment-related histopathological lesions were found in the

lungs of either sex at any dose (100-l,200 mg/kg/day) (Robinson et al. 1990). In a 104-week study, in

which male and female rats were given gavage doses of 250 or 1,000 mg/kg/day, 4 days per week,

histological examination of the nasal cavity, pharynx, larynx, diaphragm, trachea, lung, and mainstream

bronchi revealed no treatment-related lesions (Belpoggi et al. 1995).

Cardiovascular Effects.  Based on histological examination of the heart and aorta of rats, oral

exposure to MTBE appears to be without effects on the cardiovascular system. Daily oral administration

of < 1,428 mg/kg/day MTBE for 14 days had no significant effects on heart weights and did not produce

histopathological lesions in the heart (Robinson et al. 1990). Histological examination of the heart and

aorta of rats given < 1,750 mg/kg/day for 4 weeks revealed no treatment-related lesions (ITT Research

Institute 1992). While heart weights were significantly increased in female rats given a daily oral dose of

900 mg/kg/day MTBE for 90 days, no accompanying pathological lesions were found in the heart of either

sex at doses < 1,200 mg/kg/day (Robinson et al. 1990). In a 104-week study, in which male and female

rats were given gavage doses of 250 or 1,000 mg/kg/day, 4 days per week, histological examination of the

heart revealed no treatment-related lesions (Belpoggi et al. 1995).

Gastrointestinal Effects.  MTBE appears to be irritating to the gastrointestinal tract of rats as

evidenced by diarrhea and histological lesions. Rats treated with daily oral doses > 357 mg/kg/day MTBE

had diarrhea by the third day of dosing, which continued throughout the 14-day treatment period

(Robinson et al. 1990). Similarly, when MTBE was orally administered daily to rats for 90 days at

> 100 mg/kg/day, it produced diarrhea immediately after dosing throughout the exposure period (Robinson

et al. 1990). Daily oral administration for 4 weeks of 1,750 mg/kg/day MTBE to rats produced no gross
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pathological changes in the duodenum, jejunum, ilium, cecum, colon, rectum, salivary glands, stomach, or

tongue (ITT Research Institute 1992). Histopathological changes, however, were seen as submucosal

edema, subacute inflammation, epithelial hyperplasia, and ulceration in the stomach of male and female

rats given 1,750 mg/kg/day MTBE. In a 104-week study, in which male and female rats were given

gavage doses of 250 or 1,000 mg/kg/day, 4 days per week, histological examination of the oral cavity,

salivary glands, tongue, esophagus, stomach (fore and glandular), and intestines (4 levels) revealed no

treatment-related lesions (Belpoggi et al. 1995).

Hematological Effects.  In some male rats treated with daily oral doses of MTBE for 14 days,

elevated red blood cell, hemoglobin, hematocrit, and lymphocyte values were seen at doses

> 714 mg/kg/day, but monocyte values were significantly reduced at > 357 mg/kg/day (Robinson et al.

1990). Male rats given an oral dose of 440 mg/kg/day MTBE for 4 weeks had significantly increased

mean red blood cell counts, while female rats given 90 and 1,750 mg/kg/day had significantly increased

MCH (ITT Research Institute 1992). The toxicological significance of these changes is not certain since

they are not dose-related and no other hematological effects were noted. No pathology was seen in the

femur, sternum, or bone marrow. In a 90-day oral administration study, male rats had increased

monocytes and decreased MCV at 1,200 mg/kg/day (Robinson et al. 1990). Female rats given

1,200 mglkglday MTBE showed elevated levels of erythrocytes, hemoglobin, and hematocrit, while

leukocyte counts were significantly reduced. This hemoconcentration might have resulted from the

clinical dehydration condition associated with diarrhea observed in these animals instead of being a direct

effect of MTBE.

Musculoskeletal Effects.  Daily oral administration of < 1,750 mg/kg MTBE to rats for 4 weeks did

not produce gross pathology in the femur, sternum (bone marrow) or bone marrow smear, or skeletal

muscle, nor histopathological changes in skeletal muscle or in the sternum (femur and bone marrow

smears were not examined microscopically) (ITT Research Institute 1992). In a 104-week study, in which

male and female rats were given gavage doses of 250 or 1,000 mg/kg/day, 4 days per week, histological

examination of the cranium (5 levels) revealed no treatment-related lesions (Belpoggi et al. 1995).

Hepatic Effects.  Relative, but not absolute, liver weights were increased in rats given a daily large

oral dose (1,428 mg/kg/day) of MTBE for 14 days (Robinson et al. 1990). Although this treatment did not

produce histopathological lesions in the liver, it significantly increased SGOT and lactic dehydrogenase

levels in male rats at 1,071 mg/kg/day and significantly decreased BUN levels in female rats at

1,428 mg/kg/day. In the 90-day study, relative liver weights were significantly increased in female rats at
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900 mg/kg/day and in male rats at 900 and 1,200 mg/kg/day (Robinson et al. 1990). BUN levels were

significantly decreased in both males and females at > 100 mg/kg/day. Serum lactic dehydrogenase was

significantly elevated in females only at 300 mg/kg/day, and SGOT was significantly elevated in males at

300 and 1,200 mg/kg/day. However, no treatment-related histopathological lesions were found in the liver

in either the 14-day study or the 90-day study. Liver weight was increased in rats following daily oral

doses of 1,750 mg/kg/day for 4 weeks of MTBE in rats (ITT Research Institute 1992). No treatment- related

gross or microscopic lesions were seen in the liver. In a 104-week study, in which male and female

rats were given gavage doses of 250 or 1,000 mg/kg/day, 4 days per week, histological examination of the

liver revealed no treatment-related lesions (Belpoggi et al. 1995). Based on the LOAEL of 100 mg/kg/day

for decreased BUN levels in male and female rats in the 90-day study (Robinson et al. 1990), an

intermediate-duration oral MRL of 0.3 mg/kg/day was calculated as described in the footnote to Table 2-2.

Renal Effects.  Large daily oral doses of MTBE for 14 days increased relative but not absolute kidney

weight in rats at 1,428 mg/kg/day (Robinson et al. 1990). Serum creatinine was significantly elevated in

male rats, while being reduced in females treated with MTBE. The toxicological significance of this

change is not clear. Daily oral treatment with 1,428 mg/kg/day of MTBE for 14 days also resulted in a

renal tubular disorder characterized by increased hyaline droplets in male rats (Robinson et al. 1990).

Similar results were obtained following an oral dose of 440 mg/kg/day of MTBE for 4 weeks (ITT

Research Institute 1992). Severe tubular changes, which consisted of mild increases in cytoplasmic

hyaline droplets in proximal tubular cells and small numbers of intratubular granular casts at the junction

of the outer and inner stripe of the outer medulla, were seen in male rats, but not female rats, following

gavage doses of 1,200 mg/kg/day MTBE, but not < 900 mg/kg/day (Robinson et al. 1990). However, in a

104-week study, in which male and female rats were given gavage doses of 250 or 1,000 mg/kg/day,

4 days per week, histological examination of the kidneys and urinary bladder revealed no treatment-related

lesions (Belpoggi et al. 1995).

Endocrine Effects.  Daily oral administration of MTBE for 14 days neither affected adrenal gland

weights nor did it produce histopathological lesions in the adrenals (Robinson et al. 1990). On the other

hand, female rats given 1,200 mg/kg/day MTBE for 90 days showed significantly elevated relative adrenal

gland weight, but no histopathological lesions were observed in males or females at < 1,200 mg/kg/day

(Robinson et al. 1990). In a 4-week study, a dose of 1,750 mg/kg/day in rats resulted in a significant

increase in relative adrenal weight in males, but no gross or histopathological lesions were found in the

adrenal gland, pancreas, parathyroids, pituitary, or thyroid (ITT Research Institute 1992). Similarly, in a

104-week study, in which male and female rats were given gavage doses of 250 or 1,000 mg/kg/day,
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4 days per week, histological examination of the pituitary gland, Zymbal gland, thyroid, parathyroid,

pancreas, and adrenal glands revealed no treatment-related lesions (Belpoggi et al. 1995).

Dermal Effects.  No gross or histopathological lesions were found on the skin of rats dosed orally with

1,750 mg/kg/day MTBE for 4 weeks (ITT Research Institute 1992). Similarly, in a 104-week study, in

which male and female rats were given gavage doses of 250 or 1,000 mg/kg/day, 4 days per week,

histological examination of the skin and subcutaneous tissues revealed no treatment-related lesions

(Belpoggi et al. 1995).

Ocular Effects.  No gross lesions were found in the eyes, exorbital lachrymal glands, or Harderian

glands, and no histopathological lesions were found in the eyes (glands not examined microscopically) in

rats dosed orally with < 1,750 mg/kg/day MTBE for 4 weeks (ITT Research Institute 1992).

Body Weight Effects. High daily oral doses of MTBE for 14 days caused significant decreases in

body weight of female rats and in weight gain of males (Robinson et al. 1990); however, the percentage

decrease can not be determined from the data. These results may be related to the significant decrease in

food intake in treated rats, secondary to the hypoactivity induced by MTBE (see Section 2.2.2.4). In

contrast, daily oral doses of up to 1,750 mg/kg/day for 4 weeks (ITT Research Institute 1992) or

1,200 mg/kg/day for 90 days (Robinson et al. 1990) did not cause any body weight change in treated rats.

In addition, no changes in body weight were found in mice given < 1,000 mg/kg/day MTBE by gavage

5 days per week for 3 weeks (Ward et al. 1994). Similarly, in a 104-week study, in which male and female

rats were given gavage doses of 250 or 1,000 mg/kglday, 4 days per week, no treatment-related differences

between treated and control rats were found for water and food consumption or body weight changes

(Belpoggi et al. 1995).

Other Systemic Effects.  Elevated cholesterol levels were consistent findings in rats dosed orally

with 714 mg/kg/day (females) or 1,428 mg/kg/day (males) for 14 days (Robinson et al. 1990),

1,750 mg/kglday for 4 weeks (ITT Research Institute 1992), and 100 mg/kg/day (females) or

900 mg/kg/day (males) for 90 days (Robinson et al. 1990).
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2.2.2.3  Immunological and Lymphoreticular Effects

No studies were located regarding immunological or lymphoreticular effects in humans after oral exposure

to MTBE.

Oral administration of 1,428 mg/kg/day MTBE for 14 days significantly reduced absolute spleen weight

and absolute and relative thymus weights in female rats but not males (Robinson et al. 1990). This

treatment did not produce histopathological lesions in the spleen or thymus. Similar results were obtained

following 90 days treatment with an oral daily dose of 100 to 1,200 mg/kg MTBE (Robinson et al. 1990).

Also, rats given < 1,750 mg/kg/day MTBE orally for 4 weeks had no pathology in the bone marrow,

mesenteric lymph nodes, mandibular lymph nodes, spleen, or thymus (ITT Research Institute 1992). This

treatment did not produce microscopic histopathological changes in all tissues examined (i.e., mesenteric

lymph nodes, spleen, or thymus). However, in a 104-week study, in which male and female rats were

given gavage doses of 250 or 1,000 mg/kg/day, 4 days per week, an increased incidence of dysplastic

proliferation of lymphoreticular tissues (hyperplastic lymphoid tissues, at various body sites, consisting of

atypical lymphoid cells, usually lymphoimmunoblasts) was observed in females at both doses (Belpoggi et

al. 1995). The increase was greater at the low dose than at the high dose. Since dose-related increased

incidences of lymphomas and leukemia were observed in the female rats (see Section 2.2.2.8), more of the

dysplastic proliferation lesions might have developed into the lymphomas and leukemias in the high dose

female, suggesting that the dysplastic proliferation represents a preneoplastic lesion. No histopathological

lesions were found in the spleen or thymus. The highest NOAEL values and the LOAEL value for

lymphoreticular effects in rats in each study in each duration category are recorded in Table 2-2 and

plotted in Figure 2-2.

2.2.2.4  Neurological Effects

No studies were located regarding neurological effects in humans after oral exposure to MTBE.

The immediate acute effect of orally administered MTBE is on the central nervous system. Acute oral

doses caused marked central nervous system depression, ataxia, tremors, labored breathing, and loss of

righting reflex in rats at doses > 4,080 mg/kg, loss of righting reflex and ataxia at 3,160 mg/kg, ataxia at

2,450 mg/kg and slight to marked central nervous system depression at 1,900 mg/kg (ARCO 1980). Onset

of neurological signs was rapid, but they disappeared or were markedly reduced within 24 hours. Another

study in rats reported drowsiness, which subsided within 24 hours after a single oral dose of 400 mg/kg
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(Bioresearch Labs 1990b). A NOAEL of 40 mg/kg for neurological effects for acute oral exposure was

identified in the Bioresearch Labs (1990b) study. Based on this NOAEL value, an acute oral MRL of

0.4 mg/kg/day was calculated as described in the footnote to Table 2-2. Large daily oral doses of

1,428 mg/kg/day MTBE for l-14 days in rats also resulted in profound anesthesia soon after treatment,

with subsequent recovery of motor and sensory functions within 2 hours of dosing (Robinson et al. 1990).

Male rats given 1,428 mg/kg/day for 14 days had significantly reduced brain weights, while female rats

given the same dose had significantly increased relative brain weights. However, no histopathological

lesions were found in the brain. Anesthesia was also produced in rats immediately after dosing with

1,200 mg/kg/day MTBE every day in a 90-day oral administration study, followed by recovery in

approximately 2 hours (Robinson et al. 1990). This treatment did not significantly affect brain weight nor

did it produce histopathological lesions in the brain. Daily oral administration of 90, 440, and

1,750 mg/kg/day MTBE for 4 weeks caused salivation in treated rats (ITT Research Institute 1992). In

addition, hypoactivity and/or ataxia were observed in rats given the two highest doses. Because all signs

of neurotoxicity in the 90-day study by Robinson et al. (1990) and in the 4-week study by ITT Research

Institute (1992) occurred shortly after dosing, they are considered signs of acute toxicity. No

histopathological lesions were seen in the brain, spinal cord, or sciatic nerve at the termination of the

4-week study (ITT Research Institute 1992). In a 104-week study, in which male and female rats were

given gavage doses of 250 or 1,000 mg/kg/day, 4 days per week, no clinical signs of behavioral changes

and no histopathological brain lesions were observed (Belpoggi et al. 1995). The NOAEL value and all

LOAEL values for neurological effect in rats for the acute-duration category are recorded in Table 2-2 and

plotted in Figure 2-2. Although no histopathological effects in the brains were observed in intermediate- and chronic-

duration studies, the doses have been associated with clinical signs of neurological effects;

therefore, these doses are not presented as NOAEL values for neurological effects in the intermediate- and

chronic-duration categories.

2.2.2.5  Reproductive Effects

No studies were located regarding reproductive effects in humans after oral exposure to MTBE.

Daily oral administration of 357 to 1,428 mg/kg/day MTBE in rats for 14 days did not affect testicular or

ovarian weights, nor did it produce histopathological lesions in the testes or ovaries (Robinson et al.

1990). Treatment of male and female mice with < 1,000 mg/kg/day MTBE by gavage for 3 weeks resulted

in no effects on the frequency of germ cells in the testes or ovaries (Ward et al. 1994). Daily oral dosing

of 90 to 1,750 mg/kg/day MTBE for 4 weeks in rats produced no gross pathology in the epididymides,
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mammary gland, prostate, seminal vesicles, testes, uterus, vagina, or ovaries (ITT Research Institute

1992). Histological examination revealed no treatment-related lesions in these organs (vagina not

examined microscopically). Also, a 90-day treatment with daily oral doses of 100-1,200 mg/kg/day

MTBE in rats had no significant effect on absolute testicular or ovarian weights (Robinson et al. 1990).

This treatment did not produce histopathological lesions in the testes or ovaries. In a 104-week study, in

which male and female rats were given gavage doses of 250 or 1,000 mg/kg/day, 4 days per week,

histological examination of the prostate, uterus, and gonads revealed no nonneoplastic treatment-related

lesions; however, a significantly increased incidence of testicular Leydig cell tumors was found in the

high-dose males (see Section 2.2.2.8) (Belpoggi et al. 1995).

2.2.2.6  Developmental Effects

No studies were located regarding developmental effects in humans or animals after oral exposure to

MTBE.

2.2.2.7  Genotoxic Effects

No studies were located regarding genotoxic effects in humans after oral exposure to MTBE.

MTBE did not cause chromosomal aberrations in the bone marrow of Sprague-Dawley rats that were

gavaged with 0.04, 0.13, or 0.4 ml/kg/day (30, 96, or 296 mg/kg/day) once or for 5 days (ARCO 1980).

Similarly, no significant induction of chromosome aberrations in spleen lymphocytes and no evidence of a

dose-related increase in hypoxanthine-guanine phosphoribosyl transferase (hprt) mutant frequency in

spleen lymphocytes were found in mice treated with < 1,000 mg/kg/day MTBE by gavage for 3 weeks

(Ward et al. 1994). Other genotoxicity studies are discussed in Section 2.5.

2.2.2.8 Cancer

No studies were located regarding cancer in humans after oral exposure to MTBE.

In a 104-week carcinogenicity study, in which male and female rats were given MTBE in oil by gavage at

250 or 1,000 mg/kg/day, 4 days per week, a dose-related increased incidence of lymphomas and leukemia

was observed in female rats (2 of 60 in controls, 6 of 60 at 250 mg/kg/day, 12 of 60 at 1,000 mg/kg/day)

(Belpoggi et al. 1995). When expressed as the incidence in the female rats alive at 56 weeks of age, when
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the first leukemia was observed, these incidences were 2 of 58 (3.4%) in controls, 6 of 51 (11.8%) at

250 mg/kg/day, and 12 of 47 (25.5%) at 1,000 mg/kg/day. The increased incidence was statistically

significant (p<0.0l) at both dose levels compared with controls. As noted in Section 2.2.2.4, there was

also an increased incidence in dysplastic proliferation of lymphoreticular tissues in female rats, which was

greater in the low-dose group than in the high-dose group, suggesting that the dysplastic proliferation was

preneoplastic. An increase in uterine sarcomas was found in the females only at the low dose (1 of 60 in

controls, 5 of 60 at 250 mg/kg/day, and 0 of 60 at 1,000 mg/kg/day). In male rats, there was a statistically

significant (p<0.05) increased incidence of testicular Leydig cell tumors at the high dose (2 of 60 in

controls, 2 of 60 at 250 mg/kg/day, and 11 of 60 at 1,000 mg/kg/day). When expressed as the incidence in

male rats alive at 96 weeks of age, when the first Leydig cell tumor was observed, the incidence was 2 of

26 (7.7%) in controls, 2 of 25 (8.0%) at 250 mg/kg/day, and 11 of 32 (34.4%) at 1,000 mg/kg/day.

2.2.3  Dermal Exposure

2.2.3.1  Death

No studies were located regarding death in humans following dermal exposure to MTBE.

No deaths occurred in rats exposed to MTBE dermally at < 400 mg/kg for 6 hours (Bioresearch Labs

1990b) or in rabbits exposed to MTBE dermally at 10,000 mg/kg for 24 hours (ARCO 1980).

2.2.3.2  Systemic Effects

No studies were located regarding respiratory, cardiovascular, hematological, musculoskeletal, hepatic,

renal, endocrine, or body weight effects in humans or animals after dermal exposure to MTBE. Studies on

dermal and ocular effects in humans and gastrointestinal, dermal, and ocular effects in animals after

dermal exposure to MTBE are discussed below. The highest NOAEL values and all LOAEL values from

each reliable study in each species and duration category are recorded in Table 2-3.

Gastrointestinal Effects.  No studies were located regarding gastrointestinal effects in humans after

dermal exposure to MTBE.
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In a pharmacokinetic study, in which MTBE was applied dermally to the dorsal flank of rats via an

occluded chamber, the rats developed slight diarrhea at a dermal dose of 40 mg/kg (Bioresearch Labs

1990b). Since the dermally applied MTBE was protected by occlusion, it is unlikely that oral uptake via

grooming contributed to the absorbed dose.

Dermal Effects.  Because inhalation exposure to chemicals may result in dermal effects due to direct

contact of the vapor on the skin, relevant inhalation studies for dermal effects are presented briefly in

Section 2.2.1.2, but are more fully discussed here. In a double-blind study, human volunteers were

exposed sequentially to 1.7 ppm MTBE for 1 hour on 1 day, to uncontaminated air for 1 hour 2 days later,

and to 7.1 ppm of a 17-component mixture of VOCs for 1 hour 2 days later (or the reverse sequence) (see

Respiratory Effects in Section 2.2. I .2) (Cain et al. 1994). Statistical analysis of the results of

questionnaires administered every 10 minutes during the various exposure conditions revealed no

differences in reporting of skin rash or dry skin. In a similar study, 19 healthy men and 18 healthy women

were exposed for 1 hour to clean air and 1.39 ppm MTBE in separate sessions separated by at least 1 week

(Prah et al. 1994). The order of exposure was randomly selected, but because of the odor of MTBE, it is

likely that the subjects were aware of the exposure conditions. Analysis of the results of the

questionnaires administered prior to exposure, immediately upon entering the exposure chamber, after

30 minutes of exposure, and during the last 5 minutes of exposure revealed no differences for skin rash or

dry skin.

Application of 0.5 mL or 10,000 mg/kg ARCO MTBE (96.2% MTBE) or commercial MTBE (99.1%

MTBE) to the intact or abraded skin of rabbits resulted in slight to severe erythema, blanching, epidermal

thickening, acanthosis, or focal necrosis (ARCO 1980). In a dermal sensitization test in guinea pigs (see

Section 2.2.3.4), local irritation and increased erythema developed at the site after the initial intradermal

injection of 0.5 mL of a 1% MTBE solution (ARCO 1980).

It appears that direct application of liquid MTBE is required to produce these effects since exposure of the

skin to MTBE vapors in air during inhalation studies did not result in dermal effects. Histological

examination of skin of rats exposed to airborne MTBE at concentrations < 8,000 ppm for 13 weeks

revealed no treatment-related lesions (Dodd and Kintigh 1989; Greenough et al. 1980). Alopecia was

commonly observed in rats exposed to < 2,500 ppm for 16-28 weeks, but it was not considered to be

related to MTBE-exposure because the incidence was similar in the exposed and control groups (Biles et

al. 1987). In chronic-duration studies, in which rats (Chun et al. 1992) and mice (Burleigh-Flayer et al.
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1992) were exposed intermittently by inhalation to 400, 3,000, or 8,000 ppm MTBE, histological

examination of the skin revealed no treatment-related lesions.

Ocular Effects.  Because inhalation exposure to chemicals may result in ocular effects due to direct

contact of the vapor to the eyes, relevant inhalation studies for ocular effects are briefly presented in

Section 2.2.1.2, but are more fully discussed here. Eye irritation was among the symptoms reported by

motorists or gas station workers during oxygenated fuel programs in which MTBE had been added to

gasoline to reduce carbon monoxide emissions. In the preliminary investigation to determine whether

symptoms were occurring, whether symptoms occurred in a consistent pattern, and whether symptoms

could be related to exposure to oxyfuel in Fairbanks, Alaska, eye irritation was reported by 1 of 4 (25%)

taxi drivers, 9 of 26 (35%) health-care workers, and 3 of 15 (20%) students who met the case definition

(4 of 12 taxi drivers, 26 of 90 health-care workers, and 15 of 101 students) (Beller and Middaugh 1992).

In the preliminary investigation in Anchorage, Alaska, eye irritation was reported by 8 of 12 (67%) taxi

drivers and 13 of 36 (36%) health-care workers who met the case definition (12 of 25 taxi drivers and

36 of 137 health-care workers) (Chandler and Middaugh 1992).

In the more definitive CDC study in Fairbanks, Alaska, the frequency of eye irritation in the Phase I

subjects, when the oxyfuel program was in full effect, was 12 of 18 for occupationally exposed workers

(CDC 1993a; Moolenaar et al. 1994). In the Phase II subjects, after the oxyfuel program was terminated,

the frequency of eye irritation was 2 of 28. In the CDC study in Stamford, Connecticut, when the oxyfuel

program was in full effect (no Phase II in Stamford), the eye irritation was reported by 10 of 48 (20.8%)

mechanics and gas station attendants, 4 of 57 (7%) professional drivers, 2 of 12 (16.7%) “other” workers,

and 11 of 59 (18.6%) commuters (CDC 1993b; White et al. 1995).

In the study conducted in Albany, New York, although eye irritation was considered a key symptom and

was included in the questionnaire, the percentage of subjects who reported eye irritation was not reported

(CDC 1993c). However, it was noted that key symptoms were slightly more prevalent and the presence of

2 or more key symptoms was 2-3 times more prevalent in Group 2 (48 police officers, toll booth worker,

and parking garage attendants) and Group 3 (182 office workers and college students) than in Group 1

(34 automobile repair shop workers and service station attendants), but the increases were not statistically

significant. Thus, no increase in health complaints among people with higher gasoline exposures was

detected.
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In the cross-sectional cohort study of self-reported symptoms of garage workers in the state of New Jersey

exposed to high (115 workers in northern New Jersey during the wintertime oxyfuel program) and low

(122 workers in southern New Jersey 10 weeks after the phase-out date for oxyfuel program) MTBE

concentration environments, the results of the questionnaire regarding eye irritation over the last 30 days

showed no significant difference (22% in the northern workers and 27% in the southern workers, p=0.39)

(Mohr et al. 1994).

In the telephone interview survey conducted in metropolitan Milwaukee, Wisconsin, metropolitan

Chicago, Illinois (use of reformulated gasoline was required in both of these areas), and in the rest of

Wisconsin exclusive of metropolitan Milwaukee (where the use of reformulated gasoline was not

required), prevalence of eye irritation associated with MTBE exposure was statistically higher in

Milwaukee than in either Chicago or Wisconsin; prevalence was not different between Chicago and

Wisconsin for any symptom (Anderson et al. 1995). As discussed in the Respiratory Effects in Section

2.2.1.2, these results suggest that factors other than reformulated gasoline use, such as knowledge about

reformulated gasoline and the likely awareness of potential negative effects, significantly contributed to

the differences in symptom prevalence between Milwaukee and the other two areas.

In the double-blind study in humans exposed sequentially to 1.7 ppm MTBE for 1 hour on 1 day, to

uncontaminated air for 1 hour 2 days later, and to 7.1 ppm of a 17-component mixture of VOCs for 1 hour

2 days later (or the reverse sequence), subjects were examined for ocular effects (eye redness, tear-film

break-up time, epithelial damage to the eye, and staining of tear fluid for total number of cells and

differential numbers of polymorphonuclear neutrophilic leukocytes, epithelial cells, monocytes,

eosinophils, and lymphocytes) (Cain et al. 1994). The subjects were also administered questionnaires

regarding subjective symptoms of eye irritation (dry, itching, or irritated eyes; tired or strained eyes;

burning eyes). Statistical analysis revealed no increase in eye irritation due to MTBE exposure for the

objective and subjective tests. In a similar study, 19 healthy men and 18 healthy women were exposed for

1 hour to clean air and 1.39 ppm MTBE in separate sessions separated by at least 1 week (Prah et al.

1994). The order of exposure was randomly selected, but because of the odor of MTBE, it is likely that

the subjects were aware of the exposure conditions. Analysis of the results of the questionnaires

administered prior to exposure, immediately upon entering the exposure chamber, after 30 minutes of

exposure, and during the last 5 minutes of exposure revealed no differences for irritation of the eyes, tired

or strained eyes, or burning eyes. In addition to the subjective reporting of ocular effects, tear film

breakup time (the time from a blink to the appearance of discontinuities of the projected pattern) was

determined pre- and postexposure using a keratoscope that projects a white-light pattern on concentric
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rings onto the cornea. Hyperemia was determined using color slides of the temporal and nasal conjunctiva

obtained pre- and postexposure. For increased ocular inflammation, the levels of mRNA coding for

inflammatory mediators present in the conjunctival epithelial cells and the number of inflammatory cells

present on the conjunctiva were assessed. No measures approached significance. (See Respiratory Effects

in Section 2.2.1.2 for a more complete discussion of the human studies regarding protocols, limitations,

and conclusions.)

Direct instillation of ARCO MTBE (96.2% MTBE) or commercial MTBE (99.1% MTBE) into the eyes of

rabbits resulted in ocular irritation regardless of whether the eyes were washed after exposure or not

(ARCO 1980). ARCO MTBE, however, was more irritating than the commercial MTBE. ARCO MTBE

induced cornea1 opacities, chemosis, and conjunctival redness, while commercial MTBE caused slight

conjunctival redness and some discharge, but no cornea1 opacities. In a similar study, delayed and

reversible congestion of the conjunctivae, palpebral thickening, and hypersecretion were observed in the

eyes of rabbits (Snamprogetti 1980). Direct exposure of the eyes to MTBE vapors during inhalation

exposure has also resulted in ocular effects in animals. A 4-hour exposure to commercial MTBE vapors at

concentrations > 18,892 ppm resulted in ocular discharge in rats, while rats exposed to ARCO MTBE

displayed varying degrees and rapidity of onset of eye irritation (ARCO 1980). Inhalation exposure for

9 days to concentrations > 100 ppm MTBE caused higher incidences of lacrimation and conjunctival

swelling in exposed rats than in controls (Biodynamics 1981). Gross and histological examination of the

eyes, however, revealed no lesions. Pregnant mice exposed to 250-2500 ppm MTBE on gestational days

6-15 had a slight increase in the incidence of lacrimation during exposure (Conaway et al. 1985). In

another inhalation developmental study in mice, lacrimation was observed in 1 of 30 mouse dams at

4,000 ppm and 30 of 30 dams at 8,000 ppm (Tyl and Neeper-Bradley 1989). Periocular encrustations were

also observed at 8,000 ppm. No ocular effects, as determined histologically or by ophthalmoscopy, were

found in rats treated for 13 days (Dodd and Kintigh 1989) or for 13 weeks with < 8,000 ppm MTBE (Dodd

and Kintigh 1989; Greenough et al. 1980). At longer exposure durations, (16-28 weeks), lacrimation was

among the most common effects observed in adult rats exposed to < 2,500 ppm (Biles et al. 1987). This

sign may not have been the result of this particular exposure, since it was seen at similar incidences in

controls. Parental F1 rats exposed to 8,000 ppm MTBE for 10 weeks before breeding and throughout the

19-day gestational period exhibited ocular discharges and periorbital encrustation (Neeper-Bradley 1991).

Blepharospasm was observed in parental F0 male and female rats at 3,000 and 8,000 ppm, but this is

probably a neurological effect due to inhalation of MTBE.
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In chronic-duration studies, in which rats (Chun et al. 1992) and mice (Burleigh-Flayer et al. 1992) were

exposed intermittently by inhalation to 400, 3,000, or 8,000 ppm MTBE, no treatment-related lesions were

observed in eyes. Blepharospasm was observed in both sexes of both species at 3,000 and/or 8,000 ppm,

but, as noted above, this is probably a neurological effect due to inhalation of MTBE. Increased

incidences of swollen periocular tissue were also observed in male rats exposed to 3,000 and 8,000 ppm

(Chun et al. 1992).

2.2.3.3  Immunological and Lymphoreticular Effects

In the experimental double-blind study in humans exposed sequentially to 1.7 ppm MTBE for 1 hour on

1 day, to uncontaminated air for 1 hour 2 days later, and to 7.1 ppm of a 17-component mixture of VOCs

for 1 hour 2 days later (or the reverse sequence) (see Respiratory Effects in Section 2.2.1.2), tear fluid from

the eyes was stained for the total numbers of cells and differential counts for polymorphonuclear

neutrophilic leukocytes, epithelial cell, monocytes, eosinophils, and lymphocytes (Cain et al. 1994). No

notable changes between pre- and postexposure values were observed for exposure to MTBE or air.

In a dermal sensitization test, guinea pigs received an initial intradermal injection of 0.5 mL of a 1%

MTBE solution, followed by intradermal injection of 0.1 mL every other day for 3 weeks for a total of

10 injections (ARCO 1980). Two weeks after the tenth injection, a challenge dose of 0.05 mL was

injected. The injection sites were evaluated at 24 and 48 hours after treatment and scored for erythema,

edema, and color. MTBE produced no significant increase in response to the challenge compared with the

initial sensitizing or inducing injection. The NOAELs for immunological effects in the eyes of humans

and for dermal sensitization in guinea pigs are recorded in Table 2-3.

2.2.3.4  Neurological Effects

No studies were located regarding neurological effects in humans after dermal exposure to MTBE.

The only information regarding neurological effects in animals after dermal exposure to MTBE is that

rabbits cried out and were hyperactive for 3-5 minutes after 6,800 or 10,200 mg/kg MTBE was applied

dermally to the occluded skin (IBT Labs 1969). It should be noted that the results of studies from IBT are

often suspected as being unreliable.
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2.2.3.5  Reproductive Effects

No studies were located regarding reproductive effects in humans or animals after dermal exposure to

MTBE.

2.2.3.6  Developmental Effects

No studies were located regarding developmental effects in humans or animals after dermal exposure to

MTBE.

2.2.3.7  Genotoxic Effects

No studies were located regarding genotoxic effects in humans or animals after dermal exposure to MTBE.

Genotoxicity studies are discussed in Section 2.5.

2.2.3.8  Cancer

No studies were located regarding cancer in humans or animals after dermal exposure to MTBE.

2.3  TOXICOKINETICS

Information is available regarding blood levels of MTBE and tert-butanol in motorists, gas stations

workers, and experimental subjects after inhalation exposure. The data indicate that MTBE is rapidly

absorbed by the lungs during exposure, that MTBE is metabolized to tert-butanol, the levels of which also

increase in blood after exposure to MTBE, and that levels of MTBE in blood decline rapidly after

exposure ceases. Limited information regarding distribution, metabolism, and excretion of MTBE by

humans was available for patients who received MTBE via intracystic infusion for the dissolution of

gallstones. In these patients, MTBE and the metabolite, tert-butanol, were detected in blood, abdominal

wall fat, and breast milk. Methanol was also found in the urine. Excretion of MTBE in the urine of these

patients was nearly complete by 12-18 hours after treatment, but tert-butanol levels in urine declined very

little during this time.

Information regarding absorption, distribution, metabolism, and excretion of MTBE in animals after

inhalation, oral, or dermal exposure was available only for rats. Information regarding the rate and extent
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of absorption of MTBE after inhalation exposure was limited to data on the peak plasma concentration and

time to peak plasma concentrations of MTBE. These data indicated that absorption by the lungs is

relatively rapid and extensive. Absorption by the gastrointestinal tract was also rapid, with peak plasma

concentrations achieved within 15 minutes of dosing. Absorption factors were calculated to be 58% for

male rats and 81% for female rats for gastrointestinal absorption, compared with 23-39% for male rats and

9.6-16% for female rats for dermal absorption. A greater percentage of a high dermal dose was absorbed

than of a low dermal dose.

MTBE showed little tendency to accumulate in tissues. One inhalation study in rats, however, indicated

that MTBE and its metabolite tert-butanol were distributed to the brain at concentrations similar to blood

concentrations, which may account for the central nervous system toxicity of MTBE.

Metabolic pathways appear to be similar regardless of route of exposure. Unchanged MTBE was the

major component in expired air. tert-Butanol was expired to a lesser extent, and very little carbon dioxide

was formed as a result of MTBE metabolism. Urinary metabolites include 2-methyl-1, 2-propanediol,

α-hydroxyisobutyric acid, formaldehyde, methanol, and formic acid. A metabolic pathway was proposed

whereby demethyiation results in equimolar amounts of tert-butanol and formaldehyde, and tert-butanol is

oxidized to 2-methyl-1, 2-propanediol, which is in turn oxidized to α-hydroxyiscbutyric acid. According

to the pathway, formaldehyde can then be reduced to methanol or oxidized to formic acid. A small

amount of carbon dioxide may arise from further metabolism of formic acid.

After inhalation and oral dosing with radiolabeled MTBE, the major routes of excretion were via the lungs

and kidneys. Urinary excretion of radioactivity predominated at low doses, while respiratory excretion

predominated at high doses. This shift in relative percentages of radioactivity excreted by these routes

may be due to shifts in metabolic pathways as metabolizing enzymes become saturated at high doses. No

such dose-dependent shift was observed after dermal exposure, presumably because dermal absorption of

the higher dose was not great enough to result in enzyme saturation. Very little radioactivity was excreted

in the feces after exposure to MTBE by any route. Excretion by lungs was more rapid than by the kidneys

after inhalation, oral, and dermal exposure, with excretion by lungs nearly complete in 6 hours and

excretion by the kidneys nearly complete by 36 hours. Complete excretion after dermal exposure took

somewhat longer.
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2.3.1  Absorption

2.3.1.1  Inhalation Exposure

As MTBE is a volatile, lipophilic molecular of small molecular size, it is expected to be rapidly and

extensively absorbed from the respiratory tract. Information on blood levels of MTBE and its metabolite,

tert-butanol, in motorists, gas station attendants and mechanics, and in experimentally exposed humans

after inhalation of MTBE indicates that MTBE is well absorbed from the lungs. During the oxygenated

fuel program in Fairbanks, Alaska, in which MTBE (15% by volume) was added to gasoline to reduce

emissions of carbon monoxide, the median preshift blood concentration of MTBE in occupationally

exposed workers (mechanics, gas station attendants, and people who spent most of their workdays in

motor vehicles) was 1.15 µg/L (range, 0.1-27.8 µg/L) (CDC 1993a; Moolenaar et al. 1994). The median

postshift level was 1.80 µg/L (range 0.2-37.0 µg/L). The median 8-hour TWA concentrations of MTBE in

the workplace air of service stations and garages were 0.10 ppm with a range of 0.01-0.81 ppm during the

program. A strong correlation was found between the air levels of MTBE and the difference in preshift

and postshift MTBE blood levels during the program (r = 0.9; p = 0.0001). When blood levels were again

monitored a few months after the oxygenated fuel program had ended, the preshift blood level was

0.20 µg/L (range 0.05-4.35 µg/L) and the postshift level was 0.24 µg/L (range 0.05-l .44 µg/L). The

median workplace air level of MTBE was 0.04 ppm, with a range from nondetectable to 0.14 ppm. Blood

levels of MTBE in nonoccupationally exposed motorists were 0. 18 µg/L before they left their homes and

0.83 µg/L upon arrival at the workplace after their morning commute during the oxygenated fuel program.

After the program had ended, the pre- and post-commute MTBE blood levels were 0.09 µg/L and

0.10 µg/L, respectively.

In May 1993, CDC and New York state health officials investigated whether exposure to MTBE in fuels

was measurable in occupationally and nonoccupationally exposed people in Albany, where MTBE is used

in small concentrations (CDC 1993c). Group 1 consisted of 34 automobile repair shop workers and
service station attendants exposed to gasoline fumes; Group 2 consisted of 48 police officers, toll booth

workers, and parking garage attendants exposed to automobile exhaust; and Group 3 consisted of

182 office workers and college students. In both smokers and nonsmokers, subjects in Group 1 had higher

levels of MTBE (mean, 0.46 µg/L; range, 0.09-l .5 µg/L for smokers; mean, 0.38 µg/L, range,

nondetectable to 0.58 µg/L for nonsmokers) and tert-butanol (mean, 5.47 µg/L, range, 1.12-13.77 µg/L for

smokers; mean, 3.58 µg/L; range, 1.08 to 5.34 µg/L for nonsmokers) in their blood when compared to

subjects in Groups 2 and 3. In Group 2, MTBE blood levels averaged 0.08 µg/L for smokers and
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0.05 µg/L for nonsmokers and ranged from nondetectable to 0.11 µg/L for smokers and nondetectable to

0.15 µg/L for nonsmokers; tert-butanol blood levels averaged 1.17 µg/L for smokers and 1.16 µg/L for

nonsmokers and ranged from 1.14 to 1.53 µg/L for smokers and 0.69 to 2.24 µg/L for nonsmokers. In

Group 3, no MTBE was detectable in the blood of smokers or nonsmokers, but tert-butanol blood levels

averaged 1.36 µg/L in smokers and 1.10 µg/L for nonsmokers and ranged from 1.03 to 1.69 µg/L for

smokers and 0.23 to 3.05 µg/L for nonsmokers.

In a similar study conducted in Stamford, Connecticut, during an oxygenated fuel program, the

approximate median blood levels of MTBE were 0.1 µg/L in commuters, 2 µg/L in car repairers, 0.1 µg/L

in “other” workers (such as meter readers), and 15 µg/L in gas station attendants (CDC 1993b; White et al.

1995). Thus, the blood levels were about an order of magnitude higher in mechanics and two orders of

magnitude higher in gas station attendants than in commuters and “other” workers. Blood levels of

tert-butanol were higher than blood levels of MTBE, but showed the same relative differences among the

groups. Workroom air levels and personal breathing zone levels of MTBE, which were considered to

underestimate the exposure levels of mechanics and gas station workers, ranged from <0.03 to 12.04 ppm

for breathing zones and from 0.001 to 0.429 ppm for workroom air.

In a group of 2 healthy men and 2 healthy women experimentally exposed to 1.7 ppm MTBE for 1 hour,

mean blood levels of MTBE rose steeply from a level of 0.83 µg/L preexposure to 17.14 µg/L at the end of

the 1-hour exposure, followed by a decline to an average level of 9.74 µg/L at 40 minutes postexposure

and 6.32 µg/L at 60 minutes postexposure (Cain et al. 1994). tert-Butanol was also monitored but the

levels were highly variable. The mean blood level of tert-butanol was 2.79 µg/L preexposure and

increased during exposure, but remained in the vicinity of 10-15 µg/L from 30 minutes during exposure to

90 minutes postexposure, indicating continued metabolism of MTBE to tert-butanol. In a similar study in

1 healthy man and 1 healthy woman experimentally exposed to 1.39 ppm MTBE for 1 hour, the blood

level of MTBE rose rapidly to 8.2 µg/L and 14.7 µg/L in the man and woman, respectively (Prah et al.

1994). The blood level of tert-butanol rose gradually to a plateau of 7-l 0 µg/L.

Studies in rats indicate that MTBE is also readily absorbed by the pulmonary tract in animals, as it is in

humans. Data regarding the excretion of radioactivity in expired air, urine, and feces in Fischer 344 rats

exposed nose-only to 400 and 8,000 ppm 14C-MTBE for 6 hours provides information on the rate and

extent of absorption (Bioresearch Labs 1990d). Samples were collected at various times for up to 48 hours

after exposure. Excretion of radioactivity in feces was minor, with only 0.74-0.76% recovered after

exposure to 400 ppm and 0.75-1.06% recovered after exposure to 8,000 ppm. The relative percentages of
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radioactivity recovered in the urine and expired air were dose-dependent. At 400 ppm, 64.7 and 65.4% of

the total radioactivity was recovered in the urine 48 hours after termination of exposure of males and

females, respectively, while 21.2 and 21.9% of radioactivity was recovered in the expired air of males and

females, respectively. At 8,000 ppm, radioactivity recovery in urine accounted for 41.6% in males and

35% in females, while radioactivity recovery in expired air accounted for 53.6% in males and 59% in

females. The values indicate that at least 85.9-87.3% of the low dose and at least 94-95.2% of the high

dose were absorbed via the pulmonary tract in 48 hours. Similar percentages of radioactivity in expired air

and urine were obtained in rats exposed nose-only to 400 ppm unlabeled MTBE for 6 hours per day for

14 days and then to 400 ppm 14C-MTBE for 6 hours on day 15.

Data on the peak plasma concentrations and time to peak plasma concentrations in rats provide some

information on the rate of pulmonary absorption of MTBE. In rats exposed nose-only to MTBE for

6 hours, plasma concentrations of MTBE and its metabolite tert-butanol peaked at 4-6.5 hours during

exposure (Bioresearch Labs 1990c). Plasma tert-butanol increased more gradually than plasma MTBE

concentrations. At an exposure concentration of 400 ppm, plasma MTBE concentrations peaked at

4-6 hours (about 15 µg/mL), while plasma tert-butanol concentrations peaked at 6-6.5 hours (about

39 µg /mL). At a concentration of 8,000 ppm MTBE, plasma MTBE levels peaked at 4-6 hours (about

560 µg /mL), while plasma tert-butanol levels peaked at 6-6.5 hours (536 µg /mL for males and 245 µg /mL

for females).

Blood MTBE levels were generally related to inhaled dose in rats exposed to 50, 100, or 300 ppm, 6 hours

per day, 5 days per week for 2-l5 weeks (Savolainen et al. 1985). At the 2 lower exposure concentrations,

peak blood MTBE levels of 11 and 24 nmol/g, respectively (about 1.3 µg /mL and 2.9 µg /mL, respectively)

were reached at 6 weeks. At the highest exposure concentration, the peak blood level of 72 nmol/g (about

8.6 µg /mL) was reached at 15 weeks. Thus, MTBE blood levels continue to rise for a substantial amount

of time during prolonged exposure, indicating a relatively long time for steady state to be reached.

2.3.1.2  Oral Exposure

No studies were located regarding absorption of MTBE in humans after oral exposure. However, as

MTBE is a volatile, lipophilic molecular of small molecular size, it is expected to be rapidly and

extensively absorbed from the gastrointestinal tract of humans after oral exposure, as confirmed in studies

in animals.
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A peak blood concentration of 5.9 µg /mL MTBE was reached in 0.9 hours in rats given a single oral dose

of 0.379 mg/kg MTBE (Li et al. 1991). In rats given a single oral dose of 40 or 400 mg/kg of MTBE in

water, MTBE and tert-butanol were detected in plasma of both treatment groups (Bioresearch Labs

1990a). The maximum plasma concentrations of MTBE in both males and females at both doses were

achieved within 15 minutes, suggesting rapid absorption. The oral bioavailability of MTBE was

determined to be 58% in males and 81% in females. In rats given 40 or 400 mg/kg of 14C-MTBE, a total

of 80.2-86.3% of the dose of radioactivity was recovered in urine, feces, and volatile radioactive

components in the expired air in 48 hours (Bioresearch Labs 1990b). Most of the radioactivity was

recovered in the expired air and the urine. Recovery in expired air was 48.5% (males) and 54.4%

(females) after a dose 40 mg/kg, and 65.3% (males) and 68.7% (females) after a dose of 400 mg/kg.

Recovery in urine was 36.2% (males) and 39% (females) after a dose of 40 mg/kg and 16% (males), and

10.8% (females) after a dose of 400 mg/kg. Recovery of radioactivity in feces was only about 1% or lower

in the dosed groups, and recovery in the tissues/carcass was < 2% at 48 hours after dosing. These data

indicate that as much as 80% of an oral dose of MTBE was absorbed from the gastrointestinal tract of rats

within 48 hours.

In rats given a single oral or intravenous dose of 40 mg/kg MTBE, blood samples were collected for up to

240 minutes after dosing (Exxon 1988). Maximum blood levels of MTBE in the orally treated rats

occurred within 2.5 to 10 minutes. From a comparison of the mean areas under the curves (AUC) for

blood clearance for the intravenous dose group and the oral dose group, an oral bioavailability of 37.4%

was obtained. However, the total elimination of MTBE in expired air was 50-55% of the administered

dose by 3 hours after dosing, indicating that at least 50-55% of MTBE was absorbed from the

gastrointestinal tract. Furthermore, the MTBE in this study was not radiolabeled, precluding the

measurement of any radiolabeled metabolites that may have been formed from radiolabeled MTBE.

Analysis of total radioactivity would have provided a more accurate estimate of the extent of MTBE

absorption by the gastrointestinal tract. In addition, the body weights of the rats used in these experiments

varied widely, which could effect the individual values of blood levels obtained.

2.3.1.3  Dermal Exposure

No studies were located regarding absorption of MTBE in humans after dermal exposure, but it is

probably less well absorbed by the skin than by the pulmonary or gastrointestinal tract.
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In rats, MTBE is absorbed to a lesser extent by the skin than by the gastrointestinal tract. In rats

administered 400 mg/kg MTBE to the shaved skin via a dermal chamber to prevent evaporation and cross-

exposure by inhalation or ingestion due to grooming, MTBE and tert-butanol were detected in plasma

within 10 minutes (Bioresearch Labs 1990a). However, measurable MTBE and tert-butanol in plasma

were barely detectable this soon in rats similarly treated with 40 mg/kg. The peak plasma concentration of

MTBE was achieved in 2-6.5 hours after the low dose and 2-4 hours after the high dose. The

bioavailability of the dermal dose of MTBE compared with the oral dose (see Section 2.3.1.2) was

23-39% in male rats and 9.5-16% in female rats. In a mass balance study in male and female rats

similarly treated with 40 or 400 mg/kg 14C-MTBE, analysis of radiolabeled carbon dioxide, MTBE, and

metabolites in urine, feces, and expired air, tissues/carcass, and chamber washings yielded 69.4-76.9%

recovery of the dose in 48 hours (Bioresearch Labs 1990b). Most of the radioactivity was excreted in the

expired air and urine. Recovery in expired air was 6.05% (males) and 9.67% (females) after a dose of

40 mg/kg and 19.6% (males) and 23.2% (females) after a dose of 400 mg/kg. Recovery in urine was

6.49% (males) and 6.12% (females) after a dose of 40 mg/kg and 12.4% (males) and 10.7% (females) after

a dose of 400 mg/kg. Recovery of radioactivity in feces was only about 0.2% or lower in the dosed

groups, and recovery in the tissues/carcass and application site was < 1 % at 48 hours after dosing.

Recovery of radioactivity from the dermal chambers was 56.9% (males) and 59.8% (females) after the low

dose and 38.2% (males) and 34.6% (females) after the high dose, representing unabsorbed MTBE. Thus,

the dermal absorption of MTBE was higher for the high-dose group than the low-dose group. In a similar

mass balance study in rats, recovery of radioactivity in the various components was measured for up to

168 hours after dosing and in selected tissues at 7 days post-dosing (Bioresearch Labs 1991). Total

recovery of radioactivity was 88.8% for the 40 mg/kg dose and 99.9% for the 400 mg/kg dose. At

168 hours after dosing, 76.8% of the low-dose and 69.5% of the high dose were recovered in the chamber

washes, indicating that dermal absorption was <50% in both dose groups. In the low-dose group, 6.29,

7.58, and 0.25% of the dose was recovered in the urine, expired air, and feces, respectively, at 168 hours.

In the high-dose group these recoveries were 15.9, 18.9, and 0.39%, respectively. Therefore, about 14.5

and 35.7% of the low and high dose, respectively, were absorbed dermally. The greater percentage of the

dose absorbed after the high dose in this study (Bioresearch Labs 1991) is consistent with that in the other

mass balance study (Bioresearch Labs 1990b).
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2.3.2  Distribution

As MTBE is a small molecular weight, volatile, lipophilic compound, it is expected to readily cross

biological membranes during it transport via the blood. Although no studies were located regarding

distribution of MTBE in humans after inhalation, oral, or dermal exposure, there is no reason to expect

that the tissues to which MTBE distributes would differ from those of animals (fatty tissue, brain, liver

kidney). Furthermore, MTBE has been detected in fatty tissue and breast milk of patients who received

MTBE via intracystic infusion for dissolution of gallstones (see Section 2.3.2.4).

2.3.2.1  Inhalation Exposure

No studies were located regarding distribution of MTBE in humans after inhalation exposure.

The levels of MTBE and tert-butanol in samples of blood, cerebral hemispheres, and perirenal fat were

monitored in Wistar rats sacrificed at 2, 6, 10, or 15 weeks of exposure to 50, 100, or 300 ppm MTBE,

6 hours per day, 5 days per week (Savolainen et al. 1985). Blood MTBE levels were generally related to

exposure concentration. At the 2 lower exposure concentrations, peak blood MTBE levels of 11 and

24 nmol/g, respectively (about 1.3 µg /mL and 2.9 µg /mL, respectively) were reached at 6 weeks. At the

highest exposure concentration, the peak blood level of 72 nmol/g (about 8.6 µg /mL) were reached at

15 weeks. Blood tert-butanol levels peaked at 6 weeks for all concentrations tested (38, 82, and

151 nmol/g or 3.3, 7.2, and 13 µg /mL, respectively) and then decreased sharply at week 10 (11, 34, and

89 nmol/g or 0.97, 3.0, or 7.8 µg /mL, respectively). Brain MTBE and tert-butanol levels followed a

similar course as blood levels. At the 300 ppm exposure concentration, brain and blood MTBE levels

were approximately similar. MTBE levels were considerably higher in perirenal fat than in blood and

brain tissues at all exposure concentrations. At 2 weeks, the perirenal fat concentration of MTBE was 184,

245, and 642 nmol/g at 50, 100, and 300 ppm, respectively. The perirenal concentration of MTBE

declined to 81-92 nmol/g at 6-15 weeks in the 50 ppm exposed group but remained relatively unchanged

at the higher exposure concentrations. No trace levels of tert-butanol were found in perirenal fat at any

exposure concentration and any duration.

The tissue retention of MTBE after acute- and intermediate-duration inhalation exposure has been studied

in Fischer 344 rats. Rats exposed nose-only to 14C-MTBE at 400 or 8,000 ppm for 6 hours or to 400 ppm

unlabeled MTBE for 6 hours per day for 14 days, and then to 400 ppm 14C-MTBE on day 15 were

sacrificed at 48 hours post-exposure (Bioresearch Labs 1990d). Blood, liver, kidney, lungs, heart, brain,
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gonads, bone (femur), fat (perirenal), muscle (leg adductor) and skin were removed for analysis of

radioactivity. For the single 6-hour exposure, the percentages of total radioactivity recovered from

tissues/carcass were as follows: 13.4% (male) and 11.9% (female) after exposure to 400 ppm; 4.07%

(male) and 5.02% (female) after exposure to 8,000 ppm. The higher percentage of radioactivity in the

tissues after the low dose compared with the high dose may be due to shifts in metabolic and elimination

pathways as enzyme systems become saturated at high doses (see Section 2.3.3). In the repeated exposure

study, the percentages of total radioactivity recovered from tissues/carcass were 10.9% (males) and 10.4%

(females), which were essentially the same as in the single exposure study at 400 ppm. In both

experiments, except for the skin, mean radioactivity recoveries in tissues were very low (<1% of the total),

indicating that MTBE or its metabolites do not accumulate in tissues after acute exposure. The relatively

high radioactivity in the skin of the rats may have been due to contamination.

2.3.2.2  Oral Exposure

No studies were located regarding distribution of MTBE in humans after oral exposure.

In rats given a single oral dose of 40 mg/kg MTBE, the level of MTBE in perirenal fat was determined to

be 53.75 µg /g at 30 minutes, 35.51 µg /g at 60 minutes, 25.87 µg /g at 90 minutes, 38.67 µg /g at

120 minutes, 7.86 µg /g at 240 minutes, and 3.43 µg /g at 300 minutes after dosing (Exxon 1988). Thus, the

highest levels were found in the first samples at 30 minutes. A time-related decrease in the MTBE fat

levels occurred thereafter; however, the plateau of MTBE levels in fat at 90 and 120 minutes was

unexplainable. However, the body weights of the rats used in these experiments varied widely, which

could effect the individual values of fat levels obtained. Blood clearance curves were fitted to a

2-compartment model with instantaneous distribution and first-order elimination. The volume of

distribution for the central compartment was calculated to be 521 mL.

2.3.2.3  Dermal Exposure

No studies were located regarding distribution of MTBE in humans after dermal exposure.

Studies in animals did not follow the course of MTBE distribution during exposure, but tissues levels of

radioactivity were measured at > 2 days after exposure to 14C-MTBE ceased. These studies generally

indicate that MTBE does not tend to accumulate in tissues of the rat body. In rats to which 40 or

400 mg/kg 14C-MTBE was applied to the shaved skin via a dermal chamber for 6 hours, the percentages of
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radioactivity in tissues, carcass, and site of application at 48 hours after exposure were 0.28% (males) and

0.67% (females) at the high dose, and 0.67% (males) and 1.02% (females) at the low dose (Bioresearch

Labs 1990b). In rats similarly treated, radioactivity in selected tissues was measured at 7 days post-dosing

(Bioresearch Labs 1991). Except for detectable radioactivity at the application site in both dose groups

(0.0 1-0.12% of the dose), no radioactivity was detected in tissues (liver, kidneys, lungs, heart, brain,

gonads, femur, perirenal fat, muscle, and skin) or carcass at 7 days post-dosing.

2.3.2.4  Other Routes of Exposure

Limited information regarding distribution of MTBE was available for humans who received MTBE via

intracystic infusion for dissolution of gallstones. Among a group of  113 patients who received MTBE

(1-15 mL instilled 3-6 times per minute and reaspirated) by this route, fatty tissue from the abdominal

wall was collected from 9 patients at the end of treatment (Leuschner et al. 199 I ). Breast milk was

sampled from one patient after treatment. The mean MTBE concentration in fatty tissue was 0.135 mg/g

after a mean treatment time of 9.6 hours. MTBE and tert-butanol were present in breast milk in

concentrations only slightly less than in blood.

In Charles River CD (Sprague-Dawley) rats that received a single intraperitoneal dose of 232 mg/kg
14C-MTBE (radiolabeled on the methyl and central carbon of the tert-butyl group), the total accumulation

of radioactivity in tissues averaged 3.39, 1.94, and 1.14% of the administered dose at 15 minutes, 6 hours,

and 24 hours after dosing, respectively (Biodynamics 1984). At 15 minutes, radioactivity was found

primarily in mesenteric fat (325 ppm in males, 138.5 ppm in females), liver (93.7 ppm in males, 68.7 ppm

in females), and kidney (49.8 ppm in males, 19.4 ppm in females). High levels of radioactivity were no

longer found in mesenteric fat at 6 and 24 hours, but levels in liver were 65.5 ppm at 6 hours and 37.7 ppm

at 24 hours. Levels in the kidney were 40 ppm at 6 hours and 28.5 ppm at 24 hours. Qualitative data

indicated that formic acid and methanol were present in the liver and kidney, but quantification of the

metabolites was not possible. In Fischer 344 rats given a single intravenous dose of 40 mg/kg 14C-MTBE,

the percentages of the radioactive dose in tissues/carcass were 1.69% in males and 1.13% in females at

48 hours (Bioresearch Labs 1990b). When samples were collected 7 days after treatment, <1% of the dose

was recovered in the liver, kidneys, fat, skin, and remaining carcass.



METHYL tert-BUTYL ETHER 96

2. HEALTH EFFECTS

2.3.3  Metabolism

No studies were located regarding the metabolism of MTBE in humans after oral or dermal exposure. In a

group of 4 nonsmoking, healthy subjects (2 men and 2 women) experimentally exposed to 1.7 ppm MTBE

for 1 hour, the mean blood concentration of tert-butanol was 2.79 µg /L preexposure, which was 3 times

higher than the preexposure mean MTBE blood level (Cain et al. 1994). However, postexposure blood

levels of tert-butanol exceeded those measured before exposure to MTBE, indicating metabolism of

MTBE to tert-butanol. Mean blood levels of tert-butanol, although highly variable, remained in the

vicinity of l0-15 µg /L from 30 minutes during exposure to 90 minutes postexposure, indicating continued

metabolism of MTBE to tert-butanol. In a similar study in one healthy man and one healthy woman

experimentally exposed to 1.39 ppm MTBE for 1 hour, the blood level of tert-butanol rose gradually to a

plateau of 7-10 µg /L, where it remained for up to 7 hours postexposure, again indicating continued

metabolism of MTBE to tert-butanol (Prah et al. 1994). In 27 patients who received MTBE via intracystic

infusion for dissolution of gallstones, blood and urine samples were collected before treatment,

immediately after treatment, and up to 18 hours after treatment for the determination of blood and urine

levels of MTBE, methanol, tert-butanol, formic acid and formaldehyde (Leuschner et al. 1991). Mean

blood levels of tert-butanol were 0.04 mg/mL immediately after and 5 hours after treatment and fell only

to 0.025 mg/mL at 12-18 hours. Mean urinary levels of MTBE were about 0.018 mg/mL at 5 hours after

treatment and <0.005 mg/mL at 12-l 8 hours. Mean urinary levels of tert-butanol were higher than those

of MTBE, with about 0.036 mg/mL at 5 hours and 0.03 mg/mL at 12-l 8 hours after treatment. Methanol

was found in only 3 patients, while no formaldehyde or formic acid were found. tert-Butanol was also

detected in the abdominal wall fat of 9 patients and breast milk of 1 patient.

MTBE is also metabolized to tert-butanol in rats. The metabolism of 14C-MTBE has been studied in

Fischer 344 rats exposed by the inhalation (Bioresearch Labs 1990d), oral (Bioresearch Labs 1990b),

dermal (Bioresearch Labs 1990b, 1991), and intravenous (Bioresearch Labs 1990b, 1991) routes.

Respiratory and urinary metabolites were generally similar following exposure of Fischer 344 rats by all

routes, indicating that metabolic pathways are not route dependent. After exposure by all routes, most of

the exhaled radioactivity was due to unchanged MTBE and tert-butanol, with MTBE predominating. Only

a small amount of 14C-carbon dioxide was detected. MTBE and tert-butanol were generally not found in

the urine, but four urinary metabolites were isolated, with two identified as α-hydroxyisobutyric acid and

2-methyl-1,2-propanediol. The two other metabolites remained unidentified. After inhalation and oral

exposure, there was a larger fraction of exhaled tert-butanol in low-dose rats than in high-dose rats,
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probably due to less extensive metabolism at the high dose as metabolizing enzyme systems become

saturated. The proportion of α-hydroxyisobutyric acid increased relative to 2-methyl-1,2-propanediol with

increasing sampling time, suggesting that the diol is an intermediate to the formation of the acid. The

results are consistent with a metabolic pathway whereby MTBE is biotransformed by demethylation to

tert-butanol followed by further oxidation to 2-methyl-1,2-propanediol and then to α-hydroxyisobutyric

acid. No differences in biotransformation were observed with respect to gender or duration of exposure.

In inhalation experiments, rats were exposed to 14C-MTBE at 400 or 8,000 ppm for 6 hours or to 400 ppm

unlabeled MTBE for 6 hours per day for 14 days then to 400 ppm 14C-MTBE on day 15 (Bioresearch Labs

1990d). tert-Butanol accounted for 25 and 30% of the recovered radioactivity in expired air at 3 hours

after the single and repeated low exposure concentration, respectively. Exposure to the higher

concentration for 6 hours resulted in a lower fraction recovered (7-10%) due to tert-butanol. At 3-6 hours

after exposure, tert-butanol represented 72-80% of the radioactivity at the low dose in the single and

repeated exposure experiments and 43-54% at the high dose.

In rats treated by gavage with 14C-MTBE at 40 or 400 mg/kg, and in rats to which 40 or 400 mg/kg
14C-MTBE was applied to the shaved skin via a dermal chamber for 6 hours, only 0.01-0.2% of the dose

was recovered as 14C-carbon dioxide in expired air (Bioresearch Labs 1990b). After oral dosing, MTBE

predominated in expired air during the first 3 hours, with the ratio of tert-butanol to MTBE increasing

during the next 3 hours. Elimination of tert-butanol by the lungs represented 3.1% of the low dose and

1.4% of the high dose. Similarly, another study also found that, in Fischer 344 rats given a single oral

dose of 40 mg/kg, pulmonary elimination of tert-butanol for 5 hours after exposure represented 2% of the

administered MTBE dose (Exxon 1988). After dermal exposure, a greater percentage of the dose was

recovered in the expired air (6.05% in males, 9.67% in females at 40 mg/kg and 19.6% in males, 23.2% in

females at 400 mg/kg) than in the urine (6.12-6.49% at 40 mg/kg and 10.7-l 2.4% at 400 mg/kg)

(Bioresearch Labs 1990b). MTBE predominated in expired air. Only 0.63% to 0.93% of the dermal dose

was eliminated in expired air as tert-butanol at the low dose, and 1.0% to 1.3% of the dose as tert-butanol

at the high dose. The reason that the percentage of tert-butanol in expired air was not greater after the low

dermal dose than after the high dose is probably that MTBE is less well absorbed after dermal exposure

than after oral or inhalation exposure. Thus, the amount absorbed after the high dermal dose was probably

not great enough to saturate metabolizing enzymes. When samples were collected for up to 168 hours

after dermal dosing, 11.6% of the dose was exhaled as MTBE and 0.39% as tert-butanol in rats given
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400 mg/kg (Bioresearch Labs 1991). Expired air levels of MTBE and tert-butanol were below detection

limits in rats given 40 mg/kg dermally.

Results of dosing Fischer 344 rats with 14C-MTBE intravenously were similar to those obtained by the

inhalation, oral, and dermal routes (Bioresearch Labs 1990b). In Charles River CD (Sprague-Dawley) rats

injected with a single intraperitoneal dose of 232 mg/kg 14C-MTBE, blood, tissue, expired air, urine, and

feces were sampled at various times up to 48 hours (Biodynamics 1984). At 6 hours, about 92% of the

radioactive dose was eliminated in expired air, 99.1% of which was unchanged MTBE. An average of

7.38% of the administered dose was expired as radiolabeled carbon dioxide. Although not specified,

apparently no tert-butanol was found in expired air. Urinary radioactivity accounted for an average of

2.95% of the administered dose. Analysis of the urine revealed that radiolabeled formic acid accounted for

96.6% of the urinary radioactivity. The remaining radioactivity in the urine was assumed to be

radiolabeled methanol and formaldehyde. Methanol and formic acid were also detected in plasma, kidney,

and liver. No tert-butanol was found in the urine. The reason for differences in metabolites found by

Biodynamics (1984) compared with those found by Bioresearch Labs (1990b, 1990d, 1991) is not clear,

except that these studies used different strains of rats and different analytical methods for identification of

the metabolites.

Some aspects of the in vitro metabolism of MTBE have been studied using microsomes prepared from

Sprague-Dawley rats (Brady et al. 1990). Incubation of MTBE with microsomes prepared from

phenobarbital-pretreated rats resulted in equimolar amounts of tert-butanol and formaldehyde. In

comparing the metabolism of MTBE using microsomes from phenobarbital- and acetone-pretreated rats

and untreated rats, a 4-fold increase in Vmax value with acetone-induced microsomes and a 5.5-fold

increase in the Vmax value with phenobarbital-induced microsomes was found compared with the control

max value. These results indicated that cytochrome P-4502B1, which is inducible by phenobarbital, and

cytochrome P-4502E1, which is inducible by acetone, play a role in the demethylation of MTBE.

Inclusion in the incubation of monoclonal antibody against cytochrome P-4502E1, the major acetoneinducible

isoenzyme, resulted in a 35% inhibition of the demethylation of MTBE, indicating that

cytochrome P-4502El only partially contributes to the demethylation. Microsomes prepared from rats

pretreated with MTBE yielded a 47-fold induction of liver microsomal pentoxyresorufin O-dealkylase,

with no change in N-nitrosodimethylamine demethylase activity. These results are consistent with an

elevation of cytochrome P-4502B 1 activity with no change in cytochrome P-4502El activity, which was

confirmed by immunoblot analysis.
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The metabolism of MTBE to formaldehyde was studied using liver microsomes from control and

phenobarbital-pretreated rats (strain not specified) (Snyder 1979). Phenobarbital-pretreatment

approximately doubled in formation of formaldehyde from MTBE. The author postulated that

formaldehyde and tert-butanol are the first metabolites of MTBE formed as a result of o-demethylation

reaction by the hepatic mixed function oxidases. Further metabolism of formaldehyde would yield

methanol and/or formic acid with the probable enzymes and cofactors being alcohol dehydrogenase and

NADH for the formation of methanol and aldehyde dehydrogenase and NAD for the formation of formic

acid.

To account for the results in the in vivo and in vitro studies in rats discussed above, a proposed metabolic

scheme for MTBE is presented in Figure 2-3.

2.3.4  Excretion

2.3.4.1  Inhalation Exposure

In a group of 2 healthy men and 2 healthy women experimentally exposed to 1.7 ppm MTBE for 1 hour,

the mean blood level of MTBE rose steeply from a level of 0.83 µg /L preexposure to 17.14 µg /L at the end

of the 1-hour exposure, followed by a decline to an average level of 9.74 µg /L at 40 minutes postexposure

and 6.32 µg /L at 60 minutes postexposure (Cain et al. 1994). At 90 minutes postexposure, the average

blood level of MTBE was 7.42 µg /L, indicating that the rapid elimination phase lasted about 60 minutes,

but that levels did not drop to preexposure levels within the 60-90 minute postexposure period. Blood

levels were not measured beyond the 90-minute postexposure period. In a similar study in one healthy

man and one healthy woman experimentally exposed to 1.39 ppm MTBE for 1 hour, the blood level of

MTBE rose rapidly to 8.2 µg /L and 14.7 µg /L in the man and woman, respectively (Prah et al. 1994).

Immediately after exposure, the blood levels of MTBE started to decline rapidly with clearance half-times

of 36 and 37 minutes, respectively. At the end of the 7-hour sampling period, 0.2 and 0.6 µg/L MTBE

were detected in the blood of the man and woman, respectively. The blood level of tert-butanol rose

gradually to a plateau of 7-10 µg /L, where it remained for up to 7 hours postexposure.

The excretion of radioactivity in expired air, urine, and feces was studied in Fischer 344 rats exposed noseonly

to 400 and 8,000 ppm 14C-MTBE for 6 hours (Bioresearch Labs 1990d). Samples were collected at

various times for up to 48 hours after exposure. Excretion of radioactivity in feces was minor, with only

0.74-0.76% recovered after exposure to 400 ppm and 0.75-l.06% recovered after exposure to 8,000 ppm.
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The relative percentages of radioactivity recovered in the urine and expired air were dose-dependent. At

400 ppm, 64.7 and 65.4% of the total radioactivity was recovered in the urine 48 hours after termination of

exposure of males and females, respectively, while 21.2 and 21.9% of radioactivity was recovered in the

expired air of males and females, respectively. At 8,000 ppm, radioactivity recovery in urine accounted

for 41.6% in males and 35% in females, while radioactivity recovery in expired air accounted for 53.6% in

males and 59% in females. The shift in excretion route from urine to expired air with increase in dose was

probably due to shifts in metabolic pathways as metabolizing enzymes become saturated at high doses.

The rate of excretion of radioactivity via the lungs was rapid, with a total of 82% of the recovered

radioactivity in expired air excreted by 3 hours and 91-92% excreted by 6 hours. Urinary excretion was

slower than excretion in expired air, but was faster after exposure to 400 ppm than after exposure to

8,000 ppm. At the low exposure concentration, the percentages of recovered radioactivity excreted in the

urine were 27-30% by 6 hours, 65% by 12 hours, 81-85% at 24 hours, and 94-96% by 36 hours. At the

high exposure concentration, the percentages were 8-10% by 6 hours, 38-47% by 12 hours, 82-88% by

24 hours, and 95-98% by 36 hours. Similar percentages and rates of excretion of radioactivity in expired

air and urine were obtained in rats exposed nose-only to 400 ppm unlabeled MTBE for 6 hours per day for

14 days and then to 400 ppm 14C-MTBE for 6 hours on day 15.

2.3.4.2  Oral Exposure

No studies were located regarding the excretion of MTBE or its metabolites in humans after oral exposure.

The excretion of radioactivity in expired air, urine, and feces was studied in Fischer 344 rats given single

gavage doses of 40 or 400 mg/kg 14C-MTBE (Bioresearch Labs 1990b). Samples were collected at

various times up to 48 hours after dosing. As after inhalation exposure, the major routes of excretion are

expired air and urine, with dose-dependent shifts in the relative percentages excreted by these routes, and

some significant gender differences. After the 40 mg/kg dose, total recovery of radioactivity in expired air

was 45.8% in males and 54.4% in females. After the 400 mg/kg dose, this recovery was 65.3 and 68.7% in

males and females, respectively. The total recovery of radioactivity in urine was 36.2 and 29% of the dose

in males and females, respectively, at the low dose and 16 and 10.8% in males and females, respectively,

at the high dose. As with inhalation exposure, the shift in excretion route from urine to expired air with

increase in dose was probably due to shifts in metabolic pathways as metabolizing enzymes become

saturated at high doses. Feces contained only 0.87-l. 19% of the radioactivity after the low dose and

0.26-0.28% after the high dose. Excretion of radioactivity was rapid, with complete elimination in

expired air and urine occurring within 6 and 36 hours, respectively. Excretion in expired air was 92-93%
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complete at 3 hours and 98% complete at 6 hours after the low dose. After the high dose, excretion in

expired air at 3 hours accounted for less radioactivity (85-86%) than after the low dose. At 6 hours after

dosing with 400 mg/kg, however, excretion in expired air was 98% complete. At 6 hours after either dose,

very little radioactivity was recovered in urine (5-7%), but urinary excretion of radioactivity at 12 hours

was 41-46% complete at 40 mg/kg and 41-50% complete at 400 mg/kg. Recovery of urinary

radioactively continued to increase to almost complete excretion by 36 hours.

In another study in Fischer 344 rats treated with a single oral dose of 40 mg/kg, mean blood concentrations

of MTBE were 5.37 µg /mL at 1 minute, 15.01 µg /mL at 2.5 minutes, 15.83 µg /mL at 5 minutes,

14.22 µg /mL at 7.5 minutes, 12.68 µg /mL at 10 minutes, 9.81 µg /mL at 20 minutes, 5.56 µg /mL at

40 minutes, 3.83 µg /mL at 60 minutes, 2.25 µg /mL at 90 minutes, 1.46 µg /mL at 120 minutes, 0.70 µg /mL

at 180 minutes, and 0.26 µg /mL at 240 minutes, with a half-life of blood clearance of 56.7 minutes (Exxon

1988). Thus, after the initial absorptive phase, blood MTBE levels declined sharply from 10 minutes to

about 40 minutes, followed thereafter by a slower decline. The time course of elimination of MTBE in

expired air revealed a rapid elimination of unmetabolized MTBE, with >30 and 40% of the administered

dosed expired by 45 and 90 minutes, respectively, and <10% expired between 120 and 300 minutes. Total

expiration of MTBE by 3 hours after dosing represented 50-55% of the administered dose. In contrast to

MTBE, the elimination of tert-butanol in expired air remained fairly constant over the time period, with a

maximum amount of expired tert-butanol over 5 hours post dosing of 2% of the administered MTBE dose.

2.3.4.3  Dermal Exposure

No studies were located regarding excretion of MTBE or its metabolites in humans after dermal exposure

to MTBE.

The excretion of radioactivity in expired air, urine, and feces was studied in Fischer 344 rats administered

40 or 400 mg/kg MTBE to the shaved skin via a dermal chamber for 6 hours (Bioresearch Labs 1990b).

Samples were collected at various times up to 48 hours after exposure. As after inhalation and oral

exposure, the major routes of excretion are expired air and urine with some significant gender differences.

However, in contrast with the observed shifts after inhalation and oral dosing, no dose-dependent shifts in

the relative percentages excreted by lungs and kidneys were found for the dermal route. Since MTBE is

less well absorbed after dermal exposure than after oral or inhalation exposure, the amount absorbed after

the high dermal dose was probably not great enough to saturate metabolizing enzymes, thus accounting for

lack of shift. A greater percentage of the dose was recovered in the expired air (6.05% in males, 9.67% in
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females) at 40 mg/kg and (19.6% in males, 23.2% in females) at 400 mg/kg than in the urine. Recovery of

radioactivity in urine was 6.49 and 6.12% in males and females, respectively, at 40 mg/kg and 12.4 and

10.7% in males and females, respectively, at 400 mg/kg. Only 0.13-0.14% of the dose was recovered

from the feces after the low dose and 0.11-0.19% after the high dose. At 3 hours after dosing with

40 mg/kg, 48-49% of the recovered radioactivity in expired air was excreted. At 6 hours, excretion of

radioactivity in expired air was 58-60% complete. At 3 hours after dosing with 400 mg/kg, excretion of

radioactivity in expired air was 70% complete, and at 6 hours after dosing, recovery was 78-80%

complete. At 6 hours after dosing with either dose, excretion of radioactivity in urine was only l-5%

complete. After dosing with 40 mg/kg, urinary excretion was 14% (males) and 26% (females) complete at

12 hours, 55-56% complete at 24 hours, and 75-77% complete at 36 hours. After dosing with 400 mg/kg,

urinary excretion was 16-17% (both sexes) complete at 12 hours, 72% (males) and 61% (females)

complete at 24 hours, and 87% (males) and 80% (females) complete at 36 hours.

2.3.4.4  Other Routes of Exposure

Limited information regarding excretion of MTBE and its metabolites was provided in a study of

27 patients who received MTBE via intracystic infusion for dissolution of gallstones (Leuschner et al.

1991). Urine samples were collected before treatment, immediately after treatment, and up to 18 hours

after treatment for the determination of levels of MTBE, methanol, tert-butanol, formic acid, and

formaldehyde. Mean urinary levels of MTBE were about 0.018 mg/mL at 5 hours after treatment and

< 0.005 mg/mL at 12-l8 hours. Mean urinary levels of tert-butanol were higher than levels of MTBE, with

about 0.036 mg/mL at 5 hours and 0.03 mg/mL at 12-18 hours after treatment. Methanol was found in

only 3 patients, while no formaldehyde or formic acid were found.

The excretion of radioactive MTBE after intraperitoneal (Biodynamics 1984) and intravenous

(Bioresearch Labs 1990b, 1991; Exxon 1988) dosing with 14C-MTBE has been studied in rats. In general,

results are similar to those obtained after inhalation and oral dosing of rats (Bioresearch Labs 1990b,

1990d; Exxon 1988). Since intraperitoneal and intravenous routes of exposure are not environmentally

relevant, and since information is available for the inhalation, oral, and dermal routes, details of the results

of studies by the other routes are not provided.

The only toxicokinetic information for MTBE in mice involves pulmonary excretion after intraperitoneal

dosing (Yoshikawa et al. 1994). The mice were injected with 50, 100, or 500 mg/kg. The pulmonary

eliminations were very similar for each dose. MTBE concentrations in air increased rapidly and reached
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maximum concentrations within 35-45 minutes after dosing. The peak air concentrations of MTBE were

approximately 8 ppm at the dose of 50 mg/kg, 30 ppm at the dose of 100 mg/kg, and 200 ppm at the dose

of 500 mg/kg. Thereafter, the MTBE concentrations decreased exponentially, with an initial rapid

decrease (α-phase; 40-200 minutes) followed by a slow decrease (β phase; 200-360 minutes) for the

100 and 500 mg/kg doses. No β phase was observed for the 50 mg/kg dose because the measurement of

MTBE could not be continued after 2 10 minutes. The mean pulmonary elimination rate constants of the

α phase were 0.0166 per minute for the 50 mg/kg dose, 0.0159 per minute for the 100 mg/kg dose, and

0.0148 per minute for the 500 mg/kg dose. The mean pulmonary elimination constants for the β phase

were 0.0086 per minute at the 100 mg/kg dose and 0.0089 per minute at the 500 mg/kg dose. Thus, the

half-time for the α phase was approximately 45 minutes, and the half-time for the β phase was

approximately 80 minutes. The amount of MTBE exhaled was dose-dependent: the mice exhaled 23.2%

of the 50 mg/kg dose, 37.6% of the 100 mg/kg dose, and 69.0% of the 500 mg/kg dose, reflecting the low

solubility of MTBE in blood. Greater than 90% of the amount excreted in air was eliminated within

3 hours.

2.3.5  Physiologically Based Pharmacokinetic (PBPK) Model

A physiologically based pharmacokinetic (PBPK) model for MTBE and tert-butanol in male Fischer 344

rats is being developed (Borghoff et al. 1996). The model is based on chemical-specific parameters of

solubility of MTBE and tert-butanol in blood and selected tissues and metabolic rate constants using vial

equilibration and gas uptake techniques performed by Borghoff et al. (1996) and the pharmacokinetic data

for male Fischer 344 obtained in the studies by Bioresearch Labs (1990a, I990b, 1990c, 1990d) and for

humans in the study by Cain et al. (1994). The model described MTBE metabolism as occurring via two

saturable pathways and predicted gas uptake data up to 2,000 ppm initial concentrations. The model was

also able to predict MTBE blood concentrations in rats exposed by inhalation to 400 or 8,000 ppm for

6 hours, in rats injected intravenously with 40 mg/kg, and in rats treated orally at 40 or 400 mg/kg in the

Bioresearch Labs (1990a, 1990b, 1990c, 1990d) studies. Since the pharmacokinetics of tert-butanol

appeared to be more complex than those of MTBE, Borghoff et al. (1996) indicated that additional

experimental data on the distribution and elimination of tert-butanol are needed to refine the model.
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2.4  MECHANISMS OF ACTION

As MTBE is a volatile, lipophilic molecule of small molecular size (see Chapter 3) it is rapidly and

extensively absorbed from the respiratory and gastrointestinal tracts (Bioresearch Labs 1990a, 1990b,

1990c, 1990d). Dermal absorption is less extensive (Bioresearch Labs 1990a, 1990b). Absorption is

probably by passive diffusion. Much of the absorbed MTBE is rapidly excreted as unchanged MTBE in

the expired air. The remainder is demethylated to tert-butanol and formaldehyde via cytochromes

P-4502El and P-4502B1 activities (Brady et al. 1990). Formaldehyde may be further reduced to methanol

and oxidized to formic acid (Snyder 1979), which may be further metabolized to carbon dioxide.

tert-Butanol is further metabolized to 2-methyl-1,2-propanediol and α-hydroxyisobutyric acid, which are

excreted in the urine (Bioresearch Labs 1990b). Unchanged MTBE and tert-butanol are the main

respiratory excretion products. MTBE and its metabolites show little tendency to accumulate in tissues

(Bioresearch Labs 1990b). An inhalation study in rats indicated that MTBE and its metabolite tert-butanol

were distributed to the brain at concentrations similar to blood concentrations (Savolainen et al. 1985). In

addition, the perirenal fat concentration of MTBE was higher than the blood concentration of MTBE, but

no levels of tert-butanol were found in perirenal fat.

Neurological Effects.  The presence of MTBE and/or tert-butanol in the brain may account for the central

nervous system toxicity of MTBE. Numerous studies have shown that exposure to MTBE results in

profound central nervous system depression in animals (ARCO 1980; Bioresearch Labs 1990d; Burleigh-

Flayer et al. 1992; Chun and Kintigh 1993; Chun et al. 1992; Dodd and Kintigh 1989; Gill 1989;

Greenough et al. 1980; ITT Research Institute 1992; Neeper-Bradley 1991; Robinson et al. 1990; Tyl

1989). The central nervous system depression has been characterized by ataxia, hypoactivity, drowsiness,

anesthesia, prostration, lack of startle response, and lack of righting reflex. The exact mechanism by

which MTBE and tert-butanol exert their central nervous system depression is not known, but may involve

changes in membrane fluidity.

Hepatic Effects.  MTBE is minimally toxic to the liver of animals, resulting in increased liver weights

(Biodynamics 1981; Burleigh-Flayer et al. 1992; Chun et al. 1992; Dodd and Kintigh 1989; ITT Research

Institute 1992; Neeper-Bradley 1991; Robinson et al. 1990; Tyl 1989). This increase in liver weight may

be due to induction of microsomal enzymes. Intraperitoneal injection of rats with MTBE resulted in a

47-fold induction of pentoxyresorufin O-dealkylase activity, an activity associated with cytochrome

P-4502B1 (Brady et al. 1990). Cytochrome P-4502B1 is also involved in the demethylation of MTBE;

thus, MTBE appears to induce its own metabolism. Mice exposed to MTBE by inhalation had an
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increased incidence of hepatocellular hypertrophy (which could be related to enzyme induction) after

exposure for intermediate (Chun and Kintigh 1993) and chronic (Burleigh-Flayer et al. 1992) durations

and hepatocellular adenoma after exposure for chronic durations (Burleigh-Flayer et al. 1992), but no liver

lesions were found in rats similarly exposed chronically (Chun et al. 1992). Mice are particularly

susceptible to chemically induced hepatic tumors. The results of cell proliferation evaluations of

hepatocytes from male and female mice exposed for 5 or 23 exposures revealed statistically significant

increased uptake of 5-bromo-2’-deoxyuridine in the nuclei of hepatocytes after 5 exposures, but not after

23 exposures (Chun and Kintigh 1993). The authors proposed that MTBE initially places an increased

metabolic demand on liver cells resulting in a compensatory increase in hepatocellular proliferation that

eventually leads to hepatocellular hypertrophy. As noted in Section 2.5 for Genotoxic Effects, the

available data indicate that MTBE has little or no genotoxic activity. The mechanism by which MTBE

induces liver tumors in mice is a topic of ongoing studies, which indicate that the mechanism may involve

the modulation of hormones, specifically estrogen, but that MTBE did not show tumor-promoting activity

(see Section 2.10.3).

Suggestive clinical evidence of hepatocellular necrosis (increased SGPT or SGOT, serum lactic

dehydrogenase) was found in rats given MTBE orally for 14 or 90 days (Robinson et al. 1990), but

histological evidence of hepatocellular necrosis was not found in any study (Burleigh-Flayer et al. 1992;

Chun and Kintigh 1993; Chun et al. 1992; Greenough et al. 1980; ITT Research Institute 1992; Neeper-

Bradley 1991; Robinson et al. 1990).

Renal Effects.  MTBE produces renal effects in male rats that are consistent with the α2u-globulin

syndrome, including large hyaline droplets in proximal tubular cells (Dodd and Kintigh 1989; Robinson et

al. 1990); intratubular granular casts at the junction of the outer and inner stripe of the outer medulla

(Robinson et al. 1990); increases in α2u-globulin accumulation in kidney tissues (Swenberg and Dietrich

1991); increased incidence and severity and earlier onset of chronic progressive nephropathy,

accompanied by fibrous osteodystrophy, hyperplasia in the parathyroid glands, and mineralization in

numerous tissues; and an increased incidence of renal tubular adenoma and carcinoma (Chun et al. 1992).

However, the evidence that the renal effects observed in male rats exposed to MTBE are associated with

α2u-globulin accumulation has been questioned, since the increase in α2u-globulin accumulation was not

dose-related, and α2u-globulin positive proteinaceous casts at the junction of the proximal tubules and thin

limb of Henle were not observed, unlike the classical lesions of other α2u-globulin inducing agents

(Swenberg and Dietrich 1991). Furthermore, a study specifically designed to determine whether MTBE

induces α2u-globulin accumulation in male rats found no evidence, based on immunostaining with an



METHYL tert-BUTYL ETHER 107

2. HEALTH EFFECTS

antibody to α2u-globulin (Chun and Kintigh 1993). However, an increased accumulation of protein in

male renal proximal convoluted tubule epithelium associated with increased epithelial cell proliferation

was found as determined by Mallory’s Heidenhain technique. Chun and Kintigh (1993) suggested that a

mechanism other than α2u-globulin accumulation (perhaps the accumulation of another unknown protein

unique to male rats) may be involved. It is possible that the hypothetical protein is also unique to male

rats and acts in the same way as α2u-globulin. Since the female rats did not have increased epithehal cell

proliferation in the renal tubules, the female rat kidney tissues were not examined for protein

accumulation.

α2u-Globulin is a low molecular weight protein synthesized in large quantities in the male rat liver,

secreted into the blood under the influence of testosterone (Alden 1986), and filtered through the

glomerulus. Renal tubule cells reabsorb α2u-globulin and sequester it into lysosomes, where it is

catabolized into amino -acids and peptides. In the normal rat kidney, the rate of catabolism of α2u-globulin

is relatively slow compared with that of other proteins (Swenberg et al. 1989). Chemicals that bind to

α2u-globulin yield a complex that is more resistant to the proteolytic enzymes in the lysosomes, which

leads to the accumulation of the complex in the tubule cells. Accumulation of the chemical α2u-globulin

complex causes lysosomal overload and necrosis of the tubule cells, with subsequent proliferative

regeneration. If exposure to the chemical is chronic, accumulation, necrosis, and subsequent cellular

proliferation continues, and can lead to a carcinogenic response. α2u-Globulin nephropathy is a condition

specific to male rats; that is, it has not been found in female rats or males and females of any other species,

including humans.

The increased incidence, increased severity, and earlier onset of chronic progressive nephropathy observed

in male rats exposed by inhalation to MTBE may involve the accumulation of α2u-globulin or a similarly

acting unknown other protein unique to male rats. Although chronic progressive nephropathy is an agerelated

phenomenon common in rats, chemicals that induce α2u-globulin (or by extension, the unknown

protein) accumulation may exacerbate chronic progressive nephropathy in male rats. However, chronic

progressive nephropathy was also enhanced in female rats (which do not produce α2u-globulin in the

liver), but at higher doses of MTBE, with lesser severity, and at later onset than in males (Chun et al.

1992). Thus, an additional unknown mechanism may also be involved in the enhancement of chronic

progressive nephropathy by MTBE.

Lymphoreticulur Effects.  Although most studies in animals exposed to MTBE indicate that the

lymphoreticular system is not a target of MTBE toxicity, a 13-week inhalation study indicated a higher
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incidence of lymphoid hyperplasia in the submandibular lymph nodes in male rats (Dodd and Kintigh

1989), and a chronic oral study indicated an increased incidence of dysplastic proliferation of

lymphoreticular tissues and of leukemia and lymphoma in female rats (Belpoggi et al. 1995). Since the

increased incidence of leukemia and lymphoma was dose-related, but the increased incidence of dysplastic

proliferation of the lymphoreticular tissues was higher at the low dose than at the high dose, more of the

dysplastic proliferation lesions might have developed into the lymphomas and leukemias in the high dose

female, suggesting that the dysplastic proliferation represents a preneoplastic lesion (Belpoggi et al. 1995).

Although the mechanism by which MTBE produced lymphoreticular effects and leukemia is not known,

the authors discussed the possibility that formaldehyde, a known metabolite of MTBE (see Section 2.3.3),

is involved, since formaldehyde increased the incidence of lymphomas and leukemias in male and female

rats in other studies from their laboratories.

Reproductive Effects. Although reproductive studies in animals indicate that MTBE exposure does not

affect reproductive performance or result in nonneoplastic histopathological lesions in reproductive

organs, a dose-related increased incidence of interstitial cell adenoma in the testes was observed in

Fischer 344 male rats in a chronic inhalation study (Chun et al. 1992). Fischer 344 rats commonly develop

testicular tumors, and the incidences in MTBE-exposed groups were in the range of historic controls,

while the incidence in the concurrent control group was lower than the incidence in historic controls.

However, in a chronic oral study of Sprague-Dawley rats, an increased incidence of Leydig interstitial cell

tumors of the testes was found (Belpoggi et al. 1995). As noted in Section 2.5 for Genotoxic Effects, the

available data indicate that MTBE has little or no genotoxic activity. The mechanism by which MTBE

induces testicular tumors in rats is not known, but ongoing or future studies investigating the relationship

between endocrine modulation and the mechanism of MTBE-induced toxicity may provide some insight

(see Section 2.10.3).

Developmental Effects.  MTBE exposure of pregnant rats and rabbits did not result in developmental

effects in the offspring (Conaway et al. 1985; Tyl 1989). MTBE did produce developmental effects in

mice, including increased incidence of fused sternebrae, increased number of nonviable implantations per

litter, increased late resorptions, reductions in the number of viable implantations, reduced fetal body

weight, significantly increased incidences of cleft palate, skeletal defects, and reduced skeletal

ossification, and a significantly reduced incidence of partial fetal atelectasis (Tyl and Neeper-Bradley

1989). The mechanism by which MTBE resulted in most of these development effects is not known, but

the increased incidence of cleft palate was considered to be related to maternal stress with possible

associated increased endogenous levels of corticosterone.
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2.5  RELEVANCE TO PUBLIC HEALTH

Until recently (1980), commercial production of MTBE was relatively low; however, MTBE is currently

used extensively as a gasoline additive to increase octane levels and to reduce the levels of carbon

monoxide emissions. This widespread use has increased the possibility of general population exposure.

In addition to inhalation risks while fueling motor vehicles, MTBE is emitted to the ambient air, primarily

from pre-combustion volatilization. These atmospheric pathways are of most concern for the general

population; however, more localized risks can arise if MTBE becomes a groundwater or soil contaminant

from major production sites, large tank batteries, transfer terminals, active or abandoned waste sites,

leaking underground storage tanks, or from gasoline spills. Thus, while inhalation exposure is the major

route of concern, exposure from contaminated drinking water or dermal contact with contaminated soil can

also occur. MTBE is also used to dissolve gallstones by injecting it into the bile duct or gallbladder, but

side effects of this procedure are of concern only for individuals undergoing this therapy.

MTBE is a volatile, lipophilic molecule of small molecular size, which is rapidly and extensively absorbed

from the respiratory and gastrointestinal tracts. Dermal absorption is less extensive. Absorption is

probably by passive diffusion. Much of the absorbed MTBE is rapidly excreted as unchanged MTBE in

the expired air. The remainder is metabolized to tert-butanol, formaldehyde, methanol, formic acid,

carbon dioxide, 2-methyl-l,2-propanediol, and α-hydroxyisobutyric acid. Unchanged MTBE and

tert-butanol are the main respiratory excretion products. MTBE and its metabolites distribute to tissues,

but show little tendency to accumulate. MTBE and its metabolite tert-butanol may distribute to the brain

at concentrations similar to blood concentrations. The presence of MTBE and tert -butanol in the brain

may account for the transient central nervous system depression, which appears to be the most sensitive

effect of acute exposure.

Information regarding health effects of MTBE exposure in humans was located in studies of motorists, gas

station attendants, and mechanics, in experimental studies in subjects exposed by inhalation to MTBE for

one hour, and in clinical studies of patients receiving MTBE therapy for the dissolution of gallstones. In

some situations, motorists and workers have reported symptoms of coughing, burning sensations in the

nose and throat, headache, nausea or vomiting, dizziness, and feelings of spaciness and disorientation that

may been associated with MTBE exposure. In some studies, it was determined that the subjective

reporting of these symptoms declined when the oxyfuel programs were terminated. Other studies failed to

detect symptoms associated with MTBE exposure. Whether the symptoms reported for MTBE in gasoline

are directly due to MTBE, to mixtures of the components in the oxygenated gasoline, or to atmospheric
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degradation products of MTBE (e.g., formaldehyde, tert -butanol, or tert-butyl formate), to all of these

factors, or not even MTBE-related are current topics of debate and research. In addition, such factors as

cloud cover, the condition of individual automobiles, dose-time factors, and the role of weather and

sunlight in modulating the amounts of the atmospheric degradation products of MTBE may partly explain

why some individuals experience these effects and other don’t and why some individuals experience

effects on some days, but not on other days.

In patients receiving MTBE for gallstone dissolution, effects include typical signs of transient central

nervous system depression, gastrointestinal irritation, evidence of necrosis in the liver and gallbladder,

transient cardiovascular effects such as hyper- or hypotension and palpitations, and transient leukocytosis.

These side effects have occurred from overflow of MTBE from the gallbladder lumen or extravasation into

the systemic circulation. In most cases, the patients who experienced these side effects recovered with no

residual effects.

The central nervous system effects are characteristic of ether anesthesia and ethyl alcohol intoxication and

include lacrimation, ataxia, loss of righting reflex, hyperpnea, labored breathing, incoordination,

prostration, drowsiness, hypoactivity, decreased startle and pain reflexes, decreased muscle tone,

anesthesia, blepharospasm, and stereotypy. These effects have been observed in animals exposed for

acute-, intermediate-, and chronic-durations by the inhalation and/or oral routes, and probably can also

occur after dermal exposure. Other effects noted in animals include increased liver and kidney weights,

induction of liver and kidney microsomal enzymes, respiratory irritation after inhalation exposure,

gastrointestinal irritation and decreased BUN levels after oral exposure, dermal irritation after dermal

exposure, and ocular irritation after direct contact of the liquid or vapor with the eyes. Histological

hepatic effects have been observed only in mice and consisted of increased incidences of hepatocellular

hypertrophy and hepatocellular adenoma after chronic-duration inhalation exposure. Renal effects have

been observed in rats, and are suggestive of accumulation a α2u -globulin or another protein unique to male

rats, which has no relevance to human health, and exacerbation of chronic progressive nephropathy in

male and female rats, which may have relevance to human health. In addition, male rats developed renal

tubule cell carcinoma and adenoma, the development of which may be related to α2u -globulin or other

unique protein accumulation in the proximal renal tubule cells. However, the evidence that the kidney

tumor development in male rats is related to α2u -globulin or another protein accumulation is limited,

making the relevance to human health uncertain. In a chronic oral study, female rats were reported to

develop dysplastic proliferation of lymphoreticular tissues (possibly preneoplastic) and lymphoma and

leukemia, while male rats were reported to develop testicular Leydig cell tumors.
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MTBE has been well studied for reproductive effects in animals exposed by the inhalation routes for acute,

intermediate, and chronic durations. The results indicate that MTBE is not a reproductive toxicant in

animals. MTBE has also been studied for developmental effects in rats, rabbits, and mice. No

developmental effects were found in rabbits and the only effect in rats was decreased body weight of F1

and F2 pups. MTBE did produce developmental effects in mice, including increased incidence of fused

sternebrae, increased number of nonviable implantations per litter, increased late resorptions, and

reductions in the number of viable implantations. In addition, reduced fetal body weight, significantly

increased incidences of cleft palate, skeletal defects, and reduced skeletal ossification, and a significantly

reduced incidence of partial fetal atelectasis were observed in mouse fetuses. Whether the offspring of

humans exposed to MTBE would develop developmental effects is not known. The available data on the

genotoxic potential of MTBE indicate that it may be weakly genotoxic.

Based on toxicity and toxicokinetic data from studies in animals, potentially susceptible humans

populations may be people who ingest barbiturates or alcoholic beverages, which induce microsomal

enzymes; human embryos and fetuses because of the developmental effects observed in mice; and elderly

people or people with pre-existing nephropathy, because of the exacerbation of chronic progressive

nephropathy in female rats. In addition, some people may become more chronically sensitive to MTBE as

a result of prolonged low level exposure.

Minimal Risk Levels for MTBE

Inhalation MRLs

z An MRL of 2 ppm has been derived for acute-duration inhalation exposure (14 days or less) to

     MTBE.

The MRL for acute-duration inhalation exposure is based on a NOAEL of 800 ppm for 6 hours for

neurological effects in rats in a study by Gill (1989). In this study, groups of 22 male and 22 female

Fischer 344 rats were exposed to 0, 800, 4,000, or 8,000 ppm MTBE for 6 hours. Groups of 14 male and

14 female rats were studied for motor activity, and the remaining groups of 8 male and 8 female rats were

given a functional observation battery of tests at 1, 6, and 24 hours after exposure. Concentration-related

increases in ataxia and duck-walk gait occurred in both males and females at 4,000 and 8,000 ppm (Gill

1989). Other effects noted in high-dose males included labored respiration pattern, decreased muscle tone,

decreased performance on a treadmill, and increased hind limb splay. Other effects noted in females
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included decreased hind limb grip strength at > 4,000 ppm and labored respiration and increased latency to

rotate on the inclined screen at 8,000 ppm. These effects were seen at 1 hour after exposure, but not at 6 or

24 hours after exposure, indicating the transient nature. The time course of changes in motor activity

corresponded with the functional observation battery findings, and supported the exposure-related central

nervous system depression. No neurological effects were observed at the NOAEL of 800 ppm for 6 hours.

The NOAEL of 800 ppm is supported by another study, which found only increased motor activity in

female rats, but no other neurological effects in rats at 800 ppm, 6 hours per day, 5 days per week for

13 weeks (Dodd and Kintigh 1989). In this study, hypoactivity at 4,000 ppm and hypoactivity and ataxia

at 8,000 ppm were observed daily after the 6-hour per day exposure, thus representing effects of acute

exposure. A number of acute-duration inhalation studies in rats, mice, and rabbits have described similar

clinical signs of neurotoxicity at MTBE concentrations > 2,000 ppm (ARCO 1980; Biodynamics 1981;

Bioresearch Labs 1990d; Chun and Kintigh 1993; Dodd and Kintigh 1989; Tyl 1989; Tyl and Neeper-

Bradley 1989).

z  An MRL of 0.7 ppm has been derived for intermediate-duration inhalation exposure (15-364 days)

    to MTBE.

The MRL for intermediate-duration inhalation exposure is based on a NOAEL of 400 ppm for clinical

signs of neurotoxicity in a reproductive study in male and female rats (Neeper-Bradley 1991). In this

study, groups of 25 male and 25 female rats were exposed to 0, 400, 3,000, or 8,000 ppm MTBE for

6 hours per day, 5-7 days per week. Exposure for 10 weeks prior to mating and through day 19 of

gestation to the concentration of 8,000 ppm MTBE resulted in salivation and hypoactivity in F0 and F1

parental rats. F0 and F1 parental groups also showed hypoactivity and lack of startle response, as well as

blepharospasm, at 3,000 ppm. In a 28-day study, rats and mice had similar effects at exposure levels of

> 3,000 ppm, but not at 400 ppm (Chun and Kintigh 1993). In a 13-week study, rats were exposed to 0,

800, 4,000, or 8,000 ppm MTBE 6 hours per day, 5 days per week (Dodd and Kintigh 1989). At

4,000 ppm, the rats were hypoactive, had elevated body temperature, and decreased hind limb grip

strength. At 8,000 ppm, both ataxia and hypoactivity were observed. Some hyperactivity occurred in

female rats at 800 ppm, but no signs were observed in males at 800 ppm.
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z  An MRL of 0.7 ppm has been derived for chronic-duration inhalation exposure (365 days or more)

    to MTBE.

The MRL for chronic-duration inhalation exposure to MTBE is based on a NOAEL of 400 ppm for chronic

progressive nephropathy in female rats in a study by Chun et al. (1992). In this study, groups of 50 male

and 50 female Fischer 344 rats were exposed to 0, 400, 3,000, or 8,000 ppm MTBE 6 hours per day, 5 days

per week for up to 24 months. Male rats exposed to > 400 ppm had increased mortality and decreased

mean survival time due to chronic progressive nephropathy. End points monitored were clinical signs,

body weight, organ weight, hematological parameters, corticosterone evaluation, and comprehensive gross

and histological examination. Increased absolute and relative liver and kidney weights were observed in

females at > 3,000 ppm. No gross or histopathological lesions were found in the liver of either sex, but

concentration-related increased incidence and severity of chronic progressive nephropathy, accompanied

by osteodystrophy, hyperplasia of the parathyroids, and mineralization in numerous tissues was found in

males at all exposure levels and in females at > 3,000 ppm. No evidence of renal effects was found in the

female rats at 400 ppm. The higher incidence and greater severity of chronic progressive nephropathy at

lower exposure concentrations in male rats compared with female rats may be due to the exacerbation of

this syndrome by the accumulation of α2u -globulin or another unknown protein unique to male rats.

Because the enhancement of chronic progressive nephropathy, which led to increased mortality and

decreased survival time in males, may be associated with the accumulation of α2u -globulin or other protein

unique to male rats, these end points in male rats are not considered for MRL derivation. However, since

female rats also had enhanced chronic progressive nephropathy not associated with accumulation of a

male rat specific protein, the chronic inhalation MRL of 0.7 ppm was calculated based on the NOAEL of

400 ppm for renal effects in female rats. The chronic-duration inhalation NOAEL for renal effects is also a

NOAEL for clinical signs of neurotoxicity in rats in this study. The NOAEL of 400 ppm for chronicduration

inhalation exposure to MTBE is supported by a similar study in male and female mice similarly

exposed to the same concentrations for 18 months (Burleigh-Flayer et al. 1992). In this study, absolute

and relative liver weights were increased at > 3,000 ppm, and absolute and relative kidney weights were

increased at 8,000 ppm. Comprehensive histological examination of organs and tissues revealed an

increased incidence of hepatocellular hypertrophy and hepatocellular adenoma in female mice at

8,000 ppm. The NOAEL for liver effects in this study was 400 ppm, which was also a NOAEL for

neurotoxicity in mice in this study.
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Oral MRLs

z An MRL of 0.4 mg/kg/day has been derived for acute-duration oral exposure (14 days or less) to

  MTBE.

The acute-duration oral MRL is based on a NOAEL of 40 mg/kg for neurological effects in a

pharmacokinetic study in rats (Bioresearch Labs 1990b). In this study, groups of 6 male and 6 female

Fischer 344 rats were treated by gavage with MTBE in water at doses of 0, 40, and 400 mg/kg. The rats

given 400 mg/kg showed signs of drowsiness. Although this study was designed as a pharmacokinetic

study rather than a toxicity study, the observation of drowsiness is consistent with observations of central

nervous system depression in animals exposed to MTBE by the inhalation and oral routes, and the study

provides the highest NOAEL below which there is no LOAEL. In other acute-duration oral studies, rats

had mild central nervous system depression at 1,900 mg/kg and ataxia at 2,450 mg/kg (ARCO 1980),

salivation at 90 mg/kg and hypoactivity and/or ataxia at 440 mg/kg (ITT Research Institute 1992), and

profound but transient anesthesia at 1,200 mg/kg or 1,428 mg/kg/day for 14 days (Robinson et al. 1990).

z  An MRL of 0.3 mg/kg/day has been derived for intermediate-duration oral exposure (15-364 days)

    to MTBE.

The intermediate-duration oral MRL of 0.3 mg/kg/day is based on a minimal LOAEL of 100 mg/kg/day

for hepatic effects in rats exposed by gavage to MTBE for 90 days (Robinson et al. 1990). In this study,

significantly decreased BUN levels were observed in both male and female rats exposed to the lowest dose

tested. Significantly decreased BUN levels were also observed in female rats given 1,428 mg/kg/day

orally for 14 days (Robinson et al. 1990). In the 90-day study, relative liver weights were significantly

increased in female rats at 900 mg/kg/day and in male rats at 900 and 1,200 mg/kg/day. Serum lactic

dehydrogenase was significantly elevated in females only at 300 mg/kg/day, and SGOT was significantly

elevated in males at 300 and 1,200 mg/kg/day. However, no treatment-related histopathological lesions

were found in the liver in either the 14-day study or the 90-day study.

An MRL was not derived for chronic-duration oral exposure to MTBE because in the only chronic oral

study (Belpoggi et al. 1995), increased mortality occurred in female rats at the lowest dose tested

(250 mg/kg/day). Furthermore, the dose of 250 mg/kg/day was associated with dysplastic proliferation of

lymphoreticular tissues and an increased incidence of lymphoma and leukemia in female rats.
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Death.  No information was located regarding death in humans exposed to MTBE by any route. The

data in animals indicate that very high inhalation concentrations, oral doses, or derrnal doses are required

to cause death after acute exposure. Acute inhalation LC50 values range from 33,700 ppm for 4 hours in

rats (ARCO 1980) to 180,000 ppm for 10 minutes in mice (Snamprogetti 1980). Acute oral LD50 values

were 3,866 mg/kg in rats (ARCO 1980) and 4,000 mg/kg in mice (Little et al. 1979). No deaths occurred

in rats exposed to < 8,000 ppm for 6 hours (Bioresearch Labs 1990d; Gill 1989). Repeated inhalation and

oral dosing of rats, mice, and rabbits even with high doses generally has resulted in no deaths in acute- or

intermediate-duration studies. The following inhalation concentrations did not result in death:

> 8,000 ppm for 6 hours per day for 1 or 2 days (Vergnes and Chun 1994; Vergnes and Morabit 1989) or

for 5 days per week for < 13 weeks (Biodynamics 1981; Chun and Kintigh 1993; Dodd and Kintigh 1989;

Greenough et al. 1980); <2,500 ppm for 16-28 weeks (Biles et al. 1987); and 80,000 for 5-10 minutes per

day, 5 days per week for 30 days (Snamprogetti 1980). Oral doses > 1,750 mg/kg/day for < 4 weeks

(Bioresearch Labs 1990a; ITT Research Institute 1992; Robinson et al. 1990; Ward et al. 1994) and

> 1,200 mg/kg/day for 90 days (Robinson et al. 1990) also did not result in death. Similarly, no deaths

occurred in rats, mice, or rabbits exposed to 8,000 ppm during gestation (Conaway et al. 1985; Tyl 1989;

Tyl and Neeper-Bradley 1989). In addition, no deaths occurred after dermal exposure of rats at

< 400 mg/kg for 6 hours (Bioresearch Labs 1990b) or rabbits at 10,000 mg/kg for 24 hours (ARCO 1980).

However, chronic inhalation exposure resulted in increased mortality due to enhanced chronic progressive

nephropathy in male rats at > 400 ppm (Chun et al. 1992) and to obstructive uropathy in male mice at

8,000 ppm (Burleigh-Flayer et al. 1992). Mortality was not increased at 400 or 3,000 ppm in male mice or

at any concentration in female rats or mice. In a chronic oral study, female rats, but not male rats, had a

dose-related increase in mortality at > 250 mg/kg/day beginning at 16 weeks from the start of the study

(Belpoggi et al. 1995).

Lower doses produced death in animals after exposure routes that are not environmentally relevant (e.g.,

intravenous, intrahepatic), but humans have been treated with MTBE via intracystic infusion for the

dissolution of gallstones. Significant numbers of rats died after a dose of only 148 mg/kg was

administered intravenously or intrahepatically, but no rats died after the same dose was administered

intraperitoneally (Akimoto et al. 1992). In other intraperitoneal studies, 2 of 5 rats died after dosing with

3,705 mg/kg (Brady et al. 1990), but intraperitoneal LD50 values of 1,249 mg/kg in rats and 1,010 mg/kg

in mice were determined (Snamprogetti 1980). The intravenous LD50 in rats was 415 mg/kg.

Subcutaneous LD50 values were much higher (4,946 mg/kg for rats and 2,646 mg/kg for mice). Two of

6 rabbits that received 1,782 mg/kg through the bile duct died (Adam et al. 1990).
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Based on the information in animals, it is unlikely that levels of MTBE in occupational settings, the

ambient environment, and at hazardous waste sites would be high enough to cause death of humans.

Exposure to MTBE at high levels would be expected only in the case of accidental spills.

Systemic Effects

Respiratory Effects.  Coughing and a burning sensation of the nose or throat were frequently reported

symptoms in motorists, gas station attendants, and mechanics during oxygenated fuel programs in which

MTBE was added to gasoline for reducing carbon monoxide emissions (CDC 1993a, 1993b; Moolenaar et

al. 1994; White et al. 1995). In addition, a preliminary survey of symptoms in petroleum refinery

employees working with gasoline containing MTBE indicated high self-reporting of respiratory

symptoms, such as nose irritation, cough, and shortness of breath (Mehlman 1995). However, these and

other studies (Anderson et al. 1995; Beller and Middaugh 1992; Chandler and Middaugh 1992) in humans

suggest that knowledge about oxygenated fuel programs, including the likely awareness of the potential

negative effects of MTBE and the higher cost of oxygenated fuels, may have biased the subjective

symptom reporting. In addition, other surveys of humans (CDC 1993c; Fiedler et al. 1994; Mohr et al.

1994) and experimental studies in humans (Cain et al. 1994; Prah et al. 1994) found no increase in health

complaints among people with high oxygenated fuel or MTBE exposure. No information was located

regarding respiratory effects in humans after exposure to MTBE by the oral or dermal routes. In animals,

changes in lung weight (either decreases or increases) have been observed after intermediate-duration

inhalation exposure (Greenough et al. 1980) or after oral dosing for 14 or 90 days (Robinson et al. 1990).

However, treatment-related gross or histopathological lung or respiratory tract lesions generally have not

been observed in rats, mice, or rabbits exposed by inhalation or orally for any duration (ARCO 1980;

Belpoggi et al. 1995; Burleigh-Flayer et al. 1992; Chun et al. 1992; Dodd and Kintigh 1989; ITT Research

Institute 1992; Neeper-Bradley 1991 ; Robinson et al. 1990; Tyl 1989). However, a high incidence of

increased severity of chronic inflammation of the nasal mucosa and trachea was observed in rats exposed

to 1,000 or 3,000 ppm for 9 days (Biodynamics 1981), indicative of irritation at the portal of entry and

exit, as much unchanged MTBE and the metabolite tert-butanol are eliminated in the expired air. An RD50

(50% decrease in respiratory rate) of 4,604 ppm, indicative of sensory irritation, was found in mice

exposed by inhalation for 1 hour (Tepper et al. 1994). Four-hour inhalation exposures of rats to very high

concentrations of MTBE (> 18,892 ppm) resulted in such effects as hyperpnea, tachypnea, nasal discharge,

and respiratory failure (ARCO 1980); labored breathing was observed in mouse dams exposed to

8,000 ppm MTBE during gestation (Tyl and Neeper-Bradley 1989); and labored respiration was observed
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in rats given high oral doses ( > 4,080 mg/kg) (ARCO 1980). These effects may be related to the central

nervous system effects of MTBE (see Neurological Effects, below).

Respiratory effects have also been found in animals after exposure routes that are not environmentally

relevant (e.g., intravenous, intrahepatic, intraperitoneal), but humans have been treated with MTBE

intracystically for the dissolution of gallstones. While a number of clinical studies of patients receiving

MTBE therapy have recorded side effects, no studies were located that reported respiratory effects. A

number of studies have been conducted in animals to determine possible side effects of MTBE therapy for

gallstone dissolution. Pulmonary hemorrhage was observed in rats given 148 mg/kg MTBE

intrahepatically, intraperitoneally, or intravenously, with intravenous dosing producing the greatest

damage (Akimoto et al. 1992). Intravenous injection of rats, rabbits, and cats with >7.4 mglkg resulted in

increased respiratory rates which paralleled decreases in blood pressure and bradycardia, and

intraperitoneal injection of rats with 185 mg/kg/day for 15 days resulted in pneumonia (Snamprogetti

1980). Transient dyspnea occurred in rabbits injected with 740.5 mg/kg MTBE through a catheter to the

cystic duct (Tritapepe et al. 1989), and lung congestion with pneumonia occurred in pigs infused with

4,255 mg/kg MTBE through a catheter to the gallbladder (McGahan et al. 1988). However, no

histopathological lung lesions were found in dogs injected with 635 mg/kg MTBE through a catheter to

the gallbladder (Allen et al. 1985a).

Based on the subjective reports of symptoms of coughing and respiratory irritation in motorists, gas

station attendants, and mechanics during oxygenated fuel programs, levels of MTBE in occupational

settings, the ambient environment, and at hazardous waste sites might be high enough to cause respiratory

tract irritation and breathing difficulties in humans. Based on animal studies, effects on the lungs might

conceivably occur in patients receiving MTBE for gallstone dissolution if leakage from the gallbladder

occurred, but none of clinical studies located documented respiratory effects.

Cardiovascular Effects.  No information was located regarding cardiovascular effects in humans after

exposure to MTBE by the inhalation, oral, or dermal routes or in animals exposed by the dermal route.

However, inhalation studies in which rats and/or mice were exposed to MTBE for acute, intermediate, and

chronic durations (Biodynamics 1981; Burleigh-Flayer et al. 1992; Chun et al. 1992; Dodd and Kintigh

1989; Greenough et al. 1980) or orally for intermediate or chronic durations (Belpoggi et al. 1995; ITT

Research Institute 1992; Robinson et al. 1990) indicated that MTBE produced no treatment-related

histopathological lesions in the heart or aorta.



METHYL tert-BUTYL ETHER 118

2. HEALTH EFFECTS

Although no studies were located regarding cardiovascular effects in humans exposed to MTBE by

environmentally relevant routes, humans have been treated with MTBE intracysticafly for the dissolution

of gallstones. A number of clinical studies of patients receiving MTBE therapy have recorded side effects,

among which are transient hypertension in 1 of 10 patients (Murray et al. 1988) and hypotension in 2 of

29, palpitations in 1 of 29, and angina in 1 of 29 patients (Neoptolemos et al. 1990) given MTBE via

nasobiliary catheter. Vasovagal reactions were found in 4 of 24 patients given MTBE via the

percutaneous transhepatic route to the gallbladder (Eidsvoll et al. 1993). A number of studies have been

conducted in animals to determine possible side effects of MTBE therapy for gallstone dissolution.

Effects noted in animals after administration of MTBE by other routes include decreased blood pressure in

rabbits and decreased blood pressure, heart rate changes, and electrocardiographic variations in cats given

7.4 mg/kg intravenously and decreased blood pressure and bradycardia in rats given 7.4 mg/kg

intravenously or 370 mg/kg intraperitoneally (Snamprogetti 1980).

Levels of MTBE in occupational settings, the ambient environment, and at hazardous waste sites are

probably not high enough to cause cardiovascular effects in humans. Based on animal studies and clinical

studies in humans, effects on the cardiovascular system might occur in patients receiving MTBE for

gallstone dissolution.

Gastrointestinal Effects.  Nausea or vomiting, which may be related to neurological symptoms, were

reported symptoms in motorists, gas station attendants, and mechanics during oxygenated fuel programs in

which MTBE was added to gasoline for reducing carbon monoxide emissions (CDC 1993a, 1993b;

Moolenaar et al. 1994; White et al. 1995). In addition, a preliminary survey of symptoms in petroleum

refinery employees working with gasoline containing MTBE indicated high self-reporting of nausea

(Mehlman 1995). However, these and other studies (Anderson et al. 1995; Beller and Middaugh 1992;

Chandler and Middaugh 1992) in humans suggest that knowledge about oxygenated fuel programs,

including the likely awareness of the potential negative effects of MTBE and the higher cost of

oxygenated fuels, may have biased the subjective symptom reporting. In addition, other humans surveys

(CDC 1993c; Fiedler et al. 1994; Mohr et al. 1994) and experimental studies in humans (Cain et al. 1994;

Prah et al. 1994) found no increase in health complaints among people with high oxygenated fuel or

MTBE exposure. No information was located regarding gastrointestinal effects in humans exposed to

MTBE by the oral or dermal routes. The gastrointestinal tract was not affected in rats exposed to MTBE

by inhalation for any duration or in mice exposed chronically, as determined by histological examination

(Biodynamics 1981; Burleigh-Flayer et al. 1992; Chun et al. 1992; Dodd and Kintigh 1989; Greenough et

al. 1980; Neeper-Bradley 1991). However, MTBE appears to be irritating to the gastrointestinal tract of
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rats exposed orally as evidenced by diarrhea and histological lesions. Effects included diarrhea in rats

treated with > 357 mg/kg/day MTBE for 14 days or > 100 mg/kg/day for 90 days (Robinson et al. 1990),

and submucosal edema, subacute inflammation, epithelial hyperplasia, and ulceration in the stomach of

male and female rats given 1,750 mg/kg/day MTBE (ITT Research Institute 1992). As with irritation of

the respiratory tract observed in animals after inhalation exposure, these gastrointestinal effects represent

irritation at the portal of entry. However, in a study in which MTBE was applied dermally to the dorsal

flank of rats via an occluded chamber, the rats developed slight diarrhea at a dermal dose of 40 mg/kg

(Bioresearch Labs 1990b). Since the MTBE was applied under occlusion, it is unlikely that oral exposure

via grooming contributed to the exposure.

A number of clinical studies of patients receiving MTBE therapy for gallstone dissolution have recorded

gastrointestinal side effects, indicative of irritation. These include vomiting, nausea, anorexia, emesis,

duodenitis, retching, upper abdominal burning sensation during infusion, gas, and duodenal ulcer in

patients receiving MTBE via percutaneous intracystic infusion, gallbladder catheter, or nasobiliary

catheter (Allen et al. 1985b; Bonardi et al. 1986; Brandon et al. 1988; DiPadova et al. 1986; Eidsvoll et al.

1993; Hellstem et al. 1990; Ho11 et al. 1991; Janowitz et al. 1993; Kaye et al. 1990; Leuschner et al. 1988,

1991; McNulty et al. 1991; Murray et al. 1988; Neoptolemos et al. 1990; Saraya et al. 1990; Thistle et al.

1989; Tobio-Calo et al. 1992; Uchida et al. 1994). The irritation occurs due to leakage from the

gallbladder into the gastrointestinal tract. A number of studies have been conducted in animals to

determine possible side effects of MTBE therapy for gallstone dissolution. Effects noted in animals after

administration of MTBE by other routes include light diarrhea in rats injected intravenously (Bioresearch

Labs 1990b), necrosis of the duodenum in rabbits infused intraductally (Adam et al. 1990) and vomiting

and/or duodenitis in rabbits (Tritapepe et al. 1989) and pigs (McGahan et al. 1988; Vergunst et al. 1994)

treated intraductally and dogs infused via gallbladder catheter (Allen et al. 1985a).

In a study in which jejunal segments were cannulated in rats, filled with 2-3 mL of MTBE, and perfused

with α-aminoisobutyric acid (an actively absorbed nonmetabolizable amino acid) and polyethylene glycol

4000 (a nonabsorbable reference marker), or with mannitol (a passively absorbed hexone) and

polyethylene glycol, MTBE caused reduction in active transport, increased passive permeability, and loss

of mucusol weight (Zakko et al. 1995).

Levels of MTBE inhaled by motorists, in occupational settings, the ambient environment, and at

hazardous waste sites are probably not high enough to cause gastrointestinal effects unrelated to
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neurological symptoms in humans. Based on clinical studies in humans, effects on the gastrointestinal

tract are likely in patients receiving MTBE for gallstone dissolution.

Hematological Effects.  No information was located regarding hematological effects in humans after

exposure to MTBE by the inhalation, oral, or dermal routes or in animals after exposure by the dermal

route. Some changes in hematological parameters have been found in animals after inhalation (Dodd and

Kintigh 1989; Greenough et al. 1980) and oral exposure (ITT Research Institute 1992; Robinson et al.

1990) to MTBE, but it is difficult to discern a typical pattern. In one oral study, female rats had changes

indicative of hemoconcentration (elevated levels of erythrocytes, hemoglobin, and hematocrit, while

leukocyte counts were reduced (Robinson et al. 1990). This hemoconcentration may have been due to a

clinical dehydration condition associated with diarrhea observed in these animals instead of being a direct

effect of MTBE. No treatment-related hematological effects were found in mice or rats in chronic-duration

inhalation studies (Burleigh-Flayer et al. 1992; Chun et al. 1992).

Although no studies were located regarding hematological effects in humans exposed to MTBE by

environmentally relevant routes, humans have been treated with MTBE intracystically for the dissolution

of gallstones. A number of clinical studies of patients receiving MTBE therapy have recorded

hematological findings. These include a transient leukocytosis (Allen et al. 1985b; Hellstern et al. 1990;

Ho11 et al. 1991; Janowitz et al. 1993; Leuschner et al. 1991, 1994; Neubrand et al. 1994; Thistle et al.

1989) and decreased hemoglobin levels (Kaye et al. 1990). The transient leukocytosis has been attributed

to a slight leakage of bile after removal of the catheter (Thistle et al. 1989). In two studies of 75 patients

(Thistle et al. 1989) and 8 patients (Ponchon et al. 1988), hemolysis and/or hematuria occurred in 1 patient

in each study. In both cases, excessive overflow of MTBE from the gallbladder occurred leading to

systemic absorption or direct contact of MTBE with the vascular structure. Most clinical studies in which

hematological parameters were monitored did not find changes except in a few patients, and some found

none at all (DiPadova et al. 1986; Eidsvoll et al. 1993; McNulty et al. 1991; Uchida et al. 1994). A

number of studies have been conducted in animals to determine possible side effects of MTBE therapy for

gallstone dissolution, but only three studies were located that monitored hematological parameters. In

these studies, dogs (Allen et al. 1985a; Peine et al. 1990) or pigs (Vergunst et al. 1994) received MTBE via

gallbladder catheter, and no hematological effects were found.

Hematological effects do not seem to be a concern for humans exposed to MTBE in occupational settings,

the ambient environment, and at hazardous waste sites. Based on clinical studies in humans,
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hematological effects might occur in patients receiving MTBE for gallstone dissolution if accidental

overflow of MTBE or bile leakage occurs during the procedure.

Musculoskeletal Effects.  No information was located regarding musculoskeletal effects in humans after

any route of exposure or in animals after dermal exposure. MTBE does not appear to have effects on

skeletal muscle or bone of animals except for fibrous osteodystrophy, which was secondary to MTBE-  induced

exacerbation of chronic progressive nephropathy, in rats exposed chronically by inhalation (Chun

et al. 1992). Gross and histological examination of bone and skeletal muscle of rats exposed to MTBE via

inhalation for acute (Biodynamics 1981) and intermediate durations (Dodd and Kintigh 1989; Greenough

et al. 1980), in mice exposed via inhalation for chronic durations (Burleigh-Flayer et al. l992), and in rats

exposed orally for 4 weeks (ITT Research Institute 1992) or 104 weeks (Belpoggi et al. 1995) revealed no

treatment-related lesions. MTBE had no effect on muscle succinate dehydrogenase or acetylcholinesterase

activities in rats exposed by inhalation (Savolainen et al. 1985). Muscle creatinine kinase activity

decreased at 2 weeks, returned to normal levels at week 10, and then significantly increased at 15 weeks.

Since muscle creatinine kinase is associated with contractile activity, the changing activity due to MTBE

exposure may represent an adaptation of the muscle cell.

The available information indicates that musculoskeletal effects are not a concern for humans exposed to

MTBE in occupational settings, the ambient environment, and at hazardous waste sites. Clinical studies of

patients receiving MTBE for gallstone dissolution have not described any effects on muscles or bone.

Hepatic Effects.  No information was located regarding hepatic effects in humans after exposure to MTBE

by the inhalation, oral, or dermal routes or in animals after dermal exposure. MTBE appears to be mildly

toxic to the liver of animals exposed by the inhalation or oral routes, producing little or no clinical or

histological evidence of hepatotoxicity in most studies. However, increased absolute and/or relative liver

weight has been observed in rats exposed to 3,000 ppm for 9 days (Biodynamics 1981), in rats exposed to

> 4,000 ppm and in mice exposed to > 2,000 ppm for 13 days (Dodd and Kintigh 1989), in rabbits exposed

to 8,000 ppm during gestation (Tyl 1989), in rats exposed to 800-8,000 ppm for intermediate durations

(Dodd and Kintigh 1989; Neeper-Bradley 1991), in rats and mice exposed to > 3,000 ppm for intermediate

(Chun and Kintigh 1993) and chronic durations (Burleigh-Flayer et al. 1992; Chun et al. 1992), and in rats

dosed orally with 900-l,750 mg/kg/day for 14 days to 13 weeks (ITT Research Institute 1992; Robinson

et al. 1990). Since the increased liver weight may be due to induction of hepatic microsomal enzymes or

to increased hepatocellular proliferation (Chun and Kintigh 1993), and because the incidence of

hepatocellular hypertrophy was significantly increased in mice at > 3,000 ppm for intermediate (Chun and
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Kintigh 1993) and chronic (Burleigh-Flayer et al. 1992) durations, the increased liver weight is considered

to be potentially adverse. Exposure of rats to relatively low inhalation concentrations (50-300 ppm)

resulted in transient dose-related increases in liver microsomal UDPGT at 2 weeks, but had no effects on

rat liver cytochrome P-450 content or the activities of other microsomal enzymes (Savolainen et al. 1985).

In addition, intraperitoneal pretreatment of rats with 741 mg/kg MTBE resulted in a 47-fold induction of

liver microsomal pentoxyresorufin O-dealkylase, an activity associated with cytochrome P-4502B1 (Brady

et al. 1990). Much higher inhalation exposure levels and oral doses were required to result in increased

liver weight and hepatocellular hypertrophy.

Some clinical evidence of hepatocellular necrosis was found in rats exposed orally to MTBE, although

other than the hepatocellular hypertrophy found in mice exposed chronically by inhalation, no

histopathological lesions were found in the liver in any studies. Nevertheless significantly increased

levels of SGOT and lactic dehydrogenase were found in rats treated orally for 14 days or 13 weeks

(Robinson et al. 1990). In addition, decreased levels of BUN were observed in male and female rats

treated orally with > 100 mg/kg/day for 13 weeks.

Although no studies were located regarding hepatic effects in humans exposed to MTBE by

environmentally relevant routes, humans have been treated with MTBE intracystically for the dissolution

of gallstones. A number of clinical studies of patients receiving MTBE therapy have recorded side effects

in liver, bile duct, and gallbladder, due perhaps to leakage or overflow of MTBE. For example, clinical

studies reported transient or slight elevations of serum transaminases, indicative of hepatocellular

necrosis, hematobilia, or increases in serum bilirubin (Allen et al. 1985b, Bonardi et al. 1986; Holl et al.

1991; Janowitz et al. 1993; Kaye et al. 1990; Leuschner et al. 1991, 1994; Neubrandt et al. 1994; Thistle et

al. 1989; Uchida et al. 1994). Other effects reported in patients exposed to MTBE by these procedures

include cholangitis in patients with elevated serum transaminase levels (Kaye et al. 1990), cholecystitis

and pericholecystitis (Schumacher et al. 1990), persistent dilatation of the common bile duct (Tritapepe et

al. 1989), and transient, reversible edema and inflammation of the gallbladder mucosa (Eidsvoll et al.

1993; Uchida et al. 1994; vansonnenberg et al. 1991). A number of studies have been conducted in

animals to determine possible side effects of MTBE therapy for gallstone dissolution. These treatments of

animals have also resulted in increases in serum levels of liver enzymes, such as serum alkaline

phosphatase in dogs (Allen et al. 1985a) and increased serum alkaline phosphatase, SGOT, and SGPT in

rabbits (Tritapepe et al. 1989). Lobular necrosis of hepatocytes and mild portal inflammation in the liver

was found in pigs given MTBE via the percutaneous transhepatic route to the gallbladder (Chen et al.

1995). Effects on the gallbladder after administration of MTBE via catheter to the gallbladder or the liver
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include necrosis of the gallbladder and bile ducts, fibrosis of the gallbladder, hyperplastic cholecystitis,

inflammation and focal ulceration of the gallbladder mucosa, and edema in rabbits and pigs (Adam et al.

1990; Chen et al. 1995; Dai et al. 1989; Esch et al. 1992; Griffith et al. 1990; McGahan et al. 1988;

Vergunst et al. 1994). That these effects were not due to the surgical procedure was demonstrated using

sham-treated saline controls or solvent controls.

Levels of MTBE in occupational settings, the ambient environment, and at hazardous waste sites are

probably not high enough to cause serious hepatic effects in humans. Based on clinical studies in humans

and experimental studies in animals, effects on the liver, gallbladder, and bile duct are, however, likely in

patients receiving MTBE for gallstone dissolution.

Renal Effects. No information was located regarding renal effects in humans after exposure to MTBE by

the inhalation, oral, or dermal routes or in animals exposed by the dermal route. The kidney is a target for

male rats exposed to MTBE by the inhalation and oral routes. In male rats, MTBE exposure resulted in the

accumulation of hyaline droplets containing α2u -globulin or possibly another unknown protein unique to

male rats in the renal tubule cells, which may have lead to renal tubule cell carcinoma and exacerbation of

chronic progressive nephropathy (see Section 2.4). The accumulation of α2u -globulin in hyaline droplets

in renal tubules is suggested by studies in male rats exposed by inhalation to MTBE for 13 weeks (Dodd

and Kintigh 1989; Swenberg and Dietrich 1991) or orally for 14-90 days (ITT Research Institute 1992;

Robinson et al. 1990). The evidence that the renal effects observed in male rats exposed to MTBE are

associated with α2u -globulin accumulation has been questioned, however. In a 90-day inhalation study,

the increase in α2u -globulin accumulation in male rats was not dose-related, and α2u -globulin positive

proteinaceous casts at the junction of the proximal tubules and thin limb of Henle were not observed

(Swenberg and Dietrich 1991). This is unlike the classical lesions of other α2u -globulin inducing agents.

Furthermore, a study specifically designed to determine whether MTBE induces α2u -globulin

accumulation in male rats found no evidence, based on immunostaining with an antibody to α2u -globulin

(Chun and Kintigh 1993). However, an increased accumulation of protein in male renal proximal

convoluted tubule epithelium associated with increased epithelial cell proliferation was found as

determined by Mallory’s Heidenhain technique. Chun and Kintigh (1993) suggested that a mechanism

other than α2u -globulin accumulation (perhaps the accumulation of another unknown protein unique to

male rats) may be involved. It is possible that the hypothetical other protein unique to male rats acts in the

same the way as α2u -globulin. In rats given > 100 mg/kg/day MTBE orally for 90 days, severe tubular

changes were observed (Robinson et al. 1990). These changes consisted of increases in hyaline droplets in
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proximal tubular cells and small numbers of intratubular granular casts at the junction of the outer and

inner stripe of the outer medulla.

The accumulation of α2u -globulin (or by extension, the hypothetical other protein unique to male rats) can

lead to the exacerbation of chronic progressive nephropathy, which is commonly seen in aging rats.

Increased incidence and severity of chronic progressive nephropathy, accompanied by fibrous

osteodystrophy, hyperplasia in the parathyroid glands, and mineralization in numerous tissues was

observed in both male and female rats exposed to MTBE by inhalation for up to 24 months, but the

nephropathy occurred at greater incidence and severity, at earlier onset, and at a lower exposure

concentration in males than in females (Chun et al. 1992). The production of α2u -globulin (or the other

protein) associated with renal tubule nephropathy has not been demonstrated in female rats or in males or

females of any other species, including humans. However, because female rats also had enhanced chronic

progressive nephropathy, the possibility of the relevance to renal toxicity in humans exposed to MTBE is

strengthened.

In addition to the other renal effects noted above, MTBE inhalation and oral exposure of animals has been

associated with increased kidney weight, generally in the absence of clinical (increased BUN, creatinine,

or albumin levels) or histological evidence of kidney or urinary bladder lesions (Biodynamics 1981;

Burleigh-Flayer et al. 1992; Chun and Kintigh 1993; Chun et al. 1992; Dodd and Kintigh 1989;

Greenough et al. 1980; Neeper-Bradley 1991). However, increased levels of BUN were reported in male

rats exposed to 1,000 ppm for 13 weeks (Greenough et al. 1980), and urinalysis revealed a slight increase

in the pH of the urine in male and female mice at 8,000 ppm and a slight increase in the gamma globulin

fraction in male mice at 8,000 ppm in an 18-month inhalation study (Burleigh-Flayer et al. 1992). The

increases in pH and gamma globulin fraction may have caused the obstructive uropathy in male mice,

since a urethra plug composed largely of proteinaceous material is characteristic of the urethral

obstruction.

In rats exposed to relatively low concentrations of MTBE (50-300 ppm) the cytochrome P-450 content of

kidney microsomes was significantly increased only after 15 weeks of exposure, while UDPGT and

NADP-cytochrome c reductase activities were significantly increased only after 2 weeks of exposure

(Savolainen et al. 1985). Although induction of kidney microsomal enzymes may be potentially adverse,

other studies (Biodynamics 1981; Burleigh-Flayer et al. 1992; Chun and Kintigh 1993; Chun et al. 1992;

Dodd and Kintigh 1989; Greenough et al. 1980; Robinson et al. 1990) indicate that microscopic renal
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lesions and increased kidney weight due to enzyme induction occur in animals only at much higher

exposure levels and longer exposure durations.

Although no studies were located regarding renal effects in humans exposed to MTBE by environmentally

relevant routes, humans have been treated with MTBE intracystically for the dissolution of gallstones. A

number of clinical studies of patients receiving MTBE therapy have recorded side effects. In two such

studies, urinalysis in 1 patient suggested that MTBE did not cause abnormal renal function (Allen et al.

1985b) and no renal failure was found in 12 patients (Uchida et al. 1994). Renal failure and anuria,

however, were reported in a patient who experienced severe complications due to extravasation of MTBE

from the gallbladder lumen (Ponchon et al. 1988). In one study conducted in rabbits to determine possible

side effects of MTBE therapy for gallstone dissolution, histological examination revealed no renal damage

(Dai et al. 1989).

Since humans commonly experience age-related nephropathy, the possibility that prolonged exposure to

MTBE occupationally, in the ambient environment, or at hazardous waste sites could enhance this process

can not be ruled out. Severe renal complications due to acute exposure during MTBE therapy for gallstone

dissolution appear to be rare.

Endocrine Effects.  No information was located regarding endocrine effects in humans exposed to MTBE

by the inhalation, oral, or dermal routes or in animals exposed by the dermal route. Inhalation and oral

studies in rats and/or mice have demonstrated that MTBE exposure generally produces no treatment-related

histopathological lesions in the adrenals, pancreas, thyroid/parathyroid, or pituitary regardless of

exposure concentration or dose and duration of exposure (Belpoggi et al. 1995; Biodynamics 1981;

Burleigh-Flayer et al. 1992; Chun and Kintigh 1993; Dodd and Kintigh 1989; Greenough et al. 1980; ITT

Research Institute 1992; Neeper-Bradley 1991; Robinson et al. 1990). However, in rats exposed

chronically to MTBE by inhalation, hyperplasia of the parathyroid gland, which was secondary to chronic

progressive nephropathy, was found at > 400 ppm in males and at > 3,000 ppm in females (Chun et al.

1992). While most studies found no effects on adrenal weight, other studies reported conflicting effects

on adrenal weight. An increase in adrenal weight was found in male and female rats at 8,000 ppm for

13 days (Dodd and Kintigh 1989), in male rats at 8,000 ppm and female rats at > 3,000 ppm in a 4-5 week

study (Chun and Kintigh 1993); an increase in adrenal weight that was greater in male rats than in female

rats exposed to > 4,000 ppm for 13 weeks was reported in another study (Dodd and Kintigh 1989), while

an increase in adrenal weight in only female rats given 900 mg/kg/day MTBE orally for 90 days was

reported in yet another study (Robinson et al. 1990). Results of studies measuring hormone levels are also
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contradictory. While an increase in corticosterone levels was reported in rats exposed to 8,000 ppm for

13 weeks (Dodd and Kintigh 1989), a decrease in corticosterone levels was found at 81 weeks in male rats

exposed chronically to 8,000 ppm (Chun et al. 1992). Furthermore, mice of both sexes exposed to

8,000 ppm for 18 months were reported to have increased corticosterone levels at 79 weeks, and male mice

exposed to 8,000 ppm had increased adrenal gland weight (Burleigh-Flayer et al. 1992). In mice exposed

to MTBE for 28 days, no effects on thyroid weight and no histopathological lesions of the thyroid were

found (Chun and Kintigh 1993). Special blood chemistry evaluation of total T3, total T4, TSH, total bile

acid, and estradiol revealed that an increase in total T4 and TSH occurred in male mice at 8,000 ppm,

while decreases in total T4 were found in female mice in the hepatic cell proliferation studies, but not in

the main experiment. However, these changes were not considered to be biologically significant or

exposure related due to the absence of histological evidence of thyroid lesions and the lack of consistent

results in the various experiments.

Although no studies were located regarding endocrine effects in humans exposed to MTBE by

environmentally relevant routes, humans have been treated with MTBE intracystically for the dissolution

of gallstones. A number of clinical studies of patients receiving MTBE therapy have investigated effects

on the pancreas. In one study of 75 patient administered MTBE via percutaneous intracystic infusion,

follow-up examination 6-42 months after therapy revealed that none had pancreatitis (Thistle et al. 1989).

Furthermore, pancreatic function tests administered to 8 patients 1 year after intraductal administration of

MTBE revealed no pancreatic abnormalities (Tritapepe et al. 1989). Several studies conducted in animals

to determine possible side effects of MTBE therapy for gallstone dissolution have examined the pancreas

histologically. No treatment-related histological lesions were found in the pancreas of rabbits (Adam et al.

1990; Dai et al. 1989), dogs (Allen et al. 1985a) or pigs (McGahan et al. 1988; Vergunst et al. 1994).

The weight of evidence suggests that endocrine effects are not of concern for humans exposed to MTBE

under any exposure scenario.

Dermal Effects.  The only information located regarding dermal effects in humans exposed to MTBE is

that subjects exposed experimentally to 1.7 ppm (Cain et al. 1994) or 1.39 ppm (Prah et al. 1994) MTBE

for 1 hour reported no greater frequency of skin rash or dry skin than when exposed to uncontaminated air.

MTBE is irritating to the skin of rabbits and guinea pigs. Application of MTBE to the intact or abraded

skin of rabbits resulted in slight to severe erythema, blanching, epidermal thickening, acanthosis, or focal

necrosis (ARCO 1980). Guinea pigs developed local irritation at the site of intradermal injection of

MTBE. Rats and mice have been examined for dermal effects after exposure to MTBE vapors in air. Any
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dermal effects in these studies would probably be due to direct contact of the skin with the vapor.

However, since histological examination of skin of rats or mice exposed to MTBE vapors revealed no

treatment-related lesions (Burleigh-Flayer et al. 1992; Chun et al. 1992; Dodd and Kintigh 1989;

Greenough et al. 1980), it appears that direct application of liquid MTBE is required to produce dermal

effects. Furthermore, no gross or histopathological lesions were found on the skin of rats dosed orally

with 1,750 mg/kg/day MTBE for 4 weeks (ITT Research Institute 1992) or with 1,000 mg/kg/day MTBE

for 104 weeks (Belpoggi et al. 1995).

Dermal irritation resulting from direct skin contact with the undiluted ether is likely in humans. However,

the presence of MTBE in air would not be expected to cause skin irritation. MTBE in water would

probably be too dilute to cause skin irritation. The ability of MTBE in soil to cause skin irritation would

depend on the concentration.

Ocular Effects.  Eye irritation was among the symptoms reported by motorists or gas station workers

during oxygenated fuel programs in which MTBE had been added to gasoline to reduce carbon monoxide

emissions (CDC 1993a, 1993b; Moolenaar et al. 1994; White et al. 1995). However, these and other

studies (Anderson et al. 1995; Beller and Middaugh 1992; Chandler and Middaugh 1992) in humans

suggest that knowledge about oxygenated fuel programs, including the likely awareness of the potential

negative effects of MTBE and the higher cost of oxygenated fuels, may have biased the subjective

symptom reporting. In addition, other humans surveys (CDC 1993c; Fiedler et al. 1994; Mohr et al. 1994)

found no increase in health complaints among people with high oxygenated fuel exposure. Furthermore,

an experimental study in humans exposed to 1.7 ppm MTBE for 1 hour found no statistically significant

differences for eye redness; tear-film break-up time; epithelial damage to the eye; and total number of cells

and differential numbers of polymorphonuclear neutrophilic leukocytes, epithelial cells, monocytes,

eosinophils, and lymphocytes in tear fluid than when the subjects were exposed to uncontaminated air

(Cain et al. 1994). The subjects also reported no greater frequency of subjective symptoms of eye

irritation (dry, itching, or irritated eyes; tired or strained eyes; burning eyes) than when they were exposed

to air alone. Similar results were found in a experimental study in which humans were exposed to

1.39 ppm MTBE for 1 hour (Prah et al. 1994). No information was located regarding ocular effects in

humans after exposure to MTBE by the oral or dermal routes. MTBE is irritating to the eyes of animals.

Direct instillation of MTBE into the eyes of rabbits resulted in ocular irritation (ARCO 1980;

Snamprogetti 1980), regardless of whether the eyes were washed after exposure or not (ARCO 1980).

Such effects as cornea1 opacities, chemosis, conjunctival redness, delayed and reversible congestion of the

conjunctivae, palpebral thickening, and hypersecretion were observed. Direct exposure of the eyes to
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MTBE vapors during inhalation exposure has also resulted in ocular effects in animals, such as ocular

discharge, eye irritation (ARCO 1980; Neeper-Bradley 1991), lacrimation (Biodynamics 1981; Conaway

et al. 1985; Tyl and Neeper-Bradley 1989), conjunctival swelling (Biodynamics 198 I), periocular

encrustations (Tyl and Neeper-Bradley 1989), and swollen periocular tissue (Chun et al. 1992). Gross,

histological, and ophthalmoscopic examination of the eyes of rats and mice exposed by inhalation,

however, revealed no lesions (Biodynamics 1981; Burleigh-Flayer et al. 1992; Chun et al. 1992; Dodd and

Kintigh 1989; Greenough et al. 1980). No gross lesions were found in the eyes, exorbital lachrymal

glands, or Harderian glands, and no histopathological lesions were found in the eyes in rats dosed orally

(ITT Research Institute 1992).

Direct contact of the eyes with liquid MTBE or MTBE vapor in air, such as could occur in occupational

settings, is likely to be irritating to the eyes of humans. Eye irritation has also been reported by motorists

and gas station workers during oxygenated fuel programs when MTBE was added to gasoline to reduce

carbon monoxide emissions. Concentrations in ambient air would probably not be high enough to cause

eye irritation. The possibility that concentrations at hazardous waste sites, especially around storage

containers, would be high enough to cause eye irritation cannot be ruled out.

Body Weight Effects.  No information was located regarding body weight effects in humans after exposure

to MTBE by any route or in animals after dermal exposure. Decreased body weight gains have been

observed in some studies in which rats, mice, or rabbits were exposed to MTBE by the inhalation

(Burleigh-Flayer et al. 1992; Chun and Kintigh 1993; Chun et al. 1992; Dodd and Kintigh 1989; Neeper-

Bradley 1991; Tyl 1989; Tyl and Neeper-Bradley 1989) and oral (Robinson et al. 1990) routes. In some

cases, the decreases were accompanied by decreases in food consumption, which could be secondary to the

hypoactivity induced by MTBE. Decreased body weight does not seem to be of concern to humans

exposed to MTBE.

Other Systemic Effects.  The only information regarding other systemic effects of inhalation, oral, or

dermal exposure of humans or animals is that elevated cholesterol levels were consistent findings in rats

dosed orally with MTBE for 14-90 days (ITT Research Institute 1992; Robinson et al. 1990). The

relevance of this effect to public health with respect to MTBE exposure is not known.
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Immunological and Lymphoreticular Effects.  No differences in interleukin-6 levels were found

between the morning and evening blood samples collected from volunteers exposed to auto emissions

derived from oxygenated fuels (Duffy 1994). In addition, the total number of cells and differential counts

for polymorphonuclear neutrophilic leukocytes, epithelial cells, monocytes, eosinophils, and lymphocytes

in nasal lavage material and tear fluid from the eyes did not differ significantly in human subjects exposed

experimentally to 1.7 ppm MTBE for I hour than when they were exposed to uncontaminated air (Cain et

al. 1994). No information was located regarding immunological or lymphoreticular effects in humans

exposed to MTBE by the oral or dermal routes. No studies were located that conducted immunological

tests in animals exposed to MTBE by inhalation or orally. However, no evidence that MTBE was a dermal

sensitizer was found in guinea pigs (ARCO 1980).

Most studies in animals exposed by the inhalation and oral routes indicate that the lymphoreticular system

is not a target of MTBE toxicity regardless of the exposure concentration or oral dose or the duration of

exposure. In most studies, histological examinations of bone marrow, lymph nodes, spleen (Biodynamics

1981 ; Burleigh-Flayer et al. 1992; Chun et al. 1992; Dodd and Kintigh 1989; Greenough et al. 1980;

Neeper-Bradley 1991 ), and thymus (Robinson et al. 1990; ITT Research Institute 1992) revealed no

treatment-related lesions. However, exposure for 13 weeks to 8,000 ppm of MTBE was reported to result

in a higher incidence of lymphoid hyperplasia in submandibular lymph nodes in male rats (Dodd and

Kintigh 1989). In addition, in a chronic oral study, female rats, but not male rats, developed dysplastic

proliferation of lymphoreticular tissues (possibly preneoplastic) at 250 mg/kg/day (Belpoggi et al. 1995).

Some studies have reported decreases in spleen or thymus weight, in the absence of histopathological

lesions. Absolute and relative spleen weights were decreased in rats and mice exposed to 8,000 ppm for

about 28 days, but the spleens were not examined histologically (Chun and Kintigh 1993). Absolute

spleen weights were decreased in male and female mice exposed to 8,000 ppm for 18 months (Burleigh-

Flayer et al. 1992). Similarly, oral administration of MTBE for 14 days significantly reduced absolute

spleen weight and absolute and relative thymus weights in female rats but not males (Robinson et al.

1990). These effects on spleen and thymus weights were not found in other studies, and in the absence of

other evidence of toxicity to the spleen or thymus, the toxicological significance is unclear. In a study. in

which MTBE was infused into the gallbladders of pigs through a catheter, histological examination of the

spleens revealed no lesions (McGahan et al. 1988).

The weight of evidence suggests that effects of MTBE on the immunological or lymphoreticular system

are not a concern for humans. Clinical studies of patients receiving MTBE for gallstone dissolution have

not described any effects on the immunological or lymphoreticular system.
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Neurological Effects.  Headache was the symptom most frequently reported by motorists or gas

station workers during oxygenated fuel programs in which MTBE had been added to gasoline to reduce

carbon monoxide emission (CDC 1993a, 1993b; Moolenaar et al. 1994; White et al. 1995). Nausea or

vomiting, dizziness, and a feeling of spaciness or disorientation were also reported. In addition, a

preliminary survey of symptoms in petroleum refinery employees working with gasoline containing

MTBE indicated high self-reporting of these symptoms (Mehlman 1995). However, these and other

studies (Anderson et al. 1995; Beller and Middaugh 1992; Chandler and Middaugh 1992) in humans

suggest that knowledge about oxygenated fuel programs, including the likely awareness of the potential

negative effects of MTBE and the higher cost of oxygenated fuels, may have biased the subjective

symptom reporting. In addition, other humans surveys (CDC 1993c; Fiedler et al. 1994; Mohr et al. 1994)

found no increase in health complaints among people with high oxygenated fuel exposure. Furthermore,

experimental studies in humans exposed to 1.7 ppm (Cain et al. 1994) or 1.39 ppm (Prah et al. 1994)

MTBE or air for 1 hour found no statistically significant differences in neurobehavioral tests evaluating

symbol-digit substitution, switching attention, and POMS or subjectively reported frequency of headache,

difficulty remembering things or concentrating, feelings of depression, unusual tiredness, fatigue or

drowsiness, tension, irritability, or nervousness, dizziness or lightheadedness, mental fatigue or

“fuzziness,” and pain or numbness in the hands or wrists. No information was located regarding

neurological effects in humans exposed to MTBE by the oral or dermal routes.

Only one study described neurological effects in animals exposed dermally (IBT Labs 1969), but its

reliability is questionable. MTBE exposure of animals by the inhalation and oral routes has produced

signs of central nervous system depression. These signs usually occur immediately after high inhalation

concentrations or high oral doses, are transient in nature, and resemble effects of ether anesthesia or ethyl

alcohol intoxication. Signs include lacrimation, ataxia, loss of righting reflex, hyperpnea, labored

breathing, incoordination, prostration, drowsiness, hypoactivity, decreased startle and pain reflexes,

decreased muscle tone, anesthesia, blepharospasm, and stereotypy (ARCO 1980; Bioresearch Labs 1990b;

Burleigh-Flayer et al. 1992; Chun and Kintigh 1993; Chun et al. 1992; Dodd and Kintigh 1989;

Greenough et al. 1980; ITT Research Institute 1992; Neeper-Bradley 1991 Robinson et al. 1990; Tyl 1989;

Tyl and Neeper-Bradley 1989). In a study in which a functional observation battery of tests was given to

rats exposed to up to 8,000 ppm for 6 hours, effects were similar to those described above, and included

ataxia, duck-walk gait, labored respiration, decreased muscle tone, decreased performance on a treadmill,

increased hind limb splay, decreased hind limb grip strength, and increased latency to rotate on an inclined

screen (Gill 1989). All of the these effects were seen only at 1 hour after exposure, not at 6 or 24 hours,

confirming the transient nature of the central nervous system depression. In none of the studies conducted
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in animals were histopathological lesions found in the brain. Furthermore, neither brain succinate

dehydrogenase nor acetylcholinesterase activity was affected by exposure for 15 weeks to 50-300 ppm

MTBE (Savolainen et al. 1985). MTBE and its metabolite tert-butanol were found to be distributed to the

brain of rats at concentrations similar to blood concentrations (Savolainen et al. 1985).

A number of clinical studies of patients receiving MTBE therapy for gallstone dissolution have recorded

neurological effects that are typical of transient central nervous system depression and have been

described as drowsiness, mild sedation, somnolence, confusion, coma, vertigo, and dizziness (Allen et al.

1985b; Bonardi et al. 1986; Brandon et al. 1988; DiPadova et al. 1986; Eidsvoll et al. 1993; Kaye et al.

1990; McNulty et al. 1991; Murray et al. 1988; Neoptolemos et al. 1990; Ponchon et al. 1988; Saraya et al.

1990; Thistle et al. 1989; Tobio-Calo et al. 1992; vanSonnenberg et al. 1986). A vasovagal reaction was

found in 4 of 24 patients in the study by Eidsvoll et al. (1993). These conditions usually occurred in

patients as a result of MTBE overflow from the gallbladder into the systemic circulation. A number of

studies have been conducted in animals by intravenous and intraperitoneal injection, or by infusion into

the gallbladder to determine possible side effects of MTBE therapy for gallstone dissolution. Effects

noted in animals after administration of MTBE by other routes (Allen et al. 1985a; Dai et al. 1989;

McGahan et al. 1988; Snamprogetti 1980; Tritapepe et al. 1989) are similar to those noted for inhalation

and oral exposure.

The subjective reports of headache, dizziness, nausea, and disorientation by motorists and gas station

workers indicate that inhalation of MTBE added to gasoline for the reduction of carbon monoxide

emissions may have neurological effects of concern to humans exposed to MTBE under any scenario.

Reproductive Effects.  No information was located regarding reproductive effects in humans exposed

to MTBE by any route or in animals exposed dermally. MTBE appears to have no reproductive effects in

animals exposed by inhalation and oral routes. MTBE had no structural effect on the reproductive system

or reproductive performance of male and female rats exposed by inhalation in 2-generation (Biles et al.

1987) and 3-generation studies (Neeper-Bradley 1991). In studies on the potential developmental effects

of MTBE, inhalation exposure of rat dams (Conaway et al. 1985) rabbit dams (Tyl 1989) or mouse dams

(Tyl and Neeper-Bradley 1989) during gestation did not adversely affect the mean number of corpora

lutea, uterine implantations, resorptions, or live fetuses, percentage of pre- or postimplantation loss, or sex

ratio. However, gravid uterine weights were decreased in mouse dams exposed to 8,000 ppm (Tyl and

Neeper-Bradley 1989). In toxicity studies conducted in rats or mice exposed to MTBE by inhalation for

all duration categories (Biodynamics 1981; Burleigh-Flayer et al. 1992; Chun et al. 1992; Dodd and
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Kintigh 1989; Greenough et al. 1980) or orally for all duration categories (Belpoggi et al. 1995;

ITT Research Institute 1992; Robinson et al. 1990), gross and histological examination of male and female

reproductive organs and tissues revealed no treatment-related nonneoplastic lesions. However, rats

exposed chronically to MTBE by the oral route developed testicular Leydig cell tumors (Belpoggi et al.

1995). Although no information was located for humans, the animal data strongly suggest that MTBE

would pose no reproductive risk for humans.

Developmental Effects.  No information was located regarding developmental effects in humans

exposed to MTBE by any route or in animals exposed orally or dermally. In inhalation developmental

studies, exposure of pregnant animals to MTBE did not result in adverse structural developmental effects

in the offspring of rats or mice at < 2,500 ppm (Conaway et al. 1985) or rabbits at < 8,000 ppm (Tyl 1989).

However, inhalation exposure of mouse dams to 8,000 ppm MTBE during gestation resulted in

developmental effects in the offspring, increased number of nonviable implantations per litter, increased

late resorptions, reductions in the number of viable implantations, sex ratio changes, significantly

increased incidences of cleft palate and skeletal defects, significantly reduced incidence of partial fetal

atelectasis, increased incidence of reduced skeletal ossification, and reduced fetal body weight (Tyl and

Neeper-Bradley 1989). Signs of toxicity (decreased maternal weight, decreased food consumption,

increased incidence of signs of central nervous system depression) were observed in maternal mice at the

same exposure levels that resulted in developmental effects in the offspring. The increased incidence of

cleft palate was considered to be related to maternal stress with possible associated increased endogenous

levels of corticosterone. Long-term exposure of male and female rats during premating and gestational

periods of 16-28 weeks, without exposing the litters, had no effects on pup viability, mean pup body

weight, and renal pelvises (Biles et al. 1987). The only effect on rat pups in the 3-generation study was a

decreased weight gain of developing pups (Neeper-Bradley 1991).

Although no information on developmental effects in humans was located, the developmental findings in

mice and rats indicate that the possibility that MTBE exposure could result in developmental effects

cannot be ruled out.

Genotoxic Effects.  Information regarding genotoxic effects of MTBE indicates that it has little if any

genotoxic activity. As seen from Table 2-4, MTBE was negative in the sex-linked recessive lethal assay in

Drosophila melanogaster (Semau 1989) for chromosomal aberrations in Fischer 344 rats exposed via

inhalation (Vergnes and Morabit 1989), and Sprague-Dawley rats (ARCO 1980), and CD-1 mice (Ward et

al. 1994) exposed orally, for hprt mutant frequency in lymphocytes of CD-1 mice exposed orally (Ward et
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al. 1994), and for micronuclei formation in erythrocytes (Vergnes and Kintigh 1993) and increases in

DNA repair in cultured primary hepatocytes (Vergnes and Chun 1994) of CD-1 mice exposed via

inhalation. In vitro assays were also generally negative. As seen from Table 2-5, MTBE was negative for

reverse mutation in Salmonella typhimurium strains TAl535, TA 1537, TA 1538, TA98, and TAl00

(ARCO 1980; Cinelli et al. 1992) and in Saccharomyces cerevisiae D4 (ARCO 1980) both in the presence

and in the absence of metabolic activation. In addition, negative results were obtained for unscheduled

DNA synthesis in primary rat hepatocytes and for gene mutation in Chinese hamster V79 fibroblasts

(Cinelli et al. 1992). However, MTBE was positive for forward mutations in mouse lymphoma L5178Y

tk+/tk- cells in the presence, but not in the absence, of metabolic activation (ARCO 1980). That the

positive result was not due to the metabolite, tert-butanol, was demonstrated by McGregor et al. (1988),

who found that tert-butanol was negative for forward mutations in the L5178Y tk+/tk- mouse lymphoma

cell assay with and without metabolic activation. MTBE produced equivocal results for sister chromatid

exchange in Chinese hamster ovary cells in the presence of metabolic activation (ARCO 1980). However,

no increase in chromosomal aberrations in Chinese hamster ovary cells was found with or without

metabolic activation. In addition, MTBE was predicted to be non-genotoxic in an analysis by a structureactivity

relational expert system using results generated by the National Toxicology Program (NTP) for rodent carcinogenicity,

Salmonella mutagenicity test results, the induction of sister chromatid exchanges

and chromosomal aberrations, and structural alerts for genotoxicity (Rosenkranz and Klopman 1991). The

weight of evidence indicates that MTBE has little or no genotoxic activity.

Cancer.  No information was located regarding cancer in humans exposed to MTBE by any route or in

animals exposed dermally. Chronic inhalation exposure of rats to 400, 3,000, or 8,000 ppm MTBE,

resulted in increased incidences of renal tubular adenoma and carcinoma in male rats at 3,000 and

8,000 ppm (Chun et al. 1992). These tumors may have resulted from accumulation of α2u -globulin or

some other unknown protein unique to male rats in the renal tubular cells (see Section 2.4). In addition,

male Fischer 344 rats exposed to the two higher concentrations had increased incidences of interstitial cell

testicular adenoma when compared with concurrent controls, but not when compared with historic

controls. Furthermore, the incidence in the concurrent control group was low compared with the historic

controls, suggesting that the higher incidence of testicular adenoma in the MTBE-exposed rats was not

exposure related. Male Fischer 344 rats have a high spontaneous rate of testicular tumors. However,

chronic oral exposure of male Sprague-Dawley rats to 250 or 1,000 mg/kg/day resulted in testicular

Leydig cell tumors (Belpoggi et al. 1995). Chronic inhalation exposure of mice exposed to 400, 3,000, or

8,000 ppm MTBE resulted in an increased incidence of hepatocellular adenoma in female mice and

increased incidence of hepatocellular adenoma and carcinoma in male mice at 8,000 ppm (Burleigh-Flayer
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et al. 1992). Chronic oral exposure of female rats at 250 or 1,000 mg/kg/day resulted in lymphoma and

leukemia (Belpoggi et al. 1995). Since the available carcinogenicity studies indicate the MTBE can

produce tumors in multiple species of animals, multiple strains of rats, and at multiple sites, the relevance

of the carcinogenic effects of MTBE to humans is of concern. However, the NTP, EPA, and International

Agency for Research on Cancer (IARC) have not yet classified MTBE as to its carcinogenicity potential

for humans. Formaldehyde, a metabolite of MTBE (see Section 2.3.3), is a substance which may

reasonably be anticipated to be a carcinogen (NTP 1994). There is sufficient evidence that formaldehyde

induces squamous cell carcinomas in the nasal cavity of male and female rats exposed by inhalation and

limited evidence that formaldehyde induces nasal or nasopharyngeal cancer in humans exposed by

inhalation. However, nasal cavity tumors were not observed in rats (Chun et al. 1992) or mice (Burleigh-

Flayer et al. 1992) exposed by inhalation to MTBE at concentrations as high as 8,000 ppm. Therefore, the

possibility that metabolism of MTBE to formaldehyde might lead to the development of nasal cancer

seems to be unfounded.and not to pose a concern for humans exposed to MTBE. However, the mechanism

by which MTBE induced lymphoma and leukemia in female rats may involve formaldehyde, which has

resulted in the lymphoma and leukemia in male and female rats in other studies conducted by Belpoggi

and co-workers (Belpoggi et al. 1995). The main metabolite of MTBE, tert-butanol, was studied for

carcinogenicity in rats and mice exposed via drinking water for 2 years (Cirvello et al. 1995). Increased

incidences of renal tubule adenoma and carcinoma in male rats, increased incidences of transitional

epithelial hyperplasia of the kidney in male and female rats, increased incidences of follicular cell

adenoma of the thyroid in female mice, and increased incidences of follicular cell hyperplasia of the

thyroid and inflammation and hyperplasia of the urinary bladder in male and female mice were observed.

In addition, there was a slight increase in follicular cell adenoma and carcinoma (combined) of the thyroid

in male mice, which may be related to exposure to tert-butanol. Since increased incidences of renal

tubular adenoma and carcinoma in male rats were observed in the inhalation study of MTBE by Chun et al.

(1992), it is possible that the metabolite, tert-butanol, was responsible for or contributed to the renal

tumors seen in the rats in the inhalation study of MTBE.

2.6  BIOMARKERS OF EXPOSURE AND EFFECT

Biomarkers are broadly defined as indicators signaling events in biologic systems or samples. They have

been classified as markers of exposure, markers of effect, and markers of susceptibility (NAS/NRC 1989).

Due to a nascent understanding of the use and interpretation of biomarkers, implementation of biomarkers

as tools of exposure in the general population is very limited. A biomarker of exposure is a xenobiotic
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substance or its metabolite(s), or the product of an interaction between a xenobiotic agent and some target

molecule(s) or cell(s) that is measured within a compartment of an organism (NRC 1989). The preferred

biomarkers of exposure are generally the substance itself or substance-specific metabolites in readily

obtainable body fluid(s) or excreta. However, several factors can confound the use and interpretation of

biomarkers of exposure. The body burden of a substance may be the result of exposures from more than

one source. The substance being measured may be a metabolite of another xenobiotic substance (e.g., high

urinary levels of phenol can result from exposure to several different aromatic compounds). Depending on

the properties of the substance (e.g., biologic half-life) and environmental conditions (e.g., duration and

route of exposure), the substance and all of its metabolites may have left the body by the time samples can

be taken. It may be difficult to identify individuals exposed to hazardous substances that are commonly

found in body tissues and fluids (e.g., essential mineral nutrients such as copper, zinc, and selenium).

Biomarkers of exposure to MTBE are discussed in Section 2.6.1.

Biomarkers of effect are defined as any measurable biochemical, physiologic, or other alteration within an

organism that, depending on magnitude, can be recognized as an established or potential health

impairment or disease (NAS/NRC 1989). This definition encompasses biochemical or cellular signals of

tissue dysfunction (e.g., increased liver enzyme activity or pathologic changes in female genital epithelial

cells), as well as physiologic signs of dysfunction such as increased blood pressure or decreased lung

capacity. Note that these markers are not often substance specific. They also may not be directly adverse,

but can indicate potential health impairment (e.g., DNA adducts). Biomarkers of effects caused by MTBE

are discussed in Section 2.6.2.

A biomarker of susceptibility is an indicator of an inherent or acquired limitation of an organism’s ability

to respond to the challenge of exposure to a specific xenobiotic substance. It can be an intrinsic genetic or

other characteristic or a preexisting disease that results in an increase in absorbed dose, a decrease in the

biologically effective dose, or a target tissue response. If biomarkers of susceptibility exist, they are

discussed in Section 2.8, Populations That Are Unusually Susceptible.

2.6.1  Biomarkers Used to Identify or Quantify Exposure to MTBE

As discussed in Section 2.3, much of absorbed MTBE is excreted unchanged in the expired air. In

addition, lower levels of its metabolite tert-butanol are found in expired air. MTBE and tert-butanol can

be measured in the blood. A strong correlation was found between the workroom air levels of MTBE in

service station and dealership garages and the difference in blood concentrations of MTBE between
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preshift and postshift measurements (r = 0.9, p = 0.0001) in Fairbanks, Alaska, during the oxygenated fuel

program in which MTBE (about 15% by volume) was added to gasoline to reduce emission levels of

carbon monoxide (CDC 1993a; Moolenaar et al. 1994). The median 8-hour TWA concentration of MTBE

in the workplace air was 0.10 ppm, with a range of 0.01-0.81 ppm. The median preshift blood

concentration of MTBE was 1.15 µg/L, with a range of 0.1-27.8 µg/L, while the postshift blood

concentration of MTBE was 1.80 µg/L, with a range of 0.2-37.0 µg/L. In a similar study conducted in

Stamford, Connecticut, personal breathing zone levels of MTBE were strongly correlated with blood

levels of both MTBE and tert-butanol, although the breathing zone levels varied widely among the

different garage locations, as well as within garages (CDC 1993b; White et al. 1995). For mechanics,

TWA concentrations of personal breathing zones levels ranged from <0.03 ppm-12.04 ppm. The median

blood concentrations of MTBE were approximately 2 µg/L for car repairers and 15 µg/L for gas station

attendants. Median blood concentrations of tert-butanol were about 15 µg/L for car repairers and 75 µg/L for gas station

attendants. The estimated correlation coefficients were 0.80 between air MTBE and blood

MTBE (p = 0.0001) and 0.7 between air MTBE and blood tert-butanol (p = 0.0001).

MTBE and tert-butanol blood levels were also generally related to exposure concentrations in rats

(Savolainen et al. 1985). Urinary metabolites found in rats exposed by the inhalation, oral, and dermal

routes were identified as 2-methyl-1,2-propanediol and α-hydroxyisobutyric acid (Bioresearch Labs

1990b, 1990d, 1991), but no studies were located that identified these metabolites in the urine of humans.

In addition, another study in which rats were injected with 14C-MTBE intraperitoneally, analysis of the

urine revealed that radiolabeled formic acid accounted for 96.6% of the urinary radioactivity

(Biodynamics 1984). The remaining radioactivity in the urine was assumed to be radiolabeled methanol

and formaldehyde.

In a study of 27 humans treated with MTBE via percutaneous intracystic infusion for the dissolution of

gallstones, mean blood levels of tert-butanol were 0.04 mg/mL immediately after and 5 hours after

treatment and fell only to 0.025 mg/mL at 12-l 8 hours (Leuschner et al. 1991). Mean urinary levels of

MTBE were about 0.018 mg/mL at 5 hours after treatment and <0.005 mg/mL at 12-18 hours. Mean

urinary levels of tert-butanol were higher than those of MTBE, with about 0.036 mg/mL at 5 hours and

0.03 mg/mL at 12-18 hours after treatment. Methanol was found in only 3 patients, while no

formaldehyde or formic acid were found. tert-Butanol was also detected in the abdominal wall fat of

9 patients and breast milk of 1 patient.
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In rats exposed to 14C-MTBE by inhalation for 6 hours or to unlabeled MTBE for 6 hours per day for

14 days and to 14C-MTBE for 6 hours on day 15 (Bioresearch Labs 1990d), the rate of excretion of

radioactivity via the lungs was rapid, with a total of 82% of the recovered radioactivity in expired air

excreted by 3 hours and 91-92% excreted by 6 hours (Bioresearch Labs 1990d). Similar rates of excretion

of radioactivity were found in rats exposed to unlabeled MTBE for 6 hours per day for 14 days and to
14C-MTBE for 6 hours on day 15. Urinary excretion of radioactivity was 96-98% complete by 36 hours

after exposure. Similar rates of excretion of radioactivity were found in rats exposed by the oral route

(Bioresearch Labs 1990b). Excretion was considerably slower in rats exposed dermally to MTBE. Halflives

for MTBE and tert-butanol for plasma clearance in rats exposed by the inhalation and oral routes

were generally <1 or 2 hours (Bioresearch Labs 1990a, 1990c).

Thus, the presence of MTBE in blood, expired air, or urine of humans would probably be sufficient as a

biomarker of exposure. Of the various possible metabolites (tert-butanol, methanol, formaldehyde, and

formic acid) that might be monitored in humans, tert-butanol appears to be the best metabolite for use as a

biomarker of exposure because blood levels of tert-butanol rise after exposure to MTBE, but any of the

metabolites may either be present naturally (formic acid) or arise from the metabolism of other xenobiotic

chemicals.

Based on limited information in humans and clearance data in rats, monitoring of expired air, blood, or

urine for MTBE or tert-butanol in humans could be used for determining very recent exposure to MTBE,

but after exposure ceases for a few days, MTBE and its metabolites would be cleared.

No known effects or combination of effects resulting from MTBE exposure are specific for MTBE (see

Section 2.6.2); therefore, no known effect or combination of effects can be used as a biomarker to identify

or quantify exposure to MTBE specifically.

2.6.2  Biomarkers Used to Characterize Effects Caused by MTBE

MTBE exposure can lead to central nervous system depression characterized by ataxia, hypoactivity,

drowsiness, anesthesia, duck-walk gait, decreased muscle tone, prostration, lack of startle response, and

lack of righting reflex (ARCO 1980; Bioresearch Labs 1990d; Burleigh-Flayer et al. 1992; Chun et al.

1992; Dodd and Kintigh 1989; Gill 1989; Greenough et al. 1980; ITT Research Institute 1992; Neeper-

Bradley 199 I ; Robinson et al. 1990; Tyl 1989). MTBE exposure can induce hepatic microsomal enzymes

(Brady et al. 1990; Savolainen et al. 1985), or lead to elevated levels of SGPT, SGOT, or serum lactic
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dehydrogenase (Robinson et al. 1990), and may increase (Greenough et al. 1980) or decrease (Robinson et

al. 1990) BUN levels. However, many ethers, alcohols, and other chemicals can lead to these effects or

combination of effects; therefore, no known effect or combination of effects can be used as a biomarker to

identify or quantify exposure to MTBE specifically.

For more information on biomarkers for renal and hepatic effects of chemicals see ATSDR/CDC

Subcommittee Report on Biological Indicators of Organ Damage (1990) and for information on

biomarkers for neurological effects see OTA (1990).

2.7  INTERACTIONS WITH OTHER CHEMICALS

No studies were located regarding interactions between MTBE and other chemicals agents. However,

pretreatment of rats with phenobarbital or acetone enhanced the metabolism MTBE to tert-butanol and

formaldehyde in liver microsomes, by inducing cytochromes P-4502B1 and P-4502E1, respectively

(Brady et al. 1990; Snyder 1979). Thus, acetone and phenobarbital, as well as other inducers of these

enzymes, would be expected to enhance the metabolism of MTBE. Whether this enhanced metabolism of

MTBE would lead to greater or lesser toxicity is not clear, because the toxicity of MTBE relative to the

toxicities of its metabolites is not known. Pretreatment of rats with MTBE resulted in a 47-fold induction

of liver microsomal pentoxyresorufin O-dealkylase, an activity associated with cytochrome P-4502B1

(Brady et al. 1990). Thus, MTBE itself is an inducer of cytochrome P-4502B1, which can lead to the

enhanced metabolism and toxicity of a number of chemicals. Since MTBE is a component of gasoline in

oxygenated fuels, it is possible that MTBE may interact with other components of gasoline, such as

benzene and branched chain alkanes.

2.8  POPULATIONS THAT ARE UNUSUALLY SUSCEPTIBLE

A susceptible population will exhibit a different or enhanced response to MTBE than will most persons

exposed to the same level of MTBE in the environment. Reasons include genetic make-up, developmental

stage, age, health and nutritional status (including dietary habits that may increase susceptibility, such as

inconsistent diets or nutritional deficiencies), and substance exposure history (including smoking). These

parameters result in decreased function of the detoxification and excretory processes (mainly hepatic,

renal, and respiratory) or the pre-existing compromised function of target organs (including effects or

clearance rates and any resulting end-product metabolites). For these reasons we expect the elderly with

declining organ function and the youngest of the population with immature and developing organs will
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generally be more vulnerable to toxic substances than healthy adults. Populations who are at greater risk

due to their unusually high exposure are discussed in Section 5.6, Populations With Potentially High

Exposure.

No specific human populations that are unusually susceptible to the toxic effects of MTBE have been

identified. As discussed in Section 2.2.1.2, in a study conducted to determine whether symptoms

associated with MTBE were reported at an increased rate among subjects with known multiple chemical

sensitivities or chronic fatigue syndrome compared to normal control individuals, no significant

differences were found among the groups for driving a car or visiting gas stations (Fiedler et al. 1994).

The authors concluded that the study did not provide clear evidence to support that an unusually high rate

of symptoms or an increase of symptoms occurred uniquely where MTBE exposure was likely.

Studies in rats (Brady et al. 1990; Snyder 1979) suggest that people who are exposed to inducers of

cytochromes P-4502Bl and P-4502El may be more susceptible. For example, people who take

phenobarbital, an inducer of cytochrome P-4502B1, or people who are exposed to acetone or drink

alcoholic beverages, may be more susceptible. Both acetone and ethanol are inducers of cytochrome

P-4502E1.

Pharmacokinetic studies in rats indicated some differences between males and females in absorption and

elimination kinetics (Bioresearch Labs 1990a, 1990b, 1990c, 1990d, 1991). In general these studies

indicated that female rats absorbed more MTBE than did males after inhalation, oral, or dermal exposure,

and eliminated it more quickly. Whether or not these relations would operate in humans is not known.

MTBE was fetotoxic in mice, resulting in skeletal anomalies, reduced fetal weights, increased resorption,

and increased incidences of cleft palate (Conaway et al. 1985; Tyl and Neeper-Bradley 1989) and

minimally toxic to developing rats, resulting in reduced F1 and F2 pup weight (Neeper-Bradley 1991).

MTBE exposure of rabbit dams, however, did not result in developmental effects in the offspring (Tyl

1989). Thus, human embryos and fetuses may be susceptible.

MTBE appears to be minimally toxic to the liver, except in mice (Burleigh-Flayer et al. 1992). Mice

developed hepatocellular hypertrophy and hepatocellular adenoma and carcinoma at high exposure levels

for chronic durations, but mice have a high spontaneous rate of liver tumor development. Whether MTBE

would exacerbate preexisting liver disease in humans is not known.
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As discussed in Sections 2.4 and 2.5, MTBE exposure of male rats results in renal effects that may be

associated with the accumulation α2u-globulin or other protein unique to male rats (Chun and Kintigh

1993; Dodd and Kintigh 1989; Robinson et al. 1990; Swenberg and Dietrich 1991); chronic progressive

nephropathy, accompanied by fibrous osteodystrophy, hyperplasia in the parathyroid glands, and

mineralization in numerous tissues; and an increased incidence of renal tubular adenoma and carcinoma

(Chun et al. 1992). The increased incidence of renal tubular adenoma and carcinoma may have resulted

from α2u-globulin or other protein accumulation. Accumulation of α2u-globulin (or by extension, a

hypothetical protein unique to male rats) is specific for male rats, and has no relevance to human health.

When α2u-globulin accumulation is accompanied by chronic progressive nephropathy in male rats, the

chronic progressive nephropathy is believed to be exacerbated by α2u-globulin accumulation. However,

female rats, which do not produce a α2u-globulin, also had increased incidence and severity of chronic

progressive nephropathy, but at higher doses and later onset than males. The fact that female rats also

showed an enhancement of chronic progressive nephropathy indicates that an additional factor other than

accumulation of α2u-globulin or another protein unique to male rats may be involved. Since humans often

develop age-related nephropathy, elderly people or people with pre-existing nephropathy may be more

susceptible to the nephrotoxicity of MTBE.

It is also possible that some persons are or can become more chronically sensitive to MTBE as a result of

prolonged low-level exposure, but no studies were located that specifically addressed this possibility.

2.9  METHODS FOR REDUCING TOXIC EFFECTS

This section will describe clinical practice and research concerning methods for reducing toxic effects of

exposure to MTBE. However, because some of the treatments discussed may be experimental and

unproven, this section should not be used as a guide for treatment of exposures to MTBE. When specific

exposures have occurred, poison control centers and medical toxicologists should be consulted for medical

advice.

2.9.1  Reducing Peak Absorption Following Exposure

Human exposure to MTBE may occur by inhalation, ingestion or by dermal contact. Vapors are likely to

be irritating to the eyes and upper respiratory tract and once absorbed can cause central nervous system

and respiratory depression. Unprotected skin exposure can cause defatting and subsequent dermatitis.
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Exposed individuals should be moved to fresh air and administered 100% humidified supplemental

oxygen. If skin contact occurred, the skin should be thoroughly irrigated with water.

Following ingestion, the potential risk of aspiration leading to airway and pulmonary damage usually

outweighs the potential benefit of administering syrup of ipecac to induce emesis. Aspiration of MTBE is

another complication that must be avoided. If patients present with cough following acute ingestion, the

possibility of prior aspiration must be considered and evaluated with careful respiratory exam, arterial

blood gases and radiography (HSDB 1995). Once in the care of a health professional, gastric lavage can

be useful if administered within 1 hour of the exposure to reduce the amount of absorbed solvent.

Following ocular contamination, the eyes should be irrigated with copious amounts of room temperature

water or saline, for at least 15 minutes. If irritation, lacrimation, or especially pain, swelling, and

photophobia persist after 15 minutes of irrigation, then ophthalmologic consultation should be sought to

evaluate potential ocular damage.

2.9.2  Reducing Body Burden

The body does not retain significant amounts of MTBE. Exhaled concentrations of the vapor represent an

important means of elimination. There is no currently recognized treatment to enhance detoxification, and

orthodox treatment for ingestion is entirely supportive.

2.9.3  Interfering with the Mechanism of Action for Toxic Effects

Clinical effects caused by acute MTBE exposure include central nervous system depression and mild liver

function abnormalities (Burg 1992). Other effects include malaise, dizziness, fatigue, headache, and

lightheadedness, all of which may disappear soon after the exposure ceases. The mechanism of action for

the central nervous system effects has not been clearly established, but may be related to solvent effects on

cellular membranes. Just as for other VOCs, this is often referred to as an “anesthetic effect.” The usually

short duration of such symptoms and the absence of known chronic effects make pharmacological therapy

difficult to justify.

In addition to causing acute central nervous system effects similar to solvent exposure, beverage ethanol

may compete or enhance the metabolic activation of solvents and can increase the severity of health
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effects, particularly liver toxicity. Alcoholic beverages should be avoided following exposure to MTBE

and other solvents.

2.10  ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether adequate

information on the health effects of MTBE is available. Where adequate information is not available,

ATSDR, in conjunction with the National Toxicology Program (NTP), is required to assure the initiation

of a program of research designed to determine the health effects (and techniques for developing methods

to determine such health effects) of MTBE.

The following categories of possible data needs have been identified by a joint team of scientists from

ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met would

reduce the uncertainties of human health assessment. This definition should not be interpreted to mean

that all data needs discussed in this section must be filled. In the future, the identified data needs will be

evaluated and prioritized, and a substance-specific research agenda will be proposed.

2.10.1  Existing information on Health Effects of MTBE

The existing data on health effects of inhalation, oral, and dermal exposure of humans and animals to

MTBE are summarized in Figure 2-4. The purpose of this figure is to illustrate the existing information

concerning the health effects of MTBE. Each dot in the figure indicates that one or more studies provide

information associated with that particular effect. The dot does not necessarily imply anything about the

quality of the study or studies, nor should missing information in this figure be interpreted as a “data

need.” A data need, as defined in ATSDR’s Decision Guide for Identifying Substance-Specific Data Needs

Related to Toxicological Profiles (ATSDR 1989), is substance-specific information necessary to conduct

comprehensive public health assessments. Generally, ATSDR defines a data gap more broadly as any

substance-specific information missing from the scientific literature.

As seen from Figure 2-4, no studies were located regarding health effects in humans after oral or dermal

exposure to MTBE. Information on toxic effects of MTBE in humans was available from subjective

reports of symptoms (headache, eye irritation, nose and throat irritation, nausea or vomiting, dizziness,

confusion, spaciness) in motorists and gas station workers during oxygenated programs in which MTBE
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was added to gasoline for reduction of carbon monoxide emissions. In addition information on toxic

effects in humans were available from clinical studies of patients receiving MTBE via percutaneous

intracystic infusion or infusion into the gallbladder via catheter for the dissolution of gallstones. While

this does not represent an environmentally relevant route, the side effects of this therapeutic treatment are

generally consistent with health effects observed in animals exposed to MTBE by the inhalation and oral

routes. These side effects include typical signs of transient central nervous system sedation,

gastrointestinal irritation, evidence of necrosis in the liver and gallbladder, transient cardiovascular effects,

such as hyper- or hypotension and palpitations, and transient leukocytosis. These side effects have

occurred from overflow of MTBE from the gallbladder lumen or extravasation into the systemic

circulation. In most cases, the patients who experienced these side effects recovered with no residual

effects.

Figure 2-4 shows that MTBE has been well studied for health effects by the inhalation route in animals.

Since MTBE is a volatile liquid used as an additive to gasoline, inhalation exposure is the major route of

concern. Data on death, systemic effects, lymphoreticular, neurological, reproductive, developmental, and

genotoxic effects, and cancer are available in animals for the inhalation route. For the oral route of

exposure, data on lethal levels, systemic effects, lymphoreticular, neurological, genotoxic, and

reproductive effects and cancer are available. No developmental studies conducted by the oral route in

animals were located. The dermal route of exposure is the least well studied. No lethality data were

located for the dermal route. Data for acute-duration dermal exposure concerns irritation of the skin and

eyes from direct application of the liquid to the skin or eyes, respectively, or irritation to the eyes from

exposure to vapor during inhalation experiments. All of the intermediate- and chronic-duration data

concerns irritation to the eyes from vapor contact during inhalation exposure. In a study performed by

IBT Labs, dermally applied MTBE was reported to cause neurological effects, but results of studies from

IBT are often suspected as being unreliable.

2.10.2  Identification of Data Needs

Acute-Duration Exposure.  No studies were located regarding systemic effects in humans after oral

or dermal exposure to MTBE for acute durations. People exposed to MTBE while operating or fueling

motor vehicles or people occupationally exposed (such as mechanics, service station workers) have

reported subjective symptoms of headache; nausea or vomiting, irritation of eyes, nose, and throat;

dizziness; and disorientation (Beller and Middaugh 1992; CDC 1993a, 1993b; Chandler and Middaugh

1992; Moolenaar et al. 1994; White et al. 1995). However, two experimental studies in humans exposed
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to < 1.7 ppm for 1 hour did not find any of these effects (Cain et al. 1994; Prah et al. 1994). In animals,

information on acute-duration inhalation exposure includes LC50 values for rats (ARCO 1980) and mice

(Snamprogetti 1980). Information on systemic effects includes clinical signs of respiratory irritation in

rats exposed acutely (ARCO 1980); a 5-day intermittent exposure study that found increased

hepatocellular proliferation in mice and increased renal tubule cell epithelial proliferation in rats (Chun

and Kintigh 1993); a 9-day intermittent exposure study in rats that examined respiratory, cardiovascular,

gastrointestinal, musculoskeletal, hepatic, renal, endocrine, and body weight effects in rats and identified

the nasal mucosa and trachea and the liver (increased liver weight) as targets (Biodynamics 1981); a

developmental study that found no effects on the liver or body weight of rat or mouse dams (Conaway et

al. 1985); a developmental study in mouse dams that reported labored breathing and reduced maternal

weight gain (Tyl and Neeper-Bradley 1989); a developmental study in rabbit dams that found increased

liver weight and reduced maternal weight gain (Tyl 1989); a 13-day intermittent exposure study in rats and

mice that found no effects on lungs but decreased body weight gains of rats (Dodd and Kintigh 1989), an

intermediate-duration study that found decreased body weight gain in rats during the first 2 weeks (Chun

and Kintigh 1993). Some of these studies also provided information on the immunological/

lymphoreticular system, on neurological effects, on reproductive toxicity, and developmental toxicity (see

separate data needs). An acute inhalation neurotoxicity study (Gill 1989) provided the NOAEL used for

the MRL of 2 ppm for acute-duration inhalation exposure to MTBE. Information on acute-duration oral

exposure includes LD50 values for rats (ARCO 1980) and mice (Little et al. 1979). Information on

systemic effects includes a report of labored respiration in rats given a single high oral dose (ARCO

1980); a single dose study in rats that reported diarrhea; and a 14-day gavage study in rats that provided

information on all systemic end points and found gastrointestinal, hematological, hepatic, renal, body

weight, and other (elevated cholesterol) effects (Robinson et al. 1990). Acute-duration oral studies also

provided information on the immunological/lymphoreticular, neurological, and reproductive systems (see

separate data needs). An acute oral study that described neurological effects in rats provided the NOAEL

used for the MRL of 0.4 mg/kg/day for acute-duration oral exposure to MTBE (Bioresearch Labs 1990b).

Acute-duration dermal studies reported diarrhea in rats (Bioresearch Labs 1990b) and dermal irritation in

rabbits and guinea pigs (ARCO 1980). Data on ocular irritation was also available for direct application of

liquid MTBE into the eyes (ARCO 1980; Snamprogetti 1980) and exposure of the eyes to MTBE vapors in

inhalation studies (ARCO 1980; Biodynamics 1981; Conaway et al. 1985; Dodd and Kintigh 1989; Tyl

and Neeper-Bradley 1989). Thus, information on acute-duration inhalation and oral exposure was

sufficient to identify the central nervous system as the most sensitive target system from which to derive

acute MRLs. Because absorption of MTBE by the dermal route is substantially lower than absorption by

the inhalation and oral routes, the concern for systemic effects of dermal exposure to MTBE is probably
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less important than the concern for systemic effects of inhalation or oral exposure to persons who might be

exposed to MTBE for acute-duration periods around hazardous waste sites. However, dermal or ocular

exposure would be of concern for irritation at the site of contact.

Intermediate-Duration Exposure.  No studies were located regarding systemic effects in humans

after oral or dermal exposure to MTBE for intermediate durations. People exposed to MTBE while

operating or fueling motor vehicles or people occupationally exposed (such as mechanics, service station

workers) have reported subjective symptoms of headache; nausea or vomiting; irritation of eyes, nose, and

throat; dizziness; and disorientation (Beller and Middaugh 1992; CDC 1993a, 1993b; Chandler and

Middaugh 1992; Moolenaar et al. 1994; White et al. 1995). Several intermediate-duration inhalation

studies in animals were located that provided information on respiratory, cardiovascular, gastrointestinal,

hematological, musculoskeletal, hepatic, renal, endocrine, and body weight effects in rats (Biles et al.

1987; Chun and Kintigh 1993; Dodd and Kintigh 1989; Greenough et al. 1980; Neeper-Bradley 1991;

Savolainen et al. 1985; Swenberg and Dietrich 1991) and hepatic effects in mice (Chun and Kintigh 1993).

In addition to central nervous system toxicity (see Neurotoxicity, below), the kidney (Chun and Kintigh

1993; Dodd and Kintigh 1989; Greenough et al. 1980; Swenberg and Dietrich 1991) and liver (Neeper-

Bradley 1991) have been identified as target organs. In addition, effects have been observed on

hematological and endocrine end points (Dodd and Kintigh 1989). These studies also provided

information on immunological or lymphoreticular, neurological, reproductive, and developmental effects

(see separate data needs). An intermediate-duration inhalation study that described neurological effects in

rats provided the NOAEL used for the MRL of 0.7 ppm for intermediate-duration inhalation exposure to

MTBE (Neeper-Bradley 1991). Two oral studies in rats (ITT Research Institute 1992; Robinson et al.

1990) were located that provided information on all aforementioned systemic end points. Target organs

and systems identified consisted of the gastrointestinal tract, the liver, the kidneys, other (serum

cholesterol) (ITT Research Institute 1992; Robinson et al. 1990), and hematological (Robinson et al.

1990). These studies also provided information on immunological/lymphoreticular, neurological, and

reproductive effects (see separate data needs). An MRL of 0.3 mg/kg/day for intermediate-duration oral

exposure to MTBE was derived based on a LOAEL for hepatic effects in rats (Robinson et al. 1990).

Intermediate-duration dermal studies were not located. The available information concerns dermal and

ocular effects of direct contact of the skin or eyes with MTBE vapors during inhalation studies. Because

absorption of MTBE by the dermal route is substantially lower than absorption by the inhalation and oral

routes, the concern for systemic effects of dermal exposure to MTBE is probably less important than the

concern for systemic effects of inhalation or oral exposure to persons who might be exposed to MTBE for
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intermediate-duration periods around hazardous waste sites. However, information on dermal or ocular

exposure is needed regarding irritation at the site of contact.

Chronic-Duration Exposure and Cancer.  No studies were located regarding systemic effects or

cancer in humans after inhalation, oral, or dermal exposure to MTBE. Two chronic-duration inhalation

studies, one in rats (Chun et al. 1992) and one in mice (Burleigh-Flayer et al. 1992), were located. The

study in rats monitored clinical signs, mortality, body weight, organ weights, hematology, corticosterone

levels, and performed comprehensive gross and histological examination. The study in mice monitored all

of the above, and also monitored water consumption and performed urinalysis. Mortality was increased in

male rats and male mice. The cause of death of male rats was chronic progressive nephropathy. The cause

of death for male mice was obstructive uropathy. In rats, the kidney was the major target with secondary

involvement of the bone and parathyroid. In addition, liver weights were increased and body weights

decreased. In mice, the liver was the major target (increased weight and hepatocellular hypertrophy).

Mice also had increased kidney weights and decreased body weight gains. Based on the NOAEL for

chronic progressive nephropathy in female rats, a chronic-duration inhalation MRL of 0.7 ppm was

derived for MTBE. One study was located regarding effects in rats after oral exposure to MTBE for

chronic duration (Belpoggi et al. 1995). The chronic oral study monitored mortality, clinical signs, food

and water consumption, and body weight changes, and performed comprehensive histological

examination. No effects on food or water consumption or body weight, and no nonneoplastic tissue

lesions were found. However, increased mortality and dysplastic proliferation of lymphoreticular tissues

(possibly preneoplastic) were observed in the female rats at the lowest dose tested (250 mg/kg/day).

Comprehensive studies by the oral route in rats at lower doses and in mice are needed to provide further

information on target organs of chronic-oral exposure and define thresholds that could be used to

determine a chronic oral MRL. No chronic dermal studies were located. The available information

concerns dermal and ocular effects of direct contact of the skin or eyes with MTBE vapors during

inhalation studies. Because absorption of MTBE by the dermal route is substantially lower than

absorption by the inhalation and oral routes, the concern for systemic effects of dermal exposure to MTBE

is probably less important than the concern for systemic effects of inhalation or oral exposure to persons

who might be exposed to MTBE for chronic-duration periods around hazardous waste sites. However,

information on dermal or ocular exposure is needed for irritation at the site of contact.

In the chronic-duration inhalation studies in rats (Chun et al. 1992) and mice (Burleigh-Flayer et al. 1992),

MTBE was studied for potential carcinogenicity. In male rats exposed to the 2 highest concentrations,

there was a concentration-related increased incidence of renal tubule cell adenoma and carcinoma (Chun et
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al. 1992). The development of these tumors may have been related to the accumulation of α2u-globulin in

male rat renal tubule cells, which has no relevance to human health. However, the evidence that the renal

effects observed in male rats exposed to MTBE are related to α2u-globulin accumulation has been

questioned. The accumulation of α2u-globulin was not dose related, and α2u-globulin positive

proteinaceous casts at the junction of the proximal tubules and thin limb of Henle were not observed,

unlike the classical lesions of other α2u-globulin inducing agents (Swenberg and Dietrich 1991).

Furthermore, another study found no evidence of α2u-globulin accumulation in male rats, but did find an

accumulation of protein in the renal proximal convoluted tubule associated with epithelial cell

proliferation in male rats (Chun and Kintigh 1993). Since no epithelial cell proliferation was found in the

renal tubules of the female rats, the authors did not look for protein accumulation in the female rat. The

existence of another unknown protein unique to male rats that accumulates in the renal proximal

convoluted tubule in male rats exposed to MTBE was proposed. Thus, further studies on the mechanism

by which MTBE leads to nephropathy and renal tumors in male rats are needed to provide information on

whether these effects have any relevance to humans. In female mice exposed to the highest concentration

of MTBE, there was an increased incidence of hepatoceilular adenoma (Burleigh-Flayer et al. 1992). Mice

are especially susceptible to chemical-induced hepatic tumors. In the chronic oral study in rats (Belpoggi

et al. 1995), female rats developed lymphoma and leukemia at both doses (250 and 1,000 mg/kg/day) and

male rats developed testicular Leydig cell tumors at the high dose. If a chronic oral study in mice were

conducted, comprehensive histological examination of organs and tissues would reveal whether MTBE is

carcinogenic in mice by the oral route.

Genotoxicity.  Information regarding genotoxic effects of MTBE is limited. No studies were located

regarding genotoxic effects in humans exposed to MTBE by any route of exposure. MTBE was negative

in the sex-linked recessive lethal assay in D. melanogaster (Sernau 1989), for chromosomal aberrations in

Fischer 344 rats exposed via inhalation (Vergnes and Morabit 1989) and Sprague-Dawley rats (ARCO

1980) and CD-1 mice (Ward et al. 1994) exposed orally, for hprt mutant frequency in lymphocytes of

CD-1 mice exposed orally (Ward et al. 1994), and for micronuclei formation in erythrocytes (Vergnes and

Kintigh 1993) and increases in DNA repair in cultured primary hepatocytes (Vergnes and Chun 1994) of

CD-1 mice exposed via inhalation. In vitro assays were negative in S. typhimurium (ARCO 1980; Cinelli

et al. 1992) and S. cerevisiae for reverse mutations, negative for unscheduled DNA synthesis in primary

rat hepatocytes and for gene mutations in Chinese hamster V79 fibroblasts (Cinelli et al. 1992), negative

for chromosomal aberrations in Chinese hamster ovary cells (ARCO 1980), positive for forward mutations

in mouse lymphoma cells with metabolic activation (ARCO 1980), and equivocal for sister chromatid

exchange in Chinese hamster ovary cells with activation (ARCO 1980). A structure-activity analysis



METHYL tert-BUTYL ETHER 151

2. HEALTH EFFECTS

predicted that MTBE would not be genotoxic (Rosenkranz and Klopman 1991). While the available data

indicate that MTBE has little if any genotoxic activity, an extensive battery of in vivo or in vitro studies

are needed to provide confirmation.

Reproductive Toxicity.  No studies were located regarding reproductive effects in humans after

inhalation, oral, or dermal exposure to MTBE or in animals after dermal exposure. MTBE has been tested

in two inhalation reproduction studies in rats (Biles et al. 1987; Neeper-Bradley 1991) with negative

results. MTBE has also been tested for developmental effects by inhalation in rat dams (Conaway et al.

1985), rabbit dams (Tyl 1989), and mouse dams (Tyl and Neeper-Bradley 1989) during gestation without

evidence of reproductive effects in the dams. In toxicity studies conducted in rats or mice exposed to

MTBE by inhalation for all duration categories (Biodynamics 1981; Burleigh-Flayer et al. 1992; Chun et

al. 1992; Dodd and Kintigh 1989; Greenough et al. 1980) or orally for all duration categories (Belpoggi et

al. 1995; ITT Research Institute 1992; Robinson et al. 1990), gross and histological examination of male

and female reproductive organs and tissues revealed no treatment-related nonneoplastic lesions. However,

in the chronic oral study, male rats developed testicular Leydig cell tumors (Belpoggi et al. 1995).

Although no information was located for humans, the animal data strongly suggest that MTBE would pose

no reproductive risk for humans.

Developmental Toxicity.  No studies were located regarding developmental effects in humans after

inhalation, oral, or dermal exposure to MTBE or in animals exposed orally or dermally. In inhalation

developmental studies, MTBE did not cause structural developmental effects in the offspring of rat

(Conaway et al. 1985) and rabbit (Tyl 1989) dams exposed during gestation. However, MTBE was a

developmental toxicant in the offspring of mouse dams exposed by inhalation (Conaway et al. 1985; Tyl

and Neeper-Bradley 1989). No developmental effects, other than decreased weight gain of developing

pups, were observed in the multigeneration reproductive inhalation studies in rats (Biles et al. 1987;

Neeper-Bradley 1991). Although no developmental studies were conducted by the oral route,

pharmacokinetic data are similar for the inhalation and oral routes, suggesting no need for oral studies

other than to determine dose-responses.

Immunotoxicity.  No indication was found that MTBE exposure increased interleukin-6 levels in

volunteers exposed to auto emissions derived from oxygenated fuels (Duffy 1994) or increased

polymorphonuclear neutrophilic leukocytes in nasal lavage material or tear liquid from eyes of humans

exposed by inhalation to 1.7 ppm MTBE for 1 hour (Cain et al. 1994). No studies were located regarding

immunological or lymphoreticular effects in humans after oral or dermal exposure. No studies were
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located that conducted immunological tests in animals exposed to MTBE by the inhalation or oral routes.

No evidence that MTBE was a dermal sensitizer was found in guinea pigs (ARCO 1980). Most studies in

animals exposed by the inhalation and oral routes indicate that the lymphoreticular system is not a target

of MTBE toxicity regardless of the exposure concentration or oral dose or the duration of exposure

(Biodynamics 1981 ; Burleigh-Flayer et al. 1992; Chun et al. 1992; Dodd and Kintigh 1989; Greenough et

al. 1980; ITT Research Institute 1992; Neeper-Bradley 1991; Robinson et al. 1990). However, MTBE was

reported to result in a higher incidence of lymphoid hyperplasia in submandibular lymph nodes in male

rats exposed by inhalation (Dodd and Kintigh 1989) and dysplastic proliferation of lymphoreticular tissue

(possibly preneoplastic) in female rats exposed orally (Belpoggi et al. 1995). Some studies have reported

decreases in spleen or thymus weight, in the absence of histopathological lesions (Burleigh-Flayer et al.

1992; Chun and Kintigh 1993; Robinson et al. 1990). A battery of immune tests in animals exposed by

inhalation are needed to determine or rule out whether MTBE has immunological effects. Since inhalation

is the most likely route of exposure, and since pharmacokinetic data suggest similar kinetic and metabolic

behavior regardless of route, testing by the oral route seems unwarranted.

Neurotoxicity.  No studies were located regarding neurological effects in humans after oral or dermal

exposure to MTBE. People exposed to MTBE while operating or fueling motor vehicles or people

occupationally exposed (such as mechanics, service station workers) have reported subjective symptoms

of headache, nausea or vomiting, dizziness, and disorientation (Beller and Middaugh 1992; CDC 1993a,

1993b; Chandler and Middaugh 19921; Moolenaar et al. 1994; White et al. 1995). The central nervous

system is without question the most sensitive target of acute exposure to MTBE. MTBE exposure of

animals by the inhalation and oral routes has produced signs of central nervous system depression. These

signs usually occur immediately after inhalation concentrations or oral doses, are transient in nature, and

resemble effects of ether anesthesia or ethyl alcohol intoxication (ARCO 1980; Bioresearch Labs 1990b;

Burleigh-Flayer et al. 1992; Chun and Kintigh 1993; Chun et al. 1992; Dodd and Kintigh 1989;

Greenough et al. 1980; ITT Research Institute 1992; Neeper-Bradley 1991; Robinson et al. 1990; Tyl

1989; Tyl and Neeper-Bradley 1989). MTBE has been tested in a functional observation battery of tests in .

rats exposed by inhalation (Gill 1989) with evidence of transient central nervous depression. Additional

testing by the oral route appears to be unwarranted, since there is no reason to believe that the effects are

route specific. MTBE and tert-butanol were found to be distributed to the brain of rats at concentrations

similar to blood concentrations (Savolainen et al. 1985), which probably accounts for the sensitivity of

this end point. The acute- and intermediate-duration inhalation MRLs of 2 and 0.7 ppm, respectively, are

based on NOAELs for neurological effects. Likewise, the acute-duration oral MRL of 0.4 mg/kg/day is

based on a NOAEL for neurological effects.
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Epidemiological and Human Dosimetry Studies.  No studies were located regarding health effects

in humans exposed to MTBE by oral or dermal routes. Survey studies in motorists and workers at gas

stations, automobile dealerships, and people whose occupations require extensive use of motor vehicles

have been conducted in Anchorage and Fairbanks, Alaska, and Stamford, Connecticut, during oxygenated

fuel programs, in which MTBE (15% by volume) was added to gasoline for the reduction of carbon

monoxide emissions (Beller and Middaugh 1992; CDC 1993a, 1993b; Chandler and Middaugh 1992;

Moolenaar et al. 1994; White et al. 1995). A preliminary survey of petroleum refinery employees working

with gasoline containing MTBE (Mehlman 1995) provided no detail other than the percentages of workers

with self-reported symptoms. In the CDC studies, blood levels of MTBE were analyzed in some of the

mechanic and gas station workers and were to correlate with workroom or personal breathing zone levels,

but exposure levels were considered to be underestimated because the content of the air a worker actually

breathed may have been substantially different from the air level measured by the monitoring devices,

many of the windows a.nd doors were open due to the mildness of the weather, or higher exposure levels of

MTBE probably occurred while the workers were close to the gasoline tank (CDC 1993a; CDC 1993b). In

addition, these and other studies (Anderson et al. 1995) in humans suggest that knowledge about

oxygenated fuel programs, including the likely awareness of the potential negative effects of MTBE and

the higher cost of oxygenated fuels, may have biased the subjective symptom reporting. Furthermore,

other human surveys (CDC 1993c; Fiedler et al. 1994; Mohr et al. 1994) found no increase in health

complaints among people with high oxygenated fuel exposure. Experimental studies, in which volunteers

were exposed to 1.7 ppm (Cain et al. 1994) or 1.39 ppm (Prah et al. 1994) MTBE for 1 hour, found no

indication of adverse effects. However, whether multiple exposures, higher exposure levels, or exposures

of longer duration, which are more relevant for real-life exposure of motorists to MTBE, could cause

cumulative effects could not be resolved. Thus, the relationship between the experimental studies and the

field studies is not clear. Information on toxic effects of MTBE in humans was available from clinical

studies of patients receiving MTBE via percutaneous intracystic infusion or infusion into the gallbladder

via catheter for the dissolution of gallstones. While this does not represent an environmentally relevant

route, the side effects of this therapeutic treatment (central nervous system sedation, liver effects,

leukocytosis) are generally consistent with health effects observed in animals exposed to MTBE by the

inhalation and oral routes. However, doses associated with effects for this treatment route are not

predictive of environmental exposure levels. Experimental studies of volunteers exposed to more realistic

exposure levels for longer durations are needed to establish the threshold for irritation and mild central

nervous system effects. Since MTBE is widely used as a gasoline additive, more studies of workers

involved in the gasoline industry and of people who work at or live near gasoline filling stations are

needed to provide more reliable information on atmospheric levels that produce effects, especially signs of
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irritation and central nervous system depression, and to eliminate biases in the subjective symptom

reporting. People who live in areas where the air, groundwater, or soil is contaminated from major

production sites, large tank batteries, transfer terminals, active or abandoned waste sites, and gasoline

leaks should also be studied for adverse health effects. More data are needed regarding the possibility that

some persons are or can become more chronically sensitive to MTBE, that a combustion product of MTBE

may be playing a role in causing symptoms, and that such factors as cloud cover that may contribute to

reported adverse effects of exposed humans.

Biomarkers of Exposure and Effect.

Exposure.  The amount of MTBE in blood or expired air appears to be the most useful biomarker of

exposure because much of the absorbed MTBE is excreted unchanged in the expired air (Bioresearch Labs

1990b, 1990d). In addition, expired air or blood levels of its metabolite tert-butanol can be useful

indicators of MTBE exposure. Recently, investigations of motorists and workers in Alaska and

Connecticut showed that ambient or personal breathing zone levels of MTBE were strongly correlated

with human blood levels of MTBE (CDC 1993a, 1993b; Moolenaar et al. 1994; White et al. 1995). MTBE

and tert-butanol, as well as the metabolite methanol, were measured in the blood of rats, and MTBE blood

levels were generally related to exposure concentration (Savolainen et al. 1985). Based on limited

information in humans and based on clearance data in rats, monitoring of expired air, blood, or urine for

MTBE or tert-butanol in humans could be used for determining very recent exposure to MTBE. However,

after exposure ceases for a few days, MTBE and its metabolites would be cleared. The development of an

alternative biomarker does not seem necessary or possible, because MTBE and its metabolites are cleared

rapidly and no evidence of interactions with biological macromolecules was located.

Effect.  MTBE exposure can lead to central nervous system depression characterized by ataxia,

hypoactivity, drowsiness, anesthesia, duck-walk gait, decreased muscle tone, prostration, lack of startle

response, and lack of righting reflex (ARCO 1980; Bioresearch Labs 1990d; Burleigh-Flayer et al. 1992;

Chun and Kintigh 1993; Chun et al. 1992; Dodd and Kintigh 1989; Gill 1989; Greenough et al. 1980; ITT

Research Institute 1992; Neeper-Bradley 1991; Robinson et al. 1990; Tyl 1989). Exposure can induce

hepatic microsomal enzymes (Brady et al. 1990; Savolainen et al. I985), or lead to elevated levels of

SGPT, SGOT, or serum lactic dehydrogenase (Robinson et al. 1990), and may increase (Greenough et al.

1980) or decrease BUN (Robinson et al. 1990) levels. However, many ethers, alcohols, and other

chemicals can lead to these effects or combination of effects; therefore, no known effect or combination of

effects can be used as a biomarker to identify or quantify exposure to MTBE specifically. The central
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nervous system depression appears to be the most sensitive and immediate effect of MTBE exposure, and

may be due to solvent effects on neuronal membranes. The development of a biomarker to detect the

effect on cell membranes would not be practical given the transient and short-lived nature of the anesthetic

effect.

Absorption, Distribution, Metabolism, and Excretion.  The absorption, distribution, metabolism,

and excretion of MTBE has been well studied in rats after inhalation, oral, dermal, and intravenous

exposure (Biodynamics 1984; Bioresearch Labs 1990a, 1990b, 1990c, 1990d, 1991; Brady et al. 1990;

Snyder 1979). These studies provided information on rates and extent of absorption, retention in tissues,

metabolism, and rates and extent of excretion of relatively low and high doses of MTBE. Based on shifts

in elimination pathways following exposure to high compared to low doses, saturation of metabolizing

enzymes appears to occur, but does not appear to influence the overall elimination of MTBE from the

body. Information on respiratory and urinary metabolites and results of in vitro studies with rat liver

microsomes have provided sufficient information to propose a plausible metabolic pathway. Metabolism

does not appear to be route specific. The studies in rats provided some pharmacokinetic parameters, and a

preliminary physiologically based pharmacokinetic model has recently been developed by Borghoff et al.

(1996). Further refinement of the model in rats is needed for extrapolating pharmacokinetic, toxicity, and

dose-response data to humans.

Comparative Toxicokinetics.  Comprehensive information on toxicokinetics of MTBE is available

only for rats (see data need for Absorption, Distribution, Metabolism, and Excretion). The only

toxicokinetic information for MTBE in mice involves pulmonary excretion after intraperitoneal dosing

(Yoshikawa et al. 1994). Information on side effects in patients receiving MTBE therapeutically for the

dissolution of gallstones indicates that central nervous system depression is also the most sensitive end

point in humans (Allen et al. 1985b; Bonardi et al. 1986; Brandon et al. 1988; DiPadova et al. 1986; Kaye

et al. 1990; McNulty et al. 1991; Murray et al. 1988; Neoptolemos et al. 1990; Ponchon et al. 1988; Saraya

et al. 1990; Thistle et al. 1989; Tobio-Calo et al. 1992; vansonnenberg et al. 1986). Studies in motorists

and workers occupationally exposed to MTBE (CDC 1993a, 1993b; Moolenaar et al. 1994; White et al.

1995), and an experimental inhalation study in humans (Cain et al. 1994) indicated that MTBE is well

absorbed from lungs and metabolized to tert-butanol. Limited information regarding distribution,

metabolism, and excretion of MTBE was available for humans who received MTBE via percutaneous

intracystic infusion for dissolution of gallstones (Leuschner et al. 1991). The limited data in humans

suggest some similarities in metabolism between rats and humans, that is, tert-butanol as a common

metabolite. However, finding the rat urinary metabolites, 2-methyl-1,2-propanediol and
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α-hydroxyisobutyric acid in the urine of patients who receive MTBE therapy would provide a better basis

for considering the rat a good model to predict the behavior of MTBE in the human body. The data on

distribution and excretion are too limited to be compared. Toxicokinetic studies in other species are

needed to determine if the disposition of MTBE is similar across species. As discussed in Absorption,

Distribution, Metabolism, and Excretion above, the studies in rats provided some pharmacokinetic

parameters, and a preliminary physiologically based pharmacokinetic model has recently been developed

by Borghoff et al. (1996). Further refinement of the model in rats is needed for extrapolating

pharmacokinetic, toxicity, and dose-response data to humans.

Methods for Reducing Toxic Effects.  MTBE is rapidly absorbed, distributed, metabolized, and

excreted. The most immediate systemic effect is central nervous system depression, which is transient.

Because MTBE is absorbed rapidly by passive diffusion, gastric lavage can be useful only if performed

within one hour of exposure to reduce the amount absorbed in the case of ingestion. Reducing absorption

after inhalation exposure is not feasible. Thorough washing of the skin with water could reduce dermal

absorption. MTBE and its metabolites are not retained in the body for any substantial period of time, so

there is little need to reduce body burden. The mechanism of action of the central nervous system effects

has not been clearly established, but is probably related to solvent effects on cell membranes. The short

duration of the central nervous system symptoms and the absence of known chronic effects make

pharmacological therapy difficult to justify.

MTBE is rapidly absorbed, distributed, metabolized, and excreted. The most immediate effect is central

nervous system depression, which is transient. Because MTBE is absorbed rapidly by passive diffusion,

gastric lavage can be useful only if performed within one hour of exposure to reduce the amount absorbed

in the case of ingestion. Reducing absorption after inhalation exposure is impractical. Thorough washing

of the skin would reduce dermal absorption. MTBE and its metabolites are not retained in the body for

any substantial period of time, obviating the need to reduce body burden. The mechanism of action of the

central nervous system effects has not been clearly established, but is probably related to solvent effects

on cell membranes. The short duration of the central nervous system symptoms and the absence of known

chronic effects make pharmacological therapy difficult to justify.
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2.10.3 Ongoing Studies

ATSDR is funding a study on the genotoxicity of MTBE entitled “Genotoxic Effects of a Widely Used

Gasoline Additive” to be performed by Dr. Norman Kado of the University of California at Davis, who

will test MTBE in a modified Ames assay using a microsuspension procedure for volatile compounds, in a

micronucleus assay in pregnant mice and their fetuses, and in an assay for induction of mutations at the

lacZ gene in kidneys of transgenic mice. Information regarding ongoing research on the genotoxicity of

MTBE was also found in an abstract.

As reported in an abstract, Choi et al. (1993) injected MTBE into the liver parenchyme, the peritoneum,

the tail vein, the portal vein, or the inferior vena cava of rats. In the portal vein and inferior vena cava

groups, 90% of the rats died. Necropsy revealed localized areas of congestion, hemorrhage, and interstitial

edema in the lung and degenerative changes and necrosis in the liver. In the other groups, all rats survived

and showed only mild lung changes upon necropsy after sacrifice.

In an abstract of a report presented at the International Congress of Toxicology - VII, July 2-6, 1995,

Johanson et al. (1995) reported that in 10 healthy male volunteers exposed to MTBE by inhalation at 5, 25,

or 50 ppm for 2 hours during light physical exercise, low uptake (32-41% of inhaled amount), high postexposure

exhalation (18-34% of uptake), low blood clearance, and low recovery of tert-butanol in urine

were found. The half-life of tert-butanol was 8-10 hour in blood and urine. The pharmacokinetic data are

being used to develop a physiologically based pharmacokinetic (PBPK) model for MTBE. The subjects

reported minimal or no subjective symptoms (discomfort, irritation, central nervous system effects), and

eye and nose acoustic rhinometry revealed minimal or no effects.

In another abstract and poster presentation at a meeting of the International Society for Environmental

Epidemiology in Durham, North Carolina, by these authors, Nihlen et al. (1994) reported that the

preliminary analysis postexposure decay curve of MTBE in blood of the 10 healthy male volunteers

exposed to MTBE by inhalation at 5, 25, or 50 ppm for 2 hours during light physical exercise indicated

three half-times in the blood of about 1 minute, 0.6 hour, and 7 hours. The preliminary half-time of

tert-butanol in urine was about 4 hours. These values were reported in the abstract. In the poster,

however, it appeared that the 3 half-times of MTBE in the blood were about 7 minutes, 47 minutes, and

6.2-7.2 hours. Two half-times of MTBE in the urine were 16-22 minutes and 3-3.1 hours. The half-time

of tert-butanol in the urine was 10.7 hours for the 25 ppm exposure and 5.4 hours for the 50 ppm

exposure.
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As reported by Medlin (1995), Thomas Goldsworthy and other researchers of CIIT are investigating the

mechanism by which a number of compounds in unleaded gasoline, including MTBE, cause liver tumors

in mice. For MTBE, the hypothesis being tested is that MTBE causes liver tumors in mice through

modulation of hormones, specifically estrogen. Abstracts of these studies have been presented at the 35th

Annual Meeting of the Society of Toxicology in March, 1996. Borghoff et al. (1996) measured partition

coefficients of MTBE in blood, liver, kidney, fat, and muscle of male and female Fischer rats for use in the

development of a physiologically based pharmacokinetic model. Moser et al. (1996), of CIIT, found that

MTBE exposure of female B6C3F1 mice at 7,988 ppm for 4 months resulted in decreased relative uterine,

ovary, and pituitary weights, increased relative liver weight and hepatic microsomal P-P50

pentoxyresorufin O-dealkylase activity, but did not affect DNA synthesis in nonfocal hepatocytes.

Furthermore, MTBE did not exhibit tumor-promoting activity in the mice that received an initiating dose

of N-nitrosodiethylamine. The authors stated that MTBE produced endocrine modulation suggestive of

estrogen antagonism, but did not show tumor-promoting activity. This is unlike the hormonal-modulated

mechanism of hepatic tumor promotion of unleaded gasoline (Goldsworthy et al. 1996).

Other abstracts presented at the 35th Annual Meeting of the Society of Toxicology in March 1996, present

ongoing studies of MTBE. In male Sprague-Dawley rats gavaged with MTBE in corn oil at

1,000 mg/kg/day for 1 month, serum testosterone was decreased within hours after the first treatment, but

not at the time of sacrifice (de Peyster et al. 1996). Total liver cytochrome P-450 was elevated after

1 month, but liver and androgen-dependent organ weights were unchanged. The authors stated that an

immediate, transient decrease in serum testosterone is consistent with a direct effect on the hypothalamic-pituitary-

gonadal axis, and that long-term changes in steroid metabolism might occur if P-450 induction is

sustained.

Scholl et al. (1996) reported that pretreatment of male Fischer rats with phenobarbital or clofibrate, but not

beta-naphthoflavone, prolonged the duration of ataxia and narcosis induced by an intraperitoneal dose of

MTBE. Phenobarbital and clofibrate also induced hepatic microsomal enzymes that metabolize MTBE to

tert-butanol, suggesting that the metabolic status is a major determinant of sensitivity to the central

nervous system effects of MTBE.
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3.1  CHEMICAL IDENTITY

Methyl tert-butyl ether (MTBE) is a volatile organic compound (VOC) often added to gasoline to reduce

air pollution. MTBE and other components, commonly known as “oxygenates,” are added to gasoline to

increase the octane number and reduce carbon monoxide emissions. Information regarding the chemical

identity of MTBE is located in Table 3- 1.

3.2  PHYSICAL AND CHEMICAL PROPERTIES

MTBE is a relatively volatile chemical and is moderately soluble in water. It is very soluble in some

organic solvents such as alcohol and ether. Oil refiners blend MTBE into gasoline to meet requirements

for oxygenated fuels. Gasoline containing MTBE has become recognizable by its pungent odor. MTBE is

flammable, and is a moderate fire risk (Sax and Lewis 1987). Information regarding the physical and

chemical properties of MTBE is located in Table 3-2.
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During the 1970s EPA moved to phase out leaded gasolines and to reduce the levels of air pollution from

pre- or post-combustion vehicular emissions. This conversion to unleaded fuels tended to reduce the

octane ratings. Additives such as benzene or toluene could increase octane levels, but these aromatic

volatile organic compounds could lead to serious air pollution problems due to their known toxic

properties. Various highly oxygenated blending agents, including several ethers and alcohols, can boost

the octane of unleaded gasoline and, since they are less toxic, can mitigate many of the air pollution

concerns. MTBE is one such product used in Reformulated Gasoline (RFG). Some states started requiring

the seasonal use of RFGs in the 197Os, and this became a requirement for many parts of the country under

provisions of the 1990 Clean Air Act. This requirement led to a rapid expansion in the production and use

of MTBE starting in the late 1980s.

4.1  PRODUCTION

Typical production processes use feedstocks like isobutylene, often in combination with methanol, in

adiabatic fixed reactors. The isobutylene and methanol react in the presence of ion-exchange resin

catalysts at medium pressures and temperatures. Highly volatile by-products are removed through

distillation, and methanol is reclaimed using water washing or molecular sieves. In a variant of this basic

technology called reaction distillation, the catalysis and distillation steps take place simultaneously

(Shanely 1990). There are numerous variants in these manufacturing processes, the details of which are

protected under patents or license agreements (Lorenzetti 1994; Rhodes 1991).

Until the late 1980s isobutylene and other feedstocks could be readily obtained from existing refinery

operations. With minor investments, these refineries could add MTBE production with yields in the range

of 8,000-20,000 barrels per day. As demand for MTBE increased, large specialized production facilities

were built. These larger specialized plants account for the vast majority of domestic production

(Lorenzetti 1994). These plants are often close to other refineries, pipelines, or navigation shipping

terminals. For instance, about 70% of the entire salable production capacity for MTBE is concentrated

along the Houston Ship Channel near Beaumont, Texas (Anonymous 1992b). As MTBE production

capacity begins to outreach the supplies of such feedstocks as isobutylene, various processes are being

added to the conventional plant design to tap other petrochemical feedstocks. These processes include

dehydrogenation of isobutane, dehydration of isobutanol, ethenolysis of branched alkenes, and catalytic
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isomerization of butenes or butane. A drawback to some new technologies is the production of large

quantities of methyl isobutyl ether (MIBE), a low-octane MTBE isomer (Nicolaides et al. 1993).

Nearly all the MTBE produced in the United States is used as octane boosters and oxygenating agents in

reformulated gasoline, and these uses are the only ones for which reliable production figures are readily

available. Starting in the late 1980s MTBE production increased rapidly. The 1990 Clean Air Act created

a guaranteed market of some 400,000 barrels per day for all types of reformulated fuel oxygenated

additives. Since other ingredients such as ethanol and other ethenes are alternative reformulation

additives, MTBE is expected to command a market share of at least 250,000 barrels (about 64.8 million

pounds or 29.4 million kg) per day (Lorenzetti 1994). Estimated production capacity in the United States

during 1995 was 240,100 barrels (about 62.2 million pounds or 28.2 million kg) per day (CMR 1995).

Since some companies operate plants that make large contributions to the total annual U.S. production of

MTBE, production estimate statistics may exclude figures from certain companies. In fact, such private

providers of production information as SRI International (SRI 1995) no longer provide any MTBE

production quantities for facilities or companies. Annual MTBE production estimates for 1991 were

9.57 billion pounds (4.34 billion kg), and estimates for 1992 were at 10.86 billion pounds (4.92 billion kg)

(HSDB 1995; Reisch 1993). The U.S. International Trade Commission (USITC) solicits production

estimates for a number of synthetic organic chemicals from companies suggested by government and

industry representatives. MTBE has been included in this survey since 1993. The annual production

estimates are subject to a series of revisions, so that it often takes at least a year for final figures to become

stabilized. The most recent set of stable production statistics are for 1993, when the annual production

was estimated to be 5.547 billion kg (12.229 billion pounds) (USITC 1995). Available statistics,

therefore, show a dramatic increase in MTBE production from the 1980s to the early 1990s and a slower,

but steady, increase in production during the 1990s).

Table 4-l lists the facilities in each state that manufacture or process MTBE, the intended use, and the

range of maximum amounts of MTBE that are stored on site. The amounts stored at these facilities ranges

from amounts under the Toxics Release Inventory (TRI) reporting requirements to amounts at or above

1 million pounds (453,597 kg) per year (TRI93 1995). Four states (California, Louisiana, Michigan, and

Texas) account for over 50% of the total number of reporting facilities in TRI93. The data from the Toxics

Release Inventory listed in Table 4-1 should be used with caution, however, since only certain types of

facilities were required to report (EPA 1995a). This is not an exhaustive list.
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4.2  IMPORT/EXPORT

The USITC and the U.S. Department of Commerce only started to document import information for MTBE

in 1993 and export information in 1994. Therefore, only limited quantitative estimates on annual import

and export levels for MTBE are available for years prior to 1994. For 1994, the level of MTBE imports is

1.753 billion kg (3.865 billion pounds); the level of exports for 1994 is estimated as 0.405 billion kg

(0.893 billion pounds) (NTDB 1995). For imports, the 1993 figure is 0.919 billion kg (2.026 billion

pounds) (NTDB 1995). In earlier published U.S. production figures, the statistics would often combine

MTBE used domestically with MTBE exports (Reisch 1993). While there has been substantial

construction of new MTBE production facilities worldwide (Anonymous 1992b; Otto 1993) large U.S.

production facilities are reported to export a substantial percentage of their output (Lorenzetti 1994). One

reason that MTBE has only recently attracted interest for purposes of official import and export statistics

(as opposed to overall, production estimates) is that the vast majority of MTBE output is first blended into

reformulated gasolines. Foreign producers will generally seek markets for products like finished gasoline,

so that most MTBE would be imported not as a bulk product but as an ingredient in gasolines

(Anonymous 1992b; HSDB 1995; Lorenzetti 1994).

4.3  USE

Nearly all the MTBE produced in the United States is produced for use in reformulated gasolines. MTBE

can be thermally decomposed into methanol and isobutene and in the past has been used to produce

isobutene (HSDB 1995). MTBE is used in small quantities as a laboratory reagent to extract semi-volatile

organic compounds from such sample types as leachates or solid wastes (EPA 1984a). MTBE is also a

pharmaceutical agent, which can be used as an alternative to surgery in dissolving gallstones when

injected intraductally (Angle 1991; Bergman et al. 1994; Eidson et al. 1993; Gilbert and Calabrese 1992).

4.4  DISPOSAL

Since most MTBE is used as a component in reformulated gasoline, provisions for its disposal are

generally subsidiary to regulations for disposing of gasolines or similar volatile or such semi-volatile

organic compounds as benzene or toluene. MTBE is likely to be encountered in waste sites or NPL sites

where blended gasoline has been disposed of, or at NPL sites around pipelines, large tank batteries, or

refineries and other facilities involved in the manufacture of reformulated fuels. Once dissolved in water,

MTBE can readily leach into groundwater supplies. MTBE from past disposal in dumps and waste sites or
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from spills, leakage from underground storage tanks, or other releases to the environment is being

increasingly recognized as a pollutant to groundwater supplies (Schorr 1994; USGS 1995). Chapter 7

contains an overview of regulations and guidelines regarding disposal practices for MTBE. No

information was located on the quantities of MTBE disposed of by each disposal method, or on trends in

disposal amounts or practices.
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5.  POTENTIAL FOR HUMAN EXPOSURE

5.1  OVERVIEW

MTBE is generated solely through manufacturing processes and is released to the environment by human

activities. Until the 1970s when a shift to unleaded gasolines attracted interest in relatively non-polluting

high octane additives, MTBE production was extremely limited. As recently as 1980, commercial output

in the United States was only 19,000 barrels (around 5 million pounds or 2.2 million kg) per day; it has

since climbed to around 250,000 barrels (about 64.8 million pounds or 29.4 million kg) per day

(Lorenzetti 1994). When production was low, the risks for human exposure were minimal outside certain

occupational settings. Exposures to MTBE at high levels would usually be expected only in the case of

accidents or spills, especially in enclosed spaces. But the current widespread use of MTBE in

reformulated gasoline significantly increases the possibility of the general public being exposed to MTBE

at low levels. Opportunities for exposure will closely parallel those for other organic hydrocarbon

gasoline additives such as benzene or toluene. In addition to inhalation risks while fueling motor vehicles

and direct exposures from vehicle emissions, MTBE will be emitted to the ambient air, primarily from precombustion

volatilization. This can then lead to low-level background exposure potentials over a large

geographical area.

While these atmospheric pathways are of most concern for the general population, more localized risks can

arise when MTBE becomes a groundwater contaminant. Groundwater contamination risks exist around

major production sites, pipelines, large tank batteries, transfer terminals, and active or abandoned waste

disposal sites; in addition, gasoline leaks from up to 20% of the nation’s 1.4 million underground storage

tanks (USTs) can lead to exposures to MTBE through contaminated groundwater. Groundwater sampling

programs are beginning to document numerous cases of MTBE contamination, especially in shallow

groundwater aquifers; contamination is often related to spills or releases from USTs (Schorr 1994; USGS

1995).

According to much of the existing literature, MTBE poses no severe human health threats at the exposure

levels anticipated for the general population. However, MTBE does produce an extremely offensive odor.

When included in a liquid mixture, its odor detection threshold is in the neighborhood of 680 µg/L, which

is much lower than the 4,700 µg/L threshold for other common volatile organic compounds (VOCs) like

benzene (Angle 1991; Gilbert and Calabrese 1992). In many cases, the smell of MTBE in well water has
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been an early indicator of groundwater contamination from even more dangerous VOCs released from

leaking USTs (Angle 1991).

MTBE has been identified in at least 12 of the 1,430 current or former EPA National Priorities List (NPL)

hazardous waste sites (HazDat 1996). However, the number of sites evaluated for MTBE is not known.

The frequency of these sites can been seen in Figure 5-1.

5.2  RELEASES TO THE ENVIRONMENT

Environmental releases of MTBE may occur at industrial sites involved in the manufacture of MTBE or in

the blending of MTBE with gasoline; during the storage, distribution and transfer of MTBE-blended

gasoline, and from spills or leaks or fugitive emissions at automobile service stations (EPA 1994c). The

major source for quantitative estimates of releases to environmental media for MTBE is the Toxics

Release Inventory (TRI).

Releases of MTBE are required to be reported under SARA Section 313; consequently data are available

for this compound starting with the 1993 survey period in the TRI (EPA 1995a). According to the TRI, a

total of 3,163,305 pounds (1,434,865 kg) was released to some environmental media in 1993 (TRI93

1995). This total figure includes 9,405 pounds (4,266 kg) released through the Underground Injection

Control program. In addition, an estimated 92,030 pounds (41,744 kg) were released by manufacturing

and processing facilities to publicly owned treatment works (POTWs), and an estimated 859,424 pounds

(389,832 kg) were transferred off-site (TRI93 1995).

MTBE has been identified in at least 12 of the 1,430 NPL current or former NPL hazardous waste sites

(HazDat 1996). According to HazDat (1996) MTBE has been detected only in groundwater. MTBE has

been found in groundwater samples at all 12 NPL sites with MTBE contamination (HazDat 1996).

5.2.1  Air

Although MTBE was listed as a hazardous air pollutant under the 1990 Clean Air Act Amendments, it is

also an EPA-approved alternative for use in reformulated gasoline (EPA 1994c). While its notoriety as a

gasoline additive has led to some regional case studies (LaGrone 1991), information on MTBE is not

available allowing comprehensive estimates of releases to the air. Since MTBE is a VOC, it has been

included under emissions inventories for some industrial facilities (LaGrone 1991).
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Major markets for MTBE were very limited until MTBE and ethanol became the two favored ingredients

for use in reformulated gasolines in the late 1980s. It is therefore reasonable to assume an increasing trend

in releases of MTBE to the atmosphere in the 1990s. However, the limited availability of data makes it

difficult to make any quantitative assessment of trends in releases to the air.

Most releases would be from the MTBE included in reformulated gasoline. The most common types of

releases would involve refueling operations at fuel terminals or service stations and emissions from

automobile exhaust or background levels in the ambient air encountered during commuting (Lioy et al.

1994). Since these emissions are not from stationary sources, broad-based monitoring and record-keeping

is minimal, precluding precise estimates of these releases.

Many types of human exposure will involve transient events related to adding fuel to automobiles or

igniting reformulated fuels in a car engine under “cold” start-up conditions. With the switch to unleaded

fuels, manufacturers have encountered challenges in maintaining adequate levels of what is called the

Front End Octane Number (FEON). When first starting an engine, especially if the weather conditions are

extremely cold, the initial combustion reactions focus on those components of the fuel that can boil below

100 °C. In reformulated gasolines, such components will include MTBE, other VOC additives, and the

most volatile components of the gasoline itself (Piel 1988). This can increase the levels of transient

exposure and is a major reason that cars burning reformulated fuels give off objectionable odors until the

engines have warmed up. This phenomenon, which could clearly be exacerbated under extremely cold

climate conditions, is a factor in the ongoing controversy over MTBE exposure in states with extremely

cold winters (Illman 1993; Pie1 1988).

According to the TRI, releases of 3,095,069 pounds (1,403,914 kg) of MTBE to the atmosphere from

34 manufacturing or processing facilities in 1993 accounted for about 97.8% of the total environmental

releases (TRI93 1995). These releases are summarized in Table 5-1. The data from the TRI listed in

Table 5-1 should be used with caution, however, since only certain types of facilities are required to report

(EPA 1995a). This is not a comprehensive list.

MTBE has not been identified in air samples collected at any of the 12 NPL hazardous waste sites where it

was detected in some environmental media (HazDat 1996).
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5.2.2  Water

MTBE is not a priority pollutant under the Clean Water Act and has not been a target analyte in ordinary

surface water quality monitoring and assessment programs or the focus of much attention in discharge

permitting. Therefore, very limited data are available on releases of MTBE to surface waters. Most

releases to surface water would likely result from leaks or spills. Since MTBE has a fairly high degree of

solubility in water (42,000 mg/L as used in Mackay et al. 1993), rain scouring could also transfer MTBE

from the atmosphere to surface waters (USGS 1995). Wet weather runoff will often wind up being divert

into storm drains or waste water treatment facilities in urban areas or industrial facilities, where the MTBE

may then be introduced to receiving waters. Given its high vapor pressure of 245 mm Hg and Henry’s

Law Constant of around 5.87x 10-4atm-m3/mole (see Chapter 3, Table 3-2), however, MTBE would be

expected to volatilize rapidly from surface water or soil surfaces (EPA 1994c).

According to the TRI, releases of 58,509 pounds (26,539 kg) of MTBE to surface water from

22 manufacturing or processing facilities in 1993 accounted for about 1.8% of the total environmental

releases (TRI93 1995). An additional 92,030 pounds (41,744 kg) of MTBE were introduced as influents

to POTWs (TRI93 1995). While much of this input to municipal waste water treatment works would be

expected to volatilize to the air, perhaps up to 10% might be released to surface water in treated effluents

(van Luin and Teurlinckx 1987). These releases are summarized in Table 5-l. The data from the TRI

listed in Table 5-l should be used with caution, however, since only certain types of facilities are required

to report (EPA 1995a). This is not a comprehensive list.

While no comprehensive quantitative estimates of MTBE releases to groundwater seem possible, the

chemical has been reported in groundwater at all 12 NPL sites where MTBE contamination is documented

in the HazDat database (HazDat 1996). Another source of groundwater contamination is from leaking

USTs. There are around 1.4 million small underground storage facilities regulated under the EPA

Underground Storage Tank (UST) program. Up to 20% of these facilities may either be leaking now or

can be expected to start leaking in the near future (Mihelcic 1990). Since the UST program requirements

for upgrading storage tank construction only began to take effect by the late 1980s some leaking tanks

would have contained reformulated fuels containing MTBE. Since the focus of remediation efforts under

the UST program is on such known carcinogens as benzene, detection of MTBE contamination often takes

place qualitatively due to its offensive odor (Angle 1991). The odor threshold of MTBE is in the range of

0.32-0.47 mg/m3 (1.15-l.70 ppm) in air (EPA 1994a), which corresponds to a level that would volatilize
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from a concentration of around 680 ppb (µg/L) in water (Angle 1991); MTBE levels in either media are

much lower than for other common VOCs such as benzene.

5.2.3  Soil

No quantitative estimates of releases to soils or sediments could be identified. Releases around production

facilities, pipelines, or transfer terminals are possible from spills. The organic carbon partitioning

coefficient (Koc) for MTBE is around 11.2, a low value indicating little tendency to sorb to soil particles

and suggesting a considerable mobility, with the leaching of the chemical into groundwater considered

likely (EPA 1994c; Swann et al. 1983) (see Table 3-2). In estuaries and harbors, aquatic sediments may

become sinks, at least on a seasonal basis, for MTBE introduced from a combination of spills, runoff, or

automobile emissions (Bianchi et al. 1991).

According to the TRI, releases of 320 pounds (145 kg) of MTBE to the land from 10 manufacturing or

processing facilities in 1993 accounted for less than 1% of the total environmental releases (TRI93 1995).

These releases are summarized in Table 5-l. The TRI data listed in Table 5-l should be used with caution,

however, since only certain types of facilities are required to report (EPA 1995a). This is not a

comprehensive list.

The limited availability of data makes it difficult to assess releases of MTBE to soils or sediments. MTBE

has not been identified in soil or sediment samples collected at any of the 12 NPL hazardous waste sites

where it was detected in some environmental media (HazDat 1996).

5.3  ENVIRONMENTAL FATE

5.3.1  Transport and Partitioning

Based on equilibrium fugacity models, the high vapor pressure of MTBE leads to partitioning to the

atmosphere (Mackay et al. 1993) for MTBE releases to surface waters or soil surfaces. In model systems,

half-lives (first-order kinetics) in moving water are estimated in the neighborhood of 4.1 hours (HSDB

1995, noting estimates based on a method presented in Lyman et al. 1982). Under dynamic systems where

there might be substantial ongoing loadings to air, soils, sediment, or water, the partitioning to the air

compartment is slightly less pronounced (Mackay et al. 1993). When introduced into subsurface soils or

to groundwater, MTBE may be fairly persistent since volatilization to the atmosphere is reduced or
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eliminated. Especially where MTBE is introduced as part of a gasoline mixture from leaking USTs, its

relatively high water solubility combined with little tendency to sorb to soil particles can be expected to

encourage migration to local groundwater supplies (EPA 1994c).

Based on analogy with other ethers, the potential for bioconcentration appears to be very minor, and

standard references will often not even attempt to estimate bioconcentration factors (BCFs) for such

chemicals (Mackay et al. 1993). The only case in the literature presenting an empirical estimate on a BCF

for MTBE is a Japanese study using the Japanese carp. Using a flow-through water system with exposures

carried out over a 4-week period, the highest measured BCF for whole tissue was 1.5 (Fujiwara et al.

1984). Following the end of exposure, tissue levels rapidly declined. A BCF of 3 was estimated from

octanoYwater partition coefficients for the fathead minnow (ASTER 1995; Veith and Kosian 1983). Based

on these results, the bioconcentration potential for MTBE can be rated as quite insignificant.

5.3.2  Transformation and Degradation

MTBE is expected to be undergo destruction once released into the atmosphere from reactions with

hydroxyl radicals. Photolytic decay processes do not seem to play a role in its degradation since MTBE

does not absorb light in range above 210 nm (EPA 1994c). If introduced into surface soils, MTBE would

rapidly re-volatilize to the atmosphere. When introduced into subsurface soil layers, which would be

common in seepage from leaking USTs, MTBE may be fairly persistent since it shows very limited

tendency for either abiotic or biotic degradation processes. When released to surface waters, MTBE would

also tend to re-volatilize rapidly to the air. While MTBE has a reasonably high water solubility (up to

42,000 mg/L as used in Mackay et al. 1993), it shows little tendency to degrade from hydrolysis and has

little tendency to sorb to suspended particulates, soils, or sediments. In groundwater, MTBE can be fairly

persistent since it shows limited susceptibility to either anaerobic or aerobic biodegradation (EPA 1994c).

5.3.2.1  Air

MTBE is not expected to persist in the atmosphere because of its fairly rapid reactions with hydroxyl

radicals. Based on available laboratory studies, a total atmospheric lifetime for MTBE of approximately

4 days has been estimated (Cox and Goldstone 1982; Smith et al. 1991; Wallington et al. 1988). In other

studies, atmospheric half-lives of approximately 3 days are reported in polluted urban air and around

6.1 days in non-polluted rural air (EPA 1994c).
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There are two main decomposition pathways depending on whether the methyl group or the tert-butyl

group is attacked. The pathway involving OH radical decomposition on the methyl group results in such

final products as acetone and tert-butyl formate. While acetone would be relatively resistant to further OH

radical degradation, there is very little research on the reactivity of the tert-butyl formate degradation

products, with available research suggesting atmospheric residence times of up to 15 days (Cox and

Goldstone 1982). This would make the tert-butyl formate much more persistent in the atmosphere than

the original MTBE. There is very limited information available on the toxicology and human health

impacts of tert-butyl formate. The pathway involving decomposition of the tert-butyl group can become

extremely complex, with the final products being dependent on the levels of other free radicals and such

pollutants as NOx. The initial decomposition is not sensitive to photolysis since MTBE does not absorb

radiation in the spectrum above 200-210 nm (EPA 1994c; Schuchmann and von Sonntag 1973); however,

OH radical decomposition is critical to the initial reactions. Photolysis reactions can play a much greater

role in the subsequent breakdown of the rert-butyl group. Under conditions typical of polluted urban air

(Japar et al. 1990), decomposition products can include 2-methoxyl-2-methyl propanol, acetone,

acetaldehyde, and peroxyacetyl nitrate (PAN). Other laboratory studies also indicate that the

decomposition products include formaldehyde (Tuazon et al. 1991), and methyl acetate (Smith et al. 1991;

Tuazon et al. 1991). The decomposition products actually formed are often highly dependent on the

presence of other types of air pollutants. Studies in highly polluted urban airsheds such as Mexico City

have documented statistically significant increases in the ambient levels of formaldehyde following efforts

to encourage greater use of reformulated gasolines such as MTBE (Bravo et al. 1991). Alternative

oxygenated fuel additives such as ethanol, however, also produce aldehydes as combustion products

(Shanley 1990).

Several of the decomposition products stemming from the tert-butyl group breakdown pathway are

products that can be produced from non-oxygenated unleaded gasolines or from reformulated products

using such alternative oxygenating agents as ethanol. This can make it hard to relate laboratory studies or

modeling predictions to actual monitoring observations. For instance, analyses of time series data in both

Mexico City, Mexico, and Denver, Colorado, have been interpreted as confirmation for the position that

the use of MTBE in gasolines can contribute, especially when used with other reformulated gasoline

agents, to increases in the levels of such air pollutants as formaldehyde (Humberto et al. 1991; Illman

1993).
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5.3.2.2  Water

In surface waters, MTBE shows little tendency to degrade due to hydrolysis or other abiotic processes. It

is also resistant to biodegradation (EPA 1994c). Due to its high volatility, will usually be removed from

surface waters very rapidly.

In groundwater, the persistence of MTBE would be accentuated since volatilization to the air is reduced or

eliminated and this ether is apparently refractory to most types of bacterial biodegradation (Yeh and

Novak 1991). Since large plants devoted almost exclusively to the manufacture of MTBE are a relatively

recent phenomenon, most spills around older refineries, pipelines, and transhipment terminals would result

in a complex mixture of different organic hydrocarbons in groundwater pollution incidents.

Contamination at larger facilities involving reformulated fuels would involve mixtures, and contamination

to groundwater from leaking USTs will almost invariably involve blended hydrocarbon mixtures.

The behavior of a plume of MTBE mixed with gasoline and other organic hydrocarbons such as the BTEX

series (benzene, toluene, ethylbenzene, and xylene) in contact with water in an aquifer can become very

complicated. A key factor is the percentage of MTBE in the original fuel mixture. Since 1979, EPA has

allowed progressively higher percentages of MTBE in reformulated gasolines, the percentage has risen

from 7% in 1979 to 11% in 1981, and then to 15% in 1988 (Lorenzetti 1994). Below levels of about 5%,

the pollution chemistry of a reformulated gasoline plume mixing with fresh groundwater will be driven

mostly by the effects from the BTEX components. At higher MTBE levels, however, studies based on

theoretical considerations and modeling exercises suggest that MTBE may increase the partitioning of the

BTEX toxics into groundwater (Mihelcic 1990; Poulsen et al. 1992). These impacts will be minor when

the levels of MTBE in a reformulated gasoline mixture are less than 10% (by volume), with BTEX

solubilities in water increasing by 10% or less. At higher MTBE mixture ratios, however, increases in the

MTBE mixture percentage can increase the BTEX water solubilities to a higher degree. For instance, a

reformulated gasoline mixture containing 0.1% MTBE by volume could increase BTEX water solubilities

by only around 1%; a 10% MTBE mixture could result in a 100% increase in BTEX water solubilities

(Mihelcic 1990). The MTBE co-solvent can also change the sorption/desorption characteristics of other

hydrocarbons, thus increasing their mobility.
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5.3.2.3  Sediment and Soil

There is very limited information available on degradation processes in soils or sediments. On analogy

with water media, there would be limited tendency for destruction from hydrolysis or other abiotic

processes. Results from field or laboratory microcosm studies suggest considerable persistence in deeper

soil layers or in sediments since this ether appears to be highly refractory to microbial decomposition

(Jensen and Arvin 1990; Yeh and Novak 1991). For instance, microcosm studies using several soil types

and bacterial flora showed no significant biodegradation in experiments carried out over a 250-day period,

with most losses due to sorption to organic matter or volatilization (Yeh and Novak 1991). Soils in these

microcosm studies were taken from agricultural sites showing moderate acidity (pH 5-6) and a wide range

in organic matter content.

5.4  LEVELS MONITORED OR ESTIMATED IN THE ENVIRONMENT

Reliable evaluation of the potential for human exposure to MTBE depends in part on the reliability of

supporting analytical data from environmental samples and biological specimens. In reviewing data on

MTBE levels monitored in the environment, it should also be noted that the amount of chemical identified

analytically is not necessarily equivalent to the amount that is bioavailable.

5.4.1  Air

No information could be identified summarizing levels of MTBE in the ambient air based on a national

monitoring database. One regional ambient study from the Houston Regional Monitoring Network

(LaGrone 1991) included MTBE in a suite of VOC target analytes to be monitored. This part of Texas

contains the Houston Ship Channel and includes some of the nations’s largest MTBE manufacturing

facilities, many in close proximity to residential neighborhoods. Data collections on every sixth day were

obtained over a period from September 8, 1987, through September 18, 1988, following the EPA National

Sampling Day protocols. Monitoring results for the Harris and Chambers county area showed total yearly

MTBE emissions of 285 tons, with a mean ambient air concentration for MTBE less than the detection

limit of 0.2 ppb (0.0007 mg/m3). This study used good quality control features and concluded that

occupational and residential exposure potentials in this area with a heavy concentration of MTBE

production and processing facilities were likely to be lower than in urban areas in other parts of the United

States. The EPA has estimated that annual mean MTBE concentrations in ambient air in the United States

during the late 1980s were less than 0.2 ppb (EPA 1994c).
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No information was identified on typical levels for indoor residential air spaces. There are a number of

studies where data were collected around auto service or filling stations that would bear on exposures in

special locations for the general population as well as for occupational groups that work at these

automobile service facilities. Levels from several urban locations suggested that MTBE levels around

such auto service facilities would be less than 1 ppm (Hartle 1993). These special microenvironments can

help assess a broad range of exposure risks, but often involve short-term exposures or large variations in

potential dosages that complicate the interpretation of the data; such data do not provide a basis for

estimating typical ambient air levels (Huber 1994).

5.4.2  Water

Until recently, MTBE has not ordinarily been included as a parameter in most surface water or

groundwater monitoring programs. Especially for surface waters, very limited information could be

identified in the literature for the United States on ambient levels. Studies in England’s Southampton

Harbor, with conditions that may find parallels in other countries in temperate climates where there is

extensive use of reformulated gasoline (Bianchi et al. 1991), found MTBE could accumulate in sediments

in the pollutant sink environment of the harbor area. The sediment was then a major source of MTBE reintroduction to

the surface waters. For an 18-month period of record, ambient water concentrations of

MTBE were observed with a range of 15-81 ng/L (ppt).

In groundwater, studies of NPL and UST program remediation sites can provide highly site specific

indications of MTBE levels in groundwater. UST sites showing MTBE groundwater contamination may

potentially involve a larger total population since older gasoline stations are ubiquitous. Apparently,

detections of MTBE triggered by reports of offensive odors in groundwater are becoming ever more

common. A value of 680 µg/L (ppb) is a common odor threshold for MTBE dissolved in water (Angle

1991). Since the odor thresholds of much more dangerous chemicals like benzene are considerably higher

(4,700 µg/L [ppb] for benzene), odor detections of MTBE are viewed as a type of early warning indicator

of potentially more serious groundwater problems (Angle 1991).

In addition to these highly site-specific sources of information related to groundwater, some states have

assembled significant amounts of water-well data that include testing for MTBE. Since the mid-l980s,

New Jersey has conducted some screening analysis for public drinking water supplies that included MTBE

tests as well as analyses from public and private wells as part of spill investigations or testing related to

leaking USTs (Schorr 1994). From 1989 to 1983, at least 30 wells serving 6 different community drinking
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water systems, and at least 150 private wells had documented detectable amounts of MTBE. In cases

involving a petroleum product spill or leakage, MTBE levels tended to be very high, in one case as high as

40,000 ppb. In all cases where MTBE levels of 100 ppb or higher were detected, there were also

detections of such gasoline constituents as benzene, toluene, xylene, or other hydrocarbons. The highest

incidence of MTBE detections involved non-public wells, where 10% of the wells sampled showed MTBE

levels of 70 ppb or higher. Extrapolating the available samples to all private wells and public wellheads in

New Jersey led to the estimate that 0.5-1 % of the state’s drinking water wells might show MTBE levels

greater than 70 ppb (Schorr 1994).

The United States Geological Survey (USGS 1995) has also summarized VOC data on MTBE derived

from a series of studies in its National Water-Quality Assessment (NAWQA) Program. Many of the

NAWQA studies include a groundwater component. At present, the NAWQA data are available from

211 shallow wells in 8 urban areas and 524 shallow wells in 20 agricultural areas. MTBE was detected in

27% of the urban wells, but in only 1.3% of the rural wells. Only 3% of the urban wells showed MTBE

concentrations that exceeded 20 ppb. One well showed a level of around 23,000 ppb. Certain parts of the

country with longer histories in the use of reformulated gasolines showed a higher incidence of MTBE

detections. For instance, 79% of the test wells in the Denver, Colorado, area showed detectable traces of

MTBE, and 37% of wells in New England showed detectable levels (detection limit, 0.2 ppb). While the

shallow wells targeted for analysis in the NAWQA studies would seldom be part of the aquifers used in

public drinking water systems, the USGS suggests that urban areas with a long history of reformulated

gasoline usage may face increased risks of groundwater contamination from MTBE (USGS 1995).

5.4.3  Sediment and Soil

No quantitative information from the United States documenting levels of MTBE in soils or sediments was

found. The documented instances of MTBE contamination of shallow groundwater supplies demonstrate

the likelihood of MTBE contamination of soils, especially when related to leaks from USTs that contained

reformulated gasoline. However, since programs to remediate soil or groundwater contamination from

underground tanks have generally focussed on clean-up standards for gasoline products in general or

specific toxicants such as benzene, the EPA and state UST programs do not usually yield much monitoring

evidence on MTBE.

Studies in England’s Southampton Harbor, with conditions that may find parallels in other countries in

temperate climates where there is extensive use of reformulated gasoline (Bianchi et al. 1991), found
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MTBE could accumulate in sediments in the pollutant sink environment of the harbor area. The sediment

was then a major source of MTBE re-introduction to the surface waters. For an 18-month period of record,

concentrations from sediment interstitial water samples were reported with a range of 14-20,645 ng/kg

(ppt) (Bianchi et al. 1991).

5.4.4  Other Environmental Media

Analogies with the behavior of other highly volatile solvents and ethers, results from a QSAR analysis

based on fathead minnow data (ASTER 1995), and results of a confirmatory laboratory BCF for a fish

(Fujiwara et al. 1984; HSDB 1995), do not suggest any tendencies for bioconcentration, biomagnification,

or bioaccumulation of MTBE that would present human health threats.

Where chemicals have a tendency to bioconcentrate, biomagnify, or bioaccumulate, they may show up in

fish consumption advisories issued by the states. Examination of EPA’s Fish Consumption Advisory

Database (EPA 1995b) showed that no advisories had been issued for MTBE through September 1994.

5.5  GENERAL POPULATION AND OCCUPATIONAL EXPOSURE

MTBE can be emitted to any or all environmental media (air, surface water, groundwater, and soil)

depending on the source of the release, formulation mixture, and prevailing environmental conditions.

Little information was identified that would allow estimation of current levels of daily intake or exposure

to MTBE. General population exposure to MTBE may occur through three routes: inhalation, dermal

contact, and ingestion of contaminated groundwater. The major route of exposure to MTBE for the

general population is through inhalation of contaminated ambient air, particularly during regular visits to

gasoline refueling stations or after major spills or accidents at manufacturing, distribution, or storage

facilities. During normal manufacturing, distribution, and storage operations, however, very low levels of

MTBE are generally detected in ambient air. A regional survey for a 2-county area along the Houston

Ship Channel, where a large number of MTBE production facilities are located, reported average ambient

air concentration levels at less that 0.2 ppb (LaGrone 1991).

A second route of exposure is by dermal contact with MTBE-containing gasolines during regular visits to

refueling stations or when tilling lawn mowers, chain-saws, or other gasoline-powered equipment. The

oral route of exposure may include consumption of drinking water contaminated with MTBE. Leaking
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USTs or spills at manufacturing, distribution, or storage sites can all be sources of contamination to local

groundwater supplies.

A study of two types of microenvironments with the potential for MTBE general population exposure

provides useful estimates of air concentrations experienced by many urban commuters (Lioy et al. 1994).

Air samples from commuter-car interior areas showed a geometric mean for MTBE of 21 µg/m3

(0.006 ppm) with a range from 4 µg/m3 (0.001 ppm) to 580 µg/m3 (0.16 ppm). Air sampling of gasoline

refueling station microenvironments involved both the air at the refueling pumps (measured over the hood

of the car) and pre- and postsampling of the interior cabins. The refueling station air samples ranged in

concentrations from 0.01 to 14 ppm (40-49,000 µg/m3) and clearly offered higher short-term exposure

levels than the interior cabin air. Elevated levels of MTBE have been detected in human blood samples by

the Centers for Disease Control and Prevention (CDC) in residents of Alaska exposed to MTBE; many of

these individuals reported various symptoms related to wintertime use of MTBE-enhanced fuels (CDC

1993a; Illman 1993). Based on those observed effects, the EPA granted Fairbanks a waiver on the

required use of MTBE in oxygenated fuels. However, since low-level exposures to MTBE have not been

considered particularly harmful, this ether is not normally included in ambient air sampling studies.

Workers employed in industries that manufacture, formulate, store, or transport MTBE, and workers

involved in the disposal of MTBE-containing wastes, may be exposed to the highest concentrations of

MTBE. In occupational settings, inhalation and dermal exposure with subsequent absorption through

intact skin are the most important routes of exposure. Inhalation of MTBE depends on its volatility, the

percentage of MTBE in the mixture used, and the physical setting in which it is released. Industrial

hygiene assessments carried out in the mid-1980s on workspace air concentrations associated with truck

drivers or truck terminal operators have documented concentrations of MTBE ranging from less than

1 ppm to 139 ppm (Gilbert and Calabrese 1992). Estimates have also been made for workplace

concentrations for gasoline truck drivers and gasoline service station attendants, with short-duration

exposures ranging from 1.4 mg/m3 (0.4 ppm), where trucks with vapor recovery systems are used, to

< 96 mg/m3 (26.6 ppm), where vapor recovery systems are not used (Gilbert and Calabrese 1992). In

research at several urban areas supported by the American Petroleum Institute, occupational exposures for

service station attendants were well under a level of 1 ppm, even in cities where reformulated fuels

contained up to 12% MTBE (API 1993; Hartle 1993). The highest of these levels falls well below the

100 ppm Workplace Environmental Exposure Limit recommended by the American Industrial Hygiene

Association (see Chapter 7 below). The conversion factor of 1 ppm = 3.61 mg/m3 (1 ppb =

0.00361 mg/m3) can be used for air concentrations of MTBE (Moolenaar et al. 1994).
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Two studies carried out by the National Institute for Occupational Safety and Health (NIOSH) at the

request of the National Center for Environmental Health, Centers for Disease Control and Prevention,

gathered case study measures of levels of MTBE in the air at a variety of workplaces in Stamford,

Connecticut (NIOSH 1993a), and in Fairbanks, Alaska (NIOSH 1993b). Both studies focused on

automobile repair centers where workers might be exposed to emissions or combustion by-products. The

Alaskan study was conducted after January 1993, at which time the use of MTBE as an anti-pollutant

oxygenating agent had been suspended. MTBE was still in use as an octane booster in high-octane

(premium) grades of gasoline, but this would have been at levels (1% or less by weight) well below the

levels associated with the use of MTBE as an anti-pollutant additive. The highest workplace

concentrations found during the Alaskan studies were less than I ppm. In Stamford, Connecticut, where

MTBE was being used as an anti-pollutant additive, workplace concentrations at automotive repair centers

< 12 mg/m3 (3.3 ppm) were documented. In the Stamford study, blood samples were collected from

commuters and people in workplace settings where higher MTBE exposures were likely. The blood

samples were analyzed for MTBE, tert-butanol (the MTBE metabolite), and the gasoline VOC components

benzene, toluene, and xylene (White et al. 1995). Although the blood levels of MTBE varied widely,

statistical analysis indicates a tendency for workers in car repair facilities and workers who pump gasoline

into cars to have considerably elevated blood MTBE levels, compared to average blood levels in

commuters. The median blood level for MTBE among car repair workers was about 2 µg/L (ppb); for gas

pumping attendants the median was slightly over 10 µg/L (ppb); while the median level for the commuter

group was less than 0.3 µg/L (ppb) (White et al. 1995).

The National Occupation Exposure Survey (NOES) conducted by NIOSH from 1981 to 1983 estimated

that 5,996 workers (1,783 females, 4,213 males) employed at 614 facilities were potentially exposed to

MTBE in the United States (NOES 1991). The occupational groups were in industries such as commercial

testing laboratories, hospitals, medical laboratories, gasoline service stations, airport maintenance

facilities, and paper mills. The NOES database does not contain information on the frequency,

concentration, or duration of exposure; the survey provides only estimates of workers potentially exposed

to chemicals in the workplace (Sieber et al. 1991).



METHYL tert-BUTYL ETHER 186

5. POTENTIAL FOR HUMAN EXPOSURE

5.6  POPULATIONS WITH POTENTIALLY HIGH EXPOSURES

In addition to individuals occupationally exposed to MTBE during its production, formulation,

distribution, use, or disposal, people exposed to higher than background concentrations include those

living near chemical manufacturing or processing sites where accidental releases or spills may occur,

individuals living in the vicinity of leaking USTs, and individuals living near hazardous waste sites.

While accidents or spills can pose special exposure threats for workers at petrochemical facilities,

exposures are ordinarily limited by the closed and highly automated nature of MTBE manufacturing

processes. The high degree of automation also limits the number of workers at risk (Gilbert and Calabrese

1992). In the event of major accidents or spills, residential populations close to such facilities could to

exposed to high concentrations of MTBE in the air. In local areas where leachates from waste disposal

sites or underground storage facilities might contaminate groundwater used for drinking and bathing

purposes, there is the potential for lesser MTBE exposures by ingestion of contaminated drinking water,

and by dermal contact with and inhalation of MTBE during bathing.

5.7  ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether adequate

information on the health effects of MTBE is available. Where adequate information is not available,

ATSDR, in conjunction with the NTP, is required to assure the initiation of a program of research designed

to determine the health effects (and techniques for developing methods to determine such health effects) of

MTBE.

The following categories of possible data needs have been identified by a joint team of scientists from

ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met would

reduce the uncertainties of human health assessment. This definition should not be interpreted to mean

that all data needs discussed in this section must be filled. In the future, the identified data needs will be

evaluated and prioritized, and a substance-specific research agenda will be proposed.
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5.7.1  Identification of Data Needs

There is limited empirical monitoring data on typical levels of MTBE in all environmental media. Special

statistically designed national surveys and more routine sampling are needed, especially focusing on such

obvious exposure pathways as the ambient air or groundwater. In the 1990s the USGS began to include

MTBE as a target analyte in groundwater sampling under its NAWQA Program (USGS 1995), and some

states are developing useful databases on groundwater levels related to VOC tests on drinking water wells

and investigations related to chemical and gasoline spills or leakages from USTs (Schorr 1994). There is

limited monitoring information for other environmental media. Data are also limited for workplace

settings; the few studies available provide some rough estimates of air concentrations, and of blood levels

of people in workplace settings where higher levels of exposure are likely, or of population segments such

as commuters (Huber 1994; Lioy et al. 1994; White et al. 1995). While the basic physical and chemical

properties of MTBE are adequately known, the degradation processes in air can become very complicated

in polluted urban settings. Degradation products such as tert-butyl formate (Cox and Goldstone 1982)

appear to be more persistent than the original MTBE, and there is little information on the toxicity of this

degradation product.

Physical and Chemical Properties.  The chemical and physical information available for MTBE is

generally adequate (EPA 1994c; Mackay et al. 1993). No major data needs have been identified in this

area.

Production, Import/Export, Use, Release, and Disposal.  Industry trade magazines currently

give reasonably reliable figures for total domestic production (Lorenzetti 1994). Starting in 1992-l 993,

the U.S. government began tracking import, export, and production levels of MTBE (NTDB 1995; USITC

1995), but for earlier time periods, gross production figures are virtually the only available data. Since

most MTBE is mixed into gasolines, there has been no systematic tracking of disposal of MTBE itself.

Most releases to the environment involve venting to the atmosphere during the production process (TRI93

1995) although these releases may pose fewer human health risks than the types of unintentional releases

resulting from the use of gasoline in workplaces or commuting, or from spills or leaks of gasoline that can

contaminate groundwater supplies. These types of releases have higher probabilities of human exposures,

but very limited information is available.

According to the Emergency Planning and Community Right-to-Know Act of 1986,42 U.S .C. Section

11023, industries are required to submit chemical release and off-site transfer information to the EPA. The
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TRI, which contains this information for 1993, became available in 1995 (TRI93 1995). The 1993 TRI

made provisions for the inclusion of MTBE. This database will be updated yearly and can help provide a

list of industrial production facilities and emissions.

Environmental Fate.  There has been limited routine monitoring for MTBE for all environmental

media; most information comes from waste remediation activities, rare regional investigations, or isolated

case studies (Bianchi and Vamey 1989; Bianchi et al. 1991; Jensen and Arvin 1990; LaGrone 1991; Yeh

and Novak 1991). Recently, the USGS has placed greater emphasis on including MTBE in the set of

target analytes for groundwater sampling in its NAWQA Program (USGS 1995), and some states have

useful databases on groundwater detections of MTBE (Schorr 1994). While such efforts will eventually

provide a better picture of background conditions for such media as groundwater, there are very limited

historical data before the early 1990s. Most conclusions on environmental fate, therefore, tend to depend

heavily on the results of models (MacKay et al. 1993). The degradation processes in air can become very

complicated in polluted urban settings. Degradation products such as tert-butyl formate (Cox and

Goldstone 1982) appear to be more persistent than the original MTBE, and there is little information on

the toxicity of this degradation product. Additional empirical data on fate and transport processes are

needed, especially around production facilities or from sediments or groundwater supplies where MTBE

may build up to appreciable concentration levels.

Bioavailability from Environmental Media.  Based on its physical properties and results from

species tested so far, it is unlikely that MTBE will bioconcentrate to any degree (Fujiwara et al. 1984;

MacKay et al. 1993). There is no indication that MTBE is a concern in any raw or processed food items.

MTBE is highly volatile and shows little tendency to sorb to soil particles. Therefore, except in situations

related to recent spills or other large releases of pure MTBE or reformulated fuels containing MTBE,

exposure routes involving dermal contact with the chemical or contaminated media such as soils are

generally of minor concern. The main concerns involve inhalation of fumes in the air or volatilized from

water or surface soils. The major opportunities for exposure likely involve inhalation of MTBE around

automobile service or fueling facilities. While there are documented instances of shallow groundwater

supplies contaminated with MTBE, the chemical’s low odor threshold and extremely offensive smell make

it unlikely that ingestion of drinking water is of much concern. Additional information on bioavailability

is not viewed as a significant data need.
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Food Chain Bioaccumulation.  While there is limited information on food chain bioaccumulation of

MTBE, data for other similar non-chlorinated chemical solvents indicate no potential for bioaccumulation

(Fujiwara et al. 1984; Gilbert and Calabrese 1992; MacKay et al. 1993). Toxicokinetics, metabolism, and

excretion data similarly suggest no potential for bioaccumulation (Bioresearch Laboratories 1990a, 1990b,

1990c, 1990d; Brady et al. 1990; Gilbert and Calabrese 1992). Therefore, information in this area is not

considered a major data need.

Exposure Levels in Environmental Media.  While limited data preclude the estimation of exposure

levels in such media as surface waters or surface soils, MTBE’s high volatility and tendency to quickly

migrate into groundwater suggests that further information for these media is not particularly needed. For

air, there are a number of special studies around auto service an fueling facilities, but there is still debate

on how to relate these findings to provide exposure levels for these specialized sites of concern to both the

general population and.various occupational groups (Huber 1994). Outside the areas around auto service

or fueling facilities, there is a lack of data on ambient air levels and a lack of up-to-date information on

exposure opportunities for different occupational groups (NIOSH 1993a, 1993b; White et al. 1995). Data

on exposures from groundwater sources are also generally lacking (Angle 1991; USGS 1995).

Additional reliable monitoring data for the levels of MTBE in contaminated media at hazardous waste

sites are needed so that the information obtained on levels of MTBE in the environment can be used in

combination with the known body burden of MTBE to assess the potential risk of adverse health effects in

populations living in the vicinity of hazardous waste sites. MTBE has not been commonly included in

standard ambient monitoring programs for air, surface water, or groundwater (Angle 1991; LaGrone

1991). Therefore, the relatively small number of detections at NPL sites (HazDat 1996) does not

necessarily mean that all NPL sites or candidate waste disposal sites have undergone extensive testing.

Exposure Levels in Humans.  Outside certain occupational settings, the available information is

inadequate to make reliable estimates of exposure levels in humans (Huber 1994; LaGrone 1991; NIOSH

1993a, 1993b). The few studies available provide some rough estimates of air concentrations, and of

blood levels of people in workplace settings where higher levels of exposure are likely, or of population

segments such as commuters (Huber 1994; Lioy et al. 1994; White et al. 1995). No information could be

identified documenting levels detected in human adipose tissues, blood, urine, or breast milk. No

information could be identified dealing with exposure levels in the vicinity of NPL sites. Thus, the

determination of exposure levels in the general population and in people likely to be exposed at hazardous

waste sites is needed.
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Exposure Registries.  No exposure registries for MTBE were located. This substance is not currently

one of the compounds for which a subregistry has been established in the National Exposure Registry.

The substance will be considered in the future when chemical selection is made for subregistries to be

established. The information that is amassed in the National Exposure Registry facilitates the

epidemiological research needed to assess adverse health outcomes that may be related to exposure to this

substance.

5.7.2  Ongoing Studies

As part of the Third National Health and Nutrition Evaluation Survey (NHANES III), the Environmental

Health Laboratory Sciences Division of the National Center for Environmental Health, Centers for Disease

Control and Prevention, will be analyzing human blood samples for MTBE and other volatile organic

compounds. These data will give an indication of the frequency of occurrence and background levels of

these compounds in the general population.

The USGS will continue to collect data on VOCs, including MTBE, as part of the groundwater

investigations in many of its National Water-Quality Assessment projects (USGS 1995). The USGS also

cooperates with states and other groups in special studies. A cooperative project involving the USGS and

the U.S. Virgin Islands Water and Power Authority will implement a groundwater monitoring network on

the islands of St. Croix and St. Thomas. MTBE will be included among the target analytes (FEDRIP

1995).
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The purpose of this chapter is to describe the analytical methods that are available for detecting, and/or

measuring, and/or monitoring MTBE, its metabolites, and other biomarkers of exposure and effect to

MTBE. The intent is not to provide an exhaustive list of analytical methods. Rather, the intention is to

identify well-established methods that are used as the standard methods of analysis. Many of the

analytical methods used for environmental samples are the methods approved by federal agencies and

organizations such as EPA and the National Institute for Occupational Safety and Health (NIOSH). Other

methods presented in this chapter are those that are approved by groups such as the Association of Official

Analytical Chemists (AOAC) and the American Public Health Association (APHA). Additionally,

analytical methods are included that modify previously used methods to obtain lower detection limits,

and/or to improve accuracy and precision.

6.1  BIOLOGICAL SAMPLES

Few methods are currently available for analysis of MTBE in biological samples. Some methods have

been developed to measure MTBE in blood and various tissues. The primary method of analysis is gas

chromatography (GC) with flame ionization detection (FID) or mass spectrometry (MS). Table 6-l is a

summary of the applicable analytical methods for determining MTBE in biological fluids and tissues.

Blood can be analyzed by direct injection GC (Li et al. 1991) or by GC/FID analysis of the blood

headspace (Savolainen et al. 1985; Streete et al. 1992). Detection limits are in the low ppm range (Li et al.

1991; Savolainen et al. 1985). Otherwise, little performance data are available for these methods.

Recently purge-and-trap GC/MS methods have been developed (Bonin et al. 1995; Mannino et al. 1995)

for the measurement of MTBE and its metabolite tert-butanol in blood. Detection limits are in the sub-ppb

range (Bonin et al. 1995; Mannino et al. 1995). Recovery is excellent for both MTBE and tert-butanol

(>95%) (Bonin et al. 1995) and reproducibility is very good as well (<10% RSD) (Bonin et al. 1995).

A screening method for post-mortem body fluids uses headspace combined with GC/MS for identifying

MTBE. Detection limits are in the low ppb range (Schuberth 1994). MTBE has been determined in urine

and tissues by GC/FID analysis of urine or by tissue incubation mixture headspace (Streete et al. 1992).

No performance data were reported. Fat tissue (rat) has been analyzed by GC after homogenization and
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centrifugation (Savolainen et al. 1985). Recovery is very good (>90%) and detection limits are in the low

ppb range (Savolainen et al. 1985).

6.2  ENVIRONMENTAL SAMPLES

Methods exist for determining MTBE in air (ambient, occupational, breathing zone, auto exhaust), water,

sediments, foods, and gasoline. Environmental methods are primarily based on GC procedures with

detection by FID or MS. Many of the methods approved by federal agencies are robust and sensitive.

Table 6-2 summarizes methods that have been used for determination of MTBE in environmental samples.

Several methods exist for detecting and measuring MTBE in air. Air samples for MTBE analysis are

usually collected in stainless steel canisters (EPA 1984d; Kelley et al. 1993; Lioy et al. 1994; Pate et al.

1992). The samples are analyzed by GC with FID (Pate et al. 1992) or MS (Kelley et al. 1993). The limit

of detection is in the very low ppb range (Kelly et al. 1993). Other performance data are not available.

MTBE may also be determined in air samples by collection on adsorbent tubes followed by desorption and

GUMS analysis (EPA 1984c; Lioy et al. 1994). Performance data for this method is not available.

GUMS is more specific, and thus more reliable than GUFID in identifying MTBE in samples containing

multiple components which have similar GC elution characteristics. A sophisticated optical method based

on infrared (IR) spectral data has been developed for remote measurement of MTBE in air (Grant et al.

1992).

For measuring atmospheric levels of MTBE in the workplace, the air is usually preconcentrated by passing

the sample through a trap containing a charcoal adsorbent (NIOSH 1984). The vapors on the charcoal

tubes are eluted, then analyzed by GC/FID. This procedure has been modified to measure breathing zone

air in the workplace (CDC 1993a; Maninno et al. 1995). A similar method for personal monitoring uses a

mixed-bed adsorbent and thermal desorption prior to GC/FID analysis (Coker et al. 1989). Detection

limits are in the ppb range (CDC 1993a; Mannino et al. 1995). Little other performance data have been

reported. Passive samplers have become available for monitoring occupational or breathing zone air. The

adsorbent is desorbed with solvent and analyzed by GC/FID (Harper and Fiore 1995; Mannino et al.

1995). Detection limits are in the ppb range (Harper and Fiore 1995; Mannino et al. 1995); analytical

recovery is 97% (Harper and Fiore 1995).

Methods have been developed for analysis of MTBE in automotive exhaust. The auto exhaust is collected

in Tedlar bags and analyzed directly by GC/FID (Hoekman 1993; Schuetzle et al. 1991; Siegel et al. 1992).
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The sensitivity of the method is sufficient to detect MTBE in the exhaust samples (ppb range); however,

care must be taken to assure that the chromatographic column has the resolution necessary to detect MTBE

in the multi-component mixture (Siegel et al. 1992).

The most frequently used analytical methods for aqueous samples containing MTBE are GC/MS and

GC/FID (EPA 1984b; Munch and Eichelberger 1992; Wang et al. 1991), although GC/photoionization

detection (PID) has also been used (Chiang et al. 1992). MTBE is usually isolated from the aqueous

media by the purge and trap method (EPA 1984b, Munch and Eichelberger 1992). The purged MTBE is

trapped on an adsorbent, and thermally desorbed onto the GC column. Detection limits are in the low-tosub

ppb range (Munch and Eichelberger 1992) with excellent recovery >95% (Munch and Eichelberger).

A headspace method has been developed for determining MTBE in gasoline-contaminated groundwater

(Chiang et al. 1992; Wang et al. 1991). Detection limits are in the very low ppb range; other performance

data were not reported.

Solid wastes, soil, and sediments are most often prepared for analysis using the purge and trap method

(Bianchi and Vamey 1989; EPA 1994b). GC/MS is recommended as the separation and detection

technique for these analyses, although GC/FID may be used as well (Bianchi and Vamey 1989). No

performance data have been reported for these methods.

Methods exist for detection of MTBE in other environmental media such as gasoline and its fumes. These

methods include direct analysis by GC/FID (Johansen 1984; Levy and Yancey 1986), GC/IR (Cochrane

and Hillman 1984) and HPLC/ refractive index (RI) (Pauls 1985). Gasolines are a complex media, and

dual GC columns or multidimensional GC have been used to improve separation (Johansen 1984; Levy

and Yancey 1986). Two studies reported quantitative recovery (≈100%) (Cochrane and Hillman 1984;

Pauls 1985), but other performance data were not reported. A method has been developed capable of

detecting MTBE at the 0.035% level in gasoline (Gallignani et al. 1994). In this method, gasoline is

diluted with hexane and analyzed by flow analysis/Fourier transform infrared spectrometry.
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6.3  ADEQUACY OF THE DATABASE

Section 104(I)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether adequate

information on the health effects of MTBE is available. Where adequate information is not available,

ATSDR, in conjunction with the NTP, is required to assure the initiation of a program of research designed

to determine the health effects (and techniques for developing methods to determine such health effects) of

MTBE.

The following categories of possible data needs have been identified by a joint team of scientists from

ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met would

reduce the uncertainties of human health assessment. This definition should not be interpreted to mean

that all data needs discussed in this section must be filled. In the future, the identified data needs will be

evaluated and prioritized, and a substance-specific research agenda will be proposed.

6.3.1  Identification of Data Needs

Methods for Determining Biomarkers of Exposure and Effect. Few methods exist for

measuring MTBE in breath and most tissues other than blood. Sensitive, reliable methods exist for

determining MTBE in blood (Bonin et al. 1995; Mannino et al. 1995). The data on determination of

MTBE in urine and tissue samples are very limited, and method performance information is generally not

available. Methods that could be used to measure low levels in human urine and tissues are needed to

determine the relationship between exposure and effects observed. Few methods are available for

determining tert-butanol (the major metabolite of MTBE) in blood, urine, and tissues. However, this

compound is not unique to MTBE; thus tert-butanol would be a less useful biomarker than MTBE itself.

Methods for Determining Parent Compounds and Degradation Products in Environmental
Media.  Methods for determining MTBE in air (EPA 1984c; Kelley et al. 1993) and water (Munch and

Eichelberger 1992; Wang et al. 1991) are sensitive enough to measure background levels in the

environment and levels for which health effects might occur, but additional performance are needed.

Methods for soil and other solid media are available (Bianchi and Vamey 1989; EPA 1994b). The

reliability is limited by the background from the complex matrix. There is little information on methods

for determining MTBE in media such as fish, foods, and plants. Improved methods for these media are
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needed to better assess the extent of MTBE contamination in the environment and the resulting risk of

exposure.

6.3.2  Ongoing Studies

The Environmental Health Laboratory Sciences Division of the National Center for Environmental Health,

Centers for Disease Control and Prevention, is developing methods for the analysis of MTBE and other

volatile organic compounds in blood. These methods use purge and trap methodology, high resolution gas

chromatography, and magnetic sector mass spectrometry which gives detection limits in the low parts per

trillion (ppt) range.

The EPA and organizations associated with the fuel industry are currently developing and evaluating

methods to measure MTBE in human breath. These methods involve collection of a breath sample in a

stainless steel canister with subsequent analysis by GC/MS. Detected limits are in the low-to-sub ppb

range.
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The international, national, and state regulations and guidelines regarding MTBE in air, water, and other

media are summarized in Table 7-1.

An acute-duration inhalation MRL of 2 ppm for MTBE was derived. The MRL is based on a NOAEL

value of 800 ppm for 6 hours for central nervous system sedation in rats in the 6-hour study by Gill

(1989).

An intermediate-duration inhalation MRL of 0.7 ppm for MTBE was derived. The MRL is based on a

NOAEL value of 400 ppm for 6 hours/day, 5 days/week for central nervous system sedation in rats in the

14-19-week reproduction study by Neeper-Bradley (1991).

A chronic-duration inhalation MRL of 0.7 ppm for MTBE was derived. The MRL is based on a NOAEL

value of 400 ppm for 6 hours/day, 5 days/week for increased incidence and severity of chronic progressive

nephropathy in female rats in the 24-month study by Chun et al. (1992).

An acute-duration oral MRL of 0.4 mg/kg/day for MTBE was derived. The MRL is based on a NOAEL

value of 40 mg/kg for drowsiness in rats in the study by Bioresearch Labs (1990b).

An intermediate-duration oral MRL of 0.3 mg/kg/day for MTBE was derived. The MRL is based on a

LOAEL value of 100 mg/kg/day for hepatic effects (decreased BUN levels) in rats in the 90-day study by

Robinson et al. (1990).

EPA has verified a reference concentration (RfC) of 3 mg/m3 (0.8 ppm) for MTBE (IRIS 1996). The RfC

is based on the NOAEL of 400 ppm, 6 hours/day, 5 days/week (equivalent to 259 mg/m3) in the 24-month

inhalation study of rats by Chun et al. (1992). The study found increased liver and kidney weights and

increased severity of spontaneous renal lesions in females, increased prostration in females, and swollen

periocular tissue in males and females at > 3,000 ppm.

An oral reference dose (RfD) for MTBE is undergoing review by an EPA Workgroup (IRIS 1996).

Table 7-1 shows an advisory RfD.



METHYL tert-BUTYL ETHER 200

7. REGULATIONS AND ADVISORIES

The EPA has identified MTBE as a possible human carcinogen, Class C (EPA 1995). Neither the

International Agency for Research on Cancer (IARC) nor the National Toxicology Program has a cancer

classification for MTBE.

MTBE is on the list of chemicals regulated based on “The Emergency Planning and Community Right-to-

Know Act of 1986” (EPCRA) (EPA 1988b). Section 313 of Title III of EPCRA requires owners and

operators of certain facilities that manufacture, import, process, or otherwise use the chemicals on this list

to report annually their release of those chemicals to any environmental media.
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Acute Exposure - Exposure to a chemical for a duration of 14 days or less, as specified in the
Toxicological Profiles.

Adsorption Coefficient (Koc) - The ratio of the amount of a chemical adsorbed per unit weight of
organic carbon in the soil or sediment to the concentration of the chemical in solution at equilibrium.

Adsorption Ratio (Kd) - The amount of a chemical adsorbed by a sediment or soil (i.e., the solid phase)
divided by the amount of chemical in the solution phase, which is in equilibrium with the solid phase, at a
fixed solid/solution ratio. It is generally expressed in micrograms of chemical sorbed per gram of soil or
sediment.

Bioconcentration Factor (BCF) - The quotient of the concentration of a chemical in aquatic organisms
at a specific time or during a discrete time period of exposure divided by the concentration in the
surrounding water at the same time or during the same period.

Cancer Effect Level (CEL) - The lowest dose of chemical in a study, or group of studies, that produces
significant increases in the incidence of cancer (or tumors) between the exposed population and its
appropriate control.

Carcinogen - A chemical capable of inducing cancer.

Ceiling Value - A concentration of a substance that should not be exceeded, even instantaneously.

Chronic Exposure - Exposure to a chemical for 365 days or more, as specified in the Toxicological
Profiles.

Developmental Toxicity - The occurrence of adverse effects on the developing organism that may result
from exposure to a chemical prior to conception (either parent), during prenatal development, or
postnatally to the time of sexual maturation. Adverse developmental effects may be detected at any point
in the life span of the organism.

Embryotoxicity and Fetotoxicity - Any toxic effect on the conceptus as a result of prenatal exposure to
a chemical; the distinguishing feature between the two terms is the stage of development during which the
insult occurred. The terms, as used here, include malformations and variations, altered growth, and in
utero death.

EPA Health Advisory - An estimate of acceptable drinking water levels for a chemical substance based
on health effects information. A health advisory is not a legally enforceable federal standard, but serves as
technical guidance to assist federal, state, and local officials.

Immediately Dangerous to Life or Health (IDLH) - The maximum environmental concentration of a
contaminant from which one could escape within 30 min without any escape-impairing symptoms or
irreversible health effects.

Intermediate Exposure - Exposure to a chemical for a duration of 15-364 days, as specified in the
Toxicological Profiles.
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Immunologic Toxicity - The occurrence of adverse effects on the immune system that may result from
exposure to environmental agents such as chemicals.

In Vitro -Isolated from the living organism and artificially maintained, as in a test tube.

In Vivo -Occurring within the living organism.

Lethal Concentration(LO) (LCLO) - The lowest concentration of a chemical in air which has been
reported to have caused death in humans or animals.

Lethal Concentration (50) (LC5O) - A calculated concentration of a chemical in air to which exposure for
a specific length of time is expected to cause death in 50% of a defined experimental animal population.

Lethal Dose(LO) (LDLO) - The lowest dose of a chemical introduced by a route other than inhalation that
is expected to have caused death in humans or animals.

Lethal Dose(50) (LD5O) - The dose of a chemical which has been calculated to cause death in 50% of a
defined experimental animal population.

Lethal Time(50) (LT50) - A calculated period of time within which a specific concentration of a chemical
is expected to cause death in 50% of a defined experimental animal population.

Lowest-Observed-Adverse-Effect Level (LOAEL) - The lowest dose of chemical in a study, or group
of studies, that produces statistically or biologically significant increases in frequency or severity of
adverse effects between the exposed population and its appropriate control.

Malformations - Permanent structural changes that may adversely affect survival, development, or
function.

Minimal Risk Level - An estimate of daily human exposure to a dose of a chemical that is likely to be
without an appreciable risk of adverse noncancerous effects over a specified duration of exposure.

Mutagen - A substance that causes mutations. A mutation is a change in the genetic material in a body
cell. Mutations can lead to birth defects, miscarriages, or cancer.

Neurotoxicity - The occurrence of adverse effects on the nervous system following exposure to
chemical.

No-Observed-Adverse-Effect Level (NOAEL) - The dose of chemical at which there were no
statistically or biologically significant increases in frequency or severity of adverse effects seen between
the exposed population and its appropriate control. Effects may be produced at this dose, but they are not
considered to be adverse.

Octanol-Water Partition Coefficient (Kow) - The equilibrium ratio of the concentrations of a chemical
in n-octanol and water, in dilute solution.

Permissible Exposure Limit (PEL) - An allowable exposure level in workplace air averaged over an 8-
hour shift.
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q1* - The upper-bound estimate of the low-dose slope of the dose-response curve as determined by the
multistage procedure. The q1 * can be used to calculate an estimate of carcinogenic potency, the
incremental excess cancer risk per unit of exposure (usually µg/L for water, mg/kg/day for food, and µg/m3

for air).

Reference Dose (RfD) - An estimate (with uncertainty spanning perhaps an order of magnitude) of the
daily exposure of the human population to a potential hazard that is likely to be without risk of deleterious
effects during a lifetime. The RfD is operationally derived from the NOAEL (from animal and human
studies) by a consistent application of uncertainty factors that reflect various types of data used to estimate
RfDs and an additional modifying factor, which is based on a professional judgment of the entire database
on the chemical. The RfDs are not applicable to nonthreshold effects such as cancer.

Reportable Quantity (RQ) - The quantity of a hazardous substance that is considered reportable under
CERCLA. Reportable quantities are (1) 1 pound or greater or (2) for selected substances, an amount
established by regulation either under CERCLA or under Sect. 311 of the Clean Water Act. Quantities are
measured over a 24-hour period.

Reproductive Toxicity - The occurrence of adverse effects on the reproductive system that may result
from exposure to a chemical. The toxicity may be directed to the reproductive organs and/or the related
endocrine system. The manifestation of such toxicity may be noted as alterations in sexual behavior,
fertility, pregnancy outcomes, or modifications in other functions that are dependent on the integrity of
this system.

Short-Term Exposure Limit (STEL) - The maximum concentration to which workers can be exposed
for up to 15 min continually. No more than four excursions are allowed per day, and there must be at least
60 min between exposure periods. The daily TLV-TWA may not be exceeded.

Target Organ Toxicity - This term covers a broad range of adverse effects on target organs or
physiological systems (e.g., renal, cardiovascular) extending from those arising through a single limited
exposure to those assumed over a lifetime of exposure to a chemical.

Teratogen - A chemical that causes structural defects that affect the development of an organism.

Threshold Limit Value (TLV) - A concentration of a substance to which most workers can be exposed
without adverse effect. The TLV may be expressed as a TWA, as a STEL, or as a CL.

Time-Weighted Average (TWA) - An allowable exposure concentration averaged over a normal 8-hour
workday or 40-hour workweek.

Toxic Dose (TD50) - A calculated dose of a chemical, introduced by a route other than inhalation, which
is expected to cause a specific toxic effect in 50% of a defined experimental animal population.

Uncertainty Factor (UF) - A factor used in operationally deriving the RfD from experimental data. UFs
are intended to account for (1) the variation in sensitivity among the members of the human population,
(2) the uncertainty in extrapolating animal data to the case of human, (3) the uncertainty in extrapolating
from data obtained in a study that is of less than lifetime exposure, and (4) the uncertainty in using
LOAEL data rather than NOAEL data. Usually each of these factors is set equal to 10.
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ATSDR MINIMAL RISK LEVEL

The Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) [42 U.S.C.

9601 et seq.], as amended by the Superfund Amendments and Reauthorization Act (SARA) [Pub. L.

99-499], requires that the Agency for Toxic Substances and Disease Registry (ATSDR) develop jointly

with the U.S. Environmental Protection Agency (EPA), in order of priority, a list of hazardous substances

most commonly found at facilities on the CERCLA National Priorities List (NPL); prepare toxicological

profiles for each substance included on the priority list of hazardous substances; and assure the initiation

of a research program to fill identified data needs associated with the substances.

The toxicological profiles include an examination, summary, and interpretation of available toxicological

information and epidemiologic evaluations of a hazardous substance. During the development of

toxicological profiles, Minimal Risk Levels (MRLs) are derived when reliable and sufficient data exist to

identify the target organ(s) of effect or the most sensitive health effect(s) for a specific duration for a given

route of exposure. An MRL is an estimate of the daily human exposure to a hazardous substance that is

likely to be without appreciable risk of adverse noncancer health effects over a specified duration of

exposure. MRLs are based on noncancer health effects only and are not based on a consideration of cancer

effects. These substance-specific estimates, which are intended to serve as screening levels, are used by

ATSDR health assessors to identify contaminants and potential health effects that may be of concern at

hazardous waste sites. It is important to note that MRLs are not intended to define clean-up or action

levels.

MRLs are derived for hazardous substances using the no-observed-adverse-effect level/uncertainty factor

approach. They are below levels that might cause adverse health effects in the people most sensitive to

such chemical-induced effects. MRLs are derived for acute (1-14 days), intermediate (15-364 days), and

chronic (365 days and longer) durations and for the oral and inhalation routes of exposure. Currently,

MRLs for the dermal route of exposure are not derived because ATSDR has not yet identified a method

suitable for this route of exposure. MRLs are generally based on the most sensitive chemical-induced end

point considered to be of relevance to humans. Serious health effects (such as irreparable damage to the

liver or kidneys, or birth defects) are not used as a basis for establishing MRLs. Exposure to a level above

the MRL does not mean that adverse health effects will occur.



APPENDIX A

MRLs are intended only to serve as a screening tool to help public health professionals decide where to

look more closely. They may also be viewed as a mechanism to identify those hazardous waste sites that

are not expected to cause adverse health effects. Most MRLs contain a degree of uncertainty because of

the lack of precise toxicological information on the people who might be most sensitive (e.g., infants,

elderly, nutritionally or immunologically compromised) to the effects of hazardous substances. ATSDR

uses a conservative (i.e., protective) approach to address this uncertainty consistent with the public health

principle of prevention. Although human data are preferred, MRLs often must be based on animal studies

because relevant human studies are lacking. In the absence of evidence to the contrary, ATSDR assumes

that humans are more sensitive to the effects of hazardous substance than animals and that certain persons

may be particularly sensitive. Thus, the resulting MRL may be as much as a hundredfold below levels that

have been shown to be nontoxic in laboratory animals.

Proposed MRLs undergo a rigorous review process: Health Effects/MRL Workgroup reviews within the

Division of Toxicology, expert panel peer reviews, and agencywide MRL Workgroup reviews, with

participation from other federal agencies and comments from the public. They are subject to change as

new information becomes available concomitant with updating the toxicological profiles. Thus, MRLs in

the most recent toxicological profiles supersede previously published levels. For additional information

regarding MRLs, please contact the Division of Toxicology, Agency for Toxic Substances and Disease

Registry, 1600 Clifton Road, Mailstop E-29, Atlanta, Georgia 30333.
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MINIMAL RISK LEVEL (MRL) WORKSHEET(S)

Chemical name: Methyl tert-butyl ether (MTBE)
CAS number: 1634-04-43
Date: July 1996
Profile status: Third Post Public Comment Draft
Route: [x] Inhalation [ ] Oral
Duration: [x] Acute [ ]Intermediate [ ] Chronic
Key to figure: 32
Species: Rat

MRL:  2     [ ] mg/kg/day [X] ppm [ ] mg/m3

Reference: Gill 1989

Exnerimental design (human study details or strain, number of animals per exposure/control group, sex,
dose administration details): Groups of 22 male and 22 female Fischer 344 rats were exposed to 0, 800,
4,000, or 8,000 ppm MTBE for 6 hours. Groups of 14 rats/sex were studied for motor activity, and the
remaining groups of 8 rats/sex were given a functional observation battery of tests at 1, 6, and 24 hours
after exposure.

Effects noted in study and corresponding doses: Concentration-related increases in ataxia and duck-walk
gait occurred in both males and females at 4,000 and 8,000 ppm. Other effects noted in high-dose males
included labored respiration pattern, decreased muscle tone, decreased performance on a treadmill, and
increased hind limb splay. Other effects noted in females included decreased hind limb grip strength at
24,000 ppm and labored respiration and increased latency to rotate on the inclined screen at 8,000 ppm.
These effects were seen at 1 hour after exposure, but not at 6 or 24 hours after exposure, indicating the
transient nature of the effect. Motor activity changes, for which the time course corresponded with the
functional observation battery findings, supported the exposure-related central nervous system sedation.
No neurological effects were observed at the NOAEL of 800 ppm for 6 hours.

Dose endnoint used for MRL derivation: 800 ppm, no central nervous system sedation

[x] NOAEL [ ]LOAEL

Uncertainty factors used in MRL derivation: 100

[ ] 1 [ ] 3 [  ] 10 (for use of a LOAEL)
[ ] 1 [ ] 3 [x] 10 (for extrapolation from animals to humans)
[ ] 1 [ ] 3 [x] 10 (for human variability)

Was a conversion factor used from ppm in food or water to a mg/body weight dose?
If so, explain: No
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If an inhalation study in animals. list conversion factors used in determinine human equivalent dose: The
NOAEL(HEC) was calculated for a gas:extrarespiratory effect in rats assuming periodicity was attained.
Because the b:a lambda values are unknown for the experimental species (a) and humans (h), a default
value of 1 was used for this ratio. Therefore, because the NOAEL in rats and the NOAEL(HEC) are the
same, an uncertainty factor of 10, rather than 3, for extrapolation from animals to humans was
recommended by the Interagency MRL Work Group.

Was a conversion used from intermittent to continuous exposure?
If so, explain: The NOAEL of 800 ppm was multiplied by 6 hour/24 hours to yield a NOAELADJ of
200 ppm.

Other additional studies or pertinent information that lend support to this MRL:

The NOAEL of 800 ppm is supported by another study, which found only increased motor activity in
female rats, but no other neurological effects in rats at 800 ppm, 6 hours/day, 5 days/week for 13 weeks
(Dodd and Kintigh 1989). In this study, hypoactivity at 4,000 ppm and hypoactivity and ataxia at
8,000 ppm were observed daily after the 6 hour/day exposure, thus representing effects of acute exposure.
A number of acute-duration inhalation studies in rats, mice, and rabbits have described similar clinical
signs of neurotoxicity at MTBE concentrations < 2,000 ppm (ARCO 1980; Biodynamics 1981;
Bioresearch Labs 1990d; Dodd and Kintigh 1989; Tyl and Neeper-Bradley 1989; Tyl 1989).

Agency Contact (Chemical Manager):  Moiz Mumtaz
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MINIMAL RISK LEVEL WORKSHEET

Chemical name: Methyl tert-butyl ether (MTBE)
CAS number: 1634-04-4
Date: July 1996
Profile status: Third Post Public Comment Draft
Route: [x] Inhalation [ ] Oral
Duration: [ ] Acute [x] Intermediate [ ] Chronic
Key to figure: 60
Species: Rat

MRL:   0.7  [  ] mg/kg/day [xl ppm [ ] mg/m3

Reference:  Neeper-Bradley 1991

Experimental design (human study details or strain, number of animals per exposure/control group, sex,
dose administration details):  Groups of 25 male and 25 female rats were exposed to 0, 400, 3,000, or
8,000 ppm MTBE for 6 hours/day, 5-7 days/week for 14-19 weeks in a reproductive study.

Effects noted in study and corresponding doses:  Exposure for 10 weeks prior to mating and through day
19 of gestation to the concentration of 8,000 ppm MTBE resulted in salivation and hypoactivity in F0 and
F1 parental rats. F0 and Fl parental groups also showed hypoactivity and lack of startle response, as well
as blepharospasm, at 3,000 ppm.

Dose endpoint used for MRL derivation:  400 ppm, no central nervous system sedation

[x] NOAEL [ ]LOAEL

Uncertainty factors used in MRL derivation:  100

[ ] 1 [ ] 3 [  ]  l0 (for use of a LOAEL)
[ ] 1 [ ] 3 [x] 10 (for extrapolation from animals to humans)
[ ] 1 [ ] 3 [x] 10 (for human variability)

Was a conversion factor used from ppm in food or water to a mg/body weight dose?
If so, explain:  No

If an inhalation study in animals, list conversion factors used in determining human equivalent dose:  The
NOAEL(HEC) was calculated for a gas:extrarespiratory effect in rats assuming periodicity was attained.
Because the b:a lambda values are unknown for the experimental species (a) and humans (h), a default
value of 1 is used for this ratio. Therefore, because the NOAEL in rats and the NOAEL(HEC) are the same,
an uncertainty factor of 10, rather than 3, for extrapolation from animals to humans was recommended by
the Interagency MRL Work Group.

Was a conversion used from intermittent to continuous exposure?
If so, explain:  The NOAEL of 400 ppm was multiplied by 6 hour/24 hours/day and by 5 days/7 days/week
to yield a NOAELADJ of 71 ppm.
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Other additional studies or pertinent information that lend support to this MRL:

In a 13-week study, rats were exposed to 0, 800, 4,000, or 8,000 ppm MTBE 6 hours/day, 5 days/week
(Dodd and Kintigh 1989). At 4,000 ppm, the rats were hypoactive, had elevated body temperature, and
decreased hind limb grip strength. At 8,000 ppm, both ataxia and hypoactivity were observed. Some
hyperactivity occurred in female rats at 800 ppm, but no signs were observed in males at 800 ppm.

Agency Contact (Chemical Manager): Moiz Mumtaz
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MINIMAL RISK LEVEL WORKSHEET

Chemical name: Methyl tert-butyl ether (MTBE)
CAS number: 1634-04-4
Date: July 1996
Profile status: Third Post Public Comment Draft
Route: [x] Inhalation [ ] Oral
Duration: [ ] Acute [ ]Intermediate [x] Chronic
Key to figure: 70
Species: Rat

MRL:  0.7 [ ] mg/kg/day [x] ppm [ ] mg/m3

Reference:  Chun et al. 1992

Experimental design (human study details or strain, number of animals per exposure/control group, sex,
dose administration details):  Groups of 50 male and 50 female Fischer 344 rats were exposed to 0, 400,
3,000, or 8,000 ppm MTBE 6 hours/day, 5 days/week for up to 24 months. Male rats exposed to
3,000 and 8,000 ppm had increased mortality and decreased mean survival time due to chronic progressive
nephropathy and these groups were terminated at weeks 97 and 82, respectively. Endpoints monitored
were clinical signs, body weight, organ weight, hematological parameters, corticosterone evaluation, and
comprehensive gross and histological examination.

Effects noted in study and corresponding doses:  Male rats exposed to > 400 ppm had increased mortality
and decreased mean survival time due to chronic progressive nephropathy. Increased absolute and relative
liver and kidney weights were observed in females at > 3,000 ppm. No gross or histopathological lesions
were found in the liver of either sex, but concentration-related increased incidence and severity of chronic
progressive nephropathy, accompanied by osteodystrophy, hyperplasia of the parathyroids, and
mineralization in numerous tissues were found in males at all exposure levels and in females at
> 3,000 ppm. No evidence of renal effects was found in the female rats at 400 ppm.

Dose endpoint used for MRL derivation:  400 ppm, no increased incidence and severity of chronic
progressive nephropathy.

[x] NOAEL [ ]LOAEL

Uncertainty factors used in MRL derivation: 100

[ ] 1 [ ] 3 [  ] 10 (for use of a LOAEL)
[ ] 1 [ ] 3 [x] 10 (for extrapolation from animals to humans)
[ ] 1 [ ] 3 [x] 10 (for human variability)

Was a conversion factor used from ppm in food or water to a mg/body weight dose?
If so, explain: No
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If an inhalation study in animals, list conversion factors used in determining human equivalent dose:  The
NOAEL(HEC) was calculated for a gas:extrarespiratory effect in rats assuming periodicity was attained.
Because the b:a lambda values are unknown for the experimental species (a) and humans (h), a default
value of 1 is used for this ratio. Therefore, because the NOAEL in rats and the NOAEL(HEC) are the same,
an uncertainty factor of 10, rather than 3, for extrapolation from animals to humans was recommended by
the Interagency MRL Work Group.

Was a conversion used from intermittent to continuous exposure?
If so, explain: The NOAEL was multiplied by 6 hour/24 hour/day and 5 days/7 days/week to yield a
NOAELADJ of 71 ppm

Other additional studies or pertinent information that lend support to this MRL:
The higher incidence and greater severity of chronic progressive nephropathy at lower exposure
concentrations in male rats compared with female rats may be due to the exacerbation of this syndrome by
the accumulation of α2u-globulin. Because enhancement of chronic progressive nephropathy, which led to
increased mortality and decreased survival time in males, is associated with α2u-globulin accumulation in
male rats only, these endpoints in male rats are not considered for MRL derivation. However, since female
rats also had enhanced chronic progressive nephropathy not associated with α2u-globulin accumulation,
the chronic inhalation MRL of 2 ppm was calculated based on the NOAEL of 400 ppm for kidney effects
in female rats. The chronic-duration inhalation NOAEL for renal effects is also a NOAEL for clinical
signs of neurotoxicity in rats in this study. The NOAEL of 400 ppm for chronic-duration inhalation
exposure to MTBE is supported by a similar study in male and female mice similarly exposed to same
concentrations for 18 months (Burleigh-Flayer et al. 1992). In this study, absolute and relative liver
weights were increased at > 3,000 ppm.and absolute and relative kidney weights were increased at
8,000 ppm. Comprehensive histological examination of organs and tissues revealed an increased
incidence of hepatocellular hypertrophy and hepatocellular adenoma in female mice at 8,000 ppm. The
NOAEL for liver effects in this study was 400 ppm, which was also a NOAEL for neurotoxicity in mice in
this study.

Agency Contact (Chemical Manager):  Moiz Mumtaz
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MINIMAL RISK LEVEL WORKSHEET

Chemical name: Methyl tert-butyl ether (MTBE)
CAS number: 1634-04-4
Date: July 1996
Profile status: Third Post Public Comment Draft
Route: [ ] Inhalation [x] Oral
Duration: [x] Acute [ ] Intermediate [ ] Chronic
Key to figure: 8
Species: Rat

MRL:  0.4 [x] mg/kg/day [ ] ppm [ ] mg/m3

Reference:  Bioresearch Laboratories. 1990b. Mass balance of radioactivity and metabolism in male and
female Fischer 344 rats after intravenous, oral and dermal administration of  14C-methyl tertiary-butyl
ether. Report No. 38843. Senneville, Quebec, Canada.

Experimental design (human study details or strain, number of animals per exposure/control group, sex,
dose administration details):  Groups of 6 male and 6 female Fischer 344 rats were treated by gavage with
MTBE in water at doses of  0, 40, and 400 mg/kg in this pharmacokinetic study.

Effects noted in study and corresponding doses:  The rats given 400 mg/kg showed signs of drowsiness.

Dose endpoint used for MRL derivation:  40 mg/kg, no drowsiness

[x] NOAEL [ ]LOAEL

Uncertainty factors used in MRL derivation:  100

[ ] 1 [ ] 3 [ ] 10  (for use of a LOAEL)
[ ] 1 [ ] 3 [x] 10 (for extrapolation from animals to humans)
[ ] 1 [ ] 3 [x] 10 (for human variability)

Was a conversion factor used from ppm in food or water to a body weight dose?
If so, explain:  No

If an inhalation study in animals, list conversion factors used in determination human equivalent dose:

Was a conversion used from intermittent to continuous exposure? No
If so, explain:
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Other additional studies or pertinent information that lend support to this MRL:

Although this study was designed as a pharmacokinetic study rather than a toxicity study, the observation
of drowsiness is consistent with observations of central nervous system sedation in animals exposed to
MTBE by the inhalation and oral routes, and the study provides the highest NOAEL below which there is
no LOAEL. In other acute-duration oral,studies, rats had mild central nervous system depression at
1,900 mg/kg and ataxia at 2,450 mg/kg (ARCO 1990), salivation at 90 mg/kg and hypoactivity and/or
ataxia at 440 mg/kg (ITT Research Institute 1992), and profound but transient anesthesia at 1,200 mg/kg
or 1,428 mg/kg/day for 14 days (Robinson et al. 1990).

Agency Contact (Chemical Manager):   Moiz Mumtaz



METHYL tert-BUTYL ETHER A-9

APPENDIX A

MINIMAL RISK LEVEL WORKSHEET

Chemical name: Methyl tert-butyl ether (MTBE)
CAS number: 1634-04-4
Date: July 1996
Profile status: Third Post Public Comment Draft
Route: [ ] Inhalation [x] Oral
Duration: [ ] Acute [x] Intermediate [ ] Chronic
Key to figure: 15
Species: Rat

MRL:  0.3 [x] mg/kg/day [ ] ppm [ ] mg/m3

Reference:  Robinson et al. 1990

Experimental design (human study details or strain, number of animals per exposure/control group, sex,
dose administration details):  Groups of 10 male and 10 female Sprague-Dawley rats were treated by
gavage with MTBE in corn oil at doses of 0, 100, 300, 900, and 1,200 mg/kg/day, 7 days/week for
90 days.

Effects noted in study and corresponding doses:  Relative and absolute lung weights were significantly
increased in males at 1,200 mg/kg/day. Treated rats in all dose groups had diarrhea throughout the
exposure period. Heart weight was significantly increased in female rats at 900 mg/kg/day. In females at
1,200 mg/kg/day, erythrocyte counts, hemoglobin, and hematocrit values were significantly increased,
while leukocyte counts were significantly decreased. In male rats at 1,200 mg/kg/day, mean corpuscular
volume values were significantly decreased and monocyte values were significantly elevated. Significant
increases in relative liver weights were found in females at 900 mg/kg/day and in males at 900 and
1,200 mg/kg/day. Serum lactic dehydrogenase levels were significantly elevated in females at
300 mg/kg/day, and serum aspartate aminotransferase levels were significantly elevated in males at
300 and 1,200 mg/kg/day. Blood urea nitrogen (BUN) levels were significantly decreased in males and
females at all dose levels, i.e., at > 100 mg/kg/day. No histopathological lesions were found in the liver.
Relative kidney weights were significantly elevated in female rats at > 300 mg/kg/day, and absolute and
relative kidney weights were significantly elevated in males rats at >900 mg/kg/day. Significant
microscopic changes were observed in kidneys from treated male rats. Tubular changes, which were more
severe in the 1,200 mg/kg/day dose-group males compared with controls, consisted of mild increases in
cytoplasmic hyaline droplets in proximal tubular cells and small numbers of intratubular granular casts at
the junction of the outer and inner stripe of the outer medulla. Female rats given 1,200 mg/kg/day had
significantly elevated adrenal gland weights. Final body weight in both males and females decreased in a
dose-dependent manner compared with controls, but the decrease in final body weight was significant only
in females at 1,200 mg/kg/day. Cholesterol was significantly elevated in all treated female rats and in
900 mg/kg/day males. Profound anesthesia was observed immediately following dosing with
1,200 mg/kg/day, but the rats recovered in approximately 2 hours.

Dose endpoint used for MRL derivation:  Decreased BUN levels at 100 mg/kg/day

[ ] NOAEL [x] LOAEL
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Uncertainty factors used in MRL derivation:  300

[ ] 1 [x] 3 [  ] 10 (for use of a minimal LOAEL)
[ ] 1 [  ] 3 [x] 10 (for extrapolation from animals to humans)
[ ] 1 [  ] 3 [xl 10 (for human variability)

Was a conversion factor used from ppm in food or water to a mg/body weight dose?
If so, explain:  No

If an inhalation study in animals, list conversion factors used in determining human equivalent dose:

Was a conversion used from intermittent to continuous exposure?
If so, explain:  No

Other additional studies or pertinent information that lend support to this MRL:
Significantly decreased BUN levels were also observed in female rats given 1,428 mg/kg/day orally for
14 days (Robinson et al. 1990). In a 4-week study, groups of 10 male and 10 female Sprague-Dawley rats
given 90, 440, or 1,750 mg/kg/day MTBE by gavage, 5 days/week had increased relative liver weight at
1,750 mg/kg/day (ITT Research Institute 1992).

Agenc y Contact (Chemical Manager):  Moiz Mumtaz
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USER’S GUIDE

Chapter 1

Public Health Statement

This chapter of the profile is a health effects summary written in non-technical language. Its intended
audience is the general public especially people living in the vicinity of a hazardous waste site or chemical
release. If the Public Health Statement were removed from the rest of the document, it would still
communicate to the lay public essential information about the chemical.

The major headings in the Public Health Statement are useful to find specific topics of concern. The
topics are written in a question and answer format. The answer to each question includes a sentence that
will direct the reader to chapters in the profile that will provide more information on the given topic.

Chapter 2

Tables and Figures for Levels of Significant Exposure (LSE)

Tables (2-1, 2-2, and 2-3) and figures (2-l and 2-2) are used to summarize health effects and illustrate
graphically levels of exposure associated with those effects. These levels cover health effects observed at
increasing dose concentrations and durations, differences in response by species, minimal risk levels
(MRLs) to humans for noncancer end points, and EPA’s estimated range associated with an upper- bound
individual lifetime cancer risk of 1 in 10,000 to 1 in 10,000,000. Use the LSE tables and figures for a
quick review of the health effects and to locate data for a specific exposure scenario. The LSE tables and
figures should always be used in conjunction with the text. All entries in these tables and figures represent
studies that provide reliable, quantitative estimates of No-Observed-Adverse- Effect Levels (NOAELs),
Lowest-Observed-Adverse-Effect Levels (LOAELs), or Cancer Effect Levels (CELs).

The legends presented below demonstrate the application of these tables and figures. Representative
examples of LSE Table 2-1 and Figure 2-l are shown. The numbers in the left column of the legends
correspond to the numbers in the example table and figure.

LEGEND

See LSE Table 2-1

(1) Route of Exposure  One of the first considerations when reviewing the toxicity of a substance using
these tables and figures should be the relevant and appropriate route of exposure. When sufficient
data exists, three LSE tables and two LSE figures are presented in the document. The three LSE
tables present data on the three principal routes of exposure, i.e., inhalation, oral, and dermal (LSE
Table 2-1, 2-2, and 2-3, respectively). LSE figures are limited to the inhalation (LSE Figure 2-1) and
oral (LSE Figure 2-2) routes. Not all substances will have data on each route of exposure and will
not therefore have all five of the tables and figures.
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(2) Exposure Period  Three exposure periods - acute (less than 15 days), intermediate (15-364 days),
and chronic (365 days or more) are presented within each relevant route of exposure. In this
example, an inhalation study of intermediate exposure duration is reported. For quick reference to
health effects occurring from a known length of exposure, locate the applicable exposure period
within the LSE table and figure.

(3) Health Effect  The major categories of health effects included in LSE tables and figures are death,
systemic, immunological, neurological, developmental, reproductive, and cancer. NOAELs and
LOAELs can be reported in the tables and figures for all effects but cancer. Systemic effects are
further defined in the “System” column of the LSE table (see key number 18).

(4) Key to Figure  Each key number in the LSE table links study information to one or more data points
using the same key number in the corresponding LSE figure. In this example, the study represented
by key number 18 has been used to derive a NOAEL and a Less Serious LOAEL (also see the 2
“18r” data points in Figure 2-1).

(5) Species  The test species, whether animal or human, are identified in this column. Section 2.5,
“Relevance to Public Health,” covers the relevance of animal data to human toxicity and Section 2.3,
“Toxicokinetics,” contains any available information on comparative toxicokinetics. Although
NOAELs and LOAELs are species specific, the levels are extrapolated to equivalent human doses to
derive an MRL.

(6) Exposure Frequency/Duration  The duration of the study and the weekly and daily exposure regimen
are provided in this column. This permits comparison of NOAELs and LOAELs from different
studies. In this case (key number IS), rats were exposed to 1,1,2,2-tetrachloroethane via inhalation
for 6 hours per day, 5 days per week, for 3 weeks. For a more complete review of the dosing
regimen refer to the appropriate sections of the text or the original reference paper, i.e., Nitschke et
al. 1981.

(7) System  This column further defines the systemic effects. These systems include: respiratory,
cardiovascular, gastrointestinal, hematological, muscuioskeletal, hepatic, renal, and dermal/ocular.
“Other” refers to any systemic effect (e.g., a decrease in body weight) not covered in these systems.
In the example of key number 18, 1 systemic effect (respiratory) was investigated.

(8) NOAEL  A No-Observed-Adverse-Effect Level (NOAEL) is the highest exposure level at which no
harmful effects were seen in the organ system studied. Key number 18 reports a NOAEL of 3 ppm
for the respiratory system which was used to derive an intermediate exposure, inhalation MRL of
0.005 ppm (see footnote “b”).

(9) LOAEL  A Lowest-Observed-Adverse-Effect Level (LOAEL) is the lowest dose used in the study
that caused a harmful health effect. LOAEL,s have been classified into “Less Serious” and “Serious”
effects. These distinctions help readers identify the levels of exposure at which adverse health
effects first appear and the gradation of effects with increasing dose. A brief description of the
specific endpoint used to quantify the adverse effect accompanies the LOAEL. The respiratory
effect reported in key number 18 (hyperplasia) is a Less serious LOAEL of 10 ppm. MRLs are not
derived from Serious LOAELs.

(10) Reference  The complete reference citation is given in chapter 8 of the profile
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(11) CEL  A Cancer Effect Level (CEL) is the lowest exposure level associated with the onset of
carcinogenesis in experimental or epidemiologic studies. CELs are always considered serious
effects. The LSE tables and figures do not contain NOAELs for cancer, but the text may report
doses not causing measurable cancer increases.

(12) Footnotes  Explanations of abbreviations or reference notes for data in the LSE tables are found in
the footnotes. Footnote “b” indicates the NOAEL of 3 ppm in key number 18 was used to derive an
MRL of 0.005 ppm.

LEGEND

See Figure 2-1

LSE figures graphically illustrate the data presented in the corresponding LSE tables. Figures heIp the
reader quickly compare health effects according to exposure concentrations for particular exposure
periods.

(13) Exposure Period  The same exposure periods appear as in the LSE table. In this example, health
effects observed within the intermediate and chronic exposure periods are illustrated.

(14) Health Effect  These are the categories of health effects for which reliable quantitative data exists.
The same health effects appear in the LSE table.

(15) Levels of Exposure  concentrations or doses for each health effect in the LSE tables are graphically
displayed in the LSE figures. Exposure concentration or dose is measured on the log scale “y” axis.
Inhalation exposure is reported in mg/m3 or ppm and oral exposure is reported in mg/kg/day.

(16) NOAEL  In this example, 18r NOAEL is the critical endpoint for which an intermediate inhalation
exposure MRL is based. As you can see from the LSE figure key, the open-circle symbol indicates
to a NOAEL for the test species-rat. The key number 18 corresponds to the entry in the LSE table.
The dashed descending arrow indicates the extrapolation from the exposure level of 3 ppm (see entry
18 in the Table) to the MRL of 0.005 ppm (see footnote “b” in the LSE table).

(17) CEL  Key number 38r is 1 of 3 studies for which Cancer Effect Levels were derived. The diamond
symbol refers to a Cancer Effect Level for the test species-mouse. The number 38 corresponds to the
entry in the LSE table.

(18) Estimated Upper-Bound Human Cancer Risk Levels  This is the range associated with the
upper-bound for lifetime cancer risk of 1 in 10,000 to 1 in 10,000,000. These risk levels are derived
from the EPA’s Human Health Assessment Group’s upper-bound estimates of the slope of the cancer
dose response curve at low dose levels (ql*).

(19) Key to LSE Figure  The Key explains the abbreviations and symbols used in the figure.
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Chapter 2 (Section 2.5)

Relevance to Public Health

The Relevance to Public Health section provides a health effects summary based on evaluations of
existing toxicologic, epidemiologic, and toxicokinetic information. This summary is designed to present
interpretive, weight-of-evidence discussions for human health end points by addressing the following
questions.

1.  What effects are known to occur in humans?

2.  What effects observed in animals are likely to be of concern to humans?

3.  What exposure conditions are likely to be of concern to humans, especially around hazardous
      waste sites?

The section covers end points in the same order they appear within the Discussion of Health Effects by
Route of Exposure section, by route (inhalation, oral, dermal) and within route by effect. Human data are
presented first, then animal data. Both are organized by duration (acute, intermediate, chronic). In vitro
data and data from parenteral routes (intramuscular, intravenous, subcutaneous, etc.) are also considered in
this section. If data are located in the scientific literature, a table of genotoxicity information is included.

The carcinogenic potential of the profiled substance is qualitatively evaluated, when appropriate, using
existing toxicokinetic, genotoxic, and carcinogenic data. ATSDR does not currently assess cancer potency
or perform cancer risk assessments. Minimal risk levels (MRLs) for noncancer end points (if derived) and
the end points from which they were derived are indicated and discussed.

Limitations to existing scientific literature that prevent a satisfactory evaluation of the relevance to public
health are identified in the Data Needs section.

Interpretation of Minimal Risk Levels

Where sufficient toxicologic information is available, we have derived minimal risk levels (MRLs) for
inhalation and oral routes of entry at each duration of exposure (acute, intermediate, and chronic). These
MRLs are not meant to support regulatory action; but to acquaint health professionals with exposure levels
at which adverse health effects are not expected to occur in humans. They should help physicians and
public health officials determine the safety of a community living near a chemical emission, given the
concentration of a contaminant in air or the estimated daily dose in water. MRLs are based largely on
toxicological studies in animals and on reports of human occupational exposure.

MRL users should be familiar with the toxicologic information on which the number is based. Chapter
2.5, “Relevance to Public Health,” contains basic information known about the substance. Other sections
such as 2.7, “Interactions with Other Substances,” and 2.8, “Populations that are Unusually Susceptible”
provide important supplemental information.

MRL users should also understand the MRL derivation methodology. MRLs are derived using a modified
version of the risk assessment methodology the Environmental Protection Agency (EPA) provides (Banes
and Dourson 1988) to determine reference doses for lifetime exposure (RfDs).

To derive an MRL, ATSDR generally selects the most sensitive endpoint which, in its best judgement,
represents the most sensitive human health effect for a given exposure route and duration. ATSDR cannot
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make this judgement or derive an MRL unless information (quantitative or qualitative) is available for all
potential systemic, neurological, and developmental effects. If this information and reliable quantitative
data on the chosen endpoint are available, ATSDR derives an MRL using the most sensitive species (when
information from multiple species is available) with the highest NOAEL that does not exceed any adverse
effect levels. When a NOAEL is not available, a lowest-observed-adverse-effect level (LOAEL) can be
used to derive an MRL, and an uncertainty factor (UF) of 10 must be employed. Additional uncertainty
factors of 10 must be used both for human variability to protect sensitive subpopulations (people who are
most susceptible to the health effects caused by the substance) and for interspecies variability
(extrapolation from animals to humans). In deriving an MRL, these individual uncertainty factors are
multiplied together. The product is then divided into the inhalation concentration or oral dosage selected
from the study. Uncertainty factors used in developing a substance-specific MRL are provided in the
footnotes of the LSE Tables.
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vii NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 

QUICK REFERENCE FOR HEALTH CARE PROVIDERS 

Toxicological Profiles are a unique compilation of toxicological information on a given hazardous 
substance. Each profile reflects a comprehensive and extensive evaluation, summary, and interpretation 
of available toxicologic and epidemiologic information on a substance.  Health care providers treating 
patients potentially exposed to hazardous substances will find the following information helpful for fast 
answers to often-asked questions. 

Primary Chapters/Sections of Interest 

Chapter 1: Public Health Statement: The Public Health Statement can be a useful tool for educating 
patients about possible exposure to a hazardous substance.  It explains a substance’s relevant 
toxicologic properties in a nontechnical, question-and-answer format, and it includes a review of 
the general health effects observed following exposure. 

Chapter 2: Relevance to Public Health: The Relevance to Public Health Section evaluates, interprets, 
and assesses the significance of toxicity data to human health. 

Chapter 3: Health Effects: Specific health effects of a given hazardous compound are reported by type 
of health effect (death, systemic, immunologic, reproductive), by route of exposure, and by length 
of exposure (acute, intermediate, and chronic).  In addition, both human and animal studies are 
reported in this section. 
NOTE: Not all health effects reported in this section are necessarily observed in the clinical 
setting. Please refer to the Public Health Statement to identify general health effects observed 
following exposure. 

Pediatrics: Four new sections have been added to each Toxicological Profile to address child health 
issues: 
Section 1.6 How Can (Chemical X) Affect Children? 
Section 1.7 How Can Families Reduce the Risk of Exposure to (Chemical X)? 
Section 3.7 Children’s Susceptibility 
Section 6.6 Exposures of Children 

Other Sections of Interest: 
Section 3.8 Biomarkers of Exposure and Effect 
Section 3.11 Methods for Reducing Toxic Effects 

ATSDR Information Center  
Phone: 1-888-42-ATSDR or (404) 498-0110 Fax: (770) 488-4178 
E-mail: atsdric@cdc.gov Internet: http://www.atsdr.cdc.gov 

The following additional material can be ordered through the ATSDR Information Center: 

Case Studies in Environmental Medicine: Taking an Exposure History—The importance of taking an 
exposure history and how to conduct one are described, and an example of a thorough exposure 
history is provided.  Other case studies of interest include Reproductive and Developmental 
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Hazards; Skin Lesions and Environmental Exposures; Cholinesterase-Inhibiting Pesticide 
Toxicity; and numerous chemical-specific case studies. 

Managing Hazardous Materials Incidents is a three-volume set of recommendations for on-scene 
(prehospital) and hospital medical management of patients exposed during a hazardous materials 
incident. Volumes I and II are planning guides to assist first responders and hospital emergency 
department personnel in planning for incidents that involve hazardous materials.  Volume III— 
Medical Management Guidelines for Acute Chemical Exposures—is a guide for health care 
professionals treating patients exposed to hazardous materials. 

Fact Sheets (ToxFAQs) provide answers to frequently asked questions about toxic substances. 

Other Agencies and Organizations 

The National Center for Environmental Health (NCEH) focuses on preventing or controlling disease, 
injury, and disability related to the interactions between people and their environment outside the 
workplace. Contact: NCEH, Mailstop F-29, 4770 Buford Highway, NE, Atlanta, 
GA 30341-3724 • Phone: 770-488-7000 • FAX: 770-488-7015. 

The National Institute for Occupational Safety and Health (NIOSH) conducts research on occupational 
diseases and injuries, responds to requests for assistance by investigating problems of health and 
safety in the workplace, recommends standards to the Occupational Safety and Health 
Administration (OSHA) and the Mine Safety and Health Administration (MSHA), and trains 
professionals in occupational safety and health.  Contact: NIOSH, 200 Independence Avenue, 
SW, Washington, DC 20201 • Phone: 800-356-4674 or NIOSH Technical Information Branch, 
Robert A. Taft Laboratory, Mailstop C-19, 4676 Columbia Parkway, Cincinnati, OH 45226-1998 
• Phone: 800-35-NIOSH. 

The National Institute of Environmental Health Sciences (NIEHS) is the principal federal agency for 
biomedical research on the effects of chemical, physical, and biologic environmental agents on 
human health and well-being.  Contact:  NIEHS, PO Box 12233, 104 T.W. Alexander Drive, 
Research Triangle Park, NC 27709 • Phone: 919-541-3212. 

Referrals 

The Association of Occupational and Environmental Clinics (AOEC) has developed a network of clinics 
in the United States to provide expertise in occupational and environmental issues.  Contact: 
AOEC, 1010 Vermont Avenue, NW, #513, Washington, DC 20005 • Phone:  202-347-4976 
• FAX: 202-347-4950 • e-mail: AOEC@AOEC.ORG • Web Page:  http://www.aoec.org/. 

The American College of Occupational and Environmental Medicine (ACOEM) is an association of 
physicians and other health care providers specializing in the field of occupational and 
environmental medicine.  Contact: ACOEM, 25 Northwest Point Boulevard, Suite 700, 
Elk Grove Village, IL 60007-1030 • Phone:  847-818-1800 • FAX:  847-818-9266. 
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1. PUBLIC HEALTH STATEMENT 


This public health statement tells you about naphthalene, 1-methylnaphthalene, and 2-methyl-

naphthalene and the effects of exposure to these chemicals.   

The Environmental Protection Agency (EPA) identifies the most serious hazardous waste sites in 

the nation. These sites are then placed on the National Priorities List (NPL) and are targeted for 

long-term federal clean-up activities.  Naphthalene, 1-methylnaphthalene, and 2-methyl-

naphthalene have been found in at least 654, 36, and 412, respectively, of the 1,662 current or 

former NPL sites.  Although the total number of NPL sites evaluated for these substances is not 

known, the possibility exists that the number of sites at which naphthalene, 1-methylnaphthalene, 

and 2-methylnaphthalene are found may increase in the future as more sites are evaluated.  This 

information is important because these sites may be sources of exposure and exposure to these 

substances may harm you. 

When a substance is released either from a large area, such as an industrial plant, or from a 

container, such as a drum or bottle, it enters the environment. Such a release does not always 

lead to exposure. You can be exposed to a substance only when you come in contact with it.  

You may be exposed by breathing, eating, or drinking the substance, or by skin contact. 

If you are exposed to naphthalene, 1-methylnaphthalene, or 2-methylnaphthalene, many factors 

will determine whether you will be harmed.  These factors include the dose (how much), the 

duration (how long), and how you come in contact with them.  You must also consider any other 

chemicals you are exposed to and your age, sex, diet, family traits, lifestyle, and state of health. 

1.1 	 WHAT ARE NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYL-
NAPHTHALENE? 

Naphthalene is a white solid that evaporates easily.  It is also called mothballs, moth flakes, 

white tar, and tar camphor.  When mixed with air, naphthalene vapors easily burn.  Fossil fuels, 

such as petroleum and coal, naturally contain naphthalene.  Burning tobacco or wood produces 
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naphthalene. The major commercial use of naphthalene is to make other chemicals used in 

making polyvinyl chloride (PVC) plastics.  The major consumer products made from 

naphthalene are moth repellents, in the form of mothballs or crystals, and toilet deodorant blocks.  

It is also used for making dyes, resins, leather tanning agents, and the insecticide carbaryl. 

Naphthalene has a strong but not unpleasant smell.  Its taste is unknown, but it must not be 

unpleasant since children have eaten mothballs and deodorant blocks.  You can smell 

naphthalene in the air at a concentration of 84 parts naphthalene per one billion parts (ppb) of air.  

You can smell it in water when 21 ppb are present. 

1-Methylnaphthalene is a naphthalene-related compound that is also called alpha methyl­

naphthalene. It is a clear liquid.  Its taste and odor have not been described, but you can smell it 

in water when only 7.5 ppb are present. 

Another naphthalene-related compound, 2-methylnaphthalene, is also called beta methyl­

naphthalene. It is a solid like naphthalene.  The taste and odor of 2-methylnaphthalene have not 

been described. Its presence can be detected at a concentration of 10 ppb in air and 10 ppb in 

water. 

1-Methylnaphthalene and 2-methylnaphthalene are used to make other chemicals such as dyes, 

and resins. 2-Methylnaphthalene is also used to make vitamin K.  All three chemicals are 

present in cigarette smoke, wood smoke, tar, asphalt, and at some hazardous waste sites. 

See Chapters 4, 5, and 6 for more information on the properties and uses of naphthalene, 

1-methylnaphthalene, and 2-methylnaphthalene. 

1.2 	 WHAT HAPPENS TO NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 
2-METHYLNAPHTHALENE WHEN THEY ENTER THE ENVIRONMENT? 

Naphthalene enters the environment from industrial uses, from its use as a moth repellent, from 

the burning of wood or tobacco, and from accidental spills.  Naphthalene at hazardous waste 
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sites and landfills can dissolve in water and be present in drinking water.  Naphthalene can 

become weakly attached to soil or pass through the soil particles into underground water. 

Most of the naphthalene entering the environment is from the burning of woods and fossil fuels 

in the home.  The second greatest release of naphthalene is through the use of moth repellents.  

Only about 10% of the naphthalene entering the environment is from coal production and 

distillation. Less than 1% of the naphthalene released to the atmosphere can be attributed to the 

losses from naphthalene production.  Cigarette smoking also releases small amounts of 

naphthalene into the air. 

Naphthalene evaporates easily. That is why you can smell mothballs.  In the air, moisture and 

sunlight make it break down, often within 1 day.  Naphthalene can change to 1-naphthol or 

2-naphthol. These chemicals have some of the toxic properties of naphthalene.  Some 

naphthalene will dissolve in water in rivers, lakes, or wells.  Naphthalene in water is destroyed 

by bacteria or evaporates into the air.  Most naphthalene will be gone from water in rivers or 

lakes within 2 weeks. 

Naphthalene binds weakly to soils and sediments.  It easily passes through sandy soils to reach 

underground water. In soil, some microorganisms break down naphthalene.  When near the 

surface of the soil, naphthalene will evaporate into air.  Microorganisms present in the soil will 

break down most of the naphthalene in 1–3 months.   

Naphthalene does not accumulate in the flesh of animals and fish that you might eat.  If dairy 

cows are exposed to naphthalene, some naphthalene will be in their milk; if laying hens are 

exposed, some naphthalene will be in their eggs.  Naphthalene and the methylnaphthalenes have 

been found in very small amounts in some samples of fish and shellfish from polluted waters. 

Scientists know very little about what happens to 1-methylnaphthalene and 2-methylnaphthalene 

in the environment.  These compounds are similar to naphthalene and should act like it in air, 

water, or soil. 
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See Chapters 5 and 6 for more information on what happens to naphthalene, 1-methyl-

naphthalene, and 2-methylnaphthalene in the environment. 

1.3 	 HOW MIGHT I BE EXPOSED TO NAPHTHALENE, 1-METHYLNAPHTHALENE, 
AND 2-METHYLNAPHTHALENE? 

You are most likely to be exposed to naphthalene, 1-methylnaphthalene, or 2-methylnaphthalene 

from the air.  Outdoor air contains low amounts of these chemicals.  Burning of wood or fossil 

fuels and industrial discharges adds these chemicals to the environment.  Automobile exhaust 

contributes naphthalene among other chemicals to air pollution in the cities.  Typical air 

concentrations for naphthalene are low, 0.2 ppb or less.  Studies of outdoor air reported 

concentrations of 0.09 ppb 1-methylnaphthalene and 0.011 ppb 2-methylnaphthalene.  In homes 

or businesses where cigarettes are smoked, wood is burned, or moth repellents are used, the 

levels of naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene in the air are higher.  

Studies of indoor air typically report that average indoor air concentrations of these contaminants 

are less than 1 ppb. 

You are not likely to be exposed to naphthalene, 1-methylnaphthalene, or 2-methylnaphthalene 

by eating foods or drinking beverages. These materials are unlikely to come in contact with 

naphthalene or methylnaphthalenes during production or processing.  Naphthalene and the 

methylnaphthalenes are also unlikely to be present in tap water. 

If you live near a hazardous waste site and have a well used for drinking water, you might be 

exposed to naphthalene, 1-methylnaphthalene, or 2-methylnaphthalene.  For this to happen, the 

chemicals must pass through the soil and dissolve in the underground water that supplies your 

well. Children might also contact these chemicals by playing in or eating the dirt near a waste 

site. 

Work using or making moth repellents, coal tar products, dyes, or inks could expose you to 

naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene in the air.  Working in the wood-

preserving, leather tanning, or asphalt industries could expose you to naphthalene.   
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Using moth repellents containing naphthalene in your home will expose you to naphthalene 

vapors. Your skin can come in contact with naphthalene via the use of naphthalene-treated 

clothing, blankets, or coverlets.  You can breathe in the naphthalene vapors that are present in 

clothes and linen stored with moth-balls.  Smoke from cigarettes can also expose you to 

naphthalene, 1-methylnaphthalene, or 2-methylnaphthalene.  The highest airborne naphthalene 

concentrations in indoor air occur in the homes of cigarette smokers. 

See Chapter 6 for more information on how you might be exposed to naphthalene, 1-methyl-

naphthalene, or 2-methylnaphthalene. 

1.4 	 HOW CAN NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYL-
NAPHTHALENE ENTER AND LEAVE MY BODY? 

Naphthalene, 1-methylnaphthalene, or 2-methylnaphthalene can enter your body if you breathe 

air that contains these chemicals, if you smoke, if you eat mothballs, if you drink water that 

contains these chemicals, or if they touch your skin.  These chemicals are most likely to enter 

your body through the air you breath into your lungs.  Naphthalene can also enter your body 

through your skin when you handle mothballs, particularly if you have used an oil-based skin 

lotion. You can also breathe in naphthalene vapors from clothes that have been stored in 

mothballs. 

Once naphthalene, 1-methylnaphthalene, or 2-methylnaphthalene enter your body, small 

amounts will dissolve in your blood.  Your blood carries them to your liver and other organs.  

These organs change them so that they pass through your body, mainly into your urine.  Some 

naphthalene, 1-methylnaphthalene, or 2-methylnaphthalene, and their breakdown products can 

be present in your stool. Naphthalene also has been found in some samples of fatty tissue and 

breast milk taken from the general U.S. population, but the concentrations of naphthalene were 

low. Most naphthalene, 1-methylnaphthalene, or 2-methylnaphthalene that enters your body is 

expected to leave quickly within 1–3 days.  
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See Chapter 3 for more information on how naphthalene, 1-methylnaphthalene, or 2-methyl-

naphthalene enter and leave your body. 

1.5 	 HOW CAN NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYL-
NAPHTHALENE AFFECT MY HEALTH? 

Scientists use many tests to protect the public from harmful effects of toxic chemicals and to find 

ways for treating persons who have been harmed. 

One way to learn whether a chemical will harm people is to determine how the body absorbs, 

uses, and releases the chemical.  For some chemicals, animal testing may be necessary.  Animal 

testing may also help identify health effects such as cancer or birth defects.  Without laboratory 

animals, scientists would lose a basic method for getting information needed to make wise 

decisions that protect public health.  Scientists have the responsibility to treat research animals 

with care and compassion.  Scientists must comply with strict animal care guidelines because 

laws today protect the welfare of research animals. 

Exposure to a large amount of naphthalene may damage or destroy some of your red blood cells.  

This could cause you to have too few red blood cells until your body replaces the destroyed cells. 

This problem is called hemolytic anemia.  People, particularly children, have developed this 

problem after eating naphthalene-containing mothballs or deodorant blocks.  Anemia has also 

occurred in infants wearing diapers that have been stored in mothballs. If your ancestors were 

from Africa or Mediterranean countries, naphthalene may be more dangerous to you than to 

people of other origins. These populations have a higher incidence of problems with an enzyme 

that usually protects red blood cells from damage created by oxygen in the air. 

Some of the symptoms that occur with hemolytic anemia are fatigue, lack of appetite, 

restlessness, and a pale appearance to your skin.  Exposure to a large amount of naphthalene, 

such as by eating mothballs, may cause nausea, vomiting, diarrhea, blood in the urine, and a 

yellow color to the skin. If you have these symptoms, you should see a doctor quickly. 
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Anemia is a common condition in pregnancy that can be due to causes other than naphthalene 

exposure. However, if you are a pregnant woman and are anemic due to naphthalene exposure, 

then it is possible that your unborn child may be anemic as well.  Naphthalene can move from 

your blood to your baby's blood.  Once your baby is born, naphthalene may also be carried from 

your body to your baby's body through your milk.  It is not completely clear if naphthalene 

causes reproductive effects in animals; most evidence says that it does not. 

Laboratory rabbits, guinea pigs, mice, and rats sometimes develop cataracts (cloudiness) in their 

eyes after swallowing naphthalene at high dose levels.  It is not certain whether cataracts also 

develop in humans exposed to naphthalene, but the possibility exists.   

When mice or rats breathed in naphthalene vapors daily throughout their lives (2 years), cells in 

the lining of their noses or lungs were damaged.  Some exposed female mice also developed lung 

tumors.  Some exposed male and female rats developed nose tumors.  When mice or rats were 

fed naphthalene in their food for 13 weeks, no tumors or other tissue changes were found.  The 

only effect found was decreased body weight in rats that were fed naphthalene. 

Based on these results from animal studies, the U.S. Department of Health and Human Services 

concluded that naphthalene is reasonably anticipated to be a human carcinogen.  The 

International Agency for Research on Cancer (IARC) concluded that naphthalene is possibly 

carcinogenic to humans, because there is enough evidence that naphthalene causes cancer in 

animals, but not enough evidence about such an effect in humans.  Under the EPA 1986 cancer 

guidelines, naphthalene was assigned to Group C – possible human carcinogen. 

When mice were fed food containing 1-methylnaphthalene or 2-methylnaphthalene for most of 

their lives (81 weeks), the gas-exchange part of the lungs of some mice became filled with an 

abnormal material.  This type of lung injury is called pulmonary alveolar proteinosis.  A few 

mice also had lung tumors, but the numbers of mice with lung tumors were not enough to 

conclude that 1-methylnaphthalene or 2-methylnaphthalene caused the tumors.  Pulmonary 

alveolar proteinosis has been seen in some people, but the cause of this uncommon lung disease 

in humans is unknown.  
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See Chapter 3 for more information on the effects of naphthalene, 1-methylnaphthalene, or 

2-methylnaphthalene on your health. 

1.6 	 HOW CAN NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYL-
NAPHTHALENE AFFECT CHILDREN? 

This section discusses potential health effects in humans from exposures during the period from 

conception to maturity at 18 years of age.  

Hospitals have reported many cases of hemolytic anemia in children, including newborns and 

infants, who either ate naphthalene mothballs or deodorant cakes or who were in close contact 

with clothing or blankets stored in naphthalene mothballs.  Newborns or infants are thought to be 

especially susceptible to this effect on the blood, because their bodies are less able to get rid of 

naphthalene than adults. 

Newborn mice appear to be more susceptible to lung injury than adult mice, when they are 

injected with naphthalene. These results suggest that children may be more susceptible to lung 

injury from naphthalene than adults.  Scientists do not know if lung injury from breathing in 

naphthalene in childhood may lead to lung disease later in life. 

There are no reports that prenatal or postnatal exposure to naphthalene has caused developmental 

problems in human offspring.  When pregnant mice, rats, or rabbits were fed naphthalene during 

their pregnancy, the development of their offspring was normal.  Normal offspring development 

occurred even when the amounts of naphthalene given were large enough to prevent the pregnant 

animals from gaining their normal amount of weight.   

There are no studies in humans or animals indicating whether or not children are more 

susceptible to health effects from 1-methylnaphthalene or 2-methylnaphthalene.   
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1.7 	 HOW CAN FAMILIES REDUCE THE RISK OF EXPOSURE TO NAPHTHALENE, 
1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE? 

If your doctor finds that you have been exposed to substantial amounts of naphthalene, 1-methyl-

naphthalene, and 2-methylnaphthalene, ask whether your children might also have been exposed.  

Your doctor might need to ask your state health department to investigate. 

The most important way that families can reduce the risk of exposure to naphthalene, 1-methyl-

naphthalene, or 2-methylnaphthalene is to avoid smoking tobacco, generating smoke during 

cooking, or using fireplaces or heating appliances in their homes.  If families use naphthalene-

containing moth repellants, the material should be enclosed in containers that prevent vapors 

from escaping.  The containers should not be accessible to young children.  Blankets and 

clothing stored with naphthalene moth repellents should be aired outdoors to remove naphthalene 

odors and washed before they are used. To further minimize the risk of exposure to naphthalene, 

families should inform themselves of the contents of air deodorizers that are used in their homes, 

and refrain from using deodorizers with naphthalene.  

1.8 	 IS THERE A MEDICAL TEST TO DETERMINE WHETHER I HAVE BEEN 
EXPOSED TO NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYL-
NAPHTHALENE?

 Several tests determine whether you have been exposed to naphthalene, 1-methylnaphthalene, or 

2-methylnaphthalene.  These tests include measuring naphthalene, 1-methylnaphthalene, 

2-methylnaphthalene, or their breakdown products in samples of urine, stool, blood, maternal 

milk, or body fat.  These tests require special equipment, which is not routinely available in a 

doctor's office.  Body fluids, urine, stool samples, or tissue samples can be sent to a special 

laboratory for the tests.  These tests cannot determine exactly how much naphthalene, 1-methyl-

naphthalene, or 2-methylnaphthalene you were exposed to or predict whether harmful effects 

will occur.  If the samples are collected within a day or two of exposure, then the tests can show 

if you were exposed to a large or small amount of naphthalene, 1-methylnaphthalene, or 

2-methylnaphthalene. 
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See Chapters 3 and 7 for more information on tests for exposure to naphthalene, 1-methyl-

naphthalene, and 2-methylnaphthalene. 

1.9 	 WHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO 
PROTECT HUMAN HEALTH? 

The federal government develops regulations and recommendations to protect public health.  

Regulations can be enforced by law. The EPA, the Occupational Safety and Health 

Administration (OSHA), and the Food and Drug Administration (FDA) are some federal 

agencies that develop regulations for toxic substances.  Recommendations provide valuable 

guidelines to protect public health, but cannot be enforced by law.  The Agency for Toxic 

Substances and Disease Registry (ATSDR) and the National Institute for Occupational Safety 

and Health (NIOSH) are two federal organizations that develop recommendations for toxic 

substances. 

Regulations and recommendations can be expressed as “not-to-exceed” levels, that is, levels of a 

toxic substance in air, water, soil, or food that do not exceed a critical value that is usually based 

on levels that affect animals; they are then adjusted to levels that will help protect humans.  

Sometimes these not-to-exceed levels differ among federal organizations because they used 

different exposure times (an 8-hour workday or a 24-hour day), different animal studies, or other 

factors. 

Recommendations and regulations are also updated periodically as more information becomes 

available. For the most current information, check with the federal agency or organization that 

provides it. Some regulations and recommendations for naphthalene, 1-methylnaphthalene, and 

2-methylnaphthalene include the following: 

The federal government has developed regulations and advisories to protect individuals from the 

possible health effects of naphthalene in the environment.  OSHA set a limit of 10 parts per 

million (ppm) for the level of naphthalene in workplace air over an 8-hour workday.  NIOSH set 

a limit of 500 ppm for the level of naphthalene in workplace air expected to be immediately 
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dangerous to life or health. Exposure to workplace air concentrations above this limit for more 

than 30 minutes would be expected to impair a worker’s ability to escape the contaminated 

workplace. 

EPA recommends that children not drink water with over 0.5 ppm naphthalene for more than 

10 days or over 0.4 ppm for any longer than 7 years.  Adults should not drink water with more 

than 1 ppm for more than 7 years.  For water consumed over a lifetime (70 years), EPA suggests 

that it contain no more than 0.1 ppm naphthalene. 

Industrial releases of naphthalene into the environment of more than 100 pounds must be 

reported to EPA. 

There are no regulations or advisories for 1-methylnaphthalene or 2-methylnaphthalene. 

See Chapter 8 for more information on government regulations for naphthalene. 

1.10 WHERE CAN I GET MORE INFORMATION? 

If you have any more questions or concerns, please contact your community or state health or 

environmental quality department, or contact ATSDR at the address and phone number below. 

ATSDR can also tell you the location of occupational and environmental health clinics.  These 

clinics specialize in recognizing, evaluating, and treating illnesses that result from exposure to 

hazardous substances. 

Toxicological profiles are also available on-line at www.atsdr.cdc.gov and on CD-ROM.  You 

may request a copy of the ATSDR ToxProfilesTM CD-ROM by calling the toll-free information 

and technical assistance number at 1-888-42ATSDR (1-888-422-8737), by e-mail at 

atsdric@cdc.gov, or by writing to: 
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Agency for Toxic Substances and Disease Registry 
  Division of Toxicology 

1600 Clifton Road NE 
  Mailstop F-32 
  Atlanta, GA 30333 
  Fax: 1-770-488-4178 

Organizations for-profit may request copies of final Toxicological Profiles from the following: 

National Technical Information Service (NTIS) 

5285 Port Royal Road 


  Springfield, VA 22161 

  Phone: 1-800-553-6847 or 1-703-605-6000 

  Web site: http://www.ntis.gov/ 
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2.1 	 BACKGROUND AND ENVIRONMENTAL EXPOSURES TO NAPHTHALENE, 
1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE IN THE UNITED STATES  

Naphthalene and methylnaphthalenes occur naturally in fossil fuels such as petroleum and coal, and are 

produced when organic materials (e.g., fossil fuels, wood, tobacco) are burned. Naphthalene is also 

produced commercially from either coal tar or petroleum.  In 2000, estimates of commercial production 

of naphthalene in Japan, Western Europe, and the United States were 179, 205, and 107 thousand tonnes.  

Commercially-produced naphthalene is predominately used in the production of phthalic anhydride, 

which is used as an intermediate for polyvinyl chloride plasticizers such as di(2-ethylhexyl) phthalate.  In 

1999, this use of naphthalene accounted for 73 and 60% of commercial demand for naphthalene in Japan 

and the United States, respectively.  Other uses of naphthalene include production of naphthalene 

sulfonates (used in concrete additives and synthetic tanning agents), pesticides (e.g., carbaryl insecticides 

and moth repellents), and dye intermediates.   

Naphthalene is frequently present in industrial and automobile emissions and effluents and in various 

media in the general environment due to its natural occurrence in coal and petroleum products and 

emissions, its use as an intermediate in the production of plasticizers, resins, and insecticides, and its use 

in a variety of consumer products such as moth repellants.  In 2002, environmental releases of 

naphthalene reported under the EPA Toxics Release Inventory (TRI) program were about 2.07 million 

pounds in air emissions, 0.03 million pounds in surface water discharges, 0.23 million pounds in 

underground injection discharges, and 0.37 million pounds in releases to land.  These figures reflect 

estimates that most naphthalene entering the environment is discharged to the air, with the largest releases 

associated with the combustion of plant material and fossil fuels and volatilization from naphthalene-

containing consumer products.   

Monitoring studies of outdoor ambient air levels of naphthalene have reported concentrations in the range 

of about 0.4–170 µg/m3, with a median naphthalene concentration of 0.94 µg/m3 (0.0002 ppm) reported 

for urban/suburban air samples collected from 11 U.S. cities.  The highest outdoor air concentrations have 

been found in the immediate vicinity of certain industrial sources and hazardous waste sites.  For 

example, average concentrations of naphthalene in ambient air at five hazardous waste sites and one 

landfill in New Jersey ranged from 0.42 to 4.6 µg/m3 (0.00008–0.0009 ppm). In indoor air, emissions 
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from cooking, tobacco smoking, or moth repellants are expected to be the predominant sources of 

naphthalene. Indoor air concentrations of naphthalene in homes with smoking residents and homes 

without smoking residents were reported to be 2.2 µg/m3 (0.0004 ppm) and 1.0 µg/m3 (0.0002 ppm), 

respectively. A study of indoor and outdoor air in 24 low-income homes in North Carolina found 

naphthalene levels ranging from 0.33–9.7 µg/m3 and 0.57–1.82 µg/m3 respectively. Methylnaphthalenes 

have also been detected in ambient outdoor and indoor air.  For example, average concentrations of 

1-methylnaphthalene and 2-methylnaphthalene in ambient outdoor air samples were reported to be 

0.51 and 0.065 µg/m3, respectively, whereas 2-methylnaphthalene in indoor air samples showed an 

average concentration of 1.5 µg/m3 (0.0003 ppm).  Based on a median concentration of 0.95 µg/m3 

(0.0002 ppm) naphthalene in urban and suburban air samples and an inhalation rate of 20 m3/day, the 

average daily intake of naphthalene from ambient air is estimated at 19 µg/day, or 0.3 µg/kg/day 

assuming 70-kg body weight. 

Levels of naphthalene (and methylnaphthalenes), when detected in water, sediments, and soil tend to be 

low: usually <10 µg/L in surface water or groundwater, <500 µg/kg in sediments, and 0–3 µg/kg in 

untreated agricultural soils. However, in the immediate vicinity of point sources of release, such as 

chemical waste sites, concentrations can be higher.  For example, concentrations of 6.1 and 2.9 mg/kg 

were reported for naphthalene and methylnaphthalene, respectively, in soil samples contaminated with 

coal tar. 

2.2 SUMMARY OF HEALTH EFFECTS  

Reports that establish associations between naphthalene exposure and health effects in humans are 

restricted to numerous reports of hemolytic anemia or cataracts following acute exposure or occupational 

exposure to naphthalene, either by ingestion or by inhalation of naphthalene vapors, but these reports 

have not identified exposure levels associated with these effects.  A relationship appears to exist between 

an inherited deficiency in the enzyme, glucose 6-phosphate dehydrogenase (G6PD), and susceptibility to 

naphthalene-induced hemolysis.  Newborn infants also appear to be susceptible to naphthalene-induced 

hemolysis presumably due to a decreased ability to conjugate and excrete naphthalene metabolites.  The 

only studies of cancer in humans exposed to naphthalene are two case series reports of cancer; one report 

of four laryngeal cancer cases (all of whom were smokers) among workers in a naphthalene purification 

plant in East Germany, and another report of 23 cases of colorectal carcinoma admitted to a hospital in 

Nigeria. NTP, EPA, and IARC concur that these studies provide inadequate evidence of naphthalene 
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carcinogenicity in humans.  No cohort mortality or morbidity studies or case-control studies examining 

possible associations between naphthalene exposure and increased risk of cancer (or other health effects) 

are available. 

Epidemiology studies, case reports, or controlled-exposure studies examining the potential health effects 

of human exposure to 1-methylnaphthalene or 2-methylnaphthalene by any route of exposure are not 

available. 

Results from animal studies exposed to naphthalene by oral administration, by inhalation exposure, or by 

parenteral administration identify several health effects of potential concern for humans, including 

maternal toxicity during pregnancy with acute oral exposure, decreased body weight (without lesions 

developing in any tissues or organs) with intermediate oral exposure, and increased incidence of 

nonneoplastic and neoplastic lesions in the nose (in rats and mice) and the lung (in mice only) with 

chronic inhalation exposure.   

Hemolytic and Ocular Effects of Naphthalene in Animals.  Rats and mice do not appear to be 

susceptible to the hemolytic effects of naphthalene as hematological end points have not been affected in 

acute or intermediate duration oral studies or in acute 14-day inhalation studies.  There is one report of 

hemolytic anemia in a few dogs orally exposed to naphthalene, but the data are inadequate to describe 

dose-response relationships that can be reliably extrapolated to human exposure scenarios.  Naphthalene-

induced cataracts or lens opacities are well studied in rats and rabbits and appear to occur at acute- or 

intermediate-duration oral exposure levels >500 mg/kg/day.  Naphthalene-induced cataracts were not 

found with intermediate-duration (i.e., 13 weeks) oral exposure at lower dose levels up to 200 mg/kg/day 

in mice or 400 mg/kg/day in rats.  

Maternal and Developmental Toxicity of Naphthalene in Animals.  Acute oral exposure of pregnant rats 

to naphthalene doses of 150 or 450 mg/kg/day (but not 50 mg/kg/day) during gestation has produced 

maternal toxicity including clinical signs (lethargy and prone position) and severe decreases in body 

weight gain, but clear effects on the developing fetus have not been found at maternal oral doses as high 

as 450 mg/kg/day in rats, 300 mg/kg/day in mice, or 120 or 400 mg/kg/day in rabbits.  Reduced numbers 

of mouse pups per litter were observed when naphthalene (300 mg/kg/day) in corn oil was orally 

administered to pregnant mice; however, no fetotoxic effects were seen when pregnant rabbits were orally 

administered naphthalene at even higher doses (400 mg/kg/day) but delivered in methylcellulose rather 

than in an oil vehicle.  It is unclear if these differences are due to species differences in sensitivity or to 
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the vehicle used to deliver naphthalene.  The finding of maternal toxicity in orally exposed pregnant rats 

serves as the basis of the acute oral MRL for naphthalene (see Section 2.3).  Dermal or inhalation 

developmental toxicity studies in animals are not available. 

Body Weight Effects of Naphthalene in Animals.  Comprehensive intermediate-duration (13 weeks) oral 

toxicity studies found no evidence for naphthalene-induced lesions in any tissue or organs in male or 

female Fischer 344 rats exposed to doses as high as 400 mg/kg/day or in male or female B6C3F1 mice 

exposed to doses as high as 200 mg/kg/day.  The only biologically significant effects found in these 

studies were decreases in rat terminal body weights compared with controls at dose levels of 

200 mg/kg/day (12% decrease in male rats) and 400 mg/kg/day (28 and 23% decreases in male and 

female rats, respectively). No effect on food consumption was observed in exposed rats.  Exposed male 

mice had higher body weights than controls, and exposed female mice had lower body weights than 

controls, but mean body weights were not decreased by more than 5%.  In another intermediate-duration 

oral study with CD-1 mice that focused on a battery of immunologic tests (but did not include 

comprehensive histopathologic examination of tissues), no biologically significant effects were found 

except for decreases in weights of several organs (brain, liver, and spleen) in mice exposed to 

133 mg/kg/day, but not to 53 or 5.3 mg/kg/day.  The lack of naphthalene-induced lesions in these organs 

in the NTP studies suggests that the brain, liver, and spleen are not sensitive targets of naphthalene 

following intermediate oral exposure.  Body weight changes in rats were the most sensitive, biologically 

relevant effects observed in the available toxicity studies in animals orally exposed for intermediate 

durations. These effects were considered in deriving the intermediate-duration oral MRL for naphthalene 

(see Section 2.3).  Chronic-duration oral toxicity studies with naphthalene in animals are not available. 

Cancer and Respiratory Effects of Naphthalene in Animals.  Chronic inhalation studies found increased 

incidences of nonneoplastic and neoplastic lesions in the nose of rats, nonneoplastic lesions in the nose of 

mice, and neoplastic and nonneoplastic lesions in the lungs of mice.  In mice of both sexes, chronic 

inhalation of 10 or 30 ppm naphthalene induced inflammation of the nose and lung, metaplasia of the 

olfactory epithelium, and hyperplasia of the nasal respiratory epithelium.  In female mice (but not male 

mice), exposure to 30 ppm (but not 10 ppm) increased the incidence of benign lung tumors (alveolar/ 

bronchiolar adenomas) compared with controls.  One other female mouse exposed to 30 ppm showed a 

malignant lung tumor (alveolar/bronchiolar carcinoma).  In rats of both sexes, inhalation of 10, 30, or 

60 ppm naphthalene induced nonneoplastic and neoplastic lesions only in the nasal cavity.  Nonneoplastic 

nasal lesions included (1) hyperplasia, atrophy, chronic inflammation, and hyaline degeneration of the 

olfactory epithelium and (2) hyperplasia, metaplasia or degeneration of the respiratory epithelium or 
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glands. Neoplastic lesions associated with naphthalene exposure in rats were olfactory epithelial neuro­

blastoma (a rare malignant tumor) and respiratory epithelial adenoma.  The chronic inhalation MRL for 

naphthalene is based on the LOAEL of 10 ppm for nonneoplastic lesions in the olfactory epithelium and 

respiratory epithelium of the nose of rats (see Section 2.3).   

The mechanisms by which naphthalene causes nonneoplastic or neoplastic lesions in the respiratory tract 

of rodents are incompletely understood, but are thought to involve reactive metabolites of naphthalene, 

including 1,2-naphthalene oxide, 1,2-naphthoquinone, 1,4-naphthoquinone, and possibly 

1,2-dihydroxy-3,4-epoxy-1,2,3,4-tetrahydronaphthalene(see Sections 3.4.3. and 3.5). 

Comparison of species susceptibility to naphthalene-induced nonneoplastic lung damage suggests that 

mice are much more sensitive than rats (e.g., nonneoplastic or neoplastic lung lesions were not found in 

chronically exposed rats in the NTP study) and that differences in rates and stereoselectivity of 

naphthalene metabolism to epoxide intermediates may be involved in this species difference.  Acute 

(4-hour) inhalation exposure of mice to naphthalene concentrations as low as 2–10 ppm induced lung 

injury, whereas rats exposed to naphthalene concentrations as high as 110 ppm showed no signs of lung 

injury.  Some evidence has been reported that rates and stereoselectivity of naphthalene metabolism in 

primate lung tissue may be more like rats than mice.  In in vitro studies with microsomes from 

lymphoblastoid cells, which expressed recombinant human CYP2F1, metabolism of naphthalene to 

epoxide intermediates was demonstrated, but the predominant enantiomeric form produced (1S,2R-oxide) 

was different from the form (1R,2S-oxide) produced by mouse CYP2F2.  Although these observations on 

epoxide formation may suggest that mice may be more sensitive than humans to acute naphthalene lung 

toxicity from epoxide intermediates, the possible role of other potentially reactive metabolites of 

naphthalene (e.g., the naphthoquinone metabolites) is unknown with chronic exposure scenarios.  To date, 

mechanistic understanding of species differences in naphthalene bioactivation in the lung is too 

incomplete to definitively rule out the possible human relevance of naphthalene-induced lung lesions in 

mice (see Section 3.5).   

In contrast, the olfactory epithelium and respiratory epithelium of the nose of rats and mice do not appear 

to differ in sensitivity to naphthalene nonneoplastic toxicity from chronic inhalation exposure.  

Nonneoplastic nasal lesions were found in nearly all exposed animals of both species at the lowest 

exposure level, 10 ppm, in both chronic studies.  CYP monooxygenases, which might be involved in 

naphthalene metabolism and bioactivation, have been demonstrated to exist in nasal respiratory epithelial 

and olfactory epithelial tissue from rodents and humans.  Studies designed to specifically characterize 
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metabolism of naphthalene in nasal tissue, however, have not been conducted, with the exception of a 

single study, which examined in vitro rates of metabolism of naphthalene to naphthalene oxides in 

postmitochondrial supernatants from mouse, rat, and hamster olfactory tissue.  Metabolic rates (units of 

nmol/min/mg protein) showed the following order: mouse (87.1) > rat (43.5) > hamster (3.9).  This order 

did not correspond with species differences in sensitivity to single intraperitoneal injections of 

naphthalene in a companion study.  The lowest dose levels producing substantial necrosis and exfoliation 

in olfactory epithelium were 200 mg/kg in rats and 400 mg/kg in mice and hamsters.  To date, 

mechanistic understanding of species differences in naphthalene bioactivation in the respiratory tissues is 

too incomplete to definitively rule out the possible human relevance of naphthalene-induced nasal lesions 

in rodents (nonneoplastic lesions in rats and mice and neoplastic lesions in rats; see Section 3.5). 

It is unknown whether the naphthalene-induced neoplastic lesions found in mice (lung adenomas) and rats 

(nose respiratory epithelial adenomas and olfactory epithelial neuroblastomas) are produced via a 

genotoxic mode of action or a nongenotoxic mode requiring tissue damage and regenerative responses as 

precursor events. Results from genotoxicity tests for naphthalene have been predominately (but not 

completely) negative (see Section 3.3), and the general sites of neoplastic lesions, the nose in rats and the 

lungs in mice, show some correspondence (but not complete) with the general sites of nonneoplastic 

lesions. However, mechanistic understanding of naphthalene’s carcinogenic mode of action is too 

incomplete to rule out the possibility of a genotoxic mode of action.  Key issues that remain unexplained 

or unstudied include:   

(1) the possible significance of the few positive genotoxicity results that have been obtained, 

including: reverse mutations in Salmonella typhimurium by 1,2-naphthoquinone; in vitro 

formation of N-7 guanine adducts of DNA by 1,2-naphtoquinone; reverse mutations for 

luminescence in the marine bacteria, Vibrio fischeri, by naphthalene; induction of sister 

chromatid exchanges in Chinese hamster ovary cells by naphthalene and in human mononuclear 

leukocytes by 1,2- or 1,4-naphthoquinone; induction of chromosomal aberrations in Chinese 

hamster ovaries and preimplantation mouse embryos by naphthalene; induction of somatic 

mutations and recombination in Drosophila melanogaster by naphthalene; and weak (about 

2-fold) induction of micronuclei in red blood cells from Pleurodeles waltl larvae by naphthalene.  

(2) the lack of a mechanistic explanation of why nearly all rats and mice develop nasal 

nonneoplastic lesions following chronic exposure to naphthalene at concentrations ≥10 ppm, but 

only some rats develop nasal tumors; 
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(3) the lack of a mechanistic explanation of why both male and female mice exposed to 

naphthalene show similar incidences of chronic lung inflammation following chronic exposure to 

10 or 30 ppm, but only female mice showed statistically significant increased incidence of lung 

tumors;  

 

(4) the lack of in vivo genotoxicity assays involving target tissues of naphthalene carcinogenicity 

(nose and lung); and 

 

(5) the lack of information on the possible threshold exposure levels for nonneoplastic nasal 

lesions in rats and mice at air concentrations <10 ppm. 

 

The National Toxicology Program 11th Report on Carcinogens includes naphthalene in its list of 

chemicals reasonably anticipated to be human carcinogen.    

 

International Agency for Research on Cancer concluded that naphthalene is possibly carcinogenic to 

humans (Group 2B) based on specific evaluations that there is inadequate evidence in humans and 

sufficient evidence in animals for the carcinogenicity of naphthalene.  IARC considered the findings for 

nasal tumors in male and female rats and lung tumors in female mice in the NTP bioassays as sufficient 

evidence, noting that both nasal tumor types (olfactory epithelial neuroblastomas and respiratory 

epithelial adenomas) are rare in untreated rats.   

 

EPA last assessed the carcinogenicity of naphthalene before the availability of the results from the 

chronic rat bioassay.  In the EPA (1998c) Toxicological Review on Naphthalene, it was concluded that 

there was inadequate evidence in humans and limited evidence in animals of naphthalene carcinogenicity 

(increased incidence of lung tumors in female mice).  Under the EPA 1986e cancer guidelines, 

naphthalene was assigned to Group C—possible human carcinogen.  Under the EPA 1996a proposed 

cancer guidelines, it was judged that the human carcinogenic potential of naphthalene via the oral or 

inhalation routes “cannot be determined”, but it was noted that there was suggestive evidence of potential 

human carcinogenicity based on increased lung tumors in female mice.  Currently, the EPA Integrated 

Risk Information System (IRIS) Office is reassessing the inhalation carcinogenicity of naphthalene.  

 

Cancer and Respiratory Effects of 1- and 2-Methylaphthalene in Animals.  Increased incidences of 

pulmonary alveolar proteinosis have been observed in mice of both sexes exposed to 1-methyl-
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naphthalene in the diet for 81 weeks at approximate dose levels of 72–75 and 140–144 mg/kg/day and 

2-methylnaphthalene in the diet at doses of 50–54 and 108–114 mg/kg/day.  Histologic examination of 

major tissues and organs in these studies showed no other exposure-related nonneoplastic or neoplastic 

lesions at other sites (including the bronchiolar regions of the lung).  Mice dermally exposed to 30 or 

119 mg/kg of methylnaphthalene (a mixture of 1- and 2-methylnaphthalene) for 30–61 weeks also 

showed increased incidence of pulmonary alveolar proteinosis.  The chronic studies with mice exposed to 

1- or 2-methylnaphthalene in the diet provide the basis for the chronic oral minimal risk levels (MRLs) 

for these substances (see Section 2.3). 

 

Pulmonary alveolar proteinosis is characterized by an accumulation in the alveolar lumen of foamy cells, 

cholesterol crystals, and proteinaceous materials rich in lipids.  The condition is rare in humans and has 

not been associated with human exposure to 2-methylnaphthalene or 1-methylnaphthalene.  Human 

subjects with this condition can display pulmonary function deficits.  The absence of pulmonary alveolar 

proteinosis in a 13-week range-finding study that exposed B6C3F1 mice to dietary doses as high as 

2,500 mg/kg/day suggests that the development of this lesion requires chronic-duration exposure.   

 

The mechanisms by which 1- or 2-methylnaphthalene may cause pulmonary alveolar proteinosis are 

poorly understood, but light and electron microscopic observations of lung tissues from mice repeatedly 

exposed to dermal doses of methylnaphthalene indicate that type II pneumocytes are a specific cellular 

target.  It has been hypothesized that, in response to 1- or 2-methylnaphthalene, type II pneumocytes 

produce increased amounts of lamellar bodies due to hyperplasia and hypertrophy, and eventually 

transform into balloon cells.  The rupture of balloon cells is hypothesized to lead to the accumulation of 

proteinaceous materials rich in lipids in the alveolar lumen.  It is unknown whether the methyl-

naphthalenes themselves or their metabolites are responsible for the development of pulmonary alveolar 

proteinosis. 

 

The chronic dietary studies with 1- or 2-methylnaphthalene provide limited evidence for the 

carcinogenicity of these chemicals.  In the 1-methylnaphthalene study, respective incidences of mice with 

lung adenomas or carcinomas were 5/50, 2/50, and 5/50 for control through high-dose females, and 2/49, 

13/50, and 15/50 for males.  With 2-methylnaphthalene, incidences for lung adenomas or carcinomas 

were 5/50, 4/49, and 6/48 for females and 2/49, 10/49, and 6/49 for males.  The tumorigenic response was 

predominantly benign and was only consistently seen in male mice exposed to 1-methylnaphthalene.  The 

available data on the methylnaphthalenes appear inadequate to determine their carcinogenicity potential in 
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humans, given the lack of any human studies on the potential carcinogenicity of the methylnaphthalenes 

and the limited evidence of carcinogenicity in animals.  

 

The NTP 11th Report on Carcinogens does not include 1-methylnaphthalene or 2-methylnaphthalene on 

its list of chemicals known to be human carcinogens or reasonably anticipated to be human carcinogens.  

IARC has not assessed the carcinogenicity potential of the methylnaphthalenes.  The EPA concluded that 

the available data for 2-methylnaphthalene are inadequate to assess human carcinogenic potential, noting 

that there are no human data and the available evidence of 2-methylnaphthalene in animals is limited and 

insufficient to determine that 2-methylnaphthalene is carcinogenic to humans. 

 

2.3   MINIMAL RISK LEVELS (MRLs) 
 

Estimates of exposure levels posing minimal risk to humans (MRLs) have been made for naphthalene, 

1-methylnaphthalene, and 2-methylnaphthalene.  An MRL is defined as an estimate of daily human 

exposure to a substance that is likely to be without an appreciable risk of adverse effects 

(noncarcinogenic) over a specified duration of exposure.  MRLs are derived when reliable and sufficient 

data exist to identify the target organ(s) of effect or the most sensitive health effect(s) for a specific 

duration within a given route of exposure.  MRLs are based on noncancerous health effects only and do 

not consider carcinogenic effects.  MRLs can be derived for acute, intermediate, and chronic duration 

exposures for inhalation and oral routes.  Appropriate methodology does not exist to develop MRLs for 

dermal exposure. 

 

Although methods have been established to derive these levels (Barnes and Dourson 1988; EPA 1990), 

uncertainties are associated with these techniques.  Furthermore, ATSDR acknowledges additional 

uncertainties inherent in the application of the procedures to derive less than lifetime MRLs.  As an 

example, acute inhalation MRLs may not be protective for health effects that are delayed in development 

or are acquired following repeated acute insults, such as hypersensitivity reactions, asthma, or chronic 

bronchitis.  As these kinds of health effects data become available and methods to assess levels of 

significant human exposure improve, these MRLs will be revised. 

 

Inhalation MRLs 

 

• An MRL of 0.0007 ppm was derived for chronic inhalation exposure to naphthalene. 
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The MRL was derived from two chronic inhalation toxicity and carcinogenicity studies with mice (NTP 

1992a) and rats (Abdo et al. 2001; NTP 2000).  In one study, groups of 75 B6C3F1 mice of each sex were 

exposed by inhalation at concentrations of 0, 10, or 30 ppm, 6 hours/day, 5 days/week for 104 weeks.  In 

the other study, groups of 49 male and 49 female F344/N rats were exposed to naphthalene at 

concentrations of 0, 10, 30, or 60 ppm, 6 hours/day, 5 days/week for 105 weeks.  The lowest exposure 

level in both studies, 10 ppm, was a lowest-observed-adverse-effect level (LOAEL) in both sexes of both 

species for nonneoplastic lesions in nasal olfactory epithelium (metaplasia in mice, and hyperplasia, 

atrophy, and chronic inflammation in rats) and respiratory epithelium (hyperplasia in mice, and 

hyperplasia, metaplasia, hyaline degeneration, or gland hyperplasia in rats).  At 10 ppm, nearly all of the 

animals showed nasal lesions.  Exposed rats also showed increased incidences of nasal tumors 

(respiratory epithelial adenomas and olfactory epithelial neuroblastomas), but mice did not develop nose 

tumors.  Exposed mice also showed an increased incidence of chronic lung inflammation at both exposure 

levels and an increased incidence of lung tumors in females exposed to 30 ppm.  Lung lesions did not 

occur in exposed rats.   

 

Following EPA (1994b) Methods for Derivation of Inhalation Reference Concentrations and Application 

of Inhalation Dosimetry, equations for a category 1 gas producing nasal effects were used to derive 

human equivalent concentrations of 0.2 ppm based on the rat data and 0.3 ppm based on the mouse data 

(see Appendix B).  Using public health protection reasoning, the LOAELHEC based on the rat data, 

0.2 ppm, was selected as the point of departure for the chronic inhalation MRL, which was divided by a 

total uncertainty factor of 300 (10 for the use of a LOAEL, 3 for extrapolation from animals to humans 

using dosimetric adjustment, and 10 for human variability) to derive the MRL of 0.0007 ppm 

(3x10-3 mg/m3). 

 

No appropriate data were located on effects of acute- and intermediate-duration inhalation exposure in 

humans or animals that could be used to derive acute and intermediate MRLs for inhalation exposure to 

naphthalene.   

 

No appropriate data were located for deriving inhalation MRLs for 1-methylnaphthalene or 2-methyl-

naphthalene. 

 

Oral MRLs 

 

• An MRL of 0.6 mg/kg/day was derived for acute oral exposure to naphthalene. 
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A rat developmental toxicity study involving exposure of Sprague-Dawley rats to gavage doses of 50, 

150, or 450 mg/kg/day naphthalene on gestation days 6-15 was selected as the basis of the acute oral 

MRL (NTP 1991a).  The only maternal or fetal effects observed at the lowest dose level were slow 

respiration, lethargy, or prone body posture in most dams following dose administration on the first and 

second day of dosing.  These effects did not occur on subsequent days of dosing at this dose level.  

Because of the transient nature of these observations and the lack of any other effect, 50 mg/kg/day was 

judged to be a minimal lowest-observed-adverse-effect level (LOAEL) for clinical signs of toxicity.  At 

150 and 450 mg/kg/day, clinical signs of toxicity were more persistent and were accompanied with severe 

decreases in body weight gain during the exposure period (31 and 53%, respectively, compared with 

controls).  No exposure-related fetal effects were found in any of the exposure groups compared with the 

controls in this study.   

 

The MRL was calculated from the minimal LOAEL of 50 mg/kg/day using an uncertainty factor of 

90 (3 for the use of a minimal LOAEL, 10 for extrapolation from animals to humans, and 3 for human 

variability) to derive the MRL of 0.6 mg/kg/day (see Appendix A).  An uncertainty factor of 3 was used 

for human variability because the critical effect is based on effects in a sensitive animal subpopulation.  

Pregnant rats appear to be more sensitive for the effects observed (clinical signs of toxicity in response to 

gavage exposure and decreased body weight gain) than nonpregnant rats.  In 13-week gavage studies with 

nonpregnant rats (NTP 1980b), similar persistent clinical signs were not observed following 

administration of doses as high as 200 mg/kg/day, but were observed at 400 mg/kg/day.  In nonpregnant 

rats exposed for 13 weeks, significant body weight decreases occurred at 200 mg/kg/day throughout 

exposure, but not at 100 mg/kg/day (NTP 1980b) or in nonpregnant mice exposed for 13 weeks to 

133 mg/kg/day (Shopp et al. 1984) or 200 mg/kg/day (NTP 1980a).  Mice in the NTP (1980a) study 

showed transient signs of toxicity (lethargy, rough hair coats, and decreased food consumption), but these 

only occurred between weeks 3 and 5 in the 200-mg/kg/day group.   

 

• The acute-duration oral MRL of 0.6 mg/kg/day is adopted as the intermediate-duration oral MRL 
for naphthalene. 

 

There are three intermediate-duration oral toxicity studies in laboratory animals that were considered for 

deriving the intermediate-duration oral MRL for naphthalene.  A 13-week comprehensive oral toxicity 

study in Fischer 344 rats found no adverse exposure-related effects other than decreased body weight 

(NTP 1980b).  This study identified 100 mg/kg/day as a no-observed-adverse-effect level (NOAEL) and 

200 mg/kg/day as a LOAEL for decreased body weight in male and female rats.  Another 13-week 
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comprehensive oral toxicity study in B6C3F1 mice found no adverse effects in mice exposed to doses as 

high as 200 mg/kg/day (NTP 1980a).  Another 90-day gavage study in CD-1 mice focused on immune 

system variables and other toxicity variables (e.g., body weight, organ weight, haematological 

parameters) and identified 133 mg/kg/day as a LOAEL and 53 mg/kg/day as a NOAEL for weight 

decreases in several organs (brain, liver, and spleen), but found no biologically significant exposure-

related changes in other end points evaluated (Shopp et al. 1984).  This study, however, did not include 

histopathological examination of tissues.   

 

The findings from the three intermediate-duration oral toxicity studies do not collectively identify a clear, 

biologically significant target of toxicity other than body weight changes in rats (see Appendix A for 

comprehensive descriptions of the design and results of these studies).  Consideration was given to basing 

the MRL on the NOAEL of 53 mg/kg/day and LOAEL of 133 mg/kg/day for decreases in absolute weight 

of brain, liver, and spleen, and in relative weight of spleen, in female mice (Shopp et al. 1984).  However, 

the biological significance of these effects is uncertain because (1) the effects were only observed in 

females, and (2) histological effects in the affected organs were not observed in the other 13-week oral 

studies with rats and mice.   

 

As discussed in Appendix A, a potential intermediate-duration MRL of 0.7 mg/kg/day was derived based 

on the duration-adjusted NOAEL of 71 mg/kg/day for decreased body weight in male and female rats 

exposed by gavage to naphthalene 5 days/week for 13 weeks (NTP 1980b) and a total uncertainty factor 

of 100 (10 for extrapolating from rats to humans and 10 for human variability).  Because the value of 

0.7 mg/kg/day is slightly larger than the acute-duration oral MRL of 0.6 mg/kg/day, the acute MRL is 

expected to be protective for intermediate-duration exposure scenarios and was adopted as the 

intermediate-duration oral MRL. 

 

No appropriate studies were located for deriving an MRL for chronic oral exposure to naphthalene.  One 

chronic study was located that examined the toxicity of naphthalene in rats (Schmahl 1955).  No 

treatment-related effects were reported at a dose level of 41 mg/kg/day for 700 days.  The study was not 

suitable as the basis for deriving a chronic MRL because only one dose level was evaluated, 

histopathological examination was limited, and dosing was not precisely controlled. 

 

• An MRL of 0.07 mg/kg/day was derived for chronic oral exposure to 1-methylnaphthalene. 
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The MRL for 1-methylnaphthalene was derived from an 81-week study in groups of 50 male and 

50 female mice using diets containing 0, 71.6 (males), 75.1 (females), 140.2 (males), or 143.7 (females) 

mg/kg/day (Murata et al. 1993).  Food intake, clinical signs, and body weight were determined throughout 

the study.  At the end of 81 weeks, peripheral blood samples were collected and the animals were 

sacrificed.  Organ weights were determined and the tissues examined histologically; tumors were 

identified and characterized.  Hematological parameters and biochemical indices were evaluated in the 

blood samples. 

 

Male and female mice in both exposure groups showed increased incidences of pulmonary alveolar 

proteinosis.  In males, there was also a significant increase in pulmonary adenomas.  The alveolar nodules 

were filled with an amorphous acidophilic material, cholesterol crystals, and foamy cells.  They were not 

accompanied by inflammation, edema, or fibrosis.  The LOAEL of 71.6 mg/kg/day for pulmonary 

alveolar proteinosis in female mice was used for the derivation of the MRL (see Appendix A), employing 

an uncertainty factor of 1,000 (10 for using a LOAEL, 10 for extrapolating from animals to humans, and 

10 for human variability). 

 

• An MRL of 0.04 mg/kg/day was derived for chronic oral exposure to 2-methylnaphthalene. 
 

The chronic MRL is based on a study in which groups of 50 male and 50 female B6C3F1 mice were 

exposed to dietary levels of 0, 0.075, or 0.15% 2-methylnaphthalene (Murata et al. 1997).  Average 

intakes were reported as 0, 54.3, or 113.8 mg/kg/day for males and 0, 50.3, or 107.6 mg/kg/day for 

females.  Survival and food consumption were not affected by exposure.  Mean final body weights were 

decreased by 7.5 and 4.5% in high-dose males and females, respectively; these changes are not considered 

to be biologically significant.  Histopathology only found exposure-related changes in the lung.  Tissues 

examined were brain, heart, kidney, liver, lung, pancreas, salivary glands, spleen, testis, adrenals, bone, 

eye, Harderian glands, mammary gland, ovary, seminal vesicle, skeletal muscle, skin, small and large 

intestine, spinal cord, stomach, trachea, uterus, and vagina.  No evidence of bronchiolar Clara cell 

necrosis or sloughing was found.  Females showed statistically significantly decreased differential counts 

of stab and segmented form neutrophils and increased lymphocytes compared to controls, but the 

biological significance of these changes is not clear due to a lack of reporting of the data (i.e., the report 

did not specify the response magnitudes or the dose levels at which they occurred).  Incidences for mice 

with pulmonary alveolar proteinosis were (control through high-dose groups):  5/50, 27/49, and 22/49 for 

females, and 4/49, 21/49, and 23/49 for males.  Incidences for mice with lung adenomas were: 4/50, 4/49, 

and 5/48 in females, and 2/49, 9/49, and 5/49 in males.  Only the lung adenoma incidence in the male 
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54.3-mg/kg/day groups was significantly different from the control incidence.  Combined incidences for 

lung adenomas or adenocarcinomas were: 5/50, 4/49, and 6/48 for females, and 2/49, 10/49, and 6/49 for 

males. 

 

Support for pulmonary alveolar proteinosis as the critical effect for the chronic oral MRL for 2-methyl-

naphthalene comes from chronic duration studies with the isomer, 1-methylnaphthalene, and methyl-

naphthalene (a mixture of 1- and 2-methylnaphthalene).  Increased incidence of pulmonary alveolar 

proteinosis was reported in B6C3F1 mice exposed to 1-methylnaphthalene in the diet for 81 weeks at 

dose levels as low as 71.6 mg/kg/day (Murata et al. 1993), and in mice dermally exposed to 30 or 

119 mg/kg of methylnaphthalene for 30–61 weeks (a mixture of 1- and 2-methylnaphthalene) (Emi and 

Konishi 1985; Murata et al. 1992).   

 

The lower 95% confidence limit on a benchmark dose associated with 5% extra risk for pulmonary 

alveolar proteinosis in male mice (4 mg/kg/day) was selected as the point of departure for deriving the 

chronic-duration oral MRL for 2-methylnaphthalene (see Appendix A).  A benchmark response of 5% 

extra risk was selected over a default value of 10% extra risk in order to provide protection for children 

who may develop pulmonary alveolar proteinosis.  This selection is supported by reports that children 

with pulmonary alveolar proteinosis (albeit of unknown etiology) experience more severe symptoms of 

respiratory dysfunction than do adults (EPA 2003r; Mazzone et al. 2001).  The point of departure was 

divided by an uncertainty factor of 100 (10 for extrapolation from animals to humans and 10 for human 

variability) to derive the chronic oral MRL of 0.04 mg/kg/day for 2-methylnaphthalene. 

 

No appropriate studies were located for deriving acute or intermediate-duration oral MRLs for 1-methyl-

naphthalene or 2-methylnaphthalene. 
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3.1 INTRODUCTION 

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and 

other interested individuals and groups with an overall perspective on the toxicology of naphthalene, 

1-methylnaphthalene, and 2-methylnaphthalene.  It contains descriptions and evaluations of toxicological 

studies and epidemiological investigations and provides conclusions, where possible, on the relevance of 

toxicity and toxicokinetic data to public health. 

A glossary and list of acronyms, abbreviations, and symbols can be found at the end of this profile. 

3.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE  

To help public health professionals and others address the needs of persons living or working near 

hazardous waste sites, the information in this section is organized first by route of exposure (inhalation, 

oral, and dermal) and then by health effect (death, systemic, immunological, neurological, reproductive, 

developmental, genotoxic, and carcinogenic effects).  These data are discussed in terms of three exposure 

periods: acute (14 days or less), intermediate (15–364 days), and chronic (365 days or more). 

Levels of significant exposure for each route and duration are presented in tables and illustrated in 

figures. The points in the figures showing no-observed-adverse-effect levels (NOAELs) or lowest-

observed-adverse-effect levels (LOAELs) reflect the actual doses (levels of exposure) used in the studies. 

LOAELs have been classified into "less serious" or "serious" effects.  "Serious" effects are those that 

evoke failure in a biological system and can lead to morbidity or mortality (e.g., acute respiratory distress 

or death). "Less serious" effects are those that are not expected to cause significant dysfunction or death, 

or those whose significance to the organism is not entirely clear.  ATSDR acknowledges that a 

considerable amount of judgment may be required in establishing whether an end point should be 

classified as a NOAEL, "less serious" LOAEL, or "serious" LOAEL, and that in some cases, there will be 

insufficient data to decide whether the effect is indicative of significant dysfunction.  However, the 

Agency has established guidelines and policies that are used to classify these end points.  ATSDR 

believes that there is sufficient merit in this approach to warrant an attempt at distinguishing between 
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"less serious" and "serious" effects.  The distinction between "less serious" effects and "serious" effects is 

considered to be important because it helps the users of the profiles to identify levels of exposure at which 

major health effects start to appear.  LOAELs or NOAELs should also help in determining whether or not 

the effects vary with dose and/or duration, and place into perspective the possible significance of these 

effects to human health. 

The significance of the exposure levels shown in the Levels of Significant Exposure (LSE) tables and 

figures may differ depending on the user's perspective.  Public health officials and others concerned with 

appropriate actions to take at hazardous waste sites may want information on levels of exposure 

associated with more subtle effects in humans or animals (LOAELs) or exposure levels below which no 

adverse effects (NOAELs) have been observed. Estimates of levels posing minimal risk to humans 

(Minimal Risk Levels or MRLs) may be of interest to health professionals and citizens alike. 

Levels of exposure associated with carcinogenic effects (Cancer Effect Levels, CELs) of naphthalene, are 

indicated in Tables 3-1 and 3-2 and Figures 3-1 and 3-2.   

A User's Guide has been provided at the end of this profile (see Appendix B).  This guide should aid in 

the interpretation of the tables and figures for Levels of Significant Exposure and the MRLs. 

3.2.1 Inhalation Exposure 

3.2.1.1 Death 

Two Greek infants died as a consequence of acute hemolysis that resulted from exposure to 

naphthalene-treated materials (clothing, diapers, blankets, rugs, etc.).  Both infants exhibited a severe 

form of jaundice (kernicterus), which often causes brain damage (Valaes et al. 1963).  Exposure levels 

experienced by these children are unknown. One infant suffered from a glucose-6-phosphate 

dehydrogenase (G6PD) deficiency.  The other infant was apparently heterozygous for this trait.  

Individuals with a G6PD genetic defect are prone to hemolysis after exposure to a variety of chemical 

oxidizing agents including nitrates, nitrites, aniline, phenols (Dean et al. 1992), and naphthalene. 

No studies were located that documented lethal effects in humans after inhalation exposure to 1-methyl-

naphthalene or 2-methylnaphthalene. 
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Exposure to 78 ppm naphthalene for 4 hours did not cause any deaths in rats.  In addition, no definitive 

adverse clinical signs were observed during the 14 days after exposure, and no gross pathologic lesions 

were observed at necropsy (Fait and Nachreiner 1985).  A high background mortality in the male control 

group precluded drawing conclusions regarding the effects of lifetime exposures to 10 and 30 ppm 

naphthalene (6 hours/day, 5 days/week) on lifetime mortality; no apparent effects on mortality occurred in 

the females (NTP 1992a).  Similarly, exposure of male and female rats to 10, 30, or 60 ppm naphthalene 

(6 hours/day, 5 days/week) for 2 years did not affect survival, compared to controls (Abdo et al. 2001; 

NTP 2000). 

No studies were located that documented lethal effects in animals after inhalation exposure to 1-methyl-

naphthalene or 2-methylnaphthalene. 

3.2.1.2 Systemic Effects  

No studies were located that documented dermal effects in humans or animals after inhalation exposure to 

naphthalene. Most of the human data come from occupational and domestic settings where mothballs 

were the source of the naphthalene vapors.  The highest NOAEL values and all LOAEL values from each 

reliable study for systemic effects in each species and duration category are recorded in Table 3-1 and 

plotted in Figure 3-1.  No studies were located that documented systemic effects in humans after 

inhalation exposure to 1-methylnaphthalene or 2-methylnaphthalene.  In animals, one study evaluated 

hematological end points in dogs following acute inhalation exposure to undetermined air concentrations 

of 1-methylnaphthalene or 2-methylnaphthalene (Lorber 1972).  This study, however, did not identify 

reliable NOAEL or LOAEL values, and the results are not included in Table 3-1 or Figure 3-1.   

Respiratory Effects. No studies were located that documented respiratory effects in humans after 

inhalation exposure to naphthalene. 

The nose is the most sensitive toxicity target in rats and mice following chronic inhalation exposure to 

naphthalene. Chronic inhalation exposure resulted in increased incidences of nonneoplastic and 

neoplastic lesions in the nose of rats (Abdo et al. 2001; Long et al. 2003; NTP 2000), nonneoplastic 

lesions in the nose of mice (NTP 1992a), and neoplastic and nonneoplastic lesions in the lungs of mice 

(NTP 1992a). No exposure-related lesions were found in other tissues or organs in these studies, which 

included comprehensive histopathological examinations of major tissues and organs.  Nearly all mice of  
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(Specific Route) System 
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3 
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West et al. 2001 
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Table 3-1 Levels of Significant Exposure to Naphthalene (Nap) Or Methylnaphthalene (1-Mn Or 2-Mn) - Inhalation (continued) 
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6 hr/d 
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Table 3-1 Levels of Significant Exposure to Naphthalene (Nap) Or Methylnaphthalene (1-Mn Or 2-Mn) - Inhalation (continued) 
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(Specific Route) System 
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6 hr/d 
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Table 3-1 Levels of Significant Exposure to Naphthalene (Nap) Or Methylnaphthalene (1-Mn Or 2-Mn) - Inhalation (continued) 
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Species 
(Strain) 

Exposure/ 
Duration/ 

Frequency 
(Specific Route) System 

NOAEL 
(ppm) 

Less Serious 
(ppm) 

LOAEL 

Serious 
(ppm) 

Reference 
Chemical Form 

12 
B6C3F1 

Mouse 104 wk 
5d/wk 
6 hr/d 

30 
NTP 1992a 

NAP 

Cancer 
13 105 wk 

5d/wk 
6hr/d 

vapor 

(Fischer- 344) 

Rat 
10 (CEL: nasal respiratory 

epithelial adenomas in males & 
in females at higher 
concentrations; olfactory 
epithelial neuroblastomas in 
both sexes at higher 
concentrations) 

NTP 2000 (Abdo et al. 2001) 

NAP 

14 
B6C3F1 

Mouse 104 wk 
5 d/wk 
6 hr/d 

30 (CEL: pulmonary alveolar 
adenomas in females) 

NTP 1992a 

NAP 

a The number corresponds to the entries in Figure 3-1. 

b Used to derive a chronic-duration Minimal Risk Level (MRL) of 0.0007 ppm; based on a human equivalent concentration LOAEL of 0.2 ppm which was divided by an uncertainty 
factor of 300 (10 for the use of LOAEL, 3 for extrapolating from rodents to humans with interspecies dosimetric adjustment, and 10 for human variability). 

Cardio = cardiovascular; d = day(s); Gastro = gastrointestinal; Hemato = hematological; hr = hour(s); LOAEL = lowest-observed-adverse-effect level; NOAEL = 
no-observed-adverse-effect level; Resp = respiratory; wk = week(s) 
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Figure 3-1. Levels of Significant Exposure to Naphthalene (NAP) Or Methylnaphthalene (1-MN Or 2-MN)- Inhalation 

Systemic Acute (≤14 days) 
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Figure 3-1. Levels of Significant Exposure to Naphthalene (NAP) Or Methylnaphthalene (1-MN Or 2-MN) - Inhalation (Continued) 
Chronic (≥365 days) 
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3. HEALTH EFFECTS 

both sexes (>95%) exposed to naphthalene vapors for 2 years (10 or 30 ppm) showed chronic 

inflammation and metaplasia of the olfactory epithelium and hyperplasia of the nasal respiratory 

epithelium (NTP 1992a).  Chronic lung inflammation was also observed in exposed mice, but at lower 

incidences than incidences for nasal lesions.  Incidences for chronic lung inflammation were 0/70, 21/69, 

and 56/135 for male mice and 3/69, 13/65, and 52/135 for female mice exposed to 0, 10, or 30 ppm.  In 

addition, exposure to 30 ppm (but not 10 ppm) increased the incidence of benign lung tumors 

(alveolar/bronchiolar adenomas) in female mice, compared with controls.  One other female mouse 

exposed to 30 ppm showed a malignant lung tumor (alveolar/bronchiolar carcinoma).  In rats of both 

sexes, inhalation of 10, 30, or 60 ppm naphthalene induced nonneoplastic and neoplastic lesions only in 

the nasal cavity (Abdo et al. 2001; NTP 2000).  Nearly all rats in each exposure group (>95%) showed 

nonneoplastic nasal lesions. Nonneoplastic nasal lesions in exposed rats included (1) hyperplasia, 

atrophy, chronic inflammation, and hyaline degeneration of the olfactory epithelium and (2) hyperplasia, 

metaplasia, or degeneration of the respiratory epithelium or glands.  Neoplastic lesions associated with 

naphthalene exposure in rats were olfactory epithelial neuroblastoma (a rare malignant tumor) and 

respiratory epithelial adenoma.   

The chronic inhalation MRL for naphthalene is based on the LOAEL of 10 ppm for nonneoplastic lesions 

in the olfactory epithelium and respiratory epithelium of the nose of rats (NTP 2000; see Table 3-1, 

Figure 3-1, Appendix A, and Section 2.3).  To derive the chronic MRL, the rat LOAEL was converted to 

a human equivalent concentration of 0.2 ppm for continuous exposure using EPA (1994b) equations for a 

category 1 gas producing nasal effects and divided by an uncertainty factor of 300 (10 for the use of a 

LOAEL, 3 for extrapolation from animals to humans using dosimetric adjustment, and 10 for human 

variability). Naphthalene-induced damage to the nasal tissue is thought to be due to reactive metabolites 

formed in the nasal tissues (Buckpitt et al. 2002).  Sections 3.4.3 and 3.5 discuss current mechanistic 

hypotheses in more detail. 

Acute (4-hour) inhalation exposure to naphthalene induced necrosis of Clara cells in the epithelium of the 

proximal airways of the lungs of mice at exposure levels as low as 10 ppm, but did not affect lung tissue 

in rats at concentrations as high as 100 ppm (West et al. 2001).  These results, and those from the chronic 

inhalation studies, show that mice are more susceptible than rats to lung damage from inhaled 

naphthalene. However, there are no studies that have examined nasal tissues for the development of 

lesions following acute inhalation exposure.  No acute inhalation MRL was derived for naphthalene, due 

to the lack of such data and the results of the chronic studies indicating that nasal tissues are the critical 

toxicity targets of inhaled naphthalene in both rats and mice.   
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3. HEALTH EFFECTS 

A change to mouth breathing occurred in rats during exposure to 78 ppm naphthalene, but no other effects 

on respiration were noted (Fait and Nachreiner 1985). 

Cardiovascular Effects.    No studies were located that documented cardiovascular effects in humans 

after inhalation exposure to naphthalene. 

No histological changes were seen in the hearts of mice (30 ppm) or rats (60 ppm) that were exposed to 

naphthalene for 2 years (Abdo et al. 2001; NTP 1992a, 2000). 

Gastrointestinal Effects.    Nausea, vomiting, and abdominal pain were reported in eight adults and 

one child exposed to naphthalene vapors from large numbers of mothballs (300–500) scattered throughout 

their homes for odor and pest control (Linick 1983).  Air samples collected in one home contained 

naphthalene at 20 ppb; concentrations could have been higher when the mothballs were fresh.  

Gastrointestinal symptoms disappeared after the mothballs were removed.  Few location-specific 

background data to support this air concentration were reported.   

There were no histopathological changes in the stomach or intestines of mice (30 ppm) or rats (60 ppm) 

exposed to naphthalene for 2 years (Abdo et al. 2001; NTP 1992a, 2000). 

Hematological Effects.    Hemolytic anemia is the most frequently reported manifestation of 

naphthalene exposure in humans.  Acute hemolytic anemia was observed in 21 infants exposed to 

naphthalene via mothball-treated blankets, woolen clothes, or materials in the infants' rooms (Valaes et al. 

1963). Ten of these children had a G6PD genetic defect that increased their sensitivity to hemolysis from 

a variety of chemicals, including naphthalene.  Clinical observations included high serum bilirubin values, 

methemoglobin, Heinz bodies, and fragmented red blood cells.  Inhalation appeared to be the primary 

route of exposure because in all children but two, the naphthalene-treated material was not worn next to 

the skin. One of the exceptions was an infant who wore diapers that had been stored in naphthalene. 

Anemia was reported in nine individuals exposed to large numbers of mothballs distributed throughout 

their homes (Linick 1983).  The nature of the anemia and specific levels of naphthalene exposure were 

not identified.  In one home, the naphthalene concentration was determined to be 20 ppb at the time of 

testing, but could have been higher when the mothballs were first distributed. 
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3. HEALTH EFFECTS 

In another study, a woman who was exposed to reportedly high (but unmeasured) concentrations of a 

combination of naphthalene and paradichlorobenzene for several weeks in a hot, poorly ventilated work 

area developed aplastic anemia (Harden and Baetjer 1978).  It is difficult to determine the contribution of 

naphthalene to the aplastic anemia since there was simultaneous exposure to paradichlorobenzene. 

In animals, no treatment-related effects on hematologic parameters (hematocrit, hemoglobin 

concentration, erythrocyte counts, mean cell volume, reticulocytes, and leucocytes) were observed among 

mice exposed to 10 and 30 ppm naphthalene for 14 days (NTP 1992a).  Due to high mortality in the 

control males, hematology measurements were not continued beyond 14 days.  

The effects of 1-methylnaphthalene (pure and practical grade) and 2-methylnaphthalene (pure and 

practical grade) on the hematocrit values, total and differential white blood cell counts, and reticulocyte 

counts were determined in intact and splenectomized dogs.  Each compound was dispersed in the 

atmosphere in a refined kerosene base using a fogger.  Exposures occurred on four consecutive mornings 

(Lorber 1972). Based on the information presented, it was not possible to determine the exposure 

concentration. 

Pure 1-methylnaphthalene increased the reticulocyte counts in the splenectomized dogs but not the intact 

dogs. Reticulocyte values remained elevated for 10 days after the fogging ceased.  Practical grade 

1-methylnaphthalene increased leukocyte counts in intact and splenectomized dogs and neutrophil counts 

in intact dogs, but pure 1-methylnaphthalene had no effect on these parameters.  2-Methylnaphthalene had 

no effect on any of the parameters monitored (Lorber 1972). 

Neither 1-methylnaphthalene nor 2-methylnaphthalene had an effect on hematocrit values, suggesting that 

these compounds do not cause hemolysis under the conditions of the study.  Since the increased 

reticulocyte counts were seen only in splenectomized dogs, it is difficult to interpret whether or not this 

change signifies increased hematopoiesis in response to 1-methylnaphthalene exposure (Lorber 1972). 

Musculoskeletal Effects. No studies were located that documented musculoskeletal effects in 

humans after inhalation exposure to naphthalene. 

Histological examination of the femur did not reveal compound-related effects in mice (NTP 1992a) or 

rats (Abdo et al. 2001; NTP 2000) exposed for 2 years to naphthalene concentrations as high as 30 or 

60 ppm, respectively. 
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3. HEALTH EFFECTS 

Hepatic Effects. Jaundice has been reported in infants and adults after exposure to naphthalene 

(Linick 1983; Valaes et al. 1963).  However, the jaundice is a consequence of hemolysis rather than a 

direct effect of naphthalene on the liver.  Infant exposures lasted 1–7 days (Valaes et al. 1963); adult 

exposure durations were not provided (Linick 1983).  Dose was not determined in either instance, 

although a concentration of 20 ppb was measured in the home of one affected individual (Linick 1983). 

In animals, no treatment-related gross or histopathological lesions of the liver were reported in mice (NTP 

1992a) or rats (Abdo et al. 2001; NTP 2000) exposed for 2 years to naphthalene concentrations as high as 

30 or 60 ppm, respectively. 

Renal Effects.    Renal disease was reported in nine individuals (details not specified) exposed to large 

numbers of mothballs in their homes, but symptoms were not described and dose could not be determined 

(Linick 1983). 

In animals, no treatment-related gross or histopathological lesions of the kidneys were observed in mice 

(NTP 1992a) or rats (Abdo et al. 2001; NTP 2000) exposed for 2 years to naphthalene concentrations as 

high as 30 or 60 ppm, respectively. 

Ocular Effects.    Twenty-one workers exposed to naphthalene for up to 5 years in a plant that 

manufactured dye intermediates were examined for eye problems (Ghetti and Mariani 1956). During the 

period of exposure, plant conditions were primitive, involving heating of naphthalene in open vats and 

considerable worker contact with the naphthalene. Eight of the 21 workers developed multiple pin-point 

lens opacities that had no correlation with the age of the workers.  These effects were not overtly 

noticeable and apparently had no effect on vision.  They were judged to be a consequence of naphthalene 

exposure on the basis of their location in the crystalline lens and the fact that occurrence did not correlate 

with age. Exposure involved long-term inhalation of vapors and direct contact of vapors with the eyes 

and skin. 

Retinal bleeding and the beginnings of a cataract were identified in a worker from a naphthalene storage 

area who was most likely exposed to naphthalene through inhalation and dermal/ocular contact (van der 

Hoeve 1906). The duration of exposure prior to seeking medical attention for eye irritation and problems 

with vision was not identified.  
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3. HEALTH EFFECTS 

In animals, no treatment-related gross or histopathological lesions of the eyes were observed in mice 

(NTP 1992a) or rats (Abdo et al. 2001; NTP 2000) exposed for 2 years to naphthalene concentrations as 

high as 30 or 60 ppm, respectively.  However, during a 4-hour exposure of rats to a concentration of 

78 ppm, irritation to the eyes was evidenced through lacrimation (Fait and Nachreiner 1985). 

3.2.1.3 Immunological and Lymphoreticular Effects  

No studies were located that examined immunological or lymphoreticular end points in humans or 

animals after inhalation exposure to naphthalene, 1-methylnaphthalene, or 2-methylnaphthalene. 

3.2.1.4 Neurological Effects 

Infants are prone to permanent neurological damage (kernicterus) as a consequence of the jaundice that 

results from naphthalene-induced hemolysis.  Bilirubin is absorbed by vulnerable brain cells and this 

leads to convulsions and sometimes death.  Survivors often suffer from motor disturbances and mental 

retardation (McMurray 1977).  Kernicterus was diagnosed in 8 of 21 Greek infants that experienced 

hemolysis as a result of naphthalene exposure (Valaes et al. 1963).  Two of the eight died.  One of the 

infants that died had no G6PD enzyme activity and the other had intermediate activity.  Two of the infants 

were normal with regard to the G6PD trait.  Of the remaining infants, three had no G6PD activity and the 

fourth had intermediate activity.  Brain damage seldom occurs in adults as a consequence of jaundice 

(McMurray 1977). 

Nausea, headache, malaise, and confusion were reported in several individuals (children and adults) 

exposed to large numbers of mothballs in their homes (Linick 1983).  Actual levels and duration of 

exposure were unknown, although a concentration of 20 ppb was measured in one of the affected 

residences. 

In animals, no treatment-related gross or histopathological lesions of the brain were observed in mice 

(NTP 1992a) or rats (Abdo et al. 2001; NTP 2000) exposed for 2 years to naphthalene concentrations as 

high as 30 or 60 ppm, respectively.  Clinical observations (made twice daily in these studies) revealed no 

gross behavioral changes except that exposed mice tended to huddle together in cage corners during 

exposure periods. 
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No studies were located that documented neurological effects in humans after inhalation exposure to 

1-methylnaphthalene or 2-methylnaphthalene.   

In male Wistar rats, decreased sensitivity to pain occurred after 4-hour inhalation exposures to 253 or 

407 mg/m3 1-methylnaphthalene (44 or 70 ppm), or 352 or 525 mg/m3 2-methylnaphthalene (61 or 

90 ppm), but not after exposure to 152 mg/m3 (26 ppm) 1-methylnaphthalene or 229 mg/m3 (39 ppm) 

2-methylnaphthalene (Korsak et al. 1998).  Decreased sensitivity to pain was measured as a decreased 

time to begin licking of the paws after being placed on a hot plate at 54.5 °C.  The ability of exposed rats 

to balance on a rotating rod (rotarod performance), however, was not affected by any of these exposure 

conditions (Korsak et al. 1998). NOAEL and LOAEL values for decreased pain sensitivity from this 

study are included in Table 3-1 and Figure 3-1. 

3.2.1.5 Reproductive Effects  

No studies were located that documented reproductive effects in humans after inhalation exposure to 

naphthalene, 1-methylnaphthalene, or 2-methylnaphthalene. 

In animals, histological examination did not reveal damage to male or female reproductive organs in mice 

(NTP 1992a) or rats (Abdo et al. 2001; NTP 2000) exposed for 2 years to 30 or 60 ppm, respectively. 

No studies were located that documented reproductive effects in animals after inhalation exposure to 

1-methylnaphthalene or 2-methylnaphthalene. 

3.2.1.6 Developmental Effects 

No studies were located that examined developmental end points in humans or animals after inhalation 

exposure to naphthalene, 1-methylnaphthalene, or 2-methylnaphthalene. 

3.2.1.7 Cancer 

No studies were located that documented carcinogenic effects in humans after inhalation exposure to 

naphthalene, 1-methylnaphthalene, or 2-methylnaphthalene. 
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In animals, inhalation exposure to naphthalene (6 hours/day) has been associated with:  (1) increased 

incidences of F344/N rats of both sexes with nasal tumors following 2 years of exposure (Abdo et al. 

2001; NTP 2000); (2) increased incidences of female B6C3F1 mice, but not male mice, with lung tumors 

following 2 years of exposure (NTP 1992a); and (3) increased number of tumors per tumor-bearing 

A/J strain mice following 6 months of exposure (Adkins et al. 1986). 

In F344/N rats, incidences of nasal respiratory epithelial adenomas were statistically significantly 

elevated, compared with controls, in males exposed to 0, 10, 30, or 60 ppm naphthalene (0/49, 6/49, 8/48, 

or 15/48), but not in females (0/49, 0/49, 4/49, 2/49) (Abdo et al. 2001; NTP 2000).  Incidences for 

olfactory epithelial neuroblastoma were 0/49, 0/49, 4/48, and 3/48 in male rats, and 0/49, 2/49, 4/48, and 

12/49 in female rats.  Both tumor types are rare in NTP control F344/N rats (NTP 2000).  For example, 

neither tumor type was observed in 299 control male rats given NTP-2000 feed or 1,048 control male rats 

given NIH-07 feed.  NTP (2000) concluded that there was clear evidence of carcinogenic activity of 

naphthalene in male and female F344/N rats based on increased incidences of respiratory epithelial 

adenoma and olfactory epithelial neuroblastoma of the nose.  Nearly all rats in all exposure groups 

showed nonneoplastic nasal lesions in both olfactory and respiratory epithelia, including atypical 

hyperplasia in olfactory epithelium, hyaline degeneration in olfactory and respiratory epithelia, and 

Bowman’s gland hyperplasia. 

In B6C3F1 mice, statistically significant increased incidence of alveolar/bronchiolar adenomas and 

carcinoma was found in 30-ppm females, but not in 10-ppm females or in males (females:  5/69, 2/65, 

29/135; males:  7/70, 17/69, and 31/135) (NTP 1992a).  Although Fisher Exact tests indicated that 

incidences in both exposed male groups and the high-dose female group were significantly increased 

compared with control groups, logistic regression analysis, which modeled tumor incidence as a function 

of dose and exposure time, indicated that only the incidence in the 30-ppm female group was elevated 

compared with controls.  The response was predominantly benign; only one female mouse in the 30-ppm 

group developed a carcinoma.  Exposed mice of both sexes also showed increased incidences of chronic 

lung inflammation (males:  0/70, 21/69, 56/135; females:  3/69, 13/65, 52/135).  Nonneoplastic nasal 

lesions were found in nearly all exposed mice, but no nasal tumors developed.  On the basis of this 

analysis, NTP (1992a) determined that there was some evidence of naphthalene carcinogenicity in female 

mice, but no evidence of carcinogenicity in male mice in this study. 

In a 6-month study, there was a statistically significant increase in the number of tumors per tumor-

bearing mouse, but not in the number of mice with pulmonary adenomas after exposure to 10 or 30 ppm 
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naphthalene vapors (Adkins et al. 1986).  However, the incidence of adenomas in the control group for 

this experiment was significantly lower than the pooled incidence observed in the control groups of eight 

concurrently conducted 6-month studies, and the difference in tumor incidence was not significantly 

greater than that of the historic controls. 

No studies were located that documented carcinogenic effects in animals after inhalation exposure to 

1-methylnaphthalene or 2-methylnaphthalene. 

3.2.2 Oral Exposure  

3.2.2.1 Death 

Death has been documented in humans who intentionally ingested naphthalene.  A 17-year-old male died 

5 days after the ingestion of an unknown quantity of naphthalene mothballs.  Death was preceded by 

vomiting, evidence of gastrointestinal bleeding, blood-tinged urine, and coma (Gupta et al. 1979).  A 

30-year-old female died following similar sequelae 5 days after reportedly swallowing 40 mothballs 

(25 were recovered intact from the stomach upon autopsy) (Kurz 1987).  No studies were located that 

documented lethal effects in humans after oral exposure to 1-methylnaphthalene or 2-methylnaphthalene. 

Several animal studies have been conducted to estimate lethal doses of naphthalene.  Mice appear to be 

more sensitive than rats or rabbits.  The LD50 values in male and female mice were 533 and 710 mg/kg, 

respectively (Shopp et al. 1984).  An LD50 of 354 mg/kg was estimated in female mice treated with 

naphthalene once daily by gavage for 8 consecutive days (Plasterer et al. 1985).  The dose response curve 

appeared to be very steep because no deaths occurred at 250 mg/kg/day, but all animals died with a dose 

of 500 mg/kg/day.  At the 300 mg/kg/day dose, mortality was approximately 15%.  In a different study 

with a 14-day dosing period, 10% of the males and 5% of the females died at a dose of 267 mg/kg/day, 

but none were affected by doses of 27 and 53 mg/kg/day (Shopp et al. 1984). 

The oral LD50 values in male and female rats were 2,200 and 2,400 mg/kg, respectively, in one study 

(Gaines 1969), and 2,600 in a second study that did not differentiate by sex (Papciak and Mallory 1990). 

Male rats tolerated daily doses of 1,000 mg/kg without lethality, even after 18 days of administration 

(Yamauchi et al. 1986).  In an increasing dose study, Germansky and Jamall (1988) treated male rats with 

naphthalene at doses beginning at 100 mg/kg/day and raised the dose weekly to a final level of 

750 mg/kg/day over 6 weeks.  Doses were then kept constant for an additional 3 weeks.  The animals 
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tolerated 750 mg/kg/day with no mortalities.  No increase in mortality was observed in rats administered 

naphthalene at 41 mg/kg/day in a 2-year feeding study (Schmahl 1955). 

Although few data are available, rabbits appear to tolerate naphthalene in doses similar to those 

administered to rats.  Two different rabbit strains were administered 1,000 mg/kg twice per week for 

12 weeks without lethality (Rossa and Pau 1988). 

Male and female mice survived oral exposure to doses of 71.6–143.7 mg/kg/day 1-methylnaphthalene for 

81 weeks (Murata et al. 1993). No studies were located that documented lethal effects in animals after 

ingestion of 1-methylnaphthalene.   

All LOAEL values for lethality in each species after acute exposure to naphthalene are recorded in 

Table 3-2 and plotted in Figure 3-2. 

3.2.2.2 Systemic Effects  

No studies were located that documented musculoskeletal or dermal effects in humans or animals after 

oral exposure to naphthalene; data were available for all other systems.  The highest NOAEL values and 

all LOAEL values from each reliable study for systemic effects in each species and duration category are 

recorded in Table 3-2 and plotted in Figure 3-2.   

No studies were located that documented systemic effects in humans after oral exposure to 1-methyl-

naphthalene or 2-methylnaphthalene.  In animals, data are restricted to two studies with B6C3F1 mice 

exposed to 1-methylnaphthalene (Murata et al. 1993) or 2-methylnaphthalene (Murata et al. 1997) in the 

diet for 81 weeks. The highest chronic NOAEL values and the lowest LOAEL value for systemic effects 

in mice are recorded in Table 3-2 and plotted in Figure 3-2.  

Respiratory Effects. No reports have been located to indicate that there are direct effects of oral 

exposure to naphthalene on the respiratory system in humans.  In situations where respiratory effects such 

as hypoxia or pulmonary edema were noted, the respiratory effects appear to be secondary to hemolysis 

and the events leading to general multiple organ failure (Gupta et al. 1979; Kurz 1987).  On hospital 

admission, one male infant was described as experiencing labored breathing after presumably chewing a  
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Table 3-2 Levels of Significant Exposure to Naphthalene (nap) Or Methylnaphthalene (1-mn Or 2-mn) - Oral 
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Figure 

Species 
(Strain) 

Exposure/ 
Duration/ 

Frequency 
(Route) 

System 
NOAEL 

(mg/kg/day) 
Less Serious 

(mg/kg/day) 

LOAEL 

Serious 
(mg/kg/day) 

Reference 
Chemical Form 

ACUTE EXPOSURE 
Death 
1 Rat 

Sherman 

once 

(GO) 
2200 

2400 

(LD50 - male) 

(LD50 - female) 

Gaines 1969 

NAP 

2 Rat 

Sprague-
Dawley 

once 

(GO) 
2600 LD50 Papciak and Mallory 1990 

NAP 

3 Mouse 

CD-1 

8 d 
1x/d 

(GO) 

300 (5/33 died) Plasterer et al. 1985 

NAP 

4 Mouse 

CD-1 

once 

(GO) 
710 

533 

(LD50) 

(LD50) 

Shopp et al. 1984 

NAP 

5 Mouse 

CD-1 

14 d 
1x/d 

(GO) 

267 (10/96 male, 3/60 
female) 

Shopp et al. 1984 

NAP 

Systemic 
6 Human once 

Gastro 109 (adbominal pain) Gidron and Leurer 1956 

NAP 

Hemato 109 (hemolytic anemia) 

Other 109 (106 degree F fever) 

7 Rat 

Sprague-
Dawley 

9 d 
Gd 6-15 

(GO) 

Bd Wt 50 150 (31% decrease in 
maternal body weight 
gain) 

NTP 1991a 
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(Strain) 

Exposure/ 
Duration/ 

Frequency 
(Route) 

System 
NOAEL 
(mg/kg) 

Less Serious 
(mg/kg) 

LOAEL 

Serious 
(mg/kg) 

Reference 
Chemical Form 

8 Rat 

Sprague-
Dawley 

once 

(GO) 
Resp 1000 lung lesions Papciak and Mallory 1990 

NAP 

9 Rat 

Sprague-
Dawley 

once 

(GO) 
Gastro 1000 stomach lesions Papciak and Mallory 1990 

NAP 

10 Rat 

NS 

10 d 
1x/d 

(G) 

Hepatic 1000 (39% increase in liver 
weight; increased lipid 
peroxidation, aniline 
hydroxylase activity) 

Rao and Pandya 1981 

NAP 

Renal 1000 

Ocular 1000 

11 Mouse 

CD-1 

14 d 
1x/d 

(GO) 

Resp M 267 

F 53 

F 267 (increase in lung weight) Shopp et al. 1984 

NAP 

Hemato 267 

Hepatic 267 

Renal 267 

Bd Wt 53 267 (6% (female) or 13% 
(male) decreased final 
body weight) 
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Table 3-2 Levels of Significant Exposure to Naphthalene (nap) Or Methylnaphthalene (1-mn Or 2-mn) - Oral (continued) 
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Species 
(Strain) 

Exposure/ 
Duration/ 

Frequency 
(Route) 

System 
NOAEL 

(mg/kg/day) 
Less Serious 

(mg/kg/day) 

LOAEL 

Serious 
(mg/kg/day) 

Reference 
Chemical Form 

13 Rabbit 

NS 

5 d 

(F) 
Hepatic 2000 Srivastava and Nath 1969 

NAP 

Ocular 2000 (cataracts) 

14 Rabbit 

NS 

10 d 
1x/d 

(GO) 

Ocular 1000 (lens opacities, 
decreased ascorbic acid 
in aqueous humor) 

van Heyningen and Pirie 1967 

NAP 

Immuno/ Lymphoret 
15 Mouse 

CD-1 

14 d 
1x/d 

(GO) 

53 267 (30% decrease in thymus 
weight in males; 18% 
decrease in spleen 
weight in females) 

Shopp et al. 1984 

NAP 

Neurological 
16 Rat 

Sprague-
Dawley 

9d 
Gd 6-15 

(GO) 

b 
50 (transient clinical signs of 

toxicity in dams; at higher 
exposure levels, signs 
were more persistent and 
accompanied by 
decreases in body weight 
gain) 

NTP 1991a 

NAP 

17 Mouse 

CD-1 

14 d 

(GO) 
267 Shopp et al. 1984 

NAP 

Reproductive 
18 Rat 

Sprague-
Dawley 
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450 NTP 1991a 
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Species 
(Strain) 

Exposure/ 
Duration/ 

Frequency 
(Route) 

System 
NOAEL 

(mg/kg/day) 
Less Serious 

(mg/kg/day) 

LOAEL 

Serious 
(mg/kg/day) 

Reference 
Chemical Form 

19 Mouse 

CD-1 

8d 
Gd 7-14 

(GO) 

300 (>10% maternal 
mortality) 

Plasterer et al. 1985 

NAP 

20 Rabbit 

New Zealand 
white 

14 d 
Gd 6-19 

(GO) 

120 NTP 1992b 

NAP 

Developmental 
21 Rat 

Sprague-
Dawley 

9 d 
Gd 6-15 

(GO) 

150 (decreased maternal 
weight gain >20%; no 
fetotoxic or teratogenic 
effects at 150 or 450 

NTP 1991a 

NAP 

mg/kg/day) 

50 

22 Mouse 

CD-1 

8d 
Gd 7-14 

(GO) 

300 Plasterer et al. 1985 

NAP 

23 Rabbit 

New Zealand 
white 

14 d 
Gd 6-19 

(GO) 

120 NTP 1992b 

NAP 

24 Rabbit 

New Zealand 
white 

13 d 
1x/d 
Gd 6-18 

(G) 

40 200 (maternal dyspnea, 
cyanosis, body drop, 
hypoactivity with no 
pathological aberrations) 

PRI 1985, 1986 

NAP 
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Species 
(Strain) 

Exposure/ 
Duration/ 

Frequency 
(Route) 

System 
NOAEL 

(mg/kg/day) 
Less Serious 

(mg/kg/day) 

LOAEL 

Serious 
(mg/kg/day) 

Reference 
Chemical Form 

INTERMEDIATE EXPOSURE 
Systemic 
25 Rat 

blue spruce 

9 wk 
3.5d/wk 

(GO) 

Resp 169 Germansky and Jamall 1988 

NAP 

Hepatic 169 (elevated lipid peroxides) 

Bd Wt 169 (20% decreased body 
weight gain) 

26 Rat 

Brown-
Norway 

4 wk 
3.5d/wk 

(GO) 

Ocular 500 (lens opacity) Kojima 1992 

NAP 

27 Rat 

Sprague-
Dawley 
Brown­

6 wk 
Ocular 500 (cataract formation) Murano et al. 1993 

NAP 

Norway 
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Species 
(Strain) 

Exposure/ 
Duration/ 

Frequency 
(Route) 

System 
NOAEL 

(mg/kg/day) 
Less Serious 

(mg/kg/day) 

LOAEL 

Serious 
(mg/kg/day) 

Reference 
Chemical Form 

28 Rat 

Fischer 344 

13 wk 
5x/wk 

(GO) 

Resp 400 NTP 1980b 

NAP 

Cardio 400 

Gastro 400 (intermittent diarrhea) 

Hemato 400 

Hepatic 400 

Renal M 200 

F 400 

M 400 (10% had cortical tubular 
degeneration) 

Ocular 400 

Bd Wt 100 200 (decreased terminal body 
weight: 12% male & 6% 
female) 

400 

29 Rat 

black-hooded 

79 d 

(GO) 
Ocular 5000 (lens opacity) Rathbun et al. 1990 

NAP 

30 Rat 

Brown-
Norway 

102 d NS 

(GO) 
Ocular 700 (lens opacity) Tao et al. 1991 

NAP 

31 Rat 

5 strains 

4-6 wk 

(GO) 
Ocular 1000 (lens opacity) Xu et al. 1992b 

NAP 

N
A

P
H

T
H

A
L
E

N
E

, 1
 M

E
T

H
Y

L
N

A
P

H
T

H
A

L
E

N
E

, A
N

D
 2

 M
E

T
H

Y
L
N

A
P

H
T

H
A

L
E

N
E

          3
.  H

E
A

L
T

H
 E

F
F

E
C

T
S

5
3



7

1000

1000

144

200

200

200

200

200

200

200

200

Table 3-2 Levels of Significant Exposure to Naphthalene (nap) Or Methylnaphthalene (1-mn Or 2-mn) - Oral (continued) 

a
Key to 
Figure 

Species 
(Strain) 

Exposure/ 
Duration/ 

Frequency 
(Route) 

System 
NOAEL 

(mg/kg/day) 
Less Serious 

(mg/kg/day) 

LOAEL 

Serious 
(mg/kg/day) 

Reference 
Chemical Form 

32 Rat 

Wistar 

18 d 
1x/d 

(G) 

Hepatic 1000 (elevated lipid peroxides) Yamauchi et al. 1986 

NAP 

Ocular 1000 (cataracts) 

33 Mouse 

B6C3F1 

13 wk 
5x/wk 
1x/d 

Resp 200 NTP 1980a 

NAP 

(GO) 

Cardio 200 

Gastro 200 

Hemato 200 

Hepatic 200 

Renal 200 

Ocular 200 

Bd Wt 200 
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Exposure/ LOAEL

Duration/


a

Key to Species Frequency NOAEL Less Serious Serious Reference 
Figure (Strain) (Route) 

System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form 

34 Mouse 

CD-1 

35 Rabbit 

NS

36 Rabbit 

Chinchilla 
Bastard New 
Zealand white 

37 Rabbit 

NS 

90 d 
7d/wk 
1x/d 

Resp 133 Shopp et al. 1984 

NAP 

(GO) 

Hemato 133 

Hepatic 133 

Renal 133 

Bd Wt 133 

Other 53 133 (decreases in absolute 
weights of brain (9%), 
liver (18%), and spleen 
(28%) and relative weight 
of spleen (24%) in 
females only) 

5 wk 
Ocular 500 (destruction of retinal 

photoreceptors and 
vascularization of the 

Orzalesi et al. 1994 

NAP 

retinal area) 

12 wk 
2d/wk 
1x/d 

Ocular 1000 (cataracts) Rossa and Pau 1988 

NAP 

(GO) 

4 wk 1x/d 

(GO) 
Ocular 1000 (increased ascorbic acid 

in lens) 
van Heyningen 1970 

NAP 
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Species 
(Strain) 

Exposure/ 
Duration/ 

Frequency 
(Route) 

System 
NOAEL 

(mg/kg/day) 
Less Serious 

(mg/kg/day) 

LOAEL 

Serious 
(mg/kg/day) 

Reference 
Chemical Form 

38 Rabbit 

NS 

4 wk 
1x/d 

(GO) 

Ocular 1000 (lens opacities, retinal 
damage) 

van Heyningen and Pirie 1967 

NAP 

Immuno/ Lymphoret 
39 Rat 

Fischer 344 

13 wk 
5d/wk 
1x/d 

400 (lymphoid depletion of 
thymus in 2/10 females) 

NTP 1980b 

NAP 

(GO) 

200 

40 Mouse 

CD-1 

90 d 

(GO) 
133 Shopp et al. 1984 

NAP 

Neurological 
41 Rat 

Fischer 344 

13 wk 
5x/wk 

(GO) 

400 (hunched posture and 
lethargy) 

NTP 1980b 

NAP 

42 Mouse 

B6C3F1 

13 wk 
5d/wk 
1x/d 

200 NTP 1980a 

NAP 

(GO) 

43 Mouse 

CD-1 

90 d 

(GO) 
133 Shopp et al. 1984 

NAP 

Reproductive 
44 Rat 

Fischer 344 

13 wk 
5x/wk 

(GO) 

400 NTP 1980b 

NAP 
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46

200

1000
71.6

143.7

143.7

143.7

143.7

143.7

143.7

143.7

Table 3-2 Levels of Significant Exposure to Naphthalene (nap) Or Methylnaphthalene (1-mn Or 2-mn) - Oral (continued) 

a
Key to 
Figure 

Species 
(Strain) 

Exposure/ 
Duration/ 

Frequency 
(Route) 

System 
NOAEL 

(mg/kg/day) 
Less Serious 

(mg/kg/day) 

LOAEL 

Serious 
(mg/kg/day) 

Reference 
Chemical Form 

45 Mouse 

B6C3F1 

13 wk 
5d/wk 
1x/d 

200 NTP 1980a 

NAP 

(GO) 

CHRONIC EXPOSURE 
Systemic 
46 Mouse 

B6C3F1 

81 wk 

(F) 
Resp 

c 
71.6 (increased incidence of 

pulmonary alveolar 
proteinosis in males and 
females) 

Murata et al. 1993 

1-MN 

Cardio 143.7 

Gastro 143.7 

Hemato 143.7 

Hepatic 143.7 

Renal 143.7 

Endocr 143.7 

Bd Wt 143.7 
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1029
50.3

113.8

113.8

113.8

113.8

113.8

113.8

113.8

113.8

113.8

1009

143.7

1047

113.8

Table 3-2 Levels of Significant Exposure to Naphthalene (nap) Or Methylnaphthalene (1-mn Or 2-mn) - Oral (continued) 

Exposure/

Duration/


a

Key to	 Species Frequency 
Figure (Strain) (Route) 

47	 Mouse 81 wk 

(B6C3F1) (F) 

Immuno/ Lymphoret 
48 Mouse 81 wk 

B6C3F1 1x/d 

(F) 

49	 Mouse 81 wk 

(B6C3F1) (F) 

System 

Resp 

Cardio 

Gastro 

Hemato 

Musc/skel 

Hepatic 

Renal 

Dermal 

Ocular 

Bd Wt 

LOAEL 

NOAEL Less Serious Serious Reference 

(mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form 

d 
50.3	 (increased incidence of Murata et al. 1997 

pulmonary alveolar 2-MN 
proteinosis in males and

females)


113.8 

113.8 

113.8 

113.8 

113.8 

113.8 

113.8 

113.8 

113.8 

143.7	 Murata et al. 1993 

1-MN 

113.8 Murata et al. 1997 

2-MN 
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1008

143.7

1048

113.8

1010

143.7

1032

113.8

Table 3-2 Levels of Significant Exposure to Naphthalene (nap) Or Methylnaphthalene (1-mn Or 2-mn) - Oral (continued) 

a
Key to Species 
Figure (Strain) 

Neurological 
50 Mouse 

B6C3F1 

51	 Mouse 

(B6C3F1) 

Reproductive 
52 Mouse 

B6C3F1 

53	 Mouse 

(B6C3F1) 

Exposure/ LOAEL 
Duration/ 

Frequency NOAEL Less Serious	 Serious Reference 
(Route) 

System (mg/kg/day) (mg/kg/day)	 (mg/kg/day) Chemical Form 

81 wk 
1x/d 143.7	 Murata et al. 1993 

1-MN 

(F) 

81 wk 
113.8	 Murata et al. 1997 

(F) 
2-MN 

81 wk 
1x/d F 143.7	 Murata et al. 1993 

1-MN 

(F) 

81 wk 
113.8	 Murata et al. 1997 

(F) 
2-MN 
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1045

71.6

1028
54.3

Table 3-2 Levels of Significant Exposure to Naphthalene (nap) Or Methylnaphthalene (1-mn Or 2-mn) - Oral (continued) 

a
Key to 
Figure 

Species 
(Strain) 

Exposure/ 
Duration/ 

Frequency 
(Route) 

System 
NOAEL 

(mg/kg/day) 
Less Serious 

(mg/kg/day) 

LOAEL 

Serious 
(mg/kg/day) 

Reference 
Chemical Form 

Cancer 
54 Mouse 

B6C3F1 

81 wk 
1x/d 71.6 (CEL: increased 

incidence of lung 
adenomas in males only) 

Murata et al. 1993 

1-MN 

(F) 

55 Mouse 

(B6C3F1) 

81 wk 

(F) 
54.3 (CEL: increased 

incidence of lung 
adenomas in males only; 
not at higher exposure 
level in males or in 

Murata et al. 1997 

2-MN 

females at either 
exposure level) 

a The number corresponds to the entries in Figure 3-2 

b Used to derive an acute-duration Minimal Risk Level (MRL) of 0.6mg/kg/day; based on a minimal LOAEL of 50 mg/kg/day for transient clinical signs of toxicity in pregnant rats, 
which was divided by an uncertainty factor of 90 (3 for the use of a minimal LOAEL, 10 for extrapolation from animals to humans, and 3 for human variability).  Based on an analysis 
of results from the three available intermediate-duration oral toxicity studies in animals (NTP 1980a,b; Shopp et al. 1984), the acute-duration MRL is expected to be applicable to and 
protective for intermediate-duration exposure scenarios (see Section 2.3 and Appendix A). 

c Used to derive a chronic-duration Minimal Risk Level (MRL) of 0.07 mg/kg/day for 1-MN; based on a LOAEL of 71.6 mg/kg/day which was divided by an uncertainty factor of 1000 
(10 for use the use of a LOAEL, 10 for extrapolation from animals to humans; and 10 for human variability) 

d Used to derive a chronic-duration Minimal Risk Level (MRL) of 0.04 mg/kg/day for 2-MN; based on a BMDL (LED05) of 4 mg/kg/day which was divided by an uncertainty factor of 
100 (10 for extrapolation from animals to humans, and 10 for human variability). 

Bd Wt = body weight; BMDL (LED05) = lower 95% confidence limit on a dose associated with 5% extra risk; BUN = blood urea nitrogen; Cardio = cardiovascular; d = day(s); Endocr 
= endocrine; F = females; (F) = feed; (G) = gavage; Gastro = gastrointestinal; Gd = gestation day(s); (G) = gavage in oil; Hemato = hematological; hr = hour(s); Immuno = 
immunological; LD50 = lethal dose, 50% kill; LOAEL = lowest-observed-adverse-effect level; M = males; NOAEL = no-observed-adverse-effect level; NS = not specified; Resp = 
respiratory; wk = week(s); x = time(s); 1-Mn = 1-methylnaphthalene; 2-Mn = 2-methylnaphthalene. 
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Figure 3-2. Levels of Significant Exposure to Naphthalene (NAP) or Methylnaphthalene (1-MN or 2-MN) - Oral 
Acute (≤14 days) 
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Figure 3-2. Levels of Significant Exposure to Naphthalene (NAP) or Methylnaphthalene (1-MN or 2-MN) - Oral (Continued) 
Intermediate (15-364 days) 
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Figure 3-2. Levels of Significant Exposure to Naphthalene (NAP) or Methylnaphthalene (1-MN or 2-MN) - Oral (Continued) 
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naphthalene-containing diaper pail deodorant block (Haggerty 1956).  This may have been a reflection of 

the reduced oxygen carrying capacity of the blood due to hemolysis. 

Lesions of the lungs were seen in rats that died after being given a single large dose of naphthalene 

(1,000–4,000 mg/kg) during an LD50 study (Papciak and Mallory 1990).  On the other hand, no significant 

respiratory toxicity was seen in rats following oral administration of naphthalene at time-weighted 

average doses of 169 mg/kg/day for 9 weeks (Germansky and Jamall 1988).  Dosages were increased 

from 100 to 750 mg/kg/day over a 6-week period and held constant at 750 mg/kg/day for the last 3 weeks 

of the 9-week exposure period. 

Lung weights were increased in female mice administered naphthalene at 267 mg/kg/day for 14 days; 

however, these effects were not seen in either sex at 133 mg/kg/day for 90 days (Shopp et al. 1984).  No 

gross or histopathological lesions of the lungs were noted in mice at doses up to 200 mg/kg/day (NTP 

1980a) or in rats at doses of 400 mg/kg/day (NTP 1980b) after 13 weeks of exposure.  

There was a significantly increased incidence of pulmonary alveolar proteinosis in male and female 

B6C3F1 mice fed diets containing 1-methylnaphthalene for 81 weeks (Murata et al. 1993).  The lesions 

contained acidophilic amorphous material, foam cells, and cholesterol crystals.  There was no apparent 

inflammation, edema, or fibrosis of the tissues.  Average administered doses were 0, 71.6, or 

140.2 mg/kg/day for males and 0, 75.1, or 143.7 mg/kg/day for females.  Respective incidences for 

pulmonary alveolar proteinosis in the control, low-, and high-dose groups were 4/49, 23/50, and 19/49 for 

males and 5/50, 23/50, and 17/49 for females.  Histopathological examination of major organs and tissues 

only found exposure-related lesions in the lung.  This effect was used as the basis of the chronic-duration 

oral MRL for 1-methylnaphthalene.   

Pulmonary alveolar proteinosis is characterized by the accumulation of surfactant material in the alveolar 

lumen, and has been hypothesized to be caused by either excessive secretion of surfactant by type II 

pneumocytes, or disruption of surfactant clearance by macrophages (Lee et al. 1997; Mazzone et al. 2001; 

Wang et al. 1997).  Electron microscopic examination of lungs of mice exposed dermally to a mixture of 

1-methylnaphthalene and 2-methylnaphthalene showed that alveolar spaces were filled with numerous 

myelinoid structures resembling lamellar bodies of type II pneumocytes (Murata et al. 1992). 

In a companion study, pulmonary alveolar proteinosis was the only exposure-related lesion found in 

B6C3F1 mice of both sexes exposed to 2-methylnaphthalene in the diet at doses as low as 50.3 mg/kg/day 
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(Murata et al. 1997).  Average administered doses were 0, 54.3, or 113.8 mg/kg/day for males and 0, 50.3, 

or 107.6 mg/kg/day for females.  Respective incidences for pulmonary alveolar proteinosis in the control, 

low-, and high-dose groups were 4/49, 21/49, and 23/49 for males and 5/50, 27/49, and 22/49 for females.  

This effect was used as the basis of the chronic-duration oral MRL for 2-methylnaphthalene. 

Cardiovascular Effects. No studies were located that demonstrate any direct effects of naphthalene 

ingestion on the cardiovascular system.  In those reports where cardiovascular effects such as increased 

heart rate and decreased blood pressure were noted in humans, the cardiovascular effects appeared to be 

secondary to the hemolytic effects and the events leading to general multiple organ failure (Gupta et al. 

1979; Kurz 1987). 

No gross or histopathological lesions of the heart were noted in mice at doses up to 200 mg/kg/day (NTP 

1980a) or in rats at doses of 400 mg/kg/day (NTP 1980b) after 13 weeks of exposure. 

Heart weights were significantly decreased (6–7%) in male and female mice that were fed 1-methyl-

naphthalene for 81 weeks in their diet. However, the changes in heart weight were not dose-related and 

there were no accompanying tissue abnormalities (Murata et al. 1993).  Histopathological examination 

revealed no lesions in the hearts of mice fed 1-methylnaphthalene at doses as high as 143.7 mg/kg/day 

(Murata et al. 1993) or 2-methylnaphthalene at doses as high as 113.8 mg/kg/day (Murata et al. 1997). 

Gastrointestinal Effects.    Gastrointestinal disorders are common following naphthalene ingestion by 

humans.  These effects have been attributed to the irritant properties of naphthalene (Kurz 1987).  Nausea, 

vomiting, abdominal pain, and diarrhea (occasionally containing blood) have been reported (Bregman 

1954; Gidron and Leurer 1956; Gupta et al. 1979; Haggerty 1956; Kurz 1987; MacGregor 1954; Ojwang 

et al. 1985). While the presence of blood in the stool is indicative of intestinal bleeding, only a few areas 

of mucosal hemorrhage were noted in postmortem examination of the intestines (Kurz 1987). These areas 

were restricted to the small bowel and colon.  No frank erosions or perforations were noted anywhere in 

the gastrointestinal tract. 

A single dose of 1,000–4,000 mg/kg was associated with stomach lesions and discoloration of the 

intestines in rats that died during an LD50 study.  The survivors were not affected (Papciak and Mallory 

1990).  No gross or histopathological lesions of the stomach, small intestine, and colon were noted in 

mice at doses of up to 200 mg/kg/day (NTP 1980a) or in rats at doses of up to 400 mg/kg/day after 



66 NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 

3. HEALTH EFFECTS 

13 weeks of exposure (NTP 1980b).  There was some intermittent diarrhea in the rats, but this may not 

have been treatment related. 

No histopathological lesions were seen in the stomach or intestines of mice fed 71.6–143.7 mg/kg/day 

1-methylnaphthalene for 81 weeks (Murata et al. 1993) or 50.3–113.8 mg/kg/day 2-methylnaphthalene 

for 81 weeks (Murata et al. 1997). 

Hematological Effects. The most commonly reported hematologic effect in humans following the 

ingestion of naphthalene is hemolytic anemia (Dawson et al. 1958; Gidron and Leurer 1956; Gupta et al. 

1979; Haggerty 1956; Kurz 1987; MacGregor 1954; Mackell et al. 1951; Melzer-Lange and Walsh-Kelly 

1989; Ojwang et al. 1985; Shannon and Buchanan 1982).  Changes observed in hematology and blood 

chemistry are consistent with this effect: hemolysis, decreased hemoglobin and hematocrit values, 

increased reticulocyte counts, serum bilirubin levels, and Heinz bodies.  This was caused by hemolysis.  

Most of the reported case studies provide no information on dose.  However, in one case report, a 

16-year-old girl swallowed 6 g of naphthalene before exhibiting hemolytic anemia (Gidron and Leurer 

1956).  This is a dose of 109 mg/kg (assuming a 55-kg body weight).  The hematological condition of this 

individual, who was an immigrant from Kurdistan, was not provided. 

As mentioned previously, there is an association between G6PD deficiency and the hemolytic effects of 

naphthalene (Dawson et al. 1958; Melzer-Lange and Walsh-Kelly 1989; Shannon and Buchanan 1982).  

Individuals with a genetic defect for this enzyme show an increased susceptibility to hemolysis from 

naphthalene exposure. 

Few hematologic changes have been reported in animals.  Standard laboratory animals do not appear to 

be sensitive to the hemolytic effects of naphthalene.  In CD-1 mice, naphthalene at doses up to 

267 mg/kg/day for 14 days or up to 133 mg/kg/day for 90 days did not result in hemolytic anemia (Shopp 

et al. 1984). However there was an increase in eosinophils in the 14- and 90-day studies.  There was an 

increase in prothrombin time at 14 days.  The clinical significance of these observations is not clear; the 

effects are not considered to be adverse.   

There were no pronounced changes in red cell related hematological parameters in mice following 

13-week exposures to doses of up to 200 mg/kg/day (NTP 1980a) and up to 400 mg/kg/day in rats (NTP 

1980b). In male mice exposed to 200 mg/kg/day for 13 weeks, there was a decrease in segmented 

neutrophils and an increase in lymphocytes, but in male rats given 400 mg/kg/day, there were increased 
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neutrophils and decreased lymphocytes.  These effects are not considered to be biologically significant or 

adverse. 

Hemolytic anemia was reported by Zuelzer and Apt (1949) in a dog receiving a single 1,525 mg/kg dose 

of naphthalene in food and in another dog receiving approximately 263 mg/kg/day for 7 days in food.  

Dogs are more susceptible to chemically induced hemolysis than are rats and mice. 

Exposure to 75.1  or 143.7 mg/kg/day 1-methylnaphthalene for 81 weeks was associated with a slight but 

statistically significant increase in the hemoglobin concentration, mean corpuscular hemoglobin, and 

mean corpuscular hemoglobin concentration in female mice (Murata et al. 1993).  Corresponding changes 

were not observed in male mice given comparable doses of 1-methylnaphthalene, or in male or female 

mice exposed to 2-methylnaphthalene doses as high as 113.8 mg/kg/day (Murata et al. 1997).  Consistent 

exposure-related changes were not found in differential white blood cell counts or several serum 

biochemical parameters in male and female mice exposed to 1-methylnaphthalene or 2-methyl-

naphthalene in these studies. The results from these studies do not provide consistent evidence that 

hematological parameters are consistent toxicity targets of chronic oral exposure to 1-methylnaphthalene 

or 2-methylnaphthalene.   

Hepatic Effects. Evidence of hepatotoxicity following oral exposure to naphthalene has been 

reported in humans, based on elevated plasma levels of hepatic enzymes (such as aspartate 

aminotransferase and lactic acid dehydrogenase) (Kurz 1987; Ojwang et al. 1985) and liver enlargement 

(Gupta et al. 1979; MacGregor 1954).  The relationship between liver enlargement and potential 

naphthalene-induced hemolysis is unknown. 

There is limited evidence of hepatic effects in laboratory animals, but the liver does not appear to be a 

critical toxicity target of orally administered naphthalene.  A 39% increase in liver weight, a modest 

elevation in activity of aniline hydroxylase, and evidence of lipid peroxidation were observed in male rats 

treated with naphthalene at 1,000 mg/kg/day for 10 days (Rao and Pandya 1981).  Male rats demonstrated 

an elevation in hepatic lipid peroxides at naphthalene doses of 1,000 mg/kg/day for 18 days (Yamauchi et 

al. 1986).  In rats administered increasing doses of naphthalene up to 750 mg/kg/day (time-weighted 

average of 169 mg/kg/day), hepatic lipid peroxides were doubled at the end of 9 weeks of treatment 

(Germansky and Jamall 1988).   
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No effects on liver weight were observed in male or female mice receiving naphthalene at doses up to 

267 mg/kg/day for 14 days or male mice receiving 133 mg/kg/day for 90 days (Shopp et al. 1984).  

Absolute liver weight was statistically significantly decreased, compared with the control value (by about 

18%), in female mice receiving 133 mg/kg/day naphthalene for 90 days, but the biological significance of 

this change is unclear. Relative liver weight in exposed females was not changed to a statistically 

significant degree, and several serum biochemical end points indicative of liver damage (e.g., lactate 

dehydrogenase, SGPT, SGOT, and alkaline phosphatase) were unaffected in male and female mice 

exposed to doses up to 133 mg/kg/day for 90 days (Shopp et al. 1984).  No other consistent biologically 

relevant exposure-related changes in serum chemistry end points were found.  Activities of two hepatic 

microsomal mixed function oxidases (aniline hydroxylase, aminopyrine N-demethylase) were unchanged 

in exposed mice, although hepatic activities of benzo[a]pyrene hydroxylase were statistically significantly 

decreased in exposed mice (Shopp et al. 1984).  The biological significance of this change is unclear.  

Supporting the concept that the liver is not a critical toxicity target of oral exposure to naphthalene, no 

gross or histopathological lesions of the liver were noted in mice at doses of up to 200 mg/kg/day (NTP 

1980a) or in rats at doses of up to 400 mg/kg/day after 13 weeks of exposure (NTP 1980b).   

There were no changes in liver weights or tissue histopathology in male or female mice that consumed 

71.6–143.7 mg/kg/day 1-methylnaphthalene in the diet for 81 weeks (Murata et al. 1993) or 50.3– 

113.8 mg/kg/day 2-methylnaphthalene in the diet for 81 weeks (Murata et al. 1997).  

Renal Effects. Renal toxicity has been reported in case studies of humans who ingested naphthalene.  

Frequent findings include the elevation of creatinine and blood urea nitrogen and the presence of 

proteinuria and hemoglobinuria (Gupta et al. 1979; Haggerty 1956; Kurz 1987; MacGregor 1954; Ojwang 

et al. 1985; Zuelzer and Apt 1949).  The presence of blood in the urine and increased concentrations of 

urobilinogen are a consequence of acute hemolysis and do not reflect any direct action of naphthalene on 

the kidney. Oliguria (Kurz 1987) and anuria (Gupta et al. 1979) were noted in two case reports, although 

urine output was normal in a third (Ojwang et al. 1985). Painful urination with swelling of the urethral 

orifice was also associated with medicinal naphthalene ingestion (Lezenius 1902).  Proximal tubule 

damage and general tubular necrosis were found in postmortem examinations of two individuals who died 

following naphthalene ingestion (Gupta et al. 1979; Kurz 1987). 

Renal effects were not consistently observed in animals exposed orally to naphthalene.  Following 

10 days of exposure of rats to naphthalene at 1,000 mg/kg/day, no changes were noted in kidney weight, 

lipid peroxidation, or in the activity of alkaline phosphatase and aniline hydroxylase (Rao and Pandya 
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1981). No changes were observed in the kidney weights of mice administered naphthalene at doses up to 

267 mg/kg/day for 14 days or 133 mg/kg/day for 90 days (Shopp et al. 1984).  No gross or histo­

pathological lesions of the kidney were noted in mice at doses of up to 200 mg/kg/day (NTP 1980a) or in 

rats at doses of up to 200 mg/kg/day after 13 weeks of exposure (NTP 1980b).  In the male rats, 10% 

showed cortical tubular degeneration that may have been compound-related at a dose of 400 mg/kg/day 

(NTP 1980b). 

Relative kidney weights were increased slightly in male mice fed diets containing 71.6 or 

140.2 mg/kg/day 1-methylnaphthalene for 81 weeks (Murata et al. 1993).  The females were not affected, 

and there were no histopathological lesions in the males or females.  There were no changes in kidney 

weights or tissue histopathology in male or female mice consuming 50.3–113.8 mg/kg/day 2-methyl-

naphthalene in the diet for 81 weeks (Murata et al. 1997). 

Ocular Effects.    In an early report of naphthalene toxicity, a 36-year-old pharmacist who ingested an 

unspecified amount of unpurified naphthalene in a castor oil emulsion over a 13-hour period as treatment 

of an intestinal disorder became nearly blind 8 or 9 hours later (Lezenius 1902).  A medical examination 

the following month revealed constricted visual fields associated with optic atrophy and bilateral zonular 

cataracts. At 1.5 meters, the patient's vision was limited to finger counting. 

Several animal studies have demonstrated ocular changes following oral naphthalene exposure.  Within 

1 week following exposure to naphthalene (500 or 1,000 mg/kg/day), lens densities were increased in rats 

and cataracts developed within 4 weeks (Kojima 1992; Murano et al. 1993; Yamauchi et al. 1986).  Eight 

rabbits (strain not identified) developed cataracts during oral administration of naphthalene at 

2,000 mg/kg/day for 5 days (Srivastava and Nath 1969).  Cataracts began to develop by the first day after 

a single 1,000 mg/kg naphthalene dose in three Chinchilla Bastard rabbits (Rossa and Pau 1988).  In the 

solitary New Zealand white rabbit tested, cataracts began to develop after administration of four 

1,000 mg/kg doses (dosing 2 times/week) and maximized after 12 weeks (Rossa and Pau 1988). 

When naphthalene was administered orally at 1,000 mg/kg/day for up to 28 days, cataracts developed in 

10 of 16 Dutch (pigmented) rabbits and in 11 of 12 albino rabbits (Van Heyningen and Pirie 1976).  Lens 

changes were seen as early as day 2 of exposure.  The authors noted that albino strains were more likely 

to develop cataracts over a 4-week course of treatment at 1,000 mg/kg/day than pigmented strains such as 

the Dutch rabbit. 
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In contrast, administration of a time-weighted-average 500-mg/kg/day dose of naphthalene in corn oil by 

gavage for 6 weeks resulted in more rapid development of cataracts in pigmented Brown-Norway rats 

than in nonpigmented Sprague-Dawley rats (Murano et al. 1993).  Cataracts developed in three distinct 

phases. In the first phase, water clefts formed in the anterior subcapsular region of the eye.  The second 

stage was the development of a semicircular opaque area in the lens, and the last stage was the appearance 

of a wedge-shaped opacity that could be seen with retroillumination and a wide, zonular-ring opacity that 

was seen with slit imaging.  Each stage occurred about 1 week earlier in the Brown-Norway rats than in 

the Sprague Dawley rats.  The first stage began 1 week after treatment was initiated in the Brown-Norway 

rats, and stage three cataracts were seen in all animals by the end of the 6 weeks.  Progressive 

development of lens opacities was also reported in rats that were exposed to 700 or 5,000 mg/kg/day 

naphthalene by gavage for 79–102 days (Rathburn et al. 1990; Tao et al. 1991). 

Damage to the eyes with continued exposure to naphthalene is not limited to lens opacification (Orzalesi 

et al. 1994). Retinal damage was noted in pigmented rabbits given time-weighted-average doses of 

500 mg/kg/day naphthalene in corn oil by gavage for 5 weeks.  The first changes to the retina occurred at 

about 3 weeks with degeneration of the photoreceptors.  There was a subsequent increase in the retinal 

pigment epithelium as these cells phagocytized the debris from the photoreceptors.  By the end of 

6 weeks, the photoreceptor layer had almost entirely disappeared and was replaced with fibroglial tissue.  

As damage progressed, there was dense subretinal neovascularization of the area.  

A number of biochemical changes were seen in the eyes after acute- and intermediate-duration 

naphthalene exposures. After 1 week of treatment with 1,000 mg/kg/day, glutathione levels in the lens 

were decreased in rats (Xu et al. 1992b; Yamauchi et al. 1986).  After 30 days of treatment with doses of 

5,000 mg/kg/day, total glutathione levels were reduced by 20% (Rathbun et al. 1990), and there was a 

22% reduction at 60 days with a dose of 700 mg/kg/day (Tao et al. 1991).  At 60 days, glutathione 

peroxidase activity in the lens was decreased by up to 45% and there was a 20–30% decrease in 

glutathione reductase activity (Rathbun et al. 1990).  Comparable decreases in the activities of both 

enzymes were seen at 102 days with lower naphthalene doses (Tao et al. 1991).  No changes were 

observed in the activity of glutathione synthetase or gamma-glutamyl cysteine synthetase (Rathbun et al. 

1990). After 4 weeks of compound treatment (500 mg/kg/day), the activities of aldose reductase, sorbitol 

dehydrogenase, lactic dehydrogenase, and glutathione reductase were lower than in controls (Kojima 

1992).  No changes in ocular lipid peroxides were reported when male Blue Spruce pigmented rats were 

administered incremental doses of naphthalene that peaked at 750 mg/kg/day for 9 weeks (Germansky 
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and Jamall 1988).  Lens and capsule LDH activities were greatly reduced in rabbits while o-diphenyl 

oxidase activity was elevated with a dose of 2,000 mg/kg/day for 5 days (Srivastava and Nath 1969). 

In 13-week studies, histopathologic examination revealed no ocular lesions in F344/N rats or B6C3F1 

mice exposed to doses as high as 400 or 200 mg/kg/day, respectively (NTP 1980a, 1980b).  In a 2-year rat 

feeding study, no eye damage was seen at a naphthalene dosage of 41 mg/kg/day (Schmahl 1955).  The 

details of the eye examination were not provided. 

There were no changes in eye tissue histopathology in male or female mice that consumed 71.6– 

143.7 mg/kg/day 1-methylnaphthalene in the diet for 81 weeks (Murata et al. 1993) or 50.3– 

113.8 mg/kg/day 2-methylnaphthalene in the diet for 81 weeks (Murata et al. 1997). 

Body Weight Effects.    No studies were located that documented effects on body weight in humans 

after oral exposure to naphthalene. 

In pregnant Sprague-Dawley rats exposed to 50, 150, or 450 mg/kg/day on gestation days 6–15, body 

weight gains were depressed by 31 and 53% at 150 and 450 mg/kg/day, respectively, but were unaffected 

at 50 mg/kg/day.  The decreased body weight gains were accompanied by persistent clinical signs of 

toxicity (slow respiration, lethargy, or prone position) at the 150 and 450 mg/kg/day dose levels, but these 

signs were only apparent at the 50-mg/kg/day level during the first 2 days of dosing.  The minimal 

LOAEL of 50 mg/kg/day for transient clinical signs and the LOAEL of 150 mg/kg/day for clinical signs 

associated with decreased body weight gains in pregnant rats are the basis of the acute oral MRL  for 

naphthalene (see Section 2.3 and Appendix A). 

In animals, body weight effects appear to be the critical effect associated with intermediate-duration oral 

exposure to naphthalene.  After 13 weeks of exposure to naphthalene, mean terminal body weights in 

F344/N rats exposed to gavage doses ≥200 mg/kg/day were decreased by more than 10% relative to 

control values (NTP 1980b).  Body weights were decreased by 12 and 28% in 200- and 400-mg/kg/day 

male rats, and by 23% in 400-mg/kg/day female rats.  Food consumption was not affected by exposure.  

In B6C3F1 mice exposed to naphthalene doses up to 200 mg/kg/day for 13 weeks, exposed males gained 

more weight than controls during exposure, whereas exposed females gained less weight than controls 

(NTP 1980a).  However, terminal body weights in exposed female mice were within 95% of control 

values, indicating that the naphthalene-induced changes were not biologically significant.  In male and 

female CD-1 mice exposed to doses as high as 133 mg/kg/day for 90 days, average terminal body weight 
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in exposed groups were within 90% of control values (Shopp et al. 1984).  Mice exposed to 

267 mg/kg/day naphthalene for 14 days showed a decreased body weight gain; terminal body weights 

were decreased by 6% in females and 13% in males compared with control values (Shopp et al. 1984).   

As discussed in Section 2.3 and Appendix A, the NOAEL of 100 mg/kg/day and the LOAEL of 

200 mg/kg/day for decreased body weights in rats exposed by gavage to naphthalene 5 days/week for 

13 weeks (NTP 1980b) provide the best available basis for MRL derivation among the findings from the 

studies in animals orally exposed to naphthalene for intermediate-durations.  However, because an 

intermediate-duration oral MRL based on these data is slightly larger than the acute-duration oral MRL 

for naphthalene, the acute MRL was adopted as the intermediate-duration oral MRL for naphthalene (as 

indicated in Figure 3-2 and discussed in Section 2.3). 

There was no significant difference between body weights of mice that were given up to 143.7 mg/kg/day 

1-methylnaphthalene in their diets and those of the control animals throughout an 81-week exposure 

period (Murata et al. 1993).  In mice exposed to 2-methylnaphthalene doses as high as 113.8 mg/kg/day in 

the diet for up to 81 weeks, average body weights were within 10% of control values (Murata et al. 1997). 

Other Systemic Effects.    Several humans who consumed naphthalene experienced elevated body 

temperatures which may have been related to their hemolytic crisis (Chusid and Fried 1955; Gidron and 

Leurer 1956; Haggerty 1956; Kurz 1987; MacGregor 1954; Ojwang et al. 1985).  However, in some 

situations, bacterial infections rather than hemolysis may have been the cause of the fever (Kurz 1987; 

Melzer-Lange and Walsh-Kelly 1989; Ojwang et al. 1985; Zuelzer and Apt 1949). 

No studies were located that documented other systemic effects in animals after oral exposure to 

naphthalene. 

3.2.2.3 Immunological and Lymphoreticular Effects  

No studies were located that documented immunological or lymphoreticular effects in humans after oral 

exposure to naphthalene, 1-methylnaphthalene, or 2-methylnaphthalene.  However, an enlarged spleen is 

a frequent consequence of hemolysis and was noted in the postmortem examination of one human subject 

who died after ingesting a large quantity of naphthalene (Kurz 1987).  



73 NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 

3. HEALTH EFFECTS 

Mice treated with naphthalene at oral doses as high as 267 mg/kg/day for 14 days showed no effects on 

humoral immune responses, delayed hypersensitivity responses, bone marrow stem cell number, or bone 

marrow DNA synthesis (Shopp et al. 1984).  Mitogenic responses to concanavalin A (but not to 

lipopolysaccharide) were reduced in high dose females only.  None of these effects were noted at doses of 

27 or 53 mg/kg/day.  At naphthalene doses of 133 mg/kg/day for 13 weeks, naphthalene had no effect on 

immune function (Shopp et al. 1984).  After 14 days, thymus weights were reduced approximately 30% in 

male mice, but no differences were seen with a dose of 133 mg/kg/day at 13 weeks (Shopp et al. 1984).  

There was lymphoid depletion of the thymus in 2 of 10 female rats exposed to 400 mg/kg/day 

naphthalene for 13 weeks (NTP 1980b). 

Spleen weights were reduced approximately 20% in female mice exposed to 267 mg/kg/day naphthalene 

for 14 days and 25% in females exposed to 133 mg/kg/day for 13 weeks (Shopp et al. 1984). 

Monocyte concentrations were significantly elevated in male and female mice exposed to 71.6– 

143.7 mg/kg/day 1-methylnaphthalene for 81 weeks (Murata et al. 1993).  The increase in monocyte 

counts appeared to be dose related. The authors hypothesized that these changes may have been a 

physiological response to the pulmonary alveolar proteinosis seen in the exposed animals.  There were no 

changes in spleen or thymus weights and the histopathology of these tissues was normal.  With 81 weeks 

of exposure of male and female B6C3F1 mice to 2-methylnaphthalene, neutrophils were reported to be 

decreased, and lymphocytes increased, compared with control values, but neither the magnitude of these 

changes, or the dose groups in which they occurred, were specified in the study report (Murata et al. 

1997).  As with 1-methylnaphthalene, histologic examination revealed no exposure-related lesions in the 

spleen or thymus. 

The highest NOAEL values and all LOAEL values from each reliable naphthalene study for 

immunological/lymphoreticular effects in each species and duration category are recorded in Table 3-2 

and plotted in Figure 3-2. The highest NOAEL values from the 1-methylnaphthalene and 2-methyl-

naphthalene studies for immunological/lymphoreticular effects are also recorded in Table 3-2 and plotted 

in Figure 3-2. 
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3.2.2.4 Neurological Effects 

The neurologic symptoms of naphthalene ingestion reported in human case studies include confusion 

(Ojwang et al. 1985), altered sensorium (Gupta et al. 1979), listlessness and lethargy (Bregman 1954; 

Chusid and Fried 1955; Kurz 1987; MacGregor 1954; Zuelzer and Apt 1949), and vertigo (Gidron and 

Leurer 1956). Muscle twitching, convulsions (Kurz 1987; Zuelzer and Apt 1949), decreased responses to 

painful stimuli, and coma occurred prior to death in individuals who ingested naphthalene (Gupta et al. 

1979; Kurz 1987).  At autopsy, the brain has appeared edematous (Gupta et al. 1979; Kurz 1987), with 

separation of neural fibers and swelling of myelin sheaths being noted histologically (Gupta et al. 1979).  

The neurologic symptomatology could result from the cerebral edema, which was probably secondary to 

acute hemolysis. 

No studies were located that documented neurological effects in humans after oral exposure to 1-methyl-

naphthalene or 2-methylnaphthalene. 

Dose-related clinical signs of toxicity were apparent in female Sprague-Dawley rats exposed to doses of 

50, 150, or 450 mg/kg/day naphthalene for 10 days during organogenesis.  Slow respiration and lethargy 

were observed in a large percentage of the exposed animals.  Some rats were dazed, had periods of apnea, 

or were unable to move after exposure.  In the lowest dose group, 73% of the animals were affected on 

the first day of dosing.  In the two higher dose groups, over 90% of the rats were affected (NTP 1991a).   

The animals in the 50-mg/kg/day group acclimatized quickly.  Symptoms were only apparent during the 

first 2 days of dosing.  Clinical signs of toxicity persisted for longer periods in the higher dose groups, 

and were accompanied by decreased body weight gains (31 and 53% decreased at 150 and 

450 mg/kg/day, respectively compared with control).  It is not known if the observed clinical signs were 

due to treatment-related effects on the nervous system or were the indirect consequence of severe 

systemic toxicity, as indicated by the dramatic decreases in body weight gain.  Comparable effects were 

not observed in F344/N rats exposed to doses of up to 400 mg/kg/day for 13 weeks or in B6C3F1 mice at 

doses of up to 200 mg/kg/day (NTP 1980a, 1980b).  These results suggest that pregnant animals may be 

more susceptible to the effects of naphthalene than non-pregnant animals.  The minimal LOAEL of 

50 mg/kg/day for transient clinical signs of toxicity and the LOAEL of 150 mg/kg/day for more persistent 

signs of toxicity accompanied with depressed weight gain in pregnant rats exposed on gestation days 6– 

15 are the basis of the acute oral MRL for naphthalene (see Section 2.3 and Appendix A). 
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There were no changes in the brain weights in mice exposed to naphthalene at doses up to 267 mg/kg/day 

for 14 days or 133 mg/kg/day for 90 days (Shopp et al. 1984).  No gross or histopathological lesions of 

the brain were noted in mice at doses of up to 200 mg/kg/day (NTP 1980a) or in rats at doses of up to 

400 mg/kg/day after 13 weeks of exposure (NTP 1980b).  Transient clinical signs of neurotoxicity were 

observed in rats following daily gavage administration of 400 mg/kg, but not 200 mg/kg, doses (NTP 

1980b).  In mice, transient lethargy was observed following dose administration only between weeks 3 

and 5 in the highest dose group, 200 mg/kg/day (NTP 1980a).  

Absolute brain weight was significantly increased in male mice fed diets containing 71.6 or 

140.2 mg/kg/day 1-methylnaphthalene for 81 weeks (Murata et al. 1993), or 54.3 or 113.8 mg/kg/day 

2-methylnaphthalene for 81 weeks (Murata et al. 1997).  The increases in brain weights were not dose 

related and there were no histopathological abnormalities of the brain.  There were no differences in brain 

weights or histopathology in the female mice given comparable doses (Murata et al. 1993, 1997).   

No studies were located that documented neurological effects in animals after oral exposure to 2-methyl-

naphthalene. 

The highest NOAEL values and all LOAEL values from each reliable study for neurological effects for 

naphthalene exposure in each species and duration category are recorded in Table 3-2 and plotted in 

Figure 3-2.  The highest NOAEL values for neurological effects in the intermediate-duration 1-methyl-

naphthalene and 2-methylnaphthalene mouse studies are also recorded in Table 3-2 and plotted in 

Figure 3-2. 

3.2.2.5 Reproductive Effects  

No studies were located that documented reproductive effects in humans after oral exposure to 

naphthalene, 1-methylnaphthalene, or 2-methylnaphthalene.   

Oral exposures of pregnant rabbits to naphthalene at dosages up to 400 mg/kg/day (gestational days 6– 

18), using methylcellulose as the vehicle, resulted in no apparent adverse reproductive effects (PRI 1986). 

When administered in corn oil to pregnant mice, however, a dosage of 300 mg/kg/day (gestational 

days 7–14) resulted in a decrease in the number of live pups per litter (Plasterer et al. 1985).  It is not clear 

whether the observed differences in response are attributable to species differences or a possible increase 
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in the absorption of naphthalene when it is administered in corn oil compared with administration as a 

suspension in methyl cellulose. 

Transient signs of toxicity were present in female rats exposed to doses of 50, 150, or 450 mg/kg/day on 

gestational days 6–15 (NTP 1991a).  Effects on maternal weight gain were noted in the mid- and 

high-dose groups but not in the lowest dose group.  The mid-dose group had a 31% decrease in weight 

gain while the high-dose group had a 53% weight gain decrease. 

No treatment-related effects were reported on testicular weights of mice administered naphthalene at 

doses up to 267 mg/kg/day for 14 days or 133 mg/kg/day for 90 days (Shopp et al. 1984).  No gross or 

histopathological lesions of the testes were noted in mice at doses of up to 200 mg/kg/day (NTP 1980a) or 

in rats at doses of up to 400 mg/kg/day after 13 weeks of exposure (NTP 1980b). 

No gross or histopathological lesions of the testis, seminal vesicles, ovaries, uterus, or vagina were 

observed in mice exposed to 1-methylnaphthalene doses as high as 143.7 mg/kg/day (Murata et al. 1993) 

or 2-methylnaphthalene doses as high as 113.8 mg/kg/day (Murata et al. 1997).  

The highest NOAEL values and all LOAEL values from each reliable study for reproductive effects in 

each species and duration category are recorded in Table 3-2 and plotted in Figure 3-2. 

3.2.2.6 Developmental Effects 

In humans, transplacental exposure of the fetus to naphthalene that had been ingested by the mother 

resulted in neonatal (and presumably fetal) hemolytic anemia (Anziulewicz et al. 1959; Zinkham and 

Childs 1957, 1958).  No estimates of dose or duration were available, although in one case naphthalene 

consumption was described as being most pronounced during the last trimester (Zinkham and Childs 

1958). 

No studies were located that documented developmental effects in humans after oral exposure to 

1-methylnaphthalene or 2-methylnaphthalene. 

No congenital abnormalities were observed after oral administration of naphthalene at 300 mg/kg/day to 

pregnant mice on days 7–14 of gestation (Plasterer et al. 1985), or at doses up to 400 mg/kg/day to 
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pregnant rabbits on days 6–18 of gestation (PRI 1986).  Similarly, naphthalene was not teratogenic in rats 

at doses up to 450 mg/kg/day during gestation days 6–15 (NTP 1991a).  However, there was a slight, but 

dose-related, increase in fused sternebrae in female pups of rabbits administered doses of 20– 

120 mg/kg/day on days 6–19 of gestation (NTP 1992b).  These effects were seen in 2 of 21 litters at 

80 mg/kg/day and 3 of 20 litters at 120 mg/kg/day.  No other developmental effects were noted in this 

study. 

No studies were located that evaluated developmental end points in animals after oral exposure to 

1-methylnaphthalene or 2-methylnaphthalene. 

The highest NOAEL values and all LOAEL values from each reliable study for developmental effects in 

each species and duration category are recorded in Table 3-2 and plotted in Figure 3-2. 

3.2.2.7 Cancer 

No studies were located that documented carcinogenic effects in humans after oral exposure to 

naphthalene, 1-methylnaphthalene, or 2-methylnaphthalene. 

In a 2-year feeding study of rats receiving naphthalene at about 41 mg/kg/day, no tumors were reported 

(Schmahl 1955).  Specific details pertaining to the tissues examined were not provided. 

The chronic dietary studies with 1-methylnaphthalene or 2-methylnaphthalene provide limited evidence 

for the carcinogenicity of these chemicals.  Long-term exposure (81 weeks) of mice to 71.6 or 

140.2 mg/kg/day 1-methylnaphthalene in the diet was associated with statistically significant increases in 

bronchiolar/alveolar adenomas in males, but not in females (Murata et al. 1993).  Incidences for mice 

with lung adenomas were 2/49, 13/50, and 12/50 for control through high-dose male mice, and 4/50, 2/50, 

and 4/49 for female mice.  Combined incidence for mice with lung adenomas or adenocarcinomas were 

2/49, 13/50, and 15/50 for male mice, and 5/50, 2/50, and 5/50 for female mice.  In mice exposed to 

2-methylnaphthalene in the diet for 81 weeks, incidences for mice with lung adenomas were 2/49, 9/49, 

and 5/49 in males groups that received 0, 54.3, or 113.8 mg/kg/day, and 4/50, 4/49, and 5/48 in female 

groups that received comparable doses (Murata et al. 1997).  Only the incidence in the 54.3-mg/kg/day 

group was elevated to a statistically significant degree.   
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3.2.3 Dermal Exposure  

3.2.3.1 Death 

Two cases of hemolytic anemia were observed in infants exposed to naphthalene-treated diapers (Schafer 

1951; Valaes et al. 1963).  One case was fatal. Jaundice, methemoglobinemia, hemolysis, and cyanosis 

were noted. In the fatal case the symptoms persisted, even after the naphthalene-containing diapers were 

no longer used (Schafer 1951).  The author suggested that use of baby oil on the infant's skin might have 

facilitated the naphthalene absorption. 

No treatment-related deaths occurred within the 14-day observation period when naphthalene was applied 

at 2,500 mg/kg to the skin of male and female rats or when doses of up to 1,000 mg/kg/day were applied 

to the skin for 6 hours/day, 5 days/week for 13 weeks (Frantz et al. 1986; Gaines 1969).  There were also 

no deaths in New Zealand White rabbits after application of 2,000 mg/kg naphthalene to intact and 

abraded shaved areas of skin in an LD50 study (Papciak and Mallory 1990). 

No studies were located that documented lethal effects in humans or animals after dermal exposure to 

1-methylnaphthalene or 2-methylnaphthalene. 

3.2.3.2 Systemic Effects  

No studies were located that documented musculoskeletal effects in humans or animals after dermal 

exposure to naphthalene. The highest NOAEL and all LOAEL values for dermal exposure to naphthalene 

are recorded in Table 3-3. Data for systemic effects in humans or animals from dermal exposure to 

1-methylnaphthalene or 2-methylnaphthlene are restricted to two studies that only examined the lung for 

lesions following repeated dermal exposure to methylnaphthalene, a mixture of 1-methylnaphthalene and 

2-methylnaphthalene (Emi and Konishi 1985; Murata et al. 1992). 

Respiratory Effects. No studies were located that documented respiratory effects in humans after 

dermal exposure to naphthalene. 

No histological changes of the lungs were noted in rats dermally treated with doses of up to 

1,000 mg/kg/day naphthalene (6 hours/day, 5 days/week) for 13 weeks (Frantz et al. 1986). 



mg/kg

1016

mg/kg

166

mg/kg
168

Table 3-3 Levels of Significant Exposure to Naphthalene (Nap) Or Methylnaphthalene (1-Mn Or 2-Mn) - Dermal 

Exposure/

Duration/
 LOAEL 

Species Frequency Reference 
(Strain) (Specific Route) System NOAEL Less Serious Serious Chemical Form 

ACUTE EXPOSURE 
Systemic 

New Zealand 
White 

Rabbit once 
24hr contact 

Dermal 2000 

mg/kg 
(skin irritation, edema, 
fissuring) 

Papciak and Mallory 1990 

NAP 

Rabbit once Dermal 125 

mg/kg 
(reversible erythema) 

PRI 1985a 

NAP 

Immuno/ Lymphoret 
Gn Pig 3 wk 

1x/wk 
1000 

mg/kg 

PRI 1985c 

NAP 

N
A

P
H

T
H

A
L
E

N
E

, 1
 M

E
T

H
Y

L
N

A
P

H
T

H
A

L
E

N
E

, A
N

D
 2

 M
E

T
H

Y
L
N

A
P

H
T

H
A

L
E

N
E

          3
.  H

E
A

L
T

H
 E

F
F

E
C

T
S

7
9



mg/kg/day

171

mg/kg/day

mg/kg/day

mg/kg/day

mg/kg/day

mg/kg/day

mg/kg/day

mg/kg/day

mg/kg

1037

Table 3-3 Levels of Significant Exposure to Naphthalene (Nap) Or Methylnaphthalene (1-Mn Or 2-Mn) - Dermal (continued) 

Exposure/

Duration/
 LOAEL 

Species Frequency Reference 
(Strain) (Specific Route) System NOAEL Less Serious Serious Chemical Form 

INTERMEDIATE EXPOSURE 
Systemic 
Rat 90 d 

5d/wk 
6 hr/d 

Resp 1000 

mg/kg/day 

Frantz et al. 1986 

NAP 

Cardio 1000 

mg/kg/day 

Gastro 1000 

mg/kg/day 

Hemato 1000 

mg/kg/day 

Hepatic 1000 

mg/kg/day 

Renal 1000 

mg/kg/day 

Dermal 300 

mg/kg/day 
1000 

mg/kg/day 
(increased incidence of 
excoriated skin and 
papules) 

(B6C3F1) 

Mouse 30 wk 
2x/wk 

Resp 119 

mg/kg 
(100% incidence of mice 
with pulmonary alveolar 
proteinosis) 

Murata et al. 1992 
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Table 3-3 Levels of Significant Exposure to Naphthalene (Nap) Or Methylnaphthalene (1-Mn Or 2-Mn) - Dermal (continued) 

Exposure/

Duration/
 LOAEL 

Species Frequency Reference 
(Strain) (Specific Route) System NOAEL Less Serious Serious Chemical Form 

CHRONIC EXPOSURE 
Systemic 

(B6C3F1) 

Mouse 61 wk 
2x/wk 

Resp 30 

mg/kg 
119 

mg/kg 
(31/32 mice had 
pulmonary alveolar 
proteinosis; an 
unspecified number died) 

Emi and Konishi 1985 

1-MN+2-MN 

Cardio = cardiovascular; d = day(s); Gastro = gastrointestinal; Gn Pig = Guinea pig; Hemato = hematological; hr = hour(s); LOAEL = lowest-observed-adverse-effect level; NOAEL = 
no-observed-adverse-effect level; Resp = respiratory; wk = week(s); x = time(s). 1-Mn = 1-methylnaphthalene; 2-Mn = 2-methylnaphthalene. 
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Pulmonary alveolar proteinosis was noted in nearly all female B6C3F1 mice given dermal doses of 

methylnaphthalene (a mixture of 1-methylnaphthalene and 2-methylnaphthalene) twice a week at a dose 

level of 119 mg/kg for 30 weeks (Murata et al. 1992) or 61 weeks (Emi and Konishi 1985).  Endogenous 

lipid pneumonia was the term used to describe this lesion in the earlier study.  With the longer-duration 

exposure to 119 mg/kg methylnaphthalene, an unspecified number of mice died early.  Pulmonary 

alveolar proteinosis developed in 3/11 female mice treated twice weekly with dermal doses of 30 mg/kg 

for 61 weeks, compared with 0/4 controls (Emi and Konishi 1985). 

Cardiovascular Effects. No studies were located that documented cardiovascular effects in humans 

after dermal exposure to naphthalene. 

No differences in organ weight or histological changes of the heart were noted in rats dermally treated 

with 1,000 mg/kg/day naphthalene (6 hours/day, 5 days/week) for 13 weeks (Frantz et al. 1986). 

Gastrointestinal Effects.    No studies were located that documented gastrointestinal effects in 

humans after dermal exposure to naphthalene. 

No histological changes of the esophagus, stomach, or intestines were noted in rats dermally treated with 

1,000 mg/kg/day naphthalene (6 hours/day, 5 days/week) for 13 weeks (Frantz et al. 1986). 

Hematological Effects. Hemolytic anemia was reported in infants dermally exposed to diapers or 

other clothing treated with naphthalene mothballs (Dawson et al. 1958; Schafer 1951; Valaes et al. 1963).  

Jaundice, fragmentation of erythrocytes, Heinz bodies, methemoglobinemia, and reticulocytosis were 

observed. Several of the infants had G6PD deficiencies.  Individuals with this genetic disorder are 

particularly susceptible to hemolysis from chemical agents.  The application of oil to the skin may have 

aided absorption of naphthalene, as shown by the increasing severity of symptoms (jaundice and 

cyanosis) even after the use of the naphthalene-containing diapers ceased (Schafer 1951). 

There were no changes in hemoglobin, hematocrit, red blood cell count, leukocyte count, or platelet count 

at 4 and 13 weeks in rats treated with doses of up to 1,000 mg/kg/day applied to the skin (6 hours/day, 

5 days/week) for 13 weeks (Frantz et al. 1986). 
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Hepatic Effects. The liver was enlarged in two infants who experienced acute hemolysis after dermal 

exposure to naphthalene (Dawson et al. 1958; Schafer 1951).  The relationship between liver enlargement 

and potential naphthalene-induced hemolysis is unknown. 

There were no differences in liver weights or histological damage to the liver in rats dermally treated with 

doses of up to 1,000 mg/kg/day naphthalene (6 hours/day, 5 days/week) for 13 weeks (Frantz et al. 1986).  

In addition, the levels of aspartate amino transferase, alanine amino transferase, urea nitrogen, and 

bilirubin were not elevated in the exposed rats as compared to the controls. 

Renal Effects. No studies were located that documented renal effects in humans after dermal 

exposure to naphthalene. 

There were no differences in kidney weights or histological damage to the liver in rats dermally treated 

with doses of up to 1,000 mg/kg/day naphthalene (6 hours/day, 5 days/week) for 13 weeks (Frantz et al. 

1986).  In addition, the results of urinalysis conducted at 4 and 13 weeks on the treated rats were not 

different from the control results, indicating that there was no impairment of kidney function. 

Dermal Effects.    No studies were located that documented dermal effects in humans after dermal 

exposure to naphthalene. 

A study in rabbits has shown that naphthalene is a mild dermal irritant, causing erythema and fissuring, 

when directly applied to the shaved, abraded, or nonabraded skin under a dressing; healing occurred 

within 6–7 days (Papciak and Mallory 1990; PRI 1985a).  In rats that were dermally treated for 

6 hours/day, 5 days/week, for 13 weeks with 1,000 mg/kg/day naphthalene, there was an increased 

incidence of excoriated skin lesions and papules (Frantz et al. 1986).  However, similar lesions were seen 

in the controls and lower dose group animals.  At the high dose, naphthalene appeared to exacerbate the 

severity of the lesions.  Acute and chronic exposures of animal skin to naphthalene appear to cause 

dermal irritation. 

Ocular Effects.    Two case studies were reported in which humans experienced eye irritation and 

conjunctivitis as a result of naphthalene exposure (van der Hoeve 1906).  In one case, a worker 

accidentally got naphthalene powder in his left eye.  The exact amount was unknown, but was described 

by the worker as large.  Despite immediate cleansing of the eye, the subject experienced conjunctivitis 

and pain shortly after exposure.  Symptoms of irritation subsided, but then reappeared 6 weeks later.  At 
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that time, the subject noticed decreased vision in his left eye.  When examined by a doctor, the eye had 

retinal lesions (one fresh and others seemingly older); the entire retina appeared clouded.  The subject's 

vision in the left eye was poorer than in the right.  Five years earlier, vision was the same in both eyes. 

In the second case study, an adult male who worked in a storage area where naphthalene was used as a 

pesticide complained of ocular pain, conjunctivitis, and impaired vision (van der Hoeve 1906).  Neither 

the duration nor the mode of exposure was described.  The subject most likely was exposed to 

naphthalene vapors.  When examined by a doctor, the subject was found to have retinal bleeding and the 

beginning of a cataract. 

Dermal and ocular contact with naphthalene vapors accompanied by inhalation may have contributed to 

the development of multiple lens opacities in 8 of 21 workers involved with a dye manufacturing process 

that used naphthalene as a raw material (Ghetti and Mariani 1956).  Workers, who were employed at the 

plant for up to 5 years, melted naphthalene in open vats, resulting in high atmospheric vapor 

concentrations. 

Mild ocular irritation was observed in the nonrinsed eyes of rabbits after instillation of naphthalene at 

0.1 mg/eye (Papciak and Mallory 1990; PRI 1985b).  Observed effects were reversible within 7 days after 

exposure. When the eyes were rinsed with water immediately after exposure, there were no signs of 

irritation (Papciak and Mallory 1990).  Oral administration of naphthalene in rats resulted in cataract 

formation beginning at the posterior outer cortex, suggesting that this region is the most sensitive part of 

the lens (Kojima 1992). The lenses of pigmented Brown-Norway rats had changes, such as water cleft 

formation, during the first week that 10 mg/kg/day naphthalene was orally administered every other day 

(Murano et al. 1993). These rats were more sensitive to cataract formation than albino Sprague-Dawley 

rats, presumably because they more effectively metabolized naphthalene to the toxic compound 

naphthoquinone (Murano et al. 1993). 

3.2.3.3 Immunological and Lymphoreticular Effects  

No studies were located that documented immunological or lymphoreticular effects in humans after 

dermal exposure to naphthalene, 1-methylnaphthalene, or 2-methylnaphthalene.  An enlarged spleen was 

noted in two human subjects dermally exposed to unspecified doses of naphthalene (Dawson et al. 1958; 
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Schafer 1951).  However, spleen enlargement is a result of hemolysis rather than a direct effect of 

naphthalene on the spleen. 

In animals, dermal application of pure naphthalene (1,000 mg/kg) 1 time/week for 3 weeks did not result 

in delayed hypersensitivity reactions in guinea pigs (Papciak and Mallory 1990; PRI 1985c). 

No studies were located that documented immunological or lymphoreticular effects in animals after 

dermal exposure to 1-methylnaphthalene or 2-methylnaphthalene.  

A NOAEL for immunological/lymphoreticular effects following dermal exposure to naphthalene is 

recorded in Table 3-3. 

No studies were located that documented the following health effects in humans or animals after dermal 

exposure to naphthalene, 1-methylnaphthalene, or 2-methylnaphthalene: 

3.2.3.4 Neurological Effects 

3.2.3.5 Reproductive Effects  

3.2.3.6 Developmental Effects 

3.2.3.7 Cancer 

3.3 GENOTOXICITY  

No studies of genotoxic effects in humans exposed to naphthalene were located. 

Table 3-4 summarizes results for naphthalene and its metabolites in bacterial mutation assays; in vitro 

eukaryotic gene mutation, cytogenetic, or DNA damage assays; and in vivo eukaryotic gene mutation, 

cytogenetic, or DNA damage assays.   

Bacterial Gene Mutation Assays for Naphthalene. Naphthalene was not mutagenic in Salmonella 

typhimurium assays in the presence or absence of rat liver metabolic preparations (Bos et al. 1988; 

Connor et al. 1985; Florin et al. 1980; Gatehouse 1980; Godek et al. 1985; Kaden et al. 1979; McCann et 

al. 1975; Mortelmans et al. 1986; Nakamura et al. 1987; Narbonne et al. 1987; NTP 1992a; Sakai et al. 

1985).  The metabolites, 1-naphthol and 1,4-naphthoquine, were not mutagenic in several S. typhimurium 
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Table 3-4. Results of Genotoxicity Testing of Naphthalene or Metabolitesa 

Dose/ HID or 
Assay Test system concentration LED Result Reference 
Bacterial gene mutation assays 
Reverse Salmonella 100 µg/plate 100 Negative McCann et al. 
mutation typhimurium ±S9 activation 1975 

TA1535, TA1537, 
TA98, TA100 
S. typhimurium 0.3–100 µg/plate 100 Negative Mortelmans et 
TA1535, TA1537, ±S9 activation al. 1986 
TA98, TA100 
S. typhimurium 0.3–100 µg/plate 100 Negative NTP 1992a 
TA1535, TA1537, ±S9 activation 
TA98, TA100 
S. typhimurium 10–200 µg/plate 100 Negative, toxic above Gatehouse 
TA1537, TA1538 ±S9 activation 100 µg/plate 1980 
S. typhimurium 10–50 µg/plate 50 Negative Bos et al. 1988 
TA98, TA100 ±S9 activation 
S. typhimurium 0.03– 3 Negative, toxic above Florin et al. 
TA1535, TA1537, 30 µmol/plate 3 µmol/plate 1980 
TA98, TA100 ±S9 activation 
S. typhimurium 250 µg/plate 250 Negative Sakai et al. 
TA1535, TA1537, ±S9 activation 1995 
TA98, TA100 
S. typhimurium 3–300 µg/plate 300 Negative, toxic above Godek 1985 
TA1535, TA1537, ±S9 activation 300 µg/plate 
TA1538, TA98, 
TA100 
S. typhimurium 1–2 mM 2 Negative Kaden et al. 
TM677 ±S9 activation 1979 
S. typhimurium 5–1,000 µg/plate 1,000 Negative Narbonne et al. 
TA98, TA1535 ±S9 activation 1987 
S. typhimurium 100– 2,000 Negative Conner et al. 
UTH8413, 2,000 µg/plate 1985 
UTH8414, TA98, ±S9 activation 
TA100 
S. typhimurium 1,000 µg/plate 1,000 Negative (1-naphthol) McCann et al. 
TA1535, TA1537, ±S9 activation 1975 
TA98, TA100 
S. typhimurium 5–1,000 µg/plate 1,000 Negative (1-naphthol) Narbonne et al. 
TA98, TA1535 ±S9 activation 1987 
S. typhimurium 250 µg/plate 250 Negative Sakai et al. 
TA1535, TA1537, ±S9 activation (1,4-naphthoquinone) 1995 
TA98, TA100 
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Table 3-4. Results of Genotoxicity Testing of Naphthalene or Metabolitesa 

Dose/ HID or 
Assay Test system concentration LED Result Reference 
Bacterial gene mutation assays (continued) 

S. typhimurium 0–100 nmol/plate 17.5 Positive (1,2-naphtho- Flowers-Geary 
TA97a, TA98, ±S9 activation quinone),  et al. 1996 
TA100, TA104 1.8- to 3.4-fold 

increase without S9; 
+S9 results similar to 
-S9 results 

SOS response 	 S. typhimurium 83 µg/mL 83 Negative Nakamura et 
TA1535/p5K1002 ±S9 activation al. 1987 
(uMuC-lacZ) 
Escherichia coli 2,000 µg/plate 2,000 Negative Mamber et al. 

K12 inductest (λ ±S9 activation 1984 

lysogen GY5027; 

uvrB-, envA-) 


SOS E. coli 0.156– 
chromotest PQ37 (sfiA::lacZ 10.0 µg/assay 

fusion) ±S9 activation 

10 Negative 	 Mersch-
Sundermann et 
al. 1993 

Pol A- or Rec E. coli WP2/WP10 2,000 µg/mL 2,000 Negative Mamber et al. 
assay (uvrA-, recA-) ±S9 activation 1983 

E. coli WP2/WP67 	 Dose not NS Negative Mamber et al. 
(uvrA-, pol A-) 	 specified 1983 

±S9 activation 
Pol A- or Rec E. coli Dose not NS Negative Mamber et al. 
assay WP2/WP3478 specified 1983 

(pol A-) ±S9 activation 
Mutatox Vibrio fischeri Up to 0.203 Negative without S9 Arfsten et al. 
(reversion to M169 5,000 µg/tube 0.625 activation 1994 
luminescence) ±S9 activation Positive with S9 

activation 
In vitro eukaryotic gene mutation, cytogenetic, or DNA damage assays 
Mutation at Human B- 40 µg/mL 40 Negative Sasaki et al. 
hprt and tk loci lymphoblastoid cell 1997 

line MCL-5  
Human B- 40 µg/mL 40 Negative Sasaki et al. 
lymphoblastoid cell (1,4-naphthoquinone) 1997 
line MCL-5  

Chromosomal 	 Chinese hamster 15–75 µg/mL 30 Positive with NTP 1992a 
aberrations ovary cells ±S9 activation 75 	 S9 activation 

Negative without 
S9 activation 

Chromosomal Preimplantation 0.16 mM 
aberrations  whole mouse ±S9 activation 

embryos 

0.16 	Positive, more Gollahon et al. 
pronounced with 1990 [abstract 
S9 activation only] 
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Table 3-4. Results of Genotoxicity Testing of Naphthalene or Metabolitesa 

Dose/ HID or 
Assay Test system concentration LED Result Reference 
In vitro eukaryotic gene mutation, cytogenetic, or DNA damage assays (continued) 
Sister Human 100 µM 
chromatid mononuclear ± human liver 
exchange leukocytes microsomes 

100 Negative 	 Tingle et al. 
1993; Wilson et 
al. 1995 

Sister Human 0–100 µM 10 Positive (1,2- and Wilson et al. 
chromatid mononuclear ± human liver 1,4-naphthoquinone) 1996 
exchange leukocytes microsomes Negative 

(naphthalene 
1,2-epoxide) 

Sister Chinese hamster 9–90 µg/mL 27 Positive with S9 in the NTP 1992a 
chromatid ovary cells ±S9 activation second of two trials 
exchange and without S9 in both 

trials 
Alkaline elution Rat hepatocytes 3 mM, 3-hour 3 mM 	 Negative for Sina et al. 1983 
(in vitro) exposure 	 increased incidence 

of DNA single-strand 
breaks 

Unscheduled Rat primary 0.16– 16 Negative, toxic above Barfknecht et 
DNA synthesis hepatocytes 5,000 µg/mL 16 µg/mL al. 1985 
(in vitro) 	 Rat primary 0.5–1,000 nM/mL 1,000 Negative (1-naphthol, Probst et al. 

hepatocytes 2-naphthol) 1981 
Cell Fischer rat embryo 0.1, 0.5 µg/mL 0.5 Negative Freeman et al. 
transformation cells (F1706P96) 1973 

Syrian baby 0.08–250 µg/mL 250 Negative Purchase et al. 

hamster kidney +S9 1978 

cells (BHK-21C13) 

Mouse (BALB/c) 0.001– 0.1 Negative, cytotoxic Tonelli et al. 

whole mammary 1.0 µg/gland above 0.1 µg/gland 1979 

gland cultures


Mouse BALB/c 3T3 15–150 µg/mL 150 Negative, toxic at Rundell et al. 

cell culture highest dose 1983 

Human diploid 0.08–250 µg/mL 250 Negative Purchase et al. 

fibroblasts +S9 1978 

(WI-38)


In vivo eukaryotic gene mutation, cytogenetic, or DNA damage assays 
Somatic Drosophila 1, 5, 10 mM 5 Positive, loss of Delgado-
mutation, melanogaster (feeding larvae) heterozygosity of two Rodriguez et al. 
recombination recessive wing genes 1995 

(about 2-fold increase 
in number of wing 
spots) 

Micronuclei Male ICR Swiss 50, 250, and 500 Negative Harper et al. 
induction mice: 500 mg/kg 1984 

bone marrow cells gavage 
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Table 3-4. Results of Genotoxicity Testing of Naphthalene or Metabolitesa 

Dose/ HID or 
Assay Test system concentration LED Result Reference 
In vivo eukaryotic gene mutation, cytogenetic, or DNA damage assays (continued) 

Male and female 250 mg/kg 250 Negative Sorg 1985 
CD-1 mice: intraperitoneal 
bone marrow cells 

Micronuclei Salamander larvae 0.125–0.5 ppm in 0.25 Positive at 0.5 ppm, Djomo et al. 
induction  (Pleurodeles waltl): the tank water weakly positive at 1995 

erythrocytes 0.25 ppm 
Alkaline elution 
(in vivo) 

DNA from 
hepatocytes of 

359 mg/kg oral 359 Negative for DNA 
single-strand breaks 

Kitchin et al. 
1992, 1994 

female rats given 
single oral doses 

Unscheduled Hepatocytes from 600, 1,000, and 1,600 Negative RTC 1999 
DNA synthesis rats given single 1,600 mg/kg 
(in vivo) oral doses  gavage 
DNA DNA fragmentation 0, 3, 32, and 32 Positive (1.0- to Bagchi et al. 
fragmentation in liver or brain 158 mg/kg 1.5-fold and 1.8- to 2002 

tissue from mice (0.01, 0.1, 0.5 of 2.2-fold increase in 
given single doses LD50=316 mg/kg) DNA fragmentation at 

32 and 158 mg/kg, 
respectively) 

DNA DNA fragmentation 0, and 110 mg/kg 110 Positive (1.9- to Bagchi et al. 
fragmentation in liver or brain in corn oil 2.5-fold maximal 1998a 

tissue from rats increases in DNA 
given daily doses fragmentation in brain 
for up to 120 days and liver tissue) 

DNA DNA fragmentation 0, 3, 32, and 158 Positive (1.8- to Bagchi et al. 
fragmentation in liver or brain 158 mg/kg (0.01, (std) 3.9-fold increases in 2000 

tissue from p53- 0.1, and 0.5 of 3 DNA fragmentation in 
deficient and LD50=316 mg/kg) (-p53) brain and liver tissue; 
standard mice p53-deficient (tumor 
given single oral suppressor gene) 
doses strain was more 

sensitive 
Neoplastic F344 partially 100 mg/kg 100 Negative for gamma- Tsuda et al. 
transformation hepatectomized gavage (in corn glutamyl trans­ 1980 
(in vivo) rats (sex not oil) peptidase foci 

specified) 

aMetabolites are noted in result column. 

DNA = dioxyribonucleic acid; HID = highest ineffective dose for negative tests; LED = lowest effective dose for 
positive tests; NS = not specified; SOS = an emergency system to repair single strand DNA breaks; std = standard 
deviation 
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strains in the presence or absence of metabolic activation (McCann et al. 1975; Narbonne et al. 1987; 

Sakai et al. 1985). Naphthalene was not mutagenic, with or without metabolic activation, in the Pol A- or 

Rec assays in several Escherichia coli strains (Mamber et al. 1983).  Naphthalene did not damage DNA 

(as assayed by the induction of the SOS-repair system) in E. coli PQ37 (Mersch-Sundermann et al. 1993), 

in E. coli K12 (Mamber et al. 1984), or in S. typhimurium TA1535/p5K1002 (Nakamura et al. 1987). 

1,2-Naphthoquinone induced reverse mutations in several S. typhimurium strains without a metabolic 

activation system (Flowers-Geary et al. 1996), and naphthalene, in the presence of rat liver metabolic 

activation, induced reverse mutations in the marine bacterium Vibrio fischeri (Arfsten et al. 1994). 

In Vitro Eukaryotic Gene Mutation, Cytogenetic, or DNA Damage Assays for Naphthalene.  In vitro 

eukaryotic gene mutation assays are restricted to a single report that naphthalene and 1,4-naphthoquinone 

(1,2-naphthoquinone was not tested) did not induce mutations at the hprt and tk loci in human 

lymphoblastoid cells (Sasaki et al. 1997).  However, naphthalene (in the presence of rat liver metabolic 

activation) induced chromosomal aberrations in Chinese hamster ovary cells (NTP 1992a) and 

preimplantation whole mouse embryos (Gollahon et al. 1990).  Naphthalene also induced sister chromatid 

exchanges (in the presence or absence of rat liver metabolic activation) in Chinese hamster ovary cells 

(NTP 1992a), but did not do so in human mononuclear leukocytes in the presence or absence of human 

liver microsomes (Tingle et al. 1993; Wilson et al. 1995).  In contrast, 1,2-naphthoquinone and 

1,4-naphthoquinone (but not 1,2-naphthalene oxide), in the absence of metabolic activation, induced sister 

chromatid exchanges in human leukocytes at concentrations (10 and about 50 µM) that depleted cellular 

glutathione levels and induced about 35-45% cell death (Wilson et al. 1996).  Naphthalene did not induce 

cell transformations in several mammalian cell types (see Table 3-4) or DNA single-strand breaks (Sina et 

al. 1983) or unscheduled DNA synthesis (Barfknecht et al. 1985; Probst et al. 1981) in rat hepatocytes.   

In cell-free test systems (not included in Table 3-4), 1,2-naphthoquinone formed N7 adducts with 

deoxyguanosine (McCoull et al. 1999) and caused DNA strand scission in the presence of NADPH and 

copper via reactive oxygen species from a Cu(II)/Cu(I) oxidation/reduction cycle (Flowers et al. 1997). 

In Vivo Eukaryotic Gene Mutation, Cytogenetic, or DNA Damage Assays for Naphthalene.  

Naphthalene was mutagenic in Drosophila melanogaster (Delgado-Rodriquez et al. 1995), but no in vivo 

mutagenicity tests of naphthalene or its metabolites are available in mammalian systems (Table 3-4).  

Naphthalene induced micronuclei in erythrocytes of salamander (Pleurodeles waltl) larvae exposed to 

concentrations of 0.5 mM, but did not induce micronuclei in bone marrow of mice given single oral doses 
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(50, 250, or 500 mg/kg) or intraperitoneal doses (250 mg/kg) (Harper et al. 1984; Sorg 1985).  

Naphthalene did not cause increased single-stranded DNA breaks in hepatocytes of rats given single oral 

doses of 359 mg/kg (Kitchin et al. 1992, 1994), unscheduled DNA synthesis in hepatocytes from rats 

given single doses as high as 1,600 mg/kg (RTC 1999), or transformation foci (γ-glutamyl transpeptidase­

positive) in livers of F344 partially hepatectomized rats given single 100 mg/kg doses, but did cause DNA 

fragmentation in brain and liver tissue from mice given single doses of 32 or 158 mg/kg (Bagchi et al. 

2000, 2002) and rats exposed to 110 mg/kg/day for up to 120 days (Bagchi et al. 1998a).  In the DNA 

fragmentation assays, the effect was accompanied by increased lipid peroxidation in the same tissues.  It 

is unclear whether the apparent DNA damage in these assays was due to direct effects of naphthalene 

metabolites or reactive oxygen species or was secondary to cell death induced at an extranuclear site.  

No studies were located that examined possible genotoxic effects of naphthalene or its metabolites in 

sensitive target tissues of naphthalene in rodents (lung and nasal epithelial tissue). 

Genotoxicity Assays for 1-Methylnaphthalene and 2-Methylnaphthalene.  No studies were located that 

documented genotoxic effects of 1-methylnaphthalene or 2-methylnaphthalene in humans or animals by 

any route of exposure.  Data are limited to one in vitro study where 1-methylnaphthalene and 2-methyl-

naphthalene failed to induce chromosomal aberrations or sister chromatid exchanges in human peripheral 

lymphocytes (Kulka et al. 1988).  In an in vitro microbial assay employing S. typhimurium, mutagenic 

activity was not detected with either compound, with either the presence or absence of microsomal 

activation (Florin et al. 1980). These studies are presented in Table 3-5. 

3.4 TOXICOKINETICS 

Little information is available that documented the toxicokinetics of naphthalene in humans by any route 

of exposure. No information on the toxicokinetics of 1-methylnaphthalene or 2-methylnaphthalene in 

humans was located.  The available animal data pertaining to naphthalene are described in the following 

sections. The relevance of this information to the toxicokinetics of naphthalene in exposed humans, 

however, is not known.   

No toxicokinetic data on 1-methylnaphthalene-exposed animals were located.  Animal data pertaining to 

2-methylnaphthalene were limited.  
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Table 3-5. Genotoxicity of 1-Methylnaphthalene and  
2-Methylnaphthalene In Vitro 

Results 
With Without 

Species (test system) End point activation activation Reference 
1-Methylnaphthalene  
 Prokaryotic organisms:

 Salmonella typhimurium Gene mutation – – Florin et al. 1980 
(TA98, TA100, TA1535, 
TA1537) 

 Mammalian cells: 
Human lymphocytes Chromosomal aberration, – – Kulka et al. 1988 

sister chromatid exchange 
2-Methylnaphthalene  
 Prokaryotic organisms: 

S. typhimurium (TA98, Gene mutation – – Florin et al. 1980 
TA100, TA1535, TA1537) 

 Mammalian cells: 
Human lymphocytes Chromosomal aberration, – – Kulka et al. 1988 

sister chromatid exchange 

– = negative result 
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3.4.1 Absorption 

Based on the presence of adverse effects following exposure, humans and animals can absorb naphthalene 

by pulmonary, gastrointestinal, and cutaneous routes. However, the rate and extent of naphthalene 

absorption are unknown in many instances. 

3.4.1.1 Inhalation Exposure 

Clinical reports suggest that prolonged exposure to naphthalene vapors can cause adverse health effects in 

humans (Harden and Baetjer 1978; Linick 1983; Valaes et al. 1963).  Unfortunately, the rate and extent of 

naphthalene absorption were not determined in these studies.  Presumably naphthalene moves across the 

alveolar membrane by passive diffusion through the lipophilic matrix. 

No animal data that documented the absorption of naphthalene after inhalation were located.  The only 

data observed in animal studies involved localized effects in the lungs and nasal passages.  Thus, it is not 

possible to conclude that they were the consequence of absorbed naphthalene.  However, absorption can 

be presumed to occur based on the human data. 

No information has been located that documented the absorption of 1-methylnaphthalene or 2-methyl-

naphthalene in humans or animals after inhalation exposure. 

3.4.1.2 Oral Exposure  

Several case reports indicate that naphthalene ingested by humans can be absorbed in quantities sufficient 

to elicit toxicity (Bregman 1954; Chusid and Fried 1955; Gidron and Leurer 1956; Gupta et al. 1979; 

Haggerty 1956; Kurz 1987; MacGregor 1954; Mackell et al. 1951; Ojwang et al. 1985; Santhanakrishnan 

et al. 1973; Shannon and Buchanan 1982; Zuelzer and Apt 1949).  However, no studies have been located 

that report the rate or extent of absorption.  Absorption of naphthalene presumably occurs by passive 

diffusion through the lipophilic matrix of the intestinal membrane. 

In one patient who died as a result of naphthalene ingestion, 25 mothballs were found in the stomach 

5 days after her death (Kurz 1987).  A single naphthalene mothball reportedly weighs between 0.5 and 5 g 
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depending on its size (Ambre et al. 1986; Siegel and Wason 1986).  The gastric contents of a person who 

mistakenly ingested naphthalene flakes still smelled strongly of naphthalene at least 2 days following 

ingestion (Ojwang et al. 1985).  These findings suggest that dissolved naphthalene is transported slowly 

into the intestines.  Uptake from the intestines is governed by the partition coefficient between the 

materials in the intestinal lumen and the membrane lipids.  Ingestion of mothballs or other forms of 

particulate naphthalene will lead to continued absorption over a period of several days as the solid 

dissolves. Unfortunately, none of the human data permit a quantitative evaluation of absorption 

coefficients or rates. 

No information that documented the absorption of naphthalene after oral administration to animals has 

been located. The occurrence of ocular effects in rats and rabbits indicates that gastrointestinal absorption 

does occur (Kojima 1992; Murano et al. 1993; Srivastava and Nath 1969). 

No information was located that documented the absorption of 1-methylnaphthalene in humans or 

animals after oral administration.  Systemic effects observed after the ingestion of 1-methylnaphthalene 

demonstrate that intestinal absorption does occur in rats (Murano et al. 1993). 

No information has been located that documented absorption in humans after oral exposure to 2-methyl-

naphthalene. Small doses of 2-methylnaphthalene appear to be rapidly absorbed from the gastrointestinal 

tract in guinea pigs.  At least 80% of a 10 mg/kg oral dose of 2-methylnaphthalene was absorbed within 

24 hours based on recovery of the radiolabel in the urine (Teshima et al. 1983).  

3.4.1.3 Dermal Exposure  

Several cases of naphthalene toxicity in neonates have been reported in which the proposed route of 

exposure was dermal (Dawson et al. 1958; Schafer 1951).  Each case involved the use of diapers which 

had been stored in contact with naphthalene (mothballs or naphthalene flakes).  The authors proposed that 

the naphthalene was absorbed through the skin, causing hemolytic anemia.  It was suggested that this 

absorption may have been enhanced by the presence of oils which had been applied to the babies' skin 

(Schafer 1951). Inhalation of vapors from the treated diapers probably contributed to the total exposure. 

14C-Naphthalene was rapidly absorbed when the neat material (43 µg) was applied for a 48-hour period 

under a sealed glass cap to shaved 13-cm2 areas of rat skin.  Half of the sample (3.3 µg/cm3) was absorbed 
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in 2.1 hours (Turkall et al. 1994).  When the naphthalene was mixed with either a sandy soil or a clay soil 

prior to contact with the skin, the presence of the soil slowed the absorption (Turkall et al. 1994).  The 

absorption half-time from the clay and sandy soil samples were 2.8 and 4.6 hours, respectively.  The rate 

of absorption did not influence the total amount of naphthalene absorbed in 48 hours since the areas under 

the plasma concentration curve did not differ significantly with any of the three exposure scenarios (0.42– 

0.63%/mL hour).  The authors proposed that naphthalene was absorbed more slowly from the sandy soil 

than the clay soil because the sandy soil had a higher organic carbon content (Turkall et al. 1994).  The 

sandy soil contained 4.4% organic matter and the clay soil 1.6% organic matter. 

No studies were located that examined the absorption of 1-methylnaphthalene or 2-methylnaphthalene in 

humans or animals after dermal administration. 

3.4.2 Distribution  

There are limited data concerning the distribution of naphthalene in human tissues.  Naphthalene was 

present in 40% of the adipose tissue samples that were analyzed as part of the National Human Adipose 

Tissue Survey (EPA 1986g). The maximum concentration observed was 63 ng/g.  Naphthalene was also 

detected in human milk samples (concentration not reported) (Pellizzari et al. 1982).  The sources of 

naphthalene in these milk and body fat samples are not known. 

Information is available for the distribution of naphthalene in swine after oral exposure, the distribution of 

naphthalene in rats after dermal exposure, and the distribution of 2-methylnaphthalene in guinea pigs after 

oral exposure. No data were located for the inhalation exposure routes and no data were identified on the 

distribution of 1-methylnaphthalene by any route of exposure. 

3.4.2.1 Inhalation Exposure 

No studies were located that examined the distribution of naphthalene, 1-methylnaphthalene, or 2-methyl-

naphthalene in humans or animals after inhalation exposure. 
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3.4.2.2 Oral Exposure  

Naphthalene can cross the human placenta in concentrations high enough to cause red cell hemolysis and 

lead to anemia in newborn infants of mothers who consumed naphthalene during pregnancy (Anziulewicz 

et al. 1959; Zinkham and Childs 1957, 1958). 

The distribution of naphthalene and its metabolites in young pigs given a single dose of 0.123 mg/kg 

(4.8 Ci/kg) 14C-labeled naphthalene was monitored at 24 and 72 hours (Eisele 1985).  At 24 hours, the 

highest percentage of the label (3.48"2.16% dose/mg tissue) was in the adipose tissue.  The kidneys had 

the next highest concentration of label (0.96% dose/mg tissue), followed by the liver (0.26"0.06% 

dose/mg tissue) and lungs (0.16% dose/mg tissue).  The heart contained 0.09"0.04% dose/mg tissue and 

the spleen contained 0.07"0.01% dose/mg tissue.  At 72 hours, the amount of label in the fat had fallen to 

2.18"1.16% dose/mg tissue, that in the liver to 0.34"0.24% dose/mg tissue, and the kidneys and lungs 

contained the same concentration (0.26% dose/mg tissue). 

Pigs were also given oral doses of 0.006 mg/kg/day (0.22 Ci/kg/day) 14C-labeled naphthalene for 31 days 

(Eisele 1985). With repeated administration of the radiolabel, the tissue distribution differed considerably 

from that observed with a single dose of the compound.  The highest concentration of label was in the 

lungs (0.15% dose/mg tissue), followed by the liver and heart (0.11% dose/mg tissue).  There was very 

little label in the fat tissue (0.03% dose/mg tissue).  The spleen had 0.09"0.05% dose/mg tissue and the 

kidney had 0.09% dose/mg tissue. 

In one dairy cow, naphthalene distributed to milk with both single and repeated doses of 14C-labeled 

naphthalene. The label was distributed between the milk and the milk fat (Eisele 1985).  When the cow 

was given naphthalene for a 31-day period, the amount of label found in the milk remained relatively 

constant throughout the exposure period.  The amount in the milk fat was lower for the first 7 days than it 

was for the remainder of the exposure. 

The tissue distribution of 2-methylnaphthalene was measured in guinea pigs 3, 6, 24, and 48 hours after 

oral administration of tritium-labeled 2-methylnaphthalene (10 mg/kg; 59 µCi/kg) (Teshima et al. 1983).  

The highest concentration of label was present in the gallbladder with 20.17 µg at 3 hours and 15.72 µg at 

6 hours. (All concentrations are expressed in µg equivalents of 3H/g wet tissue.) At 24 hours, the value 

fell to 0.43 µg and at 48 hours, to 0.04 µg.  The presence of label in the gallbladder presumably reflects 
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the excretion of hepatic metabolites in the bile. The values for the kidney were 5.64 µg at 3 hours, 

7.62 µg at 6 hours, 0.29 µg at 24 hours, and 0.09 µg at 48 hours. 

Radiolabelled compound was detected in the liver immediately after exposure (Teshima et al. 1983).  

When converted to units of mass, hepatic concentrations were 1.71 µg at 3 hours and 2.66 µg at 6 hours, 

falling to 0.18 µg at 24 hours.  Lung concentrations were similar to those for blood at all time points.  The 

amount in blood at 3 hours was 0.75 µg and that for the lungs was 0.69 µg; at 6 hours, the blood had a 

concentration of 0.71 µg and the lung had 0.76 µg.  The half-life of 2-methylnaphthalene in the blood was 

10.4 hours. The decay of naphthalene in the other tissues examined was described as biphasic. 

3.4.2.3 Dermal Exposure  

No information was located that documented the distribution of naphthalene, 1-methylnaphthalene, or 

2-methylnaphthalene in humans after dermal exposure. 

In rats, radiolabel from naphthalene distributed to the ileum, duodenum, and kidney (0.01–0.02% of 

initial dose) when tissues were analyzed 48 hours after naphthalene contact with the skin (Turkall et al. 

1994).  The largest concentration was found at the site of application (0.56% of initial dose).  A total of 

20 tissues were evaluated; the percentage of label in all other tissues was minimal.  

No information that documented the distribution of 1-methylnaphthalene or 2-methylnaphthalene in 

dermally exposed animals was located. 

3.4.2.4 Other Routes of Exposure 

After intraperitoneal administration in mice, 14C-labeled 2-methylnaphthalene distribution was measured 

in the fat, kidney, liver, and lung for 24 hours (Griffin et al. 1982).  The amount of label in the fat peaked 

3 hours after exposure and remained higher than the amount of label in other tissues at 8 hours.  The liver, 

kidney, and lung followed the fat in order of decreasing concentration.  The maximum concentration in 

the fat was 13 nmol equivalents/mg wet weight.  The maximum value for the liver was 3.5 nmol 

equivalents/mg wet weight at 1 hour.  Maximum values were about 1.75 nmol equivalents/mg wet weight 

for the kidneys at 2 hours and 0.8 nmol equivalents/mg wet weight for the lungs at 4 hours.   
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3.4.3 Metabolism 

The metabolism of naphthalene in mammalian systems has been studied extensively and is depicted in 

Figure 3-3.  The metabolic scheme in Figure 3-3 illustrates that there are multiple reactive metabolites 

formed from naphthalene:  1,2-naphthalene oxide, 1,2-naphthoquinone, 1,4-naphthoquinone, and 

1,2-dihydroxy-3,4-epoxy-1,2,3,4-tetrahydronaphthalene.  This section presents an overview of the 

metabolic scheme and the evidence for the involvement of the 1,2-epoxide and the naphthoquinones in 

naphthalene toxicity.  The fourth metabolite listed above is expected to be reactive, but its potential role 

in naphthalene toxicity has not been investigated.  A recent review of the metabolism and bioactivation of 

naphthalene has been published by Buckpitt et al. (2002). 

The first step in naphthalene metabolism is catalyzed by cytochrome P-450 (CYP) oxygenases and 

produces a reactive electrophilic arene epoxide intermediate, 1,2-naphthalene oxide.  In mammalian 

systems, several CYP isozymes have been demonstrated to metabolize naphthalene, including 1A1, 1A2, 

1B1, 3A7, 3A5 (Juchau et al. 1998), 2E1 (Wilson et al. 1996), 2F2 (Buckpitt et al. 1995; Shultz et al. 

1999), and 2B4 (Van Winkle et al. 1996).  The epoxide can spontaneously rearrange to form naphthols 

(predominantly 1-naphthol) and subsequently conjugate with glucuronic acid or sulfate to form 

conjugates, which are excreted in urine. 

Alternatively, the 1,2-epoxide can react with tissue macromolecules.  This reaction is thought to be 

involved in several aspects of naphthalene toxicity, especially injury to Clara cells (ciliated cells in the 

epithelium of proximal and distal airways of the lung) from acute exposure to naphthalene (Buckpitt et al. 

2002; Zheng et al. 1997). In pH 7.4 buffer, the epoxide has been shown to have a half-life of 

approximately 2–3 minutes, which is extended by the presence of albumins to about 11 minutes (Buckpitt 

et al. 2002; Kanekal et al. 1991).  Mice are markedly more susceptible than rats to acute naphthalene-

induced Clara cell injury (Buckpitt et al. 1992; West et al. 2001).  The susceptibility difference apparently 

extends to chronic exposure scenarios.  Mice exposed by inhalation to 10 or 30 ppm naphthalene for 

2 years showed lung inflammation, but rats exposed to concentrations up to 60 ppm showed no lung 

inflammation (Abdo et al. 2001; NTP 1992a, 2000). The species difference in lung susceptibility has 

been correlated with higher rates of formation of a specific enantiomeric epoxide (1R,2S-naphthalene 

oxide) in lung microsomes and isolated dissected airways of mice compared with rats (Buckpitt et al. 

1992, 1995).  Rat, hamster, and monkey lung microsomes preferentially formed the 1S,2R-naphthalene 

oxide enantiomer and showed lower rates of formation of epoxides than mouse lung microsomes 

(Buckpitt et al. 1992). Microsomes from human lymphoblastoid cells expressing recombinant human  
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Figure 3-3. Scheme for Naphthalene Metabolism and Formation of Multiple 
Reactive Metabolites, That May Be Involved in Naphthalene Toxicity* 
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CYP2F1 also showed preferential formation of the 1S,2R-naphthalene oxide enantiomer, providing some 

evidence that human transformation of naphthalene to reactive epoxides in lung tissue may be more like 

rats than mice (Lanza et al. 1999).   

In contrast to the lung, species differences in susceptibility at another sensitive target of naphthalene, the 

olfactory and respiratory epithelia of the nose, do not correlate with differences in rates of transformation 

to 1,2-epoxide derivatives in extracts of olfactory tissue (Buckpitt et al. 1992; Plopper et al. 1992a).  

Metabolic rates (units of nmol naphthalene converted to epoxide derivatives/minute/mg protein) in 

olfactory tissue extracts showed the following order: mouse (87.1) > rat (43.5) > hamster (3.9).  However, 

rats were more susceptible to naphthalene-induced cell injury than mice or hamsters.  The lowest single 

intraperitoneal doses producing necrosis and exfoliation in olfactory epithelium were 200 mg/kg in rats 

and 400 mg/kg in mice and hamsters.  These observations suggest that the reasons for species differences 

in susceptibility to naphthalene toxicity are complex and do not solely involve the formation of the 

1,2-epoxide metabolites. Although CYP monooxygenases, which might be involved in naphthalene 

metabolism and bioactivation, have been demonstrated to exist in nasal respiratory epithelial and 

olfactory epithelial tissue from rodents and humans (Thornton-Manning and Dahl 1997), studies designed 

to specifically characterize metabolism of naphthalene in nasal tissue are restricted to those by Buckpitt et 

al. (1992) and Plopper et al. (1992a). 

In addition to being converted to the naphthols, the 1,2-epoxide can be conjugated with glutathione via 

glutathione-S-transferase catalysis.  Figure 3-3 shows one such conjugate, 1-hydroxy-2-glutathio-

nyl-1,2-dihydronaphthalene.  The glutathionyl conjugates are converted in several steps to mercapturic 

acids, which are excreted in the urine. The conjugation of the epoxide is thought of as a detoxication 

mechanism, as evidenced by studies showing that glutathione depletion increased the degree of acute 

naphthalene-induced Clara cell injury in mice (Warren et al. 1982; West et al. 2000a).  In addition, 

elevated activities of γ-glutamylcysteine synthetase, the enzyme catalyzing the rate limiting step in 

glutathione synthesis, were observed in dissected airways from mice that developed tolerance to acute 

naphthalene Clara cell cytotoxicity (West et al. 2000a).  

The 1,2-epoxide can also be enzymatically hydrated by epoxide hydrolase to form 1,2-dihydroxy-1,2-di-

hydronaphthalene (Figure 3-3).  This 1,2-dihydrodiol derivative was the major stable metabolite of 

naphthalene produced by human liver microsomes, whereas the major stable metabolite formed by mouse 

liver microsomes was 1-naphthol (Tingle et al. 1993).  In the presence of an inhibitor of epoxide 

hydrolase (trichloropropene oxide), the major stable metabolite with human liver microsomes was 
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1-naphthol. How this species difference in liver metabolism may relate to the human relevance of 

toxicity of inhaled naphthalene in sensitive target tissues in the nose and lung of mice is unknown.  

The 1,2-dihydrodiol can be catalytically transformed by dihydrodiol dehydrogenase to 1,2-naphtho-

quinone (also known as naphthalene-1,2-dione).  1,2-Naphthoquinone is both reactive itself and capable 

of producing reactive oxygen species through redox cycling (Flowers et al. 1997) and has been shown to 

be mutagenic in several strains of S. typhimurium (Flowers-Geary et al. 1996). In isolated Clara cells 

incubated with 0.5 mM naphthalene, 1,2-naphthoquinone was the major naphthalene derivative covalently 

bound to proteins, although covalent binding with the 1,2-epoxide was also observed (Zheng et al. 1997).  

The formation of the other naphthoquinone, 1,4-naphthoquinone, from 1-naphthol, presumably via a CYP 

monooxygenase, has been proposed based on the finding that, following incubations of liver microsomes 

with 1-naphthol, ethylene diamine, a compound that reacts readily with 1,2-naphthoquinone, did not trap 

reactive metabolites (D’Arcy Doherty et al. 1984).  Cysteinyl adducts of both 1,2-naphthoquinone and 

1,4-naphthoquinone (and of 1,2-naphthalene oxide) with hemoglobin and albumin have been detected in 

blood of rats given single oral doses of naphthalene ranging from 100 to 800 mg/kg (Troester et al. 2002; 

Waidyanatha et al. 2002). Levels of 1,2-naphthalene oxide adducts were greater than levels of 

1,2-naphthoquinone adducts, which were greater than levels of 1,4-naphthoquinone adducts (Troester et 

al. 2002; Waidyanatha et al. 2002).  In in vitro studies with whole human blood samples, 1,2- or 

1,4-naphthoquinone induced increased frequencies of sister chromatid exchanges at concentrations 

≥10 µM, whereas naphthalene 1,2-epoxide did not at concentrations up to 100 µM (Wilson et al. 1996).  

Similarly, incubation of human mononuclear leukocytes with 1,2-naphthoquinone or 1,4-naphthoquinone 

caused significant depletion of cellular glutathione levels and significant cytotoxicity at concentrations 

between 1 and 100 µM, whereas naphthalene 1,2-epoxide did not display these toxic actions in this 

concentration range (Wilson et al. 1996). 

1,2-Naphthoquinone formed in lens tissue is thought to be involved in naphthalene-induced cataracts in 

rats and rabbits. The enzyme involved in the transformation of the 1,2-dihydrodiol to 1,2-naphthoquinone 

in lens tissue is thought to be aldose reductase (this enzyme is not specified in Figure 3-3).  Support for 

this hypothesis includes findings that aldose reductase inhibitors prevent cataract formation in 

naphthalene-fed rats (Tao et al. 1991; Xu et al. 1992a), dihydrodiol dehydrogenase is apparently absent in 

rat lens (Greene et al. 2000), and aldose reductase appears to be the only enzyme in rat lens that can 

transform 1,2-dihydroxy-1,2-dihydronaphthalene to 1,2-naphthoquinone (Sugiyama et al. 1999). 
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Support for the in vivo formation of another potentially reactive metabolite, 1,2-dihydroxy-3,4-epoxy-

1,2,3,4-tetrahydronaphthalene, comes from the identification of several urinary metabolites, including a 

number of trihydroxytetrahydromethylthio derivatives (Horning et al. 1980) and a trihydroxytetrahydro­

mercapturic acid (Pakenham et al. 2002).  These urinary metabolites, however, are minor, and the 

importance of their common proposed precursor in naphthalene toxicity is unstudied to date.  Figure 3-3 

proposes an oxidative transformation of dihydrodiol derivative to the tetrahydrodiol epoxide derivative 

via CYP catalysis.   

The methyl substituent of 1-methylnaphthalene and 2-methylnaphthalene presents the opportunity for side 

chain oxidation reactions in addition to the ring oxidation, which is the sole initial step in naphthalene 

metabolism. A proposed metabolic scheme for 2-methylnaphthalene is shown in Figure 3-4. Oxidation 

at the methyl group (the predominant path), or at several competitive positions on the rings, is catalyzed 

by CYP monooxygenases (Figure 3-4).  No information was located that documented the metabolism of 

1-methylnaphthalene.  It may be similar to that for 2-methylnaphthalene with oxidation of the side chain 

and the ring. 

In rats and mice, about 50–80% of 2-methylnaphthalene is oxidized at the 2-methyl group to produce 

2-hydroxymethylnaphthalene (Breger et al. 1983; Teshima et al. 1983).  This 2-hydroxymethyl-

naphthalene metabolite is further oxidized to 2-naphthoic acid (Grimes and Young 1956; Melancon et al. 

1982; Teshima et al. 1983), and this step proceeds either directly or through the intermediate, 

2-naphthaldehyde (Figure 3-4).  Detection of 2-naphthaldehyde has only been reported following in vitro 

incubation of 2-methylnaphthalene with recombinant mouse CYP2F2 (Shultz et al. 2001).  2-Naphthoic 

acid may be conjugated with either glycine or glucuronic acid (Figure 3-4).  The glycine conjugate of 

2-naphthoic acid forms 2-naphthuric acid, which is the most prevalent urinary metabolite of 2-methyl-

naphthalene detected in exposed animals (Grimes and Young 1956; Melancon et al. 1982; Teshima et al. 

1983). 

Ring epoxidation at the 7,8-, 3,4-, or 5,6- positions occurs in approximately 15–20% of 2-methyl-

naphthalene (Breger et al. 1983; Melancon et al. 1985).  These epoxidation reactions are catalyzed by 

CYP isozymes that include CYP1A and CYP1B.  These epoxides are proposed intermediates based on 

experimentally-observed metabolites, but have not been individually isolated (Figure 3-4). These 

epoxides may be further oxidized by epoxide hydrolase to produce dihydrodiols (the 7,8-dihydrodiol, 

3,4-dihydrodiol, or 5,6-dihydrodiol of 2-methylnaphthalene) or may be conjugated with glutathione 

(Griffin et al. 1982; Melancon et al. 1985) by glutathione S-transferase catalysis or can proceed  
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Figure 3-4. Metabolism of 2-Methylnaphthalene* 
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spontaneously.  The hydroxy glutathionyl dihydro-2-methylnaphthalenes (Figure 3-4) have been detected 

after incubation of 2-methylnaphthalene with hepatic microsomes from Swiss-Webster mice or with 

isolated recombinant mouse CYP2F2 enzyme and glutathione S-transferase (Shultz et al. 2001).  

Figure 3-4 indicates six hydroxy glutathionyl 2-methylnaphthalenes; two are formed for each of the 

epoxide intermediates (3,4-, 5,6-, and 7,8-epoxides), and each can exist in two enantiomeric forms not 

shown in Figure 3-4 (Shultz et al. 2001). 

Three other minor metabolites formed via the 7,8-epoxide pathway are shown in Figure 3-4. Urinary 

1-glutathionyl-7-methylnaphthalene was identified in guinea pigs and by in vitro experiments with guinea 

pig microsomes (Teshima et al. 1983).  7-Methyl-1-naphthol and 7-methyl-2-naphthol were identified in 

the urine of rats, mice, guinea pigs, and rabbits following oral exposure (Grimes and Young 1956). 

In rats administered subcutaneous injections of 2-methylnaphthalene (0.3 mg/kg 2-methyl-[8-14C]-

naphthalene), 2-naphthoic acid, and naphthoic acid conjugates were identified in the urine (Melancon et 

al. 1982).  The naphthoic acid and various conjugates of the acid were estimated to account for 36–43% 

of the radiolabel in collected urine.  Most of this (30–35% of radiolabel in urine) was found as a glycine 

conjugate. The urine contained 3–5% unreacted 2-methylnaphthalene; free dihydrodiols accounted for 6– 

8% of the label.  Unidentified highly polar metabolites comprised another 36–45% of the excreted label.  

At least three diol derivatives of 2-methylnaphthalene were produced by hepatic microsomes from mice 

(Griffin et al. 1982) suggesting that the ring oxidation reactions of 2-methylnaphthalene are similar to 

those for naphthalene. Rat liver microsomes also produced 2-hydroxymethylnaphthalene and three diols 

from 2-methylnaphthalene (Breger et al. 1981, 1983; Melancon et al. 1985).  The three diols were 

identified as 3,4-dihydrodiol, 5,6-dihydrodiol, and 7,8-dihydrodiol (Breger et al. 1983). 

Metabolites isolated in the urine of guinea pigs after oral dosing with tritium labeled 2-methylnaphthalene 

(10 mg/kg) were 2-naphthoic acid and its glycine and glucuronic acid conjugates (Teshima et al. 1983).  

These metabolites accounted for 76% of the label in collected urine.  Glucuronic acid and sulfate 

conjugates of 7-methyl-1-naphthol along with S-(7-methyl-1-naphthyl)cysteine accounted for 18% of the 

excreted label.  No diol metabolites were identified. 

Glutathione conjugation appears to be an important detoxication pathway for 2-methylnaphthalene.  

Pretreatment of male C57BL/6J mice with 625 mg/kg of diethylmaleate (a depletor of glutathione) 1 hour 

prior to intraperitoneal administration of 400 mg/kg of 2-methylnaphthalene resulted in mortality in 

4/5 mice, whereas treatment without glutathione depletion was not fatal (Griffin et al. 1982).  Bronchiolar 
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necrosis was not observed in male ddY mice given single intraperitoneal injections of 200 mg/kg of 

2-methylnaphthalene; pretreatment with the glutathione depletor diethylmaleate (600 µL/kg) 1 hour prior 

to injections caused “extensive sloughing and exfoliation of bronchiolar epithelial cells” in all animals 

(5/5) (Honda et al. 1990). In contrast, pretreatment of male DBA/2J mice (5/group) with 625 mg/kg of 

diethylmaleate did not increase the severity of pulmonary necrosis induced by 400 mg/kg of 2-methyl-

naphthalene (Griffin et al. 1983). The observed differences among mouse strains in response to depletion 

of glutathione remain unexplained.  Other experiments (without pretreatment) observed decreased tissue 

or intracellular levels of glutathione in response to exposure to high acute doses of 2-methylnaphthalene, 

demonstrative of glutathione conjugation (Griffin et al. 1982, 1983; Honda et al. 1990).  Similarly, 

depletion of glutathione (by 35% compared to controls) was detected in primary cultures of female 

Sprague-Dawley rat hepatocytes treated with 1,000 µM of 2-methylnaphthalene (Zhao and Ramos 1998).  

3.4.4 Elimination and Excretion 

3.4.4.1 Inhalation Exposure 

Little information is available pertaining to the excretion of naphthalene in humans after inhalation 

exposure to naphthalene. Workers employed in the distillation of naphthalene oil and at a coke plant had 

peak levels of urinary 1-naphthol 1 hour after finishing a shift.  Of three workers and a nonoccupationally 

exposed group, naphthalene oil distribution plant workers had the highest concentrations of urinary 

1-naphthol, with a mean excretion rate of 0.57% mg/hour.  Investigators calculated the half-life for the 

urinary excretion of 1-naphthol as approximately 4 hours (Bieniek 1994).  This urinary metabolite may 

indicate both exposure to naphthalene and low concentrations of 1-naphthol during naphthalene oil 

distillation (Bieniek 1994).  No studies were located that documented excretion in humans after inhalation 

exposure to 1-methylnaphthalene or 2-methylnaphthalene. 

No studies were located that documented excretion in animals after inhalation exposure to naphthalene, 

1-methylnaphthalene, or 2-methylnaphthalene. 

3.4.4.2 Oral Exposure  

Little information is available pertaining to the excretion of orally ingested naphthalene by humans.  The 

urine of one patient was tested for naphthalene and its derivatives.  Naphthol was found at the time of 

hospital admission (4 days post-ingestion).  Smaller quantities were present 1 day later, but naphthalene 
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was not detected in later specimens (Zuelzer and Apt 1949).  In another instance, the urine of an 

18-month-old child was found to contain 1-naphthol, 2-naphthol, 1,2-naphthoquinone, and 1,4-naphtho-

quinone (but no naphthalene) 9 days after exposure (Mackell et al. 1951).  With the exception of the 

1,4-naphthoquinone, these metabolites were still detectable on day 13, but not on day 17.  These data 

indicate that urinary excretion of metabolites may be prolonged following exposure.  It is important to 

note, however, that delayed dissolution and absorption from the gastrointestinal tract may also be a 

contributing factor. Unabsorbed naphthalene was visible in the fecal matter after ingestion of naphthalene 

flakes or mothballs in several individuals (Zuelzer and Apt 1949). 

In nonhuman primate studies, Rhesus monkeys given naphthalene at oral doses up to 200 mg/kg did not 

excrete naphthalene as thioethers in urine or feces (Rozman et al. 1982).  In a similar study, chimpanzees 

orally administered naphthalene at 200 mg/kg did not excrete naphthalene as thioethers in urine (Summer 

et al. 1979). These data suggest that glutathione conjugation of naphthalene may not occur to any great 

extent in nonhuman primates.  Data from two chimpanzees indicate that most of the naphthalene excreted 

in this species is excreted as glucuronic acid and sulfate conjugates (Summer et al. 1979). 

In rats administered radiolabelled naphthalene, the amount of label recovered in 24 hours was 77–93% in 

urine and 6–7% in feces (Bakke et al. 1985).  There was a dose-dependent increase in urinary thioether 

excretion following gavage doses of naphthalene at 30, 75, and 200 mg/kg within 24 hours (Summer et al. 

1979). The levels of thioethers excreted accounted for approximately 39, 32, and 26% of the three dose 

levels tested. 

No information was located that documented excretion in humans after oral exposure to 2-methyl-

naphthalene. In guinea pigs, 80% of a 10 mg/kg tritium-labeled dose was excreted in the urine within 

24 hours and about 10% was recovered in the feces (Teshima et al. 1983).  Most of the excreted material 

(76%) was found as 2-naphthoic acid or its conjugates.  About 18% of the recovered label was found as 

conjugates of 7-methyl-1-naphthol. 

No studies were located that examined excretion in humans or animals after oral exposure to 1-methyl-

naphthalene. 
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3.4.4.3 Dermal Exposure  

No reports have been located which discuss the excretion of naphthalene, 1-methylnaphthalene, or 

2-methylnaphthalene in humans following dermal exposure. 

The dermal exposure of rats to 14C-labeled naphthalene was evaluated over a 48-hour period (Turkall et 

al. 1994).  Naphthalene (43 µg) samples were applied to shaved 13-cm2 areas on the skin under a sealed 

plastic cap. Neat naphthalene or naphthalene adsorbed to the surface of sandy soil or clay soil was tested.  

In all three cases, excretion of the label was primarily through the urine (70–87%).  With the pure 

naphthalene and naphthalene adsorbed to clay soil, the exhaled air accounted for 6–14% of the 

administered label.  Exhaled air contained only 0.9% of the label in the sandy soil group.  This finding 

was presumably related to the slower adsorption of naphthalene from the sandy soil and its more rapid 

metabolism to nonvolatile metabolites.  Less than 0.02% of the label was exhaled as carbon dioxide in all 

groups. The feces contained 2–4% of the label. 

The primary metabolites in the urine after dermal application of naphthalene were 2,7-dihydroxy-

naphthalene, 1,2-dihydroxynaphthalene, and 1,2-naphthoquinone (Turkall et al. 1994).  The ratio of these 

metabolites for pure naphthalene and naphthalene adsorbed to clay soil were roughly 3:2:1.  For the sandy 

soil, the corresponding ratio was 3:2:1.5.  Small amounts of 1-naphthol and 2-naphthol were also 

excreted. In all cases, the amount of urinary free naphthalene was less than 0.4% of the administered 

label. 

No studies were located that documented excretion in animals after dermal exposure to 1-methyl-

naphthalene or 2-methylnaphthalene. 

3.4.4.4 Other Routes of Exposure 

In mouse studies using the intraperitoneal or subcutaneous exposure routes, several naphthalene 

metabolites were excreted in the urine. After intraperitoneal administration of 100 mg/kg naphthalene, 

conjugates accounted for 80–95% of the urinary metabolites (Horning et al. 1980; Stillwell et al. 1982).  

Much of the conjugated material was present as thioethers (glutathione conjugates and their derivatives).  

The major oxidation products of naphthalene metabolism were 1-naphthol and trans-1,2-di-

hydro-1,2-naphthalenediol. 
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Following subcutaneous administration of 0.3 mg/kg 14C-labeled 2-methylnaphthalene, 55% was found in 

the urine of rats (Melancon et al. 1982).  Naphthoic acid and its glycine conjugate were identified.  Three 

other metabolites were tentatively identified as isomeric diols. 

3.4.5 Physiologically Based Pharmacokinetic (PBPK)/Pharmacodynamic (PD) Models  

Physiologically based pharmacokinetic (PBPK) models use mathematical descriptions of the uptake and 

disposition of chemical substances to quantitatively describe the relationships among critical biological 

processes (Krishnan et al. 1994).  PBPK models are also called biologically based tissue dosimetry 

models.  PBPK models are increasingly used in risk assessments, primarily to predict the concentration of 

potentially toxic moieties of a chemical that will be delivered to any given target tissue following various 

combinations of route, dose level, and test species (Clewell and Andersen 1985).  Physiologically based 

pharmacodynamic (PBPD) models use mathematical descriptions of the dose-response function to 

quantitatively describe the relationship between target tissue dose and toxic end points.   

PBPK/PD models refine our understanding of complex quantitative dose behaviors by helping to 

delineate and characterize the relationships between: (1) the external/exposure concentration and target 

tissue dose of the toxic moiety, and (2) the target tissue dose and observed responses (Andersen and 

Krishnan 1994; Andersen et al. 1987). These models are biologically and mechanistically based and can 

be used to extrapolate the pharmacokinetic behavior of chemical substances from high to low dose, from 

route to route, between species, and between subpopulations within a species.  The biological basis of 

PBPK models results in more meaningful extrapolations than those generated with the more conventional 

use of uncertainty factors. 

The PBPK model for a chemical substance is developed in four interconnected steps:  (1) model 

representation, (2) model parameterization, (3) model simulation, and (4) model validation (Krishnan and 

Andersen 1994).  In the early 1990s, validated PBPK models were developed for a number of 

toxicologically important chemical substances, both volatile and nonvolatile (Krishnan and Andersen 

1994; Leung 1993).  PBPK models for a particular substance require estimates of the chemical substance-

specific physicochemical parameters, and species-specific physiological and biological parameters.  The 

numerical estimates of these model parameters are incorporated within a set of differential and algebraic 

equations that describe the pharmacokinetic processes.  Solving these differential and algebraic equations 
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provides the predictions of tissue dose.  Computers then provide process simulations based on these 

solutions. 

The structure and mathematical expressions used in PBPK models significantly simplify the true 

complexities of biological systems.  If the uptake and disposition of the chemical substance(s) are 

adequately described, however, this simplification is desirable because data are often unavailable for 

many biological processes.  A simplified scheme reduces the magnitude of cumulative uncertainty.  The 

adequacy of the model is, therefore, of great importance, and model validation is essential to the use of 

PBPK models in risk assessment. 

PBPK models improve the pharmacokinetic extrapolations used in risk assessments that identify the 

maximal (i.e., the safe) levels for human exposure to chemical substances (Andersen and Krishnan 1994).  

PBPK models provide a scientifically sound means to predict the target tissue dose of chemicals in 

humans who are exposed to environmental levels (for example, levels that might occur at hazardous waste 

sites) based on the results of studies where doses were higher or were administered in different species.  

Figure 3-5 shows a conceptualized representation of a PBPK model. 

If PBPK models for naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene exist, the overall results 

and individual models are discussed in this section in terms of their use in risk assessment, tissue 

dosimetry, and dose, route, and species extrapolations. 

This section will discuss the structure and application of the most recent PBPK models for naphthalene 

that were developed with in vivo data for the time-course of naphthalene in blood in rats and mice 

following inhalation exposure or intravenous administration (Willems et al. 2001).  The inhalation data 

were used to select best-fitting models with the fewest assumptions possible and to optimize model 

parameters.  The intravenous data were used to examine the validity of the final models.  These models 

are refinements of earlier PBPK models for naphthalene in rats and mice, which were developed using 

parameters estimated from in vitro data (Ghanem and Shuler 2000; Quick and Shuler 1999; Sweeney et 

al. 1996).  The most recent models have been used to attempt to explain why naphthalene-induced lung 

tumors in female B6C3F1 mice, but did not induce lung tumors in F344/N rats in chronic inhalation 

studies (Abdo et al. 2001; NTP 1992a, 2000).  The use of these models to extrapolate dosimetry from 

rodents to humans is not possible until appropriate validated human physiologically based toxicokinetic 

(PBTK) models for naphthalene are developed. 
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Figure 3-5. Conceptual Representation of a Physiologically Based 
Pharmacokinetic (PBPK) Model for a  

Hypothetical Chemical Substance 
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Note: This is a conceptual representation of a physiologically based pharmacokinetic (PBPK) model for a 
hypothetical chemical substance.  The chemical substance is shown to be absorbed via the skin, by inhalation, or by 
ingestion, metabolized in the liver, and excreted in the urine or by exhalation. 
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The models do not include nasal compartments that metabolize naphthalene, because no data were 

available on nasal deposition and epithelial absorption of naphthalene (Willems et al. 2001).  Without 

such data, reliable models for nasal deposition, tissue dosimetry, and nasal-tissue metabolism cannot be 

developed for naphthalene (models similar to those developed for other nasal toxicants such as acrylic 

acid [Frederick et al. 2001]).  The existence of validated PBTK models with metabolizing nasal 

compartments would be useful to help to explain why male and female rats develop nasal tumors with 

chronic inhalation exposure to naphthalene, but mice do not, even though both species develop 

nonneoplastic lesions in the nasal tissues in which tumors developed in rats (Abdo et al. 2001; NTP 

1992a, 2000).  In addition, development of human models incorporating anatomical and physiological 

characteristics of nasal tissue will be useful to decrease uncertainty in extrapolating dose-response 

relationships for nasal effects in rodents to humans.  

The final best-fitting models for rats and mice are comprised of two parts:  (1) a diffusion-limited 

naphthalene submodel with compartments for arterial and venous blood, alveolar space, and tissue and 

capillary spaces for the lung, liver, kidney, fat, and other organs (with naphthalene metabolism occurring 

in the liver and lung by the same CYP isozyme with one set of Michaelis-Menten metabolic rate 

constants); and (2) a flow-limited 1,2- naphthalene oxide submodel describing metabolism and 

distribution of naphthalene oxide in the same compartments as in the naphthalene submodel (but without 

tissue capillary spaces) (Willems et al. 2001).  Physiological parameters in both submodels (e.g., cardiac 

output, ventilation rates, tissue volumes, tissue capillary volumes, tissue blood flows) were taken from the 

literature and scaled to body weights of rats in the NTP (2000) bioassay and reference values for mice.  

Partition coefficients between the various compartments were calculated from octanol-water partition 

coefficients. Metabolic rate constants (Vmax and Km) and permeability constants (blood:fat and 

blood:other tissues) for naphthalene were estimated by fitting the models to naphthalene blood time-

course data from the inhalation studies.  The naphthalene oxide submodel was essentially the same as that 

developed by Quick and Shuler (1999) with in vitro data, with the exception that it contained a subroutine 

for reduced glutathione synthesis involving γ-glutamylcysteine synthetase modeled with Michaelis-

Menten rate constants and noncompetitive inhibition by reduced glutathione.  The metabolic fate of 

naphthalene oxide in the lung and liver was restricted to dihydrodiol formation via epoxide hydrolase and 

conjugation to glutathione via glutathione-S-transferase. The model did not include spontaneous 

conversion of naphthalene oxide to 1-naphthol or metabolic transformations to the naphthoquinones.  

Because no in vivo data were available on naphthalene oxide distribution or metabolism, the model 

predictions for naphthalene oxide tissue dosimetry could not be verified. 
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Under exposure conditions used in the rat (0, 10, 30, or 60 ppm) and mouse (0, 10, or 30 ppm) NTP 

(1992a, 2000) chronic inhalation bioassays with naphthalene (6 hours/day), the models predicted that: 

(1) steady-state lung concentrations of the parent compound, naphthalene, were not very different in rats 

and mice at equivalent exposure concentrations; (2) cumulative daily naphthalene metabolism in the lung 

was greater in the mouse than in the rat (by about 1.5- to 2.5-fold) at equivalent exposure concentrations; 

(3) cumulative daily naphthalene metabolism in the lung (64.9 mg/kg) and estimated maximal lung 

concentrations of naphthalene oxide (about 12 nmol/mL) for 30-ppm female mice, some of which 

developed lung tumors, were greater than respective values of 45.9 mg/kg and about 8 nmol/mL in 

60-ppm female rats, which did not develop lung tumors; and (4) cumulative daily naphthalene 

metabolism in the lung was only slightly greater in 30-ppm female mice (64.9 mg/kg) than in the 30-ppm 

male mice (60.7 mg/kg), which did show statistically significant increased incidence of lung tumors 

(comparisons of lung concentrations of naphthalene oxide in female and male mice were not reported).  

The model simulations are consistent with the hypothesis that the difference in lung tumor response 

between mice and rats may be due to a combination of greater maximal levels of naphthalene oxide or 

other metabolites in the mouse lung and, perhaps, a greater susceptibility of the mouse lung to epoxide-

induced carcinogenesis. Results with other chemicals, such as ethylene oxide, suggest that the mouse 

lung may be more susceptible to epoxides than the rat lung (Willems et al. 2001).  Differences in 

predicted cumulative lung metabolism of naphthalene in 30-ppm female mice and 30-ppm male mice 

were smaller than the difference noted between 30-ppm female mice and 60-ppm female rats; thus the 

model simulations do not explain the apparent gender difference in tumor response of the mouse lung.  

The formation of naphthoquinone metabolites was not included in the model.  Thus, the model 

simulations do not provide a basis for identifying which metabolite is responsible for the nonneoplastic 

and neoplastic responses to naphthalene in the female mouse lung. 

3.5 MECHANISMS OF ACTION  

3.5.1 Pharmacokinetic Mechanisms 

Absorption. No studies were located regarding the mechanisms by which naphthalene, 1-methyl-

naphthalene, or 2-methylnaphthalene are absorbed from the guts, lungs, or skin.  Although absorption of 

these compounds at these sites has been demonstrated, it is unknown if the transport is passive, active, or 

carried out by a facilitated diffusion mechanism.  The relatively small molecular weights and lipophilicity 

of these compounds indicate that passive diffusion across cell membranes is a possible mechanistic path.   
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There is some evidence that different vehicles may influence the rate and extent of gastrointestinal or 

dermal absorption.  Naphthalene adsorbed to organic-rich soils was absorbed across the skin more slowly 

than naphthalene from organic-poor soils (Turkall et al. 1994).  

Distribution.    As discussed in more detail in Section 3.4.2, there are limited data on the distribution of 

naphthalene and 2-methylnaphthalene in animals following oral or parenteral administration, but there are 

no data for these compounds following inhalation exposure or for 1-methylnaphthalene by any exposure 

route. The available data are inadequate to characterize the mechanisms by which 2-methylnaphthalene 

may be transported following oral exposure to the lung, the site of toxic action with acute or chronic 

exposure. No data are available on differences in deposition and absorption of inhaled naphthalene in 

nasal epithelial tissue, two of which (olfactory epithelium and respiratory epithelium) are key toxicity 

targets in rats and mice following chronic inhalation exposure to naphthalene.   

Metabolism. As discussed in more detail in Section 3.4.3, results from in vitro and in vivo metabolic 

studies in mammalian systems indicate that naphthalene metabolism is complex, with multiple competing 

pathways leading to the formation of several reactive metabolites (e.g., 1,2-naphthalene oxide, 

1,2-naphthoquinone, and 1,4-naphthoquinone) and an array of conjugated and nonconjugated metabolites 

that are excreted predominantly in the urine.  Conjugation of the reactive metabolites is viewed as a 

detoxifying mechanism for the reactive metabolites.  With oral exposure, the liver is expected to be the 

principal site of metabolism, but metabolism of naphthalene at other tissue sites, including the nasal 

olfactory epithelium, Clara cells in pulmonary epithelial tissue, and eye tissue, has been demonstrated.  A 

first-pass metabolic effect due to liver metabolism is expected with oral exposure, but the degree to which 

a first-pass effect due to respiratory tissue metabolism occurs with inhalation exposure to naphthalene has 

not been studied quantitatively.  

Section 3.4.3 also discusses in more detail the complexity of 2-methylnaphthalene metabolism, which, in 

contrast to naphthalene, involves several competing initial steps: oxidation of the methyl side group and 

oxidation at several positions on the rings.  Oxidation of the methyl side group is the principal metabolic 

pathway, representing about 50–80% of administered doses in animal studies.  An array of conjugated 

and nonconjugated metabolites that are principally excreted in the urine have been identified in animal 

studies. Although conjugation of metabolites (principally with glutathione) appears to be a detoxication 

mechanism with acute exposure in animal studies, the involvement of reactive metabolites in the 

development of pulmonary alveolar proteinosis from chronic exposure to 2-methylnaphthalene is 
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uncertain (see Section 3.5.2).  No studies were located on the metabolism of 1-methylnaphthalene in 

humans or animals, but it is expected to be similar to 2-methylnaphthalene metabolism based on its 

similar chemical, physical, and toxicological properties. 

Excretion. As discussed in more detail in Section 3.4.4, results from animal studies involving oral or 

parenteral exposure indicate that naphthalene and 2-methylnaphthalene are principally excreted as 

metabolites in urine.  Excretion in the feces represents a minor excretion pathway for these chemicals, and 

the possibility of excretion via exhalation of unmetabolized parent compounds has not been examined in 

available studies. Data for 1-methylnaphthalene were not located, but excretion is likely to be similar to 

2-methylnaphthalene given the similarity in chemical and physical properties of these chemicals.  

3.5.2 Mechanisms of Toxicity 

Some information on the mechanism of toxicity is available for three of the health effects associated with 

naphthalene exposure: hemolysis, the development of lens opacities (cataracts), and nonneoplastic and 

neoplastic respiratory tract lesions.  Mechanistic hypotheses for these naphthalene-induced effects are 

discussed below, followed by a discussion of the limited mechanistic information on 1-methyl-

naphthalene- and 2-methylnaphthalene-induced pulmonary alveolar proteinosis. 

Naphthalene-induced Hemolysis.  Humans experience red-cell hemolysis after naphthalene exposure by 

the inhalation, oral, and dermal routes. In general, animal species are less susceptible than humans.  

There are no reports of naphthalene-induced hemolysis in either rats or mice; however, hemolysis has 

been observed in dogs. 

Chemically induced red blood cell hemolysis is caused by a breakdown of the system that protects the 

erythrocyte biomolecules from oxidation.  In the erythrocyte, glutathione peroxidase rather than catalase 

is the major antioxidant enzyme.  Glutathione peroxidase (Gpx) is a selenium containing metalloprotein 

that utilizes reduced glutathione as a cofactor. Oxidized glutathione is reduced by glutathione reductase, 

a nicotinamide adenine dinucleotide phosphate (NADPH)-requiring enzyme. 

The primary source of erythrocyte NADPH is glucose-6-phosphate oxidation by the enzyme G6PD.  

Individuals who suffer from a genetic defect resulting in a modified enzyme structure (a recessive trait) 

have a reduced capacity to produce NADPH.  Accordingly, they are more susceptible to red cell 
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hemolysis than individuals without this defect (Gosselin et al. 1984).  There is some evidence that 

heterozygotes may also have an increased susceptibility to red cell hemolysis (Dawson et al. 1958). 

When the red blood cell is exposed to oxidizing agents, heme iron is oxidized to the ferric state, 

producing methemoglobin.  This in turn leads to Heinz body formation.  It is believed that free radical 

oxygen modifies membrane lipids leading to increased membrane fragility and lysis.  Destruction of the 

red blood cells decreases erythrocyte counts and stimulates hematopoiesis (leading to increased numbers 

of reticulocytes).  The oxygen carrying capacity of the blood is reduced.  Cell lysis releases heme and 

protein into the blood.  Heme breakdown produces bilirubin and biliverdin, causing jaundice.  Both 

erythrocytes and heme breakdown products (urobilinogen) spill into the urine. 

Several suggestions can be made regarding the impact of naphthalene on this sequence of events.  Since 

naphthalene is conjugated with glutathione for excretion, it can reduce the supplies of glutathione 

available for glutathione peroxidase and increase the vulnerability of the cell to oxidation.  It is also 

possible that a naphthalene metabolite may act as an inhibitor for either glutathione peroxidase or 

glutathione reductase. Glutathione reductase activity was reduced in children who experienced hemolysis 

following dermal exposure to naphthalene and in related family members (Dawson et al. 1958).  Both 

glutathione peroxidase and glutathione reductase activity were decreased in the lens of rats orally exposed 

to naphthalene (Rathbun et al. 1990; Tao et al. 1991). 

Each of the hypotheses discussed above would serve to increase the sensitivity of any naphthalene-

exposed subject to an external oxidizing agent.  However, given the severity of the hemolysis that follows 

naphthalene exposure, it is probable that naphthalene or a naphthalene metabolite also acts as an oxidizing 

agent in the erythrocyte.  Unfortunately, data could not be identified which would correlate the production 

of any particular metabolite with initiation of red cell peroxidation.  

Naphthalene-induced Cataracts.  Although there are reports that inhalation, oral, and dermal naphthalene 

exposure in humans can lead to lens opacities (Grant 1986), the case studies or industrial exposure reports 

that link naphthalene to cataracts in humans have not been verified by well-conducted epidemiological 

studies of individuals exposed to naphthalene vapors on a chronic basis.  In addition, impurities present in 

the naphthalene may have contributed to the cataract development in all recorded human cases. 

Conversely, there are data from a number of well-conducted studies which demonstrate that naphthalene 

can induce cataracts in animals. 
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Much of the animal data regarding ocular effects suggest that the toxicity of naphthalene is mediated by 

the in situ formation of 1,2-naphthalenediol in the lens.  It has been proposed that metabolism of 

naphthalene starts in the liver, yielding epoxide metabolites that are subsequently converted to stable 

hydroxy compounds that circulate to the lens (Van Heyningen and Pirie 1967). The 1,2-naphthalenediol 

metabolite is subsequently oxidized to 1,2-naphthaquinone and hydrogen peroxide.  The quinone 

metabolite binds to constituents of the lens (protein, amino acids, and glutathione), disrupting its integrity 

and transparency (Rees and Pirie 1967; Uyama et al. 1955; Van Heyningen and Pirie 1967; Van 

Heyningen 1976, 1979; Wells et al. 1989). 

Intraperitoneal administration of naphthalene (125–1,000 mg/kg), 1-naphthol (56–562 mg/kg), 

1,2-naphthoquinone (5–250 mg/kg), and 1,4-naphthoquinone (5–250 mg/kg) caused a dose-related 

increase in cataracts in C57BL/6 mice, but administration of 2-naphthol (56–456 mg/kg) did not (Wells 

et al. 1989). The cataractogenic potency of the naphthoquinones was about 10 times that of naphthalene.  

The cataractogenic potency of 1-naphthol was intermediate to that of naphthalene and the 

naphthoquinones.  The potency of naphthalene was increased by pretreatment with cytochrome 

P-450 inducers and a glutathione-depleting agent.  It was inhibited by pretreatment with a cytochrome 

P-450 inhibitor.  This suggests that the unconjugated oxidized naphthoquinone metabolites are a 

necessary prerequisite for cataract formation.  There are differences in species and strain susceptibility to 

cataract formation that theoretically relate to the animals' ability to form these metabolites.  Naphthalene, 

1-naphthol, 1,2-naphthoquinone, and 1,4-naphthoquinone did not form cataracts in DBA/2 mice 

suggesting the difference between strains is not simply due to metabolite exposure (Wells et al. 1989). 

Because hydrogen peroxide is also formed following the oxidation of 1,2-dihyroxynaphthalene, peroxides 

may play a role in naphthalene-induced ocular damage.  Increased levels of ocular lipid peroxides were 

noted in rats given incremental doses of naphthalene which increased from 100 to 750 mg/kg/day during a 

9 week period (Germansky and Jamall 1988).  The antioxidants caffeic acid (527 mg/kg) and vitamin E 

(250 mg/kg), which have free radical protection properties, and the free radical spin trapping agent 

α-phenyl-N-t-butylnitrone (PBN) (518 mg/kg) diminished the incidence of cataracts in animals given 

750 mg/kg naphthalene (Wells et al. 1989).  There were no cataracts in the rats given only PBN. 

Support for this mechanism of cataract formation was provided by a gavage study in which five rat strains 

(pigmented and albino) were given 500 mg/kg/day naphthalene for 3 days and 1,000 mg/kg/day for the 

remainder of the 28-day treatment period (Xu et al. 1992b).  After 3 weeks, there was a decrease in 

reduced glutathione (GSH) in the lens, an increase in protein-glutathione mixed disulfides, and an 
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increase in high molecular weight insoluble proteins (Xu et al. 1992a, 1992b).  The only metabolite 

detected in the aqueous humor of the lens was 1,2-dihydro-1,2-naphthalenediol.  The authors 

hypothesized that 1,2-dihydro-1,2-naphthalenediol was oxidized to 1,2-naphthalenediol and then to 

1,2-naphthoquinone.  The 1,2-naphthoquinone is believed to be responsible for the chemical changes in 

the eyes either through crosslinking reactions or by generating free radicals (Xu et al. 1992a). All of the 

rats developed cataracts. 

The complete mechanism for this sequence of reactions is not clear.  In in vitro studies of cataract 

formation, 1,2-dihydro-1,2,naphthalenediol was the only metabolite that resulted in cataracts that were 

morphologically the same as those generated in vivo (Xu et al. 1992a).  Although 1,2-naphthalenediol and 

naphthoquinone also formed cataracts in lens culture studies, the opacities were located in the outer layer 

of the cortex rather than inside the lens.  Also, the permeability of the cultured lens to the metabolites in 

the media may have contributed to the differences in lesion location. 

When the aldose reductase inhibitor, AL01576, was given to rats along with the same naphthalene doses, 

no cataracts developed (Xu et al. 1992a, 1992b).  Aldose reductase is an enzyme found in the lens, liver, 

and peripheral neurons that reduces aldehyde sugars such as glucose to their corresponding alcohols 

(McGilvery 1983).  It is believed to oxidize 1,2-naphthalenediol to 1,2-naphthoquinone; therefore, when 

this reaction is inhibited, the quinone hypothetically does not form and there is no eye damage (Xu et al. 

1992a). Support for this hypothesis includes observations that aldose reductase inhibitors inhibit cataract 

formation in naphthalene-exposed rats (Tao et al. 1991; Xu et al. 1992a), dihydrodiol dehydrogenase is 

apparently absent in rat lens (Greene et al. 2000), and aldose reductase appears to be the only enzyme in 

rat lens that can transform 1,2-dihydroxy-1,2-dihydronaphthalene to 1,2-naphthoquinone (Sugiyama et al. 

1999). 

Naphthalene-induced Nonneoplastic and Neoplastic Respiratory Tract Lesions.  The mechanisms by 

which naphthalene affects mouse lung epithelial tissue and mouse and rat nasal epithelial tissue are 

thought to involve metabolic intermediates that can react with tissue macromolecules:  1,2-naphthalene 

oxide, 1,2-naphthoquinone, and 1,4-naphthoquinone (Buckpitt et al. 2002).  The innate reactivity of 

1,2-naphthalene oxide is demonstrated by a half-life of approximately 2–3 minutes in buffer at pH 7.4; the 

half-life is extended by the presence of albumins to about 11 minutes (Buckpitt et al. 2002; Kanekal et al. 

1991). The reactivity of 1,2-naphthoquinone has been demonstrated by its ability to form N7-adducts 

with deoxyguanosine under acidic conditions (McCoull et al. 1999).  A second mode by which 

1,2-naphthoquinone may damage tissue macromolecules involves redox cycling of the ortho-quinone 
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moiety and the subsequent generation of reactive oxygen species, which can lead to lipid peroxidation, 

consumption of reducing equivalents, oxidation of DNA, or DNA strand breaks (Bolton et al. 2000).  

1,2-Naphthoquinone caused hydroxyl radical formation and DNA strand scission in buffered solutions in 

the presence of NADPH and CuCl2 (Flowers et al. 1997), was directly mutagenic in S. typhimurium 

(Flowers-Geary et al. 1996), and directly induced sister chromatid exchanges in human mononuclear 

leukocytes (Wilson et al. 1996).  The comparative importance of these reactive metabolic intermediates of 

naphthalene in producing nonneoplastic and neoplastic lesions in lung or nasal epithelial tissue is 

unknown, although the difference between mice and rats in susceptibility to naphthalene-induced lung 

damage has been associated with greater rates of naphthalene transformation to epoxides and the 

formation of a different enantiomeric form of 1,2-naphthalene oxide in mice compared with rats. 

A fourth reactive metabolic intermediate, 1,2-dihyroxy-3,4-epoxy-1,2,3,4-tetrahydronaphthalene, has 

been proposed based on molecular structure characterizations of some urinary metabolites (Horning et al. 

1980; Pakenham et al. 2002), but these metabolites represent minor metabolic fates of naphthalene and 

the potential importance of their proposed precursor in naphthalene toxicity is unstudied to date. 

Mice are markedly more susceptible than rats to acute naphthalene-induced Clara cell injury (Buckpitt et 

al. 1992; West et al. 2001), as well as to lung inflammation and tumor development from chronic 

inhalation exposure (Abdo et al. 2001; NTP 1992a, 2000).  The species difference in lung susceptibility 

has been correlated with higher rates of formation of a specific enantiomeric epoxide (1R,2S-naphthalene 

oxide) in lung microsomes and isolated dissected airways of mice compared with rats (Buckpitt et al. 

1992, 1995).  Rat, hamster, and monkey lung microsomes preferentially formed the 1S,2R-naphthalene 

oxide enantiomer and showed lower rates of formation of epoxides than mouse lung microsomes 

(Buckpitt et al. 1992). Microsomes from human lymphoblastoid cells expressing recombinant human 

CYP2F1 also showed preferential formation of the 1S,2R-naphthalene oxide enantiomer, providing some 

evidence that human transformation of naphthalene to reactive epoxides in lung tissue may be more like 

rats than mice (Lanza et al. 1999).   

Although these observations on epoxide formation suggest that naphthalene may be metabolized to 

epoxide intermediates at faster rates and with different stereoselectivity in the mouse lung than in the 

human lung, the toxicologic significance of this species difference is uncertain.  The uncertainty arises 

due to the possibility (and potential toxicological importance) of species differences in several steps in 

downstream metabolism including glutathione conjugation of the epoxide, transformation to the 

dihydrodiol via epoxide hydrolase, and transformations to 1,2- or 1,4-naphthoquinone.  For example, 
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human liver microsomes have been reported to be more proficient at converting naphthalene to the 

dihydrodiol metabolite than rat and mouse liver microsomes (Kitteringham et al. 1996).  These results 

suggest that epoxide hydrolase activities may be higher in humans than mice (although they do not 

necessarily reflect activities in the pertinent naphthalene target tissues) and that this may decrease the 

potential for epoxide-induced tissue damage in humans relative to mice (see Figure 3-3). However, this 

difference may cause relatively greater formation of 1,2-naphthoquinone (from the dihydrodiol via 

dihydrodiol dehydrogenase) in human tissue than in mouse tissue.  While the toxicologic significance of 

such a difference is uncertain, it is possible that humans may be more susceptible than mice, due to the 

possible involvement of 1,2-naphthoquinone in naphthalene-induced lung injury as suggested by a report 

that 1,2-naphthoquinone was the predominant naphthalene metabolite covalently bound to proteins 

obtained from freshly isolated mouse Clara cells incubated for 1 hour with 0.5 mM naphthalene (Zheng et 

al. 1997).  To date, mechanistic understanding of species differences in naphthalene bioactivation in the 

lung is too incomplete to definitively identify which naphthalene metabolite is responsible for the 

development of nonneoplastic or neoplastic lung lesions, or to rule out the possible human relevance of 

naphthalene-induced lung lesions in mice.   

Species differences in susceptibility to naphthalene-induced nonneoplastic and neoplastic lesions in the 

olfactory and respiratory epithelia of the nose have not been correlated with differences in rates of 

transformation to 1,2-epoxide derivatives in extracts of olfactory tissue (Buckpitt et al. 1992; Plopper et 

al. 1992a). Rates of epoxide formation showed the order, mouse > rat > hamster, but rats were the most 

susceptible to acute nasal injury from naphthalene, showing olfactory epithelial necrosis and exfoliation 

following single intraperitoneal doses as low as 200 mg/kg naphthalene, compared with 400 mg/kg in 

mice and hamsters (Plopper et al. 1992a).  These observations suggest that the reasons for species 

differences in susceptibility to naphthalene nasal toxicity are complex and do not solely involve 

differences in the formation of the 1,2-epoxide metabolic intermediates.   

Involvement of the naphthoquinone metabolites is possible, but studies comparing species in their ability 

to form or accumulate reacted derivatives of naphthoquinones (or 1,2-naphthalene oxide) in nasal tissues 

(i.e., protein adducts) are not available.  In blood of rats following gavage administration of single oral 

doses of naphthalene (100–800 mg/kg), levels of hemoglobin and albumin adducts with 1,2-naphthalene 

oxide were greater than levels of adducts of 1,2- and 1,4-naphthoquinone (Troester et al. 2002; 

Waidyanatha et al. 2002).  These findings suggest that levels of the epoxide in the rats’ blood were greater 

than levels of the naphthoquinones, but do not provide information on the relative amounts of these 

reactive metabolites in the target tissue, the nose.   
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Current information is inadequate to (1) identify which metabolite(s) are responsible for nonneoplastic or 

neoplastic nasal lesions that develop in rodents following chronic inhalation exposure, (2) explain why 

nasal tumors develop in rats but not in mice, or (3) rule out the possible human relevance of naphthalene-

induced nasal lesions in rats or mice. 

Evidence to support a nongenotoxic mode of action in naphthalene carcinogenicity involving sustained 

cell proliferation following repeated naphthalene-induced tissue damage includes the negative results in 

the genotoxicity database (see Section 3.3) suggesting that naphthalene and its metabolites (with the 

likely exception of 1,2-naphthoquinone) are not mutagens, and the findings that naphthalene-induced 

tumors in mice and rats occur in the same general tissues as those displaying nonneoplastic lesions.  

Evidence to support a genotoxic mode of action includes the consistently positive results for genotoxic 

action by 1,2-naphthoquinone and the limited and scattered positive results for genotoxic action by 

naphthalene in the presence of metabolic activation. Current evidence is not adequate to rule out the 

possibility of naphthalene genotoxic action or to determine pertinent threshold levels for genotoxic action, 

due to the absence of studies examining genotoxic end points in naphthalene target tissues, the nose and 

lung.  As suggested by Moore and Harrington-Brock (2000), answering critical questions in human cancer 

risk assessment involves an understanding of the mode(s) of action of tumor induction in the target 

tissue(s) at environmentally-relevant concentrations.  Such understanding can come from experiments 

examining genotoxic endpoints in target tissues.  These data are not available for naphthalene. 

In summary, the available evidence regarding the mechanism(s) by which naphthalene produces 

neoplastic and nonneoplastic lesions in the respiratory tract of rodents suggests the involvement of 

reactive metabolites.  The identity of this metabolite(s), and evidence of its presence in known target 

tissues, remains unknown. The finding that mice are more susceptible than rats to naphthalene-induced 

lung toxicity may correlate with the in vivo generation of this reactive intermediate in target tissues. 

Whether the mechanism by which naphthalene produces neoplastic and nonneoplastic changes in the 

respiratory tract of rodents involves genotoxicity remains unknown. 

1-Methylnaphthalene or 2-Methylnaphthalene-induced Pulmonary Alveolar Proteinosis.  Exposure of 

mice to 1-methylnaphthalene or 2-methylnaphthalene in the diet for 81 weeks induced increased 

incidences of pulmonary alveolar proteinosis (Murata et al. 1993, 1997).  The absence of nonneoplastic 

lesions in other lung regions or in other tissues indicates that the alveolar region of the lung is a critical 

and specific toxicity target of chronic oral exposure to 1-methylnaphthalene or 2-methylnaphthalene.  
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Increased incidences of pulmonary alveolar proteinosis have also been observed in mice exposed to 

dermal doses of methylnaphthalene (a 2:1 mixture of 2-methylnaphthalene and 1-methylnaphthalene) 

applied twice weekly for 20–61 weeks (Emi and Konishi 1985; Murata et al. 1992).   

There is evidence to suggest that type II pneumocytes are specific cellular targets of the methyl­

naphthalenes. Pulmonary hyperplasia and hypertrophy of type II pneumocytes in alveolar regions with 

proteinosis was observed by light microscopy in mice that were repeatedly exposed to dermal doses of 

methylnaphthalene (119 mg/kg methylnaphthalene twice a week for 30 weeks [Murata et al. 1992]).  In 

this same study, electron microscopic examination showed that alveolar spaces were filled with numerous 

myelinoid structures that resembled lamellar bodies of type II pneumocytes.  This extracellular material 

was associated with mononucleated giant cells (called balloon cells) containing numerous myelinoid 

structures, lipid droplets, and electron dense ascicular crystals.  The authors hypothesized that, in response 

to 1-methylnaphthalene or 2-methylnaphthalene, type II pneumocytes produce increased amounts of 

lamellar bodies due to hyperplasia and hypertrophy, and eventually transform into balloon cells.  Balloon 

cell rupture has been hypothesized to lead to the accumulation of the myelinoid structures in the alveolar 

lumen. Ultrastructural studies of the pathogenesis of pulmonary alveolar proteinosis from chronic 

exposure to 2-methylnaphthalene or 1-methylnaphthalene alone were not available.  However, the lesions 

detected by light microscopy following chronic oral exposure to 2-methylnaphthalene or 1-methyl-

naphthalene alone were very similar to the lesions detected following chronic dermal exposure to the 

mixture. These similarities suggest that the mechanistic hypotheses prompted by observations for the 

mixture are relevant to the individual methylnaphthalenes.   

The mechanism of targeting type II pneumocytes is consistent with what is generally known regarding the 

etiology of pulmonary alveolar proteinosis in humans.  The disease in humans, characterized by the 

accumulation of surfactant material in the alveolar lumen, has been hypothesized to be caused by either 

excessive secretion of surfactant by type II pneumocytes, or disruption of surfactant clearance by 

macrophages (Lee et al. 1997; Mazzone et al. 2001; Wang et al. 1997).  The condition in humans has 

been associated with pulmonary dysfunction, characterized by decreased functional lung volume, reduced 

diffusing capacity, and symptoms such as dyspnea and cough.  Pulmonary alveolar proteinosis has not 

been associated with airflow obstruction (EPA 2003; Lee et al. 1997; Mazzone et al. 2001; Wang et al. 

1997). 

The development of pulmonary alveolar proteinosis in mice appears to require prolonged oral exposure to 

2-methylnaphthalene (or 1-methylnaphthalene).  Exposure to a dietary concentration of 0.075% 2-methyl-
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naphthalene for 81 weeks induced increased incidences of the lesion, but 13-week exposure to 

concentrations as high as 1.33% 2-methylnaphthalene did not (Murata et al. 1997).  No further studies of 

the temporal development of methylnaphthalene-induced pulmonary alveolar proteinosis are available.    

It is unknown whether the parent compounds or metabolites are responsible for the development of 

methylnaphthalene-induced pulmonary alveolar proteinosis.  Type II pneumocytes are enriched in CYP 

monooxygenases (Castranova et al. 1988), which are involved in metabolizing 2-methylnaphthalene, and 

it is possible that metabolites may play a role in the pathogenesis of pulmonary alveolar proteinosis.  

Studies designed to test this hypothesis, however, have not been conducted.   

In contrast to chronic oral exposure, which targets alveolar type II pneumocytes, acute intraperitoneal 

injection of 2-methylnaphthalene into mice targets bronchiolar Clara cells, inducing Clara cell 

abnormalities, focal or complete sloughing of Clara cells, or complete sloughing of the entire bronchiolar 

lining (Buckpitt et al. 1986; Griffin et al. 1981, 1982, 1983; Honda et al. 1990; Rasmussen et al. 1986).  

Mechanistic studies have not provided clear evidence that metabolites are involved in this response to 

acute exposure to 2-methylnaphthalene.  For example, pretreatment of male C57BL/6J mice with 

phenobarbital (an inducer of CYP2B; 75 mg/kg, 4 days prior) or 3-methylcholanthrene (an inducer of 

CYP1A; 80 mg/kg, 2 days prior) prior to injection with 400 mg/kg 2-methylnaphthalene reduced the 

severity of bronchiolar necrosis in all mice compared to those injected without pretreatment (Griffin et al. 

1982). However, CYP inhibitors, such as piperonyl butoxide (a mixed monooxygenase inhibitor; 

1,000 mg/kg, 30 minutes prior) and SKF 525-A (an inhibitor of CYP1B; 25 mg/kg, 30 minutes prior), had 

no effect on the severity of the lung lesions.  The mechanism of acute Clara cell toxicity of 2-methyl-

naphthalene may be similar to that of naphthalene, which involves CYP-mediated metabolism via ring 

epoxidation to reactive species such as the 1,2-naphthalene oxide and 1,2-naphthoquinone (Cho et al. 

1995; Greene et al. 2000; Lakritz et al. 1996; Van Winkle et al. 1999).  This hypothesis is supported by 

the finding that 2-methylnaphthalene is less acutely toxic than naphthalene (Buckpitt and Franklin 1989; 

Cho et al. 1995) and that only a small fraction of 2-methylnaphthalene (15-20%) undergoes metabolic 

ring epoxidation (Breger et al. 1983; Melancon et al. 1985).  Information on the mechanism of the acute 

response of Clara cells is not expected to be directly related to the pathogenesis of pulmonary alveolar 

proteinosis from chronic oral or dermal exposure to 2-methylnaphthalene, because in mice chronically 

exposed to 2-methylnaphthalene or 1-methylnaphthalene for 81 weeks, no evidence for exposure-related 

bronchiolar Clara cell lesions was found (Murata et al. 1993, 1997).  This finding is not surprising, as 

Clara cells have been shown to develop resistance to the acute toxicity of naphthalene (Lakritz et al. 
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1996).  The possible development of Clara cell resistance to the acute toxicity of 2-methylnaphthalene, 

however, has not been studied. 

Data are limited to support the hypothesis that rats are less sensitive than mice to the lung damage caused 

by acute exposure to 2-methylnaphthalene.  Wistar rats given intraperitoneal doses of 142 mg/kg 

2-methylnaphthalene did not develop lung lesions (Dinsdale and Verschoyle 1987).  However, 

bronchiolar necrosis was induced in Swiss-Webster mice injected with the same dose (Rasmussen et al. 

1986) and in C57BL/6J and DBA/2J mice injected with 100 mg/kg 2-methylnaphthalene (Griffin et al. 

1981, 1982, 1983).  No data are available for interspecies comparisons of the chronic toxicity of 

1-methynaphthalene or 2-methylnaphthalene. 

3.5.3 Animal-to-Human Extrapolations 

Naphthalene-induced lesions in nasal epithelia of mice and rats appear to be the critical nonneoplastic 

effect (i.e., the effect occurring at the lowest exposure level) associated with inhalation exposure to 

naphthalene. As discussed in Section 3.5.2, studies with microsomes from human and animal cells 

indicate that there are species differences in specific steps of naphthalene metabolism (Buckpitt et al. 

1992; Kitteringham et al. 1996; Lanza et al. 1999), but mechanistic understanding of these differences is 

too incomplete to effectively argue that they rule out the possible human relevance of naphthalene-

induced lung lesions in mice or nasal lesions in rats or mice.  Rodents and humans also display distinct 

differences in nasal anatomy and respiratory physiology that may cause different deposited doses, and 

subsequently different responses, in human nasal tissue relative to rats or mice.  However, the anatomical 

and physiological differences alone are insufficient to rule out the possible human relevance of 

naphthalene-induced nasal lesions in rats or mice.  For example, rat and human hybrid computational 

fluid dynamics and PBPK models, developed for acrylic acid, another rodent nasal toxicant, predicted that 

tissue concentrations of acrylic acid in human and rat nasal tissues would be similar when exposure 

conditions were the same (Frederick et al. 2001).  Current PBPK models for naphthalene do not include 

nasal compartments that metabolize naphthalene, because no data were available on nasal deposition and 

epithelial absorption of naphthalene (Willems et al. 2001).  In the absence of this type of data or a 

pertinent validated human PBPK model, it is reasonable to assume that naphthalene-induced 

nonneoplastic and neoplastic lesions observed in nasal tissues of rats and mice are relevant to humans.  

Development of rat, mouse, and human hybrid computational fluid dynamics and PBPK models that 

include metabolizing nasal compartments and the application of the models to extrapolating rat or mouse 
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nasal doses to humans will likely decrease uncertainty in extrapolating naphthalene health hazards from 

rodents to humans. 

In animals orally exposed to naphthalene, the critical effects appear to be decreased weight gain and 

clinical signs of toxicity in pregnant rats with acute exposure and decreased body weight in rats with 

intermediate-duration exposure.  Mechanisms associated with these effects are unstudied.  Reliable data 

to preclude the relevance of these effects to humans were not located.  

Pulmonary alveolar proteinosis induced in mice following chronic oral exposure to 1-methylnaphthalene 

or 2-methylnaphthalene is assumed to be relevant to humans, in the absence of data to indicate otherwise. 

Pulmonary alveolar proteinosis is a condition that has been described in humans, although reports noting 

associations with human exposure to 1-methylnaphthalene or 2-methylnaphthalene were not located. 

3.6 TOXICITIES MEDIATED THROUGH THE NEUROENDOCRINE AXIS  

Recently, attention has focused on the potential hazardous effects of certain chemicals on the endocrine 

system because of the ability of these chemicals to mimic or block endogenous hormones.  Chemicals 

with this type of activity are most commonly referred to as endocrine disruptors. However, appropriate 

terminology to describe such effects remains controversial.  The terminology endocrine disruptors, 

initially used by Colborn and Clement (1992), was also used in 1996 when Congress mandated the EPA 

to develop a screening program for “...certain substances [which] may have an effect produced by a 

naturally occurring estrogen, or other such endocrine effect[s]...”.  To meet this mandate, EPA convened a 

panel called the Endocrine Disruptors Screening and Testing Advisory Committee (EDSTAC), and in 

1998, the EDSTAC completed its deliberations and made recommendations to EPA concerning endocrine 

disruptors. In 1999, the National Academy of Sciences released a report that referred to these same types 

of chemicals as hormonally active agents. The terminology endocrine modulators has also been used to 

convey the fact that effects caused by such chemicals may not necessarily be adverse.  Many scientists 

agree that chemicals with the ability to disrupt or modulate the endocrine system are a potential threat to 

the health of humans, aquatic animals, and wildlife.  However, others think that endocrine-active 

chemicals do not pose a significant health risk, particularly in view of the fact that hormone mimics exist 

in the natural environment.  Examples of natural hormone mimics are the isoflavinoid phytoestrogens 

(Adlercreutz 1995; Livingston 1978; Mayr et al. 1992).  These chemicals are derived from plants and are 

similar in structure and action to endogenous estrogen.  Although the public health significance and 
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descriptive terminology of substances capable of affecting the endocrine system remains controversial, 

scientists agree that these chemicals may affect the synthesis, secretion, transport, binding, action, or 

elimination of natural hormones in the body responsible for maintaining homeostasis, reproduction, 

development, and/or behavior (EPA 1997).  Stated differently, such compounds may cause toxicities that 

are mediated through the neuroendocrine axis.  As a result, these chemicals may play a role in altering, 

for example, metabolic, sexual, immune, and neurobehavioral function.  Such chemicals are also thought 

to be involved in inducing breast, testicular, and prostate cancers, as well as endometriosis (Berger 1994; 

Giwercman et al. 1993; Hoel et al. 1992). 

No studies were located regarding endocrine disruption in human or animals after exposure to 

naphthalene, 1-methylnaphthalene, or 2-methylnaphthalene. 

No in vitro studies were located regarding endocrine disruption of naphthalene, 1-methylnaphthalene, or 

2-methylnaphthalene. 

3.7 CHILDREN’S SUSCEPTIBILITY  

This section discusses potential health effects from exposures during the period from conception to 

maturity at 18 years of age in humans, when all biological systems will have fully developed.  Potential 

effects on offspring resulting from exposures of parental germ cells are considered, as well as any indirect 

effects on the fetus and neonate resulting from maternal exposure during gestation and lactation.  

Relevant animal and in vitro models are also discussed. 

Children are not small adults.  They differ from adults in their exposures and may differ in their 

susceptibility to hazardous chemicals.  Children’s unique physiology and behavior can influence the 

extent of their exposure.  Exposures of children are discussed in Section 6.6, Exposures of Children. 

Children sometimes differ from adults in their susceptibility to hazardous chemicals, but whether there is 

a difference depends on the chemical (Guzelian et al. 1992; NRC 1993).  Children may be more or less 

susceptible than adults to health effects, and the relationship may change with developmental age 

(Guzelian et al. 1992; NRC 1993).  Vulnerability often depends on developmental stage.  There are 

critical periods of structural and functional development during both prenatal and postnatal life and a 

particular structure or function will be most sensitive to disruption during its critical period(s).  Damage 
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may not be evident until a later stage of development.  There are often differences in pharmacokinetics 

and metabolism between children and adults.  For example, absorption may be different in neonates 

because of the immaturity of their gastrointestinal tract and their larger skin surface area in proportion to 

body weight (Morselli et al. 1980; NRC 1993); the gastrointestinal absorption of lead is greatest in infants 

and young children (Ziegler et al. 1978).  Distribution of xenobiotics may be different; for example, 

infants have a larger proportion of their bodies as extracellular water and their brains and livers are 

proportionately larger (Altman and Dittmer 1974; Fomon 1966; Fomon et al. 1982; Owen and Brozek 

1966; Widdowson and Dickerson 1964).  The infant also has an immature blood-brain barrier (Adinolfi 

1985; Johanson 1980) and probably an immature blood-testis barrier (Setchell and Waites 1975).  Many 

xenobiotic metabolizing enzymes have distinctive developmental patterns.  At various stages of growth 

and development, levels of particular enzymes may be higher or lower than those of adults, and 

sometimes unique enzymes may exist at particular developmental stages (Komori et al. 1990; Leeder and 

Kearns 1997; NRC 1993; Vieira et al. 1996).  Whether differences in xenobiotic metabolism make the 

child more or less susceptible also depends on whether the relevant enzymes are involved in activation of 

the parent compound to its toxic form or in detoxification.  There may also be differences in excretion, 

particularly in newborns who all have a low glomerular filtration rate and have not developed efficient 

tubular secretion and resorption capacities (Altman and Dittmer 1974; NRC 1993; West et al. 1948).  

Children and adults may differ in their capacity to repair damage from chemical insults.  Children also 

have a longer remaining lifetime in which to express damage from chemicals; this potential is particularly 

relevant to cancer. 

Certain characteristics of the developing human may increase exposure or susceptibility, whereas others 

may decrease susceptibility to the same chemical.  For example, although infants breathe more air per 

kilogram of body weight than adults breathe, this difference might be somewhat counterbalanced by their 

alveoli being less developed, which results in a disproportionately smaller surface area for alveolar 

absorption (NRC 1993). 

Newborns and infants are thought to be more susceptible to adverse health effects from naphthalene (e.g., 

hemolytic anemia from acute exposure) because hepatic enzyme systems involved in conjugation and 

excretion of naphthalene metabolites are not well developed shortly after birth (EPA 1987a).  No studies 

were located, however, that specifically examined the influence of age on naphthalene toxicokinetic 

capabilities in humans.   
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Although the occurrence of hemolytic anemia in neonates of anemic, naphthalene-exposed mothers 

demonstrates that naphthalene and/or its metabolites can cross the placental barrier (Anziulewicz et al. 

1959; Zinkham and Childs 1957, 1958), oral-exposure developmental toxicity studies in animals do not 

provide evidence that naphthalene was fetotoxic or impaired fetal development, even at maternally toxic 

dose levels as high as 450 mg/kg/day (NTP 1991a; Plasterer et al. 1985; PRI 1986).   

Naphthalene has been detected in human milk samples (concentration not reported) (Pellizzari et al. 

1982), but no studies were located that have specifically examined the rate or extent of naphthalene 

distribution to breast milk in exposed humans or animals. 

Children with genetically determined glucose-6-phosphate dehydrogenase (G6PD) deficiency are 

expected to be especially susceptible to the hemolytic action of naphthalene (Owa 1989; Owa et al. 1993; 

Santucci and Shah 2000; Valaes et al. 1963).  In support of this hypothesis, in 21 cases of hemolytic 

anemia in Greek infants exposed to naphthalene, 10 of the children had a genetically determined 

deficiency in G6PD (Valaes et al. 1963).  In a 10-year chart review of 24 African-American children 

hospitalized with acute hemolytic anemia, 14 were noted to have been exposed to naphthalene-containing 

moth repellants (Santucci and Shah 2000).  Deficiency in G6PD makes red blood cells more susceptible 

to oxidative damage from a wide range of causes including naphthalene exposure.  Relatively high rates 

of genetically determined G6PD deficiency have been reported in males of certain subpopulations of 

Asian, Arabic, Caucasian, African, and African-American ancestry (EPA 1987a). 

The limited mobility of infants when they are wearing naphthalene-treated clothing or when they are near 

other naphthalene-treated articles (e.g., blankets treated with naphthalene-containing moth repellants) 

may maximize exposure due to the development of a microenvironment with a high level of naphthalene 

vapor in the space around the infant.  The tendency for infants and small children to place small objects, 

such as mothballs, in their mouths also increases their risk. 

An association between elevated maternal exposure to naphthalene and increased maternal cord-blood 

levels of one of four T cell types, IL-4, has recently been reported (Lehmann et al. 2002).  The study 

looked for possible associations between maternal indoor exposure to 28 volatile organic chemicals 

(including naphthalene) and putative immune status at birth assessed by cord-blood levels of cytokine-

producing T cells [interleukin-4 (IL-4), interleukin-2 (IL-2), interferon-γ (IFN-γ), and tumor necrosis 

factor-α (TNF-α)].  Levels of 28 volatile organic chemicals in air samples, collected during a 4-week 

postnatal period in bedrooms of 85 newborn children, were measured as surrogate indices of maternal 
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indoor exposure.  A logistic regression analysis found an elevated odds ratio (OR=2.9; 95% CI 1.0–8.2) 

for elevated naphthalene air concentrations (>75th percentile) and elevated percentage of IL-4-producing 

T cells in cord blood.  The analysis adjusted for possible confounding factors of family allergic (i.e., 

atopic) history and maternal smoking during pregnancy. Several other statistically significant 

associations were found for changes in levels of different types of T cells and air levels of other 

chemicals, including methylcyclopentane, trichloroethylene, and tetrachloroethylene. The significance of 

the observed variations in cord blood T cell levels to the immune status of the newborn children is 

unknown.  The findings from this study are inadequate to determine if maternal exposure to naphthalene 

may influence the immune status of newborn children. 

Studies that have examined age-related effects of toxicokinetic variables specifically related to 

naphthalene are restricted to a study with results indicating that neonatal mice may be more susceptible 

than adult mice to lung injury from single intraperitoneal doses of 25, 50, or 100 mg/kg naphthalene 

(Fanucchi et al. 1997).  Epithelial damage in terminal bronchioles (principally in the Clara cells) was 

observed in 7-day-old mice exposed to 25 mg/kg, but was absent in adult mice at the same dose level.  In 

adult mice exposed to 50 mg/kg, injury was only mild and variable (from mouse to mouse) and only 

became consistent with exposure to 100 mg/kg.  Epithelial damage in 14-day-old mice was less severe 

than the damage in 7-day-old mice.  Activities of CYP-mediated naphthalene metabolism in bronchiolar 

tissues were 2.5 times lower in neonatal mice than in adult mice, suggesting that the difference in 

susceptibility is not explained by differences in ability to form reactive metabolites alone (e.g., 

1,2-naphthalene oxide).  Differences between neonates and adults in the balance between formation of 

reactive naphthalene metabolites and downstream transformations could potentially explain the difference 

in susceptibility to naphthalene toxicity, but the possibilities for specific, age-related differences in 

downstream enzyme activities for naphthalene (e.g., epoxide hydrolase, dihydrodiol dehydrogenase) have 

not been studied to date. Alternatively, toxicodynamic differences may exist between neonatal and adult 

mice (e.g., different target macromolecules).  Based on findings that in utero exposure to other chemicals, 

which are bioactivated by CYP, caused Clara cell tumors in adult offspring, Fanucchi et al. (1997) 

postulated that naphthalene exposure during the neonatal period, when increased susceptibility to 

naphthalene-induced cytotoxicity occurs, may lead to loss of regulatory mechanisms resulting in Clara 

cell proliferation and tumor formation in adult animals, but direct evidence for naphthalene in support of 

this hypothesis is not available (e.g., demonstration that in utero or neonatal naphthalene exposure will 

cause increased incidence of lung tumors in adult mice).   
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No direct information was located on the relative susceptibility of children or young animals to 1-methyl-

naphthalene or 2-methylnaphthalene toxicity, compared with adults.  However, clinical experience with 

humans displaying pulmonary alveolar proteinosis of unknown etiology has indicated that children with 

this condition experience more severe symptoms and a poor prognosis for survival than do adults (EPA 

2003r; Mazzone et al. 2001).   

3.8 BIOMARKERS OF EXPOSURE AND EFFECT 

Biomarkers are broadly defined as indicators signaling events in biologic systems or samples. They have 

been classified as markers of exposure, markers of effect, and markers of susceptibility (NAS/NRC 

1989). 

Due to a nascent understanding of the use and interpretation of biomarkers, implementation of biomarkers 

as tools of exposure in the general population is very limited.  A biomarker of exposure is a xenobiotic 

substance or its metabolite(s) or the product of an interaction between a xenobiotic agent and some target 

molecule(s) or cell(s) that is measured within a compartment of an organism (NAS/NRC 1989).  The 

preferred biomarkers of exposure are generally the substance itself or substance-specific metabolites in 

readily obtainable body fluid(s) or excreta.  However, several factors can confound the use and 

interpretation of biomarkers of exposure.  The body burden of a substance may be the result of exposures 

from more than one source.  The substance being measured may be a metabolite of another xenobiotic 

substance (e.g., high urinary levels of phenol can result from exposure to several different aromatic 

compounds).  Depending on the properties of the substance (e.g., biologic half-life) and environmental 

conditions (e.g., duration and route of exposure), the substance and all of its metabolites may have left the 

body by the time samples can be taken.  It may be difficult to identify individuals exposed to hazardous 

substances that are commonly found in body tissues and fluids (e.g., essential mineral nutrients such as 

copper, zinc, and selenium).  Biomarkers of exposure to naphthalene, 1-methylnaphthalene, and 

2-methylnaphthalene are discussed in Section 3.8.1. 

Biomarkers of effect are defined as any measurable biochemical, physiologic, or other alteration within an 

organism that, depending on magnitude, can be recognized as an established or potential health 

impairment or disease (NAS/NRC 1989).  This definition encompasses biochemical or cellular signals of 

tissue dysfunction (e.g., increased liver enzyme activity or pathologic changes in female genital epithelial 

cells), as well as physiologic signs of dysfunction such as increased blood pressure or decreased lung 
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capacity.  Note that these markers are not often substance specific.  They also may not be directly 

adverse, but can indicate potential health impairment (e.g., DNA adducts).  Biomarkers of effects caused 

by naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene are discussed in Section 3.8.2. 

A biomarker of susceptibility is an indicator of an inherent or acquired limitation of an organism's ability 

to respond to the challenge of exposure to a specific xenobiotic substance.  It can be an intrinsic genetic or 

other characteristic or a preexisting disease that results in an increase in absorbed dose, a decrease in the 

biologically effective dose, or a target tissue response.  If biomarkers of susceptibility exist, they are 

discussed in Section 3.10, Populations That Are Unusually Susceptible. 

Additional information concerning biomarkers for effects on the immune, renal, and hepatic systems can 

be found in the CDC/ATSDR Subcommittee Report on Biological Indicators of Organ Damage 

(CDC/ATSDR 1990), and on the neurological system in the Office of Technology Assessment Report on 

Identifying and Controlling Poisons of the Nervous System (OTA 1990).  Additional details concerning 

the health effects caused by naphthalene can be found in Section 3.2. 

3.8.1 	 Biomarkers Used to Identify or Quantify Exposure to Naphthalene, 1-Methyl-
naphthalene, and 2-Methylnaphthalene 

In cases where humans have swallowed one or more mothballs, it is possible to identify the undissolved 

naphthalene in the stomach or duodenum by radioluminescence (Woolf et al. 1993).  Thus, radiography of 

the abdominal area is of value in determining if exposure has occurred, especially in children who are 

often unreliable sources of exposure information.  Of the 2,400 cases on naphthalene ingestion reported to 

72 Poison Control Centers in the United States, 2,100 involve children less than 6 years old.  Radio­

luminescence has the advantage of differentiating naphthalene-containing solids in the gastrointestinal 

tract from paradichlorobenzene or other materials used in moth repellants and deodorizers. 

Methods are available for the determination of naphthalene in human adipose tissue (EPA 1986g; Liao et 

al. 1988).  In the National Human Adipose Tissue Survey, 40% of the subjects surveyed had measurable 

levels of naphthalene with concentrations of up to 63 ng/g.  Naphthalene and its metabolites can be 

detected in human and animal urine (Horning et al. 1980; Mackell et al. 1951; Stillwell et al. 1982).  

Investigators have reported strong correlations between 1-naphthol concentrations in the urine of exposed 

workers and naphthalene concentrations in the breathing zone air (Bieniek 1994).  Peak naphthalene 

concentrations in the urine occurred immediately after the end of the exposure period and declined 
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thereafter. In some instances, 1-naphthol concentrations had returned to baseline 8 hours later.  Few 

current data are available relating naphthalene levels in adipose tissue or urine with the human exposure 

concentrations. 

In swine, a good correlation existed between 1-naphthol levels in hydrolyzed urine samples collected in 

the first and second 24 hours after dosing with as little as 7 µg/kg/day naphthalene (Keimig and Morgan 

1986).  Thus, 1-naphthol may be an appropriate biomarker for monitoring naphthalene exposures in the 

occupational setting.  Some caution must be exercised in using 1-naphthol as a biomarker of naphthalene 

exposure in the general population since this metabolite is also excreted after exposure to the common 

insecticide, carbaryl (Benson and Dorough 1984). 

Early work to develop biomarkers of exposure, such as naphthalene mercapturic acid derivatives in urine 

(Marco et al. 1993) and naphthalene hemoglobin adducts in blood (Cho et al. 1994b), has been extended 

to develop techniques to measure cysteinyl adducts formed from reactions of hemoglobin and albumin 

with reactive metabolites of naphthalene (Troester et al. 2002; Waidyanatha et al. 2002).  One of the 

reasons for developing these techniques is that it is difficult to measure reactive metabolites of 

naphthalene in vivo. Using these techniques, hemoglobin and albumin adducts of 1,2-naphthalene oxide, 

1,2-naphthoquinone, and 1,4-naphthoquinone were shown to increase with increasing dose in F344 rats 

given single oral doses of 0, 100, 200, 400, or 800 mg/kg naphthalene (Waidyanatha et al. 2002).  The 

stabilities of the adducts were measured in rats following exposure to naphthalene (Troester et al. 2002).  

Some were found to be stable and others unstable, although they all were more stable than the reactive 

metabolites themselves.  As such, the adducts are expected to be useful in estimating internal doses of 

these metabolites.   

An analytical method is available to determine levels of 2-methylnaphthalene and its derivatives in rat 

urine (Melancon et al. 1982). This method would probably also be useful in measuring 2-methyl-

naphthalene levels in human urine.  Because of the lack of information for 1-methylnaphthalene, it is not 

possible to identify a biomarker of exposure for this substance. 
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3.8.2 	 Biomarkers Used to Characterize Effects Caused by Naphthalene, 1-Methyl-
naphthalene, and 2-Methylnaphthalene 

Hemolytic anemia has been frequently reported to be a consequence of exposure to naphthalene.  

However, this effect can also occur without exposure to naphthalene, and may not be useful as a specific 

biomarker of effect. 

Clara cell damage may be identified by the presence of naphthalene/protein adducts in lung lavage fluids 

(Cho et al. 1994a). Additional research is needed to improve the specificity of this technique as a 

biomarker of effect. 

Because of the lack of information for 1-methylnaphthalene or 2-methylnaphthalene, it is not possible to 

identify a biomarker of effects for these chemicals. 

3.9 INTERACTIONS WITH OTHER CHEMICALS  

When either naphthalene, 1-methylnaphthalene, or 2-methylnaphthalene was applied dermally in 

combination with benzo[a]pyrene (BaP), there was an inhibitory effect on the induction of skin tumors in 

female mice (Schmeltz et al. 1978).  These investigators also reported that a mixture containing 

naphthalene (0.02%), 2-methylnaphthalene (0.02%) and 10 other methylated and ethylated naphthalenes 

(each at 0.02%) also appeared to inhibit the development of BaP-induced skin tumors.  The authors 

suggested that it is likely that certain naphthalenes compete with BaP for the same enzyme sites, resulting 

in alteration of the BaP metabolic pathway and decreased production of the active BaP metabolite.  This 

hypothesis is consistent with the observation that benzo(a)pyrene hydroxylase is inhibited by naphthalene 

(Shopp et al. 1984).  Dermal application of the naphthalene mixture did not induce tumors in the absence 

of BaP. The results of these studies were not analyzed statistically. 

Several studies have been conducted to assess factors that influence the toxicity of naphthalene.  For the 

most part, these studies have evaluated the effects of mixed function oxidase activity (MFO) and 

alterations in glutathione levels on pulmonary and ocular toxicities.  The effects of cyclooxygenase 

activity, antioxidants, and epoxide hydrolase inhibitors on the cataractogenic effect of naphthalene have 

also been evaluated. The administration of MFO inhibitors (SKF-525A, metyrapone) and antioxidants 

(caffeic acid and vitamin E) decreased ocular toxicity in mice (Wells et al. 1989).  Use of ALO1576, an 

inhibitor of the enzyme aldose reductase, prevented cataract formation in both in vivo and in vitro studies 
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(Xu et al. 1992a, 1992b).  On the other hand, naphthalene-induced cataracts were enhanced by 

pretreatment with a MFO inducer (phenobarbital) and a glutathione depletor (diethyl maleate) (Wells 

et al. 1989). Pulmonary damage was decreased by prior treatment with a MFO inhibitor (piperonyl 

butoxide), but enhanced by prior treatment with a glutathione depletor (diethyl maleate) (Warren et al. 

1982). For the most part, these studies support the role for mixed function oxidase activity and 

glutathione conjugation in naphthalene-induced pulmonary and ocular lesions.   

Mixed function oxidase inducers also affect the metabolism of 2-methylnaphthalene.  Inducers that 

influence cytochrome P-450 increase the oxidation of the side chain and the concentration of one 

dihydrodiol.  Induction of cytochrome P-450 increased the production of two other dihydrodiols 

(Melancon et al. 1985).  The production of naphthoic acid in preference to the diols may explain why 

acute exposure to 2-methylnaphthalene is less toxic to Clara cells than acute exposure to naphthalene. 

In general, interactions with environmental contaminants, such as polycyclic aromatic hydrocarbons, 

should be expected at hazardous waste sites.  Most hazardous waste sites (with the notable exception of 

certain pharmaceutical sites) would not be expected to contain substantial volumes of certain types of 

contaminants, such as antioxidants or cytochrome P-450 inhibitors. 

3.10 POPULATIONS THAT ARE UNUSUALLY SUSCEPTIBLE 

A susceptible population will exhibit a different or enhanced response to naphthalene, 1-methyl-

naphthalene, and 2-methylnaphthalene than will most persons exposed to the same level of naphthalene, 

1-methylnaphthalene, and 2-methylnaphthalene in the environment.  Reasons may include genetic 

makeup, age, health and nutritional status, and exposure to other toxic substances (e.g., cigarette smoke).  

These parameters result in reduced detoxification or excretion of naphthalene, 1-methylnaphthalene, or 

2-methylnaphthalene, or compromised function of organs affected by naphthalene, 1-methylnaphthalene, 

or 2-methylnaphthalene.  Populations who are at greater risk due to their unusually high exposure to 

naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene are discussed in Section 6.7, Populations 

with Potentially High Exposures. 

The hemolytic response to naphthalene is enhanced by the presence of inherited erythrocyte G6PD 

deficiency.  Although any human may experience acute hemolysis if exposed to a sufficiently high dose 

of naphthalene, this enzyme deficiency may cause some persons to be unusually sensitive.  The incidence 
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of the deficiency among Caucasians of European origin is relatively low, while there is a higher incidence 

among certain groups of Asians and Middle Eastern populations.  A study of hemolytic anemia in 

African-American children with G6PD deficiency by Shannon and Buchanan (1982) suggests that this is 

a population that may be susceptible to the hemolytic effects of naphthalene exposure.  It was also 

reported that 16% of African-American males are G6PD-deficient (Calabrese 1986).  According to 

Shannon and Buchanan (1982), a syndrome of acute severe hemolysis following exposure to oxidative 

stress is associated with the Mediterranean variant of the deficiency, whereas the hemolytic anemia seen 

in African-Americans is generally mild. 

Results from a recent study indicate that female mice are more susceptible than male mice to lung injury 

from acute parenteral exposure to naphthalene (Van Winkle et al. 2002).  Male and female Swiss-Webster 

mice were given intraperitoneal injections of 0 or 200 mg/kg naphthalene in corn oil, and lungs were 

removed at 1, 2, 3, 6, and 24 hours after treatment.  Acute lung injury was determined by (1) high-

resolution microscopic assessment of differential permeability to fluorescent nuclear dyes in cells along 

the long axis of conducting airway trees of microdissected right middle lung lobes and (2) high-resolution 

histopathology of sections of Karnovsky-fixed left lung lobes.  Clara cell injury occurred in the terminal 

bronchioles of both male and female mice.  Clara cell injury in terminal bronchioles, however, occurred 

earlier, affected cells farther up the airway tree, and showed a different temporal pattern of changes in 

female mice compared with male mice.  Twenty-four hours after injection, Clara cell injury in the lobar 

bronchus of female mice was evidenced by numerous vacuolated cells, whereas normal bronchiolar 

epithelium containing Clara and ciliated cells was found in vehicle-control males and females, as well as 

in exposed male mice.  Assessment of in vitro naphthalene metabolism in microdissected regions of 

airways from male and female mice by high performance liquid chromatography (HPLC) analysis 

indicated that the rate of formation of a dihydrodiol metabolite (1,2-dihydroxy-1,2-dihydronaphthalene) 

was greater in female tissue than in male tissue.  This metabolic difference may be related to the apparent 

gender difference in susceptibility to acute lung injury from naphthalene.  It is unknown whether or not 

the gender difference in susceptibility to acute lung injury is relevant to nasal or lung lesions formed with 

chronic-duration exposure to naphthalene. 

There are no data that indicate whether there are populations that are unusually susceptible to the toxic 

effects of 1-methylnaphthalene or 2-methylnaphthalene. 
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3.11 METHODS FOR REDUCING TOXIC EFFECTS  

This section will describe clinical practice and research concerning methods for reducing toxic effects of 

exposure to naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene. However, because some of the 

treatments discussed may be experimental and unproven, this section should not be used as a guide for 

treatment of exposures to naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene.  When specific 

exposures have occurred, poison control centers and medical toxicologists should be consulted for 

medical advice. The following texts provide specific information about treatment following exposures to 

naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene:   

Kurz JM. 1987.  Naphthalene poisoning:  Critical care nursing techniques.  Dimens Crit Care Nurs 
6:264-270. 

Melzer-Lange M, Walsh-Kelly C.  1989.  Naphthalene-induced hemolysis in a black female toddler 
deficient in glucose-6-phosphate dehydrogenase.  Pediatr Emerg Care 5:24-26. 

Siegel E, Wason S. 1986.  Mothball toxicity.  Pediatr Clin North Am 33:369-374. 

Stutz DR, Janusz SJ. 1988. Hazardous materials injuries:  A handbook for pre-hospital care.  Second 
edition. Beltsville, MD:  Bradford Communications Corporation. 

3.11.1 Reducing Peak Absorption Following Exposure  

If inhalation of naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene has occurred, movement to 

fresh air is recommended.  In cases where a small amount (e.g., one mothball, 0.5–3.6 g) of naphthalene 

has been ingested, measures are implemented to empty the stomach contents.  Syrup of Ipecac, which 

may be used for this purpose, is administered after ingestion to induce vomiting and is most effective if 

initiated within a 2-hour period after exposure (Siegel and Wason 1986).  If large quantities of 

naphthalene have been ingested, syrup-of-ipecac-induced vomiting is usually followed by gastric 

aspiration using a large gauge lavaculator (to remove mothballs) (Kurz 1987).  This will only be of value 

if the naphthalene particles are small enough to be aspirated.  Measures are usually taken to protect the 

respiratory tract from aspiration of gastric contents.  Activated charcoal can be given to bind dissolved 

naphthalene in the gastrointestinal tract.  Further treatment with a cathartic (e.g., magnesium sulfate) to 

speed fecal excretion is recommended (Melzer-Lange and Walsh-Kelly 1989).  Milk or fatty meals 

ingested within 2–3 hours after exposure may increase absorption (Siegel and Wason 1986).  
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In order to reduce absorption of naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene through the 

skin, areas of skin that have come in contact with the compound should be washed with soap and water.  

Application of oil based lotions should be avoided.  If these compounds are splashed into the eyes, 

irrigation with large amounts of water for 15–30 minutes may be useful to wash away unabsorbed 

material (Stutz and Janusz 1988). 

3.11.2 Reducing Body Burden  

Some evidence exists that naphthalene metabolites may be retained in the body in adipose tissue (EPA 

1986g).  Naphthalene was identified in 40% of the samples evaluated for the Human Adipose Tissue 

Survey (EPA 1986g).  Naphthalene metabolites were detected in urine up to 13 days following exposure 

(Mackell et al. 1951). 

The most frequently documented acute toxic effect of naphthalene in humans is red cell hemolysis.  In 

cases of clinically significant hemolysis, accelerated urinary excretion of naphthol metabolites is 

recommended to protect the kidney from products of hemolysis (EPA 1989d).  In cases of renal failure, 

hemodialysis may be effective in controlling extracellular fluid (plasma) composition (EPA 1989d).  It 

should be noted that this method is not very effective in removing lipophilic compounds from blood.  

Ocular effects have also been reported in humans; however, there are no specific treatments for reducing 

the toxic effects on the eyes.  Respiratory effects have been observed in animals but these effects have not 

been reported in humans.  Due to lack of data, it is difficult to speculate regarding the benefits of 

treatments that enhance elimination of naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene and 

their metabolites as a basis for reducing toxic effects. 

3.11.3 Interfering with the Mechanism of Action for Toxic Effects  

Existing data indicate that lung, nose, and eye toxicity may be mediated by reactive metabolites for 

naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene, although the evidence for the involvement 

of reactive metabolites is greater than the evidence for methylnaphthalenes.  More information is needed 

on the bioactivation of naphthalene and transport mechanisms before methods for blocking those 

mechanisms can be developed. 
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Many of the symptoms of acute naphthalene poisoning in humans are a direct consequence of red blood 

cell hemolysis.  Blood transfusions, packed red blood cell transfusions, and exchange transfusions 

(particularly in infants) can be used to replenish the concentration of red blood cells and diminish the 

risks of cellular anoxia (Bregman 1954; Chusid and Fried 1955; MacGregor 1954; Mackell et al. 1951).  

Bicarbonate is also administered to hemolysis patients to increase the alkalinity of the urine and thereby 

minimize deposition of hemoglobin in the kidney tubules (Chusid and Fried 1955; Gidron and Leurer 

1956). 

3.12 ADEQUACY OF THE DATABASE 

Section 104(I)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the 

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether 

adequate information on the health effects of naphthalene, 1-methylnaphthalene, and 2-methyl-

naphthalene is available.  Where adequate information is not available, ATSDR, in conjunction with the 

National Toxicology Program (NTP), is required to assure the initiation of a program of research designed 

to determine the health effects (and techniques for developing methods to determine such health effects) 

of naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene. 

The following categories of possible data needs have been identified by a joint team of scientists from 

ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met would 

reduce the uncertainties of human health assessment.  This definition should not be interpreted to mean 

that all data needs discussed in this section must be filled.  In the future, the identified data needs will be 

evaluated and prioritized, and a substance-specific research agenda will be proposed. 

3.12.1 	 Existing Information on Health Effects of Naphthalene, 1-Methylnaphthalene, and 
2-Methylnaphthalene  

The existing data on health effects of inhalation, oral, and dermal exposure of humans and animals to 

naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene are summarized in Figures 3-6, 3-7, and 3-8, 

respectively. The purpose of this figure is to illustrate the existing information concerning the health 

effects of naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene.  Each dot in the figure indicates 

that one or more studies provide information associated with that particular effect.  The dot does not 

necessarily imply anything about the quality of the study or studies, nor should missing information in  
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Figure 3-6. Existing Information on Health Effects of Naphthalene 
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Figure 3-7. Existing Information on Health Effects of 1-Methylnaphthalene 
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Figure 3-8. Existing Information on Health Effects of 2-Methylnaphthalene 
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this figure be interpreted as a “data need”.  A data need, as defined in ATSDR’s Decision Guide for 

Identifying Substance-Specific Data Needs Related to Toxicological Profiles (Agency for Toxic 

Substances and Disease Registry 1989), is substance-specific information necessary to conduct 

comprehensive public health assessments.  Generally, ATSDR defines a data gap more broadly as any 

substance-specific information missing from the scientific literature. 

Figure 3-6 shows that the database on naphthalene toxicity in humans is not extensive.  There are case 

reports and case series of deaths, acute hemolytic anemia, and ocular effects in humans, but these reports 

lack quantitative information on exposure levels.  Epidemiologic studies designed to examine possible 

associations between intermediate- or chronic-duration human exposure to naphthalene by any route of 

exposure and neoplastic or nonneoplastic health effects are not available.  Animal data on naphthalene 

exist in several areas.  Oral toxicity data are adequate for deriving acute- and intermediate-duration oral 

MRLs, but adequate chronic-duration oral toxicity studies in animals are not available.  Available 

toxicology and carcinogenesis studies of chronic inhalation exposure to naphthalene in rats and mice are 

adequate for deriving a chronic-duration inhalation MRL for naphthalene and assessing the potential 

carcinogenicity of naphthalene, but available acute- and intermediate-duration inhalation toxicity studies 

are not adequate for deriving MRLs.   

Figures 3-7 and 3-8 show that no information was located on the health effects of 1-methylnaphthalene or 

2-methylnaphthalene in humans via inhalation, oral, or dermal exposure.  These figures also reflect that 

data in animals are limited to cancer and toxicity studies of intermediate- and chronic-duration oral 

exposure of mice to 1-methylnaphthalene or 2-methylnaphthalene, a single poorly reported acute 

inhalation exposure study of hematologic end points in dogs exposed by inhalation to 1-methyl-

naphthalene or 2-methylnaphthalene, a study that reported decreased pain sensitivity, but no effects on the 

ability to balance on a rotating rod, in rats exposed for 4 hours by inhalation to 1-methylnaphthalene or 

2-methylnaphthalene, and cancer and toxicity studies of intermediate- and chronic-duration dermal 

exposure of mice to a mixture of 1-methylnaphthalene and 2-methylnaphthalene. 

3.12.2 Identification of Data Needs 

Acute-Duration Exposure.    A number of reports of human exposure to acute inhalation, oral, or 

dermal doses of naphthalene have established the erythrocyte as a toxicity target (Dawson et al. 1958; 

Haggerty 1956; Kurz 1987; Linick 1983; MacGregor 1954; Mackell et al. 1951; Melzer-Lange and 
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Walsh-Kelly 1989; Ojwang et al. 1985; Schafer 1951; Shannon and Buchanan 1982; Valaes et al. 1963).  

However, the data from these reports were not useful in predicting toxic or lethal dose levels by any of 

these routes because the exposure levels were not defined. 

The acute oral toxicity of naphthalene has been studied in animals but there are limited data for acute 

inhalation and dermal exposures.  

The most frequently reported adverse effects associated with acute oral exposure are ocular lesions 

(primarily cataracts).  These have been observed in rabbits (Srivastava and Nath 1969; Van Heyningen 

and Pirie 1967) and rats (Kojima 1992; Murano et al. 1993; Rathburn et al. 1990; Tao et al. 1991; 

Yamauchi et al. 1986) and occur following exposure to high (>500 mg/kg) doses.  Acute oral exposure of 

pregnant rats to naphthalene doses of 150 or 450 mg/kg/day (but not 50 mg/kg/day) during gestation 

produced maternal toxicity including clinical signs (lethargy and prone position) and marked decreases in 

body weight gain (NTP 1991a), but clear effects on the developing fetus have not been found at maternal 

oral doses as high as 450 mg/kg/day in rats (NTP 1991a), 300 mg/kg/day in mice (Plasterer et al. 1985), 

or 120 (NTP 1992b) or 400 mg/kg/day (PRI 1985i,1986) in rabbits.  Slightly reduced numbers of mouse 

pups per litter were observed when naphthalene in corn oil was orally administered to pregnant mice 

(Plasterer et al. 1985); however, no effects were seen when pregnant rabbits were orally administered 

naphthalene at even higher doses but delivered in methylcellulose rather than in an oil vehicle (PRI 1986).  

It is unclear if these differences are due to species differences in sensitivity or to possible differences in 

the effects of the two vehicles on naphthalene absorption.  Effects on liver (Rao and Pandya 1981) and 

lung (Shopp et al. 1984) weights have been reported, but no treatment-related histopathological lesions 

were observed in these acute oral exposure studies. Lethal doses have been identified in mice (Plasterer 

et al. 1985; Shopp et al. 1984) and rats (Gaines 1969). 

The finding of transient clinical signs of toxicity in orally-exposed pregnant rats (NTP 1991a) serves as 

the basis of the acute-duration oral MRL for naphthalene.  The MRL was calculated from a minimal 

LOAEL of 50 mg/kg/day using an uncertainty factor of 90 (3 for the use of a minimal LOAEL, 10 for 

extrapolation from animals to humans, and 3 for human variability). An uncertainty factor of 3 was used 

for human variability because the critical effect is based on effects in a sensitive animal subpopulation.  

Dermal or inhalation developmental toxicity studies in animals are not available.  Pregnant rats appear to 

be more sensitive for the effects observed (clinical signs in response to gavage exposure and decreased 

body weight gain) than nonpregnant rats.  In 13-week gavage studies with nonpregnant rats (NTP 1980b), 

similar persistent clinical signs were not observed following administration of doses as high as 
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200 mg/kg/day, but were observed at 400 mg/kg/day.  In nonpregnant rats exposed for 13 weeks, 

significant body weight decreases occurred at 200 mg/kg/day throughout exposure, but not at 

100 mg/kg/day (NTP 1980b) or in nonpregnant mice exposed for 13 weeks to 133 mg/kg/day (Shopp et 

al. 1984) or 200 mg/kg/day (NTP 1980a).  Mice in the NTP (1980a) study showed transient signs of 

toxicity (lethargy, rough hair coats, and decreased food consumption), but these only occurred between 

weeks 3 and 5 in the 200-mg/kg/day group. 

Data are inadequate for deriving an acute-duration inhalation MRL for naphthalene.  Data are restricted to 

a 14-day (6 hours/day, 5 days/week) range-finding study in B6C3F1 mice (NTP 1992a), which only 

examined hematologic end points and did not histologically examine expected critical toxicity targets 

(lung and nasal cavity epithelial tissue) (NTP 1992a), and a study (West et al. 2001) with Swiss Webster 

mice and Sprague-Dawley rats, which involved single 4-hour exposure periods.  The more recent study, 

however, only histologically examined the lung and did not examine nasal tissue.  A comprehensive 

inhalation study involving an acute repeated exposure scenario and examining the other critical target (the 

nose, based on the findings from chronic mouse and rat bioassays) is not currently available.  Results 

from such a study may be useful for deriving an acute-duration inhalation MRL for naphthalene. 

Hemolysis is the best documented effect of acute naphthalene exposures in humans, but it has not been 

observed in studied strains of rats (F344) or mice (CD-1, B6C3F1).  Dose-response data for hemolysis 

from a susceptible animal species (such as dogs or the Jackson Laboratory hemolytic anemia mouse) may 

be useful to obtain data that could be used for considering changes to the acute-duration oral MRL.  Data 

from both inhalation and oral exposure protocols would be useful.  

No acute-duration studies are available on 1-methylnaphthalene or 2-methylnaphthalene exposure in 

humans using the inhalation, oral, or dermal routes.  Two acute inhalation studies in animals were 

identified. The first study reported that 1-methylnaphthalene (pure) administered in a kerosene aerosol 

was associated with increased reticulocyte and lymphocyte counts in splenectomized dogs and practical 

grade 1-methylnaphthalene was associated with increased leucocyte and neutrophil counts (Lorber 1972).  

Neither grade of 1-methylnaphthalene had any effect on hematocrit values.  None of these parameters 

were affected when 2-methylnaphthalene aerosols were used.  The physiological significance of these 

findings is not apparent and the exposure levels in the study were not clearly specified.  As such, the data 

are not suitable for use in deriving an MRL for 1-methylnaphthalene or 2-methylnaphthalene.  The second 

study measured decreased sensitivity to pain in rats exposed by inhalation for 4 hours to 1-methyl-

naphthalene (44 ppm) or 2-methylnaphthalene (61 ppm), but found no effects on the ability to balance on 
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a rotating rod at exposure levels as high as 70 ppm 1-methylnaphthalene or 90 ppm 2-methylnaphthalene 

(Korsak et al. 1998).  The biological significance of these findings is uncertain, and, in the absence of 

corroborative evidence of acute neurotoxicity, the findings are not suitable for deriving acute inhalation 

MRLs for 1-methylnaphthalene or 2-methylnaphthalene. 

Parenteral studies in animals revealed that a single intraperitoneal injection of 2-methylnaphthalene 

(1,000 mg/kg) was lethal in mice (Griffin et al. 1981).  When a glutathione-depleting agent (diethyl 

maleate) was administered prior to administration of 2-methylnaphthalene, a lower dose of 2-methyl-

naphthalene (400 mg/kg) was also lethal.  A single intraperitoneal injection of 1-methylnaphthalene 

(426 mg/kg) was not lethal in mice (Griffin et al. 1982). Systemic effects have been reported and were 

limited to effects on the respiratory system (Rasmussen et al. 1986).  Exfoliation of the bronchiolar 

epithelium in mice was reported following a single intraperitoneal injection of 2-methylnaphthalene 

(Buckpitt et al. 1986; Griffin et al. 1981, 1983).  A single intraperitoneal injection of 2-methylnaphthalene 

(1,000 mg/kg) did not cause liver or kidney lesions (Griffin et al. 1981, 1983). 

Because populations living near hazardous waste sites might be exposed to 1-methylnaphthalene or 

2-methylnaphthalene for short periods, comprehensive toxicity studies of acute exposure in animals by 

the inhalation and oral routes to determine potential target tissues and dose-related effects would be useful 

in assessing possible health hazards to humans.  The studies would be most useful if they included a 

battery of neurological end points and comprehensive histological examination of nasal and lung tissue. 

Intermediate-Duration Exposure.    Quantitative data were not provided in any intermediate-

duration inhalation case studies of human naphthalene exposure and, in one case, there was simultaneous 

exposure to paradichlorobenzene (Harden and Baetjer 1978; Linick 1983). 

The results from three intermediate-duration oral toxicity studies in animals (two in mice and one in rats) 

identified body weight changes as the most sensitive biologically significant effect on which to base the 

intermediate-duration oral MRL for naphthalene.  Comprehensive intermediate-duration oral toxicity 

studies found no evidence for naphthalene-induced lesions in any tissue or organs in male or female 

Fischer 344 rats exposed to doses up to 400 mg/kg/day (NTP 1980b) or in male or female B6C3F1 mice 

exposed to doses up to 200 mg/kg/day (NTP 1980a).  The only biologically significant effect found in 

these studies was decreased body weight (>10% decreased compared with control values) in rats at doses 

of 200 and 400 mg/kg/day.  The other intermediate-duration oral study (with CD-1 mice) focused on a 

battery of immunologic tests, but did not include comprehensive histopathologic examination of tissues 
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(Shopp et al. 1984).  No biologically significant effects were found except for decreases in weights of 

several organs (brain, liver, and spleen) in mice exposed to 133 mg/kg/day, but not to 53 or 

5.3 mg/kg/day.  The lack of naphthalene-induced lesions in these organs in the NTP (1980a, 1980b) 

studies suggests that the brain, liver, and spleen are not sensitive targets of naphthalene following 

intermediate-duration oral exposure.  Statistically significant changes were reported in several 

hematological parameters, hepatic enzyme activities, and serum chemical parameters (Shopp et al. 1984), 

but these changes are not considered to be biologically significant or adverse.  The acute-duration oral 

MRL was adopted as the intermediate-duration oral MRL for naphthalene, because a potential 

intermediate-duration oral MRL (see Section 2.3 and Appendix A) based on the NOAEL  for decreased 

body weight changes in rats exposed by gavage 5 days/week for 13 weeks (NTP 1980b) was slightly 

larger than the acute MRL value. 

No data were suitable for the development on an intermediate-duration inhalation MRL for naphthalene.   

Intermediate-duration dermal toxicity data are restricted to an report that dermal exposure of male and 

female Sprague-Dawley rats (occluded exposure 6 hours/day, 5 days/week) to technical-grade 

naphthalene at doses up to 1,000 mg/kg/day for 13 weeks did not affect comprehensive ophthalmologic, 

hematologic, serum chemistry, or urinalysis parameters (Frantz et al. 1986).  In addition, exposure did not 

produce increased incidences of histological lesions in 34 tissues that were examined (however, the nasal 

cavity was not included).  The only exposure-related effect found was an increased incidence of 

excoriated skin and papules at the site of exposure at the highest dose level (1,000 mg/kg/day). 

Intermediate-duration studies on 1-methylnaphthalene or 2-methylnaphthalene exposure in humans or 

animals using the inhalation, oral, or dermal routes are restricted to a study that found no pulmonary 

alveolar proteinosis in male or female mice exposed to diets containing up to 1.33% 2-methylnaphthalene 

for 13 weeks (Murata et al. 1997).  The reporting of the experimental protocol and results from this study, 

however, is too limited to reliably use the results as a basis for an intermediate-duration oral MRL for 

2-methylnaphthalene.  New intermediate-duration toxicity studies using the inhalation route of exposure 

may be the most useful to better assess the health hazard of intermediate-duration exposure to 

naphthalene, based on the findings that the alveolar region of the lung is the most sensitive tissue in mice 

chronically exposed to 1-methylnaphthalene or 2-methylnaphthalene in the diet (Murata et al. 1993, 

1997). 
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Chronic-Duration Exposure and Cancer.    There is one report of cataracts occurring in humans 

following chronic-duration inhalation exposure to naphthalene (Ghetti and Mariani 1956) but no 

information on effects from exposures by the oral or dermal routes.  The only studies of cancer in humans 

exposed to naphthalene are two case series reports of cancer; one report of four laryngeal cancer cases (all 

of whom were smokers) among workers in a naphthalene purification plant in East Germany (Wolf 1976, 

1978), and another report of 23 cases of colorectal carcinoma admitted to a hospital in Nigeria (Ajao et al. 

1988). NTP (2002b), EPA (2002b), and IARC (2002) concurred that these studies provide inadequate 

evidence of naphthalene carcinogenicity in humans.  No cohort mortality or morbidity studies or case-

control studies examining possible associations between naphthalene exposure and increased risk of 

cancer (or other health effects) are available. 

There are two comprehensive chronic-duration inhalation toxicology and carcinogenicity studies of 

naphthalene in animals, one in rats (Abdo et al. 2001; NTP 2000) and one in mice (NTP 1992a).  These 

studies identify respiratory tissues as the most sensitive toxicity targets of chronic-duration exposure to 

inhaled naphthalene in animals: nonneoplastic and neoplastic lesions in the nose of rats, nonneoplastic 

lesions in the nose of mice, and nonneoplastic and neoplastic lesions in the lungs of mice.  Exposure-

related lesions in other tissues were not found in these studies.  NTP (2002b) and IARC (2002) concurred 

that these studies provide sufficient evidence of naphthalene carcinogenicity in animals.  The chronic-

duration inhalation MRL for naphthalene is based on the LOAEL of 10 ppm for nonneoplastic lesions in 

the olfactory epithelium and respiratory epithelium of the nose of rats. 

No appropriate studies were located for deriving an MRL for chronic-duration oral exposure to 

naphthalene. One chronic study was located that examined the toxicity of naphthalene in rats (Schmahl 

1955).  No treatment-related effects were reported at a dose level of 41 mg/kg/day for 700 days.  The 

study was not suitable as the basis for deriving a chronic MRL or for assessing carcinogenicity because 

only one dose level was evaluated (apparently below the maximum tolerated dose), histopathological 

examination was limited, and dosing was not precisely controlled. 

New chronic oral or dermal toxicity studies would be useful to better determine the possible 

carcinogenicity and noncancer toxicity of naphthalene via these routes of exposure. 

Epidemiology studies, case reports, or controlled-exposure studies examining the potential health effects 

of human chronic exposure to 1-methylnaphthalene or 2-methylnaphthalene by any route of exposure are 

not available. 
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No chronic-duration studies are available on 1-methylnaphthalene or 2-methylnaphthalene exposure in 

animals using the inhalation routes.   

A chronic-duration study of 1-methylnaphthalene in the diet that identified a LOAEL of 71.6 mg/kg/day 

for the occurrence of pulmonary alveolar proteinosis in mice (Murata et al. 1993) was used as the basis of 

the oral MRL for 1-methylnaphthalene.  A chronic-duration oral study of 2-methylnaphthalene in the diet 

(Murata et al. 1997) that identified a LOAEL of 50.3 mg/kg/day for pulmonary alveolar proteinosis in 

mice was the basis of the chronic oral MRL for 2-methylnaphthalene.  Support for pulmonary alveolar 

proteinosis as the critical effect for the chronic oral MRLs for 1-methylnaphthalene and 2-methyl-

naphthalene comes from dermal chronic-duration studies with methylnaphthalene (a mixture of 1- and 

2-methylnaphthalene), which reported increased incidences of this lesion in mice dermally exposed to 

30 or 119 mg/kg of methylnaphthalene for 30–61 weeks (Emi and Konishi 1985; Murata et al. 1992).  

Increased incidences of lung adenomas were found in several exposed groups in the oral chronic-duration 

studies, but the evidence for carcinogenicity is considered to be limited.  The tumorigenic response was 

predominantly benign and was only consistently seen in male mice exposed to 1-methylnaphthalene.  The 

available data on the methylnaphthalenes appear inadequate to determine the potential carcinogenicity in 

humans.   

A new chronic-duration oral study in rats or another animal species may help to better assess the potential 

carcinogenicity and noncancer toxicity of the methylnaphthalenes.  Because the lung is the most sensitive 

toxicity target of the methylnaphthalenes in mice exposed orally or dermally, it is plausible that chronic 

inhalation exposure may also target the lung. The availability of repeated-exposure inhalation 

carcinogenicity and toxicity studies would help to better determine this possibility. 

Genotoxicity.    As discussed in Section 3.3, results in bacterial mutation assays were predominantly 

negative (see Table 3-4 for citations) with the exceptions that the metabolite, 1,2-naphthoquinone, was 

mutagenic in S. typhimurium without metabolic activation (Flowers-Geary 1996), and naphthalene was 

mutagenic in V. fischeri with metabolic activation (Arfsten et al. 1994).   

Results from a limited number of in vitro eukaryotic genotoxicity assays are mixed.  Negative results 

were obtained for mutations and sister chromatid exchanges in cultured human cells exposed to 

naphthalene, for DNA single strand breaks and unscheduled DNA synthesis in rat hepatocytes, and for 

cell transformation in several types of mammalian cells (see Table 3-3 for citations).  Positive results 
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included increased chromosomal aberrations in Chinese hamster ovary cells and preimplantation whole 

mouse embryos exposed to naphthalene, and increased sister chromatid exchanges in human mononuclear 

leukocytes exposed to 1,2- or 1,4-naphthoquinone and in Chinese hamster ovary cells exposed to 

naphthalene (see Table 3-3 for citations). Other studies in cell-free systems reported that 

1,2-naphthoquinone formed N7 adducts with deoxyguanosine (McCoull et al. 1999) and caused DNA 

strand scission in the presence of NADPH and copper via reactive oxygen species from an 

oxidation/reduction cycle (Flowers et al. 1997).   

In vivo genotoxicity assays with naphthalene are also limited and do not provide consistently negative or 

positive results for naphthalene genotoxicity.  Positive results were obtained for somatic mutations in 

D. melanogaster, micronuclei in salamander larvae erythrocytes, and DNA fragmentation in liver and 

brain tissue from mice and rats orally exposed to naphthalene (see Table 3-3 for citations).  Negative 

results were obtained for micronuclei formation in bone marrow of mice given oral or intraperitoneal 

injections of naphthalene, DNA single strand breaks and unscheduled DNA synthesis in hepatocytes of 

rats given oral doses of naphthalene, and neoplastic transformations in liver cells of partially 

hepatectomized rats given oral doses of naphthalene (see Table 3-3 for citations).   

The available data suggest that genotoxic action by the naphthalene metabolite, 1,2-naphthoquinone, is 

plausible and that the mutagenic/genotoxic potential of naphthalene and its metabolites may be weak.  

Assays of possible genotoxic action in sensitive target tissues of naphthalene in rodents (lung and nasal 

epithelial tissue), however, are not available. New studies examining genotoxic end points in lung and 

nasal epithelial tissue following inhalation exposure to naphthalene would help to better determine the 

potential genotoxicity of naphthalene and it metabolites.  

For the methylnaphthalenes, data in humans are limited to one study that reported no effects on human 

chromosomes in tests evaluating the effects of 1-methylnaphthalene or 2-methylnaphthalene on human 

peripheral lymphocytes in vitro (Kulka et al. 1988). 1-Methylnaphthalene and 2-methylnaphthalene were 

also determined to be nonmutagenic in four strains of S. typhimurium (Florin et al. 1980).  Additional 

mutagenicity studies using an in vivo approach would be useful to better assess the genotoxicity potentials 

of 1-methylnaphthalene and 2-methylnaphthalene. 

Reproductive Toxicity. No information is available on the reproductive effects of naphthalene in 

humans, although the occurrence of hemolytic anemia in the neonates of anemic, naphthalene-exposed 

mothers demonstrates that naphthalene and/or its metabolites can cross the placental barrier (Anziulewicz 
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et al. 1959; Zinkham and Childs 1957, 1958).  Animal studies involving naphthalene exposure during 

gestation reported no reproductive effects in rabbits administered doses of up to 120 mg/kg/day by gavage 

or in rats given doses of up to 450 mg/kg/day, although doses of 150 mg/kg/day and greater were 

maternally toxic to rats.  There was a decrease in the number of live mouse pups per litter with a dose of 

300 mg/kg/day given during gestation (Plasterer et al. 1985) and in vitro studies of naphthalene 

embryotoxicity in the presence of liver microsomes support the concept that naphthalene metabolites may 

be harmful to the developing embryo (Iyer et al. 1991).  No exposure-related lesions in reproductive 

tissues were found in intermediate-duration oral exposure studies in rats (NTP 1980b) and mice (NTP 

1980a) or in chronic inhalation studies in rats (Abdo et al. 2001; NTP 2000) or mice (NTP 1992a).  One-

or two-generation reproductive toxicity studies evaluating reproductive performance variables in male 

and female animals exposed to naphthalene are not available.  Results from such studies may help to 

better determine the potential reproductive toxicity of naphthalene. 

No studies are available on the reproductive toxicity of 1-methylnaphthalene or 2-methylnaphthalene in 

humans or animals following inhalation, oral, or dermal exposure, with the exceptions of the reports that 

81-week oral exposure to 1-methylnaphthalene or 2-methylnaphthalene did not induce lesions in 

reproductive tissues of male or female mice (Murata et al. 1993; 1997).  One- or two-generation 

reproductive toxicity studies evaluating reproductive performance variables in male and female animals 

exposed to 1-methylnaphthalene or 2-methylnaphthalene are not available.  Results from such studies 

may help to better determine the potential reproductive toxicity of the methylnaphthalenes.   

Developmental Toxicity.    There is no information on the potential developmental effects of 

naphthalene in humans, although, as mentioned previously, naphthalene and/or its metabolites can cross 

the placental barrier and cause hemolytic anemia in newborns (Anziulewicz et al. 1959; Zinkham and 

Childs 1957, 1958).  Studies of the developmental effects of orally administered naphthalene in rats (NTP 

1991a), mice (Plasterer et al. 1985), and rabbits (NTP 1992b; PRI 1985i, 1986) have been negative, 

except for a slight nonsignificant increase in fused sternebrae in female rabbit pups from a small number 

of litters at doses of 80 and 120 mg/kg/day (NTP 1992b).  No developmental toxicity studies involving 

inhalation or dermal exposure to naphthalene are available.  The availability of such studies would help to 

better determine the developmental toxicity potential of naphthalene. 

No studies are available on the developmental toxicity of 1-methylnaphthalene or 2-methylnaphthalene in 

humans or animals following inhalation, oral, or dermal exposure.  
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Immunotoxicity.    There have been no comprehensive studies of the immunotoxicity of naphthalene in 

humans exposed by the inhalation, oral, or dermal routes.  The animal oral exposure data indicate that 

naphthalene did not affect humoral or cell-mediated immunity in mice (Shopp et al. 1984).  Minor effects 

on the thymus and spleen were noted in mice and rats (NTP 1980b; Shopp et al. 1984), but in no case 

were animals of both sexes affected.  Because there are few data pertaining to the immunotoxicity of 

naphthalene, a battery of in vitro/in vivo screening assays of immune function may be useful to determine 

whether more detailed and longer-term studies are needed. 

No studies are available on the immunotoxicity of 1-methylnaphthalene or 2-methylnaphthalene in 

humans or animals following inhalation, oral, or dermal exposure.  However, the reported increase in the 

level of monocytes in mice following long-term oral exposure to 1-methylnaphthalene (Murata et al. 

1993) may deserve additional study. As with naphthalene, a battery of in vitro/in vivo screening assays of 

immune function may be useful to determine whether more detailed and longer-term studies are needed. 

Neurotoxicity.    The direct effects of naphthalene on the central nervous system have not been 

investigated in either humans or animals.  Neurotoxic effects seen in humans exposed to naphthalene via 

inhalation or oral exposure may be a consequence of the diminished oxygen-carrying capacity of the 

blood which results from red cell hemolysis (Bregman 1954; Gupta et al. 1979; Kurz 1987; Linick 1983; 

MacGregor 1954; Ojwang et al. 1985; Zuelzer and Apt 1949).  Persistent clinical signs of toxicity 

(lethargy and prone position) were seen in pregnant rats following gavage administration of naphthalene 

at dose levels of 150 or 450 mg/kg/day; at 50 mg/kg/day, the signs were only observed during the first 

2 days of dose administration (NTP 1991a).  Comparable effects were not observed in F344/N rats 

exposed to doses of up to 400 mg/kg/day for 13 weeks or in B6C3F1 mice at doses of up to 

200 mg/kg/day (NTP 1980a, 1980b).  With inhalation exposure, no treatment-related gross or 

histopathological lesions of the brain were observed in mice (NTP 1992a) or rats (Abdo et al. 2001; NTP 

2000) exposed for 2 years to naphthalene concentrations as high as 30 or 60 ppm, respectively.  Clinical 

observations revealed no gross behavioral changes indicative of neurological impairment.  Additional 

studies involving batteries of neurological end points following oral and/or inhalation exposure may help 

to better determine the potential neurotoxicity of naphthalene and explain why pregnant rats appear to be 

more susceptible to the behavioral effects of acute-duration exposures to naphthalene. 

No studies on the neurotoxicity of 1-methylnaphthalene or 2-methylnaphthalene in humans following 

inhalation, oral, or dermal exposure were located with the exception of a single study that found 

decreased sensitivity to pain in rats exposed by inhalation for 4 hours to 1-methylnaphthalene (44 ppm) or 
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2-methylnaphthalene (61 ppm), but no effects on rotarod performance at exposure levels as high as 

70 ppm 1-methylnaphthalene or 90 ppm 2-methylnaphthalene (Korsak et al. 1998).  The biological 

significance of these findings is uncertain. Additional studies involving batteries of neurological end 

points may help to better determine the potential neurotoxicity of the methylnaphthalenes.  

Epidemiological and Human Dosimetry Studies.    A small number of reports have equivocally 

suggested that workers exposed to naphthalene for long periods of time may have an elevated risk of 

cataract development (Ghetti and Mariani 1956; Lezenius 1902).  This information, coupled with the 

cataractogenic effects of naphthalene in orally exposed rats (Kojima 1992; Xu et al. 1992b; Yamauchi 

et al. 1986) and rabbits (Rossa and Pau 1988; Srivastava and Nath 1969; Van Heyningen and Pirie 1967) 

in acute- and intermediate-duration studies, suggests that studies of occupationally-exposed workers 

would help to determine its potential to produce ocular toxicity in humans.  The incidence of tumors, 

anemia, and reproductive problems in this population could be determined at the same time.  Available 

case reports of cancer in naphthalene-exposed humans provide inadequate evidence of naphthalene 

carcinogenicity. Currently, no cohort mortality or morbidity studies or case-control studies examining 

possible associations between naphthalene exposure and increased risk of cancer (or other health effects) 

are available.  If human populations that are specifically and repeatedly exposed to naphthalene can be 

identified, epidemiological studies of these populations may help to better assess the potential chronic-

duration toxicity and carcinogenicity of naphthalene. 

No epidemiological or human dosimetry studies on the effects of 1-methylnaphthalene or 2-methyl-

naphthalene were located.  Exposure to these compounds, particularly through dermal contact or 

inhalation, can occur in workplaces where the compounds are produced or used.  Populations living near 

hazardous waste sites can potentially be exposed by the oral, inhalation, and dermal routes.  If an 

appropriate population can be identified, it may be helpful to conduct epidemiological studies to 

determine if there are toxic effects (particularly on the lungs) resulting from exposure to these substances. 

Biomarkers of Exposure and Effect.     

Exposure. There are methods to determine the presence of naphthalene in adipose tissue and these 

methods have been used in a national monitoring program for the analysis of naphthalene in the adipose 

tissue of the general population (EPA 1986g). Metabolites of naphthalene, such as naphthols and 

naphthoquinones, have been detected in the urine of a patient 4 days after ingestion of naphthalene 

(Zuelzer and Apt 1949), but not in another patient at 17 days after ingestion (Mackell et al. 1951).  
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1-Naphthol is present in the urine of workers occupationally exposed to naphthalene.  Maximum 

1-naphthol levels occurred immediately after the end of the work period and in some cases had returned 

to baseline levels 8 hours later (Bieniek 1994). New techniques have been developed to measure 

cysteinyl adducts formed from reactions of hemoglobin and albumin with reactive metabolites of 

naphthalene (Troester et al. 2002; Waidyanatha et al. 2002).  The adducts are expected to be useful in 

estimating internal doses of these metabolites, and with further development, they may become useful 

biomarkers of exposure.   

Effect. There are no known specific biomarkers of effects for naphthalene, 1-methylnaphthalene, or 

2-methylnaphthalene.  Hemolytic anemia has been frequently associated with human exposure to 

naphthalene, but may also be the result of exposure to other chemicals.  Pulmonary alveolar proteinosis in 

mice has been associated with chronic oral exposure to 1-methylnaphthalene and 2-methylnaphthalene.  

The condition has been described in humans, but has not been associated with human exposure to 

1-methylnaphthalene or 2-methylnaphthalene.  Currently, these effects (hemolytic anemia or pulmonary 

alveolar proteinosis) do not hold promise as specific biomarkers of effect for naphthalene or methyl­

naphthalenes. Identification of specific biomarkers of effect such as particular protein adducts in 

naphthalene-affected target tissues in animals (e.g., nasal epithelium tissue) may be useful to test whether 

similar biomarkers of effect may exist in naphthalene-exposed human populations. 

Absorption, Distribution, Metabolism, and Excretion.    Although human absorption of 

naphthalene has not been quantitatively characterized, case reports indicate that humans can absorb 

toxicologically significant amounts of this compound by the oral, inhalation, or dermal routes (Bregman 

1954; Chusid and Fried 1955; Dawson et al. 1958; Gidron and Leurer 1956; Gupta et al. 1979; Haggerty 

1956; Kurz 1987; Linick 1983; MacGregor 1954; Mackell et al. 1951; Ojwang et al. 1985; 

Santhanakrishnan et al. 1973; Schafer 1951; Shannon and Buchanan 1982; Valaes et al. 1963; Zuelzer 

and Apt 1949). Laboratory animals such as rats, mice, and rabbits also absorb the chemical via their skin 

and gastrointestinal and respiratory tracts (NTP 1992a; Rao and Pandya 1981; Shopp et al. 1984; 

Srivastava and Nath 1969; Turkall et al. 1994; van Heyningen and Pirie 1967). Naphthalene adsorbed to 

organic-rich soils is absorbed across the skin more slowly than naphthalene from organic-poor soils 

(Turkall et al. 1994). The compound apparently partitions between the soil organic carbon and the 

hydrophobic components of the epidermis and dermis.  More information concerning the mechanism of 

absorption (facilitated versus passive transport) across nasal and pulmonary epithelial membranes, the 

gastrointestinal tract, and the skin may be helpful in estimating the effect of dose on absorption 

coefficients and in better determining the effect of the medium of exposure (water, oil, food, etc.) on oral 
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or dermal absorption. Empirical measurements of permeability coefficients for naphthalene in blood or 

air with various tissues from various species may be useful to further develop PBPK models for 

naphthalene. 

As discussed in Sections 3.4.3 and 3.5.2, extensive research on the bioactivation and metabolic 

transformations of naphthalene in mammalian systems has identified several reactive metabolites that are 

potentially responsible for the nasal, pulmonary, and ocular toxicity of naphthalene (1,2-naphthalene 

oxide, 1,2-naphthoquinone, and 1,4-naphthoquinone), but the relative importance of these metabolites in 

affecting these toxicity targets remains uncertain.  Because nasal respiratory and olfactory epithelia are 

the most sensitive targets in rodents following acute or chronic inhalation exposure, better understanding 

of the deposition, absorption, and metabolism of inhaled naphthalene in different regions of nasal 

epithelia, and the degree to which species (particularly rodents and primates) differ in these processes, 

may be useful for decreasing uncertainty in extrapolating human health hazards from data for rodents 

exposed to naphthalene.  In vivo, in vitro, and modeling research approaches are likely to create better 

understanding of these processes, which may also provide explanations for observed species differences 

in response to naphthalene.  For example, both rats and mice developed nonneoplastic nasal lesions 

following chronic inhalation exposure to naphthalene concentrations as low as 10 ppm, but only rats 

developed nasal tumors (Abdo et al. 2001; NTP 1992a, 2000).  Other examples are the findings that in 

vitro rates of epoxide formation from naphthalene in extracts of nasal olfactory tissue showed the order, 

mouse>rat>hamster, but rats were more susceptible to acute nasal injury from naphthalene than mice or 

hamsters (Buckpitt et al. 1992; Plopper et al. 1992a).  Mechanistic explanations for these differences are 

not currently available. 

The most recently developed PBPK models for naphthalene in mice and rats (Willems et al. 2001) do not 

include nasal compartments that metabolize naphthalene and do not include the spontaneous conversion 

of 1,2-naphthalene oxide to 1-naphthol or metabolic transformations to the naphthoquinones. Additional 

toxicokinetic data are needed to further refine these models to include these potentially important 

processes.  Application of such further refined models, and the development of comparable models for 

humans, may be useful to decrease uncertainty in extrapolating dose-response relationships for nasal 

effect in rodents to humans.  

No studies were located on the absorption, metabolism, and excretion of 1-methylnaphthalene in humans 

or animals following inhalation, oral, or dermal exposure.  There was one study of 2-methylnaphthalene 

in guinea pigs (Teshima et al. 1983).  Parenteral studies in animals show that 2-methylnaphthalene is 
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converted to both monohydrated compounds and dihydrodiols (Breger et al. 1981, 1983; Melancon et al. 

1982).  In addition, 2-naphthoic acid and the glycine or the cysteine conjugates were identified in rats 

(Melancon et al. 1982) and guinea pigs (Teshima et al. 1983).  Studies by relevant exposure routes would 

further characterize the toxicokinetics of these compounds and may enhance the understanding of the 

potential risk associated with exposure to these compounds.  

Comparative Toxicokinetics.    Data suggest that there are strain- and species-specific effects 

associated with naphthalene toxicity.  Laboratory animals, such as rats and mice, do not exhibit red cell 

hemolysis after exposure to naphthalene, while humans and dogs do (NTP 1980a, 1980b, 1992a; Shopp et 

al. 1984; Zuelzer and Apt 1949).  Mice and rats both develop nonneoplastic nasal lesions after chronic 

inhalation exposure to naphthalene, but only rats develop nasal tumors, and only mice develop 

nonneoplastic lung lesions or lung tumors (Abdo et al. 2001; NTP 1992a; 2000). There are differences in 

susceptibility to the acute pulmonary toxicity of naphthalene among mice, rats, hamsters, and guinea pigs 

(Buckpitt et al. 2002; Plopper et al. 1992a, 1992b). Differences in the susceptibility of rats and mice, and 

of different mouse strains, to the cataractogenic properties of naphthalene have also been reported (Wells 

et al. 1989). These differences may relate to differences in tissue distribution of specific CYP isoen­

zymes, rates of formation of reactive metabolites, rates of transformation of reactive metabolites to 

nonreactive metabolites, or partitioning of the parent compound or metabolites within and between 

tissues. For example, the difference in susceptibility to the acute pulmonary toxicity of naphthalene 

between mice and rats has been correlated with higher rates of metabolic formation and different 

stereoselectivity of epoxide metabolites in mice compared with rats (Buckpitt et al. 1992; 1995; 2002).  In 

contrast, differences among rat, mice and hamsters in susceptibility to naphthalene-induced nasal lesions 

were not correlated with species differences in rates of epoxide formation from naphthalene in extracts of 

olfactory epithelial tissue (Plopper et al. 1992; see Section 3.5.2).  Further evaluation of these differences 

and comparative studies of distribution and metabolic patterns among species may help to decrease 

uncertainty in extrapolating estimates of human health hazards from data for animals exposed to 

naphthalene. 

There are no data available concerning the toxicokinetics of 1-methylnaphthalene or 2-methylnaphthalene 

in humans following inhalation, oral, or dermal exposure.  There are no data from studies of 1-methyl-

naphthalene in animals, but there are limited data for 2-methylnaphthalene (Breger et al. 1983; Griffin et 

al. 1982; Melancon et al. 1982, 1985; Teshima et al. 1983).  New studies that evaluate toxicokinetic 

parameters in several animal species may be useful to decrease uncertainty in the chronic oral MRLs for 
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1-methylnaphthalene and 2-methylnaphthalene, which are based on the occurrence of pulmonary alveolar 

proteinosis in mice.   

Methods for Reducing Toxic Effects.    Available methods are sufficient for reducing peak 

absorption of naphthalene following ingestion (Melzer-Lange and Walsh-Kelly 1989; Siegel and Wason 

1986; Stutz and Janusz 1988).  No antidotal methods are available that would be useful for treatment of 

naphthalene exposure based on any proposed hypothesis pertaining to the mechanism of action.  

Additional studies to characterize the metabolic activation of naphthalene and the role of circulating 

reactive metabolites from nontarget tissues may be useful in developing methods for interfering with the 

mechanism of action.  Further studies to identify ways to reduce or prevent accumulation of toxic 

metabolites in target tissues may be warranted when mechanisms of naphthalene toxic action are better 

understood. 

There are no compound-specific methods for reducing the toxic effects of 1-methylnaphthalene and 

2-methylnaphthalene.  Additional information on the toxicokinetics and mechanism of action for these 

compounds may be beneficial in identifying possible approaches for reducing compound toxicity. 

Children’s Susceptibility. Data needs relating to both prenatal and childhood exposures, and 

developmental effects expressed either prenatally or during childhood, are discussed in detail in the 

Developmental Toxicity subsection above. 

As discussed in Section 3.7, cases of naphthalene-induced hemolytic anemia in children have been 

frequently reported (Owa 1989; Owa et al. 1993; Santucci and Shah 2000; Valaes et al. 1963).  Newborns 

and infants are thought to be more susceptible than older people because hepatic enzymes involved in 

conjugation and excretion of naphthalene metabolites are not well developed after birth, and children with 

genetically determined G6PD deficiency are thought to be especially susceptible to chemically-induced 

hemolytic anemia (EPA 1987a).  There are no studies that have specifically examined the influence of age 

on naphthalene toxicokinetic capabilities in humans.  Although the availability of such studies may 

increase the understanding of the specific physiological basis for the apparent susceptibility of newborns, 

they are unlikely to be conducted.  Experiments examining the most sensitive targets in animals (see 

below) are likely surrogates. 

Although naphthalene and/or its metabolites can cross the placental barrier (Anziulewicz et al. 1959; 

Zinkham and Childs 1957, 1958), oral-exposure developmental toxicity studies in animals do not provide 



156 NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 

3. HEALTH EFFECTS 

evidence that naphthalene was fetotoxic or impaired fetal development, even at maternally toxic dose 

levels as high as 450 mg/kg/day (NTP 1991a; Plasterer et al. 1985; PRI 1986).  Additional developmental 

toxicity studies in animals with inhalation or dermal exposure would determine if naphthalene exposure 

by these routes represents a greater developmental hazard than oral exposure.  

Neonatal mice (7 days old) appear to be more susceptible than adult mice to lung injury induced by acute 

intraperitoneal injection of naphthalene (Fanucchi et al. 1997).  The mechanistic basis of this difference is 

currently unknown, but does not appear to be explained by differences in CYP catalytic capabilities to 

produce epoxide metabolites, since CYP activities were 2.5 time lower in neonates than in adults.  

Downstream metabolic capabilities, however, were not examined in this study.  Comparison of neonatal 

and adult tissues in these metabolic steps may help to explain this apparent susceptibility of neonatal 

mice. Based on findings that in utero exposure to other CYP-bioactivated chemicals caused Clara cell 

tumors in adult offspring, Fanucchi et al. (1997) postulated that naphthalene exposure during the neonatal 

period may lead to loss of regulatory mechanisms resulting in Clara cell proliferation and tumor 

formation in adult animals.  Direct evidence for naphthalene in support of this hypothesis, however, is not 

available. Additional research may help to determine whether or not in utero or neonatal naphthalene 

exposure will cause increased incidence of lung tumors in adult mice. 

Child health data needs relating to exposure are discussed in Section 6.8.1, Identification of Data Needs:  

Exposures of Children. 

3.12.3 Ongoing Studies 

Dr. Alan Buckpitt and colleagues at the University of California, Davis have been conducting studies in 

several areas related to naphthalene toxicology including (1) identifying specific naphthalene-protein 

adducts in lungs of mice, rats, and Rhesus macaques and characterizing the time course of their 

generation and disappearance; (2) identifying cellular and molecular events involved in the development 

of naphthalene-induced acute lung injury by comparing lung tissue from rodents, Rhesus macaques, and 

humans; and (3) comparing the cellular distribution and catalytic activities of CYP monooxygenases in 

lung tissues from various species. 

Dr. Charles Plopper and colleagues at the University of California, Davis have been conducting studies 

comparing acute naphthalene-induced lung injury in neonatal mice and adult mice and the biochemical 
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effects of in utero or neonatal exposure to lung toxicants on the development of bronchiolar repair 

capabilities. This work is part of an effort to increase understanding of molecular mechanisms involved 

in lung diseases that may originate in childhood exposures. 

Dr. Leena Nylander French and colleagues at the University of North Carolina, Chapel Hill have been 

conducting studies to test the hypothesis that low levels of exposure to benzene or naphthalene can be 

detected using samples of keratinized epidermis removed by tape stripping. 

Dr. Y. Awasthi and colleagues at the University of Texas, Galveston are studying the roles of glutathione 

S-transferases in protecting against ocular cytotoxicity and apoptosis caused by several oxidants, 

including naphthalene. Studies include the use of genetically altered knock-out mice strains, which are 

deficient in specific types of glutathione-S-transferases. 

Dr. Barry Stripp and colleagues at the University of Pittsburgh are studying the role of proliferative cells 

originating from the neuroepithelial body in repair of airway epithelial cell damage in mice exposed to 

ozone or naphthalene. 

Dr. John Markley and colleagues at the University of Wisconsin, Madison are studying the 1-, 2-, and 

3-dimensional molecular structures of toluene 4-monooxygenase, an enzyme that catalyzes NADH- and 

O2-dependent conversion of toluene to p-cresol, as well as the oxidation of numerous hydrocarbons, 

including naphthalene. 
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4.1 CHEMICAL IDENTITY  

Information regarding the chemical identity of naphthalene, 1-methylnaphthalene, and 2-methyl-

naphthalene is located in Table 4-1. 

4.2 PHYSICAL AND CHEMICAL PROPERTIES  

Information regarding the physical and chemical properties of naphthalene, 1-methylnaphthalene, and 

2-methylnaphthalene is located in Table 4-2. 
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Table 4-1. Chemical Identity of Naphthalene, 1-Methylnaphthalene, and 
2-Methylnaphthalene 

Characteristic Naphthalene 1-Methylnaphthalene 2-Methylnaphthalene Reference 
Synonyms 	Tar camphor; 

albocarbon; 
naphthene; 
mothballs; moth-
flakes; white tar; 
and others 

Trade name Caswell No. 
5877® 

Chemical formula C10H8

Chemical structure 

Alpha-methyl-
naphthalene; 
naphthalene, 1-methyl; 
naphthalene, alpha-
methyl 

No data 

C11H10

CH3 

Beta-methyl- HSDB 2004 

naphthalene; 

naphthalene, 2-methyl; 

naphthalene, beta-

methyl 


No data 	 HSDB 2004 


C11H10	 HSDB 2004 
CH3 HSDB 2004 

Identification numbers: 
CAS registry 91-20-3 90-12-0 91-57-6 HSDB 2004 

 NIOSH RTECS QJ0525000 QJ9630000 QJ9635000 NIOSH 1987
 EPA hazardous U165 No data No data HSDB 2004 

waste 
OHM/TADS 7216808 No data No data Agency for 

Toxic 
Substances 
and Disease 
Registry 1995

 DOT/UN/NA/IMCO UN1334, No data No data HSDB 2004 
shipping UN2304, IMCO 

4.1 
HSDB 184 5268 5274 HSDB 2004 
NCI C52904 No data No data HSDB 2004 

CAS = Chemical Abstracts Service; DOT/UN/NA/IMCO = Department of Transportation/United Nations/North 

America/International Maritime Dangerous Goods Code; EPA = Environmental Protection Agency;

HSDB = Hazardous Substances Data Bank; NCI = National Cancer Institute; NIOSH = National Institute for 

Occupational Safety and Health; OHM/TADS = Oil and Hazardous Materials/Technical Assistance Data System; 

RTECS = Registry of Toxic Effects of Chemical Substances
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Table 4-2. Physical and Chemical Properties of Naphthalene, 
1-Methylnaphthalene, and 2-Methylnaphthalene 

1-Methyl- 2-Methyl-
Property Naphthalene naphthalene naphthalene Reference 
Molecular weight 128.19 142.20 142.20 Weast et al. 1985 
Color White Colorless No data Verschueren 1983 
Physical state Solid Liquid Solid Verschueren 1983 
Melting point 80.5 °C -22 °C 34.6 °C Weast et al. 1985 
Boiling point 218 °C 244.6 °C 241 °C Sax and Lewis 1989; 

Weast et al. 1985 
Density at 20 °C 1.145 g/mL 1.0202 g/mL 1.0058 g/mL Weast et al. 1985 
Odor Strong (tar or No data No data HSDB 2004 

mothballs) 
Odor threshold: 

Water  0.021 mg/L 0.0075 mg/L 0.01 mg/L Amoore and Hautala 
1983; HSDB 2004; 
Verschueren 1983 

Air 0.44 mg/m3 No data 0.0581– Amoore and Hautala 
0.2905 mg/m3 1983; Ruth 1986 

Solubility: 
Water at 25 °C 31.7 mg/L 25.8 mg/L 24.6 mg/L EPA 1982e; HSDB 2004

 Organic Soluble in benzene, Soluble in alcohol, Soluble in alcohol, Sax and Lewis 1989; 
solvents alcohol, ether, ether, benzene ether, benzene Weast et al. 1985 

acetone 
Partition coefficients: 
 Log Kow 3.29 3.87 3.86 EPA 1982e; HSDB 1995
 Log Koc 2.97 No data 3.39 EPA 1982e; GDCH 

1992; Kenaga 1980 
Vapor pressure 0.087 mmHg 0.054 mmHg 0.068 mmHg EPA 1982e; HSDB 1995 
Henry’s law 4.6x10-4 atm-m3/mol 3.6x10-4 atm- 4.99x10-4 atm- EPA 1982e; Yaws et al.

3constant m /mol m3/mol 1991 
Autoignition 567 °C 529 °C No data Sax and Lewis 1989 
temperature 
Flashpoint 79 EC (open cup) No data No data Sax and Lewis 1989 
Flammability 0.9–5.9% No data No data HSDB 2004 
limits 
Conversion 1 ppm=5.24 mg/m3 1 ppm=5.91 mg/m3 1 ppm=5.91 mg/m3 Verschueren 1983 
factors 1 mg/m3=0.191 ppm 1 mg/m3=0.17 ppm 1 mg/m3=0.17 ppm 
Explosive limits No data No data No data 
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5.1 PRODUCTION 

Naphthalene may be produced from either coal tar or petroleum.  Distillation and fractionation of coal tar 

is the most common production process.  The middle fraction (containing most of the naphthalene) is 

cooled, crystallizing the naphthalene.  The crude naphthalene may be refined by distillation, washing, and 

sublimation (EPA 1982d; Hughes et al. 1985).  1-Methylnaphthalene and 2-methylnaphthalene are also 

produced from coal tar by first extracting the heteroaromatics and phenols, then filtering off the 

crystallized 2-methylnaphthalene and redistilling the filtrate to yield 1-methylnaphthalene (GDCH 1992; 

Sax and Lewis 1987). 

Since 1960, recovery of naphthalene from petroleum by dealkylation of methyl naphthalenes in the 

presence of hydrogen at high temperature and pressure has become a commercial production process.  

The naphthalene is then recovered by fractionation, decolorized, and purified by crystallization.  

Naphthalene produced from petroleum is about 99% pure.  In the United States, most naphthalene is 

produced from petroleum (EPA 1982d; Hughes et al. 1985). 

The production volume of naphthalene in the United States decreased significantly from a peak of 

900 million pounds (409,000 metric tons) in 1968 to 222 million pounds (101,000 metric tons) in 1994.  

Production capacity has remained relatively stable in recent years, with estimated capacity for 2004 at 

215 million pounds (97,700 metric tons) (Hughes et al. 1985; Mason 1995; SRI 2002). 

There are currently two companies in the United States producing naphthalene: Advanced Aromatics, 

L.P., Baytown, Texas and Koppers Industries, Inc., Follansbee, West Virginia.  Koppers Industries, Inc. 

produces 1-methylnaphthalene; Flint Hills Resources L.P., Corpus Christi, Texas, produces 2-methyl-

naphthalene; and Crowley Chemical Company, Inc., Kent, Ohio and Oklahoma City, Oklahoma, produces 

1-methylnaphthalene/2-methylnaphthalene (mixed isomers) (SRI 2004).  No data on production volume 

of 1-methylnaphthalene or 2-methylnaphthalene were located. 

Table 5-1 lists information on United States companies that reported the manufacture and use of 

naphthalene in 2002 (TRI02 2004).  The Toxics Release Inventory (TRI) data should be used with caution 

since only certain types of facilities are required to report.  TRI is not an exhaustive list.  1-Methyl 
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Table 5-1. Facilities that Produce, Process, or Use Naphthalene 

Number Minimum Maximum 
of amount on site amount on site 

Statea facilities in poundsb in poundsb Activities and usesc 

AK 
AL 
AR 
AZ 
CA 
CO 
CT 
DE 
FL 
GA 
GU 
HI 
IA 
ID 
IL 
IN 
KS 
KY 
LA 
MA 
MD 
ME 
MI 
MN 
MO 
MS 
MT 
NC 
ND 
NE 
NJ 
NM 
NV 
NY 
OH 
OK 
OR 
PA 

9 
79 
36 
12 

141 
21 
16 
12 
28 
36 
4 

16 
32 
2 

96 
76 
40 
53 

117 
15 
20 

7 
70 
25 
35 
44 
20 
34 

8 
9 

65 
12 

3 
31 
97 
46 
21 
87 

1,000 
0 
0 

100 
0 
0 

100 
10,000 

0 
0 
0 

100 
100 

10,000 
0 
0 

100 
0 
0 

1,000 
100 

1,000 
0 

100 
0 
0 

10,000 
0 

100 
0 
0 

1,000 
1,000 

0 
0 

100 
100 

0 

9,999,999 
99,999,999 
49,999,999 

999,999 
10,000,000,000 

9,999,999 
49,999,999 
49,999,999 

9,999,999 
999,999 

9,999,999 
9,999,999 
9,999,999 

999,999 
49,999,999 
49,999,999 

499,999,999 
49,999,999 

499,999,999 
49,999,999 
9,999,999 

49,999,999 
9,999,999 

49,999,999 
9,999,999 
9,999,999 
9,999,999 
9,999,999 
9,999,999 

99,999 
49,999,999 

9,999,999 
999,999 

49,999,999 
49,999,999 
99,999,999 

499,999,999 
49,999,999 

1, 3, 4, 5, 7, 8, 9, 12 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
1, 2, 3, 4, 6, 7, 8, 9, 10, 11, 12, 13, 14 
3, 6, 7, 8, 9, 10, 11, 12 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
1, 2, 3, 5, 6, 7, 8, 9, 10, 12, 13 
2, 3, 6, 7, 8, 9, 10, 11, 12, 13 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 13 
1, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
1, 2, 3, 5, 6, 7, 8, 9, 10, 11, 12, 13 
9, 12 
1, 2, 3, 4, 5, 6, 7, 9, 10, 11, 12, 13, 14 
1, 2, 3, 4, 5, 7, 8, 9, 10, 11, 12, 14 
1, 5, 12 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
1, 2, 3, 4, 6, 7, 8, 9, 10, 11, 12, 13, 14 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
2, 3, 6, 7, 9, 10, 11, 12 
1, 2, 3, 4, 5, 6, 7, 9, 10, 11, 12, 14 
2, 3, 8, 9, 11, 12 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
1, 2, 3, 4, 5, 6, 7, 9, 10, 11, 12, 13, 14 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
1, 3, 4, 5, 6, 7, 8, 9, 10, 12, 13, 14 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
1, 2, 3, 4, 6, 7, 9, 10, 11, 12 
2, 7, 10, 11, 12 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
1, 3, 4, 7, 8, 9, 12, 13 
2, 3, 4, 9, 12 
1, 2, 3, 4, 5, 7, 8, 9, 11, 12, 13 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
1, 2, 3, 5, 6, 7, 8, 9, 10, 12, 13, 14 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
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Table 5-1. Facilities that Produce, Process, or Use Naphthalene 

Number Minimum Maximum 
of amount on site amount on site 

Statea facilities in poundsb in poundsb Activities and usesc 

PR 24 100 
RI 4 1,000 
SC 30 0 
SD 7 100 
TN 48 0 
TX 247 0 
UT 46 0 
VA 35 100 

5 1,000 
VT 1 100,000 
WA 50 0 
WI 30 0 
WV 43 0 
WY 33 0 

99,999,999 
9,999,999 
9,999,999 

999,999 
49,999,999 
99,999,999 
49,999,999 

9,999,999 
49,999,999 

999,999 
499,999,999 

9,999,999 
99,999,999 
49,999,999 

1, 2, 3, 4, 5, 7, 8, 9, 11, 12, 13, 14 
1, 5, 9, 10, 12 
1, 2, 3, 5, 6, 7, 8, 9, 10, 11, 12, 13 
7, 8, 12 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
1, 2, 3, 4, 6, 7, 9, 12 
12 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
1, 2, 3, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 

Source: TRI02 2004 (Data are from 2002) 

aPost office state abbreviations used 
bAmounts on site reported by facilities in each state 
cActivities/Uses: 
1. Produce 6. Impurity 11. Chemical Processing Aid 
2. Import 7. Reactant 12. Manufacturing Aid 
3. Onsite use/processing 8. Formulation Component 13. Ancillary/Other Uses 
4. Sale/Distribution 9. Article Component 14. Process Impurity 
5. Byproduct 10. Repackaging 
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naphthalene and 2-methylnaphthalene are not included in the list of chemicals for which reporting is 

required for the TRI. 

5.2 IMPORT/EXPORT 

In 1978, about 7 million pounds (3,260 metric tons) of naphthalene were imported to the United States 

and 9 million pounds (3,960 metric tons) were exported from the United States (EPA 1982d). More 

recently, imports increased to about 8 million pounds (3,600 metric tons), while exports increased to 

38 million pounds (17,000 metric tons) in 2002 (USITC 2003).  In 1986, 24,400 pounds of 1-methyl-

naphthalene were imported in the United States (HSDB 2004).  No recent information was located for 

1-methylnaphthalene.  No information was located on import or export quantities of 2-methylnaphthalene. 

5.3 USE 

The U.S. consumption of naphthalene was 238 million pounds (108,000 metric tons) in 1996 (Lacson et 

al. 2000; EPA 2002b).  The principal end use for naphthalene is as an intermediate in the production of 

phthalic anhydride (more than 60% of consumption), which is used as an intermediate in the production 

of phthalate plasticizers, resins, phthaleins, dyes, pharmaceuticals, insect repellents, and other materials.  

It is also used in the production of the insecticide carbaryl, synthetic leather-tanning agents and surface 

active agents (naphthalene sulfonates and derivatives, which are used as dispersants or wetting agents in 

paint, dye, and paper-coating formulations), and miscellaneous organic chemicals, including dyes and 

resins. Crystalline naphthalene is also used as a moth repellent.  In 1989, about 12 million pounds 

(5,500 metric tons) of naphthalene were used for this purpose (CEH 1993; HSDB 2004).  Crystalline 

naphthalene has also been used as a solid block deodorizer for diaper pails and toilets (Haggerty 1956).  

Also, in the early 1900s naphthalene was used in medicine as an antiseptic, expectorant, and anthelmintic 

(Grant 1986; Lezenius 1902).  It was commonly administered for diseases of the gastrointestinal tract and 

applied externally for treatment of skin disorders (Lezenius 1902). 

It is anticipated that consumption of naphthalene for phthalic anhydride and production of naphthalene 

sulfonates will increase due to increased demand for these products.  About 15–16 million pounds 

(6,800–7,300 metric tons) of naphthalene were expected to be used for moth repellents by 1994 (CEH 

1993). 
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1-Methylnaphthalene is used in the synthesis of 1-methylnaphthoic acid and, to a lesser degree, as a 

dyeing agent and as a test substance for determining the ignition capability of diesel fuels.  2-Methyl-

naphthalene is used in vitamin K production by oxidation to 2-methyl-1,4-naphthoquinone, which can 

then be reacted to yield phytomenadione (vitamin K). It can also be chlorinated and oxidized to form 

dyes and small amounts in sulfonated form are used as textile aids, wetting agents, and emulators (GDCH 

1992). 

5.4 DISPOSAL 

Naphthalene and waste containing naphthalene are classified as hazardous wastes by EPA.  Generators of 

waste containing this contaminant must conform to EPA regulations for treatment, storage, and disposal 

(see Chapter 8).  Rotary kiln or fluidized bed incineration methods are acceptable disposal methods for 

these wastes (EPA 1988a, 1989e). 

According to the TRI, about 306,345 pounds of naphthalene were transferred off-site, including to 

publicly owned treatment works (POTW) in 2002 (TRI02 2004).  Although data on quantities of 

naphthalene disposed of by various disposal methods in the past were not located, it was estimated that 

about 524,000 pounds (238 metric tons) of naphthalene were disposed of on land and 504,000 pounds 

(229 metric tons) were discharged to POTWs from production and inadvertent sources in 1978 (EPA 

1982d). 

No information was located on disposal methods or quantities of wastes containing 1-methylnaphthalene 

or 2-methylnaphthalene.  However, these chemicals have been detected at hazardous waste sites (see 

Section 6.1). 
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6.1 OVERVIEW 

Naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene have been identified in at least 654, 36, and 

412, respectively, of the 1,662 hazardous waste sites that have been proposed for inclusion on the EPA 

National Priorities List (NPL) (HazDat 2005).  However, the number of sites evaluated for naphthalene, 

1-methylnaphthalene, and 2-methylnaphthalene is not known.  The frequency of these sites can be seen in 

Figures 6-1, 6-2, and 6-3, respectively. Of these sites, 654, 36, and 410, respectively, are located within 

the United States and 0, 0, and 2, respectively, are located in the Virgin Islands (not shown). 

Most of the naphthalene entering the environment is discharged to the air.  The largest releases result 

from the combustion of wood and fossil fuels and the off-gassing of naphthalene-containing moth 

repellents. Smaller amounts of naphthalene are introduced to water as the result of discharges from coal-

tar production and distillation processes.  The coal-tar industry is also a major source of the small 

amounts of naphthalene that are directly discharged to land.  A large amount of naphthalene (often 

considerably more than 1,000 mg/kg) is present in soils contaminated with wastes from manufactured-gas 

plants. 

Naphthalene in the atmosphere is subject to a number of degradation processes, including reaction with 

photochemically produced hydroxyl radicals.  Naphthalene has a short half-life in most natural waters and 

soils because of its tendency to volatilize and biodegrade.  As a consequence of these processes, there is 

little tendency for naphthalene to build up in the environment over time.   

The concentration of naphthalene in air tends to be low in rural areas, but is elevated in urban areas.  The 

highest atmospheric concentrations have been found in the immediate vicinity of specific industrial 

sources and hazardous waste sites. Naphthalene is also a common indoor contaminant in households 

using naphthalene-containing moth repellents or where tobacco is smoked.  Sidestream smoke from one 

cigarette contained 46, 30, and 32 µg of naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene, 

respectively. Levels in water, sediments, and soil tend to be low, except in the immediate vicinity of 

point sources of release, such as chemical waste sites. 
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Figure 6-1.  Frequency of NPL Sites with Naphthalene Contamination 
 
 
 

1-5
6-10
11-20
21-30
31-48
64

Derived from HazDat 2005

Frequency of
NPL Sites



NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 171 
 

6.  POTENTIAL FOR HUMAN EXPOSURE 
 
 

 
 
 
 

 

Figure 6-2.  Frequency of NPL Sites with 1-Methylnaphthalene Contamination 
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Figure 6-3.  Frequency of NPL Sites with 2-Methylnaphthalene Contamination 
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The most likely pathway by which the general public is exposed to naphthalene is by inhalation due to the 

release of this substance from combustion fuels, moth repellents, and cigarette smoke.  The estimated 

average per capita daily intake from ambient air is 19 µg.  Exposure by other routes is not likely. 

High naphthalene exposure levels could occur near industrial sources or chemical waste sites, but the 

extent of such exposure to individuals can only be evaluated on a site-by-site basis.  High naphthalene 

exposure levels could also occur in certain work environments in industries that produce and use 

naphthalene such as wood preserving, tanning, coal distillation, and ink and dye production. 

Based on limited data, potential human exposure to 1-methylnaphthalene or 2-methylnaphthalene is 

expected to be mainly by inhalation from ambient air.  Exposure to these chemicals from tobacco smoke 

is likely. 

1-Methylnaphthalene and 2-methylnaphthalene have also been detected in the environment, particularly 

in air. These are released from many of the same natural and industrial sources as naphthalene 

(combustion of wood and fossil fuels, tobacco smoke, coal distillation), but in smaller quantities.   

Naphthalene has been identified in at least 654 of the 1,662 hazardous waste sites that have been proposed 

for inclusion on the EPA National Priorities List (NPL) (HazDat 2005).  1-Methylnaphthalene has been 

identified in at least 36 of these sites, and 2-methylnaphthalene has been identified in at least 412 of these 

sites. However, the number of sites evaluated for these chemicals is not known. The frequency of the 

sites at which naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene have been identified within 

the United States can be seen in Figures 6-1 through 6-3. 

6.2 RELEASES TO THE ENVIRONMENT 

The TRI data should be used with caution because only certain types of facilities are required to report 

(EPA 1997). This is not an exhaustive list.  Manufacturing and processing facilities are required to report 

information to the Toxics Release Inventory only if they employ 10 or more full-time employees; if their 

facility is classified under Standard Industrial Classification (SIC) codes 20–39; and if their facility 

produces, imports, or processes ≥25,000 pounds of any TRI chemical or otherwise uses >10,000 pounds 

of a TRI chemical in a calendar year (EPA 1997). 
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Most of the naphthalene entering environmental media is from combustion, mainly residential wood 

heating, or from the use of naphthalene in moth repellents.  About 10% of environmental releases are 

attributable to coal production and distillation, while naphthalene production losses contribute <1% of 

environmental releases (EPA 1982d).  Methylnaphthalenes are released from similar sources, including 

fuel combustion and industrial discharges (GDCH 1992).  Smoking tobacco also releases small amounts 

of naphthalene and methylnaphthalenes into the environment. 

6.2.1 Air 

Estimated releases of 2.07 million pounds (940.2 metric tons) of naphthalene to the atmosphere from 

781 domestic manufacturing and processing facilities in 2002, accounted for about 72% of the estimated 

total environmental releases from facilities required to report to the TRI (TRI02 2004).  These releases are 

summarized in Table 6-1. 

Nearly all naphthalene entering the environment is released directly to the air (92.2%).  The largest source 

of emission (more than 50%) is through inadvertent releases due to residential combustion of wood and 

fossil fuels (EPA 1982d).  Naphthalene emissions from unvented kerosene space heaters have been 

reported (Traynor et al. 1990). 

The second greatest contribution comes from the use of naphthalene as a moth repellent (EPA 1982d).  

Because it volatilizes appreciably at room temperature, virtually all of the naphthalene contained in moth 

repellent is emitted to the atmosphere.  Thus, in 1989, about 12 million pounds of naphthalene were 

released to air from moth repellent use (see Section 5.3). 

Naphthalene may also enter the atmosphere during coal-tar production and distillation processes, through 

volatilization processes (aeration) in publicly owned treatment works (POTWs), from the use of 

naphthalene in the manufacture of phthalic anhydride, during the production of naphthalene, and from 

tobacco smoke.  Methylnaphthalenes may be released to air in stack emissions and from fuel combustion, 

forest fires, and tobacco smoke (GDCH 1992; HSDB 2004; IARC 1993).  1-Methylnaphthalene and 

2-methylnaphthalene were reported in jet exhaust at average concentrations of 421 and 430 µg/m3, 

respectively, and in the gas phase of diesel motor exhaust at 1.57 µg/m3 each (GDCH 1992). The smoke 

of an American unfiltered cigarette contains 2.8 µg of naphthalene, 1.2 µg of 1-methylnaphthalene, and  
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Table 6-1. Releases to the Environment from Facilities that Produce, Process, 
or Use Naphthalenea 

Reported amounts released in pounds per yearb 

Total release 
On- and off-

Statec RFd Aire Waterf UIg Landh Otheri 
On-sitej Off-sitek site 

AK 1 52 0 
AL 22 108,624 58 
AR 8 6,113 7 
AZ 1 14 No data 
CA 44 13,482 89 
CO 7 2,106 0 
CT 4 17,579 0 
DE 2 721 0 
FL 15 515,776 5 
GA 13 18,576 0 
GU 1 288 No data 
HI 2 623 20 
IA 11 13,873 0 
IL 42 161,983 88 
IN 35 166,075 526 
KS 11 6,607 16 
KY 20 23,003 840 
LA 51 89,494 1,072 
MA 7 4,948 0 
MD 11 13,018 0 
ME 3 6,208 No data 
MI 26 104,586 0 
MN 4 5,369 0 
MO 20 59,389 6 
MS 8 46,209 277 
MT 4 1,192 8 
NC 11 5,273 21 
ND 4 1,934 2 
NE 1 1,465 No data 
NJ 21 17,753 629 
NM 11 10,637 5 
NV 1 8,075 No data 
NY 19 6,141 0 
OH 47 51,153 37 
OK 10 28,605 299 
OR 3 16,276 0 

0 12 0 52 12 64 
0 221,582 5 295,685 34,585 330,270 
0 42 250 6,120 292 6,412 
0 0 0 14 0 14 
0 17,729 439 28,581 3,158 31,739 
0 0 0 2,106 0 2,106 
0 0 0 17,579 0 17,579 
0 0 0 721 0 721 
0 0 0 515,781 0 515,781 
0 9 0 18,576 9 18,585 
0 0 0 288 0 288 
0 50 0 643 50 693 
0 11 0 13,873 11 13,884 
0 24,504 2,509 162,071 27,013 189,084 

26,140 29,037 17 221,609 186 221,795 
0 2 31,587 6,626 31,587 38,213 
0 323 0 24,103 63 24,166 
3 4,722 0 92,701 2,590 95,291 
0 5 262 4,948 267 5,215 
0 0 0 13,018 0 13,018 
0 0 17 6,208 17 6,225 
0 463 2,040 104,836 2,253 107,089 
0 6 70 5,371 74 5,445 
0 8 84 59,400 87 59,487 
0 0 0 46,487 0 46,487 
0 17 0 1,216 1 1,217 
0 2,405 32 6,981 750 7,731 
0 0 893 1,936 893 2,829 
0 9,853 0 1,465 9,853 11,318 
0 712 5 18,382 717 19,099 
5 0 1,199 10,647 1,199 11,846 
0 0 0 8,075 0 8,075 
0 0 500 6,141 500 6,641 
0 12,718 667 51,198 13,376 64,574 
0 6,801 48 35,327 426 35,753 
0 0 3 16,276 3 16,279 
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Table 6-1. Releases to the Environment from Facilities that Produce, Process, 
or Use Naphthalenea 

Reported amounts released in pounds per yearb 

Total release 

Statec RFd Aire Waterf UIg Landh Otheri 
On-sitej Off-sitek 

On- and off-
site 

PA 55 95,520 643 0 9,646 4,065 96,174 13,700 109,874 
PR 12 1,745 0 0 0 0 1,745 0 1,745 
SC 11 37,030 22,000 0 0 0 59,030 0 59,030 
SD 3 52 No data 0 1 0 52 1 53 
TN 6 4,706 No data 0 260 0 4,706 260 4,966 
TX 127 282,582 738 204,570 11,548 9,282 470,932 37,788 508,720 
UT 8 3,999 5 0 250 0 4,003 250 4,253 
VA 11 1,357 8 0 2 0 1,365 2 1,367 
VI 3 1,667 0 0 25 0 1,667 25 1,692 
VT 1 4 No data 0 0 600 4 600 604 
WA 15 4,840 0 0 1,087 0 5,537 390 5,927 
WI 9 15,802 39 0 1,929 9 15,840 1,938 17,778 
WV 10 85,154 63 0 10,983 110,190 85,221 121,169 206,390 
WY 9 676 No data 0 1 250 677 250 927 
Total 781 2,068,353 27,502 230,718 366,742 165,023 2,551,993 306,345 2,858,337 

Source: TRI02 2004 (Data are from 2002) 

aThe TRI data should be used with caution since only certain types of facilities are required to report.  This is not an 
exhaustive list.  Data are rounded to nearest whole number. 
bData in TRI are maximum amounts released by each facility. 
cPost office state abbreviations are used. 
dNumber of reporting facilities. 
eThe sum of fugitive and point source releases are included in releases to air by a given facility. 
fSurface water discharges, wastewater treatment-(metals only), and publicly owned treatment works (POTWs)

(metal and metal compounds).

g

h
Class I wells, Class II-V wells, and underground injection. 

Resource Conservation and Recovery Act (RCRA) subtitle C landfills; other on-site landfills, land treatment, surface 


impoundments, other land disposal, other landfills. 

Storage only, solidification/stabilization (metals only), other off-site management, transfers to waste broker for 

disposal, unknown 

jThe sum of all releases of the chemical to air, land, water, and underground injection wells. 

kTotal amount of chemical transferred off-site, including to POTWs. 


RF = reporting facilities; UI = underground injection 
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1.0 µg of 2-methylnaphthalene.  Smoke from an equivalently filtered "little cigar" contains 1.2 µg of 

naphthalene, 0.9 µg of 1-methylnaphthalene, and 0.7 µg of 2-methylnaphthalene (Schmeltz et al. 1976). 

As shown in Table 6-1, an estimated total of 2.1 million pounds of naphthalene, amounting to about 72% 

of the total environmental release under the TRI program, was discharged to the air from manufacturing 

and processing facilities in the United States in 2002 (TRI02 2004).  The TRI data should be used with 

caution since only certain types of facilities are required to report.  TRI is not an exhaustive list. 

6.2.2 Water 

Estimated releases of 27.5 thousand pounds (21.5 metric tons) of naphthalene to surface water from 

781 domestic manufacturing and processing facilities in 2002, accounted for about 1% of the estimated 

total environmental releases from facilities required to report to the TRI (TRI02 2004).  These releases are 

summarized in Table 6-1. 

About 5% of all naphthalene entering the environment is released to water (EPA 1982d).  Most of that 

amount is attributable to coal-tar production and distillation processes.  Some naphthalene (about 60%) 

from these sources is discharged directly to surface waters; the remainder is distributed to POTWs.  The 

effluent and oil-spills from the wood-preserving industry is the only other source of consequence that 

releases naphthalene into the nation's waterways,  

Naphthalene was detected in 1.6% of effluent samples reported on the STORET database from 1980 to 

1982 (Staples et al. 1985).  Analysis of STORET data for 1978–1981 indicated that the range of 

detectable naphthalene concentrations in effluents was <1–36,000 µg/L (EPA 1982d).   

The detection of naphthalene and methylnaphthalenes in groundwater in the vicinity of industrial facilities 

and landfills (see Section 6.4.2) (Brown and Donnelly 1988; Rosenfeld and Plumb 1991) indicates that 

these chemicals are released to water from these sources.  Methylnaphthalenes have been detected in 

effluents from industrial sources (GDCH 1992; HSDB 2004).  1-Methylnaphthalene and 2-methyl-

naphthalene were reported in process sewage and production water samples from coal gasification plants 

at concentrations ranging from 78 to 278 µg/L and from 66 to 960 µg/L, respectively (GDCH 1992). 
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As shown in Table 6-1, an estimated total of 27,502 pounds of naphthalene, amounting to about 1.0% of 

the total environmental release, was discharged to surface water from manufacturing and processing 

facilities in the United States in 2002 (TRI02 2004).  An additional 230,718 pounds (8.0% of the total) 

was discharged by underground injection.  The TRI data should be used with caution since only certain 

types of facilities are required to report. 

6.2.3 Soil 

Estimated releases of 366 million pounds reported under the TRI program (166.7 metric tons) of 

naphthalene to soils from 781 domestic manufacturing and processing facilities in 2002, accounted for 

about 12.8% of the estimated total environmental releases from facilities required to report to the TRI 

(TRI02 2004).  An additional 0.231 million pounds (104.8 metric tons), constituting about 8.0% of the 

total TRI environmental emissions, were released via underground injection from facilities required to 

report to the TRI (TRI02 2004).  These releases are summarized in Table 6-1. 

It is estimated that only about 2.7% of the environmental releases of naphthalene are discharged to land 

(EPA 1982d).  Sources include coal-tar production and minor contributions from naphthalene production, 

POTW sludge disposal, and the use of organic chemicals that include naphthalene. 

The residuals produced in gas production by coal carbonization, carbureted water gas production, or oil 

gas production at manufactured gas plants (MGPs) included PAHs (naphthalene, anthracene, 

phenanthrene and benzo[1]pyrene).  These residuals were deposited on site in tar wells, sewers, nearby 

pits, or streams resulting in widespread soil and groundwater contamination (Luthy et al. 1994).   

As shown in Table 6-1, an estimated 366,742 pounds of naphthalene, amounting to about 8.1% of the 

total environmental release, was discharged to land from manufacturing and processing facilities 

producing and using naphthalene in the United States in 2002 (TRI02 2004).  The TRI data should be 

used with caution since only certain types of facilities are required to report. 

No information was located on releases of 1-methylnaphthalene or 2-methylnaphthalene to soil. 
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6.3 ENVIRONMENTAL FATE 

6.3.1 Transport and Partitioning 

Naphthalene released to the atmosphere may be transported to surface water and/or soil by wet or dry 

deposition. Since most airborne naphthalene is in the vapor phase, deposition is expected to be very slow 

(about 0.04–0.06 cm/sec).  It has been estimated that about 2–3% of naphthalene emitted to air is 

transported to other environmental media, mostly by dry deposition (EPA 1982d). 

Naphthalene in surface water may volatilize to the atmosphere.  With a vapor pressure of 0.087 mm Hg at 

25 EC, solubility in water of 31.7 mg/L at 20 EC, and a Henry's law constant of 4.6x10-4 (EPA 1982e), it 

is likely that volatilization will be an important route of naphthalene loss from water.  The rate of 

volatilization also depends upon several environmental conditions, including temperature, wind velocity, 

and mixing rates of the air and water columns (EPA 1982d).  The half-life of naphthalene in the Rhine 

River was 2.3 days, based on monitoring data (Zoeteman et al. 1980).  In an experiment using a 

mesocosm, that simulated Narragansett Bay, the half-life in water was 12 days during winter, with loss 

primarily due to volatilization (Wakeham et al. 1983). 

Log octanol/water partition coefficients (Kow) for naphthalene range from 3.29 to 3.37 and log organic 

carbon coefficients (Koc) range from 2.97 to 3.27 (Bahnick and Doucette 1988; EPA 1982e; Howard 

1989; Klecka et al. 1990; Thomann and Mueller 1987).  These values include both experimentally 

determined and calculated values.  The reported experimentally determined log Koc is 3.11 (Bahnick and 

Doucette 1988). Based on the magnitude of these values, it is expected that only a small fraction (<10%) 

of naphthalene in typical surface water would be associated with particulate matter (Thomann and 

Mueller 1987). Thus, naphthalene discharged to surface waters would remain largely in solution, with 

smaller quantities being associated with suspended solids and benthic sediments.   

Naphthalene is easily volatilized from aerated soils (Park et al. 1990) and is adsorbed to a moderate extent 

(10%) (Karickhoff 1981; Schwarzenbach and Westall 1981).  The extent of sorption depends on the 

organic carbon content of the soil, with rapid movement expected through sandy soils (Howard 1989).  

The estimated soil adsorption coefficient for naphthalene in a soil with <0.6% organic carbon is 

1.8 (Klecka et al. 1990). Because it adsorbs to aquifer material (Ehrlich et al. 1982), naphthalene's 

passage through groundwater will be somewhat retarded. Nevertheless, naphthalene frequently appears in 

effluent drainage from disposal sites (Rittman et al. 1980; Roberts et al. 1980; Schwarzenbach et al. 

1983).  However, sorption of naphthalene to aquifer materials with low organic carbon content (<0.03%) 
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may be enhanced by the presence of nonionic low-polarity organics, such as tetrachloroethene, commonly 

found at hazardous waste sites (Brusseau 1991a).   

Bioconcentration factors (BCFs) for naphthalene have been measured and calculated from the Kow, Koc, or 

water solubility. The values reported for log BCF range from 1.6 to 3 (Banerjee and Baughman 1991; 

Bysshe 1982; Geyer et al. 1982; Kenaga 1980; Southworth et al. 1978; Veith et al. 1979), indicating 

moderate bioconcentration in aquatic organisms.  Naphthalene is reported to be rapidly eliminated from 

invertebrates when the organisms are placed in pollutant-free water (Eastmond et al. 1984; Tarshis 1981), 

and naphthalene is readily metabolized in fish (Howard 1989).  Based on the magnitude of the Kow, 

bioaccumulation in the food chain is not expected to occur (Thomann 1989). However, naphthalene 

exposure of cows and chickens could lead to the presence of naphthalene in milk and eggs (Eisele 1985). 

Limited data were located on transport and partitioning of methylnaphthalenes in the environment.  The 

respective vapor pressures (0.054 and 0.068 mmHg), water solubilities (25.8 and 24.6 mg/L), and Henry's 

law constants (3.60x10-4 and 4.99x10-4 atm-m3/mol) for 1-methylnaphthalene and 2-methylnaphthalene 

are of similar magnitude to these properties for naphthalene (HSDB 2004; Yaws et al. 1991).  Thus, it is 

likely that loss of methylnaphthalenes from ambient water occurs by volatilization.  In a mesocosm 

experiment, that simulated Narragansett Bay, the half-life of 2-methylnaphthalene in water was 13 days in 

winter, with loss primarily due to volatilization (Wakeham et al. 1983).  Based on the magnitude of log 

Kow for 1-methylnaphthalene and 2-methylnaphthalene (3.87 and 3.86, respectively) (HSDB 2004) and 

the experimental log Koc for 2-methylnaphthalene (3.93) (Bahnick and Doucette 1988), these chemicals 

may partition similarly to naphthalene in environmental media and are expected to be slightly mobile to 

immobile in soils (HSDB 2004).  Log BCFs calculated for 2-methylnaphthalene range from 2 to 

2.8 (Kenaga 1980) and measured log BCFs for 1-methylnaphthalene and 2-methylnaphthalene in oysters 

ranged from 2.7 to 4.1 (GDCH 1992).  Methylnaphthalenes are also metabolized and excreted rapidly by 

fish and shellfish when they are removed from polluted waters (Breger et al. 1981; GDCH 1992). 

6.3.2 Transformation and Degradation  

6.3.2.1 Air 

The most important atmospheric removal process for naphthalene is reaction with photochemically 
3produced hydroxyl radicals (Howard 1989).  The rate for this reaction is 2.17x10-11 cm /molecule-sec 

(Atkinson et al. 1987) and the atmospheric half-life for naphthalene based on this reaction is <1 day.  The 
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major products of this reaction are 1- and 2-naphthol and 1- and 2-nitronaphthalene (Atkinson et al. 

1987).  Naphthalene also reacts with N2O5, nitrate radicals, and ozone in the atmosphere (Atkinson et al. 

1984, 1987) and photolysis is expected to occur, although no experimental data were located (Howard 

1989). 

Methylnaphthalenes also react with hydroxyl radicals.  The reported rate constants are 5.30x10-11 and 

5.23x10-11 cm3/molecule-sec for 1-methylnaphthalene and 2-methylnaphthalene, respectively.  Based on 

an atmospheric hydroxyl radical concentration of 1x106/cm3, the corresponding atmospheric half-lives are 

3.6 and 3.7 hours (GDCH 1992).  Reactions of 1-methylnaphthalene and 2-methylnaphthalene with 

N2O5 radicals have half-lives of 24 and 19 days, respectively (GDCH 1992).  These chemicals also react 

with atmospheric ozone. 

6.3.2.2 Water 

Naphthalene and methylnaphthalenes are degraded in water by photolysis and biological processes.  The 

half-life for photolysis of naphthalene in surface water is estimated to be about 71 hours, but the half-life 

in deeper water (5 m) is estimated at 550 days (Zepp and Schlotzhauer 1979).  The half-lives for 

photolysis of 1-methylnaphthalene and 2-methylnaphthalene were estimated at 22 and 54 hours, 

respectively (GDCH 1992). 

Biodegradation of naphthalene is sufficiently rapid for it to be a dominant fate process in aquatic systems 

(Tabak et al. 1981).  Data on biodegradation of naphthalene in biodegradability tests and natural systems 

suggest that biodegradation occurs after a relatively short period of acclimation (rapidly, half-life about 

7 days] in oil-polluted water) and the biodegradation rate increases with the naphthalene concentration.  

The biodegradation occurs slowly (half-lives up to 1,700 days) in unpolluted water (Herbes 1981; Herbes 

and Schwall 1978; Herbes et al. 1980; Howard 1989; Kappeler and Wuhrmann 1978).  Reported 

biodegradation half-lives range from 3 to 1,700 days in various water systems (Howard 1989).  In a static-

flask-screening test, naphthalene showed rapid acclimation and 100% loss from the test medium in 7 days 

(Tabak et al. 1981). In an experiment with Narragansett Bay seawater, the half-life of naphthalene in late 

summer was reported at 0.8 days, mainly due to biodegradation (Wakeham et al. 1983).  The half-life of 

2-methylnaphthalene was 0.7 days in the same experiment. 
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Methylnaphthalenes are biodegraded under aerobic conditions after adaptation.  The highest degradation 

rates were reported in water constantly polluted with petroleum (GDCH 1992). 

6.3.2.3 Sediment and Soil 

Naphthalene biodegradation rates are about 8–20 times higher in sediment than in the water column 

above the sediment (Herbes and Schwall 1978).  Half-lives reported in sediment include 4.9 hours and 

>88 days in oil-contaminated and uncontaminated sediment, respectively (Herbes and Schwall 1978), 

9 days in sediment near a coal-coking discharge (Herbes 1981), 3, 5, and >2,000 hours in sediments with 

high, medium, and low PAH levels, respectively (Herbes et al. 1980), and ranging from 2.4 weeks in 

sediments exposed to petroleum hydrocarbons to 4.4 weeks in sediments from a pristine environment 

(Howard 1989).  Methylnaphthalenes biodegrade more slowly.  Reported half-lives in sediments were 

46 weeks for 1-methylnaphthalene and ranged from 14 to 50 weeks for 2-methylnaphthalene (GDCH 

1992). 

In soils, biodegradation potential is important to biological remediation of soil. Studies on biodegradation 

of PAHs suggest that adsorption to the organic matter significantly reduces the bioavailability for 

microorganisms, and thus the biodegradability, of PAHs, including naphthalene (Heitzer et al. 1992; 

Weissenfels et al. 1992).  There is considerable variability in reported naphthalene soil half-lives.  The 

estimated half-life of naphthalene reported for a solid waste site was 3.6 months (Howard 1989).  In less 

contaminated soils, more rapid biodegradation is expected to occur (Howard 1989).  In soils with 0.2– 

0.6% organic carbon and 92–94% sand, the half-lives were 11–18 days (Klecka et al. 1990).  In another 

study, sandy loams with 0.5–1% organic carbon had naphthalene half-lives of 2–3 days (Park et al. 1990). 

Biodegradation is accomplished through the action of aerobic microorganisms and declines precipitously 

when soil conditions become anaerobic (Klecka et al. 1990).  Studies indicate that naphthalene 

biodegrades to carbon dioxide in aerobic soils, with salicylate as an intermediate product (Heitzer et al. 

1992). 

Abiotic degradation of naphthalene seldom occurs in soils.  In one study only about 10% of the 

naphthalene added to two soil samples treated with mercuric chloride to kill microorganisms was 

degraded over a 105- or 196-day period (Park et al. 1990). 
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In contaminated subsurface soils often found at former MGP sites, naphthalene is present as a component 

coal tar, a dense nonaqueous-phase liquid (DNAPL).  It may exist in the subsurface in the form of trapped 

pools of organic liquid or as immobilized macroporous ganglia.  Slow dissolution of naphthalene and 

other PAHs from DNAPLs into the aqueous phase causes them to be unavailable to the microorganism, 

thus resulting in the dissolution of the PAHs being the rate-limiting step in their biodegradation (Thomas 

et al. 1986). Using phenanthrene as a test substance, Birman and Alexander (1996) showed that the 

viscosity of the NAPL may reflect a slower diffusion of the aromatic substrate in the more viscous 

NAPLs and its subsequent slower mass transfer to water.  Ghoshal and Luthy (1996) demonstrated that a 

very large fraction of naphthalene can be biodegraded from an accessible coal-tar-NAPL (free flowing) 

by microorganisms in bioslurry systems.  Metabolically active microflora were detected beneath the water 

table at a former MGP sites from 2.6 to 30.8 m below the ground surface.  The subsurface micorflora 

appeared to be acclimated to the presence of PAHs and were found to mineralize naphthalene (8–55%) in 

sediment-water microcosms under aerobic conditions.  Naphthalene biodegradation half-lives ranged 

from 18 to 480 days (Durrant et al. 1994). 

Naphthalene remaining in soil for extended periods of time was shown to become less available to 

bacteria and earthworms (Kelsey and Alexander 1997). 

The behavior of 1-methylnaphthalene in sandy loam was very similar to that of naphthalene.  1-Methyl-

naphthalene was easily volatilized from aerated soil, and the biodegradation half-life averaged between 

1.7 and 2.2 days (Park et al. 1990).  No data were identified on the biodegradation of 2-methyl-

naphthalene in soil.   

6.4 LEVELS MONITORED OR ESTIMATED IN THE ENVIRONMENT  

Reliable evaluation of the potential for human exposure to naphthalene, 1-methylnaphthalene, and 

2-methylnaphthalene depends in part on the reliability of supporting analytical data from environmental 

samples and biological specimens.  Concentrations of naphthalene, 1-methylnaphthalene, and 

2-methylnaphthalene in unpolluted atmospheres and in pristine surface waters are often so low as to be 

near the limits of current analytical methods.  In reviewing data on naphthalene, 1-methylnaphthalene, 

and 2-methylnaphthalene levels monitored or estimated in the environment, it should also be noted that 

the amount of chemical identified analytically is not necessarily equivalent to the amount that is 
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bioavailable. The analytical methods available for monitoring naphthalene, 1-methylnaphthalene, and 

2-methylnaphthalene in a variety of environmental media are detailed in Chapter 7. 

6.4.1 Air 

Naphthalene has been reported in ambient air at several locations in the United States.  The average 

reported concentration for 67 samples was 5.19 µg/m3, with most (60) of the samples and the highest 

concentrations at source-dominated locations (EPA 1988g).  A median naphthalene level in urban air in 

11 U.S. cities of 0.94 µg/m3 has been reported (Howard 1989).  An average naphthalene concentration of 

170 µg/m3 in outdoor air was reported in a residential area of Columbus, Ohio (Chuang et al. 1991), and 

naphthalene was measured in ambient air in Torrance, California at a concentration of 3.3 µg/m3 (Propper 

1988).  Average naphthalene concentrations ranging from 10 to 888 ng/m3 were measured in several sites 

in Phoenix and Tucson, Arizona from 1994 to 1996 (Zielinska et al. 1998).  A mean naphthalene 

concentration of 0.129 ng/m3 was detected in ambient air at the Mississippi Sandhill Crane National 

Wildlife Refuge, Jackson County from May to September 1991 (White and Hardy 1994). 

Average naphthalene concentrations detected in ambient air at five hazardous waste sites and one landfill 

in New Jersey ranged from 0.42 to 4.6 µg/m3 (LaRegina et al. 1986). 

Naphthalene concentrations in indoor air may be higher than outdoors, with reported average indoor 

concentrations in various areas of homes ranging from 0.860 to 1,600 µg/m3 (Chuang et al. 1991; Hung et 

al. 1992; Wilson et al. 1989).  However, based on a careful analysis of Chuang et al. (1991), the reported 

upper range value may be in error.  A more representative upper limit concentration for indoor air may be 

32 µg/m3, recorded in buildings in heavily trafficked urban areas of Taiwan (Hung et al. 1992).  

Concentrations of naphthalene detected in indoor and outdoor air measured in 24 low-income homes in 

North Carolina ranged from 0.33 to 9.7 and from 0.57 to1.82 µg/m3 respectively (Chuang et al. 1999).  In 

homes with smokers, indoor and outdoor air concentrations were measured to be 2.2 and 0.3 µg/m3, 

respectively. Comparable values in homes without smokers were 1.0 and 0.1 µg/m3, respectively (EPA 

1991e; IARC 1993).  The average reported concentration of naphthalene inside automobiles in commuter 

traffic is about 4.5 µg/m3 (Lofgren et al. 1991).   

Naphthalene has also been detected in air in industrial facilities.  Reported naphthalene vapor levels 

ranged from 11 to 1,100 µg/m3 in a coke plant and from 0.72 to 310 µg/m3 in an aluminum reduction plant 
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(Bjorseth et al. 1978a, 1978b). Reported particulate levels for the same facilities ranged from nondetected 

to 4.4 µg/m3, and from 0.9 to 4 µg/m3, respectively. 

Naphthalene has been detected in the emissions from motor vehicles.  Mean concentrations of 104.3, 

31.9, and 54.1 µg/m3 of naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene, respectively, were 

measured in the air samples collected from the Caldecott Tunnel located in San Francisco (Zielinska and 

Fung 1994).  Mean concentrations of 1,709, 131, and 162.5 mg/m3 of naphthalene, 1-methylnaphthalene, 

and 2-methylnaphthalene, respectively, were measured in the air samples collected from the Van Nuys 

Tunnel in Los Angeles (Fraser et al. 1998a).  Mean concentration ranges of 0–589.2, 0–188.6, and 0– 

333.3 µg/m3 of naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene, respectively, were measured 

in the air samples collected from the Fort McHenry Tunnel in Baltimore.  Mean concentration ranges of 

16.2–68.9, 9.4–20.0, and 21.9–35.7 µg/m3 of naphthalene, 1-methylnaphthalene, and 2-methyl-

naphthalene, respectively, were measured in the air samples collected from the Tuscarora Tunnel on the 

Pennsylvania Turnpike (Zielinska et al. 1996).  Average concentrations of 137–1714, 92–1,458, and 154– 

2,129 ng/m3 of naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene, respectively, were detected 

during various flight related and ground-support activities of C-130H aircraft at an Air National Guard 

base (Childers et al. 2000).  

Shauer et al. (2002) compared the tailpipe emissions of catalyst- and noncatalyst-converter-equipped 

motor vehicles.  Approximately 1,000 µg/km-1 of naphthalene and 2-methylnaphthalene and 500 µg/km-1 

of 1-methylnaphthalene were detected in the catalyst-equipped vehicles.  Approximately 50,000 µg/km-1 

of naphthalene and 2-methylnaphthalene and 30,000 µg/km-1 of 1-methylnaphthalene were detected in the 

noncatalyst converter-equipped vehicles. 

1-Methylnaphthalene and 2-methylnaphthalene have been reported in ambient air at average 

concentrations of 0.51 and 0.065 µg/m3, respectively (EPA 1988g).  Most of the data reported are from 

source-dominated areas, where the highest concentrations were detected.  Methylnaphthalene (isomer not 

specified) was detected (concentration not reported) in ambient air at a hazardous waste site in New 

Jersey (LaRegina et al. 1986).  2-Methylnaphthalene was also reported in indoor air at an average 

concentration of 1.5 µg/m3 (EPA 1988g). 
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6.4.2 Water 

Naphthalene has been detected in surface water and groundwater in the United States.  An analysis of 

1980–1982 data from the STORET database indicates that naphthalene was detectable in 7% of 

630 ambient water samples (Staples et al. 1985).  The median concentration for all samples was <10 µg/L.  

Analysis of earlier (1978–1980) STORET data for naphthalene showed concentrations in positive samples 

ranging from 0.005 to 17 µg/L (EPA 1982d).  Naphthalene was also detected in 11% of 86 urban runoff 

samples at concentrations ranging from 0.8 to 2.3 µg/L (Cole et al. 1984).  In a study of contaminants of 

an urban watershed of Chesapeake Bay, naphthalene was detected in the northeast and northwest 

branches of Anacostia River (an urban watershed of Chesapeake Bay) at a concentration range of 0.18– 

21.6 ng/L.  2-Methylnaphthalene was also detected at a concentration of 0.57–62.7 ng/L (Foster et al. 

2000).  The mean concentration of naphthalene found in the water samples taken from 31 freshwater and 

estuarine sites adjacent to, nearby, or downstream from potential pollutant sources in Florida was 

33 mg/L (Miles and Delfino 1999). 

Naphthalene was detected in fewer than 5% of the 208 wells sampled from a variety of urban setting 

across the United States (Koplin et al. 1997).  Naphthalene was detected in 3% of the samples taken from 

urban and rural wells from 1985 to 1995 (Squillace et al. 1999). 

Naphthalene is rarely detected in drinking water.  Naphthalene was reported in drinking water supplies in 

one area in the United States at levels up to 1.4 µg/L (EPA 1982d).  Low levels of naphthalene, 1-methyl-

naphthalene, and 2-methylnaphthalene were detected in drinking water samples taken from a chlorine 

dioxide disinfection pilot plant in Evansville, Indiana.  These compounds were identified as organic 

disinfection byproducts produced by chlorine dioxide treatment (Richardson et al. 1994). 

Naphthalene and 2-methylnaphthalene were detected in groundwater at five wood treatment facilities 

(Rosenfeld and Plumb 1991).  Naphthalene was reported in 35% of samples at all five sites at an average 

concentration of 3,312 µg/L.  2-Methylnaphthalene was reported in 27% of samples at four sites at an 

average concentration of 563 µg/L. Naphthalene was reported in leachate or groundwater plume from 

industrial and municipal landfills at concentrations ranging from <10 to 18.69 mg/L and from 0.11 to 

19 mg/L, respectively.  The methylnaphthalene (isomer not specified) concentration reported at a 

municipal landfill was 0.033 mg/L (Brown and Donnelly 1988).  Naphthalene was detected in the 

groundwater in 12.7% of the 479 U.S. waste disposal sites (Barbee 1994).  Naphthalene was also reported 

in the leachate of a household hazardous waste disposal in sanitary landfill.  The 4-year mean 
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concentrations of naphthalene ranged from 128.9 to 496.6 µg/L (Kinman et al. 1995). Naphthalene, 

1-methylnaphthalene, and 2-methylnaphthalene have been detected in groundwater at gas Works Park, 

Seattle, Washington, in the range of 0.02–12, 0.02–1.1, and 0.03–1.4 mg/L, respectively (Turney and 

Goerlitz 1990). Gas Works Park is located on the site of a coal and oil gasificaton plant that ceased 

operation in 1956. 

1-Methylnaphthalene and 2-methylnaphthalene were reported in an urban snow-pack in Michigan at 

concentrations of <0.05–0.177 and <0.05–0.251 µg/L, respectively (Boom and Marsalek 1988). 

Naphthalene has been reported at a mean concentration of 6.3 ng/L in seawater in the south Atlantic 

Ocean (Cripps 1992). 

6.4.3 Sediment and Soil 

Naphthalene and methylnaphthalenes have been reported at low concentrations in uncontaminated soils 

and sediments and at higher concentrations near or within sources of contamination.  Naphthalene has 

been reported in untreated agricultural soils at levels ranging from 0 to 3 µg/kg (Wild et al. 1990).  

Naphthalene was detected in urban soil samples taken from Boston, Massachusetts, Providence, Rhode 

Island, and Springfield, Massachusetts at a mean concentration of 0.125 mg/kg (Bradley et al. 1994).  

Reported naphthalene concentrations in contaminated soils included 6.1 µg/g in coal-tar contaminated soil 

(Yu et al. 1990), 16.7 mg/kg in soil from a former tar-oil refinery (Weissenfels et al. 1992) and up to 

66 µg/kg in sludge-treated soils (Wild et al. 1990).  Methylnaphthalenes (isomer not specified) were 

reported at a concentration of 2.9 µg/g in coal-tar contaminated soil (Yu et al. 1990).  Hawthrone et al. 

have reported concentration of naphthalene to be 48 mg/kg in the soil from an unspecified manufactured 

gas plant in Midwestern United States (Hawthrone et al. 2001). Naphthalene and 2-methylnaphthalene 

have been detected in groundwater at Gas Works Park, Seattle, Washington, in the range of 0–46 and 0– 

6.3 mg/L, respectively (Turney and Goerlitz 1990). Gas Works Park is located on the site of a coal and 

oil gasificaton plant that ceased operation in 1956. 

Naphthalene was reported as detectable in 7% of 267 sediment samples entered into the STORET 

database (1980–1982), with the median concentration for all samples of <500 µg/kg (Staples et al. 1985).  

Another analysis of STORET data indicated that concentrations in positive sediment samples ranged from 

0.02 to 496 µg/kg (EPA 1982d).  Naphthalene and methylnaphthalenes (isomers not specified) were 
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detected in contaminated and noncontaminated estuarine sediments (Brooks et al. 1990).  Average 

concentrations of naphthalene detected in samples taken at 10 and 25 miles from an offshore coastal 

multiwell drilling platform were 54.7 and 61.9 µg/kg, respectively while concentrations of methyl­

naphthalenes were 50.4 and 55.3 µg/kg, respectively. Naphthalene and methylnaphthalenes 

concentrations in nearby noncontaminated estuarine sediments were 2.1 and 1.9 µg/kg, respectively. 

Naphthalene was detected in 7% of 496 streambed sediment sites across the United States tested for the 

presence of semivolatile organic compounds.  The maximum concentration of naphthalene measured was 

4,900 µg/kg dry weight (Lopes and Furlong 2001). Concentration of naphthalene detected decreased 

from 33 to 2.1 ng/g dry weight with increasing depth (0–148 cm) in the sediment core in Richardson Bay 

and from 18–4.1 ng/g dry weight with increasing depth (0–239 cm) in the sediment core in San Pablo Bay 

(Pereira et al. 1999).  These bays are located in the San Francisco Bay which is the larges urbanized 

estuary on the west coast of the United States. 

6.4.4 Other Environmental Media 

Naphthalene is not generally reported in fish, but has been detected in shellfish in the United States.  

Naphthalene was not detected in 83 biota samples (median detection limit 2.5 mg/kg) reported from 

1980–1982 in the STORET database (Staples et al. 1985).  Reported naphthalene concentrations ranged 

from 5 to 176 ng/g in oysters, from 4 to 10 ng/g in mussels, and from <1 to 10 ng/g in clams from U.S. 

waters (Bender and Huggett 1989).  In shore crabs collected from the San Francisco Bay area, average 

naphthalene concentrations were 7.4 ng/g (Miles and Roster 1999).  Naphthalene constituted 75–80% of 

total polyaromatic hydrocarbons (PAHs) found in the muscle, liver, and gonads of American plaice and 

yellow tail flounder caught off the coast of Newfoundland (Hellou and Warren 1996).  Naphthalene and 

methylnaphthalene (isomer not specified) were detected in the muscle (1.5–3.1 ng/g wet weight), kidney 

(1.4–4.3 ng/g wet weight), liver (1.4–4.7 ng/g wet weight), and blubber (8.3–23.5 ng/g wet weight) of 

harp seals caught in southern Labrador on the eastern coast of Canada (Zitko et al. 1998).  Naphthalene 

and methylnaphthalenes (isomer not specified) were detected at concentrations of 7.15 and 65.11 µg/kg of 

salmon tissue, respectively, and at 12.9 and 17.3 µg/kg of mussels, respectively. Both the salmon and 

mussels were caught in Exxon Valdez spill affected Snug Harbor in the Prince William Sound (Neff and 

Burns 1996).  Methylnaphthalenes have occasionally been detected in fish from polluted waters.  

2-Methylnaphthalene was reported at concentrations ranging from 0.4 to 320 µg/g in fish from Ohio 

waters, but neither isomer of methylnaphthalene was detected in muscle tissue of fish from polluted areas 

of Puget Sound (GDCH 1992).  Methylnaphthalenes were also detected in oysters in Australia at <0.3– 
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2 µg/g. Naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene were detected at mean 

concentrations of 1.98, 0.96, and 1.98 ng/g, respectively, in farmed salmon and at 2.15, 1.53, and 

2.93 ng/g, respectively, in wild salmon from the Pacific coast (Easton et al. 2002).   

Naphthalene was detected in 2 of 13,980 samples of foods analyzed in six states (Minyard and Roberts 

1991).  In a Lower Rio Grande Valley environmental study, naphthalene (median concentration, 

2.159 µg/kg body weight) was detected in five of the nine duplicate-diet samples (Berry et al. 1997).  

Naphthalene (1–7 µg/kg) was also detected in fresh tree-ripened apricots, plums, and their interspecific 

hybrids (Gomez et al. 1993).  Naphthalene concentrations from vegetables grown in an industrial area of 

Thessaloniki, Greece were measured to be 0.37–15 µg/kg dry weight in cabbage; 8.9–30 µg/kg dry weight 

in carrots; 6.3–35 µg/kg dry weight in leeks; 4.9–53 µg/kg dry weight in lettuce; and 27–63 µg/kg dry 

weight in endive (Kipopoulou et al. 1999).  Naphthalene was among the volatile organic compounds 

identified in whole and ground sorghum (Seitz et al. 1999).   

Naphthalene levels in sterilized milk drinks contained in low-density polyethylene (LDPE) bottles were 

shown to be low (0.02 µg/mL) at the time of purchase, increasing to 0.1 µg/mL 30 days later, and 

averaging 0.25 µg/mL at the expiration date of the milk (Lau et al. 1994).  Residual naphthalene present 

in the LDPE packaging was hypothesized to be the source of naphthalene contamination.  A later study by 

the same authors observed that the level of naphthalene in LDPE milk bottle material had been reduced to 

0.1–0.4 µg/g due to the use of new packaging material (Lau et al. 1995). 

No information was located that documented methylnaphthalenes in food products. 

Naphthalene was detected in the gas phase (5,860 µg/kg of meat cooked) as well as the particle phase 

(1,440–1,690 µg/kg of cooked meat) in the emissions from the process of charbroiling hamburger meat 

over a natural gas grill (Schauer et al. 1999a). Naphthalene was detected at a concentration of 227 mg/kg 

of wood burned from the fireplace combustion of pine wood.  1-Methylnaphthalene was detected at 

concentrations of 10.6, 6.39, and 4.31 mg/kg of wood burned from the combustion of pine, oak, and 

eucalyptus wood respectively.  2-Methylnaphthalene was detected at concentrations of 15.0, 9.31, and 

5.69 mg/kg of wood burned from combustion of pine, oak, and eucalyptus wood, respectively. 

Naphthalene was not measured from the oak and eucalyptus fires (Schauer et al. 2001).  In another study, 

the respective median concentrations of naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene 

were determined to be 22.57, 4.14, and 4.76 mg/kg of burned soft wood in the fireplace; 60.86, 12.71, and 
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15.55 mg/kg for hardwood in the fireplace; and 34.96, 5.23 and 6.32 mg/kg for hardwood burned in a 

woodstove (McDonald et al. 2000).   

Reported levels of naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene in measured in the smoke 

from U.S. commercial unfiltered cigarettes were 3, 1, and 1 µg, respectively (Schmeltz et al. 1978). 

Levels in sidestream smoke were found to be higher; 46, 30, and 32 µg/cigarette, respectively (Schmeltz 

et al. 1976). 

Naphthalene has been detected in ash from municipal refuse and hazardous waste incinerators (EPA 

1989g; Shane et al. 1990).  Naphthalene was detected in 7 of 8 municipal refuse ash samples at 6– 

28,000 µg/kg (Shane et al. 1990) and in 5 of 18 hazardous waste incinerator ash samples at 0.17– 

41 mg/kg (EPA 1989g).  Higher concentrations were detected in bottom ash than in fly ash (Shane et al. 

1990). 

Naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene were among the chemicals detected in 

Lower Manhattan in the aftermath of the destruction of the World Trade Center, New York City, New 

York on September 11th, 2001.  Concentration of naphthalene ranged from 699 ng/m-3 on 9/26–9/27 to 

42 ng/m-3 on 10/21–10/22.  The concentration of 1-methylnaphthalene ranged from 178 to 100 ng/m-3 and 

that of 2-methylnaphthylene ranged from 267 to 165 ng/m-3 for the same days (Swartz et al. 2003). 

6.5 GENERAL POPULATION AND OCCUPATIONAL EXPOSURE  

The general population is exposed to naphthalene mainly by inhalation of ambient and indoor air.  The 

use of naphthalene-containing moth repellents and smoke from cigarettes are the main sources of 

naphthalene in indoor air.  Other sources include kerosene heaters.  Based on an urban/suburban average 

air concentration of 0.95 µg/m3 and an inhalation rate of 20 m3/day, it has been estimated that the average 

daily intake from ambient air is 19 µg (Howard 1989).  Intake from indoor air may be higher, depending 

on the presence of indoor sources. 

The estimated average daily intake from ambient air may be about 10 µg for 1-methylnaphthalene and 

1 µg for 2-methylnaphthalene.  These estimates are based on ambient air samples taken from 

64 (1-methylnaphthalene) and 17 (2-methylnaphthalene) locations (EPA 1988g) and an assumed human 

daily intake of 20 m3. Naphthalene was one of the PAHs detected in an 8-home pilot study that was 
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conducted in Columbus, Ohio to measure the PAH concentration profiles in house-dust.  The average 

concentration of naphthalene was found to be dependant upon the method of extraction (2.8 mg/m3 by 

soxhlet extraction and 1.8 mg/m3 by sonication extraction) (Chuang et al. 1995).  Concentrations of 

naphthalene detected in the indoor and outdoor air measured in 24 low-income homes in North Carolina 

ranged from 0.33 to 9.7 and from 0.57 to1.82 µg/m3, respectively (Chuang et al. 1999).  In a study 

reporting the concentrations of volatile organic compounds (VOCs) in a wide range of environments (i.e., 

homes, offices, restaurants, pubs, department stores, train and bus stations, heavily trafficked roadside 

locations, buses, trains and automobiles) in Birmingham, United Kingdom, naphthalene concentrations 

were found to range from 0.1 µg/m3 (labs) to 12.1 µg/m3 (heavily trafficked roadside) (Kim et al. 2001).  

A mean concentration of naphthalene was found to be 2.3 µg/m3 in a German environmental survey that 

monitored 113 adults aged 25–69 years, selected at random, for personal exposure to VOCs including 

naphthalene (Hoffman et al. 2000).  Low levels of naphthalene (average concentration, 0.44 µg/m3) and 

1-methylnaphthalene (average concentration 0.08 µg/m3) were found in the indoor air of 92 and 81% of 

single family homes and apartments monitored, respectively (Kostianen 1995).  Naphthalene has been 

detected in the smoke from charbroiling meat (Schauer et al. 1999a) and from the smoke from domestic 

fireplaces and wood burning stoves (McDonald et al. 2000; Schauer et al. 2001).   

Exposure to naphthalene may occur from ingestion of drinking water and/or food, but these exposures are 

expected to be much less than inhalation exposures for the general population. Estimated exposure from 

drinking water, assuming a water concentration range of 0.001–2 µg/L, is 0.002–4 µg/day (Howard 1989).  

Estimates for food were not calculated.  In a Lower Rio Grande Valley environmental study, naphthalene 

(median concentration, 2.159 µg/kg body weight) was detected in five of the nine duplicate-diet samples 

(Berry et al. 1997).  Naphthalene was also detected in fresh tree-ripened apricots, plums, and their 

interspecific hybrids (Gomez et al. 1993), in vegetables such as cabbage, carrots, leeks, lettuce, and 

endive (Kipopoulou et al. 1999), and in whole and ground sorghum (Seitz et al. 1999).  It has also been 

found in fish such as American plaice, yellow tail flounder (Hellou and Warren 1996), and salmon (Neff 

and Burns 1996). 

Accidental ingestion of household products containing naphthalene such as mothballs or deodorant blocks 

frequently occurs in children.  In 1990, 2,400 cases of accidental naphthalene ingestion were reported to 

72 Poison Control Centers in the United States (Woolf et al. 1993).  Nearly 90% of these cases occurred 

in children under 6 years of age. 
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Dermal exposure to naphthalene may occur from handling or wearing clothing stored in naphthalene-

containing moth repellents.  However, no data were located concerning the level of human exposure to 

naphthalene, 1-methylnaphthalene, or 2-methylnaphthalene via this exposure route.  Experimental studies 

have shown that naphthalene can be dermally absorbed and systemically metabolized in rats (Turkall et 

al. 1994). 

Naphthalene was detected in 40% of human adipose tissue samples at concentrations ranging from <9 to 

63 µg/kg in a National Human Adipose Tissue Survey (NHATS) (EPA 1986g). Naphthalene was also 

detected (concentrations not reported) in six of eight selected breast milk samples from women in four 

U.S. cities (Pellizzari et al. 1982). 

Naphthalene exposure may also occur in the workplace.  Bjorseth et al. (1978a, 1978b) have reported 

vapor levels of 11–1,100 µg/m3 and from 0 (nondetected) to 44 µg/m3 for naphthalene-containing 

particulate in a coke plant. Similar measurements in an aluminum reduction plant yielded somewhat 

lower levels of 0.72–310 µg/m3 for vapor and 0.08–4 µg/m3 for particulates. Higher levels would be 

anticipated in naphthalene-producing industries and naphthalene-using industries such as wood 

preserving, tanning, and ink and dye production. A NIOSH (1980) survey of worker exposures to 

polyaromatic hydrocarbons at a petroleum refinery in Tulsa, Oklahoma reported air concentrations of 

naphthalene as high as 10.2 µg/m3 in an area sample and 19.3 µg/m3 for a personal sample.  For 2-methyl-

naphthalene, 17.6 µg/m3 was the maximum area concentration reported and 31.9 µg/m3 was the highest 

value for a personal sample.  A National Occupational Exposure Survey (NOES) conducted by NIOSH 

estimated that 112,702 and 4,358 workers are potentially exposed to naphthalene and 2-methyl-

naphthalene, respectively (NIOSH 1991).  The workers at greatest risk of exposure included mining 

machine operators, aircraft engine mechanics, and miscellaneous machine operators.  The NOES data 

have become progressively dated, and as a consequence, less representative of current exposure 

situations. The number of workers exposed to naphthalene during its manufacture and subsequent use is 

estimated to be 250–500 in the UK and 1,500–2,000 in the European Union (EU).  These estimates do not 

include operators handling creosote treated lumber or brush applicators or users of tar paints/membranes 

(EU 2002). 
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6.6 EXPOSURES OF CHILDREN  

This section focuses on exposures from conception to maturity at 18 years in humans.  Differences from 

adults in susceptibility to hazardous substances are discussed in Section 3.7, Children’s Susceptibility. 

Children are not small adults.  A child’s exposure may differ from an adult’s exposure in many ways. 

Children drink more fluids, eat more food, breathe more air per kilogram of body weight, and have a 

larger skin surface in proportion to their body volume.  A child’s diet often differs from that of adults.  

The developing human’s source of nutrition changes with age:  from placental nourishment to breast milk 

or formula to the diet of older children who eat more of certain types of foods than adults.  A child’s 

behavior and lifestyle also influence exposure.  Children crawl on the floor, put things in their mouths, 

sometimes eat inappropriate things (such as dirt or paint chips), and spend more time outdoors.  Children 

also are closer to the ground, and they do not use the judgment of adults to avoid hazards (NRC 1993). 

Children are likely to be exposed to naphthalene via the same routes that affect adults, such as inhalation 

of contaminated air, ingestion of contaminated groundwater used as a source of drinking water, ingestion 

of contaminated food, and dermal contact with contaminated soils or products treated with the compound. 

The EPA (1996c) calculated an estimated intake range of 0.0002–0.043 mg/kg/day of naphthalene for a 

10-kg child, assuming an ingestion of 100 mg of soil per day.  Assuming food ingestion of approximately 

0.5–2.3 kg/day for children, an estimated daily intake of 204–940 ng/kg-day was calculated for a 10-kg 

child. An estimated average daily dose of 1,127 ng/kg-day was calculated, assuming an inhalation rate of 

8.7 m3/day for a 10-kg child. 

Small children are more likely than adults to come into intimate contact with yard dirt, lawns, and dust 

from carpets.  Dislodgeable pesticide residues in carpets or on uncovered floors may present a relatively 

important exposure route for infants and toddlers through dermal contact and oral ingestion.  The 

tendency of young children to ingest soil, either intentionally through pica or unintentionally through 

hand-to-mouth activity, is well documented.  These behavioral traits can result in ingestion of naphthalene 

present in soil and dust.  Naphthalene has been detected in the house-dust in an 8-home pilot study 

(Chuang et al. 1995).   

Dermal exposure to naphthalene may occur from handling or wearing clothing stored in naphthalene-

containing moth repellents.  No studies are available that describe the dermal absorption of naphthalene in 
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children. Experimental studies have shown that naphthalene can be dermally absorbed and systemically 

metabolized in rats (Turkall et al. 1994). 

Inhalation exposure is a major source of exposure in both adults and children. Naphthalene has been 

detected in the indoor air of homes (Chuang et al. 1995, 1999; Kostianen 1995).  Naphthalene has been 

detected in the smoke from charbroiling meat (Schauer et al. 1999a) and from the smoke from domestic 

fireplaces and wood burning stoves (McDonald et al. 2000; Schauer et al. 2001).   

Naphthalene was among the chemicals detected at nine day care centers in Durham, Raleigh, and Chapel 

Hill, North Carolina (Wilson et al. 1999). Indoor and outdoor air was found to contain naphthalene at 

concentrations of 205 and 89.6 ng/m-3, respectively. The concentrations were 0.011 ppm in soil, 

0.008 ppm in dust, 0.94 ppb in liquid food, and 0.25 ppb in solid food samples. The differences in PAH 

concentrations between day care centers serving low-income clients and those serving middle-income 

clients were found to be small. 

Naphthalene (mothballs) is commonly used as a moth repellant in clothes during storage and as a 

deodorizer in diaper pails.  Acute hemolysis was reported in 21 children following a period of inhalation 

exposure of naphthalene.  The source of naphthalene was woolen clothes and blankets that had been 

stored with mothballs over the summer (Valaes et al. 1963). 

A potential source of exposure in infants is from the presence of naphthalene in breast milk or formula.  

Naphthalene was detected (concentrations not reported) in six of eight breast milk samples from women 

in four U.S. cities (Pellizzari et al. 1982).  

Children may also be exposed to naphthalene from milk drinks that have been stored in LDPE bottles.  

Naphthalene concentrations of 0.02 µg/mL were found in milk drinks stored in LDPE bottles at the time 

of purchase, but increased to 0.1 µg/mL 30 days later and averaged 0.25 µg/mL at the expiration date of 

the milk drink (Lau et al. 1994).  Residual naphthalene present in the LDPE packaging was hypothesized 

to be the source of naphthalene contamination.  A later study by the same authors observed that the level 

of naphthalene in LDPE milk bottle material had been reduced to 0.1–0.4 µg/g due to new packaging 

material (Lau et al. 1995). 

Accidental ingestion of household products containing naphthalene, such as mothballs or deodorant 

blocks, can occur in children.  In 1990, 2,400 cases of accidental naphthalene ingestion were reported to 
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72 Poison Control Centers in the United States (Woolf et al. 1993).  Nearly 90% of these cases occurred 

in children under 6 years of age. 

6.7 POPULATIONS WITH POTENTIALLY HIGH EXPOSURES  

Members of the general population most likely to have high levels of exposure to naphthalene are users of 

naphthalene-containing moth repellents (including infants exposed to blankets or clothing stored in 

naphthalene-containing mothballs), smokers, and those in proximity to smokers.  Workers in naphthalene-

producing or naphthalene-using industries could be subject to heightened exposure, and individuals living 

or working near hazardous waste sites at which naphthalene has been detected could also be exposed to 

higher naphthalene concentrations if they came into contact with contaminated media. 

6.8 ADEQUACY OF THE DATABASE 

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the 

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether 

adequate information on the health effects of naphthalene, 1-methylnaphthalene, and 2-methyl-

naphthalene are available. Where adequate information is not available, ATSDR, in conjunction with 

NTP, is required to assure the initiation of a program of research designed to determine the health effects 

(and techniques for developing methods to determine such health effects) of naphthalene, 1-methyl-

naphthalene, and 2-methylnaphthalene.  

The following categories of possible data needs have been identified by a joint team of scientists from 

ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met would 

reduce the uncertainties of human health assessment.  This definition should not be interpreted to mean 

that all data needs discussed in this section must be filled.  In the future, the identified data needs will be 

evaluated and prioritized, and a substance-specific research agenda will be proposed.  

6.8.1 Identification of Data Needs 

Physical and Chemical Properties. The physical and chemical properties of naphthalene that are 

required to evaluate its behavior in the environment have been determined (EPA 1982e; HSDB 2004). 

Information that documented the physical and chemical properties of 1-methylnaphthalene and 2-methyl-
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naphthalene are also available (HSDB 2004). However, measured Henry's law constants and log Koc 

values for methylnaphthalenes would allow more accurate prediction of environmental fate processes. 

Production, Import/Export, Use, Release, and Disposal.    According to the Emergency 

Planning and Community Right-to-Know Act of 1986, 42 U.S.C. Section 11023, industries are required 

to submit substance release and off-site transfer information to the EPA.  The TRI, which contains this 

information for 2002, became available in May of 2004.  This database is updated yearly and should 

provide a list of industrial production facilities and emissions. 

Naphthalene producers, production locations and volumes, uses, releases, and disposal practices are well 

documented (Lacson et al. 2000; SRI 2004; TRI02 2004).  Disposal of naphthalene-containing wastes are 

regulated by EPA, and major spills or accidental releases must be reported to EPA.  No data were located 

on production volume, releases, and disposal practices for 1-methylnaphthalene or 2-methylnaphthalene.  

This information would be helpful to predict the potential for human exposure to these chemicals. 

Environmental Fate. Existing information indicates that most naphthalene is released to the 

atmosphere and undergoes rapid reaction with hydroxyl radicals (Atkinson et al. 1987; EPA 1982d; 

Howard 1989). Available data indicate that volatilization and biodegradation are important removal 

processes from water and soil (EPA 1982d; Howard 1989; Tabak et al. 1981; Wakeham et al. 1983).  

Additional studies on the rates of volatilization, degradation, and transport in groundwater would be 

helpful in assessing potential human exposure in the vicinity of industrial sources and chemical waste 

sites. Data describing the volatilization, biodegradation, and transport of 1-methylnaphthalene and 

2-methylnaphthalene would be useful in predicting the potential for human exposure. 

Bioavailability from Environmental Media.    No studies were located on the bioavailability of 

naphthalene in various environmental media.  Available toxicity data indicate that naphthalene present in 

contaminated air and ingested in drinking water or soil is probably absorbed.  Confirmatory, quantitative 

data would be useful.  Data on infants indicate that toxicologically significant amounts of naphthalene 

may be absorbed dermally from residues left on stored clothing, especially under circumstances where 

baby oil was used on the infants' skin (Schafer 1951).  Quantitative studies of the dermal absorption of 

naphthalene from water and soil would be useful in determining potential exposure for populations living 

near hazardous waste sites. 
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No data have been located pertaining to the bioavailability of 1-methylnaphthalene or 2-methyl-

naphthalene in environmental media.  Studies in laboratory animals to assess the absorption of this 

compound via the oral, inhalation, and dermal routes would be useful before bioavailability from each 

medium can be reasonably estimated. 

Food Chain Bioaccumulation. Naphthalene is often readily degraded in the environment and is 

easily metabolized by a wide variety of organisms.  Studies indicate that although naphthalene may 

bioconcentrate to a moderate degree for brief periods, it will not significantly bioaccumulate in organisms 

due to metabolism, and thus, is unlikely to biomagnify through the food chain (Howard 1989; Thomann 

1989). Naphthalene has been found to be present in fish and shellfish (Bender and Huggett 1989; Hellou 

and Warren 1996; Miles and Roster 1999; Minyard and Roberts 199l; Neff and Burns 1996; Zitko et al. 

1998).  It has also been located in the flesh of fresh fruits and vegetables (Gomez et al. 1993; Kipopoulou 

et al. 1999; Seitz et al. 1999).  Data were not located on 1-methylnaphthalene and 2-methylnaphthalene 

levels in foods.  Additional data on naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene 

concentrations in foods and processed foods would be useful to assess the extent of human exposure via 

the food chain. 

Exposure Levels in Environmental Media. Reliable monitoring data for the levels of 

naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene in contaminated media at hazardous waste 

sites are needed so that the information obtained on levels of naphthalene, 1-methylnaphthalene, and 

2-methylnaphthalene in the environment can be used in combination with the known body burden of 

naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene to assess the potential risk of adverse health 

effects in populations living in the vicinity of hazardous waste sites. 

The concentrations of naphthalene in the air, water, and soil have been documented (Bradley et al. 1994; 

Chuang et al. 1999; EPA 1988g; Howard 1989; Miles and Delfino 1999; Richardson et al. 1994; 

Squillace et al. 1999; Wild et al. 1990; Yu et al. 1990; Zielinska et al 1998).  In addition, indoor air levels 

have been measured (Chuang et al. 1991; Hung et al. 1992; Wilson et al. 1989).  Additional information 

regarding exposure levels of 1-methylnaphthalene and 2-methylnaphthalene in environmental media 

would be useful for deriving exposure estimates for the general population. 

Reliable monitoring data for the levels of naphthalene in contaminated media at hazardous waste sites are 

needed so that the information obtained on levels of naphthalene in the environment can be used in 
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combination with the known body burden of naphthalene to assess the potential risk of adverse health 

effects in populations living in the vicinity of hazardous waste sites. 

Exposure Levels in Humans. A national survey of adipose tissue samples indicates that about 40% 

of the study subjects had measurable levels of naphthalene (EPA 1986g).  Naphthalene was also detected 

in six of eight samples of human milk (Pellizzari et al. 1982).  Data on the effect of cigarette filters on 

naphthalene uptake by the adipose tissues would be useful.  Naphthalene has been detected in house dust 

(Chuang et al. 1995). 

No data on exposure levels in humans were located for 1-methylnaphthalene or 2-methylnaphthalene.  

This information would be useful to determine whether any significant exposure to these chemicals 

occurs. 

This information is necessary for assessing the need to conduct health studies on these populations. 

Exposures of Children. No monitoring studies have been performed to investigate the exposure to, 

and the body burden of, naphthalene in children.  No studies are available on the dermal absorption of 

naphthalene in infants and toddlers due to activities such as crawling, which will result in contact with the 

floor (carpet) and soil or from exposure to clothes stored with mothballs.  Since naphthalene is likely to 

be adsorbed to these materials, more information would allow the estimation of a child’s exposure to 

naphthalene to be more rigorously determined.  Naphthalene has been detected in house dust (Chuang et 

al. 1995).  The EPA has calculated estimated amounts of naphthalene inhaled and naphthalene ingested 

via the intake of food and soil for a 10-kg child (EPA 2002b).  No studies on amounts of naphthalene 

present in foods eaten by children are available.  Such studies may help to identify childhood-specific 

means of decreasing exposure to naphthalene.   

Child health data needs relating to susceptibility are discussed in Section 3.12.2, Identification of Data 

Needs: Children’s Susceptibility. 

Exposure Registries. No exposure registries for naphthalene, 1-methylnaphthalene, or 2-methyl-

naphthalene were located.  These substances are not currently one of the compounds for which a sub-

registry has been established in the National Exposure Registry.  These substances will be considered in 

the future when chemical selection is made for sub-registries to be established.  The information that is 
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amassed in the National Exposure Registry facilitates the epidemiological research needed to assess 

adverse health outcomes that may be related to exposure to this substance. 

6.8.2 Ongoing Studies 

The Federal Research in Progress (FEDRIP 2004) database provides additional information obtainable 

from a few ongoing studies that may fill in some of the data needs identified in Section 6.8.1.  These 

studies are summarized in Table 6-2. 
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Table 6-2. Ongoing Studies on the Potential for Human Exposure to 
Naphthalenea 

Investigator Affiliation Research description Sponsor 
Nylander French LA 	 University of North 

Carolina, Chapel Hill, 
North Carolina 

Aitken MD 	 University of North 
Carolina, Chapel Hill, 
North Carolina 

Atkinson R; Winer University of California, 
AM Riverside, California 

Boyd SA 	 Michigan State 
University, East 
Lansing, Michigan 

Bryers JD	 University of 
Connecticut Health 
Center, Farmington, 
Connecticut 

Kilduff JE 	 Rensselaer Polytechnic 
Institute, Troy, New 
York 

Thompson AF	 Connecticut Agricultural 
Experimental Station, 
New Haven, 
Connecticut 

Pulliam Holoman TR 	 University of Maryland, 
College Park, Maryland 

Sayler GS 	 University of 
Tennessee, Knoxville, 
Tennessee 

Zylstra GJ	 Rutgers University, New 
Brunswick, New Jersey 

Dermal exposure to benzene 
and naphthalene 

Bacterial chemotaxis to 
naphthalene desorbing from 
non-aqueous phase liquid 

Photochemical and thermal 
reactions of combustion 
related particulate organic 
matter: A combined 
chemical and microbiological 
approach 
Physicochemical and 
microbiological factors 
influencing the bioavailability 
of organic contaminants in 
subsoils 
Substrata surface chemistry, 
conformation of contaminant 
upon absorption, and 
availability for biodegradation 
Collaborative research: 
Sorption reversibility of 
hydrophobic compounds in 
geosorbents investigated 
with model sorbents 
Collaborative research: 
Sorption reversibility of 
hydrophobic compounds in 
geosorbents investigated 
with model sorbents 
Anaerobic degradation of 
polycyclic aromatic 
hydrocarbons in marine 
harbor sediments 
On-line monitoring of aerobic 
bioremediation with 
bioluminescent reporter 
microbes 
Molecular analysis of 
polycyclic aromatic 
hydrocarbon degradation by 
mycobacteria 

National Institutes of 
Environmental Health 
Science 
National Science 
Foundation, 
Environmental 
Remediation Program 
ER-74 
Office of Scientific and 
Technical Information  

U.S. Department of 
Energy, Energy Research 

National Science 
Foundation, 
Environmental 
Remediation Program 
National Science 
Foundation, 
Environmental 
Remediation Program 

National Science 
Foundation, 
Environmental 
Remediation Program 

National Science 
Foundation, 
Environmental 
Remediation Program 
U.S. Department of 
Energy, Energy Research 

National Science 
Foundation, Biomolecular 
Processes Cluster 
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Table 6-2. Ongoing Studies on the Potential for Human Exposure to 
Naphthalenea 

Investigator Affiliation Research description Sponsor 
Pignatello JJ 	 Connecticut Agricultural Chain-transfer complexation U.S. Department of 

Experimental Station, of aromatic compounds with Agriculture 
New Haven, soil organic matter 
Connecticut 

Inskeep WP 	 Montana State Fate and transport of U.S. Department of 
University, Bozeman, chemicals in soils: linking Agriculture 
Montana chemical transformations 

Madsen EL Cornell University, Observing microbial diversity U.S. Department of 
Ithaca, New York and horizontal gene transfer Agriculture 

in a shallow aquifer 
Haggblom MM Rutgers University, New Microbial degradation of U.S. Department of 

Brunswick, New Jersey PAHs in the rhizosphere of Agriculture 
salt-marsh plants 

Pignatello JJ 	 Connecticut Agricultural Nonideal (specific) sorption U.S. Department of 
Experimental Station, of organic chemicals in soil Agriculture 
New Haven, organic matter 
Connecticut 

Ogram AV; Hornsby	 University of Florida, Pesticides and other toxic U.S. Department of 
AC Gainesville, Florida 	 organics in soil and their Agriculture 

potential for ground and 
surface water contamination 

Huang W 	 Drexel University, 
Philadelphia, 
Pennsylvania 

Black carbon in soils and U.S. Department of 
sediments and its Agriculture 
interactions with organic 
pollutants 

Huwe JK; Hakk H; Agricultural Research Dioxins and other U.S. Department of 
Shappell NW; Service, Fargo, South environmental contaminants Agriculture 
Shlever WL; Larsen Dakota in food 
GL; Smith DJ 
Xing B 	 University of 

Massachusetts, 
Amrherst, 
Massachusetts 

Effects of long-term tillage U.S. Department of 
and cover crop systems on Agriculture 
soil organic matter and 
pesticide sorption 

Chorover JD 	 Pennsylvania State Effects of mineral-organic U.S. Department of 
University, University interactions on chemical Agriculture 
Park, Pennsylvania processes in soils 

Thompson ML; Iowa State University, Human impacts on soil; a U.S. Department of 
Sandor JA; Burras Ames, Iowa pedogenic perspective Agriculture 

Hyman MR	 North Carolina State Physiology, biochemistry, U.S. Department of 
university, Raleigh, and enzymology of microbial Agriculture 
North Carolina cometabolism 

Larson RA; Sims GK University of Illinois, Phytoremediation of U.S. Department of 
Urbana, Illinois agrochemicals with aquatic Agriculture 

and terrestrial plants 

CL 
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Table 6-2. Ongoing Studies on the Potential for Human Exposure to 
Naphthalenea 

Investigator Affiliation Research description Sponsor 
Simkins S University of 

Massachusetts, 
Amherst, 

Quantification of pesticide-
derived organic carbon in 
microbial biomass and soil 

U.S. Department of 
Agriculture 

Massachusetts humic substances 
Pignatello JJ Connecticut Agricultural 

Experimental Station, 
New Haven, 
Connecticut 

Reducing the potential for 
environmental contamination 
by pesticides and other 
organic chemicals 

U.S. Department of 
Agriculture 

Scow KM University of California, 
Davis, California 

Reducing the potential for 
environmental contamination 
by pesticides and other 
organic chemicals 

U.S. Department of 
Agriculture 

Maier RM; Brusseau 
ML 

University of Arizona, 
Tucson, Arizona 

Reducing the potential for 
environmental contamination 
by pesticides and other 
organic chemicals 

U.S. Department of 
Agriculture 

Xing B University of 
Massachusetts, 
Amherst, 
Massachusetts 

Sorption of organic 
contaminants in soils; 
mechanisms and implications 
for desorption and 
bioavailability 

U.S. Department of 
Agriculture 

Rolston DE University of California, 
Davis, California 

Transport and transformation 
of trace gases in soil 

U.S. Department of 
Agriculture 

aFEDRIP 2004 
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The purpose of this chapter is to describe the analytical methods that are available for detecting, 

measuring, and/or monitoring naphthalene, 1-methylnaphthalene, 2-methylnaphthalene,, its metabolites, 

and other biomarkers of exposure and effect to naphthalene, 1-methylnaphthalene, and 2-methyl-

naphthalene. The intent is not to provide an exhaustive list of analytical methods.  Rather, the intention is 

to identify well-established methods that are used as the standard methods of analysis.  Many of the 

analytical methods used for environmental samples are the methods approved by federal agencies and 

organizations such as EPA and the National Institute for Occupational Safety and Health (NIOSH).  Other 

methods presented in this chapter are those that are approved by groups such as the Association of 

Official Analytical Chemists (AOAC) and the American Public Health Association (APHA).  

Additionally, analytical methods are included that modify previously used methods to obtain lower 

detection limits and/or to improve accuracy and precision. 

7.1 BIOLOGICAL MATERIALS  

Naphthalene is moderately volatile with a boiling point of 218 °C and low water solubility of 31.7 mg/L 

(20 °C). Its log octanol/water partition coefficient is 3.29, implying a moderate affinity for lipid tissues.  

It undergoes short-term bioaccumulation in tissues, but biochemical processes lead to its biodegradation 

and eventual elimination.  Methylnaphthalenes have similar properties (see Table 4-2).  All of these 

properties have implications for determination of naphthalene and methylnaphthalenes in biological 

materials. 

Historically, diethyl ether has been a widely used solvent for the extraction of lipophilic organic analytes 

such as naphthalene from biological fluids (Zlatkis and Kim 1976).  Homogenization of tissue with the 

extractant and lysing of cells improves extraction efficiency.  When, as is often the case, multiple analytes 

are determined using solvent extraction, selective extraction and loss of compounds that have a low 

boiling point can cause errors.  The commercial availability of highly purified solvents has largely 

eliminated problems with solvent impurities, although high costs, solvent toxicities, and restrictions on 

spent solvent disposal must be considered.  Extraction is the first step in the overall cleanup process that 

places the analyte in a form and matrix suitable for introduction into the instrument used to quantitate it.  

Cleanup of biological samples may often be complex and involve a number of steps (Walters 1986).  

Directly coupled supercritical fluid extraction (SFE)-gas chromatography has been used for the 
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determination of polychlorinated biphenyls (Hawthorne 1988) and might also be applicable to 

determination of naphthalene and methylnaphthalenes in biological samples. 

Naphthalene metabolites are less lipophilic than naphthalene itself.  Metabolites are isolated from body 

fluids and tissue homogenates by extraction and separated by thin layer chromatography (TLC) and 

HPLC (Horning et al. 1980; Melancon et al. 1982; Stillwell et al. 1982).  Final identification of 

metabolites, which include numerous oxygenated and sulfur-containing species, is accomplished by gas 

chromatography (GC) and mass spectrometry (MS). 

New immunological methods are being developed for detecting selected naphthalene metabolites in urine 

or naphthalene protein adducts in the blood of lung lavage specimens (Cho et al. 1994b; Marco et al. 

1993). Additional work in perfecting these techniques is necessary before they will be useful in research 

and clinical practice. 

Analytical methods for the determination of naphthalene and for 1-methylnaphthalene and 2-methyl-

naphthalene in biological samples are given in Table 7-1.  A method for the determination of 

radiolabelled 2-methylnaphthalene in rat urine has been described by Melancon et al. (1982).  TLC and 

HPLC were used to characterize 2-methylnaphthalene and its metabolites, including 2-naphthoylglycine, 

2-naphthoic acid, and others. 

7.2 ENVIRONMENTAL SAMPLES 

Gas chromatography and HPLC are the analytical methods most commonly used for detection of 

naphthalene and methylnaphthalenes in environmental samples.  Several variations of these methods 

using different collection, extraction, and/or cleanup procedures and different detection methods have 

been approved by EPA and NIOSH for analysis of naphthalene in ambient water, drinking water, waste 

water, soil, and air (EPA 1982a, 1982b, 1986a, 1986b, 1986c, 1986d, 1990a, 1990b, 1990c, 1990d, 

1990e; NIOSH 1984a, 1984b).  The American Public Health Association (APHA) has recommended 

standard methods for analysis of naphthalene in water and waste water, each of which has been accepted 

by EPA as equivalent to one of the EPA-approved methods (APHA 1992a, 1992b, 1992c, 1992d, 1992e, 

1992f). Analytical methods for naphthalene and 2-methylnaphthalene are presented in Tables 7-2 

and 7-3, respectively.  Although no standard methods were located that provided information on detection 
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Table 7-1. Analytical Methods for Determining Naphthalene, 1-Methyl-
naphthalene, and 2-Methylnaphthalene in Biological Samplesa 

Sample 
Analytical detection Percent 

Sample matrix Preparation method method limit recovery Reference 
Adipose tissue Extract; bulk lipid removal; HRGC/MS 9 ng/g No data Stanley 1986 

Florisil7 fractionation 
Adipose tissue Extract with hexane; Florisil7 Capillary 10 ng/g 90 (human) Liao et al. 
(human and 
bovine) 

cleanup column 
GC/MS 

63 (bovine) 1988 

Human milk  Purge with helium; desorb Capillary No data No data Pellizzari et al. 
thermally column 1982 

GC/MS 
Human urine No data TLC or GS/ No data No data Bieniek 1994 
(1-naphthol unspecified 
analysis spectroscopy 
Fish tissue Purge and trap to carbon HRGC/FID <10 µg/L 43–51  Murray and 

adsorption tube; extract with Lockhart 1988 
carbon disulfide  

Fish tissue Saponification with potassium Capilliary 20 ng/g 76–202 Lebo et al. 
hydroxide; extraction with column (naphthalene) 1991 
cyclopentane-dichloro- GC/PID 77–82 
methane; adsorption (1-methyl-
enrichment with potassium naphthalene) 
silicate/silica gel; gel 75–131 
permeation chromatography (2-methyl-
enrichment  naphthalene) 

Rat urine Extract with ammonium GC/MS No data No data Horning et al. 
carbonate/ethyl acetate; 1980 
evaporate under nitrogen 
stream; dissolve in pyridine 

Mouse urine Extract with ethyl acetate; GC/MS No data No data Stillwell et al. 
evaporate under nitrogen 1982 
stream; dissolve in pyridine 

Burned tobacco Extract with methanol/water GLC/MS No data 85–95 Schmeltz et al. 
and cyclohexane; enrich in 1976 
dimethyl sulfoxide; fractional 
distillation and evaporation 
under dry nitrogen 

aData are for naphthalene only unless otherwise specified. 

FID = flame ionization detector; GC = gas chromatography; GLC = gas-liquid chromatography; HRGC = high 
resolution gas chromatography; MS = mass spectrometry; PID = photoionization detector; TLC = thin layer 
chromatography 
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Table 7-2. Analytical Methods for Determining Naphthalene in 
Environmental Samples 

Analytical Sample Percent 
Sample matrix Preparation method method detection limit recovery Reference 
Air Collect in charcoal tube; elute GC/FID 15 mg/m3 No data NIOSH 1977 

with carbon disulfide 
Air Collect in charcoal tube; elute GC/FID 10 µg/sample No data NIOSH 1984a 

with carbon disulfide 
Air Collect in charcoal tube; elute GC/FID 0.5 µg/sample No data NIOSH 1984b 

with organic solvent 
Air Collection filter or tube; HPLC/FD 0.080 µg/filter or No data Hansen et al. 

extract with acetonitrile 0.070 µg/tube 1991 
Indoor air Medium flow rate samples; HPLC/UV 250 pg/µL No data EPA 1990a 

extract with methylene 
chloride; exchange to 
cyclohexane; clean up; 
exchange to acetonitrile 

Indoor air Medium flow rate samples; GC/MS No data No data EPA 1990a 
extract with methylene 
chloride 

Water Purge and trap HRGC/PID 0.06 µg/L 102±6.3 Ho 1989 
Water Extract with methylene HPLC/UV 1.8 µg/L 78±8.3 EPA 1982a 

chloride; exchange to 
cyclohexane; clean up; 
exchange to acetonitrile 

Water Extract with methylene GC/MS 1.6 µg/L 75±35 EPA 1982b 
chloride at pH 11 and 2; 
concentrate 

Water Adsorb on small bed volume GC/MS No data No data Pankow et al. 
Tenax® cartridges; thermally 1988 
desorb 

Drinking water Liquid-liquid extraction with HPLC/UV 3.3 µg/L 76–96 EPA 1990d 
methylene chloride; exchange 
to acetonitrile 

Drinking water Liquid-solid extraction with HPLC/UV 2.2 µg/L 49.6–75.2 EPA 1990e 
methylene chloride; exchange 
to acetonitrile 

Drinking water Purge and trap Packed 0.01–0.05 µg/L 92 APHA1992e 
column 
GC/PID 

Drinking water Purge and trap Capillary 0.02–0.2 µg/L 98–104 APHA 1992d 
column 
GC/MS 

Drinking water Purge and trap Capillary No data 102 APHA 1992f 
column 
GC/PID 
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Table 7-2. Analytical Methods for Determining Naphthalene in 
Environmental Samples 

Analytical Sample Percent 
Sample matrix Preparation method method detection limit recovery Reference 
Wastewater 	 Extract with methylene Isotope 10 µg/L 75–149 EPA 1990c 

chloride 	 dilution, 

capillary 

column

GC/MS 


Wastewater 	 Extract with methylene HPLC/UV 1.8 µg/L 21.5–100 APHA 1992b 
chloride; exchange to 
cyclohexane; clean up; 
exchange to acetonitrile 

Water 	 Extract with methylene Capillary 10 µg/La No data EPA 1986c 
chloride column 

GC/MS 
Wastes, non- Extract with methylene Packed 160 mg/kg No data EPA 1986b 
water miscible chloride column 

GC/MS 
Soil Extract with methylene Packed 1 mg/kg No data EPA 1986b 

chloride column 
GC/MS 

Soil, sediment Extract with methylene Capillary 660 µg/kg No data EPA 1986c 
chloride column 

GC/MS 
Wastes, soil Extract with methylene GC/FTIR 20 µg/La, b No data EPA 1986d 

chloride 

aIdentification limit in water.  Detection limits for actual samples are several orders of magnitude higher, depending 

upon the sample matrix and extraction procedure employed.

bBased on a 2 µL injection of a 1 L sample that was extracted and concentrated to a volume of 1 mL. 


FD = fluorescence detection; FID = flame ionization detector; FTIR = Fourier transform infrared spectrometry; 

GC = gas chromatography; HPLC = high performance liquid chromatography; HRGC = high resolution gas 

chromatography; MS = mass spectroscopy; PID = photoionization detection; UV = ultraviolet spectrometry
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Table 7-3. Analytical Methods for Determining 2-Methylnaphthalene in 
Environmental Samplesa 

Sample Percent 
Sample matrix Preparation method Analytical method detection limit recovery 

Soil, sediment Extract with methylene chloride Capillary column GC/MS 660 µg/kg No data 
Water Extract with methylene chloride Capillary column GC/MS 10 µg/kg No data 

aEPA 1986c 

GC = gas chromatography; MS = mass spectroscopy 
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limits or accuracy for 1-methylnaphthalene, this compound may be analyzed in environmental media by 

GC and HPLC methods (HSDB 1995). 

Air samples for analysis may be collected on filters or charcoal tubes.  Since naphthalene may exist in 

both the vapor phase and the particle phase in air (Harkov 1986), collection on a charcoal tube is the 

preferred method for sampling naphthalene from air for analysis (NIOSH 1977, 1984a, 1984b). 

Naphthalene is usually extracted from the matrix with organic solvents (liquid-liquid or liquid-solid 

extraction) or by purge and trap with an inert gas.  SFE techniques for extraction of organic compounds 

from environmental matrices are currently being studied by EPA.  A protocol for SFE with carbon 

dioxide for many organic compounds, including naphthalene, from soils and sediments has been 

developed (EPA 1991f). 

A technique for the detection of naphthalene in PAH-contaminated media has been developed (Heitzer et 

al. 1994).  The technique measures bioluminescence in the genetically engineered microorganism 

Pseudomonas fluorescens HK44, which carries a transcriptional gene for naphthalene and salicylate 

metabolism. After the addition of the bacteria to sterile water, naphthalene was detected down to 

1.55 µg/L, the lowest concentration studied.  In an experiment using JP-4 jet fuel, naphthalene was 

detected down to 0.55 µg/L in the effluent of the biosensor (Heitzer et al. 1994). 

Detectors used for identification and quantification of naphthalene and methylnaphthalenes include the 

flame ionization detector (FID), photoionization detector (PID), ultraviolet detection (UV), Fourier 

transform infrared detection (FTIR), and fluorescence detection (FD).  Mass spectrometry is used for 

confirmation. 

7.3 ADEQUACY OF THE DATABASE 

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the 

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether 

adequate information on the health effects of naphthalene, 1-methylnaphthalene, and 2-methyl-

naphthalene is available.  Where adequate information is not available, ATSDR, in conjunction with NTP, 

is required to assure the initiation of a program of research designed to determine the health effects (and 
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techniques for developing methods to determine such health effects) of naphthalene, 1-methyl-

naphthalene, and 2-methylnaphthalene.  

The following categories of possible data needs have been identified by a joint team of scientists from 

ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met would 

reduce the uncertainties of human health assessment.  This definition should not be interpreted to mean 

that all data needs discussed in this section must be filled.  In the future, the identified data needs will be 

evaluated and prioritized, and a substance-specific research agenda will be proposed.  

7.3.1 Identification of Data Needs 

Methods for Determining Biomarkers of Exposure and Effect.     

Exposure. Sensitive and selective methods are available for the qualitative and/or quantitative 

measurement of naphthalene and many of its metabolites present in biological materials such as adipose 

tissue and urine (EPA 1986g; Horning et al. 1980; Liao et al. 1988).  In contrast to the relative ease of 

measuring naphthalene once it has been isolated from its sample matrix, the development of improved 

techniques for sample preparation would be beneficial.   

Metabolites of naphthalene in biological materials are not readily determined in routine practice because 

of the lack of standard methods for their quantification.  Furthermore, there is a need for modern validated 

standard methods for analysis of naphthalene itself in biological materials.  It would also be helpful to 

have a method that can be used to associate levels of naphthalene or its metabolites in biological media 

with levels of naphthalene exposure in the environment. 

A method for the determination of 2-methylnaphthalene and its degradation products in rat urine has been 

reported (Melancon et al. 1982).  It would be useful to determine if this method could also be applied to 

human urine and other biological samples. 

Effect. There are currently no methods that can be used to correlate levels of naphthalene, 2-methyl-

naphthalene, or their metabolites in biological tissues or fluid with the probable onset of adverse health 

effects. The development of such methods would be useful insofar as they estimate the doses required to 

produce cataracts and hemolytic effects. 
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Methods for Determining Parent Compounds and Degradation Products in Environmental 
Media.    Methods for determining naphthalene in water, air, and waste samples with excellent selectivity 

and sensitivity have been developed and are undergoing constant improvement (EPA 1982a, 1982b, 

1986a, 1986b, 1986c, 1986d, 1990a, 1990b, 1990c, 1990d, 1990e; NIOSH 1984a, 1984b).  For each 

medium, the existing methods are adequate to measure background levels in the environment and levels at 

which health effects occur. Standard methods for 1-methylnaphthalene and 2-methylnaphthalene would 

be helpful in assessing data comparability. 

It would be useful to have the means to rapidly and directly measure organic compounds such as 

naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene in water and other environmental media 

without the necessity for tedious sample processing.  The recently developed bioluminescent probe for 

naphthalene (Heitzer et al. 1994) may help satisfy this data need. 

Degradation products of naphthalene in environmental media are difficult to determine.  This difficulty is 

not so much an analytical problem as it is a problem of knowing the fundamental environmental 

chemistry of these compounds in water, soil, air, and biological systems. 

There are some difficulties associated with sampling naphthalene from the atmosphere, where it is 

partially associated with particulate matter.  High-volume sampling with glass fiber filters provides 

conditions conducive to artifact formation (Harkov 1986), thus introducing errors into the analysis of 

atmospheric naphthalene.  This is an area in which further improvements would be useful.   

7.3.2 Ongoing Studies 

No ongoing studies involving analytical techniques of naphthalene, 1-methylnaphthalene, or 2-methyl-

naphthalene were found in a search of the Federal Research in Progress database (FEDRIP 2003). 
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The international, national, and state regulations and guidelines regarding naphthalene, 1-methyl-

naphthalene, and 2-methynaphthalene in air, water, and other media are summarized in Table 8-1. 

As discussed in Chapter 2 and Appendix A, several MRLs for naphthalene (chronic-duration inhalation, 

acute-duration oral, and intermediate-duration oral) and chronic-duration oral MRLs for 1-methylnaph-

thalene and 2-methylnaphthalene have been derived.  

An MRL of 0.0007 ppm (3x10-3 mg/m3) for chronic inhalation exposure to naphthalene is based on a 

LOAEL for nasal lesions in rats (Abdo et al. 2001; NTP 2000; LOAEL[human equivalent concentration]= 0.2 ppm), 

and a total uncertainty factor of 300 (10 for the use of a LOAEL, 3 for extrapolation from animals to 

humans using dosimetric adjustment, and 10 for human variability).  An MRL of 0.6 mg/kg/day for acute 

oral exposure to naphthalene is based on a minimal LOAEL of 50 mg/kg/day for clinical signs of toxicity 

in pregnant rats and a total uncertainty factor of 90 (3 for the use of a minimal LOAEL, 10 for 

extrapolation from animals to humans, and 3 for human variability). The acute-duration oral MRL of 

0.6 mg/kg/day is adopted as the intermediate-duration oral MRL for naphthalene.   

For chronic-duration oral exposure to 1-methylnaphthalene, an MRL of 0.07 mg/kg/day was derived 

based on a LOAEL of 71.6 mg/kg/day for pulmonary alveolar proteinosis in female mice exposed to 

1-methylnaphthalene in the diet for 81 weeks and an uncertainty factor of 1,000 (10 for using a LOAEL, 

10 for extrapolating from animals to humans, and 10 for human variability). 

For chronic-duration oral exposure to 2-methylnaphthalene, an MRL of 0.04 mg/kg/day was derived 

based on the lower 95% confidence limit on a benchmark dose associated with 5% extra risk 

(BMDL05=4 mg/kg/day) for pulmonary alveolar proteinosis in male mice exposed to 

2-methylnaphthalene in the diet for 81 weeks and an uncertainty factor of 100 (10 for extrapolation from 

animals to humans and 10 for human variability). 

The EPA calculated an oral exposure RfD of 2x10-2 mg/kg/day for naphthalene based on a NOAEL of 

100 mg/kg/day for the absence of decreased mean terminal body weight in male rats exposed by gavage 

for 13 weeks (IRIS 2005; NTP 1980b).  An inhalation RfC of 3x10-3 mg/m3 for naphthalene was derived 
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based on a LOAEL of 10 ppm (LOAEL[human equivalent concentration]=9.3 mg/m3) for nasal lesions in mice 

exposed by inhalation for 2 years (IRIS 2005; NTP 1992a). 

The EPA (2003r) calculated an oral exposure RfD of 0.004 mg/kg-day for 2-methylnaphthalene based on 

a value of 3.5 mg/kg-day for a 95% lower confidence limit on a dose associated with 5% extra risk 

(BMDL05) for pulmonary alveolar proteinosis in mice exposed to 2-methylnaphthalene in the diet for 

81 weeks. 

The EPA is currently conducting a comprehensive review of the available environmental and toxicity data 

of naphthalene as part of its FIFRA re-registration process.  The results of this review are expected in 

March 2008. 
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Table 8-1. Regulations and Guidelines Applicable to Naphthalene, 
1-Methylnaphthalene, and 2-Methylnaphthalene 

Agency Description Information Reference 
INTERNATIONAL 
Guidelines: 

IARC 	 Carcinogenicity classification Group 2Ba IARC 2002 
WHO Drinking water guideline No data 

NATIONAL 
Regulations and 
Guidelines: 
a. Air: 

ACGIH TLV (8-hour TWA) 

 Naphthaleneb


 STEL 

EPA 	 Hazardous air pollutant 

National emission standards for 
hazardous air pollutants 

 Naphthalene processing, final 


coolers, and final-cooler 

cooling towers at coke by-

product recovery plants 


NIOSH REL (10-hour TWA) 

 Naphthalene 


STEL 

IDLH 


OSHA 	 PEL (8-hour TWA) for general 

industry 

 Naphthalene 

PEL (8-hour TWA) for 

construction industry 

 Naphthalene 

PEL (8-hour TWA) for shipyard 

industry 

 Naphthalene 


USC Hazardous air pollutant 


ACGIH 2003 
10 ppm 
15 ppm 
Naphthalene EPA 2003g 

40 CFR 63, Table 1  
EPA 2003h 
40 CFR 61.134 

No (zero) emissions are 
allowed 

NIOSH 2003 
10 ppm 
15 ppm 
250 ppm 

OSHA 2003a 
29 CFR 1910.1000, 

10 ppm 	 Table Z-1 
OSHA 2003c 
29 CFR 1926.55, 

10 ppm 	 Appendix A 
OSHA 2003b 
29 CFR 1915.1000 

10 ppm 
Naphthalene USC 2003 

42 USC 7412 
b. Water 

EPA Drinking water health advisories EPA 2002a 

 1-day (10-kg child) 0.5 mg/L 


10-day (10-kg child) 0.5 mg/L 

DWELc 0.7 mg/L 

Life-timed 0.1 mg/L 

Effluent guidelines and standards; Naphthalene EPA 2003c 
toxic pollutants pursuant to 40 CFR 401.15 
Section 307(a)(1) of the Clean 
Water Act 
Hazardous substance designated Naphthalene EPA 2003p 
in accordance with Section 311 40 CFR 116.4 
(b)(2)(A) of the Clean Water Act 
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Table 8-1. Regulations and Guidelines Applicable to Naphthalene, 
1-Methylnaphthalene, and 2-Methylnaphthalene 

Agency Description 
NATIONAL (cont.) 

Pollutants of initial focus in the 
Great Lakes Water Quality 
Initiative 
Reportable quantities of 
hazardous substances 
(naphthalene) designated 
pursuant to Section 311 of the 
Clean Water Act 

c. Food No data 
d. 	Other 
 ACGIH Carcinogenicity classification 

EPA Carcinogenicity classification 
 RfD (oral) 
 RfC (inhalation) 

Community right-to-know; release 
reporting; effective date of 
reporting 
Criteria for municipal solid waste 
landfills; hazardous constituent 

Identification and listing of 
hazardous waste; hazardous 
waste number
 Naphthalene 
Land disposal restrictions; 
universal treatment standards for 
naphthalene 
 Waste water standard 
 Non-waste water standard 

EPA 	 Landfills point source effluent 
limitations attainable by the 
application of the best practicable 
control technology currently 
available 
 Maximum daily 

Maximum monthly average 
Reportable quantity of hazardous 
substance in accordance with 
Section 311 (b)(2) and 307(a) of 
the Clean Water Act, Section 112 
of RCRA, and Section 112 of the 
Clean Air Act for naphthalene 
Standards for owners and 
operators of hazardous waste 
TSD facilities; groundwater 
monitoring 
 Naphthalene 

 2-Methylnaphthalene 

Information Reference 

Naphthalene 	EPA 2003q 
40 CFR 132, 
Table 6 

100 pounds 	 EPA 2003j 
40 CFR 117.3 

A4e

Group Cf IRIS 2005 
2.0x10-2 mg/kg/day IRIS 2005 
3.0x10-3 mg/m3 IRIS 2005 
01/01/87 EPA 2003m 

40 CFR 372.65 

Naphthalene and 	 EPA 2003a 
2-Methylnaphthalene 	 40 CFR 258, 

Appendix II 
EPA 2003d 
40 CFR 261, 
Appendix VIII 

U165 
EPA 2003e 
40 CFR 268.48 

0.059 mg/L 
5.6 mg/L TCLP 

EPA 2003f 
40 CFR 445.11 

0.059 mg/L 
0.022 mg/L 
100 pounds EPA 2003b 

40 CFR 302.4 

EPA 2003k 
40 CFR 264, 

Suggested Appendix IX 
Method PQL 
8100 200 µg/L 
8270 10 µg/L 
8270 10 µg/L 
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Table 8-1. Regulations and Guidelines Applicable to Naphthalene, 
1-Methylnaphthalene, and 2-Methylnaphthalene 

Agency Description 	 Information Reference 
NATIONAL (cont.) 

Standards for owners and 10 mg/kg EPA 2003l 
operators of hazardous waste 40 CFR 266, 
TSD facilities; health-based limits Appendix VII 
for exclusion of waste-derived 
residues; residue concentration 
limit 
TSCA chemical information rules; EPA 2003n 
health and safety data reporting 40 CFR 712.30 
for naphthalene 
 Effective date 	 08/04/95 
 Reporting dateg 10/03/95 
TSCA health and safety data EPA 2003o 
reporting for naphthaleneh 40 CFR 716.120 
 Effective date 08/04/95 
 Sunset date 10/03/95 

NTP Carcinogenicity classification 	 Naphthalene is reason- NTP 2005 

ably anticipated to be a 

human carcinogen 

(Group 2)


STATE 
a. Air No data 
b. 	Water 

Maine Drinking water guideline 
Minnesota Drinking water guideline 
New Jersey Drinking water standard 
Washington Drinking water guideline 
Wisconsin Drinking water guideline 
Florida Drinking water guideline 

25 µg/L HSDB 2004 
300 µg/L HSDB 2004 
300 µg/L HSDB 2004 
14 µg/L HSDB 2004 
40 µg/L HSDB 2004 
6.8 µg/L HSDB 2004 
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8. REGULATIONS AND ADVISORIES 

Table 8-1. Regulations and Guidelines Applicable to Naphthalene, 
1-Methylnaphthalene, and 2-Methylnaphthalene 

Agency Description Information Reference 
STATE (cont.) 
c. Food No data 
d. Other No data 

aGroup 2B: possibly carcinogenic to humans 
bSkin notation:  refers to the potential significant contribution to the overall exposure by the cutaneous route, including 
mucous membranes and the eyes, either by contact with vapors or, of probable greater significance, by direct skin 
contact with the substance. 
cDWEL:  a lifetime exposure concentration protection of adverse, non-cancer health effects, that assumes all of the 
exposure to a contaminant is from drinking water. 
dLife-time: the concentration of a chemical in drinking water that is not expected to cause any adverse 
noncarcinogenic effects for a lifetime of exposure.  The lifetime HA is based on exposure of a 70-kg adult consuming 
2 L water/day. 
eA4: not classifiable as a human carcinogen 
fGroup C: a possible human carcinogen 

gReporting date:  manufacturers and importers of naphthalene must submit a Preliminary Assessment Information 

Manufacturer’s Report for each site at which they manufacture or import naphthalene by the reporting date. 

hTSCATS health and safety data reporting:  naphthalene is subject to all provisions of part 716.  Manufacturers, 

importers, and processors of naphthalene are subject to the reporting requirements of subpart A. 


ACGIH = American Conference of Governmental Industrial Hygienists; CFR = Code of Federal Regulations; 

DWEL = drinking water equivalent level; EPA = Environmental Protection Agency; HSDB = Hazardous Substances 

Data Bank; IARC = International Agency for Research on Cancer; IDLH = immediately dangerous to life or health; 

IRIS = Integrated Risk Information System; NIOSH = National Institute for Occupational Safety and Health; 

NTP = National Toxicology Program; OSHA = Occupational Safety and Health Administration; PEL = permissible 

exposure limit; PQL = practical quantitation level; RCRA = Resource Conservation and Recovery Act; 

REL = recommended exposure limit; RfC = reference concentration; RfD = reference dose; STEL = short-term 

exposure limit; TCLP = toxicity characteristic leachate procedure; TLV = threshold limit values; TSCA = Toxic 

Substances Control Act; TSD = treatment, storage, and disposal; TWA = time-weighted average; USC = United 

States Code; WHO = World Health Organization 
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Absorption—The taking up of liquids by solids, or of gases by solids or liquids. 

Acute Exposure—Exposure to a chemical for a duration of 14 days or less, as specified in the 
Toxicological Profiles. 

Adsorption—The adhesion in an extremely thin layer of molecules (as of gases, solutes, or liquids) to the 
surfaces of solid bodies or liquids with which they are in contact. 

Adsorption Coefficient (Koc)—The ratio of the amount of a chemical adsorbed per unit weight of 
organic carbon in the soil or sediment to the concentration of the chemical in solution at equilibrium. 

Adsorption Ratio (Kd)—The amount of a chemical adsorbed by sediment or soil (i.e., the solid phase) 
divided by the amount of chemical in the solution phase, which is in equilibrium with the solid phase, at a 
fixed solid/solution ratio. It is generally expressed in micrograms of chemical sorbed per gram of soil or 
sediment. 

Benchmark Dose (BMD)—Usually defined as the lower confidence limit on the dose that produces a 
specified magnitude of changes in a specified adverse response.  For example, a BMD10 would be the 
dose at the 95% lower confidence limit on a 10% response, and the benchmark response (BMR) would be 
10%.  The BMD is determined by modeling the dose response curve in the region of the dose response 
relationship where biologically observable data are feasible.    

Benchmark Dose Model—A statistical dose-response model applied to either experimental toxicological 
or epidemiological data to calculate a BMD. 

Bioconcentration Factor (BCF)—The quotient of the concentration of a chemical in aquatic organisms 
at a specific time or during a discrete time period of exposure divided by the concentration in the 
surrounding water at the same time or during the same period. 

Biomarkers—Broadly defined as indicators signaling events in biologic systems or samples. They have 
been classified as markers of exposure, markers of effect, and markers of susceptibility. 

Cancer Effect Level (CEL)—The lowest dose of chemical in a study, or group of studies, that produces 
significant increases in the incidence of cancer (or tumors) between the exposed population and its 
appropriate control. 

Carcinogen—A chemical capable of inducing cancer. 

Case-Control Study—A type of epidemiological study that examines the relationship between a 
particular outcome (disease or condition) and a variety of potential causative agents (such as toxic 
chemicals).  In a case-controlled study, a group of people with a specified and well-defined outcome is 
identified and compared to a similar group of people without outcome. 

Case Report—Describes a single individual with a particular disease or exposure.  These may suggest 
some potential topics for scientific research, but are not actual research studies. 
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Case Series—Describes the experience of a small number of individuals with the same disease or 
exposure. These may suggest potential topics for scientific research, but are not actual research studies. 

Ceiling Value—A concentration of a substance that should not be exceeded, even instantaneously. 

Chronic Exposure—Exposure to a chemical for 365 days or more, as specified in the Toxicological 
Profiles. 

Cohort Study—A type of epidemiological study of a specific group or groups of people who have had a 
common insult (e.g., exposure to an agent suspected of causing disease or a common disease) and are 
followed forward from exposure to outcome.  At least one exposed group is compared to one unexposed 
group. 

Cross-sectional Study—A type of epidemiological study of a group or groups of people that examines 
the relationship between exposure and outcome to a chemical or to chemicals at one point in time. 

Data Needs—Substance-specific informational needs that if met would reduce the uncertainties of human 
health assessment. 

Developmental Toxicity—The occurrence of adverse effects on the developing organism that may result 
from exposure to a chemical prior to conception (either parent), during prenatal development, or 
postnatally to the time of sexual maturation.  Adverse developmental effects may be detected at any point 
in the life span of the organism. 

Dose-Response Relationship—The quantitative relationship between the amount of exposure to a 
toxicant and the incidence of the adverse effects. 

Embryotoxicity and Fetotoxicity—Any toxic effect on the conceptus as a result of prenatal exposure to 
a chemical; the distinguishing feature between the two terms is the stage of development during which the 
insult occurs.  The terms, as used here, include malformations and variations, altered growth, and in utero 
death. 

Environmental Protection Agency (EPA) Health Advisory—An estimate of acceptable drinking water 
levels for a chemical substance based on health effects information.  A health advisory is not a legally 
enforceable federal standard, but serves as technical guidance to assist federal, state, and local officials. 

Epidemiology—Refers to the investigation of factors that determine the frequency and distribution of 
disease or other health-related conditions within a defined human population during a specified period.   

Genotoxicity—A specific adverse effect on the genome of living cells that, upon the duplication of 
affected cells, can be expressed as a mutagenic, clastogenic, or carcinogenic event because of specific 
alteration of the molecular structure of the genome. 

Half-life—A measure of rate for the time required to eliminate one half of a quantity of a chemical from 
the body or environmental media. 

Immediately Dangerous to Life or Health (IDLH)—The maximum environmental concentration of a 
contaminant from which one could escape within 30 minutes without any escape-impairing symptoms or 
irreversible health effects. 
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Immunologic Toxicity—The occurrence of adverse effects on the immune system that may result from 
exposure to environmental agents such as chemicals. 

Immunological Effects—Functional changes in the immune response. 

Incidence—The ratio of individuals in a population who develop a specified condition to the total 
number of individuals in that population who could have developed that condition in a specified time 
period. 

Intermediate Exposure—Exposure to a chemical for a duration of 15–364 days, as specified in the 
Toxicological Profiles. 

In Vitro—Isolated from the living organism and artificially maintained, as in a test tube. 

In Vivo—Occurring within the living organism. 

Lethal Concentration(LO) (LCLO)—The lowest concentration of a chemical in air that has been reported 
to have caused death in humans or animals. 

Lethal Concentration(50) (LC50)—A calculated concentration of a chemical in air to which exposure for 
a specific length of time is expected to cause death in 50% of a defined experimental animal population. 

Lethal Dose(LO) (LDLo)—The lowest dose of a chemical introduced by a route other than inhalation that 
has been reported to have caused death in humans or animals. 

Lethal Dose(50) (LD50)—The dose of a chemical that has been calculated to cause death in 50% of a 
defined experimental animal population. 

Lethal Time(50) (LT50)—A calculated period of time within which a specific concentration of a chemical 
is expected to cause death in 50% of a defined experimental animal population. 

Lowest-Observed-Adverse-Effect Level (LOAEL)—The lowest exposure level of chemical in a study, 
or group of studies, that produces statistically or biologically significant increases in frequency or severity 
of adverse effects between the exposed population and its appropriate control. 

Lymphoreticular Effects—Represent morphological effects involving lymphatic tissues such as the 
lymph nodes, spleen, and thymus. 

Malformations—Permanent structural changes that may adversely affect survival, development, or 
function. 

Minimal Risk Level (MRL)—An estimate of daily human exposure to a hazardous substance that is 
likely to be without an appreciable risk of adverse noncancer health effects over a specified route and 
duration of exposure. 

Modifying Factor (MF)—A value (greater than zero) that is applied to the derivation of a Minimal Risk 
Level (MRL) to reflect additional concerns about the database that are not covered by the uncertainty 
factors. The default value for a MF is 1. 

Morbidity—State of being diseased; morbidity rate is the incidence or prevalence of disease in a specific 
population. 
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Mortality—Death; mortality rate is a measure of the number of deaths in a population during a specified 
interval of time. 

Mutagen—A substance that causes mutations.  A mutation is a change in the DNA sequence of a cell’s 
DNA. Mutations can lead to birth defects, miscarriages, or cancer. 

Necropsy—The gross examination of the organs and tissues of a dead body to determine the cause of 
death or pathological conditions. 

Neurotoxicity—The occurrence of adverse effects on the nervous system following exposure to a 
chemical. 

No-Observed-Adverse-Effect Level (NOAEL)—The dose of a chemical at which there were no 
statistically or biologically significant increases in frequency or severity of adverse effects seen between 
the exposed population and its appropriate control.  Effects may be produced at this dose, but they are not 
considered to be adverse. 

Octanol-Water Partition Coefficient (Kow)—The equilibrium ratio of the concentrations of a chemical 
in n-octanol and water, in dilute solution. 

Odds Ratio (OR)—A means of measuring the association between an exposure (such as toxic substances 
and a disease or condition) that represents the best estimate of relative risk (risk as a ratio of the incidence 
among subjects exposed to a particular risk factor divided by the incidence among subjects who were not 
exposed to the risk factor). An OR of greater than 1 is considered to indicate greater risk of disease in the 
exposed group compared to the unexposed group. 

Organophosphate or Organophosphorus Compound—A phosphorus-containing organic compound 
and especially a pesticide that acts by inhibiting cholinesterase. 

Permissible Exposure Limit (PEL)—An Occupational Safety and Health Administration (OSHA) 
allowable exposure level in workplace air averaged over an 8-hour shift of a 40-hour workweek. 

Pesticide—General classification of chemicals specifically developed and produced for use in the control 
of agricultural and public health pests. 

Pharmacokinetics—The dynamic behavior of a material in the body, used to predict the fate 
(disposition) of an exogenous substance in an organism.  Utilizing computational techniques, it provides 
the means of studying the absorption, distribution, metabolism, and excretion of chemicals by the body. 

Pharmacokinetic Model—A set of equations that can be used to describe the time course of a parent 
chemical or metabolite in an animal system.  There are two types of pharmacokinetic models:  data-based 
and physiologically-based.  A data-based model divides the animal system into a series of compartments, 
which, in general, do not represent real, identifiable anatomic regions of the body, whereas the 
physiologically-based model compartments represent real anatomic regions of the body. 

Physiologically Based Pharmacodynamic (PBPD) Model—A type of physiologically based dose-
response model that quantitatively describes the relationship between target tissue dose and toxic end 
points. These models advance the importance of physiologically based models in that they clearly 
describe the biological effect (response) produced by the system following exposure to an exogenous 
substance. 
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Physiologically Based Pharmacokinetic (PBPK) Model—Comprised of a series of compartments 
representing organs or tissue groups with realistic weights and blood flows.  These models require a 
variety of physiological information:  tissue volumes, blood flow rates to tissues, cardiac output, alveolar 
ventilation rates, and possibly membrane permeabilities.  The models also utilize biochemical 
information, such as air/blood partition coefficients, and metabolic parameters.  PBPK models are also 
called biologically based tissue dosimetry models. 

Prevalence—The number of cases of a disease or condition in a population at one point in time.  

Prospective Study—A type of cohort study in which the pertinent observations are made on events 
occurring after the start of the study.  A group is followed over time. 

q1*—The upper-bound estimate of the low-dose slope of the dose-response curve as determined by the 
multistage procedure.  The q1* can be used to calculate an estimate of carcinogenic potency, the 
incremental excess cancer risk per unit of exposure (usually µg/L for water, mg/kg/day for food, and 
µg/m3 for air). 

Recommended Exposure Limit (REL)—A National Institute for Occupational Safety and Health 
(NIOSH) time-weighted average (TWA) concentration for up to a 10-hour workday during a 40-hour 
workweek. 

Reference Concentration (RfC)—An estimate (with uncertainty spanning perhaps an order of 
magnitude) of a continuous inhalation exposure to the human population (including sensitive subgroups) 
that is likely to be without an appreciable risk of deleterious noncancer health effects during a lifetime.  
The inhalation reference concentration is for continuous inhalation exposures and is appropriately 
expressed in units of mg/m3 or ppm. 

Reference Dose (RfD)—An estimate (with uncertainty spanning perhaps an order of magnitude) of the 
daily exposure of the human population to a potential hazard that is likely to be without risk of deleterious 
effects during a lifetime.  The RfD is operationally derived from the no-observed-adverse-effect level 
(NOAEL, from animal and human studies) by a consistent application of uncertainty factors that reflect 
various types of data used to estimate RfDs and an additional modifying factor, which is based on a 
professional judgment of the entire database on the chemical.  The RfDs are not applicable to 
nonthreshold effects such as cancer. 

Reportable Quantity (RQ)—The quantity of a hazardous substance that is considered reportable under 
the Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA).  Reportable 
quantities are (1) 1 pound or greater or (2) for selected substances, an amount established by regulation 
either under CERCLA or under Section 311 of the Clean Water Act.  Quantities are measured over a 
24-hour period. 

Reproductive Toxicity—The occurrence of adverse effects on the reproductive system that may result 
from exposure to a chemical.  The toxicity may be directed to the reproductive organs and/or the related 
endocrine system.  The manifestation of such toxicity may be noted as alterations in sexual behavior, 
fertility, pregnancy outcomes, or modifications in other functions that are dependent on the integrity of 
this system. 
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Retrospective Study—A type of cohort study based on a group of persons known to have been exposed 
at some time in the past.  Data are collected from routinely recorded events, up to the time the study is 
undertaken. Retrospective studies are limited to causal factors that can be ascertained from existing 
records and/or examining survivors of the cohort. 

Risk—The possibility or chance that some adverse effect will result from a given exposure to a chemical. 

Risk Factor—An aspect of personal behavior or lifestyle, an environmental exposure, or an inborn or 
inherited characteristic that is associated with an increased occurrence of disease or other health-related 
event or condition. 

Risk Ratio—The ratio of the risk among persons with specific risk factors compared to the risk among 
persons without risk factors. A risk ratio greater than 1 indicates greater risk of disease in the exposed 
group compared to the unexposed group. 

Short-Term Exposure Limit (STEL)—The American Conference of Governmental Industrial 
Hygienists (ACGIH) maximum concentration to which workers can be exposed for up to 15 minutes 
continually. No more than four excursions are allowed per day, and there must be at least 60 minutes 
between exposure periods. The daily Threshold Limit Value-Time Weighted Average (TLV-TWA) may 
not be exceeded. 

Standardized Mortality Ratio (SMR)—A ratio of the observed number of deaths and the expected 
number of deaths in a specific standard population. 

Target Organ Toxicity—This term covers a broad range of adverse effects on target organs or 
physiological systems (e.g., renal, cardiovascular) extending from those arising through a single limited 
exposure to those assumed over a lifetime of exposure to a chemical. 

Teratogen—A chemical that causes structural defects that affect the development of an organism. 

Threshold Limit Value (TLV)—An American Conference of Governmental Industrial Hygienists 
(ACGIH) concentration of a substance to which most workers can be exposed without adverse effect.  
The TLV may be expressed as a Time Weighted Average (TWA), as a Short-Term Exposure Limit 
(STEL), or as a ceiling limit (CL). 

Time-Weighted Average (TWA)—An allowable exposure concentration averaged over a normal 8-hour 
workday or 40-hour workweek. 

Toxic Dose(50) (TD50)—A calculated dose of a chemical, introduced by a route other than inhalation, 
which is expected to cause a specific toxic effect in 50% of a defined experimental animal population. 

Toxicokinetic—The absorption, distribution, and elimination of toxic compounds in the living organism. 
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Uncertainty Factor (UF)—A factor used in operationally deriving the Minimal Risk Level (MRL) or 
Reference Dose (RfD) or Reference Concentration (RfC) from experimental data.  UFs are intended to 
account for (1) the variation in sensitivity among the members of the human population, (2) the 
uncertainty in extrapolating animal data to the case of human, (3) the uncertainty in extrapolating from 
data obtained in a study that is of less than lifetime exposure, and (4) the uncertainty in using lowest-
observed-adverse-effect level (LOAEL) data rather than no-observed-adverse-effect level (NOAEL) data. 
A default for each individual UF is 10; if complete certainty in data exists, a value of 1 can be used; 
however, a reduced UF of 3 may be used on a case-by-case basis, 3 being the approximate logarithmic 
average of 10 and 1. 

Xenobiotic—Any chemical that is foreign to the biological system. 
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The Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) [42 U.S.C. 

9601 et seq.], as amended by the Superfund Amendments and Reauthorization Act (SARA) [Pub. L. 99– 

499], requires that the Agency for Toxic Substances and Disease Registry (ATSDR) develop jointly with 

the U.S. Environmental Protection Agency (EPA), in order of priority, a list of hazardous substances most 

commonly found at facilities on the CERCLA National Priorities List (NPL); prepare toxicological 

profiles for each substance included on the priority list of hazardous substances; and assure the initiation 

of a research program to fill identified data needs associated with the substances. 

The toxicological profiles include an examination, summary, and interpretation of available toxicological 

information and epidemiologic evaluations of a hazardous substance.  During the development of 

toxicological profiles, Minimal Risk Levels (MRLs) are derived when reliable and sufficient data exist to 

identify the target organ(s) of effect or the most sensitive health effect(s) for a specific duration for a 

given route of exposure. An MRL is an estimate of the daily human exposure to a hazardous substance 

that is likely to be without appreciable risk of adverse noncancer health effects over a specified duration 

of exposure. MRLs are based on noncancer health effects only and are not based on a consideration of 

cancer effects.  These substance-specific estimates, which are intended to serve as screening levels, are 

used by ATSDR health assessors to identify contaminants and potential health effects that may be of 

concern at hazardous waste sites.  It is important to note that MRLs are not intended to define clean-up or 

action levels. 

MRLs are derived for hazardous substances using the no-observed-adverse-effect level/uncertainty factor 

approach. They are below levels that might cause adverse health effects in the people most sensitive to 

such chemical-induced effects.  MRLs are derived for acute (1–14 days), intermediate (15–364 days), and 

chronic (365 days and longer) durations and for the oral and inhalation routes of exposure.  Currently, 

MRLs for the dermal route of exposure are not derived because ATSDR has not yet identified a method 

suitable for this route of exposure. MRLs are generally based on the most sensitive chemical-induced end 

point considered to be of relevance to humans.  Serious health effects (such as irreparable damage to the 

liver or kidneys, or birth defects) are not used as a basis for establishing MRLs.  Exposure to a level 

above the MRL does not mean that adverse health effects will occur. 
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MRLs are intended only to serve as a screening tool to help public health professionals decide where to 

look more closely.  They may also be viewed as a mechanism to identify those hazardous waste sites that 

are not expected to cause adverse health effects.  Most MRLs contain a degree of uncertainty because of 

the lack of precise toxicological information on the people who might be most sensitive (e.g., infants, 

elderly, nutritionally or immunologically compromised) to the effects of hazardous substances.  ATSDR 

uses a conservative (i.e., protective) approach to address this uncertainty consistent with the public health 

principle of prevention. Although human data are preferred, MRLs often must be based on animal studies 

because relevant human studies are lacking.  In the absence of evidence to the contrary, ATSDR assumes 

that humans are more sensitive to the effects of hazardous substance than animals and that certain persons 

may be particularly sensitive.  Thus, the resulting MRL may be as much as 100-fold below levels that 

have been shown to be nontoxic in laboratory animals. 

Proposed MRLs undergo a rigorous review process:  Health Effects/MRL Workgroup reviews within the 

Division of Toxicology, expert panel peer reviews, and agency-wide MRL Workgroup reviews, with 

participation from other federal agencies and comments from the public.  They are subject to change as 

new information becomes available concomitant with updating the toxicological profiles.  Thus, MRLs in 

the most recent toxicological profiles supersede previously published levels.  For additional information 

regarding MRLs, please contact the Division of Toxicology, Agency for Toxic Substances and Disease 

Registry, 1600 Clifton Road NE, Mailstop F-32, Atlanta, Georgia 30333. 
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MINIMAL RISK LEVEL (MRL) WORKSHEET 

Chemical Name:  Naphthalene 
CAS Number:   91-20-3 
Date:   June 2005 
Profile Status: Final Post-Public Comment 
Route: [x] Inhalation [ ] Oral 
Duration: [ ] Acute [ ] Intermediate [x] Chronic 
Graph Key: 6 
Species: Rat 

Minimal Risk Level: 0.0007 [ ] mg/kg/day  [x] ppm 

Reference(s): Abdo KM, Grumbein S, Chou BJ, et al.  2001.  Toxicity and carcinogenicity study in 
F344 rats following 2 years of whole-body exposure to naphthalene vapors.  Inhal Toxicol 13:931-950.   

NTP. 1992a.  Toxicology and carcinogenesis studies of naphthalene (CAS No. 91-20-3) in B6C3F1 mice 
(inhalation studies). Research Triangle Park, NC:  U.S. Department of Health and Human Services, 
Public Health Service, National Institutes of Health.  National Toxicology Program.  NIH Publication No. 
92-3141.  Technical report series no. 410.   

NTP. 2000.  Toxicology and carcinogenesis studies of naphthalene (CAS No. 91-20-3) in F344/N rats 
(inhalation studies).  National Toxicology Program.  NTP TR 500, NIH Publ. No. 01-4434.  

Experimental design: NTP 1992a: Groups of 75 B6C3F1mice of each sex were exposed by inhalation at 
concentrations of 0, 10, or 30 ppm.  Exposure occurred 5 times/week, 6 hours/day for 104 weeks. 

Abdo et al. 2001; NTP 2000:  Groups of 49 male and 49 female F344/N rats were exposed to naphthalene 
at concentrations of 0, 10, 30, or 60 ppm for 6 hours/day, 5 days/week for 105 weeks. 

Effects noted in study and corresponding doses: In mice, exposure to 10 or 30 ppm of naphthalene 
resulted in inflammation of the nose (males:  0/70, 67/69, 133/135; females:  1/69, 65/65, 135/135) and 
lungs (males:  0/70, 21/69, 56/135; females:  3/69, 13/65, 52/135), metaplasia of the olfactory epithelium 
(males:  0/70, 66/69, 134/135; females:  0/69, 65/65, 135/135), and hyperplasia of the nasal respiratory 
epithelium (males:  0/70, 66/69, 134/135; females: 0/69, 65/65, 135/135).  Increased incidences of 
neoplastic lesions were restricted to the lung in females:  alveolar/bronchiolar adenomas (5/69, 2/65, 
28/135) and alveolar/bronchiolar carcinomas (0/69, 0/65, 1/135). 

In rats, increased incidences of nonneoplastic and neoplastic lesions were restricted to the nose as shown 
in Table A-1. 

Dose and end point used for MRL derivation: The lowest exposure level in both studies, 10 ppm, was a 
LOAEL in both sexes of both species for nonneoplastic lesions in nasal olfactory epithelium and 
respiratory epithelium.  Applying EPA inhalation dosimetry (see below), a human equivalent LOAEL of 
0.2 ppm, based on the rat LOAEL, was selected as the point of departure for the chronic inhalation MRL.  
Benchmark dose analyses were not conducted on the incidence data for nonneoplastic nasal lesions, 
because the data provided insufficient information on the shape of the dose-response relationship.  The 
lowest exposure level in the principal study induced nasal lesions in essentially all of the rats.  

[ ] NOAEL    [x] LOAEL 
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Modifying Factors used in MRL derivation: N/A 

Table A-1. Nonneoplastic and Neoplastic Lesions of the Nose in Male and 

Female F344/N Rats Exposed to Naphthalene 6 Hours/Day,


5 Days/Week for 105 Weeks 


Concentration (ppm) 
0 10 30 60 

Lesion M F M F M F M F 
Nonneoplastic lesions 
Olfactory epithelium 
Hyperplasia 0/49 0/49 48/49 48/49 45/48 48/49 46/48 43/49 
Atrophy 3/49 0/49 49/49 49/49 48/48 49/49 47/48 47/49 
Chronic inflammation 0/49 0/49 49/49 47/49 48/48 47/49 48/48 45/49 
Hyaline degeneration 3/49 13/49 46/49 46/49 40/48 49/49 38/48 45/49 

Respiratory epithelium 

Hyperplasia 3/49 0/49 21/49 18/49 29/48 22/49 29/48 23/49 
Squamous metaplasia 0/49 0/49 15/49 21/49 23/48 17/49 18/48) 15/49 
Hyaline degeneration 0/49 8/49 20/49 33/49 19/48 34/49 19/48 28/49 
Goblet cell hyperplasia 0/49 0/49 25/49 16/49 29/48 29/49 26/48 20/49 
Gland hyperplasia 1/49 0/49 49/49 48/49 48/48 48/49 48/48 42/49 
Gland squamous metaplasia 0/49 0/49 3/49 2/49 14/48 20/49 26/48 20/49 
Neoplastic lesions 
Respiratory epithelial 0/49 0/49 6/49 0/49 8/48 4/49 15/48 2/49 
adenoma 
Olfactory epithelial 0/49 0/49 0/49 2/49 4/48 3/49 3/48 12/49 
neuroblastoma 

F = female; M = male 

Uncertainty Factors used in MRL derivation: Total Uncertainty Factor = 10x3x10=300 

[x] 10 for use of a LOAEL 
[x] 3 for extrapolation from animals to humans with dosimetric adjustment 
[x] 10 for human variability 

Was a conversion used from ppm in food or water to a mg/body weight dose?  No. 

If an inhalation study in animals, list the conversion factors used in determining human equivalent dose:  
10 ppm x 6 hours/24 hours x 5 days/7 days=1.8 ppm (duration-adjusted LOAEL for nasal effects in rats 
or mice) 
1.8 ppm x 128.18/24.45=9.4 mg/m3 
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Following EPA (1994d) Methods for Derivation of Inhalation Reference Concentrations and Application 
of Inhalation Dosimetry, equations for a category 1 gas producing nasal effects were used to derive 
human equivalent concentrations:  HEC=Animal Concentration x RGDRET; 

RGDRET= regional gas dose ratio in the extrathoracic (ET) region 
 = (DoseET)A/(DoseET)H= [minute volume/ETsurface area]A÷[minute volume/ETsurface area]H; 

Reference minute volumes (L/min):  13.8 human, 0.137 rat, 0.0368 mouse; 
Reference ET surface area (cm2 ): 200 human, 15 rat, 3 mouse; 

RGDRET(Rat to Human)=[0.137/15]÷[13.8/200]=0.132;   
LOAELHEC=duration-adjusted LOAEL x 0.132=1.8 ppm x 0.132=0.2 ppm 

RGDRET(Mouse to Human)=[0.0368/3]÷[13.8/200]=0.178; 
LOAELHEC=duration-adjusted LOAEL x 0.132=1.8 ppm x 0.178=0.3 ppm 

Using public health protection reasoning, the LOAELHEC based on the rat data was selected as the point of 
departure for the chronic inhalation MRL. 

Other additional studies or pertinent information which lend support to this MRL: Uncertainty in the 
MRL would likely be decreased with the development and application of hybrid computational fluid 
dynamics and physiologically based pharmacokinetic models that would estimate regional tissue doses of 
naphthalene metabolites in rats and humans.  The models can incorporate species-specific information on 
nasal geometry, breathing patterns, and metabolism, as well as chemical-specific information on 
reactivity, partition coefficients, and diffusivity of the vapor in air and tissue.  Such models have been 
developed for other gases that induce nasal lesions (see Frederick et al. 2001), but have not yet been 
developed for naphthalene. 

Reactive naphthalene metabolites (1,2-naphthalene oxide, 1,2-naphthoquinone, 1,4-naphthoquinone, and 
1,2-dihydroxy-3,4-epoxy-1,2,3,4-tetrahydronaphthalene) have been proposed to be involved in 
naphthalene’s toxic modes of action (Buckpitt et al. 2002).  CYP isozymes, which might be involved in 
naphthalene metabolism and bioactivation, have been demonstrated to exist in nasal respiratory epithelial 
and olfactory epithelial tissue from rodents and humans (Thornton-Manning and Dahl 1997). Studies 
designed to specifically characterize metabolism of naphthalene in nasal tissue, however, have not been 
conducted (e.g., which CYP isozymes catalyze naphthalene transformations in nasal tissue?, are there 
species differences in nasal tissue efficiencies and capabilities for metabolism and/or bioactivation of 
naphthalene?), with the exception of a single study that examined in vitro rates of metabolism of 
naphthalene to naphthalene oxides in postmitochondrial supernatants from mouse, rat, and hamster 
olfactory tissue (Buckpitt et al. 1992). In this study, metabolic rates (units of nmol/min/mg protein) 
showed the following order:  mouse (87.1) > rat (43.5) > hamster (3.9).  This order did not correspond 
with species differences in susceptibility to single intraperitoneal injections of naphthalene in a 
companion study (Plopper et al. 1992a).  Rat nasal epithelial tissue (olfactory and respiratory epithelium) 
was more sensitive than tissue from mice and hamsters, which showed equivalent sensitivities.  

Agency Contacts (Chemical Managers): Hisham El-Masri, Ph.D.; Moiz Mumtaz, Ph.D.; and G. Daniel 
Todd, Ph.D. 
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MINIMAL RISK LEVEL (MRL) WORKSHEET 

Chemical Name:  Naphthalene 
CAS Number:   91-20-3 
Date:   June 2005 
Profile Status: Final Post-Public Comment 
Route: [ ] Inhalation [x] Oral 
Duration: [x] Acute    [ ] Intermediate  [ ] Chronic 
Graph Key: 16 
Species: Rat 

Minimal Risk Level: 0.6 [x] mg/kg/day  [ ] ppm 

Reference: NTP. 1991a.  Developmental toxicity of naphthalene (CAS No. 91-20-3) administered by 
gavage to Sprague-Dawley (CD) rats on gestational days 6 through 15.  Research Triangle Park, NC:  
National Toxicology Program, National Institute of Environmental Health Sciences, U.S. Department of 
Health and Human Services, Public Health Service, National Institutes of Health.  TER91006. 

Experimental design: Groups of 25–26 pregnant female Sprague-Dawley rats received doses of 0, 50, 
150, and 450 mg/kg/day by gavage on gestation days 6–15.  There were two replicate groups of 12– 
13 animals. 

Effects noted in study and corresponding doses: Rat dams in exposed groups showed one or more of 
several clinical signs of toxicity (slow respiration, lethargy, or prone body posture) on the first day of 
dosing (81, 96, and 96% of rats in the 50-, 150-, and 450-mg/kg/day groups). By the third day of dosing, 
these signs did not occur in any of the 50-mg/kg/day rats.  A similar trend was noted in the 
150-mg/kg/day group, but apparent tolerance did not develop until the sixth day of dosing.  In the 
450-mg/kg/day group, the incidence of rats exhibiting these signs of toxicity also declined during the 
exposure period, but did not fall below 15%.  With the development of “tolerance”, the slow respiration, 
lethargy, and prone body posture were replaced with rooting behavior, a common behavior of rodents 
following gavage administration of chemicals with strong odors or irritant properties.  At the end of the 
exposure period (gestation day 15), incidence of rats showing rooting behavior was 0% for the control 
and 50-mg/kg/day groups, compared with 24 and 92% of dams in the 150- and 450-mg/kg/day groups, 
respectively. Weight gain during exposure (gestation days 6–15) was similar between the control and 
50-mg/kg/day group, but was decreased by 31 and 53% in the 150- and 450-mg/kg/day groups, compared 
with controls. From these results, 50 mg/kg/day was judged to be a minimal less serious LOAEL for 
transient clinical signs of maternal toxicity in pregnant rat dams.  At higher doses (150 and 
450 mg/kg/day), these effects were more persistent and were accompanied by decreased weight gain.   

No statistically significant exposure-related effects were observed on the average number of corpora lutea 
per dam, implantation sites per litter, live fetuses per litter, or average fetal body weight.  The percent of 
fetuses malformed per litter (4, 4, 7, and 10% for control through 450 mg/kg/day) and the percent of 
litters with malformed fetuses (23, 27, 33, and 50%) both showed a statistically significant trend test, but 
pairwise comparisons between individual exposure groups and the control were not statistically 
significant. The investigators concluded that naphthalene was not fetotoxic or teratogenic in this assay. 

Dose and end point used for MRL derivation: A minimal LOAEL of 50 mg/kg/day for transient clinical 
signs of toxicity in pregnant rat dams. 

[] NOAEL  [x ] minimal LOAEL 



A-7 NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 

APPENDIX A 

Modifying Factors used in MRL derivation: N/A 

Uncertainty Factors used in MRL derivation: Total Uncertainty Factor= 3x10x3=90 

[x] 3 for use of a minimal LOAEL 
[x] 10 for extrapolation from animals to humans 
[x] 3 for human variability 

An uncertainty factor of 3 was selected for the use of a minimal LOAEL of 50 mg/kg/day. At this dose 
level, the only adverse effects observed in the pregnant rat dams were signs of maternal toxicity, which 
were only observed on the first 2 days of exposure.   

An uncertainty factor of 10 was used for extrapolating from animals to humans.   

An uncertainty factor of 3 was used for human variability because the critical effect is based on effects in 
a sensitive animal subpopulation.  Pregnant rats appear to be more sensitive for the effects observed 
(clinical signs and decreased body weight gain) than nonpregnant rats. In 13-week gavage studies with 
nonpregnant rats (NTP 1980b), similar persistent clinical signs were not observed following admin­
istration of doses as high as 200 mg/kg/day, but were observed at 400 mg/kg/day. In nonpregnant rats 
exposed for 13 weeks, significant body weight decreases occurred at 200 mg/kg/day throughout exposure, 
but not at 100 mg/kg/day (NTP 1980b) or in nonpregnant mice exposed for 13 weeks to 133 mg/kg/day 
(Shopp et al. 1984) or 200 mg/kg/day (NTP 1980a).  Mice in the NTP (1980a) study showed transient 
signs of toxicity (lethargy, rough hair coats, and decreased food consumption), but these only occurred 
between weeks 3 and 5 in the 200-mg/kg/day group. 

Was a conversion used from ppm in food or water to a mg/body weight dose?  No. 

If an inhalation study in animals, list the conversion factors used in determining human equivalent dose: 
N/A 

Other additional studies or pertinent information which lend support to this MRL: Neurologic symptoms 
have been reported in humans following ingestion of naphthalene at unknown, but presumably high dose 
levels. These include confusion (Ojwang et al. 1985) and listlessness and lethargy (Bregman 1954; 
Chusid and Fried 1955; Kurz 1987; Macgregor 1954; Zuelzer and Apt 1949), as well as decreased 
responses to painful stimuli and coma prior to death (Gupta et al. 1979; Kurz 1987).  Persistent neurologic 
symptoms were not recorded in 13-week studies with rats or mice exposed to doses as high as 
200 mg/kg/day (NTP 1980a, 1980b), but the highest exposure level tested in these studies, 
400 mg/kg/day, produced lethargy in exposed rats (only rats were exposed to 400 mg/kg/day). 

Hemolytic anemia has been identified in many human cases of acute accidental or intentional ingestion of 
naphthalene (e.g., Gidron and Leurer 1956; MacGregor 1954).  Estimations of dose levels involved in 
these cases, however, are limited to a report (Gidron and Leurer 1956) of hemolytic anemia in a 16-year-
old girl who swallowed 6 g of naphthalene (estimated dose=109 mg/kg, assuming body weight of 55 kg). 
Laboratory animals do not appear to be susceptible to the hemolytic activity of naphthalene.  No 
pronounced changes in red-cell-related hematologic parameters were observed following 13-week oral 
exposures to doses up to 200 mg/kg/day in mice (NTP 1980a) and 400 mg/kg/day in rats (NTP 1980b), or 
in mice exposed by inhalation for 14 days to air concentrations as high as 30 ppm (NTP 1992a).  
Naphthalene-induced hemolytic anemia has been observed in dogs exposed to a single dose of 
1,525 mg/kg or 263 mg/kg/day for 7 days (Zuelzer and Apt 1949), but more information on the dose-
response relationship for hemolytic anemia in humans or animals acutely exposed to naphthalene is not 
available. 
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Another effect associated with acute or repeated oral exposure to naphthalene in animals is cataracts 
(Kojima 1992; Murano et al. 1993; Van Heyningen and Pirie 1976; Xu et al. 1992b).  These effects, 
however, appear to occur at dose levels (in the range of 500–1,000 mg/kg/day) much higher than the 
lowest dose level (150 mg/kg/day) producing body weight gain decreases and clinical signs of toxicity in 
pregnant rats. 

Agency Contacts (Chemical Managers): Hisham El-Masri, Ph.D.; Moiz Mumtaz, Ph.D.; and G. Daniel 
Todd, Ph.D. 
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MINIMAL RISK LEVEL (MRL) WORKSHEET 

Chemical Name:  Naphthalene 
CAS Number:   91-20-3 
Date:   June 2005 
Profile Status: Final Post-Public Comment 
Route: [ ] Inhalation [x] Oral 
Duration: [ ] Acute  [x] Intermediate  [ ] Chronic 
Graph Key: 16 
Species: Rat 

Minimal Risk Level: 0.6 [x] mg/kg/day  [ ] ppm 

Reference: NTP. 1991a.  Developmental toxicity of naphthalene (CAS No. 91-20-3) administered by 
gavage to Sprague-Dawley (CD) rats on gestational days 6 through 15.  Research Triangle Park, NC:  
National Toxicology Program, National Institute of Environmental Health Sciences, U.S. Department of 
Health and Human Services, Public Health Service, National Institutes of Health.  TER91006. 

Experimental design: See the worksheet for the acute-duration oral MRL. 

Effects noted in study and corresponding doses: See the worksheet for the acute-duration oral MRL. 

Dose and end point used for MRL derivation: A minimal LOAEL of 50 mg/kg/day for transient clinical 
signs of toxicity in pregnant rat dams. 

[ ] NOAEL [x] minimal LOAEL 

Modifying Factors used in MRL derivation: N/A 

Uncertainty Factors used in MRL derivation: Total Uncertainty Factor =3x10x3=90 

[x] 3 for use of a minimal LOAEL 
[x] 10 for extrapolation from animals to humans 
[x] 3 for human variability 

See the worksheet for the acute-duration oral MRL for explanations of the uncertainty factors. 

Was a conversion used from ppm in food or water to a mg/body weight dose?  No. 

If an inhalation study in animals, list the conversion factors used in determining human equivalent dose: 
N/A 

Other additional studies or pertinent information which lend support to this MRL: 

There are three intermediate-duration oral toxicity studies in laboratory animals that were considered for 
deriving the intermediate oral MRL for naphthalene.  A 13-week comprehensive oral toxicity study in 
Fischer 344 rats found no adverse exposure related effects other than decreased body weight (NTP 
1980b). This study identified 100 mg/kg/day as a NOAEL and 200 mg/kg/day as a LOAEL for decreased 
body weight in male and female rats.  Another 13-week comprehensive oral toxicity study in B6C3F1 
mice found no adverse effects in mice exposed to doses as high as 200 mg/kg/day (NTP 1980a).  Another 
90-day gavage study in mice focused on immune system variables and other toxicity variables (e.g., body 
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weight, organ weight, haematological parameters) and identified 133 mg/kg/day as a LOAEL and 
53 mg/kg/day as a NOAEL for weight decreases in several organs (brain, liver, and spleen), but found no 
biologically significant exposure-related changes in other end points evaluated (Shopp et al. 1984).  This 
study, however, did not include histopathological examination of tissues.   

More detailed descriptions of the intermediate-duration oral toxicity studies follow.  After the description 
of the studies, an analysis of their usefulness for MRL derivation is presented. 

NTP. 1980b. Subchronic toxicity study:  Naphthalene (C52904), Fischer 344 rats.  Research Triangle 
Park, NC: U.S. Department of Health and Human Services, National Toxicology Program. 

Naphthalene (>99% pure) in corn oil was administered by gavage to groups of 10 male and 10 female 
Fischer 344 rats at dose levels of 0, 25, 50, 100, 200, or 400 mg/kg/day, 5 days/week for 13 weeks (NTP 
1980b).  End points included weekly measurement of food consumption and body weight, twice daily 
observation for clinical signs of toxicity, measurement of hematological parameters for blood collected at 
termination (hemoglobin, hematocrit, total and differential white blood cell count, red blood cell count, 
mean cell volume, mean cell hemoglobin concentration), necropsy of all rats in the study, and complete 
histopathological examination of 27 organs and tissues (including the eyes, lungs, stomach, liver, 
reproductive organs, thymus, and kidneys) from all control and 400-mg/kg rats.  Male kidneys and female 
thymuses from the 200-mg/kg group were also examined histopathologically (according to the 
histopathology tables; however, the report text states that the 100 mg/kg group was examined).  Organ 
weight data were not reported. 

At the highest dose level, two male rats died during the last week of treatment, and rats of both sexes 
displayed diarrhea, lethargy, hunched posture, and rough coats at intermittent intervals throughout the 
study.  Food consumption was not affected by exposure.  Mean terminal body weights were decreased by 
more than 10% relative to the controls in several groups (28 and 12% decrease in the 400- and 200-mg/kg 
males, respectively and 23% decrease in 400-mg/kg females).  The terminal body weights at 13 weeks’ 
exposure were 250.6, 306.7, 333.4, 351.2, 353.4, and 348.9 g for males and 156.7, 190.5, 197.2, 203.5, 
197.8, and 203.4 g for females for the 400, 200, 100, 50, 25, and 0 dose groups, respectively. Differences 
between mean values of hematological parameters in exposed groups and those in control groups were 
<10% of control values, except for a 94% increase in numbers of mature neutrophils and a 25.1% 
decrease in numbers of lymphocytes in male 400 mg/kg rats and a 37.2% increase in mature neutrophils 
in 400 mg/kg females.  Due to a lack of a consistent pattern of change in the hematologic parameters, the 
observed changes are not considered adverse. Histological examinations revealed low incidences of 
lesions in exposed male kidneys and exposed female thymuses; no lesions were observed in respective 
control kidneys or thymuses.  Focal cortical lymphocytic infiltration or focal tubular regeneration were 
observed in kidneys in 2/10 male rats exposed to 200 mg/kg naphthalene, and diffuse renal tubular 
degeneration occurred in 1/10 male rats exposed to 400 mg/kg naphthalene.  Lymphoid depletion of the 
thymus occurred in 2/10 females exposed to 400 mg/kg naphthalene, but not in any other females or in 
males.  No other tissue lesions were detected.  In this study, 100 mg/kg/day was a NOAEL, 
200 mg/kg/day was a LOAEL, and 400 mg/kg/day was a serious LOAEL for decreased body weight in 
rats orally exposed to naphthalene for 13 weeks. 

NTP. 1980a.  Subchronic toxicity study:  Naphthalene (C52904), B6C3F1 mice. Research Triangle Park, 
NC: U.S. Department of Health and Human Services, National Toxicology Program. 

Ten male and 10 female B6C3F1 mice were administered gavage doses of naphthalene in corn oil at 
levels of 0, 12.5, 25, 50, 100, or 200 mg/kg, 5 days/week for 13 weeks (NTP 1980a).  Seven mice (three 
males and two females of the 200 mg/kg group, one female of the 25 mg/kg group, and one control male) 
died during the second, third, and fourth weeks from gavage trauma or accident.  Transient signs of 
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toxicity (lethargy, rough hair coats, and decreased food consumption) occurred between weeks 3 and 5 in 
the 200-mg/kg groups.  Due to their transient nature, these effects are not considered to be adverse.  All 
exposed male mice gained more weight during the study than did control males (weight gains expressed 
as a percentage of control weight gain were 154.3, 116.0, 125.9, 122.2, and 107.4 for the 12.5–200 mg/kg 
groups, respectively).  In contrast, exposed female mice displayed decreased weight gain compared with 
controls (weight gains expressed as a percentage of control weight gain were 97.5, 81.5, 81.5, 77.8, and 
76.5% for the 12.5–200 mg/kg groups, respectively). The average change in body weight between day 0 
and the 13th week was 6.2 g/mouse for the 200-mg/kg female mice compared with 8.1 g/mouse for the 
control females.  The investigators believed that a difference in weight gain of 1.9 g over a 13-week 
period “was not large enough to conclusively indicate a toxic effect.”  Respective mean terminal body 
weights (g) for control through the 200-mg/kg group were:  33.2, 37.7, 34.7, 34.7, 36.0, and 34.7 for 
males, and 26.7, 26.8, 25.4, 26.0, 26.1, and 25.6 for females.  Mean terminal body weight values in 
exposed females were ≥95% of control values.  

All mice were necropsied, and 27 organs (including the eyes, thymus, reproductive organs, and lungs) 
from the mice in the control and high-dose groups were examined histologically.  No exposure-related 
lesions were observed in any organs.  The highest incidence of lesions observed was for minimal to mild, 
focal or multifocal, subacute pneumonia in both controls (4/10 males and 2/10 females) and high-dose 
mice (4/10 males and 5/10 females).  Organ weight data were not reported.  Hematological analyses were 
performed on all groups.  Exposed groups displayed mean values that were within 10% of the control 
means for the following parameters:  hemoglobin, hematocrit, total white blood cells, and total red blood 
cells. An increase in lymphocytes (18% increase) and a decrease in segmented neutrophils (38.8% 
decrease) in high-dose males were not considered biologically significant by the authors.  The highest 
dose in this study, 200 mg/kg/day, is judged to be a NOAEL for nonneoplastic lesions, hematologic 
changes, and adverse neurologic symptoms. 

Shopp GM, White KL JR, Holsapple MP, et al.  1984.  Naphthalene toxicity in CD-1 mice:  General 
toxicology and immunotoxicology.  Fundam Appl Toxicol 4:406-419. 

Groups of male and female albino CD-1 mice (approximately 6 weeks old at the start) were administered 
gavage doses of 0, 5.3, 53, or 133 mg/kg naphthalene (99.3% pure) in corn oil for 90 consecutive days 
(Shopp et al. 1984). A naive control group and the 5.3 and 53 mg/kg dose groups each contained 76 male 
mice and 40 female mice.  The vehicle control group contained 112 male mice and 76 female mice.  The 
high-dose group contained 96 male mice and 60 female mice.  Statistical analysis consisted of a one-way 
analysis of variance of means and Dunnett’s t-test to compare control and treatment means using a 
significance level of p<0.05. Statistically significant chemical-related decreases in terminal body weights 
or survival were not observed in either sex.  Respective mean terminal body weight values were (naïve, 
vehicle, 5.3, 53, and 133 mg/kg/day groups):  39.3, 37.3, 37.2, 36.2, and 36.8 g for male mice and 29.2, 
29.0, 27.9, 27.0, and 27.1 g for female mice.  No significant alterations in absolute or relative organ 
weights occurred in exposed male mice.  Significant decreases in absolute weights of brain (9%), liver 
(18%), and spleen (28%) and relative weight of spleen (24%) occurred in high-dose females compared 
with controls.  Histopathological examination of organs was not conducted, but the authors noted that 
cataracts were not formed in exposed mice (methods used to assess the presence of cataracts were not 
specified). 

Examination of hematological parameters (including numbers of leucocytes, erythrocytes, and platelets 
and determination of hematocrit and hemoglobin) at termination revealed only slight, but statistically 
significant, increases in hemoglobin in high-dose females only; however, the hematological data were not 
shown in the available report.  Chemical analysis of serum showed statistically significant decreased 
blood urea nitrogen in all exposed female groups.  Compared with vehicle controls, the percent decreases 
in BUN were 16, 20, and 34% for the 5.3, 53, and 133 mg/kg/day groups, respectively.  Increased serum 
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globulin (about 55%) and protein (about 40%) occurred in the two highest female dose groups compared 
with vehicle control values.  Hepatic microsomal activities of aniline hydroxylase and aminopyrine 
N-demethylases were not statistically significantly changed in exposed versus control mice, but 
benzo[a]pyrene hydroxylase activities were statistically significantly decreased in exposed groups 
compared with control values (0.8, 0.62*, 0.55* and 0.41* nmol/min/mg protein for males in the control 
through high-dose group, and 1.40, 1.24, 1.13*, and 0.89* nmol/min/mg protein for females; statistically 
significant differences from control noted with *).  The toxicological significance of the statistically 
significant changes in hematological parameters, hepatic enzyme activities, and serum chemical 
parameters is not clear, and these changes are not considered to be adverse. 

No exposure-related responses were found in a battery of immunological assays (humoral immune 
response, lymphocyte responsiveness, delayed-type hypersensitivity response, popliteal lymph node 
response, and bone marrow function); immunotoxic responses were observed in positive controls given 
intraperitoneal injections of 50 mg/kg cyclophosphamide on days 87, 88, 89, and 90.  The study identified 
a LOAEL of 133 mg/kg/day and a NOAEL of 53 mg/kg/day for statistically significant decreases in 
absolute weight of brain, liver, and spleen and relative weight of spleen in female mice, but not male 
mice. The biological significance of these changes, however, is uncertain because the effects were only 
observed in female mice, and histological changes in these organs were not observed in Fischer 344 rats 
(NTP 1980b) or B6C3F1 mice (NTP 1980a) exposed to naphthalene for 13 weeks.  

Intermediate-Duration Oral MRL Derivation Considerations 

The findings from the three intermediate-duration oral toxicity studies (one in rats and two in mice) do 
not collectively identify a clear, biologically significant, toxicity target other than body weight changes in 
rats. Consideration was given to basing the MRL on the NOAEL of 53 mg/kg/day and LOAEL of 
133 mg/kg/day for decreases in absolute weight of brain, liver, and spleen, and in relative weight of 
spleen, in female mice (Shopp et al. 1984).  However, the biological significance of these effects is 
uncertain because (1) small changes in organ weights are difficult to consistently measure in mice; (2) the 
effects were only observed in females; and (3) histological effects in the affected organs were not 
observed in the other 13-week oral studies with rats and mice.  The biological significance of these effects 
in female, but not male, mice was less clearly biologically significant than the naphthalene-induced body 
weight changes observed in male and female rats. 

In deriving a potential intermediate-duration MRL, the NOAEL of 100 mg/kg/day for decreased body 
weight in male and female rats should be adjusted to a continuous duration dose 
(100x5 days/7 days=71 mg/kg/day). The use of this adjusted dose and a total uncertainty factor of 
100 (10 for extrapolating from rats to humans and 10 for human variability) arrives at a potential 
intermediate-duration oral MRL of 0.7 mg/kg/day, which is slightly larger than the acute-duration oral 
MRL for naphthalene, 0.6 mg/kg/day. Thus, the acute-duration oral MRL of 0.6 mg/kg/day is expected to 
be protective for intermediate-duration exposure scenarios and was adopted as the intermediate-duration 
oral MRL. 

Agency Contacts (Chemical Managers): Hisham El-Masri, Ph.D.; Moiz Mumtaz, Ph.D.; and G. Daniel 
Todd, Ph.D. 
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MINIMAL RISK LEVEL (MRL) WORKSHEET 

Chemical Name:  1-Methylnaphthalene 
CAS Number:   90-12-0 
Date:   June 2005 
Profile Status: Final Post-Public Comment 
Route: [ ] Inhalation [x] Oral 
Duration: [ ] Acute [ ] Intermediate [x] Chronic 
Graph Key: 46 
Species: Mouse 

Minimal Risk Level: 0.07 [x] mg/kg/day  [ ] ppm 

Reference: Murata Y, Denda A, Maruyama H, et al.  1993.  Chronic toxicity and carcinogenicity studies 
of 1-methylnaphthalene in B6C3F1 mice.  Fundam Appl Toxicol 21:44-51. 

Experimental design: Groups of 50 B6C3F1 mice ingested the following doses (in mg/kg/day) over an 
81-week period: 0 (M/F), 71.6 (M), 75.1 (F), 140.2 (M), and 143.7 (F).  Tissues were examined 
histologically:  brain, salivary glands, heart, thymus, lung, liver, pancreas, spleen, kidneys, testis, 
adrenals, trachea, stomach, small intestine, seminal vesicle, ovary, uterus, vagina, mammary gland, 
skeletal muscle, eye, Harderian glands, spinal cord, bone, and skin. 

Effects noted in study and corresponding doses: Exposure-related lesions were restricted to the lung. 
Incidences for pulmonary alveolar proteinosis were (control through high-dose groups):  5/50, 23/50, and 
17/49 for females and 4/49, 23/50, and 19/50 for males.   

The only other exposure-related lesions found were lung tumors.  Incidences for mice with adenomas 
were 4/50, 2/50, and 4/49 in females, and 2/49, 13/50, and 12/50 for males.  Combined incidences for 
mice with lung adenomas or adenocarcinomas were:  5/50, 2/50, and 5/50 for females, and 2/49, 13/50, 
and 15/50 for males. 

Dose and end point used for MRL derivation: Because the lowest exposure level was a LOAEL for 
increased incidence of alveolar proteinosis in male and female mice, benchmark dose analyses of the 
incidence data were conducted to determine a point of departure (POD) for the chronic-duration oral 
MRL. Available models in the EPA Benchmark Dose Software were fit to the incidence data for males 
and females, separately.  None of the models provided adequate fit of the incidence data for females or for 
males, as assessed by chi-square goodness of fit statistics (p-values were <0.1).  These results indicate 
that the data provide insufficient information to model the shape of the dose-response relationship.  The 
lack of fit of the models to the data appears to be due to the apparent plateau of the response between the 
low- and high-dose levels. Thus, the LOAEL of 71.6 mg/kg/day for increased incidence of alveolar 
proteinosis in male mice was selected as the POD for the MRL.   

[ ] NOAEL    [x] LOAEL 

Modifying Factors used in MRL derivation: N/A 

Uncertainty Factors used in MRL derivation: Total Uncertainty Factor=10x10x10=1,000 

[x] 10 for use of a LOAEL 
[x] 10 for extrapolation from animals to humans 
[x] 10 for human variability 
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Was a conversion used from ppm in food or water to a mg/body weight dose? If so, explain: Groups of 
50 male and 50 female B6C3F1 mice were fed 0, 0.075, or 0.15% 1-methylnaphthalene (1-MN) in their 
diet for 81 weeks (567 days).  Cumulative dose equivalents were provided by the investigators included:  
males: 0.075%=40,600 mg 1-MN/kg/body weight/567 days=71.6 mg/kg/day; 0.15%=79,500 mg 
1-MN/kg/body weight/567 days=140.2 mg/kg/day; females:  0.075%=42,600 mg 1-MN/kg body 
weight/567 days=75.1 mg/kg/day; 0.15%=81,500 mg 1-MN/kg body weight/567 days=143.7 mg/kg/day. 

If an inhalation study in animals, list the conversion factors used in determining human equivalent dose: 
N/A 

Other additional studies or pertinent information which lend support to this MRL: Increased incidence of 
pulmonary alveolar proteinosis has also been reported in B6C3F1 mice exposed to 2-methylnaphthalene 
in the diet for 81 weeks at dose levels of 50–54 and 108–114 mg/kg/day (Murata et al. 1997), and in mice 
dermally exposed to 30 or 119 mg/kg of methylnaphthalene for 30–61 weeks (a mixture of 1- and 
2-methylnaphthalene) (Emi and Konishi 1985; Murata et al. 1992).  

Goodness-of-fit statistics [p-values for chi-square goodness of fit and the Akaike Information Criteria 
(AIC)] from the benchmark dose analyses of the incidence data for pulmonary alveolar proteinosis are 
summarized in the table below. 

Table A-2. Goodness-of-fit Statistics From Benchmark Dose Analyses of 
Incidence Data for Male and Female Mice Exposed to 1-Methyl-

naphthalene in the Diet for 81 Weeks (Murata et al. 1993). 

Male mouse data Female mouse data 
chi-square chi-square 

Model p-value AIC p-value AIC 
Log-logisticb 0.024 172.13 0.014 174.71 
Gammaa 0.01 173.57 0.007 175.88 
Multi-stagec 0.01 173.57 0.007 175.88 
Quantal linear 0.01 173.57 0.007 175.88 
Weibulla 0.01 173.57 0.007 175.88 
Log-probitb 0.002 176.68 0.001 179.07 
Probit 0.002 177.06 0.002 178.42 
Logistic 0.001 177.45 0.002 178.71 
Quantal quadratic 0.0002 181.03 0.0002 182.00 

a c = Restrict power >=1; b = Slope restricted to >1;  = Restrict betas >=0, Degree of polynomial = 1 

Agency Contacts (Chemical Managers): Hisham El-Masri, Ph.D.; Moiz Mumtaz, Ph.D.; and G. Daniel 
Todd, Ph.D. 
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MINIMAL RISK LEVEL (MRL) WORKSHEET 

Chemical Name:  2-Methylnaphthalene 
CAS Number:   91-57-6 
Date:   June 2005 
Profile Status: Final Post-Public Comment 
Route: [ ] Inhalation [x] Oral 
Duration: [ ] Acute [ ] Intermediate [x] Chronic 
Graph Key: 47 
Species: Mouse 

Minimal Risk Level: 0.04 [x] mg/kg/day  [ ] ppm 

Reference: Murata Y, Denda A, Maruyama H, et al.  1997.  Chronic toxicity and carcinogenicity studies 
of 2-methylnaphthalene in B6C3F1 mice.  Fundam Appl Toxicol 36(1):90-93.   

Experimental design: Groups of 50 male and 50 female B6C3F1 mice were exposed to dietary levels of 
0, 0.075, or 0.15% 2-MN for 81 weeks.  Average intakes were reported as 0, 54.3, or 113.8 mg/kg/day for 
males and 0, 50.3, or 107.6 mg/kg/day for females. 

Effects noted in study and corresponding doses: Survival and food consumption were not affected by 
exposure. Mean final body weights were decreased by 7.5 and 4.5% in high-dose males and females, 
respectively; these changes are not considered to be biologically significant.  Histopathology only found 
exposure-related changes in the lung.  Tissues examined were brain, heart, kidney, liver, lung, pancreas, 
salivary glands, spleen, testis, adrenals, bone, eye, Harderian glands, mammary gland, ovary, seminal 
vesicle, skeletal muscle, skin, small and large intestine, spinal cord, stomach, trachea, uterus, and vagina.  
No evidence of bronchiolar Clara cell necrosis or sloughing was found.  Females showed statistically 
significantly decreased differential counts of stab and segmented form neutrophils and increased 
lymphocytes compared to controls, but biological significance of these changes is not clear due to a lack 
of reporting of the data (i.e., the report did not specify the response magnitudes or the dose levels at which 
they occurred). 

Incidences for mice with pulmonary alveolar proteinosis were (control through high-dose groups):  5/50, 
27/49, and 22/48 for females, and 4/49, 21/49, and 23/49 for males.  

Incidences for mice with lung adenomas were:  4/50, 4/49, and 5/48 in females, and 2/49, 9/49, and 
5/49 in males.  Only the incidence in the male 54.3-mg/kg/day groups was significantly different from the 
control incidence.  Combined incidences for lung adenomas or adenocarcinomas were:  5/50, 4/49, and 
6/48 for females, and 2/49, 10/49, and 6/49 for males. 

Dose and end point used for MRL derivation: Because the lowest exposure level was a LOAEL for 
increased incidence of alveolar proteinosis in male and female mice, benchmark dose (BMD) analyses of 
the incidence data were conducted to determine a point of departure (POD) for the chronic-duration oral 
MRL. Available models in the EPA Benchmark Dose Software were fit to the incidence data for males 
and females, separately.  None of the models provided adequate fit of the incidence data for females, as 
assessed by chi-square goodness of fit statistics (p-values were <0.1).  These results indicate that the 
female data provide insufficient information to model the shape of the dose-response relationship.  The 
apparent plateau of the response between the low- and high-dose levels appears to contribute to the lack 
of fit of the models to the data.  In contrast, the log-logistic and multi-stage models provided marginally 
adequate fits (p-values >0.1) to the male data, showing p-values of 0.23 and 0.11, respectively, for the 
chi-square goodness-of-fit statistic (Table A-3).  The fitting algorithms for the gamma, quantal-linear, and 
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Weibull models provided identical model parameters and fit statistics as the multi-stage model.  The 
Akaike Information Criteria (AIC) for the log-logistic model was lower than that for the multi-stage 
model indicating a better fit; thus the log-logistic model of the male data was selected to calculate the 
BMD POD for the MRL.  

A benchmark response of 5% extra risk was selected over a default value of 10% extra risk in order to 
provide protection for children who may develop pulmonary alveolar proteinosis.  This selection is 
supported by reports that children with pulmonary alveolar proteinosis (albeit of unknown etiology) 
experience more severe symptoms of respiratory dysfunction than do adults (EPA 2003r; Mazzone et al. 
2001). 

To derive the MRL of 0.04 mg/kg/day, the BMDL05 of 4.3 mg/kg/day was divided by an 
uncertainty factor of 100 (10 for extrapolation from mice to humans and 10 for human variability).   

An alternative NOAEL/LOAEL approach arrives at a similar value for the MRL.  In the alternative 
approach, the LOAEL of 50.3 mg/kg/day for pulmonary alveolar proteinosis in female mice would be 
divided by an uncertainty factor of 1000 (10 for extrapolation from mice to humans, 10 for human 
variability, and 10 for extrapolation from a LOAEL to a NOAEL), arriving at a value of 0.05 mg/kg/day. 

Table A-3. Benchmark Doses and Goodness-of-Fit Statistics from Modeling of 
Incidence Data for Pulmonary Alveolar Proteinosis in Male Mice Exposed to 

2-Methylnaphthalene in the Diet for 81 Weeks (Murata et al. 1997) 

Benchmark doses 
(mg/kg/day) Goodness-of-fit statistics 

chi-square 
Model BMD (ED05) BMDL (LED05) p-value AIC 
Log-logisticb 6.47 4.30 0.23 167.81 
Gammaa 8.76 6.4 0.11 168.93 
Multi-stagec 8.76 6.4 0.11 168.93 
Quantal linear 8.76 6.4 0.11 168.93 
Weibulla 8.76 6.4 0.11 168.93 
Log-probitb 20.92 15.95 0.03 170.99 
Probit 17.23 13.8 0.01 172.4 
Logistic 18.43 14.62 0.01 172.84 
Quantal quadratic 32.73 26.51 0.001 175.87 

a c = Restrict power >=1; b = Slope restricted to >1;  = Restrict betas >=0, Degree of polynomial = 1 

BMD(ED05) = predicted benchmark dose associated with 5% extra risk; BMDL (LED05) = 95% lower confidence limit 
on benchmark dose associated with 5% extra risk 
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Figure A-1. Observed and Predicted Incidence of Pulmonary Alveolar Proteinosis 
in Male Mice Exposed to 2-Methylnaphthalene in the Diet for 81 Weeks 

(Murata et al. 1997): Log-Logistic Model 
BMD=ED05; BMDL=LED05 
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Observed and predicted incidences of olfactory epithelial neuroblastomas in male rats exposed to 
naphthalene:  Weibull model.  BMD=EC10; BMDL=LEC10; dose unit= ppm. 

[ ] NOAEL  [ ] LOAEL  [ x] BMDL =  

Modifying Factors used in MRL derivation: N/A 

Uncertainty Factors used in MRL derivation: Total Uncertainty Factor=10x10=100 

[ ] 10 for use of a LOAEL 
[x] 10 for extrapolation from animals to humans 
[x] 10 for human variability 

Was a conversion used from ppm in food or water to a mg/body weight dose?  No. 

If an inhalation study in animals, list the conversion factors used in determining human equivalent dose: 
N/A 

Other additional studies or pertinent information which lend support to this MRL:  Increased incidence of 
pulmonary alveolar proteinosis has also been reported in B6C3F1 mice exposed to 1-methylnaphthalene 
in the diet for 81 weeks at dose levels as low as 71.6 mg/kg/day (Murata et al. 1993), and in mice 
dermally exposed to 30 or 119 mg/kg of methylnaphthalene for 30–61 weeks (a mixture of 1- and 
2-methylnaphthalene) (Emi and Konishi 1985; Murata et al. 1992).  
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In a range-finding study, groups of B6C3F1 mice (10/sex/group) were fed diets containing 2-methyl-
naphthalene for 13 weeks delivering approximate average daily doses of 0, 31, 92, 276, 827, or 
2,500 mg/kg/day (Murata et al. 1997). No histopathologic lesions were found in tissues and organs of 
male or female mice exposed to 827 or 2,500 mg/kg-day; tissues from mice in lower dose groups were 
not examined histologically.  Decreased body weights, compared with control values, were seen at the 
three highest dose levels in both males and females, and were attributed to food refusal (Murata et al. 
1997).  The absence of pulmonary alveolar proteinosis in the prechronically exposed mice, which were 
exposed to much higher doses than those experienced by mice with this lesion in the chronic study, 
suggests that the development of pulmonary alveolar proteinosis from oral exposure to 2-methyl-
naphthalene requires chronic-duration exposure.  The limited reporting of experimental details and results 
from this intermediate-duration study, however, precludes its use as the basis of an intermediate oral 
MRL for 2-methylnaphthalene. 

The EPA (2003r) Toxicological Review of 2-Methylnaphthalene calculated an oral exposure RfD of 
0.004 mg/kg-day for 2-methylnaphthalene based on a value of 3.5 mg/kg-day for a 95% lower confidence 
limit on a benchmark dose associated with 5% extra risk (BMDL05) for pulmonary alveolar proteinosis in 
mice exposed to 2-methylnaphthalene in the diet for 81 weeks (Murata et al. 1992).  The combined 
incidence data for this lesion in male and female mice in the control and low-dose groups were modeled 
with the quantal-linear model algorithm in the BMDS software (the high-dose data were excluded from 
the analysis, because when they were included adequate fit of models to the data were not obtained).  A 
total uncertainty factor of 1,000 was used to derive the RfD:  10 for interspecies variability, 10 for 
interindividual variability, and 10 for database deficiencies.  

Agency Contacts (Chemical Managers): Hisham El-Masri, Ph.D.; Moiz Mumtaz, Ph.D.; and G. Daniel 
Todd, Ph.D. 
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Chapter 1 

Public Health Statement 

This chapter of the profile is a health effects summary written in non-technical language.  Its intended 
audience is the general public, especially people living in the vicinity of a hazardous waste site or 
chemical release.  If the Public Health Statement were removed from the rest of the document, it would 
still communicate to the lay public essential information about the chemical. 

The major headings in the Public Health Statement are useful to find specific topics of concern.  The 
topics are written in a question and answer format.  The answer to each question includes a sentence that 
will direct the reader to chapters in the profile that will provide more information on the given topic. 

Chapter 2 

Relevance to Public Health 

This chapter provides a health effects summary based on evaluations of existing toxicologic, 
epidemiologic, and toxicokinetic information.  This summary is designed to present interpretive, weight-
of-evidence discussions for human health end points by addressing the following questions: 

1.	 What effects are known to occur in humans? 

2. 	 What effects observed in animals are likely to be of concern to humans? 

3. 	 What exposure conditions are likely to be of concern to humans, especially around hazardous 
waste sites? 

The chapter covers end points in the same order that they appear within the Discussion of Health Effects 
by Route of Exposure section, by route (inhalation, oral, and dermal) and within route by effect.  Human 
data are presented first, then animal data.  Both are organized by duration (acute, intermediate, chronic).  
In vitro data and data from parenteral routes (intramuscular, intravenous, subcutaneous, etc.) are also 
considered in this chapter. 

The carcinogenic potential of the profiled substance is qualitatively evaluated, when appropriate, using 
existing toxicokinetic, genotoxic, and carcinogenic data.  ATSDR does not currently assess cancer 
potency or perform cancer risk assessments.  Minimal Risk Levels (MRLs) for noncancer end points (if 
derived) and the end points from which they were derived are indicated and discussed. 

Limitations to existing scientific literature that prevent a satisfactory evaluation of the relevance to public 
health are identified in the Chapter 3 Data Needs section. 

Interpretation of Minimal Risk Levels 

Where sufficient toxicologic information is available, ATSDR has derived MRLs for inhalation and oral 
routes of entry at each duration of exposure (acute, intermediate, and chronic).  These MRLs are not 



B-2 NAPHTHALENE, 1-METHYLNAPHTHALENE, AND 2-METHYLNAPHTHALENE 

APPENDIX B 

meant to support regulatory action, but to acquaint health professionals with exposure levels at which 
adverse health effects are not expected to occur in humans. 

MRLs should help physicians and public health officials determine the safety of a community living near 
a chemical emission, given the concentration of a contaminant in air or the estimated daily dose in water.  
MRLs are based largely on toxicological studies in animals and on reports of human occupational 
exposure. 

MRL users should be familiar with the toxicologic information on which the number is based.  Chapter 2, 
"Relevance to Public Health," contains basic information known about the substance.  Other sections such 
as Chapter 3 Section 3.9, "Interactions with Other Substances,” and Section 3.10, "Populations that are 
Unusually Susceptible" provide important supplemental information. 

MRL users should also understand the MRL derivation methodology.  MRLs are derived using a 
modified version of the risk assessment methodology that the Environmental Protection Agency (EPA) 
provides (Barnes and Dourson 1988) to determine reference doses (RfDs) for lifetime exposure.   

To derive an MRL, ATSDR generally selects the most sensitive end point which, in its best judgment, 
represents the most sensitive human health effect for a given exposure route and duration.  ATSDR 
cannot make this judgment or derive an MRL unless information (quantitative or qualitative) is available 
for all potential systemic, neurological, and developmental effects.  If this information and reliable 
quantitative data on the chosen end point are available, ATSDR derives an MRL using the most sensitive 
species (when information from multiple species is available) with the highest no-observed-adverse-effect 
level (NOAEL) that does not exceed any adverse effect levels.  When a NOAEL is not available, a 
lowest-observed-adverse-effect level (LOAEL) can be used to derive an MRL, and an uncertainty factor 
(UF) of 10 must be employed.  Additional uncertainty factors of 10 must be used both for human 
variability to protect sensitive subpopulations (people who are most susceptible to the health effects 
caused by the substance) and for interspecies variability (extrapolation from animals to humans).  In 
deriving an MRL, these individual uncertainty factors are multiplied together.  The product is then 
divided into the inhalation concentration or oral dosage selected from the study. Uncertainty factors used 
in developing a substance-specific MRL are provided in the footnotes of the levels of significant exposure 
(LSE) tables. 

Chapter 3 

Health Effects 

Tables and Figures for Levels of Significant Exposure (LSE) 

Tables and figures are used to summarize health effects and illustrate graphically levels of exposure 
associated with those effects.  These levels cover health effects observed at increasing dose 
concentrations and durations, differences in response by species, MRLs to humans for noncancer end 
points, and EPA's estimated range associated with an upper- bound individual lifetime cancer risk of 1 in 
10,000 to 1 in 10,000,000. Use the LSE tables and figures for a quick review of the health effects and to 
locate data for a specific exposure scenario.  The LSE tables and figures should always be used in 
conjunction with the text.  All entries in these tables and figures represent studies that provide reliable, 
quantitative estimates of NOAELs, LOAELs, or Cancer Effect Levels (CELs). 

The legends presented below demonstrate the application of these tables and figures.  Representative 
examples of LSE Table 3-1 and Figure 3-1 are shown.  The numbers in the left column of the legends 
correspond to the numbers in the example table and figure. 
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LEGEND 
See Sample LSE Table 3-1 (page B-6) 

(1) Route of Exposure. One of the first considerations when reviewing the toxicity of a substance 
using these tables and figures should be the relevant and appropriate route of exposure.  Typically 
when sufficient data exist, three LSE tables and two LSE figures are presented in the document.  
The three LSE tables present data on the three principal routes of exposure, i.e., inhalation, oral, 
and dermal (LSE Tables 3-1, 3-2, and 3-3, respectively). LSE figures are limited to the inhalation 
(LSE Figure 3-1) and oral (LSE Figure 3-2) routes.  Not all substances will have data on each 
route of exposure and will not, therefore, have all five of the tables and figures. 

(2) Exposure Period. Three exposure periods—acute (less than 15 days), intermediate (15– 
364 days), and chronic (365 days or more)—are presented within each relevant route of exposure.  
In this example, an inhalation study of intermediate exposure duration is reported.  For quick 
reference to health effects occurring from a known length of exposure, locate the applicable 
exposure period within the LSE table and figure. 

(3) Health Effect. The major categories of health effects included in LSE tables and figures are 
death, systemic, immunological, neurological, developmental, reproductive, and cancer.  
NOAELs and LOAELs can be reported in the tables and figures for all effects but cancer.  
Systemic effects are further defined in the "System" column of the LSE table (see key number 
18). 

(4) Key to Figure. Each key number in the LSE table links study information to one or more data 
points using the same key number in the corresponding LSE figure.  In this example, the study 
represented by key number 18 has been used to derive a NOAEL and a Less Serious LOAEL 
(also see the two "18r" data points in sample Figure 3-1). 

(5) Species. The test species, whether animal or human, are identified in this column.  Chapter 2, 
"Relevance to Public Health," covers the relevance of animal data to human toxicity and 
Section 3.4, "Toxicokinetics," contains any available information on comparative toxicokinetics.  
Although NOAELs and LOAELs are species specific, the levels are extrapolated to equivalent 
human doses to derive an MRL. 

(6) Exposure Frequency/Duration. The duration of the study and the weekly and daily exposure 
regimens are provided in this column.  This permits comparison of NOAELs and LOAELs from 
different studies. In this case (key number 18), rats were exposed to “Chemical x” via inhalation 
for 6 hours/day, 5 days/week, for 13 weeks.  For a more complete review of the dosing regimen, 
refer to the appropriate sections of the text or the original reference paper (i.e., Nitschke et al. 
1981). 

(7) System. This column further defines the systemic effects.  These systems include respiratory, 
cardiovascular, gastrointestinal, hematological, musculoskeletal, hepatic, renal, and 
dermal/ocular.  "Other" refers to any systemic effect (e.g., a decrease in body weight) not covered 
in these systems.  In the example of key number 18, one systemic effect (respiratory) was 
investigated. 

(8) NOAEL. A NOAEL is the highest exposure level at which no harmful effects were seen in the 
organ system studied.  Key number 18 reports a NOAEL of 3 ppm for the respiratory system, 
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which was used to derive an intermediate exposure, inhalation MRL of 0.005 ppm (see 
footnote "b"). 

(9) LOAEL. A LOAEL is the lowest dose used in the study that caused a harmful health effect. 
LOAELs have been classified into "Less Serious" and "Serious" effects.  These distinctions help 
readers identify the levels of exposure at which adverse health effects first appear and the 
gradation of effects with increasing dose.  A brief description of the specific end point used to 
quantify the adverse effect accompanies the LOAEL.  The respiratory effect reported in key 
number 18 (hyperplasia) is a Less Serious LOAEL of 10 ppm.  MRLs are not derived from 
Serious LOAELs. 

(10) Reference. The complete reference citation is given in Chapter 9 of the profile. 

(11) CEL. A CEL is the lowest exposure level associated with the onset of carcinogenesis in 
experimental or epidemiologic studies.  CELs are always considered serious effects.  The LSE 
tables and figures do not contain NOAELs for cancer, but the text may report doses not causing 
measurable cancer increases. 

(12) Footnotes. Explanations of abbreviations or reference notes for data in the LSE tables are found 
in the footnotes.  Footnote "b" indicates that the NOAEL of 3 ppm in key number 18 was used to 
derive an MRL of 0.005 ppm. 

LEGEND 
See Sample Figure 3-1 (page B-7) 

LSE figures graphically illustrate the data presented in the corresponding LSE tables.  Figures help the 
reader quickly compare health effects according to exposure concentrations for particular exposure 
periods. 

(13)	 Exposure Period. The same exposure periods appear as in the LSE table.  In this example, health 
effects observed within the acute and intermediate exposure periods are illustrated. 

(14) 	Health Effect. These are the categories of health effects for which reliable quantitative data 
exists. The same health effects appear in the LSE table. 

(15)	 Levels of Exposure. Concentrations or doses for each health effect in the LSE tables are 
graphically displayed in the LSE figures.  Exposure concentration or dose is measured on the log 
scale "y" axis.  Inhalation exposure is reported in mg/m3 or ppm and oral exposure is reported in 
mg/kg/day. 

(16) 	NOAEL. In this example, the open circle designated 18r identifies a NOAEL critical end point in 
the rat upon which an intermediate inhalation exposure MRL is based.  The key number 18 
corresponds to the entry in the LSE table.  The dashed descending arrow indicates the 
extrapolation from the exposure level of 3 ppm (see entry 18 in the table) to the MRL of 
0.005 ppm (see footnote "b" in the LSE table). 

(17)	 CEL. Key number 38m is one of three studies for which CELs were derived.  The diamond 
symbol refers to a CEL for the test species-mouse.  The number 38 corresponds to the entry in the 
LSE table. 
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(18) Estimated Upper-Bound Human Cancer Risk Levels. This is the range associated with the upper-
bound for lifetime cancer risk of 1 in 10,000 to 1 in 10,000,000.  These risk levels are derived 
from the EPA's Human Health Assessment Group's upper-bound estimates of the slope of the 
cancer dose response curve at low dose levels (q1*). 

(19) Key to LSE Figure. The Key explains the abbreviations and symbols used in the figure. 
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SAMPLE 
Table 3-1.→1 Levels of Significant Exposure to [Chemical x] – Inhalation 

Exposure LOAEL (effect) 

Key to frequency/ NOAEL Less serious Serious (ppm) 
figurea Species duration System (ppm) (ppm) Reference 

10 

↓ 

9 

↓ 

8 

↓ 

7 

↓ 

6 

↓ 

5 

↓ 

→ 

→ 

2 

3 

INTERMEDIATE EXPOSURE 

Systemic 

4 → 
13 wk 
5 d/wk 
6 hr/d 

Rat18 

CHRONIC EXPOSURE 

Resp 3b 10 (hyperplasia) 
Nitschke et al. 1981 

Cancer 

↓ 

38 

39 

40 

Rat 

Rat 

Mouse 

18 mo 
5 d/wk 
7 hr/d 

89–104 wk 
5 d/wk 
6 hr/d 

79–103 wk 
5 d/wk 
6 hr/d 

20 

10 

10 

(CEL, multiple 
organs) 

(CEL, lung tumors, 
nasal tumors) 

(CEL, lung tumors, 
hemangiosarcomas) 

Wong et al. 1982 

NTP 1982 

NTP 1982 

11 

a i
b l 5x10-3

→12  The number corresponds to entries in F gure 3-1. 
 Used to derive an intermediate inha ation Minimal Risk Level (MRL) of   ppm; dose adjusted for intermittent exposure and divided 

by an uncertainty factor of 100 (10 for extrapolation from animal to humans, 10 for human variability). 
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ACGIH American Conference of Governmental Industrial Hygienists 
ACOEM American College of Occupational and Environmental Medicine 
ADI acceptable daily intake 
ADME absorption, distribution, metabolism, and excretion 
AED atomic emission detection 
AFID alkali flame ionization detector 
AFOSH Air Force Office of Safety and Health 
ALT alanine aminotransferase 
AML acute myeloid leukemia 
AOAC Association of Official Analytical Chemists 
AOEC Association of Occupational and Environmental Clinics 
AP alkaline phosphatase 
APHA American Public Health Association 
AST aspartate aminotransferase 
atm atmosphere 
ATSDR Agency for Toxic Substances and Disease Registry 
AWQC Ambient Water Quality Criteria 
BAT best available technology 
BCF bioconcentration factor 
BEI Biological Exposure Index 
BMD benchmark dose 
BMR benchmark response 
BSC Board of Scientific Counselors 
C centigrade 
CAA Clean Air Act 
CAG Cancer Assessment Group of the U.S. Environmental Protection Agency 
CAS Chemical Abstract Services 
CDC Centers for Disease Control and Prevention 
CEL cancer effect level 
CELDS Computer-Environmental Legislative Data System 
CERCLA Comprehensive Environmental Response, Compensation, and Liability Act 
CFR Code of Federal Regulations 
Ci curie 
CI confidence interval 
CL ceiling limit value 
CLP Contract Laboratory Program 
cm centimeter 
CML chronic myeloid leukemia 
CPSC Consumer Products Safety Commission 
CWA Clean Water Act 
DHEW Department of Health, Education, and Welfare 
DHHS Department of Health and Human Services 
DNA deoxyribonucleic acid 
DOD Department of Defense 
DOE Department of Energy 
DOL Department of Labor 
DOT Department of Transportation 
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DOT/UN/ Department of Transportation/United Nations/ 
NA/IMCO     North America/International Maritime Dangerous Goods Code 

DWEL drinking water exposure level 
ECD electron capture detection 
ECG/EKG electrocardiogram 
EEG electroencephalogram 
EEGL Emergency Exposure Guidance Level 
EPA Environmental Protection Agency 
F Fahrenheit 
F1 first-filial generation 
FAO Food and Agricultural Organization of the United Nations 
FDA Food and Drug Administration 
FEMA Federal Emergency Management Agency 
FIFRA Federal Insecticide, Fungicide, and Rodenticide Act 
FPD flame photometric detection 
fpm feet per minute 
FR Federal Register 
FSH follicle stimulating hormone 
g gram 
GC gas chromatography 
gd gestational day 
GLC gas liquid chromatography 
GPC gel permeation chromatography 
HPLC high-performance liquid chromatography 
HRGC high resolution gas chromatography 
HSDB Hazardous Substance Data Bank  
IARC International Agency for Research on Cancer 
IDLH immediately dangerous to life and health 
ILO International Labor Organization 
IRIS Integrated Risk Information System 
Kd adsorption ratio 
kg kilogram 
kkg metric ton 
Koc organic carbon partition coefficient 
Kow octanol-water partition coefficient 
L liter 
LC liquid chromatography 
LC50 lethal concentration, 50% kill 
LCLo lethal concentration, low 
LD50 lethal dose, 50% kill 
LDLo lethal dose, low 
LDH lactic dehydrogenase 
LH luteinizing hormone 
LOAEL lowest-observed-adverse-effect level 
LSE Levels of Significant Exposure 
LT50 lethal time, 50% kill 
m meter 
MA trans,trans-muconic acid 
MAL maximum allowable level 
mCi millicurie 
MCL maximum contaminant level 
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MCLG maximum contaminant level goal 
MF modifying factor 
MFO mixed function oxidase 
mg milligram 
mL milliliter 
mm millimeter 
mmHg millimeters of mercury 
mmol millimole 
mppcf millions of particles per cubic foot 
MRL Minimal Risk Level 
MS mass spectrometry 
NAAQS National Ambient Air Quality Standard 
NAS National Academy of Science 
NATICH National Air Toxics Information Clearinghouse 
NATO North Atlantic Treaty Organization 
NCE normochromatic erythrocytes 
NCEH National Center for Environmental Health 
NCI National Cancer Institute 
ND not detected 
NFPA National Fire Protection Association 
ng nanogram 
NHANES National Health and Nutrition Examination Survey 
NIEHS National Institute of Environmental Health Sciences 
NIOSH National Institute for Occupational Safety and Health 
NIOSHTIC NIOSH's Computerized Information Retrieval System 
NLM National Library of Medicine 
nm nanometer 
nmol nanomole 
NOAEL no-observed-adverse-effect level 
NOES National Occupational Exposure Survey 
NOHS National Occupational Hazard Survey 
NPD nitrogen phosphorus detection 
NPDES National Pollutant Discharge Elimination System 
NPL National Priorities List 
NR not reported 
NRC National Research Council 
NS not specified 
NSPS New Source Performance Standards 
NTIS National Technical Information Service 
NTP National Toxicology Program 
ODW Office of Drinking Water, EPA 
OERR Office of Emergency and Remedial Response, EPA 
OHM/TADS Oil and Hazardous Materials/Technical Assistance Data System 
OPP Office of Pesticide Programs, EPA 
OPPT Office of Pollution Prevention and Toxics, EPA 
OPPTS Office of Prevention, Pesticides and Toxic Substances, EPA 
OR odds ratio 
OSHA Occupational Safety and Health Administration 
OSW Office of Solid Waste, EPA 
OTS Office of Toxic Substances 
OW Office of Water 
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OWRS Office of Water Regulations and Standards, EPA 
PAH polycyclic aromatic hydrocarbon 
PBPD physiologically based pharmacodynamic  
PBPK physiologically based pharmacokinetic 
PCE polychromatic erythrocytes 
PEL permissible exposure limit 
pg picogram 
PHS Public Health Service 
PID photo ionization detector 
pmol picomole 
PMR proportionate mortality ratio 
ppb parts per billion 
ppm parts per million 
ppt parts per trillion 
PSNS pretreatment standards for new sources 
RBC red blood cell 
REL recommended exposure level/limit 
RfC reference concentration 
RfD reference dose 
RNA ribonucleic acid 
RQ reportable quantity 
RTECS Registry of Toxic Effects of Chemical Substances 
SARA Superfund Amendments and Reauthorization Act 
SCE sister chromatid exchange 
SGOT serum glutamic oxaloacetic transaminase 
SGPT serum glutamic pyruvic transaminase 
SIC standard industrial classification 
SIM selected ion monitoring 
SMCL secondary maximum contaminant level 
SMR standardized mortality ratio 
SNARL suggested no adverse response level 
SPEGL Short-Term Public Emergency Guidance Level 
STEL short term exposure limit 
STORET Storage and Retrieval 
TD50 toxic dose, 50% specific toxic effect 
TLV threshold limit value 
TOC total organic carbon 
TPQ threshold planning quantity 
TRI Toxics Release Inventory 
TSCA Toxic Substances Control Act 
TWA time-weighted average 
UF uncertainty factor 
U.S. United States 
USDA United States Department of Agriculture 
USGS United States Geological Survey 
VOC volatile organic compound 
WBC white blood cell 
WHO World Health Organization 
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> greater than 
≥ greater than or equal to 
= equal to 
< less than 
≤ less than or equal to 
% percent 
α alpha 
β beta 
γ gamma 
δ delta 
µm micrometer 
µg microgram

* q1 cancer slope factor 
– negative 
+ positive 
(+) weakly positive result 
(–) weakly negative result 
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absorbed dose ............................................................................................................................................................139 
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adrenals........................................................................................................................................................................26 
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FOREWORD

The Superfund Amendments and Reauthorization Act of 1986 (Public
Law 99-499) extended and amended the Comprehensive Environmental Response,
Compensation, and Liability Act of 1980 (CERCLA or Superfund). This public
law (also known as SARA) directed the Agency for Toxic Substances and Disease
Registry (ATSDR) to prepare toxicological profiles for hazardous substances
which are most commonly found at facilities on the CERCLA National Priorities
List and which pose the most significant potential threat to human health, as
determined by ATSDR and the Environmental Protection Agency (EPA). The lists
of the most significant hazardous substances were published in the Federal
Register on April 17, 1987, and on October 20, 1988.

Section 110 (3) of SARA directs the Administrator of ATSDR to prepare a
toxicological profile for each substance on the list. Each profile must
include the following content:

(A) An examination, summary and interpretation of available
toxicological information and epidemiological evaluations on the
hazardous substance in order to ascertain the levels of significant
human exposure for the substance and the associated acute, subacute,
and chronic health effects,

(B) A determination of whether adequate information on the health
effects of each substance is available or in the process of
development to determine levels of exposure which present a
significant risk to human health of acute, subacute, or chronic
health effects, and

(C) Where appropriate, an identification of toxicological testing
needed to identify the types or levels of exposure that may present
significant risk of adverse health effects in humans.

This toxicological profile is prepared in accordance with guidelines
developed by ATSDR and EPA. The original guidelines were published in the
Federal Register on April 17, 1987. Each profile will be revised and
republished as necessary, but no less often than every 3 years, as required
by SARA.

The ATSDR toxicological profile is intended to characterize succinctly
the toxicological and health effects information for the hazardous substance
being described. Each profile identifies and reviews the key literature that
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1. PUBLIC HEALTH STATEMENT

1.1 WHAT IS N-NITROSODIMETHYhYMINE?

N-Nitrosodimethylamine is commonly known as NDMA. It is a yellow
liquid which has no distinct odor. It is produced in the U.S. only for use
as a research chemical. NDMA was used to make rocket fuel, but this use
was stopped after unusually high levels of this compound were found in air,
water, and soil samples collected near a rocket fuel manufacturing plant.
NDMA is, however, unintentionally formed during various manufacturing
processes at many industrial sites and in air, water and soil from reactions
involving other chemicals called alkylamines. Alkylamines are both natural
and man-made compounds which are found widely distributed throughout the
environment.

NDMA does not persist in the environment. When NDMA is released into
the atmosphere, it breaks down in sunlight in a matter of minutes. When
released to soil surfaces, NDMA may evaporate into air, break down upon
exposure to sunlight, or sink into deeper soil. NDMA should break down
within a few months in deep soil. When NDMA is released into water, it may
break down upon exposure to sunlight or break down by natural biological
processes. The rate of breakdown in water is not known. More information
can be found in Chapters 3, 4 and 5.

1.2 HOW MIGHT I BE EXPOSED TO N-NITROSODIMETHYLAMINE?

Information suggests that the general population may be exposed to NDMA
from a wide variety of sources, including environmental, consumer, and
occupational sources. At this time, NDMA has been found in at least 1 out
of 1177 hazardous waste sites on the National Priorities List (NPL) in the
United States. Under certain conditions, NDMA may be found in outdoor air,
surface waters (rivers and lakes, for example), and soil. The primary
sources of human exposure to NDMA are tobacco smoke, chewing tobacco, diet
[cured meats (particularly bacon), beer, fish, cheese, and other food
items], toiletry and cosmetic products (for example, shampoos and
cleansers), interior air of cars, and various other household goods, such as
detergents and pesticides. In addition, NDMA can form in the stomach during
digestion of alkylamine-containing foods. Alkylamines are naturally
occurring compounds which are found in some drugs and in a variety of foods.
Infants may be exposed to NDMA from the use of rubber baby bottle nipples
and pacifiers which may contain very small amounts of NDMA, from ingestion
of contaminated infant formulas, and from breast milk of some nursing
mothers. Very low levels of NDMA have been found in some samples of human
breast milk. Occupational exposure may happen in a large number of places
including industries such as tanneries, pesticide manufacturing plants,
rubber and tire manufacturing plants, alkylamine manufacture/use industries,
fish processing industries, foundries, and dye manufacturing plants.
Researchers making or handling NDMA may also be exposed to this compound if
It passes through the rubber gloves they wear during laboratory work. NDMA
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has been found in groundwater samples, in amounts of 10 parts NDMA per
billion parts of water, at one or more hazardous waste sites on the
National Priorities List (NPL). No information is available about
contamination of soil, drinking water, irrigation water, sewers, storm
drains, or the human food chain with NDMA near NPL sites. For more
information, refer to Chapter 5.

1.3 HOW CAN N-NITROSODIMETHYIAMINE ENTER AND LEAVE MY BODY?

NDMA can enter the body when a person breathes air that contains NDMA
or when a person eats food or drinks water contaminated with NDMA. NDMA can
also enter the body through the skin after contact with rubber articles that
contain NDMA. Experiments in animals have shown that after being given by
mouth, NDMA enters the bloodstream and goes to many organs of the body in a
matter of minutes. In the liver, NDMA is broken down into other substances,
most of which leave the body within 24 hours in air exhaled from the lungs
and in urine, along with the NDMA that is not broken down. Little is known
about what happens to NDMA that enters the body through the skin or through
contaminated air. Although vapors of NDMA are broken down within minutes
after exposure to sunlight, if NDMA is spilled at a waste site and
evaporates, a person nearby can be exposed to NDMA before it disappears from
the air. The most important and probably the most harmful way of coming
into contact with NDMA seems to be by eating contaminated food or drinking
contaminated water. Further information on how NDMA can enter and leave the
body can be found in Chapter 2.

1.4 HOW CAN N-NITROSODIMETHYUMINE AFFECT MY HEALTH?

NDMA is very harmful to the liver of animals and humans. People who
were intentionally poisoned on one or several occasions with unknown levels
of NDMA in beverage or food died of severe liver damage accompanied by
internal bleeding. Animals that ate food, drank water, or breathed air
containing high levels of NDMA over a period of days or several weeks also
developed serious, non-cancerous, liver disease. When rats, mice, hamsters,
and other animals ate food, drank water, or breathed air containing lower
levels of NDMA for periods more than several weeks, liver cancer and lung
cancer as well non-cancerous liver damage occurred. The high level short-
term and low level long-term exposures that caused non-cancerous liver
damage and/or cancer in animals also usually resulted in internal bleeding
and death. Although there are no reports of NDMA causing cancer in humans,
it is reasonable to expect that exposure to NDMA by eating, drinking, or
breathing could cause cancer in humans. Mice that were fed NDMA during
pregnancy had offspring that were born dead or died shortly after birth.
However, it is not known whether NDMA could cause the death of human babies
whose mothers are exposed during pregnancy. It should be realized that
exposure to NDMA does not mean that any effect on health will definitely
occur.
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1.5 IS THERE A MEDICAL TEST TO DETERMINE WHETHER I HAVE BEEN EXPOSED TO
NITROSODIMETHWAMINE?

The presence of NDMA can be detected in blood and urine by a test, but
this test is not usually available and has not been used as a test for
human exposure or to predict possible health effects.

1.6 WHAT LEVELS OF EXPOSURE HAVE RESULTED IN HARMFUL HEALTH EFFECTS?

The amounts of N-nitrosodimethylamine in air, drinking water, and food
that cause known health effects other than cancer in humans and animals are
summarized in Tables l-l, l-2, l-3, and 1-4. These amounts are expressed as
parts of NDMA per million parts of air, water, or food (ppm). As seen in
Tables l-1 and l-3, the amounts of NDMA in air, water, or food that result
in health effects in humans are unknown. As seen in Table 1-2, short-term
exposure of animals to air containing NDMA produces liver damage and death.
Toxic effects of long-term exposures of animals to air containing NDMA are
unknown. As seen in Table l-4, short-term or long-term exposure of animals
to water or food containing NDMA is also associated with serious effects,
such as liver disease and death. More information on levels of NDMA that
cause harmful effects in animals is presented in Chapter 2.

1.7 WHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO PROTECT HUMAN
HEALTH?

The Federal government has issued guidelines and rules to protect human
health from exposure to NDMA in water and in food. The U.S. Environmental
Protection Agency (EPA) has set limits on the amounts of NDMA in water such
as lakes and streams. The EPA controls the release of NDMA. Releases or
spills of one pound or more of NDMA must be reported to the National
Response Center. The Food and Drug Administration (FDA) has set a limit of
10 parts of NDMA per billion parts of barley malt (ppb). Further
information on Federal and state regulations can be found in Chapter 7.

1.8 WHERE CAN I GET MORE INFORMATION?

If you have more questions or concerns, please contact your State
Health or Environmental Department or:

Agency for Toxic Substances and Disease Registry
Division of Toxicology
1600 Clifton Road, E-29
Atlanta, Georgia 30333
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2.1 INTRODUCTION

This chapter contains descriptions and evaluations of studies and
interpretation of data on the health effects associated with exposure to
NDMA. Its purpose is to present levels of significant exposure for NDMA
based on toxicological studies, epidemiological investigations, and
environmental exposure data. This information is presented to provide
public health officials, physicians, toxicologists, and other interested
individuals and groups with (1) an overall perspective of the toxicology of
NDMA and (2) a depiction of significant exposure levels associated with
various adverse health effects.

2.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To help public health professionals address the needs of persons
living or working near hazardous waste sites, the data in this section are
organized first by route of exposure -- inhalation, oral, and dermal -- and
then by health effect -- death, systemic, immunological, neurological,
developmental, reproductive, genotoxic, and carcinogenic effects. These
data are discussed in terms of three exposure periods -- acute,
intermediate, and chronic.

Levels of significant exposure for each exposure route and duration
(for which data exist) are presented in tables and illustrated in figures.
The points in the figures showing no-observed-adverse-effect levels (NOAELS)
or lowest-observed-adverse-effect levels (LOAELs) reflect the actual doses
(levels of exposure) used in the studies. LOAELs have been classified into
"less serious" or "serious" effects. These distinctions are intended to
help the users of the document identify the levels of exposure at which
adverse health effects start to appear, determine whether or not the
intensity of the effects varies with dose and/or duration, and place into
perspective the possible significance of these effects to human health.

The significance of the exposure levels shown on the tables and graphs
may differ depending on the user's perspective. For example, physicians
concerned with the interpretation of clinical findings in exposed persons or
with the identification of persons with the potential to develop such
disease may be interested in levels of exposure associated with "serious"
effects. Public health officials and project managers concerned with
response actions at Superfund sites may want information on levels of
exposure associated with more subtle effects in humans or animals (LOAEL) or
exposure levels below which no adverse effects (NOAEL) have been observed.
Estimates of levels posing minimal risk to humans (minimal risk levels,
MRLs) are of interest to health professionals and citizens alike.

For certain chemicals, levels of exposure associated with carcinogenic
effects may be indicated in the figures. These levels reflect the actual
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doses associated with the tumor incidences reported in the studies cited.
Because cancer effects could occur at lower exposure levels, the figures
also show estimated excess risks, ranging from a risk of one in 10,000 to
one in 10,000,000 (10-4 to 10-7), as developed by EPA.

Estimates of exposure levels posing minimal risk to humans (MRLs) have
been made, where data were believed reliable, for the most sensitive
noncancer end point for each exposure duration. MRLs include adjustments to
reflect human variability and, where appropriate, the uncertainty of
extrapolating from laboratory animal data to humans. Although methods have
been established to derive these levels (Barnes et al. 1987; EPA 1980a),
uncertainties are associated with the techniques.

2.2.1 Inhalation Exposure

2.2.1.1 Death

At least two human deaths following inhalation of NDMA have been
reported in the literature. One was a male chemist who was involved in the
production of NDMA and was exposed to an unknown level of fumes for about
two weeks, and subsequently to an unknown level of fumes during cleanup of a
spilled flask (Freund 1937). The subject became ill 6 days later, showed
abdominal distention, large amounts of yellow ascitic fluid, a tender and
enlarged liver and enlarged spleen, and died 6 weeks after the last
exposure. The other death was that of a male worker who was exposed to
unknown concentrations of NDMA in an automobile factory. Autopsy of this
subject showed a cirrhotic liver with areas of regeneration (Hamilton and
Hardy 1974).

The lethality of inhaled NDMA has been evaluated in several acute
duration studies with animals. Four-hour single exposure LC

50
 values of 78

ppm (95% confidence limits of 68 and 90 ppm) and 57 ppm (95% confidence
limits of 51 and 64 ppm) were determined for rats and mice, respectively
(Jacobson et al. 1955). The observation time in these assays was 14 days.
The cause of death was not specified but liver damage and hemorrhage in
various abdominal tissues were predominant pathologic findings. Druckrey
(1967) reported that the "LD

50
" for rats exposed to NDMA by inhalation for

one hour is 37 mg/kg. The air concentration corresponding to this dose is
not reported but a value of 925 ppm can be calculated from information
provided in the report; confidence in this value is low, however, because
this information is ambiguously reported. Two of three dogs that were
exposed to 16 ppm NDMA for 4 hours died or were moribund by the second day
(Jacobson et al. 1955). All dogs that were similarly exposed to 43-144 ppm
died or were moribund after 1-3 days. The 57 ppm mouse and 78 ppm rat LC

50

values are presented in the acute duration category in Table 2-1 and Figure
2-1. The Druckrey (1967) rat value is not included in Table 2-1 and Figure
2-1 due to uncertainty regarding its validity. The 16 ppm concentration
represents a LOAEL for lethality in dogs due to acute duration inhalation
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exposure (Table 2-l and Figure 2-l). The concentration of 16 ppm in air
(Jacobson et al. 1955) is presented in Table l-2.

2.2.1.2 Systemic Effects

No studies were located regarding musculoskeletal or renal effects in
humans or animals following inhalation exposure to NDMA.

Respiratory Effects. Freund (1937) observed small hemorrhages in the
bronchi and trachea of a person who died from accidental exposure to vapors
of NDMA (Section 2.2.1.1).

No studies were located regarding respiratory effects in animals
following.inhalation exposure to NDMA.

Cardiovascular Effects. Subpericardial hemorrhage was observed in a
person who died from accidental exposure to vapors of NDMA (Freund 1937)
(Section 2.2.1.1).

No studies were located regarding cardiovascular effects in animals
following inhalation exposure to NDMA.

Gastrointestinal Effects. Gastrointestinal hemorrhage was observed in
a person who died from accidental exposure to vapors of NDMA (Freund 1937)
(Section 2.2.1.1).

No studies were located regarding gastrointestinal effects in animals
following inhalation exposure to NDMA.

Hematological Effects. No studies were located regarding hematological
effects in humans following inhalation exposure to NDMA.

Hematological determinations were performed in dogs that were exposed
to 16-144 ppm NDMA for 4 hours (Jacobson et al. 1955). Increased coagulation
time, increased prothrombin time, increased plasma cholinesterase levels and
leukopenia occurred following exposure to all concentrations. There was no
evidence of intravascular hemolysis. As indicated in Section 2.2.1.1, the
concentrations producing these effects were lethal. Pathologic examination
of the dogs showed bloody ascites and hemorrhage in the liver and other
abdominal tissues, Due to the clinical evidence of impaired blood
coagulation and the possibility that the hemorrhagic effects were related to
impaired coagulation, 16 ppm is a LOAEL for hematological effects due to
acute inhalation exposure (Table 2-l and Figure 2-l).

Hepatic Effects. Four cases of liver disease in humans resulting from
inhalation exposure to NDMA have been described in the literature. Two of
the subjects died; these cases are discussed in Section 2.2.1.1. Of the
subjects who did not die, one was a chemist who was exposed to unknown
concentrations of fumes and experienced exhaustion, headache, cramps in the
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abdomen, soreness on the left side, nausea and vomiting for at least two
years (Freund, 1937). The second case was an automobile factory worker who
was exposed to unknown levels of NDMA and became violently ill with jaundice
and ascites (Hamilton and Hardy 1974).

Hepatotoxicity is a predominant effect of high concentrations of
inhaled NDMA in animals. Pathologic examination of dogs following exposure
to 16-144 ppm NDMA for 4 hours showed marked necrosis and varying degrees of
hemorrhage in the liver (Jacobson et al. 1955). Related effects at all
concentrations included increased bilirubin levels and increased
sulfobromophthalein retention. As indicated in Section 2.2.1.1, the
concentrations producing these effects were lethal. Jacobson et al. (1955)
also indicated that necrosis and hemorrhage occurred in the liver of rats
and mice that were exposed to lethal concentrations of NDMA for 4 hours; as
indicated in Section 2.2.1.1, LC

50
 values for the rats and mice are 78 and

57 ppm, respectively. The 16 ppm, 57 and 78 ppm concentrations represent
LOAELs for hepatic effects due to acute inhalation exposure and are
presented in Table 2-l and Figure 2-l. The concentration of 16 ppm in air
(Jacobson et al. 1955) is presented in Table l-2.

Dennal/Ocular Effects. No studies were located regarding dermal or
ocular effects in humans following inhalation exposure to NDMA.

Limited information is available regarding dermal or ocular effects of
inhaled NDMA. Doolittle et al. (1984) reported that the only toxic signs
observed in rats exposed to 500 or 1000 ppm for 4 hours were reddened eyes
and piloerection. The only additional information reported in this study
pertained to genotoxic effects. Although high concentrations of NDMA vapor
are likely to be irritating, the significance of the reddened eyes and
piloerection cannot be determined because it is not specified if the effects
occurred at both concentrations and prevalence is not indicated. As
indicated in Section 2.2.1.1, acute exposure to much lower concentrations of
NDMA was lethal for rats, mice and dogs. The lack of mortality in rats at
the higher concentrations in the Doolittle et al. (1984) study may be
attributable to the fact that the animals were killed immediately following
exposure and consequently not observed for subsequent death.

No studies were located regarding the following effects in humans or
animals following inhalation exposure to NDMA:

2.2.1.3 Immunological Effects

2.2.1.4 Neurological Effects

2.2.1.5 Developmental Effects

2.2.1.6 Reproductive Effects
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2.2.1.7 Genotoxic Effects

No studies were located regarding genotoxic effects in humans following
inhalation exposure to NDMA.

Rats exposed to 500 or 1000 ppm of NDMA in the air for 4 hours showed
chemically induced DNA repair in epithelial cells in the nasal turbinates
and trachea. DNA repair was also evident in hepatocytes, indicating that the
substance entered the general circulation. No DNA repair was seen in the
pachytene spermatocytes, indicating that NDMA either did not reach the
testes in high enough concentrations, or that the testes could not
metabolically activate the compound (Doolittle et al. 1984). It should be
noted that the exposures in this study are likely to have been lethal if the
rats had.been observed following treatment; as indicated in Section 2.2.1.1,
4-hour exposure to much lower concentrations of NDMA was lethal for rats,
mice and dogs in other studies.

2.2.1.8 Cancer

No studies were located regarding carcinogenic effects in humans
following inhalation exposure to NDMA.

The carcinogenicity of inhaled NDMA has been evaluated in two studies.
Twice weekly 30-minute exposures to 50 or 100 ppm NDMA vapor for life
produced malignant nasal cavity tumors in rats (Druckrey et al. 1967). The
incidence of tumors was 67% in each group, and the time to induce tumors in
50% of the rats was 400 days. Group sizes were small (12 and 6 animals at 50
and 100 ppm, respectively), control data were not reported, and additional
information regarding longevity was not provided. The 50 ppm concentration
is included in Table 2-l and Figure 2-l as an effect level for cancer
(cancer effect level, CEL) in rats due to intermittent inhalation exposure
of chronic duration.

Rats and mice that were continuously exposed to 0.07 ppm NDMA for 25
and 17 months, respectively, developed significantly increased incidences of
lung, liver and kidney tumors (Moiseev and Benemanski 1975). Tumor types
included various adenomas, carcinomas, and sarcomas in the lung, liver and
kidneys, and hemangiomas in the liver, but the types were not tabulated
according to species or concentration. Induction of nasal tumors was not
reported. Exposure to 0.002 ppm NDMA according to the same schedule did not
produce significantly increased incidences of tumors in either species.
Since the tumors associated with exposure to 0.07 ppm NDMA are consistent
with those produced by NDMA in oral and injection studies and the study is
reported adequately otherwise, 0.07 ppm is considered to be a CEL for rats
and mice due to continuous inhalation exposure of chronic duration (Table
2-1, Figure 2-l).

EPA has adopted the oral carcinogenicity slope factor (BH) of 51
(mg/kg/day) -1 ( see Section 2.2.2.8) as the slope factor for inhalation (EPA
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1988a). The oral slope factor was converted to a unit risk for inhalation of
1.4 x 10-2 (•g/m3)-1, which is equivalent to 42.4 (ppm)-1. Using this unit
risk, the concentrations associated with upper bound lifetime cancer risk
levels of 10-4 to 10-7 are calculated to be 2.36 x 10-6 to 2.36 x 10-9 ppm,
respectively. The cancer risk levels are plotted in Figure 2-l.

2.2.2 Oral Exposure

2.2.2.1 Death

At least three human deaths following oral exposure to NDMA have been
reported in the literature. One of the fatalities was a woman who was
apparently poisoned over a two-year period by her husband (Fussgaenger and
Ditschuneit 1980, Pedal et al. 1982). It was estimated by the authors that
she received at least 4 doses as high as 250-300 mg each, for a total dose
of less than 1.5 gram; the mean daily dose was estimated to be 50 •g/kg.
Both clinical and autopsy findings indicated that she died of hepatic
failure. Two other people (an adult male and a l-year-old boy) died within
days after consuming lemonade tainted with unknown quantities of NDMA
(Kimbrough 1982, Cooper and Kimbrough 1980). Based on animal studies, the
authors estimated that the adult might have received about 1.3 gm, and the
boy might have received about 300 mg. In both cases, clinical and autopsy
findings primarily showed liver failure and cerebral hemorrhage.

Single dose lethality studies have been conducted in which NDMA was
administered to rats and cats by gavage. Druckrey et al. (1967) determined a
LD

50
 of 40 mg/kg for rats. This value was determined using an unspecified

graphic technique, and confidence limits and specific mortality data were
not reported. All of 12 rats that were treated with 40 mg/kg in a skin
grafting (immunology) experiment died by day 21, but the stress of skin
graft rejection may have contributed to mortality (Waynforth and Magee
1974). Jenkins et al. (1985) reported that single 25 mg doses of NDMA
resulted in 100% mortality in an unspecified number of rats, but it is
unclear if this is dose per kg body weight or dose per total body weight.
Single doses of 15 and 20 mg/kg were not lethal for nonpregnant rats but 23
mg/kg was estimated to be the LD

50
 for pregnant rats (Nishie 1983). The LD

50

for the pregnant rats was extrapolated using mortality of 18-day pregnant
rats given single oral doses of 15 or 20 mg NDMA/kg. A dose of 10 mg/kg did
not produce deaths in rats within 48 hours (Sumi and Miyakawa 1983). Two of
6 cats died when treated with 50 mg NDMA/kg (Maduagwu and Basir 1980). The
NOAEL and appropriate LOAEL values for lethality from these single dose
studies are included in the acute duration category in Table 2-2 and Figure
2-2. The 40 mg/kg and 23 mg/kg rat LD

5O
s are also presented in Table 2-2 and

Figure 2-2.

Rats, guinea pigs, cats and monkeys that were treated with NDMA by
gavage at a dose of 5 mg/kg/day for 11 days experienced 30-40% mortality;
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mean survival times were 5-11 days (Maduagwu and Bassir 1980). Rats treated
by gavage daily with 8 mg/kg NDMA for 6 days experienced 10% mortality
within one month (McGiven and Ireton 1972). Administration of NDMA in the
drinking water at a daily dose of 9.5 mg/kg for one week resulted in
decreased survival in mice (Terracini et al. 1966). Administration of a
daily dose of 4 mg/kg/day in the drinking water of hamsters for 1, 2, 4, 7
or 14 days did not result in mortality (Ungar 1984). The hamster NOAEL value
and all LOAEL values for lethality from these repeated exposure studies are
recorded in Table 2-2 and plotted in Figure 2-2. The mouse dose of 9.5
mg/kg/day was calculated from the administered concentration of 50 ppm in
water (Terracini et al. 1966); this concentration is presented in Table l-4
for short-term exposure.

Numerous oral studies in which NDMA was administered for intermediate
durations (15-365 days) have been conducted. Deaths resulting from
intermediate duration exposure to NDMA were usually attributed to liver
toxicity or carcinogenicity. Representative lethal and nonlethal
intermediate duration exposures in various species are presented below.

In rats, decreased survival resulted when 0.32 mg NDMA/kg was given in
the drinking water for 5 days/week for 30 weeks (Lijinsky and Reuber 1984),
and when 6 mg/kg was administered by gavage for 2 days/week for 30 weeks
(Lijinsky et al. 1987). Control groups were not included in the latter study
but there was 100% mortality by 40 weeks after cessation of treatment.
Barnes and Magee (1954) administered NDMA in the diet to small numbers of
rats (6/group); 2.5 mg/kg/day produced no deaths, 5 mg/kg/day produced 100%
mortality after 62-93 days, and 10 mg/kg/day produced 100% mortality after
34-37 days. Rats treated with 3.9 mg/kg/day in the diet for 40 weeks also
had high mortality (Magee and Barnes 1956). Daily exposure to 1 mg/kg/day by
gavage for 30 days had no effect on survival of rats (Maduagwu and Bassir
1980). Jenkins et al. (1985) observed mortality in rats that received 2.5 mg
doses of NDMA by gavage for 4 days/week for 9 weeks, but it is unclear if
this is dose per kg body weight or dose per total body weight. The NOAEL
values and all reliable LOAEL values for lethality in rats from these
intermediate duration studies are recorded in Table 2-2 and plotted in
Figure 2-2. The rat dose of 5 mg/kg/day was calculated from the administered
concentration of 100 ppm in diet (Barnes and Magee 1954); this concentration
is presented in Table l-4 for long-term exposure. The rat dose of 0.32
mg/kg/day was calculated from the administered concentration of 5.5 ppm in
water (Lijinsky and Reuber 1984); this concentration is also presented in
Table l-4 for long-term exposure.

In intermediate duration studies with mice, decreased survival resulted
from treatment with doses of 1.8 mg/kg/day via drinking water for 49 days
(Clapp and Toya 1970), 1.9 mg/kg/day via drinking water for 13 weeks (Den
Engelse et al. 1974), 1.19 mg/kg/day via drinking water for 38 weeks
(Terracini et al. 1966) and 5.26 mg/kg/day via diet for 5 months (Takayama
and Oota 1965). Mice that received 0.4 mg/kg/day in drinking water for 224
days did not experience significantly decreased survival (Clapp and Toya
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1970). The NOAEL value and all LOAEL values for lethality in mice from these
intermediate duration studies are recorded in Table 2-2 and plotted in
Figure 2-2.

Survival data for intermediate oral exposure to NDMA are available for
species other than rat and mouse. Daily gavage exposure to 1 mg NDMA/kg for
30 days caused decreased survival in cats but not guinea pigs or monkeys
(Maduagwu and Bassir 1980). In hamsters, daily administration of 4 mg/kg/day
in the drinking water for 8, 12, or 16 weeks resulted in occasional
moribundity (Ungar 1986), while no lethality resulted from daily
administration of the same dose for 28 days (Ungar 1984); this dose is a
NOAEL or LOAEL for lethality depending on duration of exposure. Once weekly
gavage treatment with a dose of 10.7 mg/kg for 4 weeks or 5.4 mg/kg for 20
weeks was lethal for hamsters (Lijinsky et al. 1987). Mink that were given
doses of 0.32 or 0.63 mg/kg/day in the diet died after 23-34 days of
treatment (Carter et al. 1969), but low numbers of animals were tested
(three per dose). Mink fed a contaminated diet that provided approximately
0.18 mg NDMA/kg/day died (Martin0 et al. 1988), but there is uncertainty
about the dietary concentration of NDMA used to calculate the dose. The mink
that were examined in this study were from a commercial breeding colony that
died during a 2 month period; durations of exposure were not specified. The
NOAEL values and all reliable LOAEL values for lethality in these
intermediate duration studies are recorded in Table 2-2 and plotted in
Figure 2-2.

Chronic lethality data are available for NDMA-exposed rats, mice and
mink. Survival of rats that received 0.5 mg/kg/day of NDMA in the diet for
54 weeks (Terao et al. 1978) was not affected. Decreased survival occurred
in mice that were exposed to 0.43 mg/kg/day in the drinking water for life
(average 406 days) (Clapp and Toya 1970). Mink appear to be particularly
sensitive to NDMA as mortality resulted from ingestion of 0.1 mg/kg/day in
the diet for 321-670 days (Koppang and Rimeslatten 1976). The NOAEL value
and LOAEL values for lethality in these chronic duration studies are
recorded in Table 2-2 and plotted in Figure 2-2.

2.2.2.2 Systemic Effects

No studies were located regarding hematological, musculoskeletal or
dermal/ocular effects in humans or animals following oral exposure to NDMA.

Respiratory Effects. Petechial and larger hemorrhages were observed in
the lungs of two people following lethal poisoning with NDMA (Kimbrough
1982) (Section 2.2.2.1).

Macroscopic congestion was noted in the lungs of rats that were
administered 3.75 mg/kg/day doses of NDMA in the diet for l-12 weeks (Khanna
and Puri 1966). The adversity of the congestion cannot be determined because
results of lung histological examinations were not reported. No studies were
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located regarding respiratory effects in animals due to chronic duration
oral exposure.

Cardiovascular Effects. Myocardial and endocardial bleeding was
observed in a person following lethal poisoning with NDMA (Kimbrough 1982)
(Section 2.2.2.1).

Macroscopic congestion was noted in the myocardium of rats that were
administered 3.75 mg/kg/day doses of NDMA in the diet for l-12 weeks (Khanna
and Puri 1966). The adversity of the congestion cannot be determined because
results of heart histological examinations were not reported. No studies
were located regarding cardiovascular effects in animals due to chronic
duration exposure.

Gastrointestinal Effects. Gastrointestinal hemorrhage occurred in
humans following lethal poisoning with NDMA (Kimbrough 1982, Pedal et al.
1982) (Section 2.2.2.1).

NDMA produced similar gastrointestinal effects in animals. Barnes and
Magee (1954) observed occasional hemorrhage into the gastrointestinal tract
in rats that died from treatment with a single 50 mg/kg dose of NDMA by
gavage , or with 10 mg/kg/day doses in the diet for 34-37 days. The numbers
of animals examined were unspecified (single dose study) or small (6 in the
diet study), and frequency of occurrence was not indicated. Gastrointestinal
hemorrhages were also observed in mink that ingested 0.32 or 0.63 mg
NDMA/kg/day via diet for 23-34 days (Carter et al. 1969). Only three mink
per dose were treated, the hemorrhages occurred in a total of three mink,
and the dose(s) that the affected mink received was not specified. The cause
of the hemorrhages in the mink was attributed to gastric and duodenal
erosions. No studies were located regarding gastrointestinal effects in
animals due to chronic duration exposure.

Hepatic Effects. Five members of a family who consumed unknown
quantities of NDMA in lemonade became ill with nausea and vomiting
associated with acute liver disease, generalized bleeding and low platelet
counts (Kimbrough 1982, Cooper and Kimbrough 1980). As indicated in Section
2.2.2.1, two of these people died; the other three were released from a
hospital 4-21 days after admission. Another fatality due to ingestion of
NDMA was attributed to liver failure (Fussgaenger and Ditschuneit 1980,
Pedal et al. 1982) (Section 2.2.2.1). Autopsies of the subjects described
above showed that the primary effects were hemorrhagic and cirrhotic changes
in the liver and necrosis and hemorrhage in other internal organs.

Hepatotoxicity of NDMA has been described and investigated in numerous
oral studies of acute, intermediate and chronic duration in several animal
species. Hepatotoxicity is the most prominent and characteristic systemic
effect of NDMA, resulting in centrilobular necrosis and hemorrhage often
leading to hemorrhagic ascites.
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In acute studies, characteristic hepatotoxic alterations, as indicated
above, occurred in rats following single gavage doses as low as 20 and 8
mg/kg (Nishie 1983, Sumi and Miyakawa 1983), and following daily doses of
3.75 mg/kg in the diet for 1 or 2 weeks (Khanna and Puri 1966). These doses
therefore are LOAELs for serious hepatic effects. Jenkins et al. (1985)
observed degenerative alterations in the livers of rats following a single
2.5 mg/kg gavage dose of NDMA. As these alterations (collapse of reticulum
network in the centrilobular areas followed by regeneration) were
nonnecrotic and did not result in loss of the lobular architecture, the 2.5
mg/kg dose is a LOAEL for less serious hepatic effects. Single gavage doses
of 1.9 mg/kg and 0.7 mg/kg are a LOAEL for less serious hepatic effects and
a NOAEL, respectively, for rats, as nonnecrotic histologic alterations
(clumping and slight vacuolation of cells in the central vein area) occurred
at 1.9 mg/kg and no alterations occurred at 0.7 mg/kg (Korsrud et al. 1973),.
Daily gavage exposure to 5 mg/kg for 5-11 days produced hemorrhagic necrosis
in rats, guinea pigs, cats and monkeys (Maduagwu and Bassir 1980). Hamsters
that ingested daily doses of 4 mg/kg/day in the drinking water for 1, 2, 4,
7 or 14 days showed portal venopathy, a less serious hepatic effect (Ungar
1984). The NOAEL value and LOAEL values for hepatic effects in these acute
duration studies are recorded in Table 2-2 and plotted in Figure 2-2. The
rat diet dose of 3.75 mg/kg/day was calculated from the administered
concentration of 75 ppm in food (Khanna and Puri 1966); this concentration
is presented in Table l-4 for short-term exposure. The hamster drinking
water dose of 4 mg/kg/day was calculated from the administered concentration
of 20 ppm in water (Ungar 1984); this concentration is also presented in
Table l-4 for short-term exposure.

In intermediate duration studies with rats, characteristic hepatic
effects (described previously) were produced by treatment with NDMA doses of
3.75 mg/kg/day in the diet for 4-12 weeks (Khanna and Puri 1966), 5
mg/kg/day in the diet for 62-95 days (Barnes and Magee 1954), and 3.9
mg/kg/day in the diet for 40 weeks (Magee and Barnes 1956). Jenkins et al.
(1985) observed cirrhosis in rats that received 2.5 mg doses of NDMA by
gavage for 4 days/week for 9 weeks, but it is unclear if this is dose per kg
body weight or dose per total body weight. A dose of 1 mg/kg/day
administered by gavage for 30 days produced centrilobular congestion and
vacuolation of hepatocytes without necrosis in rats (Maduagwu and Bassir
1980), indicating that this dose is a LOAEL for less serious hepatic
effects. Hepatic alterations were not observed in rats treated with 2.5
mg/kg/day in the diet for 110 days (Barnes and Magee 1954). The NOAEL and
all LOAEL values for hepatic effects in rats from these intermediate
duration studies are recorded in Table 2-2 and plotted in Figure 2-2.

Characteristic liver alterations (described previously) occurred in
mice that were treated with NDMA doses of 5.0 mg/kg/day in the drinking
water for l-4 weeks (Anderson et al. 1986), 13 mg/kg/day in the diet for 16-
92 days (Otsuka and Kuwahara 1971) and 5.26 mg/kg/day in the diet for 5
months (Takayama and Oota 1965). These LOAELs for hepatic effects in mice
due to intermediate duration exposure are included in Table 2-2 and plotted
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in Figure 2-2. The mouse dose of 5.26 mg/kg/day was calculated from the
administered concentration of 50 ppm in food (Takayama and Oota 1965); this
concentration is presented in Table 1-4 for long-term exposure.

Liver effects resulting from intermediate duration oral exposure have
been observed in species .other than rat and mouse. Treatment with 1
mg/kg/day by gavage for 30 days was hepatotoxic for guinea pigs, cats and
monkeys (Maduagwa and Basir 1980). Necrotic alterations occurred in dogs
treated with 2.5 mg/kg by capsule on 2 days/week for 3 weeks (Strombeck et
al. 1983). Fibrotic and proliferative alterations without necrosis or
hemorrhage were observed in rabbits treated with an average NDMA dose of 1.6
mg/kg/day in the diet for 22 weeks (Magee and Barnes 1956), indicating that
this dose is a less serious LOAEL for hepatic effects. Occlusive alterations
in the portal veins developed in hamsters that received daily 4 mg/kg doses
in the drinking water for 28 days or 8, 12 or 16 weeks (Ungar 1984, 1986),
indicating that this dose is also a less serious LOAEL for hepatic effects.
Similar hepatic venopathy occurred in mink exposed to 0.13-0.15 mg/kg/day in
the diet for 122 days (Koppang and Rimeslatten 1976). Mink that were given
doses of 0.32 or 0.63 mg/kg/day in the diet for 23-34 days had widespread
liver necrosis (Carter et al. 1969), but low numbers of animals were tested
(three per dose). Liver necrosis was also observed in mink that ingested
0.18 mg/kg/day via diet (Martin0 et al. 1988); limitations of this study,
discussed in Section 2.2.2.1, include uncertainty regarding exposure
duration and concentration. All reliable LOAEL values for hepatic effects
due to intermediate duration exposure in these studies are recorded in
Table 2-2 and plotted in Figure 2-2. The hamster drinking water dose of 4
mg/kg/day was calculated from the administered concentration of 20 ppm in
water (Ungar 1984, 1986); this concentration is presented in Table 1-4 for
long-term exposure. It should be noted that this water concentration (20
ppm) is higher than the water concentration associated with death (5.5 ppm)
due to long-term exposure reported in Table 1-4. The apparent discrepancy in
these values is attributable to differences in species sensitivity and
length of exposure (rats exposed for 30 weeks, hamsters exposed for 28
days).

In chronic duration studies, characteristic hepatotoxic alterations
(described previously) were not observed in rats that were treated with 0.5
mg/kg/day NDMA in the diet for 54 weeks (Terao et al. 1978) or 96 weeks
(Arai et al. 1979). Alterations in mink that ingested 0.1 mg/kg/day doses of
NDMA in the diet for 321-670 days included occlusive changes in the hepatic
veins with focal necrosis (Koppang and Rimeslatten 1976). Data regarding
hepatic effects of chronic oral NDMA exposure in other species were not
found in the available literature. The NOAEL values and LOAEL value for
hepatic effects due to chronic exposure in these studies are recorded in
Table 2-2 and plotted in Figure 2-2.

Although hepatotoxicity is the primary effect of NDMA and has been
demonstrated in all tested species, calculation of MRLs for NDMA is
precluded by insufficient data defining the threshold region (i.e., NOAELs)
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for intermediate and chronic exposures, particularly for species which
appear to be particularly sensitive (e.g., mink) and because serious effects
(perinatal death) occurred in a developmental study (see Section 2.2.2.5) at
a dose lower than any NOAELS for liver effects.

Renal Effects. No studies were located regarding renal effects in
humans following oral exposure to NDMA.

Limited information is available regarding renal effects of
orallyadministered NDMA in animals. In a study by Nishie (1983), pregnant and
nonpregnant rats were treated with a single NDMA dose of 15 or 20 mg/kg/day
by gavage. An unspecified number of deceased animals (dose and pregnancy
state not indicated) had distal tubule necrosis two days following
treatment, and surviving rats had normal kidneys. Macroscopic congestion was
noted in kidneys of rats that were administered 3.75 mg/kg/day doses of NDMA
in the diet for l-12 weeks (Khanna and Puri 1966). The adversity of the
congestion cannot be determined because results of kidney histological
examinations were not reported. Moderate tubule congestion with other
effects (glomerulus dilatation, slightly thickened Bowman's capsule) were
observed in mink that ingested 0.18 mg/kg/day via diet (Martin0 et al.
1988); limitations of this study, discussed in Section 2.2.2.1, include
uncertainty regarding exposure duration and concentration.

Other Systemic Effects. Adrenal relative weight and mitotic count were
increased in rats following a single 20 mg/kg gavage dose of NDMA (Nishie et
al. 1983). Other results of the adrenal histological examinations were not
described, precluding assessment of adversity of the increased adrenal
weight, There was no effect on thyroid weight or histology in the same
study. It therefore is appropriate to regard 20 mg/kg as a NOAEL for
thyroid effects in rats due to acute oral exposure (Table 2-2 and Figure
2-2). Macroscopic congestion was noted in spleens of rats that were
administered 3.75 mg/kg/day doses of NDMA in the diet for l-12 weeks (Khanna
and Puri 1966). The adversity of the congestion cannot be determined because
results of spleen histological examinations were not reported.

2.2.2.3 Immunological Effects

No studies were located regarding immunological effects in humans
following oral exposure to NDMA.

Limited information is available regarding immunological effects of
orally-administered NDMA in animals. Skin graft survival time and white
blood cell count were not reduced in rats that received a single 40 mg/kg
dose of NDMA by gavage, indicating that treatment was not immunosuppressive
(Waynforth and Magee 1974). The dose reported was near the LD50 for rats,
but all of the animals died by day 21; it is indicated that the high
mortality may partially reflect the stress of skin graft rejection. Although
treatment resulted in 100% mortality, this dose represents a NOAEL for
immunological effects due to acute duration oral exposure (Table 2-2 and
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Figure 2-2). No studies were located regarding immunological effects in
animals following intermediate or chronic duration exposure to NDMA.

2.2.2.4 Neurological Effects

No studies were located regarding neurological effects in humans
following oral exposure to NDMA.

Dogs treated with 2.5 mg NDMA/kg/day by capsule on 2 consecutive
days/week for 3 weeks experienced marked central nervous system (CNS)
depression (Strombeck et al. 1983). The significance of this observation
cannot be ascertained since it was not characterized further. As these dogs
developed liver necrosis and hepatic insufficiency, it is possible that the
CNS depression is secondary to liver damage rather than a direct
neurological effect of NDMA.

2.2.2.5 Developmental Effects

No studies were located regarding developmental effects in humans
following oral exposure to NDMA.

Evidence indicates that orally-administered NDMA is a developmental
toxicant in animals. Fetuses of rats that received single 20 mg/kg doses of
NDMA by gavage on days 15 or 20 of gestation had significantly decreased
body weights, but fetal survival data were not reported (Nishie 1983). This
dose was also toxic to the dams as indicated by reduced body weight,
hepatotoxicity and mortality. Other investigators have reported fetal
mortality in rats that were treated with a single 30 mg/kg dose of NDMA by
gavage on various days during the first 12 days (Aleksandrov 1974) or 15
days (Napalkov and Alexandrov 1968) of gestation. In other studies, NDMA
reportedly caused fetal deaths in rats when administered in the diet at a
dose of 5 mg/kg/day from an unspecified day in early pregnancy (treatment
duration not indicated) (Bhattacharyya 1965), by gavage at a dose of 2.9
mg/kg/day during the first or second weeks of gestation (Napalkov and
Alekandrov 1968), or by gavage at a dose of 1.4 mg/kg/day throughout
gestation until days 17-21 (not specified) (Napalkov and Alekandrov 1968).
Teratogenic effects were not observed in the studies of Aleksandrov (1974)
and Napalkov and Alekandrov (1968), and not eva1uated.i.n the studies of
Nishie (1983) and Bhattacharyya (1965). Evaluation of the studies of
Bhattacharyya (1965), Napalkov and Alekandrov (1968) and Aleksandrov (1974)
is complicated by insufficient information regarding experimental design and
results; deficiencies include lack of control data, lack of maternal
toxicity data, use of pooled data and/or uncertain treatment schedule. Due
to these limitations, there is low confidence in the doses associated with
fetotoxicity in these studies. As Nishie (1983) is the only adequately
reported fetotoxicity study, 20 mg/kg is presented as a LOAEL for
developmental effects in rats due to acute exposure to NDMA in Table 2-2 and
Figure 2-2.
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In another experiment conducted by Aleksandrov (1974), a single dose of
30 mg NDMA/kg was administered by gavage to rats on day 21 of gestation.
Histological examination of the offspring at the time of natural death (•274
days after exposure) reportedly showed tumors in 5 of 20 animals. Although
this is possibly a manifestation of transplacental carcinogenesis,
evaluation of this finding is precluded by limitations including a lack of
control data and inadequate reporting of tumor types.

Increased perinatal mortality (stillbirths and newborn deaths) occurred
in mice as a consequence of maternal treatment with 0.02 mg NDMA/kg/day in
the drinking water (Anderson et al. 1978). The mice were treated for 75 days
prior to mating and throughout pregnancy and lactation. Histological
examinations of the stillborn fetuses and dead neonates showed no
abnormalities. The 0.02 mg/kg/day dose represents a LOAEL for developmental
effects due to intermediate duration exposure (Table 2-2 and Figure 2-2).

2.2.2.6 Reproductive Effects

No studies were located regarding reproductive effects in humans
following oral exposure to NDMA.

There was no significant increase in time-to-conception in mice that
were exposed to 0.02 mg NDMA/kg/day via drinking water for 75 days prior to
mating (Anderson et al. 1978). Other reproductive indices were not
evaluated.

2.2.2.7 Genotoxic Effects

Methylated DNA (7-methylguanine and O6 -methylguanine) was detected in
the liver of a victim of suspected NDMA poisoning (Herron and Shank 1980).
Additional studies regarding genotoxic effects in humans following oral
exposure to NDMA were not located.

Oral studies with rats indicate that the liver is sensitive to the
genotoxic effects of NDMA. When administered by gavage at a dose of 5.2
mg/kg, NDMA induced damage in rat liver DNA as measured by increased
alkaline elution (Brambilla et al. 1981). When administered to rats via
diet at a dose of 2.5 mg/kg/day, NDMA induced DNA damage in the liver as
measured by a slow sedimentation in alkaline sucrose gradients (Abanobi et
al. 1979). The effect was first observed after 2 days of feeding, and
became progressively worse during the next 8 weeks of feeding; no
proportionate increases in damage occurred when the feedings were continued
for 15 or 31 weeks. DNA synthesis and repair was detected in the liver of
rats treated with single 10 or 50 mg/kg doses by gavage (Bermudez et al.
1982). Radiolabeled thymidine uptake during mouse testicular DNA synthesis
was inhibited by a single gavage dose of 50 mg NDMA/kg (Friedman and Staub
1976).
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Administration of NDMA to hamsters by gavage at doses of 50, 100, or
200 mg/kg on the 11th or 12th day of pregnancy caused micronucleus formation
and chromosomal aberrations in the embryonic fibroblasts (Inui et al. 1979).
NDMA did not induce significant increases in sister chromatid exchanges in
bone marrow cells of Chinese hamsters following gavage administration of
12.5-400 mg/kg (Neal and Probst 1983).

2.2.2.8 Cancer

No studies were located regarding carcinogenic effects in humans
following oral exposure to NDMA.

The carcinogenicity of orally-administered NDMA has been demonstrated
unequivocally in acute, intermediate and chronic duration studies with rats,
mice, hamsters and mink. The liver and lungs are the primary targets for
NDMA carcinogenesis but tumors of the kidneys and testes can also occur.
Incidences of liver and lung tumors are generally very high (often 50-100%),
but liver tumors appear to occur most frequently in rats and hamsters and
lung tumors appear to occur most frequently in mice. The liver tumors are
usually hemangiosarcomas and hepatocellular carcinomas, and lung tumors are
usually adenomas and liver tumor metastases.

Low incidences of epithelial tumors (8.6%) and mesenchymal tumors
(14.5%) developed in the kidneys of rats following treatment with 8 mg
NDMA/kg/day for 6 days (McGiven and Ireton 1972, Ireton et al. 1972).
Evaluation of these data is complicated by the lack of a control group.
Daily diet treatment with 9.5 mg/kg for one week produced kidney and lung
adenomas in mice (Terracini et al. 1966). No other acute duration oral
carcinogenicity studies were found in the reviewed literature. The CEL from
the mouse study is presented in the acute duration category in Table 2-2 and
in Figure 2-2.

Numerous oral carcinogenicity studies of NDMA of intermediate duration
have been conducted. Treatment durations were often in the range of 20-40
weeks, frequency of treatment ranged from once weekly to daily, and
carcinogenicity was observed in all studies. Studies representing various
treatment durations and various methods of oral treatment (drinking water,
diet and gavage) for the lowest doses in different species are identified
below.

Rats administered NDMA in the drinking water at doses of 0.3
mg/kg/day, 5 days/week for 30 weeks, developed malignant liver tumors
(Keefer et al. 1973, Lijinsky and Reuber 1984). Lijinsky et al. (1987)
observed high incidences of liver, lung and kidney tumors in rats that were
treated by gavage with 6 mg NDMA/kg twice weekly for 30 weeks; controls were
not used in this study. In an intermediate duration diet study with rats,
daily treatment with a dose of 3.9 mg/kg for 40 weeks resulted in a 95%
incidence of hepatic tumors (Magee and Barnes 1956). The CELs from these
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intermediate duration studies with rats are recorded in Table 2-2 and
plotted in Figure 2-2.

Liver, lung and/or kidney tumors developed in mice that were exposed to
NDMA daily via drinking water at doses of 1.8 mg/kg for 49 days (Clapp and
Toya 1970), 1.19 mg/kg for 38 weeks (Terracini et al. 1966) and 0.4 mg/kg
for 224 days (Clapp and Toya 1970). Daily administration of NDMA via diet at
doses of 13 mg/kg for 16-92 days (Otsuka and Kuwahara 1971), 5.26 mg/kg for
5 months (Takayama and Oota 1965) and 9.04 mg/kg for 10 months (Takayama and
Oota 1965) also induced liver, lung and/or kidney tumors in mice. In the
only intermediate duration gavage study with mice, twice weekly doses of 1
mg/kg for 50 weeks resulted in high (37-53%) incidences of malignant liver
tumors (Griciute et al. 1981). The CELs from these intermediate duration
studies with mice are recorded in Table 2-2 and plotted in Figure 2-2.

Hamsters that were treated with NDMA by gavage twice weekly with a dose
of 5.4 mg/kg for 6.5 weeks, once weekly with a dose of 10.7 mg/kg for 4
weeks, or once weekly with a dose of 5.4 mg/kg for 20 weeks developed high
(60-79%) incidences of liver tumors (Lijinsky et al. 1987). However, control
groups were not included in the study of Lijinsky et al. (1987). Daily
administration of 4 mg/kg in the drinking water to hamsters for 12 or 16
weeks resulted in high incidences of cholangiocellular adenocarcinomas
(Ungar 1986). The CELs from these intermediate duration studies with
hamsters are recorded in Table 2-2 and plotted in Figure 2-2. Hemangiomatous
liver tumors occurred in 55% of deceased mink that received NDMA in the diet
at an estimated dose of 0.18 mg/kg/day (Martin0 et al. 1988); limitations of
this study, discussed in Section 2.2.2.1, include uncertainty regarding
exposure duration and concentration, examination only of animals that died
and use of historical controls. Due to the limitations of this study, it is
inappropriate to present a CEL for mink due to intermediate duration
exposure in Table 2-2 and Figure 2-2.

Chronic oral carcinogenicity studies of NDMA have been conducted with
rats, mice and mink. Tumors at sites other than the liver and testis have
not been associated with chronic treatment. Terao et al. (1978) observed a
47% increase in the incidence of testicular Leydig-cell tumors, but no
tumors in the liver or other tissues, in rats that were treated with 0.5
mg/kg daily doses of NDMA in the diet for 54 weeks. Increased incidences of
liver tumors, but not testicular interstitial cell tumors, occurred in rats
that received 0.05 or 0.5 mg/kg/day doses of NDMA in the diet for 96 weeks
(Arai et al. 1979). In this study, liver tumor incidences were generally
higher in female rats than in male rats. Increased incidences of liver
tumors also occurred in rats that were treated with NDMA in the diet for 96
weeks at a dose of 10.0 mg/kg/day (Ito et al. 1982); similar treatment with
doses of 0.1 or 1.0 mg/kg/day did not produce increased incidences of liver
tumors. It should be noted that Wistar rats were tested in both the Ito et
al. (1982) and Arai et al. (1979) studies. The reason for the lack of liver
tumors at doses below the relatively high 10 mg/kg/day dose in the Ito et
al. (1979) study is not clear, but may be related to low susceptibility of
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male rats. In a lifetime drinking water study, Peto et al. (1984)
administered doses of 0.001-1.2 mg/kg/day to rats and observed that
incidences of liver tumors were significantly increased at ≥0.02 mg/kg/day;
median survival time at the lowest tumorigenic doses was in the range of 28-
31 months. Crampton (1980) administered NDMA to rats in the drinking water
at doses ranging from 0.002-1.5 mg/kg/day for life and observed increased
liver tumor incidences at ≥0.008 mg/kg/day; median survival time at 0.008
mg/kg day was >900 days. The results reported by Crampton (1980) were
preliminary and there is uncertainty regarding the dosages; ppm
concentrations in water and mg/kg/day equivalency were reported, but the
basis for the equivalency is not indicated and the conversion cannot be
verified using standard methodology. Clapp and Toya (1970) administered NDMA
to mice via drinking water at daily doses of 0.43 and 0.91 mg/kg/day for
life and observed that incidences of lung tumors and liver hemangiosarcomas
were significantly increased at both doses; mean survival time at the low
and high doses were 12 and 17 months, respectively. Hemangiomatous liver
tumors developed in mink exposed to 0.1 mg/kg/day NDMA in the diet for 321-
607 days (Koppang and Rimeslatten 1976). The CELs for rats, mice and mink
from these chronic studies, except the uncertain value from the Crampton
(1980) study, are recorded in Table 2-2 and plotted in Figure 2-2.

The EPA (1988a) has derived and verified an oral slope factor (B
H
) of

51 (mg/kg/day)-l for NDMA based on the liver tumor response in the Peto et
al. (1984) study. Using this slope factor, the doses associated with upper
bound lifetime cancer risk levels of 10-4 to 10-7 are calculated to be 1.96
x 10-6 to 1.96 x 10-9 mg/kg/day, respectively. The cancer risk levels are
plotted in Figure 2-2.

2.2.3 Dennal Exposure

2.2.3.1 Death

No studies were located regarding lethality in humans or animals
following dermal exposure to NDMA.

2.2.3.2 Systemic Effects

No studies were located regarding systemic effects in humans following
dermal exposure to NDMA. Limited information was located regarding systemic
effects in animals following dermal exposure; no animal studies provided
information on respiratory, cardiovascular, gastrointestinal, hematological,
musculoskeletal, hepatic or renal effects.

Dermal/Ocular Effects. Small ulcerations and scarring of the skin were
observed in hairless mice that were treated once weekly with topical doses
of 33.3 mg NDMA/kg for 20 weeks (Iversen 1980). No studies were located
regarding NDMA-related ocular effects in animals.
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Other Systemic Effects. Barnes and Magee (1954) noted that daily
application of 100 mg NDMA/kg to rats for 4 days had no effect on general
condition.

No studies were located regarding the following effects in humans or
animals following dermal exposure to NDMA:

2.2.3.3 Immunological Effects

2.2.3.4 Neurological Effects

2.2.3.5 Developmental Effects

2.2.3.6 Reproductive Effects

2.2.3.7 Genotoxic Effects

2.2.3.8 Cancer

No studies were located regarding carcinogenic effects in humans
following dermal exposure to NDMA.
A low incidence of lung adenomas (13%), but no skin tumors, developed
in hairless mice that were treated once weekly with 33.3 mg/kg topical doses
of NDMA for 20 weeks (Iversen 1980). Lung and skin tumors were not observed
in historical control groups. Although Iversen (1980) concluded that the
lung cancers were related to the topical applications of NDMA, it should be
noted that the mice were housed 8 to a cage and could have licked the NDMA
off each other or inhaled the compound due to its volatility.

2.3 RELEVANCE TO PUBLIC HEALTH

Death. Oral LD
50 
values of 23 and 40 mg NDMA/kg have been reported for

pregnant and nonpregnant rats, respectively (Nishie 1983, Druckrey 1967).
Oral LD

5O
s have not been determined for NDMA in other species. LD

5O
s for

single doses of NDMA administered by intraperitoneal injection have also
been reported; these values are consistent with the oral LD

5O
s and include

26.5 mg/kg in rats (Barnes and Magee 1954), 42.7 mg/kg in rats (Heath 1962)
and 19 mg/kg in mice (Friedman and Sanders 1976). Repeated oral exposure to
NDMA resulted in decreased survival in rats, mice and all other species that
have been tested. In general, doses ranging from approximately 0.1-5
mg/kg/day have produced death in animals after several days to several
months of exposure. Variations in lethal doses appear to be attributable
more to intraspecies differences than differences in frequency or method of
oral treatment. With the exception of mink, there do not appear to be marked
differences in sensitivity among the species that have been tested. Deaths
resulting from a single exposure or repeated exposures for several days or
several weeks are generally attributed to liver toxicity; deaths associated
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with longer duration (e.g., 20-40 weeks) exposures are due to liver tumor
development.

In general, lethal doses,of NDMA and causes of death are similar among
animal species. Human fatalities due to ingestion or inhalation of NDMA were
also attributed to liver toxicity but adequate dose information is not
available.

Systemic Effects. Hepatotoxicity is the primary systemic effect of
NDMA. Hepatotoxicity has been demonstrated in all animal species that have
been tested, and has been observed in humans who were exposed to NDMA by
ingestion or inhalation. The characteristic hemorrhagic necrosis caused by
NDMA are particularly prevalent following exposure to acutely toxic single
doses or repeated doses for short durations. Liver tumors are the
predominant effect of longer duration exposures. The mechanism of NDMAinduced
liver toxicity is not clearly understood but may be related to
alkylation of cellular protein (Barnes and Magee 1954, Magee et al. 1976,
Diaz Gomez et al. 1981, 1983, Martin0 et al. 1988).

Although the hepatotoxicity of NDMA has been established unequivocally
in numerous acute, intermediate and chronic duration oral studies with
animals, relatively few of the studies delineate dose-response relationships
and appropriate information regarding thresholds for this effect is not
available. As noted for lethality, reported hepatotoxic doses for all
species occur in the same general range with variations attributable more to
intraspecies differences than treatment schedule or method. Human fatalities
due to oral and inhalation exposure to NDMA have been reported in which
hemorrhagic, necrotic and cirrhotic alterations in the liver were observed,
indicating that NDMA produces similar hepatic effects in humans and animals.
Therefore it is reasonable to expect that NDMA also will be hepatotoxic in
humans at sublethal doses.

Limited information is available regarding nonhepatic systemic effects
of NDMA in humans. This information has been obtained from autopsies of
victims accidentally exposed to NDYA vapors or poisoned after ingestion of
NDMA. The effects can be described as a general bleeding tendency.
Hemorrhages have been noticed in the gastrointestinal tract, heart,
respiratory system and brain (Freund 1937; Kimbrough 1982). The mechanism by
which NDMA could induce bleeding is not known, but the bleeding tendency
could be a consequence of decreased formation of clotting factors resulting
from liver damage, impairment of the clotting mechanism or decreased number
or function of platelets. Jacobson et al. (1955), for example, showed that
NDMA greatly increases prothrombin time in dogs exposed to NDMA by
inhalation. It is also possible that hemorrhagic effects could be caused by
effects of NDMA on tissues. Because of its irritant properties, it is not
difficult to explain the occurrence of hemorrhages in tissues that have
direct contact with NDMA (gastrointestinal bleeding after oral ingestion, or
bleeding of the bronchi and trachea after inhalation). However, it remains
unknown why gastrointestinal bleeding can occur following inhalation
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exposure. An alternative explanation could be that NDMA has a direct effect
on the blood vessels. In fact, Ungar (1984, 1986) showed that oral treatment
of hamsters with NDMA induced fragmentation of elastic fibers in portal
vessels as well as denudation of the portal endothelium. Furthermore,
autopsy of a victim of acute NDMA poisoning showed that "the central hepatic
veins had lost their endothelial'lining cells" (Kimbrough 1982).

There is a relative paucity of information for nonhepatic systemic
effects in animals because the emphasis of most studies was on
hepatotoxicity or cancer, for which the liver is the primary target organ.
Nonhepatic systemic effects that have been reported include gastrointestinal
hemorrhage and congestion of several organs (kidney, lung, heart, spleen) in
rats and/or mink, but the prevalence of these effects cannot be determined
because these sites were examined infrequently.

Immunological Effects. A single oral dose of NDMA near the oral LD
50

did not reduce humoral immune response in rats, but a single intraperitoneal
dose near the intraperitoneal LD

50 
reduced humoral immune response in mice

(Waynforth and Magee 1974). A number of other recent studies have found that
NDMA given by intraperitoneal injection alters humoral immunity and
antibody-mediated host defense mechanisms (Kaminski et al. 1989; Thomas
et al. 1985, Myers et al. 1986, 1987, Scherf and Schmahl 1975, Holsapple et
al. 1983, 1984, 1985, Johnson et al. 1987a,b). Immunosuppression resulting
from NDMA exposure is not believed to be a result of direct interaction
between the reactive intermediaries of NDMA and splenic lymphocytes, thereby
indicating a difference between the mechanisms of immunotoxicity and
carcinogenicity/genotoxicity (Holsapple et al. 1984). In vivo studies have
shown that NDMA modulates the cellular immune response by altering the
production and/or maturation/differentiation of bone marrow stem cells into
functional macrophages (Myers et al. 1986, 1987). In vitro tests identify
the primary cell target of NDMA as the B-lymphocyte (Holsapple et al. 1984,
1985). Thus, it is likely that NDMA decreases the overall reactivity of both
T- and B-lymphocytes. It is not known whether NDMA is likely to be
immunosuppressive in humans.

Developmental Effects. NDMA was fetotoxic to rats at oral doses that
were toxic to the mother. Limited data indicate that these doses were not
teratogenic for the rats. Oral administration of NDMA to mice resulted in
increased perinatal deaths without histological abnormalities. It is not
known whether NDMA could cause developmental effects in humans, but it cou
be a potential developmental toxicant at doses which are toxic to pregnant
women.

Reproductive Effects. Mice that were exposed to NDMA in drinking water
prior to mating and during pregnancy and lactation showed an increase in the
frequency of perinatal death among their offspring. Based on these data,
NDMA could be considered a potential human reproductive toxicant.
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Genotoxic Effects. Several in vitro studies have examined genotoxic
effects of NDMA in human cells. As indicated in Table 2-3, NDMA induced DNA
repair and synthesis in human lymphoblasts, and sister chromatid exchange
in human lymphocytes and fibroblasts.

Genotoxicity of NDMA has been demonstrated consistently in numerous in
vitro studies with non-human systems. As indicated in Table 2-3, NDMA was
mutagenic in bacteria (Salmonella tvnhimurium, Escherichia coli), yeast
(Saccharomvces cerevisiae), and mammalian cells (Chinese hamster V79 and
ovary cells and mouse lymphoma L5178Y cells). NDMA induced unscheduled DNA
synthesis and DNA repair and synthesis in rat, mouse and hamster
hepatocytes. Treatment-related DNA fragmentation occurred in rat and human
hepatocytes. Chromosomal aberrations occurred in Chinese hamster primary
lung cells, rat ascites hepatoma cells, and rat esophageal tumor cells.
Sister chromatid exchanges occurred in Chinese hamster ovary cells, Chinese
hamster primary lung cells, human lymphoblasts and fibroblasts, and rat
esophageal tumor and ascites hepatoma cells.

In vivo studies (Table 2-4) have shown that NDMA methylates DNA, causes
DNA fragmentation and induces DNA synthesis and repair in liver and other
tissues of various species (e.g., rat, mouse, hamster, gerbil). NDMA
induced chromosomal aberrations in hamster embryonic fibrolasts, sister
chromatid exchanges in mouse bone marrow cells, and micronuclei in rat
hepatocytes and rat and mouse bone marrow cells. The genotoxic effects
indicated above occurred after inhalation, oral or intraperitoneal
administration of NDMA. Sperm abnormalities were not seen in mice following
intraperitoneal administration of NDMA. Sex linked recessive lethal
mutations occurred in Drosophila melanogaster, which indicates potential
heritable mutagenicity of NDMA.

The weight of evidence indicates that NDMA is genotoxic in mammalian
cells. In vitro studies with human cells, as well as in vitro and in vivo
studies with animals and microbes, support this conclusion. Given the type
and weight of genotoxicity evidence, it is appropriate to predict that NDMA
poses a genotoxic threat to humans.

Cancer. The oral carcinogenicity of NDMA has been demonstrated in
numerous studies with various species of animals. Inhalation exposure to
NDMA has been reported to be carcinogenic to rats and mice in two studies.
The carcinogenicity of NDMA is also documented in numerous single and or
weekly subcutaneous and intraperitoneal injection studies, and in studies in
which NDMA was administered prenatally and to newborn animals. Many of the
carcinogenicity studies of NDMA were conducted specifically to induce cancer
for various purposes, such as investigations of structure-activity
relationships and pathogenesis. Tumors in tissues other than the liver and
respiratory system (e.g., kidney, testis) have not been observed often in
many of the carcinogenicity studies; this appears to be attributable in part
to limited examination of nonhepatic tissues.
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There is increasing evidence, derived from in vitro and in vivo
metabolic studies, indicating that the carcinogenic effects of NDMA are due
to a metabolite rather than the compound itself (Singer 1979). NDMA is
converted into an alkylating (methylating) agent after metabolism by
microsomal mixed-function oxidases. This process occurs principally in the
liver and to a lesser extent in kidney and lungs, and results in the
methylation of cellular macromolecules such as DNA, RNA and other proteins.
Methylation occurs at several positions in DNA including N-l, N-3 or N-7 of
deoxyadenosine; N-3, N-7 or 06 of deoxyguanosine; N-3 of deoxycytidine; and
02 or 04 of thymidine. Experimental evidence indicates that methylation at
the 06-position of guanine may be responsible for the carcinogenic activity
of nitrosamines in general, however, the carcinogenic potential of other
methylated products cannot be ruled out. The methylation of DNA by NDMA has
been studied extensively (e.g., Bamborschke et al. 1983, O'Connor et al.
1982, Pegg et al. 1981, Pegg and Hui 1978, Stumpf et al. 1979.).

The carcinogenic properties of NDMA, and nitrosamines in general, have
been extensively studied. It is of considerable interest that, despite its
ubiquitous distribution, NDMA induces tumors in a limited number of organs
and tissues and that there are marked differences in this response among
animal species. Differences in pharmacokinetics properties seem to play an
important role in the carcinogenic action of NDMA (Pegg 1980, Lijinsky
1987). For example, the degree of hepatic extraction from the portal blood
seems to determine whether tumors develop in extrahepatic sites. Therefore,
large doses of NDMA tend to induce extrahepatic tumors (spill-over effect).
In addition, metabolic activating systems and repair mechanisms may not
operate at the same rates in different organs and different species. Route
of administration also seems to be a factor in NDMA carcinogenesis since
different responses are seen in a particular species when different routes
of exposure are used. This suggests that rates of absorption can determine
the site of tumor development.

Based on the unequivocal evidence of carcinogenicity in animals, it is
reasonable to anticipate that NDMA will be carcinogenic in humans. It is
important to recognize that this evidence also indicates that oral exposures
of acute and intermediate duration are sufficient to induce cancer.

2.4 LEVELS IN HUMAN TISSUES AND FLUIDS ASSOCIATED WITH HEALTH EFFECTS

A considerable amount of DNA methylation in the liver of a suspected
NDMA poisoning case was reported by Herron and Shank (1980). Based on
studies in rats, in which the amount of DNA alkylation could be correlated
with known amount of orally administered NDMA, the authors estimated that
the victim had been exposed to a dose of 20 mg/kg or more of NDMA. No other
studies were located regarding levels of NDMA or its metabolites in human
tissues and fluids associated with effects. Several analytical methods have
been developed to determine levels of NDMA in human tissues and fluids.
These methods are described in Chapter 6.
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2.5 LEVELS IN THE ENVIRONMENT ASSOCIATED WITH LEVELS IN HUMAN TISSUES
AND/OR HEALTH EFFECTS

Although data relating specific amounts of NDMA in the environment
with levels in human tissues and/or health effects have not been reported,
some qualitative information is available. This information, given below,
has to be interpreted with caution since results were not always rigorously
reported or evaluated, and endogenous formation of NDMA was not quantitated.

A high incidence of nasopharyngeal carcinoma was found in Tunisia
(North Africa), Southern China and Greenland among populations who consume
foods with a high content of volatile nitrosamines (Poirier et al. 1987). Lu
et al. (1987) found a positive correlation between the amount of NDMA and
other nitrosamines in the gastric juice of Chinese with a high incidence of
esophageal carcinoma. Wild et al. (1987) observed a positive relationship
between levels of 06-methyldeoxyguanosine (implicated in the initiating
process of nitrosamine-induced cancer) and incidences of esophageal and
stomach cancer in the province of Lin-xian, China. Yu and Henderson (1987)
reported finding a high incidence of nasopharyngeal carcinoma in individuals
from Hong Kong, who are known to consume from early in life considerable
amounts of Cantonese-style salted fish, which has a high content of NDMA and
other nitrosamines.

2.6 TOXICOKINETICS

2.6.1 Absorption

2.6.1.1 Inhalation Exposure

No studies were located regarding the rate and extent of absorption of
NDMA following inhalation exposure of humans or animals to NDMA. However, it
can be inferred that NDMA is absorbed from the air since it can be detected
in the urine of rats (Klein and Schmezer 1984) and dogs (Raabe 1986) after
inhalation exposure. Absorption is also indicated by reports of human
deaths following inhalation of NDMA (see Section 2.2.1.1).

2.6.1.2 Oral Exposure

No studies were located regarding the absorption of NDMA following
oral exposure of humans.

The absorption of NDMA from the gastrointestinal tract of animals is
fast. Less than 2% of the labelled compound could be recovered from the
gastrointestinal tract 15 minutes after oral administration of 14C-NDMA to
rats (Diaz Gomez et al. 1977). Absorption seems to be independent of the
dose administered (Diaz Gomez et al. 1972). In the rat, NDMA is absorbed
much faster from the small intestine than from the stomach, in isolated
preparations (Heading et al. 1974) and in vivo (Pegg and Perry 1981).
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Ishiwata et al. (1977) reported that the disappearance curve of NDMA from
isolated guinea pig stomach and small intestine follows first order
kinetics.

2.6.1.3 Dermal Exposure

No studies were located regarding the absorption of NDMA following
dermal exposure of humans.

Indirect evidence indicating that NDMA may be absorbed through the
skin was found in a study published by Iversen (1980) in which topical
application of NDMA induced lung adenomas in mice. The results from
Iversen, however, should be interpreted with caution since the mice were
housed 8 to a cage and could have licked the NDMA from each other and also
could have inhaled this volatile compound.

2.6.2 Distribution

Unmetabolized NDMA was found to be evenly distributed among the main
organs of mice and rats shortly after i.v. injection to animals in which the
metabolism of NDMA had been inhibited (Magee 1956; Johansson and Tjalve
1978). Wishnok et al. (1978) reported a similar finding in rats following
i.p. injections. Johnson et al. (1987a) reported that one hour after a dose
of 6 mg 14C-NDMA/kg was administered by intraperitoneal injection to mice,
the liver contained two times as much radioactivity as the kidney, spleen
and thymus.

2.6.2.1 Inhalation Exposure

No studies were located regarding the distribution of NDMA following
inhalation exposure of humans or animals.

2.6.2.2 Oral Exposure

No studies were located regarding the distribution of NDMA following
oral exposure of humans.

Daugherty and Clapp (1976) reported that 15 minutes after oral
administration of 14C-NDMA to mice, the relative amounts of radioactivity in
the homogenates of heart, forestomach, esophagus, liver and lung were 1, 2,
3, 10 and 70, respectively. The differences could be attributed to different
tissue affinity, transport and/or metabolism. Measurable amounts of NDMA
were reported in blood, liver, kidney, lungs and brain of mice exposed to 5
mg NDMA/kg/day in drinking water.for up to 4 weeks (Anderson et al. 1986).
NDMA has been detected in maternal blood, placenta, fetus and amniotic
fluid of pregnant Syrian hamsters for up to 2 hours after a single
subcutaneous dose of 12.5 mg/kg of the chemical (Althoff et al. 1977).



49

2. HEALTH EFFECTS

Liver and kidney DNA from 14-day-old rats became labelled after treating the
nursing mothers with 14C-NDMA by gavage (Diaz Gomez et al. 1986).

2.6.2.3 Dermal Exposure

No studies were located regarding the distribution of NDMA following
dermal exposure of humans.

The study by Iversen (1980), in which lung adenomas were noticed in
mice after skin application of NDMA, indicates that this chemical (or a
metabolite) was distributed to the lungs.

2.6.3 Metabolism

Evidence from in vitro and in vivo studies with rodents indicates that
NDMA is metabolized by hydroxylation of the a-carbon, followed by formation
of formaldehyde, molecular nitrogen and a methylating agent, which is
considered to be the carcinogenic form (Lotlikar et al. 1975; Czygan et al.
1973). Recent evidence suggests that a significant proportion of NDMA is
metabolized via a denitrosation mechanism. The latter mechanism takes place
in rats in vivo, as indicated by the urinary excretion of labelled
methylamine after i.v. administration of 14C-NDMA (Keefer et al. 1987), and
in human liver microsomes (Yoo et al. 1988). The metabolism of NDMA is
summarized in Figure 2-3.

Metabolism of NDMA varies among species (Prassana et al. 1985;
Montesano et al. 1982). Age of the animal and route of administration can
also influence the rate of metabolism of NDMA (Phillips et al. 1975). In
addition, at varying doses, different forms of enzymes appear to be
responsible for NDMA metabolism (Kroeger-Koepke and Michejda 1979; Lotlikar
et al. 1978).

2.6.3.1 Inhalation Exposure

No studies were located regarding the metabolism of NDMA following
inhalation exposure of humans or animals.

2.6.3.2 Oral Exposure

No studies were located regarding the metabolism of NDMA following
oral exposure of humans.

Phillips et al. (1975) demonstrated that NDMA is metabolized at a
lower rate when given orally to rats than when administered by parenteral
routes.
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2.6.3.3 Dermal Exposure

No studies were located regarding the metabolism of NDMA following
dermal exposure of humans or animals.

2.6.4 Excretion

Labelled C0
2
 can be detected in the exhaled air 1 hour after i.p.

administration of 14C-NDMA to rats (Phillips et al. 1975). Hemminki (1982)
administered labelled NDMA by intraperitoneal injection to rats and was able
to detect three main radioactive fractions in the urine over a period of 5
days. Fraction I was composed of radioactive aminoacids, fraction II of
allantoin and a metabolite of thiazolidine-4-carboxylic acid, and fraction
III of 7-methylguanine.

2.6.4.1 Inhalation Exposure

Klein and Schmezer (1984) reported that 10-30% of NDMA is excreted by
exhalation after exposing rats to the chemical during 10 minutes by
endotracheal intubation. In beagle dogs, 23% of the administered
radioactive label is exhaled in 30 minutes after a 3 hour inhalation
exposure (Raabe 1986).

2.6.4.2 Oral Exposure

Spiegelhalder et al. (1982) reported that, in a 24 hour period, human
volunteers excreted in the urine between 0.5 and 2.4% of an ingested dose of
12-30 pg of NDMA added to drinking fluids containing ethanol.

Unchanged NDMA was recovered in the urine and feces of rats up to 24
hours after a single oral dose of 50 mg (Magee 1956). Swann et al. (1984)
did not detect labelled NDMA in the urine of rats after oral administration
of 30 µg/Kg of 14C-NDMA in water. Phillips et al. (1975 determined that
after administration of a single oral dose of 5 mg of  14C-NDMA to female
rats the maximum rate of 14C0

2
 production was 12.4% of the dose/hour, and

that 48% of the dose could be recovered as 14C0
2
 in the exhaled air in 7

hours and 5.7% as 14C (total label) in a 24 hour urine sample.

2.6.4.3 Dermal Exposure

No studies were located regarding the excretion of NDMA following
dermal exposure of humans or animals.

2.7 INTERACTIONS WITH OTHER CHEMICALS

NDMA is normally formed by bacteria in the human stomach and small
intestine, but not in the large intestine (Archer et al 1982; Spiegelhalder
and Preussmann 1985; Zeisel et al. 1988). Also, rats and guinea pigs have



52

2. HEALTH EFFECTS

been shown to make NDMA in their stomachs (Hashimoto et al. 1976; Omori et
al. 1979). Small amounts of NDMA are formed in the saliva of humans;
concentrations can vary from 4 to 10 pg/mL depending on pH and type of food
in the mouth (Rao et al. 1982). NDMA formation in the saliva can be
increased by chemicals such as chlorogenic acid, which is found in coffee,
and decreased by a number of synthetic additives, as well as caffeic acid,
tannic acid and ascorbic acid, which are found in coffee, tea, and citrus
fruits, respectively.

Consumption of alcohol has been shown to have complicated effects on
the toxicity of NDMA. Rats that received alcohol (ethanol or isopropanol)
by gavage for 2 days before receiving NDMA had more liver damage with the
alcohol than without it (Lorr et al. 1984; Maling et al. 1975). Increased
levels of plasma glutamic pyruvate transaminase were monitored and used as a
sign of liver damage. Another study showed that 4 weeks of ethanol
pretreatment in rats worsened the effects on DNA repair that occurred
following DNA alkylation induced by NDMA (Mufti et al. 1988). There is at
least one other study in rats, however, that showed that 23 days of
pretreatment with ethanol decreased the hepatotoxicity of NDMA (Gellert et
al. 1980).

Other substances to which people are exposed have been shown to alter
the toxic effects of NDMA in rats. Vitamin E and calcium channel blocking
agents have been shown to decrease the hepatotoxicity associated with NDMA
(Landon et al. 1986; Skaare and Nafstad 1978). Selenium increased the toxic
effect of NDMA on the liver (Skaare and Nafstad 1978) and cadmium increased
the carcinogenic effect of NDMA in the kidney (Wade et al. 1987). NDMA
induced higher incidences of stomach cancer in rats fed diets low in zinc
than in those fed normal diets (Ng et al. 1984). Rats fed diets low in
copper developed more kidney tumors from NDMA than rats fed normal diets
(Carlton and Price 1973). In contrast, rats given NDMA and cupric acetate
had fewer tumors than rats given NDMA (Yamane et al. 1984). Although these
data indicate that simultaneous administration of other chemicals may
augment NDMA toxicity in animals, it not clear how these simultaneous
exposures may occur in humans.

2.8 POPUIATIONS THAT ARE UNUSUALTaY SUSCEPTIBLE

People with chronic renal failure produce more NDMA in their small
intestines due to increased levels of bacterial growth than normal people do
(Lele et al. 1983). This increase in NDMA can be blocked by injections of
ascorbic acid or antibiotics, but is potentiated by alcohol (Lele et al.
1987). People who consume alcohol may be unusually susceptible to NDMA for
reasons discussed in Section 2.7.
2.9  ADEQUACY OF THE DATABASE

Section 104 (i) (5) of CERCLA, directs the Administrator of ATSDR (in
consultation with the Administrator of EPA and agencies and programs of the



53

2. HEALTH EFFECTS

Public Health Service) to assess whether adequate information on the health
effects of NDMA is available. Where adequate information is not available,
ATSDR, in cooperation with the National Toxicology Program (NTP), is
required to assure the initiation of a program of research designed to
determine these health effects (and techniques for developing methods to
determine such health effects). The following discussion highlights the
availability, or absence, of exposure and toxicity information applicable to
human health assessment. A statement of the relevance of identified data
needs is also included. In a separate effort, ATSDR, in collaboration with
NTP and EPA, will prioritize data needs across chemicals that have been
profiled.

2.9.1 Existing Information on Health Effects of
N-Nitrosodimethylamine

Information regarding health effects of NDMA in humans is limited to
case reports of fatalities due to hepatotoxicity following ingestion or
inhalation. Health effects of NDMA in animals have been investigated in
numerous oral studies and several inhalation and dermal studies. As
indicated in Figure 2-4, animal oral data are available for lethality,
systemic toxicity, immunological effects, neurological effects,
developmental effects, reproductive effects, genotoxic effects and cancer.
These data indicate that hepatotoxicity and cancer are the most prominent
NDMA-related effects.

2.9.2  Data Needs

Single Dose Exposure. Information on lethality in rats following
single oral doses, including two LD50 values, are available. Information on
hepatic effects in rats due to single oral exposures are also available.
Additional single dose oral studies with rats would provide more information
on thresholds for lethality and hepatotoxicity, and on nonhepatic effects.
Studies on species other than the rat would provide data on interspecies
differences. Single-exposure inhalation experiments provide limited
information on lethality in rats, mice and dogs, and dermal/ocular effects
in rats; additional studies could corroborate these data as well as provide
NOAELs. Single application dermal studies would provide information on
lethality and skin and eye irritation.

Repeated Dose Exposure. Numerous repeated dose studies of
intermediate duration have been conducted with rats, mice and other species.
These studies provide extensive information on doses and treatment schedules
that are lethal and hepatotoxic but do not adequately identify thresholds
for these effects, particularly in species that may be more sensitive (e.g.,
mink). Additional repeated dose oral studies designed to examine tissues
other than the liver could provide useful information on nonhepatic systemic
effects of NDMA. Oral studies conducted over periods longer than 20-30 weeks
may not be necessary as sufficient evidence indicates that cancer will be
the predominant effect. Repeated exposure inhalation studies could provide
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information on concentrations associated with lethality and systemic
effects.

Chronic Exposure and Carcinogenicity. Chronic oral and inhalation
studies of NDMA have been conducted with rats and mice. These studies
indicate that the predomin&nt effect of chronic exposure to NDMA is cancer.
As low doses of NDMA have been tested in chronic oral studies and it is
established that intermediate duration exposure to NDMA is sufficient to
induce cancer, additional chronic studies may not be needed.

Genotoxicity. The genotoxic potential of NDMA is established
unequivocally. Only several studies, however, evaluated genotoxic effects in
animals following oral or inhalation exposure to NDMA, and only several in
vitro studies evaluated human cells. Additional studies, particularly assays
with human cells and assays providing information on the potential for
heritable mutations, would add to the data base on genotoxicity.

Reproductive Toxicity. Oral exposure to NDMA for 75 days prior to
mating had no significant effect on time-to-conception in mice. Other
reproductive indices or species have not been evaluated. Histological
examinations of reproductive organs of animals exposed in subchronic and
chronic studies would provide relevant data. Multigenerational or
continuous breeding studies would provide further information regarding
reproductive effects of NDMA in animals, which may be related to possible
reproductive effects in human.

Developmental Toxicity. Evidence indicates that NDMA is fetotoxic to
rats and mice, but NOAELs have not been defined. Well-conducted
developmental studies using several exposure levels and environmentally
relevant routes of exposure could provide the dose-response information
necessary to determine the threshold for fetotoxicity and to determine the
possible relevance and risk for humans. Additional studies also could
determine if NDMA is a transplacental carcinogen.

Immunotoxicity. Information regarding immunological effects of NDMA in
humans is not available. Immunosuppression by NDMA has been demonstrated in
a number of intraperitoneal injection studies, but not in an oral study,
with mice. Specific immunotoxicity tests or a battery of immunotoxicity
tests in which NDMA is administered by the oral route would provide a better
assessment of possible immunotoxic effects. Sensitization tests in animals
could provide information on whether an allergic response to NDMA is likely
in humans. Additional studies also could determine if NDMA is a
transplacental carcinogen.

Neurotoxicity. Dogs that were orally treated with NDMA reportedly
experienced central nervous system depression, but it is likely that this
effect is a consequence of liver damage rather than direct neurotoxicity.
Additional information pertaining to neurotoxicity was not found.
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Neurotoxicity tests in animals exposed to NDMA could provide additional
information on possible neurotoxic effects.

Epidemiological and Human Dosimetry Studies. The only information
available concerning effects of NDMA in humans comes from cases of acute
poisoning and subsequent death. In these cases, hemorrhagic and necrotic
alterations and cirrhosis of the liver were observed. On the other hand,
effects in animals have been well documented (Section 2.2). Attempts have
been made to measure occupational exposure to NDMA, in particular in the
rubber industry. Unfortunately these attempts have failed because NDMA is
metabolized almost completely to CO

2
 and water. Excretion rates for NDMA

measured in experimental animals are in the order of 0.02% of the ingested
dose (Spiegelhalder 1984). Although unchanged NDMA is unlikely to be
detected in the urine, it may be possible to measure urinary excretion of
nonspecific DNA adducts (e.g., 7-methylguanine). As stated by Spiegelhalder
(1984), limited information is available on airborne exposures of individual
workers for the following reasons: 1) usually workers are exposed to a
variety of chemicals and there is cross-contamination between jobs, 2)
transfers from job to job involve different exposures, 3) increases in
cancer incidences most likely result from exposures that occurred in the
past, when no exposure data were available, and 4) no comprehensive study
has been conducted so far. Epidemiology studies of individuals who live in
areas where NDMA has been detected are necessary to obtain information on
whether NDMA induces effects in humans similar to those seen in animals.

Biomarkers of Disease. Since acute NDMA poisoning in humans caused
severe liver disease, sensitive clinical biochemistry liver function tests
might detect early hepatic damage from toxic exposure to NDMA. Recently,
Wild et al. (1987), using a radioimmunoassay, were able to detect elevated
levels of the promutagenic lesion O6 -methyldeoxyguanosine in DNA of
esophageal cells from individuals with high incidence of esophageal and
stomach cancer. These individuals were found to consume foods with a
relatively high content of nitrosamines.

Disease Registries. The only known health effects of NDMA on humans are
those obtained from acute poisoning cases, in which postmortem examination
revealed severe liver damage. If disease states attributed to exposure to
NDMA could be identified by epidemiological studies, the number of
individuals affected, the exposure levels involved, and the factors
associated with identifying the disease in a given population, such as, the
vicinity to hazardous waste sites or industrial plants, could be determined.

Bioavailability from Environmental Media. No studies were located
regarding the bioavailability of NDMA from environmental media. Since NDMA
has been detected in ambient air, water and soil (ppb levels), it is
important to determine if NDMA can be absorbed by humans from environmental
samples. It must be noted that NDMA has been found in trace amounts in some
foods and beverages and that endogenous formation of NDMA has been found to
occur from the nitrosation of amines in the gastrointestinal tract. An
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understanding of the bioavailability of NDMA from environmental media may be
obtained by studying the biological fluids of individuals exposed in the
workplace or through the ingestion of NDMA-containing foods and beverages.
The limited information available regarding absorption parameters of NDMA
in experimental animals indicates that NDMA is rapidly absorbed from the
gastrointestinal tract; therefore, one can assume that if water or soil
contaminated with NDMA are ingested, NDMA will be readily absorbed.

Food Chain Bioaccumulation. No studies were available concerning food
chain bioaccumulation of NDMA from environmental sources. NDMA has been
detected in samples of cooked fish and meat. However, occurrence of NDMA in
these samples is not the result of bioaccumulation but is the result of
formation during preservation and/or cooking (Scanlan 1983). Estimation
techniques have been used to determine that NDMA would not bioaccumulate in
lipids of fish (see Section 5.3.1). Based on this limited amount of
information, it is speculated that human exposure to NDMA through diet is
not the result of food chain bioaccumulation. Monitoring for the
accumulation of NDMA in organisms from several trophic levels could be used
to support this conclusion.

Absorption, Distribution, Metabolism, Excretion. Examination of
Section 2.6 clearly indicates that oral administration of NDMA has been the
preferred route for studying its absorption, distribution, metabolism and
excretion. This is not surprising since oral administration is easier to
monitor when compared to other routes. The oral route seems to be the most
pertinent to study since humans are most likely to be exposed to
nitrosamines orally. Toxicokinetic data with regard to dermal and inhalation
exposure of NDMA are clearly lacking. Furthermore, dermal and inhalation
exposures may lead to different metabolic pathways and patterns of
distribution and excretion, which could account for differences in the
degree of toxicity exhibited by different routes of exposure. The metabolism
of NDMA in isolated microsomal preparations seems to be well understood, but
studies with cultured human cells could provide additional useful
information. However, exploration of the denitrosation mechanism as an
alternative to a-hydroxylation requires more attention. Determination of the
urinary excretion of NDMA in control human volunteers and in individuals
known to consume foods with high contents of nitrosamines could provide
information concerning absorption and excretion of the xenobiotic.

Comparative Toxicokinetics. No studies were located regarding
comparative toxicokinetics of NDMA in vivo. In vivo studies are available
indicating differences in hepatic 06 -methylguanine repair activity among
rodent species (O'Connor et al. 1982). A report by Prasanna et al. (1985)
indicates that the in vitro metabolism of NDMA by liver microsomes from
hamsters, rats and chickens is qualitatively similar, but with different
rates. Montesano et al. (1982) showed that liver slices from humans have a
metabolic capacity to activate NDMA similar to that found in rats and
slightly lower than that found in liver slices from hamsters. Differences
among species in the toxic responses to a chemical can be attributed to
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differences in the toxicokinetic parameters. This seems to be particularly
true for N-nitrosamines in general (Lijinsky 1987). The fact that a number
of factors (animal species, route of exposure, dosing schedule) appear to
determine the organ-specificity and the severity of the effect of NDMA
indicates that caution must be exercised when assuming possible effects in
humans. Although little information is available regarding the
toxicokinetics of NDMA in humans, analysis of NDMA in the urine of
individuals accidentally exposed to the chemical or of individuals consuming
foods with a relatively high content of NDMA could provide quantitative
information on absorption and excretion.

2.9.3 On-going Studies

Two studies regarding the immunotoxicity of NDMA are known to be
ongoing (Federal Research In Progress, 1988). One is investigating the
immunosuppressive activity of subchronic and chronic administration of NDMA,
specifically the in vitro antibody response of NDMA treated spleen cell
suspensions to a number of mutagens. This research is being performed by
Holsapple at Virginia Commonwealth University. A second study, performed by
Schook at the University of Illinois, is attempting to identify molecular
mechanisms for the immunosuppressive effects of NDMA.

In research being conducted by Anderson at the Division of Cancer
Etiology, National Cancer Institute, NDMA is being examined for its ability
to cause neurogenic tumors in mice by transplacental exposure.

In studies sponsored by NIEHS, Faustman at the Univerity of Washington
is evaluating NDMA and other related N-nitroso compounds for their in vitro
developmental toxicity (Faustman 1989).

A number of ongoing studies are investigating the metabolism of NDMA
(Federal Research in Progress, 1988). These include N-nitroso compound
detoxification by Jensen at Temple University, Philadelphia, PA, formation
and metabolism of nitrosamines in pigs by Magee at Temple University,
metabolism and genotoxicity of nitrosamines in rats by Rogan at the
University of Nebraska, Omaha, NE, and enzymology of nitrosamine metabolism
in rats, mice and rabbits in a NCI-sponsored study by Yang at the University
of Medicine and Dentistry, Newark, NJ. Other studies sponsored by NCI are
being conducted to find means of shifting the balance of the metabolic
pathway towards increasing inactivation and characterizing the possible role
of α-nitrosamino radicals in the metabolism of NDMA (written communication,
Keefer 1989).
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3. CHEMICAL AND PHYSICAL INFORMATION

3.1 CHEMICAL IDENITY

Data pertaining to the chemical identity of NDMA are listed in Table
3-1.

3.2 PHYSICAL AND CHEMICAL PROPERTIES

The physical and chemical properties of NDMA are presented in Table
3-2.
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4. PRODUCTION, IMPORT, USE, AND DISPOSAL

4.1 PRODUCTION

NDMA is not produced for commercial use in the United States (HSDB
1988). The public portion of the U.S. EPA TSCA Production File indicates
that during 1977, the Ames Laboratories in Milford, CT and Columbia Organics
in Columbia, SC both prepared small research quantities of this chemical.
Eastman-Kodak in Rochester, NY and Teledyne McCormick Selph, an importer,
supplied no NDMA during 1977, although both had the capability to
produce/import this compound and had done so in the past (EPA 1977). Small
research quantities of this chemical presently are available from Sigma
Chemical Co. and Aldrich Chemical Co. NDMA can be prepared by reaction of
nitrous acid with dimethylamine or by addition of acetic acid and sodium

4.2 IMPORT

Data pertaining to the import of NDMA into the U.S. were not located in
the available literature.

4.3 USE

NDMA is prepared in laboratory-scale quantities solely for use as a
research chemical (HSDB 1988). NDMA was formerly used (prior to April 1,
1976) as an intermediate in the production of l,l-dimethylhydrazine, a
storable liquid rocket fuel, which was believed to have contained up to 0.1%
NDMA as an impurity (IARC 1978). NDMA has also been used or has been
proposed for use as an antioxidant, additive for lubricants, and as a
softener for copolymers (Windholz 1983). NDMA has also been used as a
solvent and rubber accelerator (Hawley 1981).

4.4 DISPOSAL

Combustion in an incinerator equipped with an afterburner and NOx
scrubber is the recommended method for disposing NDMA. Liquid wastes
should be neutralized, if necessary, filtered to remove solids, and then put
into closed polyethylene containers for transport. All equipment should be
thoroughly rinsed with solvent, which should be added to the liquid waste
for incineration. Great care should be practiced to insure that there is no
contamination on the outside of the solvent container. If possible, solid
waste should also be incinerated. If this is not possible, the nitrosamine
should be extracted from the waste and the extract should be handled as a
liquid waste. Any rags, papers or other materials which are contaminated
during the disposal process should be incinerated. Contaminated solid
materials should be enclosed in sealed plastic bags that are labeled cancer
suspect agent, with the name and amount of carcinogen. Bags should be
stored in well-ventilated areas until they are incinerated (HSDB 1988).
Nitrosamine residues generated in laboratory research or accidental spills
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in research laboratories should be diluted to a concentration of less than
10 µg/L and then reduced to innocuous amines, ammonia, or alcohols by
aluminum-nickel alloy powder and aqueous alkali. This method of disposal is
applicable to a variety of media (water, mineral oil, olive oil,
dimethylsulfoxide, solutions of agar gel), but is not recommended for use in
solutions of acetone or dichloromethane because reactions are slow and
incomplete. After the reduced reaction mixture is filtered, the liquid can
be disposed of by pouring it over a sufficient amount of absorbent material
to convert it to a solid waste for incineration. The filtercake is
discarded with non-burnable solid wastes (HSDB 1988). Other methods of
destruction of NDMA in laboratory wastes (e.g., using hydrobromic acid or
potassium permanganate/sulfuric acid) are described by IARC (1982).

4.5 ADEQUACY OF THE DATA BASE

Section 104 (i) (5) of CERCLA, directs the Administrator of ATSDR (in
consultation with the Administrator of EPA and agencies and programs of the
Public Health Service) to assess whether adequate information on the health
effects of NDMA is available. Where adequate information is not available,
ATSDR, in cooperation with the National Toxicology Program (NTP), is
required to assure the initiation of a program of research designed to
determine these health effects (and techniques for developing methods to
determine such health effects). The following discussion highlights the
availability, or absence, of exposure and toxicity information applicable to
human health assessment. A statement of the relevance of identified data
needs is also included. In a separate effort, ATSDR, in collaboration with
NTP and EPA, will prioritize data needs across chemicals that have been
profiled.

4.5.1 Data Needs

Production, Use, Release, and Disposal. Uses, methods of synthesis,
and methods of disposal for NDMA are described in the literature and there
does not appear to be a need for further information on these topics. Lack
of information pertaining to the import of this compound is not surprising
since this compound has no commercial applications. Data regarding the
amount of NDMA released to air, water, and soil would be useful in order to
establish potential sources of exposure and levels of exposure from
environmental media. In particular, information releases from hazardous
waste landfills and industries in which this compound is inadvertently
formed may help determine whether people living in the vicinity of these
sites are exposed to elevated levels of this compound. According to the
Emergency Planning and Community Right to Know Act of 1986 (EPCRTKA),
(§313), (Pub. L. 99-499, Title III, §313), industries are required to submit
release information to the EPA. The Toxic Release Inventory (TRI), which
contains release information for 1987, became available in May of 1989.
This database will be updated yearly and should provide a more reliable
estimate of industrial production and emission.
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5.1 OVERVIEW

NDMA is not an industrially or commercially important chemical;
nevertheless, it can be released into the environment from a wide variety of
manmade sources. This is due to the inadvertent formation of NDMA in
industrial situations when alkylamines, mainly dimethylamine and
trimethylamine, come in contact and react with nitrogen oxides, nitrous
acid, or nitrite salts, or when trans-nitrosation via nitro or nitroso
compounds occurs. Thus, potential exists for release into the environment
from industries such as tanneries, pesticide manufacturing plants, rubber
and tire manufacturers, alkylamine manufacture/use sites, fish processing
industries, foundries and dye manufacturers. At this time, NDMA has been
found in at least 1 out of 1177 hazardous waste sites on the National
Priorities List (NPL) in the United States (VIEW Database 1989).
Nitrosation reaction may also result in the formation of NDMA in the
environment. In air, NDMA may form as a product of the nighttime reaction
of dimethylamine with NOx. In water and soil, NDMA forms by the reaction of
widely-occurring primary, secondary or tertiary amines in the presence of
nitrite.

In the ambient atmosphere, NDMA should be rapidly degraded upon
exposure to sunlight. The half-life for direct photolysis of NDMA vapor is
on the order of 5 to 30 minutes. In surface water exposed to sunlight, NDMA
would also be subject to photolysis. On soil surfaces, NDMA would be
subject to removal by photolysis and volatilization. The volatilization
half-life of NDMA from soil surfaces under field conditions has been found
to be 1 to 2 hours. In subsurface soil and in water beyond the penetration
of sunlight, NDMA would be susceptible to slow microbial decomposition under
both aerobic and anaerobic conditions. In aerobic subsurface soil, the
half-life of NDMA has been found to be about 50 to 55 days. Degradation has
been found to proceed slightly faster under aerobic conditions than under
anaerobic conditions.

NDMA has been detected in ambient air, water and soil; however,
monitoring data are rather scant. Low levels of NDMA (measurable in terms
of ppb) are commonly found in the air of car interiors, food, malt beverages
(beer, whiskey), toiletry and cosmetic products, rubber baby bottle nipples
and pacifiers, tobacco products and tobacco smoke, pesticides used in
agriculture, hospitals, and homes, and sewage sludge.

The general population is exposed to NDMA from a variety of different
sources. Primary sources of exposure include: chewing tobacco, tobacco
smoke, foods [beer, liquor, cured meats (particularly bacon), fish, cheeses,
and other food items], cosmetics and toiletry articles, interior air of
cars, various household commodities such as detergents and home-and-garden
pesticides, and formation in the upper gastrointestinal tract during
digestion of secondary amine-containing foods. Infants may also be exposed
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to NDMA from the use of rubber baby bottle nipples and pacifiers which may
contain very low amounts of NDMA, from ingestion of contaminated infant
formula, and from breast milk from some nursing mothers. Very low levels of
NDMA have been found in breast milk. Occupational settings in which there
is potential for exposure to NDMA include, but are not limited to: leather
tanneries, rubber and tire industries, rocket fuel industries, dye
manufacturers, soap, detergent and surfactant industries, foundries
(coremaking), fish-processing industries (fish-meal production), pesticide
manufacturers, warehouse and sale rooms (especially for rubber products),
and research laboratories where NDMA is synthesized/studied.

5.2 RELEASES TO THE ENVIRONMENT

5.2.1 Air

NDMA may occasionally be emitted into the atmosphere from sites of
manufacture/use of dimethylamine and other sites at which NDMA is
inadvertently formed, i.e. tanneries, pesticide manufacturing plants, rubber
and tire industries, etc. NDMA may also form in nighttime air as the result
of the atmospheric reaction of dimethylamine with NOx (Cohen and Bachman
1978, Fine et al. 1976a, Fine et al. 1976b, Hanst et al. 1977).

5.2.2 Water

NDMA may be released in waste streams from facilities at which NDMA was
inadvertently formed during manufacturing processes. This would include
such facilities as amine manufacturing plants, tanneries, rubber and tire
industries, fish processing industries, foundries, rocket fuel industries,
dye manufacturers, soap, detergent, and surfactant industries, and pesticide
manufacturers (Cohen and Bachman 1978). In addition to industrial sources,
NDMA may form in aqueous systems, sewage and soil as the result of either
biological, chemical or photochemical processes. Biological formation
occurs via the reaction of a secondary or tertiary amine with nitrite. The
nitrite can arise in the environment from the microbial transformation of
ammonia or nitrate or through manmade production. Chemical formation of
nitrosamines occurs optimally under acidic conditions and may occur from the
reaction of primary, secondary or tertiary amines with nitrite (Ayanaba and
Alexander 1974; Mills and Alexander 1976). Formation of NDMA by
photochemical transformation of dimethylamine in the presence of nitrite has
been found to occur more readily under alkaline conditions than under acidic
or neutral conditions (Ohta et al. 1982). Nitrosamine precursors are
widespread throughout the environment, occurring in plants, fish, algae,
urine, and feces and are formed in the environment as pesticide degradation
products (Ayanaba and Alexander 1974, Greene et al. 1981, Neurath et al.
1977, Windholz 1983). The Contract Laboratory Program statistical data base
reports that NDMA has been detected in groundwater samples at one out of
1177 hazardous waste site on the National Priorities List (NPL). This site
is Martin Marietta (Denver Aerospace) in Waterton, CO (VIEW Database 1989):
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No data are available regarding contamination of drinking water,
irrigation water, sewers, or storm drains in the vicinity of NPL sites.

5.2.3 Soil

NDMA may be released into the environment as the result of land
application of sewage sludge containing this compound or as the result of
land application of certain pesticides contaminated with this compound.
NDMA may also form in soils under conditions which favor nitrosation of
nitrosamine precursors (Mills and Alexander 1976, Pancholy 1978). There is
rio data pertaining to the detection of NDMA in soil samples collected at or
in the vicinity of NPL sites.

5.3 ENVIRONMENTAL FATE

5.3.1 Transport and Partitioning

Organic compounds in the atmosphere having vapor pressures greater than
10-4 mm Hg are expected to exist almost entirely in the vapor phase
(Eisenreich et al. 1981). The esgimated vapor pressure of NDMA [2.7 mm Hg
at 20°C (see Table 3-2)] indicates that this compound should not partition
from the vapor phase to particulates in the atmosphere.

Using linear regression equations based on log Kow data [log Kow =
-0.57 (see Table 3-2)], a bioconcentration factor of 0.2 and a soil
adsorption coefficient (Koc) of 12 have been estimated for NDMA (Bysshe
1982, Hansch and Leo 1985, Lyman 1982). These values, as well as the
complete water solubility of NDMA, indicate that bioaccumulation in aquatic
organisms and adsorption to suspended solids and sediments in water would
not be important environmental fate processes. The low value of the Henry's
Law Constant for NDMA [2.63x10-7 atm-m3/mol at 20°C (see Table 3-2)]
suggests that volatilization would be a relatively insignificant fate
process in water (Thomas 1982).

NDMA is expected to be highly mobile in soil and it has the potential
to leach into groundwater supplies (Dean-Raymond and Alexander 1976, Greene
et al. 1981, Swann et al. 1983). If NDMA were released to soil surfaces, as
might be the case during application of contaminated pesticides, a
substantial proportion of the nitrosamine would volatilize. The
volatilization half-life from soil surfaces under field conditions is
estimated to be on the order of l-2 hours (Oliver 1979). If NDMA were
incorporated into subsurface soil, far less of the nitrosamine would enter
the atmosphere by volatilization and the rate of volatilization would be
greatly reduced. Under these circumstances volatilization would be of minor
importance (Oliver 1979).
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5.3.2 Transformation and Degradation

5.3.2.1 Air

In the atmosphere, NDMA vapor would rapidly degrade by direct
photolysis to form dimethylnitramine. Based on experimental data, the
photolytic half-life of NDMA vapor exposed to sunlight has been determined
to be about 5 to 30 minutes (Hanst et al. 1977, Tuazon et al. 1984).
Reaction of NDMA with photochemically-generated hydroxyl radicals or ozone
molecules in the atmosphere would be too slow to be environmentally .
significant (Atkinson and Carter 1984, Tuazon et al. 1984).

5.3.2.2 Water

Limited available data suggest that NDMA would be subject to slow
photolysis in natural waters exposed to sunlight (Polo and Chow 1976;
Callahan et al. 1979). In unlit waters, it appears that NDMA would be
rather persistent, eventually degrading as the result of microbial
transformation (Kaplan and Kaplan 1985, Kobayashi and Tchan 1978, Tate and
Alexander 1975). There is evidence which suggests that formaldehyde and
methylamine may form as biodegradation products of NDMA (Kaplan and Kaplan
1985). Insufficient data are available to predict the rate at which NDMA
would degrade in water. NDMA is not expected to chemically react under the
conditions found in natural waters (Callahan et al. 1979, O.liver et al.
1979).

5.3.2.3 Soil

It appears that microbial degradation would be an important removal
process for NDMA in subsurface soil. Oliver et al. (1979) amended
Metapeake loam with 10 ppm NDMA at 23°C and observed a half-life of 50 days
(Oliver et al. 1979). Loss of NDMA was attributed to volatilization and
biodegradation. Tate and Alexander (1975) amended silt loam with 22.5 ppm
NDMA at 30°C and observed a lag of approximately 30 days before slow
disappearance from soil commenced; 50% loss occurred after about 55 days
incubation and 60% loss occurred after about 70 days incubation. As part of
the same study, 40% loss was observed in 2 days in soil amended with 50 ppm
NDMA and 44% loss was observed in 5 days in soil amended with 250 ppm NDMA.
These initial losses were followed by very little or no loss over the next 3
weeks. Initial, rapid loss of NDMA was attributed to volatilization and
slow, gradual loss of NDMA was attributed to biodegradation. Mallik and
Tesfai (1981) incubated NDMA at 4, 25 and 37°C and found that at all three
temperatures, about 20-30% of added NDMA disappeared in the first 20 days of
incubation, but little loss was noted thereafter; even after 30 days of
incubation, over 50% of the NDMA was retained. The rate of disappearance of
NDMA was found to be slightly higher in sandy loam soil than in either clay
or silt loam soil. The rate of loss was also found to be slightly higher in
aerobic soil at field capacity compared to super saturated (anaerobic) soil.
After a 30-day incubation period, 60% of added NDMA remained in soil at
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field capacity and 70% of added NDMA remained in super saturated soil.
Available data on the degradation of NDMA in water and air indicate that
photolysis may be an important removal process on soil surfaces.

5.4 LEVELS MONITORED OR ESTIMATED IN THE ENVIRONMENT

5.4.1 Air

When it was used as a rocket fuel intermediate, NDMA was identified in
ambient air on-site and in the vicinity of factories which were
manufacturing rocket fuel (Fine et al. 1977b; Gordon 1978). At a plant in
Baltimore, MD, which was manufacturing unsymmetrical dimethylh drazine
rocket fuel, the average concentration on-site was 11,600 ng/m3 , and in
neighboring residential communities it was 1,070 ng/m3 , with levels ranging
between 30 to 100 ng/m3 in the downtown area (Fine et al. 1977b). As a
result of these findings, the use of NDMA was discontinued at this plant
(Shapley 1976). During December 1975, NDMA was found in air samples
collected in Belle, WV near a factory which was manufacturing dimethylamine.
The highest level found (980 ng/m3) was collected during a temporary weather
inversion (Fine et al. 1976b). NDMA has also been measured in ambient air
in urban areas with no known point sources of nitrosamines: Baltimore, MD
several miles upwind of the rocket fuel plant (0.02-0.1 µg/m3); the Cross
Bronx Expressway in New York City (0.8 µg/m3); and Philadelphia, PA (0.025
ppb) (Fine et al. 1976b, Shapley 1976).

Occurrence of volatile nitrosamines in air has been associated with
tire and rubber products, leather tanneries, and automotive upholstery, and,
as a result, measurable levels of the nitrosamines have been found in
certain confined areas, e.g. automobile interiors. Concentrations of NDMA
in interior air of automobiles have been found to vary widely due to
differences in age of the car, design and decor. Levels of NDMA in interior
air of new cars were found to range from <0.02 to 0.83 µg/m3 (Dropkin 1985,
Rounbehler et al. 1980).

5.4.2 Water

Data from the EPA STORET Water Quality data base indicate that NDMA is
not a common contaminant of surface waters in the United States (EPA 1988b).
During the time when NDMA was being used as a chemical intermediate at a
rocket fuel manufacturing plant in Baltimore, MD, concentrations up to 940
ng/L were found in adjacent surface waters. Mud puddles adjacent to the
facility contained 0.20-9.0 mg/kg (moist basis) of NDMA (Fine et al. 1977b).
Information found in STORET also reveals that NDMA is infrequently found in
groundwater samples. STORET gross analysis data input from 1980 to 1988
indicate that NDMA was positively identified in 0.9% of 2308 groundwater
samples collected in the United States. The average concentration of
positive samples was 12.4 µg/L (EPA,l988b). NDMA also has been detected at
a concentration of 10 µg/L in groundwater samples at one of 1177 hazardous
waste sites on the National Priorities List (NPL). This site is Martin
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Marietta (Denver Aerospace) in Waterton, Co (VIEW 1989, VIAR 1987). NDMA
was reportedly found in tap water from Philadelphia, PA at levels of 0.003-
0.006 µg/L (Kimoto et al. 1981). The authors of this study concluded that
NDMA did not form in the resin used to accumulate the nitrosamines, but that
it may have formed from the reaction of low concentrations of nitrite, an
oxidizing agent (possibly chlorine) and secondary amines present in the
water sample. NDMA has been found in deionized laboratory water at levels
ranging from 0.03-0.34 µg/L (Fiddler et al. 1977, Gough et al. 1977). Anion
exchanger resins were identified as the source of NDMA found in the water
samples. There have been reports of NDMA occurring infrequently in
wastewater samples collected from various locations situated throughout the
United States. When present, levels of NDMA are generally in the low µg/L
range (maximum reported concentration 2.7 µg/L) (Cohen and Bachman 1978,
Ellis et al. 1982, EPA 1988b, Fine et al. 1977b).

5.4.3 Soil

NDMA has been found in soil at l-8 µg/kg (dry basis) in Belle and
Charleston, WV, New Jersey and New York City (Fine et al. 1977c). It is
speculated that occurrence of NDMA in soil may have arisen from (a)
absorption of NDMA in air, (b) absorption of dimethylamine from air and its
subsequent N-nitrosation, or (c) from pesticide application.

5.4.4 Other Media

N-Nitrosamines are formed in foods by the reaction of secondary and
tertiary amines with a nitrosating agent, usually nitrous anhydride, which
forms from nitrite in acidic, aqueous solution. NDMA is the most common
volatile amine found in food. Food constituents and the physical make-up of
the food can affect the extent of nitrosamine formation. Ascorbic acid and
sulfur dioxide have been used to inhibit the formation of nitrosamines.
NDMA has been found in some processed foods as a result of direct-fire
drying; it forms from the nitrosation of amines in drying food by oxides of
nitrogen in drying air (Scanlan 1983). Trace levels (usually less than 1
ppb) of NDMA have been found in a variety of foods; however, not all samples
of a particular type of food contain detectable levels of NDMA. Table 5-l
lists the levels of NDMA which have been found in food. NDMA may also occur
in human breast milk. In a study of 51 samples of breast milk collected
from 13 nursing women, NDMA concentrations greater than 0.2 ppb were found
in 23.5% of the samples, and the maximum concentration detected was 1.1 ppb
(Lakritz and Pensabene 1984). During this study, it was determined that
eating a meal containing bacon did not result in increased NDMA levels in
milk, although eating a meal containing bacon and a vegetable high in
nitrate occasionally resulted in higher levels of NDMA in breast milk.
NDMA has been found to occur in a variety of toiletry and cosmetic
products, including shampoos, hair conditioners, color toners, shower gels,
bath cremes and oils, children's shampoos, children's bath and health care
products, and face tonics, cleansers, and masks. In a study of 145
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products, 50 samples (34.5%) contained NDMA, with a maximum concentration
of 24 µg/kg occurring in a sample of shampoo (Spiegelhalder and Preussman
1984).

The U.S. Food and Drug Administration (FDA) established an action
level, effective January 1, 1984, of 60 ppb total N-nitrosamines in rubber
nipples as measured by a dichloromethane extraction procedure (Thompson
et al. 1986). This means that the Consumer Product Safety Commission can
take action against any company which introduces baby bottle or pacifier
nipples into interstate commerce containing greater than 60 ppb total
N-nitrosamines. Compliance testing of infant pacifiers entered into
commerce after January 1, 1984 and sold in the U.S. revealed that total
N-nitrosamine levels ranged from not detectable to 36.9 ppb, and that NDMA
levels ranged from not detectable to 3.55 ppb, with infrequent occurrence of
NDMA (Billedeau et al. 1986). This compares well with levels found in
pacifiers entered into commerce prior to January 1, 1984, when total
N-nitrosamine levels as high as 332 ppb and NDMA levels as high as 6.78 ppb
were detected using the same analytical procedure (Billedeau et al. 1986).
It should be noted that several companies have discontinued supplying rubber
nipples since January 1984, because they could not meet the compliance
level.

Most malt beverages, regardless of origin, contain NDMA. This includes
many domestic and foreign beers and most brands of whiskey (Havery et al.
1981, Hotchkiss et al. 1981, Scanlan et al. 1980, Sen and Seaman 198lC). It
is generally accepted that the nitrosamine is formed in malt during the
direct-drying phase of its processing (Fazio and Havery 1982). At one time,
it was estimated that 64% by weight, of the dietary intake of NDMA of the
West German male population could be attributed to the consumption of beer
(Hotchkiss et al. 1981, Spiegelhalder et al. 1979). As a result of these
findings, the U.S. Food and Drug Administration established an action level
of 5 ppb for NDMA in malt beverages sold in the United States (Hotchkiss et
al. 1981). Compliance testing of domestic (United States) and imported
beers by the FDA showed that domestic beers (180 samples) contained NDMA
levels ranging from not detectable to 9 ppb, with the average level being
less than 1 ppb (1% contained greater than 5 ppb), and that imported beers
(80 samples) contained levels ranging from not detectable to 13 ppb, with an
average level of 1 ppb (5% contained greater than 5 ppb) (Havery et al.
1981). These results compared favorably with levels found during a market
survey carried out prior to establishment of the action level, when 81% of
domestic beers contained greater than or equal to 1 ppb and 17% contained
greater than 5 ppb (Hotchkiss et al. 1981). Compliance survey data indicate
that levels of NDMA in scotch whiskey (44 samples) ranged from not
detectable to 2 ppb, with an average of less than 1 ppb (Havery et al.
1981).

NDMA is commonly found in commercially-available tobacco products in
the United States. Results of one study showed that chewing tobaccos
purchased in the United States contained NDMA at levels ranging from <0.2 to
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85.1 ppb (Brunnemann et al. 1985). NDMA also occurs in mainstream and
sidestream smoke from cigarettes and other tobacco products, with higher
levels occurring in sidestream smoke than in mainstream smoke (Brunnemann
et al. 1983, Chamberlain and Arrendale 1982, McCormick et al. 1973).
Sidestream smoke from commercially-available tobacco products purchased in
the United States were found to contain NDMA at the following levels:
nonfiltered cigarette, 680 rig/cigarette; filtered cigarette, 736
rig/cigarette; and small cigar, 1700 rig/cigarette. The ratio of NDMA in
sidestream smoke to NDMA in mainstream smoke in the non-filtered cigarette,
filtered cigarette and small cigar was found to be 52:1, 139:1, and 41:1,
respectively (Hoffman et al. 1987).

NDMA has been found to occur in various technical and commercial
pesticides used in agriculture, hospitals and homes as the result of (a)
formation during the manufacturing process, (b) formation during storage,
and (c) contamination of amines used in the manufacturing process (Bontoyan
et al. 1979). Herbicides in which NDMA has been found include the amine
salt formulations of 2,4-D, dicamba, MCPA, MCPP,and 2,3,6-trichlorobenzoic
acid. Levels ranging from 0.05 to 640 ppm have been detected inthese
herbicides (Bontoyan et al. 1979, Cohen et al. 1978, Hindle et al. 1987,
Ross et al. 1977).

NDMA is a common constituent of municipal sewage sludge (Brewer et al.
1980, Mumma et al. 1984). NDMA was detected in dried sludges from 14 out of
15 cities geographically located throughout the U.S. at levels ranging from
0.6-45 ppb (Mumma et al. 1984). Occurrence of NDMA in sewage sludge appears
to be the result of biological and chemical transformation of alkylamines in
the presence of nitrite (Ayanaba and Alexander 1974, Mills and Alexander
1976, Pancholy 1978).

5.5 GENERAL POPULATION AND OCCUPATIONAL EXPOSURE

N-Nitrosamine precursors can be found in a large variety of man-made
and natural products. Such products include agricultural chemicals,
tobacco, detergents, rust inhibitors, rubber additives, solvents, drugs,
plastics, leather tanning, textiles, and cosmetics. Considering the
widespread occurrence of these products and the common occurrence of
nitrogen oxides in industry, there is a fairly high likelihood that
N-nitrosamines are found in these products or in industrial setting in which
these products are used and/or produced (Fajen 1980). Occupational settings
in which there is potential for exposure to NDMA include, but are not
limited to: leather tanneries, rubber and tire industries, rocket fuel
industries, dye manufacturers, soap, detergent and surfactant industries,
foundries (core-making), fish-processing industries (fish-meal production),
pesticide manufacturers, and warehouse and sale rooms (especially for rubber
products) (Spiegelhalder 1984). When present in workroom air, NDMA levels
are typically less than 1 ppb (Fajen et al. 1982). Exposure may result from
inhalation or dermal contact. Results of a NIOSH survey carried out between
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1981 and 1983 indicate that 747 workers are potentially exposed to NDMA in
occupational settings (NIOSH 1988).

Laboratory workers handling NDMA could potentially be exposed to the
nitrosamine as a result of diffusion through rubber gloves. Walker et al.
(1978) showed that rubber gloves worn in research laboratories do not
provide complete protection from dermal exposure to NDMA, because 11.8% of
the NDMA contained in a dichloromethane solution was found to diffuse
through latex surgical gloves into saline solution, over a period of 20
minutes. Dichloromethane is a common solvent for NDMA.

General population exposure to NDMA results from a number of different
sources, primarily chewing tobacco, tobacco smoke, foods (beer, cured meats,
fish, cheeses, and other food items), cosmetic products, interior air of
cars, and various household commodities. Exposure to NDMA may also result
from its in vivo formation during digestion in the upper gastrointestinal
tract of secondary amine-containing foods or drugs, especially those
containing dimethylamine (Groenen et al. 1980, Magee et al. 1976, Sakai et
al. 1984). Infants may be exposed to NDMA from baby bottle nipples and
pacifiers which may contain small amounts of NDMA, from ingestion of
contaminated infant formulas, and from breast milk from some nursing
mothers. Very low levels of NDMA have been found in breast milk. Based on
older estimates of dietary intake in Germany, the Netherlands, and England
and on recent data pertaining to occurrence of NDMA in various foods in the
U.S., it appears that the average adult dietary intake of NDMA in the U.S.
is less than 1 µg per day (Preussmann 1984). Insufficient data are
available to predict the average daily intake of NDMA from other sources of
exposure.

5.6 POPULATIONS WITH POTENTIALLY HIGH EXPOSURE

It appears that those segments of the general population with
potentially high exposure to NDMA from exogenous sources would include
tobacco smokers and nonsmokers who come in contact with tobacco smoke for
extended periods of time, snuff dippers, people who are occupationally
exposed, and people who consume large quantities of food known to contain
NDMA, beer or whiskey. .

5.7 ADEQUACY OF THE DATABASE

Section 104 (i) (5) of CERCLA, directs the Administrator of ATSDR (in
consultation with the Administrator of EPA and agencies and programs of the
Public Health Service) to assess whether adequate information on the health
effects of NDMA is available. Where adequate information is not available,
ATSDR, in cooperation with the National Toxicology Program (NTP), is
required to assure the initiation of a program of research designed to
determine these health effects (and techniques for developing methods to
determine such health effects). The following discussion highlights the
availability, or absence, of exposure and toxicity information applicable to
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human health assessment. A statement of the relevance of identified data
needs is also included. In a separate effort, ATSDR, in collaboration with
NTP and EPA, will prioritize data needs across chemicals that have been
profiled.

5.7.1 Data Needs

Physical and Chemical Properties. Physical and chemical properties
are essential for estimating the partitioning of a chemical among
environmental media. Many physical and chemical properties are available
for NDMA; however, measured values for Koc and Henry's Law Constant at
ambient temperature are not available. Methods for estimating these
properties appear to provide relatively close estimates of Koc and Henry's
Law Constant. Nevertheless, measured values at environmentally significant
temperatures would assist in accurately predicting the fate of this compound
in the environment.

Environmental Fate. Sufficient data are available to develop a general
understanding of the environmental fate of NDMA. Kinetic data regarding
photolysis in water and on soil surfaces, biodegradation in water under
aerobic and anaerobic conditions, and biodegradation in soil under anaerobic
conditions are lacking. Natural water grab sample biodegradation studies
and soil metabolism studies carried out in the dark under aerobic and
anaerobic conditions would be useful in establishing the persistence of NDMA
in the environment. Photolysis studies carried out under simulated
environmental conditions in water and soil would be useful in establishing
the rate of photolytic degradation, the significance of this process as a
removal mechanism, and the products of this reaction in these media.

Exposure Levels in Environmental Media. Limited data suggest that NDMA
may be found in urban air, but recent comprehensive monitoring data
pertaining to the detection of NDMA in ambient air are needed to establish
this fact. Occurrence of NDMA in air has been associated with rubber
products, leather products, and cigarette smoke and measurable levels of
NDMA have been found in car interiors. This information, combined with the
fact that NDMA has been found in ambient air at various urban locations,
suggests that detectable levels of NDMA exist in the interior air of homes,
offices, etc. Studies pertaining to the monitoring of NDMA in indoor air
are needed to confirm this supposition.

Exposure Levels in Humans. Although numerous studies are available
concerning the detection of NDMA in various foods, a market basket study is
needed to provide a reliable estimate of the average daily dietary intake of
NDMA. Available monitoring data on NDMA need to be evaluated, and estimates
of the amount of exposure from each source need to be developed. These data
would be useful in establishing the relative importance of each source of
intake to overall human exposure and for predicting typical levels of
exposure to NDMA.
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Exposure Registries. Since NDMA occurs most commonly in occupational
settings as a result of its inadvertent formation, it would be difficult to
develop a reliable estimate of occupational exposure to this compound.
Nevertheless, NIOSH has established a registry for occupational exposure to
NDMA. It would be difficult to develop a registry for environmental
exposure to NDMA since such exposure can occur from a wide variety of
sources and level of exposure can vary markedly depending upon an
individual's lifestyle. There is no registry available for environmental
exposure to this compound.

5.7.2 On-going Studies

There is no indication that there are any studies currently in progress
which are related to the level of NDMA in environmental media, environmental
fate of NDMA, or general population or occupational exposure to NDMA.
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6.1 BIOLOGICAL MATERIALS

Methods used for the quantification of NDMA in biological samples are
given in Table 6-1. Two problems encountered in the analysis of NDMA are
poor recovery of the compound due to its high volatility and the artifactual
formation of this compound during sample storage and treatment (Fine 1982).
Since nitroso compounds are formed in acid solution, keeping the solution
alkaline during storage and treatment may reduce artifact formation (Kosaka
et al. 1984). Other authors have used ascorbic acid to inhibit in vitro
formation of nitrosamines and have used morpholine to measure the extent of
in vitro nitrosation during storage and handling (Dunn et al. 1986).

The method that has most selectivity for the quantification of this
compound is thermal energy analyzer (TEA). A few investigators have
oxidized this compound with pentafluoroperoxybenzoic acid to achieve higher
sensitivity with electron capture detector (ECD).than with TEA (Kimoto
et al. 1984). However, ECD detectors have less selectivity than TEA and
will require more sample clean up. The confirmation of NDMA in a sample is
usually done by mass spectrometry (MS). Samples containing small amounts of
NDMA cannot be detected by MS in the presence of large background impurities
(as in samples treated for TEA analysis). Photolysis at 366 nm affords an
alternative means for validating the presence of this compound identified by
TEA (Cooper et al. 1987). A method for the analysis of total N-nitroso
compounds in gastric juice is also available (Pignatelli et al, 1987).

6.2 ENVIRONMENTAL SAMPLES

Methods for quantifying NDMA in environmental samples are summarized in
Table 6-2. As with the biological samples, in situ artifact formation must
be avoided in order to get accurate results from the analysis of
environmental samples (Fisher et al. 1977; Fine et al. 1977a). The three
quantification methods that give satisfactory sensitivity for NDMA are
alkali flame ionization detector (in the nitrogen mode) (AFID), Hall
electrolytic conductivity detector (HECD) in the reductive mode and TEA.
The advantages and disadvantages of these detectors have been evaluated
(Rhoades et al. 1980; Usero et al. 1987). Of the three detectors, the TEA
detector has the highest sensitivity and selectivity. Because of its higher
selectivity, the TEA detector cannot be versatile enough for multipollutant
analysis. Mass spectrometric detector can be used not only for confirmation
of the presence of NDMA in a sample, but for quantification as well
(Eichelberger et al, 1983; Webb et al, 1979). When used in combination
with a high resolution GC column, this method has the ability to quantify a
large number of pollutants in a sample. The use of selected ion monitoring
(SIM) may increase the sensitivity by orders of magnitude. The SIM method
does not provide the full mass spectra necessary for the identification of
unexpected compounds, however (Bellar et al. 1979). A method for the
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analysis of apparent total N-nitroso compounds in beer is also available
(Massey et al. 1987).

6.3 ADEQUACY OF THE DATABASE

Section 104 (i) (5) of CERCIA, directs the Administrator of ATSDR (in
consultation with the Administrator of EPA and agencies and programs of the
Public Health Service) to assess whether adequate information on the health
effects of NDMA is available. Where adequate information is not available,
ATSDR, in cooperation with the National Toxicology Program (NTP), is
required to assure the initiation of a program of research designed to
determine these health effects (and techniques for developing methods to
determine such health effects). The following discussion highlights the
availability, or absence, of exposure and toxicity information applicable to
human health assessment. A statement of the relevance of identified data
needs is also included. In a separate effort, ATSDR, in collaboration with
NTP and EPA, will prioritize data needs across chemicals that have been
profiled.

6.3.1 Data Needs

Methods for Determining Parent Compounds and Metabolites in Biological
Materials. NDMA is equally distributed in the cellular elements of the
blood and in the plasma and serum (Lakritz et al. 1980). Therefore, it is
advantageous to analyze whole blood for the quantification of NDMA.
Because NDMA is metabolized almost quantitatively in humans (Spiegelhalder
1984), determination of this compound in human urine needs an extremely
sensitive technique (Garland et al. 1986). The urinary excretion of NDMA
has been correlated with the concentration of NO

2
 in air, suggesting that

ambient air may play a role in the exposure of people to nitrosoamines
(Garland et al. 1986). There is a paucity of data on the analytical methods
for the determination of N-nitrosodimethylamine in human urine.

No metabolite of NDMA from human exposure to this compound has yet been
identified (see Subsection 2.6.3). A metabolite identified in laboratory
animal has been discussed in Subsection 2.6.3. The changes in metabolite
concentrations with time in human blood, urine, or other appropriate
biological medium may be useful in estimating its rate of metabolism in
humans. In some instances, a metabolite may be useful in correlating the
exposed doses to the human body burden. Such studies on the levels of
metabolites in human biological matrices are not available for this
compound.

Methods for Biomarkers of Exposure Recently, a radioimmunoassay was
used to detect elevated levels of the promutagenic lesion 06-
methyldeoxyguanosine in DNA cells from individuals with high incidence of
cancer who consumed foods with a high nitrosamine content (Wild et al,
1987). Although no correlation has been established between the DNA-adduct
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and the level of NDMA in consumed foods, the DNA-adduct has the potential to
be used as a biomarker for exposure to NDMA.

Methods for Determining Parent Compounds and Degradation Products in
Environmental Media. The levels of this compound in environmental media
can be used to indicate exposure of humans to this compound through the
inhalation of air and ingestion of drinking water and foods containing
N-nitrosodimethylamine. If a correlation with human tissue or body fluid
levels were available, the intake levels from different environmental
sources could be used to estimate the body burden of the chemical in humans.
Such studies correlating the levels of this compound in any environmental
medium with the levels in any human tissue or body fluid are not available.

Although the products of biotic and abiotic processes of this compound
in the environment are known, no systematic study is available that measured
the concentrations of its reaction products in the environment. In
instances where the products of an environmental reaction are more toxic
than the parent compound, it is important that the level of the reaction
products in the environment be known. N-nitrosodimethylamine is not likely
to form more toxic products as a result of environmental reactions (see
Subsection 5.3.2). The analytical methods for the determination of the
levels of environmental reaction products of N-nitrosodimethylamine are
available.

6.3.2 On-going Studies

No ongoing studies are in progress for the improvement of the
analytical method for NDMA in biological samples. Studies are currently
conducted by J. Conboy and J. Hotchkiss at Cornell University, Ithaca, NY
and by D. Havery at FDA, Washington, DC, for the development of analytical
methods for this compound in environmental samples.
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7. REGULATIONS AND ADVISORIES

The International Register of Potentially Toxic Chemicals (IRPTC 1988)
lists regulations imposed by 13 countries for NDMA for occupational
exposure, packing, storing and transport, disposal, and warns of its
probable human carcinogenicity and its high level of toxicity by ingestion
or inhalation.

NDMA is regulated by effluent guidelines under the Clean Water Act for
the following industrial point sources: electroplating, steam electric
power generation, asbestos products manufacturing, timber products
processing, metal finishing, paving and roofing, paint formulating, ink
formulating, and carbon black manufacturing (EPA 1988a).

Additional national and state regulations and guidelines pertinent to
human exposure to NDMA are summarized in Table 7-l.
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Acute Exposure -- Exposure to a chemical for a duration of 14 days or less,
as specified in the Toxicological Profiles.

Adsorption Coefficient (K
OC
) -- The ratio of the amount of a chemical

adsorbed per unit weight of organic carbon in the soil or sediment to the
concentration of the chemical in solution at equilibrium.

Adsorption Ratio (Kd) -- The amount of a chemical adsorbed by a sediment or
soil (i.e., the solid phase) divided by the amount of chemical in the
solution phase, which is in equilibrium with the solid phase, at a fixed
solid/solution ratio. It is generally expressed in micrograms of chemical
sorbed per gram of soil or sediment.

Bioconcentration Factor (BCF) -- The quotient of the concentration of a
chemical in aquatic organisms at a specific time or during a discrete time
period of exposure divided by the concentration in the surrounding water at
the same time or during the same time period.

Cancer Effect Level (CEL) -- The lowest dose of chemical in a study or
group of studies which produces significant increases in incidence of
cancer (or tumors) between the exposed populaton and its appropriate
control.

Carcinogen -- A chemical capable of inducing cancer.

Ceiling Value (CL) -- A concentration of a substance that should not be
exceeded, even instantaneously.

Chronic Exposure -- Exposure to a chemical for 365 days or more, as
specified in the Toxicological Profiles.

Developmental Toxicity -- The occurrence of adverse effects on the
developing organism that may result from exposure to a chemical prior to
conception (either parent), during prenatal development, or postnatally to
the time of sexual maturation. Adverse developmental effects may be detected
at any point in the life span of the organism.

Embryotoxicity and Fetotoxicity -- Any toxic effect on the conceptus as a
result of prenatal exposure to a chemical; the distinguishing feature
between the two terms is the stage of development during which the insult
occurred. The terms, as used here, include malformations and variations,
altered growth, and in utero death.

EPA Health Advisory -- An estimate of acceptable drinking water levels for a
chemical substance based on health effects information. A health advisory is
not a legally enforceable federal standard, but serves as technical guidance
to assist federal, state, and local officials.
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Immediately Dangerous to Life or Health (IDLH) -- The maximum environmental
concentration of a contaminant from which one could escape within 30 min
without any escape-impairing symptoms or irreversible health effects.

Intermediate Exposure -- Exposure to a chemical for a duration of 15-364
days, as specified in the Toxicological Profiles.

Immunologic Toxicity -- The occurrence of adverse effects on the immune
system that may result from exposure to environmental agents such as
chemicals.

In vitro -- Isolated from the living organism and artificially maintained,
as in a test tube.

In vivo -- Occurring within the living organism.

Lethal Concentration(LO) (LC
LO
) -- The lowest concentration of a chemical in

air which has been reported to have caused death in humans or animals.

Lethal Concentration(50) (LC
50
) -- A calculated concentration of a chemical

in air to which exposure for a specific length of time is expected to cause
death in 50% of a defined experimental animal
population.

Lethal Dose(LO) (LD
LO
)-- The lowest dose of a chemical introduced by a

route other than inhalation that is expected to have caused death in humans
or animals.

Lethal Dose(50) (LD
50
) -- The dose of a chemical which has been calculated

to cause death in 50% of a defined experimental animal population.

Lowest-Observed-Adverse-Effect Level (LOAEL) -- The lowest dose of chemical
in a study or group of studies which produces statistically or biologically
significant increases in frequency or severity of adverse effects between
the exposed population and its appropriate control.

LT
50
 (lethal time) -- A calculated period of time within which a specific

ccncentration of a chemical is expected to cause death in 50% of a defined
experimental animal population.

Malformations -- Permanent structural changes that may adversely affect
survival, development, or function.

Minimal Risk Level -- An estimate of daily human exposure to a chemical
that is likely to be without an appreciable risk of deleterious effects
(noncancerous) over a specified duration of exposure.
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Mutagen -- A substance that causes mutations. A mutation is a change in the
genetic material in a body cell, Mutations can lead to birth defects,
miscarriages, or cancer.

Neurotoxicity -- The occurrence of adverse effects on the nervous system
following exposure to a chemical.

No-Observed-Adverse-Effect Level (NOAEL) -- That dose of chemical at which
there are no statistically or biologically significant increases in
frequency or severity of adverse effects seen between the exposed
population and its appropriate control. Effects may be produced at this
dose, but they are not considered to be adverse.

Octanol-Water Partition Coefficient (K
ow
) -- The equilibrium ratio of the

concentrations of a chemical in n-octanol and water, in dilute solution.

Permissible Exposure Limit (PEL) -- An allowable exposure level in
workplace air averaged over an 8-h shift.

q1* -- The upper-bound estimate of the low-dose slope of the dose-response
curve as determined by the multistage procedure. The ql* can be used to
calculate an estimate of carcinogenic potency, the incremental excess cancer
risk per unit of exposure (usually g/L for water, mg/kg/day for food, and
g/m3 for air).

Reference Dose (RfD) -- An estimate (with uncertainty spanning perhaps an
order of magnitude) of the daily exposure of the human population to a
potential hazard that is likely to be without risk of deleterious effects
during a lifetime. The RFD is operationally derived from the NOAEL (from
animal and human studies) by a consistent application of uncertainty factors
that reflect various types of data used to estimate RfDs and an additional
modifying factor, which is based on a professional judgment of the entire
database on the chemical. The RfDs are not applicable to nonthreshold
effects such as cancer.

Reportable Quantity (RQ) -- The quantity of a hazardous substance that is
considered reportable under CERCLA. Reportable quantities are: (1) 1 lb or
greater or (2) for selected substances, an amount established by regulation
either under CERCLA or under Sect. 311 of the Clean Water Act. Quantities
are measured over a 24-h period.

Reproductive Toxicity -- The occurrence of adverse effects on the
reproductive system that may result from exposure to a chemical. The
toxicity may be directed to the reproductive organs and/or the related
endocrine system. The manifestation of such toxicity may be noted as
alterations in sexual behavior, fertility, pregnancy outcomes, or
modifications in other functions that are dependent on the integrity of this
system.



118

9. GLOSSARY

Short-Term Exposure Limit (STEL) -- The maximum concentration to which
workers can be exposed for up to 15 min continually. No more than four
excursions are allowed per day, and there must be at least 60 min between
exposure periods. The daily TLV-TWA may not be exceeded.

Target Organ Toxicity -- This term covers a broad range of adverse effects
on target organs or physiological systems (e.g., renal, cardiovascular)
extending from those arising through a single limited exposure to those
assumed over a lifetime of exposure to a chemical.

TD50 (toxic dose) -- A calculated dose of a chemical, introduced by a route
other than inhalation, which is expected to cause a specific toxic effect in
50% of a defined experimental animal population.

Teratogen -- A chemical that causes structural defects that affect the
development of an organism.

Threshold Limit Value (TLV) -- A concentration of a substance to which most
workers can be exposed without adverse effect. The TLV may be expressed as a
TWA, as a STEL, or as a CL.

Time-weighted Average (TWA) -- An allowable exposure concentration averaged
over a normal 8-h workday or 40-h workweek.

Uncertainty Factor (UF) -- A factor used in operationally deriving the RfD
from experimental data. UFs are intended to account for (1) the variation in
sensitivity among the members of the human population, (2) the uncertainty
in extrapolating animal data to the case of humans, (3) the uncertainty in
extrapolating from data obtained in a study that is of less than lifetime
exposure, and (4) the uncertainty in using LOAEL data rather than NOAEL
data. Usually each of these factors is set equal to 10.



119

APPENDIX: PEER REVIEW

A peer review panel was assembled for N-nitrosodimethylamine. The
panel consisted of the following members: Dr. Russell Cattley, Department
of Microbiology, Pathology and Parasitology, College of Veterinary Medicine,
North Carolina State University; Dr. Elaine Faustman, Department of
Environmental Health, University of Washington; Dr. James Felton, Molecular
Biology Section, Lawrence Livermore National Laboratory, University of
California; Dr. Freddy Homburger, Bio-Research Consultants, Inc; and Dr.
Raymond Smith, Department of Pathology and Microbiology, University of
Nebraska Medical Center. These experts collectively have knowledge of N-
nitrosodimethylamine's physical and-chemical properties, toxicokinetics, key
health end points, mechanisms of action, human and animal exposure, and
quantification of risk to humans. All reviewers were selected in conformity
with the conditions for peer review specified in the Superfund Amendments
and Reauthorization Act of 1986, Section 110.

A joint panel of scientists from ATSDR and EPA has reviewed the peer
reviewers' comments and determined which comments will be included in the
profile. A listing of the peer reviewers' comments not incorporated in the
profile, with a brief explanation of the rationale for their exclusion,
exists as part ,of the administrative record for this compound. A list of
databases reviewed and a list of unpublished documents cited are also
included in the administrative record.

The citation of the peer review panel should not be understood to
imply their approval of the profile's final content. The responsibility for
the content of this profile lies with the Agency for Toxic Substances and
Disease Registry.
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FOREWORD 
 

This toxicological profile is prepared in accordance with guidelines developed by the Agency for Toxic 

Substances and Disease Registry (ATSDR) and the Environmental Protection Agency (EPA).  The 

original guidelines were published in the Federal Register on April 17, 1987.  Each profile will be revised 

and republished as necessary. 

 

The ATSDR toxicological profile succinctly characterizes the toxicologic and adverse health effects 

information for the hazardous substance described therein.  Each peer-reviewed profile identifies and 

reviews the key literature that describes a hazardous substance’s toxicologic properties.  Other pertinent 

literature is also presented, but is described in less detail than the key studies.  The profile is not intended 

to be an exhaustive document; however, more comprehensive sources of specialty information are 

referenced. 

 

The focus of the profiles is on health and toxicologic information; therefore, each toxicological profile 

begins with a public health statement that describes, in nontechnical language, a substance’s relevant 

toxicological properties.  Following the public health statement is information concerning levels of 

significant human exposure and, where known, significant health effects.  The adequacy of information to 

determine a substance’s health effects is described in a health effects summary.  Data needs that are of 

significance to protection of public health are identified by ATSDR and EPA. 

 

 Each profile includes the following: 

 

 (A) The examination, summary, and interpretation of available toxicologic information and 

epidemiologic evaluations on a hazardous substance to ascertain the levels of significant human 

exposure for the substance and the associated acute, subacute, and chronic health effects; 

 

 (B) A determination of whether adequate information on the health effects of each substance 

is available or in the process of development to determine levels of exposure that present a 

significant risk to human health of acute, subacute, and chronic health effects; and 

 

 (C) Where appropriate, identification of toxicologic testing needed to identify the types or 

levels of exposure that may present significant risk of adverse health effects in humans. 

 

The principal audiences for the toxicological profiles are health professionals at the Federal, State, and 

local levels; interested private sector organizations and groups; and members of the public.   

 

This profile reflects ATSDR’s assessment of all relevant toxicologic testing and information that has been 

peer-reviewed.  Staff of the Centers for Disease Control and Prevention and other Federal scientists have 

also reviewed the profile.  In addition, this profile has been peer-reviewed by a nongovernmental panel  
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and was made available for public review.  Final responsibility for the contents and views expressed in 

this toxicological profile resides with ATSDR. 

 

 

 

Howard Frumkin M.D., Dr.P.H. 

Director 

National Center for Environmental Health/ 

Agency for Toxic Substances and 

Disease Registry 

Julie Louise Gerberding, M.D., M.P.H. 

Administrator 

Agency for Toxic Substances and 

Disease Registry 

 

 

*Legislative Background 

 

The toxicological profiles are developed in response to the Superfund Amendments and Reauthorization 

Act (SARA) of 1986 (Public Law 99 499) which amended the Comprehensive Environmental Response, 

Compensation, and Liability Act of 1980 (CERCLA or Superfund).  This public law directed ATSDR to 

prepare toxicological profiles for hazardous substances most commonly found at facilities on the 

CERCLA National Priorities List and that pose the most significant potential threat to human health, as 

determined by ATSDR and the EPA.  The availability of the revised priority list of 275 hazardous 

substances was announced in the Federal Register on December 7, 2005 (70 FR 72840).  For prior 

versions of the list of substances, see Federal Register notices dated April 17, 1987 (52 FR 12866); 

October 20, 1988 (53 FR 41280); October 26, 1989 (54 FR 43619); October 17,1990 (55 FR 42067); 

October 17, 1991 (56 FR 52166); October 28, 1992 (57 FR 48801); February 28, 1994 (59 FR 9486); 

April 29, 1996 (61 FR 18744); November 17, 1997 (62 FR 61332); October 21, 1999(64 FR 56792); 

October 25, 2001 (66 FR 54014) and November 7, 2003 (68 FR 63098).  Section 104(i)(3) of CERCLA, 

as amended, directs the Administrator of ATSDR to prepare a toxicological profile for each substance on 

the list. 
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QUICK REFERENCE FOR HEALTH CARE PROVIDERS 

Toxicological Profiles are a unique compilation of toxicological information on a given hazardous 
substance. Each profile reflects a comprehensive and extensive evaluation, summary, and interpretation 
of available toxicologic and epidemiologic information on a substance.  Health care providers treating 
patients potentially exposed to hazardous substances will find the following information helpful for fast 
answers to often-asked questions. 

Primary Chapters/Sections of Interest 

Chapter 1: Public Health Statement: The Public Health Statement can be a useful tool for educating 
patients about possible exposure to a hazardous substance.  It explains a substance’s relevant 
toxicologic properties in a nontechnical, question-and-answer format, and it includes a review of 
the general health effects observed following exposure. 

Chapter 2: Relevance to Public Health: The Relevance to Public Health Section evaluates, interprets, 
and assesses the significance of toxicity data to human health. 

Chapter 3: Health Effects: Specific health effects of a given hazardous compound are reported by type 
of health effect (death, systemic, immunologic, reproductive), by route of exposure, and by length 
of exposure (acute, intermediate, and chronic).  In addition, both human and animal studies are 
reported in this section. 
NOTE: Not all health effects reported in this section are necessarily observed in the clinical 
setting. Please refer to the Public Health Statement to identify general health effects observed 
following exposure. 

Pediatrics: Four new sections have been added to each Toxicological Profile to address child health 
issues: 
Section 1.6 How Can (Chemical X) Affect Children? 

Section 1.7 How Can Families Reduce the Risk of Exposure to (Chemical X)? 

Section 3.7 Children’s Susceptibility 

Section 6.6 Exposures of Children 


Other Sections of Interest: 
Section 3.8 Biomarkers of Exposure and Effect 
Section 3.11 Methods for Reducing Toxic Effects 

ATSDR Information Center  
Phone: 1-800-CDC-INFO (800-232-4636) or  Fax: (770) 488-4178 

1-888-232-6348 (TTY) 
E-mail: cdcinfo@cdc.gov Internet: http://www.atsdr.cdc.gov 

The following additional material can be ordered through the ATSDR Information Center: 

Case Studies in Environmental Medicine: Taking an Exposure History—The importance of taking an 
exposure history and how to conduct one are described, and an example of a thorough exposure 
history is provided.  Other case studies of interest include Reproductive and Developmental 
Hazards; Skin Lesions and Environmental Exposures; Cholinesterase-Inhibiting Pesticide 
Toxicity; and numerous chemical-specific case studies. 

mailto:cdcinfo@cdc.gov
http://www.atsdr.cdc.gov
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Managing Hazardous Materials Incidents is a three-volume set of recommendations for on-scene 
(prehospital) and hospital medical management of patients exposed during a hazardous materials 
incident. Volumes I and II are planning guides to assist first responders and hospital emergency 
department personnel in planning for incidents that involve hazardous materials.  Volume III— 
Medical Management Guidelines for Acute Chemical Exposures—is a guide for health care 
professionals treating patients exposed to hazardous materials. 

Fact Sheets (ToxFAQs) provide answers to frequently asked questions about toxic substances. 

Other Agencies and Organizations 

The National Center for Environmental Health (NCEH) focuses on preventing or controlling disease, 
injury, and disability related to the interactions between people and their environment outside the 
workplace. Contact: NCEH, Mailstop F-29, 4770 Buford Highway, NE, Atlanta, 
GA 30341-3724 • Phone: 770-488-7000 • FAX: 770-488-7015. 

The National Institute for Occupational Safety and Health (NIOSH) conducts research on occupational 
diseases and injuries, responds to requests for assistance by investigating problems of health and 
safety in the workplace, recommends standards to the Occupational Safety and Health 
Administration (OSHA) and the Mine Safety and Health Administration (MSHA), and trains 
professionals in occupational safety and health.  Contact: NIOSH, 200 Independence Avenue, 
SW, Washington, DC 20201 • Phone: 800-356-4674 or NIOSH Technical Information Branch, 
Robert A. Taft Laboratory, Mailstop C-19, 4676 Columbia Parkway, Cincinnati, OH 45226-1998 
• Phone: 800-35-NIOSH. 

The National Institute of Environmental Health Sciences (NIEHS) is the principal federal agency for 
biomedical research on the effects of chemical, physical, and biologic environmental agents on 
human health and well-being.  Contact:  NIEHS, PO Box 12233, 104 T.W. Alexander Drive, 
Research Triangle Park, NC 27709 • Phone: 919-541-3212. 

Referrals 

The Association of Occupational and Environmental Clinics (AOEC) has developed a network of clinics 
in the United States to provide expertise in occupational and environmental issues.  Contact: 
AOEC, 1010 Vermont Avenue, NW, #513, Washington, DC 20005 • Phone:  202-347-4976 
• FAX: 202-347-4950 • e-mail: AOEC@AOEC.ORG • Web Page:  http://www.aoec.org/. 

The American College of Occupational and Environmental Medicine (ACOEM) is an association of 
physicians and other health care providers specializing in the field of occupational and 
environmental medicine.  Contact: ACOEM, 25 Northwest Point Boulevard, Suite 700, Elk 
Grove Village, IL 60007-1030 • Phone:  847-818-1800 • FAX:  847-818-9266. 

mailto:AOEC@AOEC.ORG
http://www.aoec.org/
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PEER REVIEW 

Peer reviewers were selected to review the ATSDR Toxicological Profile for Perchlorates.   

The post-public comment draft was reviewed on April 18, 2007 by: 

1. 	 Dr. Jeffrey Fisher, Department Head and Professor, Department of Environmental Health 
Science, the University of Georgia, Athens, Georgia;  

2.	 Dr. Stephen LaFranchi, Professor, Department of Pediatrics, Head, Pediatric Endocrinology, 
Associate Chair for Education, Oregon Health Sciences University (CDRCP), Portland, Oregon; 

3.	 Dr. Kannan Krishnan, Professor of Occupational and Environmental Health, University of 
Montreal, Montreal, Quebec, Canada; and 

4.	 Dr. R. Thomas Zoeller, Professor, Department of Biology, University of Massachusetts at 
Amherst, Morrill Science Center, Amherst, Massachusetts. 

The pre-public comment draft was reviewed on June 26, 2002 by: 

1.	 Dr. Kannan Krishnan, Professor of Occupational and Environmental Health, University of 
Montreal, Montreal, Quebec, Canada; 

2.	 Dr. R. Thomas Zoeller, Professor, Department of Biology, University of Massachusetts at 
Amherst, Morrill Science Center, Amherst, Massachusetts; and 

3.	 Dr. Gary Williams, Professor of Pathology, Department of Pathology, New York Medical 
College, Valhalla, New York.  

These experts collectively have knowledge of perchlorates' physical and chemical properties, 
toxicokinetics, key health end points, mechanisms of action, human and animal exposure, and 
quantification of risk to humans.  All reviewers were selected in conformity with the conditions for peer 
review specified in Section 104(I)(13) of the Comprehensive Environmental Response, Compensation, 
and Liability Act, as amended. 

Scientists from the Agency for Toxic Substances and Disease Registry (ATSDR) have reviewed the peer 
reviewers' comments and determined which comments will be included in the profile.  A listing of the 
peer reviewers' comments not incorporated in the profile, with a brief explanation of the rationale for their 
exclusion, exists as part of the administrative record for this compound.   

The citation of the peer reviewers should not be understood to imply their approval of the profile's final 
content. The responsibility for the content of this profile lies with the ATSDR. Nevertheless, the expert 
peer reviewers on April 18, 2007 concluded that the minimal risk level (MRL) should still be based on the 
Reference Dose (RfD) as recommended by the NAS Panel Report (2005) given the research data 
available at the time of the 2007 peer review. 
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1 PERCHLORATES 

1. PUBLIC HEALTH STATEMENT 


This public health statement tells you about perchlorates and the effects of exposure to them. 

The Environmental Protection Agency (EPA) identifies the most serious hazardous waste sites in 

the nation. These sites are then placed on the National Priorities List (NPL) and are targeted for 

long-term federal clean-up activities.  Perchlorates have been found in at least 49 of the 

1,581 current or former NPL sites.  The possibility exists that the number of sites at which 

perchlorates are found may increase in the future as more sites are evaluated.  In addition, 

perchlorate exposure has been found to be more widespread, so that waste sites are only a part of 

the potential perchlorate sources.  Other potential sources of exposure include food, some water 

supplies, fireworks, road flares, consumer products such as bleach and matches, and natural 

sources. 

When a substance is released either from a large area, such as an industrial plant, or from a 

container, such as a drum or bottle, it enters the environment. Such a release does not always 

lead to exposure. You can be exposed to a substance only when you come in contact with it.  

You may be exposed by breathing, eating, or drinking the substance, or by skin contact. 

If you are exposed to perchlorates, many factors will determine whether or not you will be 

affected. These factors include the physical form of the chemical, the dose (how much), the 

duration (how long), and how you come in contact with them.  You must also consider any other 

chemicals to which you are exposed and your age, sex, diet, family traits, lifestyle, and state of 

health. 

1.1 WHAT ARE PERCHLORATES? 

The terms perchlorate or perchlorate anion refer to a negatively charged group of atoms 

consisting of a central chlorine atom bonded to four oxygen atoms.  Perchlorate has the 

molecular formula ClO4
-. The terms perchlorates or perchlorate salts refer to the inorganic 

compounds that contain the perchlorate anion bonded to a positively charged group such as 

ammonium or an alkali or alkaline earth metal. 



2 PERCHLORATES 

1. PUBLIC HEALTH STATEMENT 

Perchlorates can form naturally in the atmosphere, leading to trace levels of perchlorate in 

precipitation. High levels of perchlorates occur naturally in some locations, such as regions of 

west Texas and northern Chile. 

Perchlorates are colorless and have no odor. Five perchlorates are manufactured in large 

amounts:  magnesium perchlorate, potassium perchlorate, ammonium perchlorate, sodium 

perchlorate, and lithium perchlorate.  Perchlorates are found in the environment in two forms, 

either as a solid or dissolved in water. If no water is present, as in a drum or on top of dry 

ground, then they will exist as solids.  If water is present, then they will quickly dissolve.  When 

perchlorates dissolve, they separate into two parts.  One part has a positive charge, and the other 

part has a negative charge. The part with the negative charge is called the perchlorate anion or 

just perchlorate. This is the part of the chemical that people look for in the environment or in 

your body. 

Perchlorates are stable at normal temperatures, but when they are heated to a high temperature, 

they begin to react. Once they begin to react, they produce a large amount of heat.  This causes 

more of the perchlorates to begin reacting, which makes even more heat.  This chain reaction 

process repeats itself over and over until an explosion occurs.  Because perchlorates react this 

way, they are used in rocket motors, fireworks, flares, gunpowder, and explosives. 

Because perchlorates can react quickly at high temperatures, people did not expect to find them 

in the environment.  But at normal Earth temperatures, perchlorates react much more slowly.  

We have learned only recently that perchlorates may last in the environment unreacted for 

several years. 

One of the perchlorate salts, ammonium perchlorate, is produced in large amounts because it is 

used in rocket fuels. The solid booster rocket on the space shuttle is almost 70% ammonium 

perchlorate.  Perchlorates are also used in explosives.  Because perchlorates are used for some 

military applications, many countries consider the amounts that they make confidential.  This is 

one reason why we do not know the exact amount of perchlorates produced or used in the United 



3 PERCHLORATES 

1. PUBLIC HEALTH STATEMENT 

States or around the world. As with most chemicals, private companies in the United States are 

not required to provide information on the amount of perchlorates that they make or use.  We 

also do not know the exact amount of perchlorates brought into the United States from other 

countries, although the largest amount probably comes from fireworks.  It is important to note 

that production figures for a limited set of the larger profile of perchlorate applications do not 

readily translate into environmental release data or accurately characterize the universe of 

perchlorate uses and potential for release. 

Other uses of perchlorates include temporary adhesives, electrolysis baths, batteries, air bags, 

drying agents, etching agents, cleaning agents and bleach, and oxygen generating systems.  Little 

data are available on the nature, amount, and potential for release of these possible sources of 

perchlorate to the environment.  Perchlorates are also used for making other chemicals.  Many 

years ago, perchlorates were used as a medication in the United States to treat overactive thyroid 

glands, and they still have some medical uses in the United States and other parts of the world.  

Perchlorate is also used in treatment of side effects of amiodarone, a drug used in the treatment 

of cardiac arrhythmias and angina.   

You will find more information on the properties of perchlorates in Chapter 4.  In Chapter 5, you 

will find more information on the uses of perchlorates and how they are made. 

1.2 	 WHAT HAPPENS TO PERCHLORATES WHEN THEY ENTER THE 
ENVIRONMENT? 

Perchlorates are soluble in water and generally have high mobility in soils.  This characteristic 

results in their ability to move from soil surfaces into groundwater (a process called leaching) 

when they enter the environment.  Perchlorates are ionic substances and therefore, do not 

volatilize from water or soil surfaces.  Perchlorates are known to remain unreacted in the 

environment for long periods of time; however, there is evidence that microorganisms found in 

soil and water may eventually reduce perchlorate to other substances.  If perchlorates are 

released to air, then they will eventually settle out of the air, primarily in rainfall.  Perchlorates 

do not appear to accumulate in animals.  Chapter 6 contains more information regarding the 

environmental fate and release of perchlorates.  Our understanding of perchlorates continues to 
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evolve, and scientific understanding related to perchlorates will continue to be reviewed and re­

evaluated when new information becomes available. 

Before 1997, it was very hard to measure perchlorates in the environment.  In 1997, a much 

better method was developed, and low levels of perchlorates in water and other media can now 

be measured.  Scientists first began looking for perchlorates near sites where they had been used 

or discarded, and were surprised when they found them in many other places, including areas 

where there was no known perchlorate use. They did not think that perchlorates would last very 

long in the environment because of perchlorate’s reactivity.  Since then, scientists have been 

looking for perchlorates in water at more and more places.  Perchlorates have recently been 

found in environmental media such as soil, plants, and animals located in areas where 

perchlorate was used and released, and in areas where there was no known use or man made 

releases of perchlorates. 

Perchlorates can enter the environment from several sources, both human-made (called 

anthropogenic) and natural sources.  Since perchlorate is used in rockets and certain military 

applications, the manufacture, use, and disposal of products like rockets and missiles has led to 

perchlorate being released into the environment.  When rockets undergo successful launches, the 

intense heat leads to nearly complete reaction of the perchlorate.  Therefore, release of 

perchlorate to the environment often occurs when its intended use does not occur (for example, 

dismantling and disposal of rockets, accidental release from manufacturing facilities, or 

unsuccessful rocket launches).  In the past, some of these activities resulted in high levels of 

perchlorate contamination of soil and groundwater at many military installations and rocket 

manufacturing facilities.  Today, great effort is made to minimize the release of perchlorates 

when rockets or missiles are dismantled or when perchlorates are manufactured.  Other human-

made sources for perchlorate release into the environment include road-side safety flares and 

fireworks. Perchlorate has also been detected at low levels as an impurity in certain consumer 

products such as bleach, and the use and disposal of these products could also lead to releases.  

Perchlorate is a natural component of a nitrate fertilizer from Chile that was imported and 

regularly used in the United States for many years.  Although the use of this fertilizer has 

declined in recent years, perchlorate was released directly to soil and plants in areas where this 
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fertilizer was applied. In addition, there appear to be natural sources of perchlorate in the 

environment.  Perchlorates can form naturally in the atmosphere, leading to trace levels of 

perchlorate in rainfall. Higher than expected levels of perchlorates occur naturally in some 

locations such as regions of west Texas, New Mexico, and northern Chile.  A combination of 

human activities and natural sources has led to the widespread presence of perchlorates in the 

environment. 

1.3 HOW MIGHT I BE EXPOSED TO PERCHLORATES? 

You may be exposed to perchlorates if you eat food or drink water that contains perchlorates.  

Perchlorates have been found in food and milk.  Some plants, especially leafy green vegetables, 

have been found to have elevated levels of perchlorate.  When water containing perchlorate is 

used to irrigate the plants, perchlorate is left behind when water evaporates from the leaves of the 

plants. Cows may eat fodder containing perchlorate and pass them on in their milk.  The Food 

and Drug Administration (FDA) recently published the results of measurements of perchlorate 

and iodine levels in the food supply.  The FDA found that 74% of the foods analyzed had at least 

one sample in which perchlorate was detected.  The perchlorate dietary intake was estimated for 

14 different age/gender groups in the United States.  The lowest intake range was estimated as 

0.08–0.11 μg/kg/day (micrograms/kilogram/day) for males aged 25–30 years, and the highest 

estimated intake was to be 0.35–0.39 μg/kg/day for children 2 years old.  These levels are not 

expected to affect human health.  The FDA did not recommend any changes in eating habits of 

Americans based upon the measured levels of perchlorate. 

Perchlorates have been found in lakes, rivers, and groundwater wells.  Perchlorate has been 

identified at least once in approximately 4% of over 3,800 community water systems sampled 

throughout the United States. From 26 different states and 2 territories, the detectable levels 

averaged 9.8 µg/L (micrograms/liter) and ranged from the minimum reporting level of 4 µg/L to 

a maximum at 420 µg/L.  

Additional potential sources of perchorate may be found if you live near a rocket manufacturing 

or testing facility, if you live near or work at a factory where they are made, or if you live near a 
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factory that makes fireworks, flares, or other explosive devices.  As mentioned earlier, 

perchlorate is being found in small amounts in areas where it has not been known to be 

manufactured, used, or released by humans.  Exposure to perchlorates at these locations may be 

possible because natural levels of perchlorates occur in the environment. 

Perchlorate has been detected at low levels as an impurity in certain products that are commonly 

used by humans. Some of these products include bleach and cleaning products that may contain 

bleach, bottled water, and tobacco products; even some nutritional supplements (vitamins and 

minerals) have been found to contain perchlorates.  However, vitamin and mineral supplements 

are typically formulated to include iodine, a factor that would provide protection against any 

possible effect of perchlorate. For more information on how you can be exposed to perchlorates, 

see Chapter 6. 

1.4 HOW CAN PERCHLORATES ENTER AND LEAVE MY BODY? 

Perchlorates can enter the body after you have swallowed food or water containing them.  Since 

they easily dissolve in water, they quickly pass through the stomach and intestines and enter the 

bloodstream. If you breathe in air containing dust or droplets of perchlorate, it can pass though 

your lungs and enter the bloodstream. Perchlorates probably do not enter the body directly 

through the skin, but if present on your hands, hand-to-mouth-activity could contribute to oral 

exposure. 

The blood stream carries perchlorate to all parts of the body.  Perchlorate is not changed inside 

the body. A few internal organs (for example, the thyroid, breast tissue, and salivary glands) can 

take up relatively large amounts of perchlorate from the bloodstream.  Perchlorate generally 

leaves these organs in a few hours.   

When perchlorates are swallowed, a small percentage is eliminated in the feces.  More than 

90% of perchlorate taken in by mouth enters the bloodstream.  In the blood, perchlorate passes 

into the kidneys, which then release it into the urine.  The body begins to clear itself of 

perchlorate through the kidneys within 10 minutes of exposure.  Although most of the 
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perchlorate that is taken into the body is quickly eliminated, the presence of perchlorate in many 

foods and in some drinking water sources means that exposure may continue to occur on a daily 

basis. 

More information on this subject is found in Chapter 3. 

1.5 HOW CAN PERCHLORATES AFFECT MY HEALTH? 

The main target organ for perchlorate toxicity in humans is the thyroid gland.  Perchlorate has 

been shown to partially inhibit the thyroid’s uptake of iodine.  Iodine is required as a building 

block for the synthesis of thyroid hormone. Thyroid hormones regulate certain body functions 

after they are released into the blood.  Although not demonstrated in humans, it is anticipated 

that people exposed to excessive amounts of perchlorate for a long time may develop a decreased 

production of thyroid hormones.  The medical name for this condition is hypothyroidism.  

Hypothyroidism is usually caused by conditions totally unrelated to perchlorates.  In 

hypothyroidism, the lower amounts of thyroid hormones in your blood cause increases in 

pituitary hormones that can lead to an increase in the size of the thyroid gland.  The medical 

name for this condition is goiter.  Because thyroid hormones perform important functions 

throughout the body, many normal body activities also are affected by the lower hormone levels.  

Because perchlorates were known to lower thyroid hormone levels, at one time, perchlorates 

were given as a drug (more than 400 mg per day, which is many times higher than the doses that 

people receive from environmental exposures) to treat people with overactive thyroid glands (a 

condition known as hyperthyroidism).  Side effects seen in a small number of treated patients 

were skin rashes, nausea, and vomiting.  A few patients developed severe shortages of blood 

cells, and some of them died.  Healthy volunteers who took approximately 35 mg of perchlorate 

every day (equivalent to drinking 2 liters of water containing 17 mg/L or 17 parts per million 

[ppm] perchlorate every day) for 2 weeks or 3 mg daily for 6 months (equivalent to drinking 

2 liters of water containing 1.5 mg/L [1.5 ppm] perchlorate every day) showed no signs of 

abnormal functioning of their thyroid gland.  A study of adults in Nevada found that the number 

of cases of thyroid disease in a group of people who drank water contaminated with perchlorate 

was no different than the number of cases found in a group of people who drank water without 
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perchlorate.  This means that levels of perchlorate in the water were not the cause of the thyroid 

disease, and a search of the literature confirms no evidence of perchlorate inducing thyroid 

disease. Two studies of people who worked for years in the production of perchlorate found no 

evidence of alterations in the workers’ thyroids, livers, kidneys, or blood.  One of these studies 

estimated that the workers may have taken up about 34 mg of perchlorate per day.  A recent 

study showed that perchlorate levels to which the general population of the United States is 

exposed via food and drinking water, were associated with changes in thyroid hormone levels in 

women with low iodine intake, suggesting that the effect of perchlorate in people depends on  

gender, the length of exposure, and how much iodine the people consume.  Further research is 

recommended to affirm these findings. 

As mentioned in the preceding sections, perchlorate is a naturally occurring chemical that has 

been found in some foods and in some drinking water supplies.  Other naturally occuring 

chemicals, such as thiocyanate (in food and cigarette smoke) and nitrate (in some food), are also 

known to inhibit iodide uptake. Further studies are needed to completely answer all questions 

about potential toxicity of perchlorate. 

The thyroid gland is also the main target organ for perchlorate toxicity in animals.  The thyroid 

changes caused by perchlorate in animals may lead to tumors in the thyroid after a long period.  

This has occurred after administering high amounts (928 to 2,573 milligrams perchlorate/kg/day) of 

perchlorate to the animals.  The National Academy of Sciences (NAS) concluded that based on 

the understanding of the biology of human and rodent thyroid tumors, it is unlikely that 

perchlorate poses a risk of thyroid cancer in humans.  Perchlorates have not been classified for 

carcinogenic effects by the Department of Health and Human Services (DHHS) or the 

International Agency for Research on Cancer (IARC).  The EPA has determined that perchlorate 

is not likely to pose a risk of thyroid cancer in humans, at least at doses below those necessary to 

alter thyroid hormone homeostasis, based on the hormonally-mediated mode of action in rodent 

studies and species differences in thyroid function. 

Studies in animals also showed that perchlorate did not affect the reproductive organs or the 

animals’ capacity to reproduce.  The NAS found that the studies in animals provided important 
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information, but their usefulness to predict whether harmful effects could occur in humans is 

small. 

1.6 HOW CAN PERCHLORATES AFFECT CHILDREN? 

This section discusses potential health effects in humans from exposures during the period from 

conception to maturity at 18 years of age. 

Children and developing fetuses may be more likely to be affected by perchlorate than adults 

because thyroid hormones are essential for normal growth and development.  Two studies were 

conducted of newborn babies and school-age children from an area in Chile where levels of 

perchlorate in the drinking water were much higher than those detected in some U.S. water 

supplies due to natural sources of perchlorate.  No evidence of abnormal thyroid function was 

found among the babies or the children.  The mothers and the children may have taken 

approximately 0.2 mg of perchlorate per day in the drinking water.  Some studies of newborn 

babies in areas from Arizona, California, and Nevada, where perchlorate has been found in the 

drinking water, have not provided convincing evidence of thyroid abnormalities associated with 

perchlorate. A Centers for Disease Control and Prevention (CDC) study of people all over the 

United States showed that all of the people that were tested had detectable concentrations of 

perchlorate in their urine, thus making it difficult to find an unexposed comparison group as a 

control population. 

As indicated above, perchlorate has been found in breast milk, so that nursing mothers can 

transfer perchlorate to their babies.  Nevertheless, the beneficial aspects (biological and 

psychological) of breast-feeding outweigh any risks from exposure to perchlorate from mother’s 

milk, especially if they consume adequate iodine from food and supplements. 

Animal studies have shown a low level of thyroid activity in developing animals exposed to 

perchlorates through the placenta before birth or through the mother’s milk after birth.  Modern 

studies of the effects of perchlorate on developing animals have been conducted mostly in rats. 

Several studies in which pregnant rats were given relatively low amounts of perchlorate have 
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shown that perchlorate can alter the thyroid gland in the newborn animals.  This has generally 

occurred when perchlorate also affected the thyroid of the mothers. In addition, a study 

suggested an alteration in an area of the brain of pups born to rats.  The NAS (2005) indicated 

that rats are more sensitive to agents that disturb thyroid function than are humans, so the 

relevance of rat studies in quantitative terms to humans is limited.  

1.7 	 HOW CAN FAMILIES REDUCE THE RISK OF EXPOSURE TO 
PERCHLORATES? 

Although perchlorate is present in food, milk, and drinking water, it is very unlikely that it will 

be present in the air of the average home or apartment.  Perchlorates are found in some consumer 

products that people use. They are present in highway and marine signal flares, small fireworks, 

gunpowder, and matches.  Storing these items out of the reach of children and not igniting them 

in a closed environment, such as inside the house or the garage, will decrease the potential for 

exposure. 

Although perchlorate has been detected in a few samples of bottled water, the levels have been 

very low. Therefore, if you live near a location where perchlorates have been found in drinking 

water at high levels, using bottled drinking water may reduce the risk to your family, particularly 

if you drink well water that may contain perchlorate.  If you live in one of these areas, prevent 

your children from playing in dirt and from eating dirt.  Make sure your children wash their 

hands frequently, and before eating. Discourage your children from putting their hands in their 

mouths or doing other hand-to-mouth activities.  You may also contact local public health 

authorities and follow their advice. 

If you work in a factory that makes or uses perchlorates, it is possible to carry perchlorate dust 

from work on your clothing, skin, or hair.  You may then get perchlorate dust in your car, home, 

or other locations outside of work where family members might be exposed.  You should know 

about this possibility if you work with perchlorates.  Taking a shower will remove any 

perchlorate dust from your skin or hair.  Washing your clothes will remove any perchlorates dust 

from them. 
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1.8 	 IS THERE A MEDICAL TEST TO DETERMINE WHETHER I HAVE BEEN 
EXPOSED TO PERCHLORATES? 

Methods to measure perchlorate in the body are not routinely available, but perchlorate can be 

measured in the urine.  Because perchlorate leaves the body fairly rapidly (in a matter of hours), 

perchlorate in the urine can only indicate very recent exposure.  Levels of thyroid hormones in 

the blood can be monitored.  Such tests will tell you if your hormone levels are altered, but will 

not tell you the cause (exposure to perchlorate is only one of many possibilities).  Medical tests 

can also measure the capacity of the thyroid gland to take iodide from the blood to manufacture 

thyroid hormones. Exposure to perchlorate can decrease this capacity, but so can exposure to 

other chemicals, as well as iodine deficiency and medical conditions unrelated to any exposure to 

chemicals. 

1.9 	 WHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO 
PROTECT HUMAN HEALTH? 

The federal government develops regulations and recommendations to protect public health.  

Regulations can be enforced by law. The EPA, the Occupational Safety and Health 

Administration (OSHA), and the Food and Drug Administration (FDA) are some federal 

agencies that develop regulations for toxic substances.  Recommendations provide valuable 

guidelines to protect public health, but cannot be enforced by law.  The Agency for Toxic 

Substances and Disease Registry (ATSDR) and the National Institute for Occupational Safety 

and Health (NIOSH) are two federal organizations that develop recommendations for toxic 

substances. 

Regulations and recommendations can be expressed as “not-to-exceed” levels, that is, levels of a 

toxic substance in air, water, soil, or food that do not exceed a critical value that is usually based 

on levels that affect animals; they are then adjusted to levels that will help protect humans.  

Sometimes these not-to-exceed levels differ among federal organizations because they used 

different exposure times (an 8-hour workday or a 24-hour day), different animal studies, or other 

factors. 
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Recommendations and regulations are also updated periodically as more information becomes 

available. For the most current information, check with the federal agency or organization that 

provides it. Some regulations and recommendations for perchlorates include the following: 

The EPA is currently undertaking efforts to make a determination as to whether or not a national 

primary drinking water regulation is needed for perchlorate.  To make this determination, EPA is 

evaluating information to more fully characterize perchlorate exposure to determine if regulation 

of perchlorate in drinking water would represent a meaningful opportunity for reducing risks to 

human health as required under the Safe Drinking Water Act (SDWA). 

The EPA has developed a Reference Dose (RfD) of 0.0007 mg/kg/day for perchlorate.  The RfD 

is an estimate of a daily oral exposure to the human population (including sensitive subgroups) 

that is likely to be without appreciable risk of deleterious effects during a lifetime.  This RfD 

leads to a drinking water equivalent level (DWEL) of 24.5 ppb.  EPA calculates the DWEL using 

the RfD, multiplied by an adult body weight of 70 kg, and divided by a tap water consumption 

value of 2 L/day. EPA’s Office of Solid Waste and Emergency Response has provided guidance 

for perchlorate that indicates that the RfD and its corresponding DWEL of 24.5 ppb are 

respectively the recommended “to be considered” (TBC) value and the preliminary remediation 

goal (PRG) for cleanup under the Comprehensive Environmental Response, Compensation, and 

Liability Act of 1980 (CERCLA). The EPA is also responsible for developing guidelines for 

controlling hazardous waste from the time it is generated until its ultimate disposal—in effect, 

from “cradle to grave”. 

The Department of Transportation (DOT) has designated perchlorate as a hazardous material and 

limits the quantity that is transported aboard aircraft and vessels.  The DOT also provides 

identification and protective guidance for an emergency response to a transportation incident 

involving a hazardous material. 

The Department of Defense (DOD) must comply with any EPA cleanup standards and processes 

under all applicable environmental laws and regulations, including CERCLA, the Resource 

Conservation and Recovery Act (RCRA), the Clean Water Act (CWA), and the SDWA.  DOD 
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policy requires the testing of perchlorate when it is reasonably expected that a release has 

occurred. Specifically, the DOD’s policy states that in the absence of federal or state standards, 

if perchlorate levels in water exceed 24 ppb (current level of concern for managing perchlorate), 

a site-specific risk assessment must be conducted.  When an assessment indicates that the 

perchlorate contamination could result in adverse health effects, the site must be prioritized for 

risk management.  DOD will also comply with applicable state or federal promulgated standards, 

whichever is more stringent.  Additionally, DOD established the Emerging Contaminants 

Directorate in 2006 to help the department proactively approach emerging contaminants to 

enable a fully informed, risk-based investment decision process that protects human health and 

DOD operations capabilities; perchlorate is one of seven emerging contaminants included on 

DOD’s Action List. 

The FDA has developed Dietary Guidelines that promote health and reduce risk for chronic diseases 

through diet and physical activity.  FDA is not recommending any changes to infants’ and 

children’s diets and eating habits based on current perchlorate data.  FDA continues to 

recommend a healthy eating plan, consistent with the Dietary Guidelines for Americans, that 

emphasizes fruits, vegetables, whole grains, and fat-free or low-fat milk and milk products; 

includes lean meats, poultry, fish, beans, eggs, and nuts; and is low in saturated fats, trans fats, 

cholesterol, salt (sodium), and added sugars.  Additionally, adequate intake of iodine has 

previously been recognized as important for healthy thyroid function. 

See Chapter 8 for more information on regulations and advisories regarding perchlorates. 

1.10 WHERE CAN I GET MORE INFORMATION? 

If you have any more questions or concerns, please contact your community or state health or 

environmental quality department, or contact ATSDR at the address and phone number below. 

ATSDR can also tell you the location of occupational and environmental health clinics.  These 

clinics specialize in recognizing, evaluating, and treating illnesses that result from exposure to 

hazardous substances. 
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Toxicological profiles are also available on-line at www.atsdr.cdc.gov and on CD-ROM.  You 

may request a copy of the ATSDR ToxProfilesTM CD-ROM by calling the toll-free information 

and technical assistance number at 1-800-CDCINFO (1-800-232-4636), by e-mail at 

cdcinfo@cdc.gov, or by writing to: 

Agency for Toxic Substances and Disease Registry 
  Division of Toxicology and Environmental Medicine 

1600 Clifton Road NE 
  Mailstop F-32 
  Atlanta, GA 30333 
  Fax: 1-770-488-4178 

Organizations for-profit may request copies of final Toxicological Profiles from the following: 

National Technical Information Service (NTIS) 

5285 Port Royal Road 


  Springfield, VA 22161 

Phone: 1-800-553-6847 or 1-703-605-6000 

Web site: http://www.ntis.gov/ 


http:cdcinfo@cdc.gov
http://www.ntis.gov/
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2.1 	 BACKGROUND AND ENVIRONMENTAL EXPOSURES TO PERCHLORATES IN THE 
 UNITED STATES 

Perchlorates are high melting point inorganic salts that are soluble in water.  There are five perchlorate 

salts that are manufactured in substantial amounts:  magnesium, potassium, ammonium, sodium, and 

lithium perchlorate.  Perchlorates are powerful oxidizing agents and at elevated temperatures, they can 

react explosively.  The production volume of ammonium perchlorate far outpaces the other salts and it is 

used primarily as the oxidant for solid rocket boosters as well as some other industrial applications.  The 

solid propellant on U.S. Space Shuttle booster rockets is approximately 70% ammonium perchlorate.  The 

rockets that use perchlorates in defense and aerospace activities are engineered to utilize all of the 

perchlorate during a successful launch. Perchlorates are also used extensively in electroplating, 

fireworks, munitions, and other pyrotechnic devices.  Perchlorates are also present in fertilizers that were 

made with Chilean saltpeter.  

Perchlorates are released to the environment from a combination of anthropogenic and natural sources.  

Perchlorate releases from accidents at manufacturing facilities and unsuccessful rocket launches, as well 

as activities related to the manufacture, disposal, or research of propellants, explosives, or pyrotechnics, 

are well documented. Perchlorate releases from fireworks, road safety flares, the use of certain fertilizers, 

and natural sources of perchlorate in the environment have also been documented.  Perchlorate may be 

released to the environment when certain consumer products that contain perchlorate are used or disposed 

of. These potential releases are discussed in greater detail in Chapter 6. 

In water, perchlorates will rapidly dissolve and completely dissociate into the perchlorate anion and the 

corresponding cation.  The cations of the solid perchlorate salts listed in Table 4-1 are naturally occurring 

and ubiquitous in the environment.  It is the perchlorate anion that is responsible for the potential adverse 

health effects.  In the remainder of this document, perchlorates will be used to refer to the solid salts and 

perchlorate anion (or simply perchlorate) will be used to refer to the anionic species that is monitored in 

the environment. 

The perchlorate anion is highly mobile in wet soil and it is expected to ultimately partition to surface 

water and groundwater. On dry soil, it is immobile.  Perchlorate is an ionic compound and therefore, does 

not volatilize from soil or water surfaces.  Few studies were located that discuss bioaccumulation of 

perchlorates. Based on existing data, bioconcentration of perchlorate appears to be low for aquatic and 
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terrestrial species, although it has been detected in mammals, amphibians, fish, and insects near a site of 

known contamination.  Perchlorates have been shown to accumulate in the leaves of some food crops, 

tobacco plants, and more generally in broad leaf plants.  As water transpires from the leaves, perchlorate 

remains behind in the leaf due to it involatility under most environmental conditions.  Although 

experimental studies detailing the environmental fate of perchlorates are limited, the current consensus 

indicates that they are persistent under most environmental conditions.  The in situ degradation of the 

perchlorate anion in the environment has not yet been demonstrated, although laboratory studies indicate 

that it undergoes biodegradation by a wide variety of microorganisms under anaerobic conditions.  There 

is also a growing body of evidence that the perchlorate anion may be reduced to chloride by plants.   

Human exposure to perchlorates is expected to occur primarily through the ingestion of food and water 

containing perchlorate.  Efforts are being made to determine the relative contribution of perchlorate from 

food and water. Data from the recently completed FDA Total Diet Study indicate that 74% of the foods 

analyzed had at least one sample in which perchlorate was detected.  The perchlorate dietary intake was 

estimated for 14 different age/gender groups in the United States.  The lowest intake range was estimated 

as 0.08–0.11 μg/kg/day for males aged 25–30 years, and the highest estimated intake was 0.35– 

0.39 μg/kg/day for children 2 years old.  Children had the highest estimated intake on a body weight basis 

as compared to the other age groups because they consume more food per body weight and have different 

food consumption patterns when compared to the other age groups.  Perchlorate has also been detected in 

breast milk and in certain consumer products such as dietary (vitamin and mineral) supplements, bottled 

water, and tobacco products.  

The detection of perchlorate in drinking water supplies and in tap water samples indicates that members 

of the general population may be exposed by ingestion of water.  Perchlorate has been identified at least 

once in approximately 4% of community water systems from 26 different states and 2 territories, with 

detectable levels averaging 9.8 µg/L and ranging from the method detection limit of 4 µg/L to a 

maximum at 420 µg/L. 

Occupational exposure to perchlorates may occur through the inhalation of the dusts formed during their 

manufacture and use.  Deposition of perchlorate dust into the mouth is also possible.  Section 6.5 

discusses exposures to the general population and occupational exposures in greater detail.   
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2.2 SUMMARY OF HEALTH EFFECTS  

The primary and most sensitive target of the perchlorate anion (perchlorate) is the thyroid gland.  

Perchlorate inhibits the transport of iodide (I-) from the blood into the thyroid follicle cells.  The 

inhibition is thought to be accomplished by perchlorate competitively blocking iodide binding to a carrier, 

or sodium/iodide symporter (NIS), which catalyzes the simultaneous transfer of Na+ and I- across the 

basolateral membrane of thyroid follicle cells.  Perchlorate inhibition of the NIS can limit the availability 

of iodide needed for the production of the thyroid hormones thyroxine (T4) and triiodothyronine (T3), 

which in turn, may affect the circulating levels of T4 and T3.  All known effects of perchlorate on the 

thyroid hormone system derive directly or secondarily from the inhibition of the NIS. 

T3 is essential for normal development of the nervous system and for the regulation of metabolism of 

cells in nearly all tissues of the body.  Disruption in the availability of T3 in target tissues can result in 

adverse effects on a wide variety of organs and systems.  Although some production of T3 occurs in the 

thyroid, most of the T3 that is available to extrathyroidal target tissues derives from deiodination of T4 

outside the thyroid.  This reaction is catalyzed by selenium-requiring microsomal enzymes known as 

iodothyronine deiodinases. 

Because of its ability to inhibit thyroid iodide uptake, perchlorate (potassium perchlorate) was used in the 

past to treat subjects with hyperactive thyroids, including people with Graves’ disease, an autoimmune 

disorder. Perchlorate currently is used to treat amiodarone-induced thyrotoxicosis and for diagnosing 

impairments in the synthesis of thyroid hormones in the thyroid (perchlorate iodide discharge test).  

Doses for clinical uses of perchlorate have ranged from 5 to 20 mg/kg/day.  Considerable information 

exists on the effects of perchlorate in patients with Graves’ disease and in subjects with hyperthyroidism 

of other etiology, and some of this information is also presented in Chapter 3 of this document.  However, 

the main purpose of this review is to describe the effects of perchlorate on subjects otherwise without 

thyroid disorders. 

The main route of exposure to perchlorate for the general population and those exposed to contaminated 

media is through ingestion of food and/or water.  As noted previously, efforts are being made to 

determine the relative contribution of perchlorate from food and water.  Information on the effects of 

perchlorate in humans comes from occupational studies, studies of the general population (adults, 

children, and neonates), and studies of controlled exposure in volunteers.  Occupational studies and 

studies in volunteers who ingested daily doses of perchlorate ≤0.05 mg/kg/day for 14 days or 
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≤0.04 mg/kg/day for 6 months days showed no evidence of adverse hematological, hepatic, renal effects, 

or clinically significant thyroid effects.  A study of the general population exposed to perchlorate via the 

drinking water found no significant increase in the incidence of thyroid diseases relative to a comparison 

group whose drinking water did not have perchlorate.  Most studies of children and neonates in areas 

where perchlorate has been detected in the drinking water have reported no significant alterations in 

indices of thyroid function among the subjects studied.  Two studies of Arizona and California residents 

found that increased levels of perchlorate in drinking water were associated with increased serum 

concentration of thyroid stimulating hormone (TSH) in neonates, but the methods used in these two 

studies have been criticized in the literature.  There are no reports of exposure to perchlorate being 

associated with adverse reproductive effects or cancer in humans, or with adverse immunologic effects in 

healthy humans. 

The thyroid is also the main target of perchlorate toxicity in animals.  Most experimental studies in 

animals designed to characterize the effects of perchlorate exposure have been done in rats.  Rats have 

been shown to be more sensitive to agents that disturb thyroid function than are humans.  Significant 

changes in serum levels of thyroid hormones at perchlorate doses as low as 0.009 mg/kg/day were 

observed in 14- and 90-day studies in adult rats.  Studies in mice have reported similar findings.  In 

general, morphological alterations in the thyroid become noticeable at doses higher than those that 

induced changes in serum hormone levels.  There is no conclusive evidence that perchlorate is an 

immunotoxicant in animals.  Perchlorate did increase the response to a known contact sensitizer in mice, 

but it is not known whether perchlorate itself is a contact sensitizer.  Perchlorate has shown no evidence 

of being a neurotoxicant when administered to adult animals, although no comprehensive testing has been 

done in adult animals.  A 2-generation reproductive study in rats did not observe any significant 

alterations in standard reproductive indices.  Several developmental studies have shown that 

administration of low doses of perchlorate (≥0.009 mg/kg/day) to pregnant animals results in alterations 

in thyroid parameters (serum T4, T3, and TSH, and changes in morphology of the thyroid) in newborn 

and young animals.  Some studies that conducted neurobehavioral testing in offspring of rats exposed to 

perchlorate during pregnancy reported no significant treatment-related effects, but the interpretation of the 

results has generated some debate among scientists.  Perchlorate has produced thyroid cell hyperplasia 

and papillary and/or follicular adenomas and/or carcinomas in rats and mice exposed to relatively high 

doses. Perchlorate itself does not appear to be genotoxic. 

An expanded discussion of thyroid effects of perchlorate in healthy adults and the young exposed 

perinatally is presented below.  Neurodevelopmental effects are included under the same heading of 
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Endocrine (Thyroid) Effects since neurodevelopmental alterations are assumed to occur due to 

perchlorate-induced perturbation of maternal and/or fetal thyroid function. 

Endocrine (Thyroid) Effects.    As mentioned above, adverse effects on a wide variety of organ 

systems can result from disruption in the availability of T3 to target tissues.  Organ systems affected by 

disturbances in T3 levels include the skin, cardiovascular system, pulmonary system, kidneys, 

gastrointestinal tract, liver, blood, neuromuscular system, central nervous system, skeleton, male and 

female reproductive systems, and numerous endocrine organs, including the pituitary and adrenal glands.  

Such an array of secondary potential targets underscores the need to maintain an adequate level of 

circulating thyroid hormones.  Furthermore, because thyroid hormones play a critical role in the 

neurological development of the fetus, there is concern that altered thyroid levels (maternal and/or fetal) 

during pregnancy could result in neurodevelopmental effects. 

For the most part, recent studies do not indicate that perchlorate exposure produces large changes in 

thyroid function in males or in women with adequate iodine intake.  In an occupational study in which the 

investigators estimated a maximum ingested dose of 34 mg perchlorate/day, or approximately 

0.5 mg/kg/day assuming a body weight of 70 kg, no significant alterations of thyroid parameters were 

observed. Another study of adults from the general population found no significant increase in the 

prevalence of thyroid diseases in a population exposed to perchlorate in the drinking water (4–24 μg/L) 

(0.0001–0.0007 mg/kg/day) relative to a comparison population not exposed to perchlorate.  With two 

exceptions, studies of neonates in areas with perchlorate contamination in the drinking water have also 

found no evidence of altered thyroid parameters among the newborns.  One study found that increased 

levels of perchlorate in drinking water (6 μg/L) (0.0002 mg/kg/day) were associated with increased serum 

concentration of TSH in a study of neonates in Arizona.  Another study reported similar findings of 

neonates in California. However, as indicated earlier, the methods used in the latter two studies have 

been criticized in the literature.  A study also examined school-age children in Chile, and found no 

association between the concentration of perchlorate in water and altered thyroid function.  In that study, 

residents from one location were exposed to perchlorate in water at a concentration of approximately 

100 μg/L.  Assuming a daily intake of 1–2 L of water for the school-age children and a body weight of 

about 25 kg (measured in the study), the daily intake of perchlorate via drinking water could have been 

0.004–0.008 mg/kg/day.  As often occurs with human studies, the studies mentioned above have various 

design limitations that must be considered in applying findings to health risk assessment.  For example, in 

some of the occupational studies, there could have been exposure misclassification.  In addition, 

occupational studies had a cross-sectional design and, thus, were unable to account for any effects of 
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exposure to perchlorate that might have occurred in workers who left employment for any reason.  In the 

studies that measured TSH in neonates, TSH was measured on a low T4 percentile subset without 

consideration of age at screen; since T4 distribution depends on age, births with screen ages that have 

higher T4 are less likely to be selected for TSH analysis.  Explicit measures of perchlorate exposure were 

not obtained in these studies.  For example, in a study, exposures were estimated from place of birth; thus, 

individual levels of exposure could not be linked to T4 levels.  Regardless of these and other limitations, 

these studies collectively appear to rule out a large perchlorate-related effect on thyroid function. 

The 14-day studies of controlled exposure in volunteers showed that iodide uptake by the thyroid 

(assessed as radioiodine uptake) can be inhibited to a considerable extent in humans without a significant 

change in circulating levels of thyroid hormone and TSH.  This is not unexpected given the relatively 

large storage capacity of the thyroid gland of humans.  A study reported a maximum inhibition of 

approximately 70% relative to baseline in subjects who received the highest dose of perchlorate, 

0.5 mg/kg/day.  No significant inhibition was observed at a dose of 0.02 mg/kg/day.  Another study in 

volunteers administered up to approximately 0.04 mg perchlorate/kg/day for 6 months found no 

significant alterations in thyroid function tests, including radioiodine uptake. 

Studies in animals have shown that exposure to perchlorate can induce a wide range of effects on the 

thyroid depending on the dose and duration of exposure.  Studies conducted in the past 10 years have 

used much lower doses than earlier studies and have described changes in thyroid parameters in rats 

administered doses as low as 0.009 mg perchlorate/kg/day.  The effects have been observed in adults and 

also in young rats exposed in utero and via dams’ milk.  A study reported a 20% decrease in serum T3 in 

male rats following 14 days of dosing with 0.009 mg perchlorate/kg/day, and a 14% decrease in T4 and 

12% decrease in T3 in males given the same dose level for 90 days.  The magnitude of the effects was 

dose-related and the effects were also observed in females, although the latter appeared somewhat less 

sensitive. At higher doses (≥0.17 mg/kg/day), serum levels of TSH increased and histological alterations 

were evident in the thyroid gland (8.5 mg/kg/day).   

Administration of perchlorate to pregnant animals can result in alterations in thyroid parameters in the 

offspring. The lowest maternal dose at which this has been reported is 0.009 mg perchlorate/kg/day.  This 

dose level (and higher) significantly increased TSH and decreased T4 in the dams on gestation day 21, 

and decreased T3 in newborn pups.  Whether alterations in fetal thyroid parameters are due solely to an 

altered maternal thyroid, to altered fetal thyroid, or to a combined effect is not totally clear.  However, 

there is sufficient information that supports the view that maternal thyroid hormones are crucial for 
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normal development.  Rat fetal tissues have been shown to contain both T4 and T3 prior to the onset of 

hormone production by the fetal thyroid on approximately day 17 of gestation.  Furthermore, thyroid 

hormone-responsive genes that are important in early development of the brain are expressed in the rat 

fetus prior to fetal thyroid hormone production, and expression of these genes is sensitive to the maternal 

thyroid hormone status.  Disruption of the maternal thyroid hormone system of rats by removal of the 

maternal thyroid or maternal iodide deficiency results in decreased levels of thyroid hormones in the fetus 

and congenital hypothyroidism.  In studies with perchlorate, there is only one published report of thyroid 

effects in the offspring in the absence of apparent maternal thyroid effects.  This was reported in a study 

in guinea pigs administered doses as high as 531 mg/kg/day of perchlorate during pregnancy.  Overall, the 

available information in animals suggests that as long as serum maternal levels of thyroid hormones are 

maintained within normal levels during pregnancy, there is no apparent developmental risk.  Observations 

in humans show that placental transfer of maternal thyroid hormones results in cord blood levels that are 

just below the lower range of normal in newborn infants, suggesting that transfer during fetal life is at 

least partially protective in cases where the fetus cannot produce adequate amounts of T4, providing that 

the maternal thyroid hormone production is not compromised.  If this is the case, then inhibition of fetal 

thyroid iodide uptake by perchlorate would not be expected to be sufficient, in itself, to produce 

hypothyroidism in utero, and any effects of perchlorate on fetal hormone status are likely to be caused by 

the combined effects of limiting iodide uptake in the maternal and fetal thyroids.  PBPK models predict 

that pregnant women and the fetus will have higher blood concentrations of perchlorate and greater iodide 

uptake inhibition at a given concentration of perchlorate in drinking water than either nonpregnant adults 

or older children.   

As discussed in detail in Section 3.5.3, Animal-to-Human Extrapolations, the response of human adults to 

short-term oral dosages (mg/kg/day) of perchlorate is quantitatively different from the response observed 

in rats given comparable dosages.  Similar doses of perchlorate result in a more pronounced 

hypothalamic-pituitary-thyroid (HPT) response in rats, which serves to regulate thyroid iodide transport 

and hormone production in response to a decrease in serum thyroid hormones and iodide levels.  

Differences in the perchlorate dose-response relationships between human and rats are thought to be 

related to a smaller and more rapid turnover of the hormone pool in the rat thyroid and to a more rapid 

clearance of secreted hormone in the rat (serum half-life for T4 is shorter in rats than in humans).  The 

NAS recommended that animal studies did not adequately serve as a surrogate for human studies due to 

specific species differences with humans, as demonstrated in the studies discussed above. 
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2.3 MINIMAL RISK LEVELS (MRLs) 

Estimates of exposure levels posing minimal risk to humans (MRLs) have been made for perchlorates.  

An MRL is defined as an estimate of daily human exposure to a substance that is likely to be without an 

appreciable risk of adverse effects (noncarcinogenic) over a specified duration of exposure.  MRLs are 

derived when reliable and sufficient data exist to identify the target organ(s) of effect or the most sensitive 

health effect(s) for a specific duration within a given route of exposure.  MRLs are based on 

noncancerous health effects only and do not consider carcinogenic effects.  MRLs can be derived for 

acute, intermediate, and chronic duration exposures for inhalation and oral routes.  Appropriate 

methodology does not exist to develop MRLs for dermal exposure.  In addition, no dermal exposure risk 

from perchlorate has been documented in the literature. 

Although methods have been established to derive these levels (Barnes and Dourson 1988; EPA 1990), 

uncertainties are associated with these techniques.  Furthermore, ATSDR acknowledges additional 

uncertainties inherent in the application of the procedures to derive less than lifetime MRLs.  As an 

example, acute inhalation MRLs may not be protective for health effects that are delayed in development 

or are acquired following repeated acute insults, such as hypersensitivity reactions, asthma, or chronic 

bronchitis. As these kinds of health effects data become available and methods to assess levels of 

significant human exposure improve, these MRLs will be revised. 

Inhalation MRLs 

No MRLs were derived for inhalation exposure to perchlorate since adequate experimental data were not 

available by this route of exposure.  No inhalation studies in animals were located.  The inhalation 

database in human is limited to three studies of workers at ammonium perchlorate production facilities 

exposed during an unusual schedule of three 12-hour shifts followed by 3 days without exposure (long­

time, intermittent exposure) (Braverman et al. 2005; Gibbs et al. 1998; Lamm et al. 1999). 

Oral MRLs 

ATSDR adopts the National Academy of Sciences (NAS 2005, Health Implications of Perchlorate 

Ingestion) recommended chronic reference dose (RfD) of 0.0007 mg/kg/day for the chronic oral MRL for 

the perchlorate anion (rather than for individual salts).  EPA has also adopted this value and the 

perchlorate Integrated Risk Information System (IRIS) (Perchlorate and Perchlorate Salts Summary) 

http://www.nap.edu/catalog/11202.html
http://www.nap.edu/catalog/11202.html
http://www.epa.gov/iris/subst/1007.htm
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summary was first posted on 02/18/2005.  ATSDR’s decision was made after a careful evaluation of the 

NAS report and of studies that have been published after the NAS (2005) report.  The results from newer 

studies do not change the bottom-line recommendation.  

NAS based its derivation of the RfD on the findings of a study by Greer et al. (2002).  The RfD was based 

on a no-observed-effect level (NOEL) of 0.007 mg perchlorate/kg/day for thyroidal uptake of radioactive 

iodine (RAIU) in 37 healthy (euthyroid) volunteers (16 males, 21 females) who consumed potassium 

perchlorate in drinking water in doses of 0.007, 0.02, 0.1, or 0.5 mg perchlorate/kg/day for 14 days. In 

24 subjects, thyroidal uptake of RAIU was measured 8 and 24 hours after administration of radioactive 

iodine on exposure days 2 and 14 and also 15 days after exposure.  To estimate daily iodine intake, 

24-hour urine samples were collected.  Free and total T4, T3, and TSH were sampled 16 times throughout 

the study.  Serum antibodies to thyroglobulin and thyroid peroxidase were also measured.  Hematological 

and clinical chemistry tests were also conducted throughout the study.  Baseline thyroid iodide uptake 

varied greatly among the subjects:  5.6–25.4% for the 8-hour uptake and 9.8–33.7% for the 24-hour 

uptake. Perchlorate inhibited RAIU in a dose-related manner.  As a percentage of baseline RAIU, 

inhibition in the 0.007, 0.02, 0.1, and 0.5 mg/kg/day dose groups was 1.8, 16.4, 44.7, and 67.1%, 

respectively.  The small decrease in RAIU at 0.007 mg/kg/day was not statistically significant and is well 

within the variation of repeated measurements in normal subjects. The dose is considered the NOEL. No 

significant differences were seen between the 8- and 24-hour measurements or between the 2- and 14-day 

measurements. On post exposure day 15, RAIU rebounded to values slightly over but not significantly 

>100%.  Consumption of perchlorate did not significantly alter serum TSH, free T4, or total T4 and 

T3 levels. Serum anti-thyroglobulin levels were below detection levels in all samples tested.  Serum anti­

thyroid peroxidase levels were elevated in two subjects at the screening visit and thus, were not related to 

treatment with perchlorate.  Hematology and clinical chemistry tests to assess liver and kidney function 

revealed no significant deviations from normal ranges.  No difference was observed between the response 

of male and female subjects.  The RfD was calculated by dividing the NOEL of 0.007 mg/kg/day for 

inhibition of radioiodide uptake and serum hormone levels by an uncertainty factor of 10 (see below).  As 

indicated by the NAS (2005), iodide uptake inhibition is a key biochemical event that precedes all 

potential thyroid-mediated effects of perchlorate exposure.  Using a nonadverse effect that is upstream of 

adverse effects is a conservative approach to perchlorate hazard assessment. 

Based on the known mechanism of action of perchlorate as a competitive inhibitor of NIS and on the 

elimination half-time of perchlorate of approximately 8 hours (perchlorate is not expected to accumulate 

in the body), the NAS concluded that a dose that produced minimal inhibition of thyroid iodide uptake 
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after 14 days of continuous exposure would also have no appreciable effects on thyroid iodide uptake 

with more prolonged (i.e., intermediate or chronic) exposure.  On this basis, the 14-day study was used as 

the basis for adopting the RfD for the chronic MRL.  This is supported by another 14-day study 

(Lawrence et al. 2000), long-term studies of workers (Braverman et al. 2005; Gibbs et al. 1998; Lamm et 

al. 1999), and studies of the general population (Li et al. 2001; Téllez et al. 2005) exposed to perchlorate 

that found no significant alterations in thyroid function in the populations examined.  A study by 

Braverman et al. (2006) in which 13 volunteers dosed with perchlorate in capsules for 6 months at doses 

of 0, 0.5, and 3 mg/day exhibited no changes in iodine uptake or thyroid hormone level was considered 

for derivation of the MRL.  However, this study was limited by a small number of subjects per group (4– 

5), dosing by capsule rather than intermittent exposure in drinking water, and lack of information on 

RAIU during the first 3 months of the study. 

An uncertainty factor of 10 was applied to the NOEL of 0.007 mg/kg/day.  The uncertainty factor of 10 is 

intended to protect the most sensitive population—the fetuses of pregnant women who might have 

hypothyroidism or iodide deficiency.  Other sensitive populations include preterm infants and nursing 

infants. As discussed by NAS (2005), preterm infants are more sensitive than term infants.  The fetus is 

dependent on maternal thyroid hormones at least until the fetal thyroid begins to produce T4 and 

T3 (Zoeller and Crofton 2000).  In humans, this occurs at approximately 16–20 weeks of gestation.  

Thyroid hormones are present in human amniotic fluid at 8 weeks of gestation prior to the onset of fetal 

thyroid hormone production (Contempre et al. 1993; Thorpe-Beeston et al. 1991).  Thyroid hormone 

receptors are present and occupied by hormone at this time as well, suggesting that the fetus is capable of 

responding to maternal thyroid hormones (Bernal and Pekonen 1984; Ferreiro et al. 1988).  The 

contribution of maternal thyroid hormones to the fetal thyroid hormone status is also evident from infants 

who have an inherited disorder that abolishes T4 production but are born, nevertheless, with normal 

serum thyroid hormone levels (i.e., euthyroid) and become hypothyroid after birth if not administered 

thyroid hormones within the first 2 weeks after birth (Larsen 1989; van Vliet 1999; Vulsma et al. 1989).  

This suggests that in the complete absence of fetal thyroid function, the maternal thyroid is able to 

maintain at least partially protective levels of thyroid hormone in the fetus at late term.  Uncorrected 

maternal hypothyroidism, on the other hand, may result in impaired neurodevelopment of the fetus 

(Haddow et al. 1999; Pop et al. 1999).  By inhibiting NIS in breast tissue (Levy et al. 1997; Smanik et al. 

1997; Spitzweg et al. 1998), perchlorate may also limit the availability of iodide to nursing infants, who 

depend entirely on breast milk for the iodide needed to produce thyroid hormone (Agency for Toxic 

Substances and Disease Registry 2004).  No information is available on the doses in humans that might 

decrease iodide uptake into breast milk.  A recent study of 57 women in the Boston area found that 47% 
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of the women sampled may have been providing breast milk with insufficient iodine to meet the infants’ 

requirements (Pearce et al. 2007); however, the breast milk iodine concentrations were not correlated with 

perchlorate exposure. Radioiodine uptake into mammary milk was decreased in rats exposed to 1 or 

10 mg/kg/day perchlorate in drinking water (Yu et al. 2002).  Studies conducted in cows and goats have 

also shown that perchlorate can decrease radioiodine uptake into mammary milk (Howard et al. 1996).  

As discussed by Ginsberg et al. (2007), additional factors that make neonates a sensitive group include 

their shorter serum half-life for T4 of approximately 3 days compared to approximately 7–10 days in 

adults, a lower storage capacity of the thyroid for T4, and possibly slower urinary clearance of perchlorate 

due to immature renal function.  Another potential susceptible population is women with urinary iodine 

levels <100 µg/L, as regression analysis of a population study by Blount et al. (2006) indicated that 

perchlorate exposure was correlated with decreased T4 and increased TSH.  Limitations of the study 

acknowledged by the investigators include those common to cross-sectional analyses, the assumption that 

urinary perchlorate correlate with levels in the thyroid stroma and tissue, and the measurement of total T4 

rather than free T4. According to the World Health Organization (WHO 2004), median urinary iodine 

levels ≥100 µg/L indicate sufficient iodine intake for the non-pregnant population, whereas pregnant 

women should maintain urinary levels of iodine >150 µg/L.  The American Thyroid Association (2006) 

recommends that women generally consume iodine from dairy products, bread, seafood, meat, and some 

iodized salt, but pregnant and lactating women may require additional supplements and vitamins.  

Recently, Blount et al. (2007) assessed perchlorate exposure in a representative sample of the U.S. 

population and compared the results with the NAS-recommended RfD (NAS 2005).  The study comprised 

2,820 participants of National Health and Nutrition Survey (NHANES) (2001–2002), 6 years and older.  

The investigators assessed perchlorate exposure based on urinary perchlorate, urinary creatinine 

concentration, and physiological parameters predictive of creatinine excretion rate.  By measuring 

perchlorate in urine, the investigators assessed combined exposure to perchlorate from all sources.  In 

adults, the estimated median dose of perchlorate was 0.066 µg/kg/day and the 95th percentile of the 

distribution of estimated daily dose was 0.234 µg/kg/day (CI, 0.202–0.268 µg/kg/day), both values lower 

than the MRL of 0.0007 mg/kg/day (0.7 µg/kg/day) that ATSDR adopted from the NAS.  Only 11 out of 

1,532 adults aged 20 years and older had estimated perchlorate exposure that exceeded the NAS-

recommended RfD.  Since the study included participants 6-year-old and older, the investigators did not 

have exposure information for infants.  In women of reproductive age, which Blount et al. (2007) 

suggested can be used as surrogate population for assessment of fetal exposure, the median estimated 

perchlorate dose was 0.057 µg/kg/day and the 95th percentile 0.214 µg/kg/day. For a subset of 

110 pregnant women, the estimated median perchlorate dose was 0.066 µg/kg/day.  The median dose of 
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0.066 µg/kg/day for adults estimated by Blount et al. (2007) is in the same range of the lower-bound 

range of average perchlorate food intakes for men and women over 20 years of age of 0.08– 

0.11 µg/kg/day recently estimated by the FDA in the Total Diet Study (Murray et al. 2008). 

The MRL has been reviewed by experts in the field of perchlorate toxicology in 2007 after publication of 

the NAS (2005) report and the publication of the results of the Centers for Disease Control and 

Prevention (CDC) National Health and Nutrition Examination Survey (NHANES) data (Blount et al. 

2007). The expert peer reviewers concluded that the MRL should still be based on the RfD as 

recommended by the NAS Panel Report (2005) given the research data available at the time of the 2007 

peer review. 
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3.1 INTRODUCTION 

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and 

other interested individuals and groups with an overall perspective on the toxicology of perchlorates.  It 

contains descriptions and evaluations of toxicological studies and epidemiological investigations and 

provides conclusions, where possible, on the relevance of toxicity and toxicokinetic data to public health. 

A glossary and list of acronyms, abbreviations, and symbols can be found at the end of this profile. 

The perchlorate anion forms salts with a wide variety of cations.  There are five perchlorate salts that are 

manufactured in substantial amounts:  magnesium, potassium, ammonium, sodium, and lithium 

perchlorate (see Section 4.1).  The potassium, sodium, and ammonium salts are the ones most commonly 

encountered in the toxicology literature.  Therefore, data on potassium, sodium, ammonium, and other 

perchlorate salts were considered pertinent to the assessment of the perchlorate anion. Perchloric acid 

was not included because it is a strong acid and its toxicity is dominated by the irritating effects of the 

hydrogen cation.  In the absence of water, the five commercial perchlorates listed above will exist as a 

solid. In water, perchlorate salts (perchlorates) will rapidly dissolve and completely dissociate into the 

perchlorate anion, also referred to as perchlorate, and the corresponding metal cation.  Potassium, 

ammonium, and sodium cations are ubiquitous in the environment and are considered spectator ions.  

Therefore, the species of concern in this document is the perchlorate anion. 

3.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE  

To help public health professionals and others address the needs of persons potentially exposed to 

perchlorate, the information in this section is organized first by route of exposure (inhalation, oral, and 

dermal) and then by health effect (death, systemic, immunological, neurological, reproductive, 

developmental, genotoxic, and carcinogenic effects).  These data are discussed in terms of three exposure 

periods: acute (14 days or less), intermediate (15–364 days), and chronic (365 days or more). 

Levels of significant exposure for each route and duration are presented in tables and illustrated in 

figures. The points in the figures showing no-observed-adverse-effect levels (NOAELs) or lowest-

observed-adverse-effect levels (LOAELs) reflect the actual doses (levels of exposure) used in the studies. 

LOAELs have been classified into "less serious" or "serious" effects.  "Serious" effects are those that 
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evoke failure in a biological system and can lead to morbidity or mortality (e.g., acute respiratory distress 

or death). "Less serious" effects are those that are not expected to cause significant dysfunction or death, 

or those whose significance to the organism is not entirely clear.  ATSDR acknowledges that a 

considerable amount of judgment may be required in establishing whether an end point should be 

classified as a NOAEL, "less serious" LOAEL, or "serious" LOAEL, and that in some cases, there will be 

insufficient data to decide whether the effect is indicative of significant dysfunction.  However, the 

Agency has established guidelines and policies that are used to classify these end points.  ATSDR 

believes that there is sufficient merit in this approach to warrant an attempt at distinguishing between 

"less serious" and "serious" effects.  The distinction between "less serious" effects and "serious" effects is 

considered to be important because it helps the users of the profiles to identify levels of exposure at which 

major health effects start to appear.  LOAELs or NOAELs should also help in determining whether or not 

the effects vary with dose and/or duration, and place into perspective the possible significance of these 

effects to human health. 

The significance of the exposure levels shown in the Levels of Significant Exposure (LSE) tables and 

figures may differ depending on the user's perspective.  Public health officials and others concerned with 

appropriate actions to take at hazardous waste sites may want information on levels of exposure 

associated with more subtle effects in humans or animals (LOAELs) or exposure levels below which no 

adverse effects (NOAELs) have been observed.  Estimates of levels posing minimal risk to humans 

(Minimal Risk Levels or MRLs) may be of interest to health professionals and citizens alike. 

A User's Guide has been provided at the end of this profile (see Appendix B).  This guide should aid in 

the interpretation of the tables and figures for Levels of Significant Exposure and the MRLs. 

3.2.1 Inhalation Exposure 
3.2.1.1 Death 

No studies were located regarding lethality in humans or animals after inhalation exposure to perchlorate. 

3.2.1.2 Systemic Effects  

No studies were located regarding respiratory, cardiovascular, gastrointestinal, musculoskeletal, dermal, 

or ocular effects in humans or animals after inhalation exposure to perchlorate. 



29 PERCHLORATES 

3. HEALTH EFFECTS 

The highest NOAEL values for systemic effects from the two occupational studies available are recorded 

in Table 3-1 and plotted in Figure 3-1. 

Hematological Effects. No hematological effects were found in ammonium perchlorate workers 

(22–31 high-dose and 18–27 low-dose versus 72–150 controls) exposed for 1–27 years (mean=8.3 years) 

to average perchlorate concentrations of up to 0.63 mg/m3 (Gibbs et al. 1998).  The researchers estimated 

an average cumulative lifetime perchlorate absorbed dose of 38 mg/kg in the high-dose workers in this 

study, which corresponds to a daily dose of 0.01 mg/kg/day based on the approximate average exposure 

duration of 9 years for high-dose workers.  Oral exposure due to deposition in the mouth and throat was 

also likely to have occurred.  The accuracy of dose estimates from this study is questionable; however, 

because the researchers estimated the fraction absorbed using a study on an unrelated chemical and did 

not consider the size of the inhaled ammonium particles in their calculations.  Particle size (mean and 

distribution) is an important determinant of inhaled dose for particulates (EPA 1994).  A similar study of 

37 ammonium perchlorate workers also found no evidence of hematological effects among the workers 

(Lamm et al. 1999).  The workers were assigned to one of three categories of presumptive exposure based 

on visible dust generated.  The average airborne exposure for the high-exposure group was 8.6 mg/day 

(respirable fraction; particle size 0.1–10 μm) or 59.4 mg/day (total particulate perchlorate).  Dividing by 

the default inhalation volume of 10 m3/day results in a respirable concentration of 0.86 mg/m3. The 

absorbed oral dose per shift was calculated using urinary perchlorate measurements and the assumption 

that the absorbed dose that is excreted is 95%.  In the low-, medium-, and high-exposure categories, the 

absorbed doses were estimated to be 4, 11, and 34 mg perchlorate/day, respectively.  Assuming a body 

weight of 70 kg, the 34 mg/kg oral dose corresponds to about 0.5 mg perchlorate/kg/day. Measures of 

cumulative exposure were not considered in this study.  It should be noted that workers exposed to 

perchlorate have an unusual work schedule consisting of three 12-hour day shifts followed by 3 days 

unexposed. 

No studies were located regarding hematological effects in animals after inhalation exposure to 

perchlorate. 

Hepatic Effects. No effects on serum enzymes indicative of liver toxicity were found in the 

ammonium perchlorate workers studied by Gibbs et al. (1998) or among those studied by Lamm et al. 

(1999) (see Hematological Effects above for further details on these studies).  No further relevant 

information was located. 



126

0.63

0.63

0.63

0.63

211

0.86

0.86

0.86

0.86

Table 3-1 Levels of Significant Exposure to Perchlorates - Inhalation 

Exposure/ LOAEL 
Duration/ 

Key to
a 

Species Frequency NOAEL Less Serious Serious Reference 
Figure (Strain) (Route) 

System (mg/m³) (mg/m³) (mg/m³) Chemical Form Comments 

CHRONIC EXPOSURE 
Systemic 
1 Human 1-27 yr 

Hemato 0.63 Gibbs et al. 1998
(avg=8.3 yr) 

(occup) NH4ClO4 

Hepatic 0.63


Renal 0.63


Endocr 0.63


2 Human	 40% over 5 yr 
Hemato 0.86 Lamm et al. 1999 

(occup) 
NH4ClO4 

Hepatic 0.86 

Renal 0.86 

Endocr 0.86 

a The number corresponds to entries in Figure 3-1. 

avg = average; Endocr = endocrine; Hemato = hematological; LOAEL = lowest-observed-adverse-effect level; NOAEL = no-observed-adverse-effect level; occup = occupational; yr = 
year(s) 
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32 PERCHLORATES 

3. HEALTH EFFECTS 

No studies were located regarding hepatic effects in animals after inhalation exposure to perchlorate. 

Renal Effects. No effects on serum enzymes indicative of kidney toxicity or in serum creatinine and 

blood urea nitrogen (BUN) were found in the ammonium perchlorate workers evaluated by Gibbs et al. 

(1998) or Lamm et al. (1999) (see Hematological Effects above for further details on these studies). 

No studies were located regarding renal effects in animals after inhalation exposure to perchlorate. 

Endocrine Effects. No significant effects on serum levels of TSH, total serum thyroxine (TT4), T3, 

or free thyroxine index (FTI) were found among the ammonium perchlorate workers studied by Gibbs et 

al. (1998).  The mean airborne concentration of perchlorate to which the workers were exposed ranged 

from 0.02 to 0.63 mg/m3. The researchers estimated that exposure to airborne perchlorate provided an 

average cumulative lifetime absorbed dose of up to 0.01 mg perchlorate/kg/day for high-exposure 

workers. Comparison of pre- and post-shift serum thyroid hormone measurements for individual workers 

failed to find any evidence of a transient effect associated with daily exposure.  In the occupational-

exposure study conducted by Lamm et al. (1999), there were also no significant alterations in serum TSH, 

T3, T4, FTI, thyroid hormone binding ratio, or thyroid peroxidase antibody concentrations among the 

workers. In this study, it was estimated that the high-exposure workers, who were exposed to an average 

of 0.86 mg of respirable airborne perchlorate particles/m3, absorbed doses of approximately 0.5 mg 

perchlorate/kg/day (see above under Hematological Effects for further details on these studies).  A study 

conducted in the same manufacturing facility studied by Lamm et al. (1999) found that intermittent, high 

exposure to perchlorate for many years did not induce goiter or any evidence of hypothyroidism among 

the workers as judged by no significant alterations in serum TSH or thyroglobulin even though iodine 

uptakes were decreased during the work shift (Braverman et al. 2005).  The median estimated absorbed 

dose was 0.167 mg/kg/day, equivalent to drinking approximately 2 L of water containing 5 mg 

perchlorate/L. It should be mentioned that perchlorate workers are exposed during an unusual schedule of 

three 12-hour shifts followed by 3 days without exposure (long-time, intermittent exposure).  Given the 

relatively short elimination half-life of chlorine in workers of approximately 8 hours (Lamm et al. 1999), 

perchlorate would not be expected to accumulate to levels that would cause thyroid problems.  

No studies were located regarding endocrine effects in animals after inhalation exposure to perchlorate. 



33 PERCHLORATES 

3. HEALTH EFFECTS 

No studies were located regarding the following effects in humans or animals after inhalation exposure to 

perchlorate: 

3.2.1.3 Immunological and Lymphoreticular Effects  
3.2.1.4 Neurological Effects 
3.2.1.5 Reproductive Effects  
3.2.1.6 Developmental Effects 
3.2.1.7 Cancer 

3.2.2 Oral Exposure  

NOAEL and LOAEL values in Table 3-2 and Figure 3-2 represent amounts of the perchlorate anion, not 

of the perchlorate salt. 

3.2.2.1 Death 

Several cases of human deaths were reported among hyperthyroid patients treated with potassium 

perchlorate (Barzilai and Sheinfeld 1966; Fawcett and Clarke 1961; Gjemdal 1963; Hobson 1961; 

Johnson and Moore 1961; Krevans et al. 1962).  Deaths were due to aplastic anemia or severe 

agranulocytosis and were considered to be causally related to potassium perchlorate.  The lethal doses in 

these patients were in the low-to-moderate range of doses employed in thyrotoxicosis therapy:  600– 

1,000 mg potassium perchlorate/day, or roughly 5–12 mg perchlorate/kg/day.  The patients had received 

treatment for anywhere between 2 and 8 months.  All of the deaths were females (Graves’ disease, the 

most common cause of hyperthyroidism, is far more common in women than in men) and their ages 

ranged from 24 to 82 years. 

Gauss (1972) reported an LD50 dietary concentration of 3.55% (approximately 3,621 mg 

perchlorate/kg/day) for potassium perchlorate in mice exposed for up to 30 days. The first deaths 

occurred within 4 days of the start of treatment.  The LD50 value for mice is recorded in Table 3-2 and 

plotted in Figure 3-2.   

3.2.2.2 Systemic Effects  

The highest NOAEL values and all LOAEL values from each reliable study for systemic effects in each 

species and duration category are recorded in Table 3-2 and plotted in Figure 3-2. 
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3621

227

0.5

0.5

0.5

0.007

0.1

213

0.14

0.14

0.14

0.14

214

0.04

Table 3-2 Levels of Significant Exposure to Perchlorates - Oral 

Exposure/ 
Duration/ 

Key to
a 

Species Frequency 
Figure (Strain) (Route) 

ACUTE EXPOSURE 
Death 
1 Mouse 6 d 

(NMRI) ad lib 

(F) 

Systemic 
2 Human 14 d 

(W) 

3 Human 14 d 

(W) 

4 Human 14 d 

(W) 

System 

Hemato 

Hepatic


Renal


Endocr


Hemato


Hepatic


Renal


Endocr


Endocr


LOAEL 

NOAEL Less Serious Serious Reference 

(mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments 

3621 F (LD50)	 Gauss 1972 

KClO4 

0.5	 Greer et al. 2002


KClO4


0.5 

0.5 

b

 c 

0.007	 0.1 (42% inhibition of

radioiodine uptake by the

thyroid)


0.14	 Lawrence et al. 2000


KClO4


0.14 

0.14 

0.14 

0.04	 Lawrence et al. 2001


KClO4
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226
0.1

39.9

39.9

9

1.4

7.2

Table 3-2 Levels of Significant Exposure to Perchlorates - Oral	 (continued) 

a 
Key to Species 
Figure (Strain) 

5 Rat 

(Sprague-
Dawley) 

6 Rat 

(Sprague-
Dawley) 

Exposure/ LOAEL 
Duration/ 

Frequency NOAEL Less Serious	 Serious Reference 
(Route) 

System (mg/kg/day) (mg/kg/day)	 (mg/kg/day) Chemical Form Comments 

14 d 
ad lib Endocr 0.1	 (increased serum TSH in Caldwell et al. 1995


females, decreased T4 in NH4ClO4
(W)	 males and females, and

decrease T3 in females)


Bd Wt 39.9 

Other 39.9 

4 d 
ad lib Endocr 1.4 M 7.2 M (approximately 20% Mannisto et al. 1979


decrease in T3 and 37% KClO4
(W)	 decrease inT4) 
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200

8.5

8.5

8.5

8.5

8.5

8.5

8.5

0.009

8.5

8.5

8.5

8.5

229
0.09

224

0.05

0.2

Table 3-2 Levels of Significant Exposure to Perchlorates - Oral	 (continued) 

Exposure/ LOAEL

Duration/


a Frequency Reference
Key to Species (Route) 
NOAEL Less Serious Serious 

Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments 

7	 Rat 14 d 
ad lib Resp 8.5 Siglin et al. 2000


(Sprague-

Dawley) (W) NH4ClO4


Cardio 8.5


Gastro 8.5


Hemato 8.5


Musc/skel 8.5


Hepatic 8.5


Renal 8.5


Endocr 0.009 M (approximately 20%

decreased serum T3 in 
males) 

Dermal 8.5


Ocular 8.5


Bd Wt 8.5


Other 8.5


8	 Rat 14 d 
Endocr 0.09 M (increased TSH and Yu et al. 2002 

(Sprague- ad lib 
decreased serum T3) NH4ClO4Dawley) (W) 

9	 Mouse 14 d 
Endocr 0.05 F 0.2 F (significant decrease in BRT 2000 

(B6C3F1) ad lib 
serum T4 levels; NH4ClO4(W)	 non-significant increase

in TSH)
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218

25.5

25.5

25.5

2.6

25.5

25.5

222
0.05

219

25.5

202

8.5

21

532

Table 3-2 Levels of Significant Exposure to Perchlorates - Oral	 (continued) 

Exposure/ LOAEL

Duration/


Key to
a	

Species Frequency NOAEL Less Serious Serious Reference 
Figure (Strain) (Route) 

System (mg/kg/day) (mg/kg/day)	 (mg/kg/day) Chemical Form Comments 

10	 Mouse 14 d 

(B6C3F1) ad lib Hemato 25.5 F	 DOD 1999 

(W)	 NH4ClO4 

Hepatic 25.5 F 

Renal 25.5 F 

Endocr 2.6 F	 (15% decrease serum

T4)


Bd Wt 25.5 F 

Other 25.5 F 

Immuno/ Lymphoret 
Mouse 14 d11 
(B6C3F1) ad lib 0.05 F	 (increased response to BRT 2000 

sensitizer NH4ClO4(W)	 2,4-dinitrochlorobenzene) 

12	 Mouse 14 d 
25.5 F DOD 1999 

(B6C3F1) ad lib 

(W)	 NH4ClO4 

Neurological 
13	 Rat 14 d 

8.5 Siglin et al. 2000
(Sprague- ad lib 

NH4ClO4Dawley) (W) 

Reproductive 
14	 Rat Gd 2-8 

532 F Brown-Grant 1966
ad lib(Wistar) 
(W)	 KClO4 
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1752

203

8.5

124
9

314

0.04

34

64

64

64

Table 3-2 Levels of Significant Exposure to Perchlorates - Oral	 (continued) 

Exposure/ LOAEL 
Duration/ 

Key to
a 

Species Frequency NOAEL Less Serious Serious Reference 
Figure (Strain) (Route) 

System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments 

15	 Rat Gd 1-13 

(Wistar) ad lib 1752 F 

(W) 

16	 Rat 14 d 

(Sprague- ad lib 8.5 

Dawley) (W) 

INTERMEDIATE EXPOSURE 
Systemic 
17 Human 4 wk 

Endocr 9 M (decreased thyroid I and
(IN) serum TSH) 

18	 Human 6 mo 
1 x/d Endocr 0.04 

(C) 

19	 Rat 19 wk 

(Wistar) ad lib	 Hepatic 64 M 

(F) 

Endocr 64 M (thyroid weight doubled; 
24% decrease in serum 
T4; 100% increase in 
TSH) 

Bd Wt 64 M 

Brown-Grant and Sherwood 
1971 

KClO4 

Siglin et al. 2000 

NH4ClO4 

Brabant et al. 1992 

KClO4 

Braverman et al. 2006	 The NOAEL is for 
thyroid function.

KClO4 

Hiasa et al. 1987 

KClO4 
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2327

2327

2327

2327

15
175

175

175

307
359

Table 3-2 Levels of Significant Exposure to Perchlorates - Oral	 (continued) 

a 
Key to Species 
Figure (Strain) 

20	 Rat 

(Wistar) 

21	 Rat 

(Wistar) 

22	 Rat 

(Wistar) 

Exposure/ 
Duration/ 

Frequency 
(Route) 

6 wk 
ad lib 

(W) 

25 d 
ad lib 

(W) 

45 d 
1 x/d 

(G) 

LOAEL 

NOAEL Less Serious	 Serious Reference 

System (mg/kg/day) (mg/kg/day)	 (mg/kg/day) Chemical Form Comments 

Cardio 2327 M (decreased heart weight)	 MacDermott 1992 

KClO4 

Musc/skel 2327 M (decreased membrane 
potential and intracellular 
K+ activity) 

Endocr 2327 M (thyroid weight more than 
doubled; 71% decrease 
in serum T4) 

Bd Wt 2327 M (27% reduced weight at 6 
weeks) 

Endocr 175 M (thyroid weight tripled; Ortiz-Caro et al. 1983 
undetectable levels of T3 KClO4 
and T4 in serum; 50% 
increase in TSH) 

Bd Wt 175 M (40% reduction in weight 
gain) 

Metab 175 M (decreased alpha-GPD 
activity) 

Metab 359	 (decreased glucose and Sangan and Motlag 1986 
increased urea in serum: KClO4 
increased activity of 
aldolase, LDH, arginase; 
decreased G-6-Pase) 
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8.5

8.5

8.5

8.5

8.5

8.5

8.5

0.009

8.5

8.5

8.5

8.5

Table 3-2 Levels of Significant Exposure to Perchlorates - Oral (continued) 

Exposure/ LOAEL 
Duration/ 

Key to
a 

Species Frequency NOAEL Less Serious Serious Reference 
Figure (Strain) (Route) 

System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments 

23 Rat 3 mo Shevtsova et al. 1994
ad lib Hemato 1059 M (decreased


(Wistar) 
(W) 

hematopoeisis) KClO4


24 Rat 90 d 
ad lib Resp 8.5 Siglin et al. 2000


(Sprague-

Dawley) (W) NH4ClO4


Cardio 8.5


Gastro 8.5


Hemato 8.5


Musc/skel 8.5


Hepatic 8.5


Renal 8.5


Endocr 0.009 (significant decreases in

T4 and T3 in both males 
and females) 

Dermal 8.5


Ocular 8.5


Bd Wt 8.5


Other 8.5
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45
406

228

0.26

2.6

25.5

25.5

238

0.26

2.6

25.5

0.26

Table 3-2 Levels of Significant Exposure to Perchlorates - Oral	 (continued) 

a 
Key to Species 
Figure (Strain) 

25	 Rat 

(Wistar) 

26	 Rat 

(Sprague-
Dawley) 

27	 Rat 

(Sprague-
Dawley) 

Exposure/ LOAEL 
Duration/ 

Frequency NOAEL Less Serious	 Serious Reference 
(Route) 

System (mg/kg/day) (mg/kg/day)	 (mg/kg/day) Chemical Form Comments 

45 d 
1 x/d Metab 406 M (decreased activity of Vijayalakshmi and Motlag


lipase, phospholipase A; 1989a

(G)	 decreased free fatty NaClO4


acids; increased

cholesterol, triglycerides,

phospholipids)


>19 wk 
ad lib Endocr 0.26 2.6	 (increased absolute and York et al. 2001a


relative thyroid weight in NH4ClO4
(W)	 both sexes; hypertrophy

and hyperplasia in males;

increased TSH)


Bd Wt 25.5 

Other 25.5 

16 wk 
ad lib Endocr 0.26 2.6	 (hypertrophy/hyperplasia York et al. 2001a


of the thyroid) NH4ClO4
(W) 

Bd Wt 25.5 

Other 0.26 M (decreased water

consumption)
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320

0.009

0.09

25.5

25.5

311
0.009

25.5

225

0.02

0.05

220

25.5

25.5

25.5

0.09

0.85

25.5

25.5

25.5

Table 3-2 Levels of Significant Exposure to Perchlorates - Oral	 (continued) 

a 
Key to Species 
Figure (Strain) 

28	 Rat 

(Sprague-
Dawley) 

29	 Rat 

(Sprague-
Dawley) 

30	 Mouse 

(B6C3F1) 

31	 Mouse 

(B6C3F1) 

Exposure/ 
Duration/ 

Frequency 
(Route) 

14 pmd 
Gd 1-21 
pnd 1-10 
pnd 1-22 
ad lib 

(W) 

45 d 

(W) 

90 d 
ad lib 

(W) 

90 d 
ad lib 

(W) 

System 

Endocr 

Bd Wt


Other


Endocr 

Bd Wt 

Endocr 

Hemato 

Hepatic 

Renal 

Endocr 

Bd Wt 

Other 

LOAEL 

NOAEL Less Serious Serious Reference 

(mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments 

0.009	 0.09 (17% increase in serum York et al. 2003

TSH) NH4ClO4


25.5 

25.5 

0.009 F (increase serum TSH York et al. 2005a

and decrease T4) NH4ClO4


25.5 F 

0.02 F 0.05 F (17% increase in serum BRT 2000

TSH) NH4ClO4


25.5 F DOD 1999


NH4ClO4


25.5 F 

25.5 F 

0.09 F 0.85 F (significant decrease in 25.5 F (colloid depletion; 
serum T4 levels)	 intrafollicular capillary


congestion)


25.5 F 

25.5 F 
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1750

23
531

19

3811

3811

3811

205

8.5

223

0.02

0.05

Table 3-2 Levels of Significant Exposure to Perchlorates - Oral	 (continued) 

Exposure/ LOAEL

Duration/


Key to
a	

Species Frequency NOAEL Less Serious Serious Reference 
Figure (Strain) (Route) 

System (mg/kg/day)	 (mg/kg/day) (mg/kg/day) Chemical Form Comments 

32	 Mouse 3 mo Shevtsova et al. 1994 
(BALB/c) ad lib Hemato 1750 M (decreased


hematopoiesis) KClO4
(W) 

33	 Gn Pig 30, 60, or 90 d 
Endocr 531 F (thyroid weight almost Postel 1957 

(NS) ad lib 
tripled; thyroid

(W)	 hyperplasia and colloid 
KClO4 

depletion) 

34	 Dog 3 wk 
Gastro 3811 (mucosal irritation) Selivanova and Vorobieva 

(NS) 1 x/d	 1969 
(G) 

NH4ClO4 

Hemato 3811	 (inhibition of 
hematopoeisis in bone 
marrrow) 

Endocr 3811	 (inhibited thyroid 
function) 

Immuno/ Lymphoret 
35	 Rat 90 d Siglin et al. 2000

(Sprague- ad lib 8.5 

Dawley) (W) NH4ClO4 

Mouse 90 d36 
(B6C3F1) ad lib 0.02 F 0.05 F	 (increased sensitization BRT 2000 

response to NH4ClO4(W)	 2,4-dinitrochlorobenzene) 
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221

25.5

206

8.5

207

8.5

209

25.5

310

25.5

215

8.5

Table 3-2 Levels of Significant Exposure to Perchlorates - Oral	 (continued) 

a 
Key to Species 
Figure (Strain) 

37	 Mouse 

(B6C3F1) 

Neurological 
38 Rat 

(Sprague-
Dawley) 

Reproductive 
39 Rat 

(Sprague-
Dawley) 

40	 Rat 

(Sprague-
Dawley) 

41	 Rat 

(Sprague-
Dawley) 

Developmental 
42 Rat 

(Sprague-
Dawley) 

Exposure/ LOAEL 
Duration/ 

Frequency NOAEL Less Serious	 Serious Reference 
(Route) 

System (mg/kg/day) (mg/kg/day)	 (mg/kg/day) Chemical Form Comments 

90 d	 DOD 1999
ad lib	 25.5 F 

(W)	 NH4ClO4 

90 d 
8.5	 Siglin et al. 2000

ad lib 

(W)	 NH4ClO4 

90 d 
8.5	 Siglin et al. 2000

ad lib 

(W)	 NH4ClO4 

16 wk	
25.5 York et al. 2001a

ad lib 

(W)	 NH4ClO4 

45 d	
25.5 F York et al. 2005a The NOAEL is for 

(W)	 standard reproductive
NH4ClO4	 end points assessed at 

parturition. 

2 wk pmd	 Bekkedal et al. 2000
Gd 1-21 8.5


pnd 1-10 NH4ClO4

ad lib


(W) 
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241
1

210

0.26

2.6

216

0.85

25.5

319
0.009

Table 3-2 Levels of Significant Exposure to Perchlorates - Oral	 (continued) 

a 
Key to Species 
Figure (Strain) 

43 Rat 

(Sprague-
Dawley) 

44 Rat 

(Sprague-
Dawley) 

45 Rat 

(Sprague-
Dawley) 

46 Rat 

(Sprague-
Dawley) 

Exposure/ LOAEL 
Duration/ 

Frequency NOAEL Less Serious	 Serious Reference 
(Route) 

System (mg/kg/day) (mg/kg/day)	 (mg/kg/day) Chemical Form Comments 

31 d 
Gd 2-21 1 (increased TSH and Mahle et al. 2003


pnd 1-10 decreased T4 in pups NH4ClO4

ad lib exposed via maternal


milk)
(W) 

16 wk	 York et al. 2001a
ad lib 0.26 2.6	 (thyroid hypertrophy and


hyperplasia in F1 NH4ClO4
(W)	 females and in F2 males

and females)


15 pmd 
0.85 25.5	 (delayed sternal and York et al. 2003

Gd 1-21 
ad lib	 phalanges ossification) NH4ClO4 

(W) 

14 pmd 
0.009	 (decreased T3 in fetuses; York et al. 2003

Gd 1-21 
pnd 1-10 increased absolute NH4ClO4

pnd 1-22 thyroid weight in


ad lib 10-day-old pups;

increased TSH and

(W)	 decreased T4 in

22-day-old pups;

increased cerebellum

thickness in 22-day-old

pups)
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212

2.6

8.5

312
0.009

313

25.5

22
531

54
72

Table 3-2 Levels of Significant Exposure to Perchlorates - Oral	 (continued) 

Exposure/ LOAEL

Duration/


Key to
a	

Species Frequency NOAEL Less Serious Serious Reference 
Figure (Strain) (Route) 

System (mg/kg/day) (mg/kg/day)	 (mg/kg/day) Chemical Form Comments 

47	 Rat 31 d 
2.6 8.5 (hypertrophy/hyperplasia York et al. 2004 

Dawley) Ld 1-10 NH4ClO4
(Sprague- Gd 1-21 

of follicular epithelium


ad lib and decrease in follicle

size in pups on pnd 5)


(W) 

48	 Rat 45 d 
0.009 (increased TSH and York et al. 2005a 

(Sprague- (W) decreased T4 in pups; NH4ClO4Dawley) decreased T3 in fetuses) 

49 Rat 31-45 d 
25.5 York et al. 2005b NOAEL is for brain 

(Sprague- (W) morphometry. A 
Dawley) NH4ClO4 NOAEL of 8.5 

mg/kg/day was defined 
for motor activity (25.5 
mg/kg/day not tested). 

50	 Gn Pig Gd 21-48 Postel 1957
ad lib 531 (increased weight of fetal


(NS) thyroid and hyperplasia KClO4
(W)	 in fetal thyroid) 

51	 Rabbit Gd 1-28 
ad lib	 72 (significantly enlarged Lampe et al. 1967

(NS) 
(F)	

fetal thyroid and KClO4

histological changes in

fetal thyroid )
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208

85

31
928

64

1020

25
2573

315

0.0014

24

956

956

Table 3-2 Levels of Significant Exposure to Perchlorates - Oral	 (continued) 

Exposure/ LOAEL

Duration/


a Frequency
Key to Species (Route)	
NOAEL Less Serious Serious Reference 

Figure (Strain)	 System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments 

52 Rabbit 22 d 
85	 York et al. 2001b 

(New Gd 6-28


Zealand)� ad lib NH4ClO4


(W) 

Cancer 
53 Rat 12 mo 

ad lib 928 (CEL: thyroid follicular Florencio Vicente 1990

(Wistar) 

(W) 
adenoma) KClO4


54 Mouse 160 d	 Gauss 1972 
(NMRI) ad lib	 1020 F (CEL: thyroid adenoma) 

(F)	 KClO4 

Mouse 46 wk55 
(BALB/c) ad lib 2573 F	 (CEL: thyroid follicular Pajer and Kalisnik 1991 

cell carcinoma in 5/6) NaClO4(W) 

CHRONIC EXPOSURE 
Systemic 
56 Human lifetime 

Endocr 0.0014 F	 Tellez et al. 2005 The women's iodide 
(W)	 uptake was higher than

NH4ClO4 common in the U.S. 

57 Rat 24 mo 
ad lib Endocr	 956 M (thyroid fibrosis) Kessler and Kruskemper 1966

(Wistar) 
(W)	 KClO4 

Bd Wt 956 M 
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28
928

928

316

0.0014

63
956

928

Table 3-2 Levels of Significant Exposure to Perchlorates - Oral	 (continued) 

Exposure/ LOAEL

Duration/


a Frequency Reference
Key to Species (Route)	
NOAEL Less Serious Serious 

Figure (Strain)	 System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments 

58 Rat 15 mo	 Toro Guillen 1991
ad lib Endocr 928 (thyroid hypertrophy and


(Wistar) 
(W) 

hyperplasia) KClO4


Bd Wt 928	 (unspecified decreased

weight gain)


Developmental 
59 Human gestational 

0.0014	 Tellez et al. 2005 
(W) 

NH4ClO4 

Cancer 
60 Rat 24 mo	 Kessler and Kruskemper 1966

(Wistar) ad lib 956 M (CEL: increased papillary

and/or follicular KClO4
(W)	 adenomas in thyroid) 

61 

Rat 15 mo 

(Wistar) ad lib	 928 (CEL: follicular and Toro Guillen 1991 
papillary carcinoma of KClO4(W)	 thyroid) 

29 

a The number corresponds to entries in Figure 3-2. 

b ATSDR has adopted the NAS chronic RfD of 0.0007 mg/kg/day for the chronic oral MRL. The RfD was calculated by dividing the NOEL of 0.007 mg/kg/day by an uncertainty factor 
of 10 (for the protection of sensitive populations). 

c Although inhibition of iodide uptake is not considered adverse, this dose is shown to illustrate the dose at which the effect became statistically significant. 

ad lib = ad libitum; Bd Wt = body weight; (C) = capsule; Cardio = cardiovascular; CEL = cancer effect level; d = day(s); Endocr = endocrine; (F) = food; F = female; (G) = gavage; 
Gastro = gastrointestinal; Gd = gestation day; GPD = glycerophosphate dehydrogenase; (GW) = gavage in water; (IN) = ingestion; Hemato = hematological; Ld = lactation day; LD50 
= lethal dose, 50% kill; LDH = lactate dehydrogenase; LOAEL = lowest-observable-adverse-effect level; M = male; Metab = metabolic; mo = month; Musc/skel = musculoskeletal; 
NOAEL = no-observed-adverse-effect level; pmd = pre-mating day; pnd = post-natal day; Resp = respiratory; TSH = thyroid-stimulating hormone; (W) = drinking water; wk = week(s); 
x = times; yr = year(s) 

P
E

R
C

H
L
O

R
A

T
E

S

3
.  H

E
A

L
T

H
 E

F
F

E
C

T
S

4
8



Death 
Respiratory 

Cardiovascu
lar 

Gastro
intestin

al 

Hematologica
l 

Muscu
loske

letal 

Hepatic 

Renal 
Endocrin

e 

Derm
al 

Ocular 

Body W
eight 

Other 
Immuno/Lym

phor 

Neurologica
l 

Reproductiv
e 

Figure 3-2 Levels of Significant Exposure to Perchlorates - Oral
Acute (≤14 days) 

Systemic 

mg/kg/day

P
E

R
C

H
L
O

R
A

T
E

S

3
.  H

E
A

L
T

H
 E

F
F

E
C

T
S

4
9

10000 

1m 

1000

100 

10m 10m 10m


10
 7r 7r 7r 7r 7r 7r 7r 7r 6r

10m

6r 
1


2
 2 2

9m 
3 3 3 3

0.1 2 5r 8r 
9m 4 

0.01 7r 
2 

0.001 

15r

14r 

5r 5r
10m 10m 12m 

7r
 7r
 7r
 13r
 16r


11m 

c-Cat
d-Dog
r-Rat
p-Pig
q-Cow

 -Humans
k-Monkey
m-Mouse
h-Rabbit
a-Sheep 

f-Ferret
j-Pigeon
e-Gerbil
s-Hamster
g-Guinea Pig 

n-Mink
o-Other

 Cancer Effect Level-Animals
LOAEL, More Serious-Animals
LOAEL, Less Serious-Animals
NOAEL - Animals

 Cancer Effect Level-Humans
LOAEL, More Serious-Humans
LOAEL, Less Serious-Humans
NOAEL - Humans

 LD50/LC50
Minimal Risk Level
for effects
other than
Cancer 



Respiratory 

Cardiovascu
lar 

Gastro
intestin

al 

Hematologica
l 

Muscu
loske

letal 

Hepatic 

Renal 
Endocrin

e 

Derm
al 

Ocular 

Body W
eight 

Metabolic 

Figure 3-2 Levels of Significant Exposure to Perchlorates - Oral (Continued) 
Intermediate (15-364 days)

Systemic 

mg/kg/day

10000


34d
 34d
 34d

c-Cat
d-Dog
r-Rat
p-Pig

 -Humans
k-Monkey
m-Mouse
h-Rabbit

f-Ferret
j-Pigeon
e-Gerbil
s-Hamster

n-Mink
o-Other

 LOAEL, Less Serious-Animals
NOAEL - Animals

 LOAEL, Less Serious-Humans  for effects

 Cancer Effect Level-Animals
LOAEL, More Serious-Animals  LOAEL, More Serious-Humans  Minimal Risk Level

Cancer Effect Level-Humans

NOAEL - Humans

 LD50/LC50

other than
Cancer 

20r 20r 20r 20r
32m


1000
 23r


33g

25r22r 

21r 21r 21r

100


19r 19r 19r


31m
 31m 31m 31m 31m 26r 27r 28r 29r


10
 1724r
 24r
 24r
 24r
 24r 24r 24r 24r 24r 24r 

26r 27r


1
 31m

26r 27r 

0.1 31m 28r 
30m 18

30m 

0.01 24r 28r 29r 

0.001 

q-Cow a-Sheep g-Guinea Pig 

P
E

R
C

H
L
O

R
A

T
E

S

3
.  H

E
A

L
T

H
 E

F
F

E
C

T
S

5
0



Other 
Immuno/Lym

phor 

Neurologica
l 

Reproductiv
e 

Developmental 

Cancer * 

Figure 3-2 Levels of Significant Exposure to Perchlorates - Oral (Continued)

Intermediate (15-364 days)
 P

E
R

C
H

L
O

R
A

T
E

S

3
.  H

E
A

L
T

H
 E

F
F

E
C

T
S

5
1

Systemic 
mg/kg/day

10000 

55m


1000


c-Cat
d-Dog
r-Rat
p-Pig

 -Humans
k-Monkey
m-Mouse
h-Rabbit

f-Ferret
j-Pigeon
e-Gerbil
s-Hamster

n-Mink
o-Other

 LOAEL, Less Serious-Animals
NOAEL - Animals

 LOAEL, Less Serious-Humans  for effects

 Cancer Effect Level-Animals
LOAEL, More Serious-Animals  LOAEL, More Serious-Humans  Minimal Risk Level

Cancer Effect Level-Humans

NOAEL - Humans

 LD50/LC50

other than
Cancer 

54m 53r 
50g

100 52h 51h


31m
 26r 28r 37m 40r 41r 45r 49r


10
 24r 35r 38r 39r 42r 47r 

44r 47r


1
 43r 45r 

27r 44r 

0.1 

36m


36m


0.01 46r 48r

*Doses represent the lowest dose tested per study that produced a tumorigenic
response and do not imply the existence of a threshold for the cancer endpoint. 0.001 

q-Cow a-Sheep g-Guinea Pig 



Endocrin
e 

Body W
eight 

Developmental

Cancer * 

Figure 3-2 Levels of Significant Exposure to Perchlorates - Oral (Continued) 
Chronic (≥365 days)

Systemic 
mg/kg/day

1000 57r 58r 57r 60r58r 61r 

100

10

1

0.1

0.01 
2 

56 59 
0.001 

*Doses represent the lowest dose tested per study that produced a tumorigenic
response and do not imply the existence of a threshold for the cancer endpoint. 0.0001 

c-Cat
d-Dog
r-Rat
p-Pig
q-Cow

 -Humans
k-Monkey
m-Mouse
h-Rabbit
a-Sheep 

f-Ferret
j-Pigeon
e-Gerbil
s-Hamster
g-Guinea Pig 

n-Mink
o-Other

 Cancer Effect Level-Animals
LOAEL, More Serious-Animals
LOAEL, Less Serious-Animals
NOAEL - Animals

 Cancer Effect Level-Humans
LOAEL, More Serious-Humans
LOAEL, Less Serious-Humans
NOAEL - Humans

 LD50/LC50

for effects
other than
Cancer

Minimal Risk Level 

P
E

R
C

H
L
O

R
A

T
E

S

3
.  H

E
A

L
T

H
 E

F
F

E
C

T
S

5
2



53 PERCHLORATES 

3. HEALTH EFFECTS 

Respiratory Effects. No studies were located regarding respiratory effects in humans after oral 

exposure to perchlorate.  The only relevant information in animals is that from a study by Siglin et al. 

(2000) in which no significant effects on lung weight and no gross or microscopic alterations were found 

in the lungs from rats administered up to 8.5 mg perchlorate/kg/day (as ammonium perchlorate) in the 

drinking water for up to 90 days. 

Cardiovascular Effects. No studies were located regarding cardiovascular effects in humans after 

oral exposure to perchlorate. 

Absolute and relative heart weights were significantly decreased in rats treated with 2% potassium 

perchlorate (approximately 2,327 mg perchlorate/kg/day) in the drinking water for 6 weeks (MacDermott 

1992).  No gross or microscopical alterations were observed in the heart of rats administered ammonium 

perchlorate in the drinking water at doses of up to 8.5 mg perchlorate/kg/day for up to 90 days (Siglin et 

al. 2000); the weight of the heart was also not affected by exposure to perchlorate.  

Gastrointestinal Effects.    No information was located regarding gastrointestinal effects of 

perchlorate in healthy humans.  Symptoms of gastrointestinal distress, including nausea and vomiting, 

have been reported in a small percentage of cases of hyperthyroid patients treated with potassium 

perchlorate (Crooks and Wayne 1960; Godley and Stanbury 1954).  In a review of 250 cases, the 

incidence of nausea was 1.5% (3/200) among patients given 600 or 1,000 mg potassium perchlorate/day 

(approximately 6 or 10 mg perchlorate/kg/day) and 4% (2/50) among patients given 1,500 or 2,000 mg 

potassium perchlorate/day (approximately 15 or 20 mg perchlorate/kg/day) (Crooks and Wayne 1960).  

Although gastrointestinal distress was limited to nausea in most cases, there was one case of a 22-year-old 

anorectic female Graves’ disease patient who experienced burning epigastric discomfort and frequent 

vomiting within days of starting perchlorate treatment (600 mg potassium perchlorate/day or 6 mg 

perchlorate/kg/day), and developed a ruptured duodenal ulcer a week later (Godley and Stanbury 1954). 

Irritation of the gastric mucosa was reported in dogs given 3,811 mg perchlorate/kg/day as ammonium 

perchlorate by gavage for 3 weeks (Selivanova and Vorobieva 1969).  In rats administered up to 8.5 mg 

perchlorate/kg/day as ammonium perchlorate in the drinking water for up to 90 days, there was no 

evidence of gross or histological alterations of any section of the gastrointestinal tract (Siglin et al. 2000). 

Hematological Effects. Two recent controlled acute exposure studies in euthyroid volunteers 

provide information of hematological effects of perchlorate in humans.  No alterations in hematological 
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parameters (complete blood count and routine chemistries) were observed in a group of nine male 

subjects who consumed once a day for 14 consecutive days a solution of potassium perchlorate that 

provided 10 mg of perchlorate/day (Lawrence et al. 2000).  Blood tests were repeated on days 7 and 14 of 

dosing and 14 days after perchlorate was discontinued.  Assuming a body weight of 70 kg, the perchlorate 

intake was approximately 0.14 mg/kg/day.  Similar lack of hematological alterations was reported among 

a group of 37 volunteers who ingested up to 0.5 mg of perchlorate/kg/day for 14 days (Greer et al. 2002). 

Hematological parameters were evaluated in an epidemiological study of school-age children from three 

cities with different concentrations of perchlorate in drinking water in northern Chile (Crump et al. 2000).  

The city with the highest perchlorate concentration was Taltal, 100–120 μg perchlorate/L (ppb); water 

from the city of Chañaral had 5–7 μg/L.  Perchlorate was not detected in water from the city of 

Antofagasta. Assuming a default consumption of 1–2 L of water/day and a measured body weight of 

approximately 25 kg, the children in Taltal may have consumed up to 0.004–0.008 mg perchlorate/kg/day 

via the drinking water only, but the Chilean population also has large dietary sources of perchlorate.  The 

study comprised 162 children 6–8 years of age of which 127 had resided continuously in their respective 

city since conception.  There was nearly an equal number of boys and girls.  Analysis of complete blood 

counts showed no significant differences between the three groups of children whether the analysis 

included all of the children or only the lifelong residents. 

Severe hematological effects were found in several cases of hyperthyroid patients treated with potassium 

perchlorate. Some patients developed aplastic anemia, characterized by drastic reductions in circulating 

granulocytes, erythrocytes, and thrombocytes, and a lack of erythropoietic and granulopoietic cells in the 

bone marrow (Barzilai and Sheinfeld 1966; Fawcett and Clarke 1961; Gjemdal 1963; Hobson 1961; 

Johnson and Moore 1961; Krevans et al. 1962).  Aplastic anemia was the cause of death in most of the 

documented fatalities associated with potassium perchlorate treatment of thyrotoxicosis.  In other patients, 

the decrease in formed blood elements was limited to the granulocytes (agranulocytosis) and/or 

thrombocytes (thrombocytopenia).  Agranulocytosis was fatal in at least one case (Barzilai and Sheinfeld 

1966), although other patients survived this condition (Barzilai and Sheinfeld 1966; Crooks and Wayne 

1960; Southwell and Randall 1960; Sunar 1963).  The doses in patients who developed agranulocytosis 

and aplastic anemia were mostly in the low-to-moderate range of doses employed in thyrotoxicosis 

therapy:  600–1,000 mg potassium perchlorate/day, or roughly 5–12 mg perchlorate/kg/day.  Cases of 

agranulocytosis were found within 14 days to 3 months of the start of potassium perchlorate treatment.  

Although aplastic anemia was found after 2 months of treatment in one case, in most cases, it was only 

found after 4–8 months.  All of the documented cases of aplastic anemia and agranulocytosis were 



55 PERCHLORATES 

3. HEALTH EFFECTS 

females (Graves’ disease, the most common cause of hyperthyroidism, is far more common in women 

than in men), with ages ranging from 24 to 82 years. 

Inhibition of hematopoiesis in the bone marrow has also been reported in dogs given 3,811 mg 

perchlorate/kg/day as ammonium perchlorate by gavage for 3 weeks (Selivanova and Vorobieva 1969), 

and in rats and mice exposed to 1% potassium perchlorate in the drinking water for 3 months 

(approximate doses of 1,059 and 1,750 mg perchlorate/kg/day, respectively) (Shevtsova et al. 1994).  No 

significant alterations in hematological parameters were reported following administration of ammonium 

perchlorate in a drinking water study in mice at doses up to 25.5 mg perchlorate/kg/day for 14 or 90 days 

(DOD 1999).  Similarly, a recent study in rats found no evidence of hematotoxicity after administration of 

up to 8.5 mg perchlorate/kg/day in the drinking water for 90 days (Siglin et al. 2000).  The investigators 

evaluated routine hematology and clinical chemistry parameters.  

Musculoskeletal Effects. No studies were located regarding musculoskeletal effects in humans after 

oral exposure to perchlorate. 

MacDermott (1992) observed a decrease in membrane potential and in intracellular potassium ion activity 

in skeletal muscle from rats treated with 2% potassium perchlorate (approximately 2,327 mg 

perchlorate/kg/day) in the drinking water for 6 weeks.  The observed changes are consistent with a 

decrease in the number of sodium-potassium pump units in the muscle.  No alterations in gross or 

microscopic appearance of skeletal muscle were reported in rats exposed to doses up to 8.5 mg 

perchlorate/kg/day as ammonium perchlorate in the drinking water for 90 days (Siglin et al. 2000). 

Hepatic Effects. No evidence of liver toxicity, as judged by blood chemistry tests, was observed in a 

group of nine volunteers who ingested approximately 0.14 mg of perchlorate/kg/day as potassium 

perchlorate for 14 consecutive days (Lawrence et al. 2000).  Similar results were reported by Greer et al. 

(2002) in a study of 37 volunteers who consumed up to 0.5 mg of perchlorate/kg/day also for 14 days.  In 

the study by Crump et al. (2000) of 162 school-age children from three cities in northern Chile with 

different perchlorate concentration in the drinking water (up to 100–120 μg/L), there were no indications 

of altered liver function among the children as measured by serum aspartate aminotransferase (AST), 

alkaline phosphatase (AP), and lactate dehydrogenase (LDH) activities. 

Godley and Stanbury (1954) reported no evidence of liver toxicity in a series of 24 hyperthyroid patients 

treated with potassium perchlorate (600 mg, or approximately 6 mg perchlorate/kg/day) for up to 
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52 weeks. However, it is not clear what tests were conducted to monitor effects on the liver or how 

frequently such tests may have been conducted. 

A 0.1% concentration of potassium perchlorate in the diet (about 64 mg perchlorate/day) for 19 weeks 

had no effect on liver weight in rats (Hiasa et al. 1987).  A more recent study in rats found that 

administration of ammonium perchlorate in the drinking water at doses up to 8.5 mg perchlorate/kg/day 

for up to 90 days caused no significant alterations in liver weight, in the gross or microscopic appearance 

of the liver, or in serum transaminase activities (Siglin et al. 2000).  No effects on liver weight were 

reported in 14- and 90-day studies in mice administered up to 25.5 mg perchlorate/kg/day in the drinking 

water as the ammonium salt (DOD 1999). 

Renal Effects. Limited information exists regarding renal effects of perchlorate in humans.  Two 

studies in euthyroid volunteers who ingested up to 0.5 mg of perchlorate/kg/day as the potassium salt for 

14 days found no evidence of renal effects as judged by standard clinical chemistry tests (Greer et al. 

2002; Lawrence et al. 2000).  Also, no alterations in BUN or in serum creatinine levels were observed in a 

group of 60 school-age children from northern Chile exposed to perchlorate in their drinking water at 

concentrations up to 100–120 μg/L (Crump et al. 2000). 

In a case report, a patient with severe hyperthyroidism who was treated with an average of 1,068 mg 

sodium perchlorate/day (approximately 12 mg perchlorate/kg/day) for 3.5 months developed nephrotic 

syndrome, as diagnosed by albuminuria, decreased serum albumin, and increased serum cholesterol.  The 

effects subsided after treatment was stopped, and were considered by the researchers to probably have 

been treatment-related (Weber and Wolf 1969). 

There is also limited information on the renal effects of perchlorate in animals.  In 14- and 90-day 

drinking water studies in rats, doses of up to 8.5 mg/kg/day produced no significant alterations in kidney 

weight or in gross or microscopical appearance of the kidneys (Siglin et al. 2000).  In addition, kidney 

function, monitored by measurements of BUN and serum creatinine, was not affected by exposure to 

perchlorate (Siglin et al. 2000).  A similar study in mice also found no effects of ammonium perchlorate 

on kidney weight following 14 or 90 days of exposure to up to 25.5 mg perchlorate/kg/day, but kidney 

function tests were not performed (DOD 1999). 

Endocrine Effects. The findings of groundwater contamination with perchlorate in western areas of 

the United States has triggered considerable research on the effects of this anion on the thyroid gland, its 
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main target organ, in efforts to describe dose-response relationships at low doses and to define no-effect­

level of exposure.  For example, Lawrence et al. (2000) evaluated serum TSH, FTI, total serum 

triiodothyronine (TT3), and RAIU; serum and 24-hour urine perchlorate; and 24-hour urinary iodide 

excretion in volunteers who ingested approximately 0.14 mg perchlorate/kg/day in drinking water for 

14 days.  Tests were conducted pre-dosing, on day 7 and 14, and 14 days after perchlorate ingestion was 

discontinued.  The only significant finding was a significant decrease in 4-, 8-, and 24-hour RAIU values 

by a mean of about 38% relative to baseline on day 14 of dosing.  Fourteen days later, RAIU had 

recovered to a mean of 25% above baseline values.  Greer et al. (2002) conducted a similar study in 

volunteers administered 0.007, 0.02, 0.1, or 0.5 mg perchlorate/kg/day in drinking water for 14 days.  

RAIU was measured on exposure days 2 and 14, and 15 days after dosing ceased.  To estimate daily 

iodine intake, 24-hour urine samples were collected.  As a percentage of baseline RAIU, inhibition in the 

0.007, 0.02, 0.1, and 0.5 mg/kg/day dose groups was 1.8, 16.4, 44.7, and 67.1%, respectively.  There were 

no significant differences between the RAIU values measured on day 2 and 14.  Fifteen days after 

perchlorate treatment was discontinued, RAIU values were slightly higher than baseline values.  Greer et 

al. (2002) also found no significant effects of perchlorate treatment on serum TSH, free T4, TT4, and 

TT3, and on serum antithyroid peroxidase levels; serum antiglobulin levels were below detection levels in 

all samples tested.  The National Academy of Sciences (NAS 2005) recommended a chronic RfD of 

0.0007 mg/kg/day for perchlorate based of the findings of Greer et al. (2002).  ATSDR has adopted the 

RfD recommended by NAS for the chronic oral MRL.  

A study similar to Greer et al. (2002) was conducted by Braverman et al. (2006) who administered 

capsules containing potassium perchlorate to 13 volunteers (4 males, 9 females) once a day for 6 months.  

The estimated doses were 0 (placebo), 0.5, and 3.0 mg perchlorate/day (approximately 0.04 and 0.007 mg 

perchlorate/kg/day).  The outcomes measured were serum thyroid function tests, 24-hour RAIU, serum 

thyroglobulin (Tg), urinary iodine and perchlorate, and serum perchlorate.  RAIU, measured at baseline, 

3 and 6 months, and 1 month after termination, was not significantly affected by administration of 

perchlorate, and there were no significant changes in serum total T3, FTI, TSH, or Tg levels during or 

after perchlorate exposure compared to baseline values.  The small number of subjects per group (4–5), 

the dosing by capsule rather than intermittent exposure in drinking water, and the lack of information on 

RAIU during the first 3 months of the study weaken the conclusions of this study. 

Other earlier studies in healthy human subjects also showed that perchlorate administered in doses 

between 7 and 10 mg/kg/day reduced thyroid iodide uptake, increased serum iodide levels, and increased 

urinary iodide excretion (Brabant et al. 1992; Bürgi et al. 1974; DeGroot and Buhler 1971; Faure and 
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Dussault 1975). Higher doses of perchlorate were used in the past to treat subjects with hyperactive 

thyroids.  For example, Stanbury and Wyngaarden (1952) found that a single oral dose of 100 mg of 

potassium perchlorate (approximately 1 mg perchlorate/kg) dramatically reduced uptake of iodide by the 

thyroid gland in Graves’ disease patients.  Subsequent to this finding, potassium perchlorate became an 

accepted treatment for hyperthyroidism, and was widely used for this purpose for several years (Connell 

1981; Crooks and Wayne 1960; Godley and Stanbury 1954; Morgans and Trotter 1960).  The use of 

perchlorate for the treatment of hyperthyroidism came to a virtual stop due to the appearance of cases of 

aplastic anemia (see Hematological Effects). 

Epidemiological studies evaluating adults, children, and newborns have also been conducted (studies of 

children and newborns are summarized in Section 3.2.2.6, Developmental Effects).  However, caution 

should be exercised in the interpretation of the results from the ecological studies due to the ubiquitous 

nature of perchlorate exposure and because the effects of perchlorate are dependent upon iodine uptake, 

so that differences in iodine levels will be important. 

In a study of the general population, Li et al. (2001) examined the prevalence of thyroid diseases in 

Nevada Counties with respect to perchlorate in drinking water.  The cohort consisted of all users of the 

Nevada Medicaid program during the period of January 1, 1997 to December 31, 1998.  Disease 

prevalence in residents from Clark County (Las Vegas), whose drinking water had 4–24 μg/L of 

perchlorate (0.0001–0.0007 mg perchlorate/kg/day), were compared with those from another urban area 

of similar size (Reno, Washoe County), but with no perchlorate in the water, and also with those from all 

other counties, also with no perchlorate exposure.  Patients were defined as those having one or more of 

the following diagnoses of thyroid disease: simple and unspecified goiter, nontoxic nodular goiter, 

thyrotoxicosis with or without goiter, congenital hypothyroidism, acquired hypothyroidism, thyroiditis, 

other disorders of the thyroid, or malignant neoplasm of the thyroid gland.  Analysis of the data showed 

no statistically significant period-prevalence rate difference between Clark County and Washoe County. 

For acquired hypothyroidism, the prevalence was lower in Clark County than in other counties (opposite 

to what would be expected).  Li et al. (2001) acknowledged that their analysis was a crude analysis since 

age- and sex-adjusted prevalence could not be calculated because of lack of information on age and sex 

distributions of the Medicaid-eligible population in each county. 

A study of 184 pregnant women from three cities (Antofagasta, Chañaral, and Taltal) in northern Chile 

found no significant association between levels of perchlorate in the drinking water and serum levels of 

TSH, T4, or thyroglobulin measured early (16.1 weeks) or late (32.4 weeks) during pregnancy (Téllez et 
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al. 2005).  The mean concentrations of perchlorate in the drinking water from Chañaral and Taltal were 

5.8 and 113.9 μg/L, respectively; drinking water from Antofagasta had 0.46 μg/L of perchlorate.  The 

doses of perchlorate estimated by the investigators for subjects in Antofagasta, Chañaral, and Taltal were 

0.42, 6.1, and 93.5 μg perchlorate/day, respectively.  Using a mean measured body weight of 66.8 kg, the 

women from Taltal took doses of approximately 0.0014 mg perchlorate/kg/day. Because of the high 

iodide intake and high background perchlorate in the Chilean diet, the studied women may not be 

representative of the U.S. population.  Furthermore, such high iodide intake may effectively compete with 

perchlorate binding sites on the NIS.  

A recent study of 2,299 male and female participants in NHANES (2001–2002) found that, for women 

(n=1,111) but not men, urinary perchlorate was a significant predictor of both serum TT4 and TSH 

concentrations (Blount et al. 2006).  Blood and spot urine samples were collected from the subjects.  

Separate analysis of women with urinary iodine <100 µg/L showed that urinary perchlorate was a 

significant negative predictor of TT4 (p<0.0001) and a positive predictor of TSH (p<0.001).  For women 

with urinary iodine ≥100 µg/L, urinary perchlorate was a significant positive predictor of TSH (p=0.025), 

but not of TT4 (p=0.550).  These associations of perchlorate exposure with TT4 and TSH are coherent in 

direction and independent of other variables known to affect thyroid function, but are present at 

perchlorate exposure levels found in the general population (median estimated dose 0.059 µg/kg bw/day). 

Covariates included in the analyses were: age, race/ethnicity, body mass index, estrogen use, menopausal 

status, pregnancy status, premenarche status, serum C-reactive protein, serum albumin, serum cotinine, 

hours of fasting, urinary thiocyanate, urinary nitrate, and selected medication groups.  Of these, several 

were also predictors of thyroid hormones with various degrees of significance.  For example, for women 

with urinary iodine <100 µg/L, estrogen use, menopause, pregnancy, premenarche, C-reactive protein, 

and total kilocalorie intake were also predictors of TT4 levels.  In the low-iodine group of females, 

urinary perchlorate accounted for 24% of the variance in serum TT4.  Limitations acknowledged by the 

investigators include those common to cross-sectional analyses, the assumption that urinary perchlorate 

correlate with levels in the thyroid stroma and tissue, and the measurement of total T4 rather than free T4.  

In addition, not all variables that may impact thyroid function, such as some dietary factors, were 

accounted for. Also, the study does not address a logical temporal association or biologic plausibility.  

The investigators also stated that further research is needed to affirm these findings.  

Studies in laboratory animals have described the thyroid effects of perchlorate in great detail.  Reported 

findings have included reduced thyroid iodide uptake, increased levels of iodide in serum, decreased 

serum T4 and T3, increased serum TSH, increased thyroid size and weight, and hypertrophy and 
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hyperplasia of thyroid cells, eventually leading to fibrosis and tumor development (see Cancer section), 

(Fernandez-Rodriguez et al. 1991; Florencio Vicente 1990; Gauss 1972; Hartmann et al. 1971; Hiasa et 

al. 1987; Kapitola et al. 1971; Kessler and Kruskemper 1966; Logonder-Mlinsek et al. 1985; MacDermott 

1992; Mannisto et al. 1979; Matsuzaki and Suzuki 1981; Ortiz-Caro et al. 1983; Pajer and Kalisnik 1991; 

Postel 1957; Schonbaum et al. 1965; Selivanova and Vorobieva 1969; Spreca and Musy 1974; Tarin-

Remohi and Jolin 1972; Toro Guillen 1991; Wyngaarden et al. 1952).  In general, many studies 

conducted in the early 1990s and before used relatively high doses of perchlorate, and/or only one dose 

level was tested, thus precluding establishing dose-response relationships that defined no-effect dose 

levels. Perchlorate doses reported to produce the effects mentioned above ranged from 7 to 

3,811 mg/kg/day after durations ranging from 1 day to 2 years. 

Studies conducted within the past 10 years in adult nonpregnant animals have used much lower doses of 

perchlorate. For example, Caldwell et al. (1995) conducted a pilot 14-day drinking water study in rats.  

The animals were exposed to one of seven doses of perchlorate ranging from 0.1 to 39.9 mg 

perchlorate/kg/day.  Perchlorate administration induced dose-related increases in TSH and decreases in 

T4 and T3 in both males and females, but females appeared to be more sensitive than males.  The lowest 

administered dose, 0.1 mg/kg/day, increased TSH and decreased T4 and T3 in females roughly by 15, 12, 

and 34%, respectively, relative to controls.  An additional 14-day study in rats reported a significant 

increase in serum TSH and a nonsignificant decrease in T3 at perchlorate doses 0.09 mg/kg/day, the 

lowest level tested (Yu et al. 2002).  A more comprehensive 14-day study in rats was conducted by Siglin 

et al. (2000).  Perchlorate was administered in the drinking water as the ammonium salt in doses of 0, 

0.009, 0.04, 0.17, 0.85, or 8.5 mg perchlorate/kg/day.  At the end of the exposure period, blood TSH was 

significantly increased in males at ≥0.17 mg/kg/day (23%) and in females at ≥0.04 mg/kg/day (17%).  

Blood T4 showed a decreasing trend with increasing perchlorate doses, the differences relative to controls 

achieved statistical significance in both males (23% decrease) and females (18% decrease) only at the 

highest dose level.  Blood T3 was significantly decreased (dose-related) in all male groups (21% at the 

lowest dose), but was not significantly affected in any female group.  Both absolute and relative thyroid 

weights were significantly increased in males from the highest dose group, no significant effects were 

seen in females.  Histological alterations in the thyroid were observed only at the high dose ranging in 

severity classified as minimal, mild, or moderate.  Minimal or mild lesions were seen in 7/10 high-dose 

females and 3/10 high-dose males.  Moderate lesions were seen in 7/10 males at 8.5 mg/kg/day and 

consisted of follicular cell hypertrophy with microfollicle formation and colloid depletion.  There was no 

evidence of focal hyperplasia.  
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In a 14-day study in mice exposed to 0, 0.09, 0.85, 2.6, or 25.5 mg perchlorate/kg/day, serum T4 was 

significantly decreased at 2.6 and 25.5 mg/kg/day (14 and 22%, respectively) (DOD 1999).  T3 was lower 

than controls, although not significantly, in all treated groups except the 0.85 mg/kg/day group.  There 

was no clear pattern of change in TSH levels.  Morphological evaluation of the thyroid showed colloid 

depletion, intrafollicular capillary congestion, and mildly hypertrophied follicular epithelium in mice 

from the highest dose group.  An additional 14-day study in mice reported a significant decrease in serum 

T4 levels at ≥0.2 mg perchlorate/kg/day and a significant increase in TSH at ≥1.7 mg/kg/day; serum 

T3 was not measured (BRT 2000).  Microscopical examination of the thyroid revealed colloid depletion 

and hypertrophy in 5 out of 5 mice dosed with 42.5 mg/kg/day, but no significant alterations at the next 

lower dose level, 1.7 mg/kg/day. 

A 90-day study was conducted in rats exposed to 0, 0.009, 0.04, 0.17, 0.85, or 8.5 mg perchlorate/kg/day 

in the drinking water (Siglin et al. 2000).  Following the exposure period, the rats were provided 

uncontaminated drinking water for an additional 30-day period.  After the 90 days of exposure to 

perchlorate, relative to controls TSH was significantly increased in males at ≥0.17 mg/kg/day (17% 

increase) and in females at 8.5 mg/kg/day (21% increase).  Blood T4 was significantly decreased in both 

males and females from all treated groups (dose-related) (decreases ranged from 14 to 43% in males).  

The effect of perchlorate on blood T3 was similar to that on T4 (12–35% decrease in males).  At 

120 days, hormone levels approached control levels except for T4 in males and TSH in females.  Both 

absolute and relative thyroid weights were significantly increased in males and females at 8.5 mg/kg/day 

at 90 days but returned to near control values at 120 days.  Histological alterations in the thyroid ranged in 

severity from minimal to mild and were seen only at the 8.5 mg/kg/day dose level in both male and 

female rats.  The lesions consisted of follicular cell hypertrophy with microfollicle formation and colloid 

depletion. There was no evidence of focal hyperplasia.  No abnormal pathology was seen in the thyroid 

after 120 days.   

In a 2-generation reproductive study in rats, the F1 generation was exposed directly to perchlorate (0.26, 

2.6, or 25.5 mg/kg/day) from weaning to 19 weeks of age, at which time, the animals were killed (York et 

al. 2001a). In these adult rats, a significant increase in absolute and relative thyroid weight was seen in 

males at 2.6 and 25.5 mg/kg/day and in all female groups (dose-related).  Hypertrophy and hyperplasia of 

the thyroid also occurred at 2.6 and 25.5 mg/kg/day in males and in high-dose females.  TSH increased 

only in high-dose males and females and T4 decreased in high-dose males (26% decrease); T3 levels were 

not significantly affected.  Hypertrophy and hyperplasia of the thyroid was reported at ≥2.6 mg 

perchlorate/kg/day in the paternal generation of rats in the 2-generation study mentioned above in which 
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the rats were exposed for a period that included premating, pregnancy, and lactation (York et al. 2001a); 

the NOAEL was 0.26 mg/kg/day.  The highest dose tested, 25.5 mg/kg/day, induced a significant increase 

in TSH and a decrease in T4 in males.   

In developmental studies in rats in which dosing with ammonium perchlorate at doses of 0, 0.009, 0.09, 

0.85, and 25.5 mg perchlorate/kg/day began 14 days premating and continued to gestation day 10 or 21, 

TSH and T4 were significantly increased and decreased, respectively, in a dose-related manner in all 

dosed groups of dams (York et al. 2003, 2005a).  In an additional developmental study in rats in which 

exposure started 14 days before mating and continued until postnatal day (PND) 10, treatment with up to 

8.5 mg perchlorate/kg/day caused no maternal toxicity as judged by clinical observations, body and 

thyroid weights, and thyroid histology (York et al. 2004).   

BRT (2000) evaluated serum TSH and T4 levels and thyroid histology in mice in a 90-day study. The 

exposure levels were 0, 0.02, 0.05, 0.2, 1.7, or 42.5 mg perchlorate/kg/day.  Treatment with ammonium 

perchlorate decreased serum T4 levels, and the magnitude of the difference relative to controls achieved 

statistical significance at the 1.7 mg/kg/day dose level (18% decrease).  The decrease in T4 was dose-

related at ≥0.2 mg/kg/day and higher.  Serum TSH was significantly elevated at ≥0.05 mg/kg/day relative 

to controls (17% increase at the 0.05 mg/kg/day dose level).  Microscopical examination of the thyroid 

revealed hypertrophy in 3 out of 15 mice at 1.7 mg/kg/day, and in 4 out of 5 high-dose mice.  Colloid 

depletion was present in 5 out of 5 mice dosed with 42.5 mg/kg/day.  No significant treatment-related 

differences were observed between the other groups and controls. 

In a developmental study in New Zealand rabbits, exposure to up to 85 mg perchlorate/kg/day on 

gestation days 6–28 did not significantly alter absolute or relative thyroid weight (York et al. 2001b). 

However, hypertrophy of the follicular epithelium was seen in the does at ≥8.5 mg/kg/day, and the 

incidence was dose-related.  Neither serum TSH nor T3 levels were significantly affected by treatment 

with perchlorate. Serum T4 was significantly reduced at 25.5 and 85 mg/kg/day; T4 was also reduced at 

0.85 and 8.5 mg/kg/day, but not significantly. 

Other endocrine effects reported in perchlorate-treated animals included pituitary hypertrophy and 

hyperplasia (Pajer and Kalisnik 1991), reduced serum growth hormone levels (Ortiz-Caro et al. 1983), 

and reduced serum insulin (Tarin-Remohi and Jolin 1972).  All of these effects were accompanied by 

thyroid effects in the same studies.  Direct correlation of these diverse animal studies to human endocrine 
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systems is not provided, reflecting the NAS (2005) recommendation that such animal studies were not 

indicative or representative of humans. 

Dermal Effects.    No reports were found of adverse dermal effects of perchlorate in healthy humans.  

Skin rash was the most frequent side effect of potassium perchlorate therapy in thyrotoxicosis patients, 

occurring primarily in patients receiving doses at the high end of the therapeutic range.  Rash was 

observed in 10% (5/50) of patients treated with 1,500 or 2,000 mg (approximately 15 or 20 mg 

perchlorate/kg/day) by Crooks and Wayne (1960), and in 15% (10/67) of patients treated with 1,200 or 

1,600 mg (approximately 12 or 16 mg perchlorate/kg/day) by Morgans and Trotter (1960). However, 

rash was seen in only 0.5% (1/200) patients treated with 600 or 1,000 mg (approximately 6 or 10 mg 

perchlorate/kg/day) by Crooks and Wayne (1960), and in none of the 24 patients treated with 600 mg 

(approximately 6 mg perchlorate/kg/day) by Godley and Stanbury (1954).  The observed rash was 

characterized as maculopapular by Crooks and Wayne (1960), and was attributed by these authors to a 

hypersensitivity reaction.  Hemorrhagic skin lesions were frequently noted in cases with severe 

hematological effects (Barzilai and Sheinfeld 1966; Fawcett and Clarke 1961; Gjemdal 1963; Hobson 

1961; Johnson and Moore 1961; Krevans et al. 1962; Southwell and Randall 1960).  The lesions, which 

were described as punctate erythema, hemorrhagic pustulae, purpuric rash, skin hemorrhage, bleeding 

into the skin, and petecchiae, apparently occurred secondary to the hematological effects.   

In rats administered up to 8.5 mg perchlorate/kg/day as ammonium perchlorate in the drinking water for 

90 days, no significant gross or microscopical alterations in the skin were found throughout the study 

(Siglin et al. 2000). 

Ocular Effects.    No studies were located regarding ocular effects in humans after oral exposure to 

perchlorate. Opthalmological examinations on rats dosed with up to 8.5 mg of perchlorate/kg/day for up 

to 90 days revealed no treatment-related effects (Siglin et al. 2000).  

Body Weight Effects.    No studies were located regarding body weight effects in humans after oral 

exposure to perchlorate. 

In acute-duration rat studies, reduced growth was reported at an estimated dose of 1,830 mg 

perchlorate/kg/day (Arieli and Chinet 1985), but not at doses of 1,500 mg perchlorate/kg/day or below 

(Caldwell et al. 1995; Kapitola et al. 1971; Matsuzaki and Suzuki 1981; Schonbaum et al. 1965; Siglin et 

al. 2000).  In longer-term studies, there are reports of reduced body weight gain in rats at doses of 175 mg 
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perchlorate/kg/day for 25 days (Ortiz-Caro et al. 1983), 1,362 mg/kg/day for 18 days (Tarin-Remohi and 

Jolin 1972), 928 mg/kg/day for 12 months (Florencio Vicente 1990), 2,327 mg/kg/day for 6 weeks 

(MacDermott 1992), and 928 mg/kg/day for 15 months (Toro Guillen 1991).  Treatment of rats for 

90 days with up to 8.5 mg of perchlorate/kg/day in the drinking water did not result in significant effects 

on growth (Siglin et al. 2000), nor did treatment with 64 mg/kg/day for 19 weeks (Hiasa et al. 1987).  

Also, in a 2-generation reproduction study in rats, no significant effects on body weight were seen in 

F1 animals treated directly with up to 25.5 mg perchlorate/kg/day from weaning to 19 weeks of age in 

addition to being exposed perinatally (York et al. 2001a); no significant effects on body weight were seen 

in the paternal generation also in that study.  A study in mice also found no alterations in body weight or 

weight gain following 14 or 90 days of exposure to ammonium perchlorate in the drinking water in doses 

up to 25.5 mg perchlorate/kg/day (DOD 1999).  Where present, reduced growth is considered secondary 

to hypothyroidism produced by perchlorate. 

Metabolic Effects. No studies were located regarding metabolic effects in humans after oral exposure 

to perchlorate. 

Researchers in India conducted a number of studies investigating the metabolic effects of perchlorate in 

rats given 500 mg/kg/day of potassium, sodium, or ammonium perchlorate by daily gavage for 45 days 

(Sangan and Motlag 1986, 1987; Vijayalakshmi and Motlag 1989a, 1989b, 1990, 1992).  They found that 

perchlorate increased protein metabolism (increased liver arginase activity and serum urea levels), altered 

carbohydrate metabolism (decreased serum glucose and increased liver and kidney glycogen levels, 

reflecting increased activity of aldolase, lactate dehydrogenase, and glycogen synthase, and decreased 

activity of glucose-6-phosphatase and glycogen phosphorylase), and modified lipid metabolism 

(increased cholesterol, triglyceride, and phospholipid, and decreased free fatty acid levels, reflecting 

decreased activity of lipase and phospholipase).  They also found that perchlorate reduced the activities of 

mitochondrial enzymes involved in cellular respiration, apparently due to changes in lipid composition of 

mitochondrial membranes (increased cholesterol and decreased phospholipid) reducing membrane 

fluidity. 

Other studies reported only a small (11%), nonsignificant decrease in serum glucose levels in rats exposed 

to potassium perchlorate (1,362 mg perchlorate/kg/day) in the drinking water for 18 days (Tarin-Remohi 

and Jolin 1972), and no effect on serum glucose in rats exposed to 0.1% potassium perchlorate 

(approximately 175 mg perchlorate/kg/day) in the drinking water for 25 days (Ortiz-Caro et al. 1983).  No 
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effects were observed on serum glucose levels in rats exposed to up to 8.5 mg of perchlorate/kg/day as 

ammonium perchlorate in the drinking water for up to 90 days (Siglin et al. 2000). 

Ortiz-Caro et al. (1983) observed a significant decrease in the activity of α-glycerophosphate 

dehydrogenase (α-GPD) in hepatic mitochondria in their study that was considered secondary to 

hypothyroidism produced by perchlorate.  However, Arieli and Chinet (1985) found no effect on 

cytoplasmic α-GPD in brown fat in rats that received 2% potassium perchlorate (1,830 mg 

perchlorate/kg/day) in the drinking water for 2 weeks. 

Other Systemic Effects.    No studies were located regarding other systemic effects in humans after 

oral exposure to perchlorate.   

Eskin et al. (1975) observed reduced iodide uptake, decreased weight, and dysplastic histopathological 

lesions in the mammary gland of rats treated with 459 mg perchlorate/kg/day as sodium perchlorate in the 

drinking water for 8 weeks.  Mammary gland dysplasia was also seen in ovariectomized rats given 

estrogen replacement and then dosed with 494 mg perchlorate/kg/day for 8 weeks (Eskin et al. 1976).  

Water consumption was not significantly altered in rats administered up to 40 mg of perchlorate/kg/day 

for 14 days in the drinking water (Caldwell et al. 1995).  Neither food or water consumption were affected 

in rats exposed to perchlorate via drinking water in doses up to 8.5 mg/kg/day for up to 90 days (Siglin et 

al. 2000).  In a 2-generation reproduction study in rats, paternal males exposed for 16 weeks showed a 

reduction in absolute and relative water consumption at 0.26 and 25.5 mg perchlorate/kg/day, but not at 

2.6 mg/kg/day (York et al. 2001a).  In that same study, no significant effects were seen on water 

consumption in the F1 generation exposed directly to up to 25.5 mg perchlorate/kg/day in the drinking 

water from weaning to 19 weeks of age.  No significant effects on water consumption were also reported 

in 14- and 90-day studies in mice given ammonium perchlorate in the drinking water in doses of up to 

25.5 mg perchlorate/kg/day (DOD 1999). 

3.2.2.3 Immunological and Lymphoreticular Effects  

No reports were found of perchlorate-induced alterations in immune system parameters in healthy 

humans.  Two cases of lymphadenopathy (not further described) were reported among a series of 

247 hyperthyroid patients treated with potassium perchlorate (Morgans and Trotter 1960).  Both cases 
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occurred in patients treated with 1,200 or 1,600 mg potassium perchlorate/day (roughly 12 or 16 mg 

perchlorate/kg/day).  Lymphoreticular effects were not reported in other case studies. 

Spreca and Musy (1974) found increases in the proportion of degranulated mast cells in the thyroid, skin, 

liver, and lungs of rats treated with potassium perchlorate (approximately 323 mg perchlorate/kg/day) for 

1 day.  The effect was greatest in the thyroid (27% decrease) and skin (21% decrease).  Degranulation of 

mast cells is typically associated with exposure to an allergen; degranulation releases pharmacological 

mediators of immediate hypersensitivity responses (histamine, heparin, etc.), leading to allergy 

symptoms.  Clinical signs of hypersensitivity response were not monitored in this study.  There was also 

an increase in the number of mast cells in the thyroid and small decreases in mast cell numbers in the 

skin, liver, and lung. The researchers suggested that the increase in the thyroid was associated with 

hyperplasia in this tissue, and that the decrease in the other tissues may reflect loss of cells by 

degranulation. An increase in mast cell numbers in the thyroid of mice treated with sodium perchlorate 

(1.2% in drinking water, or roughly 2,622 mg perchlorate/kg/day) for 64 days was also reported by 

Logonder-Mlinsek et al. (1985).  The extent of mast cell degranulation was not reported in this study.   

More recent studies in animals have tested much lower doses of perchlorate and conducted a more 

complete evaluation of the immune system.  For example, 14- and 90-day studies in rats administered 

ammonium perchlorate in the drinking water in doses up to 8.5 mg perchlorate/kg/day reported no 

significant effects on spleen weight and no gross or microscopic alterations in lymph nodes, spleen, and 

thymus; no tests of immunocompetence were conducted in these studies (Siglin et al. 2000).  DOD (1999) 

evaluated a series of immunological end points in 14- and 90-day studies in mice exposed to ammonium 

perchlorate in the drinking water in doses of 0, 0.09, 0.9, 2.6, and 25.5 mg perchlorate/kg/day. End points 

evaluated included thymus and spleen weight and cellularity, CD4/CD8 splenocyte and thymocyte 

subpopulations, stem cell progenitors (90-day), melanoma tumor incidence (90-day), natural killer (NK) 

cell activity, delayed-type hypersensitivity (DTH), cytotoxic T cell activity, response to challenge with 

Listeria monocytogenes (90-day), peritoneal macrophage phagocytosis and nitrite production, and specific 

IgM and IgG response to cell dependent sheep red blood cell (SRBC) challenge.  Significant findings in 

the 14-day study included an increase in the percent of CD4-/CD8+ thymic lymphocytes at 0.09 and 

0.9 mg/kg/day, decreased macrophage phagocytosis at 0.9 and 25.5 mg/kg/day, and increased DTH 

response at 25.5 mg/kg/day.  In the 90-day study, NK cell activity was increased in the highest-dose 

group, macrophage phagocytosis was decreased in all treated groups, the DTH response was also 

increased at 25.5 mg/kg/day, and increased resistance to the challenge with Listeria in the high-dose 

group when challenged only with high immunization levels.  Overall, because only a few immunological 
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parameters were affected and resistance to the challenge with Listeria was not decreased, the results of 

this study do not suggest an immunosuppressive function for perchlorate at the doses tested. 

Additional 14- and 90-day drinking water studies exposed mice to 0, 0.02, 0.05, 0.2, 1.7, or 42.5 mg 

perchlorate/kg/day examined the plaque forming cell (PFC) response following sheep red blood cells 

(SRBC) immunization and the ability of mice to generate a hypersensitivity response (local lymph node 

assay [LLNA]) to 2,4-dinitrochlorobenzene (DNCB), a known sensitizing chemical (BRT 2000).  No 

significant effects were seen on the PFC response after 14 days of treatment, but an increased response 

was seen after 90 days in the 1.7 and 42.5 mg/kg/day dose groups when the results were expressed as 

number of response per spleen and only at 42.5 mg/kg/day when the responses were expressed per 

number of spleen cells.  In the LLNA assay, perchlorate increased the sensitizing potential of DNCB at all 

doses except 1.7 mg/kg/day in the 14-day experiment, whereas in the 90-day experiment, perchlorate 

increased the sensitizing potential of DNCB at 0.05 and 0.2 mg/kg/day, had no effect at 0.02 or 

1.7 mg/kg/day, and decreased it at 42.5 mg/kg/day.  It should be mentioned, however, that 

cyclophosphamide, the positive control, did not abolish the sensitizing effect of DNCB alone, calling into 

question the reliability of the experiment.  The physiological relevancy of the enhancement of the LLNA 

is unclear. Further research in this area is needed to determine whether perchlorate is a contact sensitizer. 

NOAEL and LOAEL values for immune system effects from the rodent studies are shown in 

Table 3-2 and Figure 3-2. 

3.2.2.4 Neurological Effects 

No studies were located regarding neurological effects in humans after oral exposure to perchlorate and 

limited information is available in animals.  No gross or microscopic alterations were observed in the 

brain from rats treated with ammonium perchlorate in drinking water in doses up to 8.5 mg 

perchlorate/kg/day for 14 or 90 days (Siglin et al. 2000).  Brain weight was also not significantly altered 

by exposure to perchlorate. 

Neurodevelopmental effects resulting from perinatal exposure to perchlorate are discussed in 

Section 3.2.2.6, Developmental Effects. 

3.2.2.5 Reproductive Effects  

No studies were located regarding reproductive effects in humans after oral exposure to perchlorate. 
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Exposure to 1% potassium perchlorate (roughly 532 mg perchlorate/kg/day) in the drinking water on 

days 2 through 8 of gestation had no effect on the number of live litters produced, mean litter size, or 

duration of pregnancy in rats (Brown-Grant 1966).  Nor was there any effect on the number or weight of 

implantation sites in lactating pregnant female rats that received approximately 1,752 mg 

perchlorate/kg/day in the drinking water on days 1 through 13 of gestation (Brown-Grant and Sherwood 

1971). 

A more recent 14-day study in male and female rats administered ammonium perchlorate in the drinking 

water at doses up to 8.5 mg perchlorate/kg/day found no alterations in absolute weight of the uterus, 

testes, or ovaries (Siglin et al. 2000).  Also, there were no gross or microscopic alterations in the testes, 

prostate, epididymis, uterus, ovaries, or mammary glands.  Examination of these end points following 

90 days of exposure to the same doses also revealed no significant effects (Siglin et al. 2000).  In addition, 

the 90-day study showed no significant effects on sperm motility, concentration, count, or morphology.  

In a 2-generation reproductive study, male and female rats (P generation) were exposed to ammonium 

perchlorate in the drinking water at target doses of 0, 0.26, 2.6, or 25.5 mg perchlorate/kg/day for 

10 weeks before mating and during pregnancy and lactation (York et al. 2001a). Males were sacrificed 

after 13 weeks of exposure and females were sacrificed on postpartum day (PPD) 21.  Offspring (F1) 

were dosed from weaning to 19 weeks of age.  Mating of F1 generation females and males produced the 

F2 generation. Male and female mating and fertility parameters were not affected by perchlorate; estrous 

cycling (before cohabitation) was also not altered by exposure to perchlorate.  No significant effects were 

seen on number of dams delivering litters, duration of gestation, implantations, any litter parameter, 

lactation index, or sex ratios. In the F1 generation, there were no effects on mating and fertility or in 

sperm parameters; in F1 females, there were no effects on estrous cycling, fertility, sexual maturation, or 

in delivery and litter observations.  The NOAEL for reproductive effects of perchlorate in this study was 

25.5 mg/kg/day.  Exposure of female rats to up to 25.5 mg perchlorate/kg/day beginning 2 weeks before 

cohabitation with untreated males and continuing during gestation did not result in any significant 

alterations in numbers of corpora lutea and implantations, percent implantation loss, litter size, early or 

late resorptions, or sex ratio (York et al. 2005a). 

The NOAEL values for reproductive effects in these studies are shown in Table 3-2 and Figure 3-2. 
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3.2.2.6 Developmental Effects 

Several developmental studies of perchlorate in humans have focused on the evaluation of neonatal 

thyroid parameters.  Lamm and Doemland (1999) examined rates of congenital hypothyroidism in seven 

counties of Nevada and California with perchlorate contamination in the drinking water (4–16 μg/L 

[ppb]) (0.0001–0.0005 mg/kg/day).  The investigators analyzed data from the neonatal screening 

programs of the two states for any increased incidence of congenital hypothyroidism in those counties.  

The rates for the California births were adjusted for Hispanic ethnicity, which was known to be a risk 

factor for congenital hypothyroidism.  During 1996 and 1997, nearly 700,000 newborns were screened.  

The risk ratio in the seven counties was 1.0 (95% confidence interval [CI] 0.9–1.2) (249 cases 

observed/243 expected). The risk ratios for the individual counties relative to statewide expected rates 

ranged from 0.6 to 1.1.  While the results showed no increase in rates of congenital hypothyroidism, it is 

known that congenital hypothyroidism is caused by developmental events that are not suspected of being 

affected by perchlorate exposure. 

Kelsh et al. (2003) also found no relationship between congenital hypothyroidism and exposure to 

perchlorate through the drinking water in a study of newborns (n=15,348) whose mothers resided in the 

community of Redlands, California, during the period 1983 through 1997 and who were screened by the 

California Newborn Screening Program.  Perchlorate was detected in the water system serving the 

community at a concentration of up to 9 μg/L (mean, <1 μg/L). Two adjacent communities with no 

detectable perchlorate in their water systems, San Bernardino and Riverside (n=695,967), served as 

comparison groups.  The majority of the newborns had blood collected for TSH assay 18 hours or more 

after birth. Cases were defined as infants diagnosed with congenital hypothyroidism or whose TSH 

screening concentrations were >25 μU/mL or sometimes >16 μU/mL. Covariates included in the model 

were age at specimen collection, sex, race, ethnicity, birth weight, multiple birth status, and calendar year 

of birth. Analysis of the results showed an adjusted prevalence ratio for congenital hypothyroidism 

of 0.45 (95% CI, 0.06–1.64) and an odds ratio for elevated TSH of 1.24 (95% CI, 0.89–1.68) among all 

newborns screened and 0.69 (95% CI, 0.27–1.45) for newborns whose age at screening was ≥18 hours.  

Limitations of the study include the fact that data from a single year were used to characterize exposures 

over the entire 15 years of the study. 

Li et al. (2000b) compared mean monthly neonatal T4 levels for days 1–4 of life for newborns from the 

city of Las Vegas and Reno, both in Nevada.  Las Vegas has perchlorate in its drinking water, whereas 

Reno does not.  The cohorts consisted of 17,308 newborns in Las Vegas and 5,882 newborns in Reno 
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evaluated during the period of April 1998 through June 1999; the analysis was restricted to newborns 

whose birth weights were between 2,500 and 4,000 grams.  Perchlorate was detected in the drinking water 

from Las Vegas during 7 of the 15 months of the study period at levels of 9–15 μg/L (0.0003– 

0.0004 mg/kg/day).  Analyses were performed comparing serum T4 levels of children born during the 

7 months in which perchlorate was detected in the drinking water (period A) and children born during the 

months in which perchlorate was not detected in the drinking water (period B).  The mean T4 levels were 

compared in a univariate analysis both crude and stratified by time period.  In a multivariate analysis, 

T4 was the outcome variable, city and time period were the main effect variables, and gender, birth 

weight, and age and time of blood collection were the covariates.  There was no significant difference in 

mean T4 level between Las Vegas and Reno in the crude analysis or when data were stratified by time 

period (period A or B).  Gender, birth weight, and age and time of blood collection were significant 

covariates. 

The same group of investigators also evaluated blood TSH levels in newborns in their first month of life 

from Las Vegas (n=4,070) and Reno (n=133) from December 1998 to October 1999 (Li et al. 2000a).  

TSH levels were measured on screening samples that were below the 10th percentile of T4 daily 

measurements in blood samples collected throughout the state.  The analysis was restricted to birth 

weights between 2,500 and 4,500 grams, adjusted for gender and age at screen (days 2–7 vs. 8–30).  The 

mean TSH levels of the two cities did not differ significantly, whether crude or stratified by age or sex.  

Multiple linear regression analysis showed that the TSH level was significantly affected by age at which 

the sample was collected (higher at earlier age) and by sex (higher for males), but not by location.  These 

findings suggested that neonatal TSH levels were not affected by living in areas where drinking water 

contained up to 15 μg/L of perchlorate (0.0004 mg/kg/day). 

A similar study of newborn TSH levels was conducted by Brechner et al. (2000).  TSH levels were 

compared between two cities in Arizona, Yuma and Flagstaff, representing areas of exposure and 

nonexposure, respectively.  The study covered a 3-year period between October 1994 and December 

1997.  Exposure data for the study period were not available.  However, measurements done by EPA in 

1999 showed perchlorate at 6 μg/L (0.0002 mg/kg/day) in Yuma and nondetectable levels in Flagstaff.  

Since the water processing facilities had not changed, and perchlorate persists in water for a long time, 

Brechner et al. (2000) assumed that comparable differences in perchlorate levels existed during the study 

period. The final analysis comprised 1,099 newborns from Yuma and 443 from Flagstaff.  The study 

controlled for age at screen and Hispanic ethnicity, but not for gender, gestational age, or birth weight.  

The median first TSH level in Yuma was significantly higher than in Flagstaff (19.9 mU/L vs. 
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13.4 mU/L); this difference occurred in both non-Hispanics and Hispanics.  A residual confounding by 

age may have persisted in the analysis due to the higher percentage of newborns screened in the first 

24 hours (when TSH levels peak) in Yuma (11%) compared with Flagstaff (3.1%).  Lamm (2003) 

reanalyzed the study and compared TSH neonatal values of Yuma and two cities near Yuma, Somerton 

and San Luis, which get their water from a different source than the city of Yuma.  The water from 

Somerton and San Luis is assumed to have no perchlorate contamination.  Lamm’s analysis showed no 

significant difference in TSH values between newborns from Yuma and Somerton/San Luis, suggesting 

that the results of Brechner et al. (2000) reflected regional differences, possibly related to the difference in 

altitude (7,000 feet) between Yuma and Flagstaff.  

In an additional, unpublished, study of newborns, Schwartz (2001) evaluated T4 and TSH levels for all 

newborns in California during 1996.  All infants were screened for serum T4 and TSH levels, and the 

samples with a low T4 (≤9 mg/dL and the next lowest 5% of the values in each tray of samples) were 

further analyzed for TSH levels.  Information on the concentration of perchlorate in tap water was not 

available for this study.  Therefore, perchlorate exposure was estimated using the mother’s postal zip 

code, concentration of perchlorate in underground water sources measured between February 1997 and 

June 2000, water source production, water purchases and sales, and characteristics of the water 

distribution system.  Ultimately, four categories of exposure were made:  0 (n=255,382), 1–2 μg/L 

(n=127,041), 3–12 μg/L (n=131,483), and ≥13 μg/L (n=1,945).  Using default values for daily water 

consumption and for body weight, a concentration of 13 μg of perchlorate/L would provide doses of 

approximately 0.0004 mg perchlorate/kg/day.  This study used an analysis of the covariance model.  After 

controlling for age at screening, gender, single versus multiple birth, and ethnicity, a statistically 

significant declining trend for T4 was observed with increasing perchlorate exposure.  Infants in the low, 

medium, and high exposure groups had 0.97, 1.12, and 1.82 μg/dL lower T4 levels, respectively, than 

unexposed infants.  Log transformed TSH values showed a significant increase trend with perchlorate 

exposure (0.029, 0.03, and 0.128 ln μU/mL, in the low, medium, and high exposure groups, respectively).  

Although significant associations were found, Schwartz (2001) noted that 90% of the variability in the 

infants’ hormone levels remained unexplained by perchlorate exposure, gender, multiple birth, birth 

weight, and blood sample age.  Schwartz (2001) also noted that no adjustment was made in the study for 

gestational age and laboratory measurement variability, two strong predictors of T4 and TSH. 

As previously mentioned, Crump et al. (2000) conducted a study of school-age children from three cities 

with different concentrations of perchlorate in drinking water in northern Chile.  The city with the highest 

perchlorate concentration was Taltal, 100–120 μg perchlorate/L (ppb), water from the city of Chañaral 
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had 5–7 μg/L, and perchlorate was not detected in water from the city of Antofagasta.  The study 

comprised 162 children 6–8 years of age, of which 127 had resided continuously in their respective city 

since conception. The children underwent examination of the thyroid gland and a blood sample was 

taken for analysis of TSH, T4, FTI, T3, and antiperoxidase antibody.  After adjusting for sex, age, and 

urinary iodide excretion, the children from Taltal and Chañaral had slightly lower TSH levels than 

children from Antofagasta (opposite to expected), but the differences were not statistically significant.  

Serum T4 levels in the city with the highest perchlorate levels were significantly higher than in the city 

with no perchlorate (opposite to expected).  Analysis of all of the children included in the study revealed a 

small nonsignificant increase risk of goiter in the cities with perchlorate compared with the city without 

perchlorate, however, there was virtually no difference in risk when only lifelong residents were 

analyzed.  The study also found that lifelong residents of Taltal (high perchlorate) were >5 times more 

likely to report a family history of thyroid disease compared with lifelong residents of Antofagasta (no 

perchlorate). Assuming a reference daily consumption of water of 1–2 L and using a body weight for the 

children of approximately 25 kg (measured in the study), a concentration of perchlorate in the drinking 

water of 100 μg/L would provide doses of approximately 0.004–0.008 mg perchlorate/kg/day via drinking 

water alone, but the Chilean population also has large dietary sources of perchlorate. 

Crump et al. (2000) also evaluated TSH levels in neonates from the three cities in northern Chile 

mentioned above. A total of 9,784 neonatal records were analyzed for TSH levels, sex, and date of 

screening for infants born between February 1996 and January 1999.  The study did not control for iodine 

intake, ethnicity, or birth weight.  The rate of congenital hypothyroidism detected in Chile from 1992 to 

1999 was 1 per 3,484 cases (based on 773,440 newborns screened).  In their study, Crump et al. (2000) 

detected seven cases of presumptive congenital hypothyroidism corresponding to a rate of 1 per 

1,270 newborns. All of these cases originated in the city with no detectable levels of perchlorate.  Linear 

regression comparisons of TSH by city showed a statistically significant decline in TSH with increasing 

perchlorate concentration in the drinking water, opposite to the known effect of perchlorate.  The 

magnitude of the differences in TSH concentrations did not seem to be clinically significant. 

In the Téllez et al. (2005) study of 184 pregnant women in northern Chile mentioned earlier, end points 

evaluated included neonatal weight, length, head circumference, gestational length, and FT4, T3, 

thyroglobulin, and perchlorate in cord serum.  The evaluation showed no significant differences between 

the three cities regarding indicators of fetal development or in FT4 or TSH.  T3 and thyroglobulin were 

significantly lower among neonates from Chañaral (low perchlorate, 5.8 μg/L) than in the other two cities. 
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T3 and thyroglobulin were not significantly different between newborns from Antofagasta (no 

perchlorate) and Taltal (high perchlorate, 114 μg/L). 

A study conducted in Israel evaluated T4 levels (not specified whether TT4 or FT4) in newborns from 

mothers living in areas with very high (≤340 μg/L, n=97), high (42–94 μg/L, n=216), and low (<3 μg/L, 

n=843) levels of perchlorate (Amitai et al. 2007).  Levels of perchlorate in blood from donors living in the 

three areas were used as proxy indicators of exposure.  Respective blood perchlorate levels in the very 

high, high, and low exposure proxy groups were 5.99, 1.19, and 0.44 μg/L; these donors had similar blood 

levels of thiocyanate and nitrate.  Blood samples from the newborns collected at the age of 36–48 hours 

did not reveal significant differences in T4 levels among the three groups.  Mean T4 values in the very 

high, high, and low exposure groups were 13.9, 13.9, and 14.0 μg/L, respectively.  In addition, neither 

birth weight nor gestational age was significantly different among the three groups.  Although individual 

iodine measures were not conducted, the investigators stated that the study was conducted in iodine-

sufficient areas. 

Chang et al. (2003) evaluated the potential association between exposure to perchlorate via the drinking 

water and the incidence of attention-deficit-hyperactivity disorder (ADHD) and autism among children 

less than 18 years of age who were recipients of Medicaid in Nevada.  The study included subjects from 

Clark County, which includes Las Vegas and in which the concentration of perchlorate in the public water 

supply ranged from undetected to 23.8 μg/L (mean, 10.9 μg/L), as measured in 1997–2001; subjects from 

Washoe County, which includes Reno, with no detectable perchlorate in the water supply served as an 

unexposed comparison group, and the remainder of Nevada served as a rural control.  No perchlorate was 

detected in public water supplies from the rural areas.  Analysis of the data from the Nevada Medicaid 

program showed that the rates for ADHD and for autism in the area with perchlorate in the drinking water 

did not exceed the rates in the areas without perchlorate in the drinking water.  Furthermore, there was no 

difference between the three groups regarding overall fourth-grade school performance.  No control was 

made in the analysis for age, sex, race, or ethnicity.   

Studies in laboratory animals have shown that maternal exposure to relatively high doses of perchlorate 

during pregnancy and/or lactation leads to reduced thyroid function.  Pups of rats exposed to 1% sodium 

perchlorate in the drinking water (about 1,300 mg perchlorate/kg/day) throughout gestation and lactation 

had reduced growth, increased thyroid weight, drastically decreased serum T4 and T3 levels, and 

markedly increased serum TSH levels compared with controls (Golstein et al. 1988).  These effects are 

the typical indicators of hypothyroidism in juvenile and adult rats treated with perchlorate directly.  In a 
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study in guinea pigs, near-term fetuses from dams treated with 1% potassium perchlorate (about 531 mg 

perchlorate/kg/day) in the drinking water during the latter half of gestation had thyroid hyperplasia and a 

dramatic 15-fold increase in relative thyroid weight compared with controls, while maternal thyroids were 

unaffected (Postel 1957). This suggests that perchlorate may have entered the fetal circulation and 

directly affected the fetal thyroid gland.  Similar fetal effects were seen in rabbits dosed with 72 mg 

perchlorate/kg/day in the diet throughout gestation, but in this study, effects on the maternal thyroid, 

although considerably less intense than in the fetuses, were observed (Lampe et al. 1967).  Rat pups 

exposed to perchlorate only for 10 days during lactation had body weights similar to controls, but 

significantly increased relative thyroid weights (Brown-Grant and Sherwood 1971).  The dams in this 

study, which were pregnant with a new litter while nursing these pups, had received an approximate dose 

of 1,752 mg perchlorate/kg/day, and showed an increase in relative thyroid weight of similar magnitude 

to the pups. 

Several developmental studies in animals have focused on the effects of perchlorate on the thyroid and 

also on neurodevelopmental effects following perinatal exposure to relatively low doses of perchlorate.  

Information on developmental effects of perchlorate is available in the 2-generation reproduction study in 

rats by York et al. (2001a) previously described in Section 3.2.2.5, Reproductive Effects.  Perchlorate 

doses were 0, 0.26, 2.6, and 25.5 mg perchlorate/kg/day, and exposure started 10 weeks before mating 

and continued during pregnancy and lactation.  The F1 generation was dosed from weaning (21 days old) 

to 19 weeks of age, but some pups were sacrificed on PND 21.  The second generation (F2) was 

sacrificed at 3 weeks of age. F1 and F2 generations were exposed in utero, via maternal milk, and 

through maternal water.  Exposure to perchlorate had no significant effect on pup weight.  High-dose 

F1 pups killed on PND 21 showed a significant increase in thyroid weight (males and females) and in 

spleen weight (females).  Significant hypertrophy and hyperplasia of the thyroid was seen in high-dose 

males and females and in mid-dose females.  Also, there was a significant reduction in serum T3 in high-

dose females, TSH was reduced in low- and mid-dose males, and serum T4 was increased in low-dose 

females.  Thyroid weight from high-dose F2 female pups was significantly increased, and both male and 

female from the mid- and high-dose group exhibited hyperplasia and hypertrophy of the thyroid.  TSH, 

T3, and T4 levels were not significantly altered in F2 pups, although T3 was somewhat lower in high-

dose females.  On the basis of morphological alterations in the thyroid observed in mid- and high-dose 

pups, the 0.26 mg/kg/day dose level is considered a developmental NOAEL.  Parental (F0) effects were 

restricted to the thyroid and consisted mainly in hypertrophy and hyperplasia of the thyroid in the mid- 

and high-dose groups and significantly increased serum TSH levels in high-dose males. 
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A subsequent study in rats by York et al. (2003) examined the developmental effects of ammonium 

perchlorate in doses of 0, 0.009, 0.09, 0.85, and 25.5 mg perchlorate/kg/day.  Dosing began 14 days 

premating and continued to gestation day (GD) 21, at which time, all rats were sacrificed.  Satellite 

groups of rats were treated similarly and were used for collection of blood and thyroid tissues.  The rats 

were observed for clinical signs, abortions, premature deliveries, and deaths.  Body weights and food and 

water consumption were also monitored.  At sacrifice, gravid uterine weights were recorded, and the 

uterus was examined for pregnancy, number and distribution of implantations, live and dead fetuses, and 

early and late resorptions.  In addition, the number of corpora lutea in each ovary was recorded; the 

placenta was also examined.  The fetuses were weighed and examined for gross alterations; one-half was 

examined for soft tissues alterations and the other half was examined for skeletal alterations and cartilage 

development.  There were no maternal deaths and all clinical observations were considered unrelated to 

the test material.  There were no significant effects on body weights, weight gains, and gravid uterine 

weights. There were no treatment-related effects on absolute or relative food or water consumption 

values. Cesarean sectioning and litter parameters were not affected by exposure to perchlorate.  

Evaluation of the fetuses showed that the average number of ossification sites per litter for sternal centers 

and for forelimb phalanges was significantly reduced in the 25.5 mg/kg/day exposure group.  

Examination of the satellite group of pups showed a statistically significant and dose-related decrease in 

T3 in all dosed groups.  No developmental NOAEL is identified in this study and the 0.009 mg/kg/day 

dose level is a developmental LOAEL.  T3 levels also were reduced in pooled serum samples from 

fetuses exposed through gestation and examined on GD 21 (York et al. 2005a).  The lowest dose tested, 

0.009 mg/kg/day, induced a 17% decrease in T3 relative to controls, whereas at the highest dose tested, 

25.5 mg/kg/day, T3 was decreased by 33%.  In this study, perchlorate also induced a dose-related increase 

in TSH (15% at 0.009 mg/kg/day) and decrease in T4 (16% at 0.009 mg/kg/day) in male pups sacrificed 

on PND 22. 

An additional study was conducted in rats given ammonium perchlorate via the drinking water that 

provided doses of 0, 0.09, 0.9, 2.6, and 8.5 mg perchlorate/kg/day (York et al. 2004).  Exposure began on 

GD 1 and continued for additional 10 days postpartum.  Dams were sacrificed on PND 10 or 22 (12-day 

recovery period).  Four subsets of pups were formed:  subset 1 was sacrificed on PND 12 for 

neurohistological examination; subset 2 was used for neurobehavioral testing (avoidance testing on 

PND 23–32, water maze on PND 59–70) and sacrificed on PND 90–92, at which time blood was 

collected for TSH, T4, and T3 determinations; subset 3 was tested for motor activity on PND 14, 18, 22, 

and 59, and for auditory startle habituation on PND 23 and 60 and sacrificed on PND 67–69; and subset 

4 was sacrificed on PND 80–86 and used for thyroid pathology and neurohistological examination and 
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morphology.  In addition, on PND 5, litters were culled to eight pups, blood was collected for hormone 

analysis, and the thyroid was processed for histopathology. 

Treatment with perchlorate caused no maternal toxicity as judged by clinical observations, body and 

thyroid weights, and thyroid histology. Perchlorate did not significantly affect gestation length, litter size, 

number of stillborn, gestation index, pup viability index, or pup’s weight.  In the pups, there were no 

significant changes in body weight, absolute and relative food consumption, or exposure to perchlorate 

did not affect the day of vaginal latency or the day of preputial separation.  Microscopic examination of 

the thyroid from pups culled on PND 5 revealed changes restricted mainly to high-dose males consisting 

of hypertrophy/hyperplasia of the follicular epithelium and decrease in follicle size.  TSH was elevated 

only in pups born to dams treated with 8.5 mg/kg/day, but T3 levels were significantly reduced at 

0.9 mg/kg/day and higher doses.  T4 was significantly reduced at 2.6 mg/kg/day and higher doses.  In 

pups sacrificed on PND 12 (subset 1), a significant increase in thickness of the corpus callosum was seen 

in high-dose females; this also was observed in high-dose males but the difference with controls was not 

statistically significant.  Evaluation of the next lower dose group (2.6 mg/kg/day) revealed a significant 

decrease in the hippocampal gyrus size in males, increase in the anterior to posterior cerebellum size and 

decrease in the caudate putamen in females, but no significant difference in the corpus callosum.  

Evaluations of subsets 2 and 3 revealed no behavioral effects in the offspring of dams exposed up to 

8.5 mg perchlorate/kg/day (passive avoidance, swimming water maze, motor activity, and auditory 

startle). Also in subsets 2 and 3, there were no necropsy observations that seemed perchlorate-related, 

and terminal body weights and absolute and relative thyroid weights were comparable among the groups. 

In subset 4, there were no necropsy observations related to treatment, no significant effect on final body 

weight or thyroid weight, and no treatment-related neuropathological changes in the brain.  However, 

morphometry evaluation of eight specific brain areas revealed a significant increase in mean thickness of 

the frontal cortex, caudate putamen, and corpus callosum from high-dose males.  Based on the thyroid 

effects on pups culled on PND 5, the dose of 0.09 mg/kg/day can be considered a developmental NOAEL. 

The highest dose tested, 8.5 mg/kg/day is a maternal NOAEL.  It should be mentioned that questions and 

concerns have been raised regarding the brain morphology findings.  A more recent refinement of the 

study from the same group of investigators in which rats were exposed to perchlorate during gestation (0, 

0.009, 0.09, 0.9, or 25.5 mg perchlorate/kg/day) and via maternal milk through lactation day 10 showed 

no treatment-related neuropathological alterations at sacrifice on PND 10 or 22 (York et al. 2005b).  The 

most significant finding was an increased thickness of the corpus callosum in male pups in the 0.09 and 

0.9 mg/kg/day dose groups, but not in the 25.5 mg/kg/day dose group.  Differences in other brain 

structures were not statistically significant and/or were present in only one dose group (i.e., thickness of 
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the right and left frontal cortex, right and left parietal cortex, left striatum, and right hippocampal gyrus 

were increased only at 0.9 mg/kg/day).  Issues that were raised by NAS (2005) include:  “(1) apparent 

systematic differences in the plane of section among treatment groups, (2) lack of a clear and consistent 

dose-response relationship, (3) doubts about the biological plausibility of the changes that were observed, 

and (4) concerns that the measures that were used were relatively insensitive and would be unlikely to 

pick up subtle differences in neurodevelopment.” 

In a study of similar design, exposure began 2 weeks before mating and was terminated on PND 10 

(Bekkedal et al. 2000, 2004). On PND 5, all of the pups were weighed and the litter culled to four males 

and four females. Tests of motor activity were conducted on one male and one female selected randomly 

on PND 14, 18, and 22.  Nine measures of motor activity were monitored: frequency and time of 

ambulatory movements, frequency and time of stereotypic movements, frequency of movements in the 

horizontal plane, distance traveled in the horizontal plane, frequency of rears, total number of horizontal 

movements made while in rearing position, and time spent resting.  Each measure of activity was 

recorded for 90 consecutive minutes on each test day. Data were divided into nine 10-minute blocks.  

The results showed that the main effect for perchlorate dose was not significant for any of the nine 

dependent variables, and there were no reliable interactions for treatment.  The highest dose tested, 

8.5 mg perchlorate/kg/day, is considered a NOAEL for neurodevelopmental effects in this study.  

Replication of this study by York et al. (2005b) showed that there were no significant alterations in test 

results due to consumption of perchlorate relative to controls.  However, there was a pattern of response 

suggesting that exposed pups may have had a lower rate of habituation, and thus maintained a higher level 

of activity than untreated pups. 

Because of EPA’s concerns that the changes in motor activity in the rats in the two studies summarized 

above had biological significance, the results of both studies were re-analyzed (Dunson 2001).  Each 

study was re-analyzed separately and combined using a Bayesian Hierarchical Modeling Approach.  

According to Dunson (2001), the re-analysis showed evidence of an increasing dose-response trend in 

motor activity in both studies, though the effect in the York et al. (2004) study was less pronounced.  

After reviewing the two studies in question and the re-analysis by Dunson, NAS (2005) concluded that: 

“general motor activity is not necessarily the most relevant or most sensitive aspect of motor function to 

assess if neonatal hypothyroidism is the suspected mechanism of action”.  

A cross-fostering study in rats was conducted by Mahle et al. (2003).  Pregnant Sprague-Dawley rats were 

administered ammonium perchlorate in the drinking water at doses of 0 or 1 mg perchlorate/kg/day from 
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GD 2 to PND 21. Cross-fostering was done on PND 1 such that four groups of pups were formed: never 

exposed, exposed in utero and via maternal milk, exposed only in utero, and exposed only via maternal 

milk. Dams and pups were sacrificed on PND 10.  There was no indication of maternal toxicity during 

the study.  However, serum T4 was significantly decreased and TSH was significantly increased in 

exposed dams that nursed their own pups; TSH was also increased in dams that nursed unexposed pups.  

The two cross-fostered litters (exposed only in utero and exposed only via nursing) had significantly 

lower weight than control pups and than pups exposed both in utero and via milk.  T3 was not 

significantly affected in any pup group (male or female).  T4 was significantly reduced in female pups 

exposed only via milk and in females exposed in utero plus via milk; the decrease was more marked in 

the latter group. T4 was not significantly affected in male pups.  TSH was increased significantly in male 

and female pups (more pronounced in females) from groups that received double exposure and in groups 

exposed only via milk; there was no significant difference between these two groups.  The results suggest 

that: (1) exposure in utero to perchlorate at the dose tested had little or no impact on serum levels of 

thyroid hormone and TSH measured in pups on PND 10, (2) the changes in serum thyroid hormone and 

TSH levels seen in PND 10 pups exposed both in utero and via maternal milk appear to be completely 

due to postnatal exposure to perchlorate through lactation, and (3) perchlorate could be acting directly on 

the pups’ thyroid and/or may be limiting the availability of iodide to nursing pups by inhibiting NIS in 

breast tissue. 

The developmental effects of perchlorate were also examined in rabbits administered 0, 0.09, 0.85, 8.5, 

25.5, or 85 mg perchlorate/kg/day in the drinking water on GD 6–28 (York et al. 2001b).  Sacrifices were 

conducted on GD 29.  There were no deaths attributed to treatment with the test material or chemical-

related clinical signs, or effects on body weight or uterine weight.  There were no compound-related 

effects on any of the litter parameters studied including litter averages for corpora lutea, implantations, 

litter sizes, live and dead fetuses, percent dead or resorbed fetuses, and fetal body weights.  All placentae 

appeared normal. There were no treatment-related increases in gross alterations or in skeletal and soft 

tissue anomalies.  This study defined a maternal NOAEL of 0.85 mg/kg/day (see Endocrine Effects 

section for summary of maternal effects) and a developmental NOAEL of 85 mg/kg/day. 

Developmental NOAEL and LOAEL values from these studies are shown in Table 3-2 and Figure 3-2. 
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3.2.2.7 Cancer 

Limited information was located regarding exposure to perchlorate and cancer in humans.  In the ecologic 

study by Li et al. (2001) described earlier, the prevalence of thyroid cancer was not significantly higher 

among residents from Clark County (Las Vegas), whose drinking water had 4–24 μg/L of perchlorate 

(0.0001–0.0007 mg perchlorate/kg/day) than in residents from another urban area of similar size (Reno, 

Washoe County), but with no perchlorate in the water, or than those from all other counties, also with no 

perchlorate exposure. 

Morgan and Cassady (2002) conducted an ecologic study among residents of 13 contiguous census tracts 

in Redlands, California, San Bernardino County.  Residents had been exposed to various concentrations 

of trichloroethylene (TCE) and ammonium perchlorate.  Testing for TCE began in 1980, whereas, testing 

for perchlorate began in 1997.  The concentration of perchlorate in the wells in 2001 was reported to be in 

the range 5–98 ppb, with drinking water concentrations not exceeding 18 ppb.  The concentration of TCE 

in the wells initially ranged from 0.09 to 97 ppb, but did not exceed 5 ppb in the drinking water since 

1991 after the water underwent treatment or the highly contaminated wells were removed from service.  

The standardized incidence ratios (SIRs, observed/expected) for all cancers combined or for any specific 

cancer site was not significantly different than 1.00, except for colon and rectum (SIR, 0.86; 99% CI, 

0.74–0.99) and lung and bronchus (SIR, 0.71; 99% CI, 0.61–0.81), which were lower than expected, and 

melanoma of the skin (SIR, 1.42; 99% CI, 1.13–1.77) and uterine cancer (SIR, 1.35; 99% CI, 1.06–1.70), 

which were higher than expected.  The SIR for thyroid cancer was 1.0 (99% CI, 0.63–1.47) based on 

40 observed cases. When the analysis was restricted to children, no cancers were observed more often 

than expected. NAS (2005) notes that limitations of the study include the fact that timing and duration of 

exposure to perchlorate is unclear, that there also was exposure to TCE, and that there was no adjustment 

for other potential confounding variables.  NAS (2005) further notes that the expected numbers were 

derived from the four-county region as a whole, which included the exposed community, not from an 

unexposed area.  The latter could have resulted in an underestimate of the SIR. 

Potassium and sodium perchlorates have been shown to produce thyroid tumors (papillary and/or 

follicular adenomas and/or carcinomas) in rats and mice with long-term exposure (1–24 months) to 1– 

1.2% concentrations in the feed or drinking water (Fernandez-Rodriguez et al. 1991; Florencio Vicente 

1990; Gauss 1972; Kessler and Kruskemper 1966; Pajer and Kalisnik 1991; Toro Guillen 1991).  

Estimated doses in these studies ranged from 928 to 2,573 mg perchlorate/kg/day.  The cancer effect 

levels from these studies are shown in Table 3-2 and Figure 3-2.  In a related study in rats, Fernández­



80 PERCHLORATES 

3. HEALTH EFFECTS 

Santos et al. (2004) determined the incidence of Ki-ras oncogene mutations in follicular cell carcinomas 

of the thyroid induced by administration of radioactive iodine and potassium perchlorate (1% in drinking 

water) for up to 18 months.  Direct sequencing showed no mutations in the amplified gene segment of any 

of the induced thyroid tumors.  The results suggested that Ki-ras activation via mutations at codons 12 

and 13 is neither a constant event nor an early event in the development of rat thyroid follicular cell 

carcinoma.  An additional study found that low level exposure to potassium perchlorate (0.1% in the feed, 

corresponding to a dose of 64 mg perchlorate/kg/day) for 19 weeks promoted the development of thyroid 

tumors initiated by N-bis(2-hydroxypropyl)nitrosamine (Hiasa et al. 1987). 

NAS (2005) noted that:  “on the basis of the understanding of the biology of human and rodent thyroid 

tumors, it is unlikely that perchlorate poses a risk of thyroid cancer in humans”.  The EPA has concluded 

that perchlorate is not likely to pose a risk of thyroid cancer in humans, at least at doses below those 

necessary to alter thyroid hormone homeostasis, based on the hormonally-mediated mode of action in 

rodent studies and species differences in thyroid function (IRIS 2007). 

3.2.3 Dermal Exposure  

No studies were located regarding the following effects in humans or animals after dermal exposure to 

perchlorate: 

3.2.3.1 Death 
3.2.3.2 Systemic Effects  
3.2.3.3 Immunological and Lymphoreticular Effects  
3.2.3.4 Neurological Effects 
3.2.3.5 Reproductive Effects  
3.2.3.6 Developmental Effects 
3.2.3.7 Cancer 

3.3 GENOTOXICITY  

No studies were located regarding genotoxic effects in humans after inhalation, oral, or dermal exposure 

to perchlorates. Limited information is available from studies in animals.  Siglin et al. (2000) found no 

evidence of bone marrow erythrocyte micronucleus formation in male and female rats as a result of 

exposure to 8.5 mg perchlorate/kg/day as ammonium perchlorate in the drinking water for 90 days.  

Zeiger et al. (1998b) also reported no increase in micronucleus formation in bone marrow from mice 



81 PERCHLORATES 

3. HEALTH EFFECTS 

injected intraperitoneally with 500 mg of ammonium perchlorate/kg/day for 3 consecutive days; higher 

doses were lethal to the mice.  Cyclophosphamide was used as positive control in both studies. 

Magnesium perchlorate was negative in a test for SOS-inducing activity in Salmonella typhimurium strain 

1535 (Nakamura and Kosaka 1989) and in a test for production of deoxyribonucleic acid (DNA)-protein 

cross links in cultured human lymphocytes (Costa et al. 1996).  Zeiger et al. (1998a) found no evidence of 

mutagenicity for ammonium perchlorate with or without metabolic activation in six different Salmonella 

strains. Ammonium perchlorate was not mutagenic in the mouse lymphoma assay with or without 

metabolic activation (San and Clarke 1999). 

The available data suggest that perchlorate is not a mutagenic or clastogenic agent. 

3.4 TOXICOKINETICS 

Overview.  Short-term studies on humans and animals demonstrate that perchlorate appears to be readily 

absorbed by the digestive system after oral exposure.  Maximum blood levels appear within a few hours 

after ingestion. Perchlorate is rapidly taken up into the thyroid gland, by an active transport mechanism, 

and reaches a maximum level in the thyroid in approximately 4 hours in rats.  Elimination of perchlorate 

from the thyroid is also rapid; half-lives of 10–20 hours have been estimated in rats.  Perchlorate does not 

appear to be modified in the body, either by degradation or covalent binding.  Perchlorate is rapidly 

eliminated from the body in the urine with half-lives of approximately 8–12 hours in humans and 10– 

20 hours in rats.  No studies on the kinetics of long-term administration of perchlorate in humans or 

animals have been reported. 

3.4.1 Absorption 
3.4.1.1 Inhalation Exposure 

No studies were found regarding quantitative absorption of perchlorate after inhalation exposure.  

Occupational studies have measured urinary perchlorate in workers, suggesting that pulmonary absorption 

may occur (Lamm et al. 1999), although swallowing of particles may have also occurred.  Under normal 

ambient temperatures, the vapor pressure of a perchlorate salt solution is expected to be low, which would 

reduce the likelihood of exposure to perchlorate fumes or vapors from that source.  However, if 

perchlorate particles were suspended in air, absorption by inhalation would be possible, depending on the 

particle size. It is also possible that a portion of perchlorate particles suspended in the air could be 
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swallowed and absorbed orally.  Given the aqueous solubility of perchlorate salts, it is likely that small 

particles reaching the alveoli would dissolve and readily enter the systemic circulation. 

3.4.1.2 Oral Exposure  

Perchlorate has been shown, in both human and animal studies, to be readily absorbed after oral exposure.  

In human subjects who ingested 10 mg/day perchlorate as potassium perchlorate in drinking water for 

14 days (0.14 mg/kg/day), urinary excretion rate of perchlorate was 77% of the dose/day, after 7 days of 

exposure, indicating that at least 77% of the ingested dosage had been absorbed (Lawrence et al. 2000).  

Evidence for rapid absorption in humans is provided by studies of elimination patterns.  Anbar et al. 

(1959) detected potassium perchlorate in urine samples collected from four subjects 3 hours after 

ingestion of 200 mg perchlorate.  Durand (1938) gave sodium perchlorate in a single oral dose (784 mg 

perchlorate per person) to two individuals and found perchlorate in the urine as early as 10 minutes after 

ingestion. Approximately 30% of the ingested dose had been eliminated in the urine within 3 hours after 

the dose, and 95% was eliminated within 48 hours.  In a study of 13 subjects given 0.5 or 3 mg 

perchlorate/day for 6 months, serum perchlorate increased from undetected at baseline to an average of 

24.5 µg/L in the low-dose group and 77.9 µg/L in the high-dose group over the 6 months (Braverman et 

al. 2006).  The investigators estimated that approximately 65–70% of the daily dose was excreted during a 

24-hour period. These results suggest rapid and near complete absorption of perchlorate through the 

digestive system.   

Selivanova et al. (1986) examined the absorption of ammonium perchlorate in rats, rabbits, and calves 

after a single oral dose (2, 20, 200, or 600 mg perchlorate/kg).  In rats, a maximum concentration of 

perchlorate in blood was noted between 30 and 60 minutes after administration (suggesting entrance into 

the systemic circulation before 30 minutes); in cattle, the maximum blood concentration of perchlorate 

occurred at 5 hours. In this study, only 8.5% of the administered dose was excreted in feces, and the rest 

was excreted in the urine, suggesting that >90% of the administered oral dose was absorbed.  

3.4.1.3 Dermal Exposure  

No studies were found regarding absorption of perchlorate after dermal exposure.  As a general rule, 

electrolytes applied from aqueous solutions do not readily penetrate the skin (Scheuplein and Bronaugh 

1983).  On this basis, dermal absorption of perchlorate is expected to be low. 



83 PERCHLORATES 

3. HEALTH EFFECTS 

3.4.2 Distribution  

Perchlorate binds to bovine and human serum albumin (Carr 1952; Scatchard and Black 1949).  

Perchlorate binds only weakly to either of the two binding sites of transferrin (association constants 7 and 

35 M) (Harris et al. 1998). 

Studies conducted in rabbits and rats indicate that perchlorate concentrations in most soft tissues (e.g., 

kidney, liver, skeletal muscle) are similar to the serum concentrations; tissue:serum concentration ratios 

>1 have been found in thyroid (5–10) and skin (1–2) (Durand 1938; Yu et al. 2002).  Accumulation of 

perchlorate in the thyroid occurs by a saturable, active transport process (see Section 3.5.1).  As a result, 

thyroid serum concentrations and the amount of perchlorate in the thyroid as a fraction of the absorbed 

dose decrease with increasing dose (Chow and Woodbury 1970).  Elimination of perchlorate from the 

thyroid gland is relatively rapid, with half-times in rats estimated to be approximately 10–20 hours 

(Fisher et al. 2000; Goldman and Stanbury 1973; Yu et al. 2002). 

Studies conducted in rats administered intravenous injections of perchlorate indicate that perchlorate is 

secreted into the gastric lumen (Yu et al. 2002).  Perchlorate secreted into the gastric lumen may be 

absorbed in the small intestine. 

3.4.2.1 Inhalation Exposure 

No studies were found in humans or in animals regarding distribution of perchlorate after inhalation 

exposure. 

3.4.2.2 Oral Exposure  

In a survey of 36 healthy lactating volunteers, perchlorate was detected in breast milk at a mean 

concentration of 10.5 µg/L (range, 0.6–92. µg/L) (Kirk et al. 2005).  Exposure of the lactating women 

was presumed to have occurred mainly from perchlorate in food and drinking water.  No correlation was 

apparent between the concentration of perchlorate in the breast milk and the water that the respective 

mothers consumed.  Serial collection of breast milk from 10 lactating women over a 3-day period 

revealed that the concentrations of perchlorate, iodide, and thiocyanate varied significantly over time 

(Kirk et al. 2007). For perchlorate, the range, mean and median in 147 samples were 0.5–39.5, 5.8, and 

4.0 µg/L, respectively.  A study of women from three different cities in Chile also detected perchlorate in 

breast milk at mean concentrations ranging from 17.7 to 95.6 µg/L (Téllez et al. 2005).  This study also 
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found no significant correlations between breast milk perchlorate and either urine perchlorate or breast 

milk iodine concentrations.  A study of 57 lactating women in Boston reported a median concentration of 

perchlorate in milk of 9.1 µg/L (range 1.3–411 µg/L) (Pearce et al. 2007). 

Perchlorate also has been detected in dairy milk.  A survey of 12 U.S. states showed a mean milk 

perchlorate level of 5.81 µg/L in 125 samples (FDA 2007a, 2007b), which was lower than a reported 

mean of 9.39 µg/L for Japanese samples (Dyke et al. 2007).  The recent Total Diet Study (TDS) study 

conducted by the FDA reported a mean concentration of perchlorate of 7 µg/L in eight samples of milk 

(Murray et al. 2008). 

Studies conducted in rabbits and rats indicate that perchlorate concentrations in most soft tissues (e.g., 

kidney, liver, skeletal muscle) are similar to the serum concentrations; tissue:serum concentration ratios 

>1 have been found in thyroid (5–10) and skin (1–2) (Durand 1938; Yu et al. 2002).  Accumulation of 

perchlorate in the thyroid occurs by a saturable, active transport process (see Section 3.5.1). 

Perchlorate has been shown to cross the placenta of rats.  In rats exposed to perchlorate in drinking water, 

fetal:maternal serum concentration ratios were approximately 1 when the maternal dosage was 

1 mg/kg/day or lower, and were <1 when the maternal dosage was 10 mg/kg/day, suggesting the 

possibility of a dose-dependent limitation in the capacity of transplacental transfer (Clewell et al. 2003a). 

3.4.2.3 Dermal Exposure  

No studies were found regarding distribution of perchlorate after dermal exposure. 

3.4.2.4 Other Routes of Exposure 

Several studies have examined the distribution of perchlorate in animals after intravenous, intramuscular, 

or peritoneal injection (Anbar et al. 1959; Chow and Woodbury 1970; Chow et al. 1969; Durand 1938; 

Goldman and Stanbury 1973; Yu et al. 2002).  These studies have shown that absorbed perchlorate, 

regardless of the route of exposure, will distribute to soft tissues, including adrenal, brain, kidney, liver, 

mammary gland, skeletal muscle, spleen, testes, and thyroid. The highest concentrations occur in the 

thyroid, where tissue:serum concentration ratios of 5–10 have been observed (Chow and Woodbury 

1970).  The elimination half-time for the thyroid was estimated in rats to be approximately 10–20 hours 

(Fisher et al. 2000; Goldman and Stanbury 1973; Yu et al. 2002). 
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Other tissues that appear to concentrate perchlorate are the salivary gland and skin, although not to the 

same degree as the thyroid (Anbar et al. 1959; Lazarus et al. 1974; Yu et al. 2002).  Tissue:blood 

concentration ratios of 1.5–2 have been observed for the salivary gland (Anbar et al. 1959) and 1–2 for 

the skin (Yu et al. 2002). 

3.4.3 Metabolism 

There is no evidence that perchlorate is metabolized in the body. Anbar et al. (1959) assayed for potential 

metabolites of potassium perchlorate (radiolabeled with 36Cl and 18O4) in the urine of patients 3 hours 

after a single oral dose (200 mg perchlorate per person).  They did not detect any isotopic exchange of the 

oxygen atoms in excreted perchlorate; furthermore, although they found that 1–3% of the excreted 36Cl 

was chloride ion, this value was within experimental error.  They concluded that the perchlorate excreted 

after 3 hours was unmodified.  There has been no investigation as to whether perchlorate that is 

eliminated at later time points would exhibit the same isotopic pattern. 

Goldman and Stanbury (1973) found that perchlorate reached a maximum concentration (>3% of the 

administered dose/g tissue) in the thyroid gland of rats 4 hours after an intraperitoneal injection of 

radiolabeled potassium perchlorate (K 36ClO4; 18 or 24 mg perchlorate/kg).  However, trichloroacetic acid 

precipitates of thyroid homogenates contained only background levels of radioactivity, indicating that 

perchlorate is not covalently bound to thyroid protein. 

3.4.4 Elimination and Excretion 

The few studies of the elimination and excretion of perchlorate, described in the sections that follow, 

suggest that it is rapidly eliminated from the body through the urinary tract.  Similar results have been 

obtained after oral exposure or after intravenous or intraperitoneal injection; the specific cation appears 

not to influence the pattern of excretion. 

3.4.4.1 Inhalation Exposure 

A study in two workers occupationally exposed to perchlorate found that the urinary perchlorate 

concentration increased over 3 days of perchlorate exposure, but there was a decrease between the 

12-hour work shifts (Lamm et al. 1999).  Excretion after the last exposure appeared to follow a first-order 

kinetics pattern, particularly when the urinary perchlorate concentration was between 0.1 and 10 mg/L.  
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The average elimination half-life for the two workers was approximately 8 hours.  No information was 

located regarding excretion of perchlorate in animals following inhalation exposure. 

3.4.4.2 Oral Exposure  

In adult human subjects who ingested potassium perchlorate in drinking water (0.14 mg/kg/day) for 

14 days, urinary excretion rate of perchlorate was 77% of the dose/day after 7 days of exposure, 

indicating that urine is the main excretory pathway for absorbed perchlorate (Lawrence et al. 2000).  The 

urinary excretion rate of perchlorate returned to control levels (<0.5 mg/day) within 14 days after 

exposure to perchlorate was terminated (Lawrence et al. 2000).  Perchlorate was detected in the urine of 

two adults at 10 minutes after a single oral dose of sodium perchlorate (784 mg perchlorate per person); 

urinary excretion as a percentage of the dose was 30% at 3 hours, 50% in at 5 hours, 85% at 24 hours, and 

95% at 48 hours (Durand 1938).  This suggests an excretion half-time of approximately 12 hours.  The 

latter estimate is consistent with the elimination kinetics of perchlorate from serum.  The elimination half­

time for perchlorate in serum was estimated to be approximately 8 hours in adult human subjects who 

ingested potassium perchlorate in drinking water (0.5 mg/kg/day) for 14 days (Greer et al. 2002).  In 

another study in adult humans, it was estimated that approximately 65–70% of a daily dose of 0.5–3 mg 

perchlorate/day was excreted over a 24-hour period (Braverman et al. 2006).  Thus, in humans, 

perchlorate is rapidly eliminated and would not be expected to accumulate in the body with prolonged 

exposure. Based on an elimination half-time of approximately 8–12 hours, a steady state would be 

achieved within 3–4 days of continuous exposure.  The detection of perchlorate in breast milk from 

lactating women (Kirk et al. 2005; Pearce et al. 2007; Téllez et al. 2005) also indicates breast milk as an 

excretion route in humans. 

Studies conducted in a variety of experimental animals, including rats, rabbits, and calves, have shown 

that absorbed perchlorate is rapidly and nearly completely excreted in the urine (Fisher et al. 2000; 

Selivanova et al. 1986; Yu et al. 2002). 

Studies conducted in rats have shown that perchlorate is excreted in mammary milk (Clewell et al. 

2003b).  Perchlorate has also been detected in dairy milk (Howard et al. 1996; Kirk et al. 2005). 

3.4.4.3 Dermal Exposure  

No studies were found regarding elimination or excretion of perchlorates after dermal exposure. 
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3.4.4.4 Other Routes of Exposure 

Studies in which rats received intravenous or intraperitoneal injections of perchlorate provide additional 

support for the rapid excretion of perchlorate in urine.  Rats that received a single intravenous injection of 

0.01, 0.1, 1.0, or 3.0 mg/kg perchlorate (as ammonium perchlorate) excreted 85, 86, 80, or 79% of the 

administered dose, respectively, in urine (Fisher et al. 2000).  The elimination half-time for intravenously 

injected perchlorate (approximately 0.04 mg, 0.18–0.25 mg/kg, as potassium perchlorate) from serum, 

and the urinary excretion half-time were estimated in rats to be approximately 20 hours (Goldman and 

Stanbury 1973).  Similarly, rats injected with sodium perchlorate (2, 8, or 49 mg perchlorate/kg) excreted 

50% of the administered dose in urine during the first 6 hours and had excreted 93–97% of the dose by 

60 hours (Eichler and Hackenthal 1962); in this study, higher doses of perchlorate were eliminated at a 

faster rate than lower doses.  Similar results were obtained in rats that received a single intravenous dose 

of 3.3 mg/kg perchlorate as ammonium perchlorate; urinary excretion of perchlorate was essentially 

complete within 12 hours (Yu et al. 2002).  Possible contributors to the relatively longer elimination half-

life of perchlorate in rats than in humans include differences in serum protein binding or perhaps the NIS 

protein in the gastrointestinal tract may sequester perchlorate temporarily to a greater degree in the rat 

than human. 

3.4.5 Physiologically Based Pharmacokinetic (PBPK)/Pharmacodynamic (PD) Models  

Physiologically based pharmacokinetic (PBPK) models use mathematical descriptions of the uptake and 

disposition of chemical substances to quantitatively describe the relationships among critical biological 

processes (Krishnan et al. 1994).  PBPK models are also called biologically based tissue dosimetry 

models.  PBPK models are increasingly used in risk assessments, primarily to predict the concentration of 

potentially toxic moieties of a chemical that will be delivered to any given target tissue following various 

combinations of route, dose level, and test species (Clewell and Andersen 1985).  Physiologically based 

pharmacodynamic (PBPD) models use mathematical descriptions of the dose-response function to 

quantitatively describe the relationship between target tissue dose and toxic end points.   

PBPK/PD models refine our understanding of complex quantitative dose behaviors by helping to 

delineate and characterize the relationships between: (1) the external/exposure concentration and target 

tissue dose of the toxic moiety, and (2) the target tissue dose and observed responses (Andersen and 

Krishnan 1994; Andersen et al. 1987). These models are biologically and mechanistically based and can 

be used to extrapolate the pharmacokinetic behavior of chemical substances from high to low dose, from 

route to route, between species, and between subpopulations within a species.  The biological basis of 
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PBPK models results in more meaningful extrapolations than those generated with the more conventional 

use of uncertainty factors. 

The PBPK model for a chemical substance is developed in four interconnected steps:  (1) model 

representation, (2) model parameterization, (3) model simulation, and (4) model validation (Krishnan and 

Andersen 1994).  In the early 1990s, validated PBPK models were developed for a number of 

toxicologically important chemical substances, both volatile and nonvolatile (Krishnan and Andersen 

1994; Leung 1993).  PBPK models for a particular substance require estimates of the chemical substance-

specific physicochemical parameters, and species-specific physiological and biological parameters.  The 

numerical estimates of these model parameters are incorporated within a set of differential and algebraic 

equations that describe the pharmacokinetic processes.  Solving these differential and algebraic equations 

provides the predictions of tissue dose.  Computers then provide process simulations based on these 

solutions. 

The structure and mathematical expressions used in PBPK models significantly simplify the true 

complexities of biological systems.  If the uptake and disposition of the chemical substance(s) are 

adequately described, however, this simplification is desirable because data are often unavailable for 

many biological processes.  A simplified scheme reduces the magnitude of cumulative uncertainty.  The 

adequacy of the model is, therefore, of great importance, and model validation is essential to the use of 

PBPK models in risk assessment. 

PBPK models improve the pharmacokinetic extrapolations used in risk assessments that identify the 

maximal (i.e., the safe) levels for human exposure to chemical substances (Andersen and Krishnan 1994).  

PBPK models provide a scientifically sound means to predict the target tissue dose of chemicals in 

humans who are exposed to environmental levels (for example, levels that might occur at hazardous waste 

sites) based on the results of studies where doses were higher or were administered in different species.  

Figure 3-3 shows a conceptualized representation of a PBPK model. 

If PBPK models for perchlorates exist, the overall results and individual models are discussed in this 

section in terms of their use in risk assessment, tissue dosimetry, and dose, route, and species 

extrapolations. 
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Figure 3-3. Conceptual Representation of a Physiologically Based 

Pharmacokinetic (PBPK) Model for a Hypothetical  


Chemical Substance 


Note: This is a conceptual representation of a physiologically based pharmacokinetic (PBPK) model for a 
hypothetical chemical substance.  The chemical substance is shown to be absorbed via the skin, by inhalation, or by 
ingestion, metabolized in the liver, and excreted in urine, feces, or by exhalation. 

Source: adapted from Krishnan and Andersen 1994 
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Perchlorate PBPK  Models 

Description of the models. PBPK models of the kinetics of ingested or injected perchlorate in rats 

and humans have been developed (Fisher et al. 2000; Merrill et al. 2003, 2005).  The models were 

developed simultaneously with models of radioiodide biokinetics.  When combined, the perchlorate and 

radioiodide models simulate the competitive inhibition of radioiodide transport by perchlorate in thyroid 

and other tissues that have NIS activity.  The adult rat model was extended to include pregnancy and 

maternal-fetal transfer of perchlorate, and lactation and maternal-pup perchlorate transfer through milk 

(Clewell et al. 2003a, 2003b).  Corresponding human models of pregnancy, maternal-fetal transfer, and 

maternal-infant transfer of perchlorate were developed (Clewell et al. 2007). 

The adult rat and human models have the same structure and differ only in values for physiological and 

some of perchlorate parameters (Table 3-3, Figure 3-4).  Both models simulate nine tissue compartments:  

blood, kidney, liver, skin, stomach, thyroid, fat, other slowly perfused tissues, and other richly perfused 

tissues. Uptakes from blood into the tissue vascular compartments are simulated as flow-limited 

processes.  Distributions within blood, skin, stomach, and thyroid are simulated as diffusion limited 

processes with first-order clearance terms.  Excretion is described with a first-order clearance term for 

transfer of perchlorate from the kidney into urine.  Uptake of perchlorate into tissues that have NIS 

activity are simulated using a Michaelis-Menten approach with tissue- and species-specific maximum 

velocities and affinity constants that are conserved across tissues and species.  This includes uptake of 

perchlorate into thyroid follicle cells.  Secretion of perchlorate into the follicle lumen, thought to be 

mediated by the pendrin anion transporter, is simulated using a Michaelis-Menten approach.  

Upregulation of NIS (i.e., induction in response to TSH) is simulated by fitting increased maximum 

velocities of perchlorate and radioiodide transport into the thyroid gland.  The model does not explicitly 

include TSH-dependence of NIS levels or other aspects of the metabolism of iodide within the thyroid 

(e.g., hormone production and secretion), and does not simulate changes in TSH levels resulting from NIS 

inhibition.  Active transport of perchlorate into the stomach lumen and in skin is also simulated in the 

models.   

Extensions of the adult models to simulate perchlorate (and radioiodide) kinetics during pregnancy in rats 

and humans include the addition of two additional compartments representing the mammary gland and 

placenta (Clewell et al. 2003a, 2003b, 2007). The structure of the human pregnancy and lactation models 

for perchlorate (which are identical to the corresponding rat models) are shown in Figure 3-5. Parameter 
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Table 3-3. Perchlorate and Radioiodide Parameter Values for the Adult Male Rat 
and Human PBPK Models 

Male rat Human 
Parameter Perchlorate Radioiodide Perchlorate Radioiodide 
Partition coefficients (unitless) 
 Slowly perfused/plasma 0.31 0.21 0.31 0.21 
 Richly perfused/plasma 0.56 0.40 0.56 0.40 
 Fat/plasma 0.05 0.05 0.05 0.05 
 Kidney/plasma 0.99 1.00 0.99 1.09 
 Liver/plasma 0.56 0.44 0.56 0.44 

Gastric tissue/gastric blood 0.70 1.0 1.80 0.50 
Gastric juice/gastric tissue 1.70 3.50 2.30 3.50 
Skin tissue/skin blood 1.0 0.70 1.15 0.70 
Thyroid follicle/thyroid stroma 0.15 0.15 0.13 0.15 
Thyroid lumen/thyroid follicle 8.00 8.00 7.00 7.00 

 Red blood cells/plasma 0.73 1.00 0.80 1.00 
Max capacity (ng/hour/kg) 
 Thyroid follicle 1.0x103 5.4x104 5.0x105 ~1.5x105 

± 8.2x104

 Thyroid lumen 2.0x104 4.0x106 2.5x104 7.0x107

 Skin 5.0x105 5.0x105 1.0x106 6.0x105

 Gastric 2.0x104 2.0x106 1.0x105 9.0x105

 Plasma binding 3.4x103 1.0x102 5.0x102 2.0x102 

Affinity constants (ng/L) 
 Thyroid lumen 1.0x108 1.0x109 1.0x108 1.0x109

 Thyroid follicle 1.8x105 4.0x106 1.6x105 4.0x106

 Skin 1.8x105 4.0x106 2.0x105 4.0x106

 Gastric 1.7x105 4.0x106 2.0x105 4.0x106

 Plasma binding 1.1x104 NA 1.8x104 7.8x105 

Permeability area cross products (L/hour/kg)  
Gastric blood to gastric tissue 1.00 1.00 0.6 0.2 
Gastric tissue to gastric juice 0.80 0.10 0.8 2.0 
Skin blood to skin tissue 0.80 0.10 1.0 0.01 
Plasma to red blood cells 1.00 1.00 1.0 1.0 
Thyroid follicle to thyroid stroma 6.0x10-5 1.0x10-4 1.0x10-4 6.0x10-4 

Thyroid lumen to thyroid follicle 0.01 4.0x10-7 0.01 1.0x10-4 
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Table 3-3. Perchlorate and Radioiodide Parameter Values for the Adult Male Rat 
and Human PBPK Models 

Male rat Human 
Parameter Perchlorate Radioiodide Perchlorate Radioiodide 
Clearance values (L/hour/kg) 
 Urinary excretion 0.07 0.05 0.13±0.05 0.11 

Plasma unbinding 0.032 NA 0.025 No data 
 Hormone production NA 0.10 NA 0.01 
 Hormone secretion NA 1.2x10-6 NA 1.2x10-6 

 Hormone deiodination NA NA NA 9.0x10-4 

NA = not applicable; PBPK = physiologically based pharmacokinetic 

Sources: Merrill et al. 2003, 2005 
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Figure 3-4. Structure of PBPK Model of Perchlorate in Typical Adult Humans and 
Male Rats* 
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Figure 3-5. Structure of PBPK Models of Perchlorate in the Pregnant and 

Lactating Woman 
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values for the perchlorate and radioiodide human models are presented in Tables 3-4 and 3-5, 

respectively. Corresponding rat model parameter values are presented in Tables 3-6 and 3-7. 

Uptake of perchlorate into the mammary gland tissue from the mammary tissue vascular space is 

simulated as a capacity-limited transport process, representing the activities of NIS and pendrin in this 

tissue. Uptake of perchlorate into the placenta from blood into placental blood is simulated as a diffusion-

limited process with capacity-limited transport from placenta blood to placental tissue via NIS. 

Exchanges of perchlorate between the placenta and fetus are simulated with first-order clearance terms.  

The fetal model is identical in structure to the adult (nonpregnant) model, with adjustments in the 

physiological and perchlorate parameters to reflect the fetus, and the following exceptions: (1) fetal 

exposure is described as a first-order transfer from the placenta to the serum of the fetus; (2) clearance in 

the fetus is described as first-order loss from the fetal serum to the placenta; and (3) binding of iodine is 

not represented in the fetal thyroid and plasma. 

The lactating rat and human models include a milk compartment in mammary tissue and a first-order 

clearance term for describing secretion of perchlorate from mammary tissue into milk (Clewell et al. 

2003b, 2007).  Transfer of perchlorate from milk to the neonate is simulated as a first-order clearance 

process. The neonate model is identical in structure to the adult (nonpregnant) model, with adjustments to 

the physiological and perchlorate parameter values to reflect the neonate (Clewell et al. 2003a).  

Parameter values for perchlorate and radioiodide in children were allometrically scaled from adult values. 

Validation of the models. The rat adult perchlorate model has been evaluated for predicting kidney, 

serum, gastric lumen, tissue (including thyroid), and urine perchlorate concentrations in adult rats that 

received acute intravenous injection of radiolabeled perchlorate (36ClO4
-), (Merrill et al. 2003; Yu et al. 

2002).  In general, model predictions were within 1–2 standard deviations of observed values.  When the 

same parameter values were used to predict perchlorate concentrations in the thyroid in rats that were 

exposed to repeated doses of perchlorate in drinking water for 14 days, the model predicted lower levels 

of perchlorate in thyroid than were observed for dosages ≥3 mg/kg/day.  At doses of perchlorate 

>1 mg/kg/day, only slight inhibition of thyroid radioiodide uptake was observed (Yu et al. 2002); 

presumably, a result of upregulation of NIS by TSH, whereas the model predicted greater inhibition. 

However, good correspondence with observations was achieved by adjusting the parameters for 

maximum velocity of transport of perchlorate and radioiodide into the thyroid gland.  This adjustment 

mimics induction of NIS that occurs in response to elevations in serum TSH, which was observed in the 

rats exposed to perchlorate in drinking water (Uyttersprot et al. 1997; Yu et al. 2002).  TSH stimulates  
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Table 3-4. Perchlorate Chemical-specific Parameters for Human Gestation and 

Lactation Models 


Gestation Lactation 
Parameters Woman Fetus Woman Neonate 
Gastric tissue/gastric blood PG 1.29a 1.79a 4.6a 8.25a 

Gastric juice/gastric tissue PGJ 1.76a 2.3a 3.1a 7.63a 

Skin tissue/skin blood PSk 1.32a 1.32a 1.32a 1.32a 

Mammary tissue/mammary blood PM 0.66b NA 0.66b NA 
Mammary/milk PMk NA NA 2.39b NA 
Placenta/placental blood 0.56b NA NA NA 
Maximum capacity (ng/hour/kg) 
 Thyroid follicle VmaxcTF 6.0x103a 0–2x105e 9.0x103a 0.6–2.4x105e/6x103c

 Thyroid colloid (luman)VmaxcTL 1.7x104a 1.7x104a 8.4x103a 1.7x104a

 Skin VmaxcS 1.2x106a 8.0x105a 1.6x106a 1.6x106a

 Gastrointestinal VmaxcG 3.2x107a 4.0x106a 5.0x106a 5.0x106a

 Mammary VmaxcM 2.2x104b NA 2.0x104b NA 
Milk VmaxcMk NA NA 2.0x104b NA 
Placenta VmaxcP 6.0x104b NA NA NA 

Affinity constants (ng/L) 
Mammary KmM 2.0x105c NA 2.0x105c NA 
Milk KmMk NA NA 1.0x106b N A 
Placenta KmP 2.0x105c NA NA NA 

Permeability area cross products (L/hour/kg)  
Gastric blood to gastric tissue PAGc 0.6a 0.6 0.6 0.6a 

Gastric tissue to gastric juice PAGJc 1.0a 1.0 1.0 1.0a 

Thyroid stroma to thyroid follicle PATFc 1.0x10-4a 1.0x10-2f 6.7x10-5 6.7x10-5a 

Thyroid follicle to thyroid colloid (lumen) 0.01a 0.01a 0.01 0.01a 

PATLc


Skin blood to skin tissue PASkc 1.25a 1.25a 0.63 1.25a


Mammary blood to mammary tissue PAMc 0.04a NA 0.01 NA 


Mammary tissue to milk PAMkc NA NA 0.1 NA 


Placenta blood to placenta PAPCc 0.1b NA NA NA 


Clearance values (L/hour/kg) 
 Urinary excretion CLUc 0.05d NA 0.05d 0.13c 

Placenta to fetal blood Cltrans1c 0.12f NA NA 
Fetal blood to placenta Cltrans2c 0.12b NA NA 
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Table 3-4. Perchlorate Chemical-specific Parameters for Human Gestation and 

Lactation Models 


Gestation Lactation 
Parameters Woman Fetus Woman Neonate 
Binding constants (ng/hour/kg) 

Plasma binding VmaxcB 5.9x102a 5.0x102c 1.32x103a 5.0x102c 

Note: Partition coefficients for perfusion limited compartments (i.e., fat, liver, kidney, rapidly and slowly perfused 

tissues) were the same across species and life stages. 


aCalculated using parallelogram approach (Clewell 2008). 

bSet to rat value (in absence of equivalent human parameter). 

cSet to adult human value. 

dAdjusted to fit data set. 

eCalculated from human perinatal iodide parameter and ClO4

-:I- ratio in adult. 

fSet to human perinatal iodide value (in absence of equivalent perchlorate data). 


NA = not applicable 


Source: Clewell 2008; Clewell et al. 2007) 
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Table 3-5. Radioiodide Chemical-specific Parameters for Human Gestation and 

Lactation Models 


Gestation Lactation 
Parameters Woman Fetus Woman Neonate 
Gastric tissue/gastric blood PG 1.0a 1.0a 0.5a 0.6a 

Gastric juice/gastric tissue PGJ 2.0a 2.0a 1.0a 1.0a 

Skin tissue/skin blood PSk 1.0a 1.0a 1.0a 1.0a 

Mammary tissue/mammary blood PM 0.66b NA 0.8b NA 
Mammary/milk PMk N A NA 1.0b NA 
Placenta/placental blood 0.40b NA NA NA 
Maximum capacity (ng/hour/kg) 
 Thyroid follicle VmaxcTF 1.22x105a 0–5.0x106d 1.4x105a 1.5–6x106d/1.5x105c

 Thyroid colloid (lumen) VmaxcTL 1.0x108a 1.0x108a 1.0x108a 1.0x108a

 Skin VmaxcS 7.2x104a 8.4x105a 5.6x105a 3.5x105a

 Gastrointestinal VmaxcG 4.6x105a 9.0x105a 9.0x105a 9.0x105a

 Mammary VmaxcM 4.0x104a NA 8.0x105b NA 
Milk VmaxcMk NA NA 5.0x105b NA 
Placenta VmaxcP 5.5x104b NA NA NA 

Affinity constants (ng/L) 
Mammary KmM 4.0x106b NA 4.0x106b NA 
Milk KmMk NA NA 1.0x107b NA 
Placenta KmP 4.0x106b NA NA NA 

Permeability area cross products, (L/hour/kg) 
Gastric blood to gastric tissue PAGc 0.16a 0.12a 0.16a 0.01a 

Gastric tissue to gastric juice PAGJc 12.0a 0.3a 12.0a 1.8a 

Thyroid stroma to thyroid follicle PATFc 1.0x10-4a 1.0x10-2d 1x10-4a 1.0x10-4a 

Thyroid follicle to thyroid colloid (lumen) 1.5x10-5a 1.0x10-4a 2.0x10-3a 1.25x10-3a 

PATLc 
Skin blood to skin tissue PASkc 0.06a 0.06a 0.12a 0.012a 

Mammary blood to mammary tissue PAMc 0.01b NA 0.02b NA 
 Mammary tissue/milk PAMkc NA NA 0.02b NA 

Placenta blood to placenta PAPCc 0.005b NA NA NA 
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Table 3-5. Radioiodide Chemical-specific Parameters for Human Gestation and 

Lactation Models 


Gestation Lactation 
Parameters Woman Fetus Woman Neonate 
Clearance values, (L/hour/kg) 
 Urinary excretion CLUc 0.05a NA 0.1a 0.1c 

Placenta to fetal blood Cltrans1c 0.12d NA NA 
Fetal blood to placenta Cltrans2c 0.12b NA NA 

Note:  Partition coefficients for perfusion limited compartments (i.e., fat, liver, kidney, rapidly and slowly perfused 

tissues) were the same across species and life stages. 


aCalculated using parallelogram approach. 

bSet to rat value (in absence of equivalent human parameter). 

cSet to adult human value. 

dAdjusted to fit data set. 


NA = not applicable 


Source: Clewell et al. 2007 




100 PERCHLORATES 

3. HEALTH EFFECTS 

Table 3-6. Perchlorate Chemical-specific Parameters for Rat Gestation and 

Lactation Models 


Gestation Lactation 
Parameters Dam Fetus Dam Pup 
Partition coefficients (unitless)  

Slowly perfused/plasma PS 0.31 0.31 0.31 0.31 
Rapidly perfused/plasma PR 0.56 0.56 0.5 0.5 
Fat/plasma PF 0.05 NA 0.05 0.05 
Kidney/plasma PK 0.99 0.99 0.99 0.99 
Liver/plasma PL 0.56 0.56 0.56 0.56 
Gastric tissue/gastric blood PGI 0.50 1.80 1.8 3.21 
Gastric juice/gastric tissue PGIJ 1.30 2.30 2.3 5.64 
Skin tissue/skin blood PSk 1.15 1.15 1.15 1.15 
Thyroid tissue/thyroid blood PTF 0.15 0.15a 0.13 0.13 
Thyroid lumen/thyroid tissue PTL 7.0 7.0 7.0 7.0 
Red blood cells/plasma PRBC 0.73 0.73 0.73 0.73 
Placenta/plasma PPl 0.56 NA NA NA 
Mammary/plasma PM 0.66 NA NA NA 
Mammary tissue/mammary blood PM NA NA 0.66 NA 
Mammary/plasma PMk NA NA 2.39 NA 

Max capacity, Vmaxc (ng/hour/kg)  
Thyroid follicle VmaxcTF 2.6x103 0–2.25x103 1.5x103 1.5x103 

Thyroid colloid VmaxcTL 1.0x104 1.0x104b 1.0x104 1.0x104 

Skin VmaxcSk 6.0x105 4.0x105 8.0x105 8.0x105 

Gut VmaxcGI 8.0x105 1.0x105 1.0x106 1.0x106 

Placenta VmaxcP 6.0x104 NA NA NA 
Mammary VmaxcM 2.2x104 NA 2.0x104 NA 
Milk VmaxcMk NA NA 2.0x104 NA 

Affinity constants, Km (ng/L)  
Thyroid follicle KmTF 1.0x105 1.0x105 1.5x105 1.5x105 

Thyroid colloid KmTL 1.0x108 1.0x108 1.0x108 1.0x108 

Skin KmSk 1.0x105 1.0x105 1.5x105 1.5x105 

Gut KmGI 1.0x105 1.0x105 1.5x105 NA 
Placenta KmP 1.0x105 NA NA NA 
Mammary KmM 1.0x105 NA 1.5x105 NA 
Milk KmMk NA NA 1.0x106 NA 

Permeability area cross-products (L/hour/kg) 
Gastric blood to gastric tissue PAGIc 1.00 1.00 1.00 1.00 
Gastric tissue to gastric juice PAGIJc 1.00 1.00 1.00 1.00 
Thyroid stroma to follicle PATFc 6.0x10–5 6.0x10-5 4.0x10–5 4.0x10-5 

Thyroid follicle to colloid (lumen) PATLc 0.01 0.01b 0.01 0.01 
Skin blood to skin tissue PASkc 1.00 1.00 0.50 1.00 
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Table 3-6. Perchlorate Chemical-specific Parameters for Rat Gestation and 

Lactation Models 


Gestation Lactation 
Parameters Dam Fetus Dam Pup 

Placenta blood to placenta tissue PAPc  0.1 NA NA NA


Plasma to red blood cells PARBCc 1.00 1.00 1.00 1.00 


Mammary blood to mammary tissue PAMc 0.04 NA 0.01 NA 


Mammary tissue/milk PAMkc NA NA 0.10 NA 


Clearance values (L/hour/kg)  
Urinary excretion ClUc 0.07 NA 0.07 0.0075 
Fraction of pup urine ingested by dam NA NA 0.80 NA 
Transfer from placenta to fetus ClTrans1c 0.065 NA NA NA 
Transfer from fetus to placenta ClTrans2c 0.12 NA NA NA 

Binding constants 
Association to binding sites VmaxcB (ng/hour/kg) 4.0x103 1.5x103 9.0x103 2.0x103 

Affinity for binding sites KmB (ng/L) 1.0x104 1.5x104 1.0x104 1.0x104 

Dissociation from plasma binding sites ClUnbc 0.034 0.01 0.034 0.01 
(hour-1) 

aParameters with two values indicate acute and drinking water parameters, respectively. 

bFetus was given maternal values for Vmax (scaled by fetal body weight) in the absence of data. 


NA = not applicable 


Source: Clewell et al. 2003a 
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Table 3-7. Iodide Chemical-specific Parameters for Rat Gestation and Lactation 

Models 


Gestation Lactation 
Parameters Dam Fetus Dam Pup 
Partition coefficients (unitless)  

Slowly perfused/plasma PS 0.21 0.21 0.21 0.21 
Rapidly perfused/plasma PR 0.40 0.40 0.40 0.40 
Fat/plasma PF 0.05 NA 0.05 0.05 
Kidney/plasma PK 1.09 1.09 1.09 1.09 
Liver/plasma PL 0.44 0.44 0.44 0.44 
Gastric tissue/gastric blood PGI 1.00 1.00 1.00 1.20 
Gastric juice/gastric tissue PGIJ 2.00 2.00 1.00 1.00 
Skin tissue/skin blood PSk 0.70 0.70 0.70 1.00 
Thyroid tissue/thyroid blood PTF 0.15 0.15 0.15 0.15 
Thyroid lumen/thyroid tissue PTL 7.0 7.0 7.0 7.0 
Red blood cells/plasma PRBC 1.00 1.00 1.00 1.00 
Placenta/plasma PPl 0.40 NA NA NA 
Mammary/plasma PM 0.66 NA NA NA 
Mammary tissue/mammary blood PM NA NA 0.80 NA 
Mammary/plasma PMk NA NA 1.0 NA 

Max capacity, Vmaxc (ng/hour/kg) 
Thyroid follicle VmaxcTF 4.4x104 0–5.0x104 5.0x104 1.3x104 

Thyroid colloid VmaxcTL 4.0x106 4.0x106b 6.0x107 6.0x107 

Skin VmaxcSk 6.0x104 7.0x105 4.0x105 2.5x105 

Gut VmaxcGI 1.0x106 2.0x106 2.0x106 2.0x106 

Placenta VmaxcP 5.5x104 NA NA NA 
Mammary VmaxcM 4.0x104 NA 8.0x105 NA 
Milk VmaxcMk NA NA 4.0x105 NA 

Affinity constants, Km (ng/L) 
Thyroid follicle KmTF 4.0x106 4.0x106 1.5x105 1.5x105 

Thyroid colloid KmTL 1.0x109 1.0x109 1.0x108 1.0x108 

Skin KmSk 4.0x106 4.0x106 1.5x105 1.5x105 

Gut KmGI 4.0x106 4.0x106 1.5x105 NA 
Placenta KmP 4.0x106 NA NA NA 
Mammary KmM 4.0x106 NA 4.0x106 NA 
Milk KmMk NA NA 1.0x107 NA 

Permeability area cross-products (L/hour/kg) 
Gastric blood to gastric tissue PAGIc 0.80 0.10 0.80 0.04 
Gastric tissue to gastric juice PAGIJc 0.60 0.30 0.60 0.09 
Thyroid stroma to follicle PATFc 1.0x10-4 1.0x10-4 1.0x10-4 1.0x10-4 

Thyroid follicle to colloid (lumen) PATLc 4.0x10-7 4.0x10-4 1.0x10-4 1.0x10-4 

Skin blood to skin tissue PASkc 0.10 0.02 0.20 0.02 
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Table 3-7. Iodide Chemical-specific Parameters for Rat Gestation and Lactation 

Models 


Gestation Lactation 
Parameters Dam Fetus Dam Pup 

Placenta blood to placenta tissue PAPc 0.005 NA NA NA 
Plasma to red blood cells PARBCc 1.00 1.00 1.00 1.00 
Mammary blood to mammary tissue PAMc 0.01 NA 0.02 NA 
Mammary tissue/milk PAMkc NA NA 0.02 NA 

Clearance values (L/hour/kg)  
Urinary excretion ClUc 0.03 NA 0.06 0.012 
Fraction of pup urine ingested by dam NA NA 0.80 NA 
Incorporation of iodide into hormones ClProdc 0.03 NA 0.10 0.06 
Incorporated iodine secretion to serum CSecrC 1.0x10-6 NA 7.0x10-7 1.0x10-6 

Deiodination NA NA 0.02 0.025 
Transfer from placenta to fetus ClTrans1c 0.06 NA NA NA 
Transfer from fetus to placenta ClTrans2c 0.12 NA NA NA 

Binding constants 
Association to binding sites VmaxcB (ng/hour/kg) NA NA 1.5x103 500 
Affinity for binding sites KmB (ng/L) NA NA 1.0x105 1.0x105 

Dissociation from plasma binding sites ClUnbc 
(hour-1) 

NA NA 0.09 0.05 

aParameters with two values indicate acute and drinking water parameters, respectively. 

bFetus was given maternal values for Vmax (scaled by fetal body weight) in the absence of data. 


NA = not applicable 


Source: Clewell et al. 2003a 
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other changes in radioiodide metabolism in the thyroid (e.g., hormone production and secretion) that are 

not simulated by the model. 

The adult human model (nonpregnant, non-lactating) also predicted reasonably well (i.e., within 1– 

2 standard deviations of observations) perchlorate concentrations in plasma and urine in subjects who 

received oral doses of perchlorate (Durand 1938; Eichler 1929; Greer et al. 2002; Kamm and Drescher 

1973; Merrill et al. 2005).  Model predictions of radioiodide in gastric juice, serum, thyroid, and urine 

following an intravenous dose of radioiodide also corresponded with observations made in healthy adults 

(Hays and Solomon 1965).  Model predictions of thyroid radioiodine uptake in subjects who received oral 

doses of perchlorate agreed with observations when the kinetic parameters for iodide in the thyroid (i.e., 

maximum transport into the thyroid follicle) were adjusted to achieve good correspondence to the 

observations (Greer et al. 2002; Merrill et al. 2005). When the model was calibrated by adjusting the 

maximum transport rate for iodide into the thyroid follicle, it accurately predicted the observed time 

course for radioiodine uptake in a Graves’ disease patient who received a single tracer dose of radioiodine 

(Stanbury and Wyngaarden 1952); however, the model substantially overpredicted iodide uptake after the 

same patient received a dose of perchlorate.  The error in predictions of the effect of perchlorate on iodide 

uptake may reflect humoral regulation of iodide transport and organification mechanisms or a response to 

perchlorate in Graves’ disease patients that is not simulated in the model. 

The rat maternal/fetal model was evaluated by comparing predictions of perchlorate concentrations in 

maternal and fetal serum and maternal thyroid in rats exposed to perchlorate in drinking water (Clewell et 

al. 2001, 2003a).  Model predictions agreed well (within 1–2 standard deviations of observations) with 

observations.  Predictions of maternal and fetal radioiodine uptakes in thyroid were also in reasonable 

agreement with observations in rats that received single injections of iodine with or without single 

injections or oral gavage doses of perchlorate, or at the conclusion of 18 days of exposures to perchlorate 

in drinking water (Brown-Grant 1966; Clewell et al. 2001, 2003a; Sztanyik and Turai 1988).  

Similar outcomes occurred in evaluations of the lactating dam/neonate model (Clewell et al. 2003b).  The 

model accurately predicted serum and thyroid iodide concentrations in the dam and neonate following 

single intravenous injections of radioactive iodine, with or without concurrent injection of perchlorate, 

and in maternal thyroid following an 18-day exposure to perchlorate in drinking water (Clewell et al. 

2003b).  Model predictions of radioiodide levels in mammary gland and milk, in rats that did or did not 

receive single doses of perchlorate, corresponded with observations (Clewell et al. 2003b). 
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The human pregnancy and lactation models were evaluated by comparing model predictions of 

perchlorate concentrations in serum with observations made in pregnant women (15 and 33 weeks of 

gestation) and their infants at birth (from cord blood), and in a group of children (mean age 7.4 years) 

(Téllez et al. 2005).  Exposures simulated in the model were the continuous perchlorate intake 

corresponding to the mean ±1 standard deviation drinking water exposure concentrations (114±13 ppm) 

for a cohort in the Téllez et al. (2005) study.  Model predictions for maternal, fetal, and child serum 

perchlorate concentrations agreed well (within ±1 standard deviation of observed means) with 

observations.  Téllez et al. (2005) also reported perchlorate concentrations in breast milk measured at 5– 

6 weeks postpartum.  Simulation of the continuous perchlorate intake corresponding to the group means 

(± standard deviation) of drinking water exposure concentrations (5.8±0.6 ppm or 114±13 ppm) yielded 

predictions of breast milk perchlorate concentrations that were within ±1 standard deviation of the 

observed means. 

Risk assessment. The rat (Clewell et al. 2003a, 2003b; Merrill et al. 2003) and human models 

(Clewell et al. 2007; Merrill et al. 2005) can be used to estimate the human equivalent exposure level for 

perchlorate that would give rise to a given percent inhibition of thyroidal radioiodide uptake.  The models 

do not include downstream effects on the thyroid axis, such as decreases in serum thyroid hormones.  The 

Clewell et al. and Merrill et al. model estimates have been used to extrapolate dose-response relationships 

for perchlorate observed in rats to humans, and across various human lifestages (e.g., fetus, neonate, 

child, adult, pregnancy, lactation).  External dose–internal dose relationships for various human life-

stages predicted from the human models are presented in Tables 3-8 and 3-9 (Clewell et al. 2007).  The 

models predict a relatively high vulnerability of the fetus, pregnant woman, and lactating woman to 

perchlorate-induced thyroid iodine uptake, compared to other lifestages (i.e., greater inhibition of thyroid 

iodide uptake occurs in these lifestages in association with lower external doses), compared to neonates, 

child or nonpregnant or nonlactating adult).  The potential impact of external exposures to perchlorate on 

inhibition on thyroidal radioiodide uptake is sensitive to assumptions about urinary clearance of 

perchlorate, especially in neonates and young infants.  The estimates based on external exposures from 

consumption of drinking water are also dependent on assumptions regarding age-related changes in 

contribution of drinking water to liquid consumption across lifestages (e.g., milk in children). 

Target tissues. Tissues simulated in the perchlorate models are shown in Figures 3-4 and 3-5.  The 

models were designed to calculate perchlorate concentrations in serum and thyroid and inhibition of 

radioiodide uptake into the thyroid resulting from exposures to perchlorate for various lifestages (e.g., 

fetus, neonate, child, adult, pregnancy, lactation). 
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Table 3-8. Model-predicted Serum ClO4
- Area Under the Curve (AUC) Across 


Lifestages 


External Pregnanta Lactatingc 

dose Fetusa Neonateb Child Adult woman woman 
(mg/kg/day) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
0.001 0.010 0.008 0.001 0.002 0.005 0.008 
0.01 0.06 0.05 0.01 0.01 0.04 0.05 
0.1 0.2 0.2 0.1 0.1 0.3 0.3 
1.0 1.2 0.5 0.8 1.0 2.5 2.5 

aFetus and pregnant woman shown in gestation week 38. 

bNeonate shown at postnatal month 1.5. 

cLactating woman shown at postnatal day 7. 


Source: Clewell et al. 2007 
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Table 3-9. Model-predicted Inhibition of Thyroid Iodide Uptake  
(Percent Inhibition) Across Lifestages 

 Percent Inhibition 
External 
dose 
(mg/kg/day) Fetusa Neonateb Child Adult 

Pregnanta 

woman 
Lactatingc 

woman 
0.001 1.1 0.9 0.3 0.6 1.0 1.1 
0.01 10 8 3 4 9 10 
0.1 49 34 21 31 50 54 
1.0 84 63 72 81 91 92 

aFetus and pregnant woman shown in gestation week 38 (birth). 

bNeonate shown at postnatal month 1.5. 

cLactating woman shown at postnatal day 7. 


Source: Clewell et al. 2007 
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Species extrapolation. The models are designed for applications to rat or human dosimetry and 

cannot be applied to other species without modification and validation. 

Interroute extrapolation. The models are designed to simulate intravenous or oral exposures to 

perchlorate and cannot be applied to other routes of exposure without modification and validation. 

3.5 MECHANISMS OF ACTION  
3.5.1 Pharmacokinetic Mechanisms 

Perchlorate is readily soluble in water and is quickly absorbed through the digestive tract.  The 

mechanism by which perchlorate is transferred from the digestive system to the blood has not been 

investigated. Since Durand (1938) detected perchlorate in the urine of subjects 10 minutes after oral 

administration, it seems likely that absorption of perchlorate may begin in the stomach and continue in the 

small intestine.  Anbar et al. (1959) determined that perchlorate eliminated in the urine 3 hours after an 

oral dose had not been metabolized (see Section 3.4.1).  Whether microflora of the gut or intestinal 

enzymes modify perchlorate that is finally eliminated in the feces has not been investigated. 

Whatever the mechanism of absorption, perchlorate is distributed throughout the body via the circulation 

(see Section 3.4.2). It apparently is not metabolized (Anbar et al. 1959) and it binds only weakly to 

cations. Concentrations of perchlorate rise above serum levels only for those tissues that are equipped 

with the anion transporter mechanism that normally takes up iodide.  The effects of perchlorate on the 

thyroid gland are known from studies on humans and animals (see Section 3.2); perchlorate levels in the 

thyroid reach a maximum several hours after administration.  Chow and co-workers (Chow and 

Woodbury 1970; Chow et al. 1969) determined that perchlorate is taken up from interstitial fluid by 

active transport at the base of thyroid follicular cells, which then actively transport it out into the follicular 

lumen. The effects of perchlorate on the transfer of maternal iodide in milk have been studied in rats and 

cattle (Clewell et al. 2003b; Dobian et al. 2007; Howard et al. 1996; Kirk et al. 2005).  The accumulation 

of perchlorate in ducts of the salivary gland has been described in mice (Lazarus et al. 1974).  Studies on 

rodents have demonstrated that perchlorate can cross the placental barrier and affect the thyroid gland of 

the fetus (see Section 3.2). 

Perchlorate transport in the thyroid gland and in other tissues that express NIS (e.g., mammary 

epithelium) appears to be mediated by NIS.  Perchlorate is accumulated in thyroid follicle cells and lumen 
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against an electrochemical gradient, indicating an active transport mechanism, and possibly different 

mechanisms at the basolateral and luminal membranes (Chow and Woodbury 1970; Chow et al. 1969; 

Clewell et al. 2004; Goldman and Stanbury 1973).  Thyroid uptake of perchlorate in hypophysectomized 

rats is stimulated by administration of TSH (Chow et al. 1969).  Perchlorate competitively inhibits iodide 

transport in thyroid slices, cultured thyrocytes, cultured cells transformed to express thyroid NIS, and 

thyrocyte membrane vesicles (Dohán et al. 2007; Eskandari et al. 1997; O'Neill et al. 1987; Tran et al. 

2008; Wolff and Maurey 1962, 1963; Yoshida et al. 1997).  The above observations suggest that 

perchlorate transport into thyroid follicle cells, and possibly into other tissues where NIS is expressed, is 

mediated by NIS (Wolff 1998).  Perchlorate uptake into thyroid cells is stimulated by TSH (Tran et. al. 

2008).  Unlike the NIS-mediated transport of iodide, transport of perchlorate by NIS appears to be 

electroneutral (Dohán et al. 2007; Eskandari et al. 1997; Yoshida et al. 1997).  Chinese hamster ovary 

(CHO) cells transfected with the rat thyroid NIS gene and Xenopus oocytes transfected with rat thyroid 

NIS mRNA express active NIS that exhibits a Na(2):I(1) stoichiometry, is electrogenic (inward directed 

current), occurs against an electrochemical gradient for iodide in the presence of an inward 

electrochemical gradient for sodium, and is inhibited by perchlorate (Eskandari et al. 1997; Yoshida et al. 

1997).  Both systems, when clamped at an interior negative potential (40–50 mV), exhibit sodium-

dependent inward currents in the presence of I- and SCN-; the transfected oocyte exhibits sodium-

dependent inward currents in the presence of a variety of anions, including I-, ClO3
-, SCN-, SeCN-, NO3

-, 

Br-, BF4
-, IO4

-, BrO3
-, SO4

-2, F-, and HPO4
-2. However, these systems do not show perchlorate-stimulated 

currents in the presence or absence of a favorable inward-directed Na gradient.  FRTL5 cells and other 

cell types that have been transfected to express NIS transport the structural tetrahedral oxyanion analogs 

of perchlorate, perrhenate (ReO4
-), and pertechnetate (TcO4

-), providing further support for NIS-mediated 

perchlorate transport. Furthermore, in MDCK cells transfected to express NIS-mediated electrogenic 

transport of iodide, transport of perchlorate, perrhenate (ReO4
-), and pertechnetate (ReO4

-) was also 

electroneutral (Dohán et al. 2007). 

Studies of the kinetics of excretion and elimination of perchlorate from serum in humans indicate that 

absorbed perchlorate is excreted in urine with an elimination half-time of 8–14 hours (Durand 1938; 

Greer et al. 2002; Lawrence et al. 2000).  Thus, in humans, perchlorate would not be expected to 

accumulate in the body with prolonged exposure.  Based on an elimination half-time of approximately 8– 

12 hours, a steady state would be achieved within 3–4 days of continuous exposure.  Rapid elimination of 

perchlorate (half-time of 20 hours) has also been observed in rats (Eichler and Hackenthal 1962; Fisher et 

al. 2000; Goldman and Stanbury 1973; Yu et al. 2002).  The mechanisms of renal excretion of perchlorate 

are not understood.   
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3.5.2 Mechanisms of Toxicity 

Perchlorate is an inhibitor of NIS, the primary mechanism by which iodide enters thyroid follicle cells 

from the blood, and the first step in the uptake of iodide into the thyroid and formation of thyroid 

hormones (Figure 3-6; Carrasco 1993; Taurog 2000; Wolff 1998). All toxic effects of perchlorate on the 

thyroid hormone system derive directly or secondarily from this mechanism.  Because the primary and 

most sensitive target of the perchlorate anion is the thyroid gland, only toxicities related to the thyroid 

hormone system are addressed below. 

Thyroid Hormone.  The thyroid hormone, T3, is essential for normal development of the nervous system 

and for the regulation of metabolism of cells in nearly all tissues of the body.  Adverse effects on a wide 

variety of organ systems can result from disruption in the availability of T3 to target tissues.  Organ systems 

affected by disturbances in T3 levels include the skin, cardiovascular system, pulmonary system, kidneys, 

gastrointestinal tract, liver, blood, neuromuscular system, central nervous system, skeleton, male and female 

reproductive systems, and numerous endocrine organs, including the pituitary and adrenal glands. 

T3 exerts its wide range of actions by binding to thyroid hormone receptors (TRs) in the cell nucleus, 

which, when bound with hormone, modulate the transcription of a variety of genes (Anderson et al. 

2000).  TRs consist of a family of structurally similar proteins within the so-called steroid receptor 

superfamily that includes receptors for steroid hormones, vitamin D, retinoic acid, and peroxisomal 

proliferator activators (Lazar 1993).  Each receptor has DNA binding domains capable of forming two 

zinc fingers; the sequence of the latter determine hormone receptor specificity to response elements on 

DNA that modulate gene transcription of hormone-sensitive genes.  A ligand binding domain is 

responsible for conferring specificity for hormone binding. 

Modulation of gene expression occurs when the T3–TR complex binds to a region of DNA associated 

with a thyroid hormone response element (TRE).  Studies in humans and experimental animals have 

identified TREs associated with a variety of genes, including growth hormone, myelin basic protein, 

α-myosin heavy chain, malic enzyme and protein S14 (important in lipogenesis), sarcoplasmic reticulum 

Ca2_ ATPase, Pcp-2 (in Purkinje cells), Na+/K+-ATPase, and TSH (Anderson et al. 2000; Klein and Levey 

2000; Schwartz et al. 1994).  
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Figure 3-6.  Pathways Uptake and Metabolism of Iodide in the Thyroid Gland* 
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h. Deiodination of T 4 
i.  Secretion of T 3 and T 4 
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*The diagram depicts a single thyroid follicle cell, with the plasma side of the follicle on the left and the follicle lumen 
on the right.  Iodide uptake (a) occurs through a Na+/I- symporter (NIS) in the basolateral membrane; the perchlorate 
ion competitively inhibits the NIS, preventing uptake of iodide into the follicle cell.  Efflux into the follicle lumen (b) is 
thought to occur through an I- channel in the apical membrane.  Iodination occurs in the follicle lumen (c). The 
enzyme thyroid peroxidase (TPO), depicted in the follicle lumen, is actually located in the apical membrane. 
Deiodination of iodotyrosines (g) is catalyzed by a microsomal enzyme, iodotyrosine dehalogenase (ITDH); 
monodeiodination of T4 (h) is catalyzed by the microsomal enzyme, 5’-diodinase.  All steps in the uptake of iodine 
and synthesis of thyroid hormones (a–h) are stimulated by binding of thyroid stimulating hormone (TSH) to a receptor 
in the basolateral membrane.  
 
DIT = diiodotyrosine; EOI = enzyme-linked species; HOI = hypoidous acid; ITDH = iodotyrosine dehalogenase; 
MMI = methimazole; MIT = monoiodotyrosine; PTU = propylthiouracil; T3 = triiodothyronine; T4 = thyronine; 
Tg = thyroglobulin; TPO = thyroid peroxidase; TSH = thyroid stimulating hormone 
 
Source:  adapted from Taurog 2000 
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Adverse effects on cell metabolism and growth can result from either understimulation or overstimulation 

of target tissues by T3.  The amount of T3 available to target tissues is highly controlled by feedback 

regulation of the production, secretion, and elimination of both T3 and its metabolic precursor, 

T4 (Figure 3-7).  Major components of this mechanism include negative feedback control mediated by 

T4 and T3 of the synthesis and release of thyrotropin-releasing hormone (TRH) in the hypothalamus and 

of TSH in the pituitary.  TRH stimulates the synthesis and secretion of TSH in the pituitary and modulates 

the biologic potency of TSH.  The latter is thought to result from effects of TRH on posttranslational 

glycosylation of TSH (Cohen et al. 2000; Scanlon and Toft 2000). TSH promotes growth of the thyroid 

gland follicle cells and stimulates thyroid iodide uptake and synthesis and secretion of T4 and 

T3 (Spaulding 2000).  

The metabolism of T4 and T3 is also regulated by feedback control mechanisms (Darras et al. 1999). 

T3 is synthesized from the deiodination of T4 in a reaction catalyzed by selenium requiring, microsomal 

enzymes known as iodothyronine deiodinases.  Although some production of T3 occurs in the thyroid, 

most of the T3 that is available to extrathyroidal target tissues derives from deiodination of T4 that occurs 

outside of the thyroid (Figure 3-7).  The liver and kidney are thought to be major sites of production of 

T3 in the circulation; however, local tissue production of T3 from T4 is thought to be the predominant 

source of T3 in the brain and pituitary.  Iodothyronine deoidinases also catalyze the inactivation of T4 and 

T3. The activities of deiodinases are under feedback control, mediated by T3, T4, and reverseT3 (rT3) an 

inactive deiodination product of T4 (Darras et al. 1999).   

Mechanism of Uptake of Iodide into the Thyroid.  Synthesis of T4 and T3 in the thyroid is dependent on 

delivery of iodide into the thyroid follicle where the iodination of thyroglobulin occurs in the first steps of 

hormone synthesis (Figure 3-6).  Uptake of iodide into the thyroid is facilitated by a membrane carrier in 

the basolateral membrane of the thyroid follicle cell (Carrasco 1993; Levy et al. 1998a; Shen et al. 2001).  

The carrier, or NIS, catalyzes the simultaneous transfer of Na+ and I- across the basolateral membrane 

(Chambard et al. 1983; Iff and Wilbrandt 1963; Nilsson et al. 1990).  The NIS enables the follicle cell to 

achieve intracellular/extracellular concentration ratios of 10–50 for iodide (Andros and Wollman 1991; 

Bagchi and Fawcett 1973; Shimura et al. 1997; Vroye et al. 1998; Weiss et al. 1984b; Wolff 1964). 

The NIS has been studied extensively in several in vitro preparations, including isolated plasma 

membrane vesicles of mammalian thyroid (O’Neill et al. 1987), FRTL-5 cells, a cell line derived from 

normal rat thyroid (Weiss et al. 1984b), Xenopus lavis oocytes transformed by intracellular injection of 

FRTL-5 RNA to express NIS (Eskandari et al. 1997), and other mammalian cells cultures transformed to  
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Figure 3-7. Hypothalamic-pituitary-thyroid (HPT) Feedback Pathways for 

Regulation of Thyroid Hormone Production and Secretion* 


*T3 inhibits the synthesis and secretion of thyroid releasing hormone (TRH) in the paraventricular nuclei of the 
hypothalamus and the synthesis and secretion of thyroid stimulating hormone (TSH) in the thyrotrophs of the anterior 
pituitary.  Most of the T3 in these tissues derives from local deiodination of T4; as a result, TRH and TSH synthesis 
and secretion are sensitive to circulating levels of both T3 and T4.  Doses of perchlorate that decrease circulating 
levels of T3 or T4 can trigger the HPT feedback mechanism to stimulate thyroid growth, including hypertrophy and 
hyperplasia of follicle cells.  Chronic stimulation of thyroid growth is thought to be contributor to the development of 
thyroid tumors in rats exposed to perchlorate. 
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express NIS (Levy et al. 1997; Nakamura et al. 1990; Smanik et al. 1996; Yoshida et al. 1997).  Iodide 

transport by the NIS is inhibited by other anions, most notably, thiocyanate (SCN-) and perchlorate 

(ClO4
-) (Carrasco 1993; Wolff 1964).  Thiocyanate is one of several anions other than I- that can be 

transported by the NIS, including SeCN-, NO3
-, ClO3

-, Br-, BF4
-, IO4

-, BrO3
-, ReO4

-, and TcO4
- (Eskandari 

et al. 1997; Van Sande et al. 2003).  Direct evidence for perchlorate transport by NIS (i.e., measurement 

of radioperchlorate flux through the NIS) is lacking; however, transport activity is likely given that the 

NIS transports the structural analogs, perrhenate and pertechnetate.  Perchlorate transport by NIS may be 

electroneutral, preventing its detection from measurements of ion currents or electrochemical gradients 

(Dohán et al. 2007; Eskandari et al. 1997; Yoshida et al. 1997).   

The NIS is expressed in a variety of other tissues, including breast tissue where it is thought to function in 

the transport of iodide into breast milk (Levy et al. 1997; Smanik et al. 1997; Spitzweg et al. 1998).  In 

the rat, expression of the NIS, or a structurally similar membrane protein, increases during nursing and 

decreases after weaning (Levy et al. 1998a).  In the mouse, expression of NIS in mammary tissue appears 

to be stimulated by prolactin (Perron et al. 2001; Rillema and Rowady 1997; Rillema et al. 2000).  

Inhibition of Thyroid NIS and Thyroid Hormone Production by Perchlorate.  Perchlorate inhibition of 

NIS can limit the availability of iodide needed for the production of T4 and T3 in the thyroid.  The degree 

of perchlorate-induced iodide uptake inhibition required to impair T4 or T3 synthesis has not been 

studied, but the duration of exposure required to produce a reduction in circulating levels of thyroid 

hormones appears to vary with species.  In this regard, the duration of perchlorate exposure required to 

cause a reduction in circulating levels of thyroid hormones appears to be shorter in rats than in humans 

(see Section 3.5.3). This difference is thought to derive from the rat thyroid gland having a smaller store 

of iodinated thyroglobulin that is more quickly depleted when the availability of iodide is limited, and 

from the rat having a shorter T4 half-life (about 1 day) compared to humans (about 7 days).  In humans, 

THBG functions as an important storage depot for circulating T4 and a buffer for homeostatic regulation 

of free T4 levels in serum (Robbins 2000).  If the production of T4 and T3 is impaired sufficiently to 

deplete the thyroid of stored iodinated thyroglobulin, the thyroid cannot produce or secrete amounts of 

T4 and T3 needed to support physiological demands, circulating levels of T4 (fT4) and T3 decrease, and a 

state of thyroid hormone insufficiency ensues.  A decrease in the levels of circulating thyroid hormones 

triggers HPT feedback control mechanisms that serve to adjust thyroidal iodide transport and hormone 

production in response to changes in circulating levels of T4, T3, and iodide.  Major components of this 

mechanism include inhibition of the secretion of TRH from the hypothalamus, TRH-stimulated secretion 

of TSH from the pituitary, TSH-stimulated induction of thyroid follicle cell NIS (i.e., upregulation) and 
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other thyroid cell proteins, increased capacity for transport of iodide into thyroid follicle cells, and 

increased synthesis and secretion of T4 and T3 from the thyroid.  This system normally maintains 

circulating levels of T4 and T3 within narrow individual limits (Andersen et al. 2002).  Doses of 

perchlorate that are sufficient to decrease circulating levels of thyroid hormones outside of these 

individual limits will result in increased secretion of TSH.  Thus, an increase in the circulating levels of 

TSH is a sign that perchlorate has perturbed circulating levels of thyroid hormones.  In humans, intra-

individual variation in T4 levels is less than inter-individual variation, suggesting that the HPT feedback 

mechanism can detect relatively small changes in thyroid hormone levels that are well within the range of 

variation expected in populations (Andersen et al. 2002).  Triggering of the HPT feedback response in 

profound iodide deficiency can affect the response of the thyroid to perchlorate.  Rats maintained on an 

iodine-deficient diet for sufficient periods to lower serum T4 levels, exhibited higher 24-hour thyroid 

radioiodide uptake when exposed to perchlorate in drinking water (1.1–28 mg/L) for 5 weeks than iodine-

replete rats (Paulus et al. 2007).  The increased resistance to perchlorate-induced inhibition of thyroid 

iodide uptake in iodine deficiency has been attributed, at least in part, to induction of NIS in the thyroid, 

which partially overcomes the competitive inhibition of NIS resulting from a given dosage of perchlorate. 

Perchlorate-induced Hypothyroidism.  Inhibition of thyroid iodide uptake can potentially deplete stores 

of T4 and T3 in the thyroid and lower serum T4 and T3 levels.  Thus, perchlorate has the potential for 

producing hypothyroidism or for aggravating an ongoing hypothyroid condition.  The term 

hypothyroidism refers to a state of suppressed production and/or secretion of thyroid hormones.  The term 

clinical hypothyroidism refers to a condition in which the circulating levels of T4 and/or T3 are depressed 

below their normal ranges (usually accompanied with elevated serum TSH levels above the normal range) 

and in which there are clinical symptoms of thyroid hormone insufficiency (Ladenson 2000). Typical 

normal ranges for hormone levels are shown in Table 3-10.  Subclinical hypothyroidism refers to an 

increase in serum TSH (usually mild) with serum T4 and T3 remaining in their respective normal ranges 

for age. An important question is whether small changes in circulating levels of thyroid hormones that 

trigger the HPT feedback mechanism, but do not fall outside of the normal population range, are detected 

as thyroid hormone insufficiency in tissues other than the hypothalamus or pituitary, including the 

embryo or fetal brain. 

In humans, relatively large doses of perchlorate (600–900 mg/day, 8–13 mg/kg/day) are required to 

deplete thyroidal iodine stores sufficiently to decrease serum levels of T4 (Brabant et al. 1992; Bürgi et al. 

1974).  A 4-week oral exposure to 900 mg/day (approximately 13 mg/kg/day) did not produce clinical 

hypothyroidism in healthy adults (Brabant et al. 1992); however, a dosage considerably lower,  



116 PERCHLORATES 

3. HEALTH EFFECTS 

Table 3-10. Typical Reference Ranges for Serum Thyroid Hormones and TSH in 

Humans 


Hormone Metric 
Reference range 

SI unit 
Total T4 
Free T4 
Total T3 

4–11 μg/dL 
0.7–2.1 ng/dL 
75–175 ng/dL 

60–140 nMa 

10–25 pMa 

1.1–2.7 nMa 

Free T3 0.2–0.5 ng/dL 3–8 pM 
Reverse T3 
TSH 

15–45 ng/dL 
0.3–4.0 mU/Lb,c 

0.2–0.7 nM 
1–15 pM 

aChildren may have higher levels 
bAssumes a biologic potency of 7–15 mU/mg 
cHigher in neonates (de Zegher et al. 1994) 

SI = Systems Integration; T3 = 3,5,3’-triiodo-L-thyronine; T4 = 3,5,3',5’-tetraiodo-L-thyronine (thyroxine); 
TSH = thyroid stimulating hormone 

Sources: Stockigt 2000; Vanderpump and Tunbridge 1996 
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0.5 mg/kg/day for 14 days, produced a 70% inhibition of thyroid iodide uptake with no effects on the 

levels of circulating T4, T3, or TSH in serum, at least over the 14-day dosing period (Greer et al. 2002).  

In these short-term studies, it is possible that thyroid hormone production could have been suppressed by 

perchlorate inhibition of thyroid NIS without changing serum thyroid hormone levels.  This could occur 

because the human adult thyroid contains a surplus of T4 to support normal levels of serum levels for 

several months (Greer et al. 2002).  The ability of high dosages of perchlorate to lower T4 and T3 levels 

in serum is the basis for use of perchlorate in the pharmacological management of thyrotoxicosis, the 

clinical manifestation of abnormally elevated circulating levels of T4 and/or T3 (Soldin et al. 2001). 

Perchlorate-induced Thyroid Enlargement and Cancer.  Although there is no direct evidence of 

perchlorate causing cancer in humans, perchlorate has produced thyroid cell hyperplasia and papillary 

and/or follicular adenomas and/or carcinomas in rats and mice (see Section 3.2.2.7).  Perchlorate itself 

does not appear to be genotoxic (see Section 3.3).  Production of thyroid tumors in rodents appears to be 

related to perchlorate-induced inhibition of thyroid iodide uptake and the resulting triggering of the HPT 

feedback control mechanism that elevates serum TSH levels.  Persistent stimulation of the thyroid by 

TSH results in hypertrophy and hyperplasia of thyroid follicle cells, which are reflected in an increase in 

the size and weight of the thyroid (goiter).  Tumors appear to be a progression of this hyperplasia.  The 

mechanism by which gland enlargement leads to thyroid tumors is not completely understood.  Thyroid 

gland proliferation may increase the fixation of mutations in the thyroid and promote the development of 

autonomous nodules, regions of thyroid follicle tissue that are less responsive or unresponsive to serum 

TSH concentrations (Corvilain et al. 2000; Fagin 2000).  Consistent with the concept that TSH-

stimulation and the resulting thyroid cell hypertrophy and hyperplasia are contributing factors to thyroid 

tumorigenesis are the observations that thyroid tumors can be produced in rats by a variety of different 

treatments that chronically elevate serum TSH levels, including maintaining the animals on a diet 

deficient in iodide, or by exposing the animals to chemical agents (e.g., thiouracil compounds, 

sulfonamides) that disrupt thyroid hormone production (Capen 1997). 

Developmental Effects of Perchlorate.  Thyroid hormones are essential for normal development of the 

nervous system, lung, skeletal muscle, and possibly other organ systems (Forhead et al. 2002; Hume et al. 

2001; Porterfield and Hendrich 1993).  The fetus is dependent on maternal thyroid hormones at least until 

the fetal thyroid begins to produce T4 and T3 (Zoeller and Crofton 2000).  In humans, this occurs at 

approximately 16–20 weeks of gestation.  Brain development begins in humans prior to the onset of fetal 

thyroid hormone production, with a major growth spurt occurring between 12 and 18 weeks of gestation 

with the beginning of neuron multiplication (Pintar 2000).  This is followed by glial cell multiplication, 
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myelination, and formation of dendritic extensions and synapses, which begin at approximately 18 weeks, 

reaching their peak near the end of gestation and continuing through postnatal years 1 and 2 (Boyages 

2000; Fisher and Brown 2000; Oppenheimer and Schwartz 1997).  Thyroid hormones are present in 

human amniotic fluid at 8 weeks of gestation prior to the onset of fetal thyroid hormone production 

(Contempre et al. 1993; Thorpe-Beeston et al. 1991).  Thyroid hormone receptors are present and 

occupied by hormone at this time as well, suggesting that the fetus is capable of responding to maternal 

thyroid hormones (Bernal and Pekonen 1984; Ferreiro et al. 1988).  Calvo et al. (2002) showed that first 

trimester fetal tissues are exposed to concentrations of free T4 (FT4) that depend ultimately on the 

circulating maternal levels of T4 or FT4.  Thus, a decrease in the maternal supply results in lower 

concentrations of FT4 in fetal fluids and, consequently, of T4 available to the developing brain.  The 

contribution of maternal thyroid hormones to the fetal thyroid hormone status is also evident from infants 

who have an inherited disorder that abolishes T4 production but are born, nevertheless, with normal 

serum thyroid hormone levels (i.e., euthyroid) and become hypothyroid after birth if not administered 

thyroid hormones within 2 weeks after birth (Larsen 1989; Vulsma et al. 1989). This suggests that 

transfer during fetal life is at least partially protective in cases where the fetus cannot produce adequate 

amounts of T4, providing that the maternal thyroid hormone production is not compromised.  However, 

athyrotic babies, although born euthyroid, show retarded skeletal maturation at birth, suggesting that fetal 

thyroid function during earlier phases of gestation may be necessary for normal skeletal development 

(Rovet et al. 1987; Wolter et al. 1979). Uncorrected maternal hypothyroidism, on the other hand, may 

result in impaired neurodevelopment of the fetus with severe long-lasting implications.  For example, Pop 

et al. (1999) studied a cohort of 220 healthy children and found that children of women with FT4 levels 

below the 5th and 10th percentiles at 12 weeks of gestation showed impaired psychomotor development at 

10 months of age.  In women with the lowest 10th percentile FT4 concentrations at 12 weeks of gestation, 

maternal FT4 concentration was positively correlated with the children’s psychomotor development.  

Haddow et al. (1999) measured TSH levels in serum collected from 25,216 women and found that the 7– 

9-year-old children of the 62 women with high TSH levels performed less well in 15 tests relating to 

intelligence, attention, language, reading ability, school performance, and visual-motor performance than 

children of women with normal TSH values.  Their full-scale IQ scores on the Wechsler Intelligence 

Scale for Children averaged 4 points lower than those of the children of matched control women.  

Studies in rats provide further support for the importance of maternal thyroid hormones in development.  

Both T4 and T3 are present in rat fetal tissues prior to the onset of hormone production by the fetal 

thyroid on approximately day 17 of gestation, and maternal hormones appear to make a significant 

contribution to hormone levels in the fetus in late gestation as well (Calvo et al. 1990; Escobar del Rey et 
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al. 1986; Morreale de Escobar et al. 1990; Zoeller and Crofton 2000).  Furthermore, thyroid hormone-

responsive genes that are important in early development of the brain are expressed in the rat fetus prior 

to fetal thyroid hormone production, and expression of these genes is sensitive to the maternal thyroid 

hormone status (Dowling and Zoeller 2000; Dowling et al. 2001).  Disruption of the maternal thyroid 

hormone system of rats by removal of the maternal thyroid or maternal iodide deficiency results in 

decreased levels of thyroid hormones in the fetus, and maternal iodide deficiency will result in fetal 

iodide deficiency and congenital hypothyroidism (Escobar del Rey et al. 1986; Morreale de Escobar et al. 

1985). These observations suggest an important role of maternal thyroid hormones in development of the 

rat fetus and that, by limiting the availability of thyroid hormones to the early fetus, suppression of 

maternal thyroid hormone production by perchlorate could translate into disruptions of fetal development.  

The availability of maternal T4 to the fetus appears to be particularly important for maintenance of 

T3 levels in the fetal rat brain.  Treatment of pregnant rats with methimazole, an inhibitor of thyroid 

hormone synthesis, resulted in decreased levels of both T4 and T3 in fetal tissues, including fetal brain 

(Calvo et al. 1990).  Maternal infusions of T4 restored brain T3 levels; however, maternal infusion of 

T3 had little restorative effect on brain T3 levels, although it was able to restore T3 levels in other fetal 

tissues. Studies in which radiolabelled T4 was administered to neonatal rats made hypothyroid by 

maternal or neonatal treatment with methimazole provide direct evidence for the enhanced production of 

brain T3 from T4 (Silva and Matthews 1984).  These observations are consistent with an important role of 

local generation of T3 from T4 in the brain by the action of brain iodothyronine deiodinases in 

maintaining brain T3 levels (Darras et al. 1999; Zoeller and Crofton 2000).  From a toxicological 

perspective, these observations also suggest that in the rat, a decrease in maternal serum T4 levels, even in 

the absence of changes in maternal serum T3 levels may have adverse consequences on fetal brain 

development.  Zoeller and Rovet (2004), and others cited therein, have reviewed the issue of the role of 

thyroid hormones in brain development and concluded that studies of models of maternal 

hypothyroidism, hypothyroxinemia and congenital hypothyroidism suggest that the timing and severity of 

thyroid hormone insufficiency predicts the type and severity of the neurological deficits. 

Perchlorate could potentially disrupt fetal thyroid hormone status by three mechanisms.  Perchlorate 

inhibition of maternal thyroid iodide uptake, and the resulting suppression in production and levels of 

maternal thyroid hormones, could limit the availability of thyroid hormones needed for normal fetal 

development prior to the onset of fetal thyroid hormone production if thyroid function in the mother is 

compromised.  Perchlorate can also cross the placenta and may directly inhibit fetal thyroid iodide uptake 

and, secondarily, fetal thyroid hormone production.  By inhibiting NIS in breast tissue, perchlorate may 

also limit the availability of iodide to nursing infants, who depend entirely on breast milk for the iodide 
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needed to produce thyroid hormone (Agency for Toxic Substances and Disease Registry 2004).  No 

information is available on the doses in humans that might decrease iodide uptake into breast milk.  

Radioiodine uptake into mammary milk was decreased in rats exposed to 1 or 10 mg/kg/day perchlorate 

in drinking water (Clewell et al. 2003b).  Studies conducted in cows and goats have also shown that 

perchlorate can decrease radioiodine uptake into mammary milk (Howard et al. 1996). 

Thyroid suppression at birth has been observed in infants born to mothers who received potassium 

perchlorate during pregnancy for treatment of hyperthyroidism (Crooks and Wayne 1960; Fisher et al. 

1962). Direct evidence of maternal-fetal transfer of perchlorate and suppression of fetal thyroid iodide 

uptake and hormone production has been provided from studies of rats and guinea pigs (Clewell et al. 

2003a; Postel 1957; Schröder-van der Elst et al. 2001; York et al. 2001b).  Several epidemiological 

studies have explored the strength of possible associations between perchlorate exposures and neonatal 

thyroid hormone status.  Although some of these studies are suggestive of a possible association between 

perchlorate exposures and elevated serum TSH levels in infants, the findings of the currently available 

epidemiological literature, taken in toto, is inconclusive regarding effects of perchlorate on neonatal 

thyroid hormone status (Brechner et al. 2000; Crump et al. 2000; Lamm and Doemland 1999; Li et al. 

2000a, 2000b; Schwartz 2001).  Furthermore, these studies were likely to be confounded because they did 

not obtain individual estimates of perchlorate exposure.  Without this information, it is likely that these 

studies were comparing T4 levels, on average, among groups of people that were not, on average, 

exposed to different levels of perchlorate.  Studies conducted in rats provide direct evidence that 

perchlorate exposures during pregnancy or lactation can disturb thyroid hormone status in the neonate 

(Brown-Grant 1966; Brown-Grant and Sherwood 1971; Clewell et al. 2003a, 2003b; Golstein et al. 1988; 

Lampe et al. 1967; Mahle et al. 2003; York et al. 2001a, 2003, 2004).  The mechanisms for these effects 

have not been elucidated.  

3.5.3 Animal-to-Human Extrapolations 

The ability of perchlorate to inhibit thyroid uptake of iodide in both humans (Bürgi et al. 1974; DeGroot 

and Buhler 1971; Faure and Dussault 1975; Greer et al. 2002; Lawrence et al. 2000, 2001; Stanbury and 

Wyngaarden 1952) and animals (Kapitola et al. 1971; Ortiz-Caro et al. 1983; Schonbaum et al. 1965; 

Wyngaarden et al. 1952) is well established.  Based on this ability, potassium perchlorate was widely 

used for a time as treatment to restore normal thyroid activity in patients with hyperactive thyroids (e.g., 

Crooks and Wayne 1960; Morgans and Trotter 1960).  Therapeutically effective doses in humans were in 

the range of 5–20 mg perchlorate/kg/day. 
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Although abundant evidence exists to show that perchlorate can inhibit thyroid iodide uptake in humans, 

direct evidence that perchlorate can disrupt thyroid hormone levels and produce changes in thyroid 

morphology (in the absence of underlying thyroid disorder, such as Graves’ disease or other causes such 

as thyrotoxicosis) derives largely from animal studies.  Changes in serum levels of thyroid hormones, 

indicative of suppressed hormone production, and thyroid hypertrophy, indicative of stimulation of the 

thyroid gland by TSH, have been shown to occur in rats and mice exposed to perchlorate by the oral route 

(see Section 3.2.2.2, Endocrine Effects).  Evidence that perchlorate can produce thyroid tumors also 

derives from the results of studies conducted in mice and rats (see Section 3.2.2.7).  In humans and other 

mammals, a limitation in the availability of iodide for thyroid hormone production, regardless of the 

cause of the limitation, triggers an HPT feedback mechanism, which serves to maintain serum hormones 

at sufficient levels to satisfy physiological requirements.  Extrapolation of dose levels that disrupt thyroid 

hormone status in animals to pharmacodynamically equivalent doses in humans must take into account 

not only potential species differences in perchlorate biokinetics, but also potential species differences in 

the compensatory response to a limitation in iodide availability to the thyroid. 

Few studies have been reported that allow direct comparisons of the dose-response relationships for the 

effects of perchlorate on thyroid hormone status in humans and experimental animals.  However, these 

studies indicate that the response of human adults to short-term oral dosages (mg/kg/day) of perchlorate is 

quantitatively different from the response observed in rats given comparable dosages.  Inhibition of 

thyroid iodide uptake has been observed in healthy euthyroid adults who were exposed to dosages 

exceeding 0.007 mg/kg/day in drinking water (Greer et al. 2002; Lawrence et al. 2000).  The dosage that 

produced a 50% inhibition of 24-hour thyroid iodide uptake was approximately 0.15 mg/kg/day when the 

exposure duration was either for 2 or 14 days (Figure 3-8; Greer et al. 2002).  Oral doses that ranged from 

0.007 to 0.5 mg/kg/day for 14 days had no observable effect on serum TSH or thyroid hormone levels in 

healthy adults (Greer et al. 2002; Lawrence et al. 2000).  Oral doses of perchlorate that produced the same 

magnitude of inhibition of 24-hour thyroid iodide were higher in rats compared to humans.  For example, 

in rats, 1 mg/kg/day in drinking water for 1 or 14 days produced a 0 or 15% inhibition, respectively 

(Figure 3-8; Yu et al. 2002).  However, this same study observed inhibition of thyroid iodide uptake (10– 

30%) that was similar in magnitude to that observed in humans when iodide was administered to rats 

2 hours following a single intravenous dose of 0.01 or 0.1 mg perchlorate/kg/day and thyroid iodide 

uptake was determined 2–9 hours following the radioiodide dose (Yu et al. 2002).  Rats also exhibited 

elevated plasma levels of TSH when exposed to perchlorate for 14 days, and a pronounced attenuation of 

the inhibition in thyroid iodide uptake compared to the response observed following 2 days of exposure to  
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Figure 3-8. Comparison of Dose-Response Relationships for the Inhibitory Effect 
of Perchlorate on 24-hour Thyroid Iodide Uptake in Humans and Rats 
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Greer et al. (2002) administered perchlorate in drinking water to adult humans for 14 days and measured RAIU on 
exposure days 2 or 14.  Lawrence et al. (2000, 2001) administered perchlorate in drinking water to adult humans for 
14 days and measured RAIU on exposure day 14.  Yu et al. (2002) exposed rats to perchlorate in drinking water for 
1 day (24 hours) and measured RAIU on day 2 (day following cessation of exposure); rats were also exposed to 
perchlorate for 14 days and RAIU was measured on day 15. 
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perchlorate (Yu et al. 2002). Differences in the perchlorate dose-response relationships for thyroid iodide 

uptake between humans and rats may reflect the triggering of HPT feedback control mechanisms and 

induction of NIS, which serve to regulate thyroid iodide transport and hormone production in response to 

a decrease in serum thyroid hormones and iodide levels.  The involvement of the HPT control mechanism 

in the response to perchlorate in the rat is consistent with the observed dose-response relationship for 

changes in serum T3, T4, and TSH levels (Figure 3-9).  Perchlorate dosages of 1–5 mg/kg/day for 14 days 

in drinking water depressed serum levels of T3 and T4 and increased levels of TSH (Caldwell et al. 1995; 

Siglin et al. 2000; Yu et al. 2002).  By contrast, serum hormone levels were unchanged in human adults 

who received dosages of up to 0.5 mg/kg/day for the same duration and who exhibited as much as a 70% 

inhibition of thyroid iodide uptake (Greer et al. 2002; Lawrence et al. 2000).  These observations suggest 

that dosages of perchlorate that inhibit thyroid iodide uptake must occur over a longer duration to produce 

effects on circulating levels of thyroid hormones in healthy, euthyroid adult humans than in healthy, 

euthyroid adult rats (see Lewandowski et al. 2004 for review on interspecies differences).  This is thought 

to be related to a smaller and more rapid turnover of the hormone pool in the rat thyroid, and to a more 

rapid clearance of secreted hormone in the rat (serum half-life for T4 is shorter in rats than in humans). 

Less is known about the relative sensitivities of humans and experimental animals to developmental 

effects of perchlorate.  Outstanding uncertainties include potential differences in kinetics of maternal-fetal 

and maternal-infant transfer of perchlorate, as well as potential differences in the degree to which the 

fetus of the human, in comparison to experimental animals, is dependent on maternal thyroid hormone for 

development, particularly during the period of gestation prior to the onset of fetal hormone production. 

NAS (2005) reviewed the human and animal data and concluded that the human data provided a more 

reliable point of departure for the risk assessment than the animal data.  In agreement with the above 

discussion, NAS (2005) further noted that:  “the rat is a good quantitative model for assessing inhibition 

of iodide uptake by the thyroid caused by perchlorate exposure, but it is only a good qualitative model for 

the effects of that inhibition.” 

3.6 TOXICITIES MEDIATED THROUGH THE NEUROENDOCRINE AXIS  

Recently, attention has focused on the potential hazardous effects of certain chemicals on the endocrine 

system because of the ability of these chemicals to mimic or block endogenous hormones.  Chemicals 

with this type of activity are most commonly referred to as endocrine disruptors. However, appropriate 
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Figure 3-9. Changes in Serum Thyroid Hormone Levels in Rats Exposed to 

Perchlorate in Drinking Water for 14 Days 
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terminology to describe such effects remains controversial.  The terminology endocrine disruptors, 

initially used by Thomas and Colborn (1992), was also used in 1996 when Congress mandated the EPA to 

develop a screening program for “...certain substances [which] may have an effect produced by a 

naturally occurring estrogen, or other such endocrine effect[s]...”.  To meet this mandate, EPA convened a 

panel called the Endocrine Disruptors Screening and Testing Advisory Committee (EDSTAC), and in 

1998, the EDSTAC completed its deliberations and made recommendations to EPA concerning endocrine 

disruptors. In 1999, the National Academy of Sciences released a report that referred to these same types 

of chemicals as hormonally active agents.  The terminology endocrine modulators has also been used to 

convey the fact that effects caused by such chemicals may not necessarily be adverse.  Many scientists 

agree that chemicals with the ability to disrupt or modulate the endocrine system are a potential threat to 

the health of humans, aquatic animals, and wildlife.  However, others think that endocrine-active 

chemicals do not pose a significant health risk, particularly in view of the fact that hormone mimics exist 

in the natural environment.  Examples of natural hormone mimics are the isoflavinoid phytoestrogens 

(Adlercreutz 1995; Livingston 1978; Mayr et al. 1992).  These chemicals are derived from plants and are 

similar in structure and action to endogenous estrogen.  Although the public health significance and 

descriptive terminology of substances capable of affecting the endocrine system remains controversial, 

scientists agree that these chemicals may affect the synthesis, secretion, transport, binding, action, or 

elimination of natural hormones in the body responsible for maintaining homeostasis, reproduction, 

development, and/or behavior (EPA 1997a).  Stated differently, such compounds may cause toxicities that 

are mediated through the neuroendocrine axis.  As a result, these chemicals may play a role in altering, 

for example, metabolic, sexual, immune, and neurobehavioral function.  Such chemicals are also thought 

to be involved in inducing breast, testicular, and prostate cancers, as well as endometriosis (Berger 1994; 

Giwercman et al. 1993; Hoel et al. 1992). 

Perchlorate can impair thyroid hormone production and, therefore, can be classified as an endocrine 

disruptor. As discussed in Sections 3.2.2.2 (Systemic-Endocrine Effects) and 3.5.2 (Mechanisms of 

Toxicity), at sufficiently high dosages, perchlorate can limit the availability of iodide needed for the 

production of the hormones in the thyroid and can depress serum levels of the thyroid hormones, T4 and 

T3. The latter effect triggers HPT feedback control mechanisms to produce TSH, which stimulates 

growth of the thyroid and induces NIS, the primary mechanism by which iodide enters thyroid follicle 

cells from the blood and the first step in the uptake of iodide into the thyroid and formation of thyroid 

hormones.  Thus, perchlorate exposure at sufficiently high doses has the potential for producing all of the 

adverse consequences of hypothyroidism including impairments in the development of the nervous 

systems and other organ systems, thyroid gland enlargement, and follicular cell hyperplasia and neoplasia.  
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However, studies discussed earlier indicate that at perchlorate levels routinely found in the environment, 

no evidence of such adverse effects have been observed or documented. 

3.7 CHILDREN’S SUSCEPTIBILITY  

This section discusses potential health effects from exposures during the period from conception to 

maturity at 18 years of age in humans, when most biological systems have fully developed.  However, the 

brain continues to develop until about 25 years of age.  Potential effects on offspring resulting from 

exposures of parental germ cells are considered, as well as any indirect effects on the fetus and neonate 

resulting from maternal exposure during gestation and lactation.  Relevant animal and in vitro models are 

also discussed. 

Children are not small adults.  They differ from adults in their exposures and may differ in their 

susceptibility to hazardous chemicals.  Children’s unique physiology and behavior can influence the 

extent of their exposure.  Exposures of children are discussed in Section 6.6, Exposures of Children. 

Children sometimes differ from adults in their susceptibility to hazardous chemicals, but whether there is 

a difference depends on the chemical (Guzelian et al. 1992; NRC 1993).  Children may be more or less 

susceptible than adults to health effects, and the relationship may change with developmental age 

(Guzelian et al. 1992; NRC 1993).  Vulnerability often depends on developmental stage.  There are 

critical periods of structural and functional development during both prenatal and postnatal life, and a 

particular structure or function will be most sensitive to disruption during its critical period(s).  Damage 

may not be evident until a later stage of development.  There are often differences in pharmacokinetics 

and metabolism between children and adults.  For example, absorption may be different in neonates 

because of the immaturity of their gastrointestinal tract and their larger skin surface area in proportion to 

body weight (Morselli et al. 1980; NRC 1993); the gastrointestinal absorption of lead is greatest in infants 

and young children (Ziegler et al. 1978).  Distribution of xenobiotics may be different; for example, 

infants have a larger proportion of their bodies as extracellular water, and their brains and livers are 

proportionately larger (Altman and Dittmer 1974; Fomon 1966; Fomon et al. 1982; Owen and Brozek 

1966; Widdowson and Dickerson 1964).  The infant also has an immature blood-brain barrier (Adinolfi 

1985; Johanson 1980) and probably an immature blood-testis barrier (Setchell and Waites 1975).  Many 

xenobiotic metabolizing enzymes have distinctive developmental patterns.  At various stages of growth 

and development, levels of particular enzymes may be higher or lower than those of adults, and 

sometimes unique enzymes may exist at particular developmental stages (Komori et al. 1990; Leeder and 
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Kearns 1997; NRC 1993; Vieira et al. 1996).  Whether differences in xenobiotic metabolism make the 

child more or less susceptible also depends on whether the relevant enzymes are involved in activation of 

the parent compound to its toxic form or in detoxification.  There may also be differences in excretion, 

particularly in newborns who all have a low glomerular filtration rate and have not developed efficient 

tubular secretion and resorption capacities (Altman and Dittmer 1974; NRC 1993; West et al. 1948).  

Children and adults may differ in their capacity to repair damage from chemical insults.  Children also 

have a longer remaining lifetime in which to express damage from chemicals; this potential is particularly 

relevant to cancer. 

Certain characteristics of the developing human may increase exposure or susceptibility, whereas others 

may decrease susceptibility to the same chemical.  For example, although infants breathe more air per 

kilogram of body weight than adults breathe, this difference might be somewhat counterbalanced by their 

alveoli being less developed, which results in a disproportionately smaller surface area for alveolar 

absorption (NRC 1993). 

Fetuses, infants and children may be especially susceptible to the thyroid effects of perchlorate.  Thyroid 

hormones regulate cell proliferation, migration, and differentiation during development, therefore, 

maintenance of normal levels is essential to normal growth and development.  Disruption of circulating 

hormone levels can have markedly different effects, depending on the stage of development.  Effects can 

include mental retardation, impaired motor skills, and hearing and speech impediments (Boyages 2000; 

Fisher and Brown 2000; Haddow et al. 1999; Pop et al. 1999).  Several factors may contribute to a high 

vulnerability of the fetus and neonate to perchlorate (see Section 3.10, Susceptible Populations, for further 

details). In addition, as discussed by NAS (2005), preterm infants are more sensitive to thyroid hormone 

perturbations than term infants. 

Thus far, there is no conclusive evidence that exposure to perchlorate produces developmental effects in 

humans.  Two studies of newborns in Arizona and California reported that neonates from women whose 

drinking water contained perchlorate had higher TSH values than those from women with no exposure to 

perchlorate (Brechner et al. 2000; Schwartz 2001).  However, the methods used in the two latter studies 

have been questioned. Other similar studies in the United States have found no significant associations 

between maternal exposure to perchlorate via the drinking water and T4 levels (Li et al. 2000a), TSH 

levels (Li et al. 2000b), and incidence of congenital hypothyroidism (Kelsh et al. 2003; Lamm and 

Doemland 1999).  Two studies of Chilean neonates whose mothers may have been chronically exposed to 

up to 100–120 μg/L (ppb) of perchlorate in the drinking water found no evidence of adverse thyroid 
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effects among the neonates (Crump et al. 2000; Téllez et al. 2005).  Studies in experimental animals have 

shown that exposure of the mother to perchlorate during gestation, or even during lactation, can lead to 

reduced thyroid hormone levels and associated thyroid effects in the offspring (Brown-Grant and 

Sherwood 1971; Golstein et al. 1988; Lampe et al. 1967; Postel 1957; York et al. 2001a, 2003, 2004). 

Evaluation of a series of neurobehavioral parameters in rat pups exposed to perchlorate in utero (maternal 

exposure up to 8.5 mg perchlorate/kg/day) and through maternal milk revealed no significant treatment-

related effects (Bekkedal et al. 2000; York et al. 2004).  Microscopic examination of the brain from 

12-day-old pups showed a significant increase in the thickness of the corpus callosum from females in the 

highest dose group, 8.5 mg/kg/day (York et al. 2004), but a subsequent study by the same group of 

investigators reported a similar effect at 0.09 and 0.9 mg/kg/day, but not at highest dose tested, 

25.5 mg/kg/day (York et al. 2005b).  The toxicological significance of this finding is controversial and its 

biological significance has been questioned (NAS 2005).  High-dose male offspring sacrificed at about 

80 days of age had a significant increase in brain weight and in the weight of the prefrontal cortex and 

corpus callosum (York et al. 2004).  Exposure to perchlorate has not caused teratogenic effects in 

animals.  

Perchlorate has been shown to cross the placenta of rats (Clewell et al. 2003a; Schröeder-van der Elst et 

al. 2001).  Thus, in addition to the potential for perchlorate to exert effects on fetal development by 

depressing levels of maternal thyroid hormones, perchlorate may exert direct effects on the fetal thyroid.  

Thyroid suppression at birth has been observed in infants born to mothers who received potassium 

perchlorate during pregnancy for treatment of hyperthyroidism (Crooks and Wayne 1960; Fisher et al. 

1962). Direct evidence of maternal-fetal transfer of perchlorate and suppression of fetal thyroid hormone 

production has been provided from studies of rats and guinea pigs (Postel 1957; York et al. 2001b; Yu et 

al. 2002). 

Studies conducted in experimental animals have shown that perchlorate enters mammary milk (Clewell et 

al. 2003b). Perchlorate has also been detected in human breast milk at a mean concentration of 10 ppb 

(Kirk et al. 2005). Whereas this indicates that nursing infants may be exposed to perchlorate in breast 

milk, whether the amount of perchlorate in the breast milk is great enough to affect thyroid function of the 

infant has not been demonstrated.  However, a recent study in rats showed that the NIS actively 

concentrates perchlorate in the milk and suggested that exposure of newborns to high levels of perchlorate 

may pose a greater health risk than previously thought because it could directly inhibit the newborn 

thyroidal iodide uptake (Dohán et al. 2007).  Nevertheless, the beneficial aspects (biological and 
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psychological) of breast-feeding outweigh any risks from exposure to perchlorate from mother’s milk, 

especially if they consume adequate iodine from food and supplements. 

Models of the biokinetics of perchlorate in adult humans and rats have been developed (Fisher et al. 2000; 

Merrill et al. 2003, 2005).  An adult rat model has been extended to include pregnancy and maternal-fetal 

transfer of perchlorate, and lactation and maternal-pup perchlorate transfer through milk (Clewell et al. 

2003a, 2003b).  These models have been used to develop predictive models for the human gestation and 

postnatal period (Clewell et al. 2007). In the latter study, pregnant and lactating women, the fetus, and 

nursing infants were predicted to have higher concentrations of perchlorate in blood and greater thyroid 

iodide uptake inhibition at a given concentration of perchlorate in drinking water than either nonpregnant 

adults or older children.  Although the fetus was predicted to receive the greatest dose, the predicted 

extent of iodide inhibition was not significant (approximately 1%) at the NAS-recommended reference 

dose of 0.7 µg/kg/day for perchlorate. 

3.8 BIOMARKERS OF EXPOSURE AND EFFECT 

Biomarkers are broadly defined as indicators signaling events in biologic systems or samples. They have 

been classified as markers of exposure, markers of effect, and markers of susceptibility (NAS/NRC 

1989). 

Due to a nascent understanding of the use and interpretation of biomarkers, implementation of biomarkers 

as tools of exposure in the general population is very limited.  A biomarker of exposure is a xenobiotic 

substance or its metabolite(s) or the product of an interaction between a xenobiotic agent and some target 

molecule(s) or cell(s) that is measured within a compartment of an organism (NAS/NRC 1989).  The 

preferred biomarkers of exposure are generally the substance itself, substance-specific metabolites in 

readily obtainable body fluid(s), or excreta.  However, several factors can confound the use and 

interpretation of biomarkers of exposure.  The body burden of a substance may be the result of exposures 

from more than one source.  The substance being measured may be a metabolite of another xenobiotic 

substance (e.g., high urinary levels of phenol can result from exposure to several different aromatic 

compounds).  Depending on the properties of the substance (e.g., biologic half-life) and environmental 

conditions (e.g., duration and route of exposure), the substance and all of its metabolites may have left the 

body by the time samples can be taken.  It may be difficult to identify individuals exposed to hazardous 

substances that are commonly found in body tissues and fluids (e.g., essential mineral nutrients such as 

copper, zinc, and selenium).  Biomarkers of exposure to perchlorates are discussed in Section 3.8.1. 
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Biomarkers of effect are defined as any measurable biochemical, physiologic, or other alteration within an 

organism that, depending on magnitude, can be recognized as an established or potential health 

impairment or disease (NAS/NRC 1989).  This definition encompasses biochemical or cellular signals of 

tissue dysfunction (e.g., increased liver enzyme activity or pathologic changes in female genital epithelial 

cells), as well as physiologic signs of dysfunction such as increased blood pressure or decreased lung 

capacity.  Note that these markers are not often substance specific.  They also may not be directly 

adverse, but can indicate potential health impairment (e.g., DNA adducts).  Biomarkers of effects caused 

by perchlorates are discussed in Section 3.8.2. 

A biomarker of susceptibility is an indicator of an inherent or acquired limitation of an organism's ability 

to respond to the challenge of exposure to a specific xenobiotic substance.  It can be an intrinsic genetic or 

other characteristic or a preexisting disease that results in an increase in absorbed dose, a decrease in the 

biologically effective dose, or a target tissue response.  If biomarkers of susceptibility exist, they are 

discussed in Section 3.10, Populations That Are Unusually Susceptible. 

3.8.1 Biomarkers Used to Identify or Quantify Exposure to Perchlorates  

Studies in workers exposed to perchlorate (Lamm et al. 1999) and in volunteers who ingested daily doses 

of perchlorate for 14 days (Lawrence et al. 2000) indicate that perchlorate is rapidly eliminated 

unchanged in the urine (see Section 3.4.4). Urine, therefore, is a convenient testing medium for 

perchlorate. However, the excretion of perchlorate is so rapid that an acute exposure might be detectable 

for only a few days after exposure.  Both occupational studies and studies with volunteers have estimated 

an elimination half-life for perchlorate of approximately 8–12 hours (Greer et al. 2002; Lamm et al. 1999; 

Lawrence et al. 2000).  The methods used for measuring perchlorate in urine have not been standardized 

(see also Section 7.1). 

Using a highly selective analytical method of coupled ion chromatography and electrospray tandem mass 

spectrometry, Valentín-Blasini et al. (2005) found an association between urinary levels of perchlorate 

with the concentrations of perchlorate in drinking water in a population of women from Chile.  In a 

population with no known perchlorate drinking water contamination, concentrations of perchlorate 

adjusted for urinary creatinine showed a median level of 7.8 μg perchlorate/g creatinine, with a range of 

1–35 μg perchlorate/g creatinine. Although the intake of perchlorate through food had not been measured 

in this population, this population probably has a high background dietary intake of perchlorate because 
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Chilean soil is a natural source of of perchlorate.  When the urine samples of the pregnant women in three 

cities in the study in Chile (Crump et al. 2000) were analyzed by this method, the women in the city with 

a drinking water concentration of perchlorate of about 0.4 ng/mL had a median urinary concentration of 

21 μg perchlorate/g creatinine, those with a drinking water concentration of about 5.8 ng/mL had a 

median urinary concentration of 37 μg perchlorate/g creatinine, and those with a drinking water 

concentration of about 114 ng/mL had a median urinary concentration of 120 μg perchlorate/g creatinine 

(Valentín-Blasini et al. 2005).  Recently, Gibbs (2006) demonstrated a highly significant linear correlation 

between the concentration of perchlorate in serum and dose over a dose range covering almost four orders 

of magnitude.  The studies that contributed data for Gibbs’ analysis included Brabant et al. (1992), Crump 

et al. (2000), Lawrence et al. (2000), and Merrill et al. (2005). 

Perchlorate has also been detected in human breast milk, but the concentrations were not correlated with 

the water consumed by the lactating women.  As perchlorate is fairly rapidly cleared when exposure 

ceases, the presence of perchlorate in breast milk may be highly variable with time and recent dietary 

history (Kirk et al. 2005; Pearce et al. 2007).  

Other potential biomarkers of exposure to perchlorate relate to their effect on the thyroid gland.  As 

described in Section 3.5.2, Mechanisms of Toxicity, perchlorate blocks uptake of iodide into the thyroid, 

leading to an increase in the serum level of free iodine (i.e., not bound to T4), which is then excreted in 

urine. No study has developed a correlation between exposure to particular dose levels of perchlorate and 

specific relative increases of free iodine in serum or urine.  In serum, the normal level of free iodine 

ranges from 1.0 to 5.2 µg/L and the level of protein-bound iodine ranges from 32 to 72 µg/L.  Iodine is 

excreted in urine at a rate that is nearly equal to the rate of intake, or approximately 100–200 µg/24 hours 

(Agency for Toxic Substances and Disease Registry 2004).  Saliva also has potential as a source of 

noninvasive biomarker because anions such as perchlorate are actively sequestered into the salivary gland 

by the NIS.  Perchlorate produces a decrease in the levels of T3 and T4 in serum, while increasing the 

serum level of TSH in rats, but this has not been shown in humans at doses below those used in clinical 

medicine to treat thyrotoxicosis.  Specific correlations between levels and duration of exposure to 

perchlorate and alterations in serum levels of T3, T4, or TSH in humans have not been developed.  

Furthermore, these potential biomarkers are not specific to perchlorate; other antithyroid agents, such as 

carbimazole, can have similar effects. 
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3.8.2 Biomarkers Used to Characterize Effects Caused by Perchlorates  

The thyroid is the critical target for perchlorate.  Perchlorate blocks uptake of iodide into the thyroid, 

leading to an increase in the serum level of free iodine (i.e., not bound to T4), which is then excreted in 

urine. If the dosage is sufficient to limit the availability of iodide for the production of thyroid hormones, 

then perchlorate can also produce a decrease in the levels of T3 and T4 in serum, while increasing the 

serum level of TSH.  Therefore, levels of iodide in serum or urine, and levels of T3, T4, and TSH in 

serum, can all be considered to be biomarkers of effect for perchlorate.  A recent study showed that in 

women with urinary iodine <100 µg/L, urinary perchlorate (which is a measure of perchlorate intake) was 

a significant negative predictor of TT4 and a positive predictor of TSH (Blount et al. 2006).  It should be 

noted that none of these biomarkers is specific to perchlorate; other antithyroid agents such as 

carbimazole can have similar effects.  It should also be noted that TT4 is not routinely measured for 

clinical significance as it is too impacted by other biological variables.  Although the specific amount of 

change in these biomarkers associated with a demonstrably adverse effect has not been established, 

changes in these parameters can be considered to indicate potential impairment of health.  Typical normal 

ranges for hormone levels are shown in Table 3-4. 

3.9 INTERACTIONS WITH OTHER CHEMICALS  

No studies were located regarding health effects in humans exposed to perchlorate in combination with 

other chemicals that are likely to be found with perchlorate in the environment, in the workplace, or at 

hazardous waste sites. 

Limited information was found in studies in animals.  Administration of a single dose of 7.5 or 75 µg/kg 

of 3,3’,4,4’5-pentachlorobiphenyl (PCB 126) to rats followed 9 days later by doses of up to 1 mg 

perchlorate/kg/day in the drinking water for additional 14 days showed less than additive effects on serum 

TSH, TT4, FT4, and hepatic T4-glucuronide (McLanahan et al. 2007).  Exposure to lower doses of each 

chemical (NOEL doses), resulted in no interaction between the chemicals for the thyroid indices 

measured. In another study, simultaneous exposure of rats to various concentrations of ammonium 

perchlorate and sodium chlorate for 7 days reduced serum total T4 to a greater extent than either chemical 

alone (Khan et al. 2005). 

Tonacchera et al. (2004) investigated the simultaneous joint effects of perchlorate and other competitive 

inhibitors of iodide uptake (thiocyanate, nitrate, and non-radioactive iodide) in inhibiting RAIU in an 

in vitro test system in which human NIS was stably transfected into a Chinese hamster ovary (CHO) cell 
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line. The relative potency of perchlorate to inhibit 125I⎯ uptake at the NIS was 15, 30, and 240 times that 

of thiocyanate, non-radioactive iodide, and nitrate, respectively, on a molar concentration basis.  The 

results showed that the anions interact in a simple additive fashion and that the concentration response for 

each inhibitor was indistinguishable from that of each of the others after adjusting for differences in 

inhibition potencies. 

Nitrate and thiocyanate are widely distributed in nature and, because both anions also inhibit RAIU, as 

demonstrated by Tonacchera et al. (2004), should also be included in the discussion of the effects of 

inhibition of the NIS by anions.  Nitrate is a natural constituent of green leafy vegetables and is also used 

as a preservative.  Administration of a diet containing 3% potassium nitrate to rats for 4 weeks resulted in 

a significant increase in thyroid weight and serum TSH levels and in reductions in serum T3 and T4 

(Mukhopadhyay et al. 2005).  Thiocyanate can be derived from thioglucosides present in foods such as 

cabbage, cauliflower, and broccoli, and is also found in tobacco.  The effects of thiocyanate on thyroidal 

function of humans have been known for a long time.  Gibbs (2006) reviewed the literature and reported 

that no adverse or non-adverse thyroidal effects of thiocyanate occur at serum concentrations of 

thiocyanate <50 µmol/L.  This concentration of thiocyanate is equivalent to approximately 3.3 µmol 

perchlorate/L in terms of iodine uptake inhibition (Tonacchera et al. 2004).  To achieve such 

concentration of perchlorate in serum, the daily dose of perchlorate would have to be 0.27 mg/kg/day, or a 

70-kg adult would have to drink 2 L of water daily containing 9 mg perchlorate (Gibbs 2006).  However, 

extrapolating data from the in vitro studies such as the Tonacchera et al. (2004) study to situations in vivo 

may not be appropriate because the in vitro studies cannot account for the relative human half-lives of 

perchlorate, thiocyanate, and nitrate or other factors such as protein binding and chronicity.  In a related 

study, De Groef et al. (2006) examined the possible contribution of nitrate and thiocyanate to NIS 

inhibition.  Using EPA’s current Maximum Contaminant Level (MCL) for nitrate in drinking water, 

De Groef et al. (2006) showed that the concentration of nitrate allowed in water would cause an inhibition 

of iodine uptake by the NIS equivalent to 300 ppb perchlorate, 12 times greater than the concentration of 

about 25 ppb that corresponds to the RfD for perchlorate proposed by the NAS (assuming a 70-kg adult 

consuming 2 L of water per day).  The same exercise with thiocyanate showed that the MCL for 

thiocyanate is equivalent to approximately 23 ppb perchlorate.  The conclusion reached by the 

investigators was that “when considering the potential thyroid-related health risks posed by monovalent 

anions, perchlorate only accounts for a small fraction (<10%) of the exposure from drinking water.”   
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3.10 POPULATIONS THAT ARE UNUSUALLY SUSCEPTIBLE 

A susceptible population will exhibit a different or enhanced response to perchlorates than will most 

persons exposed to the same level of perchlorates in the environment.  Reasons may include genetic 

makeup, age, health and nutritional status, and exposure to other toxic substances (e.g., cigarette smoke).  

These parameters result in reduced detoxification or excretion of perchlorates or compromised function of 

organs affected by perchlorates.  Populations who are at greater risk due to their unusually high exposure 

to perchlorates are discussed in Section 6.7, Populations with Potentially High Exposures. 

Any condition affecting processes by which circulating iodide ultimately becomes part of a functional 

thyroid hormone will increase the susceptibility to substances that affect thyroid function such as 

perchlorate. Among these conditions are genetic factors.  This topic has been reviewed by Scinicariello et 

al. (2005) and original citations can be obtained therein.  For example, people with congenital iodide 

transport deficit (ITD), an infrequent autosomic recessive condition that has been linked to mutations of 

the perchlorate-sensitive NIS gene, may exhibit a defective transport of iodide from circulation into the 

thyroid cell.  People who suffer from Pendred Syndrome (PDS), an autosomal recessive disorder 

characterized by deafness and goiter, may have a diminished iodide transport over the apical membrane, 

which causes iodide to remain in the thyrocyte.  The PDS gene product pendrin is a protein that transports 

chloride and iodide and mediates the exchange of chloride and formate.  Increased susceptibility to 

perchlorate can also result from defects in iodide organification, a process by which iodide is oxidized 

and bound to thyrosine residue in thyroglobulin.  Mutations identified in proteins involved in the 

iodination of the thyrosine residue may result in accumulation of iodide in the thyrocyte. 

As discussed in NAS (2005), fetuses and preterm newborns constitute the most sensitive populations, 

although infants and developing children are also considered sensitive populations.  The expected high 

sensitivity of developing organisms is due to the important role played by thyroid hormones during 

development (Zoeller 2006; see also Section 3.5.2).  Perchlorate may reduce the level of circulating 

thyroid hormones in the blood, and low thyroid hormone levels during embryonic or fetal development 

can lead to effects such as mental retardation, impaired motor skills, and hearing and speech impediments 

(Haddow et al. 1999; Pop et al. 1999; Soldin et al. 2001).  This is because the fetus is dependent on 

maternal thyroid hormones at least until the fetal thyroid begins to produce T4 and T3 (Zoeller and 

Crofton 2000).  In humans, this occurs at approximately 16–20 weeks of gestation.  Perchlorate also can 

inhibit the NIS in breast tissue (Levy et al. 1997; Smanik et al. 1997; Spitzweg et al. 1998), and therefore 

may limit the availability of iodide to nursing infants, who depend entirely on breast milk for the iodide 
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needed to produce thyroid hormone (Agency for Toxic Substances and Disease Registry 2004).  

However, in a study of 57 lactating women in Boston, Massachusetts, no correlation was found between 

perchlorate concentrations in breast milk and concentrations of iodide in breast milk (Pearce et al. 2007).  

As discussed by Ginsberg et al. (2007), additional factors that make neonates a sensitive group include 

their shorter serum half-life for T4 of approximately 3 days compared to approximately 7–10 days in 

adults, a lower storage capacity of the thyroid for T4, and possibly slower urinary clearance of perchlorate 

due to immature renal function.  Hypothyroid pregnant women also constitute a susceptible group who 

may also put the fetus at higher risk if maternal hypothyroidism is present before the onset of fetal thyroid 

function at 10–12 weeks of gestation (Zoeller and Crofton 2000).  Human models of pregnancy, maternal-

fetal transfer, and maternal-infant transfer of perchlorate have also been developed (Clewell et al. 2007, 

see Section 3.4.5).  These models have yielded predictions of external dose–internal dose relationships for 

various human lifestages (Clewell et al. 2007; see Tables 3-6 and 3-7).  The models predict a relatively 

high vulnerability of the fetus, pregnant women, and lactating women to perchlorate-induced thyroid 

iodine uptake, compared to other lifestages (e.g., greater inhibition of thyroid iodide uptake occurs in the 

fetus in association with lower external doses).  Women with low iodine intake may also constitute a 

susceptible group, as suggested by a recent study in which urinary perchlorate was reported to be a 

significant negative predictor of serum TT4 and a significant positive predictor of serum TSH in women 

with urinary iodine <100 µg/L (Blount et al. 2006). 

People with reduced thyroid activity from other causes may also be an unusually susceptible population.  

This includes people living in endemic goiter areas with low iodine intake, people with exposure to other 

anti-thyroid drugs (e.g., lithium) (Green 1996; Spaulding et al. 1972), and people with Hashimoto’s 

disease (autoimmune hypothyroidism [Weetman 2000]) or other diseases that reduce thyroid hormone 

levels. Exposure to perchlorate may produce additional deficiencies in these people beyond those due to 

their pre-existing conditions, potentially increasing the severity of their conditions.  

3.11 METHODS FOR REDUCING TOXIC EFFECTS  

This section will describe clinical practice and research concerning methods for reducing toxic effects of 

exposure to perchlorates. However, because some of the treatments discussed may be experimental and 

unproven, this section should not be used as a guide for treatment of exposures to perchlorates.  When 

specific exposures have occurred, physicians who specialize in thyroid disorders should be consulted for 

medical advice. 
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No texts were located that provided specific information about treatment following exposures to 

perchlorate. 

3.11.1 Reducing Peak Absorption Following Exposure  

There are no established methods for managing initial exposure to perchlorate or for reducing peak 

absorption 

Since perchlorate is readily excreted in the urine, it is reasonable to assume that increasing the water 

uptake would help the body eliminate perchlorate.  No studies have investigated this issue. 

3.11.2 Reducing Body Burden  

Perchlorate is readily eliminated from the body and does not bioaccumulate or result in a body burden.  

The elimination half-life for perchlorate has been estimated to be 8–12 hours (Durand 1938; Greer et al. 

2002; Lamm et al. 1999). 

3.11.3 Interfering with the Mechanism of Action for Toxic Effects  

There are no published studies on the treatment of perchlorate exposure by interfering with its mechanism 

of toxicity.  Since the inhibition of the NIS by perchlorate can limit the availability of iodide needed for 

the production of T4 and T3 in the thyroid, it is important to maintain an adequate intake of iodine.  

3.12 ADEQUACY OF THE DATABASE 

Section 104(I)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the 

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether 

adequate information on the health effects of perchlorates is available.  Where adequate information is not 

available, ATSDR, in conjunction with the National Toxicology Program (NTP), is required to assure the 

initiation of a program of research designed to determine the health effects (and techniques for developing 

methods to determine such health effects) of perchlorates. 

The following categories of possible data needs have been identified.  They are defined as substance-

specific informational needs that if met would reduce the uncertainties of human health assessment.  This 

definition should not be interpreted to mean that all data needs discussed in this section must be filled.  In 
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the future, the identified data needs will be evaluated and prioritized, and a substance-specific research 

agenda will be proposed. 

3.12.1 Existing Information on Health Effects of Perchlorates 

The existing data on health effects of inhalation, oral, and dermal exposure of humans and animals to 

perchlorates are summarized in Figure 3-10.  The purpose of this figure is to illustrate the existing 

information concerning the health effects of perchlorates.  Each dot in the figure indicates that one or 

more studies provide information associated with that particular effect.  The dot does not necessarily 

imply anything about the quality of the study or studies, nor should missing information in this figure be 

interpreted as a “data need”.  A data need, as defined in ATSDR’s Decision Guide for Identifying 

Substance-Specific Data Needs Related to Toxicological Profiles (Agency for Toxic Substances and 

Disease Registry 1989), is substance-specific information necessary to conduct comprehensive public 

health assessments.  Generally, ATSDR defines a data gap more broadly as any substance-specific 

information missing from the scientific literature. 

Human studies on perchlorate include cross-sectional epidemiology studies of perchlorate workers with 

inhalation exposure, short-term oral experimental studies on healthy and hyperthyroid subjects, general 

population studies of adults, school-age children, and neonates, and case reports of hyperthyroid patients 

with intermediate- or chronic-duration oral treatment with perchlorate. 

Animal studies for perchlorate are available only by the oral route. The available studies have included 

investigation of systemic effects by acute, intermediate, and chronic exposure, as well as immunological, 

reproductive, and developmental effects, lethality, and cancer.  Limited information is available regarding 

effects of perchlorate on the nervous system in adult animals.  No experimental studies have been 

conducted that examine the interactions of perchlorate exposure and dietary iodine levels. 

3.12.2 Identification of Data Needs 

Acute-Duration Exposure.    Acute-duration studies are available for healthy humans (Bürgi et al. 

1974; DeGroot and Buhler 1971; Faure and Dussault 1975; Greer et al. 2002; Lawrence et al. 2000, 2001) 

and animals (Arieli and Chinet 1985; BRT 2000; Caldwell et al. 1995; DOD 1999; Kapitola et al. 1971; 

Mannisto et al. 1979; Matsuzaki and Suzuki 1981; Schonbaum et al. 1965; Siglin et al. 2000; Spreca and 

Musy 1974) orally exposed to perchlorate.  These studies suggest that the thyroid is the main target for 

acute exposure to perchlorate. The study by Greer et al. (2002) identified a NOEL for radioactive iodine  



138 PERCHLORATES 

3. HEALTH EFFECTS 

Figure 3-10. Existing Information on Health Effects of Perchlorate 
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uptake by the thyroid of 0.007 mg/kg/day.  NAS (2005) recently completed an evaluation of the literature 

on perchlorate and derived an RfD of 0.0007 mg/kg/day based on the findings of Greer et al. (2002).  

ATSDR has adopted the EPA’s chronic RfD recommended by NAS (2005) for the chronic oral MRL.  

Acute and intermediate MRL values will need to be assessed as relevant data from new studies are 

published.  Conducting acute studies by the inhalation route does not seem warranted since this route of 

exposure does not play a significant role in environmental exposures to perchlorate.  Although dermal 

absorption of perchlorate should be negligible, information on dermal absorption and dermal toxicity 

studies could be useful because skin contact with perchlorate in water supplies is likely when water 

contains perchlorate. In its review of perchlorate toxicity, NAS (2005) notes that further studies of 

perchlorate in rats would be of limited utility for clarifying the health effects of perchlorate in humans.  

Instead, NAS recommends conducting a series of in vitro studies using human tissues and animal studies 

to determine the role of NIS in placental iodide transport, the susceptibility of breast NIS to perchlorate 

inhibition, the role of iodide status in these effects, and the effects of perchlorate on development 

independently of effects on iodide transport.  NAS (2005) further notes studies on the effects of 

perchlorate on other tissues that contain NIS could be conducted.   

Intermediate-Duration. Intermediate-duration studies are available for humans (Brabant et al. 1992; 

Braverman et al. 2006) and animals (Bekkedal et al. 2000; BRT 2000; DOD 1999; Eskin et al. 1975; 

Gauss 1972; Hiasa et al. 1987; Logonder-Mlinsek et al. 1985; MacDermott 1992; Ortiz-Caro et al. 1983; 

Pajer and Kalisnik 1991; Postel 1957; Sangan and Motlag 1986, 1987; Selivanova and Vorobieva 1969; 

Shevtsova et al. 1994; Siglin et al. 2000; Tarin-Remohi and Jolin 1972; Vijayalakshmi and Motlag 1989a, 

1989b, 1990, 1992; York et al. 2001a, 2001b, 2003, 2004, 2005a, 2005b) orally exposed to perchlorates.  

Brabant et al. (1992) studied the effect of administration of perchlorate for 4 weeks on thyroid hormone 

levels in healthy volunteers and their findings suggested that a period of iodide deficiency may increase 

the sensitivity of the thyroid to TSH.  Braverman et al. (2006) reported that administration of up to 

approximately 0.04 mg perchlorate/kg/day to volunteers for 6 months caused no significant alterations in 

thyroid function tests, including radioiodine uptake.  The studies in animals provided information on 

systemic, immunologic, reproductive, and developmental effects of perchlorate.  The thyroid gland was 

shown to be the most sensitive target.  Almost all of the earlier studies used only one dose level, usually 

quite high. Studies conducted in the past few years have used much lower doses, which allow the 

construction of dose-response relationships and the identification of NOAELs and LOAELs.  In three of 

these studies (Siglin et al. 2000; York et al. 2003, 2005a), ATSDR identified LOAELs of 

0.009 mg/kg/day.  Additional studies in animals would be useful to clarify some controversial findings of 

the studies recently available.  These findings concern effects of perchlorate on neurobehavioral effects 
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and brain morphometry in young animals exposed in utero.  As indicated above, additional studies in rats 

for the purpose of clarifying the health effects of perchlorate in humans seem unnecessary given the 

difference in the manner rats and humans handle the inhibition of iodide uptake by the thyroid.  As 

mentioned above, studies by inhalation and dermal exposure do not seem necessary at this time since the 

most relevant route of exposure for perchlorate is the oral route, specifically drinking water.  

Chronic-Duration Exposure and Cancer.    Humans with chronic inhalation exposure to 

perchlorate at work were the subject of cross-sectional epidemiology studies (Braverman et al. 2005; 

Gibbs et al. 1998; Lamm et al. 1999).  These studies found no significant effects associated with 

perchlorate exposure. Cancer has not been reported in humans with exposure to perchlorate.  A study by 

Li et al. (2001) found no significant association between perchlorate in drinking water and the prevalence 

of thyroid diseases or thyroid cancer residents in Nevada counties.  However, no information was 

available on age, gender, ethnicity, iodine intake, and other risk factors.  An additional study of cancer 

among residents of San Bernardino County, California, was limited by mixed exposures and lack of 

adjustment for potential confounding variables (Morgan and Cassady 2002). A few chronic-duration 

studies of toxicity and carcinogenicity are available in animals exposed to perchlorate orally (Kessler and 

Kruskemper 1966; Toro Guillen 1991).  A few intermediate-duration carcinogenicity studies by the oral 

route are also available (Florencio Vicente 1990; Gauss 1972; Pajer and Kalisnik 1991).  The data from 

these studies are limited for assessment of toxicity or carcinogenicity, however, because only a high dose 

level was used. Still, it was evident that the main target of toxicity was the thyroid gland, as thyroid 

adenomas and/or carcinomas were observed in the animals.  It is unclear whether additional studies would 

provide new key information.  As noted above, ATSDR has adopted the NAS (2005) recommended RfD 

for the chronic oral MRL.  EPA adopted this chronic RfD based on the NAS (2005) recommendation. 

NAS (2005) recommended a clinical study designed to provide information on the potential chronic 

effects of low-dose perchlorate exposure on thyroid function, with a special focus on the ability and 

mechanisms of thyroid compensation.  If for ethical or other reasons it is not possible to conduct studies 

in humans, NAS (2005) suggested that chronic studies in nonhuman primates could provide useful 

information.  However, baseline thyroid studies would have to be conducted first to compare strains of 

monkeys to humans.   

Genotoxicity.    No genotoxicity studies were located for perchlorate in humans, but two studies were 

located in animals in vivo.  Siglin et al. (2000) found no evidence of bone marrow micronucleus 

formation in male and female rats exposed to perchlorate in the drinking water for 90 days.  Similar 

negative results were reported by Zeiger et al. (1998b) in mice treated with perchlorate intraperitoneally 
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for 3 days. In vitro studies were limited to a test for SOS-inducing activity in S. typhimurium (Nakamura 

and Kosaka 1989), a test for production of DNA-protein cross links in cultured human lymphocytes 

(Costa et al. 1996), tests for mutagenicity in various Salmonella strains (Zeiger et al. 1998a), and a mouse 

lymphoma assay (San and Clarke 1999).  Perchlorate gave negative results in all tests.  Additional testing 

does not seem necessary at this time. 

Reproductive Toxicity. No data on reproductive effects of perchlorate in humans were located.  

Earlier reproductive toxicity studies available for perchlorate in animals (Brown-Grant 1966; Brown-

Grant and Sherwood 1971) were of limited utility for assessing reproductive toxicity because they 

included only brief exposure of females during gestation, limited investigation of reproductive end points, 

and single dose levels.  In a two-generation reproduction study, exposure of rats to up to 25.5 mg 

perchlorate/kg/day did not affect any reproductive index (York et al. 2001b).  In another study, exposure 

of rats to up to 25.5 mg perchlorate/kg/day beginning 2 weeks before cohabitation with untreated males 

and continuing during gestation did not result in any significant alterations in numbers of corpora lutea 

and implantations, percent implantation loss, litter size, early or late resorptions, or sex ratio (York et al. 

2005a). In addition, a 90-day drinking water in rats did not find gross or microscopic alterations in the 

testes, prostate, epididymis, uterus, ovaries, or mammary glands (Siglin et al. 2000).  That study also 

reported no significant effects on sperm motility, concentration, count, or morphology.  Further studies do 

not appear to be necessary at this time. 

Developmental Toxicity.    There are several oral studies available that evaluated the effects of 

perchlorate on thyroid parameters in human newborns (Amitai et al. 2007; Brechner et al. 2000; Crump et 

al. 2000; Kelsh et al. 2003; Lamm and Doemland 1999; Li et al. 2000a, 2000b; Schwartz 2001; Téllez et 

al. 2005).  Crump et al. (2000) also examined the effects of perchlorate on thyroid function in school-age 

children. For the most part, no significant alterations were reported, although Brechner et al. (2000) and 

Schwartz (2001) reported an association between high levels of perchlorate in the drinking water and 

elevated serum levels of TSH, but the methods used in the two latter studies have been criticized.  The 

neurodevelopmental progress of children presumed to have been exposed to perchlorate in utero could be 

followed in longitudinal studies in search of possible long-term effects.  Developmental toxicity studies 

are available for perchlorate in animals (Bekkedal et al. 2000; Brown-Grant and Sherwood 1971; Golstein 

et al. 1988; Lampe et al. 1967; Mahle et al. 2003; Postel 1957; York et al. 2001a, 2001b, 2003, 2004, 

2005a, 2005b).  Although the earlier studies were of limited utility because standard developmental 

toxicity end points were not monitored and only single high dose levels were administered, the studies 

conducted in the past few years have been able to establish dose-response relationships using relatively 
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low exposure levels of perchlorate. Exposure of pregnant rats to perchlorate has resulted in thyroid 

alterations in the pups at maternal doses as low as 0.009 mg/kg/day (York et al. 2003, 2005a).  In addition 

to evaluating thyroid effects in the offspring, some recent studies have conducted neurobehavioral testing 

in the offspring at various ages and have also conducted histological and morphometric evaluations of 

pups’ brains (Bekkedal et al. 2000; York et al. 2003, 2004, 2005b). However, these studies have not 

evaluated known thyroid hormone-responsive end points in brain; for example, expression of genes that 

are known to respond to thyroid hormone or maturation specific brain structures (i.e., Purkinje cells) that 

respond to thyroid hormone (Porterfield and Hendrich 1993; Zoeller and Crofton 2000).  Furthermore, 

there is no evidence that the linear measures of specific brain areas that have been evaluated in animal 

studies are responsive to changes in circulating levels of thyroid hormone.  Studies directed at 

characterizing the reaction of thyroid hormone responsive end points in brain to small changes in thyroid 

hormone have not been conducted.  NAS (2005) noted that studies of pregnant monkeys could provide 

useful information on the effects of perchlorate on fetal and neonatal development.  Continued research is 

necessary to help improve our understanding of the potential mechanistic steps resulting in thyroid 

hormone level changes from exposure to low levels of perchlorate and other environmental contaminants 

such as thyocyanate and nitrate that can inhibit iodide uptake and potentially result in prenatal and 

infant/early childhood effects.  In addition, metabolic differences between perchlorate and other 

goitrogens, such as nitrate and thiocyanate (availability in the body) need to be further explored.   

Immunotoxicity.    Immune system and lymphoreticular effects due to perchlorate have not been 

systematically studied in healthy humans.  Lymphoreticular effects were reported in one case series of 

human thyrotoxicosis patients treated with potassium perchlorate (Morgans and Trotter 1960).  Immune 

effects in animals treated with very high doses of perchlorate (300–2,600 mg/kg/day) were reported as 

increases in the number and degranulation of mast cells in the thyroid and other tissues (Logonder-

Mlinsek et al. 1985; Spreca and Musy 1974).  More recent acute- and intermediate-duration studies 

assessed indices of humoral- and cell-mediated immunocompetence in mice (0.1–50 mg/kg/day), but 

there were deficiencies in the studies (BRT 2000; DOD 1999).  It would be helpful if some other end 

points were studied, such as the determination of whether perchlorate increases the sensitizing response to 

other chemicals or whether perchlorate is a sensitizer itself.   

Neurotoxicity.    No data were located regarding neurological effects in humans or animals exposed to 

perchlorate. Neither 14-day nor 90-day studies in animals observed any signs indicative of neurotoxicant 

in adult animals.  However, since thyroid hormone insufficiency is known to affect brain function in adult 

humans, and perchlorate can produce decreased circulating levels of thyroid hormone, it is likely that 
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perchlorate can, at some dose, impair brain function in adults.  The dose-response relationship for these 

effects has not been characterized. As mentioned above under Developmental Effects, some studies in 

rats have suggested that exposure to perchlorate during pregnancy can cause neurodevelopmental 

alterations in the offspring (York et al. 2004, 2005b).  The biological significance of some of the 

neurodevelopmental alterations, particularly the changes in thickness of the corpus callosum (York et al. 

2004, 2005b), has been questioned (NAS 2005). 

Epidemiological and Human Dosimetry Studies.    Information on effects of exposure to 

perchlorate in healthy humans is derived from occupational studies (Braverman et al. 2005; Gibbs et al. 

1998; Lamm et al. 1999), studies of the general population, including adults, children, and neonates 

(Brechner et al. 2000; Chang et al. 2003; Crump et al. 2000; Kelsh et al. 2003; Li et al. 2000a, 2000b, 

2001; Schwartz 2001; Téllez et al. 2005) and controlled exposures in volunteers (Braverman et al. 2006; 

Greer et al. 2002; Lawrence et al. 2000, 2001).  All of these studies provide information on the effects of 

perchlorate on thyroid parameters, but a few of them provide additional information on hematological, 

hepatic, and renal effects. Although it is well known that the thyroid is the target organ for perchlorate, 

the existing studies of the general population have had design limitations that preclude establishing with 

confidence the levels of environmental exposure that may induce clinically significant alterations in 

thyroid function and, therefore, represent a health risk.  Well-designed epidemiological studies of 

environmentally exposed populations could provide valuable information and decrease the uncertainty of 

using data collected in acute studies in volunteers to establish long-term safe exposure levels.  NAS 

(2005) identified pregnant women, their fetuses, and newborns as populations at greatest risk of the 

adverse effects of iodide deficiency and recommended that epidemiologic research should focus on 

assessing possible health effects of perchlorate exposure in these populations.  These studies should use 

direct methods of exposure to perchlorate in individuals and methods more suitable for examining 

potentially causal associations.  NAS (2005) further suggested that future research could be organized 

into additional analysis of existing data, new studies of health effects in selected populations, and 

monitoring of the frequencies of specific conditions in communities affected by the continuing efforts to 

reduce perchlorate in drinking water.  Regarding a study in Chile (Téllez et al. 2005), NAS (2005) 

recommended incorporating more extensive neurodevelopmental assessments of the children beginning in 

infancy and continuing through school age.  Specific end points that should be assessed in follow-up 

studies include auditory function, including measures of otoacoustic emissions; visual attention; cognitive 

function, including tests for executive function and memory; and tests of motor function, particularly 

balance, coordination, and rapid finger movements (NAS 2005).  Increasing the sample sizes of the birth 

cohorts from the cities studied in Chile would be desirable to achieve appropriate statistical power for 
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detecting possible differences among exposure groups on the developmental assessments.  NAS (2005) 

also suggested that the question of whether or not exposures to perchlorate at concentrations present in 

municipal drinking water are related to an increased incidence of maternal hypothyroidism during 

gestation could be addressed in the study of pregnant women in Chile (Téllez et al. 2005) and that using 

larger samples would improve the precision of the estimates.  

Biomarkers of Exposure and Effect.     

Exposure.  Potential biomarkers of exposure include perchlorate in urine, breast milk, iodide in blood and 

urine, thyroid (T4, T3) and pituitary (TSH) hormones in blood, and radioactive iodine uptake.  

Perchlorate in urine is a biomarker that is specific for exposure to perchlorate; however, the biomarkers 

for iodine and thyroid hormones are not exclusive to perchlorate (changes may be produced by other anti­

thyroid compounds and may be influenced by diet). One study of women from Chile found an 

association between urinary levels of perchlorate and drinking water concentrations of perchlorate 

(Valentín-Blasini et al. 2005).  Further studies designed to correlate levels of one or more of these 

potential biomarkers with exposure levels would be useful to facilitate medical surveillance that can lead 

to early detection of exposure to perchlorate. 

Effect.  Biomarkers of effect for perchlorate also include levels of iodine in blood and urine, and thyroid 

(T4, T3) and pituitary (TSH) hormones in blood.  Dosimetry has not been established to relate specific 

degrees of change in these markers to demonstrably adverse effects.  Studies designed to perform this 

dosimetry would be useful to determine whether exposed populations may be experiencing adverse health 

effects due to perchlorate exposure. 

Absorption, Distribution, Metabolism, and Excretion.    Existing studies of absorption, 

distribution, metabolism, and excretion of perchlorate in humans provide information about the extent of 

absorption of ingested perchlorate and the extent and kinetics of urinary excretion of absorbed perchlorate 

(Anbar et al. 1959; Durand 1938; Greer et al. 2002; Lawrence et al. 2000).  These studies lend support to 

estimates of elimination half-time of absorbed perchlorate of approximately 8–12 hours.  Studies in 

animals provide support for the above estimates as well as information about the tissue distribution and 

kinetics of elimination of perchlorate from various tissues after intravenous or oral exposures (Chow and 

Woodbury 1970; Chow et al. 1969; Clewell et al. 2003a, 2003b; Durand 1938; Fisher et al. 2000; 

Goldman and Stanbury 1973; Lazarus et al. 1974; Selivanova et al. 1986; Yu et al. 2002).  The above 

information has been used to support the development of PBPK models of perchlorate in adult humans, 
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adult rats, pregnant rats and rat fetus, and lactating rats and rat pups (Clewell et al. 2003a, 2003b, 2007; 

Fisher et al. 2000; Merrill et al. 2003, 2005). 

All of the above studies were by the oral or parenteral routes; no information is available regarding 

absorption following inhalation or dermal exposure.  Inhalation is a potential route of exposure for 

perchlorate workers, but may not be relevant for the general population; however, dermal absorption is 

expected to be negligible, but experimental information could confirm this expectation as dermal contact 

with water is likely when water contains perchlorate. 

Comparative Toxicokinetics.    Existing studies in humans and rats provide comparative information 

on the extent of absorption of ingested perchlorate, the routes of excretion of absorbed perchlorate, and 

the kinetics of excretion of absorbed perchlorate. PBPK models have been developed for the adult human 

and rat for the purpose of species extrapolation of oral or intravenous dosages of perchlorate (Clewell et 

al. 2003a, 2003b, 2007; Merrill et al. 2003, 2005).  However, further research is necessary to determine 

how differences in thyroid physiology between humans and rats may affect the use of these models for 

human risk characterization and risk assessment.  NAS (2005) identified a number of issues as potential 

data gaps with existing rat PBPK models including the need to:  “(1) develop a more biologically-based 

description of placental transfer of perchlorate and iodide in rats, (2) determine whether perchlorate is 

transported by thyroid NIS if analytic methods of sufficient sensitivity can be developed or radiolabeled 

perchlorate with high radiochemical purity can be synthesized, (3) modify the adult human model to 

include the physiology of pregnancy and lactation to incorporate data from the recommended human 

clinical studies (if they are conducted), and (4) modify models to incorporate dietary iodide measurements 

from biomonitoring studies in pregnant or lactating women.”  Issue (2) has been partially addressed by a 

study that showed that the NIS actively transports perchlorate (Dohán et al. 2007).  Issue (3) also has been 

partially addressed by a recent study that described a model that is able to predict iodide and perchlorate 

kinetics in the human from fetal life through adulthood, thus allowing the quantitative estimation of dose 

in the target tissue, the developing thyroid (Clewell et al. 2007).  

Methods of Reducing Toxic Effects. There are no established methods for reducing the toxic 

effects of perchlorate. Removal of the individual from exposure would also be effective since perchlorate 

is rapidly eliminated from the body (elimination half-time 8–12 hours) (Greer et al. 2002). Research into 

methods for reducing the toxic effects of perchlorate would enable treatment for individuals experiencing 

adverse health effects due to perchlorate exposure. 
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Children’s Susceptibility.    Data needs relating to both prenatal and childhood exposures, and 

developmental effects expressed either prenatally or during childhood, are discussed in detail in the 

Developmental Toxicity subsection above. 

Children, infants, and the developing embryo and fetus may be especially susceptible to the thyroid 

effects of perchlorate because thyroid hormones are essential to normal growth and development.  The 

embryo and fetus is dependent on maternal thyroid hormones prior to the onset of fetal thyroid hormone 

production at mid-gestation.  Perchlorate studies in animals have shown that exposure of the mother to 

perchlorate during gestation, or even during lactation, can lead to reduced thyroid hormone levels and 

associated thyroid effects in the offspring (Brown-Grant and Sherwood 1971; Golstein et al. 1988; Lampe 

et al. 1967; Postel 1957; York et al. 2001b, 2003, 2004).  Human models of pregnancy, maternal-fetal 

transfer, and maternal-infant transfer of perchlorate have also been developed (Clewell et al. 2007, see 

Section 3.4.5). These models have yielded predictions of external dose–internal dose relationships for 

various human lifestages (Clewell et al. 2007; see Tables 3-6 and 3-7).  The models predict a relatively 

high vulnerability of the fetus, pregnant women, and lactating women to perchlorate-induced thyroid 

iodine uptake, compared to other lifestages (e.g., greater inhibition of thyroid iodide uptake occurs in the 

fetus in association with lower external doses).  Further characterization of the toxicokinetics of 

perchlorate during pregnancy and lactation as well as comparisons of neurobehavioral tests between 

young animals exposed only in utero with animals exposed solely through lactation would provide 

valuable information. 

Child health data needs relating to exposure are discussed in Section 6.8.1, Identification of Data Needs:  

Exposures of Children. 

3.12.3 Ongoing Studies 

The following ongoing research has been identified in the Federal Research in Progress database 

(FEDRIP 2008). 

Dr. J. Hershman from the Department of Veterans Affairs, Medical Center West Los Angeles, California, 

has proposed research to test the hypothesis that increasing iodide intake will prevent the deleterious 

effects of perchlorate on thyroid function; perchlorate does not alter thyroid cell growth; and perchlorate 

does not impair neural development through a direct effect on the brain.  The research is sponsored by the 

Department of Veterans Affairs, Research and Development. 
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Drs. J. Fisher, F. Duncan, and J. Wagner from the University of Georgia are conducting research to 

develop biologically based pharmacokinetic (BBPK) maternal and fetal/neonatal models of the HPT axis 

in the rat by conducting experimental and computational research.  The BBPK models of the HPT will 

describe the highly nonlinear relationships between the administered dose of thyroid active chemicals, 

mode-of-action, specific perturbations in the HPT axis, and developmental neurotoxicity.  The research is 

sponsored by EPA’s National Center for Environmental Research. 

Dr. T. Zoeller from the University of Massachusetts is conducting research to test the hypothesis that 

thyroid hormone produces nonlinear, dose-dependent effects on end points within the developing brain, 

heart, and liver and to determine if some end points are more sensitive than others to thyroid hormones.  

Dr. Zoeller proposes that thyroid toxicants disrupting the HPT axis by different mechanisms will produce 

different dose-response curves on these end points. Dr. Zoeller suggests that a principle mechanism 

shaping the dose-response curve to thyroid hormone or by extension, thyroid disrupters, is a change in 

tissue metabolism of thyroid hormone in response to perturbations in the HPT axis.  The research is 

sponsored by EPA’s National Center for Environmental Research. 
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4. CHEMICAL AND PHYSICAL INFORMATION 

4.1 CHEMICAL IDENTITY  

Information regarding the chemical identity of the most widely used perchlorates is located in Table 4-1. 

4.2 PHYSICAL AND CHEMICAL PROPERTIES  

Perchlorates are high melting point inorganic salts that are soluble in water at environmentally significant 

concentrations. There are five perchlorate salts that are manufactured in substantial amounts:  

magnesium, potassium, ammonium, sodium, and lithium perchlorate.  Perchlorates are powerful 

oxidizing agents and at elevated temperatures can react explosively (Schilt 1979).  The activation energy 

of ammonium perchlorate is 123.8 kJ/mol below 240 °C, 79.1 kJ/mol above 240 °C, and 307.1 kJ/mol 

between 400 and 440 °C (Mendiratta et al. 1996).  The production volume of ammonium perchlorate far 

outpaces the other salts (Mendiratta et al. 1996). 

Information regarding the physical and chemical properties of these five perchlorate salts is located in 

Table 4-2. 
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Table 4-1. Chemical Identity of Perchloratesa 

Magnesium Potassium Ammonium Sodium Lithium 
Characteristic perchlorate perchlorate perchlorate perchlorate perchlorate 
Synonym(s)	 Anhydrous Potassium hyper- Perchloric acid, Perchloric acid, No data 

magnesium per- chloride; per- ammonium salt sodium salt 
chlorate; per- chloric acid, (1:1) PKHA, (1:1) 
chloric acid, potassium salt APCb 

magnesium salt (1:1) 
(1:1) 

Registered trade Anhydrone, Peroidin, No data Irenat No data 
name(s)	 Dehydrite Astrumal, Irenal, 

Irenat 
Chemical formula	 Mg(ClO4)2 KClO4 NH4ClO4 NaClO4 LiClO4

c 

Chemical structure	 [Mg2+][ClO4
-]2 [K+][ClO4

-] [NH4
+][ClO4

-] [Na+][ClO4
-] [Li+][ClO4

-] 
Identification 
numbers: 

CAS Registry 10034-81-8 7778-74-7 7790-98-9 7601-89-0 7791-03-9c 

NIOSH RTECS SC8925000 SC9700000 SC7520000 SC9800000 No data


EPA Hazardous D003 D003 D003 D003 D003

Wasted


OHM/TADS No data No data 7216589 No data No data 
DOT/UN/NA/ UN1475, IMO 5.1 UN 1489, IMO 5.1 UN1442, UN1502, UN1481e 

IMDG IMO 5.1 IMO 5.1 
HSDB 661 1222 474 5038 No data 
NCI No data No data No data No data 0106672f 

aAll information was obtained from HSDB 2006 unless otherwise noted.  Perchlorate ion was not included in this 
table since it is never found independent of a corresponding cation.  
bAshford 1994 
cO'Neil 2001 
dEPA 1992a 
eERG 2004 
fChemIDplus 2007 

CAS = Chemical Abstracts Services; DOT/UN/NA/IMDG = Department of Transportation/United Nations/North 
America/International Maritime Dangerous Goods Code; EPA = Environmental Protection Agency; 
HSDB = Hazardous Substance Data Bank; NCI = National Cancer Institute; NIOSH = National Institute for 
Occupational Safety and Health; OHM/TADS = Oil and Hazardous Materials/Technical Assistance Data System; 
RTECS = Registry of Toxic Effects of Chemical Substances 
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Table 4-2. Physical and Chemical Properties of Perchloratesa 

Magnesium Potassium Ammonium Sodium Lithium 
Property perchlorate perchlorate perchlorate perchlorate perchlorate 
Molecular weight 223.21 138.55 117.49 122.44 106.39 
Color White Colorless or 

white 
White crystalsb White Colorless 

crystalsc 

Physical state Solid granular or Solid crystals Solid orthombic Solid deliquesce Solid crystals 
flaky powder crystals crystals 

Melting point ~250 °C dec. 400 °C dec. 130 °C dec.d 471 °C dec.d 236 °Ce 

Boiling point N/A N/A N/A N/A ~400 °C dec.c 

Density at -20 °C 2.21 g/mLf 2.52 g/mL 1.95 g/mL 2.02 g/mLg 2.43 g/mL 
Odorb No odor No odor No odor No odor No odor 
Odor threshold: 

Water N/A N/A N/A N/A N/A 
Air N/A N/A N/A N/A N/A 

Taste No data No data Imparts a bitter No data No data 
and salty taste 
to waterc 

Solubility: 
 Freshwater at 

25 °Cf 
9.96x105 mg/L 2.06x104 mg/L 2.49x105 mg/L 2.10x106 mg/L 5.97x105 mg/L 

Organic 
solvent(s)d

 Methanol 5.18x105 mg/L 1.05x103 mg/L 6.86x104 mg/L 5.14x105 mg/L 1.82x106 mg/L
 Ethanol 2.40x105 mg/L 1.20x102 mg/L 1.91x104 mg/L 1.47x105 mg/L 1.52x106 mg/L
 n-Propanol 7.34x105 mg/L 1.00x102 mg/L 3.87x103 mg/L 4.89x104 mg/L 1.05x106 mg/L
 Acetone 4.29x105 mg/L 1.55x103 mg/L 2.26x104 mg/L 5.17x105 mg/L 1.37x106 mg/L
 Ethyl acetate 7.09x105 mg/L 1.00x101 mg/L 3.20x102 mg/L 9.65x104 mg/L 9.51x105 mg/L
 Ethyl ether 2.91x103 mg/L No data No data No data 1.14x106 mg/L 
Vapor pressure at 
25 °Ca 

Very low Very low Very low Very low Very low 

Polymerization N/A N/A N/A N/A N/A 
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Table 4-2. Physical and Chemical Properties of Perchloratesa 

Property 
Magnesium 
perchlorate 

Potassium 
perchlorate 

Ammonium 
perchlorate 

Sodium 
perchlorate 

Lithium 
perchlorate 

Incompatibilities Oil, grease, 
benzene, calcium 
hydride, charcoal, 
olefins, ethanol, 
strontium hydride, 
sulfur, sulfuric 
acid, and 
carbonaceous 
materialb,f 

Charcoal, 
magnesium, 
reducing agents, 
sulfur, oil, 
grease, ben­
zene, calcium 
hydride, olefins, 
ethanol, stront­
ium hydride, 
sulfuric acid, 
carbonaceous 
materialb,f 

Nitryl perchlor­
ate, potassium 
iodate, potas­
sium perman­
ganate, metals, 
powdered 
carbon, fer­
rocene, sulfur, 
organic matter, 
charcoal, 
copperb,f 

Organic mater­
ial, oil, grease, 
benzene, 
calcium hydride, 
charcoal, 
olefins, ethanol, 
strontium 
hydride, sulfur, 
sulfuric acid, 
carbonaceous 
materialb,f,g 

Sulfur, sulfuric 
acid, 
powdered 
magnesium, 
aluminum, 
benzene, 
calcium hydr­
ide, charcoal, 
olefins, 
ethanol, 
strontium 
hydride, 
carbonaceous 
materialb,f 

Other Sensitive to Sensitive to Sensitive to Sensitive to Sensitive to 
rubbing, shock, 
percussion, 
sparks, and 
heating.c 

Dissolves in 
water with 

rubbing, shock, 
percussion, 
sparks, and 
heating.c 

rubbing, shock, 
percussion, 
sparks, and 
heating.c 

rubbing, shock, 
percussion, 
sparks, and 
heating.c 

Hygroscopic.d 

rubbing, 
shock, 
percussion, 
sparks, and 
heating.c 

evolution of a 
considerable 
amount of heat. 

aPerchlorate ion was not included in this table since it is never found independent of a corresponding cation.  All 
information was taken from O'Neil 2001 unless otherwise noted.  Measured data were not available for the following 
end points:  log Kow, Koc, Henry's law constant.  Conversion factors were also not available.  Autoignition 
temperature, flashpoint, flammability limits, and explosive limits are not applicable. 
bLewis 2000 
cVon Burg 1995
dSchilt 1979 
eBauer 1990 
fVogt et al. 1986 
gLewis 2001 

dec. = decomposes; N/A = not applicable 
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5.1 PRODUCTION 

No information is available in the TRI database on facilities that manufacture or process perchlorates 

because these chemicals are not required to be reported under Section 313 of the Emergency Planning and 

Community Right-to-Know Act (Title III of the Superfund Amendments and Reauthorization Act of 

1986) (EPA 1997a). 

Commercial interest in perchlorates began in the late 1890s/early 1900s in Europe and the United States 

as a direct result of the pioneering efforts in rockets and their propulsion systems (Mendiratta et al. 1996).  

The production of ammonium perchlorate, the largest component of solid rocket propellants, far outpaced 

that of the other perchlorates listed in Table 4-1.  Their commercial manufacture began later, and it was 

not until 1928 when GFS Chemicals began producing magnesium perchlorate for use as a dessicant (GFS 

1997) that these salts became available on the U.S. market.  Up until 1940, the total worldwide production 

of perchlorates had not exceeded 3.6 million pounds.  An abrupt change in production was realized with 

the onset of World War II and the resulting increase in demand for rocket and missile propellants.  

Annual perchlorate production quickly increased to 36 million pounds because of this demand and 

remained at a high level thereafter (Mendiratta et al. 1996).  By 1974, U.S. perchlorate production had 

reached 50 million pounds (Vogt et al. 2005). 

Recent production data for ammonium perchlorate as well as for the other salts listed in Table 4-1 are 

lacking. In 1994, U.S. production of ammonium perchlorate was estimated at 22 million pounds or just 

36% of capacity (Mendiratta et al. 1996).  Actual production volumes for ammonium perchlorate have 

been historically dependent on the demand of aerospace and military applications due to its predominant 

use in propellants (Mendiratta et al. 1996).  This use has resulted in defining ammonium perchlorate as a 

strategic chemical (Mendiratta et al. 1996; Vogt et al. 2005), and current worldwide production figures 

are not readily available. 

Approximately 900,000 pounds of ammonium perchlorate in aqueous solution serve as the feedstock for 

the production of magnesium and lithium salts for use in batteries (Mendiratta et al. 1996).  The wide 

variety of uses for perchlorates (see Section 5.3) suggests that the combined production of the salts listed 

in Table 4-1 would be significantly higher.  U.S. facilities listed in the SRI Directory of Chemical 

Producers that currently manufacture perchlorates are provided in Table 5-1.  According to data listed on  
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Table 5-1. U.S. Manufacturers of Perchlorates 

Aluminum Magnesium Potassium Ammonium Sodium Lithium 
Producer perchlorate perchlorate perchlorate perchlorate perchlorate perchlorate 
GFS Chemicals, 
Inc. √ √ √ √ √ 
Columbus, Ohio 
Western 
Electrochemical 
Co.a √ √ √ 

Cedar City, Utah 
Barium and 
Chemicals, Inc. 
Steubenville, √ 

Ohio 

aWestern Electrochemical is a subsidiary of the AMPAC Corporation. 

Source: SRI 2007 
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EPA’s website, there were 63 Federal agency facilities and 168 non-Federal facilities in the United States 

that were either known or suspected perchlorate manufacturers/users as of April, 2003 (EPA 2005c). 

Potential source contributions of perchlorate from its intended uses and from its content as an impurity in 

various non-military products have been analyzed (Aziz et al. 2006; Dasgupta et al. 2006). Dasgupta et 

al. (2006) used data from the U.S. Government Accountability Office (GAO) and production capacities of 

individual plants to estimate ammonium perchlorate production and use within the United States.  Based 

upon their analysis, an average annual perchlorate production rate of approximately 1.06x107 kg per year 

had been estimated from 1951 to 1997 (Dasgupta et al. 2006).  Potassium perchlorate is an important 

ingredient in fireworks and road safety flares.  Using statistical data regarding total flare sales, average 

cost per flare and an assumed concentration of 3.6 g of perchlorate per flare, a perchlorate source 

contribution of 1.4x105 kg per year was estimated (Dasgupta et al. 2006).  No quantitative estimates were 

made for firework usage since the amounts of perchlorate in fireworks vary greatly.  The perchlorate 

composition by weight percentage has been estimated to range from 4 to 70%, depending upon the type of 

firework (Aziz et al. 2006; SERDP 2005).  Perchlorate is recognized as an impurity in the production of 

electrochemically produced chlorine products, including sodium chlorate.  The pulp and paper industry 

uses most of the sodium chlorate consumed in the United States for on-site production of chlorine dioxide 

to bleach cellulose fibers (Aziz et al. 2006; SERDP 2005).  Sodium chlorate has also been used as a non­

selective contact herbicide and a defoliant for cotton, sunflowers, sundangrass, safflower, rice, and chili 

peppers (Aziz et al. 2006; SERDP 2005).  Using a sodium chlorate consumption rate of approximately 

109 kg per year and a 0.01% perchlorate content, a source strength of roughly 105 kg per year was 

calculated (Dasgupta et al. 2006).  Perchlorate is also found as an impurity in other common consumer 

products that may ultimately lead to human exposure and release to the environment.  The occurrence of 

perchlorates in these products as well as natural sources of perchlorate in the environment are discussed in 

Chapter 6. 

The predominant commercial method for the manufacture of perchlorates begins with the production of 

the most soluble salt, sodium perchlorate.  Electrochemical oxidation of an aqueous solution of sodium 

chloride is the most common method of producing sodium perchlorate (Schilt 1979; Vogt et al. 2005).  

Many variations for this process have been described over the years.  They differ in the amount of current 

used, electrode composition, ionic strength of the bath, or temperature, although they all proceed via the 

following series of two-electron oxidations: 

Cl- → ClO2
- → ClO3

- → ClO4
­
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The manufacture of all other perchlorate salts, including those listed in Table 4-1, is accomplished by 

selectively re-crystalizing the perchlorate salts that are less soluble than sodium perchlorate.  Thus, adding 

common salts to a solution of sodium perchlorate leads to a metathesis (ion exchange) process that is 

driven to the right as the desired product precipitates out of solution: 

-Na+
 (aq) + ClO4 (aq) + M+

(aq) + X-
(aq) » MClO4(s) ↓ + Na+

(aq) + X-
(aq) 

where M is magnesium, potassium, lithium, or ammonium; X is chloride, sulfate, or carbonate; and 

MClO4(s) is the desired perchlorate.  The majority of sodium perchlorate produced in the United States is 

converted to ammonium perchlorate using this process (Grotheer 1994). 

Given that the manufacture of perchlorates is typically accomplished in aqueous solution, the resulting 

perchlorate is produced as a hydrate.  The anhydrous salt is required for pyrotechnic applications, and 

water molecules are removed from the hydrate by a number of methods including controlled heating, 

displacement of the water molecules by volatile amines (which are subsequently removed at reduced 

pressure or elevated temperatures), or through the use of a strong desiccant (Kamienski et al. 1995).  High 

purity perchlorate salts are produced by a wide variety of methods.  For example, lithium perchlorate may 

be prepared by direct electrochemical oxidation of lithium chloride or by reaction of 70% perchloric acid 

with lithium carbonate (Kamienski et al. 1995; Schilt 1979).  A more recent approach in the production of 

high purity ammonium perchlorate involves the electrolytic conversion of chloric acid to perchloric acid, 

which is then neutralized by ammonia gas (Mendiratta et al. 1996).  The ammonium perchlorate is spray 

dried to the desired crystal size at air temperatures below 150 °C. 

5.2 IMPORT/EXPORT 

The U.S. Census bureau does not list perchlorates as a separate, reportable item on its schedule B book on 

imports or exports.  Instead, perchlorates are listed under the general category of perchlorates; bromates 

and perbromates; iodates and periodates.  The total amount of imports for this category were 1.867x106, 

1.881x106, and 1.281x106 kg for 2005, 2006, and 2007, respectively (USITC 2008).  Exports totaled 

1.349x106, 2.067x106, and 1.927x106 kg in 2005, 2006, and 2007, respectively (USITC 2008). 

Using import/export volumes of substances in which perchlorates are contained may yield an indirect 

estimate of how much perchlorate is imported into the United States either from its intentional use in a 
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specific product or unintentionally as an impurity of a product or commodity.  For example, the import of 

Chilean nitrate fertilizer, which contains perchlorate as a natural component, peaked around 1920 and has 

dropped significantly since the 1960s.  The total amount of Chilean nitrate fertilizer imported into the 

United States from 1930 to 1993 was estimated as 2.4x1010 kg (Dasgupta et al. 2006).  Assuming an 

average perchlorate content of approximately 0.2%, the total amount of perchlorates imported over this 

time was approximately 4.8x107 kg. Perchlorates are used in fireworks (see Section 5.3) and in 1997, 

U.S. imports of these pyrotechnic devices totaled $93 million (U.S. Census Bureau 1999).  U.S. exports 

of fireworks in 1997 totaled $6.2 million.  In 2003, 221 million pounds (approximately 1x108 kg) of 

fireworks were consumed in the United States, with an estimated 3% produced domestically and the 

remainder (214 million pounds) imported from China (Aziz et al. 2006; SERDP 2005).  Using data from 

the U.S. Trade Commission (USITC 2008), the import/export volumes for fireworks, signal flares, and 

propellant powders from 2005 to 2007 are provided in Table 5-2.  The actual volume of perchlorates 

represented by these figures is difficult to estimate since the content of perchlorate in these commodities 

is not known or is highly variable. 

5.3 USE 

The predominant uses of perchlorates take advantage of their strong oxidizing power and relative stability 

at moderate temperatures (Conkling 1996; Mendiratta et al. 1996; Schilt 1979; Vogt et al. 2005).  On 

heating, perchlorates decompose into chlorine, chlorides, and oxygen.  As the reaction proceeds and 

temperatures increase, decomposition becomes self-propagating. In the presence of organics and other 

oxidizable materials (the fuel), large amounts of energy are released.  The decomposition of ammonium 

perchlorate differs from that of the metal salts listed in Table 4-1 because it produces only the neutral 

products chlorine, water, oxygen, and nitrous oxide (or nitrogen oxide at high temperatures) and leaves no 

solid residue (e.g., sodium chloride residue is produced by the decomposition of sodium perchlorate). 

Ammonium perchlorate is the largest volume perchlorate used in the United States (Mendiratta et al. 

1996).  Its primary use is as an oxidant for solid rocket boosters.  The solid propellent used in the booster 

rockets on the U.S. Space Shuttle is approximately 70% ammonium perchlorate by weight (Conkling 

1996).  According the the Interstate Technology and Regulatory Council (ITRC) (2008), “Solid rocket 

products developed and manufactured by Aerojet consisted primarily of jet-assisted take-off motors; 

tactical rockets such as Falcon, Hawk, Harpoon, Sidewinder, Maverick, Bullpup, Genie, Sparrow, 

AMRAAM, Tartar, and Navy Standard Missile; ballistic missiles Minuteman I, II, and III, Polaris, 

Midgetman, Peacekeeper, and space boosters; and sounding rockets.”  DOD’s use of perchlorates in  
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Table 5-2. Import and Export Data for Products that may Contain Perchlorate 

Product or commodity 2005 2006 2007 
Imports (amount in kg) 

Fireworks 1.248x108 1.234x108 1.082x108 

Signal flares 3.152x106 2.333x106 1.885x106 

Propellant powders 3.755x106 4.755x106 3.150x106 

Exports (amount in kg) 
Fireworks 2.39x105 3.98x105 3.07x105 

Signal flares 4.36x105 3.35x105 3.54x105 

Propellant powders 1.824x106 2.446x106 2.210x106 

Source: USITC 2008 
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weapon systems over the last 5 years was 6–8 million pounds per year, much of which is recovered and 

recycled (DOD 2007) (see Section 5.4) 

The other perchlorates listed in Table 4-1, most notably potassium perchlorate, also find use as oxidants 

in solid booster rockets (Lindner 1993).  Oxidant mixtures developed using metal perchlorate salts are 

less powerful than those using ammonium perchlorate (Schilt 1979).  

Perchlorates are used extensively in pyrotechnic devices such as fireworks, safety flares, and blasting 

explosives (Aziz et al. 2006; SERDP 2005).  Ammonium perchlorate is used in small amounts in gun 

powder (Lindner 1993).  Ammonium perchlorate is used in a mixture with sulfamic acid to produce a 

dense smoke or fog for military applications.  Perchlorates are also used in civilian explosives. 

It has been widely published in the scientific literature that perchlorates are used in airbag inflator systems 

(see, for example, Cowan 2000; Lamm et al. 1999; Logan 2001; Smith et al. 2001; Von Burg 1995).  

When used in this application, a chlorine scavenger would be required to prevent this gas from entering 

the passenger compartment (Mausteller 1996).  Encyclopedic sources limit their discussion of airbag 

inflator systems to sodium azide (Antonsen 1996; Conkling 1996; Jansen 1992; Jobelius and Scharff 

1989; Stiefel 1995), although potassium perchlorate has been used in compositions described as suitable 

for this purpose (Schilt 1979). Airbag inflators containing perchlorate have been described in the patent 

literature (see, for example, Scheffee and Wheatley 1999).  According to the Automotive Occupant 

Restraint Council, perchlorate-containing airbag initiators are sealed from the environment prior to 

deployment and during an accident in which they are deployed, and the perchlorate is destroyed through 

the combustion process, essentially resulting in little or no release of perchlorate (CADTSC 2005).  

Perchlorates have also found use in a wide variety of other applications.  They are used as oxygen 

generating systems (oxygen candles) for enclosed environments, such as submarines, spacecraft, and 

civilian and military aircraft (Vogt et al. 2005).  Anhydrous perchlorates, most notably the magnesium 

salt, are used as a highly efficient drying agent for gases as well as for scrubbing the last traces of polar 

compounds from inert gases (Schilt 1979).  Lithium and magnesium perchlorate have been used in 

batteries due to their low weight and high energy density.  Potassium perchlorate, mixed with a reactive 

metal such as iron or zirconium, has been used in heat pellets for the activation of reserve battery cells 

(Cohen 1993).  Perchlorate salts are being investigated as additives for conducting polymers although 

they have been problematic due to their explosive nature (Druy 1986).  
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A novel use of ammonium perchlorate is as a component of temporary adhesives for steel or other 

metallic plates (Vogt et al. 2005). Ammonium perchlorate is mixed with an epoxy resin, which, after 

curing, forms the adhesive bond between the plates.  When separation of the plates is required, they are 

heated to initiate the self-propagating perchlorate decomposition, which, in turn, decomposes the epoxy 

adhesive (Vogt et al. 2005). 

Perchlorates find frequent use to adjust the ionic strength of electroplating baths (Schilt 1979; Vogt et al. 

2005). Metals that have been used in this process include aluminum and its alloys, iron, steel, nickel and 

its alloys, tin and lead alloys, and zirconium and its alloys.  Perchlorate electrolysis baths are specifically 

used in plating razor blades. Perchlorates are also routinely used to adjust the ionic strength of aqueous 

solutions of analytical and investigative procedures of metal solutions (Nair et al. 1997; Papini and 

Majone 1997; Puls and Powell 1992; Sposito and Traina 1987).  They are used in this application because 

of the tendency of perchlorates not to form metal complexes in solution and, therefore, not to interfere 

with the chemical dynamics of the investigation (Cotton and Wilkinson 1980). 

Perchlorates were widely used in the treatment of hyperthyroidism during the 1950s and early 1960s 

especially for people with Graves’ disease (Von Burg 1995).  Perchlorate is also available in the United 

States for administration (200–400 mg orally) to block radioactive technetium (99TcO4
-) uptake in the 

thyroid, choroid plexus, and salivary glands during medical imaging of the brain, blood, and placenta 

(Gibbs et al. 1998).  Potassium perchlorate is currently used as part of a treatment to counter the thyroid 

effects of the drug amiodarone (Martino et al. 2001). 

Other uses for perchlorates include matches, etching and engraving agents, photography, and synthetic 

reagents (Lewis 2001). Lithium perchlorate has been described as a catalyst that should be used with 

caution for synthetic organic chemistry using the Diels-Alder reaction (Kamienski et al. 1995).  Potassium 

perchlorate was used as an ignition ingredient in flash bulbs (Vogt et al. 2005) and has been approved for 

use as an additive in rubber gaskets for food containers (FDA 1998).  Perchlorates have also been used in 

weed killers and as growth promoters in leguminous plants.  Ammonium, sodium, and potassium 

perchlorates have also been used as stimulants for increasing the weight of farm animals and poultry 

(Von Burg 1995).   

Chilean saltpeter, a naturally occurring material proven to contain perchlorates (Schilt 1979), has been 

marketed mainly as a granular product for fertilizers (Laue et al. 1991).  Chilean researchers initiated a 

study in 1967 to establish why soybeans were exhibiting stunted growth, rugose, and crumpled leaves as a 
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result of domestic fertilizer application and to determine what levels of perchlorate these plants could 

tolerate (Tollenaar and Martin 1972). The saltpeter used to produce the fertilizer at that time contained 

0.12–0.26% perchlorate (by weight) as a contaminant.  The United States first began importing Chilean 

saltpeter in 1830 (Hoffmeister 1993).  U.S. importers of the refined Chilean nitrate reached historic highs 

prior to 1980 (Bortle 1996), and current annual imports are at 2 million pounds (Laue et al. 1991).  

However, this amount represents <0.1% of the total amount of nitrogen fertilizer usage in the United 

States (Hoffmeister 1993).  Fertilizer derived from Chilean saltpeter has been traditionally applied mainly 

to tobacco plants, but is also marketed for citrus fruits, cotton, and some vegetable crops (Urbansky et al. 

2001). The amount of perchlorate present in recent samples of these fertilizers was found to range from 

0.7 to 2.0 mg/g, although steps have been taken to reformulate these products to remove perchlorate.   

In 1999, perchlorate was also detected in nine different brands of synthetic fertilizer products (Susarla et 

al. 1999), raising concern for the potential widespread contamination from this source.  The results of this 

study were questioned (Urbansky et al. 2000b) and a reinvestigation of many of the same products 

purchased at a later date found perchlorate in only one sample at a concentration two orders of magnitude 

lower than typically found in the original publication (Susarla et al. 2000).  Nevertheless, it raised 

important questions as to why perchlorate would be present in synthetic fertilizers and how frequently it 

appeared. It also highlighted the difficulty in analyzing for perchlorate in solid samples and other 

complex matrices.  Urbansky and Collette (2001) conducted a survey of approximately 40 fertilizer 

products comparing the results of six different laboratories.  After an evaluation phase to determine the 

ability of each laboratory to quantify perchlorate in a fertilizer matrix, their results indicated that 

perchlorate was not detectable in any real-world fertilizer products (including synthetic fertilizers) that 

were not derived from Chilean caliche.  During a survey of 48 fertilizer products collected from 

representative sites across the United States, perchlorate was detected in only 5 of the products 

(concentrations ranging from 1,800 to 4,200 μg/g) (EPA 2001a). 

5.4 DISPOSAL 

In 1998, perchlorate was listed in the Drinking Water Contaminant Candidate List.  The Safe Drinking 

Water Act, as amended in 1996, required EPA to publish a list of contaminants that were not subject to 

other primary drinking water regulation (EPA 1998a). In 1999, perchlorate was subsequently added to 

the Unregulated Contaminant Monitoring List that required public water systems that serve 

>10,000 persons, and other representative systems, to monitor for perchlorate and other substances 
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beginning January, 2001 (EPA 1999b).  The following year, EPA published a final rule indicating that 

standard method 314.0 should be used to monitor for perchlorate in drinking water (EPA 2000). 

EPA would consider discarded perchlorate to be a solid waste and depending on the fact-specific 

circumstances, EPA believes that discarded perchlorate could be a hazardous waste under the Solid Waste 

Disposal Act (EPA 2006b).  Specifically, because perchlorates are oxidizing chemicals, waste discarded 

chemical formulations of perchlorate and its salts are likely to be classified as D001 Resource 

Conservation and Recovery Act (RCRA) hazardous waste under 40 CFR 261.23, which regulates wastes 

that meet the reactivity characteristic.  Such a determination is generally based on the nature of the waste 

at the point of generation; however, characteristic hazardous waste, such as D001, ceases to be hazardous 

waste once it no longer exhibits a hazardous waste characteristic.  In addition, Comprehensive 

Environmental Response, Compensation, and Liability Act (CERCLA) 101(14) defines “hazardous 

substance.” According to that section, “the term hazardous substance means . . . .any hazardous waste 

having the characteristics identified under or listed pursuant to Section 3001 of the Solid Waste Disposal 

Act. . . . .” Therefore, depending on the fact-specific circumstances, discarded perchlorate could be 

classified as a D001 hazardous waste and therefore, under certain circumstances, EPA would consider 

perchlorate a CERCLA hazardous substance. 

As noted in Section 5.3, of the 6–8 million pounds of perchlorates used annually by DOD in weapon 

systems, approximately 4 million pounds of ammonium perchlorate is recovered and returned to the 

manufacturer for use in commercial applications, such as, blasting agents or perchloric acid for glass 

etching (DOD 2007). 

Water treatment technologies, including air stripping, activated carbon adsorption, chemical oxidation, 

and aerobic biodegradation are not efficient at removing perchlorate from water (Logan 1998; Urbansky 

1998).  Granular activated carbon columns do not economically remove the perchlorate anion from water.  

The useful lifetime of these columns was reduced from approximately 18 months to one month while 

treating tap water at the Texas Street Well facility in Redlands, California (Logan 2001). 

The most promising physical removal process for treating perchlorate-contaminated water uses ion 

exchange technology (DOD 2005c, 2005d; EPA 2005e; Urbansky 2002).  Perchlorate can be removed 

from water using ion exchange columns, although the resulting brine contains 7–12% perchlorate (Logan 

et al. 2001a).  Currently, scientists are finding ways to improve this technology as well as to make it more 

cost efficient (Logan 2001).  An ion exchange treatment facility has been installed at Edwards Air Force 
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Base in California (DOE 2003).  The DOD (2005c, 2005d) has reported that more than 9 million gallons 

of perchlorate contaminated groundwater have been successfully treated (perchlorate <4 ppb) since its 

implementation. 

Perchlorate removal using anaerobic bioreactors has been proven for onsite applications and at the pilot-

plant level (Urbansky 1998).  Research in this area is active (Bardiya and Bae 2005; Brown et al. 2003; 

Cramer et al. 2004; Logan and LaPoint 2002; Min et al. 2004).  Suspended growth, fixed bed, and 

fluidized bed bioreactors have been used to degrade perchlorate at influent concentrations ranging from 

0.13 to 7,750 ppb (Logan et al. 2001b).  Abatement and remediation of perchlorate in soil and 

groundwater was achieved using a biological permeable reactive barrier system at the McGregor, Texas 

Naval Weapons Industrial Reserve Plant (Cowan 2000).  A biological fluidized bed reactor installed at the 

Longhorn Army Ammunition Plant in Karnack, Texas has successfully reduced perchlorate levels in 

groundwater at the site to below the detection limit (<4 ppb) (DOD 2005c, 2005d).  Biological fluidized 

bed reactors are being used to remove perchlorate, with a 99.99% efficiency from contaminated 

groundwater at the Kerr-McGee site in Henderson, Nevada (EPA 2006a). 

Phytoremediation is another method being explored as a possible treatment process for perchlorate-

contaminated soil, sediment, and water (Nzengung et al. 1999, 2004; Tan et al. 2004b; Urbansky 2002; 

van Aken and Schnoor 2002).  Plantings of lettuce and willow trees have been shown to reduce the 

concentration of perchlorate in contaminated soil (EPA 2004b; Nzengung et al. 1999, 2004; Yu et al. 

2004). Uptake followed by accumulation was indicated as the main phytoremediation process in lettuce, 

whereas both uptake and rhizodegradation appear to be an important removal processes associated with 

woody plants. 
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6.1 OVERVIEW 

Perchlorates have been identified in at least 49 of the 1,581 hazardous waste sites that have been proposed 

for inclusion on the EPA National Priorities List (NPL) (EPA 2008b, 2008c).  However, the number of 

sites evaluated for perchlorates is not known.  The frequency of these sites can be seen in Figure 6-1.   

Perchlorates are high melting inorganic salts that are soluble in water at environmentally significant 

concentrations. They are found in or released to the environment in two forms. In the absence of water, 

the perchlorate salts listed in Table 4-1 will be found (or released) as a solid.  In water, perchlorates will 

rapidly dissolve and completely dissociate into the perchlorate anion and the corresponding cation (e.g., 

for potassium perchlorate, the corresponding cation would be K+). The cations of the perchlorates listed 

in Table 4-1, magnesium, potassium, ammonium, sodium, and lithium, are ubiquitous in the environment.  

Given that perchlorates completely dissociate at environmentally significant concentrations, their cations 

are, for all practical purposes, spectators in the aqueous fate of perchlorates.  Therefore, the 

environmental fate of the perchlorate salts listed in Table 4-1 is dominated by the perchlorate anion. 

Perchlorates are known to be highly reactive thermodynamically and therefore, they may react vigorously 

under the proper conditions.  The activation energy of ammonium perchlorate is 123.8 kJ/mol below 

240 °C, 79.1 kJ/mol above 240 °C, and 307.1 kJ/mol between 400 and 440 °C (Mendiratta et al. 1996).  

The decomposition of perchlorates is usually initiated using a high temperature source, such as a glow 

wire, to overcome the thermodynamic barrier.  Once decomposition of some perchlorate molecules is 

initiated, the resulting reaction produces a large amount of heat.  Between 200 and 300 °C, ammonium 

perchlorate undergoes an autocatalytic decomposition (Singh et al. 2000).  At about 400 °C, ammonium 

perchlorate decomposes very fast and suddenly explodes.  The reactivity is a function of the reaction 

pathway.  Different reaction pathways for perchlorates would have different barriers than the thermal 

decomposition discussed above.  Nevertheless, the existence of a large thermodynamic barrier for the 

decomposition of a reactive compound such as perchlorate is important in understanding its persistence in 

the environment. 
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Figure 6-1.  Frequency of NPL Sites with Perchlorate Contamination 
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When the perchlorate anion is detected in water, it is not always possible to determine the perchlorate salt 

that represents the original source of the contamination.  That is, potassium perchlorate may be the 

compound that was released to the environment, yet some other perchlorate salt, such as sodium 

perchlorate, may be the "charge neutral" species present in the analyzed sample.  For ammonium 

perchlorate, this is of particular relevance as the ammonium ion biodegrades in the environment and, 

therefore, must be replaced with some other cation to maintain the overall neutrality of the solution. 

From a practical standpoint, however, the concentration of the perchlorate ion is the most important factor 

when determining the potential for adverse effects to the perchlorates.  It is the perchlorate ion that is 

analyzed for in environmental samples. 

In Chapter 5 of this profile, the uses of the perchlorates listed in Table 4-1 were provided.  Many of these 

uses result from the high reactivity and strong oxidizing power of perchlorates.  The environmental fate of 

perchlorate is also dominated by this reactivity, yet its persistence is much longer than might be expected 

for a strong oxidizing agent. This apparent discrepancy can, in part, be explained by differences in its 

high energy of activation. 

When released to the environment, perchlorates are expected to be highly mobile in soil and to partition to 

surface water or groundwater.  They are not expected to significantly adsorb to sediment or suspended 

organic matter. They are also expected to readily settle from the atmosphere by wet and dry deposition.  

No degradation process for perchlorates in the environment has been unambiguously established.  

Laboratory experiments suggest that they may be reduced by anaerobic microbes in soil and water, 

although the presence of sulfates and nitrates in the environment attenuates this process.  Laboratory 

experiments also suggest that perchlorates may undergo uptake by some plants and may be subsequently 

reduced to chloride. Neither the types of plants that take up perchlorate nor the types capable of reducing 

it have been well categorized.  The mechanism for uptake by plants has not been established. 

The potential for contamination resulting from discharges at facilities that manufacture and use 

perchlorate was studied following the accidental fire and subsequent explosion at the PEPCON rocket 

fuel plant, located in Henderson, Nevada in May 1988 (Urbansky 1998).  This plant was one of the 

principal manufacturing facilities for ammonium perchlorate in the United States.  Perchlorate 

concentrations as high as 630,000 μg/L were observed in nearby surface water samples following the 

accident (Urbansky 1998).  Nearby groundwater samples were also contaminated with perchlorate at 

concentrations ranging from 51,400 to 630,000 μg/L.  Monitoring data from 50 wells obtained near the 
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Kerr-McGee ammonium perchlorate producing facility, also located in Henderson, Nevada, had 

perchlorate levels as high as 3.7 g/L (Urbansky 1998).  The EPA has published a list of federal and 

private facilities in the United States from 25 states with known perchlorate releases to environmental 

media such as surface water, groundwater, and soil (EPA 2003, 2005c). 

Perchlorate can also be released to the environment from the use of other commodities such as safety 

flares and fireworks.  For example, following a July 4th fireworks display near a small lake in Oklahoma, 

a maximum perchlorate concentration of 44.2 μg/L was measured in the lake (Wilkin et al. 2007).  This 

maximum level was roughly 1,000 times greater than the mean perchlorate concentration (0.043 μg/L) 

that was observed in the lake prior to the fireworks display. 

In addition to the potential anthropogenic sources of perchlorate discussed in Chapter 5 and the use of 

products for which perchlorate is found as an impurity, there are natural sources of perchlorate in the 

environment (Dasgupta et al. 2006; Rajagopalan et al. 2006).  Traces of perchlorate found in rain and 

snow may be caused by a series of reactions that result in the formation of atmospheric perchlorate 

(Dasgupta et al. 2006).  In addition, perchlorate has been detected in laboratory experiments upon passage 

of sodium chloride aerosols through an electrical discharge that simulates lightening.  Kang et al. (2006) 

demonstrated that perchlorate can be generated as an end-product of chlorine precursors such as aqueous 

salt solutions of hypochlorite, chlorite, and chlorate, following exposure to UV radiation.  Using 

perchlorate levels observed in rainfall samples and estimated rainfall rates in the United States, the rate of 

natural atmospheric perchlorate deposition was estimated to range from 1.3x105 to 6.4x105 kg per year 

(Dasgupta et al. 2006).  Further evidence of natural sources of perchlorate is the widespread occurrence in 

the arid Southwestern United States in places where no anthropogenic sources of perchlorate exist 

(Dasgupta et al. 2006; Rajagopalan et al. 2006).  Perchlorate was detected in groundwater from several 

counties located in western Texas and eastern New Mexico at relatively low concentrations (<4 μg/L); 

however, some samples had levels of nearly 200 μg/L (Rajagopalan et al. 2006).  The primary source of 

perchlorate in this area was postulated as deposition of naturally occurring atmospheric perchlorate.   

Humans are primarily exposed to perchlorate through the ingestion of food items and also through the 

consumption of drinking water that contains perchlorate.  Efforts are being made to determine the relative 

contribution of perchlorates from food and water.  There are also consumer products that are widely 

available to the general population that also contain perchlorate.  For example, household bleach has been 

shown to contain perchlorate, with concentrations ranging from 89 to 8,000 ppb (MassDEP 2006a).  A 

correlation was observed between storage time of the bleach and higher levels of perchlorate.  Perchlorate 
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has also been detected in tobacco products (Ellington et al. 2001) and nutritional supplements (Snyder et 

al. 2006).  General population and occupational exposure to perchlorate is discussed in greater detail in 

Section 6.5. 

6.2 RELEASES TO THE ENVIRONMENT 

6.2.1 Air 

There is no information in the TRI database on releases of perchlorates to the atmosphere from 

manufacturing and processing facilities because these releases are not required to be reported (EPA 

1997a). 

The perchlorates listed in Table 4-1 are high melting inorganic salts that have very low vapor pressures.  

Therefore, solid perchlorates are not expected to directly volatilize to air as fugitive emissions during their 

manufacture, processing, transport, disposal, or use. Release to the air through volatilization from water 

is also not expected for perchlorates as dissociated inorganic ions are known to not be stripped from water 

(Bodek et al. 1988). 

Solid perchlorate aerosols may be released to the atmosphere as fugitive emissions in dust-forming 

operations during manufacture, processing, and use.  Gibbs et al. (1998) reported an occupational 

exposure investigation where they noted that dust was generated in an ammonium perchlorate production 

facility.  Lamm et al. (1999) classified dust-forming manipulations at an ammonium perchlorate 

production facility as low for perchlorate solutions or slurries, moderate for limited quantities for dry 

perchlorates, and high when large quantities of dry perchlorates were used. 

One documented major use of perchlorates is as a component of solid rocket boosters (Vogt et al. 1986).  

Solid rocket boosters rapidly release gases to provide propulsion through the atmosphere, and the release 

of unspent perchlorates may occur during this process.  However, engineered design of rocket boosters 

target efficient and complete reaction of the perchlorate as a fundamental requirement to ensure 

successful launches. Studies on particulate emissions from propulsion systems have been performed 

(Hindman and Finnegan 1980), although it is not known if perchlorate was a targeted analyte. 

Perchlorates may be released to the environment from booster rockets during a catastrophic failure 

(Merrill and O’Drobinak 1998) or aborted flight.  Following the Delta II flight failure that occurred at 

Cape Canaveral in January 1997, it was estimated that 200,000 pounds of perchlorate-containing 

hydroxyl-terminated polybutadiene (HTPB) solid propellant was released (Merrill and O’Drobinak 1998). 
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Release of perchlorates to the atmosphere may also occur during open-burn decommissioning of rocket 

booster propellants or munitions (Chan et al. 2000).  Emissions of regulated substances have been 

measured during tests of this disposal process (DOD 1995), although perchlorate was not one of the 

targeted analytes.  

Perchlorates also find extensive use in fireworks and other pyrotechnic devices (Conkling 1996; Dasgupta 

et al. 2005; Lindner 1993; Schilt 1979).  Release of unspent perchlorate may occur during the detonation 

of fireworks, flares, oxygen generators, flash-pots, smoke bombs, and other pyrotechnic devices, although 

very little information on the amounts, if any, was located in the available literature.  Dasgupta et al. 

(2005) calculated an annual source strength of 1.4x105 kg/year for perchlorate in road flares used in the 

United States, which is estimated as 1.4% of the production of total oxidizer perchlorate.  These authors 

were not able to estimate perchlorate released from fireworks, since fireworks vary greatly in their type 

and composition.  Release of perchlorate may also occur during catastrophic explosions at firework 

facilities (CSB 1999) or at facilities that manufacture other pyrotechnic devices based on this oxidant. 

It has been postulated that perchlorate may be formed naturally in the atmosphere during photochemical 

transformation reactions involving chlorine precursors.  Some possible mechanisms include the reaction 

of ClO radicals with sulfuric acid aerosols, electrical discharge through chloride aerosol, reaction of 

aqueous chloride with high concentrations of ozone, and direct photolysis of aqueous chlorite (Dasgupta 

et al. 2005; Jaegle et al. 1996; Kang et al. 2006).  Accordingly, perchlorate may be produced in the 

atmosphere after volcanic eruptions.  The authors suggest that perchlorate produced in volcanic eruptions 

similar to Mt. Pinatubo may represent a significant reservoir of chlorine in the lower stratosphere. 

In an effort to locate the source of perchlorate contamination in the southern high plains desert in the 

Texas panhandle where there has been no known anthropogenic release of perchlorates nearby, Dasgupta 

et al. (2005) explored the possibility of perchlorate generation through atmospheric processes.  The 

authors reported that perchlorate was formed during experiments where chloride aerosol was exposed to 

electrical discharge (lightning simulation) and where aqueous chloride was exposed to high amounts of 

ozone. Natural atmospheric perchlorate deposition was estimated to range from 1.3x105 to 6.4x105 kg per 

year in the United States (Dasgupta et al. 2006).  However, additional testing is needed to determine 

whether these atmospheric processes are indeed natural pathways by which perchlorates enter the 

environment (Dasgupta et al. 2005; Erickson 2004; Renner 2005a). 
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6.2.2 Water 

There are no data in the TRI database on releases of perchlorates to the water from manufacturing and 

processing facilities because these releases are not required to be reported (EPA 1997a). 

Perchlorates may be released to water in emissions from their manufacture, processing, or use.  Waste 

water treatment processes used by POTWs and onsite treatment facilities, including stripping, 

precipitation, filtration, oxidation, or aerobic biodegradation, do not effectively remove perchlorates from 

waste streams (Urbansky 1998).  Therefore, perchlorate in waste water may eventually be released to 

surface water. 

EPA published a list of facilities from 25 states with perchlorate releases related to the manufacture, 

disposal, or research of explosives, propellants, or pyrotechnics (EPA 2003, 2005c).  Maximum 

perchlorate concentrations observed in monitoring wells for several of these facilities exceeded 

1,000 μg/L, with some observed concentrations in excess of 100,000 μg/L (EPA 2003, 2005c).  Propellant 

removal during decommissioning or maintenance (reloading with new propellant) of solid rockets is 

known to have been accomplished using high pressure water sprays (Chan et al. 2000).  The amount of 

ammonium perchlorate-laden washout from decommissioning rockets was expected to reach 8.5 million 

pounds in the first decade of the twenty-first century (Buckley et al. 1999), but since this estimate was 

made, significant changes in decommissioning and maintenance practices of rocket motors have 

substantially reduced the potential for future releases of perchlorate to the environment.  According to the 

ITRC (2008), “There are times when rocket propellant must be removed from the rocket motor casing.  

To do so the rocket motor was taken to the ‘hog-out’ facility, where the propellant was removed using a 

water knife to avoid explosion hazards.  The water containing ammonium perchlorate in both solid and 

dissolved forms was discharged to unlined and lined ponds (Aerojet Case Study)….Perchlorate is also 

found at areas where waste ammonium perchlorate rocket propellant was taken to be destroyed by 

burning and detonation (Aerojet Case Study)….Past management practices were not concerned with the 

release of perchlorate to the environment because it was not recognized or regarded as a contaminant of 

concern. Widespread perchlorate presence in the United States was observed after the spring of 1997 

when an analytical method was developed with a quantitation level of 4 parts per billion.  Subsequent 

advances in analytical chemistry have proven perchlorate to be more widespread in the environment than 

previously thought.” 
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The catastrophic failure of a Delta II rocket in 1997 over the Atlantic Ocean resulted in unspent propellant 

falling into the ocean (Merrill and O’Drobinak 1998).  Subsequent laboratory tests indicated that 

ammonium perchlorate will migrate from the propellant matrix to seawater.  Similarly, perchlorates that 

have been released to the atmosphere may also enter environmental waters by deposition onto the surface 

of oceans, rivers, lakes, or ponds by either gravitational (dry settling) or wet (rain wash-out) processes.  

Perchlorates may ultimately be released to surface water from the runoff from or erosion of perchlorate-

laden sand or soil (Herman and Frankenberger 1998).  The percolation of water through contaminated 

sand or soil is expected to bring perchlorate into underground aquifers; this is consistent with monitoring 

studies in wells sampled near known sites of its use (see Section 6.4.2).  Runoff from perchlorate-laden 

soil is expected to lead to surface water contamination as determined by its detection in surface water 

samples down gradient from facilities that manufactured, maintained, decommissioned, or tested solid 

rocket boosters (Herman and Frankenberger 1998; Mendiratta et al. 1996; Urbansky 1998).  The use of 

fireworks may also contaminate nearby water bodies.  A small lake near Ada, Oklahoma had baseline 

perchlorate concentrations in surface water ranging from 0.005 to 0.081 μg/L, with a mean value of 

0.043 μg/L. Following the release of a fireworks display (14 hours after the fireworks), perchlorate 

concentrations spiked to values ranging from 24 to 1,028 times the mean baseline value (Wilkin et al. 

2007).  A maximum perchlorate concentration of 44.2 μg/L was determined following the July 4th event 

in 2006.  After the fireworks displays, perchlorate concentrations decreased toward the background level 

within 20–80 days, with the rate of attenuation correlating to surface water temperature. 

6.2.3 Soil 

There are no data in the TRI database on releases of perchlorates to the soil from manufacturing and 

processing facilities because these releases are not required to be reported (EPA 1997a).  As discussed in 

Section 6.2.2, facilities that manufactured, maintained, decommissioned, or tested solid rocket boosters 

likely released perchlorates to the environment.  Their detection in groundwater wells at some of these 

sites (see Section 6.4.3) suggests that the initial release was to soil, and subsequent transport led to 

contamination of the aquifer.  Information on the amount of perchlorate released to soil as a result of its 

manufacture, processing, and use in aerospace and military applications could not be located in the 

available literature. 

The use of explosives that contain perchlorates in underground applications, such as mining (Vogt et al. 

1986), may result in the release of unspent oxidant to soil.  The amount of perchlorate used in explosives, 
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the frequency of use in underground applications, and the amount of unspent oxidant released are not 

available. 

Perchlorates that have been released to the atmosphere may be deposited directly on the Earth’s surface 

by either dry or wet deposition processes.  The catastrophic failure of a Delta II rocket was found to 

release unspent ammonium perchlorate propellant to land (Merrill and O’Drobinak 1998).  Deposition of 

perchorate to soil from the use of fireworks is also expected to be significant.  

Perchlorate has been detected in fertilizers derived from Chilean caliche (Ellington et al. 2001; Urbansky 

et al. 2001). It was also detected in other fertilizer products (Susarla et al. 1999), although follow-up 

studies failed to detect perchlorate in the 40 products tested (Urbansky and Collette 2001).  Fertilizer 

derived from Chilean saltpeter has been traditionally applied mainly to tobacco plants, but is also 

marketed for citrus fruits, cotton, and some vegetable crops (Urbansky et al. 2001).  Perchlorate 

containing fertilizers would result in the contamination of soil as a direct result of their intended use.  

Using a perchlorate concentration of 0.2% and a total importation volume of 2.4x1010 kg of Chilean 

nitrate fertilizer (Dasgupta et al. 2006), 4.8x107 kg of perchlorate may have been released directly to soil 

over the period from 1930 to 1993. 

6.3 ENVIRONMENTAL FATE 

Only a limited number of studies investigating the environmental fate of perchlorate were located in the 

peer-reviewed literature. Key aspects of its environmental fate have been assessed based on the analysis 

of physical and chemical properties, available monitoring data, and known sources of release.  Although 

substantial research efforts are currently underway (see Section 6.8.2, Ongoing Studies), much has been 

learned concerning the behavior of perchlorates in the environment. 

In water, perchlorates are expected to readily dissolve and dissociate into their component ions.  

Thermodynamic data on the dissolution of the perchlorates (Schilt 1979) indicate that the rate of this 

process should be rapid for all of the perchlorates listed in Table 4-1.  The cations of the perchlorates 

listed in Table 4-1, magnesium, potassium, ammonium, sodium, and lithium, are ubiquitous in the 

environment.  Given that perchlorates completely dissociate at environmentally significant 

concentrations, their cations are, for all practical purposes, spectators in the environmental fate of 

perchlorates dissolved in water.  Therefore, when in water, the cations do not participate in, nor do they 

substantially influence, the fate of the perchlorate anion in the environment.  
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6.3.1 Transport and Partitioning 

Perchlorates are water soluble and the anion does not typically form insoluble metal complexes in 

solution (Cotton and Wilkinson 1980). Since the perchlorate ion is only weakly adsorbed to mineral 

surfaces in solutions of moderate ionic strength, its movement through soil is not retarded (Logan 2001; 

Urbansky and Brown 2003; Urbansky and Collette 2001).  These two properties indicate that perchlorate 

will travel rapidly over soil with surface water runoff or be transported through soil with infiltration.  

Therefore, if released to soil, perchlorates are expected to be highly mobile and travel to groundwater and 

surface water receptors.  This is consistent with surface water and groundwater monitoring data that 

indicate that perchlorates have been found far from known sites of their release to soil (see Section 6.4.2). 

Although data quantifying the extent of perchlorate adsorption to soil were not located in the available 

literature, a study on willow decontamination in sand bioreactors (Nzengung et al. 1999) established, 

through a mass-balance assessment, that perchlorates were not adsorbed by sand under the conditions of 

the experiment. 

Perchlorates are not expected to volatilize from soil to the atmosphere given their very low vapor 

pressure. Moreover, dissociated inorganic ions do not undergo volatilization (Bodek et al. 1988).  

Perchlorates may be transported from soil to the atmosphere by wind-borne erosion.  This convective 

process may release either aerosols or particulate matter to which dry perchlorate salts are adsorbed.   

If released to water, perchlorates are not expected to volatilize to the atmosphere based on the extensive 

data set available for soluble inorganic ions that indicates this process does not occur (Bodek et al. 1988).  

The water solubility of perchlorates indicates that they will not be removed from the water column by 

physical processes and become adsorbed to sediment and suspended organic matter.  Since the 

perchlorate ion is only weakly adsorbed to mineral surfaces in solutions of moderate ionic strength 

(Logan 2001; Urbansky and Brown 2003; Urbansky and Collette 2001), perchlorate is not expected to 

adsorb to sediment and organic matter.  Since perchlorate does not serve as a ligand in aqueous solutions 

(Cotton and Wilkinson 1980), it is not expected to undergo removal from water through the formation of 

insoluble metal complexes.  The water solubility and degree of complex formation of perchlorate do not 

change significantly as a function of acidity (Bodek et al. 1988), indicating that its fate is not expected to 

change within the pH range typically found in the environment.  In cases where high concentration 

perchlorate brines enter the subsurface, the movement of perchlorate is expected to be controlled by 

gravity and the topography of confining layers (DOD 2006a).  Perchlorate brines may sink through the 
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subsurface and accumulate on or in confining layers where its release into groundwater is limited by 

diffusion. 

Limited data indicate that perchlorate may accumulate in living organisms, as it has been detected in 

vegetation, fish, amphibian, insect, and rodent samples collected near a site of known contamination 

(Smith et al. 2001).  The concentrations of perchlorate in male threespine stickleback fish (Gasterosteus 

aculeatus) were 0.63, 0.54, and 4.47 μg/g, corresponding to aquarium water perchlorate concentrations of 

0, 1, and 10 ppm, respectively (U.S. Air Force Space Missile Systems Center 2002).  Dean et al. (2004) 

reported bioconcentration factors of 1.854 for Asiatic clam (Corbicula fluminea) and 0.70 for bluegill 

(Lepomis macrochirus), indicating that bioconcentration of perchlorates in aquatic organisms is low.  

Theodorakis et al. (2006) analyzed fillets and heads of fish collected from Lakes Waco and Belton in 

Texas for perchlorates. These lakes are located near the Naval Weapons Industrial Reserve Plant where 

solid fuel rocket motors are manufactured.  Perchlorate concentrations in positive samples ranged from 

146 to 2,740 μg/kg wet weight in fillets and from 626 to 4,560 μg/kg wet weight in heads.  Perchlorates 

were not detected in water samples from these lakes except for one instance at one of the three sampling 

sites in Lake Belton (14 μg/L) indicating that food chain transfer is possible.  Possible routes of exposure 

for these fish include ingestion of contaminated periphyton (algae film), ingestion of contaminated 

detritus, and ingestion of perchlorate-containing invertebrates. 

In a study on plant-mediated treatment of perchlorate-contaminated water (Nzengung et al. 1999), it was 

reported that uptake occurred in eastern cottonwoods (Populus deltoides and hybrid populus), Eucalyptus 

cineria, and willow (Salix nigra) in sand bioreactors. Willow was the only tree studied in detail.  

Perchlorate uptake was found to be initially rapid at a rate that was linear with the volume of water 

evapotranspired by the tree until a plateau was reached where perchlorate uptake ceased.  At an initial 

application of 88.8 mg (at 96.4 mg/L), the total amounts of perchlorate in the root, lower stem, upper 

stem, and leaf after 26 days were 0.04, 0.18, 0.34, and 0.48 mg, respectively.  In addition, 11% of the 

perchlorate was not accounted for, and was believed to be degraded to chloride in the leaves.  Perchlorate 

uptake has also been established in salt cedar (Tamarix ramosissima) although the rate of uptake, 

excretion, and/or reduction was not determined (Urbansky et al. 2000c).  Yu et al. (2004) observed uptake 

of perchlorate from sand in cucumber (Cucumis sativus L.), lettuce (Lactuca sativa L.), and soybean 

(Glycine max). Concentrations of perchlorate were higher in the lettuce (750 ppm) than in the cucumber 

(41 ppm) and soybean (18 ppm).  It was reported that the presence of external nutrients such as nitrate 

may hinder uptake of perchlorate.  The percent recovery of perchlorate in lettuce after it was applied at 
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500, 1,000, 5,000, and 10,000 ppb to lettuce pots in a greenhouse was 82, 74, 76, and 73%, respectively 

(EPA 2004b). 

A study on the uptake of perchlorate by tobacco plants from soil amended with Chilean-nitrate derived 

fertilizer (containing perchlorate at 36–1,544 mg/kg) found that extracts of the green and flue-cured 

leaves contained perchlorate at 12.4–164.6 mg/kg (dry weight) (Ellington et al. 2001).  The authors point 

out that the available data set is not sufficient at this point in time to predict which plants undergo 

perchlorate uptake and accumulation and which ones are capable of completely reducing it to chloride, an 

important factor to consider given that food crops may be irrigated with contaminated water containing 

perchlorate. The uptake and transport of perchlorate from contaminated soil to the leaves of tobacco 

plants was also demonstrated over a wide range of initial soil concentrations (Sundberg et al. 2003).  The 

results of this study indicate that perchlorates are taken up by the root system, transported up the stem via 

the xylem, and accumulate in the leaves and stems. 

If released to the atmosphere, the perchlorate salts are expected to exist as a solid aerosol or be adsorbed 

to suspended particulate matter.  Removal from the atmosphere is expected to occur by both dry and wet 

deposition to the Earth’s surface.  The water solubility and rapid rate of dissolution of perchlorates 

indicate that they may partition to clouds or fog, although subsequent deposition to the Earth’s surface 

would be expected. 

6.3.2 Transformation and Degradation  
6.3.2.1 Air 

No data were located on the transformation or degradation of perchlorates in air.  The dominant 

mechanism for the degradative removal of chemical compounds from the atmosphere is via their reaction 

with gas-phase oxidants (Lyman et al. 1990).  Gas-phase oxidants include the neutral molecules, ozone 

and singlet oxygen, as well as hydroxyl radicals during the day or nitrate radicals at night.  However, 

these species are all weaker oxidants than perchlorate, and atmospheric degradation via this pathway is, 

therefore, not expected to occur. 

The other major atmospheric degradation process for chemical compounds is through direct photolysis.  

In general, this reaction is not sufficiently facile for solid phase materials for it to occur to any significant 

extent in the atmosphere.  Since perchlorates are expected to exist as a solid dust in the atmosphere or be 
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adsorbed to suspended particulate matter, direct photolysis is not expected to occur.  Jaegle et al. (1996) 

estimated that the photolytic loss of perchloric acid in the atmosphere would be negligible. 

6.3.2.2 Water 

The ability of bacteria to utilize perchlorate as a terminal electron acceptor was first reported in 

1976 (Logan et al. 2001b).  Reviews by Logan (1998) and Herman and Frankenberger (1998) provide an 

extensive set of examples where laboratory experiments using microorganisms biodegrade (respire) 

perchlorate under anaerobic conditions.  In the environment, anaerobic degradation has been found to be 

an important process in anoxic groundwater, sediments, and some soils.  Microorganisms utilize 

alternative electron acceptors such as nitrate or sulfate anions in lieu of oxygen to generate energy and 

produce carbon-based building blocks in these anaerobic environs.  In laboratory studies, the perchlorate 

anion has also been found to serve as an alternative electron acceptor in anaerobic microbial respiration. 

The reduction of perchlorate by microorganisms has been found to be inhibited by the electron acceptors 

most commonly found in anaerobic environments, most notably nitrate and/or sulfate.  In a few cases, 

they were found to be reduced preferentially.  The initial product from the respiration of perchlorate is 

chlorate (ClO3
-), which, in turn, is reduced by some of the isolates to chlorite (ClO2

-) and ultimately 

chloride (Cl-) and either oxygen or bicarbonate.  A confounding aspect of the complete reduction of 

perchlorate is the production of oxygen, the absence of which defines a medium as anaerobic.  For some 

microorganisms (obligate or strict anaerobes), perchlorate reduction was completely inhibited by the 

presence of oxygen.  For others (facultative anerobes), perchlorate reduction would subside with the 

introduction of oxygen and reoccur once it had been removed from the system via other processes. 

Nzengung et al. (1999, 2004) studied the use of willows and other trees for the phytoremediation of 

perchlorate-contaminated water using hydroponic bioreactors.  These investigators found that reduction of 

perchlorate to chloride occurred rapidly in the root zone (rhizosphere) after a relatively short acclimation 

period. Added nitrate inhibited the degradation of perchlorate indicating that reduction was occurring 

anaerobically, presumably in oxygen free micro-environments.  The level of nitrate found to result in 

inhibition, 100 mg/L, is on the low end of the range typically found in soils, 0–1,200 mg/L.  Tan et al. 

(2004b) reported that in the absence of nitrate, perchlorate was removed to levels below the detection 

limit (<4 μg/L) in wetland columns with perchlorate influents of 4, 8, 16, and 32 mg/L.  van Aken and 

Schnoor (2002) studied poplar tree cuttings (Populus deltoide x nigra) grown in the presence of 

radiolabled perchlorate at 25 mg/L.  These authors reported that 50% of the perchlorate was reduced 

30 days after perchlorate application.   
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Despite the numerous observations that perchlorate is readily reduced by microorganisms in laboratory 

cultures and the perceived ubiquity of these microorganisms in the environment (Bruce et al. 1999; 

Coates et al. 1999), it has been found to be persistent in the environment (Logan et al. 1998). In situ 

removal of perchlorate has not yet been demonstrated (Coates and Anderson 2000). This is likely due to 

the ubiquitous presence of nitrate and sulfate in the environment and the preferential utilization of these 

electron acceptors by anaerobes.  Nevertheless, work in this area is continuing and recent studies are 

available on the reduction of perchlorate by hydrogen utilizing bacteria (Giblin et al. 2000) in the 

presence of acetate (Bruce et al. 1999; Coates et al. 1999; Kim and Logan 2001; Logan et al. 2001b) and 

in the presence of nitrate (Giblin and Frankenberger 2001; Herman and Frankenberger 1999).  

Biodegration of perchlorate has also been demonstrated in salt solutions (11% brine) (Logan et al. 2001a).   

No other degradation processes that are likely to remove perchlorates from water were identified.  Photo­

oxidation in water by alkoxy, peroxy, or other reactive species (Mill 1982) is not expected to occur as 

these species are weaker oxidants than perchlorate.  Millero (1990) studied the rates of the indirect 

photochemical oxidation of Cu(I) and Fe(II) by hydroxyl radicals in artificial seawater solutions prepared 

using sodium perchlorate.  No correction for a hydroxyl radical reaction with perchlorate was included in 

the detailed kinetic analysis performed by the authors, indicating that the reaction of perchlorate with 

hydroxyl radicals did not occur to any significant extent.   

Another common removal process in the environment is biodegradation under aerobic conditions.  In this 

process, the substrate is oxidized by microorganisms.  Given that the perchlorate anion is at its highest 

oxidation state, this process is not expected to occur. 

No studies on the direct photochemical degradation of perchlorates in water were located in the available 

literature. One of the requirements for direct photolysis to occur is the possession of a suitable 

chromophore that absorbs light in the environmentally significant range of >290 nm (i.e., wavelengths not 

blocked by the ozone layer); it does not address to what extent, if any, a reaction will ensue after a 

quantum of light has been adsorbed.  Aqueous solutions of sodium perchlorate have a broad absorption at 

605–700 nm (GMELIN 1999).  This wavelength of light is on the long-wavelength (red), low energy side 

of the visible spectrum.  A quantum of light at this wavelength does not typically have sufficient energy 

to result in the direct photochemical degradation of chemical compounds.  
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The other major removal process for chemical compounds in environmental waters is through hydrolysis.  

Hydrolysis does not occur for inorganic salts that ionize in aqueous solutions, and it will not occur for 

perchlorates. 

6.3.2.3 Sediment and Soil 

Very few studies on the degradation of perchlorates in sediment or soil have been located in the available 

literature. Microorganisms isolated from soil have been found to reduce perchlorates under anaerobic 

conditions in the laboratory (Herman and Frankenberger 1998; Logan 1998) suggesting the potential for 

removal from anoxic soils and sediments.  As noted for the degradation and removal from water 

(Section 6.3.2.2), perchlorates have been found to be persistent; the importance of this process in anoxic 

sediment and soils is not known.  Tipton et al. (2003) have stated that the necessary criteria for 

perchlorate degradation in soil are anaerobic conditions, an adequate carbon source, and an active 

perchlorate-degrading microbial population.  Perchlorate applied to Yolo loam at 180 mg/L during an 

anaerobic flooded batch experiment was completely biodegraded after 30 days (Tipton et al. 2003).  

During an analysis of perchlorate contaminated streambed sediment located near the Naval Weapons 

Industrial Reserve Plant in McGregor, Texas, it was concluded that microbial degradation of perchlorate 

was taking place based on a sequential depletion of electron acceptors and a constant Cl- concentration in 

the sediment (Tan et al. 2005).  While studying the natural biodegradation of perchlorate in the Las Vegas 

Wash area in Nevada, Zhang et al. (2002) concluded that this process is hindered by the lack of an 

electron donor, the presence of nitrate, and salinity levels in the area. 

No other degradation process can be predicted for perchlorates in soil or sediment. 

6.4 LEVELS MONITORED OR ESTIMATED IN THE ENVIRONMENT  

Reliable evaluation of the potential for human exposure to perchlorates depends in part on the reliability 

of supporting analytical data from environmental samples and biological specimens.  Concentrations of 

perchlorates in unpolluted atmospheres and in pristine surface waters are often so low as to be near the 

limits of current analytical methods.  In reviewing data on perchlorates levels monitored or estimated in 

the environment, it should also be noted that the amount of chemical identified analytically is not 

necessarily equivalent to the amount that is bioavailable.  The analytical methods available for monitoring 

perchlorates in a variety of environmental media are detailed in Chapter 7. 
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6.4.1 Air 

No monitoring data on the atmospheric concentration of perchlorates were located in the available 

literature. 

6.4.2 Water 

Drinking water samples from 3,858 public water systems located across the United States were collected 

from 2000 to 2004 as part of the Unregulated Contaminants Monitoring Rule (UCMR) (EPA 2005g).  

EPA found that approximately 4.1% (or 160) of these systems had at least one analytical detection of 

perchlorate (in at least one entry/sampling point) at levels greater than or equal to the minimum reporting 

level of 4 micrograms per liter (µg/L).  These 160 systems are located in 26 states and 2 territories.  

Perchlorate was detected at >4 μg/L in 365 of 13,401 (2.7%) samples from 67 of 1,247 (5.4%) surface 

water systems that serve >10,000 people with a mean (range) concentration of 15.6 μg/L (4.0–420 μg/L). 

Perchlorate was detected at >4 μg/L in 29 of 1,496 (1.9%) samples from 5 of 236 (2.1%) surface water 

systems that serve <10,000 people with a mean (range) concentration of 6.4 μg/L (4.1–17 μg/L).  

Perchlorate was detected at >4 μg/L in 214 of 14,972 (1.4%) samples from 69 of 962 (7.2%) groundwater 

systems that serve >10,000 people with a mean (range) concentration of 11.3 μg/L (4.0–200 μg/L). 

Perchlorate was detected at >4 μg/L in 6 of 2,459 (0.2%) samples from 5 of 485 (1%) groundwater 

systems that serve <10,000 people with a mean (range) concentration of 7.8 μg/L (4.3–20 μg/L). Based 

on analysis of 2004 UCMR data, NAS (2005) estimated that more than 11 million people are served by 

public drinking water supplies from which samples containing at least 4 µg/L of perchlorate were 

collected. 

According to information provided by the California Department of Health Services (CADHS 2007), 

perchlorate has been detected above 4 μg/L in 267 out of approximately 7,000 drinking water sources 

located across California during monitoring conducted between March 2002 and March 2007.  The 

greatest numbers of detections were in Los Angeles, Riverside, San Bernardino, and Orange Counties 

where perchlorate was found in 106, 64, 57, and 18 sources, respectively.  The peak concentrations 

reported for these counties were 100, 73, 88, and 10.6 μg/L, respectively. Perchlorate was detected 

drinking water from only four sources in Sacramento County; however, the peak concentration reported 

was 95.9 μg/L. 

In drinking water wells tested in Riverside and San Bernardino Counties, California, the maximum 

perchlorate concentration measured was 216 μg/L (Herman and Frankenberger 1998).  Five of six well­
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water samples obtained near Sacramento, California, March–April 1997, contained 4–260 μg/L of 

perchlorate (Okamoto et al. 1999).  The concentrations of perchlorate measured in six water supply wells 

that serve the city of Loma Linda, California during 1997–1998 ranged from <4 to 29 μg/L (Agency for 

Toxic Substances and Disease Registry 2000).  Jackson et al. (2005b) detected perchlorate above 0.5 μg/L 

in 179 out of 254 public water system and private wells in nine counties in the Texas Southern High 

Plains. Perchlorate concentrations were >4 μg/L in 88 wells. The maximum concentrations were 

58.8 μg/L for private wells and 45.6 μg/L for public water system wells.  The Massachusetts Department 

of Environmental Protection (MassDEP 2006a) reported that perchlorate concentrations were at or above 

the analytical reporting limit of 1 μg/L in only 9 of 600 tested public water supply systems in that state.  

Elevated perchlorate concentrations (maximum 1.5–1,300 μg/L) were measured near areas where blasting 

agents and fireworks were used. 

Snyder et al. (2005) measured perchlorate concentrations ranging from 0.06 to 6.8 μg/L in 12 of 13 waters 

from various sources (seven surfaces waters, one groundwater, one spring water, and four treated waters) 

in the United States.  The level in the spring water sample was reported to be “clearly visible” but below 

the reporting limit of 0.05 μg/L. These authors also detected perchlorate in 10 of 21 bottled water 

samples from various sources at levels ranging from 0.07 to 0.74 μg/L. Eleven of these samples were 

below the method reporting limit of 0.05 μg/L. In a separate study, perchlorate was not detected in 

16 brands of imported and domestic bottled water (Urbansky et al. 2000a). 

During a 1997–1998 drinking water survey, perchlorate was not detected (reporting limit=4.0 μg/L) in 

surface water samples from 40 sites in 11 states (Gullick et al. 2001).  Out of 367 groundwater wells in 

17 states tested during this survey, only 9 wells located in California and New Mexico contained 

perchlorate. Concentrations in samples from these wells ranged from <4–7 μg/L. The Southern Nevada 

Water Authority detected perchlorate at 11 μg/L in tap water samples (Urbansky 1998).  Perchlorate was 

detected in the drinking water supply for Clark County, Nevada, at 4–15 μg/L (Li et al. 2000a).  The 

perchlorate level in finished drinking water supplies in Yuma, Arizona, 1999, was 6 μg/L (Brechner et al. 

2000).  Drinking water advisory levels for perchlorate have been set in Arizona (14 μg/L), Maryland 

(1 μg/L), Nevada (18 μg/L), New Mexico (1 μg/L), New York (5 and 18 μg/L), and Texas (17 and 

51 μg/L) (Dasgupta et al. 2005; EPA 2005c; Tikkanen 2006).  Drinking water standards have been set in 

California (6 μg/L) and Massachusetts (2 μg/L). Perchlorate was generally not detected in surface water 

samples collected from 50 sites across the Great Lakes Basin (Backus et al. 2005).  Concentrations were 

near the method detection limit of 0.2 μg/L in two samples from Hamilton Harbour and six creek/river 

water samples from the Mailtand Valley and the Upper Thames River watersheds in Canada. 
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Perchlorate contamination in drinking water has been reported at 12 DOD facilities and 2 other federal 

agency facilities located in California, Illinois, Maryland, Massachusetts, New Mexico, Ohio, and Utah as 

of March, 2005 (EPA 2005c). Maximum reported perchlorate concentrations in surface water at these 

sites range from approximately 1 to 720 μg/L. Perchlorate contamination in drinking water has been 

reported at 16 private facilities located in Arizona, California, Iowa, Nebraska, New Mexico, Nevada, 

New York, and Utah as of March, 2005 (EPA 2005c).  Maximum reported perchlorate concentrations in 

surface water at these sites range from approximately 5 to 811 μg/L.   

Surface water samples taken in August 1997 from the Las Vegas Wash, which feeds into Lake Mead, had 

perchlorate concentrations of 1,500–1,680 μg/L (Herman and Frankenberger 1998; Urbansky 1998).  

Smith et al. (2004) reported a mean perchlorate concentration of 450 μg/L in 24 water samples from 

3 sites at the Las Vegas Wash collected in March, 2002 near Henderson, Clark County, Nevada.  The Los 

Angeles Metropolitan Water District has detected perchlorate at 8 μg/L at an intake located in Lake Mead 

(Urbansky 1998).  In a separate study, perchlorate was detected in 57% of 147 surface water samples and 

50% of 10 pore water samples collected in the Lake Mead area with average (maximum) concentrations 

of 10.5 (130) and 19.6 (98.0) mg/kg, respectively (Dean et al. 2004).  Reported concentrations of 

perchlorate in the Colorado River are 5–9 μg/L (Sanchez et al. 2005b, 2006).  In Utah, perchlorate 

concentrations in groundwater wells at Alliant Techsystems, a rocket manufacturing site, ranged from 4 to 

200 μg/L (Urbansky 1998).  According to a report issued by the EPA in December 2005, surface water 

concentrations in Las Vegas Wash, Lake Mead, and the Lower Colorado River have declined by 85, 

70, and 60%, respectively, since the inception of a seep capture and treatment program at the Kerr-McGee 

site in Henderson, Nevada began in November 1999 (EPA 2006a). 

Groundwater samples from a shallow aquifer near the Aerojet General Corporation’s solid rocket fuel 

facility near Sacramento, California had maximum perchlorate levels of 8,000 μg/L (Herman and 

Frankenberger 1998).  Sampling wells at the Kennecott Utah Copper mines in Magna, Utah had 

perchlorate levels of 13 μg/L.  In well water samples in California, 30% had detectable levels of 

perchlorate (detection limit presumably 4 μg/L) and the concentration of perchlorate in 9% of them was 

over 18 μg/L. 

Perchlorate has been detected in surface and groundwater samples in Texas, Arkansas, Maryland, New 

York, California, Utah, and Nevada (Coates et al. 1999).  It was detected in 30 groundwater wells by the 

California Department of Health Services at concentrations >18 μg/L and in 50% of the wells test in 
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Suffolk Country, New York at concentrations up to 40 μg/L (Kim and Logan 2001; Logan et al. 2001b).  

In 1998, a survey by the California Department of Health Services found at 144 wells were contaminated 

at levels >18 μg/L (Giblin et al. 2000). 

Perchlorate contamination in surface water has been reported at 17 DOD facilities located in Alabama, 

Arizona, Indiana, Maryland, New Mexico, Ohio, Oklahoma, Texas, and West Virginia as of March, 2005 

(EPA 2005c). Maximum reported perchlorate concentrations in surface water at these sites vary widely, 

ranging from approximately 1 to 16,000 μg/L. Maximum reported concentrations of perchlorate in 

surface water at three private locations, Aerojet Company in Arkansas, Boeing/Rocketdyne in Nevada, 

and Elf Atochem in Oregon, were 12,500, 120,000, and 14 μg/L, respectively. 

Perchlorate contamination in groundwater has been reported at 48 DOD facilities and 5 other federal 

agency facilities located in Alabama, Arizona, Arkansas, California, Colorado, Illinois, Indiana, Iowa, 

Maryland, Massachusetts, Minnesota, Missouri, New Jersey, New Mexico, Oregon, South Carolina, 

South Dakota, Tennessee, Texas, Utah, Virginia, Washington, and West Virginia as of March, 2005 (EPA 

2005c). Maximum reported perchlorate concentrations in groundwater at these sites vary widely, ranging 

from approximately 1 to 276,000 μg/L.  Perchlorate contamination in groundwater has been reported at 

29 private facilities located in Arizona, Arkansas, California, Iowa, Kansas, Missouri, Nebraska, Nevada, 

New York, Oregon, and Utah as of March, 2005 (EPA 2005c).  Maximum reported perchlorate 

concentrations in surface water at these sites vary widely, ranging from approximately 5 to 

3,700,000 μg/L. Similar data listing concentrations of perchlorate in surface and groundwater at both 

federal and private facilities in the United States as of April, 2003 have been reported by EPA (2003, 

2005c). The suspected source of these high levels of perchlorate in groundwater was usually related to 

the manufacture, disposal, testing, or research of explosives, rockets, or propellants (EPA 2003, 2005c). 

Perchlorate levels in 8 of 12 groundwater and surface water samples at the Longhorn Army Ammunition 

plant, Texas, 1999, ranged from 3 to 776 μg/L (Smith et al. 2001). The concentration of perchlorate near 

the McGregor, Texas Naval Weapons Industrial Reserve Plant was 5,600 μg/L in tributary surface water 

samples collected at the site boundary and <4.0–91,000 μg/L in groundwater samples taken in the area 

(Cowan 2000).  In a nearby wet weather spring connected to a boundary tributary, the concentration was 

22,000 μg/L, while approximately 1 and 3 miles downstream in a creek, the concentrations were 200 and 

56 μg/L, respectively.  Perchlorate was detected in 13 of 25 local groundwater samples collected in 

Livermore, California, at 1–37 μg/L (Koester et al. 2000) and in drinking water from southern Nevada at 

8–9 μg/L (Magnuson et al. 2000).  Perchlorate concentrations measured in groundwater from remote 
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locations in the Middle Rio Grande Basin in north-central New Mexico ranged from 0.12 to 1.8 μg/L 

(Plummer et al. 2006). 

A study of 54 counties in west Texas and 2 adjacent counties in New Mexico found perchlorate levels in 

several groundwater samples (Rajagopalan et al. 2006).  The concentration of perchlorate was generally 

low (<4 μg/L); however, some samples had detectable levels approaching 200 μg/L. While a single 

definitive source for these perchlorate levels could not be identified, the authors concluded that the 

majority of perchlorate detected at these sites could result from atmospheric deposition.   

The U.S. Government Accountability Office listed perchlorate concentrations measured in surface water, 

groundwater, and drinking water samples from 395 sites from 35 states, the District of Columbia, and two 

commonwealths of the United States (GAO 2005).  The concentrations at these locations ranged from 4 to 

3,700,000 μg/L. According to the survey, 110 sites were located near defense-related activities, 36 sites 

were located near perchlorate manufacturing and handling operations, 16 sites were located near 

fireworks and flare manufacturing, general manufacturing, and hazardous waste sites, 6 sites were located 

near agricultural operations, and 227 sites were not located near activities linked to perchlorate.   

Seawater samples collected off the coasts of Texas, Massachusetts, California, Hawaii, Oregon, Maine, 

and Mexico contained perchlorate at concentrations ranging from below the detection limit (0.07 μg/L) to 

0.345 μg/L (Martinelango et al. 2006).  The concentrations of perchlorate measured in 22 rain and 4 snow 

samples collected in Lubbock, Texas ranged from <0.01 to 1.6 and from <0.01 to 0.4 μg/L, respectively 

(Dasgupta et al. 2005). 

6.4.3 Sediment and Soil 

Perchlorate contamination in soil or sediment has been reported at 27 DOD facilities and 2 other federal 

agency facilities located in Alabama, Arizona, California, Indiana, Massachusetts, Maryland, New Jersey, 

New Mexico, Texas, Utah, Washington, and West Virginia as of March, 2005 (EPA 2005c).  Maximum 

reported perchlorate concentrations in soil at these sites vary widely, ranging from approximately 32 to 

2,000,000 ppb.  Maximum reported concentrations of perchlorate in sediment were 17 ppb at the 

Aberdeen Proving Ground in Maryland, 230 ppb at the Naval Surface Warfare Center in Maryland, 

186 ppb at the Lone Star Army Ammunition Plant in Texas, and 190 ppb at the Allegheny Ballistics 

Laboratory in West Virginia.  Perchlorate contamination in soil was also reported at two private sites in 

Arizona and one private site in Arkansas; however, concentrations were not provided. 
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Perchlorate levels in 4 of 12 sediment samples at the Longhorn Army Ammunition plant, Texas, 1999, 

ranged from 12 to 704 μg/L (Smith et al. 2001).  It was also detected in 4 of 18 soil samples near a single 

building at the facility at 50–322 μg/kg.  The concentration of perchlorate in soil samples underneath the 

foundations of former propellant mixing facilities at the McGregor, Texas Naval Weapons Industrial 

Reserve Plant ranged from 23 to 1,800,000 μg/kg (Cowan 2000).  Perchlorate was detected in 38% of 

113 soil samples and 93% of 93 sediment samples collected from the Lake Mead area of Nevada with 

average (maximum) concentrations of 57.7 (1,470) mg/kg and 12.8 (56.0) mg/kg, respectively (Dean et 

al. 2004).  Smith et al. (2004) reported a mean perchlorate concentration of 24.7 μg/g in 51 soil samples 

from 3 sites at the Las Vegas Wash near Henderson, Clark County, Nevada. 

The concentration of perchlorate in soil samples taken from a tobacco field, December 1999, was 

340 μg/kg (Ellington et al. 2001).  Tobacco plants grown in this field had been fertilized that summer 

using products derived from Chilean caliche (which contained perchlorate at 35,800 and 

1,544,000 μg/kg).  The concentrations of perchlorate measured in the saturation extract of six soil samples 

from the Mission Valley Formation in San Diego, California ranged from below the detection limit 

(2 μg/L) to 40.2 μg/L (Duncan et al. 2005). 

6.4.4 Other Media  

FDA (2007b) presented measurements of perchlorate in 27 foods and beverages obtained in fiscal years 

2004–2005. Lettuce samples were collected from growers in various locations in Arizona, California, 

Texas, New Jersey, and/or Florida.  Mean perchlorate levels were 10.6 ppb (μg/kg) in green leaf lettuce, 

8.06 ppb (μg/kg) in iceberg lettuce, 11.19 ppb (μg/kg) in red leaf lettuce, and 11.75 ppb (μg/kg) in 

romaine lettuce (fresh/dry weight not specified).  Bottled water with location sources from Georgia, 

Missouri, California, North Carolina, Texas, Colorado, Maryland, Minnesota, Nebraska, South Carolina, 

Arkansas, Kansas, Wisconsin, and Pennsylvania generally contained no detectable perchlorate.  Milk 

samples from Maryland, California, Pennsylvania, Virginia, Arizona, Georgia, Kansas, Louisiana, New 

Jersey, North Carolina, Texas, and Washington had a mean perchlorate level of 5.81 ppb. For 

comparison, Dyke et al. (2007) provide concentrations of perchlorate in dairy milk from Japan that are 

higher than the preliminary data values reported for the United States by FDA.  Perchlorate 

concentrations in the Japanese samples ranged from 5.47 to 16.40 μg/L with a mean value of 9.39 μg/L 

and a median value of 9.34 μg/L. Sanchez et al. (2007) compared perchlorate levels in broccoli, 

cauliflower, and cabbage grown in fields irrigated with water from the Colorado River, which contains 



186 PERCHLORATES 

6. POTENTIAL FOR HUMAN EXPOSURE 

perchlorate, with levels of thiocyanate and nitrate, two other anions that inhibit iodide uptake.  The 

authors concluded that brassica irrigated with Colorado River water do accumulate trace levels of 

perchlorate. However, the levels of perchlorate observed are much lower than the levels of nitrate and 

thiocyanate, which are naturally present in these food plants. 

Perchlorate concentrations in other foods reported by FDA (2007b) are listed in Table 6-1.   

Following the preliminary assessment on perchlorate exposure (FDA 2007b), FDA completed its Total 

Diet Study (TDS) and released estimated dietary intakes for perchlorate and iodine for 14 age and gender 

groups (Murray et al. 2008).  These perchlorate intakes are based on data collected from the TDS from 

2005 to 2006. TDS sampling is conducted four times annually, once in each of the major geographical 

regions of the country (west, north central, south, and northeast).  Each round of sampling is referred to as 

an individual market basket survey and for each market basket survey, samples of 285 selected food and 

beverages are obtained from three cities within the region.  The TDS results found that detectable levels 

of perchlorate were observed in 59% of all samples analyzed, with 74% (211 of the 285) of the TDS 

foods having at least one positive sample.  Perchlorate was not detected in 26% (74 of 285) of TDS foods.  

The contribution by food groups to the total intake of perchlorate for these age/gender groups are 

illustrated in Table 6-2.  Table 6-3 provides the actual estimated dietary intake of perchlorate for these 

groups. 

During a study of perchlorate concentrations in lettuce irrigated with Colorado River water (5 mg/L 

perchlorate concentration), perchlorate concentrations ranged from below quantifiable levels to 142 μg/kg 

(fresh weight) in the total above ground plant, 195 μg/kg (fresh weight) in the frame and wrapper leaves, 

and below detection to 26 μg/kg (fresh weight) in the edible head (Sanchez et al. 2005b).  Perchlorate was 

detected above 0.2 μg/L in 144 out of 438 leafy vegetable samples produced in California (outside the 

Colorado River region), Colorado, New Jersey, New Mexico, New York, Michigan, Ohio, and Quebec 

(Sanchez et al. 2005a).  Quantifiable perchlorate concentrations ranged from 18 to 104 μg/kg fresh weight 

in conventionally grown vegetables and from 21 to 628 μg/kg fresh weight in organically grown 

vegetables. Sanchez et al. (2006) measured perchlorate in citrus fruit grown from trees in the Southwest 

that were irrigated with perchlorate contaminated water (mean concentration of approximately 6 μg/L). 

Mean, median, and maximum perchlorate concentrations were 2.3, 1.3, and 14.8 μg/L fresh weight, 

respectively, in 33 lemon samples, 3.3, 1.3, and 16.2 μg/L fresh weight, respectively, in 15 grapefruit 

samples, and 7.4, 4.8, and 37.6 μg/L fresh weight, respectively, in 28 orange samples.  Krynitsky et al. 

(2004) detected perchlorate in 11 edible cantaloupe and 10 whole cantaloupe samples with median 
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Table 6-1. Measurements of Perchlorate in Samples of 27 Types of Food and 

Beverages Collected From Various Locations in the United States 


Type of food or beverage Mean residue (µg/kg)a Number of samples 
Lettuce (green leaf) 10.3 

4.4b 
137 

2b 

Lettuce (iceberg) 8.1 
2.1b 

43 
4b 

Milk 5.81c 125 
7b 8b 

Tomatoes 13.7 73 
78b 4b 

Carrots 15.8 59 
Spinach 115 

40b 
36 

4b 

Collards 95.1 13 
17.7b 4b 

Cantaloupes 28.6 
24.4b 

48 
4b 

Apples 0.15c 9 
Grapes 8.58 12 
Oranges 3.47 

2.7b 
10 

4b 

Strawberries 2.14 19 
Watermelon 1.96 19 
Fruit juices (apple and orange) 2.31c 14 
Broccoli 8.49 14 
Cabbage 8.80 13 
Greens 92.4 14 
Cucumber 6.64 20 

19.1b 4b 

Green beans 6.12 19 
Onions 0.53 12 
Potatoes 0.15d 6 
Sweet potatoes 1.24 6 
Corn meal 1.16 22 
Oatmeal 3.96 22 
Rice (brown and white) 0.50d 19 
Whole wheat flour 4.27 19 
Catfish 1.02 7 
Salmon 1.06 11 
Shrimp 19.83 5 

aMean values are reported as ppb in source.  Mean values were calculated treating non-detections as equal to one-

half the detection limit.  Fresh/dry weight not specified. 

bMurray et al. 2008 

cMean value is in µg/L. 

dAll samples were non-detects. 


Source: FDA 2007b 
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Table 6-2. Percent Contribution Organized by Food Group to the Total 

Estimated Daily Intake for Perchlorate for 2005–2006 


Intake (percent of total) 
Females Males Women 

Food Infants 6– Children Children Children 14– 14– 25– 
group 11 months 2 years 6 years 10 years 16 years 16 years 30 years 
Baby food 49 0 0 0 0 0 0 
Beverages 1 3 3 4 7 7 12 
Dairy 32 51 50 47 29 37 20 
Egg 0 0 0 0 0 0 0 
Fat/oil 0 0 0 0 0 0 0 
Fruit 4 15 11 9 11 7 8 
Grain 2 6 8 8 8 9 8 
Legume 0 0 0 0 0 0 0 
Mixture 6 8 9 10 14 12 14 
Meat, 1 4 6 5 7 7 11 
poultry, fish 
Sweets 0 1 1 1 1 1 1 
Vegetables 5 12 12 16 23 20 26 

Women Women Women 
Men 25– 40– Men 40– 60– Men 60– 70+ Men 70+ 
30 years 45 years 45 years 65 years 65 years years years 

Baby food 0 0 0 0 0 0 0 
Beverages 12 12 11 9 9 6 7 
Dairy 20 17 21 17 19 23 22 
Egg 0 0 0 0 0 0 0 
Fat/Oil 0 0 0 0 0 0 0 
Fruit 5 11 8 12 9 12 12 
Grain 8 8 9 8 8 8 9 
Legume 0 0 0 0 0 0 0 
Mixture 16 13 13 9 10 10 10 
Meat, 9 7 8 7 8 5 7 
poultry, fish 
Sweets 0 1 1 0 0 0 0 
Vegetables 30 31 29 38 37 36 33 

Source: Murray et al. 2008 
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Table 6-3. Range of Estimated Lower and Upper Bound Average Perchlorate 

Intake for 2005–2006


 Intake (µg/person/day) 
Females Males Women 

Food Infants 6– Children Children Children 14– 14– 25– 
group 11 months 2 years 6 years 10 years 16 years 16 years 30 years 
Baby food 1.1–1.3 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 
Beverages 0.0–0.1 0.0–0.3 0.0–0.4 0.0–0.5 0.02–0.8 0.0–0.1 0.2–1.2 
Dairy 0.8–0.8 2.6–2.6 2.9–2.9 3.1–3.1 1.6–1.6 3.1–3.1 1.2–1.2 
Egg 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 
Fat/oil 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 
Fruit 0.1–0.1 0.7–0.9 0.6–0.7 0.5–0.6 0.6–0.7 0.5–0.6 0.5–0.6 
Grain 0.0–0.1 0.3–0.3 0.4–0.5 0.5–0.5 0.4–0.5 0.7–0.8 0.4–0.5 
Legume 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 
Mixture 0.1–0.1 0.4–0.5 0.5–0.6 0.6–0.7 0.8–0.8 1.0–1.1 0.9–0.9 
Meat, 0.0–0.0 0.2–0.2 0.3–0.3 0.3–0.4 0.3–0.4 0.5–0.6 0.7–0.7 
poultry, fish 
Sweets 0.0–0.0 0.0–0.0 0.0–0.1 0.0–0.1 0.0–0.1 0.0–0.1 0.0–0.1 
Vegetables 0.1–0.1 0.6–0.6 0.7–0.7 1.0–1.0 1.2–1.3 1.7–1.7 1.5–1.5 
Total intake 2.4–2.7 4.9–5.5 5.4–6.1 6.1–6.9 5.1–6.1 7.7–9.1 5.4–6.8 
Total intake 0.26–0.29 0.35–0.39 0.25–0.28 0.17–0.20 0.09–0.11 0.12–0.14 0.09–0.11 
(µg/kg/day) 

Women Women Women 
Men 25– 40– Men 40– 60– Men 60– 70+ Men 70+ 
30 years 45 years 45 years 65 years 65 years years years 

Baby food 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 
Beverages 0.2–1.6 0.3–1.3 0.2–1.7 0.2–1.0 0.2–1.3 0.1–0.7 0.1–0.9 
Dairy 1.5–1.5 1.1–1.1 1.8–1.8 1.1–1.1 1.5–1.5 1.4–1.4 1.7–1.7 
Egg 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 
Fat/oil 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 
Fruit 0.3–0.4 0.7–0.8 0.6–0.7 0.7–0.8 0.6–0.8 0.7–0.8 0.8–1.0 
Grain 0.6–0.7 0.5–0.6 0.7–0.8 0.5–0.5 0.6–0.7 0.5–0.6 0.6–0.7 
Legume 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 
Mixture 1.2–1.3 0.8–0.9 1.1–1.1 0.6–0.6 0.8–0.9 0.6–0.6 0.7–0.8 
Meat, 0.7–0.7 0.5–0.5 0.6–0.7 0.4–0.5 0.6–0.7 0.3–0.4 0.5–0.6 
poultry, fish 
Sweets 0.0–0.0 0.0–0.0 0.1–0.1 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0 
Vegetables 2.2–2.2 1.9–2.0 2.4–2.4 2.4–2.4 2.8–2.9 2.2–2.2 2.5–2.5 
Total intake 6.7–8.6 5.9–7.3 7.4–9.4 5.9–7.1 7.2–8.8 5.8–6.9 7.1–8.3 
Total intake 0.08–0.11 0.09–0.11 0.09–0.11 0.09–0.10 0.09–0.11 0.09–0.11 0.11–0.12 
(µg/kg/day) 

Source: Murray et al. 2008 
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(range) concentrations of 9.6 (<2.0–18.2) and 23.9 (<2.0–39.3) μg/kg, respectively (fresh/dry weight not 

specified). 

According to El Aribi et al. (2006), perchlorate was detected in all produce, wine, and beer samples 

purchased in grocery and liquor stores located in the greater Toronto, Ontario area between January 2005 

and February 2006.  These products were harvested or produced in many parts of the world.  Median 

concentrations reported for perchlorate in products from each country ranged from 0.047 to 

169.698 μg/kg in 63 produce samples, 0.013–15.54 μg/L in 77 wine samples, and 0.03–10.663 μg/L in 

144 beer samples, and below detection (5 ng/L).  Perchlorate was detected above 5 ng/L in 11 out of 

12 beverage samples and in 7 out of 10 bottled water samples from around the world at reportable 

concentrations of 0.067–5.098 μg/L and 0.021–4.795 μg/L, respectively. Median, minimum, and 

maximum perchlorate concentrations in samples harvested or produced in the United States were 0.252, 

0.094, and 19.29 μg/kg, respectively, in 8 produce samples, 20.9, 0.197, and 4.593 μg/L, respectively, in 

12 wine samples, and 0.662, 0.364, and 2.014 μg/L, respectively, in 8 beer samples. 

Perchlorate was detected in 20 out of 31 dietary supplements with mean, median, and maximum 

reportable concentrations of 247, 25, and 2,420 ng/g, respectively (Snyder et al. 2006).  The limits of 

detection ranged from 2 to 15 ng/g.  Perchlorate was also detected in two samples of kelp granules, a 

flavor enhancing ingredient, at concentrations of 709 and 740 ng/g. 

In a survey of 10 randomly selected off-the-shelf tobacco products, perchlorate was detected in six of 

seven brands of different plug chewing tobacco at 2.3–149.3 mg/kg (dry weight), two of two brands of 

cigarettes at 15.1–71.7 mg/kg, and one of one brand of cigars at 7.1 mg/kg (Ellington et al. 2001).   

Mean perchlorate concentrations measured in the blood, milk, urine, and feces of cows with calculated 

perchlorate intakes of 0.46 mg/day from feed and 0.03 mg/day from water were 0.24, 4.37, 3.68, and 

5.84 ng/mL, respectively (Capuco et al. 2005).  Perchlorate concentrations were monitored in vegetation 

and animal samples collected at various locations at the Longhorn Army Ammunition plant, Texas, 1999. 

It was detected in green tree frog samples (86–153 μg/kg), harvest mouse samples (1,120–2,328 μg/kg), 

cotton mouse samples (356 μg/kg), mosquitofish samples (83–206 μg/kg), juvenile sunfish samples 

(132 μg/kg), blackstripe minnow samples (104 μg/kg), bullfrog tadpole samples (1,130–2,567 μg/kg), 

chorus frog samples (580 μg/kg), Notropis spp. samples (77 μg/kg), weed shiner samples (100 μg/kg), 

bullrush samples (555–9,487 μg/kg dry weight), crabgrass samples (1,060,000–5,557,000 μg/kg dry 

weight), and damselfly larvae (811–2,036 μg/kg) (Smith et al. 2001).  Perchlorate was not detected in 
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Northern cricket frog samples, American toad sample, bullfrog samples, or largemouth bass samples.  For 

most of these samples, it was not specified whether measurements were conducted on a wet- or dry-

weight basis. The concentrations of perchlorate were below the detection limit of 2.5 μg/L wet weight in 

most fish samples (tissue extracts) collected from lakes, rivers, and streams located near the Naval 

Weapons Industrial Reserve Plant in McLennan County, Texas (Theodorakis et al. 2006).  Concentrations 

in fish with quantifiable levels ranged from 10.8 to 4,560 μg/kg wet weight.  Perchlorate was detected in 

18% of 88 terrestrial mammals, 3% of 107 fish, and 12% of 42 terrestrial birds sampled in the Lake Mead 

area, Nevada with average (maximum) concentrations of 13.4 (53.0), 16.4 (44.3), and 1.5 (4.2) mg/kg, 

respectively (Dean et al. 2004).  It was not specified whether these measurements were conducted on a 

wet or dry-weight basis. 

In wood samples from dormant salt cedars near the Las Vegas Wash, Nevada, date not provided, 

perchlorate concentrations ranged from 5 to 6 mg/kg in twigs extending above the water and at 300 mg/kg 

in submersed stalks (Urbansky et al. 2000c).  The rate and selectivity of perchlorate uptake by the salt 

cedars was not determined.  The mean concentration of perchlorate was 289.3 μg/g in 71 vegetation 

samples collected from 3 sites at the Las Vegas Wash during March, 2002 (Smith et al. 2004).  

Perchlorate has been detected in 50% of 177 terrestrial vegetation samples and 24% of 50 aquatic 

vegetation samples from the Lake Mead area in Nevada with average (maximum) concentrations of 

34.7 (428) and 38.8 (176) mg/kg, respectively (Dean et al. 2004).  Tan et al. (2004b) tested several plants 

and trees (smartweed [Polygonum spp.], watercress (Nasturtium spp.), ash (Fraxinus greggii A. Gray), 

chinaberry (Melia azedarach L.), elm (Ulmus parvifolia Jacq.), willow (Salix nigra Marshall), mulberry 

(Broussonetia papyrifera [L.] Vent.), and hackberry (Celtis laevigata Willd.) that were growing beside 

streams near the Naval Weapons Industrial Reserve Plant at McGregor, Texas for perchlorate.  

Perchlorate was detected above 1 μg/L in streamwater at five out of six locations with average 

concentrations ranging from <1 to 281 μg/L. The average concentrations of perchlorate in the plants and 

trees at these locations ranged from <1 to 40,600 μg/kg dry weight.  Martinelango et al. (2006) measured 

perchlorate concentrations ranging from 29 to 878 μg/kg dry weight in 13 commercially available 

seaweed species. 

6.5 GENERAL POPULATION AND OCCUPATIONAL EXPOSURE  

The general population is likely to be exposed to perchlorate through some dietary routes, drinking water 

sources, and consumer products. 
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Data from the FDA TDS indicated that 74% (211 of the 285) of the foods analyzed had at least one 

sample in which perchlorate was detected (Murray et al. 2008).  The perchlorate dietary intake was 

estimated to range from 0.08 to 0.11 μg/kg/day for males aged 25–30 years to 0.35–0.39 μg/kg/day for 

children 2 years old (see Table 6-3).  These estimates are in good agreement with previous estimates 

based upon limited sets of data.  Daily dose for perchlorate exposure via ingestion of lettuce, dietary 

supplements, and citrus fruit have been calculated (Sanchez et al. 2005a, 2005b, 2006; Snyder et al. 

2006). None of these estimates were above the EPA reference dose (0.7 μg/kg/day).  Blount et al. (2007) 

estimated a daily perchlorate dose based on measured concentrations in urine, which account for the 

combined exposure from all sources.  Reported geometric mean and 95th percentile urinary perchlorate 

concentrations of 3.35 and 12 μg/L, respectively, were measured in a nationally representative population 

of 1,618 U.S. residents, ages ≥20 years, during 2001 and 2002 as part of the National Health and 

Nutrition Survey (NHANES).  Based on these monitoring data, the geometric mean and 95th percentile 

values of the estimated perchlorate dose in adults were 0.066 and 0.234 μg/kg/day, respectively.  Only 

11 adults had estimated doses greater than the EPA reference dose.  

The detection of perchlorate in drinking water supplies (Brechner et al. 2000; Giblin et al. 2000; Herman 

and Frankenberger 1998; Li et al. 2000a; Urbansky 1998) and in tap water samples (Urbansky 1998) 

indicates that members of the general population may be exposed by ingestion of water containing 

perchlorate. Perchlorate has been identified at least once in approximately 4% of over 3800 community 

water systems from 26 different states and 2 territories, with detectable levels averaging 9.8 µg/L and 

ranging from the method detection limit of 4 µg/L to a maximum at 420 µg/L (EPA 2007). 

Contaminated groundwater sources near known ammonium perchlorate production or use sites (Giblin et 

al. 2000; Herman and Frankenberger 1998; Kim and Logan 2001; Logan et al. 2001b; Smith et al. 2001; 

Urbansky 1998) suggest that populations that obtain drinking water from down gradient wells at such 

sites may also be exposed to perchlorates.  Since more sensitive analytical techniques have been 

developed, perchlorate is also being found in areas other than where it has been manufactured, used, or 

released by humans, suggesting that exposure from natural sources are possible (Dasgupta et al. 2005; 

Rajagopalan et al. 2006; Urbansky 2002; Valentín-Blasini et al. 2005).   

Valentín-Blasini et al. (2005) measured perchlorate concentrations ranging from 0.66 to 

21 (median 32) ng/mL in urine samples from 61 healthy adult donors from Atlanta, Georgia with no 

known perchlorate exposure.  These authors also measured perchlorate in urine samples from 60 pregnant 

women from 3 Chilean cities (Antofagasta, Chañaral, and Taltal) where perchlorate concentrations in tap 
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water range from approximately 0.4 to 114 ng/mL.  The median and range of concentrations of 

perchlorate in the samples were 35 and 0.49–1,100 ng/mL, respectively.  Pearce et al. (2007) reported 

perchlorate concentrations ranging from 0.37 to 127 μg/L measured in 56 urine samples from 57 Boston-

area nursing mothers.  

Perchlorate has been detected in different types of tobacco products (Ellington et al. 2001).  It is likely 

that smokeless tobacco products (chewing tobacco) will result in greater exposure than cigarettes since 

the combustion of the perchlorate upon lighting will result in a reaction before it is inhaled.  Individuals 

that reload their own ammunition may also be exposed to perchlorates due to their presence in gunpowder 

(Lindner 1993).  Members of the general population undergoing some types of medical imaging may be 

exposed to small amounts (200–400 mg orally) of perchlorate (Gibbs et al. 1998).  Perchlorate has also 

been identified in certain common household products such as bleach.  Perchlorate levels in bleach were 

reported to range from 89 to 8,000 ppb, with concentrations increasing with time of product storage 

(MassDEP 2006a). Perchlorate has also been detected in dietary (vitamin and mineral) supplements and 

flavor-enhancing ingredients collected from various commercial vendors in two large U.S. cities (Snyder 

et al. 2006). The highest level of perchlorate was found in a supplement recommended for pregnant 

women as a prenatal vitamin/mineral supplement.  

Workers at facilities where perchlorates are manufactured or used may be exposed by inhalation.  

Workers at an ammonium perchlorate facility were exposed to calculated single-shift absorbed doses of 

0.2–436 μg/kg with a 35 μg/kg average (Gibbs et al. 1998).  Lifetime cumulative doses for workers over 

an average of 8.3 years ranged from 8,000 to 88,000 μg/kg. Workers may also be exposed to perchlorate 

dusts through oral routes through deposition of particles via mouth breathing (Gibbs et al. 1998).  In a 

survey at an ammonium perchlorate manufacturing facility, respirable air samples had an average 

perchlorate concentration of 0.091 mg/day for workers at low dust-forming operations.  The average 

perchlorate concentration for moderate and high dust-forming operations was 0.601 and 8.591 mg/day, 

respectively (Lamm et al. 1999).  Exposure through inhalation or dermal contact may also occur from 

aqueous perchlorate solutions if aerosol-producing operations, such as spray drying, are used; however, 

dermal absorption of perchlorate is expected to be low since electrolytes applied from aqueous solutions 

do not readily penetrate the skin (Scheuplein and Bronaugh 1983). 

The National Occupational Exposure Survey (NOES), conducted from 1981 to 1983, indicates that 

2,641 total workers were exposed to potassium perchlorate, 1,452 to sodium perchlorate, 1,445 to 

ammonium perchlorate, and 1,906 to magnesium perchlorate in the United States (NIOSH 1995).  No 
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values were reported for lithium perchlorate.  Exposure for female workers was reported as 

1,948 (potassium), 230 (sodium), 230 (ammonium), and 713 (magnesium).  It is not known why females 

represented a higher percentage of the total worker exposure for lithium and magnesium perchlorates 

relative to that for the sodium and ammonium salts.   

These NOES data suggest that the highest production volume salts, sodium and ammonium perchlorates, 

were used in operations involving fewer people than magnesium and potassium perchlorates.  These data 

also suggest that magnesium and potassium perchlorates were used either in a wider range of applications, 

in processes requiring more human manipulation, or in applications that were performed at multiple sites 

in the United States. 

6.6 EXPOSURES OF CHILDREN  

This section focuses on exposures from conception to maturity at 18 years in humans.  Differences from 

adults in susceptibility to hazardous substances are discussed in Section 3.7, Children’s Susceptibility. 

Children are not small adults.  A child’s exposure may differ from an adult’s exposure in many ways. 

Children drink more fluids, eat more food, breathe more air per kilogram of body weight, and have a 

larger skin surface in proportion to their body volume.  A child’s diet often differs from that of adults.  

The developing human’s source of nutrition changes with age:  from placental nourishment to breast milk 

or formula to the diet of older children who eat more of certain types of foods than adults.  A child’s 

behavior and lifestyle also influence exposure.  Children crawl on the floor, put things in their mouths, 

sometimes eat inappropriate things (such as dirt or paint chips), and spend more time outdoors.  Children 

also are closer to the ground, and they do not use the judgment of adults to avoid hazards (NRC 1993). 

Children are expected to undergo environmental exposure to perchlorates via the same routes predicted 

for adult members of the general population in Section 6.5, primarily through the ingestion of food and 

drinking water containing perchlorate.  Blount et al. (2007) reported geometric mean and 95th percentile 

urinary perchlorate concentrations of 4.93 and 19 μg/L, respectively, measured in 374 children living in 

the United States, ages 6–11 years, during 2001 and 2002 as part of the NHANES.  Geometric mean and 

95th percentile concentrations in 828 children ages 12–19 years measured during this study were 3.80 and 

12 μg/L, respectively.  The authors note that the adjusted geometric mean of urinary perchlorate 

concentrations is higher for children (5.40 μg/L) than for adolescents (3.30 μg/L) and adults (3.41 μg/L). 

Possible explanations for this are differences in pharmacokinetics, the relationship of dose per body 
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weight, and differences in dietary habits between children and adults such as the consumption of milk and 

green leafy vegetables. 

The estimated dietary intakes for children have been calculated based upon the FDA TDS (see Table 6-3). 

These data indicate that children have the highest estimated intake on a body weight basis as compared to 

the other age groups because they consume more food per body weight and have different food 

consumption patterns when compared to the other age groups (Murray et al. 2008).  Children 2 years of 

age had the highest estimated intake ranging from 0.35 to 0.39 μg/kg/day, which is roughly 50–56% of 

the EPA reference dose (RfD). Dairy products provided over 50% of the total perchlorate intake in their 

diets. Using measured urinary concentration data, Blount et al. (2007) estimated the daily dose of 

perchlorate for women of reproductive age to give an indication of possible fetal exposure to perchlorate.  

The median and 95th percentile values of the estimated perchlorate dose were 0.057 and 0.214 μg/kg/day, 

respectively, in 662 women of reproductive age.  The median of the estimated dose was 0.066 μg/kg/day 

in 110 pregnant women (95th percentile value was not reported).   

Measurements of perchlorate concentration in mother’s milk, a potential route of exposure for infants, 

indicated a mean level of 10.5 μg/L and a maximum level of 92 μg/L in 35 human milk samples from 

18 states (Kirk et al. 2005).  Kirk et al. (2007) reported perchlorate concentrations ranging from 0.5 to 

39.5 μg/L measured in the breast milk of 10 women (from Texas, Colorado, Florida, Missouri, New 

Mexico, and North Carolina).  Mean and median concentrations were 5.8 and 4.0 μg/L, respectively. 

Téllez et al. (2005) reported mean perchlorate concentrations of 81.6, 18.3, and 85.6 μg/L measured in the 

breast milk of women from the Chilean cities of Antofagasta (14 samples), Chañaral (16 samples), and 

Taltal (25 samples), respectively.  Perchlorate was detected in all 49 breast milk samples from 57 Boston-

area women ranged at concentrations ranging from 1.3 to 411 μg/L (Pearce et al. 2007).  These authors 

also measured perchlorate in infant formulae; perchlorate was detected in all 17 samples measured at 

concentrations ranging from 0.22 to 4.1 μg/L. Using data from Kirk et al. (2005) for levels of perchlorate 

in human milk and exposure factors described in EPA (1997b), Baier-Anderson et al. (2006) estimated 

that infants breastfed for 6 months may have daily doses of perchlorate that exceed the NAS 

recommended RfD of 0.7 μg/kg/day.  This information needs to be put in context by reiterating that the 

RfD is, by definition, an estimate spanning as much as an order of magnitude, and that the perchlorate 

RfD is based on a precursor to an adverse effect.   

Perchlorate has also been detected in dairy milk, another source of exposure of children and adults (Kirk 

et al. 2005). The mean level of perchlorate in 47 cow’s milk samples from 11 states was 2 μg/L, with a 
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maximum level of 11 μg/L. The FDA has reported a mean concentration of 5.81 ppb measured in 

125 dairy milk samples collected from 12 states (FDA 2007b).  Data from the most recent FDA TDS 

found a mean concentration of 7 ppb measured in 8 samples of milk (Murray et al. 2008).  Rice et al. 

(2007) demonstrated the transfer of perchlorate from feed to cows was a significant source of perchlorate 

in subsequent milk samples.  Analysis of the ingredients of the total mixed ration (TMR) determined that 

the majority of perchlorate arose from corn silage, alfalfa, and hay. 

Perchlorates may be released to soil by a number of pathways.  Because children sometimes eat 

inappropriate things and put dirt in their mouths, they may be exposed to perchlorates through ingestion 

of contaminated soil.  The presence of certain household products that contain perchlorates could also 

lead to a child being exposed.  Children may be exposed to perchlorates if they use or disassemble flares; 

infants may be exposed orally if they put them in their mouths.  

6.7 POPULATIONS WITH POTENTIALLY HIGH EXPOSURES  

Members of the general population who live near hazardous waste sites containing perchlorates and draw 

their drinking water from underground wells may potentially receive high exposure to perchlorates.  

Similarly, people who live near facilities that manufacture, process, use, or dispose of large amount of 

perchlorates may also receive potentially higher exposures.   

Workers in facilities that manufacture or use large amounts of solid perchlorates may receive potentially 

high inhalation exposures.  Twenty-nine individuals were tested for perchlorate exposure after 

3 consecutive days of 12-hour shifts working at an ammonium perchlorate production facility near Cedar 

City, Utah (Braverman et al. 2005).  The mean and median concentrations of perchlorates in serum 

samples collected from the workers were 2 and 0 μg/L, respectively, before exposure and 838.4 and 

358.9 μg/L, respectively, after exposure.  The mean and median concentrations of perchlorates in urine 

samples were 0.16 and 0.11 mg/g creatinine, respectively, before exposure and 43.0 and 19.2 mg/g 

creatinine, respectively, after exposure.  Gibbs et al. (1998) calculated that workers at an ammonium 

perchlorate manufacturing facility may receive doses that are 2–3 orders of magnitude greater than a 

person might receive from drinking water obtained from Lake Mead or the Colorado River and 2–3 orders 

of magnitude less than that historically prescribed for the treatment of Grave’s disease. 

Due to their presence and potential emission in signal flares, members of the population that use these 

devices on a frequent basis, such as law enforcement officers, may be exposed to higher levels of 
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perchlorates than the general public.  Similarly, frequent users of perchlorate-based civilian explosives, 

fireworks display technicians, and related occupations may be exposed to higher levels. 

6.8 ADEQUACY OF THE DATABASE 

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the 

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether 

adequate information on the health effects of perchlorates is available.  Where adequate information is not 

available, ATSDR, in conjunction with NTP, is required to assure the initiation of a program of research 

designed to determine the health effects (and techniques for developing methods to determine such health 

effects) of perchlorates.  

The following categories of possible data needs have been identified.  They are defined as substance-

specific informational needs that if met would reduce the uncertainties of human health assessment.  This 

definition should not be interpreted to mean that all data needs discussed in this section must be filled.  In 

the future, the identified data needs will be evaluated and prioritized, and a substance-specific research 

agenda will be proposed. 

6.8.1 Identification of Data Needs 

Physical and Chemical Properties.    Perchlorates have been manufactured commercially for nearly 

100 years (Schilt 1979).  Their fundamental physical and chemical properties have been well described in 

the literature. Vapor pressure data are not available for the perchlorate salts listed in Table 4-1; however, 

they are high melting ionic solids and would be expected to be nonvolatile.  No further investigation of 

the physical/chemical properties of perchlorates is required to assess their potential for human and 

environmental exposure. 

Production, Import/Export, Use, Release, and Disposal.    According to the Emergency 

Planning and Community Right-to-Know Act of 1986, 42 U.S.C. Section 11023, industries are required 

to submit substance release and off-site transfer information to the EPA.  Reliable data on the production 

of perchlorates are not available. Reasonable estimates are available for past ammonium perchlorate 

production, although current values are not available.  Past or present production data for the remainder of 

the perchlorates listed in Table 4-1 are not available.  Accurate production data may not become available 

because perchlorates are considered strategic chemicals due to their extensive use in military and 

aerospace applications and there are no requirements to track and report for the numerous industrial and 
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commercial applications for perchlorate.  Accordingly, available worldwide perchlorate production data 

are unlikely to be complete.  Accurate production data is one factor that is required to establish the 

foundation from which potential human and environmental exposure to perchlorates can be determined. 

The techniques used in manufacturing perchlorates have been well described in the available literature 

and there are no data needs in this area. 

Accurate import and export data on perchlorate are not readily available.  Perchlorates are not listed as a 

separate, reportable item on U.S. Census Bureau’s schedule B book on imports.  Production, import and 

export data are available for certain products that may contain perchlorate.  For example, large amounts of 

fireworks (approximately 1x108 kg) are imported into the United States (USITC 2008).  The actual 

volume of perchlorates represented by these figures is not known since the content of perchlorate varies 

by firework type and origin.  Reliable data on the importation of fireworks as well as the amount of 

perchlorate they contain are important in determining human exposure.  

The numerous uses of perchlorates have been described in the available literature.  However, the amount 

of perchlorates used in these applications is not always available.  Determining the amount of perchlorates 

in these products is essential in fully establishing the extent, level, and route of potential occupational 

exposures. Moreover, the amount of perchlorate contained in pyrotechnic devices, especially consumer 

products (i.e., small fireworks, flares, and gunpowder) is required to establish worker exposure as well as 

potential exposure to members of the general population.  This data gap requires additional research to 

characterize and document potential significant sources of perchlorate released to the environment. 

Limited data on the release of perchlorates to the environment were located.  Releases are known to be 

associated with the perchlorate production for propellants as well as rocket manufacture, testing, and 

decommissioning.  The amount, frequency, and duration of these releases are not well documented.  

Researchers have speculated that the current extent of perchlorate contamination in western waters is a 

direct result of these activities.  A better understanding of historical releases, used in combination with an 

extensive monitoring database, will allow the development of robust models that can be used to predict 

the potential for human and environmental exposure 

The wide variety of uses for perchlorates suggests that other releases are likely during production, 

processing, formulation, transport, use, and disposal. No data on the resulting release of perchlorates 

were located in the available literature.  The water solubility of perchlorates suggests that disposal in 
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aqueous waste streams may occur during their production and use.  Given that perchlorates are not known 

to be removed from waste water streams in POTWs or other common treatment processes, release to 

waste water represents a point source release to surface water.  Since perchlorates are known to persist in 

surface water, a comprehensive understanding of point source releases to the environment is required to 

fully establish the potential for human exposure. 

Perchlorates are explosive chemicals that see extensive use in pyrotechnic devices including fireworks.  

Catastrophic accidents resulting from manufacturing of perchlorates (Urbansky 1998) and products in 

which it is contained (CSB 1999) are known to have occurred.  Release of unspent perchlorates to the 

environment is a likely result of these events.  Members of the general population who live near these 

facilities may therefore be exposed to perchlorates as a result of a catastrophic explosion.  Similarly, 

perchlorates are known to be released during the catastrophic explosion of booster rockets (Merrill and 

O’Drobinak 1998).  Determining the amount released during these events is required to estimate potential 

human and environmental exposure. 

Unspent perchlorates may be released to the environment in the effluent of propulsion systems in solid 

propellant rockets and fireworks.  Unspent oxidant may also be released during the “burst” at fireworks 

displays.  The amount of perchlorates released via these mechanisms, if any, is not known but may be 

significant. Given the large volume of perchlorates used in rockets and that members of the general 

population frequent firework displays, the amount released from these potential pathways is required for a 

comprehensive determination of general population exposure.  

Concern over the disposal of perchlorate has not arisen until recently (Urbansky 1998).  DOD recovers 

much of the perchlorate that is used in weapon systems and returns it to the manufacturer for use in 

commcercial applications (DOD 2007).  More information on the level, frequency, amount, composition, 

method, route, duration, and chronology of perchlorate disposal would be needed for a thorough 

assessment of the environmental burden of perchlorates.  

Environmental Fate. Studies of sufficient number and breadth to rigorously establish the 

environmental fate of perchlorates have not been performed, and currently, there are no regulations in 

place that restrict their use.  Very few studies on the transport and partitioning of perchlorates in the 

environment were located.  Moreover, current methodologies for estimating key predictors of fate 

processes, including the octanol/water partition coefficient, soil adsorption coefficient, and 
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bioconcentration factor are not sufficiently robust to provide accurate results for inorganic ions in general 

and perchlorates specifically.   

Some aspects of the environmental fate of perchlorates can be reliably predicted.  Volatilization from 

water or soil to the atmosphere is not expected to occur to a significant extent.  If released directly to the 

atmosphere, deposition through wet and dry process is expected to return perchlorates to the Earth’s 

surface (although the importance of long-range transport in air was not located in the available literature).  

Analysis of physical/chemical properties and available monitoring data indicate that perchlorates are 

unlikely to be strongly adsorbed to soil or sediment. 

There is also a paucity of data available on the degradation of perchlorate in the environment.  Given that 

they are fully oxidized, perchlorates are not expected to react with the common environmental oxidants 

found in air and surface waters.  Direct photolysis is also not expected to be a significant process.   

Numerous workers have demonstrated that in laboratory studies, isolated microorganisms can respire 

perchlorates, although to date, no evidence of the biodegradation of perchlorate in the environment has 

been located. The anaerobic biodegradation of perchlorates would be expected to occur in anoxic soils 

and groundwater.  Because members of the general population may be exposed to perchlorates through 

the ingestion of contaminated well water, aerobic biodegradation studies that establish its potential 

removal from drinking water sources are important.  Ingestion of perchlorate-contaminated drinking 

water may be a route of exposure for those members of the general population living near hazardous 

waste sites containing perchlorates. 

The available data on the fate of perchlorates in the environment do not allow an accurate prediction of 

their lifetime in soil and water.  

Bioavailability from Environmental Media.    No data are available to determine the bioavailability 

of perchlorate from environmental media.  It has been detected in plants (Nzengung et al. 1999) and 

tobacco products (Ellington et al. 2001) and may be present in food crops irrigated with perchlorate 

contaminated water.  The bioavailability of perchlorate from environmental media would provide 

additional information to help determine potential levels of human exposure. 

Food Chain Bioaccumulation.    Limited data are available on the uptake of perchlorates in biota. A 

laboratory study (Nzengung et al. 1999) provides evidence for the uptake and depuration of perchlorates 
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in willows. It has been detected in vegetation, fish, amphibian, insect, and rodent samples near a site of 

known contamination (Smith et al. 2001).  Few studies of perchlorate bioconcentration in fish and aquatic 

organisms or food chain bioaccumulation have been identified.  These data are required in order to 

determine the potential exposure of higher organisms to perchlorates. 

Exposure Levels in Environmental Media. Reliable monitoring data for the levels of perchlorates 

in contaminated media at hazardous waste sites are needed so that the information obtained on levels of 

perchlorates in the environment can be used in combination with the known body burden of perchlorates 

to assess the potential risk of adverse health effects in populations living in the vicinity of hazardous 

waste sites. 

No monitoring data are available on the concentration or frequency of detection of perchlorates in air, or 

plant materials, while there are data on the concentration of perchlorates in soil, surface water and 

groundwater at various sites where perchlorates have been used or disposed or are naturally occurring. 

Exposure Levels in Humans.    Recent data are available on perchlorate exposure levels in humans 

for both age and gender groups (Blount et al. 2007; Murray et al. 2008).  Continued monitoring data and 

estimates of human exposure are necessary to compare exposure levels and observed health effects in the 

population.   

This information is necessary for assessing the need to conduct health studies on these populations. 

Exposures of Children.    Children are expected to be exposed to perchlorates primarily through the 

ingestion of food (including milk) and drinking water containing perchlorate.  Infants may be exposed 

through mother’s milk.  Since younger children have the propensity to place objects in their mouths, the 

levels of perchlorate in soil and consumer items needs to be determined.   

Child health data needs relating to susceptibility are discussed in Section 3.12.2, Identification of Data 

Needs: Children’s Susceptibility. 

Exposure Registries.   No exposure registries for perchlorates were located.  This substance is not 

currently one of the compounds for which a sub-registry has been established in the National Exposure 

Registry.  The substance will be considered in the future when chemical selection is made for sub-

registries to be established.  The information that is amassed in the National Exposure Registry facilitates 
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the epidemiological research needed to assess adverse health outcomes that may be related to exposure to 

this substance. 

6.8.2 Ongoing Studies 

The Federal Research in Progress (FEDRIP 2008) database and the Current Research and Information 

System database funded by the U.S. Department of Agriculture (CRIS 2008) provide additional 

information obtainable from a few ongoing studies that may fill in some of the data needs identified in 

Section 6.8.1. These studies are summarized in Table 6-4. 

In addition, DOD is pursuing recycling technology to recover ammonium perchlorate from demilitarized 

rocket motors for military reuse, which should significantly reduce the amount of propellants that must be 

destroyed by open burn/open detonation (DOD 2008). 

It should be noted that additional information on the potential for human exposure to perchlorates is 

continually appearing in the scientific literature.  Much of this work is being performed by both private 

and governmental laboratories and, therefore, would not be cited in FEDRIP.  Interested readers who 

require the latest information on the potential for human exposure to perchlorates are urged to consult the 

scientific literature. 
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Table 6-4. Ongoing Studies on the Potential for Human Exposure to Perchlorates 
(Including Studies on Fate and Occurrence) 

Investigator Affiliation Research description 
EPA EPA, Office of Research and Survey of industrial and foodgrade chemicals for 

Development, National perchlorate content 
Exposure Research Lab 

CDC CDC, NCEH Perchlorate exposure in the US population (ages 6+ 
using NHANES data (2001–) 

CDC CDC, NCEH Maternal and perinatal fetal perchlorate exposure  
CDC CDC, NCEH Perchlorate exposure of infants consuming either 

breastmilk or infant formula 
CDC CDC. NCEH Mechanisms of active transport of perchlorate in 

cultured mammalian cells 
CDC CDC, NCEH Perchlorate exposure and thyroid hormone levels in a 

population of women with low iodine intake 
FDA FDA Ongoing FDA Total Diet Survey analysis for 

perchlorate 
Follet RF Agricultural Research Service Improving soil and nutrient management systems for 

sustained productive and environmental quality 
Mylon S Lafayette College Removal and destruction of perchlorate from aqueous 

systems using polymer ligand technology and packed 
bed reactors 

Raskin LM University of Illinois at Urbana- Process optimization, molecular microbial 
Champaign, Department of Civil characterization, and biofilm modeling of a bioreactor 
and Environmental Engineering for perchlorate removal from drinking water 

Sanchez CA University of Arizona Assessment of perchlorate content of food crops 
irrigated with water from the Colorado River 

Sanchez CA University of Arizona Study of the fate and transport of perchlorate in the soil 
of the lower Colorado River region of Arizona 

Scow KM University of California Study of microbial degradation of contaminants in soil, 
vadose, and groundwater 

Stewart VJ University of California Study of bacterial anaerobic respiration in relation to its 
use and application in environmental microbiology and 
bioremediation 

Strathmann T University of Illinois at Urbana- Development of a sustainable catalytic treatment 
Champaign process for perchlorate 

CDC = Centers for Disease Control and Prevention; EPA = Environmental Protection Agency; FDA = Food and Drug 
Administration; NCEH = National Center for Environmental Health; NHANES = National Health and Nutrition 
Examination Survey 

Source: CRIS 2008; FEDRIP 2008; SI/EPA 2008 
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The purpose of this chapter is to describe the analytical methods that are available for detecting, 

measuring, and/or monitoring perchlorates, their metabolites, and other biomarkers of exposure and effect 

to perchlorates. The intent is not to provide an exhaustive list of analytical methods.  Rather, the intention 

is to identify well-established methods that are used as the standard methods of analysis.  Many of the 

analytical methods used for environmental samples are the methods approved by federal agencies and 

organizations such as EPA and the National Institute for Occupational Safety and Health (NIOSH).  Other 

methods presented in this chapter are those that are approved by groups such as the Association of 

Official Analytical Chemists (AOAC) and the American Public Health Association (APHA).  

Additionally, analytical methods are included that modify previously used methods to obtain lower 

detection limits and/or to improve accuracy and precision. 

In January 1997, the California Department of Health Services (DHS) began to test for perchlorate in 

drinking water wells near the Aerojet production facility outside of Sacramento (EPA 1999a). At that 

time, the best analytical method available had sensitivities of 400 μg/L. Subsequently, it was improved to 

100 μg/L by Aerojet Corporation.  Existing data indicated that a 4 μg/L detection limit was required for a 

comprehensive assessment of the Aerojet site.  By March of the same year, the California DHS, in 

collaboration with an analytical equipment manufacturer, refined the methodology to achieve a method 

detection limit of approximately 1 μg/L and a reporting limit of 4 μg/L. 

With this analytical methodology in place, monitoring studies soon indicated that perchlorate 

contamination existed far beyond the boundaries of the Aerojet site.  Because of concern for potential 

widespread perchlorate contamination and the importance of ammonium perchlorate in military and 

aerospace operations there has been a dramatic increase in the research on determining trace quantities of 

the perchlorate anion, especially in raw and finished drinking water supplies (Urbansky 2000).  Extensive 

effort has also been expended to modify the quantitative techniques developed for water to measure 

perchlorate in other environmental matrices, such as soil, plants, blood, or sludge. 

Four standardized methods are available for quantifying perchlorate in drinking water.  These include 

EPA Method 314.0 (Ion Chromatography), EPA Method 314.1 (Inline Column Concentration/Matrix 

Elimination Ion Chromatography with Suppressed Conductivity Detection), EPA Method 331.0 (Liquid 

Chromatography Electrospray Ionization Mass Spectrometry), and EPA Method 332.0 (Ion 

Chromatography with Suppressed Conductivity and Electrospray Ionization Mass Spectrometry) (EPA 
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1999c, 2005h, 2005i, 2005j).  High salt concentrations can cause interference when using 

Methods 314.0 and 314.1 (Tikkanen 2006).  Method detection limits and minimal reporting levels are 

0.5 and 4.0 μg/L, respectively, for Method 314.0 and 0.03 and 0.13–0.14 μg/L, respectively, for 

Method 314.1 (EPA 1999c, 2005h).  EPA Methods 332.0 and 331.0 require isotopically labeled internal 

standards for quantitation (Tikkanen 2006).  Method 332.0 has greater sensitivity than Methods 314.0 and 

314.1 with a method detection limit of 0.02 μg/L and a minimum reporting level of 0.10 μg/L (EPA 

2005j; Tikkanen 2006).  Method 331.0 offers the greatest sensitivity with a method detection limit of 

0.005–0.008 μg/L and a minimum reporting level of 0.022–0.056 μg/L (EPA 2005i; Tikkanen 2006). 

7.1 BIOLOGICAL MATERIALS  

No standardized methods for the detection of perchlorates in biological samples have been reported.  Ion 

chromatography (IC) has been used to detect perchlorate in human breast milk and cow’s milk (Kirk et al. 

2005). Ells et al. (2000) describe a method for determining perchlorate in urine samples using 

electrospray ionization mass spectrometry.  A method using ion chromatography (IC) and electrospray 

(ES) tandem mass spectrometry (MSMS) for determining perchlorate in urine (limit of detection 

0.025 ng/mL) showed an association between urinary levels and drinking water concentrations of 

perchlorate (Valentín-Blasini et al. 2005).  Similarly, Blount et al. (2006) used IC-ES-MSMS to measure 

perchlorate in amniotic fluid.  This analytical method included measurement of iodide so that the levels of 

perchlorate relative to iodide could be assessed. Because perchlorate competitively inhibits iodide 

uptake, the presence of larger quantities of iodide may minimize impact of perchlorate on thyroid 

function.  A method to quantify perchlorate, thiocyanate, nitrate, and iodide in human urine, milk, serum, 

blood spots, amniotic fluid, and infant formula using IC-ES-MSMS has been published (Blount and 

Valentín-Blasini 2007).   

Methods for detecting perchlorate in food using IC-ES-MSMS have been described (El Aribi et al. 2006; 

Krynitsky et al. 2004).  According to El Aribi et al. (2006), detection of perchlorate at levels as low as 

5 ng/L in food is possible.  An IC-MSMS method was employed by the FDA for its Total Diet Study, 

which achieved a detection limit of 1 ppb and a quantification limit of 3 ppb (Murray et al. 2008).  

Perchlorate has also been measured in plants (Nzengung et al. 1999; Smith et al. 2001; Urbansky et al. 

2000c) and mammals, amphibians, fish, and insects (Dodds et al. 2004; Smith et al. 2001) using IC.  

Narayanan et al. (2003) described a method for measuring perchlorate in biological samples that uses IC 

coupled with conductivity detection.  The detection limits determined for perchlorate in the fluids and 

tissues of rats were reported to be 3–6 ng/mL and 0.007–0.7 mg/kg, respectively.  Perchlorate exposure 
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was previously assessed by using IC-conductivity to measure perchlorate in urine and serum (Lamm et al. 

1999; Lawrence et al. 2000); however, the analytical methods lacked sensitivity (detection limit 

500 ng/mL). 

7.2 ENVIRONMENTAL SAMPLES 

EPA method 314.0 (EPA 1999c) was developed for the analysis of perchlorate in drinking water samples 

by IC.  This method reports a minimum detection limit of 0.53 μg/L and a minimum reporting limit of 

4 μg/L. Separation of anions is accomplished on a Dionex IonPac AS5 ion chromatography column (or 

equivalent) using a 50 mM sodium hydroxide eluent.  Sample detection is accomplished using a 

suppressed conductivity detector (Dionex CD20).  Large concentrations of other anions, such as chloride, 

sulfate, or carbonate may interfere with the analysis.  Perchlorate identification is based on retention time.  

Other variations of the IC method for determining perchlorate in water samples have also been described 

(Ellington and Evans 2000; Jackson et al. 1999, 2000; Liu and Mou 2003; Liu et al. 2002; Okamoto et al. 

1999; Polesello et al. 2001; Tian et al. 2003).  According to the Department of Defense Perchlorate 

Handbook, EPA Method 331.0 (Liquid Chromatography Electrospray Ionization Mass Spectrometry), 

and EPA Method 332.0 (Ion Chromatography with Suppressed Conductivity and Electrospray Ionization 

Mass Spectrometry) (EPA 1999c, 2005h, 2005i, 2005j) are the preferred methods for drinking water 

analysis at Department of Defense sites (DOD 2006a).   

Another technique that is used to determine perchlorate in water samples is electrospray ionization mass 

spectrometry, which provides better analytical selectivity compared with conductivity detection 

(Urbansky 2000).  This technique has been used to determine perchlorate in a variety of water samples 

(Ells et al. 2000; Koester et al. 2000; Magnuson et al. 2000).  The detection limit of this technique is 

approximately 0.030 μg/L if microextraction using an organic solvent was employed before analysis 

(Urbansky 2000).  Winkler et al. (2004) describe a method for detecting perchlorate in water and soil by 

ES liquid chromatography/MSMS.  The method detection limits were 0.05 μg/L for water and 0.5 μg/kg 

for soil. U.S. Army Corp of Engineers (2004) described a calorimetric method for the field screening of 

water and soil samples.  Detection limits were 1 μg/L for water and 0.3 μg/g for soil. 

IC has also been used to analyze fertilizer samples for perchlorate (Collette et al. 2003; De Borba and 

Urbansky 2002; Urbansky and Collette 2001).  In addition to IC, Collette et al. (2003) analyzed fertilizer 

for perchlorate using complexation electrospray ionization mass spectrometry, and high field asymmetric 

waveform mass spectrometry in addition to IC.  These authors reported that using these techniques in 
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concert offers a more powerful approach since each method depends on a different property of 

perchlorate for detection. 

7.3 ADEQUACY OF THE DATABASE 

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the 

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether 

adequate information on the health effects of perchlorates is available.  Where adequate information is not 

available, ATSDR, in conjunction with NTP, is required to assure the initiation of a program of research 

designed to determine the health effects (and techniques for developing methods to determine such health 

effects) of perchlorates.  

The following categories of possible data needs have been identified.  They are defined as substance-

specific informational needs that if met would reduce the uncertainties of human health assessment.  This 

definition should not be interpreted to mean that all data needs discussed in this section must be filled.  In 

the future, the identified data needs will be evaluated and prioritized, and a substance-specific research 

agenda will be proposed. 

7.3.1 Identification of Data Needs 

Methods for Determining Biomarkers of Exposure and Effect.    Perchlorate levels in human 

urine, milk, blood, or other tissue are biomarkers of exposure.  In humans, perchlorate is primarily 

excreted in the urine; however, lactating mothers also excrete perchlorate in milk (Anbar et al. 1959; Kirk 

et al. 2005). IC-conductivity and IC-MS have been used to measure perchlorate in human milk as a 

biomarker of exposure (Kirk et al. 2005).  Human exposure to perchlorate has also been assessed by using 

IC-ES-MSMS to measure perchlorate in urine (Valentín-Blasini et al. 2005).  A similar analytical 

approach was used to measure perchlorate in amniotic fluid as a biomarker of exposure of the developing 

fetus (Blount et al. 2006). Serum levels of free iodine, T4, T3, and TSH hold potential as biomarkers of 

effect if they can be correlated with environmental exposures.  These methods for measuring biomarkers 

of exposure and effect should improve the assessment of human exposure to perchlorate and potential 

health effects. 

Methods for Determining Parent Compounds and Degradation Products in Environmental 
Media.    Surface water, groundwater, and drinking water have been monitored using EPA Method 

314.0.  Derivations of this ion chromatography method have been used to determine perchlorate in a 
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variety of different environmental media.  Although further work to develop methods that can quantify 

perchlorate in a wider variety of matrices is required, this is currently a highly active area of research.  

These methods involve electrospray ionization mass spectrometry. 

7.3.2 Ongoing Studies 

No ongoing analytical methodology studies were located as a result of a search of Federal Research in 

Progress (FEDRIP 2008).  It should be noted that new techniques are continually being applied to the IC 

method to allow a variety of different sample matrices to be analyzed.  It should also be noted that 

additional information on the accuracy of other quantitative techniques that can be used to measure 

perchlorate is continually appearing in the scientific literature.  Much of this work is being performed by 

both private and Governmental laboratories and, therefore, would not be cited in FEDRIP.  Interested 

readers that require the latest information on analytical techniques that can be used to quantify perchlorate 

are urged to consult the scientific literature. 
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The international, national, and state regulations and guidelines regarding perchlorate compounds in air, 

water, and other media are summarized in Table 8-1. 

ATSDR has adopted the EPA’s chronic RfD of 0.0007 mg/kg/day recommended by the NAS (2005) for 

the chronic oral MRL for perchlorate. NAS based the RfD derivation on a NOEL of 0.007 mg/kg/day 

corresponding to a nonstatistical significant change in thyroidal uptake of radioactive iodine in volunteers 

exposed to potassium perchlorate in water for 14 days (Greer et al. 2002).  As indicated by the NAS 

(2005), iodide uptake inhibition is a key biochemical event that precedes all potential thyroid-mediated 

effects of perchlorate exposure. Using a nonadverse effect that is upstream of adverse effects is a 

conservative approach to perchlorate hazard assessment.  An uncertainty factor of 10 was applied to the 

NOEL for the protection of sensitive subpopulations.  

EPA (IRIS 2007) has developed a chronic RfD of 0.0007 mg/kg/day for perchlorate based on the NAS 

(2005) recommendation to use a NOEL of 0.007 mg/kg/day for changes in thyroid hormone and TSH in 

serum, and thyroidal uptake of radioactive iodine in volunteers exposed to potassium perchlorate in water 

for 14 days (Greer et al. 2002) as the basis for an RfD.  An uncertainty factor of 10 was applied to the 

NOEL for the protection of sensitive subpopulations.  This RfD leads to a drinking water equivalent level 

(DWEL) of 24.5 ppb (EPA 2006c).  EPA calculates the DWEL using the RfD, multiplied by an adult 

body weight of 70 kg, and divided by a tap water consumption value of 2 L/day. EPA’s Office of Solid 

Waste and Emergency Response has provided guidance for perchlorate that indicates that the RfD and its 

corresponding DWEL of 24.5 ppb are respectively the recommended “to be considered” (TBC) value and 

the preliminary remediation goal (PRG) for cleanup under the Comprehensive Environmental Response, 

Compensation, andLiability Act of 1980 (CERCLA) (EPA 2006c). 

The federal government has set standards and guidelines to protect people from the possible harmful 

health effects of perchlorate.  Specifically, EPA would consider discarded perchlorate to be a solid waste 

and depending on the fact-specific circumstances, EPA believes that discarded perchlorate could be a 

hazardous waste under the Solid Waste Disposal Act (EPA 2006b).  That is, because perchlorates are 

oxidizing chemicals, waste discarded chemical formulations of perchlorate and its salts are likely to be 

classified as D001 RCRA hazardous waste under 40 CFR 261.23, which regulates wastes that meet the 

reactivity characteristic.  Such a determination is generally based on the nature of the waste at the point of 

generation; however, characteristic hazardous waste, such as D001, ceases to be hazardous waste once it 
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no longer exhibits the hazardous waste characteristics.  In addition, CERCLA 101(14) defines “hazardous 

substances.” According to that section, “the term hazardous substance means. . . . any hazardous waste 

having the characteristics identified under or listed pursuant to Section 3001 of the Solid Waste Disposal 

Act . . . . .” Therefore, depending on the fact-specific circumstances, discarded perchlorate could be 

classified as a D001 hazardous waste and therefore, under certain circumstances, EPA would consider 

perchlorate a CERCLA hazardous substance. 

DOT has designated perchlorate as a hazardous material and limits the quantity that is transported aboard 

aircraft and vessels.  DOT also provides identification and protective guidance for an emergency response 

to a transportation incident involving a hazardous material.  FDA has restricted potassium perchlorate 

from coming in contact with food containers. 

DOD must comply with any EPA cleanup standards and processes under all applicable environmental 

laws and regulations, including the CERCLA, RCRA, the CWA, and the SDWA.  DOD policy requires 

for the testing of perchlorate when it is reasonably expected that a release has occurred.  Specifically, 

DOD policy states that in the absence of federal or state standards, if perchlorate levels exceed 24 ppb in 

water, a site-specific risk assessment must be conducted.  When an assessment indicates that the 

perchlorate contamination could result in adverse health effects, the site must be prioritized for risk 

management (DOD 2006b).  DOD will also comply with applicable state or federal promulgatged 

standards, whichever is more stringent.  Additionally, DOD established the Emerging Contaminants 

Directorate in 2006 to help the department proactively approach emerging contaminants to enable a fully 

informed, risk-based investment decision process that protects human health and DOD operational 

capabilities (DOD 2008); perchlorate is one of seven contaminants on DOD’s action list. 
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Table 8-1. Regulations and Guidelines Applicable to Perchlorates 

Agency Description 	 Information Reference 
INTERNATIONAL 
Guidelines: 

IARC Carcinogenicity classification No data IARC 2004 
WHO Air quality guidelines No data WHO 2000 

Drinking water quality guidelines No data WHO 2004 
NATIONAL 
Regulations and Guidelines: 
a. 	Air 

ACGIH TLV (8-hour TWA) No data ACGIH 2004 
DOT Hazardous Materials Table Yes DOT 2007 

Ammonium perchlorate, 49CFR172.101 
magnesium perchlorate, 
potassium perchlorate, and 
sodium perchlorate 

NIOSH REL (10-hour TWA) No data NIOSH 2005 
OSHA Threshold quantity for highly OSHA 2005d 

hazardous chemicals for general 29CFR1910.119, 
industry Appendix A 

Ammonium perchlorate 7,500 pounds 
Threshold quantity for highly OSHA 2005c 
hazardous chemicals for construction 29CFR1926.64, 
industry Appendix A 

Ammonium perchlorate 500 pounds 
b. 	Water 

EPA National primary drinking water EPA 2005a 
regulations; monitoring requirements 40CFR141.40 
for unregulated contaminants (a)(3) 

Perchlorate 
EPA analytical method 314.0 
Minimum reporting level 4.0 μg/La 

Sampling location EPDTSb 

Period during which monitoring 2001–2003 
be completed 

Office of Solid Waste and Emergency 
Response 

Perchlorate Preliminary 24.5 μg/L EPA 2006c 
Remediation Goal (PRG) 

DOD Policy on DOD Required 24 μg/L DOD 2006b 
Actions Related to Perchlorate 

http:29CFR1926.64
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Table 8-1. Regulations and Guidelines Applicable to Perchlorates 

Agency Description 	 Information Reference 
NATIONAL (cont.) 
c. Food 
FDA Substances for use as basic com- FDA 2005 

ponent of single and repeated use 21CFR177.1210 
food contact surfaces; closures with (b)(5) 
sealing gaskets for food containers 

Potassium perchlorate Not to exceed 1% 
d. 	Other 

ACGIH Carcinogenicity classification No data ACGIH 2004 
EPA Carcinogenicity classification Not likely to be IRIS 2007 

carcinogenic 
RfCc Has not been derivedd

 RfDc 7x10-4 mg/kg/day 
Standards for owners and operators of Generation of toxic EPA 2005b 
hazardous waste TSD facilities; hydrogen cyanide or 40CFR264, 
potentially incompatible waste; the hydrogen sulfide gas Appendix V 
mixing of Group 6-A (perchlorate) with 
Group 6-B may have the potential 
consequence as noted 

NTP Carcinogenicity classification No data NTP 2004 
STATE 

California Presumed hazardous wastes Yes CalEPA 2007 
Ammonium perchlorate, 22 CCR Chapter 11, 
magnesium perchlorate, Appendix X 
potassium perchlorate, and 
sodium perchlorate 
Public health goal for 6 ppb CalEPA 2004 
perchlorate in drinking water 

Massachusetts 	Maximum contaminant level for 2 ppb MassDEP 2006b 

perchlorate 

Right-to-Know list Yes MassDPH 2006 


Ammonium perchlorate, 105 CMR 670, 
magnesium perchlorate, Appendix A 
potassium perchlorate, and 
sodium perchlorate 
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Table 8-1. Regulations and Guidelines Applicable to Perchlorates 

Agency Description Information Reference 
STATE (cont.) 

New Jersey List of hazardous substances Yes NJDEP 2007 
Ammonium perchlorate, lithum NJAC 7:13, Appendix 
perchlorate, potassium A 
perchlorate, and sodium 
perchlorate 

Workplace hazardous substance list Yes NJDHSS 2006 
and special health hazard substance NJAC 8:59, 
list Subchapter 9 

Ammonium perchlorate, 

magnesium perchlorate, 

potassium perchlorate, and

sodium perchlorate 


Pennsylvania Hazardous substance list Yes PADLI 2007 
Ammonium perchlorate, Title 34, Chapter 323, 
magnesium perchlorate, Appendix A 
potassium perchlorate, and 
sodium perchlorate 

Rhode Island Hazardous substance list Yes RIDLT 2007 

Ammonium perchlorate, 

magnesium perchlorate, 

potassium perchlorate, and

sodium perchlorate 


aMinimum reporting level was established at a concentration, which is at least 1/4th the lowest known adverse health

concentration, at which acceptable precision and accuracy has been demonstrated in spiked matrix samples. 

bEntry Points to the Distribution System (EPTDS), after treatment, representing each non-emergency water source in

use over the 12-month period of monitoring; this only includes entry points for sources in operation during the months 

in which sampling is to occur.  Sampling must occur at the EPTDS, unless the State has specified other sampling 

points that are used for compliance monitoring under 40 CFR 141.24(f)(1), (2), and (3).  See 40 CFR 

141.40(a)(5)(ii)(C) for a complete explanation of requirements, including the use of source (raw) water sampling 

points. 

cIRIS record for perchlorate and perchlorate salts include ammonium perchlorate, lithium perchlorate, potassium 

perchlorate, and sodium perchlorate. 

dAn inhalation RfC has not been derived because the available inhalation data are insufficient to characterize dose-

response relationships or portal-of-entry modulation of internal dose. 


ACGIH = American Conference of Governmental Industrial Hygienists; CFR = Code of Federal Regulations; 

CCR = Calironia Code of Regulations; CMR = Code of Massachusetts Regulations; DOT = Department of 

Transportation; EPA = Environmental Protection Agency; EPTDS = Entry Points to the Distribution System; 

IARC = International Agency for Research on Cancer; IRIS = Integrated Risk Information System; NIOSH = National 

Institute for Occupational Safety and Health; NJAC = New Jersey Administrative Code; NTP = National Toxicology

Program; OSHA = Occupational Safety and Health Administration; REL = recommended exposure limit; 

RfC = inhalation reference concentration; RfD = oral reference dose; TLV = threshold limit values; TSD = treatment, 

storage, and disposal; TWA = time-weighted average; WHO = World Health Organization
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Absorption—The taking up of liquids by solids, or of gases by solids or liquids. 

Acute Exposure—Exposure to a chemical for a duration of 14 days or less, as specified in the 
Toxicological Profiles. 

Adsorption—The adhesion in an extremely thin layer of molecules (as of gases, solutes, or liquids) to the 
surfaces of solid bodies or liquids with which they are in contact. 

Adsorption Coefficient (Koc)—The ratio of the amount of a chemical adsorbed per unit weight of 
organic carbon in the soil or sediment to the concentration of the chemical in solution at equilibrium. 

Adsorption Ratio (Kd)—The amount of a chemical adsorbed by sediment or soil (i.e., the solid phase) 
divided by the amount of chemical in the solution phase, which is in equilibrium with the solid phase, at a 
fixed solid/solution ratio. It is generally expressed in micrograms of chemical sorbed per gram of soil or 
sediment. 

Benchmark Dose (BMD)—Usually defined as the lower confidence limit on the dose that produces a 
specified magnitude of changes in a specified adverse response.  For example, a BMD10 would be the 
dose at the 95% lower confidence limit on a 10% response, and the benchmark response (BMR) would be 
10%.  The BMD is determined by modeling the dose response curve in the region of the dose response 
relationship where biologically observable data are feasible.    

Benchmark Dose Model—A statistical dose-response model applied to either experimental toxicological 
or epidemiological data to calculate a BMD. 

Bioconcentration Factor (BCF)—The quotient of the concentration of a chemical in aquatic organisms 
at a specific time or during a discrete time period of exposure divided by the concentration in the 
surrounding water at the same time or during the same period. 

Biomarkers—Broadly defined as indicators signaling events in biologic systems or samples. They have 
been classified as markers of exposure, markers of effect, and markers of susceptibility. 

Cancer Effect Level (CEL)—The lowest dose of chemical in a study, or group of studies, that produces 
significant increases in the incidence of cancer (or tumors) between the exposed population and its 
appropriate control. 

Carcinogen—A chemical capable of inducing cancer. 

Case-Control Study—A type of epidemiological study that examines the relationship between a 
particular outcome (disease or condition) and a variety of potential causative agents (such as toxic 
chemicals).  In a case-controlled study, a group of people with a specified and well-defined outcome is 
identified and compared to a similar group of people without outcome. 

Case Report—Describes a single individual with a particular disease or exposure.  These may suggest 
some potential topics for scientific research, but are not actual research studies. 

Case Series—Describes the experience of a small number of individuals with the same disease or 
exposure. These may suggest potential topics for scientific research, but are not actual research studies. 
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Ceiling Value—A concentration of a substance that should not be exceeded, even instantaneously. 

Chronic Exposure—Exposure to a chemical for 365 days or more, as specified in the Toxicological 
Profiles. 

Cohort Study—A type of epidemiological study of a specific group or groups of people who have had a 
common insult (e.g., exposure to an agent suspected of causing disease or a common disease) and are 
followed forward from exposure to outcome.  At least one exposed group is compared to one unexposed 
group. 

Cross-sectional Study—A type of epidemiological study of a group or groups of people that examines 
the relationship between exposure and outcome to a chemical or to chemicals at one point in time. 

Data Needs—Substance-specific informational needs that if met would reduce the uncertainties of human 
health assessment. 

Developmental Toxicity—The occurrence of adverse effects on the developing organism that may result 
from exposure to a chemical prior to conception (either parent), during prenatal development, or 
postnatally to the time of sexual maturation.  Adverse developmental effects may be detected at any point 
in the life span of the organism. 

Dose-Response Relationship—The quantitative relationship between the amount of exposure to a 
toxicant and the incidence of the adverse effects. 

Embryotoxicity and Fetotoxicity—Any toxic effect on the conceptus as a result of prenatal exposure to 
a chemical; the distinguishing feature between the two terms is the stage of development during which the 
insult occurs.  The terms, as used here, include malformations and variations, altered growth, and in utero 
death. 

Environmental Protection Agency (EPA) Health Advisory—An estimate of acceptable drinking water 
levels for a chemical substance based on health effects information.  A health advisory is not a legally 
enforceable federal standard, but serves as technical guidance to assist federal, state, and local officials. 

Epidemiology—Refers to the investigation of factors that determine the frequency and distribution of 
disease or other health-related conditions within a defined human population during a specified period.   

Genotoxicity—A specific adverse effect on the genome of living cells that, upon the duplication of 
affected cells, can be expressed as a mutagenic, clastogenic, or carcinogenic event because of specific 
alteration of the molecular structure of the genome. 

Half-life—A measure of rate for the time required to eliminate one half of a quantity of a chemical from 
the body or environmental media. 

Immediately Dangerous to Life or Health (IDLH)—The maximum environmental concentration of a 
contaminant from which one could escape within 30 minutes without any escape-impairing symptoms or 
irreversible health effects. 

Immunologic Toxicity—The occurrence of adverse effects on the immune system that may result from 
exposure to environmental agents such as chemicals. 
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Immunological Effects—Functional changes in the immune response. 

Incidence—The ratio of individuals in a population who develop a specified condition to the total 
number of individuals in that population who could have developed that condition in a specified time 
period. 

Intermediate Exposure—Exposure to a chemical for a duration of 15–364 days, as specified in the 
Toxicological Profiles. 

In Vitro—Isolated from the living organism and artificially maintained, as in a test tube. 

In Vivo—Occurring within the living organism. 

Lethal Concentration(LO) (LCLO)—The lowest concentration of a chemical in air that has been reported 
to have caused death in humans or animals. 

Lethal Concentration(50) (LC50)—A calculated concentration of a chemical in air to which exposure for 
a specific length of time is expected to cause death in 50% of a defined experimental animal population. 

Lethal Dose(LO) (LDLo)—The lowest dose of a chemical introduced by a route other than inhalation that 
has been reported to have caused death in humans or animals. 

Lethal Dose(50) (LD50)—The dose of a chemical that has been calculated to cause death in 50% of a 
defined experimental animal population. 

Lethal Time(50) (LT50)—A calculated period of time within which a specific concentration of a chemical 
is expected to cause death in 50% of a defined experimental animal population. 

Lowest-Observed-Adverse-Effect Level (LOAEL)—The lowest exposure level of chemical in a study, 
or group of studies, that produces statistically or biologically significant increases in frequency or severity 
of adverse effects between the exposed population and its appropriate control. 

Lymphoreticular Effects—Represent morphological effects involving lymphatic tissues such as the 
lymph nodes, spleen, and thymus. 

Malformations—Permanent structural changes that may adversely affect survival, development, or 
function. 

Minimal Risk Level (MRL)—An estimate of daily human exposure to a hazardous substance that is 
likely to be without an appreciable risk of adverse noncancer health effects over a specified route and 
duration of exposure. 

Modifying Factor (MF)—A value (greater than zero) that is applied to the derivation of a Minimal Risk 
Level (MRL) to reflect additional concerns about the database that are not covered by the uncertainty 
factors. The default value for a MF is 1. 

Morbidity—State of being diseased; morbidity rate is the incidence or prevalence of disease in a specific 
population. 

Mortality—Death; mortality rate is a measure of the number of deaths in a population during a specified 
interval of time. 
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Mutagen—A substance that causes mutations.  A mutation is a change in the DNA sequence of a cell’s 
DNA. Mutations can lead to birth defects, miscarriages, or cancer. 

Necropsy—The gross examination of the organs and tissues of a dead body to determine the cause of 
death or pathological conditions. 

Neurotoxicity—The occurrence of adverse effects on the nervous system following exposure to a 
chemical. 

No-Observed-Adverse-Effect Level (NOAEL)—The dose of a chemical at which there were no 
statistically or biologically significant increases in frequency or severity of adverse effects seen between 
the exposed population and its appropriate control.  Effects may be produced at this dose, but they are not 
considered to be adverse. 

Octanol-Water Partition Coefficient (Kow)—The equilibrium ratio of the concentrations of a chemical 
in n-octanol and water, in dilute solution. 

Odds Ratio (OR)—A means of measuring the association between an exposure (such as toxic substances 
and a disease or condition) that represents the best estimate of relative risk (risk as a ratio of the incidence 
among subjects exposed to a particular risk factor divided by the incidence among subjects who were not 
exposed to the risk factor). An OR of greater than 1 is considered to indicate greater risk of disease in the 
exposed group compared to the unexposed group. 

Organophosphate or Organophosphorus Compound—A phosphorus-containing organic compound 
and especially a pesticide that acts by inhibiting cholinesterase. 

Permissible Exposure Limit (PEL)—An Occupational Safety and Health Administration (OSHA) 
allowable exposure level in workplace air averaged over an 8-hour shift of a 40-hour workweek. 

Pesticide—General classification of chemicals specifically developed and produced for use in the control 
of agricultural and public health pests. 

Pharmacokinetics—The dynamic behavior of a material in the body, used to predict the fate 
(disposition) of an exogenous substance in an organism.  Utilizing computational techniques, it provides 
the means of studying the absorption, distribution, metabolism, and excretion of chemicals by the body. 

Pharmacokinetic Model—A set of equations that can be used to describe the time course of a parent 
chemical or metabolite in an animal system.  There are two types of pharmacokinetic models:  data-based 
and physiologically-based.  A data-based model divides the animal system into a series of compartments, 
which, in general, do not represent real, identifiable anatomic regions of the body, whereas the 
physiologically-based model compartments represent real anatomic regions of the body. 

Physiologically Based Pharmacodynamic (PBPD) Model—A type of physiologically based dose-
response model that quantitatively describes the relationship between target tissue dose and toxic end 
points. These models advance the importance of physiologically based models in that they clearly 
describe the biological effect (response) produced by the system following exposure to an exogenous 
substance. 
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Physiologically Based Pharmacokinetic (PBPK) Model—Comprised of a series of compartments 
representing organs or tissue groups with realistic weights and blood flows.  These models require a 
variety of physiological information:  tissue volumes, blood flow rates to tissues, cardiac output, alveolar 
ventilation rates, and possibly membrane permeabilities.  The models also utilize biochemical 
information, such as air/blood partition coefficients, and metabolic parameters.  PBPK models are also 
called biologically based tissue dosimetry models. 

Prevalence—The number of cases of a disease or condition in a population at one point in time.  

Prospective Study—A type of cohort study in which the pertinent observations are made on events 
occurring after the start of the study.  A group is followed over time. 

q1*—The upper-bound estimate of the low-dose slope of the dose-response curve as determined by the 
multistage procedure.  The q1* can be used to calculate an estimate of carcinogenic potency, the 
incremental excess cancer risk per unit of exposure (usually μg/L for water, mg/kg/day for food, and 
μg/m3 for air). 

Recommended Exposure Limit (REL)—A National Institute for Occupational Safety and Health 
(NIOSH) time-weighted average (TWA) concentration for up to a 10-hour workday during a 40-hour 
workweek. 

Reference Concentration (RfC)—An estimate (with uncertainty spanning perhaps an order of 
magnitude) of a continuous inhalation exposure to the human population (including sensitive subgroups) 
that is likely to be without an appreciable risk of deleterious noncancer health effects during a lifetime.  
The inhalation reference concentration is for continuous inhalation exposures and is appropriately 
expressed in units of mg/m3 or ppm. 

Reference Dose (RfD)—An estimate (with uncertainty spanning perhaps an order of magnitude) of the 
daily exposure of the human population to a potential hazard that is likely to be without risk of deleterious 
effects during a lifetime.  The RfD is operationally derived from the no-observed-adverse-effect level 
(NOAEL, from animal and human studies) by a consistent application of uncertainty factors that reflect 
various types of data used to estimate RfDs and an additional modifying factor, which is based on a 
professional judgment of the entire database on the chemical.  The RfDs are not applicable to 
nonthreshold effects such as cancer. 

Reportable Quantity (RQ)—The quantity of a hazardous substance that is considered reportable under 
the Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA).  Reportable 
quantities are (1) 1 pound or greater or (2) for selected substances, an amount established by regulation 
either under CERCLA or under Section 311 of the Clean Water Act.  Quantities are measured over a 
24-hour period. 

Reproductive Toxicity—The occurrence of adverse effects on the reproductive system that may result 
from exposure to a chemical.  The toxicity may be directed to the reproductive organs and/or the related 
endocrine system.  The manifestation of such toxicity may be noted as alterations in sexual behavior, 
fertility, pregnancy outcomes, or modifications in other functions that are dependent on the integrity of 
this system. 

Retrospective Study—A type of cohort study based on a group of persons known to have been exposed 
at some time in the past.  Data are collected from routinely recorded events, up to the time the study is 
undertaken. Retrospective studies are limited to causal factors that can be ascertained from existing 
records and/or examining survivors of the cohort. 
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Risk—The possibility or chance that some adverse effect will result from a given exposure to a chemical. 

Risk Factor—An aspect of personal behavior or lifestyle, an environmental exposure, or an inborn or 
inherited characteristic that is associated with an increased occurrence of disease or other health-related 
event or condition. 

Risk Ratio—The ratio of the risk among persons with specific risk factors compared to the risk among 
persons without risk factors. A risk ratio greater than 1 indicates greater risk of disease in the exposed 
group compared to the unexposed group. 

Short-Term Exposure Limit (STEL)—The American Conference of Governmental Industrial 
Hygienists (ACGIH) maximum concentration to which workers can be exposed for up to 15 minutes 
continually. No more than four excursions are allowed per day, and there must be at least 60 minutes 
between exposure periods. The daily Threshold Limit Value-Time Weighted Average (TLV-TWA) may 
not be exceeded. 

Standardized Mortality Ratio (SMR)—A ratio of the observed number of deaths and the expected 
number of deaths in a specific standard population. 

Target Organ Toxicity—This term covers a broad range of adverse effects on target organs or 
physiological systems (e.g., renal, cardiovascular) extending from those arising through a single limited 
exposure to those assumed over a lifetime of exposure to a chemical. 

Teratogen—A chemical that causes structural defects that affect the development of an organism. 

Threshold Limit Value (TLV)—An American Conference of Governmental Industrial Hygienists 
(ACGIH) concentration of a substance to which most workers can be exposed without adverse effect.  
The TLV may be expressed as a Time Weighted Average (TWA), as a Short-Term Exposure Limit 
(STEL), or as a ceiling limit (CL). 

Time-Weighted Average (TWA)—An allowable exposure concentration averaged over a normal 8-hour 
workday or 40-hour workweek. 

Toxic Dose(50) (TD50)—A calculated dose of a chemical, introduced by a route other than inhalation, 
which is expected to cause a specific toxic effect in 50% of a defined experimental animal population. 

Toxicokinetic—The absorption, distribution, and elimination of toxic compounds in the living organism. 

Uncertainty Factor (UF)—A factor used in operationally deriving the Minimal Risk Level (MRL) or 
Reference Dose (RfD) or Reference Concentration (RfC) from experimental data.  UFs are intended to 
account for (1) the variation in sensitivity among the members of the human population, (2) the 
uncertainty in extrapolating animal data to the case of human, (3) the uncertainty in extrapolating from 
data obtained in a study that is of less than lifetime exposure, and (4) the uncertainty in using lowest-
observed-adverse-effect level (LOAEL) data rather than no-observed-adverse-effect level (NOAEL) data. 
A default for each individual UF is 10; if complete certainty in data exists, a value of 1 can be used; 
however, a reduced UF of 3 may be used on a case-by-case basis, 3 being the approximate logarithmic 
average of 10 and 1. 

Xenobiotic—Any chemical that is foreign to the biological system. 
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The Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) [42 U.S.C. 

9601 et seq.], as amended by the Superfund Amendments and Reauthorization Act (SARA) [Pub. L. 99– 

499], requires that the Agency for Toxic Substances and Disease Registry (ATSDR) develop jointly with 

the U.S. Environmental Protection Agency (EPA), in order of priority, a list of hazardous substances most 

commonly found at facilities on the CERCLA National Priorities List (NPL); prepare toxicological 

profiles for each substance included on the priority list of hazardous substances; and assure the initiation 

of a research program to fill identified data needs associated with the substances. 

The toxicological profiles include an examination, summary, and interpretation of available toxicological 

information and epidemiologic evaluations of a hazardous substance.  During the development of 

toxicological profiles, Minimal Risk Levels (MRLs) are derived when reliable and sufficient data exist to 

identify the target organ(s) of effect or the most sensitive health effect(s) for a specific duration for a 

given route of exposure. An MRL is an estimate of the daily human exposure to a hazardous substance 

that is likely to be without appreciable risk of adverse noncancer health effects over a specified duration 

of exposure. MRLs are based on noncancer health effects only and are not based on a consideration of 

cancer effects.  These substance-specific estimates, which are intended to serve as screening levels, are 

used by ATSDR health assessors to identify contaminants and potential health effects that may be of 

concern at hazardous waste sites.  It is important to note that MRLs are not intended to define clean-up or 

action levels. 

MRLs are derived for hazardous substances using the no-observed-adverse-effect level/uncertainty factor 

approach. They are below levels that might cause adverse health effects in the people most sensitive to 

such chemical-induced effects.  MRLs are derived for acute (1–14 days), intermediate (15–364 days), and 

chronic (365 days and longer) durations and for the oral and inhalation routes of exposure.  Currently, 

MRLs for the dermal route of exposure are not derived because ATSDR has not yet identified a method 

suitable for this route of exposure. MRLs are generally based on the most sensitive chemical-induced end 

point considered to be of relevance to humans.  Serious health effects (such as irreparable damage to the 

liver or kidneys, or birth defects) are not used as a basis for establishing MRLs.  Exposure to a level 

above the MRL does not mean that adverse health effects will occur. 

MRLs are intended only to serve as a screening tool to help public health professionals decide where to 

look more closely.  They may also be viewed as a mechanism to identify those hazardous waste sites that 
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are not expected to cause adverse health effects.  Most MRLs contain a degree of uncertainty because of 

the lack of precise toxicological information on the people who might be most sensitive (e.g., infants, 

elderly, nutritionally or immunologically compromised) to the effects of hazardous substances.  ATSDR 

uses a conservative (i.e., protective) approach to address this uncertainty consistent with the public health 

principle of prevention. Although human data are preferred, MRLs often must be based on animal studies 

because relevant human studies are lacking.  In the absence of evidence to the contrary, ATSDR assumes 

that humans are more sensitive to the effects of hazardous substance than animals and that certain persons 

may be particularly sensitive.  Thus, the resulting MRL may be as much as 100-fold below levels that 

have been shown to be nontoxic in laboratory animals. 

Proposed MRLs undergo a rigorous review process:  Health Effects/MRL Workgroup reviews within the 

Division of Toxicology and Environmental Medicine, expert panel peer reviews, and agency-wide MRL 

Workgroup reviews, with participation from other federal agencies and comments from the public.  They 

are subject to change as new information becomes available concomitant with updating the toxicological 

profiles. Thus, MRLs in the most recent toxicological profiles supersede previously published levels.  

For additional information regarding MRLs, please contact the Division of Toxicology and 

Environmental Medicine, Agency for Toxic Substances and Disease Registry, 1600 Clifton Road NE, 

Mailstop F-32, Atlanta, Georgia 30333. 
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MINIMAL RISK LEVEL (MRL) WORKSHEET 

Chemical Name: Perchlorates 
CAS Numbers: 10034-81-8, 7778-74-7, 7790-98-9, 7601-89-0 
Date:   August 2008 
Profile Status: Post-Public, Final Draft 
Route: [ ] Inhalation  [X] Oral 
Duration: [ ] Acute  [ ] Intermediate  [X] Chronic 
Graph Key: 2 
Species: Humans 

Minimal Risk Level: ATSDR adopts the National Academy of Sciences (NAS 2005) recommended 
chronic RfD of 0.0007 mg/kg/day for chronic oral MRL.  NAS based the RfD on the findings of a human 
study by Greer et al. (2002) summarized below.   

References: Greer MA, Goodman G, Pleus RC, et al.  2002.  Health effects assessment for environmental 
perchlorate contamination:  The dose-response for inhibition of thyroidal radioiodine uptake in humans.  
Environ Health Perspect 110(9):927-937. 

NAS. 2005. Health implications of perchlorate ingestion.  Washington, DC:  National Academies Press. 
http://www.nap.edu/books/0309095689/html/.  January 31, 2005. 

Experimental design: The study was conducted in 37 healthy (euthyroid) volunteers (16 males, 
21 females) who consumed potassium perchlorate in drinking water in doses of 0.007, 0.02, 0.1, or 
0.5 mg perchlorate/kg/day for 14 days.  In 24 subjects, thyroidal uptake of radioactive iodine (RAIU) was 
measured 8 and 24 hours after administration of radioactive iodine on exposure days 2 and 14 and also 
15 days after exposure.  To estimate daily iodine intake, 24-hour urine samples were collected.  Free and 
total T4, T3, and TSH were sampled 16 times throughout the study.  Serum antibodies to thyroglobulin 
and thyroid peroxidase were also measured.  Hematological and clinical chemistry tests were also 
conducted throughout the study. 

Effects noted in study and corresponding doses: Baseline thyroid iodine uptake varied greatly among the 
subjects: 5.6–25.4% for the 8-hour uptake and 9.8–33.7% for the 24-hour uptake. Perchlorate inhibited 
RAIU in a dose-related manner.  As a percentage of baseline RAIU, inhibition in the 0.007, 0.02, 0.1, and 
0.5 mg/kg/day dose groups was 1.8, 16.4, 44.7, and 67.1%, respectively.  The small decrease in RAIU at 
0.007 mg/kg/day was not statistically significant and is well within the variation of repeated 
measurements in normal subjects.  The dose is considered the study NOEL.  No significant differences 
were seen between the 8- and 24-hour measurements or between the 2- and 14-day measurements.  On 
post-exposure day 15, RAIU rebounded to values slightly over but not significantly greater than 100%.  
Consumption of perchlorate in drinking water did not significantly alter serum TSH, free T4 or total 
T4 and T3 levels. Serum antiglobulin levels were below detection levels in all samples tested.  Serum 
anti-thyroid peroxidases were elevated in two subjects at the screening visit and thus, were not related to 
treatment with perchlorate.  Hematology and clinical chemistry tests to assess liver and kidney function 
revealed no significant deviations from normal ranges.  No difference was observed between the response 
of male and female subjects. 

Based on the known mechanism of action of perchlorate as a competitive inhibitor of NIS and on the 
elimination half-time of perchlorate of approximately 8 hours (perchlorate is not expected to accumulate 
in the body), the NAS concluded that a dose that produced minimal inhibition of thyroid iodide uptake 
after 14 days of continuous exposure would also have no appreciable effects on thyroid iodide uptake 
with more prolonged (i.e., intermediate or chronic) exposure.  On this basis, the 14-day study was used as 

http://www.nap.edu/books/0309095689/html/
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the basis for adopting the RfD for the chronic MRL.  This is supported by another 14-day study 
(Lawrence et al. 2000), long-term studies of workers (Braverman et al. 2005; Gibbs et al. 1998; Lamm et 
al. 1999), and studies of the general population (Li et al. 2001; Téllez et al. 2005) exposed to perchlorate 
that found no significant alterations in thyroid function in the populations examined.  A study by 
Braverman et al. (2006) in which 13 volunteers dosed with perchlorate in capsules for 6 months at doses 
of 0, 0.5, and 3 mg/day exhibited no changes in iodine uptake or thyroid hormone level, was considered 
for derivation of the MRL. 

An uncertainty factor of 10 was applied to the NOEL of 0.007 mg/kg/day.  The uncertainty factor of 10 is 
intended to protect the most sensitive population—the fetuses of pregnant women who might have 
hypothyroidism or iodide deficiency.  Other sensitive populations include preterm infants and nursing 
infants. As discussed by NAS (2005), preterm infants are more sensitive than term infants.  The fetus is 
dependent on maternal thyroid hormones at least until the fetal thyroid begins to produce T4 and 
T3 (Zoeller and Crofton 2000).  In humans, this occurs at approximately 16–20 weeks of gestation.  
Thyroid hormones are present in human amniotic fluid at 8 weeks of gestation prior to the onset of fetal 
thyroid hormone production (Contempre et al. 1993; Thorpe-Beeston et al. 1991).  Thyroid hormone 
receptors are present and occupied by hormone at this time as well, suggesting that the fetus is capable of 
responding to maternal thyroid hormones (Bernal and Pekonen 1984; Ferreiro et al. 1988).  The 
contribution of maternal thyroid hormones to the fetal thyroid hormone status is also evident from infants 
who have an inherited disorder that abolishes T4 production but are born, nevertheless, with normal 
serum thyroid hormone levels (i.e., euthyroid) and become hypothyroid after birth if not administered 
thyroid hormones within the first 2 weeks after birth (Larsen 1989; van Vliet et al. 1999; Vulsma et al. 
1989).  This suggests that, in the complete absence of fetal thyroid function, the maternal thyroid is able 
to maintain at least partially protective levels of thyroid hormone in the fetus at late term.  Uncorrected 
maternal hypothyroidism, on the other hand, may result in impaired neurodevelopment of the fetus 
(Haddow et al. 1999; Pop et al. 1999; Soldin et al. 2001).  By inhibiting NIS in breast tissue (Levy et al. 
1997; Smanik et al. 1997; Spitzweg et al. 1998), perchlorate may also limit the availability of iodide to 
nursing infants, who depend entirely on breast milk for the iodide needed to produce thyroid hormone 
(Agency for Toxic Substances and Disease Registry 2002).  No information is available on the doses in 
humans that might decrease iodide uptake into breast milk.  It is important to note that a recent study of 
51 women in the Boston area found that 47% of the women sampled may have been providing breast milk 
with insufficient iodine to meet the infants’ requirements (Pearce et al. 2007).  Radioiodine uptake into 
mammary milk was decreased in rats exposed to 1 or 10 mg/kg/day perchlorate in drinking water (Yu et 
al. 2002).  Studies conducted in cows and goats have also shown that perchlorate can decrease radioiodine 
uptake into mammary milk (Howard et al. 1996).  As discussed by Ginsberg et al. (2007), additional 
factors that make neonates a sensitive group include their shorter serum half-life for T4 of approximately 
3 days compared to approximately 7–10 days in adults, a lower storage capacity of the thyroid for T4, and 
possibly slower urinary clearance of perchlorate due to immature renal function.  In addition, PBPK 
models predict that pregnant women and the fetus will have higher blood concentrations of perchlorate 
and greater iodide uptake inhibition at a given concentration of perchlorate in drinking water than either 
nonpregnant adults or older children (Clewell et al. 2007). 

Another potential susceptible population is women with urinary iodine levels <100 µg/L (Blount et al. 
2006), as regression analysis indicted that perchlorate exposure was correlated with decreased T4 and 
increased TSH.  According to the World health Organization (WHO 2004), median urinary iodine levels 
≥100 µg/L indicate sufficient iodine intake for the non-pregnant population, whereas pregnant women 
should maintain urinary levels of iodine >150 µg/L.  The American Thyroid Association (2006) 
recommends that women generally consume iodine from diary products, bread, seafood, meat, and some 
iodized salt, but pregnant and lactating women may require additional supplements and vitamins. 
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Dose and end point used for MRL derivation: 0.007 mg/kg/day (NOEL for inhibition of iodide uptake 
into the thyroid).  As indicated by the NAS (2005), iodide uptake inhibition is a key biochemical event 
that precedes all potential thyroid-mediated effects of perchlorate exposure.  Using a nonadverse effect 
that is upstream of adverse effects is a conservative approach to perchlorate hazard assessment.  

Uncertainty Factors used in MRL derivation: 10 

Was a conversion factor used from ppm in food or water to a mg/body weight dose?  Not applicable. 

If an inhalation study in animals, list conversion factors used in determining human equivalent dose: Not 
applicable. 

Was a conversion used from intermittent to continuous exposure? Not applicable. 

Other additional studies or pertinent information that lend support to NAS’s RfD: Lawrence et al. (2000) 
evaluated serum TSH, free thyroxine index (FTI), total serum triiodothyronine (TT3), and RAIU; serum 
and 24-hour urine perchlorate; and 24-hour urinary iodide excretion in volunteers who ingested 
approximately 0.14 mg perchlorate/kg/day in drinking water for 14 days.  Tests were conducted pre-
dosing, on day 7 and 14, and 14 days after perchlorate ingestion was discontinued.  The only significant 
finding was a significant decrease in 4-, 8-, and 24-hour RAIU values by a mean of about 38% relative to 
baseline on day 14 of dosing.  Fourteen days later, RAIU had recovered to a mean of 25% above baseline 
values. In another study, Braverman et al. (2006) administered capsules containing potassium perchlorate 
to 13 volunteers (4 males, 9 females) for 6 months.  The estimated doses were 0 (placebo), 0.5 and 3.0 mg 
perchlorate/day (approximately 0.04 and 0.007 mg perchlorate/kg/day).  The outcomes measured were 
serum thyroid function tests, 24-hour RAIU, serum thyroglobulin (Tg), urinary iodine and perchlorate, 
and serum perchlorate.  RAIU, measured at baseline, 3, 6 months and 1 month after termination, was not 
significantly affected by administration of perchlorate and there were no significant changes in serum 
total T3, FTI, TSH, or Tg levels during or after perchlorate exposure compared to baseline values.  The 
small number of subjects per group (4–5), the dosing by capsule rather than intermittent exposure in 
drinking water, and the lack of information on RAIU during the first 3 months of the study somewhat 
diminish the strengths of this study. 

Relatively large doses of perchlorate (600–900 mg/day, 8–13 mg/kg/day) are required to deplete thyroidal 
iodine stores sufficiently to decrease serum levels of T4 (Brabant et al. 1992; Bürgi et al. 1974).  A 
4-week oral exposure to 900 mg/day (approximately 13 mg/kg/day) significantly decreased serum levels 
of FT4 (not out of the normal range), but not FT3 and did not significantly change serum TSH levels 
(Brabant et al. 1992). 

A study conducted in an ammonium perchlorate manufacturing facility found that intermittent, high 
exposure to perchlorate for many years did not induce goiter or any evidence of hypothyroidism among 
the workers, as judged by no significant alterations in serum TSH or thyroglobulin even though iodine 
uptakes were decreased during the work shift (Braverman et al. 2005).  The median estimated absorbed 
dose was 0.167 mg/kg/day, equivalent to drinking approximately 2 L of water containing 5 mg 
perchlorate/L. 

Agency Contact (Chemical Manager): Sharon Wilbur 
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Chapter 1 

Public Health Statement 

This chapter of the profile is a health effects summary written in non-technical language.  Its intended 
audience is the general public, especially people living in the vicinity of a hazardous waste site or 
chemical release.  If the Public Health Statement were removed from the rest of the document, it would 
still communicate to the lay public essential information about the chemical. 

The major headings in the Public Health Statement are useful to find specific topics of concern.  The 
topics are written in a question and answer format.  The answer to each question includes a sentence that 
will direct the reader to chapters in the profile that will provide more information on the given topic. 

Chapter 2 

Relevance to Public Health 

This chapter provides a health effects summary based on evaluations of existing toxicologic, 
epidemiologic, and toxicokinetic information.  This summary is designed to present interpretive, weight-
of-evidence discussions for human health end points by addressing the following questions: 

1.	 What effects are known to occur in humans? 

2. 	 What effects observed in animals are likely to be of concern to humans? 

3. 	 What exposure conditions are likely to be of concern to humans, especially around hazardous 
waste sites? 

The chapter covers end points in the same order that they appear within the Discussion of Health Effects 
by Route of Exposure section, by route (inhalation, oral, and dermal) and within route by effect.  Human 
data are presented first, then animal data.  Both are organized by duration (acute, intermediate, chronic).  
In vitro data and data from parenteral routes (intramuscular, intravenous, subcutaneous, etc.) are also 
considered in this chapter. 

The carcinogenic potential of the profiled substance is qualitatively evaluated, when appropriate, using 
existing toxicokinetic, genotoxic, and carcinogenic data.  ATSDR does not currently assess cancer 
potency or perform cancer risk assessments.  Minimal Risk Levels (MRLs) for noncancer end points (if 
derived) and the end points from which they were derived are indicated and discussed. 

Limitations to existing scientific literature that prevent a satisfactory evaluation of the relevance to public 
health are identified in the Chapter 3 Data Needs section. 

Interpretation of Minimal Risk Levels 

Where sufficient toxicologic information is available, ATSDR has derived MRLs for inhalation and oral 
routes of entry at each duration of exposure (acute, intermediate, and chronic).  These MRLs are not 
meant to support regulatory action, but to acquaint health professionals with exposure levels at which 
adverse health effects are not expected to occur in humans. 
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MRLs should help physicians and public health officials determine the safety of a community living near 
a chemical emission, given the concentration of a contaminant in air or the estimated daily dose in water.  
MRLs are based largely on toxicological studies in animals and on reports of human occupational 
exposure. 

MRL users should be familiar with the toxicologic information on which the number is based.  Chapter 2, 
"Relevance to Public Health," contains basic information known about the substance.  Other sections such 
as Chapter 3 Section 3.9, "Interactions with Other Substances,” and Section 3.10, "Populations that are 
Unusually Susceptible" provide important supplemental information. 

MRL users should also understand the MRL derivation methodology.  MRLs are derived using a 
modified version of the risk assessment methodology that the Environmental Protection Agency (EPA) 
provides (Barnes and Dourson 1988) to determine reference doses (RfDs) for lifetime exposure.   

To derive an MRL, ATSDR generally selects the most sensitive end point which, in its best judgment, 
represents the most sensitive human health effect for a given exposure route and duration.  ATSDR 
cannot make this judgment or derive an MRL unless information (quantitative or qualitative) is available 
for all potential systemic, neurological, and developmental effects.  If this information and reliable 
quantitative data on the chosen end point are available, ATSDR derives an MRL using the most sensitive 
species (when information from multiple species is available) with the highest no-observed-adverse-effect 
level (NOAEL) that does not exceed any adverse effect levels.  When a NOAEL is not available, a 
lowest-observed-adverse-effect level (LOAEL) can be used to derive an MRL, and an uncertainty factor 
(UF) of 10 must be employed.  Additional uncertainty factors of 10 must be used both for human 
variability to protect sensitive subpopulations (people who are most susceptible to the health effects 
caused by the substance) and for interspecies variability (extrapolation from animals to humans).  In 
deriving an MRL, these individual uncertainty factors are multiplied together.  The product is then 
divided into the inhalation concentration or oral dosage selected from the study. Uncertainty factors used 
in developing a substance-specific MRL are provided in the footnotes of the levels of significant exposure 
(LSE) tables. 

Chapter 3 

Health Effects 

Tables and Figures for Levels of Significant Exposure (LSE) 

Tables and figures are used to summarize health effects and illustrate graphically levels of exposure 
associated with those effects.  These levels cover health effects observed at increasing dose 
concentrations and durations, differences in response by species, MRLs to humans for noncancer end 
points, and EPA's estimated range associated with an upper- bound individual lifetime cancer risk of 1 in 
10,000 to 1 in 10,000,000. Use the LSE tables and figures for a quick review of the health effects and to 
locate data for a specific exposure scenario.  The LSE tables and figures should always be used in 
conjunction with the text.  All entries in these tables and figures represent studies that provide reliable, 
quantitative estimates of NOAELs, LOAELs, or Cancer Effect Levels (CELs). 

The legends presented below demonstrate the application of these tables and figures.  Representative 
examples of LSE Table 3-1 and Figure 3-1 are shown.  The numbers in the left column of the legends 
correspond to the numbers in the example table and figure. 
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LEGEND 
See Sample LSE Table 3-1 (page B-6) 

(1) 	 Route of Exposure. One of the first considerations when reviewing the toxicity of a substance 
using these tables and figures should be the relevant and appropriate route of exposure.  Typically 
when sufficient data exist, three LSE tables and two LSE figures are presented in the document.  
The three LSE tables present data on the three principal routes of exposure, i.e., inhalation, oral, 
and dermal (LSE Tables 3-1, 3-2, and 3-3, respectively).  LSE figures are limited to the inhalation 
(LSE Figure 3-1) and oral (LSE Figure 3-2) routes.  Not all substances will have data on each 
route of exposure and will not, therefore, have all five of the tables and figures. 

(2) 	Exposure Period. Three exposure periods—acute (less than 15 days), intermediate (15– 
364 days), and chronic (365 days or more)—are presented within each relevant route of exposure.  
In this example, an inhalation study of intermediate exposure duration is reported.  For quick 
reference to health effects occurring from a known length of exposure, locate the applicable 
exposure period within the LSE table and figure. 

(3) 	Health Effect. The major categories of health effects included in LSE tables and figures are 
death, systemic, immunological, neurological, developmental, reproductive, and cancer.  
NOAELs and LOAELs can be reported in the tables and figures for all effects but cancer.  
Systemic effects are further defined in the "System" column of the LSE table (see key number 
18). 

(4) 	 Key to Figure. Each key number in the LSE table links study information to one or more data 
points using the same key number in the corresponding LSE figure.  In this example, the study 
represented by key number 18 has been used to derive a NOAEL and a Less Serious LOAEL 
(also see the two "18r" data points in sample Figure 3-1). 

(5) 	Species. The test species, whether animal or human, are identified in this column.  Chapter 2, 
"Relevance to Public Health," covers the relevance of animal data to human toxicity and 
Section 3.4, "Toxicokinetics," contains any available information on comparative toxicokinetics.  
Although NOAELs and LOAELs are species specific, the levels are extrapolated to equivalent 
human doses to derive an MRL. 

(6) 	Exposure Frequency/Duration. The duration of the study and the weekly and daily exposure 
regimens are provided in this column.  This permits comparison of NOAELs and LOAELs from 
different studies. In this case (key number 18), rats were exposed to “Chemical x” via inhalation 
for 6 hours/day, 5 days/week, for 13 weeks.  For a more complete review of the dosing regimen, 
refer to the appropriate sections of the text or the original reference paper (i.e., Nitschke et al. 
1981). 

(7) 	System. This column further defines the systemic effects.  These systems include respiratory, 
cardiovascular, gastrointestinal, hematological, musculoskeletal, hepatic, renal, and 
dermal/ocular.  "Other" refers to any systemic effect (e.g., a decrease in body weight) not covered 
in these systems.  In the example of key number 18, one systemic effect (respiratory) was 
investigated. 

(8) 	NOAEL. A NOAEL is the highest exposure level at which no harmful effects were seen in the 
organ system studied.  Key number 18 reports a NOAEL of 3 ppm for the respiratory system, 
which was used to derive an intermediate exposure, inhalation MRL of 0.005 ppm (see 
footnote "b"). 
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(9) 	LOAEL. A LOAEL is the lowest dose used in the study that caused a harmful health effect. 
LOAELs have been classified into "Less Serious" and "Serious" effects.  These distinctions help 
readers identify the levels of exposure at which adverse health effects first appear and the 
gradation of effects with increasing dose.  A brief description of the specific end point used to 
quantify the adverse effect accompanies the LOAEL.  The respiratory effect reported in key 
number 18 (hyperplasia) is a Less Serious LOAEL of 10 ppm.  MRLs are not derived from 
Serious LOAELs. 

(10)	 Reference. The complete reference citation is given in Chapter 9 of the profile. 

(11)	 CEL. A CEL is the lowest exposure level associated with the onset of carcinogenesis in 
experimental or epidemiologic studies.  CELs are always considered serious effects.  The LSE 
tables and figures do not contain NOAELs for cancer, but the text may report doses not causing 
measurable cancer increases. 

(12)	 Footnotes. Explanations of abbreviations or reference notes for data in the LSE tables are found 
in the footnotes.  Footnote "b" indicates that the NOAEL of 3 ppm in key number 18 was used to 
derive an MRL of 0.005 ppm. 

LEGEND 
See Sample Figure 3-1 (page B-7) 

LSE figures graphically illustrate the data presented in the corresponding LSE tables.  Figures help the 
reader quickly compare health effects according to exposure concentrations for particular exposure 
periods. 

(13)	 Exposure Period. The same exposure periods appear as in the LSE table.  In this example, health 
effects observed within the acute and intermediate exposure periods are illustrated. 

(14) 	Health Effect. These are the categories of health effects for which reliable quantitative data 
exists. The same health effects appear in the LSE table. 

(15)	 Levels of Exposure. Concentrations or doses for each health effect in the LSE tables are 
graphically displayed in the LSE figures.  Exposure concentration or dose is measured on the log 
scale "y" axis.  Inhalation exposure is reported in mg/m3 or ppm and oral exposure is reported in 
mg/kg/day. 

(16) 	NOAEL. In this example, the open circle designated 18r identifies a NOAEL critical end point in 
the rat upon which an intermediate inhalation exposure MRL is based.  The key number 18 
corresponds to the entry in the LSE table.  The dashed descending arrow indicates the 
extrapolation from the exposure level of 3 ppm (see entry 18 in the table) to the MRL of 
0.005 ppm (see footnote "b" in the LSE table). 

(17)	 CEL. Key number 38m is one of three studies for which CELs were derived.  The diamond 
symbol refers to a CEL for the test species-mouse.  The number 38 corresponds to the entry in the 
LSE table. 
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(18)	 Estimated Upper-Bound Human Cancer Risk Levels. This is the range associated with the upper-
bound for lifetime cancer risk of 1 in 10,000 to 1 in 10,000,000.  These risk levels are derived 
from the EPA's Human Health Assessment Group's upper-bound estimates of the slope of the 
cancer dose response curve at low dose levels (q1*). 

(19)	 Key to LSE Figure. The Key explains the abbreviations and symbols used in the figure. 
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SAMPLE 
1 →	 Table 3-1. Levels of Significant Exposure to [Chemical x] – Inhalation 

Exposure LOAEL (effect) 


Key to frequency/ NOAEL Less serious Serious (ppm)

figurea Species duration System (ppm) (ppm) Reference 


2

3

4 

→	 INTERMEDIATE EXPOSURE 

8765 9 10 

→ Systemic ↓	 ↓ ↓ ↓ ↓ ↓

18 Rat 	 13 wk Resp 3b 10 (hyperplasia) 
→	 5 d/wk Nitschke et al. 1981 

6 hr/d 
CHRONIC EXPOSURE 

Cancer 11

↓

38 Rat 	 18 mo 20 (CEL, multiple Wong et al. 1982 
5 d/wk organs) 
7 hr/d 

39 Rat 	 89–104 wk 10 (CEL, lung tumors, NTP 1982 
5 d/wk nasal tumors)
6 hr/d 

40 Mouse 	 79–103 wk 10 (CEL, lung tumors, NTP 1982 
5 d/wk hemangiosarcomas) 
6 hr/d 

12 →	
a The number corresponds to entries in Figure 3-1. 
b Used to derive an intermediate inhalation Minimal Risk Level (MRL) of  5x10-3 ppm; dose adjusted for intermittent exposure and divided 
by an uncertainty factor of 100 (10 for extrapolation from animal to humans, 10 for human variability). 
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APPENDIX C.  ACRONYMS, ABBREVIATIONS, AND SYMBOLS 


ACGIH American Conference of Governmental Industrial Hygienists 
ACOEM American College of Occupational and Environmental Medicine 
ADI acceptable daily intake 
ADME absorption, distribution, metabolism, and excretion 
AED atomic emission detection 
AFID alkali flame ionization detector 
AFOSH Air Force Office of Safety and Health 
ALT alanine aminotransferase 
AML acute myeloid leukemia 
AOAC Association of Official Analytical Chemists 
AOEC Association of Occupational and Environmental Clinics 
AP alkaline phosphatase 
APHA American Public Health Association 
AST aspartate aminotransferase 
atm atmosphere 
ATSDR Agency for Toxic Substances and Disease Registry 
AWQC Ambient Water Quality Criteria 
BAT best available technology 
BCF bioconcentration factor 
BEI Biological Exposure Index 
BMD benchmark dose 
BMR benchmark response 
BSC Board of Scientific Counselors 
C centigrade 
CAA Clean Air Act 
CAG Cancer Assessment Group of the U.S. Environmental Protection Agency 
CAS Chemical Abstract Services 
CDC Centers for Disease Control and Prevention 
CEL cancer effect level 
CELDS Computer-Environmental Legislative Data System 
CERCLA Comprehensive Environmental Response, Compensation, and Liability Act 
CFR Code of Federal Regulations 
Ci curie 
CI confidence interval 
CL ceiling limit value 
CLP Contract Laboratory Program 
cm centimeter 
CML chronic myeloid leukemia 
CPSC Consumer Products Safety Commission 
CWA Clean Water Act 
DHEW Department of Health, Education, and Welfare 
DHHS Department of Health and Human Services 
DNA deoxyribonucleic acid 
DOD Department of Defense 
DOE Department of Energy 
DOL Department of Labor 
DOT Department of Transportation 
DOT/UN/ Department of Transportation/United Nations/ 

NA/IMCO     North America/Intergovernmental Maritime Dangerous Goods Code 
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DWEL drinking water exposure level 
ECD electron capture detection 
ECG/EKG electrocardiogram 
EEG electroencephalogram 
EEGL Emergency Exposure Guidance Level 
EPA Environmental Protection Agency 
F Fahrenheit 
F1 first-filial generation 
FAO Food and Agricultural Organization of the United Nations 
FDA Food and Drug Administration 
FEMA Federal Emergency Management Agency 
FIFRA Federal Insecticide, Fungicide, and Rodenticide Act 
FPD flame photometric detection 
fpm feet per minute 
FR Federal Register 
FSH follicle stimulating hormone 
FT4 free T4 
g gram 
GC gas chromatography 
gd gestational day 
GLC gas liquid chromatography 
GPC gel permeation chromatography 
HPLC high-performance liquid chromatography 
HRGC high resolution gas chromatography 
HSDB Hazardous Substance Data Bank  
IARC International Agency for Research on Cancer 
IDLH immediately dangerous to life and health 
ILO International Labor Organization 
IRIS Integrated Risk Information System 
Kd adsorption ratio 
kg kilogram 
kkg metric ton 
Koc organic carbon partition coefficient 
Kow octanol-water partition coefficient 
L liter 
LC liquid chromatography 
LC50 lethal concentration, 50% kill 
LCLo lethal concentration, low 
LD50 lethal dose, 50% kill 
LDLo lethal dose, low 
LDH lactic dehydrogenase 
LH luteinizing hormone 
LOAEL lowest-observed-adverse-effect level 
LSE Levels of Significant Exposure 
LT50 lethal time, 50% kill 
m meter 
MA trans,trans-muconic acid 
MAL maximum allowable level 
mCi millicurie 
MCL maximum contaminant level 
MCLG maximum contaminant level goal 
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MF modifying factor 
MFO mixed function oxidase 
mg milligram 
mL milliliter 
mm millimeter 
mmHg millimeters of mercury 
mmol millimole 
mppcf millions of particles per cubic foot 
MRL Minimal Risk Level 
MS mass spectrometry 
NAAQS National Ambient Air Quality Standard 
NAS National Academy of Science 
NATICH National Air Toxics Information Clearinghouse 
NATO North Atlantic Treaty Organization 
NCE normochromatic erythrocytes 
NCEH National Center for Environmental Health 
NCI National Cancer Institute 
ND not detected 
NFPA National Fire Protection Association 
ng nanogram 
NHANES National Health and Nutrition Examination Survey 
NIEHS National Institute of Environmental Health Sciences 
NIOSH National Institute for Occupational Safety and Health 
NIOSHTIC NIOSH's Computerized Information Retrieval System 
NIS Sodium/iodide symporter 
NLM National Library of Medicine 
nm nanometer 
nmol nanomole 
NOAEL no-observed-adverse-effect level 
NOES National Occupational Exposure Survey 
NOHS National Occupational Hazard Survey 
NPD nitrogen phosphorus detection 
NPDES National Pollutant Discharge Elimination System 
NPL National Priorities List 
NR not reported 
NRC National Research Council 
NS not specified 
NSPS New Source Performance Standards 
NTIS National Technical Information Service 
NTP National Toxicology Program 
ODW Office of Drinking Water, EPA 
OERR Office of Emergency and Remedial Response, EPA 
OHM/TADS Oil and Hazardous Materials/Technical Assistance Data System 
OPP Office of Pesticide Programs, EPA 
OPPT Office of Pollution Prevention and Toxics, EPA 
OPPTS Office of Prevention, Pesticides and Toxic Substances, EPA 
OR odds ratio 
OSHA Occupational Safety and Health Administration 
OSW Office of Solid Waste, EPA 
OTS Office of Toxic Substances 
OW Office of Water 
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OWRS Office of Water Regulations and Standards, EPA 
PAH polycyclic aromatic hydrocarbon 
PBPD physiologically based pharmacodynamic  
PBPK physiologically based pharmacokinetic 
PCE polychromatic erythrocytes 
PEL permissible exposure limit 
pg picogram 
PHS Public Health Service 
PID photo ionization detector 
pmol picomole 
PMR proportionate mortality ratio 
ppb parts per billion 
ppm parts per million 
ppt parts per trillion 
PSNS pretreatment standards for new sources 
RAIU radioactive iodine uptake 
RBC red blood cell 
REL recommended exposure level/limit 
RfC reference concentration 
RfD reference dose 
RNA ribonucleic acid 
RQ reportable quantity 
RTECS Registry of Toxic Effects of Chemical Substances 
SARA Superfund Amendments and Reauthorization Act 
SCE sister chromatid exchange 
SGOT serum glutamic oxaloacetic transaminase 
SGPT serum glutamic pyruvic transaminase 
SIC standard industrial classification 
SIM selected ion monitoring 
SMCL secondary maximum contaminant level 
SMR standardized mortality ratio 
SNARL suggested no adverse response level 
SPEGL Short-Term Public Emergency Guidance Level 
STEL short term exposure limit 
STORET Storage and Retrieval 
T3 triiodothyronine 
T4 thyronine 
TT4 total T4 
TD50 toxic dose, 50% specific toxic effect 
TLV threshold limit value 
TOC total organic carbon 
TPQ threshold planning quantity 
TRH thyrotropin-releasing hormone 
TRI Toxics Release Inventory 
TSCA Toxic Substances Control Act 
TSH thyroid-releasing hormone 
TWA time-weighted average 
UF uncertainty factor 
U.S. United States 
USDA United States Department of Agriculture 
USGS United States Geological Survey 
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VOC volatile organic compound 
WBC white blood cell 
WHO World Health Organization 

> greater than 
≥ greater than or equal to 
= equal to 
< less than 
≤ less than or equal to 
% percent 
α alpha 
β beta 
γ gamma 
δ delta 
μm micrometer 
μg microgram 
q1

* cancer slope factor 
– negative 
+ positive 
(+) weakly positive result 
(–) weakly negative result 
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absorbed dose............................................................................................................ 19, 29, 32, 83, 123, 185 

active transport.................................................................................................................. 81, 83, 84, 94, 102 

adrenal gland....................................................................................................................................... 18, 103 

adsorbed .................................................................................................................... 166, 168, 169, 170, 192 

adsorption.................................................................................................................................. 154, 166, 192 

aerobic............................................................................................................................... 154, 163, 170, 192 

anaerobic ..................................................................................................... 16, 154, 159, 169, 171, 192, 195 

anemia ............................................................................................................................................. 33, 54, 58 

aspartate aminotransferase (see AST)......................................................................................................... 56 

AST (see aspartate aminotransferase)......................................................................................................... 56 

bioaccumulation.................................................................................................................................. 15, 193 

bioavailability ........................................................................................................................................... 192 

bioconcentration factor ..................................................................................................................... 167, 192 

biodegradation..................................................................................................... 16, 154, 163, 170, 171, 192

biokinetics ................................................................................................................................... 90, 114, 122 

biomarker .................................................................................................. 122, 123, 124, 125, 137, 197, 200 

body weight effects ..................................................................................................................................... 63 

breast milk..................................................... 9, 24, 83, 86, 98, 107, 113, 122, 124, 128, 137, 186, 187, 198 

cancer .......................................................................................................... 8, 18, 79, 80, 109, 120, 130, 133 

carcinogenic .............................................................................................................................. 8, 21, 27, 206 

carcinogenicity.......................................................................................................................................... 133 

carcinoma........................................................................................................................ 18, 79, 80, 109, 133 

cardiovascular ......................................................................................................................... 18, 28, 53, 103 

cardiovascular effects.................................................................................................................................. 53 

clearance ................................................................................................................... 20, 24, 90, 97, 115, 128 

cognitive function ..................................................................................................................................... 137 

death................................................................................................................................................ 27, 28, 54 

deoxyribonucleic acid (see DNA)............................................................................................................... 81 

dermal effects.............................................................................................................................................. 63 

developmental effects ............................... 33, 58, 68, 69, 74, 75, 78, 80, 111, 115, 121, 130, 133, 136, 139 

DNA (see deoxyribonucleic acid)....................................................................................... 81, 105, 123, 134 

elimination half-time......................................................................................... 23, 84, 86, 87, 103, 138, 139

endocrine................................................................................................................. 18, 33, 63, 103, 118, 119 

endocrine effects ................................................................................................. 32, 33, 57, 63, 78, 114, 119

erythema...................................................................................................................................................... 63 

fetal tissue ................................................................................................................................... 21, 111, 112 

fetus....................................... 19, 21, 24, 25, 97, 99, 102, 111, 112, 118, 119, 121, 122, 128, 138, 139, 200 

gastrointestinal effects ................................................................................................................................ 53 

general population.............................................................. 7, 16, 17, 19, 23, 25, 58, 59, 122, 130, 136, 138, 


160, 183, 184, 185, 186, 188, 190, 191, 192 
genotoxic................................................................................................................................. 18, 27, 80, 109 
genotoxicity............................................................................................................................................... 134 
groundwater ................................................................. 3, 4, 15, 57, 154, 159, 160, 164, 166, 167, 169, 172, 

173, 174, 175, 176, 184, 192, 193, 195, 200 

half-life................................................................................ 20, 24, 33, 86, 87, 108, 115, 123, 124, 128, 129 

hematological effects .......................................................................................................... 29, 32, 54, 58, 63

hepatic effects ....................................................................................................................................... 32, 55 

hydrolysis.................................................................................................................................................. 171 
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hydroxyl radical ........................................................................................................................................ 170 

immune system ............................................................................................................................. 66, 67, 142 

immunological .............................................................................................................................. 27, 66, 130 

Kow ............................................................................................................................................................ 144 

LD50....................................................................................................................................................... 33, 53 

lymphoreticular ......................................................................................................................................... 135 

melanoma.............................................................................................................................................. 66, 79 

metabolic effects ......................................................................................................................................... 64 

milk ................................................................ 5, 9, 10, 20, 24, 74, 77, 78, 83, 84, 86, 90, 95, 96, 97, 98, 99, 


102, 113, 121, 122, 124, 177, 182, 186, 187, 193, 198, 200 

musculoskeletal effects ............................................................................................................................... 55 

neonatal ....................................................................... 69, 70, 71, 72, 73, 78, 94, 98, 99, 112, 113, 135, 140 

neoplasm ..................................................................................................................................................... 58 

neurobehavioral............................................................................................. 18, 76, 119, 121, 133, 135, 139 

neurodevelopmental .......................................................................................... 18, 19, 74, 77, 135, 136, 137

neurological effects ................................................................................................................. 33, 67, 80, 136 

ocular effects......................................................................................................................................... 28, 63 

odds ratio..................................................................................................................................................... 69 

pharmacodynamic ....................................................................................................................................... 87 

pharmacokinetic.......................................................................................... 87, 88, 89, 92, 93, 120, 140, 186 

photolysis .......................................................................................................................... 162, 168, 170, 192 

placenta ............................................................................................. 9, 75, 84, 90, 95, 96, 97, 113, 121, 152 

placental barrier ........................................................................................................................................ 102 

renal effects............................................................................................................................. 17, 32, 56, 136 

reproductive effects............................................................................................... 18, 33, 68, 69, 74, 80, 134 

respiratory effects........................................................................................................................................ 53 

retention .................................................................................................................................................... 199 

sequestered................................................................................................................................................ 125 

solubility ............................................................................................................................. 82, 166, 168, 191 

systemic effects........................................................................................................... 28, 29, 53, 65, 80, 130 

T3 ..................................................................... 16, 17, 18, 20, 21, 23, 24, 30, 32, 34, 57, 60, 61, 62, 72, 73,


74, 75, 76, 78, 94, 103, 104, 105, 106, 107, 108, 109, 

110, 111, 112, 115, 119, 125, 126, 128, 129, 137, 200 


T4 ............................................................... 16, 17, 18, 19, 20, 23, 24, 32, 57, 59, 60, 61, 62, 70, 71, 72, 73, 

74, 75, 76, 78, 94, 104, 105, 106, 107, 108, 109, 110, 111, 


112, 114, 115, 119, 121, 124, 125, 126, 128, 129, 137, 200 

thrombocytopenia ....................................................................................................................................... 54 

thyroid...........3, 6, 8, 9, 10, 16, 17, 18, 19, 20, 23, 24, 25, 32, 57, 58, 59, 60, 61, 62, 63, 66, 69, 72, 74, 75, 


76, 78, 79, 80, 81, 83, 84, 85, 90, 91, 94, 95, 96, 97, 98, 99, 102, 103, 104, 105, 

106, 107, 108, 109, 110, 111, 112, 113, 114, 118, 119, 120, 121, 122, 124, 125, 

126, 127, 128, 129, 132, 133, 134, 135, 136, 137, 138, 139, 140, 152, 198, 203 


thyroid stimulating hormone............................................................................................... 17, 104, 106, 110 

thyroxine ................................................................................................................................. 16, 32, 57, 110 

toxicokinetic........................................................................................................................................ 27, 139 

triiodothyronine............................................................................................................................. 16, 57, 104 

TSH...................................................... 17, 18, 19, 20, 23, 24, 32, 57, 59, 60, 61, 62, 69, 70, 71, 72, 73, 74, 


75, 76, 78, 90, 97, 102, 104, 105, 106, 108, 109, 110, 111, 112, 

113, 114, 115, 119, 121, 125, 126, 128, 132, 135, 137, 200, 203 


tumors ............................................................................................................... 8, 79, 80, 106, 109, 111, 114

vapor pressure ............................................................................................................................. 81, 161, 166 

volatilization ..................................................................................................................................... 161, 166 
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Legislative Background vi

The toxicological profiles are developed in response to the Superftmd Amendments and

Reauthorization Act (SARA) of 1986 (Public Law 99-499) which amended the Comprehensive

Environmental Response, Compensation, and Liability Act of 1980 (CERCLA or Superfund). This public

law directed ATSDR to prepare toxicological profiles for hazardous substances most commonty found at

facilities on the CERCLA National Priorities List and that pose the most significant potential threat to

human health, as determined by ATSDR and the EPA. The availability of the revised priority list of 275

hazardous substances was announced in the Federal Register on April 29, 1996 (61 FR 18744). For prior

versions of the list of substances, see Federal Register notices dated April 17, 1987 (52 FR 12866);

October 20, 1988 (53 FR 41280); October 26, 1989 (54 FR 43619); October 17,1990 (55 FR 42067);

October 17, 1991 (56 FR 52166); October 28, 1992 (57 FR 48801); and February 28, 1994 (59 FR 9486).

Section 104(i)(3) of CERCLA, as amended, directs the Administrator of ATSDR to prepare a

toxicological profile for each substance on the list.
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CHEMICAL MANAGER(S)/AUTHOR(S):

Yee-Wan Stevens, MS.

ATSDR, Division of Toxicology, Atlanta, GA

Carol Eisenmann, Ph.D.

Sciences International, Inc., Alexandria, VA

THE PROFILE HAS UNDERGONE THE FOLLOWING ATSDR INTERNAL REVIEWS:

1. Green Border Review. Green Border review assures consistency with ATSDR policy.

2. Health Effects Review. The Health Effects Review Committee examines the health effects

chapter of each profile for consistency and accuracy in interpreting health effects and

classifying end points.

3. Minimal Risk Level Review. The Minimal Risk Level Workgroup considers issues relevant to

substance-specific minimal risk levels (MRLs), reviews the health effects database of each

profile, and makes recommendations for derivation of MRLs.
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PEER REVIEW

A peer review panel was assembled for tetrachloroethylene. The panel consisted of the following

members:

1. Dr. Lee R. Shull, Toxicologist, Poster Wheeler Environmental, Sacramento, California

2. Mr. Lyman K. Skory, Private Consultant, Midland, Michigan

3. Richard D. Stewart, M.D., M.P.H., Adjunct Professor, Department of Pharmacology and

Toxicology, The Medical College of Wisconsin, Milwaukee, Wisconsin

These experts collectively have knowledge of tetrachloroethylene’s physical and chemical properties,

toxicokinetics, key health end points, mechanisms of action, human and animal exposure, and

quantification of risk to humans. All reviewers were selected in conformity with the conditions for

peer review specified in Section 104(i)(l3) of the Comprehensive Environmental Response,

Compensation, and Liability Act, as amended.

Scientists from the Agency for Toxic Substances and Disease Registry (ATSDR) have reviewed the

peer reviewers’ comments and determined which comments will be included in the profile. A listing

of the peer reviewers’ comments not incorporated in the profile, with a brief explanation of the

rationale for their exclusion, exists as part of the administrative record for this compound. A list of

databases reviewed and a list of unpublished documents cited are also included in the administrative

record.

The citation of the peer review panel should not be understood to imply its approval of the profile’s

final content. The responsibility for the content of this profile lies with the ATSDR.
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1. PUBLIC HEALTH STATEMENT

This public health statement tells you about tetrachloroethylene and the effects of exposure.

The Environmental Protection Agency (EPA) identifies the most serious hazardous waste sites

in the nation. These sites make up the National Priorities List (NPL) and are the sites

targeted for long-term federal cleanup. Tetrachloroethylene has been found in at least 771 of

the 1,430 current or former NPL sites. However, it’s unknown how many NPL sites have

been evaluated for this substance. As more sites are evaluated, the sites with tetrachloroethylene

may increase. This is important because exposure to this substance may harm you

and because these sites may be sources of exposure.

When a substance is released from a large area, such as an industrial plant, or from a

container, such as a drum or bottle, it enters the environment. This release does not always

lead to exposure. You are exposed to a substance only when you come in contact with it.

You may be exposed by breathing, eating, or drinking the substance or by skin contact.

If you are exposed to tetrachloroethylene, many factors determine whether you’ll be harmed.

These factors include the dose (how much), the duration (how long), and how you come in

contact with it. You must also consider the other chemicals you’re exposed to and your age,

sex, diet, family traits, lifestyle, and state of health.

1.1  WHAT IS TETRACHLOROETHYLENE?

Tetrachloroethylene is a synthetic chemical that is widely used for dry cleaning of fabrics and

for metal-degreasing operations. It is also used as a starting material (building block) for

making other chemicals and is used in some consumer products. Other names for

tetrachloroethylene include perchloroethylene, PCE, pert, tetrachloroethene, perclene, and

perchlor. It is a nonflammable liquid at room temperature. It evaporates easily into the air
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and has a sharp, sweet odor. Most people can smell tetrachloroethylene when it is present in

the air at a level of 1 part in 1 million parts of air (ppm) or more. In an experiment, some

people could smell tetrachloroethylene in water at a level of 0.3 ppm. For more information,

see Chapters 3 and 4.

1.2 WHAT HAPPENS TO TETRACHLOROETHYLENE WHEN IT ENTERS THE

ENVIRONMENT?

Tetrachloroethylene enters the environment mostly by evaporating into the air during use. It

can also get into water supplies and the soil during disposal of sewage sludge and factory

waste and when leaking from underground storage tanks. Tetrachloroethylene may also get

into the air, soil, or water by leaking or evaporating from storage and waste sites. It can stay

in the air for several months before it is broken down into other chemicals or is brought back

down to the soil and water by rain.

Much of the tetrachloroethylene that gets into water and soil will evaporate into the air.

However, because tetrachloroethylene can travel through soils quite easily, it can get into

underground drinking water supplies. If it gets into underground water, it may stay there for

many months without being broken down. If conditions are right, bacteria will break down

some of it and some of the chemicals formed may also be harmful. Under some conditions,

tetrachloroethylene may stick to the soil and stay there. It does not seem to build up in

animals that live in water, such as fish, clams, and oysters. We do not know if it builds up in

plants grown on land. For more information on tetrachloroethylene in the environment, see

Chapters 4 and 5.

1.3 HOW MIGHT 1 BE EXPOSED TO TETRACHLOROETHYLENE?

People can be exposed to tetrachloroethylene from environmental and occupational sources

and from consumer products. Common environmental levels of tetrachloroethylene (called

background levels) are several thousand times lower than levels found in some workplaces.

Background levels are found in the air we breathe, in the water we drink, and in the food we
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eat. The chemical is found most frequently in air and, less often, in water. Tetrachloroethylene

gets into air by evaporation from industrial or dry cleaning operations. It is also

released from areas where chemical wastes containing it are stored. It is frequently found in

water. For example, tetrachloroethylene was found in 38% of 9,232 surface water sampling

sites throughout the United States. There is no similar information on how often the chemical

is found in air samples, but we know it is widespread. We do not know how often it is found

in soil, but in one study, it was found in 5% of 359 sediment samples.

In general, tetrachloroethylene levels in air are higher in cities or industrial areas where it is

in use more than in more rural or remote areas. You can smell it at levels of 1 ppm in air.

However, the background level of tetrachloroethylene in air is usually less than 1 part in

1 billion parts of air (ppb). The air close to dry cleaning shops and chemical waste sites has

levels of tetrachloroethylene higher than background levels. These levels are usually less than

1 ppm, the level at which you can smell it. Water, both above and below ground, may

contain tetrachloroethylene. Levels in water are also usually less than 1 ppb. Levels in

contaminated water near disposal sites are higher than levels in water far away from those

sites. Water polluted with this chemical may have levels greater than 1 ppm. In soil,

background levels are probably l00-1,000 times lower than 1 ppm.

You can also be exposed to tetrachloroethylene by using certain consumer products. Products

that may contain it include water repellents, silicone lubricants, fabric finishers, spot

removers, adhesives, and wood cleaners. Although uncommon, small amounts of tetrachloroethylene

have been found in food, especially food prepared near a dry cleaning shop. When

you bring clothes home from the dry cleaners, the clothes may release small amounts of

tetrachloroethylene into the air. The full significance to human health of these exposures to

small amounts of tetrachloroethylene is unknown, but to date, they appear to be relatively

harmless. Tetrachloroethylene can also be found in the breast milk of mothers who have been

exposed to the chemical.
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The people with the greatest chance of exposure to tetrachloroethylene are those who work

with it. According to estimates from a survey conducted by the National Institute for

Occupational Safety and Health (NIOSH), more than 650,000 U.S. workers may be exposed.

For the general population, the estimated amount that a person might breathe per day ranges

from 0.08 to 0.2 milligrams. The estimated amount that most people might drink in water

ranges from 0.0001 to 0.002 milligrams per day. These are very small amounts. For more

information on the ways people might be exposed to tetrachloroethylene, see Chapter 5.

1.4 HOW CAN TETRACHLOROETHYLENE ENTER AND LEAVE MY BODY?

Tetrachloroethylene can enter your body when you breathe air containing it. How much

enters your body in this way depends on how much of the chemical is in the air, how fast and

deeply you are breathing, and how long you are exposed to it. Tetrachloroethylene may also

enter your body when you drink water or eat food containing the chemical. How much enters

your body in this way depends on how much of the chemical you drink or eat. These two

exposure routes are the most likely ways people will take in tetrachloroethylene. These are

also the most likely ways that people living near areas polluted with the chemical, such as

hazardous waste sites, might be exposed to it. If tetrachloroethylene is trapped against your

skin, a small amount of it can pass through into your body. Very little tetrachloroethylene in

the air can pass through your skin into your body.

Most tetrachloroethylene leaves your body from your lungs when you breathe out. This is

true whether you take in the chemical by breathing, drinking, eating, or touching it. A small

amount of the tetrachloroethylene is changed by your body (especially your liver) into other

chemicals that are removed from your body in urine. Most of the changed tetrachloroethylene

leaves your body in a few days. Some of it that you take in is found in your blood

and other tissues, especially body fat. Part of the tetrachloroethylene that is stored in fat may

stay in your body for several days or weeks before it is eliminated. For more information on

how tetrachloroethylene enters and leaves your body, see Chapter 2.
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1.5 HOW CAN TETRACHLOROETHYLENE AFFECT MY HEALTH?

To protect the public from the harmful effects of toxic chemicals and to find ways to treat

people who have been harmed, scientists use many tests.

One way to see if a chemical will hurt people is to learn how the chemical is absorbed, used,

and released by the body; for some chemicals, animal testing may be necessary. Animal

testing may also be used to identify health effects such as cancer or birth defects. Without

laboratory animals, scientists would lose a basic method to get information needed to make

wise decisions to protect public health. Scientists have the responsibility to treat research

animals with care and compassion. Laws today protect the welfare of research animals, and

scientists must comply with strict animal care guidelines.

Tetrachloroethylene has been used safely as a general anesthetic agent, so at high

concentrations, it is known to produce loss of consciousness. When concentrations in air are

high-particularly in closed, poorly ventilated areas-single exposures can cause dizziness,

headache, sleepiness, confusion, nausea, difficulty in speaking and walking, unconsciousness,

and death. Irritation may result from repeated or extended skin contact with the chemical.

As you might expect, these symptoms occur almost entirely in work (or hobby) environments

when individuals have been accidentally exposed to high concentrations or have intentionally

abused tetrachloroethylene to get a “high.” In industry, most workers are exposed to levels

lower than those causing dizziness, sleepiness, and other nervous system effects. The health

effects of breathing in air or drinking water with low levels of tetrachloroethylene are not

definitely known. However, at levels found in the ambient air or drinking water, risk of

adverse health effects is minimal. The effects of exposing babies to tetrachloroethylene

through breast milk are unknown. Results from some studies suggest that women who work

in dry cleaning industries where exposures to tetrachloroethylene can be quite high may have

more menstrual problems and spontaneous abortions than women who are not exposed.

However, it is not known for sure if tetrachloroethylene was responsible for these problems

because other possible causes were not considered.
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Results of animal studies, conducted with amounts much higher than those that most people

are exposed to, show that tetrachloroethylene can cause liver and kidney damage and liver

and kidney cancers even though the relevance to people is unclear. Although it has not been

shown to cause cancer in people, the U.S. Department of Health and Human Services has

determined that tetrachloroethylene may reasonably be anticipated to be a carcinogen. The

International Agency for Research on Cancer (IARC) has determined that tetrachloroethylene

is probably carcinogenic to humans. Exposure to very high levels of tetrachloroethylene can

be toxic to the unborn pups of pregnant rats and mice. Changes in behavior were observed in

the offspring of rats that breathed high levels of the chemical while they were pregnant Rats

that were given oral doses of tetrachloroethylene when they were very young, when their

brains were still developing, were hyperactive when they became adults. How

tetrachloroethylene may affect the developing brain in human babies is not known.

For more information on the health effects of tetrachloroethylene, see Chapter 2.

1.6  IS THERE A MEDICAL TEST TO DETERMINE WHETHER I HAVE BEEN

EXPOSED TO TETRACHLOROETHYLENE?

One way of testing for tetrachloroethylene exposure is to measure the amount of the chemical

in the breath, much the same way breath alcohol measurements are used to determine the

amount of alcohol in the blood. This test has been used to measure levels of the chemical in

people living in areas where the air is contaminated with tetrachloroethylene or those exposed

to the chemical through their work. Because it is stored in the body’s fat and is slowly

released into the bloodstream, it can be detected in the breath for weeks following a heavy

exposure. Tetrachloroethylene can be detected in the blood. Also, breakdown products of the

chemical can be detected in the blood and urine of people exposed to tetrachloroethylene.

Trichloroacetic acid (TCA), a breakdown product of tetrachloroethylene can be detected for

several days after exposure. These tests are relatively simple to perform. The breath, blood,

or urine must be collected in special containers and then sent to a laboratory for testing.

Because exposure to other chemicals can produce the same breakdown products in the urine

and blood, the tests for breakdown products cannot determine if you have been exposed only
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to tetrachloroethylene. For more information on where and how tetrachloroethylene can be

detected in your body after you have been exposed to it, see Chapters 2 and 6.

1.7 WHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO

PROTECT HUMAN HEALTH?

The federal government develops regulations and recommendations to protect public health.

Regulations can be enforced by law. Federal agencies that develop regulations for toxic

substances include the EPA, the Occupational Safety and Health Administration (OSHA), and

the Food and Drug Administration (FDA). Recommendations provide valuable guidelines to

protect public health but cannot be enforced by law. Federal organizations that develop

recommendations for toxic substances include the Agency for Toxic Substances and Disease

Registry (ATSDR) and NIOSH.

Regulations and recommendations can be expressed in not-to-exceed levels in air, water, soil,

or food that are usually based on levels that affect animals; then they are adjusted to help

protect people. Sometimes these not-to-exceed levels differ among federal organizations

because of different exposure times (an 8-hour workday or a 24-hour day), the use of

different animal studies, or other factors.

Recommendations and regulations are also periodically updated as more information becomes

available. For the most current information, check with the federal agency or organization

that provides it. Some regulations and recommendations for tetrachloroethylene include the

following:

The EPA maximum contaminant level for the amount of tetrachloroethylene that-can be in

drinking water is 0.005 milligrams tetrachloroethylene per liter of water (mg/L) (0.005 ppm).

EPA has established regulations and procedures for dealing with tetrachloroethylene, which it

considers a hazardous waste. Many regulations govern its disposal. If amounts greater than
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100 pounds are released to the environment, the National Response Center of the federal

government must be told immediately.

OSHA limits the amount of tetrachloroethylene that can be present in workroom air. This

amount is limited to 100 ppm for an 8-hour workday over a 40-hour workweek. NIOSH

recommends that tetrachloroethylene be handled as a chemical that might potentially cause

cancer and states that levels of the chemical in workplace air should be as low as possible.

For more information on regulations and guidelines to protect human health, see Chapter 7.

1.8 WHERE CAN I GET MORE INFORMATION?

If you have any more questions or concerns, please contact your community or state health or

environmental quality department or

Agency for Toxic Substances and Disease Registry

Division of Toxicology

1600 Clifton Road NE, Mailstop E-29

Atlanta, Georgia 30333

*Information line and technical assistance

Phone: (404) 639-6000

Fax: (404) 639-6315 or 6324

ATSDR can also tell you the location of occupational and environmental health clinics.

These clinics specialize in recognizing, evaluating, and treating illnesses resulting from

exposure to hazardous substances.
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*To order toxicological profiles, contact

National Technical Information Service

5285 Port Royal Road

Springfield, VA 22 161

Phone (800) 553-6847 or (703) 487-4650
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2.1 INTRODUCTION

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and

other interested individuals and groups with an overall perspective on the toxicology of

tetrachloroethylene. It contains descriptions and evaluations of toxicological studies and

epidemiological investigations and provides conclusions, where possible, on the relevance of toxicity

and toxicokinetic data to public health.

A glossary and list of acronyms, abbreviations, and symbols can be found at the end of this profile.

2.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To help public health professionals and others address the needs of persons living or working near

hazardous waste sites, the information in this section is organized first by route of exposure

(inhalation, oral, and dermal) and then by health effect (death, systemic, immunological, neurological,

reproductive, developmental, genotoxic, and carcinogenic effects). These data are discussed in terms

of three exposure periods: acute (14 days or less), intermediate (15-364 days), and chronic (365 days

or more).

Levels of significant exposure for each route and duration are presented in tables and illustrated in

figures. The points in the figures showing no-observed-adverse-effect levels (NOAELs) or lowest-observed-

adverse-effect levels (LOAELs) reflect the actual doses (levels of exposure) used in the

studies. LOAELs have been classified into “less serious” or  “serious” effects. “Serious” effects are

those that evoke failure in a biological system and can lead to morbidity or mortality (e.g., acute

respiratory distress or death). “Less serious” effects are those that are not expected to cause significant

dysfunction or death or those whose significance to the organism is not entirely clear. ATSDR

acknowledges that a considerable amount of judgment may be required in establishing whether an end

point should be classified as a NOAEL, “less serious” LOAEL, or “serious” LOAEL, and that in some

cases, there will be insufficient data to decide whether the effect is indicative of significant

dysfunction. However, the Agency has established guidelines and policies that are used to classify
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these end points. ATSDR believes that there is sufficient merit in this approach to warrant an attempt

at distinguishing between “less serious” and “serious” effects. The distinction between “less serious”

effects and “serious”’ effects is considered to be important because it helps users of the profiles to

identify levels of exposure at which major health effects start to appear. LOAELs or NOAELs should

also help in determining whether or not the effects vary with dose and/or duration, and place into

perspective the possible significance of these effects to human health.

The significance of the exposure levels shown in the Levels of Significant Exposure (LSE) tables and

figures may differ depending on the user’s perspective. Public health officials and others concerned

with appropriate actions to take at hazardous waste sites may want information on levels of exposure

associated with more subtle effects in humans or animals or exposure levels below which no adverse

effects have been observed. Estimates of levels posing minimal risk to humans (Minimal Risk Levels

or MRLs) may be of interest to health professionals and citizens alike.

Levels of exposure associated with carcinogenic effects (Cancer Effect Levels, CELs) of

tetrachloroethylene are indicated in Tables 2-B and 2-3 and Figures 2-l and 2-2.

Estimates of exposure levels posing minimal risk to humans (Minimal Risk Levels or MRLs) have

been made for tetrachloroethylene. An MRL is defined as an estimate of daily human exposure to a

substance that is likely to be without an appreciable risk of adverse effects (noncarcinogenic) over a

specific duration of exposure. MRLs are derived when reliable and sufficient data exist to identify the

target organ(s) of effect or the most sensitive health effect(s) for a specified duration within a given

route of exposure. MRLs are based on noncancer health effects only and do not reflect a

consideration of carcinogenic effects. MRLs can be derived for acute, intermediate, and chronic

duration exposures for inhalation and oral routes. Appropriate methodology does not exist to develop

MRLs for dermal exposure.

Although methods have been established to derive these levels (Barnes and Dourson 1988; EPA 1990),

uncertainties are associated with these techniques, Furthermore, ATSDR acknowledges additional

uncertainties inherent in the application of the procedures to derive less than lifetime MRLs. As an

example, acute inhalation MRLs may not be Iprotective for health effects that are delayed in

development or result from repeated acute insults, such as hypersensitivity reactions, asthma, or
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chronic bronchitis. As these kinds of health effects data become available and methods to assess

levels of significant human exposure improve, these MRLs will be revised.

A User’s Guide has been provided at the end of this profile (see Appendix B). This guide should aid

in the interpretation of the tables and figures for Levels of Significant Exposure and the MRLs.

2.2.1 Inhalation Exposure

2.2.1.l Death

At high vapor concentrations, tetrachloroethylene is both a potent anesthetic agent and a cardiac

epinephrine sensitizer. Therefore, sudden death resulting from acute exposure to anesthetic vapor

concentrations is presumed to result from either excessive depression of the respiratory center or the

onset of a fatal cardiac arrhythmia induced by epinephrine sensitization. Human deaths caused by

tetrachloroethylene inhalation have been reported. A 33-year-old man was found unconscious after

performing work on a plugged line in a commercial dry cleaning establishment and died on the way to

the hospital (Lukaszewski 1979). Exposure to tetrachloroethylene was presumably by inhalation since

‘an autopsy revealed no tetrachloroethylene in the stomach contents but high levels of the compound in

the blood and brain (4.4 mg/l00 mL and 36 mg/l00 g, respectively). In another report, a 53-year-old

male dry cleaner died after being overcome by tetrachloroethylene fumes (Levine et al. 1981).

Tetrachloroethylene concentrations were 66 mg/L in blood, and 79, 31, and 46 mg/kg in the brain,

heart, and lungs, respectively, of a 2-year-old boy found dead 1.5 hours after he was placed in his

room with curtains that had been incorrectly dry cleaned in a coin-operated dry cleaning machine

(Gamier et al. 1996). In these reports, the level of tetrachloroethylene exposure was not reported.

Epidemiological studies of workers occupationally exposed to tetrachloroethylene have not consistently

shown increased mortality. Although total mortality was not increased, Blair et al. (1979) found

increased mortality from cancers of the lungs, cervix, uterus, and skin. This study is limited by a lack

of control for alcohol and tobacco consumption. Other studies have not shown significantly increased

mortality in workers occupationally exposed to tetrachloroethylene (Blair et al. 1990; Brown and

Kaplan 1987; Katz and Jowett 1981; Spirtas et al. 1991).
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There were no major differences between mice and rats in susceptibility to lethal effects of

tetrachloroethylene following acute- or intermediate-duration exposure. In addition, no sex differences

in response were detected. A 4-hour inhalation LC50 of 5,200 ppm for female albino mice has been

reported. Data used to derive the LC50 show that the highest concentration of tetrachloroethylene for a

4-hour exposure that was not lethal to mice was 2,450 ppm; the lowest concentration that caused death

was 3,000 ppm (Friberg et al. 1953). In another study, the highest concentration for a 4-hour exposure

that did not result in death in B6C3F1 mice or Fischer-344 rats of both sexes was 2,445 ppm; the

lowest concentrations causing death were 2,613 ppm in mice and 3,786 ppm in rats (NTP 1986). A

single 10- or 14-hour exposure of rats to 2,000 ppm and a single 4-hour exposure to 3,000 ppm did

not produce death, while death occurred with exposure to 3,000 ppm for 5 hours or longer (Rowe et

al. 1952).

Rats and mice were exposed to tetrachloroethylene by inhalation for 14 days or 13 weeks (NTP 1986).

In the 14-day study, mortality occurred in rats exposed to 1,750 ppm tetrachloroethylene but not in

mice. Compound-related mortality did not occur in either species at exposure concentrations of

875 ppm or lower. In the 13-week inhalation study, mortality occurred in rats and mice exposed to

1,600 ppm tetrachloroethylene but not to concentrations of 800 ppm or lower.

Mortality in rats exposed to 400 ppm tetrachloroethylene and mice exposed to 100 or 200 ppm

tetrachloroethylene by inhalation in a 103-week carcinogenesis bioassay was a result of compoundrelated

lesions and neoplasms (NTP 1986). This study is discussed in Sections 2.2.1.2 and 2.2.1.8.

All reliable LOAEL and LC50 values for death in each species and duration category are recorded in

Table 2- 1 and plotted in Figure 2-1.

2.2.1.2 Systemic Effects

The highest NOAEL and all reliable LOAEL values for systemic effects in each species-and duration

category are recorded in Table 2-l and plotted in Figure 2-l.

No studies were located regarding dermal effects in humans or animals after inhalation exposure to

tetrachloroethylene.



TABLE 2-1. Levels of Significant Exposure to Tetrachloroethylene - Inhalation 

LOAEL Exposure/ 
Serious 
(ppm) Reference 

Less serious Key toa Species/ duration/ NOAEL 
figure (strain) frequency System (ppm) (ppm) 

ACUTE EXPOSURE 
Death 

1 Rat 4 hr 
(Fischer- 344) 

2 Rat 2wk 
(Fischer- 344) 5d/wk 

6hr/d 

3 Mouse 4 hr 

(NS) 

4 Mouse 4 hr 
(B6C3F 1 ) 

Systemic 
5 Human 3 hr Cardio 87 

6 Human 0.05 -2 hr Resp 106 21 6 (irritation) 

Ocular 106 (slight ocular irritation) 

3786 (5/10 rats died) NTP 1986 

1750 (5/10 rats died) NTP 1986 

5200 F (LC,) 

2613 F (2/5 died) 

Friberg et al. 

1953 

Ogata et al. 

1971 

930 (severe irritation tolerated Rowe et al. 

for 52 minutes) 1952 

930 (severe irritation tolerated 

for 52 minutes) 
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NTP 1986 



7 Human 5 d Resp 150 M Stewart et al. 

7.5 hr/d 1981 

Cardio 150 M 

Hemato 150 M 

Hepatic 150 M 

. Renal 150 M 

8 Rat 2 wk Bd Wt 875 
(Fischer - 344) 5d/wk 

9 Rat 14 d Hepatic 400 (hypertrophy) 

Renal 400 

(Fischer - 344) 

10 Mouse 5 d Resp 

(ddy) 6hr/d 

11 Mouse 4 hr Hepatic 

(NS) 

300 M (epithelial degeneration 

of olfactory mucosa, 

dilation of Bowman’s 

glands, atrophy of 

olfactory nerves) 

200 F (fatty degeneration) 

1750 M (body weight 28% lower 

than controls) 

NTP 1986 

Odum et al. 

1988 

Aoki et al. 1994 

Kylin et al. 1963 

TABLE 2-1. Levels of Significant Exposure to Tetrachloroethylene - Inhalation (Continued) 

LOAEL Exposure/ 
Serious 
(ppm) Reference 

Less serious Key toa Species/ duration/ NOAEL 
figure (strain) frequency System (ppm) (ppm) 

6hr/d 

6hr/d 
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12 Mouse 2 wk Hepatic 425 875 (hepatic vacuolization) NTP 1986 

(B6C3F1) 5d/wk 
6hr/d Bd Wt 1750 

13 Mouse 14 d Hepatic 400 (peroxisomal 

(B6C3F1) 6hr/d proliferation: fatty 

changes) 

Renal 400 

14 Dog 10 min Resp 5000 10000 (upper respiratory tract 

(Beagle) irritation) 

Cardio 10000 

Neurological 
15 Human 4 d 

4hr/d 

16 Human 4 d 

4hr/d 

10 M 

10
b
 

50 M (increased latency of 

pattern reversal 

visual -evoked potentials) 

50 M (increased latency of 

pattern reversal 

visual -evoked potential, 

significant performance 

deficits for vigilance and 

eye -hand coordination) 

Odum et al. 

1988 

Reinhardt et al. 

1973 

Altmann et al. 

1990 

Altmann et al. 

1992 

TABLE 2-1. Levels of Significant Exposure to Tetrachloroethylene - Inhalation (Continued) 
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1000 (mood/personality 2000 (anesthesia) Carpenter 1937 17 Human < 3 hr 500 
changes) 

18 Human 5 d 
7.5 hr/d 

19 Human 3 hr 

20 Human 0.05 -2 hr 

21 Human 5 d 

7hr/d 

22 Rat 2 wk 
(Fischer- 344) 5d/wk 

6 h r/d 

20 100 (cerebral cortical 
depression) 

87 

106 21 6 (dizziness/sleepiness) 

I01 (mood/personality 
changes) 

875 

Hake and 
Stewart 1977; 
Stewart et al. 
1981 

Ogata et al. 
1971 

Rowe et al. 
1952 

280 (incoordination) 

Stewart et al. 

1970 

1750 (hypoactivity; ataxia) NTP 1986 

TABLE 2-1. Levels of Significant Exposure to Tetrachloroethylene - Inhalation (Continued) 
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Savolainen et 23 Rat 4 d 200 (increased open-field 

(Sprague- 6hr/d behavior, i.e., al. 1977 
Dawle y) ambulation) 

24 Mouse 2 wk 

(B6C3F1) 5d/wk 

6hr/d 

25 Mouse 4 hr 
(B6C3F1) 

Developmental 

26 Rat Gd 14 -20 

(Sprague- 7hr/d 
Dawley) 

27 Rat Gd 6-1 5 

(Sprague- 7hr/d 
Dawley) 

875 

100 900 (transient decreased 

performance ascent test; 

decreased brain 

acetylcholinesterase; 

increased open-field 

activity) 

1750 (anesthesia) 

2328 (anesthesia) 

NTP 1986 

Nelson et al. 

1980 

300 (increased fetal resorptions) Schwetz et al. 

1975 

TABLE 2-1. Levels of Significant Exposure to Tetrachloroethylene - Inhalation (Continued) 
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28 Mouse Gd 6-1 5 300 (decreased fetal weight; Schwetz et al. 
(Swiss- 7 h r/d delayed ossification) 1975 

Webster) 

INTERMEDIATE EXPOSURE 
Death 

29 Rat 13 wk 
(Fischer- 344) 5d/wk 

6 h r/d 

30 Mouse 13 wk 
(66C3Fi) 5d/wk 

6hr/d 

Systemic 
31 Rat 7 mo 

(NS) 5d/wk 
8hr/d 

32 Rat 28 d 
(Fischer- 344) 6hr/d 

Hepatic 70 230 (decreased glycogen) 

Renal 230 470 (mild nephropathy) 

Renal 400 

1600 (1 1/20 rats died) NTP 1986 

1600 (6/1 0 mice died) NTP 1986 

Carpenter 1937 

Green et al. 
1990 

TABLE 2-1. Levels of Significant Exposure to Tetrachloroethylene - Inhalation (Continued) 
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33 Rat 90 d Hepatic 
(Sprague- 
Dawley) 

320 M (increased liver weights) 

34 Rat 13 wk Resp 800 1600 (lung congestion) 

6hr/d Hepatic 200 400 (liver congestion) 

(Fischer- 344) 5d/wk 

Bd Wt 800 

35 Rat 28 d Hepatic 
(Fischer- 344) 6hr/d 

Renal 400 

36 Rat 21 d Hepatic 
(Fischer- 344) 6hr/d 

Renal 400 

200 (hypertrophy) 

400 (hypertrophy) 

Kyrklund et al. 

1990 

NTP 1986 

1600 M (body weight 20% lower 

than controls) 

Odum et al. 

1988 

Odum et al. 

1988 

TABLE 2-1. Levels of Significant Exposure to Tetrachloroethylene - Inhalation (Continued) 
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37 Rat 19 wk: Hepatic 1000 Tinston 1995 

(Alpk:APfSD) 11 wk, 

5d/wk Renal 300 1000 M (minimal chronic 
6hr/d; daily progressive 

during glomerulonephropathy; 
mating/ increased pleomorphism 
lactation within proximal tubular 

nuclei) 

Bd Wt 

38 Mouse 28 d Renal 

(B6C3F1) 6hr/d 

39 Mouse 30 d Hepatic 

(NMRI) 24hr/d 

Bd Wt 

40 Mouse 8 wk Hepatic 

(NS) 6d/wk 

4hr/d Renal 

Bd Wt 

1000 

400 

9 (liver enlargement and 

vacuolization of 

hepatocytes) 

150 

200 F (fatty degeneration) 

200 F 

200 F 

Green et al. 
1990 

Kjellstrand et 

al. 1984 

Kylin et al. 1965 

TABLE 2-1. Levels of Significant Exposure to Tetrachloroethylene - Inhalation (Continued) 

LOAEL Exposure/ 
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41 Mouse 
(B6C3F1) 

42 Mouse 
(B6C3Fl) 

43 Mouse 
(B6C3F1) 

13 wk Hepatic 

5d/wk 

6hr/d Renal 

Bd Wt 

28 d Hepatic 

6hr/d 

Renal 

21 d Hepatic 

6 h r/d 

Renal 

Neurological 

(Sprague- 
Dawley) 

44 Rat 30 or 90 d 

200 400 (centrilobular liver necrosis) NTP 1986 

100 200 (karyomegaly of renal 

tubular epithelial cells) 

1600 

200 (peroxisomal 

proliferation; fatty 

changes) 

400 

400 

400 (peroxisomal 

proliferation; fatty 

changes) 

320 M (changes in the fatty 

acid composition of the 

brain) 

Odum et al. 

1988 

Odum et al. 

1988 

Kyrklund et al. 

1988. 1990 

TABLE 2-1. Levels of Significant Exposure to Tetrachloroethylene - Inhalation (Continued) 
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45 Rat 19 wk: 300 1000 (decreased activity, Tinston 1995 

(Alpk:APfSD) 11 wk, reduced response to 
5d/wk sound, increased 
6hr/d; daily salivation, piloerection) 

during 
mating/ 
lactation 

46 Rat 4 or 12 wk 
(Sprague- 
Dawley) 

47 Gerbil 90 d 
(Mongolian) 24hr/d 

48 Gerbil 3 mo 
(Mongolian) 24hr/d 

300 M 600 M (decreased brain weight; 
decrease in cytoskeletal 
proteins) 

60 (decreased DNA levels in 
frontal cortex) 

60 (decreased DNA content 
in the frontal cerebral 
cortex) 

Wang et al. 
1993 

Karlsson et al. 
1987 

Rosengren et 
al. 1986 

TABLE 2-1. Levels of Significant Exposure to Tetrachloroethylene - Inhalation (Continued) 

LOAEL Exposure/ 
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Reproductive 

49 Rat 19 wk: 300 1000 (significant reduction in the Tinston 1995 

5d/wk decreased pup survival 

6hr/d; daily during lactation) 
during 

mating/ 

lactation 

(Alpk:APfSD) 11 wk, number of live born pups; 

CHRONIC EXPOSURE 
Death 

50 Rat 103 wk 
(Fischer- 344) 5d/wk 

6hr/d 

51 Mouse 103 wk 

(B6C3F1) 5d/wk 

6 h r/d 

Systemic 

52 Human 20 yr Hepatic 

average 

15.8 (diffuse parenchymal 

changes revealed by 

ultrasound) 

400 M (reduced survival) Mennear et al. 

1986; NTP 

1986 

100 M (reduced survival) Mennear et al. 

1986; NTP 

1986 

Brodkin et al. 

1995 

TABLE 2-1. Levels of Significant Exposure to Tetrachloroethylene - Inhalation (Continued) 
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53 Human 

54 Human 

55 Human 

56 Human 

57 Human 

1-120 mo 

occupa - 

tional 

14 yr 

occupa - 

tional 

6 yr 
occupa - 

tional 

10 yr 

average 

occupa- 

tional 

12 yr 

average 

occupa- 

tional 

Hemato 20 

Hepatic 20 

Renal 20 

Renal 

Hepatic 21 

Renal 21 

Renal 

Renal 14 

10 (increased urine 

p-glucuronidase and 

lysozyme) 

15 (nephrotoxicity) 

Cai et al. 1991 

Franchini et al. 

1983 

Lauwerys et al. 
1983 

Mutti et al. 1992 

Solet and 

Robins 1991 

TABLE 2-1. Levels of Significant Exposure to Tetrachloroethylene - Inhalation (Continued) 
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58 Human 9 yr Renal 23 F (increased urinary Vyskocil et al. 

occupa - lysozyme activity) 1990 

tional 

59 Rat 103 wk Resp 

(Fischer- 344) 5d/wk 

6hr/d 

200 (thrombosis; squamous 

metaplasia of nasal 

cavity) 

Gastro 200 400 M (forestomach ulcers) 

Renal 200 (renal tubular 

karyomegaly) 

Endocr 200 M (adrenal medullary 

Bd Wt 400 

hyperplasia) 

60 Mouse 103 wk Resp 

(B6C3F1) 5d/wk 

6hr/d 

Hepatic 

100 (acute passive 

congestion of the lungs) 

100 (hepatocellular 

degeneration) 

Mennear et al. 

1986; NTP 

1986 

Mennear et al. 

1986; NTP 

1986 

Renal 100 (nephrosis) 

Bd Wt 200 

TABLE 2-1. Levels of Significant Exposure to Tetrachloroethylene - Inhalation (Continued) 
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Neurological 

61 Human 1-30 yr 0.2 Altmann et al. 

1995 

62 Human 1-120 mo 

occupa- 

tional 

63 Human 106 mo 

average 

64 Human 10 yr 

occupa- 

tional 

65 Human 6 yr 

occupa- 

tional 

66 Human occup- 

ational 

21 

15.3 M 

20 (increase in subjective 

symptoms including 

dizziness) 

7.3 (color vision loss) 

15
c
 F (increased reaction times) 

Cai et al. 1991 

1994 
Cavalleri et al. 

Ferroni et al. 

1992 

Lauwerys et al. 

1983 

Nakatsuka et 

al. 1992 

TABLE 2-1. Levels of Significant Exposure to Tetrachloroethylene - Inhalation (Continued) 

LOAEL Exposure/ 
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Less serious Key toa Species/ duration/ NOAEL 
figure (strain) frequency System (ppm) (ppm) 
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Kyrklund et al. 120 M (phospholipid changes in 67 Gerbil 12 mo 

(Mongolian) 24hr/d the cerebral cortex and 1984 
hippocampus) 

Cancer 
68 Rat 103 wk 

(Fischer- 344) 5d/wk 

6hr/d 

69 Mouse 103 wk 

(B6C3F1) 5d/wk 

6 h r/d 

200 (CEL: mononuclear cell Mennear et al. 

leukemia) 1986; NTP 

1986 

100 (CEL: hepatocellular 

carcinoma) 

Mennear et al. 

1986; NTP 

1986 

a
The numbers correspond to entries in Figure 2- 1. 

b
The acute-duration inhalation minimal risk level (MRL) of 0.2 ppm was calculated from this concentration by expanding to continuous exposure (4/24 hours) and dividing by an 
uncertainty factor of 10 (for human variablility). 

c
The chronic-duration inhalation MRL of 0.04 ppm was calculated from this concentration by expanding to continuous exposure (8/24 hours, 5/7 days) and dividing 
by an uncertainty factor of 100 (I0 for use of a LOAEL and 10 for human variability). 

Bd Wt = body weight; Cardio = cardiovascular; CEL = cancer effect level; d = day(s); DNA = deoxyribonucleic acid; Endocr = endocrine; F = female; Gastro = gastrointestinal; 
Gd = gestation day; Hemato = hematological; hr = hour(s); LC50 = lethal concentration, 50% kill; LOAEL = lowest-observed-adverse-effect level; M = male; 

min = minute(s); mo = month(s); NOAEL = no-observed-adverse-effect level; NS = not specified; Resp = respiratory; wk = week(s); yr = yr(s) 

TABLE 2-1. Levels of Significant Exposure to Tetrachloroethylene - Inhalation (Continued) 
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11m

10m

12m

12m
13m

13m

14d

14d

14d

3m

4m1r
9r

8r

9r

8r

2r
6

6

6

7 77

5

7

7

6

6

12m

24m

25m

24m

28m

22r

23r

22r 26r

26r

27r

20

21
20

20

17

15 16 18
19

18
1615

17

17



42m

41m

43m
40m

41m

39m

30m

29r

33r 34r

34r

34r

34r31r

31r

31r

31r

35r

36r

37r
32r

37r

37r

37r
36r

35r

41m

41m

42m

43m

39m40m

38m

41m

40m
34r

34r

45r

44r

46r

46r

45r 49r

49r

48e

47e



50r
59r

59r

59r
51m 60m 60m53

53 5352
55 55

54
56

57
58 62

65

63

64 66

60m
60m59r 59r

59r

67e 68r
69m

61
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Respiratory Effects.   Intense irritation of the upper respiratory tract was reported in volunteers

exposed to high concentrations (>l,000 ppm) of tetrachloroethylene (Carpenter 1937; Rowe et al.

1952). These older acute inhalation studies in humans were limited by a small number of

experimental volunteer subjects, incomplete characterization of subjects, variable concentrations of

tetrachloroethylene, and reliance on symptomatology, which are subjective data. Despite these

limitations, some of the end points identified at high concentrations provide important toxicological

data on tetrachloroethylene effects in humans. Respiratory irritation (irritation of the nasal passages)

was reported in workers exposed to tetrachloroethylene vapors at levels of 232-385 ppm in a

degreasing operation (Coler and Rossmiller 1953) and in volunteers exposed to concentrations as low

as 216 ppm for 45 minutes to 2 hours (Rowe et al. 1952). Volunteers exposed to concentrations as

high as 1,060 ppm could tolerate no more than l-2 minutes of exposure before leaving the chamber

(Rowe et al. 1952). Pulmonary edema occurred in a case of accidental exposure although this lesion

may have been a secondary finding (Pate1 et al. 1973).

An experimental human exposure study titled Tetrachloroethylene: Development of a biologic

standard for the industrial worker by breath analysis, completed by Stewart and colleagues, was first

published by NIOSH in 1974. This publication can now be obtained from the National Technical

Information Service (NTIS) with a 1981 date, and is cited as Stewart et al. (1981) throughout this

Profile. In this study, four male volunteers were sequentially exposed to 0, 20, 100, or 150 ppm

tetrachloroethylene vapor for 7.5 hours/day, 5 days/week (Stewart et al. 1981). The men were exposed

to each concentration for 1 week. Once each week, pulmonary function was assessed at both rest and

during two levels of exercise with forced maximum expiratory flow measurements, while alveolarcapillary

gas exchange was measured by single breath carbon monoxide diffusion. The exposures to

tetrachloroethylene at these vapor concentrations and time intervals had no effect on the pulmonary

function measurements.

A l0-minute exposure of dogs to tetrachloroethylene at 10,000 ppm resulted in upper respiratory

irritation (Reinhardt et al. 1973). This effect was not observed at 5,000 ppm. In a study designed to

examine the effects of tetrachloroethylene on the respiratory mucosa, epithelial degeneration was

observed in mice exposed to tetrachloroethylene at 300 ppm for 6 hours/day for 5 days (Aoki et al.

1994). The degeneration was more severe in the olfactory mucosa compared to other sites in the

respiratory mucosa. Dilation of Bowman’s glands and atrophy of olfactory nerves were also observed.
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In a study in mice evaluating susceptibility to infection from inhaled Streptococcus zooepidemicus and

pulmonary bacteriocidal activity to inhaled Klebsiella pneumoniae,, exposure to 50 ppm

tetrachloroethylene for 3 hours increased susceptibility to both bacteria. The primary adverse effect of

tetrachloroethylene was hypothesized to be on alveolar macrophage activity, although other pulmonary

and extrapulmonary defense mechanisms may also have been involved (Aranyi et al. 1986). However,

because of variability in control group mortality and the lack of evaluation of specific immunological

end points, the relevance of the findings is unclear.

Congestion of the lungs was reported in rats exposed intermittently to tetrachloroethylene at

1,600 ppm, but not 800 ppm, for 13 weeks (NTP 1986). Thrombosis and squamous metaplasia were

observed in the nasal cavity of rats exposed intermittently at 200 ppm for 103 weeks (Mennear et al.

1986; NTP 1986). In mice exposed intermittently to tetrachloroethylene at 100 ppm for 103 weeks,

acute passive congestion of the lungs was observed (Mennear et al. 1986; NTP 1986).

Cardiovascular Effects.   No effects on heart rate or blood pressure were noted in four men

exposed to tetrachloroethylene at 87 ppm for 3 hours (Ogata et al. 1971). Ten adult male volunteers

and 10 adult female volunteers were exposed to 0, 20, 100, or 150 ppm tetrachloroethylene vapor for

1 hour, 3 hours, or 7.5 hours, 5 days/week for 1 week at each concentration (Stewart et al. 1981).

During the exposure periods, blood pressure and pulse rate were measured every hour, while

electrocardiograms were monitored continuously via telemetry. There was no deviation from the

baseline measurements which were obtained preexposure or for the postexposure follow-up period

(Stewart et al. 1981). These observations confirmed those of a separate study of six males and six

females in which no effects on the electrical activity of the heart were observed following random

exposure at 0, 25, and 100 ppm tetrachloroethylene vapor for 5.5 hours, 5 days/week (Stewart et al.

1977). The total study lasted 11 weeks, although the exposure concentrations varied daily throughout

the study. A case report describes a 24-year-old man who experienced cardiac arrhythmia (frequent

premature ventricular beats). The patient had been employed for 7 months in a dry cleaning facility

where he used tetrachloroethylene (Abedin et al. 1980). Plasma tetrachloroethylene was-measured at

0.15 ppm on his 5th day of hospitalization. The patient was discharged the next day but returned in

2 weeks for outpatient evaluation with a recurrence of skipping of heartbeats, headache, and dizziness.

At that time, plasma tetrachloroethylene was measured at 3.8 ppm. Since the biological exposure

index associated with an 8-hour exposure of 25 ppm is 0.5 mg/L tetrachloroethylene in blood (ACGIH
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1995), this subject was exposed to relatively high concentrations. The patient was reported to be

asymptomatic 1 month after finding different employment.

Epinephrine-induced cardiac arrhythmia was not induced in beagle dogs exposed by face mask to

5,000 or 10,000 ppm tetrachloroethylene (Reinhardt et al. 1973). This study was complicated by the

dogs’ struggling, which could represent irritant effects of these high tetrachloroethylene concentrations

on the upper respiratory tract.

Gastrointestinal Effects.  No studies were located regarding gastrointestinal effects in humans after

inhalation exposure to tetrachloroethylene. Forestomach ulcers were observed in male rats exposed

intermittently to tetrachloroethylene at 400 ppm for 103 weeks (NTP 1986). Ulcers were not observed

at 200 ppm.

Hematological Effects. Ten adult male volunteers and 10 adult female volunteers were exposed to

0, 20, 100, or 150 ppm tetrachloroethylene vapor for 1 hour, 3 hours, or 7.5 hours, 5 days/week for

1 week at each vapor concentration (Stewart et al. 1981). A complete blood count was obtained once

a week and compared to the preexposure and postexposure values. No deviation from baseline was

observed. Six males and six females were randomly exposed to 0, 25, or 100 ppm tetrachloroethylene

vapor for 5.5 hours, 5 days a week, over an 1l-week period (Stewart et al. 1977). A complete blood

count was obtained once a week and compared to the preexposure and postexposure values; no

deviations from baseline were observed. Relative to unexposed controls, changes in hemoglobin levels

and white blood cell counts were not observed in workers exposed to tetrachloroethylene at a

geometric mean time-weighted average (TWA) concentration of 20 ppm (Cai et al. 1991).

A decrease in erythrocyte -aminolevulinate dehydratase activity was observed in rats exposed to 200

but not 50 ppm tetrachloroethylene for 4 weeks (Soni et al. 1990). It is not clear if exposure was

intermittent or continuous. Rats exposed to 230 or 470 ppm tetrachloroethylene for up to 160 days

had splenic congestion and increased hemosiderin deposits (Carpenter 1937). Study limitations include

the use of sick animals (parasites, pneumonia), nonstandard study protocols, rats of undefined strain,

and inadequate controls. A transient increase in reticulocytes was observed in mice exposed to

tetrachloroethylene at 135 and 270 ppm during the first few weeks of an 11.5-week study (Seidel et al.

1992). Microscopic examination of bone marrow revealed no effect on pluripotent stem cells and only
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a small reduction in erythroid committed cells. Because of a lack of statistical analysis, NOAELs and

LOAELs were not clearly identified in the Seidell et al. (1992) study.

Musculoskeletal Effects. No studies were located regarding musculoskeletal effects in humans

after inhalation exposure to tetrachloroethylene. Histological changes were not observed in the limb

muscles of rats exposed to tetrachloroethyliene at 50, 200, or 800 ppm 6 hours/day, 5 days/week, for

13 weeks (Mattsson et al. 1992).

Hepatic Effects.   The liver is a target organ in humans accidentally exposed to high concentrations

of tetrachloroethylene. Hepatocellular damage was documented by biopsy in a case study of a woman

exposed occupationally to tetrachloroethylene fumes for 2.5 months (Meckler and Phelps 1966). Liver

damage also has been diagnosed by the presence of hepatomegaly, icterus, and elevations of serum

glutamic oxaloacetic transaminase (SGOT), bilirubin, and urinary urobilinogen (Coler and Rossmiller

1953; Hake and Stewart 1977; Saland 1967; Stewart et al. 1961a). These effects were generally

observed several days after an acute exposure resulting in nervous system effects. There was one case

report of diffuse fatty liver in a dry cleaner who died shortly after being exposed to tetrachloroethylene

fumes (Levine et al. 1981). Because of the brief interval between exposure and death, this liver lesion

may have been preexistent.

Ten adult male volunteers and 10 adult female volunteers were sequentially exposed to 0, 20, 100, or

150 ppm tetrachloroethylene vapor for 1 hour, 3 hours, or 7.5 hour periods, 5 days/week for one week

at each exposure concentration. No ethanol consumption was permitted during the exposure sequence.

A complete panel of clinical chemistries was obtained each week. The tests completed included a

serum alkaline phosphatase, a serum ghrtamic pyruvic transaminase (SGPT), an SGOT, and a serum

bilirubin. These results were compared to the preexposure and postexposure values. No deviation

from baseline was observed (Stewart et al. 1981). Six males and six females were randomly exposed

to 0, 25, or 100 ppm tetrachloroethylene vapor for 5.5 hours, 5 days a week, over an 11-week period

(Stewart et al. 1977). A complete panel of clinical chemistries was obtained each week,-which

included a serum alkaline phosphatase, an SGPT, an SGOT, and a serum bilirubin. These results were

compared to preexposure and postexposure values; no deviations from baseline were observed.

Hepatic effects as measured by SGPT elevations were not detected in 22 dry cleaning workers in

Belgium exposed to a TWA concentration of 21 ppm tetrachloroethylene over an average of 6 years
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(Lauwerys et al. 1983). SGOT, SGPT, and serum alkaline phosphatase were not increased in workers

exposed to tetrachloroethylene at a geometric mean TWA concentration of 20 ppm for l-120 months

(Cai et al. 1991). Differences in the isoenzyme fractionation of serum gamma-glutamyltransferase

(GGT) enzymes were observed in 141 workers exposed to tetrachloroethylene at an average

concentration of 11.3 ppm relative to 130 unexposed controls (Gennari et al. 1992). Both exposed and

control subjects were chosen on the basis of normal liver function tests (SGOT, SGPT, serum alkaline

phosphatase, lactate dehydrogenase, and 5’-nucleotidase). In exposed workers, total GGT was

significantly (1.4-fold; p<0.01) increased, principally as a result of an increase in GGT-2. Small

amounts of GGT-4 were only observed in exposed workers. No correlation between serum GGT

levels and worker tetrachloroethylene exposure level or duration was found. The investigators

indicated that GGT-4 is associated with hepato-biliary impairment and that further investigation is

required to determine why low-level exposure to tetrachloroethylene is associated with changes in the

GGT isoenzyme profile in workers without any other evidence of liver disease.

Changes in serum levels of liver enzymes may not be the most sensitive marker of liver damage

following exposure to tetrachloroethylene. In dry cleaning workers exposed to an average of 15.8 ppm

tetrachloroethylene, ultrasound revealed diffuse parenchymal changes in the livers of 18/27 (67%)

compared with10/26 (39%) unexposed laundry workers (Brodkin et al. 1995). This difference was

statistically significant (p<0.05). An exposure-related trend was also noted, with parenchymal changes

observed in all 5 subjects with exposures above 15 ppm, in 6 of the 12 subjects with exposures below

15 ppm, and in 38% of unexposed laundry workers. No changes in serum markers of liver damage

(SGOT, SGPT, -glutamyl transferase, alkaline phosphatase, total and direct bilirubin) were noted in

these workers. The workers in this study stated that they had not drunk an average of more than two

alcoholic beverages a day for six months and had no history of alcoholism or hepatitis. Dry cleaners

were included in the study only if tetrachloroethylene was used exclusively in the past 5 years. The

average duration of employment was 20 years for the dry cleaning workers and 5 years for the laundry

workers.

Hepatic lesions are also induced in experimental animals during inhalation exposure to

tetrachloroethylene. Mice are the species most sensitive to this effect. Hepatocellular vacuolization

occurred after a single 4-hour exposure of mice to 200 ppm or greater concentrations of

tetrachloroethylene (Kylin et al. 1963). This lesion was also reported in male B6C3F1 mice exposed to
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875 or 1,750 ppm tetrachloroethylene for 14 days and in females exposed to the highest concentration.

Vacuolization was not present at 425 ppm (NTP 1986).

Liver lesions differed markedly between mice and rats after longer duration exposure. In a 13-week

study, male mice exposed to 200 ppm and higher concentrations of tetrachloroethylene exhibited

mitotic alterations in the liver while both sexes had leukocytic infiltrations, centrilobular necrosis, and

bile stasis at 400 ppm and higher concentrations (800 and 1,600 ppm). Dose-related liver congestion

was observed in rats, with 8/20, 10/20, and 15/19 rats affected at 400, 800, and 1,600 ppm tetrachloroethylene,

respectively, with no liver effects observed at 200 ppm (NTP 1986). In a reproductive

study, hepatic effects were not observed in parental male and female rats exposed to 1,000 ppm of

tetrachloroethylene 6 hours/day, 5 days/week for 1l-19 weeks (Tinston 1995).

Another inhalation study in mice and rats correlated light microscopic and ultrastructural liver effects

with liver levels of cyanide-insensitive palmitoyl CoA oxidase, a marker for peroxisomal -oxidation

(Odum et al. 1988). Animals were exposed to 200 ppm of tetrachloroethylene for 28 days or 400 ppm

for 14, 21, or 28 days. Centrilobular hepatocellular vacuolization was induced in mice by tetrachloro-ethylene

exposure. Electron microscopy revealed that this effect corresponded to lipid accumulation. Centrilobular

hepatocytes with cytoplasmic eosinophilia on light microscopy had marked proliferation

of cytoplasmic peroxisomes at the ultrastructural level, and there was a significant increase in the

marker enzyme. These changes occurred in mice at both doses and all exposures and were most

pronounced in male mice. Exposed male rats in both dose groups and female rats exposed to 400 ppm

developed centrilobular hepatocellular hypertrophy, which ultrastructurally consisted of proliferation of

smooth endoplasmic reticulum. There was no increase in peroxisomes (Odum et al. 1988).

NMRI mice were exposed to 0, 9, 37, 75, or 150 ppm tetrachloroethylene continuously for 30 days

(Kjellstrand et al. 1984). Exposed mice developed hepatocellular vacuolization and enlargement.

Lesions were observed at 37 ppm and were noted to be most pronounced at exposures to 75 and

150 ppm tetrachloroethylene. It was not possible to determine if a dose-response relationship existed

for this effect because the nature and extent of the lesions at each dose were not reported. Relative

liver weights were not calculated; however, absolute liver weights were significantly elevated at

exposure concentrations of 9 ppm and higher. Liver weights were still increased (10%) 120 days

following 30 days of continuous exposure to 150 ppm. Plasma butyrylcholinesterase (BuChe) also

was elevated in some exposed mice, but the significance of this increase is unclear for two reasons:
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there was wide variability in BuChe activity in the controls, and plasma BuChe can be modulated by

nonhepatic factors (Kjellstrand et al. 1984).

The hepatic effects of tetrachloroethylene in guinea pigs have also been evaluated (Rowe et al. 1952).

Changes reported were increased liver weight ( 200 ppm) and cirrhosis (400 ppm). These data are of

questionable value because of the use of an undefined strain of guinea pigs, lack of standardized

protocols, small numbers of animals per exposure group, incomplete necropsy examination, inadequate

controls, selective histopathological evaluation, and lack of quantitative supporting data.

Hepatocellular degeneration and necrosis occurred in male mice exposed to 100 and 200 ppm

tetrachloroethylene for 103 weeks and in females exposed to 200 ppm. Liver effects were not reported

in rats exposed chronically to 200 or 400 ppm tetrachloroethylene, but the effects of mononuclear cell

leukemia infiltrates may have obscured subtle compound-induced changes (NTP 1986). Both sexes of

mice also had increased incidences of hepatocellular tumors at both exposure concentrations. This

study is discussed further in Section 2.2.1.8.

Renal Effects.   Ten adult male volunteers and 10 adult female volunteers were exposed to 0, 20,

100, or 150 ppm tetrachloroethylene vapor for 1 hour, 3 hours, or 7.5 hours, 5 days/week, for 1 week

at each concentration, during which time urinalysis and blood urea nitrogen (BUN) analysis were

completed. These results were compared to the preexposure and postexposure values. No deviation

from baseline was observed (Stewart et al. 1981). Six males and six females were randomly exposed

to 0, 25, or 100 ppm tetrachloroethylene vapor for 5.5 hours, 5 days a week, over an 1 l-week period

(Stewart et al. 1977). Urinalysis and BUN analysis were completed each week. These results were

compared to preexposure and postexposure values; no deviations from baseline were observed.

Symptoms of renal dysfunction, including proteinuria and hematuria, have been associated with

accidental exposure to anesthetic concentrations of tetrachloroethylene vapor (Hake and Stewart 1977).

Weak or no renal effects, depending on the parameters evaluated, were reported in people with chronic

occupational exposure. Workers in dry cleaning shops exposed for an average of 14 years to an

estimated TWA concentration of 10 ppm of tetrachloroethylene had increased urinary levels of

lysozyme and -glucuronidase suggestive of mild tubular damage (Franchini et al. 1983).

Urinary lysozyme activity was also increased in workers exposed to an average of 23 ppm for about

9 years (Vyskocil et al. 1990). At unspecified exposure concentrations and durations, an increase in
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urinary fibronectin was observed in workers exposed to tetrachloroethylene (Bundschuh et al. 1993).

No effects on urinary proteins (high and low molecular weight) or n-acetyl-glucosaminidase (NAG)

were observed. No effects on BUN or serum creatinine were observed in workers exposed at an

average concentration of 20 ppm for l-120 months (Cai et al. 1991), and occupational exposure to

tetrachloroethylene at an average concentration of 14 ppm for an average of 12 years had no effects on

total urinary protein, albumin, NAG, and creatinine (Solet and Robins 1991). In another report, serum

creatinine and urinary albumin, 2-microglobulin, and retinol-binding protein levels were normal in dry

cleaning workers exposed to a TWA concentration of 21 ppm of tetrachloroethylene for 6 years

(Lauwerys et al. 1983).

In a more comprehensive examination of kidney function, urinary markers were measured in 9 men

and 41 women occupationally exposed to tetrachloroethylene from trace levels to 85 ppm and in

50 controls (Mutti et al. 1992). Both exposure levels and measurements of kidney function were taken

over a long period of time to account for variability in the working cycle or seasonal fluctuations. The

total duration of the study was not stated. The results showed an increase in markers suggesting an

increase in the shedding of epithelial membrane components from tubular cells. The following urinary

markers were increased in exposed workers relative to unexposed workers: albumin; transferrin;

brush-border antigens BBA, BB50, and HF5; and tissue nonspecific alkaline phosphatase. Urinary

fibronectin was also significantly increased. Serum antiglomerular basement membrane antibodies and

serum laminin levels were significantly increased in exposed workers compared to controls. No

effects on serum 2-microglobulin, creatinine, or urinary prostaglandins, glycosaminoglycans, NAG, or

intestinal alkaline phosphatase were noted. The investigators (Mutti et al. 1992) indicated that the

significance of the findings was unclear, and they suggested that the changes could be a physiological

adaptation to exposure or may represent an early state of potentially progressive renal disease. Relative

to age- and sex-matched unexposed controls, laminin fragments in the serum (n=37) and urine

(n=50) of tetrachloroethylene-exposed workers were significantly increased, suggesting glomerular

dysfunction (Price et al. 1995). The exposure concentrations and the duration of exposure were not

stated.

In animal studies, adverse renal effects have been observed in rodents exposed to tetrachloroethylene.

Hyaline droplets in proximal tubules but no tubular damage or cell proliferation occurred in male rats

exposed to 1,000 ppm by inhalation for 10 days (Green et al. 1990). Male rats exposed to 400 ppm

tetrachloroethylene (the same concentration used in the NTP [1986] chronic study) for 28 days did not
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develop kidney lesions (Green et al. 1990). Minimal chronic progressive glomerulonephropathy and

increased pleomorphism within the proximal tubular nuclei were noted in male but not female rats

exposed to tetrachloroethylene at 1,000 ppm for up to 19 weeks (Tinston 1995). Kidney effects were

not observed at 300 ppm. In other intermediate-duration studies, rats exposed to 470 ppm for

150 days or to 7,000 ppm for 40 or more exposures had intratubular casts and swelling and

desquamation of tubular epithelium (Carpenter 1937). On the other hand, abnormal renal function or

histopathological findings were not observed in rats or guinea pigs exposed to tetrachloroethylene

vapor concentrations of 0, 100, 200, or 400 ppm for about 6 months (Rowe et al. 1952). Guinea pigs

that received 18 exposures of 7 hours each to 2,500 ppm tetrachloroethylene over a period of 20 days

had increased kidney weights with slight-to-moderate cloudy swelling of tubular epithelium.

Renal tubular karyomegaly (nuclear enlargement) occurred in both sexes of mice exposed to 200, 400,

800, and 1,600 ppm tetrachloroethylene for 13 weeks but did not occur in mice exposed to 100 ppm.

Kidney lesions did not occur in rats exposed to 1,600 ppm; kidneys from lower dose groups were not

examined microscopically (NTP 1986).

Peroxisomal proliferation induced in hepatocytes by tetrachloroethylene exposure appeared to be

correlated with hepatotoxicity and cell proliferation However, peroxisomal proliferation in renal

tubular epithelium of rats or mice was not induced by exposure to 200 or 400 ppm tetrachloroethylene

for up to 28 days (Odum et al. 1988). Intermittent exposure of rats to 200 ppm tetrachloroethylene for

4 weeks induced renal P-450 enzymes (Soni et al. 1990).

In the chronic inhalation toxicity/oncogenicity study of tetrachloroethylene, Fischer-344 rats of each

sex were exposed to 0, 200, or 400 ppm tetrachloroethylene, and B6C3F1 mice were exposed to 0,

100, or 200 ppm tetrachloroethylene for 103 weeks (NTP 1986). Dose-related renal tubular cell

karyomegaly occurred in both species and sexes at all exposure concentrations. This alteration was

accompanied by low incidences of renal tubular cell hyperplasia in male rats.

Endocrine Effects.   Ferroni et al. (1992) measured prolactin levels in 30 controls and in 60 women

occupationally exposed to tetrachloroethylene at a median concentration of 15 ppm. Although they

noted a significant increase in prolactin levels in the exposed women relative to the controls during the

proliferative phase of the menstrual cycle, values of both groups were in the normal range. Therefore,

it is unlikely that the observed effect has biological significance.
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Medullary hyperplasia of the adrenal glands was observed in male rats, and cortical hyperplasia of the

adrenal glands was observed in female rats, when both groups were exposed to tetrachloroethylene at

200 or 400 ppm for 103 weeks (NTP 1986). Histological changes were not observed in the pituitaries

of rats exposed to tetrachloroethylene at 50, 200, or 800 ppm 6 hours/day, 5 days/week, for 13 weeks

(Mattsson et al. 1992).

Ocular Effects.   Intense irritation of the eyes of humans was noted following acute exposure to high

concentrations (930 ppm) of tetrachloroethylene vapors (Carpenter 1937; Rowe et al. 1952). Burning

or stinging sensations in the eyes occurred after exposure to 600 or 280 ppm; very mild irritation was

reported by four subjects at exposure to 216 or 106 ppm (Rowe et al. 1952); and transient eye

irritation was noted in six subjects during the first few minutes of exposure at 75-80 ppm (Stewart et

al. 196lb). The Rowe et al. (1952) and Carpenter (1937) studies are limited by small numbers of

subjects, variable concentrations of tetrachloroethylene, and lack of measured clinical changes.

Although no loss of color vision was noted in workers exposed to tetrachloroethylene at average

concentrations of 15.3 and 10.7 ppm for men and women, respectively (Nakatsuka et al. 1992), loss of

color vision was reported in dry cleaners exposed to an average concentration of 7.3 ppm for an

average of 106 months (Cavalleri et al. 1994). Because this effect may be a neurological effect rather

than a direct effect on the eyes, it is also presented in Section 2.2.1.4.

Histological changes were not observed in the eyes of rats exposed to tetrachloroethylene at 50, 200,

or 800 ppm 6 hours/day, 5 days/week, for 13 weeks (Mattsson et al. 1992).

Body Weight Effects.   Rats appear to be more sensitive to effects on body weight than mice.

Following intermittent exposure to tetrachloroethylene for 2 weeks, body weights of rats but not mice

were significantly reduced at 1,750 ppm (NTP 1986). Following intermediate-duration exposure to

tetrachloroethylene, body weights of rats were significantly reduced at 1,600 ppm (NTP 1986), with no

changes greater than 10% noted in rats exposed at 800 ppm (Mattsson et al. 1992) or 1,000 ppm

(Tinston 1995). No effects on body weight were noted in mice intermittently exposed to

tetrachloroethylene for intermediate durations at concentrations as high as 1,600 ppm (Kjellstrand et al.

1985; Kylin et al. 1965; NTP 1986). Body weight effects were not observed in rats exposed to

tetrachloroethylene at 400 ppm, or in mice exposed at 200 ppm for 103 weeks (NTP 1986).
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In intermediate-duration studies, guinea pigs exposed to tetrachloroethylene at 2,500 ppm for 24 days

lost weight, and guinea pigs exposed to 200 ppm for 158 days showed a significant depression in body

weight gain (Rowe et al. 1952). Limitations of this study include a lack of quantitative data, the use

of small numbers of animals, and intercurrent infection

2.2.1.3 Immunological and Lymphoreticular Effects

No studies were located regarding immunological or lymphoreticular effects in humans after inhalation

exposure to tetrachloroethylene.

There are also no reliable data to assess immunological effects in animals following inhalation

exposure. However, in a mouse study (see the discussion on respiratory effects in Section 2.2.1.2),

there was increased host susceptibility to pulmonary bacterial infection after a 3-hour inhalation

exposure to 50 ppm tetrachloroethylene (Aranyi et al. 1986). The specific mechanism of the increased

susceptibility is unknown. The significance of the study is unclear because of variability in control

group mortality and lack of evaluation of specific immunological end points.

2.2.1.4 Neurological Effects

The nervous system is a major target organ in humans exposed to tetrachloroethylene by inhalation.

Acute exposure, depending on concentration, can result in reversible mood and behavioral changes,

impairment of coordination, or anesthetic effects.

The anesthetic and preanesthetic central nervous system effects of tetrachloroethylene were

documented in four volunteer subjects (one male, sex not specified for the other three) exposed acutely

to concentrations ranging from 500 to 2,000 ppm. Mood changes, slight ataxia, faintness, and

dizziness occurred with exposure to concentrations of l,000-1,500 ppm for <2 hours. At exposure to

2,000 ppm for 5-7 minutes, subjects experienced a sensation of impending collapse (Carpenter 1937).

Slight lightheadedness was reported by six male volunteers exposed to tetrachloroethylene at a

concentration of 210-240 ppm for over 30 minutes (Stewart et al. 1961b). Dizziness has been

reported after brief accidental exposure to high concentrations of tetrachloroethylene fumes (Saland

1967) while longer exposures resulted in collapse, coma, and seizures (Hake and Stewart 1977;

Morgan 1969; Pate1 et al. 1973; Stewart 1969; Stewart et al. 196la).
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There have been several experimental studies of acute neurological effects in adult humans exposed to

tetrachloroethylene. In one study, symptoms of neurological impairment were not reported after

exposure to 106 ppm for 1 hour (Rowe et al. 1952). Neurological symptoms of dizziness and

drowsiness occurred at exposure to 216 ppm for 45 minutes to 2 hours; loss of motor coordination

occurred at exposure to 280 ppm for 2 hours or 600 ppm for 10 minutes. Volunteers in this study

were allowed to leave the exposure chamber when they experienced discomfort. Consequently,

exposure times varied and ranged from 3 minutes to 2 hours (Rowe et al. 1952). In another study,

exposure to 100 ppm for 7 hours produced symptoms such as headache, dizziness, difficulty in

speaking, and sleepiness (Stewart et al. 1970). Of five objective tests of central nervous system

performance in humans exposed for 7 hours, none showed any abnormality except the Romberg test of

balance, which was abnormal for three of the five subjects exposed for 7 hours a day for 5 consecutive

days. Only one exposure level (100 ppm) was used in this study, and no control subjects were

included (Stewart et al. 1970).

Hake and Stewart (1977) describe a study in which four male volunteers were exposed to

concentrations of 0, 20, 100, and 150 ppm tetrachloroethylene for 7.5 hours/day. Exposure at each

concentration lasted for 5 days. Subjective evaluation of electroencephalographic scores suggested

cortical depression in subjects exposed to 100 ppm. Coordination, as measured by the Flanagan

coordination test, was significantly decreased at some time points during exposure to 100 or 150 ppm.

No effects on flash visual-evoked responses, equilibrium tests, math skills, time discrimination, and

reaction times were noted.

In contrast to the Hake and Stewart (1977) study, Altmann et al. (1990) found a statistically significant

(p<0.05) increase in latency of pattern reversal visual-evoked potentials in 10 male volunteers exposed

to tetrachloroethylene at 50 ppm for 4 hours/day for 4 days, relative to 12 subjects exposed at 10 ppm.

No effects on brainstem auditory-evoked potentials were noted. Tests of visual contrast measured in a

few individuals showed a tendency for loss of contrast in the low and intermediate spatial frequencies

at 50 ppm. In this study, measurements were also completed the day before exposure so each

individual served as his own control. The lo-ppm group was considered the control group, and this

concentration was used because it is well above the odor threshold of tetrachloroethylene so that there

was at least an attempt to blind the subjects to the exposure concentrations. Blood tetrachloroethylene

concentrations were measured before, in the middle, and at the end of each day’s exposure, and an

association between the effect on pattern reversal visual-evoked potentials and blood tetrachloro-
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ethylene concentrations was observed (p<0.03). The lack of effect on flash visual-evoked potentials in

the Hake and Stewart (1977) study at concentrations up to 100 ppm compared to an effect on pattern

reversal visual-evoked potentials at 50 ppm in the Altmann et al. (1990) study may reflect the greater

inter- and intrasubject variability of waveforms for flash visual-evoked potentials (Otto et al. 1988).

In a second study completed by Altmann et al. (1992) in which baseline measurements were

completed 72 hours before exposure, 16 male volunteers were exposed to 50 ppm, and 12 male

volunteers were exposed to 10 ppm, 4 hours/day for 4 days. A faint odor was reported by 33% of the

subjects at 10 ppm and 29% of the subjects at 50 ppm on the first day of testing, and by 15% of the

subjects at 10 ppm and 36% of the subjects at 50 ppm on the last day of testing, leading the

investigators to conclude that only a few subjects could identify their exposure condition. This study

confirmed the effect on pattern reversal visual-evoked potentials at 50 ppm and the lack of effect on

brainstem auditory-evoked potentials. In addition, Altmann et al. (1992) completed a battery of

neurological tests including finger tapping; eye-hand coordination using a sine wave tracking task;

simple reaction time; continuous performance test; symbol-digit test; visual retention; pattern

recognition; digit learning; paired associates learning and retention; vocabulary test; and mood scales.

Analysis of covariance, with preexposure baseline values as covariates, revealed significant

performance deficits for vigilance (p=0.04) and eye-hand coordination (p=0.05) at 50 ppm. A

borderline (p=0.09) effect on simple reaction times was also noted at 50 ppm. Based on the NOAEL

of 10 ppm, an acute-duration inhalation MRL of 0.2 ppm was calculated as described in the footnote

to Table 2-l.

An investigation was conducted with 19 volunteers (10 males and 9 females) exposed 5 days/week for

1 month to tetrachloroethylene vapor concentrations of 0, 20, 100, or 150 ppm (Stewart et al. 1981).

The subjects were exposed 7.5 hours/day and were exposed to each concentration for 1 week.

Electroencephalogram (EEG) results indicated that major changes in the EEG of three of four male subjects

and four of five female subjects occurred during exposure to 100 ppm. In the majority of subjects, the

EEG changes were characterized by a reduction in overall wave amplitude and frequency, most

strikingly evident in the occipital leads. The study authors stated that the altered EEG pattern was

similar to that seen in healthy adults during drowsiness, light sleep, and the first stages of anesthesia.

Long-term neurotoxic effects may be a sequel of organic solvent exposure as indicated by studies of

dry cleaning workers. While acute work-related symptoms, such as headache, seemed to improve after
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cessation of exposure of workers to solvents, symptoms suggestive of chronic encephalopathy,

particularly memory and concentration impairment, persisted after cessation of exposure. These latter

symptoms remained unchanged even after workers had been free of organic solvent exposure for

6.6 years and continued in workers still being exposed (Gregersen 1988). Limitations of this 10-year

follow-up study of solvent-exposed workers include the combining of workers exposed to organic

solvents other than tetrachloroethylene (white spirit, toluene, and styrene) with dry cleaners for

purposes of analysis, unknown exposure concentrations and durations, possible skewed recruitment of

the study population when the study was started in 1975, different methods employed in the two

follow-up studies, and failure to confirm symptoms of chronic encephalopathy by a neuropsychological

investigation.

In a study of 22 dry cleaning workers (primarily women) in Belgium exposed to a TWA concentration

of 21 ppm tetrachloroethylene over an average of 6 years, no significant alterations were detected in

neurological symptoms or psychomotor performances compared to 33 unexposed controls (Lauwerys et

al. 1983). However, 17 of 22 subjective neurologic symptoms were more prevalent in the exposed

group, particularly memory loss and difficulty in falling asleep. Exposure assessment included

measurement of urinary trichloroacetic acid daily for 1 week, measurement of air tetrachloroethylene

concentrations with personal air samplers and badges, and measurement of breath and blood

concentrations of tetrachloroethylene. All measurements were completed during 1 work week. Cai et

al. (1991) also reported an increase in subjective symptoms including dizziness and forgetfulness in

workers exposed to tetrachloroethylene at a geometric mean concentration of 20 ppm for

l-120 months relative to unexposed controls. Exposure was measured using a diffusive sampling with

carbon cloth. Additional details, including frequency of measurements were not reported.

In a study of 65 dry cleaning workers exposed to tetrachloroethylene for at least 1 year, behavioral

tests that measured short-term memory for visual designs showed deficits in the high-exposure group

(40.8 ppm) relative to the low-exposure group (11.2 ppm) (Echeverria et al. 1995). Exposure was

assessed by a breath sample, and by 15-minute air samples from the breathing zone of a-clerk, a

pressor, and an operator in 19 of the 23 shops studied. Individuals were then placed in the high-,

moderate-, or low-exposure groups based on work history. These authors (Echeverria et al. 1995) also

describe four cases referred for neuropsychologic assessment of possible tetrachloroethylene

encephalopathy. The subjects performed below expectation on tasks assessing memory, motor,

visuospatial, and executive functions, with milder attentional deficits. The authors suggest that
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tetrachloroethylene may affect the functioning of the frontal lobes (mediating complex organizational

behavior, attention executive functioning, and reasoning) and the limbic system (mediating mood and

memory).

There are conflicting reports on the effect of tetrachloroethylene on color vision. No effect on blue-yellow

color vision was noted in 30 men or 34 women occupationally exposed to tetrachloroethylene

at average concentrations of 15.3 and 10.7 ppm, respectively (Nakatsuka et al. 1992). The average

duration of exposure for these subjects was not stated. When compared to unexposed controls

(matched for sex, age, alcohol consumption and cigarette use), 22 dry cleaners exposed to an average

concentration of 7.3 ppm tetrachloroethylene for an average of 106 months showed a significant

decrease (p=0.007) in color vision, primarily in the blue-yellow range (Cavalleri et al. 1994). Because

the exposure concentrations were measured on a single day, it is not clear how well they represent

long-term exposure. The mechanism of color vision loss and the contribution of peak exposure to this

effect are not known.

Dry cleaning workers exposed to a TWA concentration of 12 or 54 ppm tetrachloroethylene had

significantly impaired perceptual function, attention, and intellectual function compared to a control

population when evaluated by a battery of psychological tests and questionnaires (Seeber 1989). The

workers were exposed chronically, but the specific duration of exposure is unclear as no units for

duration of exposure were stated. The study showed no dose response (no significant differences

between high- and low-exposure groups), no correlation between test results and individual exposure

levels as measured by blood tetrachloroethylene and urinary TCA levels, and variable deviations

between exposed and control populations. Compared to 30 unexposed women, significantly prolonged

reaction times (simple reaction times, p<0.000l; shape comparison to test vigilance and to test stress,

p<0.005) were reported in 60 women occupationally exposed to tetrachloroethylene at a median

concentration of 15 ppm for an average of 10 years (Ferroni et al. 1992). Exposure levels were

determined by measuring tetrachloroethylene in the blood collected during the workday and in air

samples collected during 4-hour periods in the workweek. The sampling was completed-during the

winter and summer to account for seasonable variability. No significant association between measures

of exposure and neurobehavioral tests was noted. Based on the LOAEL of 15 ppm, a chronic-duration

inhalation MRL of 0.04 ppm was calculated as described in the footnote to Table 2-l.
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A study of 14 persons living above or next to dry cleaning facilities for l-30 years relative to

23 controls suggests that further studies of a large population exposed to very low levels of

tetrachloroethylene would be useful. In this study, no significant differences were observed in the

absolute values of tests of a neurological battery (pattern reversal visual-evoked potentials continuous

performance test, hand-eye coordination, finger tapping, simple reaction time, visual memory)

(Altmann et al. 1995). When analyzed using multivariate analysis to adjust for age, gender, and

education, response time in the continuous performance test and simple reaction time were increased

(p<0.05), and a smaller number of stimuli were identified correctly by the exposed subjects (p<0.05).

The median concentrations of tetrachloroethylene were 0.2 and 0.003 ppm in the apartments of

exposed and control subjects, respectively, and blood concentrations measured in the examination

room were 17.8 46.9 g/L in exposed subjects and below the 0.5- g/L detection limit in controls.

Because there were no significant effects on the absolute values of the neurological tests, the 0.2ppm

concentration is considered a NOAEL for neurological effects in humans.

Neurological effects and biochemical changes in the brain have been reported in animals exposed to

tetrachloroethylene. Many experimental studies did not correlate biochemical with behavioral effects

or either parameter with morphologic changes in the brain. The significance of many of these studies

regarding neurotoxicity is therefore unclear.

Neurological signs typical of an anesthetic effect of inhaled tetrachloroethylene have been reported in

numerous animal studies (see Table 2-l). These clinical signs consist of hyperactivity (excitability),

ataxia, hypoactivity, and finally loss of consciousness (Friberg et al 1953; NTP 1986; Rowe et

al. 1952). In one study, mice inhaling tetrachloroethylene for 4 hours showed signs of anesthesia at

concentrations of 2,328 ppm (NTP 1986). Mice exposed to concentrations of 0, 100, 200, 425, 875,

and 1,750 ppm (6 hours per day, 5 days per week, for 2 weeks) experienced dyspnea, hypoactivity,

hyperactivity, anesthesia, and ataxia at the highest concentration (NTP 1986). In another study,

anesthesia was observed in mice within 2.5 minutes of breathing air containing 6,800 ppm tetrachloro-ethylene

(Friberg et al. 1953). Rats exposed to 0, 100, 200, 425, 875, and 1,750 ppm tetrachloro-

ethylene (6 hours per day, 5 days per week, for 2 weeks) were observed to have dyspnea, hypoactivity,

and ataxia at the highest concentrations (NTP 1986). In additional studies, rats exposed to 3,000 ppm

tetrachloroethylene became anesthetized in several hours, while those exposed to 6,000 ppm were

anesthetized in minutes (Rowe et al. 1952). Rats became ataxic following exposure to 2,300 ppm for

4 hours (Goldberg et al. 1964). Dogs exposed to 5,000 ppm tetrachloroethylene by face mask for less
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than 10 minutes became excited and struggled (Reinhardt et al. 1973). This response may have

represented irritant respiratory effects of tetrachloroethylene.

Albee et al. (1991) reported electrophysiological changes in male rats exposed to tetrachloroethylene at

800 ppm 4 hours/day for 4 days. The changes included altered shape, reduced amplitude, and

decreased latency of flash-evoked potentials and decreased latency of somatosensory evoked potentials.

EEG changes were also observed. A 13-week study in which rats were exposed to 50, 200, or

800 ppm tetrachloroethylene (6 hours/day, 5 days/week) reported no effect on gait, posture, muscle

tone, sensory response, and hind and forelimb grip performance (Mattsson et al. 1992). At 800 ppm,

minimal changes were noted in flash-evoked potentials measured 1 week after the last exposure. The

investigators considered the effect nonadverse and indicated that changes in flash-evoked potential can

occur in rats exposed to enriched environment (paired housing, access to an exercise wheel, and

handling twice a day by study personnel). Histological changes were not observed in the optic tract,

brain, spinal cord, or peripheral nerves. According to the investigators, this study indicates that

intermediate-duration exposure of rats to tetrachloroethylene at 800 ppm does not cause serious

permanent damage and suggests that if minor acute changes in flash-evoked potentials are prevented,

more serious neurological effects will not occur However, it is not possible to draw a conclusion on

the reversibility of the effects without data on the post-exposure time course of these effects.

A multigeneration study in rats suggests that animals may adapt to some of the neurological effects of

tetrachloroethylene. Exposure at 1,000 ppm, 6 hours/day, 5 days/week, for 11-19 weeks resulted in

decreased activity, reduced response to sound, salivation, breathing irregularities, and piloerection

(Tinston 1995). The effects were observed only during the first 2 weeks in each generation, and

recovery from these effects was noted about 30 minutes before the end of each exposure.

Behavioral alteration has been observed in rodents after inhalation exposure to tetrachloroethylene.

Open-field behavior (ambulation) was elevated in groups of 10 male rats exposed to 200 ppm

tetrachloroethylene of unspecified purity for 6 hours a day for 4 days (Savolainen et al. 1977).

Ambulation was significantly increased 1 hour, but not 17 hours, after the last exposure. Biochemical

changes in the brains following several additional exposures were reduced ribonucleic acid (RNA)

content and increased nonspecific cholinesterase content. There was no histologic examination of

brain tissue, so these findings could not be correlated with brain structural damage.
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Biochemical changes were reported in brains of rats and Mongolian gerbils exposed by inhalation to

tetrachloroethylene. Gerbils exposed to 320 ppm continuously for 3 months followed by a 4-month

exposure-free period had changes in levels of S-100 protein, a marker for astrocytes as well as other

cells in the peripheral nervous system and skin (Rosengren et al. 1986). Rats exposed to 320 ppm

continuously for 30 days had changes in brain cholesterol, lipids, and polyunsaturated fatty acids

(Kyrklund et al. 1988). Changes in the fatty acid composition of the brain were also observed in rats

continuously exposed to tetrachloroethylene at 320 ppm for 90 days (Kyrklund et al. 1990). Gerbils

exposed to 60 or 320 ppm had decreased deoxyribonucleic acid (DNA) content in portions of the

cerebrum (Karlsson et al. 1987; Rosengren et al. 1986). Gerbils exposed to 120 ppm continuously for

12 months had altered phospholipid content (phosphatidylethanolamine) in the cerebral cortex and

hippocampus (Kyrklund et al. 1984). In another study, gerbils with a similar exposure regimen had

decreased taurine content and increased glutamine content in areas of subcortical brain tissue (Briving

et al. 1986). These studies are limited by failure to examine nervous tissue histologically in order to

correlate biochemical changes with behavioral alterations or with morphologic evidence of brain

damage. In addition, all but the Rosengren et al. (1986) study involved exposure to only one

concentration of tetrachloroethylene.

In a study designed to examine tetrachloroethylene effects on different regions and different cell types

of the brain, Wang et al. (1993) measured brain weight and neuronal and glial markers in rats exposed

continuously at 300 or 600 ppm for 4 or 12 weeks. Brain weight was significantly reduced at

600 ppm following both 4 and 12 weeks of exposure. Measurement of neuron-specific enolase, a

cytosolic neuronal protein in the frontal cerebral cortex, hippocampus, and brainstem did not show any

changes. The cytosolic marker of glial cells, glial S-100, was significantly reduced in all three brain

regions following exposure at 600 ppm for 12 weeks, with the greatest reduction observed in the

frontal cerebral cortex. Cytoskeletal elements of neuronal cells (neurofilament 68 kD polypeptide) and

glial cells (glial fibrillary acid protein) were significantly reduced in the frontal cerebral cortex at

600 ppm. The neuronal marker was reduced at both 4 and 12 weeks, while the glial marker was

reduced only at 12 weeks. In the hippocampus and brainstem, only the glial cytoskeleton protein was

significantly reduced following 12 weeks of exposure at 600 ppm. The investigators (Wang et al.

1993) concluded that the frontal cerebral cortex is more sensitive to tetrachloroethylene than other

regions of the brain, that cytoskeletal elements are more sensitive than cytosolic proteins, and that in

addition to neural cells, glial cells are vulnerable to the effects of tetrachloroethylene.
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Histologic lesions in the central nervous system have not been observed in chronic inhalation studies

in rats and mice (NTP 1986).

The highest NOAEL values and all reliable LOAEL values for neurological effects in each species and

duration category are recorded in Table 2-l and plotted in Figure 2-l.

2.2.1.5 Reproductive Effects

Some adverse reproductive effects in women have been reported to be associated with occupational

exposure to tetrachloroethylene in dry cleaning operations. These effects include menstrual disorders

and spontaneous abortion. However, no definitive conclusions can be made because of the limitations

associated with these studies.

A small-scale exploratory study described menstrual disorders in dry cleaning workers (Zielhuis et al.

1989). Limitations of the study are lack of exposure measurement data, methodologic problems (self-administered

questionnaire with no follow-up and failure to account for various confounding factors

such as smoking, alcohol consumption, and medicinal drugs), and a relatively small study population.

Several case-control studies of women occupationally exposed to tetrachloroethylene in dry cleaning

operations suggested that exposed women had increased risk of spontaneous abortion (Ahlborg 1990;

Kyyriinen et al. 1989; Windham 1991). Limiting factors include a low number of pregnancies among

exposed women (Ahlborg 1990), a small group of exposed affected workers, biological monitoring not

concurrent with the first trimester of pregnancy (Kyyrönen et al. 1989), and exposure assessed through

telephone interviews (Windham et al. 1991). In another small study, spontaneous abortions and birth

defects occurred at a higher incidence in Italian dry cleaning workers than in housewives, but this

difference was not statistically significant (Bosco et al. 1986). No increase in spontaneous abortion

rates for laundry and dry cleaning workers in Canada was detected in a cross-sectional study

(McDonald et al. 1986). In a case-control study of 214 cases of low birth weight, congenital

malformations, perinatal mortality, or spontaneous abortions identified in a cohort of dry cleaning

workers in Scandinavia, no consistent effect on pregnancy outcome was observed (Olsen et al. 1990).

Study limitations include incomplete participation of all dry cleaning facilities, limited controls for lifestyle

factors, and limited exposure information
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In a study of semen quality among dry cleaners (n=34), the overall percentages of abnormal sperm

were similar in the dry cleaners and 48 unexposed laundry workers (Eskenazi et al. 1991b). However,

the sperm cells of dry cleaners were significantly more likely to be round and less likely to be narrow.

Men with the highest exposure levels had sperm with less progressive linear movement and more

lateral movement. No effects on sperm counts were noted. A study of the reproductive outcome of

17 of the dry cleaners and 32 of the laundry workers showed that there is some evidence that it may

take slightly longer for the wives of dry cleaners to become pregnant and that they seek help for

infertility problems more often (Eskenazi et al. 1991a). Spontaneous abortions were not increased in

wives of dry cleaners (Eskenazi et al. 1991a). In 20 women occupationally exposed to unspecified

concentrations of tetrachloroethylene, a nonsignificant increase in time-to-pregnancy was observed

compared to 92 unexposed controls (Sallmen et al. 1995). Exposure concentrations were not provided

in this study.

Adverse effects on reproductive performance were not detected in rats exposed by inhalation to 70,

230, or 470 ppm tetrachloroethylene for 28 weeks, as judged by the number of pregnancies, number of

litters conceived, and number of offspring per litter (Carpenter 1937). This older study has numerous

limitations including intercurrent disease, nonstandard protocols, rats of undefined strain, and

inadequate controls.

In a multi-generation study, groups of rats were exposed to tetrachloroethylene at 0, 100, 300, or

1,000 ppm for 6 hours/day, 5 days/week, for 11 weeks before mating (Tinston 1995). After mating,

the males were exposed at all concentrations daily until termination, and the females were exposed at

all concentrations daily until gestation day 20 when they were removed from exposure. One litter was

produced in the first generation, and the dams and litters were exposed to all concentrations daily from

day 6 to day 29 post partum. The F 1 generation parents were exposed to tetrachloroethylene at 0, 100,

300, or 1,000 ppm for at least 11 weeks before mating. Three litters were produced in the second

generation. Dams and F2A litters of the control and l00-ppm exposure groups were exposed daily

from day 6 to day 29 post partum, and dams and F2A litters of the 300-ppm exposure group were

exposed daily from day 7 to day 29 postpartum. Dams and F2A litters of the l,000-ppm group were

not exposed during lactation. For all exposure concentrations, dams and F2B litters were not exposed

during lactation. The F2C litters were produced by mating unexposed females with male controls and

the males exposed to 1,000 ppm.
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Exposure at 1,000 ppm resulted in sedation of dams and pups. Decreased body weight gain in the

parental animals was noted at 1,000 ppm during the pre-mating and lactation periods but was generally

less than 10%. The proportion of pups born live at 1,000 ppm was significantly lower in the F1A,

F2A, and F2B litters. The incidence of pup mortality during lactation was also significantly increased

at 1,000 ppm in the F1A, F2A, and F2B litters. The effects on survival were observed with and without

pup exposure suggesting an in utero effect rather than a direct effect of tetrachloroethylene. Relative

to controls, growth of offspring was reduced during lactation, with the reduction most marlced at

1,000 ppm. At the beginning of the pre-mating period for the F1 parents, body weights of males and

females were 26% and 24% lower than controls, respectively. After adjustment for initial body

weights, growth of females was similar to controls, although growth of the l,000-ppm males was less

than controls. Body weights of offspring in the l00- and 300-ppm groups were generally within 10%

of control values. In the F2C litters, there were no statistically significant changes in the proportion of

pups born live, pup survival, or growth suggesting that the effects were not male mediated. No effects

on reproductive outcome were noted at 300 ppm. The investigators describe treatment-related chronic

progressive glomerulonephropathy in the kidneys of adult rats at 1,000 ppm (Tinston 1995). The

report indicates that other organs were removed for histological examination, but it is not clear if they

were examined, and if they were examined, details of the results are not provided. The l,000-ppm

concentration is considered a serious LOAEL for reproductive effects resulting in a decrease in the

number of livebom pups, and the 300-ppm concentration is considered a NOAEL.

2.2.1.6 Developmental Effects

No studies were located regarding developmental effects in humans after inhalation exposure to

tetrachloroethylene.

A slight but significant increase in maternal and fetal toxicity occurred in Sprague-Dawley rats and

Swiss Webster mice exposed to 300 ppm tetrachloroethylene by inhalation on days 6-15 of gestation

(Schwetz et al. 1975). Maternal or fetal toxicity or teratogenicity was not, however, reported for rats

exposed on days 1-19 or rabbits on days l-24 of gestation by inhalation to 500 ppm

tetrachloroethylene (Hardin et al. 1981). Limitations of this study include use of only one dose level,

the use of summary and nonquantitative data, and conduct of portions of the study at two separate

laboratory facilities.
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In a behavioral teratology study, pregnant Sprague-Dawley rats were exposed to 0, 100, or 900 ppm

tetrachloroethylene on days 14-20 of gestation and to 0 or 900 ppm tetrachloroethylene on days 7-13

(Nelson et al. 1980). Effects occurred after exposure to 900 ppm for both exposure periods, but not

after exposure to 100 ppm. Dams had reduced feed consumption and weight gain, without liver or

kidney histological alterations. Pups of dams exposed to 900 ppm on gestation days 7-13 had

decreased performance during tests of neuromuscular ability (ascent on a wire mesh screen and rotarod

balancing) on certain days. Offspring (before weaning) from dams exposed to 900 ppm on days

14-20 performed poorly on the ascent test on test day 14 only, but later in development their

performance in the rotarod balancing test was superior to the controls, and they were more active in an

open-field test. Brains of 21-day-old offspring exposed to 900 ppm prenatally had significant

decreases in neurotransmitters (dopamine in those exposed on gestation days 14-20 and acetylcholine

in those exposed on days 7-13 or 14-20). The lower concentration (100 ppm) produced no significant

differences from controls. There were no microscopic brain lesions. Changes in brain fatty acid

composition were observed in the offspring of guinea pigs exposed to tetrachloroethylene at 160 ppm

during gestation days 33-65 (Kyrklund and Haglid 1991). Measurements of brain lipids did not show

any effects. The investigators concluded that changes in fatty acid composition in the brains of

developing animals were not greater than in adult animals exposed to tetrachloroethylene.

The highest NOAEL values and all reliable LOAEL values for developmental effects in rats and mice

following acute exposure to tetrachloroethylene are recorded in Table 2- 1 and plotted in Figure 2- 1.

2.2.1.7 Genotoxic Effects

Assays of clastogenic effects in humans following occupational exposure to tetrachloroethylene via

inhalation have shown inconsistent results. Increases in chromosome aberrations and sister chromatid

exchanges were not detected in lymphocytes from 10 workers who were occupationally exposed to

tetrachloroethylene (Ikeda et al. 1980). The exposure concentrations for these workers were estimated

to be between 10 and 220 ppm for 3 months to 18 years. The small number of workers-and the wide

range of exposure concentrations and durations limit the generalizations that can be made from this

study. Twenty-seven workers exposed to an 8-hour TWA concentration of 10 ppm tetrachloroethylene

were compared to unexposed occupational controls with respect to incidence of sister chromatid

exchanges (Seiji et al. 1990). Although the study authors had found no significant effect of cigarette

smoking alone in either the exposed workers or the controls, the difference in sister chromatid
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exchange frequency between tbe exposed workers who smoked and the nonsmoking controls was

statistically significant. The authors proposed a synergistic effect of chemical exposure and cigarette

smoking. The number of workers examined was small (12 smokers and 2 nonsmokers among the

exposed men; 9 smokers and 3 nonsmokers among the controls). The lack of any effect of cigarette

smoking alone on the frequency of sister chromatid exchange is somewhat surprising, as this is a

recognized effect that is well documented in the literature (Hook 1982).

No studies were located regarding genotoxic effects in animals after inhalation exposure to

tetrachloroethylene.

Other genotoxicity studies are discussed in Section 2.5.

2.2.1.8 Cancer

There have been a number of epidemiology studies of dry cleaning and laundry workers. Many of

these studies are complicated by potential exposure to other petroleum solvents.

The only investigation of dry cleaning workers with no known exposure to petroleum solvents was a

retrospective mortality study of a subcohort of 615 workers employed only in shops where

tetrachloroethylene was the principal solvent (Brown and Kaplan 1987). Excess risk for cancer at any

site was not identified in this subcohort. In the entire cohort, whicR was composed of 1,690 workers

(including workers who had potential occupational exposure to petroleum solvents), there were

significant excesses of mortality from kidney, bladder, and cervical cancer. The authors state that the

increased incidence of cervical cancer may reflect the lower socioeconomic status of the cohort, as

other studies have reported a correlation between lower socioeconomic status and increased risk of

cervical cancer (Brown and Kaplan 1987; Hoover et al. 1975). A limitation of this study was lack of

evaluation of smoking habits of the study cohort, since cigarette smoking has been associated with an

increased risk of kidney, bladder, and cervical cancers (Newcomb and Carbone 1992).

A follow-up of the Brown and Kaplan (1987) cohort further examined the vital status of the workers

without updating the work histories (Ruder et ah 1994). Statistically significant excesses were

observed for bladder cancer (standardized mortality ratio [SMR] = 2.54), esophageal cancer (SMR =
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2.14) and intestinal cancer (SMR = 1.56). Increased mortality from pancreatic cancer was also noted

in the subcohort with the longest latency period.

Additional epidemiological studies of dry cleaning and laundry workers have shosvn significant

excesses in mortality resulting from cancers of the lung, cervix, esophagus, kidney, skin,

lymphatic/hematopoietic system, and/or colon (Blair et al. 1979, 1990; Duh and Asal 1984; Katz and

Jowett 1981). Lynge and Thygesen (1990) reported a small excess risk of liver cancer among female

(7 observed, 2.1 expected) but not male laundry and dry cleaning workers. A nested-case-control

study of this population, which distinguished between laundry and dry cleaning workers, indicated that

all of the liver cancers were found among laundry workers (Lynge et al. 1995). Renal cell carcinoma

was also not increased among dry cleaners relative to laundry workers. The investigators concluded

that the excess risk of liver cancer among women working in laundries and dry cleaning shops was not

explained by exposure to dry cleaning solvents.

Non-significant increases in lymphosarcoma/reticulosarcoma, bladder cancer, and cervical cancer have

also been reported (Blair et al. 1990). Although these studies suggest a possible association between

chronic occupational exposure to tetrachloroethylene and increased cancer risk, the evidence must be

regarded as inconclusive for the following reasons. First, workers were exposed to petroleum solvents

and other dry cleaning agents as well as tetrachloroethylene. Second, other confounding factors such

as smoking, alcohol consumption, and low socioeconomic status were not considered in the analyses.

Third, the numbers of deaths from cancer of specific organs or involving the hematopoietic system

were low. Fourth, in several of these studies, attempts were not made to distinguish between laundry

and dry cleaning workers.

In a study of Finnish workers (292 men and 557 women) exposed primarily to tetrachloroethylene,

non-significant increases in non-Hodgkin’s lymphoma, cervical cancer, and pancreatic cancer were

noted (Anttila et al. 1995). The total number of cancer cases in this study was 31. Blood

concentrations of tetrachloroethylene measured in random samples taken from these workers averaged

116 g/L in men and 66 g/L in women. As the biological exposure index associated with an 8-hour

exposure of 25 ppm is 500 g/L tetrachloroethylene in blood (ACGIH 1995), these workers were

probably exposed to concentrations of tetrachloroethylene below 25 ppm.
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Two other epidemiological studies of laundry and dry cleaning workers did not identify an

occupational risk of bladder cancer compared to control subjects (Chapman et al. 1981; Smith et al.

1985). In the epidemiological study conducted by Smith et al. (1985), smoking status was examined

to evaluate confounding or interactive effects, and smoking was found to be associated with an

increased risk of bladder cancer. While an increased risk of bladder cancer specifically in laundry or

dry cleaning workers of both sexes was not detected by Chapman et al. (1981), these authors found

that women exposed to solvents as a group were in the high-risk category.

A cohort of white male chemical workers in Louisiana exposed to a variety of chemicals including

tetrachloroethylene did not have an increased risk for total mortality or cancer (Olsen et al. 1989).

This nonpositive study was confounded by the healthy worker effect, defined as the observation that

employed persons have lower mortality rates than the general population. Blacks and women were not

analyzed in this study because of the small numbers of representatives from these groups.

A case-control study in New Jersey identified an increased risk of primary liver cancer in male

workers categorized as craftsman or operators in laundry or dry cleaning operations (Stemhagen et al.

1983). The specific solvents to which the workers were exposed and exposure levels were not

identified. The study controlled for alcohol consumption and smoking. A case control study of

astrocytic brain cancer among white males in Louisiana, New Jersey, and Pennsylvania showed a trend

for increased brain tumors with high tetrachloroethylene exposure (Heineman et al. 1994). This result

was based on only three cases and is limited in that exposure information was not available. This

study may also be confounded by exposure to methylene chloride. The study authors concluded that

the association between tetrachloroethylene and brain cancer requires further study.

A retrospective cohort study of 14,457 aircraft maintenance workers at Hill Air Force Base, Utah, was

undertaken by Spirtas et al. (1991) to determine if occupational exposure to over 20 solvents,

including trichloroethylene and tetrachloroethylene, posed an increased risk of mortality. Deaths due

to multiple myeloma or non-Hodgkin’s lymphoma were elevated in female workers exposed to

tetrachloroethylene for at least 1 year. However, confidence in these data is low primarily because

multiple and overlapping exposure to more than one chemical was considerable. In addition, the

levels of tetrachloroethylene to which the workers were exposed were not provided, and lifestyle

factors such as smoking and alcohol consumption were not assessed.
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An association between exposure to tetrachloroethylene and increased risk of developing cancer has

been suggested in results from animal experiments A 103-week inhalation toxicity/carcinogenicity

study of tetrachloroethylene was conducted using male and female Fischer-344 rats and B6C3F1 mice.

Exposure levels were 0, 200, or 400 ppm tetrachloroethylene for rats and 0, 100, or 200 ppm

tetrachloroethylene for mice (NTP 1986). In rats, there were significant and dose-related increases in

the incidences of mononuclear cell leukemia in exposed male and female rats (males: 28/50 control,

37/50 low dose, 37/50 high dose; females: 18/50 control, 30/50 low dose, 29/50 high dose). This

neoplasm occurs spontaneously in Fischer-344 rats, and incidences of mononuclear cell Peukemia in

control groups (56% for males, 36% for females) for this study were higher than for historical

chamber controls for the laboratory or for untreated controls from the NTP database. However, NTP’s

Board of Scientific Counselors considered the incidence of rat leukemias to be a valid finding despite

high background frequencies because there was a decreased time to the onset of the disease and the

disease was more severe in treated animals than in control animals.

Low incidences of renal tubular cell adenomas or adenocarcinomas (l/49, 3149, 4/50) occurred in male

rats (NTP 1986). Although the incidence of these tumors was not statistically significant, the fact that

there was any increase was itself significant because these tumors are considered uncommon in

untreated male rats. In mice of both sexes exposed to 100 or 200 ppm, there were significantly

increased incidences of hepatocellular neoplasms (Table 2-2). Study limitations include numerous

instances of rats and mice loose from their cages within the exposure chambers, with the potential for

aberrations in exposure and animal identification, as well as a very high incidence of mononuclear cell

leukemia in control rats, and liver tumors in mice.

In summary, a number of epidemiology studies of dry cleaning workers have shown increases in

cancer, especially esophageal and bladder cancers. After reviewing the data, Weiss (1995) concluded

that confounding of esophageal cancer by cigarette smoking and heavy alcohol consumption was only

partially taken into account in these studies. He also suggested that bladder cancers may be a result of

exposure to other solvents used in dry cleaning. Following inhalation exposure to tetrachloroethylene,

mononuclear cell leukemia was observed in rats and hepatic tumors were observed in mice (NTP

1986). Because both mononuclear cell leukemia and hepatic tumors are common in rats and mice,

respectively, the relevance of these tumors to humans is not clear. Further discussion of the relevance

of tumors in animals exposed to tetrachloroethylene to humans is presented in Section 2.5. The cancer

effect levels (CELs) for rats and mice are recorded in Table 2-I and plotted in Figure 2- 1.
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2.2.2 Oral Exposure

2.2.2.1 Death

One human death has been reported following oral treatment with 3 mL (152 mg/kg) of

tetrachloroethylene for hookworm infestation (Chaudhuri and Mukerji 1947). This individual was a

severely emaciated “street beggar” with preexistent chronic malnutrition and septic cholecystitis; thus,

it is difficult to determine the specific cause of his death and the relevance of this death to healthy

humans.

Single-dose LD50, values of 3,835 and 3,005 mg/kg were determined for male and female rats given

tetrachloroethylene by gavage in 4% Emulphor in water. Death occurred within 24 hours after dosing

and was preceded by tremors, ataxia, and central nervous system depression (Hayes et al. 1986).

When given in corn oil, half the female rats treated with a single dose of 5,000 mg tetrachloro-

ethylene/kg died (Berman et al. 1995). An oral LD50 of 8,139 mg/kg was reported for mice treated

with undiluted tetrachloroethylene (Wenzel and Gibson 1951).

Osborne-Mendel rats of each sex received tetrachloroethylene in corn oil by gavage at doses of 316,

562, 1,000, 1,780, or 3,160 mg/kg 5 days/week for 6 weeks. Deaths (number unspecified) occurred in

both males and females at the two highest doses but not at 1,000 mg/kg or lower (NCI 1977).

In a bioassay of tetrachloroethylene administered by gavage to rats and mice, compound-related

mortality occurred as a result of toxic nephropathy in both species and hepatocellular tumors in mice

(NCI 1971). Increased deaths occurred in groups of male and female rats exposed to 471 and

474 mg/kg/day tetrachloroethylene, respectively, 5 days per week for 78 weeks. Similarly exposed

mice had increased numbers of deaths at doses of 536 and 386 mg/kg/day for males and females,

respectively. This study is discussed in Sections 2.2.2.2 and 2.2.2.8.

All reliable LOAEL and LD50 values for death in each species are recorded in Table 2-3 and plotted in

Figure 2-2.
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2.2.2.2 Systemic Effects

The highest NOAEL and all reliable LOAEL values for systemic effects in each species and duration

category are recorded in Table 2-3 and plotted in Figure 2-2. No studies were located regarding

musculoskeletal or ocular effects in humans or animals after oral exposure to tetrachloroethylene.

Respiratory Effects.   No studies were located regarding respiratory effects in humans after oral

exposure to tetrachloroethylene. In a chronic bioassay, microscopic examination of the lungs did not

reveal any effects in rats treated by gavage with tetrachloroethylene at doses up to 941 mg/kg/day or

in mice at doses up to 1,072 mg/kg/day, doses which were associated with increased mortality (NCI

1977).

Cardiovascular Effects.   No studies were located regarding cardiovascular effects in humans after

oral exposure to tetrachloroethylene. However, cardiovascular effects from chronic ingestion of

solvent-contaminated (including tetrachloroethylene) drinking water were investigated in family

members of patients with leukemia in Woburn, Massachusetts (Byers et al. 1988). Fourteen adults in

a group of 25 complained of cardiac symptoms of tachycardia at rest, palpitations, or near syncope.

Eleven of these were selected for detailed testing that included resting and exercise tolerance

electrocardiograms, Holter monitoring, echocardiograms, and serum lipid levels. Of these 11, 8 had

serious ventricular dysfunctions, 7 had multifocal premature ventricular beats, and 6 required cardiac

medication. None of the subjects had clinically significant coronary artery disease. No rationale was

given as to the factors that were involved in the selection of the 11 given extensive testing. No

background information on family history of heart disease, smoking habits, or occupational history was

given for any of the 25 family members.

In a chronic bioassay, microscopic examination of the heart did not reveal any effects in rats treated

by gavage with tetrachloroethylene at doses up to 941 mg/kg/day or in mice at doses up to

1,072 mg/kg/day, both of which were doses associated with increased mortality (NCI 1977).

Gastrointestinal Effects.  Vomiting has been reported in boys treated with unspecified oral doses

of tetrachloroethylene to remove intestinal worms (Wright et al. 1937). Histological changes in the

gastrointestinal tract were not observed in rats or mice treated by gavage with tetrachloroethylene for

78 weeks at doses that increased mortality (NCI 1977).
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duration/ 

Key toa Species/ frequency NOAEL Less serious Serious 
Reference figure (strain) (specific route) (mg/kg/day) 

ACUTE EXPOSURE 

Death 

1 Rat once 

(Fischer- 344) (GO) 

2 Rat 

(Sprague- 
Dawley) 

3 Mouse 

(Swiss- 
Webster) 

5000 F (50% died) 

3005 F (LD50) 

3835 M (LD50) 

Berman et al. 

1995 

Hayes et al. 

1986 

Wenzel and 

Gibson 1951 
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TABLE 2-3. Levels of Significant Exposure to Tetrachloroethylene - Oral (continued) 

Exposure/ 
duration/ 

Key  toa Species/ frequency NOAEL Less serious Serious Reference 
figure (strain) (specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) 

Systemic 

4 Rat 14 d Hepatic 500 F 1500 F (increased relative liver 
(Fischer- 344) (GO) weights; increased 

alanine 
aminotransferase; 
hepatocellular 
hypertorphy)

Renal 1500 F 

Endocr 1500 F 

5 Rat 10 d Hepatic 

(Fischer- 344) 1 x/d 

(GO) Bd Wt 1000 M 

1000M (increased liver to body 

weight ratio) 

6 Rat 5d Hepatic 500 M 1000M (significantly increased 

(Wistar) (GO) liver weights; induction 

of CYP2B P450 
enzymes; induction of 

phase II 
drug- metabolizing 

enzymes) 

than controls) 

Bd Wt 1000 M 2000M (body weights 16% lower 

Berman et al. 
1995 

Goldsworthy 
and Popp 1987 

Hanioka et al. 
1995 
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7 Rat Gd 6-19 Bd Wt 900 F (about 25% decrease in Narotsky and 

(Fischer- 344) (GO) body weight gain) Kavlock 1995 

8 Rat 11 d Hepatic 1000M 

Bd Wt 500 M 

(Fischer- 344) (GO) 

9 Mouse 10 d Hepatic 

(G) 

(B6C3F1) 1x/d 

Renal 

Bd Wt l000M 

10 Mouse 11 d Hepatic 

(B6C3F1) (GO) 

Bd Wt 1000 

1000M (increased liver to body 

weight ratios; 

peroxisomal proliferation) 

1000M (peroxisomal 

proliferation) 

1 00M (hepatocellular swelling) 

Schumann et 

al. 1980 

1000 M (22% decrease in body 

weight gain) 

Goldsworthy 

Schumann et 

al. 1980 
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and Popp 1987 



Immuno/Lymphor 

11 Rat 14 d 

(Fischer- 344) (GO) 

12 Rat 5d 

(Wistar) (GO) 

Neurological 

13 Human once 

(C) 

14 Human once 

15 Rat once 

(Fischer- 344) 

16 Rat Gd 6-19 

(Fischer- 344) (GO) 

1500 F 

1000 M 2000M (atrophy of the spleen 
and thymus) 

500 F 

Berman et at. 

1995 

Hanioka et al. 

1995 

1 16 M (amnesia; dizziness; Haerer and 
hallucinations) Udelman 1964 

108 (unconsciousness) Kendrick 1929 

1500 F (lacrimation and gait score 
significantly increased; 1995 

motor activity significantly 
decreased) 

Moser et al. 

900 F (ataxia that lasted about Narotsky and 

Kavlock 1995 4 hours after dosing) 
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Reproductive 

17 Rat Gd 6 -19 

(Fischer- 344) (GO) 

Developmental 

18 Rat Gd 6-19 

(Fischer- 344) (GO) 

19 Mouse 7 d 

(NMRI) (GO) 

INTERMEDIATE EXPOSURE 

Death 

20 Rat 6 wk 

(Osborne- 5d/wk 

Mendel) (GO) 

5
b
 M (increased activity at 60 

days of age) 

Narotsky and 
resorptions) kavlock 1995 

900 (significant increase in 

900 (increased postnatal Narotsky and 
deaths; increased Kavlock 1995 

micro/anophthalmia) 

Fredriksson et 
al. 1993 

1780 (number of deaths not NCI 1977 

specified) 
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Systemic 

(Sprague- (W) 1986 

Dawley) 

21 Rat 90 d Hemato 1400 Hayes et al. 

Hepatic 400 

Renal 14 

Bd Wt 14 

22 Rat 6wk Bd Wt 1000 

(Osborne- 5d/wk 

Mendel) (GO) 

23 Rat 7wk Hepatic 

(Osborne- 5d/wk 

Mendel) (GO) 

1400 (increased liver/body 

weight ratio) 

400M (increased kidney/body 

weight ratio) 

400 F (1 8% decrease in body 1400 F (24% decrease in body 
weight gain) weight gain) 

995 (increased liver weight; 

increased Type II GGT 

and foci with or without 

an initiator) 

NCI 1977 

Story et al. 1986 

TABLE 2-3. Levels of Significant Exposure to Tetrachloroethylene - Oral (continued) 
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200 (hepatic necrosis) Buben and 

(Swiss-Cox) 5dwk weight; increased liver O'Flaherty 

24 Mouse 6 wk Hepatic 20 100 (increased relative liver 

(GO) triglycerides) 1985 

25 Mouse 6 wk Bd Wt 

(B6C3F1) 5d/wk 

(GO) 

CHRONIC EXPOSURE 

Death 

26 Rat 78 wk 

(Osborne- 5d/wk 

Mendel) (GO) 

27 Mouse 78 wk 

(B6C3F1) 5d/wk 

(GO) 

562 F (30% decrease in body NCI 1977 

weight gain) 

471 M (decreased survival) NCI 1977 

474 F (decreased survival) 

386 F (reduced survival) 

536 M (reduced survival) 

NCI 1977 
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Systemic 

28 Rat 78 wk Resp 94 1 

(Osborne- 5d/wk 

Mendel) (GO) 
Cardio 94 1 

Gastro 94 1 

Hepatic 94 1 

Renal 

Endocr 94 1 

Derm 94 1 

Bd Wt 941 

29 Mouse 78 wk Resp 1072 

(GO) Cardio 1072 

Gastro 1072 

Hepatic 1072 

Renal 

(B6C3Fl) 5d/wk 

NCI 1977 

471 M (nephropathy) 
474 F (nephropathy) 

NCI 1977 

386 F (nephropathy) 

536 M (nephropathy) 
Endocr 1072 

Derm 1072 

Bd Wt 1072 

TABLE 2-3. Levels of Significant Exposure to Tetrachloroethylene - Oral (continued) 
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Cancer 

30 Mouse 78 wk 

(B6C3F1) 5d/wk 

(GO) 

386 F (CEL: hepatocellular 

536 M carcinomas) 

NCI 1977 

a
Thenumbers correspond to entries in Figure 2-2. 

b
The acute duration oral MRL of 0.05 mg/kg/day was calculated by dividing the 5 mg/kg/day dose by an uncertainty factor of 100 (10 for the use of a LOAEL, 
10 for extrapolation from animals to humans, and 1 for human variability). 

Bd Wt = body weight; (C) = capsule; Cardio = cardiovascular; CEL = cancer effect level; d = day(s); Derm = dermal; Endocr = endocrine; F = female; Gastro = gastrointestinal; 

LD50 = lethal dose, 50% kill; LOAEL = lowest-observed-adverse-effect level; M = male; NOAEL = no-observed-adverse-effect level; Resp = respiratory; (W) = drinking water; 
wk = week(s); x = time(s) 

(G) = gavage -- vehicle not specified; Gd = gestation day; GGT = gamma glutamyl transpeptidase; (GO) = gavage in oil; (GW) = gavage in water; Hemato = hematological; 
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Hematological Effects. No studies were located regarding hematological effects in humans after

oral exposure to tetrachloroethylene.

Hemoglobin, hematocrit, and cell counts were not affected in rats exposed to tetrachloroethylene in

drinking water (4% emulphor) at doses up to 1,400 mg/kg/day for 90 days (Hayes et al. 1986). Mice

exposed to 0.1 mg/kg/day tetrachloroethylene in drinking water for 7 weeks had high relative

concentrations of tetrachloroetbylene in the spleen, increased spleen weight, increased hemosiderin

deposits and congestion of red pulp, increased serum lactic dehydrogenase (LDH) isozyme I, which

was interpreted as being indicative of erythrocyte hemolysis, and a relative decrease in bone marrow

erythropoiesis (Marth 1987). Milder or no hematological effects, depending on the parameters

evaluated, occurred at exposures to 0.05 mg/kg/day. All hematological effects were reversible within

an S-week recovery period. There are several limitations of this study. First, only one sex of mouse

was evaluated. Second, splenic hemosiderosis, one of the parameters evaluated, is present in normal

mouse spleens; therefore, the presence of this pigment in the spleen is not necessarily an indicator of

hemolysis unless it is more widespread and severe compared to control spleens. Third, grading of

lesions by distribution and severity for either spleen or bone marrow was not documented in the paper.

Fourth, the study author did not provide documentation that LDH isozyme I is the isozyme found in

mouse erythrocytes.

Mild microcytic anemia and bone marrow and immune function changes occurred in B6C3F1 mice

exposed via drinking water to tetrachloroethylene plus 24 other groundwater contaminants (Germolec

et al. 1989). The observed changes in bone marrow consisted of suppression of granulocytemacrophage

progenitor cells accompanied by a decrease in bone marrow cellularity. A dose-related

suppression of antigen-induced antibody forming cells was also observed. This study is discussed in

more detail in Section 2.2.2.3.

Hepatic Effects.  The liver has not been shown to be a target organ in humans exposed to

tetrachloroethylene by the oral route except a single case report of obstructive jaundice and

hepatomegaly reported in a 6-week-old infant exposed to tetrachloroethylene (1 mg/dL) via breast milk

(Bagnell and Ellenberger 1977). After breast feeding was ended, a rapid improvement was observed.
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The liver is a principal target organ in rodents exposed orally to tetrachloroethylene. Hepatic effects

in rodents from oral exposure to tetrachloroethylene are similar to those produced by inhalation

exposure. Mice are more sensitive than rats to tetrachloroethylene-induced toxic effects; these effects

are related to tetrachloroethylene metabolism-particularly the formation of TCA-as discussed in

Section 2.3.

Liver weights were significantly increased and CYP2B P-450 enzymes were significantly induced in

rats treated by gavage with tetrachloroethylene in corn oil at 1,000 and 2,000 mg/kg/day for 5 days

(Hanioka et al. 1995). The P-450 enzymes were also significantly induced at 500 mg/kg/day, although

no change in liver weight was noted at this dose. Phase II drug metabolizing enzymes were also

induced with significant increases in DT-diaphorase activity at 2,000 mg/kg/day, significant increases

in glutathione S-transferase activity at 1,000 and 2,000 mg/kg/day, and significant increases in UDP-

glucuronyltransferase activity at all doses tested ( 125 mg/kg/day). Increased relative liver weights,

increased serum alanine aminotransferase, and hepatocellular hypertrophy were observed in female rats

treated by gavage with tetrachloroethylene in corn oil at a dose of 1,500 mg/kg/day for 14 days

(Berman et al. 1995). Hepatic effects were not observed at 500 mg/kg/day.

Tetrachloroethylene administered by gavage at a dose of 1,000 mg/kg/day for 10 days to male B6C3F1

mice increased relative liver weights and elevated cyanide-insensitive palmitoyl CoA oxidase levels,

indicative of peroxisomal proliferation (Goldsworthy and Popp 1987). The same dose administered to

Fischer-344 rats did not elevate cyanide-insensitive palmitoyl CoA oxidase levels significantly above

controls, although relative liver weights were increased. Schumann et al. (1980) reported

hepatocellular swelling in mice given 11 daily gavage doses of 100 mg tetrachloroethylene/kg. A

similar effect was not observed in rats exposed at doses up to 1,000 mg/kg/day.

Toxic effects induced in male Swiss Cox mice given tetrachloroethylene by gavage at doses of 0, 20,

100, 200, 500, 1,000, 1,500, or 2,000 mg/kg/day for 6 weeks were increased relative liver weight and

triglycerides beginning at 100 mg/kg/day, decreased glucose-6-phosphate and increased SGPT at

500 mg/kg, and hepatocellular lesions at 100 mg/kg/day. Lesions consisted of centrilobular

hepatocellular hypertrophy, karyorrhexis, centrilobular necrosis, polyploidy, and hepatocellular

vacuolization. All these effects were present in the two dose groups examined histologically (200 and

1,000 mg/kg/day) (Buben and O’Flaherty 1985). Centrilobular necrosis and increased levels of protein
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and protein-bound carbohydrates were observed in the livers of rats treated by gavage with

tetrachloroethylene in sesame oil at 3,000 mg/kg/day for 42 days (Ebrahim et al. 1995).

Elevated liver weights, relative to body weight but not brain weight, occurred in both sexes of

Sprague-Dawley rats given 1,400 mg/kg/day tetrachloroethylene in drinking water for 13 weeks.

While the serum enzyme, 5’-nucleotidase, was increased in females given 1,400 mg/kg/day and in

males given 400 or 1,400 mg/kg/day, results of other biochemical measurements did not suggest a

hepatotoxic effect. In addition, gross necropsy examination did not reveal any abnormalities in

selected organs including the liver (Hayes et al. 1986). The major limitation of this study was lack of

microscopic examination of livers.

Tetrachloroethylene has been tested for initiating and promoting activity in a rat liver foci assay (Story

et al. 1986). Mean liver weights and/or liver-to-body weight ratios were significantly increased

relative to the controls in partially hepatectomized adult male Osborne-Mendel rats (l0/group)

administered 995 mg/kg/day tetrachloroethylene by gavage in corn oil. In both the presence and

absence of an initiator (30 mg/kg diethylnitrosamine), tetrachloroethylene (995 mg/kg/day) induced an

increase in enzyme-altered foci (foci with increased -glutamyltranspeptidase activity).

Chemically related nonneoplastic liver lesions were not reported for Osborne-Mendel rats or B6C3F1

mice given tetrachloroethylene by gavage in a chronic bioassay (NCI 1977). This study, including its

limitations, is discussed in Section 2.2.2.8.

Renal Effects.   No studies were located regarding renal effects in humans after oral exposure to

tetrachloroethylene.

Daily gavage administration of 1,000 mg/kg tetrachloroethylene to male Fischer-344 rats for 10 days

produced an increase in protein droplet accumulation and cell proliferation in the P2 segment of the

kidney. This effect, not seen in female rats, was correlated with an increased presence of -2 -globulin

in the proximal convoluted epithelial cells (Goldsworthy et al. 1988). Results from an earlier study

by the same investigators indicated that peroxisomal proliferation in the rat kidney was not associated

with administration of 1,000 mg/kg/day tetrachloroethylene (Goldsworthy and Popp 1987). Peroxisomal

proliferation was the only end point investigated in this experiment. Male rats exposed to

1,500 mg/kg tetrachloroethylene by gavage for 42 days developed typical -2 -globulin nephropathy
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 (Green et al. 1990). Male rats, but not female rats, also developed -2 -globulin nephropathy

following daily gavage treatment with tetrachloroethylene at 500 mg/kg/day (Bergamaschi et al. 1992).

Kidney effects were not observed in female rats treated by gavage with tetrachloroethylene in corn oil

at a dose of 1,500 mg/kg/day for 14 days (Berman et al. 1995). Male B6C3F1 mice exposed to

1,000 mg/kg per day by gavage for 10 days had peroxisomal proliferation as evidenced by elevated

cyanide-insensitive palrnitoyl CoA oxidase levels (Goldsworthy and Popp 1987).

Hypercellular glomeruli and congestion of the convoluted tubules were observed in the kidneys of rats

treated by gavage with tetrachloroethylene (3,000 mg/kg/day) in sesame oil for 42 days (Ebrahim et al.

1995). Significant increases in the levels of protein and protein-bound carbohydrates in the kidneys

were also observed. No other doses of tetrachloroethylene were used in this study. Increased

kidney/body weight ratios were observed in male rats treated with tetrachloroethylene in the drinking

water at 400 mg/kg/day for 90 days (Hayes et al. 1986). No effects on the kidneys were observed at a

dose of 14 mg/kg/day.

Osborne-Mended rats and B6C3F1 mice of each sex were exposed to tetrachloroethylene in corn oil by

gavage for 78 weeks, followed by observation periods of 32 weeks (rats) and 12 weeks (mice) in a

carcinogenicity bioassay (NCI 1977). TWA doses for the study were 536 and 1,072 mg/kg/day for

male mice, 386 and 772 mg/kg/day for female mice, 471 and 941 mg/kg/day for male rats, and 474

and 949 mg/kg/day for female rats; untreated and vehicle control groups were included. Study

limitations are discussed in Section 2.2.2.8. Toxic nephropathy occurred at all dose levels in both

sexes of rats and mice, as did increased mortality. The nephropathy in both species was characterized

by degenerative changes in the proximal convoluted tubules at the junction of the cortex and medulla,

with cloudy swelling, fatty degeneration, and necrosis of the tubular epithelium and hyalin intralurninal

casts. Rat kidneys also had occasional basophilic tubular cytomegaly, chronic inflammation, and

mineralization.

Endocrine Effects. No studies were located regarding endocrine effects in humans following oral

exposure to tetrachloroethylene. Histopathological changes in the adrenal glands were not observed in

female rats treated by gavage with tetrachloroethylene in corn oil at a dose of 1,500 mg/kg/day for

14 days (Berman et al. 1995). In a chronic bioassay, histological changes were not observed in the

adrenal glands, thyroid, parathyroid, pancreas, or pituitary of rats and mice treated by gavage with

tetrachloroethylene at doses that resulted in increased mortality (NCI 1977).
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Dermal Effects.   In family members of patients with leukemia from the Woburn study, 13 of 25

adults who had been chronically exposed to solvent-contaminated drinking water (including

tetrachloroethylene) developed skin lesions. These were maculopapular rashes that occurred

approximately twice yearly and lasted 2-4 weeks. These skin conditions generally disappeared within

l-2 years after cessation of exposure to contaminated water (Byers et al. 1988). There is no evidence

that skin lesions were related to solvent exposure in general or to tetrachloroethylene specifically.

In a chronic bioassay, histological changes were not observed in the skin of rats and mice treated by

gavage with tetrachloroethylene at doses that resulted in increased mortality (NCI 1977).

Body Weight Effects.   At the end of a 5-day study, body weights of male rats treated by gavage

with tetrachloroethylene at 2,000 mg/kg/day were 16% lower than controls (Hanioka et al. 1995).

Body weight gain was decreased 22% in male Fischer-344 rats treated by gavage with tetrachloro-

ethylene at 1,000 mg/kg/day for 11 days (Schumann et al. 1980). A decrease in body weight gain of

approximately 25% was observed in pregnant rats treated by gavage with tetrachloroethylene in corn

oil at 900 mg/kg/day on gestation days 6-19 (Narotsky and Kavlock 1995). No effect on body weight

was observed in Fischer-344 rats treated by gavage with tetrachloroethylene at 1,000 mg/kg/day for

10 days (Goldsworthy and Popp 1987) or in B6C3F1 mice treated by gavage with tetrachloroethylene

at 1,000 mg/kg/day for 10 or 11 days (Goldsworthy and Popp 1987; Schumann et al. 1980). An

explanation for the difference in effect on body weight in rats in the studies was not readily apparent.

Changes in body weight in longer term oral studies are also not consistent. Hayes et al. (1986)

reported 18% and 24% decreases in body weight gain in female rats treated with tetrachloroethylene in

the drinking water at 400 and 1,400 mg/kg/day, respectively, for 90 days. Body weight gain was

significantly decreased (15%) in males only at 1,400 mg/kg/day. A 30% reduction in body weight

gain was observed in female mice treated by gavage with tetrachloroethylene at 562 mg/kg/day for

90 days (NCI 1977), but no effect on body weight gain in male mice was noted at this dose. Changes

in body weight were not observed in rats treated by gavage with tetrachloroethylene at doses of

1,000 mg/kg/day for 6 weeks or in rats or mice in a chronic bioassay at doses associated with

increased mortality (up to 941 mg/kg/day for rats and 1,072 mg/kg/day for mice) (NCI 1977).
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2.2.2.3  Immunological and Lymphoreticular Effects

No studies were located regarding immunological and lymphoreticular effects in humans after oral

exposure to tetrachloroethylene.

There was, however, a study suggesting immunological effects in humans with chronic exposure to a

solvent-contaminated domestic water supply. Several wells in Wobum, Massachusetts, were

contaminated by a variety of solvents. The two main volatile chlorinated hydrocarbons measured

before well closure were trichloroethylene (267 ppb) and tetrachloroethylene (21 ppb) (Byers et al.

1988). A potential association between water contamination in Woburn and cases of childhood

leukemia is discussed in Section 2.2.2.8.

Some immunological abnormalities were found in 23 adults in Wobum who were exposed to

contaminated water and who were family members of children with leukemia. These immunological

abnormalities, tested for 5 years after well closure, were persistent lymphocytosis, increased numbers

of T lymphocytes, and depressed helper:suppressor T cell ratio. A follow-up test 18 months later

revealed reductions in lymphocyte counts, decreased numbers of suppressor T cells, and increased

helper:suppressor ratio. Auto-antibodies, particularly anti-nuclear antibodies, were detected in 48%

(1 l/23) of the adults tested. In the Wobum population, there was also a suggestion of an association

between cumulative exposure to contaminated wells and increased urinary tract infections and

respiratory disorders (asthma, bronchitis, pneumonia) in children (Lagakos et al. 1986).

Interpretation of the results reported by Byers et al. (1988) and Lagakos et al. (1986) is limited

because of the possible bias in identifying risk factors for immunological abnormalities in a small,

nonpopulation-based group identified through probands with leukemia. There is evidence that some

genetic factor or factors may predispose persons to both altered immunologic parameters as well as an

increased risk of developing leukemia. Other limitations of this study are described in Section 2.2.2.8.

Atrophy of the spleen and thymus, indicated by significantly decreased organ weights, was noted in

rats treated by gavage with tetrachloroethylene in corn oil at 2,000 mg/kg/day for 5 days (Hanioka et

al. 1995). This effect was not observed at 1,000 mg/kg/day. Histopathological changes in the spleen

and thymus were not observed in female rats treated by gavage with tetrachloroethylene in corn oil at

1,500 mg/kg/day for 14 days (Berman et al. 1995).
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Immunological effects were detected in a study exposing female B6C3F1 mice to drinking water

containing tetrachloroethylene (maximum concentration 6.8 ppm) and 24 other contaminants frequently

found in groundwater for 14 or 90 days (Germolec et al. 1989). Mice exposed to the highest

concentration of this laboratory-prepared stock solution had a dose-related suppression in antibody

plaque-forming units to sheep red blood cells and increased host susceptibility to infection by the

protozoan, Plasmodium yoelii. There were no changes in lymphocyte number or T cell

subpopulations, no alterations of T cell, NK cell or macrophage activities, and no effect on host

susceptibility to challenge with intravenous Listeria monocytogenes (bacteria) or PYB6 tumor cells.

These findings indicate an immunotoxic effect on B cells/humoral immunity (Germolec et al. 1989).

These effects cannot be attributed to tetrachloroethylene alone.

In a chronic bioassay, microscopic examination of the spleen, lymph nodes, and thymus of rats and

mice exposed by gavage to tetrachloroethylene at doses that resulted in increased mortality did not

reveal any adverse immunological or lymphoreticular effects (NCI 1977).

The highest NOAEL values and all LOAEL values from each reliable study for immunological and

lymphoreticular effects identified in rats for each duration category are recorded in Table 2-3 and

plotted in Figure 2-2.

2.2.2.4 Neurological Effects

Acute neurological effects in humans after ingesting tetrachloroethylene are similar to those seen after

inhalation. A 6-year-old child who ingested 12-16 g of tetrachloroethylene was conscious upon

admission to a hospital 1 hour after ingestion, but his level of consciousness deteriorated to

somnolence and subsequently coma (Koppel et al. 1985). Other symptoms included drowsiness,

vertigo, agitation, and hallucinations. The boy recovered completely.

The oral administration of tetrachloroethylene as an anthelminthic in humans was common at one

time; however, newer therapeutic agents have since replaced tetrachloroethylene. Narcotic effects,

inebriation, perceptual distortion, and exhilaration, but not death, were observed in patients receiving

doses ranging from 2.8 to 4 mL (about 4.2-6 g) of tetrachloroethylene orally as an anthelminthic

(Haerer and Udelman 1964; Kendrick 1929; Sandground 1941; Wright et al. 1937).
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Ataxia was observed in pregnant rats treated by gavage with tetrachloroethylene in corn oil at

900 mg/kg/day on gestation days 6-19 (Narotsky and Kavlock 1995). The ataxia lasted about 4 hours

after dosing. Four hours after female rats were given a single gavage dose of 1,500 mg

tetrachloroethylene/kg, lacrimation and gait scores were significantly increased and motor activity was

significantly decreased (Moser et al. 1995). The study authors indicated that the effects were less

24 hours after dosing, but specific data were not provided. A battery of neurological tests which

examined autonomic, neuromuscular, and sensorimotor function, as well as activity and excitability did

not show any significant effects at 4 or 24 hours after a single gavage dose of 500 mg/kg, or 24 hours

after the last of 14 daily doses of 1,500 mg tetrachloroethylene/kg (Moser et al. 1995).

In a chronic bioassay, microscopic examination of the brains of rats and mice exposed by gavage to

tetrachloroethylene at doses that resulted in increased mortality did not reveal any adverse effects (NCI

1977).

The serious LOAELs for nervous system effects identified in human and animal studies, and the

NOAEL in rats are indicated in Table 2-3 and Figure 2-2.

2.2.2.5 Reproductive Effects

No studies were located regarding reproductive effects in humans after oral exposure to

tetrachloroethylene.

Resorptions were significantly increased in rats treated by gavage with tetrachloroethylene in corn oil

at doses of 900 and 1,200 mg/kg/day on gestation days 6-19 (Narotsky and Kavlock 1995). At

1,200 mg/kg/day, no live pups were delivered by gestation day 22, while the number at 900 mg/kg/day

(5.2 1.5 pups/litter) was significantly (p<0.01) reduced compared to controls (7.7 0.7 pups/litter). The

implantation sites required ammonium sulfide staining for detection, suggesting that the embryos died

early in the treatment period. The 900-mg/kg/day dose also resulted in maternal ataxia and body

weight gain approximately 25% less than controls.

In a chronic bioassay, microscopic examination of the testes and ovaries of rats and mice exposed by

gavage to tetrachloroethylene at doses that resulted in increased mortality did not reveal any adverse

effects (NCI 1977).
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The serious LOAEL for reproductive effects in rats is recorded in Table 2-3 and plotted in Figure 2-2.

2.2.2.6 Developmental Effects

In the Woburn, Massachusetts, study of residents exposed to drinking water contaminated with

solvents, including 21 ppb tetrachloroethylene, there was a suggestion that eye/ear anomalies and

central nervous systern/chromosomal/oral cleft anomalies were associated with exposure (Lagakos et al.

1986). However, several scientists have questioned the biological relevance of grouping these

anomalies for purposes of statistical analysis (Lagakos et al. 1986). The association between birth

outcome and drinking water contamination has also been examined in 75 towns in New Jersey (Bove

et al. 1995). Based on four cases, oral cleft defects were increased (odds ratio 3.54; 90% confidence

interval 1.28-8.78) in the group with the highest exposure (>10 ppb). Because of possible exposure

misclassification, and limits in the number of possible confounders that were examined (maternal

occupational exposures, smoking, medical history, height, gestational weight gain), the study authors

note that this study alone cannot resolve whether some of the relationships between drinking water

contaminants and adverse outcome are causal or a result of chance or bias.

At 900 mg/kg/day, a dose that resulted in maternal toxicity (ataxia and body weight gain approximately

25% less than controls), increased numbers of postnatal deaths and increased

micro/anophthalmia were observed in offspring of rats treated by gavage with tetrachloroethylene in

corn oil on gestation days 6-19 (Narotsky and Kavlock 1995). On postnatal day 6, the number of

pups/litter that were alive was 7.7 0.7 in the control litters, and 4.9 1.2 in the 900-mg/kg/day group

( <0.001) Additional data about malformations were not provided.

In a study regarding late stages of nervous system development, male mouse pups were treated by

gavage with tetrachloroethylene at 5 and 320 mg/kg/day for 7 days beginning at 10 days of age

(Fredriksson et al. 1993). Throughout the dosing period, no clinical signs of toxicity were observed.

Measures of activity (locomotion, rearing, and total activity) were completed in mice at 17 and

60 days of age. No significant effects were observed in mice at 17 days of age, while at 60 days of

age a significant increase in locomotion (p<0.05 or <0.0l) and total activity (p<0.01) was observed at

both doses. Based on this LOAEL of 5 mg/kg/day for evidence of developmental neurotoxicity, an

acute oral MRL of 0.05 mg/kg/day was calculated as described in the footnote to Table 2-3.
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All reliable LOAELs values identified in rats and mice are recorded in Table 2-3 and plotted in

Figure 2-2.

2.2.2.7 Genotoxic Effects

No studies were located regarding genotoxic effects in humans or animals after oral exposure to

tetrachloroethylene.

Genotoxicity studies are discussed in Section 2.5.

2.2.2.8 Cancer

A case-control study was completed to examine the relationship between bladder cancer, kidney

cancer, and leukemia with exposure to tetrachloroethylene in public drinking water in an area in

Massachusetts where many pipes were lined with a tetrachloroethylene containing resin (Aschengrau et

al0 1993). Exposure was estimated as a relative delivered dose using a model described by Webler and

Brown (1993). Based on a small number of cancer patients with tetrachloroethylene exposure (7), the

investigators indicated that there was a tendency for an increased risk of leukemia among patients (2)

who were most highly exposed. Because of the small number of patients, and the potential for

drinking water contaminated with other chemicals, the association between leukemia and

tetrachloroethylene noted in this study is not definitive. In a study in New Jersey, tetrachloroethylene

contamination of the drinking water was associated with an increased incidence of non-Burkitt’s highgrade

non-Hodgkin’s lymphoma in females (Cohn et al. 1994). Many of the water supplies were also

contaminated with trichloroethylene, making it difficult to assess the relative contribution of each

chemical. The investigators also noted that the conclusions of their study are limited by potential

misclassification of exposure because of lack of information on individual long-term residence and

water consumption

After tri- (212 g/L) and tetrachloroethylene (180 g/L) were identified in the drinking water supply of

two towns in Finland, the incidence rates of total cancer, Biver cancer, non-Hodgkin’s lymphoma,

mnltiple myeloma, and leukemia were compared with the rest of the country (Vartianinen et al. 1993).

No significant difference was found. This study is limited in that people who might not have been

exposed were included in the exposed group, and it is not clear how long the people were exposed.
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The contamination was discovered in 1992, and new sources of drinking water were supplied shortly

after the discovery. A controversial study of a population in Woburn, Massachusetts, reported a

potential association between ingestion of drinking water contaminated with solvents and increased risk

of childhood leukemia, particularly acute lymphocytic leukemia (Lagakos et al. 1986). Numerous

investigators (MacMahon 1986; Prentice 1986; Rogan 1986; Swan and Robins 1986; Whitmore 1986)

have evaluated the data and have identified a number of shortcomings in the study. The two wells in

question began pumping in 1964-1967. Measurements of well contaminants before their closure in

1979 revealed numerous volatile organic compounds in the drinking water, with the highest

concentrations being trichloroethylene (267 ppb) and tetrachloroethylene (21 ppb) (Byers et al. 1988).

Of particular importance is the fact that no more than 6 of the 20 cases of leukemia could be linked to

drinking water from the contaminated wells; several cases occurred in children with no access to these

wells. The extent and duration of the contamination in the wells of concern are also not known.

Geophysical modeling has suggested that the contamination had probably been present before the

measurements of the contaminants were taken. Therefore, it is not possible to determine when

exposure to the chemicals first occurred or whether the level of exposure varied over time. Two

approaches were used in classifying exposures in the study by Lagakos et al. (1986). The use of

continuous measurement based on estimates of the use and distribution of water from the contaminated

wells actually showed less significance than the cruder measurement which accounted for water

consumed from other sources, such as schools or workplaces. This toxicological profile attempts,

where possible, to identify exposures to the specific chemical under discussion. The contamination of

the two wells at Wobum involved more than one measurable contaminant.

The study by Lagakos et al. (1986) used family members of children affected with leukemia and other

community members as interviewers, introducing possible interviewer bias. In addition, the study was

performed following considerable publicity about the well contamination and the possible health

effects that could follow these exposures, thus contributing to recall bias of the participants.

Cancer has been reported in experimental animals after oral exposure to tetrachloroethylene.

Osborne-Mendel rats and B6C3F1 mice of each sex were exposed to tetrachloroethylene in corn oil by

gavage for 78 weeks, followed by observation periods of 32 weeks (rats) and 12 weeks (mice) in an

NCI (1977) carcinogenicity bioassay. Because of numerous dose adjustments during the study, doses

had to be represented as TWAs. TWA doses were 471 and 941 mg/kg/day for male rats, 474 and

949 mg/kg/day for female rats, 536 and 1,072 mg/kg/day for male mice, and 386 and 772 mg/kg/day
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for female mice. The elevated early mortality, which occurred at both doses in both sexes of rats and

mice, was related to compound-induced toxic nephropathy (see Section 2.2.2.2). Because of reduced

survival, this study was not considered adequate for evaluation of carcinogenesis in rats. Statistically

significant increases in hepatocellular carcinomas occurred in the treated mice of both sexes.

Incidences in the untreated control, vehicle control, low-dose, and high-dose groups were 2/17, 2/20,

32/49, and 27/48 in male mice, and 2/20, 0/20, 19/48, and 19/48 in female mice. Study limitations

included control groups smaller than treated groups (20 versus 50), numerous dose adjustments during

the study, early mortality related to compound-induced toxic nephropathy suggesting that a maximum

tolerated dose was exceeded, and pneumonia due to intercurrent infectious disease (murine respiratory

mycoplasmosis) in both rats and mice.

Because of its carcinogenic activity in mouse liver, tetrachloroethylene has been tested for initiating

and promoting activity in a rat liver foci assay. Tetrachloroethylene administered by gavage in corn

oil at 995 mg/kg/day did not exhibit initiating activity as indicated by an increase in -glutamyltrans-peptidase-

positive type I altered foci. Tetrachloroethylene did promote the appearance of type II

altered foci, both in the presence and in the absence of an initiator (in this case, diethylnitrosamine)

(Story et al. 1986).

All reliable CELs are recorded in Table 2-3 and plotted in Figure 2-2.

2.2.3 Dermal Exposure

2.2.3.1 Death

No studies were located regarding death in humans after dermal exposure to tetrachloroethylene.

All five rabbits treated with a single dermal dose of 3,245 mg/kg tetrachloroethylene that was occluded

for 24 hours survived (Kinkead and Leahy 1987). Additional studies regarding death following dermal

exposure in animals were not located.
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2.2.3.2 Systemic Effects

No studies were located regarding respiratory, gastrointestinal, hematological, or musculoskeletal

effects in humans or animals after dermal exposure to tetrachloroethylene.

Cardiovascular Effects.   Hypotension was reported in a male laundry worker found lying in a pool

of tetrachloroethylene (Hake and Stewart 1977). In this case, the worker was exposed to

tetrachloroethylene by both inhalation and dermal routes of exposure, and the exact contribution of

dermal exposure is unknown. The patient fully recovered from the effects of tetrachloroethylene.

No studies were located regarding cardiovascular effects in animals after dermal exposure to

tetrachloroethylene.

Hepatic Effects.   Elevated serum enzymes (not further described) indicative of mild liver injury

were observed in an individual found lying in a pool of tetrachloroethylene (Hake and Stewart 1977).

Exposure in this case was by both the inhalation and dermal routes, and the exact contribution of

dermal exposure is unknown.

No studies were located regarding hepatic effects in animals after dermal exposure to

tetrachloroethylene.

Renal Effects.   Proteinuria, which lasted for 20 days, was observed in an individual found lying in a

pool of tetrachloroethylene (Hake and Stewart 1977). Exposure in this case was by both the inhalation

and dermal routes, and the exact contribution of dermal exposure is unknown.

No studies were located regarding renal effects in animals after dermal exposure to tetrachloroethylene.

Dermal Effects.   Five volunteers placed their thumbs in beakers of tetrachloroethylenefor

30 minutes (Stewart and Dodd 1964). Within 5-10 minutes, all subjects had a burning sensation.

After the thumb was removed from the solvent, the burning decreased during the next 10 minutes.

Marked erythema, which cleared l-2 hours after exposure, was present in all cases. Chemical burns

characterized by severe cutaneous erythema, blistering, and sloughing have resulted from prolonged
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(more than 5 hours) accidental contact exposure to tetrachloroethylene used in dry cleaning operations

(Hake and Stewart 1977; Ling and Lindsay 1971; Morgan 1969).

Rabbits were exposed dermally to pure tetrachloroethylene (2 mL/kg body weight) which was covered

by an occlusive dressing for 24 hours to prevent evaporation of the chemical. The animals did not

develop toxic signs, and skin lesions were not reported (Kinked and Leahy 1987).

Ocular Effects.   Intense ocular irritation has been reported in humans after acute exposure to

tetrachloroethylene vapor at concentrations greater than 1,000 ppm (Carpenter 1937; Rowe et al.

1952). Vapors of tetrachloroethylene at 5 or 20 ppm were irradiated along with nitrogen dioxide in au

environmental chamber in order to simulate the atmospheric conditions of Los Angeles County. These

conditions did not produce appreciable eye irritation in volunteers exposed to the simulated atmosphere

(Wayne and Orcutt 1960).

No studies were located regarding ocular effects in animals after dermal exposure to

tetrachloroethylene including direct application to the eye.

2.2.3.3 Immunological and Lymphoreticuiar Effects

No studies were located regarding immunological and lymphoreticular effects in humans or animals

following dermal exposure to tetrachloroethylene.

2.2.3.4 Neurological Effects

A male laundry worker found lying in a pool of tetrachloroethylene was in a coma (Hake and Stewart

1977). The exposure to tetrachloroethylene in this case was by both the inhalation and dermal routes,

and the exact contribution of dermal exposure is unknown. The patient fully recovered from the

effects of tetrachloroethylene.

No studies were located regarding neurological effects in animals after dermal exposure to

tetrachloroethylene.
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No studies were located regarding the following health effects in humans or animals after dermal

exposure to tetrachloroethylene:

2.2.3.5 Reproductive Effects

2.2.3.6 Developmental Effects

2.2.3.7 Genotoxic Effects

Genotoxicity studies are discussed in Section 2.5.

2.2.3.8 Cancer

No studies were located regarding cancer in humans after dermal exposure to tetrachloroethylene.

In a mouse skin initiation-promotion assay, tetrachloroethylene applied at amounts of 18 or 54 mg did

not produce skin tumors over a 440-594-day study duration when applied either as an initiator or a

promoter (Van Duuren et al. 1979).

2.3 TOXICOKINETICS

Tetrachloroethylene is readily absorbed following inhalation and oral exposure as well as direct

exposure to the skin. Pulmonary absorption of tetrachloroethylene is dependent on the ventilation rate,

on the duration of exposure, and at lower concentrations, on the proportion of tetrachloroethylene in

the inspired air. Compared to pulmonary exposure, uptake of tetrachloroethylene vapor by the skin is

minimal. Once tetrachloroethylene is absorbed, its relatively high lipophilicity results in distribution to

fatty tissue. The fat/blood partition coefficient in humans is in the range of 125-159. Because of its

affmity for fat, tetrachloroethylene is found in milk, with greater levels in milk with a higher fat

content. Tetrachloroethylene has also been shown to cross the placenta and distribute to the fetus.

Regardless of the route of exposure, only l-3% of the absorbed tetrachloroethylene is metabolized to

trichloroacetic acid (TCA) by humans, and the metabolism of tetrachloroethylene is saturable.

Compared to humans, rodents, especially mice, metabolize more tetrachloroethylene to TCA.

Geometric mean Vmax values for the metabolism of tetrachloroethylene of 13, 144, and
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710 nmol/(minkg) have been reported for humans, rats, and mice, respectively. TCA produced from

tetrachloroethylene is excreted in the urine, and in humans, TCA excretion is linearly related to

concentrations of tetrachloroethylene in air at levels up to about 50 ppm. Unmetabolized

tetrachloroethylene is exhaled. The half-lives of tetrachloroethylene in vessel-rich tissue, muscle, and

adipose tissue of humans have been estimated to be 12-16 hours, 30-40 hours, and 55 hours,

respectively.

2.3.1 Absorption

2.3.1.l Inhalation Exposure

The primary route of exposure to tetrachloroethylene is inhalation. In humans, tetrachloroethylene is

readily absorbed into the blood through the lungs. Fulmonary uptake of tetrachloroethylene is

proportional to ventilation rate, duration of exposure, and at lower atmospheric concentrations of

tetrachloroethylene, to the concentration of tetrachloroethylene in the inspired air (Hake and Stewart

1977; Stewart et al. 1981). Absorption was measured in male volunteers exposed to concentrations

between 72 and 144 ppm for 4 hours (Monster et al. 1979). The data indicated that uptake was

influenced more by lean body mass than by ventilation rate or the amount of adipose tissue. In

addition, uptake decreased as a function of exposure time, so that after 4 hours, it was 75% of its

initial value. This latter finding may be attributable to a large percentage uptake of tetrachloroethylene

during the first few minutes of exposure, or the decreased uptake may result from a decrease in

retention of tetrachloroethylene with exposure time.

Six volunteers were exposed by inhalation to 0.02-44 mmol/m
3 (0.5-9.8 ppm) tetrachloroethylene for

durations of l-60 minutes (Opdam and Smolders 1986). The concentration of tetrachloroethylene in

alveolar air was determined for residence times (i.e., the time interval between the beginning of

inhalation and the end of the next exhalation) in the lung ranging from 1 to 50 seconds. Measurements

were made both during and after exposure periods. During exposures, the concentrations of

tetrachloroethylene in alveolar air decreased as a function of the residence time. The concentration

seemed to stabilize at residence times of 10-12 seconds but decreased even more rapidly at residence

times longer than 12 seconds. In the postexposure period, the alveolar concentration of tetrachloroethylene

increased for residence times of 5-10 seconds. The decreasing concentration of

tetrachloroethylene in alveolar air for times less than 10 seconds could be explained by absorption by
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mixed venous blood. Furthermore, the alveolar air concentration of tetrachloroethylene measured

during exposures for residence times of 1%12 seconds provided a valid estimate of the concentration

of the chemical in mixed venous blood in the pulmonary artery. This study is discussed further in

Section 2.3.4.1.

In another study (Pezzagno et al. 1988), 15 volunteers were exposed to tetrachloroethylene during

periods of rest and during periods of rest alternated with periods of exercise. The experiments were

designed to assess the relationship between pulmonary uptake and urinary concentration of

tetrachloroethylene, and between pulmonary uptake and ventilation and/or retention of the chemical.

Urinary concentration of tetrachloroethylene was positively correlated with uptake of the chemical.

The retention index decreased with increasing ventilation at rest and during exercise. The urinary

concentration of tetrachloroethylene was ventilation and retention index-dependent, increasing when

either of these two parameters increased. In the same study, a group of workers occupationally

exposed to tetrachloroethylene (occupation not specified) were also monitored to determine if urinary

concentration of tetrachloroethylene correlated with environmental exposure. A close relationship

between the environmental TWA concentration and urinary concentration after a 4-hour exposure was

found. These results suggest that physical activity affects the absorption of tetrachloroethylene and

that these variations in absorption are reflected in urinary concentrations of the chemical.

Inhalation experiments in animals indicate that tetrachloroethylene is readily absorbed through the

lungs into the blood. The amount of tetrachloroethylene absorbed in male Sprague-Dawley rats

exposed for 6 hours increases as atmospheric tetrachloroethylene concentrations increase from 10 to

600 ppm (Pegg et al. 1979). Radioactivity has been detected in the urine, feces, expired air, and

carcasses of B6C3F1 mice following inhalation exposure to 10 ppm of 14C-labeled tetrachloroethylene

for 6 hours (Schumann et al. 1980). Dallas et al. (1994c) examined the uptake of tetrachloroethylene

in Sprague-Dawley rats during nose-only exposure to tetrachloroethylene at 50 or 500 ppm for

3 hours. At 500 ppm, minute volumes and respiratory rates were lower than at 50 ppm. Near steadystate

breath concentrations in exhaled air were achieved within about 20 minutes and were proportional

to concentration (2.1-2.4 g/mL at 500 ppm and 0.2-0.22 g/mL at 50 ppm). The percentage of

tetrachloroethylene taken up following inhalation exposure was relatively constant after the first

20 minutes and averaged 40% at 500 ppm and 50% at 50 ppm. The total uptake of tetrachloroethylene

during the 3-hour exposure was 79.9 mg/kg at 500 ppm and 11.2 mg/kg at 50 ppm indicating

that cumulative uptake was not proportional to inhaled concentration. The investigators suggest that
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the greater uptake at 50 ppm relative to 500 ppm provides further evidence that tetrachloroethylene

metabolism is saturable. The metabolism of tetrachloroethylene is discussed further in Section 2.3.3.

2.3.1.2 Oral Exposure

Tetrachloroethylene was found in the blood of a g-year-old boy who ingested 12-16 g of the

compound, indicating that tetrachloroethylene is absorbed following oral exposure in humans (Koppel

et al. 1985). The blood tetrachloroethylene level was 21.5 g/mL 1 hour after ingestion.

Results from several studies (Dallas et al. 1994a, 1995; Frantz and Watanabe 1983; Pegg et al. 1979;

Schumann et al. 1980) indicate that tetrachloroethylene is rapidly and virtually completely absorbed

following oral administration to rats, mice, and dogs. A peak blood tetrachloroethylene concentration

of 40 g/mL was measured 1 hour following administration of the chemical by gavage (500 mg/kg) to

Sprague-Dawley rats (Pegg et al. 1979). The analytical technique used in this study lacked the

sensitivity for precisely measuring blood levels of tetrachloroethylene following administration of

1 mg/kg of the compound. Radioactivity was found in the liver, kidney, and fat, but not the brain. In

Sprague-Dawley rats and Beagle dogs given a single oral dose of tetrachloroethylene (10 mg/kg) by

gavage in polyethylene glycol 400, the absorption constants were estimated to be 0.025/minute for rats

and 0.34/minute for dogs (Dallas et al. 1994a). After rats and dogs were treated with a single oral

dose of tetrachloroethylene (1, 3, or 10 mg/kg), maximum blood concentrations of tetrachloroethylene

were reached in 20-40 minutes and 15-30 minutes after dosing in rats and dogs, respectively.

2.3.1.3 Dermal Exposure

Dermal absorption in humans following exposure to vapors of tetrachloroethylene is apparently not as

important as absorption via inhalation. Dermal and pulmonary absorption of tetrachloroethylene vapor

was compared by exposing subjects to the vapor (600 ppm) after they had been fitted with a

full-facepiece respirator to prevent inhalation (Riihimaki and Pfaffli 1978). After an exposure period

of 3.5 hours, absorption of tetrachloroethylene by the dermal route was found to be 1% of that

expected had no respirator been worn. Dermal absorption of tetrachloroethylene has also been

measured by immersing one thumb of experimental subjects (about 0.1% of the total body surface

area) into a liquid sample (99% pure tetrachloroethylene) and then measuring the concentration of

tetrachloroethylene in the exhaled air (Stewart and Dodd 1964). To prevent inhalation exposure, the
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beaker of tetrachloroethylene was placed under a hood and was covered with Saran wrap, leaving only

enough room for immersing a thumb into the solvent. A peak concentration of 0.31 ppm in exhaled

air was reached after 40 minutes of exposure.

Animal studies also indicate that dermal uptake of tetrachlorethylene following vapor exposure is

Minimal. For example, the skin absorption rate of tetrachloroethylene in nude Balb/cAnNCrj mice

exposed to 200 ppm while wearing respirators was 0.002 mg/cm2/hour (Tsuruta 1989). Skin

absorption of tetrachloroethylene occurred by passive diffusion as defined by Fick’s law and increased

to 0.007 and 0.02 mg/cm2/hour following exposure at 1,000 and 3,000 ppm, respectively.

Tetrachloroethylene exposure (12,500 ppm) of Fischer-344 rats that were wearing respirators, and

whose fur was closely clipped indicated that <10% of a mixed inhalation dermal exposure to

tetrachloroethylene vapor was taken up by the skin (McDougal et al. 1990).

Uptake of tetrachloroethylene following direct application to the skin is greater than uptake following

vapor exposure. Absorption following application of the undiluted compound to the shaved backs of

guinea pigs (strain not specified) yielded peak blood concentration of 1.1 g/mL after 30 minutes of

exposure. It then decreased to 0.63 g/mL after 6 hours of exposure (Jakobson et al. 1982). The

decline in tetrachloroethylene blood levels with duration of exposure was attributed to local

vasoconstriction of the exposed skin or rapid transport of the compound from the blood to adipose

tissue. The decrease in blood concentration with exposure time was not attributed to rapid metabolism

of the compound. Little of the absorbed dose was expected to be metabolized in this species because

at concentrations well below 100 ppm, the metabolites TCA and trichloroethanol reach a plateau

(Jakobson et al. 1982).

Tetrachloroethylene applied to a patch of abdominal skin of ICR mice for 15 minutes/week resulted in

an in vivo absorption rate of 0.24 mg/cm2/hour (Tsuruta 1975). An in vitro study using excised rat

(SD-JCL) skin demonstrated that the rate of penetration by tetrachloroethylene was much slower than

that of several other halogenated hydrocarbons (i.e., 2,070 times slower than that of the fastest

compound, dichloromethane), and the measured rate for tetrachloroethylene penetration was

0.005 mg/cm2/hour. The penetration rate observed in the in vitro method was 44 times slower than

that observed in the in vivo method. The difference may result from the solubility of the substance in

0.9% sodium chloride and its solubility in body fluids (Tsuruta 1977).
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Bogen et al. (1992) immersed anesthetized female hairless guinea pigs in water containing 27-64 ppb

tetrachloro[14C]ethylene for 70 minutes, and the disappearance of radioactivity was determined. The

guinea pigs were immersed up to their shoulders, and the top of the container was sealed around them

to help prevent evaporation. About 20% of the radioactivity was lost in an hour. When an animal

was not present in the chamber, about 1.3% of the radioactivity was lost. Therefore, it was assumed

that most of the lost radioactivity was absorbed by the guinea pig. Over the concentration range

studied, no difference in the dermal absorption of tetrachloroethylene was noted. From their results

using low concentrations, the investigators (Bogen et al. 1992) estimated that a 70-kg human with a

surface area of 18,000 cm2, 80% immersed, would take up the tetrachloroethylene in 2 L of water (of

the total amount of water in which the person was immersed) in 20 minutes. These results suggest

that dermal exposure to tetrachloroethylene in domestic water supplies could be an important route of

exposure.

2.3.2 Distribution

Examples of partition coefficients determined in four species by four different methods are shown in

Table 2-4. Both Ward et al. (1988) and Gearhart et al. (1993) used a vial equilibration method in

which tetrachloroethylene was added to a closed vial containing blood or tissue, and partitioning was

determined by estimating the amount of chemical that disappeared from the head space after

equilibration at 37°C. Gear-hart et al. (1993) and Byczkowski and Fisher (1994) used a modification

of the vial equilibration method; the tissue was homogenized and smeared onto the inside of a vial.

Dallas and colleagues determined partition coefficients in Sprague-Dawley rats given a single bolus

injection of tetrachloroethylene through an arterial cannula (Dallas et al. 1994b) or in Sprague-Dawley

rats and beagle dogs given a single oral dose of tetrachloroethylene (Dallas et al. 1994a). After

treatment, groups of animals were sacrificed at various timepoints after dosing. Following all

methods, partitioning into fat was the greatest. A marked difference between species is the partition

coefficients for milk/blood, which were 12 in Sprague-Dawley rats and 2.8 in humans (Byczkowski

and Fisher 1994). The difference between rats and humans probably reflects a greater fat content in

the rat milk that was tested compared to the human milk that was tested. The partition coefficients for

human perinatal blood are lower than adult and perinatal rat values (Byczkowski and Fisher 1994).

Details on the infant tissues that were obtained and the age of rat pups at sacrifice were not provided.
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2.3.2.1 Inhalation Exposure

Repeated inhalation exposure to tetrachloroethylene results in the accumulation of this compound in

the body, especially in fatty tissue as indicated by the partition coefficients. Data indicating that

tetrachloroethylene is accumulated in the body is provided by the study of Stewart et al. (1977).

Experimental subjects were exposed by inhalation to 100 ppm tetrachloroethylene 7 hours a day for

5 days. During the 5-day exposure period, the concentration of tetrachloroethylene in exhaled breath

increased as the 5-day week progressed, indicating an increase in the body burden with repeated daily

exposures. Following termination of exposure, a slight but definite accumulation of the compound

was indicated by a long decay (greater than 14 days) of the concentration of tetrachloroethylene in

exhaled air. The study authors concluded that tetrachloroethylene’s affinity for fat tissue probably

accounts for the protracted period of excretion via the lungs. Altmann et al. (1990) measured blood

concentrations of tetrachloroethylene in volunteers before, during, and after four daily 4-hour

exposures to 10 or 50 ppm. Tetrachloroethylene levels in the blood were also measured the day after

exposure. Even at relatively low concentrations, with exposures of 4 hours/day, tetrachloroethylene

levels in the blood measured at all time points increased from one exposure day to the next. Blood

levels in ug/L measured before exposure, on exposure days l-4, and the day after cessation of

exposure are shown below.

Exposure day 10 ppm (n=12) 50 ppm (n=l0)

Day 1 <0.5 <0.5

Day 2 36  49 59  25

Day 3 38   37 109  50

Day 4 52  48 127 47

One day after

cessation of exposure 56   56 153 49

The observation of tetrachloroethylene in the blood (1.8-31.8 umol/L) and TCA in the urine

(0.71-15.8 mmol/mol creatinine) on Monday before work in dry cleaners suggests that the weekend is

not long enough to clear the tetrachloroethylene that has accumulated during the week (Skender et al.

1987).
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Several case studies provide some information on concentrations of tetrachloroethylene in various

tissues following inhalation exposure. In one human fatality following exposure to the chemical, the

highest concentrations were found in the brain (36 mg/kg) and lowest concentrations in the lung

(3 mg/kg) (Lukaszewski 1979). These were the only two tissues examined. Tetrachloroethylene was

detected in the liver (240 mg/kg), kidney (71 mg/kg), brain (69 mg/kg), and lung (30 mg/kg) of a dry

cleaner who died following exposure to high concentrations of the chemical (Levine et al. 1981).

Tetrachloroethylene concentrations were 66 mgiL in blood, and 79, 31, and 46 mg/kg in the brain,

heart, and lungs, respectively, in a 2-year-old boy found dead shortly after he was placed in his room

with curtains that had been incorrectly dry cleaned (Gamier et al. 1996).

Hattis et al. (1993) reviewed a number of experimental studies of humans exposed to tetrachloroethylene

and calculated ratios of arm blood to alveolar air tetrachloroethylene concentrations following

inhalation exposure. These ratios suggest that the blood/air partition coefficient should be 15-18.

Among the human blood/air partition coefficients estimated by in vitro methods (Table 2-4), the in

vivo values are closest to the human blood/air partition coefficient of 19.8 estimated by Byczkowski

and Fisher (1994) using the smear method.

Animal data support the theory that tetrachloroethylene is distributed readily to fatty tissue. The

distribution of the compound in Sprague-Dawley rats following exposure to 200 ppm tetrachloroethylene

vapor for 5 days was characterized by Savolainen et al. (1977).  Seventeen hours after the

fourth daily exposure, tetrachloroethylene was found to have distributed primarily to adipose tissue and

especially the perirenal fat. Tetrachloroethylene levels were 145 times greater in the perirenal fat than

in the blood. Dallas et al. (1994b) exposed Sprague-Dawley male rats to tetrachloroethylene at

500 ppm for up to 2 hours. At 15, 30, 60, 90, and 120 minutes during the exposure and 0.25, 0.5, 1,

2, 4, 6, 12, 36, 48, and 72 hours after the exposure, five rats were sacrificed and tetrachloroethylene

residues in the blood, brain, liver, kidneys, lung, heart, perirenal fat, and skeletal muscle were

measured. The maximum tetrachloroethylene concentration of 1,536 g/g was found in the fat, which

contained 9-18 times more of the chemical than nonfat tissues. The maximum concentration in the

blood was 44 g/g, and of the tissues examined, skeletal muscle contained the lowest concentration,

87.3 g/g. Half-lives ranged from 322 minutes in the blood to 578 minutes in fat.

Tetrachloroethylene can cross the placenta and distribute to the fetus and amniotic fluid. Unmetabo-

lized tetrachloroethylene was found in the fetoplacental unit following inhalation exposure of pregnant
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657BL/6N mice to radioactive tetrachloroethylene for 10 minutes or 1 hour (Ghantous et al. 1986).

High uptake of radioactivity in maternal tissues was found in the body fat, brain, nasal mucosa, blood,

and in well-perfused organs such as the liver, kidneys, and lungs.

2.3.2.2 Oral Exposure

Pertinent data regarding the distribution of tetrachloroethylene in humans following oral administration

were not found in the available literature.

Following dietary administration of tetrachloroethylene to pigs, the chemical was concentrated mainly

in subcutaneous fat (Vemmer et al. 1984). Male Fischer-344 rats given a daily oral dose of

1,500 mg/kg tetrachloroethylene for 42 days had evidence of kidney damage. In addition,

radiolabelled material included with the doses given on days 1, 17, and 42 was detected in bile and

urine. These data indicated that tetrachloroethylene was distributed to the liver and kidneys (Green et

al. 1990). Following oral exposure of Sprague-Dawley rats to a single dose of tetrachloroethylene

(10 mg/kg), the highest concentrations were found in the fat (360 minutes after dosing), liver

(10 minutes after dosing), kidney (10 minutes after dosing), and brain (15 minutes after dosing)

(Dallas et al. 1994a). In Beagle dogs given a single oral dose of tetrachloroethylene, the highest

concentrations were found in the fat, brain, liver, heart, and kidneys. Except for the fat in which the

peak concentrations were noted at 720 minutes, peak concentrations in the other organs were observed

at 60 minutes, the first measurement time, so that true maximum concentrations may have actually

occurred earlier.

2.3.2.3 Dermal Exposure

Pertinent data regarding the distribution of tetrachloroethylene in humans and animals following

dermal exposure to the compound were not found in the available literature.

2.3.3 Metabolism

The metabolism of tetrachloroethylene by humans is shown in Figure 2-3. Irrespective of the route of

exposure, only l-3% of the absorbed tetrachloroethylene is metabolized to trichloroacetic acid (TCA)

by humans (ACGIH 1991). The remaining absorbed tetrachloroethylene is exhaled unchanged. Small
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amounts of trichloroethanol have also been detected in the urine of workers exposed to

tetrachloroethylene (Bimer et al. 1996; Monster 1986). Skender et al. (1991) indicate that

trichloroethanol is not generally found following experimental exposure of humans to pure

tetrachloroethylene and suggest that the trichloroethanol found in urine of workers exposed to

tetrachloroethylene is a result of trichloroethylene contamination of tetrachloroethylene. Although

trichloroethylene was not detected in the air of workers exposed to tetrachloroethylene, trichloroethanol

was found in the urine of two of the four workers studied (Birner et al. 1996). The study authors

could not provide a reasonable mechanism for the formation of trichloroethanol. Further research is

required to determine if trichloroethanol is a metabolite of tetrachlorethylene, or is produced from

trichloroethylene which can contaminate tetrachloroethylene.

The metabolism of tetrachloroethylene is saturable in humans. Total measured trichloro-compounds in

the urine of tetrachloroethylene-exposed workers in dry cleaning and textile-processing plants reached

a plateau in the urine at tetrachloroethylene exposure concentrations of >l00 ppm in workroom air

(Ohtsuki et al. 1983). Another study of dry cleaning workers showed that the urinary level of

trichloro-compounds was linearly related to exposure at concentrations below 112 ppm (Seiji et al.

1989). Thioethers have also been detected in the urine of dry cleaning workshop employees, but the

significance of this finding is unclear (Lafuente and Mallol 1986).

The amount of tetrachloroethylene metabolized varies among different ethnic human populations. Seiji

et al. (1989) reported that the relationship between total urinary trichloro-compounds and the

concentration of tetrachloroethylene in breath air was 0.063 mg TCA/L per ppm tetrachloroethylene in

Chinese workers, while the value was 0.7 mg TCA/L per ppm tetrachloroethylene in Japanese workers.

Jang et al. (1993) determined that the biological exposure index in Korean workers exposed to 50 ppm

tetrachloroethylene was 1.6 mg tetrachloroethylene/ in blood and 2.9 mg TCA/L in urine compared

to the ACGIH values of 1 mg tetrachloroethylene/L in blood and 7 mg TCA/L in urine for exposure to

50 ppm (ACGIH 1991).

The variability of tetrachloroethylene metabolism among humans is reflected by a wide range of Vmax

and Km values that have been reported in the literature. These values, summarized by Hattis et al.

(1990), are shown in Table 2-5. Also shown in the table are the values for rats and mice. Following

exposure to tetrachloroethylene, metabolism to TCA is the principal route of metabolism in these
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rodents. As indicated by the Vmax values, rats metabolize tetrachloroethylene at a greater rate than

humans, and mice metabolize tetrachloroethylene at a much greater rate than rats.

Metabolism of tetrachloroethylene to TCA in animals is also limited. Swiss-Cox mice were

administered tetrachloroethylene in doses of 0, 20, 100, 200, 500, 1,000, 1,500, and 2,000 mg/kg/day

in corn oil by gavage for 6 weeks. The amount of total metabolites found in the urine increased

logarithmically with dose and approached a plateau with doses of tetrachloroethylene higher than

1,000 mg/kg/day (Buben and O’Flaherty 1985). Following a 6-hour inhalation exposure, the amount

of tetrachloroethylene excreted as metabolites decreased with increasing exposure concentration in

both Fischer-344 rats and B6C3F1 mice (Reitz et al. 1996). In rats exposed to 11.9, 318, or

1,146 ppm tetrachloroethylene, 33%, 14.6%, and 11.3% was excreted as metabolites, respectively. In

mice exposed to 11, 365, or 1,201 ppm tetrachloroethylene, 85%, 44%, and 26% of the dose was

excreted as metabolites.

In addition to TCA, other metabolites have been identified following treatment of rats and mice with

tetrachloroethylene (Figure 2-4). Urinary oxalic acid accounted for 18.7% and 6% of the dose

following inhalation exposure of Sprague-Dawley rats to tetrachloroethylene at 10 and 600 ppm,

respectively (Pegg et al. 1979). An N-acetylcysteine glutathione conjugate has also been found in the

urine of Wistar rats and NMRI and B6C3F1 mice and in the bile of Fischer-344 rats exposed to

tetrachloroethylene by inhalation (Dekant et al. 1986; Green et al. 1990). Levels were higher in rat

urine than in mouse urine, and higher after gavage dosing than after inhalation exposure. The

glutathione pathway was found to be minor at low doses but began to increase following saturation of

the cytochrome P-450 pathway (Green et al. 1990). The formation of the N-acetylcysteine glutathione

conjugate requires glutathione conjugation, which occurs in the liver, and the action of P-lyase which

is found in the kidneys. Green et al. (1990) compared the activities of these enzymes in humans,

B6C3F1 mice, and Fischer-344 rats (Table 2-5). Glutathione conjugation to tetrachloroethylene could

not be detected using liver cytosol from humans, while the rate of glutathione conjugation was higher

in rat relative to mouse liver cytosol. -Lyase activity in kidney cytosol was also higher in rats

relative to mice and humans. Small amounts of the glutathione conjugate N-acetyl-S-(1,2,2-

trichlorovinyl)-L-cysteine were found in the urine of four workers occupationally exposed to

tetrachloroethylene at 50 ppm for 4 or 8 hours/day, 5 days/week (Bimer et al. 1996). The

concentrations of N-acetyl-S-( 1,2,2-trichlorovinyl)-L-cysteine were 2.2-14.6 pmol/mg creatinine
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compared to concentrations of 13-65 nmol/mg creatinine for trichloroacetic acid and trichloroethanol

combined. The amount of tetrachloroethylene exhaled was not determined so it is not possible to

estimate what percentage of the total dose of tetrachloroethylene was metabolized to N-acetyl-S-(1,2,2-

trichlorovinyl)-L-cysteine.

Dichloroacetylated mitochondrial and cytosolic proteins (Ne-[dichloroacetyll-L-lysine) detected in the

kidneys of tetrachloroethylene-treated Wistar rats suggests that the glutathione, -lyase pathway may

have a role in the renal toxicity of tetrachloroethylene (Birner et al. 1994). How the differences in

tetrachloroethylene metabolism between humans, rats, and mice affect toxicity is discussed in

Section 2.4.2.

2.3.4 Elimination and Excretion

Exhalation of unmetabolized parent compound is the primary route of excretion of an absorbed dose of

tetrachloroethylene in humans, regardless of the route of exposure.

2.3.4.1 Inhalation Exposure

In six male volunteers exposed by inhalation for 4 hours to either 72 or 144 ppm tetrachloroethylene,

most (80-100%) of the total compound absorbed was exhaled unchanged after 162 hours (Monster et

al. 1979). From concentration-time course curves of tetrachloroethylene in the exhaled air and blood,

the half-lives of tetrachloroethylene in three major body compartments were calculated to be

12-16 hours for the vessel-rich group, 30-40 hours for the muscle group, and 55 hours for the adipose

group, respectively. Tetrachloroethylene was postulated to have a long half-life in adipose tissue

because of its high adipose/blood partition coefficient and because of the relatively low rate of blood

perfusion to this tissue (Monster 1986). The concentration of tetrachloroethylene in alveolar air was

determined for volunteers (three males, three females) exposed to 0.02-0.40 mmol/m3 (0.5-9.8 ppm)

of the chemical for durations of l-60 seconds (Opdam and Smolders 1986). Measurements made in

the post-exposure period showed tetrachloroethylene concentrations increased with residence time of

the chemical in the lung for residence times ranging from 5 to 10 seconds. This could be explained

by excretion of tetrachloroethylene by mixed venous blood. The study authors stated that the

concentration of tetrachloroethylene in arterial blood could be reasonably estimated by the
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concentration of the chemical in alveolar air during normal breathing (residence time of about

5 seconds).

In humans, the urinary excretion of metabolites of tetrachloroethylene represents a small percentage of

the absorbed dose of tetrachloroethylene following inhalation exposure. Urinary excretion of TCA

represented less than 1% of the total estimated absorbed dose of tetrachloroethylene in volunteers

exposed by inhalation to 72 or 144 ppm for 4 hours (Monster et al. 1979). Using a linear regression

model, it was estimated that 2% of the tetrachloroethylene absorbed through the lungs following an

8-hour exposure to 50 ppm tetrachloroethylene would be metabolized and excreted in the urine. It has

been reported that the urinary excretion of TCA in volunteers increased linearly with tetrachloroethylene

concentrations in the air and plateaued at 50 ppm (Ikeda et al. 1972). This finding indicates

that the metabolism of tetrachloroethylene is saturable and that the concentration of urinary metabolites

would not reflect the amount of exposure at a concentration above the saturation of metabolism.

Another study showed that 67 hours after a 3-hour exposure to tetrachloroethylene vapors, the

excretion of TCA in the urine of four male volunteers was 1.8% of the estimated tetrachloroethylene

retained (Ogata et al. 1971). Dry cleaning employees showed an increased trend of excretion of

thioethers throughout the week, but the significance of this finding is unclear since the levels of

thioethers were well within the range found in unexposed individuals (Lafuente and Mallo1 1986). A

linear relationship was found for the urinary concentration and the exposure concentration for workers

exposed to tetrachloroethylene in various industries (Ghittori et al. 1987; Imbriani et al. 1988). The

biological half-life of urinary metabolites of tetrachloroethylene was found to be about 6 days in

occupationally exposed individuals (Ikeda and Imamura 1973).

The relative importance of the routes of excretion of tetrachloroethylene and metabolites following

inhalation exposure in animals depends on the concentration in air and the species. Following a

6-hour inhalation exposure to 10 ppm radiolabelled tetrachloroethylene in Sprague-Dawley rats, the

parent compound (68% of the absorbed dose) and radiolabelled carbon dioxide (3.6% of the absorbed

dose) were exhaled over a 72-hour period (Pegg et al. 1979); 24% of the absorbed dose was excreted

as nonvolatile metabolites in urine and feces, and 3-4% remained in the carcass 72 hours after

exposure. When the exposure concentration was increased to 600 ppm, the percentage of the absorbed

dose exhaled as unmetabolized parent compound over a 72-hour period increased to 88%. At this

higher exposure level (600 ppm), 9% of the absorbed dose was excreted in the urine and feces and 2%

remained in the carcass (Pegg et al. 1979). In contrast to rats, mice excreted most of an absorbed dose
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of inhaled tetrachloroethylene as metabolites in the urine. In B6C3F1 mice exposed to the relatively

low concentration of 10 ppm of radiolabelled tetrachloroethylene for 6 hours, 12% of the absorbed

dose was excreted as unmetabolized compound in the expired air in a 72-hour follow-up period

(Schumann et al. 1980). Most of the absorbed radioactivity was excreted in the urine as metabolites.

The major route of elimination was urinary excretion. Mice were not exposed to higher concentrations

in this study. In a study by Yllner (1961), female mice (unspecified strain) exposed for 2 hours to

14C-tetrachloroethylene vapors at 1,300 mg/kg absorbed 70% of the dose. In 4 days, 90% of the

absorbed radioactivity was excreted, 70% in expired air, 20% in the urine, and less than 0.5% in the

feces. TCA and oxalic acid comprised 52% and 11% of the label in the urine, respectively. Traces of

dichloroacetic acid were also present in the urine. The apparent disagreement between the results of

Yllner (1961) and those of Schumann et al. (1980) regarding the percentage of unchanged

tetrachloroethylene in the expired air demonstrates that as the body burden of tetrachloroethylene

increases, the percentage of unchanged parent compound excreted increases. This observation suggests

that the metabolism of tetrachloroethylene and the urinary excretion of metabolites are limited and

dose dependent.

2.3.4.2 Oral Exposure

The only study of the excretion of tetrachloroethylene and metabolites following oral exposure in

humans is a case report of a 6-year-old boy who accidentally ingested 8-10 mL of pure tetrachloroethylene

(Koppel et al. 1985). The bulk of the ingested tetrachloroethylene was exhaled unchanged;

however, this was not under normal conditions since the patient was hyperventilated to facilitate

pulmonary elimination of the compound. Tetrachloroethylene, TCA, and trichloroethanol were

detected and quantified in the urine. Total urinary tetrachloroethylene decreased from 30 g on day 1

of treatment to 3 g on day 3. Total urinary trichloro-compounds increased from 8 mg on day 1 to

68 mg on day 3.

In animals, exhalation of unchanged tetrachloroethylene was the main route of excretion-of the orally

administered chemical. Sprague-Dawley rats given a single oral dose of tetrachloroethylene (1 mg/kg)

excreted 72% of the absorbed dose in the breath as the unmetabolized component and 16% as

metabolites in the urine over a 72-hour period (Pegg et al. 1979). When the administered dose was

increased to 500 mg/kg, the percentage of the dose exhaled as unmetabolized parent compound over a

72-hour period increased to 90%, whereas the percentage of the dose excreted as metabolites in the
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urine dropped to 5%. Similar results were reported in Sprague-Dawley rats following ingestion of

tetrachloroethylene-saturated drinking water solutions ad libitum for 12 hours (Frantz and Watanabe

1983). Administration of tetrachloroethylene in the drinking water provided a dose (about 8 mg/kg)

that was somewhat lower than the doses of tetrachloroethylene given in gavage studies. Excretion of

the absorbed dose was similar, however, for both methods of oral administration. Of the absorbed

dose, 88% was exhaled as unmetabolized parent compound, and 7.2% of the absorbed radioactivity

was excreted in the urine over a 72-hour period. Exhalation of unmetabolized tetrachloroethylene was

also the predominant mode of excretion of an orally administered tetrachloroethylene dose in B6C3F1

mice (Schumann et al. 1980). Mice given a single oral dose of tetrachloroethylene (500 mg/kg)

exhaled 83% of the absorbed dose as the unmetabolized compound and 10% as metabolites in the

urine over 72 hours. Exposure at 500 mg/kg resulted in saturation of oxidative metabolism in the

mouse. There was a shift in the route of elimination from metabolism and urinary excretion to

excretion in expired air.

A comparison of the disposition of tetrachloroethylene in Sprague-Dawley rats and Beagle dogs

following oral exposure, indicates that the rate and magnitude of exhalation and metabolism are

markedly higher in the rat than the dog (Dallas et al. 1994a). Although exhalation of

tetrachloroethylene was not measured directly, the smaller blood:air partition coefficient in rats (19.6)

compared to dogs (40.5) indicates that tetrachloroethylene more readily diffuses from the pulmonary

blood into the alveolar air of the rat. Whole body clearance of tetrachloroethylene in rats and dogs

treated with a single oral dose was 30.1 mL/minute/kg at 3 mg/kg and 32.5 mL/minute/kg at 10 mg/kg

for rats, and 14.6 mL/minute/kg at 3 mg/kg and 25 mL/minute/kg at 10 mg/kg for dogs (Dallas et al.

1995).

2.3.4.3 Dermal Exposure

Volunteers who immersed their thumbs for 30 minutes in liquid tetrachloroethylene exhaled the

compound unchanged for time periods exceeding 5 hours (Stewart and Dodd 1964). The maximum

mean alveolar air concentration of tetrachloroethylene in these subjects was 0.3 ppm, and the study

authors were able to construct concentration-time curves for the mean alveolar tetrachloroethylene

concentrations.
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Following immersion (up to their shoulders) of anesthetized hairless guinea pigs in water containing

10-64 ppb tetrachloroethylene, about 14% of the estimated dose was excreted in the urine during the

4 weeks after exposure (Bogen et al. 1992). During the 6 days after exposure, 95% of the metabolized

dose was excreted in the urine, relative to 95% of the metabolized dose excreted in the urine in 1 day

following a subcutaneous injection.

2.3.5 Physiologically Based Pharmacokinetic (PBPK)/Pharmacodynamic (PD) Models

Physiologically based pharmacokinetic (PBPK) models use mathematical descriptions of the uptake

and disposition of chemical substances to quantitatively describe the relationships among critical

biological processes (Krishnan et al. 1994). PBPK models are also called biologically based tissue

dosimetry models. PBPK models are increasingly used in risk assessments, primarily to predict the

concentration of potentially toxic moieties of a chemical that will be delivered to any given target

tissue following various combinations of route, dose level, and test species (Clewell and Andersen

1985). Physiologically based pharmacodynamic (PBPD) models use mathematical descriptions of the

dose-response function to quantitatively describe the relationship between target tissue dose and toxic

end points.

PBPK/PD models refine our understanding of complex quantitative dose behaviors by helping to

delineate and characterize the relationships between: (1) the external/exposure concentration and target

tissue dose of the toxic moiety, and (2) the target tissue dose and observed responses (Andersen and

Krishnan 1994). These models are biologically and mechanistically based and can be used to

extrapolate the pharmacokinetic behavior of chemical substances from high to low dose, from route to

route, between species, and between subpopulations within a species. The biological basis of PBPK

models results in more meaningful extrapolations than those generated with the more conventional use

of uncertainty factors.

The PBPK model for a chemical substance is developed in four interconnected steps: (1) model

representation, (2) model parametrization, (3) model simulation, and (4) model validation (Krishnan

and Andersen 1994). In the early 1990s, validated PBPK models were developed for a number of

toxicologically important chemical substances, both volatile and nonvolatile (Krishnan and Andersen

1994; Leung 1993). PBPK models for a particular substance require estimates of the chemical

substance-specific physicochemical parameters, and species-specific physiological and biological
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parameters. The numerical estimates of these model parameters are incorporated within a set of

differential and algebraic equations that describe the pharmacokinetic processes. Solving these

differential and algebraic equations provides the predictions of tissue dose. Computers then provide

process simulations based on these solutions.

The structure and mathematical expressions used in PBPK models significantly simplify the true

complexities of biological systems. If the uptake and disposition of the chemical substance(s) is

adequately described, however, this simplification is desirable because data are often unavailable for

many biological processes. A simplified scheme reduces the magnitude of cumulative uncertainty.

The adequacy of the model is, therefore, of great importance, and model validation is essential to the

use of PBPK models in risk assessment.

PBPK models improve the pharmacokinetic extrapolations used in risk assessments that identify the

maximal (i.e., the safe) levels for human exposure to chemical substances (Andersen and Krishnan

1994). PBPK models provide a scientifically sound means to predict the target tissue dose of

chemicals in humans who are exposed to environmental levels (for example, levels that might occur at

hazardous waste sites) based on the results of studies where doses were higher or were administered in

different species. Figure 2-5 shows a conceptualized representation of a PBPK model.

If PBPK models for tetrachloroethylene exist, the overall results and individual models are discussed

in this section in terms of their use in risk assessment, tissue dosimetry, and dose, route, and species

extrapolations.

As described in Section 2.3.3, the metabolism of tetrachloroethylene to TCA is saturable, and mice

have a greater capacity to metabolize tetrachloroethylene to TCA than either rats or humans. In

addition, the production of TCA is associated with liver tumors in mice but not in rats (NTP 1986).

Therefore, numerous investigators have used PBPK modeling coupled with low-dose extrapolation to

estimate risk to humans based on rodent data. Hattis et al. (1990) reviewed seven of these models to

determine which parameters contribute most to the uncertainty of the predictions. The models

reviewed all have structures similar to the one shown in Figure 2-5. All of the models assume that the

blood flowing through the lungs comes into complete equilibrium with alveolar air, with no absorption

assumed for dead space air that enters the respiratory system without reaching the alveoli. Blood

flowing through each compartment was also assumed to come into full equilibrium with the tissue, and
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all metabolism was assumed to occur in the liver. The range of metabolic parameters used in these

models is shown in Table 2-5, while the range of physiological parameters is shown in Table 2-6. In

the human models, Hattis et al. (1990) assumed low-dose exposure (1 ppm for 1 hour followed by a

week of no exposure) in each model. For the animal models, Hattis et al. (1990) used the low-dose

inhalation exposure from the NTP (1986) bioassay: 100 ppm 6 hours/day, 5 days/week for mice and

200 ppm 6 hours/day, 5 days/week for rats. The prediction of human low-dose metabolism was found

to be highly dependent on the data sets used to calibrate the metabolic parameters. The ratios of low-

dose human to rodent bioassay metabolism spanned a 28-fold range (0.0026-0.072) for the six

available human/rat comparisons and a 13-fold range (0.0066-0.084) for the seven available

human/mouse comparisons. For example, the Monster et al. (1979) study predicts that humans

exposed to 1 ppm tetrachloroethylene for 1 hour will metabolize 0.51 mol, while rats exposed to

200 ppm for 6 hours, for 5 days, will metabolize 192 rnol. The ratio of these two values (0.51/192)

is 0.0026.

Bois et al. (1990) used Monte Carlo simulations of a coupled PBPK, multistage model to predict a

median cancer risk estimate for humans. With their model, they predicted that a concentration of

0.00015 ppm was associated with a theoretical upper-bound risk of 1.6 new cases of cancer per million

exposed individuals. The 5, 25, 75, and 95 percentile risk estimates are 0, 0.04, 2.8, and 6.8 per

million, respectively. The kinetic parameters defining the metabolic rate were the most influential

parameters in the model. Without PBPK modeling, the theoretical upper-bound human cancer risk for

exposure to 1 g tetrachloroethylene/m
3 was estimated to be 5.1x10-7 (Travis et al. 1989). With PBPK

modeling using a model similar to those described by Hattis et al. (1990), the theoretical upper-bound

cancer risk was estimated to be 3.1x10-7 (Travis et al. 1989).

Hattis et al. (1993) compared expectations from 10 human PBPK models for tetrachloroethylene with

actual dose-response data following inhalation exposure. All the models were similar to the model

shown in Figure 2-5. The models all showed a time pattern of departure of predictions of air and

blood levels relative to experimental data. For data in which there was an appreciable amount of time

since the end of chronic exposure, the models tended to underpredict blood tetrachloroethylene

concentrations, often by over twofold. For measurements taken shortly after the end of chronic

exposure, models both under- and overpredicted blood tetrachloroethylene levels. When measurements

were taken immediately after the end of a single short-term exposure, there was a tendency for the

models to overpredict tetrachloroethylene blood concentrations. Hattis et al. (1993) suggested that
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more sophisticated models that incorporated heterogeneity in the fat compartment or intertissue

diffusion between the fat and muscle and the vessel-rich tissues would correct the departures from

actual data. Models using a resting alveolar ventilation rate of about 5.4 L/minute seemed to be most

compatible with the most reliable set of tetrachloroethylene uptake data.

Metabolic parameters and blood air partition coefficients were also found to have the greatest impact

on the prediction of the amount of tetrachloroethylene metabolized in PBPK models developed by

Reitz et al. (1996). The models, developed for rats, mice, and humans, used Vmax values of 0.325,

0.355, and 41.5 mg/hours for the three species, respectively, and Km values of 5.62, 3.69, and

4.66 mg/L, respectively. Validation of the models showed a close correspondence to the rat data, but

difficulties in fitting mouse data were attributed to difficulties in estimating the Km. The model for

humans was able to predict the distribution of tetrachloroethylene in blood and expired air, but

metabolism data adequate to fully validate the model were not identified.

PBPK models following oral exposure to tetrachloroethylene in rats and dogs (Dallas et al. 1994a)

have also been developed. The models were validated using oral and intraarterial dosing experiments

(Dallas et al. 1995). Over a 10-fold range of doses, tetrachloroethylene blood concentrations in the rat

were well predicted by the model following intraarterial dosing and slightly under predicted following

oral exposure. The blood concentrations in dog blood were generally over-predicted, except for fairly

precise predictions in dogs given a single oral dose of 3 mg/kg.

The majority of the available PBPK models are concerned with the carcinogenesis of

tetrachloroethylene. However, noncancer end points are also of concern based on available literature.

For example, logistic regression analysis of noncancer tetrachloroethylene toxicity suggests that for

humans exposed by inhalation, the central nervous system may be the most sensitive target of

tetrachloroethylene toxicity (Rao et al. 1993). One PBPK model has been developed to predict brain

concentrations following exposure to tetrachloroethylene in the shower or while bathing (Rao and

Brown 1993). The model has six compartments: liver, fat, rapidly perfused tissues, slowly perfused

tissues, brain, and skin. The skin compartment was treated only as a portal of entry, and skin/blood,

skin/air, and skin/water partition coefficients of 26.7, 275.2, and 348.4, respectively, were estimated

based on data for dihalomethanes. Additional parameters obtained from the literature that were used

in the model included a skin permeability value of 0.125 cm/hour, a Vmax of 6.77, and a Km of 4.56.

Using this model, Rao and Brown (1993) estimated that taking a 15minute shower with water



TETRACHLOROETHYLENE 114

2. HEALTH EFFECTS

containing 1 mg tetrachloroethylene/L would result in maximum brain and blood tetrachloroethylene

concentrations of 42 and 11 g/L in an adult, and a 30minute bath would result in maximum brain

and blood concentrations of 52 and 13 g/L and 71 and 20 g/L in an adult and a 3-year-old child,

respectively. Estimated steady-state brain levels following exposure to tetrachloroethylene vapor at

0.6 ppm were 0.148 and 0.153 mg/L for an adult and child, respectively. Based on the modeling data,

Rao and Brown (1993) concluded that showering or bathing with water containing 2 mg/L would not

be expected to produce neurological effects in humans, but that concentrations of >3 mg/L may result

in an unacceptable health risk. Further description of the parameters used to develop the exposure

model is presented in Chapter 5. Models predicting exposure from a dry cleaning worker exhaling

tetrachloroethylene (Thompson and Evans 1993) and infant exposure through breast milk (Byczkowski

and Fisher 1994, 1995; Byczkowski et al. 1994; Schreiber 1993) are also presented in Chapter 5.

2.4 MECHANISMS OF ACTION

2.4.1 Pharmacokinetic Mechanisms

The absorption, distribution, storage, and excretion of tetrachloroethylene are largely determined by its

lipophilic nature. The blood/air partition coefficient estimated for humans is 10-20, the fat/air

partition coefficient is 1,450-1,638, and the fat/blood partition coefficient is 125-159 (Byczkowski and

Fisher 1994; Gearhart et al. 1993; Ward et al. 1988). Therefore, tetrachloroethylene is readily taken

up by blood and is then distributed to fatty tissues where it is retained with a half-life of about

55 hours. The affinity of tetrachloroethylene for fat also results in its translocation into milk

(Byczkowski and Fisher 1994).

2.4.2 Mechanisms of Toxicity

Experimental studies in rodents have shown that tetrachloroethylene alters the fatty acid pattern of

brain phospholipids and amino acids (Briving et al. 1986; Kyrklund et al. 1984, 1990), which could be

partially responsible for tetrachloroethylene-induced neurotoxic effects. Alternatively, the effects of

tetrachloroethylene on the central nervous system may result from the incorporation of this lipophilic

compound into brain membranes, which may alter neural conduction velocity. A study by Wang et al.

(1993), which examined neuronal and glial cell markers in different regions of the brain in rats

exposed to tetrachloroethylene, suggests that the frontal cerebral cortex is more sensitive to
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tetrachloroethylene than other regions of the brain, that cytoskeletal elements are more sensitive than

cytosolic proteins. How tetrachloroethylene produces changes in the central nervous system still needs

to be elucidated.

In contrast to nervous system effects, which are thought to be a result of tetrachloroethylene, effects on

the liver including cancer in mice are thought to be a result of the metabolite, TCA. Rodents,

especially mice, produce more TCA than humans (Hattis et al. 1990). In addition, mice and rats also

respond to TCA and many other chemicals by induction of hepatocellular peroxisomes, while humans

are relatively insensitive to peroxisome proliferators, or do not respond at the doses that cause a

marked response in rats and mice (Bentley et al. 1993). How peroxisome proliferation leads to liver

cancer is still being elucidated. The proliferation process appears to require a specific receptor, that

when activated, induces peroxisomal enzymes that produce hydrogen peroxide as a by-product without

inducing catalase. The increased production of hydrogen peroxide may increase DNA damage. In

addition, peroxisome proliferators may promote endogenous lesions by sustained DNA synthesis and

hyperplasia which may be sufficient for tumor formation (Bentley et al. 1993). Liver cancer is not

observed following tetrachloroethylene exposure of rats because the threshold concentration of TCA

required to induce peroxisome proliferation is not reached as a result of saturation of the metabolic

pathway for the production of TCA (Green 1990). Because humans produce little TCA following

tetrachloroethylene exposure (ACGIH 1995; Hattis et al. 1990), and because the peroxisome

proliferation response in humans is minimal (Bentley et al. 1993), liver hypertrophy and tumor

development as is observed in mice (NCI 1977; NTP 1986) may not occur by the same mechanisms in

humans.

An in vitro study (Kukongviriyapan et al. 1990) suggests that tetrachloroethylene can directly affect

hepatocytes. Vapor exposure of rat hepatocytes to tetrachloroethylene (2-4 L) significantly decreased

the hepatocyte uptake of taurocholate, ouabain, and 2-aminoisobutyric acid, all substances that require

adenosine 5’-triphosphate (ATP) for uptake. The uptake of cadmium and 3-O-methyl-D-glucose,

substances that do not require ATP, was not affected. Cellular ATP was decreased by tetrachloroethylene

but only at cytotoxic levels. Tetrachloroethylene also decreased membrane ATPase activity

leading the investigators (Kukongviriyapan et al. 1990) to hypothesize that the effect of

tetrachloroethylene on transport may result from both a decrease in ATP levels and an inhibition of

cell membrane ATPases.
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The metabolism of tetrachloroethylene is mediated by a cytochrome P-450 catalyzed oxidation reaction

involving the formation of an epoxide intermediate. Evidence of the role of hepatic microsomal

cytochrome P-450 during the in vitro metabolism of tetrachloroethylene was provided in the study by

Costa and Ivanetich (1980). This evidence included production of a type I difference spectrum

(indicating tetrachloroethylene binding to cytochrome P-450), production of known metabolites of

tetrachloroethylene following its incubation with hepatic microsomes and the reduced form of

nicotinamide adenine dinucleotide phosphate (NADPH), and inhibition of spectral binding and of

metabolite formation by cytochrome P-450 inhibitors. Many investigators (Buben and O’Flaherty

1985; Daniel 1963; Henschler 1977; Leibman and Ortz 1977; Yllner 1961) have postulated that an

epoxide is initially formed following interaction of tetrachloroethylene with the cytochrome P-450

system, but as with other substrates for this system, current technology does not permit the isolation of

an epoxide intermediate. It is hypothesized that the major pathway from the epoxide intermediate

involves nucleophilic attack by water or enzymatic reduction by epoxide hydrase to yield a

tetrachlorinated diol (Pegg et al. 1979). As indicated in Section 2.3.3, the metabolism of

tetrachloroethylene to TCA by the P-450 pathway is saturable. In addition, as indicated in Table 2-5,

mice have a greater capacity to metabolize tetrachloroethylene than rats or humans.

A low incidence of kidney cancer has been observed in male rats following inhalation exposure to

tetrachloroethylene (NTP 1986). Kidney cancer may in part be a result of the formation of the

genotoxic metabolites from S-( 1,2,2-trichlorovinyl)glutathione by -lyase. As indicated in

Section 2.3.3, this pathway, which requires glutathione conjugation of tetrachloroethylene in the liver,

is most likely to occur when the P-450 pathway becomes saturated. Because glutathione conjugation

was not detected in the cytosol of human livers, and because P-lyase activity is low in the cytosol of

human kidneys (Green et al. 1990), the formation of reactive metabolites by -lyase in humans may

not play a role in the renal toxicity of tetrachloroethylene in humans.

Tetrachloroethylene has also been shown to selectively affect the tubular S2 segment in the kidney of

male rats through the accumulation of -2 -globulin (Bergamaschi et al. 1992). This mechanism of

renal effects observed in male rats may not be relevant to human risk assessment because humans do

not produce -2 -globulin or proteins in the same family (lipocalin) in large quantities as observed in

male rats (Swenberg et al. 1989).
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2.4.3 Animal-to-Human Extrapolations

The difference in the toxic action of tetrachloroethylene in rats and mice correlates well with

differences in the metabolism of the compound. Mice, which are most sensitive to the liver effects of

tetrachloroethylene, produce the most TCA. The liver effects of TCA in mice are also thought to be a

result of peroxisome proliferation, a response to chemical exposure that is minimal in humans (Bentley

et al. 1993). Therefore, for liver effects, the mouse may not be the most appropriate model for

humans.

Rats, which are most sensitive to the kidney effects of tetrachloroethylene, have the greatest potential

for producing reactive intermediates from the glutathione conjugate of tetrachloroethylene through the

activity of kidney -lyase (Green et al. 1990). Male rats also develop -2 -globulin nephropathy

following exposure to tetrachloroethylene. Therefore, for kidney effects, the male rat seems to be a

poor model for humans, especially at doses above saturation of the P-450 pathway, where the

glutathione conjugation pathway may become important.

Nervous system effects have been well documented in humans. Although tetrachloroethylene is

thought to be responsible for the nervous system effects, the possible role of metabolites has not been

well studied. If tetrachloroethylene is the active nervous system toxicant, metabolism to TCA may

serve to reduce nervous system toxicity. Therefore, rats, which metabolize less tetrachloroethylene to

TCA than mice (Hattis et al. 1990), may serve as a better model of nervous system effects in humans.

2.5 RELEVANCE TO PUBLIC HEALTH

Inhalation and oral routes are the major routes of human exposure to tetrachloroethylene. In the

following discussions, inhalation exposures are presented in ppm, and oral exposures are presented in

mg/kg/day. Inhalation exposure may occur near hazardous waste sites as well as in urban and

industrial areas. Occupational exposure to tetrachloroethylene (dry cleaners, chemical workers) is

generally by inhalation. Because most of the absorbed tetrachloroethylene is slowly exhaled, this

compound is not confined to the occupational setting. Workers exposed to tetrachloroethylene bring

the compound home to their families. For example, the tetrachloroethylene concentration in the

apartments of dry cleaners was 0.04 ppm relative to 0.0003 ppm in the control apartments (Aggazzotti

et al. 1994a). Oral exposure to tetrachloroethylene is primarily through drinking contaminated
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groundwater. Because tetrachloroethylene readily volatilizes from water, contaminated water is also a

source of inhalation exposure to tetrachloroethylene. Compared to inhalation exposure, little

tetrachloroethylene vapor is absorbed across the skin (Riihimaki and Pfaffli 1978). However, when

tetrachloroethylene is trapped against the skin beneath an impermeable barrier, small amounts of the

solvent are absorbed (Stewart and Dodd 1964).

Central nervous system effects are the most predominant and sensitive effects of tetrachloroethylene in

humans. Acute exposure (<2 hours) to high concentrations of tetrachloroethylene at l,000-1,500 ppm

has caused mood changes, slight ataxia, and dizziness (Carpenter 1937). Exposure to 100 ppm for

7 hours produced symptoms of headache, dizziness, difficulty in speaking, and sleepiness (Stewart et

al. 1970). Subjective evaluation of electroencephalographic scores suggested cortical depression in

subjects exposed to 100 ppm, 7.5 hours/day for 5 days (Hake and Stewart 1977). Altmann et al.

(1990, 1992) found a significant increase in latency of pattern reversal visual-evoked potentials in male

volunteers exposed to tetrachloroethylene at 50 ppm 4 hours/day for 4 days, compared to subjects

exposed at 10 ppm for the same duration. No effects on brainstem auditory-evoked potentials were

noted. Tests of visual contrast measured in a few individuals showed a tendency for loss of contrast

in the low and intermediate spatial frequencies at 50 ppm (Altmann et al. 1990). Significant

performance deficits for vigilance and eye-hand coordination were also observed at 50 ppm (Altmann

et al. 1992). Following occupational exposure, Cai et al. (1991) reported an increase in subjective

symptoms including dizziness and forgetfulness in workers exposed to tetrachloroethylene at a

geometric mean concentration of 20 ppm relative to unexposed controls. Loss of color vision has also

been reported in dry cleaning workers exposed to tetrachloroethylene at an average concentration of

7.3 ppm (Cavalleri et al. 1994); however, no effect on color vision was observed in workers exposed

at average concentrations of 15.3 and 10.7 ppm for men and women, respectively (Nakatsuka et al.

1992). The American Conference of Governmental Industrial Hygienists (ACGIH) threshold limit

value (TLV) of 25 ppm (ACGIH 1995) is very near the threshold for neurological effects in humans.

Subtle renal effects such as increased urinary lysozyme, fibronectin, albumin, brush border antigens,

transferrin, laminin fragments, and tissue-nonspecific alkaline phosphatase have been noted in humans

occupationally exposed to tetrachloroethylene (Franchini et al. 1983; Lauwerys et al. 1983; Mutti et al.

1992; Price et al. 1995; Vyskocil et al. 1990). The observed changes could be a physiological adaptation

to exposure or may represent an early state of progressive renal disease. Kidney effects, including

cancer, following tetrachloroethylene exposure have also been noted in animals, predominantly male
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rats (Goldsworthy et al. 1988; Green et al. 1990; NCI 1977). The mechanism for the development of

kidney effects in rats may differ from that in humans. After saturation of the P-450 metabolic

pathway, which produces TCA, male rats produce more glutathione (GSH) conjugates of

tetrachloroethylene than humans (Green et al. 1990). The GSH conjugates are then metabolized to

reactive metabolites by -lyase found in the kidneys. In addition, an accumulation of -2 -glolbulin,

which is a male rat-specific phenomenon, is observed in male rats exposed to tetrachloroethylene

(Bergamaschi et al. 1992).

Liver effects including enlarged liver, fatty changes, and elevated SGOT have been reported in humans

exposed to high levels of tetrachloroethylene (Coler and Rossmiller 1953; Hake and Stewart 1977;

Levine et al. 1981). These limited case studies do not provide exposure concentrations.

Tetrachloroethylene is clearly a hepatic toxicant in rodents, with mice exhibiting a greater response

than rats. The hepatic toxicity of tetrachloroethylene correlates well with the production of TCA

(Travis et al. 1989), and mice metabolize more tetrachloroethylene to TCA than rats and humans

(Hattis et al. 1990). Mice are also more sensitive to the hepatic effects of tetrachloroethylene because

they respond to TCA with hepatic peroxisome proliferation, while humans are relatively insensitive to

peroxisome proliferators, or do not respond at the doses that cause a marked response in mice (Bentley

et al. 1993). Therefore, hepatotoxic effects from tetrachloroethylene in humans may result from a

mechanism that differs from the mechanism that produces hepatotoxic effects in mice.

Limited studies of women occupationally exposed to tetrachlorethylene suggest an association with

menstrual disorders (Zielhuis et al. 1989) and spontaneous abortions (Ahlborg 1990; Kyyrönon et al.

1989). Other studies have not found a significant association between tetrachloroethylene exposure

and birth outcome (Bosco et al. 1986; McDonald et al. 1986; Olsen et al. 1990). An increase in the

percentage of round and narrow sperm has been noted in dry cleaners relative to the unexposed

controls, but the overall percentage of abnormal sperm was similar between the two groups (Eskenazi

et al. 1991a). There is some indication from questionnaires that it may take slightly longer for wives

of dry cleaners to become pregnant, and they are more likely to seek help for an infertility problem

(Eskenazi et al. 1991a). In a multigeneration study, reduced litter size and reduced survival of

offspring were the only reproductive effects noted in rats exposed to tetrachloroethylene at 1,000 ppm,

a concentration that also resulted in sedation and kidney effects (Tinston 1995). No reproductive

effects were identified at 300 ppm. Increased resorptions have also been noted in rats treated by
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gavage with tetrachloroethylene at 900 mg/kg/day on gestation days 6-13, a dose that also resulted in

maternal toxicity (Narotsky and Kavlock 1995).

Without providing the data, Narotsky and Kavlock (1995) indicated that an increase in

micro/anophthalmia was observed in the offspring of rats treated by gavage with tetrachloroethylene at

900 mg/kg/day on gestation days 6-19. At the 900-mg/kg/day dose, maternal ataxia and body weight

gain approximately 25% less than controls were also observed. Hyperactivity in adult mice treated

while the nervous system was developing was the most sensitive end point among oral studies of

tetrachloroethylene (Fredriksson et al. 1993), suggesting that the developing nervous system may be

especially sensitive to tetrachloroethylene. Infants can be exposed to tetrachloroethylene that has been

transferred into breast milk, and by inhalation to tetrachloroethylene that has been exhaled or released

from dry cleaned clothes. Therefore, because of both potential exposure and a sensitive and possibly

permanent effect, infants should be considered a susceptible population for exposure to

tetrachloroethylene.

Minimal Risk Levels for Tetrachloroethylene

Inhalation MRLs

An MRL of 0.2 ppm has been derived for acute inhalation exposure (14 days or less) to

tetrachloroethylene. This MRL is derived from the study by Altmann et al. (1992) in which

human volunteers were exposed to tetrachloroethylene at 10 or 50 ppm, 4 hours/day for 4 days.

At 50 ppm, pattern reversal visual-evoked potential latencies increased (p<0.05), and significant

performance deficits for vigilance (p=0.04) and eye-hand coordination (p=0.05) were observed.

No effects on brainstem auditory-evoked potential were noted at either concentration. Because

faint odor was reported by 33% of the subjects at 10 ppm and 29% of the subjects at 50 ppm on

the first day of testing, and by 15% of the subjects at 10 ppm and 36% of the subjects at 50 ppm

on the last day of testing, the investigators concluded that only a few subjects could identify

their exposure condition. The MRL was derived based on the NOAEL of 10 ppm for

neurological effects.

In a similar study by Altmann et al. (1990), significant (p<0.05) increased latencies for pattern

reversal visual-evoked potentials were observed in 10 male volunteers exposed to tetrachloro-
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ethylene at 50 ppm, compared to 12 men exposed at 10 ppm. Exposures in this study were also

4 hours/day for 4 days. Effects on brainstem auditory-evoked potentials were also not observed

in the Altmann et al. (1990) study. Tetrachloroethylene in the blood increased with exposure

duration, and linear regression to associate blood tetrachloroethylene with pattern reversal visual-evoked

potential latencies was significant (r = -0.45, p<0.03). Additional tests of neurological

function were not conducted in this study.

Hake and Stewart (1977) did not find any changes in flash-evoked potentials and equilibrium

tests in four male subjects exposed to increasing concentrations of tetrachloroethylene

7.5 hours/day for 5 days. The subjects were sequentially exposed to 0, 20, 100, and 150 ppm

(each concentration 1 week). Subjective evaluation of EEG scores suggested cortical depression

in subjects exposed at 100 ppm. Decreases in the Flanagan coordination test were observed at

100 ppm. This study confirms that the nervous system is a sensitive target following exposure

to tetrachloroethylene. It does not serve as the basis of the acute-duration inhalation MRL

because effects were observed at a lower concentration in the Altmann et al. (1992) study. The

lack of effect on flash-evoked potentials in the Hake and Stewart (1977) study at concentrations

up to 150 ppm compared to changes in pattern reversal visual-evoked potentials observed in the

Altmann et al. (1992) at 50 ppm may reflect the greater inter- and intrasubject variability of

flash-evoked potentials compared to pattern reversal visual-evoked potentials (Otto et al. 1988).

An MRL of 0.04 ppm has been derived for chronic ( 1 year) inhalation exposure to tetrachloro-ethylene. This

MRL is derived from the study by Ferroni et al. (1992) in which significantly

prolonged reaction times were observed in women (n=60) who had been exposed to

tetrachloroethylene at an average concentration of 15 ppm for an average period of 10 years.

Tests that were significantly different from controls were a test of simple reaction times

(p<0.0001) and shape comparison tests which were constructed to test vigilance (p<0.005) and

moderate stress (p<0.005). Exposure was estimated by determining tetrachloroethylene

concentrations in both blood and air samples.

The nervous system is a well-established target of tetrachloroethylene exposure in humans, and

logistic regression of toxicity data suggests that it may be the most sensitive target (Rao et al.

1993). Cai et al. (1991) reported increased subjective symptoms including dizziness and

forgetfulness in workers exposed to tetrachloroethylene at an average of 20 ppm for
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l-120 months. Exposure was measured using diffusive sampling with carbon cloth. Additional

details were not provided. In a study in which the duration of exposure is unclear (Seeber

1989), perceptual speed and digit reproduction as a memory test were impaired in workers

exposed to an average of 12 ppm. No detrimental effects on critical flicker fusion, simple and 9-

choice visual reaction time, and a sustained attention test were observed in 22 workers exposed

to tetrachloroethylene at an average of 21 ppm for about 6 years (Lauwerys et al. 1983). In this

study, the neurological function tests were completed both before and after work; therefore,

training effects and effects of tetrachloroethylene exposure on learning may have contributed to

the difference between the Ferroni et al. (1992) study and the Lauwerys et al. (1983) study.

Although exposure measurements were more comprehensive in the Lauwerys et al. (1983) study

(the investigators measured urinary TCA daily for 1 week, air concentrations with personal air

samplers and badges, and breath and blood concentrations of tetrachloroethylene), the

measurements were completed during 1 week, while in the Ferroni et al. (1992) study, the more

limited measurements were completed during the summer and winter and may better represent

chronic exposure.

Loss of color vision has also been reported in dry cleaners exposed to tetrachloroethylene at an

average of 7.3 ppm for an average of 106 months (Cavalleri et al. 1994). Although this study

seems to identify an effect at a lower concentration than the Ferroni et al. (1992), fewer subjects

were studied (n=22 exposed subjects), and exposure concentrations were only measured in air on

1 day, while Ferroni et al. (1992) completed air and blood measurements in both the winter and

summer. In addition, no effect on blue-yellow color vision was noted in 30 men or in

34 women occupationally exposed to tetrachloroethylene at average concentrations of 15.3 and

10.7 ppm, respectively (Nakatsuka et al. 1992). Therefore, because of inconsistent reports on the

effect of tetrachloroethylene on color vision, and because of the better exposure assessment and

the larger number of subjects (n=60) in the Ferroni et al. (1992) study compared to the Cavallari

et al. (1994) study, the Ferroni et al. (1992) study was chosen as the basis for the MRL.

An additional study did not reveal any effects on neurological function among 14 persons who

lived above or next to dry cleaning facilities for l-30 years compared to 23 controls matched for

age (  l year, in two cases 3 and 5 years) and gender when the absolute values of the tests were

examined (Altmann et al. 1995). Median tetrachloroethylene exposure concentrations were

0.2 ppm in the apartments of the exposed individuals and 0.0003 ppm in the apartments of
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control subjects, and blood concentrations were 17.8 46.9 g/L in exposed individuals and less

than the detection limit of 0.5 ug/L in the controls. When multivariate analysis was completed

to adjust for age, gender, and education, an increased response time in a continuous performance

test (p<0.05), increased simple reaction time to a visual stimuli (p<0.05), and decreased

performance in a test of visual memory (p<0.05) were observed. No effect on pattern reversal

visual-evoked potentials was observed. The 0.2-ppm concentration is considered a NOAEL

because of the lack of effect on the absolute values of the tests. This study does suggest that

further studies of larger populations exposed to very low levels of tetrachloroethylene would be

useful.

Additional studies of workers exposed to relatively low concentrations of tetrachloroethylene

have also reported minor indicators of renal tubular damage. Franchini et al. (1983) reported

increased urinary levels of lysozyme and -glucuronidase in workers occupationally exposed to

tetrachloroethylene at a TWA concentration of 10 ppm for an average of 14 years. Mutti et al.

(1992) found increased urinary albumin, transferrin, the brush-border membrane antigens B50,

BBA, and HF5, and tissue nonspecific alkaline phosphatase in workers exposed to an average

tetrachloroethylene concentration of 15 ppm for an average period of 10 years. Urinary

fibronectin was significantly decreased relative to the controls. The investigators concluded that

the results showed increased shedding of epithelial membrane components from tubular cells.

Vyskocil et al. (1990) found an increase in urinary lysozyme in workers exposed to

tetrachloroethylene at an average of 23 ppm for 9 years. No effects on urinary 2-microglobulin,

creatinine, lysozyme activity, glucose, low-density lipoprotein, or total proteins were noted.

Although both nervous system and mild kidney effects appear to occur at similar concentrations

in persons occupationally exposed to tetrachloroethylene, the nervous system effects were

considered a more appropriate basis for the MRL. The nervous system effects noted (decreased

reaction times), could lead to accidents, and at higher concentrations for shorter time periods,

tetrachloroethylene clearly produces incoordination (Stewart et al. 1970). The significance of the

mild kidney changes observed following low-level occupational exposure to tetrachloroethylene

is not clear. The kidney changes may be an adaptive effect rather than an adverse effect. In

addition, in the study reporting kidney effects at 10 ppm (Franchini et al. 1983), the exposure

level was estimated using urinary TCA concentrations, so the actual exposure concentrations are

unknown.
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An intermediate-duration inhalation MRL was not derived. The only available intermediate-duration

human studies were two case reports (Abedin et al. 1980; Meckler and Phelps 1966) and a case

control study of reproductive outcome in women occupationally exposed (Ahlborg 1990) that did not

identify exposure concentrations. Minimal changes in flash-evoked potential were observed in rats

exposed to 800 ppm tetrachloroethylene 6 hours/day, 5 days/week, for 13 weeks, with no effects at

200 ppm (Mattsson et al. 1992). The testing was completed 1 week after the end of exposure. A

study in mice (Kjellstrand et al. 1984) indicates that liver enlargement occurs following intermediate-duration

exposure (30 days, 24 hours/day) at 9 ppm, a less-serious LOAEL for animals. Because mice

metabolize more tetrachloroethylene to TCA than humans, and because the peroxisomal proliferative

response in mice is much greater than in humans, data in humans were considered more appropriate

for the derivation of MRLs.

Oral MRLs

An MRL of 0.05 mg/kg/day has been derived for acute-duration oral exposure to tetrachloroethylene.

This MRL is derived from the study by Fredriksson et al. (1993) in which a

significant (p<0.01) increase in total spontaneous activity (locomotion and rearing) was observed

in 60-day-old mice treated with tetrachloroethylene for 7 days beginning at 10 days of age.

Hyperactivity was observed at both 5- and 320-mg/kg/day doses which did not cause observable

symptoms of toxicity or differences in body weight gain. Behavior was similar to that of the

controls in mice tested at 17 days of age. The change in behavior at 60 days of age was similar

in both dose groups. An inhalation study (Nelson et al. 1980) in which hyperactivity was

observed in 31- and 32-day-old rats that were exposed during gestation (900 ppm) supports the

observation that the developing nervous system is a target of tetrachloroethylene toxicity. The

developing nervous system is also at risk because tetrachloroethylene is known to cross the

placenta, and it is found in breast milk (Schreiber 1993).

Intermediate- and chronic-duration oral MRLs were not derived. Longer term oral studies in animals

have not focused on neurological effects, the principal effect of tetrachloroethylene in humans.

Intermediate-duration oral studies have noted liver effects in rats (Hayes et al. 1986) and mice (Buben

and O’Flaherty 1985) and kidney effects in male rats (Hayes et al. 1986). There are species

differences in the metabolism of tetrachloroethylene and the response to metabolites which contribute

to the liver effects. The kidney effects are associated with -2 -globulin, a male rat-specific protein.
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Therefore, the liver and kidney effects were not considered appropriate for the derivation of an MRL.

Chronic-duration oral studies in animals have not identified NOAELs or less serious LOAELs at doses

below those causing decreased survival of rats and mice (NCI 1977).

Death.  At high concentrations (>l,000 ppm), tetrachloroethylene vapor acts as an anesthetic agent,

producing collapse, loss of consciousness, and death in humans. Death may be related to depression

of respiratory centers of the central nervous system or cardiac arrhythmia and heart block. Death

following acute inhalation of concentrations that produce unconsciousness has been confirmed by

animal studies (Carpenter 1937; NTP 1986). Oral exposure of a malnourished man to a dose of

152 mg tetrachloroethylene/g resulted in death (Chaudhuri and Mukerji 1947). Animal studies of oral

exposure suggest that anesthesia and death would be likely occurrences in humans if high doses were

swallowed (Berman et al. 1995; Hayes et al. 1986; Wenzel and Gibson 1951). There are no reports of

fatalities in humans or animals exposed solely by the dermal route.

It appears unlikely that death would occur in humans exposed to the levels of tetrachloroethylene that

occur in the environment or in the vicinity of hazardous waste sites.

Systemic Effects

Respiratory Effects   Respiratory tract irritation has been reported at concentrations as low as 216 ppm

in volunteers exposed for 45 minutes to 2 hours (Rowe et al. 1952). At concentrations of >l,000 ppm,

tetrachloroethylene is intensely irritating (Carpenter 1937; Rowe et al. 1952). Changes in pulmonary

function tests were not observed in four male volunteers exposed to 0, 20, 100, or 150 ppm

tetrachloroethylene for 7.5 hours/day, 5 days/week, for 1 week at each exposure concentration (Stewart

et al. 1981). Exposure of mice to 300 ppm of tetrachloroethylene (300 ppm) for 6 hours/day for

5 days has resulted in degeneration of the olfactory and respiratory mucosa (Aoki et al. 1994).

Respiratory effects were not reported in animals after oral exposure (NCI 1977). Environmental

exposure to tetrachloroethylene in air or water is unlikely to pose a risk to the respiratory system.

Cardiovascular Effects.  Despite the relatively large number of people occupationally exposed to

tetrachloroethylene, there are few reported cases of tetrachloroethylene-associated cardiotoxicity.

Cardiac arrhythmias in a small number of Wobum residents cannot be directly related to chronic

tetrachloroethylene exposure (Byers et al. 1988). Experimental exposure studies have not found
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changes in electrocardiograms for persons exposed at concentrations up to 100 ppm for 5.5 hours,

5 days/week (Stewart et al. 1977) or up to 150 ppm for 7.5 hours/day, 5 days/week, for 1 week

(Stewart et al. 1981). The case report of Abedin et al. (1980) suggests an association of inhaled

tetrachloroethylene with cardiac arrhythmia, but the patient described may have been an unusually

sensitive individual. These investigators hypothesized that exposure to tetrachloroethylene may

sensitize the myocardium to endogenous epinephrine. In an experiment in dogs, however, inhalation

exposure to high levels of tetrachloroethylene failed to sensitize the heart to epinephrine (Reinhardt et

al. 1973). In contrast, intravenous administration of tetrachloroethylene to rabbits and dogs enhanced

myocardial sensitivity to an exogenous epinephrine challenge (Kobayashi et al. 1982). The available

studies provide no strong evidence that people exposed to environmental levels of tetrachloroethylene

or levels typically found at hazardous waste sites would develop cardiovascular effects.

Gastrointestinal Effects.  Nausea and vomiting have been experienced in some individuals given an

oral dose of tetrachloroethylene as an anthelminthic (Wright et al. 1937). Forestomach ulcers have

been reported following chronic inhalation exposure of rats to high concentrations of

tetrachloroethylene (NTP 1986). Gastrointestinal effects resulting from exposure to tetrachloroethylene

at a hazardous waste site are unlikely to occur.

Hematological Effects. There are no studies that support hematological effects in humans after acute

or chronic exposure to tetrachloroethylene by any route.

Several animal studies indicate that tetrachloroethylene exposure in drinking water can affect the

hematopoietic system, particularly the erythrocytes. Tetrachloroethylene in the blood may enter the

polar phospholipid layer of the rodent erythrocyte membrane and alter the structure, thus resulting in

mechanical fragility and hemolysis (Marth 1987). Thus, there is a potential, though unsubstantiated,

risk of subclinical hematological effects resulting from exposure to tetrachloroethylene in drinking

water.

Musculoskeletal Effects. There are no studies regarding musculoskeletal effects in humans following

exposure to tetrachloroethylene by any route.

An intermediate-duration study did not find any microscopic changes in the limb muscles of rats

exposed to tetrachloroethylene (Mattsson et al. 1992). Because of the very limited data, it is not
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possible to determine whether musculoskeletal effects would occur in humans following tetrachloroethylene

exposure at hazardous waste sites.

Hepatic Effects.  Tetrachloroethylene has been shown to cause hepatotoxic effects in humans

following inhalation exposure (Brodkin et al. 1995; Hake and Stewart 1977; Meckler and Phelps 1966;

Saland 1967) and in animals exposed by the inhalation (Kylin et al. 1963; NTP 1986; Odum et al.

1988; Schumann et al. 1980) and oral routes (Berman et al. 1995; Buben and O’Flaherty 1985;

Goldsworthy and Popp 1987). For humans, reports of hepatotoxicity consist almost entirely of case

studies of accidental exposures in which reliable quantitative exposure information was not available

(Coler and Rossmiller 1953; Hake and Stewart 1977; Meckler and Phelps 1966; Saland 1967). In

most cases, hepatic effects in humans have been reported as transient in nature. Human exposure

studies (Stewart et al. 1977, 1981) have not found any effects on serum alkaline phosphatase, SGPT,

SGOT, or serum bilirubin in volunteers exposed to tetrachloroethylene at concentrations up to

150 ppm for 7.5 hours/day for 1 week. Changes in serum levels of liver enzymes may not be the

most sensitive marker of liver damage following exposure to tetrachloroethylene. Diffuse parenchymal

changes detected with ultrasound were observed in the livers of dry cleaning workers exposed to an

average of 15.8 ppm tetrachloroethylene for at least 6 months (Brodkin et al. 1995). No changes in

serum markers of liver damage (SGOT, SGPT, -glutamyl transferase, alkaline phosphatase, total and

direct bilirubin) were noted in these workers.

In animals, liver effects are characterized by hypertrophy, fatty degeneration, and peroxisome

proliferation. Mice are much more sensitive to the hepatic effects of tetrachloroethylene than rats

because of their higher rate of oxidative metabolism of tetrachloroethylene to TCA (Odum et al. 1988).

TCA is also a peroxisome proliferator in rodents (Goldsworthy and Popp 1987; Odum et al. 1988).

Oral exposure to tetrachloroethylene has also been shown to induce CYP2B P-450 enzymes in rats

(Hanioka et al. 1995). Although liver damage can occur in humans exposed to tetrachloroethylene, the

mechanism of damage may be different from that occurring in rodents. Hepatic effects in humans

following exposure to tetrachloroethylene at environmental levels or at a hazardous waste site cannot

be ruled out.

Renal Effects.  Reversible kidney damage has been reported in humans accidentally exposed to

acutely toxic amounts of tetrachloroethylene vapors (Hake and Stewart 1977). There are also data that

suggest that occupational exposure to hydrocarbon solvents as a class may contribute to chronic renal



TETRACHLOROETHYLENE 128

2. HEALTH EFFECTS

disease (Kluwe et al. 1984). Subtle renal perturbations have been detected in studies of chronically

exposed workers in dry cleaning workshops (Franchini et al. 1983; Mutti et al. 1992; Price et al. 1995;

Vyskocil et al. 1990). Mutti et al. (1992) suggested that the observed effects indicated increased

shedding of epithelial membrane components from tubular cells, which could be a physiological

adaption to exposure or could be an early state of clinically silent renal disease.

Studies of tetrachloroethylene in animals support the fact that renal effects are produced. One acute

study of tetrachloroethylene administered intraperitoneally to dogs resulted in alteration of

phenolsulfonphthalein excretion indicative of tubular dysfunction, in the absence of microscopic

lesions (Klaassen and Plaa 1967). Inhalation or oral exposure of rodents to tetrachloroethylene induces

renal effects. However, the data showing an increased incidence of protein droplet nephropathy in

male rats may have little relevance to human health, as discussed below.

Chemically induced protein droplet nephropathy in sexually mature male rats is characterized by

accumulation of -2 -globulin in lysosomes, degeneration and necrosis of tubular cells, formation of

granular casts, and regeneration of the tubular epithelium (Swenberg et al. 1989). Chemicals that are

known to induce protein droplet nephropathy bind to -2 -globulin, yielding a complex that is more

resistant to proteolytic enzymes in the lysosomes, leading to the accumulation of the complex in the

tubule cells. -2 -Globulin has not been found in immature male rats, female rats, or humans (Alden

1986). Humans synthesize and excrete trace amounts of proteins similar to -2 -globulin. However,

human male urine has a very low protein content compared to male rat urine (1% of male rat urine).

In addition, human urinary proteins are primarily of high molecular weight compared to those of rats,

and human urinary protein has a relatively small proportion of cationic to total proteins. These

findings suggest that humans are not at risk for tetrachloroethylene-induced renal damage analogous to

the type found in male rats (Olson et al. 1990). Nevertheless, because of tubular effects detected in

workers and in animal species other than rats, risks of subclinical renal changes to humans exposed to

environmental levels of tetrachloroethylene or levels near hazardous waste sites cannot be discounted.

Endocrine Effects. Ferroni et al. (1992) reported increased prolactin levels in women occupationally

exposed to tetrachloroethylene. Because the prolactin levels were still within the normal range, it is

not clear if the observed effect had any biological significance. Histopathological changes in the

adrenal glands were not observed in female rats treated by gavage with tetrachloroethylene for 14 days

at doses that resulted in hepatotoxicity (Berman et al. 1995). Adrenal medullary hyperplasia was
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observed in rats chronically exposed to tetrachloroethylene by inhalation (NTP 1986). Studies of

endocrine function are too limited to conclude whether or not endocrine effects may occur in humans

following exposure to tetrachloroethylene at hazardous waste sites.

Dermal Effects.   Skin damage (burns) has been reported in humans exposed to concentrations of

tetrachloroethylene liquid or vapors high enough to cause anesthetic effects (Morgan 1969). No

damage to skin has been reported in animals exposed chronically (Van Duuren et al. 1979). Data are

too limited to predict if dermal effects can occur following environmental exposure of humans.

Ocular Effects.   Intense ocular irritation has been reported in humans exposed to concentrations of

tetrachloroethylene vapors high enough to cause anesthetic effects (Morgan 1969). Transient eye

irritation was also reported in six subjects during the first few minutes of exposure at 75-80 ppm

(Stewart et al. 1961b). Data are too limited to predict if ocular effects can occur following

environmental exposure of humans.

Body Weight Effects. Decreased body weight gain has been observed in animals following inhalation

exposure (NTP 1986; Rowe et al. 1952; Wang et al. 1993) or oral exposure (Hayes et al. 1986;

Narotsky and Kavlock 1995; NCI 1977; Schumann et al. 1980) to high levels of tetrachloroethylene.

The decreased body weight gain occurred at doses that were associated with other adverse effects,

indicating that tetrachloroethylene does not cause a selective effect on body weight. Body weight

effects are unlikely in humans exposed to tetrachloroethylene in the environment or at hazardous waste

sites.

Immunological and Lymphoreticular Effects.   Immunological effects in humans related

specifically to tetrachloroethylene exposure have not been reported. Atrophy of the spleen and thymus

have been noted in rats treated by gavage with 2,000 mg/kg/day of tetrachloroethylene for 5 days

(Hanioka et al. 1995). Histopathological changes in the spleen and thymus were not observed in rats

treated by gavage with tetrachloroethylene at 1,500 mg/kg/day for 14 days (Berman et ah 1995). No

effects on natural killer cell, natural cytotoxic, and natural P-815 killer cell activities or humoral and

T cell mitogenesis were observed in cells harvested from rats and mice treated with three daily intraperitoneal doses

of 829 mg tetrachloroethylene/g/day (Schlichting et al. 1992). In a study limited by

high mortality in the control group, susceptibility to infection was enhanced in mice exposed to
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tetrachloroethylene (Aranyi et al. 1986). The relevance of these findings to public health is, therefore,

unclear.

Neurological Effects.   The symptomatology of acute inhalation exposure to high levels of

tetrachloroethylene is well documented in humans and includes headache, dizziness, and drowsiness.

EEG studies done on male and female volunteers resulted in changes in the EEG of three of four male

subjects and four of five female subjects during exposure to 100 ppm (Stewart et al. 1981). In the

majority of subjects, the EEG changes were characterized by a reduction in overall wave amplitude

and frequency, most strikingly evident in the occipital leads. This altered pattern is similar to that

seen in a healthy adult during drowsiness, light sleep, and the first stages of anesthesia. Altmann et al.

(1990) reported increases in the latency of pattern reversal visual-evoked potentials in volunteers

exposed to tetrachloroethylene at 50 ppm for 4 hours/day for 4 days. In a similar study, significant

performance deficits for vigilance and eye-hand coordination, as well as increased latencies for pattern

reversal visual-evoked potentials were observed in subjects exposed to tetrachloroethylene at 50 ppm

for 4 hours/day for 4 days (Altmann et al. 1992). No effects were noted at 10 ppm. An acute

inhalation MRL was derived based on the lack of neurological effects at 10 ppm.

In a study completed over an 1l-week period, decrements in coordination were observed in volunteers

exposed at 100 ppm but not 20 ppm (Stewart et al. 1977). Longer term occupational exposure to

tetrachloroethylene has resulted in an increase in subjective complaints including headache and

dizziness (Abedin et al. 1980; Cai et al. 1991; Coler and Rossmiller 1953). The exposure

concentrations were not well defined in these studies. Deficits in behavioral tests that measured shortterm

memory for visual designs have been reported in dry cleaning workers exposed to an average of

40.8 ppm tetrachloroethylene for at least 1 year (Echevenia et al. 1995). Loss of color vision has

been reported in dry cleaning workers exposed to tetrachloroethylene at an average of 7.3 ppm for an

average of 106 months (Cavalleri et al. 1994). However, no loss of color vision was noted in workers

exposed to tetrachloroethylene at average concentrations of 15.3 and 10.7 ppm for an unspecified

duration (Nakatsuka et al. 1992). Reaction times were increased in workers exposed to

tetrachloroethylene at an average of 15 ppm for about 10 years (Ferroni et al. 1992). Exposure in the

Ferroni et al. (1992) study was assessed with both blood and air measurements completed during more

than one season. Because of the better exposure assessment and more study subjects compared to the

study by Cavalleri et al. (1994), a chronic inhalation MRL of 0.04 ppm has been derived based on the

LOAEL of 15 ppm identified in the Ferroni et al. (1992) study. In all of the occupational studies
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assessing neurological effects, it is not clear if the observed effects are a result of peak exposures or

the TWA concentrations.

In a study of 14 persons living above or next to dry cleaning facilities, effects on neurological function

tests were noted when multivariate analysis was used to analyze the data, but not when the absolute

values of the tests were examined (Altmann et al. 1995). Median tetrachloroethylene exposure

concentrations were 0.2 ppm in the apartments of the exposed individuals and 0.0003 ppm in the

apartments of control subjects. The 0.2-ppm concentration is considered a NOAEL because of the

lack of effect on the absolute values of the tests. This study does suggest that further studies of larger

populations exposed to very low levels of tetrachloroethylene would be useful.

Electrophysiologic changes measured on the last day of exposure (e.g., reduced amplitude and

decreased latency in flash-evoked potentials) were reported in rats exposed to 800 ppm

tetrachloroethylene 6 hours/day for 4 days (Albee et al. 1991). Exposure of rats at 800 ppm

6 hours/day, 5 days/week for 13 weeks, only resulted in minimal changes in flash-evoked potential

when measured 1 week after the end of exposure (Mattsson et al. 1992). According to the

investigators, these studies suggest that the electrophysiologic changes are a result of repeated acute

exposure rather than permanent damage to the nervous system. Further investigation is required to

determine if the minimal changes observed in the 13-week study are reversible since the neurological

testing was done at one time point only (i.e., 1 week after the last exposure).

An inhalation multigeneration study in rats suggests that animals may adapt to some of the

neurological effects of tetrachloroethylene. Exposure at 1,000 ppm 6 hours/day, 5 days/week resulted

in decreased activity, reduced response to sound, salivation, breathing irregularities, and piloerection

(Tinston 1995). The effects were observed in each generation only during the first 2 weeks of a

19-week study, and recovery from these effects was noted about 30 minutes before the end of each

exposure period.

Subchronic and chronic inhalation exposure in rats and mice (NTP 1986) did not result in brain

lesions. Experimental studies in rodents have shown, however, that tetrachloroethylene alters the fatty

acid pattern of brain phospholipids and amino acids (Briving et al. 1986; Kyrklund et al. 1984, 1990).

Taurine is known to be a nonspecific membrane stabilizer; therefore, a reduction in the content of this

amino acid may lead to alterations in nerve impulse transmission and could be partially responsible for
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tetrachloroethylene-induced neurotoxic effects. Alternatively, the effects of tetrachloroethylene on the

central nervous system that were observed may have resulted from the incorporation of this lipophilic

compound into brain membranes and the resultant alteration of parameters such as neural conduction

velocity. Decreased DNA content concomitant with a decrease in astroglial protein was found in the

brain of gerbils exposed continuously to tetrachloroethylene concentrations as low as 60 ppm

(Rosengren et al. 1986). It was unclear, however, whether the astroglial response represents a direct

effect of tetrachloroethylene toxicity or an indirect reaction in response to neuronal cell damage. A

study by Wang et al. (1993), which examined neuronal and glial cell markers in different regions of

the brain in rats exposed to tetrachloroethylene, suggests that the frontal cerebral cortex is more

sensitive to tetrachloroethylene than other regions of the brain, that cytoskeletal elements are more

sensitive than cytosolic proteins, and that glial cells are more sensitive than neurons.

The relevance of neurotoxic effects to individuals following exposure to low concentrations of

tetrachloroethylene, most likely by inhalation, and the oral route through contaminated water, is

unclear.

Reproductive Effects. Epidemiological studies of women occupationally exposed to

tetrachloroethylene in the dry cleaning industry suggest that they may have an increased risk of

adverse reproductive effects, primarily menstrual disorders and spontaneous abortions (Ahlborg 1990;

Bosco et al. 1986; Kyyronen et al. 1989; Windham et al. 1991; Zielhuis et al. 1989). Interpretation of

these studies is complicated by limiting factors, such as small sample populations, failure to account

for possible confounding factors, lack of exposure data, and inadequate data collection methods. Other

studies have not found an association between tetrachloroethylene exposure and spontaneous abortions

(McDonald et al. 1986; Olsen et al. 1990). Wives of dry cleaners who had significantly more rounded

sperm did not have more spontaneous abortions, although there was some evidence that it may take

slightly longer for these women to become pregnant (Eskenazi et al. 1991a, 1991b). Therefore, it is

not possible to speculate on whether adverse reproductive effects could occur in environmentally

exposed people. Decreased litter sizes and decreased survival during lactation were observed in rats

exposed to 1,000 ppm in a multigeneration study (Tinston 1995). Sedation was also noted at this

concentration. No significant effects on reproduction were observed at 300 ppm. This study suggests

that at concentrations below those that result in frank neurological effects, reproductive effects are

unlikely to occur. Increased resorptions have also been noted in rats treated by gavage with
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tetrachloroethylene at 900 mg/kg/day on gestation days 6-13, a dose that also resulted in maternal

toxicity (Narotsky and Kavlock 1995). Lower doses were not examined in this study.

Developmental Effects.  Studies examining the association between drinking water contamination

and birth outcome in humans suggest that there may be an association between birth defects, especially

oral cleft defects, and tetrachloroethylene contamination (Bove et al. 1995; Lagakos et al. 1986).

These studies are confounded by more than one contaminant, and the Lagakos et al. (1986) study

combined birth defects in the analysis in a manner that has questionable biological relevance.

Results from inhalation studies in animals also suggest that tetrachloroethylene is fetotoxic but not

teratogenic at concentrations that are also maternally toxic (Schwetz et al. 1975). Fetotoxicity in

rodents is usually expressed by decreased fetal weight and delayed skeletal ossification. These effects

have been associated with exposure to 300 ppm, and NOAELs have not been reported. A gavage

study in rats reported that tetrachloroethylene caused an increase in micro/anophthalmia in the

offspring of rats treated by gavage with tetrachloroethylene at 900 mg/kg/day on gestation days 6-13

(Narotsky and Kavlock 1995). This dose also resulted in transient maternal ataxia and decreased

maternal body weight gain. The lack of teratogenic effects in the inhalation studies compared to the

oral study may be the result of different dose rates; gavage treatment may result in higher peak blood

concentrations compared to inhalation studies.

Gestational exposure to higher concentrations of tetrachloroethylene (900 ppm) was associated with

behavioral and neurochemical alterations in some rat offspring (Nelson et al. 1980). Following oral

exposure of mice to 5 mg tetrachloroethylene/kg for 7 days beginning at 10 days of age, hyperactivity

was observed at 60 but not by 17 days of age (Fredriksson et al. 1993). These studies suggest that the

developing nervous system may be sensitive to tetrachloroethylene. Based on the LOAEL of

5 mg/kg/day identified in the Fredriksson et al. (1993) study, an acute-duration oral MRL of

0.05 mg/kg/day has been derived.

A high concentration of the tetrachloroethylene metabolite TCA has been detected in the amniotic fluid

of mice following maternal inhalation exposure to tetrachloroethylene (Ghantous et al. 1986). TCA

levels in the amniotic fluid were higher following exposure to tetrachloroethylene compared to

exposure to TCA, suggesting that tetrachloroethylene can cross the placenta and be metabolized to

TCA by fetal tissues. Because TCA also appeared in the fetal urinary bladder, TCA may recirculate
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several times before leaving the fetoplacental compartment. This process may contribute to long-term

retention in the murine fetus.

Genotoxic Effects.   The lack of strong genotoxic effects seen in assays of human lymphocytes

following occupational exposure to tetrachloroethylene is consistent with data on the metabolism of

this compound. The metabolism of tetrachloroethylene by the hepatic cytochrome P-450 enzymes

does not result in the formation of compounds that are mutagenic or that otherwise interfere with the

integrity of the DNA. However, the metabolites that are formed are oxiranes and acyl chlorides; these

are highly cytotoxic, which may contribute to the weak hepatocarcinogenic effect of tetrachloroethylene

(Buben and O’Flaherty 1985; Daniel 1963; Yllner 1961). Another biotransformation pathway

of this compound is glutathione conjugation. This process results in the formation of strong mutagens,

e.g., S-( 1,2,2-trichlorovinyl)glutathione, in the kidney and could explain the carcinogenic effects seen

in this organ in rats (Dekant 1986).

A large number of studies of in vitro genotoxicity of tetrachloroethylene have been performed using

prokaryotic, eukaryotic, and mammalian cells. The results of in vitro and in vivo studies are

summarized in Tables 2-7 and 2-8, respectively. Most of the studies using the Ames test with

Salmonella typhimurium have indicated that tetrachloroethylene itself is not a mutagen (Bartsch et al.

1979; Haworth et al. 1983; NTP 1986). Several chlorinated aliphatic compounds identified in the

spent liquor from the softwood kraft pulping process were found to be mutagenic (Kringstad et

al. 1981). Tetrachloroethylene was one of several compounds isolated that was shown to be mutagenic

for S. typhimurium TA 1535 without the addition of liver microsomes for metabolic activation. In

contrast, purified tetrachloroethylene was not mutagenic with or without exogenous metabolic

activation. However, preincubation of tetrachloroethylene with purified rat liver GSH S-transferases in

the presence of GSH and rat kidney fraction resulted in the formation of the conjugate, S-(1,2,2-tri-chlorovinyl)

glutathione, which was unequivocally mutagenic in the Ames test (Vamvakas et al. 1989).

Tetrachloroethylene oxide, an epoxide intermediate of tetrachloroethylene, was found to be mutagenic

in bacterial studies (Kline et al. 1982).

Studies of mutagenicity on Escherichia coli have been negative (Greim et al 1975; Henschler 1977), as

have been tests for mitotic recombination in yeast (Callen et al 1980; Koch et al. 1988). Mixed results

were obtained in yeast when no metabolic activation was used in the experiments by Bronzetti et al.

(1983). Koch et al. (1988) postulated that the lack of mutagenicity of tetrachloroethylene was because
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of its highly toxic effects on cells and that lower doses would be required to demonstrate

unequivocally the presence or absence of mutagenic effects.

Direct effects on DNA by tetrachloroethylene have been investigated in several cell systems. Human

fibroblasts were assayed for unscheduled DNA synthesis following exposure to tetrachloroethylene, but

the results were equivocal (NIOSH 1980). This study is difficult to interpret because negative results

were obtained using the higher concentrations, whereas the lower doses produced a weak positive

response. In addition, the positive control chemicals (N-methyl-N-nitro-N-nitrosoguanidine,

benz[a]pyrene) produced only weak positive responses. Induction of single-strand breaks in mouse

liver and kidney DNA, but not in lung DNA, following intraperitoneal injection of 4-8 mmol

tetrachloroethylene/kg body weight was reported (Walles 1986). Most of the data do not support a

directly mutagenic effect of tetrachloroethylene itself (Costa and Ivanetich 1980). The inconsistent

results could be due to differences between tested species in metabolism or activation, protocol

differences, or purity of the compound tested. Other investigators found no effects on the DNA of rat

and mouse hepatocytes (Costa and Ivanetich 1980). However, evidence of DNA binding of

tetrachloroethylene in mouse liver and rat kidney was seen in experiments that utilized liver

microsomes and the addition of glutathione transferases (Mazzullo et al. 1987), further substantiating

the evidence that the glutathione metabolites may be responsible for the mutagenic and carcinogenic

properties of tetrachloroethylene. A single intraperitoneal injection of tetrachloroethylene given to

mice at doses up to 2,000 mg/kg did not increase micronuclei in reticulocytes or hepatocytes when

mice were treated before partial hepatectomy (Murakami and Kazumi 1995). Micronuclei were

increased in hepatocytes at 1,000 and 2,000 mg/kg when mice were treated after partial hepatectomy.

There are few data on clastogenic effects of tetrachloroethylene following in vitro exposure. When

Chinese hamster ovary cells were assayed for sister chromatid exchanges, no increase in frequency was

found (NTP 1986). Two assays of cell transformation in mouse cells treated with tetrachloroethylene

were negative (NTP 1986; Tu et al. 1985). However, Fischer rat embryo cells were transformed in the

absence of metabolic activation.

Most of the studies on tetrachloroethylene have been done using commercial or technical grade

chemical, which means that contaminants may be involved when effects are seen. Stabilizers are

added to tetrachloroethylene to prevent decomposition. Stabilizers are amines or mixtures of epoxides

and esters. Epoxides are themselves highly reactive because of the unstable three-member ring
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structure. They easily generate hydroxide radicals, which can have deleterious cellular effects.

Problems with unusual dose-response curves, cytotoxic doses of chemical, and small sample sizes are

examples of factors that limit the interpretation of these studies. There is growing evidence that the

mutagenic properties of tetrachloroethylene depend on the metabolic pathway that involves glutathione

conjugation, a pathway more prominent in rats than mice or humans (Green et al. 1990). Therefore, it

is not clear whether the low levels of tetrachloroethylene found at most hazardous waste sites would

cause observable genotoxic effects in humans.

Cancer. Some epidemiological studies of dry cleaning workers suggest a possible association

between chronic tetrachloroethylene exposure and increased cancer risk (Anttila et al. 1995; Blair et al.

1990; Chapman et al. 1981; Duh and Asal 1984; Katz and Jowett 1981; Lynge and Thygesen 1990

Ruder et al. 1994). Both the Anttila et al. (1995) and Ruder et al. (1994) studies reported a small

number of cancers in their study populations, and that no significant excess number of cases of

malignancy occurred. However, there was an increase in certain types of cancers which did develop.

The cancer types most consistently showing an increase were esophageal cancer (Blair et al. 1979,

1990; Ruder et al. 1994), cervical cancer (Anttila et al. 1995; Blair et al. 1979, 1990; Brown and

Kaplan 1987), and non-Hodgkin’s lymphoma (Anttila et al. 1995). In general, these studies are

confounded by concomitant exposure to other solvents, smoking and other life-style variables, and

methodological limitations in choosing control populations and maintaining complete follow-up. The

Woburn study (Lagakos et al. 1986), which attempted to correlate an increased risk of childhood

leukemia with exposure to solvent-contaminated water, has been refuted by many scientists. In a study

in New Jersey, tetrachloroethylene contamination of the drinking water was associated with an

increased incidence of non-Burkitt’s high-grade non-Hodgkin’s lymphoma in females (Cohn et al.

1994). The investigators noted that the conclusions of their study are limited by potential

misclassification of exposure because of a lack of individual information on duration of residence and

water consumption.

Occupational exposure to tetrachloroethylene and other solvents did not generally result in increased

risk of hematopoietic neoplasms. Although there was one report of familial chronic lymphocytic

leukemia in five of seven members of a family who had worked for years in the dry cleaning industry

(Blattner et al. 1976), it appears that an inherited defect was the cause of this family’s susceptibility to

leukemia. In addition, there was a study on occupational exposure of parents whose children had

acute nonlymphocytic leukemia. Paternal (but not maternal) exposure to agents categorized as



TETRACHLOROETHYLENE 139

2. HEALTH EFFECTS

“solvents” was reported to pose a significant risk for development of childhood leukemia (Buckley et

al. 1989). However, the risk was nonsignificant when controlled for household exposure (including

marijuana use) and paternal exposure to petroleum products.

The carcinogenicity of tetrachloroethylene has been documented in animals exposed by inhalation

(NTP 1986) or oral (gavage) routes (NCI 1977). By both routes of exposure, mice but not rats

developed compound-related hepatocellular neoplasms. One mechanism for tetrachloroethyleneinduced

hepatocellular tumors in mice has been hypothesized to be the formation of a genotoxic

epoxide intermediate during metabolism of tetrachloroethylene by mixed function oxidases (MFOs)

(Buben and O’Flaherty 1985). However, data from numerous studies also indicate that chlorinated

hydrocarbon-induced hepatocellular tumor development in rodents is related to peroxisomal

proliferation. Tetrachloroethylene induces hepatocellular peroxisomal proliferation in mice but not in

rats (Goldsworthy and Popp 1987). This species difference appears to result from differences in

metabolic rates between rats and mice, with mice forming higher levels of TCA, a major

tetrachloroethylene metabolite (Odum et al. 1988). TCA itself induces peroxisomal proliferation in

mouse liver (Goldsworthy and Popp 1987). Both TCA and dichloroacetic acid (DCA), a minor

metabolite of tetrachloroethylene, can induce hepatocellular tumors in mice (Herren-Freund et al. 1987;

Pereira 1996). The tumors produced by TCA were basophilic, and lacked glutathione S-transferase- ,

consistent with mouse liver tumors caused by other peroxisome proliferators (Pereira 1996). Humans

are exposed to a number of disparate chemicals, including therapeutic hypolipidemic agents, that cause

peroxisomal proliferation and liver cancer in rodents. These compounds, including TCA, cause little

peroxisome proliferation in humans (Bentley et al. 1993). Nevertheless, the mechanism of

carcinogenicity via peroxisomal proliferation is not well understood, and a cause and effect

relationship has not been established. Therefore, the relevance of this end point to human risk remains

unclear.

Other cancer end points in the inhalation study of tetrachloroethylene in rats, but not in mice, were

significantly increased incidences of mononuclear cell leukemia in both sexes and a low-incidence of

renal cancer in males (NTP 1986). Male rats exposed to a diverse group of hydrocarbon chemicals

develop a unique form of kidney damage characterized by crystalloid phagolysosomal inclusions in the

cytoplasm of renal proximal tubular epithelium (P2 segment) (Alden 1986). Biochemically, these

inclusions are composed of the low-molecular-weight protein -2 -globulin complexed with a

hydrocarbon chemical or its metabolite (Swenberg et al. 1989). This type of nephropathy, with
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concomitant increases in cell replication in the damaged segment of the kidney, has been induced

experimentally in male rats, but not in female rats, by treatment with doses of 1,000 mg/kg/day

tetrachloroethylene or greater by gavage (Goldsworthy et al. 1988; Green et al. 1990). However,

a-2 -globulin accumulation was not seen in rats after inhalation exposure to tetrachloroethylene levels

(400 ppm) that produced nephrotoxicity in both sexes and renal tumors in males (NTP 1986). This

finding tends to argue against a major role for the -2 -globulin mechanism in tetrachloroethyleneinduced

renal carcinogenesis in male rats. The complete pattern of nephropathy attributed to

-2 -globulin accumulators has not been fully characterized for tetrachloroethylene. The available

data do suggest, however, that since -2 -globulin accumulation was seen only after exposure to

dosages that were higher than those inducing nephrotoxicity in the cancer bioassay (NTP 1986), a

threshold level for the -2 -globulin nephrotoxicity of tetrachloroethylene (above the doses known to

cause tumors in male rats) may exist.

In addition, there is evidence that tetrachloroethylene can be metabolized by glutathione conjugation in

the liver (Dekant et al. 1986, 1987; Green et al. 1990). The conjugate is further metabolized by the

mercapturic acid pathway and excreted in urine as the N-acetyl cysteine derivative. The precursor of

this metabolite, S-( 1,2,2-trichlorovinyl)glutathione, is a substrate for the renal enzyme, cysteine

conjugate -lyase. The data presented by Green et al. (1990), which show that the urinary level of the

N-acetylated metabolite only begins to increase after saturation of the cytochrome P-450 pathway, have

been used to support the speculation that hepatic glutathione conjugation of tetrachloroethylene is a

“high-dose phenomenon” in rats. However, the saturation of the -lyase pathway in the kidney would

seem to be a more plausible explanation; at high doses, more of the cysteine conjugate would be

converted and excreted because the competing -lyase pathway approaches saturation. In addition,

S-( 1,2,2-trichlorovinyl)glutathione induces a powerful mutagenic response in the Ames bacterial

mutation assay when activated by rat kidney fractions (Dekant et al. 1986; Vamvakas et al. 1989).

The mutagenic response demonstrated for the cysteine conjugate of tetrachloroethylene suggests a

possible genotoxic component in nephrocarcinogenicity of tetrachloroethylene in male rats.

Human metabolism of tetrachloroethylene can be saturated by exposure to more than 100 ppm for

8 hours/day (Ohtsuki et al. 1983). Although glutathione conjugation was not detected in in vitro

studies of human liver tissues (Green et al. 1990), the results are inconclusive. The small number of

human liver samples that were assayed, in conjunction with the relatively weak response reported for

rat livers, does not resolve the issue of whether humans are at risk from renal damage caused by the



TETRACHLOROETHYLENE 141

2. HEALTH EFFECTS

electrophilic intermediate resulting from glutathione conjugation. Of the various mechanisms

hypothesized to be involved in tetrachloroethylene-induced renal tumorigenesis in male rats (i.e.,

protein droplet nephropathy, chronic nephrotoxicity, and hepatic glutathione-S-transferase-conjugation

resulting in the formation of a mutagenic cysteine conjugate), the formation of mutagenic metabolites

in the kidney appears to be a likely mode of action.

Despite some indication of human risk of leukemia from solvent exposure, the relevance to human

health of elevated incidences of mononuclear cell leukemia related to tetrachloroethylene exposure in

Fischer-344 rats is unclear. This is a spontaneous and very prevalent neoplasm that is fairly specific

for Fischer-344 rats, and the control incidences for this study were higher than historical values.

However, NTP’s Board of Scientific Counselors considered the incidence of rat leukemias to be a true

finding because there was a decreased time to onset of the disease and the disease was more severe in

treated as compared to control animals.

The weight-of-evidence for the carcinogenicity classification of tetrachloroethylene represents a

departure from the strict categorization scheme outlined in EPA’s Cancer Risk Assessment Guidelines

(EPA 1986b). Since EPA’s carcinogenicity classification of tetrachloroethylene has major

ramifications and can influence the public’s perceptions of risk, some historical perspective is provided

on the major issues arising from the assessment. In 1986, EPA recommended a Group B2 (probable

human carcinogen) weight-of-evidence classification for tetrachloroethylene based on sufficient

evidence from animal studies and inadequate human evidence (EPA 1991a). EPA’s Science Advisory

Board (SAB) reviewed tetrachloroethylene-related issues in late 1987; the summarized findings,

presented in a letter to the EPA Administrator (March 9, 1988) were that the overall weight-of evidence

positions tetrachloroethylene “on a continuum between categories B2 and C” (possible human

carcinogen). In 1991, after reevaluation of animal data and additional mutagenicity data, the SAB

Executive Committee made the following statement:

It is the Committee’s view that the major issues arising from the assessment of tetrachloro-

ethylene have not changed over the past four years, and that SAB’s previous response remains

appropriate. The available scientific evidence confirms that tetrachloroethylene should be

considered as an animal carcinogen, based on three endpoints in two species: liver tumors in

male and female mice, kidney tumors in male rats, and, possibly, mononuclear cell leukemia in

male and female rats. Complications within each study and in their biological interpretations
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have made it difficult to categorize this compound. We do not consider the evidence strong

enough to classify this compound as a probable human carcinogen (i.e., B2); on the other hand,

the evidence for carcinogenicity is stronger than for most other compounds classified as possible

human carcinogens (i.e., C). Therefore, in the spirit of the flexibility encouraged by the

Guidelines, our best judgement places this compound on a continuum between these two

categories (EPA 1991b).

The carcinogenicity assessment of tetrachloroethylene is still pending (IRIS 1996).

Based on increased risks of esophageal cancer, cervical cancer, and non-Hodgkin’s lymphoma in

several epidemiologic studies, and increased liver tumors in mice, increased mononuclear cell leukemia

in rats, and renal tumors in male rats, IARC (1995) has classified tetrachloroethylene as probably

carcinogenic to humans (Group 2A). According to the Department of Health and Human Services’

(DHHS) Annual Report on Carcinogens, there is sufficient evidence for the carcinogenicity of

tetrachloroethylene in animals, but the data in humans are inconclusive, leading to the conclusion that

tetrachloroethylene may reasonably be anticipated to be a carcinogen (DHHS 1994).

2.6 BIOMARKERS OF EXPOSURE AND EFFECT

Biomarkers are broadly defined as indicators signaling events in biologic systems or samples. They

have been classified as markers of exposure, markers of effect, and markers of susceptibility

(NAS/NRC 1989).

Due to a nascent understanding of the use and interpretation of biomarkers, implementation of

biomarkers as tools of exposure in the general population is very limited. A biomarker of exposure is

a xenobiotic substance or its metabolite(s) or the product of an interaction between a xenobiotic agent

and some target molecule(s) or cell(s) that is measured within a compartment of an organism

(NAS/NRC 1989). The preferred biomarkers of exposure are generally the substance itself, substance-specific

metabolites in readily obtainable body fluid(s), or excreta. However, several factors can

confound use and interpretation of biomarkers of exposure. The body burden of a substance may be

the result of exposures from more than one source. The substance being measured may be a

metabolite of another xenobiotic substance (e.g., high urinary levels of phenol can result from

exposure to several different aromatic compounds). Depending on the properties of the substance
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 (e.g., biologic half-life) and environmental conditions (e.g., duration and route of exposure), the

substance and all of its metabolites may have left the body by the time samples can be taken. It may

be difficult to identify individuals exposed to hazardous substances that are commonly found in body

tissues and fluids (e.g., essential mineral nutrients such as copper, zinc, and selenium). Biomarkers of

exposure to tetrachloroethylene are discussed in Section 2.6.1.

Biomarkers of effect are defined as any measurable biochemical, physiologic, or other alteration within

an organism that, depending on magnitude, can be recognized as an established or potential health

impairment or disease (NAS/NRC 1989). This definition encompasses biochemical or cellular signals

of tissue dysfunction (e.g., increased liver enzyme activity or pathologic changes in female genital

epithelial cells), as well as physiologic signs of dysfunction such as increased blood pressure or

decreased lung capacity. Note that these markers are not often substance specific. They also may not

be directly adverse, but can indicate potential health impairment (e.g., DNA adducts). Biomarkers of

effects caused by tetrachloroethylene are discussed in Section 2.6.2.

A biomarker of susceptibility is an indicator of an inherent or acquired limitation of an organism’s

ability to respond to the challenge of exposure to a specific xenobiotic substance. It can be an

intrinsic genetic or other characteristic or a preexisting disease that results in an increase in absorbed

dose, a decrease in the biologically effective dose, or a target tissue response. If biomarkers of

susceptibility exist, they are discussed in Section 2.8, Populations That Are Unusually Susceptible.

2.6.1 Biomarkers Used to Identify or Quantify Exposure to Tetrachloroethylene

Biological monitoring for exposure to tetrachloroethylene is possible by measuring levels of the parent

compound in the blood, urine, or exhaled air or TCA in the blood or urine. Biological monitoring for

tetrachloroethylene exposure has been performed to measure both exposure occurring in the workplace

and the environmental exposure of individuals at places other than the work site. In these instances, it

has been demonstrated that measurement of tetrachloroethylene in exhaled air is a fairly-simple,

effective, and noninvasive method for assessing both occupational and nonoccupational exposure

(Stewart and Dodd 1964; Stewart et al. 1961b, 1970, 1981). Tetrachloroethylene is excreted in the

breath for long periods after exposure and is measurable on Monday morning following exposure the

previous week (Monster et al. 1983). In an experimental exposure study, Stewart et al. (1981) found

that breath concentrations reached an equilibrium with exposure concentrations on the third day of
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each week. Based on breath analysis decay curves, Stewart et al. (1981) concluded that 16.5 hours

after a male worker has been exposed to tetrachlorethylene in air at 100 ppm for 7.5 hours, his breath

level should not exceed 10 ppm, while breath concentrations of a female worker should not exceed

6 ppm. Following 3 hours of exposure at 100 ppm, breath levels at 21 hours postexposure should not

exceed 5 and 1 ppm for males and females, respectively.

In the experimental exposure studies of Stewart et al. (1961b, 1970, 1981), analysis of the expired

breath of exposed subjects for tetrachloroethylene proved to be superior to both blood and urine

analyses for determining the magnitude of the previous vapor exposure. A series of Breath Decay

Curves was constructed following vapor exposures to 20, 50, 100, 150, and 200 ppm for 1, 3, and

7.5 hours, repeated for 5 days each, which permitted the estimation of the magnitude of the previous

exposure. Utilizing the 30-second breath holding technique to collect breath samples, these Breath

Decay Curves provide an efficient method for determining whether overexposure has occurred (Stewart

et al. 1961a, 1981).

The concentration of tetrachloroethylene in exhaled air was used to measure environmental exposure in

a group of 54 healthy volunteers from an urban population (Krotoszynski et al. 1979). In this group

of subjects, it was determined that 30.2% had traces of tetrachloroethylene in their breath, with a mean

concentration of 2.6 ng/m
3. The measurement of tetrachloroethylene in exhaled air showed that 93%

of a sample of about 300 nonoccupationally exposed residents of Bayonne and Elizabeth, New Jersey,

had measurable concentrations of tetrachloroethylene in their breath (Wallace 1986). The mean

concentration of tetrachloroethylene in the breath in this study was 13.3 g/m3, and this mean

concentration was increased to 22 g/m3 for persons who had visited a dry cleaning establishment.

Measurements of tetrachloroethylene in exhaled air were used to determine exposure in children

attending a school near a factory and in occupants of a senior citizens home located near a former

chemical waste dump. A control group of children had a mean tetrachloroethylene level in their

exhaled air of 2.8 g/m3, whereas exposed children had a mean tetrachloroethylene level of 24 g/m3.

In the senior citizens group, people living on the first floor of the home had a mean tetrachloro-

Ethylene level of 7.8 g/m3, whereas people living on the second floor and above had a mean tetra-chloroethylene

level of 1.8 g/m3. It was concluded that biological monitoring of tetrachloroethylene

in exhaled air was an effective method of assessing total ambient tetrachloroethylene exposure in both

the young and aged (Monster and Smolders 1984).
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Biological monitoring for recent, as opposed to more remote, exposure to tetrachloroethylene has also

been performed by measuring concentrations of tetrachloroethylene and its principal metabolite, TCA,

in blood and urine. However, TCA is not specific for tetrachloroethylene because it is also produced

from the metabolism of trichloroethylene and l,l,l-trichloroethane (Monster 1988). In a study of

occupationally exposed individuals, measurements of tetrachloroethylene and TCA in the blood

15-30 minutes after the end of the workday at the end of the week were judged to be the best

parameters for estimating exposure to the chemical. The best noninvasive method for determining

tetrachloroethylene exposure was to measure the concentration of the parent compound in exhaled air.

After exposure to a TWA concentration of 50 ppm of tetrachloroethylene, the estimated concentrations

of tetrachloroethylene and TCA in blood were 2.2 and 5.4 mg/L, respectively; the concentration of

tetrachloroethylene in exhaled air was estimated to be 22.5 ppm (Monster et al. 1983). In another

study of workers exposed to tetrachloroethylene, urinary metabolites were related to vapor

concentrations up to 50 ppm, but little additional increase occurred at higher concentrations (Ikeda et

al. 1972). The ACGIH biological exposure index (BEI) associated with a TWA concentration of

25 ppm tetrachloroethylene is 0.5 mg tetrachloroethylene/L in blood and 3.5 mg TCAL in urine

(ACGIH 1995). The estimated BE1 in Korean workers exposed to 50 ppm tetrachloroethylene was

1.6 mg tetrachloroethylene/ in blood and 2.9 mg TCAL in urine (Jang et al. 1993), suggesting that

there are differences in tetrachloroethylene metabolism among different ethnic populations.

Increased tetrachloroethylene blood levels have been detected after exposure to drinking water polluted

by tetrachloroethylene released from a leaking storage tank (Kido et al. 1989). The investigators

detected tetrachloroethylene in blood of exposed families when tetrachloroethylene was in drinking

water at levels above 120 g/L.

2.6.2 Biomarkers Used to Characterize Effects Caused by Tetrachloroethylene

Hepatocellular damage and icterus have been related to exposure to tetrachloroethylene. Biomarkers

of hepatic cell death, which are not specific for tetrachloroethylene, are increases in serum levels of

intracellular liver enzymes including SGOT, SGPT, and lactic dehydrogenase. Biomarkers of icterus

include increased serum levels of bilirubin and alkaline phosphatase and increased urobilinogen in

urine (Bagnell and Ellenberger 1977; Coler and Rossmiller 1953; Hake and Stewart 1977; Meckler and

Phelps 1966; Stewart 1969). Electrophoresis of serum GGT enzymes from tetrachloroethyleneexposed

workers with no other evidence of liver effects (SGOT, SGPT, serum alkaline phosphatase,
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lactate dehydrogenase, and 5’-nucleotidase) has shown increases in GGT-2 and the appearance of

GGT-4, which was not present in the serum of the unexposed controls (Gennari et al. 1992). The

investigators indicate that further research is required to determine if changes in GGT enzymes are

useful for detecting early liver changes induced by tetrachloroethylene. As increases in GGT also

occur with fatty livers, pancreatitis, and following exposure to other xenobiotics (Suber 1989), this

liver effect is not specific for tetrachloroethylene. Parenchymal changes detected by ultrasound may

also be a useful noninvasive marker of liver effects (Brodkin et al. 1995), although it also is not

specific for tetrachloroethylene.

Biomarkers of renal damage are not specific for solvents. For clinical renal damage, these include

increased blood urea nitrogen and serum creatinine and abnormal urinalysis findings. Increased

urinary levels of lysozyme and the lysosomal enzyme N-acetyl-beta-D-glucuronidase, albuminuria, and

other urinary markers suggesting increased shedding of epithelial membrane components from tubular

cells may indicate subclinical renal damage in workers exposed to a potentially nephrotoxic chemical

(Franchini et al. 1983; Meyer et al. 1984; Mutti et al. 1992; Viau et al. 1987).

Neurotoxic effects manifested in the central nervous system have been associated with acute and

chronic exposure of humans to tetrachloroethylene. These effects may be monitored by

symptomatology, neurological examination, and neuropsychological testing (Gregersen et al. 1984).

Neurological effects are not specific for tetrachloroethylene. Therefore, other causes of neurological

disease must be ruled out before effects are attributed to tetrachloroethylene exposure.

2.7 INTERACTIONS WITH OTHER CHEMICALS

The hepatic monooxygenase system is primarily responsible for oxidation of tetrachloroethylene.

Thus, compounds that stimulate or induce tetrachloroethylene metabolism could influence the toxicity

associated with exposure to this chemical. Results of experiments that have investigated possible

enhancement of tetrachloroethylene-induced toxicity by increasing tetrachloroethylene metabolism have

been equivocal. Pretreatment of rats with ethanol (Cornish and Adefuin 1966; Klaassen and Plaa

1966) and phenobarbital (Cornish et al. 1973; Moslen et al. 1977) failed to enhance tetrachloroethylene

hepatic toxicity. Pretreatment with polychlorinated biphenyls (PCBs), on the other hand, increased

urinary excretion of tetrachloroethylene metabolites in rats and enhanced tetrachloroethylene-induced

hepatotoxicity (Moslen et al. 1977).
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A study was conducted to evaluate the potential interaction between tetrachloroethylene and ethanol, or

tetrachloroethylene and diazepam (Stewart et al. 1977). Twelve healthy volunteers of each sex were

exposed to 0, 25, or 100 ppm tetrachloroethylene vapor alone or in combination with either ethanol

(0.0, 0.75, or 1.5 mL vodka/kg body weight) or diazepam (0, 6, or 10 mg/day). The subjects exhibited

a decrement in performance of at least one of the behavioral or neurological tests while on either drug

alone at the highest dose level, but no interaction with tetrachloroethylene resulting in additional test

performance decrement could be demonstrated for either combination of solvent vapor and drug.

Giovannini et al. (1992) examined the interaction of ethanol and tetrachlorethylene on the hepatic

toxicity in rats. Rats were exposed to 15% ethanol in the drinking water and/or to tetrachloroethylene

aerosol for 10 minutes each day for 4 weeks. The tetrachloroethylene concentration used was not

provided, but can be assumed to be very high because the rats were unconscious by the end of the

lo-minute exposure period. Liver effects, necrotic foci, steatosis, and lymphocyte infiltration were

worse after ethanol exposure compared to tetrachloroethylene exposure alone. When the rats were

treated with both compounds, tetrachloroethylene tended to reduce the hepatic effects of ethanol.

Giovannini et al. (1992) suggest that the reduction of ethanol hepatic effects by tetrachloroethylene is a

result of a metabolic interaction between ethanol and tetrachloroethylene.

In a study of dry cleaning workers in China, urinary metabolite levels (total trichloro compounds) were

reduced when workers were exposed to mixtures of tetrachloroethylene and trichloroethylene as

opposed to trichloroethylene alone (Seiji et al. 1989). The effect on the trichloroethylene metabolite,

trichloroethanol was greatest, with little effect on TCA, a metabolite of both trichloroethylene and

tetrachloroethylene. The study authors indicated that because of the smaller amount of

tetrachloroethylene metabolized, it was not possible to determine if trichloroethylene suppressed the

metabolism of tetrachloroethylene. Concurrent administration of tetrachloroethylene and

trichloroethylene to mice did not result in additive or synergistic effects in induction of hepatic

peroxisomal proliferation as measured by cyanide-insensitive palmitoyl CoA oxidation activity

(Goldsworthy and Popp 1987). This may be related to preferential metabolism of trichloroethylene at

the dose levels used.

Combined oral treatment of rats with tetrachloroethylene (3,000 mg/kg/day) and vitamin E

(400 mg/kg/day) prevented the centrilobular necrosis in the liver and hypercellular glomeruli and

congestion of convoluted tubules of the kidneys that was observed when rats were treated with tetra-
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chloroethylene alone (Ebrahim et al. 1995). Vitamin E also prevented the tetrachloroethylene-induced

increase in protein and protein-bound carbohydrates observed in the liver and kidneys of rats treated

only with tetrachloroethylene. This study suggests that free radical metabolites may play a role in the

liver and kidney toxicity observed in rats treated with tetrachloroethylene.

Tetrachloroethylene may sensitize the myocardium to effects of other chemicals. For example, high

doses of intravenously administered tetrachloroethylene have been found to sensitize the myocardium

to the presence of exogenous epinephrine (Kobayashi et al. 1982). However, Reinhardt et al. (1973)

did not observe sensitization to epinephrine in beagle dogs exposed to vapors of tetrachloroethylene.

Tetrachloroethylene may also have a direct effect on the heart. In synergy with alcohol and hypoxia,

tetrachloroethylene prolonged atrioventricular conduction in the perfused rat heart. Because of the

perfused heart model, this effect was not catecholamine mediated (Kawakami et al. 1988).

Using the Tradescantia-micronucleus assay, Ma et al. (1992) examined the genotoxicity of

tetrachloroethylene with lead tetraacetate, arsenic trioxide, and dieldrin. Although tetrachloroethylene,

dieldrin, and arsenic trioxide were not genotoxic alone, mixtures of tetrachloroethylene with dieldrin or

arsenic trioxide were genotoxic. An interaction between tetrachloroethylene and lead tetraacetate was

not observed. When mixtures of three chemicals (combination of any 3: tetrachloroethylene, dieldrin,

arsenic trioxide, and lead tetraacetate) were tested, interactions were also not observed.

2.8 POPULATIONS THAT ARE UNUSUALLY SUSCEPTIBLE

A susceptible population will exhibit a different or enhanced response to tetrachloroethylene than will

most persons exposed to the same level of tetrachloroethylene in the environment. Reasons may

include genetic makeup, age, health and nutritional status, and exposure to other toxic substances (e.g.,

cigarette smoke). These parameters may result in reduced detoxification or excretion of

tetrachloroethylene, or compromised function of organs affected by tetrachloroethylene. Populations

who are at greater risk due to their unusually high exposure to tetrachloroethylene are discussed in

Section 5.6, Populations With Potentially High Exposures.

Patients who had detectable blood levels of volatile organic chemicals (often more than one chemical)

and who had a variety of systemic symptoms were classified as “chemically sensitive” by Rea et

al. (1987). Tetrachloroethylene was the most common chemical detected in the blood of the
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“chemically sensitive” individuals who were studied (found in 72 of 134 patients). No controls were

used in this study, so it is not clear if tetrachloroethylene is more frequently detected in chemically

sensitive individuals and/or if concentrations of tetrachloroethylene in the blood are greater in sensitive

individuals than in the general population. Some adults also appear to have increased sensitivity to

certain systemic effects of tetrachloroethylene, e.g., cardiac sensitization (Abedin et al. 1980). Since

high doses of tetrachloroethylene are known to cause liver and kidney effects, persons with clinical or

subclinical renal or hepatic disease may be predisposed to the effects of tetrachloroethylene. Persons

with preexisting nervous system diseases may also be more sensitive to the neurotoxic effects of

tetrachloroethylene.

The developing fetus, children, and especially the developing nervous system may be particularly

susceptible to the toxic effects of tetrachloroethylene (Frederiksson et al. 1993). Studies in mice

suggest that tetrachloroethylene can cross the placenta and that TCA concentrates in the fetus

(Ghantous et al. 1986). Unmetabolized tetrachloroethylene has been excreted in breast milk and was

detected in an exposed infant with liver damage (Bagnell and Ellenberger 1977). In addition, possible

chemical effects were detected in children in Woburn, Massachusetts. These children may have been

exposed to solvent-contaminated drinking water as infants or in utero, and they had elevated

incidences of acute lymphocytic leukemia or impaired immunity (Byers et al. 1988; Lagakos et al.

1986).

2.9 METHODS FOR REDUCING TOXIC EFFECTS

This section will describe clinical practice and research concerning methods for reducing toxic effects

of exposure to tetrachloroethylene. However, because some of the treatments discussed may be

experimental and unproven, this section should not be used as a guide for treatment of exposures to

tetrachloroethylene. When specific exposures have occurred, poison control centers and medical

toxicologists should be consulted for medical advice. The following texts provide specific information

about treatment following exposures to tetrachloroethylene: Ellenhorn and Barceloux 1988; Stetz and

Ulin 1992.
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2.9.1 Reducing Peak Absorption Following Exposure

Following suspected overexposure to tetrachloroethylene, the person should be promptly placed under

the care of a knowledgeable physician. In the case of vapor exposure, the person should be removed

from the vapor-contaminated environment and given the standard emergency, and supportive treatment.

There is no specific antidote. Anesthetic overexposure may require respiratory assistance and the

treatment of cardiac arrythmias. General recommendations for reducing absorption following acute

oral exposure have included the administration of water or milk, emesis with ipecac syrup (unless the

patient is or could rapidly become obtunded, comatose, or convulsive), gastric lavage, and/or

administration of a charcoal slurry with or without a cathartic (Ellenhorn and Barceloux 1988; HSDB

1996; Stutz and Ulin 1992). Induction of emesis is not recommended because of the danger of

aspiration resulting in a chemical pneumonitis. In the case of eye exposure, irrigation with copious

amounts of water or saline has been recommended (Bronstein and Currance 1988; Haddad and

Winchester 1990; HSDB 1996; Stutz and Ulin 1992). For dermal exposure, the removal of

contaminated clothing and a thorough washing of any exposed areas with soap and water have been

recommended (HSDB 1996; Stutz and Ulin 1992).

2.9.2 Reducing Body Burden

The body does not retain significant amounts of tetrachloroethylene; most of an absorbed dose is

excreted within several days of either inhalation or oral exposure (see Section 2.3.4). However,

methods aimed at enhancing elimination during this period of retention may be effective in mitigating

the serious effects that can occur following absorption of tetrachloroethylene. It is emphasized that no

clinical treatments, other than supportive measures, are currently available to enhance elimination.

One possible method for enhancing elimination is increasing the ventilation rate. In a single case

report, controlled hyperventilation over a 5-day period enhanced pulmonary elimination in a 6-year-old

boy who had ingested between 12 and 16 grams of tetrachloroethylene (Koppel et al. 1985).

Metabolism of tetrachloroethylene is saturable following either inhalation (Ohtsuki et al. 1983; Seiji et

al. 1989) or oral (Pegg et al. 1979; Schumann et al. 1980) exposure, and therefore, it is likely that

stimulation of the metabolism of tetrachloroethylene will also lead to enhanced elimination. Methods

for enhancing elimination through stimulation of metabolism could focus on either P-450-mediated
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oxidation or glutathione conjugation. While elimination enhancement through stimulation of either of

these pathways may reduce some forms of toxic effects, these same pathways may form reactive

metabolites from tetrachloroethylene or from other substances (such as carbon tetrachloride) (Anders et

al. 1988; Cornish and Adefuin 1966; Cornish et al. 1973; Dekant et al. 1986; Green et al. 1990;

Klaassen and Plaa 1966; Moslen et al. 1977). Therefore, the risks and benefits of stimulating these

pathways are unclear.

2.9.3 Interfering with the Mechanism of Action for Toxic Effects

Clinical effects caused by acute tetrachloroethylene exposure include central nervous system

depression, liver or kidney injury, and in severe cases even death from anesthetic effects (see

Section 2.5). Other effects can include malaise, dizziness, fatigue, headache, and lightheadedness, all

of which may disappear soon after the exposure is stopped (HSDB 1996). The mechanism of action

for the central nervous system effects has not been clearly established but may be related to solvent

effects on lipid and fatty acid compositions of membranes (Kyrklund et al. 1984, 1988, 1990).

The mechanism of action for kidney toxicity and nephrocarcinogenicity may involve the formation of

reactive intermediates from glutathione conjugates (Dekant et al. 1986, 1987; Green et al. 1990;

Henschler 1977). Although evidence from an in vitro study with human liver tissue suggests that

glutathione conjugation is not an important route of biotransformation in humans (Green et al. 1990),

the results are not conclusive. Methods for reducing the destructive damage caused by glutathione

conjugates metabolites, or for blocking their formation through inhibition of -lyase may prove

effective in reducing kidney toxicity but are not currently available for clinical use.

One mechanism of action for liver toxicity suggested in the literature is the induction of peroxisome

proliferation (and resulting increases in hydrogen peroxide and oxidative damage) by TCA, a

metabolite of tetrachloroethylene (Odum et al. 1988). Shifting metabolism away from formation of

TCA could theoretically reduce toxicity that might be caused by this mechanism. However, the net

effect on all forms of toxicity of tetrachloroethylene by such an alteration in metabolism would need

to be evaluated.
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2.10 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with

the Administrator of EPA and agencies and programs of the Public Health Service) to assess whether

adequate information on the health effects of tetrachloroethylene is available. Where adequate

information is not available, ATSDR, in conjunction with the National Toxicology Program (NTP), is

required to assure the initiation of a program of research designed to determine the health effects (and

techniques for developing methods to determine such health effects) of tetrachloroethylene.

The following categories of possible data needs have been identified by a joint team of scientists from

ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met would

reduce the uncertainties of human health assessment. This definition should not be interpreted to mean

that all data needs discussed in this section must be filled. In the future, the identified data needs will

be evaluated and prioritized, and a substance-specific research agenda will be proposed.

2.10.1 Existing Information on Health Effects of Tetrachloroethylene

The existing data on health effects of inhalation, oral, and dermal exposure of humans and animals to

tetrachloroethylene are summarized in Figure 2-6. The purpose of this figure is to illustrate the

existing information concerning the health effects of tetrachloroethylene. Each dot in the figure

indicates that one or more studies provide information associated with that particular effect. The dot

does not necessarily imply anything about the quality of the study or studies, nor should missing

information in this figure be interpreted as a “data need.” A data need, as defined in ATSDR’s

Decision Guide for Identifying Substance-Specific Data Needs Related to Toxicological Profiles

(ATSDR 1989), is substance-specific information necessary to conduct comprehensive public health

assessments. Generally, ATSDR defines a data gap more broadly as any substance-specific

information missing from the scientific literature.

Most of the literature regarding health effects in humans comes from studies of workers exposed to

tetrachloroethylene during occupational uses. Case reports describe some of the acute, intermediate,

and chronic health effects associated with ingestion or inhalation of the chemical. The predominant

mode of exposure in these studies is by inhalation. The primary untoward health effects observed in

the humans reported in these occupational and case studies are the result of central nervous system
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depression or skin injury. Transient kidney and liver injury are observed when acute and prolonged

exposure to higher vapor concentrations occur. Acute exposure to high vapor concentrations has also

resulted in death, from either profound respiratory center depression or cardiac arrhythmia. These

studies are limited by the lack of reliable data on individual exposure levels. According to one case

report, direct dermal exposure to tetrachloroethylene reportedly resulted in erythema and blistering of

the skin. Experimental exposure studies at concentrations achieved in occupational settings have

confirmed neurological effects.

A large number of studies examining the health effects of inhalation of tetrachloroethylene by animals

were reviewed. There were also a number of studies regarding health effects of ingested tetrachloro-ethylene.

Primary target organs and systems in animals include the nervous system, kidney, and liver.

The mouse is especially susceptible to liver damage leading to increased risk of liver cancer. The rat

appears to have an increased sensitivity to kidney damage leading to cancers of the kidney. The

limited dermal exposure studies of tetrachloroethylene in animals indicate that the compound can be

absorbed following direct application, but the studies have not clearly identified any effects.

2.10.2 Identification of Data Needs

Acute-Duration Exposure. There are reports on acute tetrachloroethylene exposure of humans

following inhalation and oral routes, and in animals following inhalation and oral exposure. The

primary targets following acute inhalation and oral exposure are the central nervous system (Altmann

et al. 1990, 1992; Carpenter 1937; Hake and Stewart 1977; Haerer and Udelman 1964; Kendrick 1929;

Moser et al. 1995; NTP 1986; Ogata et al. 1971; Rowe et al. 1952; Savolainen et al. 1977; Stewart

1969; Stewart et al. 1961a, 1961b, 1970, 1981), kidneys (Goldsworthy and Popp 1987), and the liver

(Berman et al. 1995; Hake and Stewart 1977; Goldsworthy and Popp 1987; Hanioka et al. 1995; Kylin

et al. 1963; NTP 1986; Odum et al. 1988; Saland 1967; Schumann et al. 1980; Stewart 1969). The

majority of the human studies are cases involving accidental (Gamier et al. 1996; Koppel et al. 1985;

Saland 1967) or occupational exposure (Levine et al. 1981; Lukaszewski 1979; Morgan 1969; Pate1 et

al. 1973), or the use of tetrachloroethylene as an anthelminthic (Kendrick 1929; Wright et al. 1937).

However, studies are available that reported the thresholds for central nervous system effects in

humans resulting from acute-duration inhalation exposures to tetrachloroethylene (Altmann et al. 1990,

1992; Carpenter 1937; Hake and Stewart 1977; Rowe et al. 1952). An acute inhalation MRL of

0.2 ppm has been determined based on the NOAEL for human central nervous system effects
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 (Altmann et al. 1992). Human oral exposure data, limited to an accidental exposure (Koppel et al.

1985) and descriptions of the use of tetrachloroethylene as an anthelminthic (Chaudhuri and Mukerji

1947; Kendrick 1929; Koppel et al. 1985; Sandground 1941; Wright et al. 1937), do not clearly define

threshold dosages. Direct dermal contact with tetrachloroethylene results in chemical burns (Hake and

Stewart 1977; Ling and Lindsay 1971; Morgan 1969). Additional effects in humans following dermal

exposure only have not been conclusively identified.

There are acute inhalation studies that provide data on lethality (Friberg et al. 1953; NTP 1986) and

systemic effects in mice including neurotoxic (NTP 1986), hepatic (Kylin et al. 1963; NTP 1986;

Odum et al. 1988), respiratory (Aoki et al. 1994), and immunotoxic effects (Aranyi et al. 1986), and

neurotoxic effects in rats (Goldberg et al. 1964; NTP 1986; Rowe et al. 1952; Savolainen et al. 1977).

There are also oral lethality studies in rats (Berman et al. 1995; Hayes et al. 1986) and mice (Wenzel

and Gibson 1951). Effects noted in acute oral studies of tetrachloroethylene in animals include

increased liver weight (Berman et al. 1995; Goldsworthy and Popp 1987; Hanioka et al. 1995),

nephropathy (Goldsworthy et al. 1988), decreased body weight gain in rats (Schumann et al. 1980),

neurological effects in rats (Moser et al. 1995), and liver hypertrophy (Schumann et al. 1980) in mice.

Oral exposure of young mice to tetrachloroethylene resulted in hyperactivity when the mice were

tested as adults (Fredriksson et al. 1993). Interpretation of some of these data is difficult because of

limitations in the design and conduct of the studies (e.g., decreased survival, poor study methodology).

An acute oral MRL of 0.05 mg/kg/day has been derived based on the LOAEL for developmental

neurotoxicity (Fredriksson et al. 1993). Acute dermal exposure data in animals were not identified.

Additional data on dermal exposure of animals would be useful to provide threshold levels. Because

the acute oral MRL is based on a single study showing effects on the developing nervous system

(Fredriksson et al. 1993), additional animal studies designed to examine this end point would increase

confidence in the database. The targets that seem to be of greatest concern following

tetrachloroethylene exposure are the central nervous system, including effects on the developing

nervous system, the liver, and the kidneys. Populations living near hazardous waste sites may

potentially be exposed for brief periods to tetrachloroethylene via inhalation, oral, or dermal routes.

Intermediate-Duration Exposure.   Human data regarding intermediate-duration exposure are

limited to inhalation studies that reported adverse neurological effects (Abedin et al. 1980; Meckler

and Phelps 1966). However, exposure concentrations are not well defined in these studies. No human

data were located regarding oral or dermal exposure to tetrachloroethylene. The target organs
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identified in animal studies of intermediate-duration oral or inhalation exposure to tetrachloroethylene

include the central nervous system (Carpenter 1937; Karlsson et al. 1987; Kyrklund et al. 1988;

Rosengren et al. 1986), liver (Buben and O’Flaherty 1985; Carpenter 1937; Hayes et al. 1986;

Kjellstrand et al. 1984; Kylin et al. 1965; Kyrklund et al. 1988; NTP 1986; Odum et al. 1988; Rowe et

al. 1985; Story et al. 1986), and kidney (Carpenter 1937; Green et al. 1990; Hayes et al. 1986; NTP

1986; Rowe et al. 1985). These studies were conducted in a variety of animal species including mice,

rats, guinea pigs, and gerbils. Intermediate oral studies in animals have reported mortality in rats (NCI

1977), and kidney (Green et al. 1990; Hayes et al. 1986) and liver (Buben and O’Flaherty 1985; Hayes

et al. 1986; Story et al. 1986) effects in rats and mice. No intermediate-duration dermal studies in

animals were located. An intermediate-duration inhalation MRL was not derived. Exposure concentrations

were not well defined in human intermediate-duration studies following inhalation exposure.

The lowest animal LOAEL was for liver effects in mice (Kjellstrand et al. 1984). Because mice

metabolize more tetrachloroethylene to TCA than humans, and because the peroxisomal proliferative

response in mice is much greater than in humans, data in humans were considered more appropriate

for the derivation of inhalation MRLs. Oral studies have not focused on neurological effects, the

principal effect of tetrachloroethylene in humans, and the most sensitive end point in an acute oral

study (Fredriksson et al. 1993). Therefore, an intermediate-duration oral MRL was not derived.

Additional animal studies concerning the threshold of nervous system effects following inhalation,

oral, and dermal exposure to tetrachloroethylene would be especially useful for determining levels of

significant exposure to tetrachloroethylene that are associated with adverse health effects.

Chronic-Duration Exposure and Cancer.  Kidney toxicity (Franchini et al. 1983; Mutti et al.

1992; Price et al. 1995) and symptoms of chronic encephalopathy (Gregersen 1988) were reported in

studies of humans occupationally exposed to tetrachloroethylene. Other occupational exposure studies

have not identified kidney (Lauwerys et al. 1983; Solet and Robins 1991) or irreversible central

nervous system effects (Cai et al. 1991; Coler and Rossmiller 1953; Lauwerys et al. 1983). Deficits in

behavioral tests that measured short-term memory for visual designs (Echeverria et al. 1995) have also

been noted in humans occupationally exposed to tetrachloroethylene. There are conflicting reports on

the effect of tetrachloroethylene on color vision in persons occupationally exposed to tetrachloro-

ethylene. Cavalleri et al. (1994) reported an effect on color vision at an average concentration of

7.3 ppm, while Nakatsuka et al. (1992) reported no effect on color vision at average concentrations of

15.3 and 10.7 ppm for men and women, respectively. Further studies to clarify whether occupational

exposure to tetrachloroethylene affects color vision would be useful. Ferroni et al. (1992) reported
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increased reaction times in women exposed to tetrachloroethylene in dry cleaning shops at an average

concentration of 15 ppm for about 10 years. Based on this LOAEL, a chronic-duration inhalation

MRL of 0.04 ppm was derived.

A study of neurological function in persons living above or next to dry cleaning facilities has been

completed (Altmann et al. 1995). Although no differences in absolute values of neurological function

tests were noted, effects on neurological function tests were observed when multivariate analysis was

used to analyze the data. This study suggests that further studies of larger populations exposed to very

low levels of tetrachloroethylene would be useful.

Adverse health effects observed in chronic inhalation animal studies include reduced survival in rats

and mice (NTP 1986), biochemical alterations in the brains of gerbils (Briving et al. 1986; Kyrklund et

al. 1984) and kidney effects (nephropathy) in rats and mice (NTP 1986). Chronic oral animal studies

have demonstrated reduced survival and kidney effects in rats and mice (NCI 1977). Doses causing

target organ effects in animals following oral exposure are very similar to those causing lethality (NCI

1977). Therefore, no chronic-duration oral MRL was derived. No chronic dermal studies were

located. Additional chronic studies in animals that provide information on threshold levels and dose-response

relationships for toxic effects following oral or dermal exposure would be useful since

populations living near hazardous waste sites are likely to be exposed at low levels over a long period

of time.

Epidemiology studies suggest a possible association between chronic inhalation exposure to tetrachloroethylene

and cancer (Anttila et al. 1995; Blair et al. 1979, 1990; Brown and Kaplan 1987; Duh

and Asal 1984; Katz and Jowett 1981; Lynge and Thygesen 1990; Ruder et al. 1994; Spirtas et al.

1991). The cancer types most consistently showing an increase were esophageal cancer (Blair et al.

1979, 1990; Ruder et al. 1994), cervical cancer (Anttila et al. 1995; Blair et al. 1979, 1990; Brown and

Kaplan 1987), and non-Hodgkin’s lymphoma (Anttila et al. 1995). In general, these studies are

confounded by concomitant exposure to other solvents and lack of consideration of the smoking habits

and socioeconomic status of the subjects. The only data on carcinogenicity in humans following

chronic oral exposure to tetrachloroethylene are from communities exposed to drinking water

contaminated with tetrachloroethylene (Cohn et al. 1994; Lagakos et al. 1986). There are a number of

confounding factors (i.e., uncertain exposure duration, exposure to multiple organic compounds) that
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render the studies problematic, and the findings do not substantiate an association between

tetrachloroethylene and cancer in humans. No chronic dermal exposure data are available for humans.

Inhalation and oral bioassays using rats and mice have been conducted (NCI 1977; NTP 1986). These

data provide sufficient evidence to conclude that tetrachloroethylene is carcinogenic in animals.

However, the oral study (NCI 1977) was limited by control groups smaller than treatment groups,

decreased survival, and dose adjustments during the study. A dermal study conducted in mice

reported no incidence of cancer in the test animals (Van Duuren et al. 1979). No additional cancer

bioassays in animals appear to be necessary at this time. However, additional studies that clarify the

relationship between peroxisome proliferation and hepatic cancers in mice as well as the relevance of

hepatic glutathione conjugation of tetrachloroethylene to humans would be useful.

Genotoxicity.  In vivo genotoxicology studies, including two studies examining human lymphocytes

from persons occupationally exposed to tetrachloroethylene (Ikeda et al. 1980; Seiji et al. 1990), were

negative for sister chromatid exchange. Similarly, the majority of in vitro genotoxicity tests using

prokaryotic cells (Bartsch et al. 1979; Haworth et al. 1983; NTF’ 1986; Williams and Shimada 1983),

eukaryotic cells (Bronzetti et al. 1983; Callen et al. 1980; Koch et al. 1988), and mammalian cells

(Costa and Ivanetich 1980; Mazzullo et al. 1987; NIOSH 1980; NTP 1986; Tu et al. 1985; Walles

1986; Williams and Shimada 1983) showed negative or marginal results for gene mutation,

recombination, DNA damages and sister chromatid exchanges. Although the results in both in vivo

and in vitro assays generally indicate that tetrachloroethylene is not genotoxic, marginal and equivocal

results in some assays indicate that genotoxic effects cannot be ruled out. Data are available indicating

that the precursor of the N-acetyl cysteine derivative of tetrachloroethylene, S-( 1,2,2-trichlorovinyl)-

glutathione, induces a powerful mutagenic effect in S. typhimurium strains in the presence of rat

kidney fractions (Vamvakas et al. 1989). It is conceivable, therefore, that the mutagenic potential of

the parent compound could be uncovered if the steps involved in the activation of tetrachloroethylene

via glutathione conjugation could be replicated in in vitro microbial systems. Additional genotoxicity

assays would be useful for either substantiating the data that indicate that this chemical may be

carcinogenic in humans or for providing information about the carcinogenic mechanism of tetrachloroethylene.

Additional data on genotoxic end points from animals exposed in vivo would be useful

because the available data are inconclusive.



TETRACHLOROETHYLENE 159

2. HEALTH EFFECTS

Reproductive Toxicity.   Reproductive data are available on women occupationally exposed to

tetrachloroethylene in dry cleaning operations. Three studies suggest an increase in spontaneous

abortion (Ahlborg 1990; Bosco et al. 1986; Kyyronen et al. 1989; Windham et al. 1991), but other

studies reported no increase (McDonald et al. 1986; Olsen et al. 1990). However, these studies are

limited by the difficulty in identifying appropriate controls and by the problems in controlling for

concomitant exposures to other chemicals. Limited evidence also suggests that time-to-pregnancy may

be increased among women occupationally exposed to tetrachloroethylene (Sallmen et al. 1995).

Wives of dry cleaners who had significantly more rounded sperm did not have more spontaneous

abortions, although there was some evidence that it may take slightly longer for these women to

become pregnant (Eskenazi et al. 1991a, 1991b). These studies suggest that tetrachloroethylene may

affect the ability of men to reproduce. No studies were located regarding reproductive effects in

humans after oral or dermal exposure to tetrachloroethylene.

Decreased litter sizes and decreased survival during lactation were observed in rats exposed to

1,000 ppm in a multigeneration study (Tinston 1995). Sedation was also noted at this concentration.

No significant effects on reproduction were observed at 300 ppm in air. This study suggests that at

concentrations below those that result in frank neurological effects, reproductive effects are unlikely to

occur. A significant increase in resorptions was also observed in rats treated by gavage with

tetrachloroethylene during organogenesis at 900 mg/kg/day, a dose that resulted in maternal ataxia and

decreased body weight gain (Narotsky and Kavlock 1995). Histopathological effects in the testes and

ovaries were not observed in rats or mice exposed by gavage to tetrachloroethylene at doses that

resulted in increased mortality (NCI 1977). No studies were located regarding reproductive effects in

animals following dermal exposure. It would be useful to conduct multigeneration or continuous

breeding studies for oral and dermal exposures of animals in order to clarify the potential for

tetrachloroethylene to cause reproductive effects in humans via these exposure routes.

Developmental Toxicity.   Studies examining the association between drinking water contamination

and birth outcome (Bove et al. 1995; Lagakos et al. 1986) have suggested that tetrachloroethylene

exposure may be associated with increased eye/ear anomalies and central nervous/chromosomal/oral

cleft anomalies. These studies are not conclusive because the water was contaminated with other

solvents in addition to tetrachloroethylene. In animal studies, tetrachloroethylene has been shown to

cross the placenta and distribute to the fetus and amniotic fluid (Ghantous et al. 1986). Developmental

effects following inhalation exposure to tetrachloroethylene were investigated in several animal studies
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(Nelson et al. 1980; NIOSH 1980; Schwetz et al. 1975). Developmental studies conducted in rats and

mice reported fetotoxic effects but no teratogenic effects at concentrations that were maternally toxic

(Schwetz et al. 1975). Decreased fetal weight and delayed skeletal ossification were common

observations. In rats, behavioral and neurochemical alterations were observed after maternal exposure

to tetrachloroethylene (Nelson et al. 1980). Increased postnatal deaths and increased

micro/anophthalmia were observed in the offspring of rats treated by gavage with tetrachloroethylene

during organogenesis at 900 mg/kg/day, a dose that resulted in maternal ataxia and decreased body

weight gain (Narotsky and Kavlock 1995). Following oral exposure of mice to 5 mg tetrachloro-

ethylene/kg for 7 days beginning at 10 days of age, hyperactivity was observed at 60 but not 17 days

of age (Fredriksson et al. 1993). This study suggests possible permanent damage to the nervous

system if exposure occurs during development. No NOAEL was identified. Because the Fredriksson

et al. (1993) study serves as the basis for the acute oral MRL, additional animal inhalation and oral

studies confirming the observation of developmental neurotoxicity would be useful. Studies in more

than one species and studies examining whether the effect is a result of tetrachloroethylene or TCA are

needed to determine if the results in mice are applicable to predicting effects in humans.

No studies were located regarding developmental effects following dermal exposure to

tetrachloroethylene in animals. Additional animal studies should focus on the mechanism by which

tetrachloroethylene produces embryotoxic and neurological effects in the offspring. Studies examining

the relationship between behavioral effects and morphological changes in the nervous system following

tetrachloroethylene exposure would be especially useful. Because tetrachloroethylene crosses into

breast milk (Byczkowski and Fisher 1994), and because workers exhale tetrachloroethylene at home,

these animal studies should also examine the later stages of nervous system development that occur

after birth. Nervous system function should be examined throughout the lifetime of exposed animals

to determine if effects are consistently observed as the animals age. Additional studies regarding

developmental effects in animals following inhalation, oral, and dermal exposure would provide useful

information relevant to humans exposed by these routes in areas near hazardous waste sites.

Immunotoxicity.  Immunotoxicity data in either humans or animals are insufficient. Available data

indicate possible immunotoxic effects (altered ratios of T lymphocyte subpopulations) in humans

chronically exposed to tetrachloroethylene (21 ppb) as well as trichloroethylene (267 ppb) and other

solvents from a contaminated water supply (Byers et al. 1988). However, because of other

contaminants, it is not possible to infer from these data the exact role of tetrachloroethylene. One
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study (Aranyi et al. 1986) in which mice were exposed by inhalation for 3 hours to varying doses of

tetrachloroethylene demonstrated increased susceptibility to bacterial infection. Interpretation of this

study is complicated by the fact that the controls for one of the treated groups had a higher mortality

rate than any other group in the study. In a study in which rats were exposed to tetrachloroethylene

vapors, no production of antibodies to tetrachloroethylene was detected (Tsulaya et al. 1977). In a

14-day study, histopathological changes in the spleen and thymus gland were not observed in rats

treated by gavage with tetrachloroethylene at a dose that resulted in liver effects (Berman et al. 1995).

No effects on natural killer cell, natural cytotoxic, and natural P815 killer cell activities or humor-al

and T cell mitogenesis were observed in cells harvested from rats and mice treated with three daily

intraperitoneal doses of 829 mg tetrachloroethylene/kg (Schlichting et al. 1992). There are no dermal

studies regarding the immunotoxic effects of tetrachloroethylene. Additional data from inhalation,

oral, and dermal intermediate-duration animal studies on immune function are needed to confirm or

refute the evidence suggested in the human data. There are differences in metabolism across species;

data from several species are needed for determining possible immunotoxic effects of

tetrachloroethylene among different species.

Neurotoxicity.   It has been clearly established that the central nervous system is a target of

tetrachloroethylene toxicity in humans and animals following either inhalation or oral exposure.

Human data are available for acute inhalation exposure (Altmann et al. 1990, 1992; Carpenter 1937;

Hake and Stewart 1977; Morgan 1969; Rowe et al. 1952; Saland 1967; Stewart et al. 1961b, 1970)

and acute oral exposure (Haerer and Udelman 1964; Kendrick 1929; Koppel et al. 1985; Sandground

1941; Wright et al. 1937) to tetrachloroethylene. The human studies indicate that the LOAEL for

neurological effects (increased latency of pattern reversal visual-evoked potentials and deficits for

vigilance and eye-hand coordination) following inhalation exposure is about 50 ppm for 4-hour

exposures (Altmann et al. 1990, 1992). Additional nervous system effects including dizziness,

headache, sleepiness, and incoordination have been observed following 5.5-7-hour exposures at

100-200 ppm in air (Carpenter 1937; Hake and Stewart 1977; Morgan 1969; Rowe et al. 1952; Saland

1967; Stewart et al. 1961b, 1970). Some human studies (Cavalleri et al. 1994; Echeverria et al. 1995;

Gregersen 1988; Lauwerys et al. 1983; Seeber 1989) indicate that chronic occupational exposure to

tetrachloroethylene can produce more serious effects including memory deficits (Cai et al. 1991;

Echevenia et al. 1995; Gregersen 1988; Seeber 1989), ataxia (Lorenz et al. 1990), disorientation (Coler

and Rossmiller 1953), loss of color vision (Cavalleri et al. 1994), and sleep disturbances (Lorenz et al.

1990). A study of neurological function in persons living above or next to dry cleaning facilities has
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been completed (Altmann et al. 1995). Although no differences in absolute values of neurological

function tests were noted, effects on neurological function tests were observed when multivariate

analysis was used to analyze the data. This study suggests that further studies of larger populations

exposed to very low levels of tetrachloroethylene would be useful. Effects observed in humans after

acute oral exposure appear to parallel those observed after inhalation exposure. No dermal data were

located for humans. Adverse neurological effects in animals exposed to tetrachloroethylene by

inhalation include biochemical alterations in the brains of rats (Kyrklund et al. 1988; Wang et al.

1993) and gerbils (Briving et al. 1986; Karlsson et al. 1987; Kyrklund et al. 1984; Rosengren et al.

1986), electrophysiological changes in rats (Albee et al. 1991; Mattsson et al. 1992), ataxia in rats

(Goldberg et al. 1964; NTP 1986), hypoactivity in rats (NTP 1986; Tinston 1995), and hyperactivity in

rats (Savolainen et al. 1977). Ataxia (Narotsky and Kavlock 1995), increased lacrimation, gait

changes, and decreased activity (Moser et al. 1995) have been reported in rats following acute oral

exposure to tetrachloroethylene. No animal data were located regarding neurological effects following

dermal exposure to tetrachloroethylene. Animal studies on the mechanism of tetrachloroethylene

neurotoxicity would be useful for mitigating the effects observed. Because studies (Fredriksson et al.

1993; Nelson et al. 1980) suggest that tetrachloroethylene is a developmental neurotoxicant, further

animal studies would be useful to determine if the developing nervous system is indeed the most

sensitive target of tetrachloroethylene.

Epidemiological and Human Dosimetry Studies.   Exposure to tetrachloroethylene may occur in

the workplace, near hazardous waste sites, and from certain consumer products, including clothes that

have been dry cleaned. Most occupational exposure results from inhalation of tetrachloroethylene.

Several epidemiological studies have been conducted that provide evidence of relationships between

tetrachloroethylene exposure in dry cleaning workers and cancer (Anttila et al. 1995; Blair et al. 1979,

1990; Brown and Kaplan 1987; Chapman et al. 1981; Duh and Asal 1984; Katz and Jowett 1981;

Lynge and Thygesen 1990; Ruder et al. 1994), kidney effects (Bundschuh et al. 1993; Franchini et al.

1983; Mutti et al. 1992; Vyskocil et al. 1990), liver effects (Brodkin et al. 1995; Coler and Rossmiller

1953), and cardiovascular effects (Abedin et al. 1980; Hake and Stewart 1977). Limitations of these

studies include exposure to other chemicals, lack of control for socioeconomic status, alcohol

consumption, and tobacco consumption. There are also human studies that measured the concentration

of tetrachloroethylene in exhaled air to determine exposure concentration (Jang et al. 1993; Monster et

al. 1983; Ohtsuki et al. 1983; Solet et al. 1990; Stewart et al. 1977, 1981). Additional epidemiological

studies might focus on populations exposed to tetrachloroethylene through contaminated drinking water
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in areas surrounding hazardous waste sites in order to determine the effects of chronic, low-level

exposures. It would be important for these studies to focus on cancer, reproductive effects, develop-

mental effects, kidney effects, liver effects, and neurological effects, and to document possible

confounding factors including other chemical exposure, smoking habits, and gender.

Biomarkers of Exposure and Effect.   Exposure to tetrachloroethylene does not produce a unique

clinical disease state. However, various central nervous system effects (e.g., dizziness, headache,

incoordination, and sleepiness) can result from both inhalation and oral exposure to

tetrachloroethylene.

Methods are available that can measure levels of tetrachloroethylene or its metabolites in the blood

(Antoine et al. 1986; Michael et al. 1980; Ramsey and Flanagan 1982; Ziglio et al. 1984), urine

(Christensen et al. 1988; Michael et al. 1980; Pekari and Aitio 1985a, 1985b), and exhaled air

(Wallace et al. 1986a, 1986b). Measurement of tetrachloroethylene in exhaled air is simple, effective,

and noninvasive and has been found to be more accurate than measuring metabolites, which are not

specific for tetrachloroethylene exposure (Krotoszynski et al. 1979; Monster and Smolders 1984;

Wallace 1986). Additional studies that couple measurement of tetrachloroethylene with tests for

determining central nervous system effects and other effects (e.g., liver and kidney effects) would be

useful to correlate exposure with adverse effects of tetrachloroethylene. This correlation would be

useful for monitoring persons possibly exposed to tetrachloroethylene in areas surrounding hazardous

waste sites.

Absorption, Distribution, Metabolism, and Excretion.   The data indicate that inhalation is the

principal occupational route of exposure for humans, and inhalation and oral exposure from

contaminated water supplies is a concern for the general public. Absorption rates suggest that

tetrachloroethylene is rapidly and readily absorbed following oral (Frantz and Watanabe 1983; Koppel

et al. 1985; Pegg et al. 1979; Schumann et al. 1980) or inhalation exposure (Hake and Stewart 1977;

Monster et al. 1979). Tetrachloroethylene vapor is not well absorbed across the skin (McDougal et al.

1990; Riihimaki and Pfaffli 1978), but tetrachloroethylene placed directly on the skin can be absorbed

(Bogen et al. 1992; Jakobson et al. 1982; Kinkead and Lehy 1987; Stewart and Dodd 1964; Tsurata

1975). Available data indicate that during inhalation exposure, uptake is influenced more by lean

body mass than by ventilation rate and that the absorption rate is decreased with increased time

(Monster et al. 1979). Oral studies in animals which examine the stability of tetrachloroethylene to
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gastrointestinal microbes, and rates of absorption from various sections of the gastrointestinal tract

would be useful. Further quantitative data regarding the absorption of tetrachloroethylene following

direct skin exposure would be useful because of the potential for dermal exposure at a hazardous waste

site.

Several studies are available that describe the distribution of tetrachloroethylene in both humans and

animals following inhalation exposure (Chen and Blancato 1987; Ghantous et al. 1986; Guberan and

Femandez 1974; Marth 1987; Reitz et al. 1996; Savolainen et al. 1977; Stewart et al. 1970). The

distribution of tetrachloroethylene has also been studied in rats and dogs following oral exposure

(Dallas et al. 1994a, 1995). Studies using human subjects indicate increases in the body burden with

repeated daily exposure (Altmann et al. 1990; Guberan and Femandez 1974; Stewart et al. 1970). No

other studies are available that correlate duration of exposure with the distribution kinetics. Animal

data support predictions from PBPK models that tetrachloroethylene is primarily distributed to and

accumulated in adipose tissue, the brain, and the liver (Green et al. 1990; Marth 1987; Savolainen et

al. 1977; Stewart et al. 1970). Animal studies also indicate that tetrachloroethylene crosses the

placenta and is distributed to the amniotic fluid and fetus (Ghantous et al. 1986). A study by

Byczkowski and Fisher (1994) indicated that tetrachloroethylene does cross into milk in rats exposed

to tetrachloroethylene. Models have been developed to estimate the levels of tetrachloroethylene in

breast milk of women exposed to tetrachloroethylene (Byczkowski and Fisher 1994, 1995; Schreiber

1993). Additional studies that determine blood-milk transfer coefficients would be useful for risk

assessment. Distribution data following oral and dermal exposure of animals would also be useful as

the potential exists for both oral and dermal exposure of humans in the vicinity of hazardous waste

sites.

Human and animal data are available on metabolism following oral exposures (Bimer et al. 1996;

Buben and O’Flaherty 1985; Dallas et al. 1994a; Dekant et al. 1986; Frantz and Watanabe 1983;

Green et al. 1990; Pegg et al. 1979) and inhalation exposures (Bimer et al. 1996; Dallas et al. 1994c;

Gearhart et al. 1993; Ikeda et al. 1972; Imbriani et al. 1988; Jang et al 1993; Monster 1986; Monster

et al. 1983; Odum et al. 1988; Ogata et al. 1971; Ohtsuki et al. 1983; Pegg et al. 1979; Popp et al.

1992; Reitz et al. 1996; Schumann et al. 1980; Seiji et al. 1989; Skender et al. 1991; Yllner 1961), but

not following dermal exposures. One human study indicates that the metabolism of tetrachloro-

ethylene is saturable following inhalation exposure (Ohtsuki et al. 1983). A similar saturation pattern

has been observed in both mice and rats following oral exposure. Differences in the metabolites of
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animals and humans have been seen for inhalation exposures (Bois et al. 1990; Hattis et al. 1990;

Odum et al. 1988) and oral exposures (Dallas et al. 1994a, 1995; Dekant et al. 1986). Further studies

investigating possible differences according to gender, ethnic population group, or nutritional status,

and the effects of enzyme induction on the metabolic rate would also be useful. Research to determine

if trichloroethanol is a metabolite of tetrachlorethylene, or is produced from trichloroethylene

which can contaminate tetrachloroethylene, would also be useful. There are no data available

regarding the route of exposure as a factor in the relative rates of metabolism.

There are one oral study (Koppel et al. 1985), one dermal study (Stewart and Dodd 1964), and

several inhalation studies (Ikeda et al. 1972; Monster et al. 1979; Ogata et al. 1971; Ohtsuki et al.

1983; Opdam and Smolders 1986) on excretion of tetrachloroethylene by humans. The oral data are

presumed to be atypical because the patient was hyperventilated to facilitate pulmonary excretion

following an accidental ingestion of the chemical. These human studies indicate that a large

percentage of tetrachloroethylene is excreted unchanged in exhaled air (Ohtsuki et al. 1983), with

urinary excretion comprising a much smaller percentage (approximately 2%) of the estimated absorbed

dose (Ogata et al. 1971). The excretion of the urinary metabolites increased linearly with

tetrachloroethylene concentrations but reached a plateau when the metabolic capacity was saturated

(Ikeda et al. 1972). Similar saturation excretion patterns were seen in rats (Pegg et al. 1979). As in

inhalation exposure, the majority of unmetabolized tetrachloroethylene administered orally to humans

and animals was eliminated via the lungs with smaller amounts detected in the urine. The elimination

of tetrachloroethylene is well characterized; therefore, further studies are not needed at this time.

Comparative Toxicokinetics.   Data are available on the pharmacokinetics of this chemical for

different species. Human data (Hake and Stewart 1977; Monster et al. 1979; Opdam and Smolders

1986; Pezzagno et al. 1988; Stewart et al. 1977) and data from rats (Dallas et al. 1994c; Pegg et al.

1979), mice (Schumann et al. 1980), and dogs (Dallas et al. 1994a, 1995) regarding absorption of

tetrachloroethylene following inhalation and oral exposure are similar. Distribution following

inhalation has not been studied thoroughly in humans, although pharmacokinetic models-have been

developed. These models and animal data suggest that tetrachloroethylene accumulates mainly in fat

(Green et al. 1990; Guberan and Fernandez 1974; Marth 1987; Monster 1986; Savolainen et al. 1977;

Stewart et al. 1970). Both animal and human data suggest that the primary target organs are the

central nervous system (Rao et al. 1993; Savolainen et al. 1977; Stewart et al. 1970, 1981), the liver

(Marth 1987), and the kidney (Franchini et al. 1983; Green et al. 1990; Mutti et al. 1992).
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There are differences in the metabolism of tetrachloroethylene in humans and animals. Oxalic acid is

an important metabolite in rats (Pegg et al. 1979), but it has not been reported in humans. The

metabolism of tetrachloroethylene is known to be saturable in humans (Ohtsuki et al. 1983) and in

animals (Pegg et al. 1979; Schumann et al. 1980). No human or animal data were located regarding

the metabolism of tetrachloroethylene following dermal exposure. In humans, exhalation of unchanged

tetrachloroethylene following inhalation (Ikeda et al. 1972; Ogata et al. 1971; Ohtsuki et al. 1983), oral

(Koppel et al. 1985), or dermal exposure (Stewart and Dodd 1964) was the primary route of excretion.

Because there are differences in the metabolic pattern between humans and rodents, it may be useful to

conduct studies using additional animal models (e.g., primates) so that a metabolic pattern more

closely resembling that of humans can be studied. There are also differences in the metabolic patterns

of rats and mice (Dekant et al. 1986; Green et al. 1990; Odum et al. 1988). Peroxisome proliferation

in the mouse liver has not been shown to have a parallel in the rat kidney, suggesting that the

mechanisms of carcinogenicity differ in these two species (Goldsworthy and Popp 1987; Odum et al.

1988). The peroxisome proliferation response in humans is also minimal (Bently et al. 1993), and the

liver effects observed in mice may not occur in humans by the same mechanism. Additional

pharmacokinetic data in different species, especially regarding the dynamics of the nervous system

distribution of tetrachloroethylene, would be useful to improve PBPK analysis.

Methods for Reducing Toxic Effects. The general recommendations for reducing the absorption

of tetrachloroethylene following acute inhalation, oral (HSDB 1996; Stutz and Ulin 1992), dermal

(HSDB 1996; Stutz and Ulin 1992), or ocular (Bronstein and Currance 1988; Haddad and Winchester

1990; HSDB 1996; Stutz and Ulin 1992) exposure are well established and have a proven efficacy.

No additional investigations are considered necessary at this time.

No clinical treatments other than supportive measures are currently available to enhance elimination of

tetrachloroethylene following exposure. Studies designed to assess the potential risks or benefits of

increasing ventilation to enhance pulmonary elimination or of stimulating enzymatic pathways to

increase the metabolism of tetrachloroethylene could prove useful. However, it should be emphasized

that once exposure has ended, the body does not retain significant amounts of tetrachloroethylene for

long periods.

The development of treatment protocols designed to interfere with the mechanism of tetrachlor-

oethylene-induced toxic effects would require a sizable research effort. Since the body does not retain
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significant amounts of tetrachloroethylene for long periods, the relative merits of such an undertaking

are not clear. Nevertheless, there is substantive evidence from well-conducted studies suggesting

possible methods that could be exploited to block the mode of action that causes neurotoxicity,

nephrotoxicity, and hepatotoxicity.

The mechanism of action of tetrachloroethylene for the central nervous system has not been clearly

established. However, there are data indicating that the induced neurotoxicity may be related to

solvent effects on lipid and fatty acid compositions of membranes (Kyrklund et al. 1984, 1988, 1990).

Effects on neurotransmitter systems have also been demonstrated (Korpela and Tahti 1986; Mutti and

Franchini 1987). It is reasonable to speculate, therefore, that these effects on neurotransmitters could

be mitigated by pharmacologic intervention; however, no such interventions are currently available for

clinical use.

The mechanism of action associated with kidney toxicity and nephrocarcinogenicity may involve the

formation of reactive intermediates from glutathione conjugates (Dekant et al. 1986, 1987; Green et al.

1990; Henschler 1977). Although evidence from an in vitro study of human liver tissue suggests that

glutathione conjugation is not important in human biotransformation of tetrachloroethylene (Green et

al. 1990), the results are not conclusive. Methods for reducing the destructive damage caused by these

intermediates or for blocking their formation through inhibition of -lyase (Dekant et al. 1986, 1987;

Green et al. 1990), may prove effective in reducing kidney toxicity but are not currently available for

clinical use.

One mechanism of action of liver toxicity suggested in the literature is the induction of peroxisome

proliferation (and resulting increases in hydrogen peroxide and oxidative damage) by TCA, a

metabolite of tetrachloroethylene (Odum et al. 1988). Shifting metabolism away from formation of

TCA could theoretically reduce toxicity that might be caused via this mechanism. However, the net

effect on all forms of toxicity of tetrachloroethylene by such an alteration in metabolism would need

to be carefully evaluated.
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2.10.3 On-going Studies

ATSDR is conducting a retrospective cohort study of adverse pregnancy outcomes in a military

population that resided at Marine Corps Camp LeJeune in North Carolina where there is documented

past exposure to tetrachloroethylene, trichloroethylene, and 1,2-dichloroethylene in drinking water

supplies.

Glutathione conjugation of tetrachloroethylene is being studied in vitro in rat tissues by Dr. Lash and

colleagues at Wayne State University in Detroit, Michigan (Lash et al. 1996).
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3.1 CHEMICAL IDENTITY

The chemical identity of tetrachloroethylene is shown in Table 3-l.

3.2 PHYSICAL AND CHEMICAL PROPERTIES

The physical and chemical properties of tetrachloroethylene are shown in Table 3-2.
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4.1  PRODUCTION

Tetrachloroethylene is produced by several temperate and subtropical marine macroalgae at the rate of

0.0026-8.2 ng/g fresh weight/hour. These species of algae have also been shown to produce

trichloroethylene, usually at greater rates. It has been concluded that emission of trichloroethylene and

tetrachloroethylene from algae to the atmosphere “may be of such a magnitude that it cannot be

neglected in the global atmospheric chlorine budget” (Abrahamsson et al. 1995).

Tetrachloroethylene is a commercially important chlorinated hydrocarbon solvent and chemical

intermediate. It is used as a dry cleaning and textile-processing solvent and for vapor degreasing in

metal-cleaning operations. Tetrachloroethylene was first commercially produced in the United States

in 1925 via a four-step process using acetylene and chlorine as raw materials (IARC 1979). By 1975,

only one U.S. plant was using this process because of the high cost of acetylene. Currently, the

majority of tetrachloroethylene produced in the United States is made by one of two processes: direct

chlorination of certain hydrocarbons or oxychlorination. The first process involves the reaction of

chlorine with a hydrocarbon such as methane, ethane, propane, or propylene. A chlorinated derivative

of a hydrocarbon may also be used. The reaction forms a crude product, which can be purified to

yield a marketable grade of tetrachloroethylene. This is easier and more economical than the acetylene

process. The second process, oxychlorination of ethylene via ethylene dichloride, is widely used to

coproduce trichloroethylene and tetrachloroethylene without any net production of hydrogen chloride

(Chemical Products Synopsis 1985; Keil 1985).

Tetrachloroethylene is produced in the following grades: purified, technical, U.S. Pharmacopoeia1

(USP), spectrophotometric, and dry cleaning (ACGIH 1991). The dry cleaning and technical grades

meet specifications for technical grade, differing only in the amount of stabilizer added to prevent

decomposition. Stabilizers, which include amines or mixtures of epoxides and esters, are added to

prevent decomposition. Tetrachloroethylene, which is thus stabilized and not easily hydrolyzed, is

transported in tanks and drums (ACGIH 1991).
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U.S. production volumes of tetrachloroethylene in recent years have been reported as follows (C&EN

1994):

Production

Year                    (millions of pounds)

1993 271

1992 245

1991 239

1990 372

1989 481

1988 498

1987 473

1986 414

1985 678

1984 573

1983 547

These data show there has been an overall decline of about 50% between 1983 and 1993. The future

production market for tetrachloroethylene has been projected at either zero growth or a long-term

gradual decline (Chemical Products Synopsis 1985). The facilities that manufactured or processed

tetrachloroethylene in 1993 are listed in Table 4-l (TRI93 1995). Toxics Release Inventory (TRI) data

should be used with caution since only certain types of facilities are required to report. This is not an

exhaustive list.

The 1995 Directory of Chemical Producers in the United States lists three major manufacturers of

tetrachloroethylene with a total annual capacity of 490 million pounds (SRI 1995).

4.2 IMPORT/EXPORT

The volume of tetrachloroethylene imported to the United States has increased sharply since 1980

because of the strength of the dollar abroad (Chemical Products Synopsis 1985). In 1990, about

75.3 million pounds of tetrachloroethylene were imported into the United States, while in 1994, about

83.8 million pounds were imported into the United States (NTD 1995). Tetrachloroethylene exported
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from the United States was about 55.2 million pounds in 1990, and 44 million pounds in 1994 (NTD

1995).

4.3 USE

Tetrachloroethylene is commercially important as a chlorinated hydrocarbon solvent and as a chemical

intermediate. An estimate of the current end-use pattern for tetrachloroethylene is as follows: 55%

for chemical intermediates, 25% for metal cleaning and vapor degreasing, 15% for dry cleaning and

textile processing, and 5% for other unspecified uses (Chemical Profile 1995).

In textile processing, tetrachloroethylene is used as a scouring solvent that removes oils from fabrics

after knitting and weaving operations, and as a carrier solvent for sizing and desizing, and for fabric

finishes and water repellents. Tetrachloroethylene is able to dissolve fats, greases, waxes, and oils

without harming natural or man-made fibers. However, because of the growing popularity of washand-

wear fabrics, improved efficiency of dry cleaning equipment, and increased chemical recycling,

the demand for tetrachloroethylene as a dry cleaning solvent has steadily declined. There are three

major types of dry cleaning facilities, industrial, commercial and coin-operated. Industrial facilities

have the largest average output, while smaller commercial facilities are the most common. Coinoperated

dry cleaners are being phased out, and new coin-operated machines are no longer available

(EPA 1995). A survey conducted by the International Fabricare Institute in 1989 indicated that 88.4%

of the dry cleaners in the United States use tetrachloroethylene (Andrasik and Cloutet 1990).

Another major use of tetrachloroethylene is as a vapor and liquid degreasing agent. Since

tetrachloroethylene dissolves many organic compounds, select inorganic compounds, and high-melting

pitches and waxes, it can be used to clean and dry contaminated metal parts and other fabricated

materials. It is also used to remove soot from industrial boilers (Verschueren 1983). Tetrachloroethylene

has been used as an anthelmintic in the treatment of hookworm and some nematode

infestations, but it has been replaced by drugs that are less toxic and easier to administer(Budavari

1989; HSDB 1996).
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4.4 DISPOSAL

Recently, the chemical industry has responded to increased environmental and ecological concerns

with efforts to improve recovery and recycling of tetrachloroethylene. One method of disposal

involves absorption in vermiculite, dry sand, earth, or a similar material and then burial in a secured

sanitary landfill (HSDB 1996). A second method involves incineration at >450°C after mixing with

another combustible fuel. With the latter method, combustion must be complete to prevent the

formation of phosgene, and an acid scrubber must be used to remove the haloacids produced (HSDB

1996).

Recent federal regulations prohibit land disposal of various chlorinated solvent materials that may

contain tetrachloroethylene. Any solid waste containing tetrachloroethylene must be listed as a

hazardous waste unless the waste is shown not to endanger the health of humans or the environment

(EPA 1985b, 1988). Destruction and removal efficiency of tetrachloroethylene that is designated as a

principal organic hazardous constituent must be 99.99%. Discharge of tetrachloroethylene into U.S.

waters requires a permit (WHO 1987). Before implementing land disposal of waste residue,

environmental regulatory agencies should be consulted for recent guidance on acceptable disposal

practices (HSDB 1996).
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5.1 OVERVIEW

Tetrachloroethylene is a volatile organic compound that is widely distributed in the environment. It is

released to the environment via industrial emissions, and it is released from building and consumer

products. Releases are primarily to the atmosphere, but the compound is also released to surface water

and land in sewage sludges and in other liquid and solid waste, where its high vapor pressure and

Henry’s law constant usually result in its rapid volatilization to the atmosphere. Tetrachloroethylene

has relatively low solubility in water and has medium-to-high mobility in soil, thus its residence time

in surface environments is not expected to be more than a few days. However, it persists in the

atmosphere for several months and may also persist in groundwater for several months or more.

Because of its pervasiveness and ability to persist under certain conditions, the potential for human

exposure may be substantial. It should be noted that the amount of tetrachloroethylene measured by

chemical analysis is not necessarily the amount that is bioavailable.

Tetrachloroethylene has been found in at least 771 of the 1,430 current or former EPA National

Priorities List (NPL) hazardous waste sites (HazDat 1996). However, the number of sites evaluated

for tetrachloroethylene is not known. The frequency of these sites can be seen in Figure 5-l. Of these

sites, 767 are located in the United States and 4 are located in the Commonwealth of Puerto Rico (not

shown).

5.2 RELEASES TO THE ENVIRONMENT

5.2.1 Air

According to the Toxics Release Inventory (TRI), an annual compilation of information bn the release

of toxic chemicals by manufacturing and processing facilities, an estimated total of at least

11.2 million pounds of tetrachloroethylene was released to the air in the United States in 1993 (TRI93

1995). This accounts for about 99% of all tetrachloroethylene released to the environment and is a

reduction from a level of 32.2 million pounds which was reported in 1988 (TRI88 1990). The number
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of reporting facilities in each state and the ranges within which individual facilities reported their

releases are shown in Table 5-1. The TRI data listed in Table 5-l should be used with caution since

only certain types of facilities are required to report. This is not an exhaustive list.

It has been estimated that 80-90% of the tetrachloroethylene used annually in the United States is

released to the environment, particularly to the atmosphere (EPA 1982a; Singh et al. 1979). Most

releases of tetrachloroethylene during its use are directly to the atmosphere (EPA 1987b). A major

portion of the atmospheric releases are attributed to evaporative losses in the dry cleaning industry

(EPA 1982a). Other atmospheric emissions occur from metal degreasing uses, production of

fluorocarbons and other chemicals, textile industry uses, and miscellaneous solvent-associated

applications (EPA 1982a; Weant and McCormick 1984).

Environmental releases of tetrachloroethylene also occur at sites of its manufacture and at sites of

production of other chlorohydrocarbons (such as ethylene dichloride and methylene chloride) in which

tetrachloroethylene is formed as a by-product (Weant and McCormick 1984). Tetrachloroethylene

emissions to the atmosphere may occur at sites used in disposing the chemical (EPA 1985d), including

incineration facilities for municipal and hazardous waste (Oppelt 1987). Tetrachloroethylene can also

be released to the atmosphere from the ocean where it is produced by some macroalgae (Abrahamsson

et al. 1995).

5.2.2 Water

According to TRI, an estimated total of at least 23,000 pounds of tetrachloroethylene was released to

water from manufacturing and processing facilities in the United States in 1988 (TRI88 1990). The

level reported in 1993 was 10,152 pounds, about 0.09% of the total release to the environment (TRI93

1995). The number of reporting facilities in each state and the ranges within which individual

facilities reported their releases are shown in Table 5-l. The TRI data listed in Table 5-l should be

used with caution since only certain types of facilities are required to report. This is not an exhaustive

list.

A variety of industries that use tetrachloroethylene (such as metal degreasing and dry cleaning)

generate aqueous wastes containing the compound which end up at waste treatment facilities (Weant

and McCormick 1984). Aeration processes at waste treatment facilities strip much of the
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tetrachloroethylene from the water and release it into the atmosphere as a result of the high volatility

of this chemical (Lurker et al. 1982).

Dumping of industrial waste products into the St. Clair River/Lake St. Clair/Detroit River system in

Canada and Michigan resulted in tetrachloroethylene concentrations up to 473 ng/L (0.473 ppb) in

surface water samples from Lake St. Clair (Kaiser and Comba 1986). Disposal of secondary sewage

effluent by rapid infiltration into the subsurface resulted in contamination of groundwater in

Massachusetts with several volatile organic compounds including tetrachloroethylene, which reached

levels as high as 980 ppb (Barber et al. 1988). Tetrachloroethylene in untreated well water located

near a dry cleaning plant in Japan reached levels of 27,000 g/L (27,000 ppb) (Kido et al. 1989).

Tetrachloroethylene may also be emitted to groundwater from landfill leaching (Dewalle and Chian

1981; Kosson et al. 1985; Reinhard et al. 1984; Sabel and Clark 1984; Schultz and Kjeldsen 1986) as

well as from pits and lagoons used for storage, treatment, and disposal of liquid wastes (Barbash and

Roberts 1986).

5.2.3 Soil

According to TRI, an estimated total of at least 106,000 pounds of tetrachloroethylene was released to

land from manufacturing and processing facilities in the United States in 1988 (TRI88 1990) prior to

the federal ban on land disposal of tetrachloroethylene (see Section 4.4). The amount released in 1993

was at least 8,027 pounds, about 0.07% of the total released to the environment (TRI93 1995). The

number of reporting facilities in each state and the ranges within which individual facilities reported

their releases are shown in Table 5-l. The TRI data listed in Table 5-l should be used with caution

since only certain types of facilities are required to report. This is not an exhaustive list.

Many of the processes in which tetrachloroethylene is used as a solvent involve recycling the

compound by various methods (EPA 1991a). These recycling methods produce tetrachloroethylene-containing

sludges and dirty filters that have been landfilled in the past. Contamination of soil can

occur through leaching of tetrachloroethylene from these disposal sites (Kosson et al. 1985; Schultz

and Kjeldsen 1986). Leaking of tetrachloroethylene from underground storage tanks can also result in

the contamination of soil.
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5.3 ENVIRONMENTAL FATE

5.3.1 Transport and Partitioning

The predicted degradation half-life of tetrachloroethylene in the atmosphere indicates that long-range

global transport is likely (Class and Ballschmiter 1986). Indeed, monitoring data have demonstrated

that tetrachloroethylene is present in the atmosphere worldwide and at locations far removed from

anthropogenic emission sources (see Section 5.4.1).

Tetrachloroethylene has been detected in a number of rainwater samples collected in the United States

and elsewhere (see Section 5.4.2). However, the relatively low water solubility of tetrachloroethylene

suggests that wet deposition as a result of scavenging by rainwater occurs very slowly compared to

other volatile chlorinated hydrocarbons. For example, concentrations of the more water soluble

l,l,l-trichloroethane fell to below detection limits during a 12-hour rain event, while concentrations of

tetrachloroethylene fell only slightly during the same time period (Jung et al. 1992). Dry deposition

does not appear to be a significant removal process (Cupitt 1987), although substantial evaporation

from dry surfaces can be predicted from the high vapor pressure.

Laboratory studies have demonstrated that tetrachloroethylene volatilizes rapidly from water (Chodola

et al. 1989; Dilling 1977; Dilling et al. 1975; Okouchi 1986; Roberts and Dandliker 1983; Zytner et al.

1989b). One study found that only 2.7% of the initial mass of tetrachloroethylene remained in

stagnant water with a surface-to-volume ratio of 81 m
2/m3 after 4.5 hours (Zytner et al. 1989b).

Dilling et al. (1975) reported the experimental half-life with respect to volatilization of 1 mg/L

tetrachloroethylene from water to be an average of 26 minutes at approximately 2°C in an open

container. This behavior is consistent with its high Henry’s law constant and first-order kinetics.

Other factors which influence volatilization rates are ambient temperature, water movement and depth,

associated air movement, and surface-to-volume ratio. In laboratory models using beakers of stagnant

water, the rate of tetrachloroethylene volatilization was found to increase with increasing surface-to-

volume ratio (Chodola et al. 1989; Zytner et al. 1989b). Data from these models also demonstrated

that volatilization from water was independent of concentration.

The volatilization half-life of tetrachloroethylene from a rapidly moving, shallow river (1 meter deep,

flowing 1 meter/second with a wind velocity of 3 meters/second) has been estimated to be 4.2 hours
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(Thomas 1982). Measured volatilization half-lives in a mesocosm, which simulated the Narragansett

Bay in Rhode Island during winter, spring, and summer, ranged from 12 days in winter conditions to

25 days in spring conditions (Wakeham et al. 1983). Measurements of tetrachloroethylene levels in

Lake Zurich, Switzerland, indicated that volatilization is the dominant removal process in surface

waters (Schwarzenbach et al. 1979).

Laboratory studies modeling soil systems have demonstrated that volatilization rates for

tetrachloroethylene from soil are much less than those from water (Park et al. 1988; Zytner et al.

1989b). Volatilization rates from soil, like water, appear to be related to surface-to-volume ratio

(Zytner et al. 1989b). However, the authors of these studies also found a direct relationship between

the concentration of the chemical in soil and rate of volatilization, which contrasts with results seen in

water, probably because concentration gradients are a more significant factor in soils than in uniformly

mixed water (Zytner et al. 1989b). Soil type also influenced the volatilization rate in this study, with

the rate in a high organic carbon top soil greatly reduced compared to that of a low organic carbon,

sandy loam. Contrasting results were seen in another study, which found that soil type had no effect

on rate of volatilization (Park et al. 1988). However, this may simply be a reflection of the fact that

the differences between soils used in this study, particularly organic carbon content, were not very

great. Park et al. (1988) found that 20% of the applied tetrachloroethylene was volatilized 168 hours

after treatment. In general, it can be said that losses of tetrachloroethylene from soil resulting from

volatilization seem to be between l0- and l00-fold slower than from water, depending on soil type

which directly affects the amount of sorption (Park et al. 1988; Zytner et al. 1989b).

Sorption of organic compounds to soil has been found to be most reliably predicted when related to

the organic carbon content of the soil (Kenaga 1980; Urano and Murata 1985; Zytner et al. 1989a).

Experimentally measured soil sorption coefficients based on organic carbon content (KOC) for

tetrachloroethylene range from 177 to 534 (Seip et al. 1986; Zytner et al. 1989a). These values are

indicative of medium-to-high mobility in soil (Kenaga 1980; Swann et al. 1983). Others have also

shown that tetrachloroethylene is highly mobile in sandy soil (Wilson et al. 1981). Another study

comparing predicted and observed sorption on clay and organic soils suggested that sorption/desorption

to inorganic mineral surfaces may also play a role, and the reactions generally follow reversible

pseudo first-order kinetics (Doust and Huang 1992). The movement of tetrachloroethylene in soil has

been confirmed by band-infiltration systems in the Netherlands, where tetrachloroethylene has been

reported to leach rapidly into groundwater (Piet et al. 1981).
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Several models for describing the transport of volatile chlorinated hydrocarbons in soils have been

developed, often by fitting one or more parameters to experimental data. One model which

determined all parameters a priori and included transfer between solid, liquid, and gas phases found

that the Henry’s law constant was the primary determinant of transport behavior in a wet, nonsorbing

aggregated medium, suggesting that volatilization and movement in the gas phase accounts for a large

portion of tetrachloroethylene movement in soils (Gimmi et al. 1993).

A considerable number of monitoring studies have detected tetrachloroethylene in groundwater (see

Section 5.4.2), which is further evidence of its mobility in soil. Tetrachloroethylene was observed to

leach rapidly into groundwater near sewage treatment plants in Switzerland (Schwarzenbach et al.

1983). No evidence of biological transformation of tetrachloroethylene in groundwater was found in

this study. Accurate prediction of tetrachloroethylene transport in groundwater is complicated by the

sorption effect of organic and inorganic solids (Doust and Huang 1992). Analysis of groundwater in

Massachusetts contaminated with tetrachloroethylene indicated that movement of the chemical was not

retarded by sorption to sediment (Barber et al. 1988), although this phenomenon may be site specific.

Contrasting data from an experiment in a sand aquifer indicated that the movement of tetrachloroethylene

through the aquifer was significantly retarded and the retardation was attributed to sorption

(Roberts et al. 1986).

Experimentally measured bioconcentration factors (BCFs), which provide an indication of the tendency

of a chemical to partition to the fatty tissue of organisms, have been found to range between 10 and

100 for tetrachloroethylene in fish (Kawasaki 1980; Kenaga 1980; Neely et al. 1974; Veith et al.

1980). Barrows et al. (1980) estimated a value of 49 for bluegill sunfish. Somewhat lower BCFs

were determined by Saisho et al. (1994) for blue mussel (25.7) and killifish (13.4). These numbers are

suggestive of a low tendency to bioconcentrate.

Monitoring data on tetrachloroethylene concentrations in seawater and associated aquatic organisms are

in agreement with the experimental BCF data. Concentrations of tetrachloroethylene (dry weight

basis) detected in fish (eel, cod, coalfish, dogfish) from the relatively unpolluted Irish Sea ranged from

below detection limits to 43 ppb (Dickson and Riley 1976). Levels of 1-41 ppb (wet weight) in liver

tissue, and up to 11 ppb (wet weight) in other tissue, were found in various species of fish collected

off the coast of Great Britain near several organochlorine plants (Pearson and McConnell 1975).
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Clams and oysters from Lake Pontchartrain near New Orleans had tetrachloroethylene levels averaging

up to 10 ppb (wet weight) (Ferrario et al. 1985).

To assess bioaccumulation in the environment, the level of tetrachloroethylene in the tissues of a wide

range of organisms was determined (Pearson and McConnell 1975). Species were chosen to represent

several trophic levels in the marine environment. The maximum overall increase in concentration

between sea water and the tissues of animals at the top of food chains, such as fish liver, sea bird

eggs, and sea seal blubber, was less than loo-fold for tetrachloroethylene. Biomagnification in the

aquatic food chain does not appear to be important (Pearson and McConnell 1975). Bioaccumulation

in plants may be indicated by the presence of tetrachloroethylene in fruits and vegetables (see

Section 5.4.4), but care must be used in interpreting these studies because it is often unclear whether

accumulation took place during growth or at some point after harvesting.

5.3.2 Transformation and Degradation

5.3.2.1 Air

The dominant transformation process for tetrachloroethylene in the atmosphere is a reaction with

photochemically produced hydroxyl radicals (Singh et al. 1982). Using the recommended rate constant

for this reaction (1.67x10
-13 cm3/molecule-second) and a typical atmospheric hydroxyl (OH) radical

concentration of 5x105 molecules/cm3 (Atkinson 1985), the half-life is calculated at about 96 days.

Class and Ballschmiter (1986) state this half-life as about 70 days. An atmospheric lifetime of

119-251 days was calculated by Cupitt (1987), assuming removal by reaction with hydroxyl radicals

and using a range of temperatures, rates, and hydroxyl ion concentrations. It should be noted that the

half-lives determined by assuming first-order kinetics represent the calculated time for loss of the first

50% of tetrachloroethylene; the time required for the loss of the remaining 50% may not follow firstorder

kinetics and may be substantially longer.

The reaction of volatile chlorinated hydrocarbons with OH radicals is temperature dependent and is

thus expected to proceed more rapidly in the summer months. The degradation products of this

reaction include phosgene, chloroacetylchlorides, formic acid, carbon monoxide, carbon tetrachloride,

and hydrochloric acid (Gay et al. 1976; Itoh et al. 1994; Kirchner et al. 1990; Singh et al. 1975).
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Reaction of tetrachloroethylene with ozone in the atmosphere is too slow to be an effective agent in

tetrachloroethylene removal (Atkinson and Carter 1984; Cupitt 1987).

EPA considers the photochemical reactivity of tetrachloroethylene leading to the production of ambient

ozone to be negligible (EPA 1996a). Therefore, tetrachloroethylene has been added to the list of

compounds excluded from the definition of volatile organic compounds for purposes of preparing state

implementation plans to attain the national ambient air quality standards for ozone.

5.3.2.2 Water

Existing evidence indicates that tetrachloroethylene does not readily transform in water. Mass balance

experiments in a sand aquifer showed that the amount of tetrachloroethylene recovered at the end of

migration through the aquifer was essentially the same as that added (Roberts et al. 1986). Studies of

photolysis and hydrolysis conducted by Chodola et al. (1989) demonstrated that photolysis did not

contribute substantially to the transformation of tetrachloroethylene. Chemical hydrolysis appeared to

occur only at elevated temperature in a high pH (9.2) environment, and even then, at a very slow rate.

Results from experiments conducted at high pH and temperature were extrapolated to pH 7 and 25°C

(Jeffers et al. 1989), and the estimated half-life was 9.9x10
8 years, which suggests that hydrolysis does

not occur under normal environmental conditions. In contrast, estimates of the hydrolysis half-life of

tetrachloroethylene under corresponding conditions were cited in other studies as about 9 months

(Dilling et al. 1975) and 6 years (Pearson and McConnell 1975). It is not clear why there is such a

large difference between these values; however, errors inherent in the extrapolation method used in the

first approach (Jeffers et al. 1989) and the presence of transformation factors other than chemical

hydrolysis, such as microbial degradation, in the second approach (Dilling et al. 1975; Pearson and

McConnell 1975) may account for the discrepancy in the estimates of half-lives.

In natural waters, biodegradation may be the most important transformation process. Various

biodegradation screening tests and laboratory studies have shown tetrachloroethylene to be resistant to

biotransformation or biodegraded only slowly (Bouwer and McCarty 1982; Bouwer et al. 1981;

Wakeham et al. 1983). Other screening studies have noted more rapid biodegradation; however, these

studies used microbes that had to be adapted to tetrachloroethylene (Parsons et al. 1984, 1985; Tabak

et al. 1981). Microbial degradation products of tetrachloroethylene in groundwater have been reported



TETRACHLOROETHYLENE 190

5. POTENTIAL FOR HUMAN EXPOSURE

to include primarily trichloroethylene and small amounts of cis- and trans-dichloroethylene (Parsons et

al. 1984, 1985; Smith and Dragun 1984). Biotransformation was strongly indicated as a factor in the

degradation of tetrachloroethylene in a case of soil and groundwater pollution (Milde et al. 1988). The

only ethylenes at the source of pollution were tetrachloroethylene and trichloroethylene; however,

substantial amounts of known metabolites of these two compounds (dichloroethylene, vinyl chloride,

and ethylene) were found at points far from the source. Data from laboratory studies by the same

group supported the study authors’ contention that degradation was due to reductive dehalogenation by

microorganisms. Further evidence that tetrachloroethylene can be completely degraded to ethylene by

microorganisms was provided by Freedman and Gossett (1989). Their experiments indicated that this

transformation can occur under methanogenic conditions. Reductive dehalogenation and further

degradation to carbon dioxide by methanogens have also been demonstrated (Vogel and McCarty

1985).

Since neither biodegradation nor hydrolysis occurs at a rapid rate, most tetrachloroethylene present in

surface waters can be expected to volatilize into the atmosphere. However, because

tetrachloroethylene is denser than water and only slightly soluble in water, that which is not

immediately volatilized may be expected to sink and thus be removed from contact with the surface

(Doust and Huang 1992). Volatilization will therefore not be a viable process for this fraction of

tetrachloroethylene, which may instead be rapidly transported into groundwater by leaching through

fissures rather than matrix pores (Chilton et al. 1990). The sinking of tetrachloroethylene into

groundwater also makes cleanup difficult.

There is evidence that slow biodegradation of tetrachloroethylene occurs under anaerobic conditions

with acclimated microorganisms (Bouwer and McCarty 1984; Wilson et al. 1983b), suggesting that a

slow transformation by biodegradation may occur in subsurface waters. Analysis of pore water from

the principal aquifer in England referred to as “the Chalk,” which has low carbon content and rapid

groundwater flow in fissures, detected the presence of tetrachloroethylene at concentrations ranging

from 0.05 to 40 mg/L at a depth of 50 meters (Lawrence et al. 1990). Given the slow rate of

biodegradation, it is probable that tetrachloroethylene will persist for decades in the Chalk.
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5.3.2.3 Sediment and Soil

Biodegradation of tetrachloroethylene in soil appears to occur only under specific conditions, and then

only to a limited degree. When subsurface soil samples containing toluene-degrading bacteria were

collected from a floodplain in Oklahoma and incubated with tetrachloroethylene, no detectable

degradation occurred (Wilson et al. 1983a). Most evidence for transformation in soil comes directly

from data on contaminated aquifers and the soils and sediments associated with them. Based on this

indirect evidence, tetrachloroethylene is probably degraded to some extent in anaerobic soil

environments (Freedman and Gossett 1989; Milde et al. 1988; Parsons et al. 1984, 1985; Wakeham et

al. 1983). There is evidence that during the first 2 months of soil contamination, tetrachloroethylene

(l00-1,000 g/l00 g soil) may inhibit microbial and fungal activity as measured by ATP content of

the soil (Kanazawa and Filip 1987). However, the same study authors observed an increase in

anaerobic and specialized aerobic bacteria, which might indicate an opportunistic response to a suitable

substrate by these microorganisms.

Anaerobic incubations of tetrachloroethylene with soils collected from lotus, rice, and vegetable fields

in Japan resulted in biodegradation rates which varied with soil type, temperature, and initial

concentration of tetrachloroethylene (Yagi et al. 1992). The decline in tetrachloroethylene

concentration over 42 days was accompanied by an increase in the concentration of trichloroethylene,

implicating this compound as a major metabolite. In an anaerobic column operated under methanogenie

conditions, 100% transformation of injected tetrachloroethylene and trichloroethylene to vinyl

chloride was obtained after 10 days (Vogel and McCarty 1985).

5.4 LEVELS MONITORED OR ESTIMATED IN THE ENVIRONMENT

5.4.1 Air

A compilation of available U.S. ambient air monitoring data for tetrachloroethylene prior to 1981 has

been published (Brodzinsky and Singh 1982). This compilation, which includes more than

2,500 monitoring points, reported mean tetrachloroethylene concentrations of 0.16 ppb in rural and

remote areas, 0.79 ppb in urban and suburban areas, and 1.3 ppb in areas near emission sources. A

similar compilation listed measured average concentrations ranging from 0 ppb (Grand Canyon,

Arizona) to 31 ppb (the Boundbrook/Rahway/Edison/Passaic area of New Jersey) (EPA 1985d). Data
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from ambient air monitoring studies in Canada have shown tetrachloroethylene concentrations of

0.03-0.73 ppb in urban locations and 0.03-0.06 ppb in a rural location (CEPA 1993).

Data from ambient air monitoring studies in the United States have shown tetrachloroethylene

concentrations of 400-2,100 ng/m3 (0.0584l.31 ppb) in Portland, Oregon, in 1984 (Ligocki et al.

1985), 5.2 glm3 (0.77 ppb) in Philadelphia, Pennsylvania, in 1983-1984 (Sullivan et al. 1985),

0.24-0.46 ppb in three New Jersey cities during the summer of 1981 and the winter of 1982 (Harkov

et al. 1984), and 0.29-0.59 ppb in seven cities (Houston, Texas; St. Louis, Missouri; Denver,

Colorado; Riverside, California; Staten Island, New York; Pittsburgh, Pennsylvania; and Chicago,

Illinois) in 1980-1981 (Singh et al. 1982). A Total Exposure Assessment Methodology (TEAM) study

of three industrialized areas (Bayonne/Elizabeth, New Jersey; Los Angeles, California; and

Antioch/Pittsburg, California) detected levels ranging from 0.24 to 9.0 g/m3 (0.035-1.33 ppb)

(Hartwell et al. 1987). In these studies, levels were found to vary between the fall/winter season and

the spring/summer season, with fall/winter levels usually higher. This is consistent with the

observation that higher temperatures increase the rate of reaction with hydroxyl radicals and

subsequent degradation of tetrachloroethylene (see Section 5.3.2.1).

Data gathered from several sites near Niigata, Japan, between April 1989 and March 1992 also showed

elevated levels of tetrachloroethylene and other volatile chlorinated hydrocarbons in the winter

(Kawata and Fujieda 1993). A rural site in this study had annual mean concentrations between 0.031

and 0.045 ppb, while four industrial sites had mean concentrations between 0.082 and 1.0 ppb. The

average levels of tetrachloroethylene detected in air in the Norwegian Arctic during July 1982 and

March 1983 were 0.018 and 0.038 ppb, respectively (Hov et al. 1984). Average concentrations of

tetrachloroethylene in Alaskan Arctic haze between 1980 and 1982 were 0.118 ppb in winter and

0.067 ppb in summer (Khalil and Rasmussen 1983). Measurements of tetrachloroethylene completed

during 1982-1989 on marine islands included concentrations of 0.021 ppb in the northern troposphere

at 90-30°N, 0.007 ppb in the northern troposphere at 30-0°N, and 0.002 ppb in the southern

troposphere at 0-30°S(Wiedmann et al. 1994). The sample sites were chosen with the objective of

sampling large and well-mixed air masses influenced only by long-range transport.

Data collected from several locations in the city of Hamburg, Germany, showed ambient air

concentrations ranging from 1.8 to 70.8 g/m3 (0.27-10.44 ppb) (Bruckmann et al. 1988). The highest

concentrations were detected downwind of a dry cleaning facility. A monitoring study in Finland
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reported levels of 0.08 and 130 g/m3 (0.012 and 19.17 ppb) in ambient air from an industrialized and

a suburban area, respectively (Kroneld 1989a). No tetrachloroethylene was detected in samples of

rural air in that study.

Some of the highest outdoor air levels of tetrachloroethylene reported are associated with waste

disposal sites. Mean concentrations of tetrachloroethylene detected in ambient samples collected at

seven waste sites in New Jersey ranged from 0.12 to 1.91 ppb; the maximum level found at any site

was 7.24 ppb (Harkov et al. 1985). Levels between 5.0 and 5.6 g/m3 (0.70 ppb and 0.82 ppb) were

found at a distance of 0.5-l.5 meters above the surface of a landfill known to contain halogenated

volatile organic compounds in Germany (Koenig et al. 1987).

A survey of indoor air in an office building, a school, and a home for the elderly showed median

levels of tetrachloroethylene between 1.7 and 4.8 g/m3 (0.25 and 0.71 ppb) (Hartwell et al. 1985).

The level of tetrachloroethylene in the air of an indoor university laboratory was 0.002-0.005 ppm

(2.0-5.0 ppb) (Nicoara et al. 1994). Analysis of indoor and outdoor air for tetrachloroethylene in six

regions of the United States (Greensboro, NC; Baton Rouge/Geismar, LA; Deer Park/Pasadena, TX;

Elizabeth/Bayonne, NJ; Antioch/W. Pittsburg, CA; and small communities in the Los Angeles, CA,

area) during 1981-1984 showed that indoor air concentrations were generally greater than outdoor air

concentrations (Pellizzari et al. 1986). Ratios of tetrachloroethylene concentrations in indoor air

relative to outdoor air ranged from 1.2 to 27.

Elevated levels of tetrachloroethylene have been found in apartments above dry cleaning facilities

(Schreiber et al. 1993). Tetrachloroethylene concentrations ranged from 0.04 to 8.1 ppm in six

apartments above dry cleaning facilities when measurements were completed from 7 AM to 7 PM, and

from 0.01 to 5.4 ppm when measured from 7 PM to 7 AM. Tetrachloroethylene concentrations were

higher above facilities using transfer-type dry cleaning machines compared to dry-to-dry machines,

although the highest levels were found above a facility using an old, poorly maintained dry-to-dry

machine. Tetrachloroethylene concentrations in nearby apartments were <0.001-0.015 ppm during the

day and <0.001-0.01 ppm at night.
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5.4.2 Water

Average concentrations of 0.12-0.5 parts-per-trillion (ppt) tetrachloroethylene have been detected in

the North Atlantic (Murray and Riley 1973; Pearson and McConnell 1975). Levels in open waters of

the Gulf of Mexico were below the detection limit of <l ppt (Sauer 1981).

Rainwater collected in Portland, Oregon, in 1984 was found to contain tetrachloroethylene levels of

0.82-9.2 ng/L (0.82-9.2 ppt) (Ligocki et al. 1985). A March 1982 rainwater sample from Los

Angeles, California, contained 21 ng/L (21 ppt) (Kawamura and Kaplan 1983). An average

tetrachloroethylene concentration of 5.7 ng/L (5.7 ppt) was detected in rainwater from La Jolla,

California, and levels of 2.3 and 16 ng/L (2.3 and 16 ppt) were detected in snow from southern

California and Alaska, respectively (Su and Goldberg 1976). Levels up to 150 ng/L (150 ppt) were

found in samples collected in rainwater in industrial cities in England (Pearson and McConnell 1975).

Rainwater samples collected in Tokyo between October 1989 and September 1990 had a mean tetra-chloroethylene

level of 99 ng/L (99 ppt), with higher levels in samples obtained during the winter

(Jung et al. 1992).

Tetrachloroethylene has been detected in drinking water sources throughout the United States.

Results from an EPA Groundwater Supply Survey of 945 water supplies from groundwater sources

nationwide showed tetrachloroethylene in 79 water supplies. The median concentration of the positive

samples was about 0.75 g/L (0.75 ppb), with a maximum level of 69 g/L (69 ppb) (Westrick et al.

1984). Tetrachloroethylene concentrations of 0.01-0.2 g/L (0.01-0.2 ppb) were detected in drinking

water from five cities in 1974 and 1975 (Cincinnati, Ohio; Miami, Florida; Grand Forks, North

Dakota; Lawrence, Massachusetts; New York, New York) (Keith et al. 1976). Drinking water from

wells in New York, New Jersey, and Connecticut have been found to contain tetrachloroethylene at

levels of 717-1,500 ppb, although these elevated levels were in areas of considerable pollution

(Burmaster 1982). Levels of 0.38-2.9 ppb were detected in tap water from homes near the

contaminated Love Canal site in New York (Barkley et al. 1980). In other countries, 30 Canadian

drinking water sources were found to contain tetrachloroethylene levels at <l g/L (Otson and

Williams 1982), and recent drinking water samples from Zagreb, Croatia, contained 0.36-7.80 g/L

(0.36-7.80 ppb) (Skender et al. 1993).
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A summary of U.S. groundwater analyses from both federal and state studies reported that

tetrachloroethylene was detected in 14-26% of all samples analyzed (Dykson and Hess 1982). In a

comparison of groundwater data from 178 CERCLA sites, tetrachloroethylene was detected in 36% of

the samples and was the second most frequently detected organic groundwater contaminant in the

CERCLA database (Plumb 1987). Tetrachloroethylene was detected in 179 of 421 groundwater

samples in New Jersey between 1977 and 1979, at a maximum concentration of 90.6 ppb (Page 1981).

Tetrachloroethylene has been detected in groundwater leachates from various landfill sites nationwide

(Reinhard et al. 1984; Sabel and Clark 1984; Schultz and Kjeldsen 1986). A landfill in New Jersey

contained levels up to 590 g/L (590 ppb) in its leachate (Kosson et al. 1985). Groundwater samples

taken from several locations near a sewage effluent disposal site in Massachusetts had levels as high as

980 g/L (980 ppb) (Barber et al. 1988). A nationwide monitoring study conducted in Japan showed

that tetrachloroethylene was common in water supplies of that country (Magara and Furuichi 1986).

Tetrachloroethylene was detected in 27% of shallow wells and 30% of deep wells. Concentrations

ranged from 0.2 to 23,000 g/L (0.2 to 23,000 ppb) in shallow wells and from 0.2 to 150 g/L (0.2 to

150 ppb) in deep wells.

An analysis of the EPA STORET Data Base showed that tetrachloroethylene was detected in 38% of

9,323 surface water reporting stations nationwide (Staples et al. 1985). An analysis of 1,140 samples

from the Ohio River showed a similar percentage of positive detections, with detected levels usually

<l ppb (Ohio River Valley Sanitation Commission 1980). Tetrachloroethylene was detected in 154 of

174 surface water samples collected in New Jersey between 1977 and 1979, with a maximum

concentration of 4.5 ppb (Page 1981). Levels of 0.003-.08 g/L (0.003-0.08 ppb) were found in the

Niagara River and Lake Ontario between 1978 and 1981 (Strachan and Edwards 1984).

Concentrations ranged from 0 to 473,000 ppb in the surface water of Lake St. Clair in Canada during

June of 1984 (Kaiser and Comba 1986). Highest levels were detected where the St. Clair River

emptied into the lake. River levels ranged from 79,000 to 182,000 ppb.

5.4.3 Sediment and Soil

Sediments from Liverpool Bay, England, were found to contain concentrations ranging from 0.03 to

6 ppm, with most detections at the lower limit (Pearson and McConnell 1975). Sediment levels from

nondetectable to 0.3 ppb (wet weight) tetrachloroethylene were identified in samples from Lake

Pontchartrain, near New Orleans (Ferrario et al. 1985). The detection limit of the method used in this
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study was not stated. An analysis of the EPA STORET Data Base showed that tetrachloroethylene

had been positively detected in 5% of 359 sediment observation stations, with median levels of

<5 ng/g (5 ppb) (Staples et al. 1985). Tetrachloroethylene was qualitatively detected in the

soil/sediment matrix of the Love Canal waste site near Niagara Falls, New York (Hauser and

Bromberg 1982).

5.4.4 Other Environmental Media

Tetrachloroethylene has been detected in dairy products (milk, cheese, and butter) at 0.3-13 g/kg

(0.3-13 ppb), meat (English beef) at 0.9-1.0 g/kg (0.9-1.0 ppb), oils and fats at 0.01-7 g/kg

(0.01-7 ppb), beverages (canned fruit drink, instant coffee, and tea) at 2-3 g/kg (2-3 ppb), fruits and

vegetables (potatoes, apples, pears, and tomatoes) at 0.7-2 g/kg (0.7-2 ppb), and fresh bread at

1 g/kg (1 ppb) (McConnell et al. 1975). Samples obtained from a food processor in Pennsylvania

contained tetrachloroethylene concentrations of 0.4 ppb in plant tap water, 2.0 ppb in Chinese-style

sauce, 2.2 ppb in quince jelly, 2.5 ppb in crab apple jelly, 1.6 ppb in grape jelly, and 3.6 ppb in

chocolate sauce (Entz and Hollifield 1982). In another study, levels of tetrachloroethylene detected in

a variety of foods ranged from 1 to 230 ng/g (l-230 ppb), with a mean of 12 ng/g (12 ppb) (Daft

1989). An analysis of intermediate grain-based foods in 1985 showed the following

tetrachloroethylene levels (in ppb): corn muffin mix, 1.8; yellow corn meal, 0.0; fudge brownie mix,

2.45; dried lima beans, 0.0; lasagna noodles, 0.0; uncooked rice, 0.0; and yellow cake mix, 2.5 (Heikes

and Hopper 1986). Levels of tetrachloroethylene detected in margarine from several supermarkets in

the Washington, DC, area were 50 ppm in 10.7% of the products sampled (Entz and Diachenko 1988).

The highest levels (500-5,000 ppb) were found in samples taken from a grocery store located near a

dry cleaning shop. Additional analysis showed that the concentrations were highest on the ends of the

margarine stick and decreased toward the middle. According to the study authors, these findings

suggested that contamination occurred after manufacturing rather than during the manufacturing

process (Entz and Diachenko 1988).

Another study showed that tetrachloroethylene can be absorbed from the atmosphere by foods and

concentrated over time, so that acceptable ambient air levels may still result in food levels which

exceed acceptable limits (Grob et al. 1990). The study authors estimated that, in order to limit food

concentrations of tetrachloroethylene to 50 g/kg (the maximum tolerated limit for food halocarbons in

Switzerland), the level in surrounding air should not exceed 12.5 g/m
3 (0.002 ppm). Since the
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accepted levels found near emission sources are often far above this limit, foods processed or sold near

these sources may routinely exceed the Swiss tolerated tetrachloroethylene concentration, thus making

the setting of air emission standards problematic. It is also noteworthy that the limits recommended

by Grob et al. (1990) exceed acceptable ambient air concentrations for many regions of the United

States (see Chapter 7).

An analysis of six municipal solid waste samples from Hamburg, Germany, revealed levels of

tetrachloroethylene ranging from undetectable to 1.41 mg/kg (1.41 ppm) (Deipser and Stegmann

1994). In a study analyzing automobile exhaust for chlorinated compounds, tetrachloroethylene was

not detected (Hasanen et al. 1979).

5.5 GENERAL POPULATION AND OCCUPATIONAL EXPOSURE

The most important routes of exposure to tetrachloroethylene for most members of the general

population are inhalation of the compound in ambient air and ingestion of contaminated drinking

water. Available data indicate generally that dermal exposure is not an important route for most

people. General population exposure from inhalation of ambient air varies widely depending on

location. While background levels are generally in the low-ppt range in rural and remote areas, values

in the high-ppt and low-ppb range are found in urban and industrial areas and areas near point sources

of pollution.

Tetrachloroethylene has been detected in expired air in several comprehensive studies of humans;

attempts were made to correlate the levels in breath with those in water and ambient air (Hartwell et

al. 1987; Krotoszynski et al. 1979; Wallace et al. 1985, 1986a). Results suggested that expired air

concentrations of tetrachloroethylene were correlated with personal exposure concentrations of the

chemical. Breath levels were higher than outdoor air levels and seemed to be more closely related to

indoor air levels (Wallace 1986; Wallace et al. 1985, 1986a), suggesting that indoor air is a more

significant exposure source of tetrachloroethylene than outdoor air, even near major point sources such

as chemical plants (Wallace 1986; Wallace et al. 1986a, 1986b, 1986c, 1986d). Wallace et al. (1989)

reported air concentrations for four homes (nine samples per home) in North Carolina and found that

indoor air concentrations of tetrachloroethylene in all homes were consistently higher than the outdoor

concentrations.
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Indoor air of apartments where dry cleaners lived was about 0.04 ppm compared to 0.003 ppm in the

apartments of the controls (Aggazzotti et al. 1994a), indicating that dry cleaners serve as a source of

exposure for their families. Breath concentrations of tetrachloroethylene in dry cleaners, family

members and controls were 0.65, 0.05, and 0.001 ppm, respectively (Aggazzotti et al. 1994b). A

study which combines PBPK modeling with a single compartment model for a “typical” home

(Thompson and Evans 1993) suggests that tetrachloroethylene levels in a home with a worker exposed

to a TWA of 50 ppm for 8 hours as the only source of tetrachloroethylene could result in

concentrations of 0.004-0.01 ppm. The air exchange rate in the house made a larger difference in the

house air concentrations than the choice of metabolic data used in the PBPK model.

In addition to breathing contaminated air, infants can also be exposed to tetrachloroethylene in breast

milk. For example, tetrachloroethylene was present at unspecified levels in seven of eight samples of

mother’s milk from four urban areas in the United States (Pellizzari et al. 1982). A woman in Halifax,

Nova Scotia, who visited her husband daily at the dry cleaning plant where he worked, was found to

have tetrachloroethylene present in her breast milk (Bagnell and Ellenberger 1977). This was

discovered after her breast-fed infant developed obstructive jaundice, which was attributed to the

contaminant. Using a PBPK model, Schreiber (1993) predicted that for women exposed under

occupational conditions, breast milk concentrations would range from 857 to 8,440 g/L. The

exposure scenario for the low concentrations was 8 hours at about 6 ppm (exposure concentration of

counter workers, pressers and seamstresses) and 16 hours at 0.004 ppm (residential background), and

for the high concentration, 8 hours at 50 ppm and 16 hours at 0.004 ppm (residential background).

Assuming a 7.2-kg infant ingests 700 mL of breast milk/day, the infant dose would range from 0.08 to

0.82 mg/kg/day, relative to the EPA RfD of 0.01 mg/kg/day (IRIS 1996). The infant dose estimated

from background exposure (24 hours at 0.004 ppm) was 0.001 mg/kg/day (Schreiber 1993). Because

of potential widespread exposure, the study author suggested that additional monitoring of breast milk

levels should be completed. A second model of the lactational transfer of tetrachloroethylene has been

developed using data from rats (Byczkowski and Fisher 1994, 1995). Using an exposure scenario

similar to that described by Bagnell and Ellenberger (1977), investigators (Byczkowski and Fisher

1994) estimated that a l-hour exposure to 600 ppm tetrachloroethylene each day would result in an

infant blood concentration of about 0.035 mg/L within 1 month of exposure. Using the same exposure

scenarios as Schreiber (1993), the Byczkowski and Fisher (1995) model predicts slightly smaller doses

delivered to the infant. For example, Schreiber (1993) predicted 0.08 mg/kg/day as the minimum dose

to the infant for the exposure scenario for low concentrations (8 hours at 6 ppm, 16 hours at
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0.004 ppm) while Byczkowski and Fisher (1995) predicted a dose of 0.032 mg/kg/day. The Schreiber

(1993) model may have overestimated the dose to the infant because it assumes the infant will be

exposed to the peak concentrations of tetrachloroethylene in breast milk, while the Byczkowski and

Fisher (1995) model provides more insight into the changing concentrations of tetrachloroethylene in

breast milk as maternal exposure changes.

Although the use of tetrachloroethylene in the dry cleaning industry makes this chemical a potential

hazard for exposed workers, casual contact by the general population with dry-cleaned clothing may

pose a risk as well. One study showed that the storage of newly dry-cleaned garments in a residential

closet resulted in tetrachloroethylene levels of 0.5-2.9 mg/m3 (74-428 ppb) in the closet after 1 day,

followed by a rapid decline to 0.5 mg/m3 (74 ppb) which persisted for several days (Tichenor et al.

1990). Initial “airing out” of the clothes for 4-8 hours had little effect on the resulting emissions,

presumably because diffusion through the fabric, rather than surface evaporation, was rate-limiting. A

study of nine homes into which 10 or fewer freshly dry-cleaned garments were introduced showed an

increase in tetrachloroethylene levels in the air of seven homes (Thomas et al. 1991). The increases

ranged from 2 to 30 times the levels before the introduction of the garments, and the magnitude of the

increase was highly correlated with the number of garments divided by the house volume. tetrachloroethylene

levels in personal breathing space and expired air of residents were also monitored and

found to be generally correlated with indoor air concentrations. An investigation of different methods

for reducing tetrachloroethylene retention in dry-cleaned fabrics found that, while airing at 20°C for

several hours had little effect, airing at 45°C greatly reduced retention time, and thus was

recommended as a way to reduce consumer exposure from garments (Guo et al. 1990).

A survey of 15 coin-operated dry cleaning establishments in Hamburg, Germany, showed indoor air

concentrations of tetrachloroethylene between 3.1 and 331 mg/m3 (457 and 48,812 ppb) and a

concentration of 4.5 mg/m3 (664 ppb) in one building 7.5 months after removal of dry cleaning

machines, indicating that tetrachloroethylene may be absorbed by building materials and then slowly

released into the air over time (Gulyas and Hemmerling 1990). This study also indicated that a car

transporting a freshly dry-cleaned down jacket had air concentrations of 20.4 mg/m3  (3,008 ppb) after

25 minutes and 24.8 mg/m3 (3,657 ppb) after 108 minutes.

A survey of dry cleaning operators conducted by the International Fabricare Institute from 1980 to

1990 indicated that 1,302 operators in plants with transfer units were exposed to an average time-
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weighted average of 48.4 ppm, while 1,027 operators in plants with dry-to-dry units were exposed to

an average time-weighted average of 16.9 ppm (Andrasik and Cloutet 1990). An in-depth series of

studies of the dry cleaning industry has been completed by the National Institute for Occupational

Safety and Health (NIOSH). These studies evaluate worker exposure to tetrachloroethylene at several

locations in the United States, and examine how the exposure can be controlled (Earnest 1995, 1996;

Earnest and Spencer 1995; Earnest et al. 1995a, 1995b, 1995c; Spencer et al. 1995). Personal and area

air samples were obtained. Results of the studies showed that the TWA concentrations of

tetrachlorethylene were within the American Conference of Governmental Industrial Hygienists

recommended threshold limit value of 25 ppm (ACGIH 1995). The primary exposure of the workers

occurred during the loading and unloading of the dry cleaning machines.

Various consumer products have been found to contain tetrachloroethylene. These include printing

ink, glues, sealants, polishes, lubricants, and silicones (ACGIH 1991) as well as paint removers; rug

and upholstery cleaners; and stain, spot, and rust removers (EPA 1985d).

Contamination of drinking water supplies with tetrachloroethylene varies with location and with the

drinking water source (surface water or groundwater). Generally higher levels are expected in

groundwater because tetrachloroethylene volatilizes rapidly from surface water. The EPA has

estimated that approximately 5.3% of the U.S. population using public water supplies is exposed to

tetrachloroethylene levels above 0.5 g/L (0.5 ppb), and 0.4% are exposed to levels above 5 g/L

(5 ppb) (EPA 1985c). Thus, assuming a 70-kg person drinking 2 L of water containing 0.5 ppb

tetrachloroethylene per day, the daily intake of tetrachloroethylene is 1 ppb, or 0.014 g/kg/day.

Showering or bathing with contaminated water can also result in tetrachloroethylene exposure. Rao

and Brown (1993) describe a combined PBPK exposure model that estimates brain and blood levels of

tetrachloroethylene following a 15-minute shower or 30-minute bath with water containing 1 mg

tetrachloroethylene/. The PBPK model is described further in Section 2.3.5. The exposure model

assumed that the shower or bath would use 100 L of water, the air volume in the shower stall or

above the bath tub was 3 m
3, and the shower flow rate was 6.667 L/mmute. The exposure model was

validated with data for chloroform and trichloroethylene, but not tetrachloroethylene. Using this

model, Rao and Brown (1993) estimated that shower air would contain an average of 1 ppm and that

the air above the bathtub would contain an average of 0.725 ppm if the water contained 1 mg

tetrachloroethylene/L.
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There is some evidence that tetrachloroethylene can be produced in small amounts during the

chlorination process of water treatment (Bellar et al. 1974), although no evidence exists for its

formation through drinking water chlorination (Bellar et al. 1974; Westrick et al. 1984). Other studies

of vinyl coated water pipes used for carrying drinking water in some parts of the northeast United

States suggested that residual tetrachloroethylene from the coating process may contribute to drinking

water contamination (Wakeham et al. 1980; Yuskus 1984).

General population exposure may also occur from ingestion of contaminated foods, but data are

insufficient to calculate an average daily intake with a high degree of accuracy, or estimate the

importance of contaminated food as a source of exposure for the general population. However, the

EPA made some approximations assuming individual average daily intakes of 0.753 kg for dairy

products, 0.262 kg for meat, fish, and poultry, 0.073 kg for fats and oils, and 0.128 kg for beverages.

Based on average tetrachloroethylene levels reported for these foods, it was determined that a person’s

average daily intake of tetrachloroethylene is between 0 and 4 g from dairy products, 0 and 1 g

from meat, fish, and poultry, 0 and 0.95 g from fats and oils, and 0 and 0.06 g from beverages

(EPA 1985c).

Total tetrachloroethylene intake for Canadians has been estimated to range from 1.2 to 2.7 g/kg/day

(CEPA 1993). Indoor air exposure (assuming 20 hours/day) from the use of household products

containing tetrachloroethylene and from recently dry-cleaned clothes accounted for 1.2-l .9 g/kg/day.

Drinking water and food consumption contributed 0.002-0.03 and 0.12-0.65 g/kg/day, respectively.

Data were not sufficient to estimate tetrachloroethylene intake from soil.

Tetrachloroethylene has been measured in the blood and urine in a sample of the general population in

Italy (Brugonone et al. 1994). In rural locations, tetrachloroethylene was detected in the blood of 76%

of 107 individuals tested at a mean concentration of 62 ng/L, while in 106 urban subjects it was

detected in 41% at a mean concentration of 263 ng/L. Measurement of tetrachloroethylene in urine

showed similar results for urban (74% positive; average 90 ng/L) and rural populations (74% positive;

average 119 ng/L). In Zagreb, Croatia, tetrachloroethylene concentrations in the drinking water ranged

from 210 to 7,800 ng/L, and tetrachloroethylene in blood ranged from <10 to 239 ng/L (Skender et al.

1994).
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The National Occupational Exposure Survey (NOES), conducted by NIOSH from 1981 to 1983,

estimated that 688,110 workers employed at 49,025 plant sites were potentially exposed to

tetrachloroethylene in the United States during this period (NOES 1990). The NOES database does

not contain information on the frequency, concentration, or duration of exposure; the survey provides

only estimates of workers potentially exposed to chemicals in the workplace. A NIOSH survey of 44

dry cleaning facilities showed tetrachloroethylene TWA exposures to machine operators ranging from

4.0 to 149 ppm; the geometric mean tetrachloroethylene exposures to machine operators was 22 ppm,

while mean exposures to pressers, seamstresses, and front counter workers were 3.3, 3.0, and 3.1 ppm,

respectively (Ludwig et al. 1983). A study of the dry cleaning industry in England indicated exposure

was similar to that determined in the U.S. studies (Shipman and Whim 1980).

Workplace exposure to tetrachloroethylene has been monitored by examining venous blood

concentrations of unmetabolized tetrachloroethylene and its metabolite trichloroacetic acid in workers

at dry cleaning shops. The tetrachloroethylene concentrations increased greatly through the course of

the workweek, while the increases in trichloroacetic acid were less dramatic (Skender et al. 1987). A

limited capacity in humans for metabolizing tetrachloroethylene was also indicated by a study in which

61 workers showed a linear increase in urinary metabolite concentration as the ambient

tetrachloroethylene concentration increased up to 100 ppm, beyond which point metabolite excretion

leveled off (Ohtsuki et al. 1983). Another study involving 40 workers at various plants exposed to

tetrachloroethylene showed a direct correlation between levels monitored in the personal breathing

zone and levels of unmetabolized tetrachloroethylene in the urine (Ghittori et al. 1987).

5.6 POPULATIONS WITH POTENTIALLY HIGH EXPOSURES

Various segments of the population can be exposed to levels of tetrachloroethylene significantly above

normal background concentrations. Metal degreasers who use the chemical as a solvent would be

expected to have high exposure. People working in the dry cleaning industries are exposed to elevated

levels of tetrachloroethylene. In addition, recent evidence has suggested that people living with

workers in the dry cleaning industry may be subjected to higher exposures even though their homes

are far removed from the work site (Aggazzotti et al. 1994a). This study surveyed 30 such homes and

showed a range of indoor tetrachloroethylene levels from 34 to 3000 g/m
3 (5.0 to 442 ppb), which

was significantly higher than that found in control homes (1-16 g/m3) (0.1-2.4 ppb). The

tetrachloroethylene levels in alveolar air samples were likewise significantly higher in family members
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of workers than in control subjects, and the higher exposures were attributed to clothing worn home

from work and the expired breath of workers (Aggazzotti et al. 1994a, 1994b).

Elevated levels of tetrachloroethylene in human breath of the general public (i.e., non-occupational

exposure) appear to be related to tetrachloroethylene emissions from nearby factories or from chemical

waste dumps. A sample of 6 children living near a factory in the Netherlands had a mean

concentration of 24 g/m3 (3.5 ppb) tetrachloroethylene in their breath, compared with 11 control

children with a mean level of 2.8 g/m3 (0.4 ppb) (Monster and Smolders 1984). Nine residents of

Love Canal, New York, a site of serious chemical contamination for many years, were found to have

tetrachloroethylene levels ranging from 600 to 4,500 ng/m3 (0.09-0.66 ppb) in their breath, from 0.35

to 260 ng/mL (0.35-260 ppb) in their blood, and from 120 to 690 ng/mL (120-690 ppb) in their urine

(Barkley et al. 1980). This same study indicated that the participants were exposed to

120-14,000 ng/m3 (0.02-2.06 ppb) in ambient outside air and levels of 350-2,900 ng/L

(0.35-2.90 ppb) in their drinking water.

Because of its pervasiveness in the environment, the general public can be exposed to tetrachloroethylene

through drinking water, air, or food, although the levels of exposure are probably far below

those causing any adverse effects. Concern may be justified, however, for people who are

continuously exposed to elevated levels, such as residents of some urban or industrialized areas, people

living near hazardous waste sites, or people exposed at work. Short-term exposure to high levels of

tetrachloroethylene may also pose risks to people using products containing the chemical in areas with

inadequate ventilation. The discontinuation of tetrachloroethylene use in many medical applications

and some consumer products has generally decreased the exposure risks in these situations.

An EPA TEAM (Total Exposure Assessment Methodology) study conducted in New Jersey attempted

to identify factors associated with risk of higher inhalation of tetrachloroethylene (Wallace et al.

1986b). The following factors (in order of importance) were identified: employment (not otherwise

specified), wood processing, visiting a dry cleaner, working at a textile plant, using pesticides, working

at or being in a paint store, and being male.
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5.7 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with

the Administrator of EPA and agencies and programs of the Public Health Service) to assess whether

adequate information on the health effects of tetrachloroethylene is available. Where adequate

information is not available, ATSDR, in conjunction with the NTP, is required to assure the initiation

of a program of research designed to determine the health effects (and techniques for developing

methods to determine such health effects) of tetrachloroethylene.

The following categories of possible data needs have been identified by a joint team of scientists from

ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met would

reduce the uncertainties of human health assessment. This definition should not be interpreted to mean

that all data needs discussed in this section must be filled. In the future, the identified data needs will

be evaluated and prioritized, and a substance-specific research agenda will be proposed.

5.7.1 Identification of Data Needs

Physical and Chemical Properties.  The physical and chemical properties of tetrachloroethylene

are well characterized and allow prediction of the environmental fate of the compound (HSDB 1996;

Lide 1990; Sax and Lewis 1987). Estimates of the distribution of tetrachloroethylene in the

environment based on available constants (e.g., water solubility, log kow, log koc, vapor pressure)

(HSDB 1996; Seip et al. 1986; Zytner et al. 1989a) are generally in good agreement with

experimentally determined values. No additional studies are required at this time.

Production, Import/Export, Use, and Release and Disposal.   Humans are at risk of exposure

to tetrachloroethylene because of its widespread use and distribution in the environment. Production,

import, and use of the chemical are known to be relatively high. Tetrachloroethylene is released to the

atmosphere mainly through its use in the dry cleaning and textile processing industries, as a chemical

intermediate, and in degreasing procedures (EPA 1982a; Weant and McCormick 1984). It is also

released to surface water and land in sewage sludges and industrial liquid or solid waste (Schultz and

Kjeldsen 1986; TRI93 1995; Weant and McCormick 1984). Tetrachloroethylene-containing material is

considered a hazardous waste and its disposal is subject to regulations (see Chapter 7) (EPA 1985a,

1985c). More current data on production, use in food processing and consumer products, releases,
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efficiency of disposal practices, adequacy of current disposal regulations, and the extent of recovery

and recycling of tetrachloroethylene would assist in estimating human potential exposures, particularly

of populations living near industrial facilities and hazardous waste sites.

According to the Emergency Planning and Community Right-to-Know Act of 1986, 42 U.S.C. Section

11023, industries are required to submit substance release and off-site transfer information to the EPA.

The Toxics Release Inventory (TRI), which contains this information for 1992, became available in

May of 1994. This database will be updated yearly and should provide a list of industrial production

facilities and emissions.

Environmental Fate.   Tetrachloroethylene partitions primarily to the atmosphere (Class and

Ballschmiter 1986), where it can be transported back to land and surface water in rain (Kawamura and

Kaplan 1983; Pearson and McConnell 1975; Su and Goldberg 1976). In air, the half-life of

tetrachloroethylene has been estimated to range from 70 to 251 days (Class and Ballschmiter 1986;

Cupitt 1987). The chemical is mobile in soil (Kenaga 1980; Swann et al. 1983) and can contaminate

groundwater (Dykson and Hess 1982). It does not appear to be readily transformed in soil (Wakeham

et al. 1983; Wilson et al. 1983a) or water (Bouwer and McCarty 1982; Bouwer et al. 1981; Chodola et

al. 1989; Jeffers et al. 1989; Roberts et al. 1986). The hydrolysis half-life has been estimated to be

from 9 months (Dilling et al. 1975) to 9.9x10
8 years (Jeffers et al. 1989). Because of the great

variability in half-life, additional studies regarding the hydrolysis of tetrachloroethylene would be

useful. Data are inadequate for predicting the biological degradation of tetrachloroethylene under

different soil conditions, e.g., soil characteristics and composition. It is not currently possible to use

models to predict the rate of degradation nor the proportions of degradation products that might be

produced. It would be very useful to have this capability.

Bioavailability from Environmental Media.   No studies have been identified regarding the

absorption of tetrachloroethylene following ingestion of contaminated soil and plants grown on

contaminated soil near hazardous waste sites and other points sources of pollution.

Tetrachloroethylene can be absorbed following inhalation (Hake and Stewart 1977; Monster et al.

1979), oral (Frantz and Watanabe 1983; Pegg et al. 1979; Schumann et al. 1980), or dermal exposure

(Jakobson et al. 1982; Stewart and Dodd 1964; Tsuruta 1975). All of these routes of exposure may be

of concern to humans because of the potential for tetrachloroethylene to contaminate the air, drinking

water, food, and soil. More information on the absorption of tetrachloroethylene following ingestion
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of contaminated soil and plants grown on contaminated soil near hazardous waste sites and other

sources of pollution would be helpful in determining the bioavailability of the chemical from soil.

Food Chain Bioaccumulation.   Data indicate that tetrachloroethylene has a low bioconcentration

potential in aquatic organisms and animals (Barrows et al. 1990; Kawasaki 1980; Kenaga 1980; Neely

et al. 1974; Veith et al. 1980). No data were located on the bioconcentration potential of this

compound in plants. Research on the bioconcentration of tetrachloroethylene in plants would help in

assessing the potential for exposure from ingestion of plant foodstuffs. Although biomagnification of

tetrachloroethylene in terrestrial and aquatic food chains is not expected to be important because the

compound is metabolized in animals, experimental data to confirm the expected behavior would be

useful in evaluating the importance of food chain bioaccumulation as a source of human exposure to

tetrachloroethylene.

Exposure Levels in Environmental Media.   Tetrachloroethylene is widely distributed in the

environment and has been detected in air (Brodzinsky and Singh 1982; Hartwell et al. 1987; Ligocki et

al. 1985; Singh et al. 1982), water (Dykson and Hess 1982; Kawamura and Kaplan 1983; Ligocki et

al. 1985; Staples et al. 1985), soil (Ferrario et al. 1985; Staples et al. 1985), and food (Daft 1989; Entz

and Diachenko 1988; Entz and Hollifield 1982; Heikes and Hopper 1986). Ambient air levels in cities

in the United States generally range from 0.035 to 1.3 ppb (Hartwell et al. 1987). Surface water

concentrations of tetrachloroethylene are generally less than 1 ppb (Ohio River Valley Sanitation

Commission 1980), and the median concentration in 79 ground water samples was 0.75 ppb (Westrick

et al. 1984). Median concentrations of tetrachloroethylene in 359 sediment samples were <5 ppb

(Staples et al. 1985). Continual monitoring data for surface air, water, groundwater, and soil are

needed to assess the current potential for exposure to the chemical from these media. Additional data

characterizing the concentration of tetrachloroethylene in air, water, and soil surrounding hazardous

waste sites and estimating human intake from these media would be helpful in assessing the potential

human exposure to this chemical for populations living near hazardous waste sites. Reliable

monitoring data for the levels of tetrachloroethylene in contaminated media at hazardous waste sites

are needed so that the information obtained on levels of tetrachloroethylene in the environment can be

used in combination with the known body burden of tetrachloroethylene to assess the potential risk of

adverse health effects in populations living in the vicinity of hazardous waste sites.
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Exposure Levels in Humans.   Tetrachloroethylene has been detected in human breath (Koppel et

al. 1985; Stewart et al. 1977), blood (Altmann et al. 1990; Hams et al. 1993), urine (Koppel et al.

1985), tissues (Gamier et al. 1996; Levine et al. 1981; Lukaszewski 1979), and breast milk (Bagnell

and Ellenberger 1977). Most of the monitoring data come from occupational studies of specific

worker populations exposed to tetrachloroethylene; however, some studies of exposure in the general

population have been done (Aggazzotti et al. 1994a, 1994b; Hartwell et al. 1987; Krotoszynski et al.

1979; Schreiber et al. 1993; Wallace et al. 1985, 1986a). More current information on biological

media monitoring of the general population would be helpful in estimating human exposure. Because

infants may be more susceptible to tetrachloroethylene, more information on tetrachloroethylene in

breast milk would be useful. Data correlating levels in biological samples with media exposure levels

and the subsequent development of health effects are especially needed for populations living in the

vicinity of hazardous waste sites. This information is necessary for assessing the need to conduct

health studies on these populations.

Exposure Registries. No exposure registries for tetrachloroethylene were located. This substance

is not currently one of the compounds for which a subregistry has been established in the National

Exposure Registry. The substance will be considered in the future when chemical selection is made

for subregistries to be established. The information that is amassed in the National Exposure Registry

facilitates the epidemiological research needed to assess adverse health outcomes that may be related

to exposure to this substance.

5.7.2 On-going Studies

As part of the Third National Health and Nutrition Evaluation Survey (NHANES III), the

Environmental Health Laboratory Sciences Division of the National Center for Environmental Health,

Centers for Disease Control and Prevention, will be analyzing human blood samples for

tetrachloroethylene and other volatile organic compounds. These data will give an indication of the

frequency of occurrence and background levels of these compounds in the general population.

The biodegradation of tetrachloroethylene as a method for waste treatment and remediation of polluted

sites is the focus of many current research projects (CRIS 1994). Reductive dechlorination of

tetrachloroethylene by an anaerobic enrichment culture is being investigated at Cornell University

(Principal Investigator, Dr. S.H. Zinder) in order to characterize responsible organisms and the kinetics
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of the reactions. Other studies concerned with identifying optimal conditions for both aerobic and

anaerobic biotransformation as methods of treatment are in progress (e.g., at Westinghouse, Savannah

River Technical Center, Oak Ridge National Laboratory, Occidental Chemical Corporation, U.S. EPA,

University of Washington, and University of California).
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The purpose of this chapter is to describe the analytical methods that are available for detecting,

measuring, and/or monitoring tetrachloroethylene, its metabolites, and other biomarkers of exposure

and effect to tetrachloroethylene. The intent is not to provide an exhaustive list of analytical methods,

but is to identify well-established methods that are used as the standard methods of analysis. Many of

the analytical methods used for environmental samples are the methods approved by federal agencies

and organizations such as EPA and the National Institute for Occupational Safety and Health

(NIOSH). Other methods presented in this chapter are those that are approved by groups such as the

Association of Official Analytical Chemists (AOAC) and the American Public Health Association

(APHA). Additionally, analytical methods may be included that modify previously used methods to

obtain lower detection limits and/or to improve accuracy and precision.

6.1  BIOLOGICAL MATERIALS

Several methods are available for the analysis of tetrachloroethylene in biological media. The method

of choice depends on the nature of the sample matrix; required precision, accuracy, and detection limit;

cost of analysis; and turnaround time of the method. Since tetrachloroethylene is metabolized in the

human body to trichloroacetic acid (TCA), TCA may be quantified in blood and urine as an indirect

measure of tetrachloroethylene exposure (Monster et al. 1983). It should be pointed out that the

determination of TCA may not provide unambiguous proof of tetrachloroethylene exposure since it is

also a metabolite of trichloroethylene. Trichloroethanol has also been thought to be a metabolite of

tetrachloroethylene, identified following occupational exposure (Bimer et al. 1996; Ikeda et al. 1972;

Monster et al. 1983). However, rather than being a metabolite of tetrachloroethylene, it is more likely

that trichloroethanol is formed from trichloroethylene, which is often found as a contaminant of

tetrachloroethylene (Skender et al. 1991). Methods for the determination of trichloroethylene and

trichloroethanol are summarized in the Toxicological Profile for Trichloroethylene (ATSDR 1993).

The main method used to analyze for the presence of tetrachloroethylene and TCA in biological

samples is separation by gas chromatography (GC) combined with detection by mass spectrometry

(MS) or an electron capture detector (ECD). Tetrachloroethylene and/or its metabolites have been

detected in exhaled air, blood, urine, breast milk, and tissues. Preconcentration techniques are
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frequently used in tetrachloroethylene analysis. Preconcentration not only increases the sensitivity but

in certain instances may decrease the sample separation time. Interference in tetrachloroethylene

analysis results from the widespread distribution of volatile organic compounds in the environment.

The most likely sources of these interfering compounds are contamination from the vessels used to

hold and prepare samples, contamination of the plumbing in the analytical instrument, and leaking of

environmental contaminants into the sample vessel. Details on sample preparation, analytical method,

and sensitivity and accuracy of selected methods are shown in Table 6-l.

Breath samples have been analyzed for tetrachloroethylene in several studies. Preconcentration on a

solid sorbent followed by thermal desorption onto a cryogenic trap connected to the gas

chromatograph was used to analyze exhaled air in several TEAM studies (Wallace 1986; Wallace et al.

1986a, 1986b, 1986c, 1986d). Vapors were thermally released directly onto the chromatographic

column for separation and detection by electron impact MS (EIMS).

The methods most frequently used to determine the presence of tetrachloroethylene in biological

tissues and fluids are headspace analysis and purge-and-trap, followed by GC/MS or GC/ECD. In

headspace analysis, the gaseous layer above the sample is injected into the gas chromatograph.

Samples may be hydrolyzed prior to analysis of headspace gases (Ramsey and Flanagan 1982).

Headspace gases can be preconcentrated prior to GC analysis (Cramer et al. 1988; Michael et al. 1980)

or injected directly into the gas chromatograph (Ramsey and Flanagan 1982). Sensitivity is in the

low-ppb range, with generally good precision and accuracy for blood, serum, plasma, and urine

(Cramer et al. 1988; Michael et al. 1980). The purge-and-trap method is used with liquid samples and

involves purging the sample with an inert gas and trapping the purged volatiles on a solid sorbent.

Blood and breast milk have been analyzed for tetrachloroethylene by purging onto a solid sorbent to

concentrate the volatiles, followed by thermal desorption and analysis by GC/MS (Antoine et al. 1986;

Pellizzari et al. 1982). However, the breast milk analysis was only qualitative, and recoveries

appeared to be low for those chemicals analyzed (Pellizzari et al. 1982). Precision and sensitivity

were comparable to headspace analysis, but accuracy was lower. Recovery of tetrachloroethylene from

rat tissues was found to be greater when the tissues were homogenized in saline:isooctane (1:4) rather

than saline alone (Chen et al. 1993).

Analysis of blood and urine for TCA has been done primarily by GC/ECD (Ziglio et al. 1984). TCA

has also been determined calorimetrically by decarboxylation to chloroform and conjugation with
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pyridine (Pekari and Aitio 1985a). The recovery and precision for this method were good, but the

sensitivity was about a tenth that of GC/ECD methods (Christensen et al. 1988; Pekari and Aito

1985a).

The tetrachloroethylene metabolite, N-acetyl-S-(trichlorovinyl)cysteine (TCVC), produced from

glutathione conjugation, has been measured in rat urine using a negative ion chemical ionization gas

chromatographic/tandem mass spectrometric method (Bartels 1994). The detection limit of this

method was reported as 0.3 ng TCVC/mL of rat urine. As discussed in Section 2.3.3, glutathione

conjugation of tetrachloroethylene has not been identified in humans.

6.2 ENVIRONMENTAL SAMPLES

Analysis of environmental samples is similar to that of biological samples. The most common

methods of analyses are GC coupled to MS, ECD, a Hall’s electrolytic conductivity detector (HECD),

or a flame-ionization detector (FID). Preconcentration of samples is usually done by sorption on a

solid sorbent for air and by the purge-and-trap method for liquid and solid matrices. Alternatively,

headspace above liquid and solid samples may be analyzed without preconcentration. Details of

commonly used analytical methods for several types of environmental samples are presented in

Table 6-2.

The primary methods of analyzing for tetrachloroethylene in air are GC combined with either MS or

ECD. Air samples are collected on a solid sorbent, thermally desorbed to an on-column cryogenic trap

and heat-released from the trapping column directly to the gas chromatograph (Bayer and Black 1987;

Krost et al. 1982; Wallace 1986; Wallace et al. 1986a, 1986b, 1986c, 1986d). Grab-samples of air can

also be obtained and preconcentrated on a cryogenic column (Makide et al. 1979; Rasmussen et al.

1977). The limit of detection for cryogenic trapping followed by GC/ECD or GC/MS is in the low-

ppt range (Krost et al. 1982; Makide et al. 1979; Rasmussen et al. 1977; Wallace et al. 1986a, 1986d).

With careful technique, precision for both GC/ECD and GC/MS is acceptable, although the relative

standard deviation (RSD) can be as high as 28% (Krost et al. 1982; Rasmussen et al. 1977; Wallace

et al. 1986a, 1986b, 1986c, 1986d). Accuracy could not be compared between the two analytical

methods because no recovery data were located for GC/ECD. An alternate method of analysis

chemically desorbs tetrachloroethylene from activated coconut charcoal and directly injects the extract
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into a GC equipped with FID detection (NIOSH 1994b; Peers 1985). The sensitivity of this method is

only in the low-ppm range.

Tetrachloroethylene can be detected in drinking water, groundwater, waste water, and leachate from

solid waste. The primary analytical methods are separation by GC combined with detection by HECD

or other type of halogen-specific detector, ECD, or MS. In most methods, tetrachloroethylene is

liberated from the liquid matrix by purging with an inert gas concentrated by trapping on a suitable

solid sorbent and thermally desorbed onto the gas chromatograph column. Baykut and Voigt (1992)

describe a method in which tetrachloroethylene is removed from aqueous solutions using a spray

extraction technique, followed by trapping on a solid sorbent, then thermal desorption onto a gas

chromatograph. Detection of tetrachloroethylene is generally by HECD (or other halogen-specific

detector) or MS (APHA 1992; Baykut and Voigt 1992; EPA 1982b, 1982c; Otson and Williams 1982;

Wallace 1986; Wallace et al. 1986c, 1986d). The limit of detection is in the sub-ppb range for

halogen-specific detectors (APHA 1992; EPA 1982b, 1982c) and in the low-ppb for MS (EPA 1982b).

Accuracy is generally greater than 90% (APHA 1992; EPA 1982b, 1982c), although lower values have

been reported (Wallace 1986; Wallace et al. 1986c, 1986d). Precision is 13% (RSD) or better

(APHA 1992; EPA 1982b, 1982c; Wallace 1986, Wallace et al. 1986d). Purging directly to the gas

chromatograph with whole-column cryogenic trapping has been reported (Pankow and Rosen 1988).

The study authors have reported excellent purging efficiency (100%) and state that sensitivity and

precision should be correspondingly good, although specific values for these parameters were not

reported. Headspace analysis has been used to determine tetrachloroethylene in water samples. High

accuracy and precision were reported for a procedure in which GC/ECD was the analytical method

(Dietz and Singely 1979). Solid waste leachates from sanitary landfills have been analyzed for

tetrachloroethylene and other volatile organic carbons (Schultz and Kjeldsen 1986). Detection limits

for the procedure, which involves extraction with pentane followed by GC/MS analysis, are in the lowppb

and low-ppm ranges for concentrated and neat samples, respectively.

An in situ method for tetrachloroethylene analysis using fiber evanescent wave spectroscopy (FEWS)

has been described by Krska et al. (1993). In this method, the water flows through a glass chamber

containing a silver halide fiber coated with low-density polyethylene in an amorphous phase. The

coating serves to concentrate the tetrachloroethylene, and the compound is detected using infrared

spectrophotometry. The detection limit of this method, which was validated using headspace GC, was

1 ppm.
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No information on analysis of tetrachloroethylene in soil or sediment was located. Several procedures

for determination of the chemical in plants and food were located. GC/ECD and GC/HSD are most

commonly used to analyze solid samples for tetrachloroethylene contamination. Extraction, purge-and-

trap, and headspace analysis have all been used to prepare samples. Analysis of headspace gases by

GC coupled with ECD, MS, or HSD has proven relatively sensitive (low- to sub-ppb range) and

reproducible for a variety of foods (Boekhold et al. 1989; Entz and Hollifield 1982; EPA 1982c;

Pocklington 1992; Van Rillaer and Beemaert 1989). It has also been used to analyze building

materials and consumer products (Wallace et al. 1987). GC/HSD of headspace gases is the EPArecommended

method for solid matrices (EPA 1982c). Foods have also been analyzed for

tetrachloroethylene by GC/ECD/HECD following isooctane extraction. Sensitivity was comparable to

headspace methods, but reproducibility was not as good (Daft 1988). In both headspace and extraction

preparation methods, increased lipid content of the matrix adversely affected accuracy and precision.

A purge-and-trap technique proved useful for analyzing grains and grain-based foods with high

sensitivity and good recovery (Heikes and Hopper 1986).

6.3 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with

the Administrator of EPA and agencies and programs of the Public Health Service) to assess whether

adequate information on the health effects of tetrachloroethylene is available. Where adequate

information is not available, ATSDR, in conjunction with the NTP, is required to assure the initiation

of a program of research designed to determine the health effects (and techniques for developing

methods to determine such health effects) of tetrachloroethylene.

The following categories of possible data needs have been identified by a joint team of scientists from

ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met would

reduce the uncertainties of human health assessment. This definition should not be interpreted to mean

that all data needs discussed in this section must be filled. In the future, the identified data needs will

be evaluated and prioritized, and a substance-specific research agenda will be proposed.
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6.3.1 Identification of Data Needs

Methods for Determining Biomarkers of Exposure and Effect

Exposure.  Methods are available for measuring tetrachloroethylene in breath (Wallace et al. 1986a,

1986d), blood (Antoine et al. 1986; Michael et al. 1980; Ramsey and Flanagan 1982), urine (Michael

et al. 1980), and adipose tissue (Chen et al. 1993; Michael et al. 1980; Ramsey and Flanagan 1982),

and TCA in blood (Ziglio et al. 1984) and urine (Christensen et al. 1988; Pekari and Aito 1985a,

1985b). Available methods are sensitive for measuring exposure levels at which health effects have

been observed to occur, for example, in workers known to be exposed to high levels of tetrachloroethylene.

These methods have also been used to measure background levels in individuals believed

not to have been exposed to higher-than-expected levels of tetrachloroethylene (e.g., office workers

and housewives) (Wallace 1986). The methods are generally reliable, although increased precision for

most methods would increase reliability. However, tetrachloroethylene is pervasive in the environment

and background levels for the general population are not well defined. Levels may vary considerably

within the environment, making it difficult to differentiate between normal background exposure and

excess exposure. Further research on the relationship between levels found in living and working

environments not suspected of having elevated levels of tetrachloroethylene and levels of the chemical

and/or its metabolites in biological media would help in better defining background levels of the

chemical and aid in determining if improved methods of monitoring exposure are needed.

Effect.   There are no unique biomarkers of effect for tetrachloroethylene; however, sensitive and

reliable clinical methods exist for determining damage to the liver, a target organ for

tetrachloroethylene toxicity. These include measuring serum levels of liver enzymes, bilirubin, and

alkaline phosphatase and urinary urobilinogen (Bagnell and Ellenberger 1977; Coler and Rossmiller

1983; Meckler and Phelps 1966; Stewart et al. 1981). Neurological effects may also result from

exposure to tetrachloroethylene (Carpenter 1937; Haerer and Udelman 1964; Hake and Stewart 1977;

Kendrick 1929; Koppel et al. 1985; Morgan 1969; Rowe et al. 1952; Saland 1967; Sandground 1941;

Stewart et al. 1970, 1981; Wright et al. 1937). Tests for these effects are not especially sensitive,

reliable, or specific and would not improve detection over the established procedures for measuring

tetrachloroethylene in breath, blood, or urine.
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Methods for measuring levels of tetrachloroethylene and its metabolites that might be associated with

adverse health effects are the same as those for exposure. The methods are sensitive for measuring

levels of tetrachloroethylene and its metabolites in individuals not exhibiting apparent health effects

resulting from the chemical (Monster and Smolders 1984; Wallace 1986) as well as in those known to

be affected by absorption of excessively high levels of tetrachloroethylene. However, correlations

between levels of tetrachloroethylene or its metabolites detected in biological media and specific

observed effects at lower levels of absorption are not well established. Additional research in this area

would allow better assessment of existing methods and would help in defining areas in which

improvements are needed. Improved methods of tissue analysis, giving greater sensitivity and

reproducibility, would also help in determining the quantitative relationship between the observed toxic

effect on specific organs and the levels of tetrachloroethylene or its metabolites in these organs.

Methods for Determining Parent Compounds and Degradation Products in

Environmental Media.  Existing methods for determining tetrachloroethylene in air (Krost et al.

1982; Makide et al. 1979; Rasmussen et al. 1977; Wallace et al. 1986a) and water (APHA 1992; EPA

1982b; Otson and Williams 1982), the media of most concern for human exposure, are sensitive,

reproducible, and reliable for measuring background levels in the environment. Research investigating

the relationship between levels measured in air and water and observed health effects could increase

our confidence in existing methods and/or indicate where improvements are needed. Methods for solid

matrices vary in accuracy and precision depending on the method and the matrix (e.g., sludge, soil,

sediment, building material). No detailed descriptions of methods specifically for soil were located.

Soil analyses presumably were done using a method for solid waste (e.g., EPA Method 8010). Data

specifically for soil might be useful in evaluating the reliability of soil data and in determining if

additional methods are needed. Improved methods of detecting tetrachloroethylene in plants and

foods, especially those with higher fat content, would aid in determining the contribution of

tetrachloroethylene exposure from these sources. This would be especially important in determining

the potential for contamination of populations living adjacent to hazardous waste sites and other

potential sources of exposure to higher than background levels of tetrachloroethylene. -

6.3.2 On-going Studies

The Environmental Health Laboratory Sciences Division of the National Center for Environmental

Health, Centers for Disease Control and Prevention, is developing methods for the analysis of



TETRACHLOROETHYLENE 223

6. ANALYTICAL METHODS

tetrachloroethylene and other volatile organic compounds in blood. These methods use purge and trap

methodology, high resolution gas chromatography, and magnetic sector mass spectrometry, which give

detection limits in the low ppt range.
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The international, national, and state regulations and guidelines regarding tetrachloroethylene in air,

water, and other media are summarized in Table 7- 1.

Tetrachloroethylene is on the list of chemicals appearing in “Toxic Chemicals Subject to Section 313

of the Emergency Planning and Community Right-to-Know Act of 1986” (EPA 1987d).

As a result of the Eleventh Circuit Court of Appeals decision (AFL-CIO versus OSHA), OSHA’s

permissible exposure level for tetrachloroethylene, which was lowered to 25 ppm in 1989, was

returned to 100 ppm (OSHA 1993). Based on human exposure data, Stewart et al. (1981) concluded

that a TLV of 100 ppm contained no safety factor for individuals more susceptible to the subjective

and neurological symptoms of tetrachloroethylene. Based on human data, the ACGIH (ACGIH 1995)

TLV-TWA is 25 ppm. The geometric mean exposure of dry cleaning machine operators was 22 ppm

(Ludwig et al. 1983), a value close to the ACGIH TLV-TWA.

ATSDR has derived an acute inhalation MRL of 0.2 ppm with an uncertainty factor of 10, based on

increased pattern reversal visual-evoked potential latencies, and deficits for vigilance and eye-hand

coordination observed in humans exposed 4 hours/day for 4 days at 50 ppm but not at 10 ppm

(Altmann et al. 1992). A chronic-duration inhalation MRL of 0.04 ppm with an uncertainty factor of

100 was derived based on increased reaction times in workers exposed to tetrachloroethylene in dry

cleaning shops at an average concentration of 15 ppm for about 10 years (Ferroni et al. 1992). An

acute oral MRL of 0.05 mg/kg/day with an uncertainty factor of 100 was derived based on

hyperactivity observed in 60-day-old mice that were treated with tetrachloroethylene for 7 days

beginning at 10 days of age (Fredriksson et al. 1993). Additional inhalation and oral MRLs were not

derived.

EPA (IRIS 1996) has derived an oral reference dose (RfD) for tetrachloroethylene of 0.01 mg/kg/day

with an uncertainty factor of 1,000, based on hepatotoxicity in mice (Buben and O’Flaherty 1985). An

inhalation reference concentration (RfC) for tetrachloroethylene has not been derived (IRIS 1996).
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In 1987, EPA’s Science Advisory Board, Office of Research and Development, placed

tetrachloroethylene on a continuum between B2 (probable human carcinogen; based on sufficient

evidence in animals and inadequate or no evidence in humans) and C (possible human carcinogen)

(EPA 1991b). In 1991, EPA’s Office of Health and Environmental Assessment, a component of the

Office of Research and Development, asked the Science Advisory Board to reevaluate the animal

cancer data and related new ancillary information. The conclusion of the Science Advisory Board was

that EPA’s assessment of tetrachloroethylene done in 1987 remains appropriate. Therefore, the

position taken by EPA’s Science Advisory Board in 1987 regarding the carcinogenicity classification

for tetrachloroethylene, which was reiterated in 1991, has not changed since 1987. This assessment is

based on “increased liver tumors in male and female mice, kidney tumors in male rats, and, possibly,

mononuclear cell leukemia in male and female rats” (EPA 1991b). The Science Advisory Board

concluded that tetrachloroethylene “is an example of a chemical for which there is no compelling

evidence of human cancer risk, but for which reductions in unnecessary human exposure might well be

prudent.” In response to the on-going evaluation, the q1
* for tetrachloroethylene and the associated

unit risk for oral and inhalation exposure have been withdrawn.
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9. GLOSSARY

Acute Exposure -- Exposure to a chemical for a duration of 14 days or less, as specified in the

Toxicological Profiles.

Adsorption Coefficient (Koc)-- The ratio of the amount of a chemical adsorbed per unit weight of

organic carbon in the soil or sediment to the concentration of the chemical in solution at equilibrium.

Adsorption Ratio (Kd) -- The amount of a chemical adsorbed by a sediment or soil (i.e., the solid

phase) divided by the amount of chemical in the solution phase, which is in equilibrium with the solid

phase, at a fixed solid/solution ratio. It is generally expressed in micrograms of chemical sorbed per

gram of soil or sediment.

Bioconcentration Factor (BCF) -- The quotient of the concentration of a chemical in aquatic

organisms at a specific time or during a discrete time period of exposure divided by the concentration

in the surrounding water at the same time or during the same period.

Cancer Effect Level (CEL) -- The lowest dose of chemical in a study, or group of studies, that

produces significant increases in the incidence of cancer (or tumors) between the exposed population

and its appropriate control.

Carcinogen -- A chemical capable of inducing cancer.

Ceiling Value -- A concentration of a substance that should not be exceeded, even instantaneously.

Chronic Exposure -- Exposure to a chemical for 365 days or more, as specified in the Toxicological

Profiles.

Developmental Toxicity -- The occurrence of adverse effects on the developing organism that may

result from exposure to a chemical prior to conception (either parent), during prenatal development, or

postnatally to the time of sexual maturation. Adverse developmental effects may be detected at any

point in the life span of the organism.

Embryotoxicity and Fetotoxicity -- Any toxic effect on the conceptus as a result of prenatal exposure

to a chemical; the distinguishing feature between the two terms is the stage of development during

which the insult occurred. The terms, as used here, include malformations and variations, altered

growth, and in utero death.

EPA Health Advisory -- An estimate of acceptable drinking water levels for a chemical-substance

based on health effects information. A health advisory is not a legally enforceable federal standard,

but serves as technical guidance to assist federal, state, and local officials.

Immediately Dangerous to Life or Health (IDLH) -- The maximum environmental concentration of

a contaminant from which one could escape within 30 min without any escape-impairing symptoms or

irreversible health effects.
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Intermediate Exposure -- Exposure to a chemical for a duration of 15-364 days, as specified in the

Toxicological Profiles.

Immunologic Toxicity -- The occurrence of adverse effects on the immune system that may result

from exposure to environmental agents such as chemicals.

In Vitro -- Isolated from the living organism and artificially maintained, as in a test tube.

In Vivo -- Occurring within the living organism.

Lethal Concentration(LO) (LCLO)-- The lowest concentration of a chemical in air which has been

reported to have caused death in humans or animals.

Lethal Concentration(50) (LC50)--_  A calculated concentration of a chemical in air to which exposure

for a specific length of time is expected to cause death in 50% of a defined experimental animal

population.

Lethal Dose(LO) (LDLO)-- The lowest dose of a chemical introduced by a route other than inhalation

that is expected to have caused death in humans or animals.

Lethal Dose(50)_(LD50)-- The dose of a chemical which has been calculated to cause death in 50% of a

defined experimental animal population.

Lethal Time(50) (LT50) -- A calculated period of time within which a specific concentration of a

chemical is expected to cause death in 50% of a defined experimental animal population.

Lowest-Observed-Adverse-Effect Level (LOAEL) -- The lowest dose of chemical in a study, or

group of studies, that produces statistically or biologically significant increases in frequency or severity

of adverse effects between the exposed population and its appropriate control.

Malformations -- Permanent structural changes that may adversely affect survival, development, or

function.

Minimal Risk Level (MRL) - An estimate of daily human exposure to a dose of a chemical that is

likely to be without an appreciable risk of adverse noncancerous effects over a specified duration of

exposure.

Mutagen -- A substance that causes mutations. A mutation is a change in the genetic material in a

body cell. Mutations can lead to birth defects, miscarriages, or cancer.

Neurotoxicity -- The occurrence of adverse effects on the nervous system following exposure to

chemical.

No-Observed-Adverse-Effect Level (NOAEL) -- The dose of chemical at which there were no

statistically or biologically significant increases in frequency or severity of adverse effects seen

between the exposed population and its appropriate control. Effects may be produced at this dose, but

they are not considered to be adverse.
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Octanol-Water Partition Coefficient (Kow) -- The equilibrium ratio of the concentrations of a

chemical in n-octanol and water, in dilute solution.

Permissible Exposure Limit (PEL) -- An allowable exposure level in workplace air averaged over an

8-hour shift.

q1*-- The upper-bound estimate of the low-dose slope,of the dose-response curve as determined by

the multistage procedure. The q1* can be used to calculate an estimate of carcinogenic potency, the

incremental excess cancer risk per unit of exposure (usually g/L for water, mg/kg/day for food, and

g/m3 for air).

Reference Dose (RfD) -- An estimate (with uncertainty spanning perhaps an order of magnitude) of

the daily exposure of the human population to a potential hazard that is likely to be without risk of

deleterious effects during a lifetime. The RfD is operationally derived from the NOAEL (from animal

and human studies) by a consistent application of uncertainty factors that reflect various types of data

used to estimate RfDs and an additional modifying factor, which is based on a professional judgment

of the entire database on the chemical. The RfDs are not applicable to nonthreshold effects such as

cancer.

Reportable Quantity (RQ) -- The quantity of a hazardous substance that is considered reportable

under CERCLA. Reportable quantities are (1) 1 pound or greater or (2) for selected substances, an

amount established by regulation either under CERCLA or under Sect. 311 of the Clean Water Act.

Quantities are measured over a 24-hour period.

Reproductive Toxicity -- The occurrence of adverse effects on the reproductive system that may

result from exposure to a chemical. The toxicity may be directed to the reproductive organs and/or the

related endocrine system. The manifestation of such toxicity may be noted as alterations in sexual

behavior, fertility, pregnancy outcomes, or modifications in other functions that are dependent on the

integrity of this system.

Short-Term Exposure Limit (STEL) -- The maximum concentration to which workers can be

exposed for up to 15 min continually. No more than four excursions are allowed per day, and there

must be at least 60 min between exposure periods. The daily TLV-TWA may not be exceeded.

Target Organ Toxicity -- This term covers a broad range of adverse effects on target organs or

physiological systems (e.g., renal, cardiovascular) extending from those arising through a single limited

exposure to those assumed over a lifetime of exposure to a chemical.

Teratogen -- A chemical that causes structural defects that affect the development of an organism.

Threshold Limit Value (TLV) -- A concentration of a substance to which most workers can be

exposed without adverse effect. The TLV may be expressed as a TWA, as a STEL, or as a CL.

Time-Weighted Average (TWA) -- An allowable exposure concentration averaged over a normal 8-

hour workday or 40-hour workweek.

Toxic Dose (TD50) -- A calculated dose of a chemical, introduced by a route other than inhalation,

which is expected to cause a specific toxic effect in 50% of a defined experimental animal population.
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Uncertainty Factor (UF) -- A factor used in operationally deriving the RfD from experimental data.

UFs are intended to account for (1) the variation in sensitivity among the members of the human

population, (2) the uncertainty in extrapolating animal data to the case of human, (3) the uncertainty in

extrapolating from data obtained in a study that is of less than lifetime exposure, and (4) the

uncertainty in using LOAEL data rather than NOAEL data. Usually each of these factors is set equal

to 10.
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ATSDR MINIMAL RISK LEVEL

The Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) [42 U.S.C.

9601 et seq.], as amended by the Superfund Amendments and Reauthorization Act (SARA) [Pub. L.

99-4991, requires that the Agency for Toxic Substances and Disease Registry (ATSDR) develop

jointly with the U.S. Environmental Protection Agency (EPA), in order of priority, a list of hazardous

substances most commonly found at facilities on the CERCLA National Priorities List (NPL); prepare

toxicological profiles for each substance included on the priority list of hazardous substances; and

assure the initiation of a research program to fill identified data needs associated with the substances.

The toxicological profiles include an examination, summary, and interpretation of available

toxicological information and epidemiologic evaluations of a hazardous substance. During the

development of toxicological profiles, Minimal Risk Levels (MRLs) are derived when reliable and

sufficient data exist to identify the target organ(s) of effect or the most sensitive health effect(s) for a

specific duration for a given route of exposure. An MRL is an estimate of the daily human exposure

to a hazardous substance that is likely to be without appreciable risk of adverse noncancer health

effects over a specified duration of exposure. MRLs are based on noncancer health effects only and

are not based on a consideration of cancer effects. These substance-specific estimates, which are

intended to serve as screening levels, are used by ATSDR health assessors to identify contaminants

and potential health effects that may be of concern at hazardous waste sites. It is important to note

that MRLs are not intended to define clean-up or action levels.

MRLs are derived for hazardous substances using the no-observed-adverse-effect level/uncertainty

factor approach. They are below levels that might cause adverse health effects in the people most

sensitive to such chemical-induced effects. MRLs are derived for acute (l-14 days), intermediate

(15-364 days), and chronic (365 days and longer) durations and for the oral and inhalation routes of

exposure. Currently, MRLs for the dermal route of exposure are not derived because ATSDR has not

yet identified a method suitable for this route of exposure. MRLs are generally based on the most

sensitive chemical-induced end point considered to be of relevance to humans. Serious health effects

(such as irreparable damage to the liver or kidneys, or birth defects) are not used as a basis for

establishing MRLs. Exposure to a level above the MRL does not mean that adverse health effects will

occur.
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MRLs are intended only to serve as a screening tool to help public health professionals decide where

to look more closely. They may also be viewed as a mechanism to identify those hazardous waste

sites that are not expected to cause adverse health effects. Most MRLs contain a degree of uncertainty

because of the lack of precise toxicological information on the people who might be most sensitive

(e.g., infants, elderly, nutritionally or immunologically compromised) to the effects of hazardous

substances. ATSDR uses a conservative (i.e., protective) approach to address this uncertainty

consistent with the public health principle of prevention.  Although human data are preferred, MRLs

often must be based on animal studies because relevant human studies are lacking. In the absence of

evidence to the contrary, ATSDR assumes that humans are more sensitive to the effects of hazardous

substance than animals and that certain persons may be particularly sensitive. Thus, the resulting

MRL may be as much as a hundred fold below levels that have been shown to be nontoxic in

laboratory animals.

Proposed MRLs undergo a rigorous review process: Health Effects/MRL Workgroup reviews within

the Division of Toxicology, expert panel peer reviews, and agencywide MRL Workgroup reviews,

with participation from other federal agencies and comments from the public. They are subject to

change as new information becomes available concomitant with updating the toxicological profiles.

Thus, MRLs in the most recent toxicological profiles supersede previously published levels. For

additional information regarding MRLs, please contact the Division of Toxicology, Agency for Toxic

Substances and Disease Registry, 1600 Clifton Road, Mailstop E-29, Atlanta, Georgia 30333.
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Chemical Name: Tetrachloroethylene

CAS Number: 127-18-4

Date: October 1996

Profile Status: Post-Public Comments

Route: [x] Inhalation [ ] Oral

Duration: [x] Acute [ ] Intermediate [ ] Chronic

Graph Key: 16

Species: Human

Minimal Risk Level: 0.2       [  ] mg/kg/day  [x] ppm

Reference: Altmann et al. 1992

Experimental design:

Male volunteers were exposed to tetrachloroethylene at 10 or 50 ppm for 4 hours/day for 4 days. A

total of 28 subjects were exposed; 12 at 10 ppm, 16 at 50 ppm. The 10 ppm concentration was

considered the control exposure and was used because it exceeded the odor threshold of tetrachloroethylene.

Therefore, the subjects were supposedly blinded to the exposure conditions. Altmann et al.

(1992) state that faint odor was reported by 33% of the subjects at 10 ppm and 29% of the subjects at

50 ppm on the first day of testing, and by 15% of the subjects at 10 ppm and 36% of the subjects at

50 ppm on the last day of testing leading the investigators to conclude that only a few subjects could

identify their exposure condition.

Pattern reversal and pattern onset visual-evoked potentials (VEPs), brainstem auditory evoked

potentials (BAEPs), and tests of cognitive and psychomotor performance, and mood ratings were

completed 72 hours before exposure, and during or after the exposure. VEPs and BAEPs were

measured after 2 hours of exposure. Peak latencies of three components of VEPs (N75, Pl00 and

N150) were measured. Measurements were made at the same time each day (10 AM-12 PM) to

exclude circadian variations. The test battery completed included finger tapping, eye-hand coordination

using a sine wave tracking test, simple reaction times, a continuous performance test, symbol-digit

test, visual retention, pattern recognition test, digit learning, paired associates learning and retention,

vocabulary test, and mood scales. Blood concentrations of tetrachloroethylene were measured before

each day’s exposure, in the middle of the exposure and at the end of the exposure.

Effects noted in study and corresponding doses:

At 50 ppm, pattern reversal VEP latencies increased over the course of the exposure period, while at

10 ppm, pattern reversal VEP latencies decreased as a result of training. The difference-between the

two groups was statistically significant (p<0.05). No effect on pattern onset VEPs or BAEPs were

noted.

Using analysis of covariance, with preexposure baseline values as the covariates, significant

performance deficits for vigilance (p=0.04), and eye-hand coordination (p=0.05) as well as a borderline

increase in simple reaction times (p=0.09) at 50 ppm were found. For these tests, both exposure

groups improved over the course of the experiment, but there was a greater improvement in the
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10 ppm group compared to the 50 ppm group. No significant effects were noted for the tapping tests,

or the learning and memory tests, or mood ratings.

Tetrachloroethylene in the blood increased with exposure duration. By the end of the last exposure

period, tetrachloroethylene concentrations “exceeded 1.5 mg/L, and 0.3 mg/L” at 50 and 10 ppm,

respectively.

Dose and endpoint used for MRL derivation:

[x] NOAEL [ ] LOAEL

10 ppm

Uncertainty Factors used in MRL derivation:

[ ] 10 for use of a LOAEL

[ ] 10 for extrapolation from animals to humans

[x] 10 for human variability

Was a conversion used from ppm in food or water to a mg/body weight dose?

If so, explain:

If an inhalation study in animals, list the conversion factors used in determining human equivalent

dose:

To extrapolate from intermittent exposure, the 10 ppm concentration was multiplied by 4/24 hours.

Other additional studies or pertinent information which lend support to this MRL:

In a similar study by Altmann et al. (1990), increased latencies (p<0.05) for pattern reversal VEPs

were observed in 10 male volunteers exposed to tetrachloroethylene at 50 ppm, compared to 12 men

exposed at 10 ppm. Exposures in this study were also 4 hours/day for 4 days. Effects on BAEPs

were also not observed in the Altmann et al. (1990) study. Tetrachloroethylene in the blood increased

with exposure duration, and linear regression to associate blood tetrachloroethylene with pattern

reversal VEP latencies was significant (r = -0.45, p<0.03). Additional tests of neurological function

were not completed in this study.

Hake and Stewart (1977) did not find any changes in flash evoked potentials (FEPs) and equilibrium

tests in 4 male subjects exposed to increasing concentrations of tetrachloroethylene for 7.5 hours/day

for 5 days. The subjects were sequentially exposed to 0, 20, 100 and 150 ppm (each concentration

1 week). Subjective evaluation of EEG scores suggested cortical depression in subjects-exposed at

100 ppm. Decreases in the Flanagan coordination test were observed at 100 ppm. No significant

changes in FEPs were observed. Otto et al. (1988) notes that FEPs are subject to large inter- and

intrasubject variability of waveforms, and that pattern reversal VEPs are more useful clinically than

FEPs. Therefore, the lack of effect on FEPs at 100 ppm in the Hake and Stewart (1977) study may

reflect the lower sensitivity of the FEPs compared to the pattern reversal VEPs. The Hake and Stewart

(1977) study does confirm that the nervous system is a sensitive target in humans. Rao et al. (1993)

completed a logistic regression analysis of tetrachloroethylene toxicity data and concluded that the

nervous system was a sensitive target of tetrachloroethylene toxicity in humans.
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Acute studies in animals have reported serious effects at much higher concentrations. Hypoactivity

and ataxia were observed in rats following a 2 week exposure (6 hours/day, 5 days/week) at 1750 ppm

(NTP 1986). Anesthesia has been reported in mice exposed to tetrachloroethylene at 2328 ppm for 4

hours and 1750 ppm for 2 weeks (6 hours/day, 5 days/week) (NTP 1986). The lowest LOAEL in an

acute study in animals was 200 ppm for fatty degeneration of the livers of mice exposed to

tetrachloroethylene for 4 hours (Kylin et al. 1963). Therefore, the comparison of animal and human

data following acute inhalation exposure suggests that humans are more sensitive to

tetrachloroethylene, or that sensitive neurological endpoints have not been examined in animal studies.
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Chemical Name: Tetrachloroethylene

CAS Number: 127-18-4

Date: October 1996

Profile Status: Post-Public Comments

Route: [x] Inhalation [ ] Oral

Duration: [ ] Acute [ ] Intermediate [x] Chronic

Graph Key: 64

Species: Human

Minimal Risk Level:   0.04 [ ] mg/kg/day [x] ppm

Reference:   Ferroni et al. 1992

Experimental design:

Neurobehavioral effects were studied in 60 women exposed to tetrachloroethylene in dry cleaning

shops for an average of 10.1 years. Thirty women who worked at a cleaning plant where solvents

were not used served as controls. Tetrachloroethylene levels were measured in blood samples

collected during the work day and in air samples collected over 4-hour periods during the workweek.

Blood and air samples were taken during the summer and winter to allow for seasonal variation. The

median tetrachloroethylene concentration in air was 15 ppm (range l-67 ppm), and the median

tetrachloroethylene blood concentration was 145 mg/L (range 12-864 mg/L). Neurobehavioral tests

completed were: finger tapping with dominant and nondominant hands, simple reaction times, digit

symbol, shape comparison in two versions to test vigilance and the response to stress. It is not clear

when in relation to the working day the neurobehavioral tests were completed.

Effects noted in study and corresponding doses:

Tetrachloroethylene-exposed workers had increased reaction times in all tests: simple reaction times,

exposed 259  40, controls 235 22, p<0.0001; shape comparison - vigilance, exposed 635  68,

controls 589  72, p<0.005; shape comparison - stress, exposed 557  66, controls 501 72, p<0.005.

The duration of exposure and tetrachloroethylene blood levels were not significantly correlated with

performance test scores.

Dose and end point used for MRL derivation:

[ ] NOAEL [x] LOAEL

15 ppm, increased reaction times

Uncertainty Factors used in MRL derivation:

[x] 10 for use of a LOAEL

[ ] 10 for extrapolation from animals to humans

[x] 10 for human variability

Was a conversion used from ppm in food or water to a mg/body weight dose? No,

If so, explain:
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If an inhalation study in animals, list the conversion factors used in determining human equivalent

dose:

To convert from occupational exposure to continuous exposure, the 15-ppm concentration was

multiplied by 8/24 hours and 5/7 days.

Other additional studies or pertinent information which lend support to this MRL:

The nervous system is a well established target of tetrachloroethylene exposure in humans, and logistic

regression of toxicity data suggests that it may be the most sensitive target (Rao et al. 1993). Cai et

al. (1991) reported increased subjective symptoms including dizziness and forgetfulness in workers

exposed to tetrachloroethylene at an average of 20 ppm for l-120 months. Exposure was measured

using diffusive sampling with carbon cloth. Additional details were not provided. In a study in which

the duration of exposure is unclear (Seeber 1989), perceptual speed and digit reproduction as a

memory test were impaired in workers exposed to an average of 12 ppm. No detrimental effects on

critical flicker fusion, simple and g-choice visual reaction time and a sustained attention test were

observed in 22 workers exposed to tetrachloroethylene at an average of 21 ppm for about 6 years

(Lauwerys et al. 1983). In this study, the neurological function tests were completed both before and

after work so that training effects and effects of tetrachloroethylene exposure on learning may have

contributed to the difference between the Ferroni et al. (1992) study and the Lauwerys et al. (1983).

Although exposure measurements were more comprehensive in the Lauwerys et al. (1983) study (the

investigators measured urine trichloroacetic acid daily for one week, air concentrations with personal

air samplers and badges and breath and blood concentrations of tetrachloroethylene), the measurements

were completed during one week, while in the Ferroni et al. (1992) study, the more limited

measurements were completed during the summer and winter and may better represent chronic

exposure.

Loss of color vision has also been reported in dry cleaners exposed to tetrachloroethylene at an

average of 7.3 ppm for an average of 106 months (Cavalleri et al. 1994). Although this study seems

to identify an effect at a lower concentration than the Ferroni et al. (1992) study, fewer subjects were

studied (n=22 exposed subjects), and exposure concentrations were only measured in air on one day,

while Ferroni et al. (1992) completed air and blood measurements in both the winter and summer. In

addition, no effect on blue-yellow color vision was noted in 30 men, or in 34 women occupationally

exposed to tetrachloroethylene at average concentrations of 15.3 and 10.7 ppm, respectively

(Nakatsuka et al. 1992). Therefore, because of inconsistent reports on the effect of tetrachloroethylene

on color vision, and because of the better exposure assessment and the larger number of subjects

(n=60) in the Ferroni et al (1992) study compared to the Cavallari et al. (1994) study, the Ferroni et al.

(1992) study was chosen as the basis for the MRL.

An additional study did not report any effects on neurological function among 14 persons who lived

above or next to dry cleaning facilities for 1 to 30 years compared to 23 controls matche-d for age

( l year, in two cases 3 and 5 years) and gender when the absolute values of the tests were examined

(Altmann et al. 1995). Median tetrachloroethylene exposure concentrations were 0.2 ppm in the

apartments of the exposed individuals, and 0.0003 ppm in the apartments of control subjects, and

blood concentrations were 17.8 46.9 g/L in exposed, and less than the detection limit of 0.5 g/L in

the control individuals. When multivariate analysis was completed to adjust for age, gender, and

education, an increased response time in a continuous performance test, increased simple reaction time

to a visual stimuli, and decreased performance in a test of visual memory were observed. No effect on

pattern reversal visual-evoked potentials was observed. The 0.2 ppm concentration is considered a



TETRACHLOROETHYLENE A-8

APPENDIX A

NOAEL because of the lack of effect on the absolute values of the tests. This study does suggest that

further studies of larger populations exposed to very low levels of tetrachloroethylene would be useful.

Additional studies of workers exposed to relatively low concentrations of tetrachloroethylene have also

reported minor indicators of renal tubular damage. Franchini et al. (1983) reported increased urinary

levels of lysozyme and beta-glucuronidase in workers occupationally exposed to tetrachloroethylene at

a time-weighted average of 10 ppm for an average of 14 years. Mutti et al. (1992) found increased

urinary albumin, transferrin, the brush-border membrane antigens B50, BBA, and HF5, and tissue

nonspecific alkaline phosphatase in workers exposed to an average tetrachloroethylene concentration of

15 ppm (measured in air over a wide period to account for seasonal variation) for an average of

10 years. Urinary fibronectin was significantly decreased relative to controls. The investigators

concluded that the results showed increased shedding of epithelial membrane components from tubular

cells. Vyskocil et al. (1990) found an increase in urinary lysozyme in workers exposed to tetrachloroethylene

at an average of 23 ppm for 9 years. No effects on urinary 2-microglobulin, creatinine,

lysozyme activity, glucose, LDH, and total proteins were noted.

Other studies of renal function in workers occupationally exposed to tetrachloroethylene at relatively

low TWA concentrations have not found any effects. Cai et al. (1991) found no effects on BUN or

creatinine in workers exposed to an average of 20 ppm for l-120 months. Urinary 2-microglobulin,

retinol binding protein, and albumin were not affected in workers exposed to tetrachloroethylene at an

average concentration of 21 ppm for 6 years (Lauwerys et al. 1983). Solet and Robins (1991) found

no effects on total protein, albumin, N-acetyl-glucosaminidase, or creatinine in workers exposed to

tetrachloroethylene at an average concentration of 14 ppm.

Although nervous system and mild kidney effects appear to occur at similar concentrations in persons

occupationally exposed to tetrachloroethylene, the nervous system effects were considered a more

appropriate basis for the MRL. The nervous system effects noted, decreased reaction times, could lead

to serious accidents, and at higher concentrations, tetrachloroethylene clearly produces incoordination

(Stewart et al. 1970). The significance of the mild kidney changes observed following low level

occupational exposure to tetrachloroethylene is unknown. The kidney changes may be an adaptive

effect rather than an adverse effect. In addition, in the study reporting kidney effects at 10 ppm

(Franchini et al. 1983), the exposure level was estimated using urinary TCA concentrations, so the

actual exposure concentrations are unknown.
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Chemical Name: Tetrachloroethylene

CAS Number: 127-18-4

Date: October 1996

Profile Status: Post-Public Comments

Route: [ ] Inhalation [x] Oral

Duration: [x] Acute [ ] Intermediate [ ] Chronic

Graph Key: 19

Species: Mouse

Minimal Risk Level:   0.05 [xl mg/kg/day [ ] ppm

Reference:   Fredriksson et al. 1993

Experimental design:

Groups of 12 male NMRI mice from 3-4 different litters were treated by gavage with tetrachloroethylene

in egg 1ecithin:peanut oil (10:l) at 0, 5, or 320 mg/kg/day for 7 days beginning at 10 days of

age. The high dose was 5% of the LD50and did not sedate the pups. Although the study indicates

that female pups were dosed, results in female pups are not presented. At 17 and 60 days of age,

behavioral testing (locomotion, rearing, total activity) was completed during three 20minute testing

periods from 8 a.m.-12 p.m.

Effects noted in study and corresponding doses:

No symptoms of toxicity were observed throughout the experimental period, and there were no

differences in body weight gain. No effects on behavior were noted when the animals were tested at

17 days of age. At 60 days of age, treated mice showed an increase in locomotion and total activity

which was statistically different from controls (p<0.05 or p<0.01) at both doses and over the three

20-minute test periods. The increase in activity measures was similar at both doses. A significant

decrease (p<0.01) in rearing was observed in mice treated only at the high dose during the first and

second, but not the third, 20-minute test period. The investigators indicate that the results show a

disruption of a simple nonassociative learning process, habituation. The mice were not followed to

determine if the increase in activity persisted beyond 60 days.

The changes in behavior observed at the lowest dose (5 mg/kg/day) is a LOAEL and serves as the

basis for the acute oral MRL.

Dose and end point used for MRL derivation:

[ ] NOAEL [x] LOAEL

5 mg/kg/day, hyperactivity

Uncertainty Factors used in MRL derivation:

[x] 10 for use of a LOAEL

[xl 10 for extrapolation from animals to humans

[x] 1 for human variability
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Was a conversion used from ppm in food or water to a mg/body weight dose? No.

If so, explain:

If an inhalation study in animals, list the conversion factors used in determining human equivalent

dose:

Other additional studies or pertinent information which lend support to this MRL:

In a behavioral teratology study, pregnant Sprague-Dawley rats were exposed to 0, 100, or 900 ppm

tetrachloroethylene on days 14-20 of gestation and to 0 or 900 ppm tetrachloroethylene on days 7-13

(Nelson et al. 1980). Effects occurred after exposure to 900 ppm for both exposure periods, but not

after exposure to 100 ppm. Dams had reduced feed consumption and weight gain, without liver or

kidney histological alterations. Pups of dams exposed to 900 ppm on gestation days 7-13 had

decreased performance during tests of neuromuscular ability (ascent on a wire mesh screen and rotarod

balancing) on certain days. Offspring (before weaning) from dams exposed to 900 ppm on days

14-20 performed poorly on the ascent test on test day 14 only, but later in development their

performance in the rotarod balancing test was superior to the controls, and they were more active in an

open-field test. Brains of 21-day-old offspring exposed to 900 ppm prenatally had significant

decreases in neurotransmitters (dopamine in those exposed on gestation days 14-20 and acetylcholine

in those exposed on days 7-13 or 14-20). The lower concentration (100 ppm) produced no significant

differences from controls. There were no microscopic brain lesions.

This study confirms that behavioral effects can occur if exposure to tetrachloroethylene occurs while

the nervous system is developing. Additional studies which determine if the effect is permanent, and

studies in rats which may be a better model for neurological effects would increase the confidence in

the use of developmental neurotoxicity as the end point for the development of the oral MRL.
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USER’S GUIDE

Chapter 1

Public Health Statement

This chapter of the profile is a health effects summary written in non-technical language. Its intended

audience is the general public especially people living in the vicinity of a hazardous waste site or

chemical release. If the Public Health Statement were removed from the rest of the document, it

would still communicate to the lay public essential information about the chemical.

The major headings in the Public Health Statement are useful to find specific topics of concern. The

topics are written in a question and answer format. The answer to each question includes a sentence

that will direct the reader to chapters in the profile that will provide more information on the given

topic.

Chapter 2

Tables and Figures for Levels of Significant Exposure (LSE)

Tables (2-1, 2-2, and 2-3) and figures (2-l and 2-2) are used to summarize health effects and illustrate

graphically levels of exposure associated with those effects. These levels cover health effects observed

at increasing dose concentrations and durations, differences in response by species, minimal risk levels

(MRLs) to humans for noncancer end points, and EPA’s estimated range associated with an upperbound

individual lifetime cancer risk of 1 in 10,000 to 1 in 10,000,000. Use the LSE tables and

figures for a quick review of the health effects and to locate data for a specific exposure scenario. The

LSE tables and figures should always be used in conjunction with the text. All entries in these tables

and figures represent studies that provide reliable, quantitative estimates of No-Observed-Adverse-

Effect Levels (NOAELs), Lowest-Observed-Adverse-Effect Levels (LOAELs), or Cancer Effect Levels

(CELs).

The legends presented below demonstrate the application of these tables and figures. Representative

examples of LSE Table 2-l and Figure 2-l are shown. The numbers in the left column of the legends

correspond to the numbers in the example table and figure.

LEGEND

See LSE Table 2-1

(1) Route of Exposure  One of the first considerations when reviewing the toxicity of a substance

using these tables and figures should be the relevant and appropriate route of exposure. When

sufficient data exists, three LSE tables and two LSE figures are presented in the document. The

three LSE tables present data on the three principal routes of exposure, i.e., inhalation, oral, and

dermal (LSE Table 2-1, 2-2, and 2-3, respectively). LSE figures are limited to the inhalation

(LSE Figure 2-l) and oral (LSE Figure 2-2) routes. Not all substances will have data on each

route of exposure and will not therefore have all five of the tables and figures.
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(2) Exposure Period Three exposure periods - acute (less than 15 days), intermediate (15-364 days),

and chronic (365 days or more) are presented within each relevant route of exposure. In this

example, an inhalation study of intermediate exposure duration is reported. For quick reference

to health effects occurring from a known length of exposure, locate the applicable exposure

period within the LSE table and figure.

(3) Health Effect The major categories of health effects included in LSE tables and figures are

death, systemic, immunological, neurological, developmental, reproductive, and cancer.

NOAELs and LOAELs can be reported in the tables and figures for all effects but cancer.

Systemic effects are further defined in the “System” column of the LSE table (see key number

18).

(4) Key to Figure Each key number in the LSE table links study information to one or more data

points using the same key number in the corresponding LSE figure. In this example, the study

represented by key number 18 has been used to derive a NOAEL and a Less Serious LOAEL

(also see the 2 “18r” data points in Figure 2-l).

(5) Species The test species, whether animal or human, are identified in this column. Section 2.5,

“Relevance to Public Health,” covers the relevance of animal data to human toxicity and Section

2.3, “Toxicokinetics,” contains any available information on comparative toxicokinetics.

Although NOAELs and LOAELs are species specific, the levels are extrapolated to equivalent

human doses to derive an MRL.

(6) Exposure Frequency/Duration The duration of the study and the weekly and daily exposure

regimen are provided in this column. This permits comparison of NOAELs and LOAELs from

different studies. In this case (key number 18), rats were exposed to 1,1,2,2-tetrachloroethane

via inhalation for 6 hours per day, 5 days per week, for 3 weeks. For a more complete review

of the dosing regimen refer to the appropriate sections of the text or the original reference paper,

i.e., Nitschke et al. 1981.

(7) System This column further defines the systemic effects. These systems include: respiratory,

cardiovascular, gastrointestinal, hematological, musculoskeletal, hepatic, renal, and dermal/ocular.

“Other” refers to any systemic effect (e.g., a decrease in body weight) not covered in these

systems. In the example of key number 18, 1 systemic effect (respiratory) was investigated.

(8) NOAEL A No-Observed-Adverse-Effect Level (NOAEL) is the highest exposure level at which

no harmful effects were seen in the organ system studied. Key number 18 reports a NOAEL of

3 ppm for the respiratory system which was used to derive an intermediate exposure, inhalation

MRL of 0.005 ppm (see footnote “b”).

(9) LOAEL A Lowest-Observed-Adverse-Effect Level (LOAEL) is the lowest dose used in the

study that caused a harmful health effect. LOAELs have been classified into “Less Serious” and

“Serious” effects. These distinctions help readers identify the levels of exposure at which

adverse health effects first appear and the gradation of effects with increasing dose. A brief

description of the specific endpoint used to quantify the adverse effect accompanies the LOAEL.

The respiratory effect reported in key number 18 (hyperplasia) is a Less serious LOAEL of 10

ppm. MRLs are not derived from Serious LOAELs.

(10) Reference The complete reference citation is given in chapter 8 of the profile.
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(11) CEL A Cancer Effect Level (CEL) is the lowest exposure level associated with the onset of

carcinogenesis in experimental or epidemiologic studies. CELs are always considered serious

effects. The LSE tables and figures do not contain NOAELs for cancer, but the text may report

doses not causing measurable cancer increases.

(12) Footnotes Explanations of abbreviations or reference notes for data in the LSE tables are found

in the footnotes. Footnote “b” indicates the NOAEL of 3 ppm in key number 18 was used to

derive an MRL of 0.005 ppm.

LEGEND

See Figure 2-1

LSE figures graphically illustrate the data presented in the corresponding LSE tables. Figures help the

reader quickly compare health effects according to exposure concentrations for particular exposure

periods.

(13) Exposure Period The same exposure periods appear as in the LSE table. In this example, health

effects observed within the intermediate and chronic exposure periods are illustrated.

(14) Health Effect These are the categories of health effects for which reliable quantitative data

 exists. The same health effects appear in the LSE table.

(15) Levels of Exposure concentrations or doses for each health effect in the LSE tables are

          graphically displayed in the LSE figures. Exposure concentration or dose is measured on the log

         scale “y” axis. Inhalation exposure is reported in mg/m3 or ppm and oral exposure is reported in

         mg/kg/day.

(16) NOAEL In this example, 18r NOAEL is the critical endpoint for which an intermediate

         inhalation exposure MRL is based. As you can see from the LSE figure key, the open-circle

         symbol indicates to a NOAEL for the test species-rat. The key number 18 corresponds to the

         entry in the LSE table. The dashed descending arrow indicates the extrapolation from the

         exposure level of 3 ppm (see entry 18 in the Table) to the MRL of 0.005 ppm (see footnote “b”

         in the LSE table).

(17) CEL Key number 38r is 1 of 3 studies for which Cancer Effect Levels were derived. The

          diamond symbol refers to a Cancer Effect Level for the test species-mouse. The number 38

          corresponds to the entry in the LSE table.

(18) Estimated Upper-Bound Human Cancer Risk Levels This is the range associated with the

upper-bound for lifetime cancer risk of 1 in 10,000 to 1 in 10,000,000. These risk levels are

derived from the EPA’s Human Health Assessment Group’s upper-bound estimates of the slope

of the cancer dose response curve at low dose levels (q1*).

(19) Key to LSE Figure The Key explains the abbreviations and symbols used in the figure.
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Chapter 2 (Section 2.5)

Relevance to Public Health

The Relevance to Public Health section provides a health effects summary based on evaluations of

existing toxicologic, epidemiologic, and toxicokinetic information. This summary is designed to

present interpretive, weight-of-evidence discussions for human health end points by addressing the

following questions.

1. What effects are known to occur in humans?

2. What effects observed in animals are likely to be of concern to humans?

3. What exposure conditions are likely to be of concern to humans, especially around hazardous

     waste sites?

The section covers end points in the same order they appear within the Discussion of Health Effects

by Route of Exposure section, by route (inhalation, oral, dermal) and within route by effect. Human

data are presented first, then animal data. Both are organized by duration (acute, intermediate,

chronic). In vitro data and data from parenteral routes (intramuscular, intravenous, subcutaneous, etc.)

are also considered in this section. If data are located in the scientific literature, a table of

genotoxicity information is included.

The carcinogenic potential of the profiled substance is qualitatively evaluated, when appropriate, using

existing toxicokinetic, genotoxic, and carcinogenic data. ATSDR does not currently assess cancer

potency or perform cancer risk assessments. Minimal risk levels (MRLs) for noncancer end points (if

derived) and the end points from which they were derived are indicated and discussed.

Limitations to existing scientific literature that prevent a satisfactory evaluation of the relevance to

public health are identified in the Data Needs section.

Interpretation of Minimal Risk Levels

Where sufficient toxicologic information is available, we have derived minimal risk levels (MRLs) for

inhalation and oral routes of entry at each duration of exposure (acute, intermediate, and chronic).

These MRLs are not meant to support regulatory action; but to acquaint health professionals with

exposure levels at which adverse health effects are not expected to occur in humans. They should

help physicians and public health officials determine the safety of a community living near a chemical

emission, given the concentration of a contaminant in air or the estimated daily dose in water. MRLs

are based largely on toxicological studies in animals and on reports of human occupational exposure.

MRL users should be familiar with the toxicologic information on which the number is based.

Chapter 2.5, “Relevance to Public Health,” contains basic information known about the substance.

Other sections such as 2.7, “Interactions with Other Substances,” and 2.8, “Populations that are

Unusually Susceptible” provide important supplemental information.

MRL users should also understand the MRL derivation methodology. MRLs are derived using a

modified version of the risk assessment methodology the Environmental Protection Agency (EPA)

provides (Barnes and Dourson 1988) to determine reference doses for lifetime exposure (RfDs).
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To derive an MRL, ATSDR generally selects the most sensitive endpoint which, in its best judgement,

represents the most sensitive human health effect for a given exposure route and duration. ATSDR

cannot make this judgement or derive an MRL unless information (quantitative or qualitative) is

available for all potential systemic, neurological, and developmental effects. If this information and

reliable quantitative data on the chosen endpoint are available, ATSDR derives an MRL using the

most sensitive species (when information from multiple species is available) with the highest NOAEL

that does not exceed any adverse effect levels. When a NOAEL is not available, a lowest-observedadverse-

effect level (LOAEL) can be used to derive an MRL, and an uncertainty factor (UF) of 10

must be employed. Additional uncertainty factors of 10 must be used both for human variability to

protect sensitive subpopulations (people who are most susceptible to the health effects caused by the

substance) and for interspecies variability (extrapolation from animals to humans). In deriving an

MRL, these individual uncertainty factors are multiplied together. The product is then divided into the

inhalation concentration or oral dosage selected from the study. Uncertainty factors used in

developing a substance-specific MRL are provided in the footnotes of the LSE Tables.
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*Legislative Background

The toxicological profiles are developed in response to the Superfund Amendments and
Reauthorization Act (SARA) of 1986 (Public law 99-499) which amended the Comprehensive
Environmental Response, Compensation, and Liability Act of 1980 (CERCLA or Superfund).  This
public law directed ATSDR to prepared toxicological profiles for hazardous substances most commonly
found at facilities on the CERCLA National Priorities List and that pose the most significant potential
threat to human health, as determined by ATSDR and the EPA.  The availability of the revised priority
list of 275 hazardous substances was announced in the Federal Register on October 21, 1999 (64 FR
56792). For prior versions of the list of substances, see Federal Register notices dated April 17, 1987 (52
FR 12866); October 20, 1988(53 FR 41280); October 26, 1989 (54 FR 43619); October 17, 1990 (55 FR
42067); October 17, 1991 (56 FR 52166); October 28, 1992 (57 FR 48801); February 28, 1994 (59 FR
9486); April 29, 1996 (61 FR 18744); and November 17, 1997 (62 FR 61332).  Section 104(i)(3) of
CERCLA, as amended, directs the Administrator of ATSDR to prepare a toxicological profile for each
substance on the list.
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QUICK REFERENCE FOR HEALTH CARE PROVIDERS

Toxicological Profiles are a unique compilation of toxicological information on a given hazardous
substance. Each profile reflects a comprehensive and extensive evaluation, summary, and interpretation of
available toxicologic and epidemiologic information on a substance.  Health care providers treating
patients potentially exposed to hazardous substances will find the following information helpful for fast
answers to often-asked questions.

Primary Chapters/Sections of Interest

Chapter 1:  Public Health Statement: The Public Health Statement can be a useful tool for educating
patients about possible exposure to a hazardous substance.  It explains a substance’s relevant
toxicologic properties in a nontechnical, question-and-answer format, and it includes a review of
the general health effects observed following exposure.

Chapter 2: Health Effects: Specific health effects of a given hazardous compound are reported by route
of exposure, by type of health effect (death, systemic, immunologic, reproductive), and by length
of exposure (acute, intermediate, and chronic). In addition, both human and animal studies are
reported in this section. 

NOTE: Not all health effects reported in this section are necessarily observed in
the clinical setting.  Please refer to the Public Health Statement to identify
general health effects observed following exposure.

Pediatrics: Four new sections have been added to each Toxicological Profile to address child health
issues:
Section 1.6 How Can Toluene Affect Children?
Section 1.7 How Can Families Reduce the Risk of Exposure to Toluene?
Section 2.7 Children’s Susceptibility
Section 5.6 Exposures of Children

Other Sections of Interest:
Section 2.8 Biomarkers of Exposure and Effect
Section 2.11 Methods for Reducing Toxic Effects

ATSDR Information Center 
Phone:  1-888-42-ATSDR or (404) 639-6357  Fax:    (404) 639-6359
E-mail:  atsdric@cdc.gov  Internet:  http://www.atsdr.cdc.gov

The following additional material can be ordered through the ATSDR Information Center:

Case Studies in Environmental Medicine: Taking an Exposure History—The importance of taking an
exposure history and how to conduct one are described, and an example of a thorough exposure
history is provided. Other case studies of interest include Reproductive and Developmental
Hazards; Skin Lesions and Environmental Exposures; Cholinesterase-Inhibiting Pesticide
Toxicity; and numerous chemical-specific case studies.
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Managing Hazardous Materials Incidents is a three-volume set of recommendations for on-scene
(prehospital) and hospital medical management of patients exposed during a hazardous materials incident. 
Volumes I and II are planning guides to assist first responders and hospital emergency department
personnel in planning for incidents that involve hazardous materials.  Volume III—Medical Management
Guidelines for Acute Chemical Exposures—is a guide for health care professionals treating patients
exposed to hazardous materials.

Fact Sheets (ToxFAQs) provide answers to frequently asked questions about toxic substances.

Other Agencies and Organizations

The National Center for Environmental Health (NCEH) focuses on preventing or controlling disease,
injury, and disability related to the interactions between people and their environment outside the
workplace.  Contact: NCEH, Mailstop F-29, 4770 Buford Highway, NE, Atlanta, GA 30341-
3724 • Phone: 770-488-7000 • FAX: 770-488-7015.

The National Institute for Occupational Safety and Health (NIOSH) conducts research on occupational
diseases and injuries, responds to requests for assistance by investigating problems of health and
safety in the workplace, recommends standards to the Occupational Safety and Health
Administration (OSHA) and the Mine Safety and Health Administration (MSHA), and trains
professionals in occupational safety and health.     Contact: NIOSH, 200 Independence Avenue,
SW, Washington, DC 20201 • Phone: 800-356-4674 or  NIOSH Technical Information Branch,
Robert A. Taft Laboratory, Mailstop C-19, 4676 Columbia Parkway, Cincinnati, OH 45226-1998
• Phone: 800-35-NIOSH.

 The National Institute of Environmental Health Sciences (NIEHS) is the principal federal agency for
biomedical research on the effects of chemical, physical, and biologic environmental agents on
human health and well-being. Contact: NIEHS, PO Box 12233, 104 T.W. Alexander Drive,
Research Triangle Park, NC 27709 • Phone: 919-541-3212.

Referrals

The Association of Occupational and Environmental Clinics (AOEC) has developed a network of clinics
in the United States to provide expertise in occupational and environmental issues.  Contact: 
AOEC, 1010 Vermont Avenue, NW, #513, Washington, DC 20005  •  Phone: 202-347-4976
•  FAX: 202-347-4950  •  e-mail: aoec@dgs.dgsys.com  •  AOEC Clinic Director: http://occ-env-
med.mc.duke.edu/oem/aoec.htm.

 
The American College of Occupational and Environmental Medicine (ACOEM) is an association of

physicians and other health care providers specializing in the field of occupational and
environmental medicine.  Contact:  ACOEM, 55 West Seegers Road, Arlington Heights, IL
60005  •  Phone: 847-228-6850  •  FAX: 847-228-1856.
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CONTRIBUTORS

CHEMICAL MANAGER(S)/AUTHORS(S):

Alfred Dorsey, D.V.M.
ATSDR, Division of Toxicology, Atlanta, GA

Peter R. McClure, Ph.D., D.A.B.T.
Syracuse Research Corporation, North Syracuse, NY

A. Rosa McDonald, Ph.D.
Syracuse Research Corporation, North Syracuse, NY

Mona Singh, Ph.D.
Syracuse Research Corporation, Arlington, VA

THE PROFILE HAS UNDERGONE THE FOLLOWING ATSDR INTERNAL REVIEWS:

1. Health Effects Review.  The Health Effects Review Committee examines the health effects
chapter of each profile for consistency and accuracy in interpreting health effects and classifying
end points.

2. Minimal Risk Level Review.  The Minimal Risk Level Workgroup considers issues relevant to
substance-specific minimal risk levels (MRLs), reviews the health effects database of each
profile, and makes recommendations for derivation of MRLs.

3. Data Needs Review.  The Research Implementation Branch reviews data needs sections to assure
consistency across profiles and adherence to instructions in the Guidance.
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PEER REVIEW

A peer review panel was assembled for Toluene.  The panel consisted of the following members: 

1. Dr. Clint Skinner, Skinner Associates, 3985 Shooting Star Road, Creston, CA 93432; and

2. Dr. Robert G. Tardiff, 1423 Trapline Court, Vienna, VA 22189.

These experts collectively have knowledge of Toluene’s physical and chemical properties, toxicokinetics,
key health end points, mechanisms of action, human and animal exposure, and quantification of risk to
humans.  All reviewers were selected in conformity with the conditions for peer review specified in
Section 104(I)(13) of the Comprehensive Environmental Response, Compensation, and Liability Act, as
amended.

Scientists from the Agency for Toxic Substances and Disease Registry (ATSDR) have reviewed the peer
reviewers' comments and determined which comments will be included in the profile.  A listing of the
peer reviewers' comments not incorporated in the profile, with a brief explanation of the rationale for their
exclusion, exists as part of the administrative record for this compound.  A list of databases reviewed and
a list of unpublished documents cited are also included in the administrative record.

The citation of the peer review panel should not be understood to imply its approval of the profile's final
content.  The responsibility for the content of this profile lies with the ATSDR.
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1.  PUBLIC HEALTH STATEMENT

This public health statement tells you about toluene and the effects of exposure.  

The Environmental Protection Agency (EPA) identifies the most serious hazardous waste sites in

the nation.  These sites make up the National Priorities List (NPL) and are the sites targeted for

long-term federal cleanup activities.  Toluene has been found in at least 959 of the 1,591 current

or former NPL sites.  However, the total number of NPL sites evaluated for this substance is not

known.  As more sites are evaluated, the sites at which toluene is found may increase.  This

information is important because exposure to this substance may harm you and because these

sites may be sources of exposure.

When a substance is released from a large area, such as an industrial plant, or from a container,

such as a drum or bottle, it enters the environment.  This release does not always lead to

exposure.  You are exposed to a substance only when you come in contact with it.  You may be

exposed by breathing, eating, or drinking the substance, or by skin contact.

If you are exposed to toluene, many factors determine whether you’ll be harmed.  These factors

include the dose (how much), the duration (how long), and how you come in contact with

it/them.  You must also consider the other chemicals you’re exposed to and your age, sex, diet,

family traits, lifestyle, and state of health.

1.1 WHAT IS TOLUENE?

Toluene is a clear, colorless liquid with a distinctive smell.  It is a good solvent (a substance that

can dissolve other substances).  It is added to gasoline along with benzene and xylene.  Toluene

occurs naturally in crude oil and in the tolu tree.  It is produced in the process of making gasoline

and other fuels from crude oil, in making coke from coal, and as a by-product in the manufacture

of styrene.  Toluene is used in making paints, paint thinners, fingernail polish, lacquers,

adhesives, and rubber and in some printing and leather tanning processes.  It is disposed of at

hazardous waste sites as used solvent or at landfills where it is present in discarded paints, paint



TOLUENE 2

1.  PUBLIC HEALTH STATEMENT

thinners, and fingernail polish.  You can begin to smell toluene in the air at a concentration of

8 parts of toluene per million parts of air (ppm), and taste it in your water at a concentration of

between 0.04 and 1 ppm.  More information on the properties, production, and uses of toluene

can be found in Chapters 3 and 4.

1.2 WHAT HAPPENS TO TOLUENE WHEN IT ENTERS THE ENVIRONMENT?

Toluene enters the environment when you use materials that contain it, such as paints,

paint thinners, adhesives, fingernail polish, and gasoline.  As you work with these materials, the

toluene evaporates and becomes mixed with the air you breathe.  Toluene enters surface water

and groundwater (wells) from spills of solvents and petroleum products as well as from leaking

underground storage tanks at gasoline stations and other facilities.  Leaking underground storage

tanks also contaminate the soil with toluene and other petroleum-product components.

When toluene-containing products are placed in landfills or waste disposal sites, the toluene can

enter the soil and water near the waste site.  Toluene does not usually stay in the environment; it

is readily broken down to other chemicals by microorganisms in soil and evaporates from

surface water and surface soils.  Toluene dissolved in well water does not break down quickly

while the water is under the ground because there are few microorganisms in underground water. 

Once the water is brought to the surface, the toluene will evaporate into the air. 

Toluene can be taken up into fish and shellfish, plants, and animals living in water containing

toluene, but it does not concentrate or build up to high levels because most animal species can

break down the toluene into other compounds that are excreted.

More information on how toluene enters the environment and what happens to it can be found in

Chapters 4 and 5.
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1.3 HOW MIGHT I BE EXPOSED TO TOLUENE?

You may be exposed to toluene from many sources, including drinking water, food, air, and

consumer products.  You may also be exposed to toluene through breathing the chemical in the

workplace or during deliberate glue sniffing or solvent abuse.  Automobile exhaust also puts

toluene into the air.  People who work with gasoline, kerosene, heating oil, paints, and lacquers

are at the greatest risk of exposure.  Printers are also exposed to toluene in the workplace. 

Because toluene is a common solvent and is found in many consumer products, you can be

exposed to toluene at home and outdoors while using gasoline, nail polish, cosmetics, rubber

cement, paints, paintbrush cleaners, stain removers, fabric dyes, inks, adhesives, carburetor

cleaners, and lacquer thinners.  Smokers are exposed to small amounts of toluene in cigarette

smoke.

You can be exposed to toluene at some hazardous waste sites.  EPA reported in 1998 that toluene

was found in well water or surface water at 99% of the hazardous waste sites surveyed and in

soil at 77% of the sites surveyed.  If you live near a waste site and get your drinking water from a

well, toluene may be in the water.  Toluene vapors might also be present in the air.

Federal and state surveys do not show toluene to be commonly found in drinking water supplies. 

Toluene was found in about 1% of the groundwater sources (wells) at amounts lower than 2 parts

per billion (ppb).  It was found more frequently in surface water samples at similar concentra-

tions.  If toluene is in your drinking water you can be exposed by drinking the water or by eating

cold foods prepared with the water.  Evaporation during cooking tends to decrease the amount of

toluene found in hot foods or water.  Additional exposure will occur when you breathe in the

toluene that evaporates from water while you shower, bathe, clean, or cook with the water.

The toluene level in the air outside your home is usually less than 1 ppm in cities and suburbs

that are not close to industry.  The toluene inside your house is also likely to be less than 1 ppm. 

The amount of toluene in food has not been reported, but is likely to be low.  Traces of toluene

were found in eggs that were stored in polystyrene containers containing toluene.
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Unless you smoke cigarettes or work with toluene-containing products, you are probably

exposed to only about 300 micrograms (µg) of toluene a day.  A microgram is one-millionth of a

gram.  If you smoke a pack of cigarettes per day, you add another 1,000 µg to your exposure. 

People who work in places where toluene-containing products are used can be exposed to

1,000 milligrams of toluene a day when the average air concentration is 50 ppm and they breathe

at a normal rate and volume.  A milligram is one-thousandth of a gram.

More information on how you can be exposed to toluene can be found in Chapter 5.

1.4 HOW CAN TOLUENE ENTER AND LEAVE MY BODY?

Toluene can enter your body when you breathe its vapors or eat contaminated food or drink

contaminated water.  When you work with toluene-containing paints or paint thinners, or use nail

polish or nail polish remover containing toluene, the toluene can also pass through your skin into

your bloodstream.  You are exposed to toluene when you breathe air containing toluene.  When

this occurs the toluene is taken directly into your blood from your lungs.  Where you live, work,

and travel and what you eat affects your daily exposure to toluene.  Factors such as your age,

sex, body composition, and health status affect what happens to toluene once it is in your body. 

After being taken into your body, more than 75% of the toluene is removed within 12 hours.  It

may leave your body unchanged in the air you breathe out or in your urine after some of it has

been changed to other chemicals.  Generally, your body turns toluene into less harmful

chemicals such as hippuric acid.  More information on how toluene can enter and leave your

body can be found in Chapter 2.

1.5 HOW CAN TOLUENE AFFECT MY HEALTH?

To protect the public from the harmful effects of toxic chemicals and to find ways to treat people

who have been harmed, scientists use many tests.  

One way to see if a chemical will hurt people is to learn how the chemical is absorbed, used, and

released by the body; for some chemicals, animal testing may be necessary.  Animal testing may
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also be used to identify health effects such as cancer or birth defects.  Without laboratory

animals, scientists would lose a basic method to get information needed to make wise decisions

to protect public health.  Scientists have the responsibility to treat research animals with care and

compassion.  Laws today protect the welfare of research animals, and scientists must comply

with strict animal care guidelines.

A serious health concern is that toluene may have an effect on your brain.  Toluene can cause

headaches and sleepiness, and can impair your ability to think clearly.  Whether or not toluene

does this to you depends on the amount you take in, how long you are exposed, and your genetic

susceptibility and age.  Low to moderate, day-after-day exposure in your workplace can cause

tiredness, confusion, weakness, drunken-type actions, memory loss, nausea, and loss of appetite. 

These symptoms usually disappear when exposure is stopped.  You may experience some

hearing and color vision loss after long-term daily exposure to toluene in the workplace. 

Researchers do not know if the low levels of toluene you breathe at work will cause any

permanent effects on your brain or body after many years.

If you are exposed to a large amount of toluene in a short time because you deliberately sniff

paint or glue, you will first feel light-headed.  If exposure continues, you can become dizzy,

sleepy, or unconscious.  You might even die.  Toluene causes death by interfering with the way

you breathe and the way your heart beats.  When exposure is stopped, the sleepiness and

dizziness will go away and you will feel normal again.  If you choose to repeatedly breathe in

toluene from glue or paint thinners, you may permanently damage your brain.  You may also

experience problems with your speech, vision, or hearing, have loss of muscle control, loss of

memory, poor balance, and decreased mental ability.  Some of these changes may be permanent.  

Toluene (at high levels) could possibly damage your kidneys.  If you drink alcohol and are

exposed to toluene, the combination can affect your liver more than either compound alone. 

Combinations of toluene and some common medicines like aspirin and acetaminophen may

increase the effects of toluene on your hearing.
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Some studies in people have shown reproductive effects, such as an increased risk of spontan-

eous abortions, from exposure to toluene in the workplace.  However, other factors, such as

exposure to other chemicals, smoking and alcohol use, may have affected the results of the

studies, so it is not possible to say whether toluene has reproductive effects in people. 

The effects of toluene on animals are similar to those seen in humans.  The main effect of

toluene is on the brain and nervous system, but animals exposed to moderate or high levels of

toluene may also show harmful effects in their liver, kidneys, and lungs.

Studies in workers and animals exposed to toluene generally indicate that toluene does not cause

cancer.  The International Agency for Research on Cancer (IARC) and the Department of Health

and Human Services (DHHS) have not classified toluene for carcinogenic effects.  The EPA has

determined that toluene is not classifiable as to its human carcinogenicity.

More information on the health effects of toluene in humans and animals can be found in

Chapter 2.

1.6 HOW CAN TOLUENE AFFECT CHILDREN?

This section discusses potential health effects from exposures during the period from conception

to maturity at 18 years of age in humans. 

Children may breathe air contaminated with toluene by family use of glues, paints, or cleaning

solvents, or by accidents involving products containing toluene.  Toluene vapors are heavier than

air and since young children are closer to the ground or floor because of their height, they may

breathe more toluene than adults during accidental exposures.  Older children and adolescents

may be exposed to toluene if they breathe household products containing it to get high.  Nursing

mothers who breathe toluene in workplace air may transfer some toluene in breast milk to their

infants.  Toluene is not stored in the body.  Toluene in the body either rapidly leaves or is turned

into less harmful chemicals.  Thus, nursing mothers, who do not currently work in jobs with
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toluene and who do not deliberately breathe large amounts of toluene, are expected to transfer

very little toluene in breast milk.

The effects of toluene on children have not been studied very much, but toluene is likely to

produce the same types of effects on the brain and nervous system in children as it does in

adults.  Some older children and adolescents who have repeatedly breathed large amounts of

toluene to get high have developed loss of muscle control, loss of memory, poor balance, and

decreased mental ability.  Some of these changes may last for a long time after toluene has left

the body. Young animals exposed to toluene have shown changes in behavior, hearing loss, and

chemical changes in their brains.  

Human fetuses and newborn babies may be more sensitive to toluene than adults, because their

bodies may not be as able to turn toluene into less harmful chemicals.  Some animal studies

suggest that young animals might be more susceptible to toluene effects on health, but, shortly

after birth, human babies begin to develop the ability to turn toluene into less harmful chemicals. 

By the time children are 1–3 years of age, they may be equal to adults in this ability.

Some mothers who breathed large amounts of toluene during pregnancy to get high have had

children with birth defects, including retardation of mental abilities and growth.  Results from

animal studies have found similar effects in new born animals that had mothers that breathed

large amounts of toluene during pregnancy.  However, when the animal mothers breathed small

amounts of toluene during pregnancy, no birth defects were found in their newborn animals.  

When pregnant animals breathe small amounts of toluene during pregnancy, studies show that

very little toluene reaches the developing fetus. 

More information on the effects of toluene on children can be found in Chapter 2. 
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1.7 HOW CAN FAMILIES REDUCE THE RISK OF EXPOSURE TO TOLUENE?

If your doctor finds that you have been exposed to significant amounts of toluene, ask whether

your children might also be exposed.  Your doctor might need to ask your state health

department to investigate.

Families can reduce their risk of exposure to toluene by only using consumer products

containing it (such as paints, glues, inks, and stain removers) in well ventilated areas.  When not

in use, toluene-containing products should be tightly covered to prevent evaporation into the air. 

Household chemicals should be stored out of reach of young children to prevent accidental

poisonings.  Always store household chemicals in their original labeled containers.  Never store

household chemicals in containers that children would find attractive to eat or drink from, such

as old soda bottles.  Keep your Poison Control Center’s number next to the phone.  Sometimes

older children sniff household chemicals in an attempt to get high.  Your children may be

exposed to toluene by inhaling products containing it.  Talk with your children about the dangers

of sniffing chemicals. 

See Chapter 5 for more information on how families can reduce the risk of exposure to toluene. 

 

1.8 IS THERE A MEDICAL TEST TO DETERMINE WHETHER I HAVE BEEN
EXPOSED TO TOLUENE?

You can find out if you have been exposed to toluene by having your exhaled air, blood, and

urine tested for toluene or its breakdown products.  These tests may not be available at a doctor's

office, but are easily done by special laboratories.  To determine if you have been exposed to

toluene, your blood and urine must be checked within 12 hours of exposure for the presence of

toluene or its breakdown products.  Several other chemicals are also changed to the same

breakdown products as toluene in the body, so some of these tests are not specific for toluene. 

Other factors, such as your weight and body fat, your sex, and the exposure conditions, may also

influence the amount of the chemicals in your urine.  More information on testing for exposure

to toluene can be found in Chapters 2 and 6.
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1.9 WHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO
PROTECT HUMAN HEALTH?

The federal government develops regulations and recommendations to protect public health. 

Regulations can be enforced by law.  Federal agencies that develop regulations for toxic

substances include the Environmental Protection Agency (EPA), the Occupational Safety and

Health Administration (OSHA), and the Food and Drug Administration (FDA). 

Recommendations provide valuable guidelines to protect public health but cannot be enforced by

law.  Federal organizations that develop recommendations for toxic substances include the

Agency for Toxic Substances and Disease Registry (ATSDR) and the National Institute for

Occupational Safety and Health (NIOSH).

Regulations and recommendations can be expressed in not-to-exceed levels in air, water, soil, or

food that are usually based on levels that affect animals; then they are adjusted to help protect

people.  Sometimes these not-to-exceed levels differ among federal organizations because of

different exposure times (an 8-hour workday or a 24-hour day), the use of different animal

studies, or other factors.

Recommendations and regulations are also periodically updated as more information becomes

available.  For the most current information, check with the federal agency or organization that

provides it.  Some regulations and recommendations for toluene include the following:

The federal government has developed regulatory standards and guidelines to protect you from

the possible health effects of toluene in the environment.  OSHA has set a limit of 200 ppm of

toluene for air in the workplace, averaged for an 8-hour exposure per day over a 40-hour work

week.  The American Conference of Governmental Industrial Hygienists (ACGIH) recommends

that toluene in workplace air not exceed 50 ppm, and NIOSH recommends that toluene in

workplace air not exceed 100 ppm (both as average levels over 8 hours).

EPA has set a maximum contaminant level (MCL) for toluene in drinking water of 1 milligram

per liter of water (1 mg/L).  Any release of more than 1,000 pounds of this chemical to the
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environment must be reported to the National Response Center.  More information on federal

and state government regulations and guidelines for toluene in air and water can be found in

Chapter 7.

1.10 WHERE CAN I GET MORE INFORMATION?

If you have any more questions or concerns, please contact your community or state health or

environmental quality department or

Agency for Toxic Substances and Disease Registry
Division of Toxicology
1600 Clifton Road NE, Mailstop E-29
Atlanta, GA 30333

* Information line and technical assistance

Phone: 1-888-42-ATSDR (1-888-422-8737)
Fax: (404) 639-6359

ATSDR can also tell you the location of occupational and environmental health clinics.  These

clinics specialize in recognizing, evaluating, and treating illnesses resulting from exposure to

hazardous substances.

* To order toxicological profiles, contact

National Technical Information Service
5285 Port Royal Road
Springfield, VA 22161
Phone: (800) 553-6847 or (703) 605-6000
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2.1 INTRODUCTION

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and

other interested individuals and groups with an overall perspective on the toxicology of toluene.  It

contains descriptions and evaluations of toxicological studies and epidemiological investigations and

provides conclusions, where possible, on the relevance of toxicity and toxicokinetic data to public health.

A glossary and list of acronyms, abbreviations, and symbols can be found at the end of this profile.

2.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To help public health professionals and others address the needs of persons living or working near

hazardous waste sites, the information in this section is organized first by route of exposure (inhalation,

oral, and dermal) and then by health effect (death, systemic, immunological, neurological, reproductive,

developmental, genotoxic, and carcinogenic effects).  These data are discussed in terms of three exposure

periods: acute (14 days or less), intermediate (15–364 days), and chronic (365 days or more).

Levels of significant exposure for each route and duration are presented in tables and illustrated in

figures.  The points in the figures showing no-observed-adverse-effect levels (NOAELs) or

lowest-observed-adverse-effect levels (LOAELs) reflect the actual doses (levels of exposure) used in the

studies.  LOAELS have been classified into "less serious" or "serious" effects.  "Serious" effects are those

that evoke failure in a biological system and can lead to morbidity or mortality (e.g., acute respiratory

distress or death).  "Less serious" effects are those that are not expected to cause significant dysfunction

or death, or those whose significance to the organism is not entirely clear.  ATSDR acknowledges that a

considerable amount of judgment may be required in establishing whether an end point should be

classified as a NOAEL, "less serious" LOAEL, or "serious" LOAEL, and that in some cases, there will be

insufficient data to decide whether the effect is indicative of significant dysfunction.  However, the

Agency has established guidelines and policies that are used to classify these end points.  ATSDR

believes that there is sufficient merit in this approach to warrant an attempt at distinguishing between

"less serious" and "serious" effects.  The distinction between "less serious" effects and "serious" effects is

considered to be important because it helps the users of the profiles to identify levels of exposure at which

major health effects start to appear.  LOAELs or NOAELs should also help in determining whether or not
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the effects vary with dose and/or duration, and place into perspective the possible significance of these

effects to human health.  

2.2.1 Inhalation Exposure

Adverse effects on the nervous system are the critical effects of concern from inhalation exposure to

toluene as evidenced by results from studies of workers acutely or chronically exposed to toluene in

workplace air, studies of volunteers under controlled acute exposure conditions, and studies of chronic

solvent abusers predominantly exposed to toluene.  Observed effects include reversible neurological

symptoms from acute exposure progressing from fatigue, headache, and decreased manual dexterity to

narcosis with increasing exposure level, degenerative changes in white matter in chronic solvent abusers,

and subtle changes in neurological functions including cognitive and neuromuscular performance,

hearing, and color discrimination in chronically exposed workers.  Studies of toluene-exposed animals

provide supporting data showing changes in behavior, hearing loss, and subtle changes in brain structure,

brain electrophysiology, and brain chemistry.  Case reports of birth defects and developmental delays in

children of mothers who abused solvents, including toluene, during pregnancy suggest that exposure to

high levels of toluene may be toxic to the developing fetus.  A number of developmental toxicity studies

with rats, mice, and rabbits exposed to airborne toluene indicate that toluene is not a potent teratogenic

agent at exposure levels below those inducing maternal toxicity, but can retard fetal growth and skeletal

development and alter development of behavior in offspring. 

2.2.1.1 Death

Limited data are available on toluene-associated deaths due to solvent abuse or occupational exposure and

these studies do not indicate exposure concentrations.  Paterson and Sarvesvaran (1983) reported on a

teenager who died following an episode of glue sniffing.  In Japan, a man died of cardiac arrest after

painting a bathroom using a sealer containing 65% toluene (Shibata et al. 1994) and a woman died of

adrenal hemorrhage after sniffing thinner containing 67% toluene (Kamijo et al. 1998).  In Great Britain,

approximately 80 deaths per year have been associated with solvent abuse (Anderson et al. 1985). 

Approximately half these cases were attributed to cardiac arrhythmias, central nervous system depression,

asphyxia, and hepatic and renal failure (Anderson et al. 1982).  Among the 52 cases with a toxicological

report, 42 mentioned toluene(Anderson et al. 1982).
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There are only a few animal inhalation studies that have examined the lethality of toluene, and there is

evidence from an intermediate-duration study suggesting that mice may be more sensitive than rats.  An

inhalation LC50 value (concentrations causing death in of 50% of the animals) of 5,320 ppm has been

reported for mice (Svirbely et al. 1943).  In 14 to 15 week studies, exposure to 3,000 ppm toluene for

6.5 hours/day, 5 days/week, caused 80% mortality in male rats, 60% mortality in male mice, and 100%

mortality in female mice, but no deaths among female rats (NTP 1990).  Death also occurred among

female mice exposed to 625 (10%), 1,250 (10%), and 2,500 (40%) ppm toluene (NTP 1990).

LOAEL values for deaths in the NTP (1990) study and the LC50 from the Svirbely et al. (1943) report are

recorded in Table 2-1 and plotted in Figure 2-1.

2.2.1.2 Systemic Effects

Data are available pertaining to respiratory, cardiovascular, hematological, musculoskeletal, hepatic,

renal, endocrine and ocular effects in humans and animals after inhalation exposure to toluene.  In

addition, there are data on gastrointestinal, dermal, body weight, and other systemic effects in animals

after inhalation exposure to toluene.  All systemic effects are discussed below.  The highest NOAEL

values and all LOAEL values from each reliable study for systemic effects in each species and duration

category are recorded in Table 2-1 and plotted in Figure 2-1.

Respiratory Effects.    In humans, respiratory tract irritation is experienced from exposure to toluene. 

Irritation of the upper airways and degeneration of the nasal epithelium have been observed in animal

studies.

Exposure of volunteers to 40 ppm of toluene for 6 hours did not produce statistically significant

differences in the results of tests measuring nasal mucus flow and lung function or in subjective

evaluations of air quality, but irritation of the nose was noted at 100 ppm (Andersen et al. 1983).  No

changes in lung function were reported for volunteers exposed to 100 ppm toluene for 6 hours,

30 minutes of which were spent exercising (Rahill et al. 1996).  Individuals exposed to 800 ppm toluene

for 3 hours (von Oettingen et al. 1942) or 1,862 ppm for 2 hours (Meulenbelt et al. 1990) had no self-

reported respiratory effects.  However, irritation of the nose and throat was reported in printers exposed to

100 ppm toluene for 6.5 hours (Baelum et al. 1985), and in volunteers exposed to 200 ppm toluene for

7–8 hours (Carpenter et al. 1944).  Eight workers from a print factory exposed to <200 ppm toluene for 
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more than 18 months had normal chest roentgenograms and did not report breathing difficulty (Guzelian

et al. 1988).

Ten paint-sprayers exposed to 13 detected solvents (primarily 0.8–4.8 ppm toluene and isobutylacetate)

and dusts had morphological changes in the nasal mucosa (Hellquist et al. 1983).  However, there was no

conclusive association between duration of exposure and mucosal abnormalities.  Forty-two workers

exposed to mixtures of solvents, of which toluene was generally a major component, reported symptoms

of nasal irritation, in addition to eye irritation, nausea, skin conditions, dizziness, and headaches

(Winchester and Madjar 1986).  The concentrations of toluene to which the workers were exposed ranged

from 1 to 80 ppm (mean of 15 ppm).  However, concurrent exposure to a mixture of solvents and dusts in

these studies precludes establishing an unequivocal causal relationship between exposure to toluene and

mucosal irritation.

Rats exposed to 30 or 300 ppm toluene 6 hours/day, 5 days/week for 4 weeks showed histopathological

changes in the tracheal epithelium (Poon et al. 1994).  Rats exposed to 600 ppm for 5 weeks, 7 hours/day

showed irritation of the lung and rats exposed to 2,500 and 5,000 ppm had pulmonary lesions (von

Oettingen et al. 1942).  No signs of respiratory distress or histological abnormalities were observed in the

lungs of mice exposed to 4,000 ppm 3 hours/day, for 8 weeks, or in rats and mice exposed to12,000 ppm

for seven 10-minute periods per day separated by a 20-minute recovery period (Bruckner and Peterson

1981b).  However, this study did not include a histological examination of the upper respiratory tract and

may therefore not have observed damage to this region.  Alternatively, the different results reported by

von Oettingen et al. (1942) and Bruckner and Peterson (1981b) may be explained by differences in the

daily exposure duration with the shorter duration causing the less severe effects.

Significantly increased relative lung weights were reported in rats and male mice exposed to 2,500 and

3,000 ppm (6.5 hours/day, 5 days/week for 14–15 weeks) and in female mice exposed to >100 ppm

toluene (NTP 1990).  Mild-to-moderate degeneration of the olfactory and respiratory epithelium were

observed in rats exposed to 600 ppm or 1,200 ppm 6.5 hours/day, 5 days/week for 15 months (NTP

1990).  Minimal hyperplasia of the bronchial epithelium was seen in 4/10 mice exposed to 1,200 ppm, but

no other treatment-related damage to the respiratory tract was observed (NTP 1990).

Inflammation of the nasal mucosa, erosion and metaplasia of the olfactory epithelium, and degeneration

of the respiratory epithelium were reported in rats exposed to 600 or 1,200 ppm for 2 years

(6.5 hours/day, 5 days/week) (NTP 1990).  These effects were not observed in mice exposed to the same
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concentrations for 2 years.  No histopathological lesions were observed in the upper respiratory tract or

lungs of rats exposed for 2 years to 300 ppm toluene (CIIT 1980).

Cardiovascular Effects.    Cardiac arrhythmia is a cause of death that has been associated with some

solvent abuse fatalities.  However, studies in laboratory animals do not provide convincing support for a

direct effect of toluene on the cardiovascular system (Bruckner and Peterson 1981b; CIIT 1980; NTP

1990).  One study of acute exposure to a lethal concentration of toluene reported the induction of

arrhythmia, but the authors suggest that this was due to a predisposing arrhythmia-producing heart

abnormality (Ikeda et al. 1990).  Other studies of acute exposure to near-lethal concentrations have

reported a non significant increase in heart rate (Vidrio et al. 1986) or a reduction of experimentally-

induced arrhythmia (Magos et al. 1990).  Chronic exposure to toluene concentrations up to 1,200 ppm did

not induce cardiovascular system lesions in two well-conducted animal studies (CIIT 1980; NTP 1990)

and did not appear to be directly toxic to the cardiovascular system.  

Cardiac arrhythmias were noted in two adult males who were found semi-conscious after suffering from

toluene intoxication (>7,000 mg/m3 toluene, 1,862 ppm) while removing glue from tiles in a swimming

pool (Meulenbelt et al. 1990).  Response seemed to be variable between these individuals.  One man was

exposed for 2 hours and exhibited a rapid heartbeat (sinus tachycardia), while the second man, exposed

for 3 hours, exhibited a slow heartbeat (bradycardia) (Meulenbelt et al. 1990).  Severe sinus bradycardia

was also reported in a comatose man with severe toluene intoxication who had sniffed approximately

250 mL of thinner containing more than 50% toluene (Einav et al. 1997).  No effects on systolic or

diastolic blood pressure or pulse rate were reported in volunteers exposed to 800 ppm toluene for 3 hours

(von Oettingen et al. 1942).

Cardiovascular response was assessed in 25 dogs killed by rebreathing 1 L of air containing 30,000 ppm

toluene via an endotracheal tube (Ikeda et al. 1990).  In most cases, death was due to hypoxia, but four of

the dogs developed transient arrhythmia and in one case, death was due to ventricular fibrillation.  The

authors suggested that toluene had a direct effect on the septal and ventricular muscles of the heart, which

permitted the development of fatal arrhythmias in sensitive dogs (Ikeda et al. 1990).  Inhalation by

anesthetized rats of 66,276 ppm toluene for 30 minutes (35 minutes inhalation of this concentration was

fatal) produced a non significant increase in heart rate and changes in electrocardiographs indicative of

depressed ventricular conduction (Vidrio et al. 1986).  However, in rats with arrhythmias induced by

aconitine injection or coronary ligation, a 15-minute exposure to 6,867 ppm toluene, 10 minutes before

aconitine treatment significantly reduced the number of ventricular ectopic beats (Magos et al. 1990). 
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No histological abnormalities were observed in the hearts of mice exposed to 4,000 ppm for 3 hours/day,

for 8 weeks or to mice and rats exposed to 12,000 ppm for 70 minutes/day for 8 weeks (Bruckner and

Peterson 1981b).  There were also no histopathological lesions of the heart that could be attributed to

toluene in rats exposed to 300 ppm for 24 months (6 hours/day) (CIIT 1980) or in rats and mice exposed

to up to 1,200 ppm for 24 months (6.5 hours/day) (NTP 1990).  However, there were increased heart

weights in rats and  female mice exposed to 2,500 ppm toluene for 14–15 weeks  (6.5 hours/day) (NTP

1990). 

Gastrointestinal Effects.    No studies were located regarding gastrointestinal effects in humans after

inhalation exposure to toluene.

The incidence of ulcers of the forestomach was marginally, but not significantly, increased in male rats

exposed to concentrations of 600–1,200 ppm toluene for 2 years (NTP 1990).  These effects were not

reported in mice or female rats exposed under the same conditions.  There were no gastrointestinal effects

in rats and mice exposed to up to 2,500–3,000 ppm toluene for 14–15 weeks(NTP 1990).

Hematological Effects.    Hematological effects were not reported after inhalation exposure to toluene

in the majority of recent human and animal studies.  However, before the mid-1950s, chronic

occupational exposure to toluene was associated with hematological effects in the same studies

(Greenburg et al. 1942; Wilson 1943).  These effects are now attributed to concurrent exposure to

benzene, a common contaminant of toluene at that time (EPA 1985c).  More recent studies of workers

exposed to toluene or to mixed solvents containing toluene have not found consistent evidence for

abnormal hematological parameters(Banfer 1961; Matsushita et al. 1975; Tahti et al. 1981; Ukai et al.

1993; Yin et al. 1987).  Decreased leukocyte counts were observed in some animal studies (Hobara et al.

1984a; Horiguchi and Inoue 1977; NTP 1990; von Oettingen et al. 1942), but not in others (Ono et al.

1996; Poon et al. 1994).  There is evidence, however, that the decrease is a reversible phenomenon (von

Oettingen et al. 1942).  The toxicological significance of transitory decreases in leukocyte counts is not

clear.  It appears that toluene affects the blood, but blood is probably not a critical target tissue following

toluene exposure.

No effects on leukocyte counts were observed in volunteers exposed to 800 ppm toluene for 3 hours (von

Oettingen et al. 1942).  Two workers accidentally exposed to about 1,862 ppm for three hours had normal

values for hematological and blood chemistry variables with the exception of an elevated union gap

(Meulenbelt et al. 1990).
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Ukai et al. (1993) reported no hematologic effects in 452 toluene-exposed shoemakers and printers

(average exposure of 24.7 ppm) compared with unexposed controls from the same factories.  Exposure

was estimated from personal monitoring data, and at least 90% of total solvent exposure was due to

toluene.  Workers involved in printing, shoemaking, and audio equipment production, and exposed to

41 ppm toluene had significantly decreased lymphocyte counts when compared to controls (Yin et al.

1987).  However, total leukocyte counts were not different from controls since the decrease in

lymphocytes was counterbalanced by an increase in eosinophils.  No significant hematological effects

were observed in workers engaged in shoe-making (Matsushita et al. 1975) or printing (Banfer 1961) who

were exposed to toluene for several years.  The studies were limited by small cohort size and a lack of

historical exposure data.  Workers were exposed to atmospheric concentrations of toluene up to 600 ppm,

but individual exposure monitoring was generally not performed.  As a result, the studies had only limited

power to detect adverse hematological effects in toluene-exposed workers.

In contrast, workers exposed for several years to toluene (benzene concentration <0.01%) in a tarpaulin

factory had increased blood leukocyte counts (Tahti et al. 1981).  Toluene exposure concentrations, which

ranged from 20 to 200 ppm were similar to those reported by Banfer (1961).  However, this study is

limited by small cohort size, a lack of historical exposure monitoring, and the probability that workers

were exposed to mixtures of chemicals. 

Results of animal studies support the observation of decreased leukocyte counts following exposure to

toluene.  Decreased leukocyte counts were observed in dogs exposed acutely to 500 ppm of toluene

(Hobara et al. 1984a).  Throughout a 20-day exposure to 10, 100, and 1,000 ppm of toluene, mice

exhibited a concentration-related decrease in thrombocyte counts (Horiguchi and Inoue 1977).  The

100 and 1,000 ppm groups were reported to have decreased erythrocyte counts; but the authors did not

provide analysis of the results or discuss the findings further.  Both studies are limited by small numbers

of animals in the treatment groups.  Slight hypoplasia of the bone marrow was observed in mice exposed

to 1,000 ppm (Horiguchi and Inoue 1977), but the effect was not statistically significant and was not

found in mice or rats exposed to up to 1,200 ppm for 2 years (NTP 1990).  Rats exposed to 2,500 and

5,000 ppm of toluene for 5 weeks had a daily, temporary decrease in leukocyte counts, but counts had

normalized by the next day (von Oettingen et al. 1942).  Decreased leukocyte counts were also reported in

female rats exposed to 1,250 ppm toluene for 15 weeks, but not in mice or male rats exposed to up to

2,500 ppm (NTP 1990).  
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Increased hematocrit and blood glucose levels were observed in male rats exposed to 2,000 ppm toluene

for 48 hours (Tahti et al. 1983).  Erythrocyte membranes were stronger and less susceptible to lysis in rats

exposed to 2,000 ppm of toluene than in controls (Korpela et al. 1983).  This was demonstrated to be a

reversible phenomenon since membrane strength returned to normal after toluene had dissipated from the

system (Korpela and Tahti 1984).  Other lipophilic agents such as anesthetics, tranquilizers, narcotics, and

steroids have a similar effect on membrane strength (Magos et al. 1990).

No significant changes in hematological variables were observed in male rats exposed to 2,000 ppm

6 hours/day for 90 days (Ono et al. 1996), or in rats exposed to 300 ppm 6 hours/day, 5 days/week for

4 weeks (Poon et al. 1994).

In one chronic study, rats exposed to 100 or 300 ppm of toluene had significantly reduced hematocrit

levels (CIIT 1980).  However, in another study, no consistent effects on hematological variables were

reported for mice or rats exposed to toluene at levels up to 1,200 ppm for 2 years (NTP 1990).

Musculoskeletal Effects.    A 29-year-old  man who had been sniffing glue containing toluene

(concentration not specified) for 18 years and complained of severe muscle weakness was diagnosed with

rhabdomyolysis (an acute disease of the skeletal muscles evidenced by myoglobin in the blood and urine)

(Hong et al. 1996).

No histological effects on bone were reported in mice or rats exposed to toluene at concentrations up to

1,200 ppm for 2 years (NTP 1990).

Hepatic Effects.    Studies of chronic toluene abusers or occupationally-exposed humans, have

provided little evidence for serious liver damage due to inhaled toluene.  Some studies of workers who

were occupationally exposed to average concentrations between about 30 and 350 ppm toluene reported

liver effects such as increased serum levels of enzymes (Guzelian et al. 1988; Svensson et al. 1992b), but

others recorded no adverse effects (Lundberg and Hakansson 1985; Seijii et al. 1987; Ukai et al. 1993).  A

number of animal studies have reported increased liver sizes or minor ultrastructural changes in rats

exposed to concentrations of toluene ranging from 150 ppm for 30 days to 4,000 ppm 3 hours/day for

8 weeks (Bruckner and Peterson 1981b; Kjellstrand et al. 1985; NTP 1990), but other studies have

recorded no adverse effects in rats and mice exposed to concentrations of up to 1,200 ppm for 2 years

(CIIT 1980; Kyrklund et al. 1987; NTP 1990). 



TOLUENE 50

2.  HEALTH EFFECTS

No effects on blood levels of bilirubin, alkaline phosphatase activity, serum aspartate aminotransferase

activity or serum alanine aminotransferase activity were reported for two workers accidentally exposed to

1,862 ppm toluene for three hours (Meulenbelt et al. 1990).  Eight men from a printing factory employing

289 workers exposed to toluene at concentrations of less than 200 ppm, exceeded the upper end of the

normal range for blood levels of bilirubin, alanine aminotransferase (ALT), aspartate aminotransferase

(AST), and alkaline phosphatase (AP) and had an ALT/AST ratio greater than 1 (Guzelian et al. 1988). 

Liver biopsies showed centrilobular and periportal fat accumulation and Kupffer cell hyperplasia.  None

of the men reported drinking alcohol to excess, but they may have had minimal occupational exposure to

methyl alcohol, ethyl alcohol, diethyl ether, trichloroethylene, and lacquer thinners which could have

confounded the results.

An early study of 106 painters exposed to toluene in an airplane factory reported enlargement of the liver

in 30.2% of the exposed men, versus 7% of the control group (Greenburg et al. 1942).  However, before

the mid-1950s, chronic occupational exposure to toluene was associated with exposure to benzene, a

common contaminant of toluene at that time (EPA 1985c), and this is a confounding factor for this study. 

Serum alkaline phosphatase values were significantly greater than controls in a group of 47 rotogravure

workers occupationally exposed to a time-weighted-average (TWA) toluene concentration of 11–47 ppm

(midpoint 29 ppm) for 3–39 years than in controls (Svensson et al. 1992b).  The difference in alkaline

phosphatase values remained significant even when the data were corrected to eliminate nine workers

who reported consumption of alcoholic beverages.  

In contrast, no significant elevations in serum liver enzymes were found in another group of

452 shoemakers and printers (exposed to average concentrations of 24.7 ppm toluene) compared with

unexposed workers from the same factories (Ukai et al. 1993).  Women working in a shoe factory for an

average of more than 3 years and exposed to toluene concentrations which varied from 65 ppm

(15-100 ppm) in winter and 100 ppm (10-200 ppm) in summer showed no changes in several serum

variables indicative of liver damage compared with a control group of unexposed workers from the same

factory (Matsushita et al. 1975).

A group of 157 female shoemakers exposed for 2–14 months to toluene (7–324 ppm) had decreased

serum levels of lactate-dehydrogenase (LDH) as compared to controls, but levels of 8 other serum

enzymes monitored as indices of liver damage were normal (Seiji et al. 1987).  These workers were also

exposed to n-hexane, cyclohexane, and methyl ethyl ketone at concentrations generally 1/10th of the

toluene concentration.  Because LDH is present in almost all body tissues, this finding cannot be
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attributed to an effect in the liver with any certainty.  A group of 47 Swedish paint industry workers

exposed for more than 10 years to mixed organic solvents (xylene, toluene, isobutanol, n-butanol,

ethanol, ethylacetate, n-butylacetate, mineral spirits, methylacetate, methylene chloride, methyl ethyl

ketone, and isopropanol) did not have elevated serum concentrations of liver enzymes when compared to

nonexposed controls (Lundberg and Hakansson 1985).  Each of these studies is limited by small cohort

size, exposure to multiple solvents, and by a lack of historical exposure monitoring data.  As a result, the

studies had only limited power to detect adverse effects caused by toluene.

Several case studies have reported effects on the liver from toluene exposure.  Acute fatty liver during

pregnancy was reported in a 26-year-old woman exposed for at least 2 months to toluene in glue.  A liver

biopsy done 9 days postpartum showed cytoplasmic change in the hepatocytes; however, there was no

clinical or biochemical evidence of liver disease 1 month later (Paraf et al. 1993).  A painter who had

been exposed to toluene for 5 years exhibited hepatotoxicity, with fatty degeneration of hepatocytes and

infiltration by lymphocytes (Shiomi et al. 1993).

Acute exposure to toluene has been reported to produce biochemical and ultrastructural changes in the

livers of experimental animals.  Mice, rats, and rabbits exposed to 795 ppm of toluene for 7 days showed

increased liver weights and cytochrome P450 levels compared to unexposed controls (Ungvary et al.

1982).  Electron microscopy revealed ultrastructural changes (increased rough or smooth endoplasmic

reticulum) in the livers of all three species (Ungvary et al. 1982).  Cytochrome b5 levels were also

increased in exposed rats and rabbits but were not measured in mice (Ungvary et al. 1982).  Male rats

exposed to 2,000 ppm toluene for 48 hours had increased serum levels of alanine aminotransferase and

aspartate aminotransferase (Tahti et al. 1983).  Exposure of rats to 4,000 ppm toluene for 6 hours resulted

in a significant increases in hepatic levels of cytochrome P450 (CYP) 2E1, increased hepatic activities of

nitrosodimethylamine demethylase and 7-pentoxyresorufin O-depentylase and decreased levels of

CYP2C11 (Wang et al. 1996).  

Intermediate exposure of animals to toluene has generally produced liver responses similar to those

reported for acute exposure.  Increased liver weights were reported for male mice exposed to12,000 ppm

toluene, 3 hours/day, 5 days/week for 8 weeks (Bruckner and Peterson 1981b), female mice exposed to

150 ppm continuously for 30 days (Kjellstrand et al. 1985), rats exposed to $1,200 ppm (males) or

$2,500 ppm (females), or mice exposed to $625 ppm for 14 or 15 weeks (NTP 1990).  However, male

rats and mice exposed to 12,000 ppm toluene for 8 weeks (seven 10-minute exposures separated by

20-minute recovery periods) had decreased liver weights (Bruckner and Peterson 1981b), and no change
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in liver weight was observed in rats exposed to 320 ppm (Kyrklund et al. 1987), male mice exposed to

150 ppm (Kjellstrand et al. 1985) continuously for 30 days, or rats exposed to 30 or 300 ppm toluene

6 hours/day, 5 days/week for 4 weeks (Poon et al. 1994).  No effect on the liver was reported for rats

exposed to 200–5,000 ppm toluene for 7 hours/day for 5 weeks (Von Oettingen et al. 1942).

Alkaline phosphatase activity was significantly elevated in male rats exposed to 300 ppm for 6 hours/day,

5 days/week for 4 weeks (Poon et al. 1994) and centrilobular hepatocellular hypertrophy was noted in

male mice exposed to 2,500–3,000 ppm toluene for 14 weeks (NTP 1990). 

No significant gross or histpathological liver changes or liver weight changes were found in rats exposed

to toluene at 300 ppm (CIIT 1980) or rats or mice exposed to up to 1,200 ppm 6–6.5 hours/day,

5 days/week for up to 2 years (NTP 1990).

Renal Effects.    Studies of chronic toluene abusers, occupationally exposed workers, and laboratory

animals have provided little support for serious kidney damage due to inhaled toluene.  Chronic abuse of

toluene can produce acidosis, but in most cases, renal dysfunction is transient and normal function returns

when exposure ceases (Goodwin 1988; Kamijo et al. 1998; Meulenbelt et al. 1990; Patel and Benjamin

1986).  In general, studies of workers occupationally exposed to 100–200 ppm toluene, which assessed

changes in tests of kidney function, have not shown significant effects (Askergren et al. 1981a; Nielsen et

al. 1985; Stengel et al. 1998).  Animal studies indicate that inhalation of toluene causes concentration-

dependent kidney damage in rats, but only after chronic exposure to concentrations $600 ppm for at least

6 hours/day (Bruckner and Peterson 1981b; CIIT 1980; NTP 1990; Ono et al. 1996; Poon et al. 1994).

Several cases have been reported where occupational exposure to toluene or toluene abuse was associated

with acidosis (Gerkin and LoVecchio 1998; Goodwin 1988; Jone and Wu 1988; Meulenbelt et al. 1990;

Patel and Benjamin 1986).  Acidosis generally reflects the inability of the kidneys to maintain the pH

balance of the blood either due to saturation of kidney transport of hydrogen ion or a defect in tubular

function.  Severe renal tubular acidosis was observed in five pregnant women who were chronic abusers

of paints containing toluene (Goodwin 1988).  When paint-sniffing ended, normal acid-base balance

returned within 72 hours, indicating that permanent damage to the tubules had not occurred.  However,

one 19-year-old male chronic solvent abuser was found, through a renal biopsy, to have severe tubular

interstitial nephritis and focal tubular necrosis indicative of prolonged irritation of the kidney (Taverner

et al. 1988).  This patient required hemodialysis to correct hematuria and oliguria which was present at

the time of his hospital admission.  Hemodialysis was also required for a 22-year-old male chronic
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solvent abuser with acidosis and hypokalemia (Gerkin and LoVecchio 1998).  A 22-year-old woman, who

had sniffed approximately 6 L of toluene during the previous month, was found to have metabolic

acidosis and histological evidence of tubular injury.  The acidosis normalized, but both proximal and

distal tubular dysfunction persisted (Kamijima et al. 1994).  Proteinuria, hematuria, and urinary calculi

were reported in three solvent abuse case studies (Kaneko et al. 1992); the abused product was primarily

toluene in one case.  Autopsy of a 19-year-old woman, who had sniffed thinner containing 67% toluene

for 5 years, revealed severe renal tubular degeneration and necrosis (Kamijo et al. 1998).

A group of 43 printing trade workers exposed to inks containing toluene, alcohols, and ethyl acetate for

9–25 years were experimentally exposed to 382 mg/m3 (102 ppm) of toluene for 6.5 hours (Nielsen et al.

1985).  No significant differences in excretion of albumin and β-2-microglobulin were observed either

before or after exposure when the workers were compared to controls matched by age, educational level,

and smoking habits (Nielsen et al. 1985). 

In a longitudinal study of 92 printers exposed to 97–232 mg/m3 (26–62 ppm) toluene, markers of early

renal damage (microalbumin, N-acetyl-b-D-glucosaminidase, and alanine-aminopeptidase) were not

significantly elevated in urine, but creatinine clearance was higher among exposed workers than

unexposed controls (Stengel et al. 1998).  Comparison of a group of 42 printers, occupationally exposed

to 300–400 mg/m3 toluene (80–107 ppm), with a group of age-matched, unexposed controls showed that

printers excreted significantly more albumin than controls, but no increase in the excretion of

β-2-microglobulin was observed (Askergren et al. 1981a).  Glomerular filtration rate in a group of

34 printers (toluene exposure level not stated) was slightly increased compared with unexposed controls,

but the difference was not significant (Askergren et al. 1981b).

In an early animal study, toluene produced pathological changes in the kidneys of rats.  Inhalation of

600–5,000 ppm of toluene 7 hours per day for 5 weeks caused the formation of renal casts within the

collecting tubules of exposed rats (von Oettingen et al. 1942).  In a recent study (Ono et al. 1996), an

increase in kidney weights and necrosis of kidney tubules were seen in male rats exposed to 2,000 ppm

toluene for 90 days.  No histological abnormalities were observed in the kidneys of  mice exposed to

4,000 ppm for daily 3-hour periods or mice and rats exposed to 12,000 ppm for 70 minutes/day,

5 days/week for 8 weeks, but kidney weights were significantly decreased in rats and mice exposed to

12,000 ppm (Bruckner and Peterson 1981b).  Increased relative kidney weights, but no histological

lesions were seen in rats exposed for 15 weeks and female mice exposed to toluene for 14 weeks at



TOLUENE 54

2.  HEALTH EFFECTS

1,250 ppm (6.5 hours per day) (NTP 1990).  No effects on the kidneys were observed in rats exposed to

30 or 300 ppm toluene for 4 weeks (Poon et al. 1994).

Gross and microscopic pathological examination of rats chronically exposed to 300 ppm of toluene for

24 months found no treatment-related renal effects (CIIT 1980).  Nephropathy was observed in most

(96–98%) of the rats (including controls) from a 2-year inhalation study; the severity increased with

concentration (600–1,200 ppm) (NTP 1990).  The incidence of renal tubular cysts increased with

concentration level in males.  No renal lesions were reported in mice exposed under the same conditions

(NTP 1990).  Since the only essential difference between the CIIT and NTP studies was the concentration

level used, it appears that the occurrence of renal tubular cysts was concentration-related.

Endocrine Effects.      A 29-year-old  man who had been sniffing glue containing toluene

(concentration not specified) for 18 years was diagnosed with hypothyroidism (Hong et al. 1996). 

Autopsy of a 19-year-old woman who had been sniffing thinner (67% toluene) for 5 years revealed

histological evidence of massive bilateral adrenal hemorrhage with severe degeneration and necrosis of

the adrenal cortex (Kamijo et al. 1998).  Plasma levels of follicle stimulating hormone, lutenizing

hormone, and testosterone were reduced in printers exposed to median toluene levels of 36 ppm for an

average of 25 years compared with unexposed controls (Svensson et al. 1992a).

Female rats exposed to 30 or 300 ppm toluene for 6 hours/day, 5 days/week for 4 weeks showed a

treatment-related reduction in follicle size of the thyroid (Poon et al. 1994).  No effect on the adrenal

glands was reported for rats exposed to 200–5,000 ppm toluene for 7 hours/day for 5 weeks (Von

Oettingen et al. 1942).  No gross morphological abnormalities on the pancreas, adrenal, or thyroid glands

were observed in rats exposed to 100–2,000 ppm toluene for 95 days (API 1985).  Mice exposed to up to

2,500 ppm for 14 weeks (NTP 1990), rats exposed to up to 3,000 ppm for 15 weeks, and mice and rats

exposed to up to 1,200 ppm for 2 years (NTP 1990) showed no histological abnormalities in the pancreas,

adrenal, or thyroid glands. 

Dermal Effects.    No studies were located regarding dermal effects in  humans after inhalation

exposure to toluene. 

No effects on the skin were observed in rats exposed to 100–2,000 ppm toluene for 95 days (API 1985). 
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Ocular Effects.    Humans exposed for 6–8 hours to toluene concentrations of 100 ppm and greater

developed irritation of the eyes (Andersen et al. 1983; Baelum et al. 1985; Carpenter et al. 1944;

Meulenbelt et al. 1990).  No irritation was reported with 6 hours of exposure to 40 ppm toluene

(Andersen et al. 1983).  Reports of color vision deficits in occupationally exposed workers have linked

increased color confusion with chronic exposure to <100 ppm toluene (Zavalic et al. 1998a, 1998b,

1998c).  These studies are discussed in the Section 2.2.1.4, Neurological Effects.

Pregnant rats exposed to 2,000 ppm 6 hours/day for 21 days showed lacrimation (Ono et al. 1996), but no

lacrimation or discharge was reported for male, female, or pregnant female rats exposed to

100–2,000 ppm, 6 hours/day for 95 days (API 1985).

 

Body Weight Effects.      No studies were located regarding body weight effects in humans after

inhalation exposure to toluene.

Body weights in rats decreased compared with controls following inhalation exposure to toluene

concentrations of 2,000 ppm for 48 hours (Tahti et al. 1983), 2,000 ppm, 8 hours/day, 7 days/week for

11 weeks (Pryor 1991), 320 ppm, 24 hours/day for 30 days (Kyrklund et al. 1987), 8,000 ppm

2–2.5 hours/day, 5 days/week for 13 weeks (Mattsson et al. 1990), 12,000 ppm 70 minutes/day,

5 days/week for 8 weeks (Bruckner and Peterson 1981b), 2,500 ppm, or 6.5 hours/day for 15 weeks (NTP

1990).  In contrast, no effects on body weights were observed in rats or mice exposed to 1,000 ppm

toluene for 6 hours/day, 5 days/week, for 20 or 42 days (API 1997; Horiguchi and Inoue 1977), in rats

exposed to up to 2,000 ppm toluene 6 hours/day for 90 or 95 days (API 1985; Ono et al. 1996), or in rats

or mice exposed to up to 1,200 ppm toluene 6–6.5 hours/day for 2 years (CIIT 1980; NTP 1990). 

Decreased body weights were seen in female and male mice exposed 6.5 hours/day to concentrations

$100 and 2,500 ppm, respectively (NTP 1990), and in male mice exposed to 4,000 ppm, 3 hours/day or

12,000 ppm 70 minutes/day for 8 weeks (Bruckner and Peterson 1981b).

 

Other Systemic Effects.      No studies were located regarding other systemic effects in humans after

inhalation exposure to toluene. 

2.2.1.3 Immunological and Lymphoreticular Effects

Only limited data are available on the immunological or lymphoreticular effects of inhalation exposure to

toluene.  Studies in exposed workers are confounded to varying degrees by exposure to multiple solvents, 
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but indicate that there may be slight effects of toluene on immunoglobins, leukocytes, and lymphocytes,

but the significance of these effects in humans is uncertain.  A single mouse study reported that exposure

to concentrations >100 ppm, 3 hours/day for 4 weeks decreased resistance to respiratory infection (Aranyi

et al. 1985).

No differences in serum IgG, IgA and IgM values were noted when rotogravure printers exposed to

concentrations of 104–1,170 ppm for an average of 13 years were compared to office workers at the same

facility (Pelclova et al. 1990).  Blood IgE levels in 92 printers exposed to 97–232 mg/m3 (26–62 ppm)

toluene for an average of 16 years  were significantly elevated compared to unexposed controls, and a

dose-response relation was observed between cumulative toluene exposure and IgE levels (Stengel et al.

1998).  Total lymphocytes were significantly decreased in workers involved in shoemaking, printing, and

audio equipment production (Yin et al. 1987).  Mean toluene exposures were 41 ppm for females and

46 ppm for males over an average of 82 months.

A decrease in the T lymphocyte count of  workers occupationally exposed to a mixture of benzene

(0–116 ppm), toluene (0–160 ppm), and xylene (0–85 ppm) was observed (Moszczynsky and Lisiewicz

1984).  However, no signs of diminished immunological function or disturbances in immune skin

reactions against such antigens as tuberculin or distreptase were observed in the subjects studied.  The

reduction of T lymphocytes may have been the result of the depressive effect of benzene on the

lymphocyte system.  Workers exposed to a mixture of 0.8–40 ppm toluene (0.003–0.16 mg/L),

56–940 ppm benzene (0.18–3.0 mg/L), and 40–609 ppm xylene (0.18–3.0 mg/L) had significantly lower

serum IgG and IgA levels than unexposed controls (Lange et al. 1973).  Leukocyte agglutinins for

autologous leukocytes and increased leukoagglutination titer in human sera after incubation with the

solvents were also observed (Lange et al. 1973).  The results of these studies are confounded by mixed

exposure and their significance is therefore uncertain.

A single 3-hour exposure of mice to 2.5–500 ppm toluene produced a significant increase in susceptibility

to respiratory infections compared to unexposed controls when mice were challenged by Streptococcus

zooepidemicus (Aranyi et al. 1985).  Exposure to 1 ppm for 3 hours, 5 days (3 hours/day), or 4 weeks

(3 hours/day) produced no significant difference in susceptibility compared to controls.  Pulmonary

bactericidal activity was decreased at concentrations of 2.5 ppm and 100–500 ppm, but not at

concentrations of 5–50 ppm.  The bactericidal activity of the lung was decreased during the 5-day

treatment but not with the 4-week treatment.  The authors hypothesized that toluene exerted an adverse

effect on alveolar macrophage function, thereby decreasing disease resistance.  
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No changes in weight or histology of the spleen were recorded for rats exposed to 30–5,000 ppm toluene,

6–7 hours/day for 4–5 weeks (Poon et al. 1994; von Oettingen et al. 1942), or for the spleen or thymus of

rats and mice exposed to toluene concentrations up to 3,000 ppm for 14–15 weeks (NTP 1990).  Exposure

of mice and rats to up to 1,200 ppm, 6.5 hours/day for 2 years produced no histological changes in the

thymus, but there was an increased incidence of pigmentation of the spleen in male mice exposed to

concentrations $120 ppm (NTP 1990). 

Decreased thymus weights were observed in male rats exposed to 2,000 ppm 6 hours/day for 90 days

(Ono et al. 1996) and in dams exposed to 600 ppm 6 hours/day during gestation days 7–17 (Ono et al.

1995). However, no effects on the thymus were reported in rats and mice exposed 6 hours/day to up to

1,200 ppm for 2 years or up to 3,000 ppm toluene for 14–15 weeks (NTP 1990) or in male rats exposed to

1,000 ppm toluene for 6 hours/day for up to 42 days (API 1997).

The highest NOAEL values and all LOAEL values for each reliable study for immunological effects in

each species and duration category are recorded in Table 2-1 and plotted in Figure 2-1.

2.2.1.4 Neurological Effects

Dysfunction of the central nervous system is a critical human health concern following acute,

intermediate, or chronic inhalation exposure to toluene.  Chronic toluene abuse in humans has been

associated with neurotoxic symptoms, narcosis, and death (Byrne et al. 1991; Caldemeyer et al. 1996;

Devathasan et al. 1984).  Case reports from chronic abusers indicate that prolonged exposure to toluene

results in permanent damage to the central nervous system (Byrne et al. 1991; King et al. 1981;

Rosenberg et al. 1988b).  Neurotoxic symptoms and reduced ability in tests of cognitive and

neuromuscular function have been observed in humans occupationally exposed to average concentrations

as low as 80–150 ppm (Boey et al. 1997; Murata et al. 1993; Orbaek and Nise 1989; Vrca et al. 1995,

1997b; Yin et al. 1987).  Performance deficits in tests of neurobehavior have also been observed in

volunteers acutely exposed to controlled concentrations >50 ppm (Andersen et al. 1983; Baelum et al.

1985; Echeverria et al. 1991; EPA 1985c; Iregren 1986; Rahill et al. 1996; von Oettingen et al. 1942) and

in laboratory animals repeatedly exposed to >500 ppm toluene (Larsby et al. 1986; Lorenzana-Jimenez

and Salas 1990; Miyagawa et al. 1998; Pryor 1991).  Studies of occupationally exposed workers also

indicate that chronic exposure to average concentrations as low as 30–130 ppm damages hearing and

color vision presumably involving, at least in part, effects on neurological components of these systems

(Abbate et al. 1993; Morata et al. 1997; Zavalic et al. 1998a, 1988b, 1988c).  Hearing loss has also been
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reported in laboratory animals exposed to 700–1,500 ppm toluene (Campo et al. 1997; Johnson and

Canlon 1994; Lataye and Campo 1997; Pryor et al. 1984b).

Experimental studies in volunteers show that acute exposure to toluene concentrations below 50 ppm

results in few, if any, observable effects, but signs of neurological impairment have been observed with

acute exposure to concentrations greater than 50 ppm.  For example, exposure to 40 ppm of toluene for

6 hours did not produce statistically significant differences in the results of tests measuring psychometric

performance and subjective evaluations of well being when compared to controls (Andersen et al. 1983). 

In contrast, 6–6.5-hour exposures to 100 ppm toluene caused fatigue, sleepiness, headaches, nausea,

decreased manual dexterity, decreased color discrimination, decreased accuracy in visual perception, and

decreased accuracy in multiplication tests (Andersen et al. 1983; Baelum et al. 1985).  An acute inhalation

MRL of 1 ppm was calculated as described in the footnote in Table 2-1 and Appendix A, based on the

NOAEL (40 ppm) from the study by Andersen et al. (1983).

Several other human studies support the derivation of the acute inhalation MRL and the hypothesis that

subtle neurological effects can occur with acute exposure to concentrations in the 75–150 ppm range. 

Exposure of volunteers to 0, 75, or 150 ppm toluene for 7 hours caused a concentration-related

impairment of function on digit span, pattern recognition, the one-hole test, and pattern memory

(Echeverria et al. 1991).  There was an effect on the results of the symbol digit test, but the effect was not 

concentration-related.  Tests were administered to each subject before exposure and at the end of the

exposure period.  The treatment effect between groups was smaller than the variation of subjects within

the group, thus each subject was used as their own control to more accurately assess the changes in

performance due to exposure.  There were no differences in the results on simple reaction time, mood

(profile on mood scale), visual memory, hand-eye coordination, verbal short-term memory (Sternberg

test), finger tapping, reaction time, continuous performance test, and critical tracking test.  Six volunteers

exposed to 100 ppm toluene for 6 hours, followed by exercise, showed significantly lower results on

neuropsychological tests than volunteers exposed to clean air only (Rahill et al. 1996).  Exposure of

26 painters to controlled amounts of toluene (5 or 80 ppm) for 4 hours did not change their performance

in tests of reaction time, color-word vigilance, or memory reproduction (Iregren 1986).  Workers in a

printing factory (exposed to <200 ppm toluene) returning to work after a 4-day vacation reported a feeling

of mild intoxication to which they became tolerant within 1 or 2 days (Guzelian et al. 1988).  At

concentrations of 200–800 ppm, acute exposures initially resulted in excitatory effects such as

exhilaration and lightheadedness.  These effects were followed by the development of narcosis,
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characterized by impaired intellectual, psychomotor, and neuromuscular effects with increased duration

of exposure (EPA 1985c; von Oettingen et al. 1942).

Humans exposed to high levels of toluene as a result of solvent abuse or industrial accidents have

displayed serious central nervous system dysfunction.  Accurate exposure data are not available for these

individuals, but the concentrations inhaled by chronic abusers have been estimated to range from 4,000 to

12,000 ppm (Gospe et al. 1994).  In some cases, the degree of central nervous system depression was

sufficient to result in death.  Prolonged abuse has been reported to cause permanent damage resulting in

abnormal electroencephalogram (EEG) activity, ataxia, tremors, temporal lobe epilepsy, paranoid

psychosis, hallucinations, nystagmus (involuntary eye movement), cerebral atrophy, and impaired speech,

hearing, and vision (Byrne et al. 1991; Devathasan et al. 1984; Hunnewell and Miller 1998; King et al.

1981; Maas et al. 1991; Meulenbelt et al. 1990; Miyagi et al. 1999; Ryu et al. 1998; Suzuki et al. 1983).  

In two hospitalized patients with a history of solvent abuse, there was a decrease in intelligence quotient

when the results of tests administered before solvent abuse began were compared to those measured

during hospitalization for long-term abuse (Byrne et al. 1991).  Examination of 19 children (ages

8–14 years) hospitalized with acute encephalopathy due to toluene exposure indicated that 5 of the

children retained psychological impairment and personality change when discharged from the hospital,

while one child had a persistent cerebellar ataxia 1 year after cessation of toluene abuse (King et al.

1981). 

In general, results from case studies of toluene abusers suggest that some of the neurological symptoms

associated with chronic toluene abuse may be the result of permanent structural changes in the brain. 

Evaluation of chronic toluene abusers by magnetic resonance imaging (MRI) and single photon emission

computed tomography (SPECT) has shown an increase in the white matter signal, a loss of gray and white

matter differentiation, and decreased perfusion in the cerebral cortex, basal ganglia, and thalami

(Caldemeyer et al. 1996; Filley et al. 1990; Ikeda and Tsukagoshi 1990; Kamran and Bakshi 1998;

Rosenberg et al. 1988a; Ryu et al. 1998; Yamanouchi et al. 1995).  Cerebral, cerebellar, and brainstem

atrophy were also present (Kamran and Bakshi 1998; Rosenberg et al. 1988b).  Correlations between

clinical signs of neurological impairment and damage visible in MRI images have also been reported

(Caldemeyer et al. 1996; Hormes et al. 1986; Rosenberg et al. 1988b).  Abnormalities in MRI and

brainstem auditory evoked response (BAER) results were still present in chronic abusers who had

refrained from toluene exposure for two to nine months (Rosenberg et al. 1988b). 
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Toluene had an effect on pattern-visual evoked potentials in 32 males and 2 females who abused thinner

containing toluene for 5–10 years.  Statistical differences between controls and toluene abusers were seen

on latencies of waves P-100 and N-145 (Poblano et al. 1996).  

Murata et al. (1993) compared cardiac autonomic function in printers exposed to 83 ppm airborne toluene

for 1–36 years with matched controls.  Autonomic function was evaluated from measurements of heart

rate, the coefficient of variation in electrocardiographic R-R intervals, the distribution of nerve

conduction velocities, and the maximal motor and sensory nerve conduction velocities in the median

nerve.  Some printers reported subjective symptoms such as fatigue, headache, and irritation.  Heart rate

was not significantly different in exposed individuals and controls.  However, there were statistically

significant reductions in electrocardiographic R-R intervals, indicating possible dysfunction of the

autonomic nervous system.  There was a significant decrease in the motor and sensory conduction

velocity in the palm segment of the median nerve in toluene-exposed workers, but there was no

significant difference in the distribution of the nerve conductance velocities between exposed and control

subjects (Murata et al. 1993).

Several studies of workers repeatedly exposed predominantly to toluene in workplace air have found

evidence for increased incidence of self-reported neurological symptoms (Orbaek and Nise 1989; Yin et

al. 1987); performance deficits in neurobehavioral tests (Boey et al. 1997; Foo et al. 1990; Orbaek and

Nise 1989); hearing loss (Abbate et al. 1993; Morata et al. 1997); changes in visual evoked potentials

(Vrca et al. 1995, 1997a, 1997b), and color vision loss (Zavalic et al. 1998a, 1998b, 1998c).  

A group of 95 workers exposed to TWA of 41–46 ppm toluene during shoemaking, printing, and audio

equipment production were evaluated for symptoms and signs of exposure when compared to 130 control

subjects (Yin et al. 1987).  The incidence of health-related complaints among the toluene exposed

workers was 2–3 times that of the controls.  Dizziness was reported by about two-thirds of the toluene

exposed respondents.  These subjects also complained of headaches, sore throats, eye irritation, and

difficulty with sleep.  When the exposed subjects were divided into 2 groups, one with TWA exposures of

less than 40 ppm and the other with exposures greater than or equal to 40 ppm, the incidence of headache

and sore throat, but not dizziness, showed a concentration-response pattern (Yin et al. 1987).  Tests of

postural sway carried out on 27 United States Air Force workers exposed to jet fuel (mean cumulative

exposure 23.8±6.1 ppm toluene) found a significant association between toluene exposure and increased

postural sway (Smith et al. 1997).  However, the results of this study are confounded by concurrent

exposure to other chemicals, including benzene and xylene.
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Thirty rotogravure printers from two plants and 72 unexposed workers completed a questionnaire

designed to record their neurasthenic complaints and were given a series of tests designed to evaluate

psychometric function (Orbaek and Nise 1989).  At the time of the study (1985), 19 of the printers were

exposed to TWA toluene levels of 11.6 ppm, and the remainder were exposed to 42.4 ppm.  However, the

printers had been exposed to solvents for at least 10 years (employment ranged 4–43 years), and

estimated air concentrations at earlier times were much higher (as high as 453 ppm prior to 1970). 

Taking the midpoints in the ranges of concentration estimates for 1970–1985 for the two factories and

calculating their mean yields, a representative exposure concentration of 140 ppm was determined. 

Significantly more printers reported neurasthenic symptoms than controls, but no significant differences

were found between printers and controls for 10 of 11 psychometric tests and in the remaining test

(Cylinder Board test of motor skill), printers performed better than controls.

A stronger correlation between impaired neurobehavioral performance and toluene exposure was seen in

30 female workers exposed to 88 ppm toluene as compared to 30 workers in the same facility exposed to

only 13 ppm (Foo et al. 1990).  The higher exposure group received poorer test scores in tests of visual

retention, visual reproduction, trail making, grooved peg board, digit span, and digit symbol, but not on

tests of simple reaction time and finger tapping.  

Another group of 29 exposed workers in Singapore (average TWA toluene exposure of 90.9 ppm)

performed more poorly than a control group (average TWA exposure of 12.2 ppm) on 8 neurobehavioral

tests.  The exposed group performed significantly more poorly in verbal and nonverbal memory as

measured by the digit span and visual reproduction tests (Boey et al. 1997).  

Low-level occupational exposure to an average of 97 ppm toluene for 12–14 years had an apparent effect

on hearing in 40 rotogravure workers when brainstem auditory evoked potential (BAEP) results were

compared to a group of 40 workers who were of comparable age but were not exposed to toluene (Abbate

et al. 1993).  Workers were carefully screened to eliminate slight hearing abnormalities or exposure to

other chemicals.  Two series of stimuli were used, one with 11 repetitions/second and one with

90 repetitions/second.  In both cases the intensity was 80 dB/nHL.  Mean latencies were significantly

higher for the exposed group than the control group for each BAEP wave evaluated (I, III, and V). 

Discernment mean values for the exposed and control groups were distributed homogeneously with very

little overlap of exposed and control responses for both the 11-repetition and 90-repetition cycles.  Wave I

showed the most pronounced increase in latency.  According to the authors, the effects on Wave I could
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be due to either a change in the membrane of the peripheral receptor, a modification of the structure of the

junction, or a change in the stimulus transduction mechanism.  

In two other studies, BAEPs in workers exposed to average concentrations of about 50 ppm for an

average of 21.4 years were found to be affected, with a significant decrease in all wave amplitudes and a

significant increase in all wave latencies except P2 (Vrca et al. 1995, 1997a).

In a cross-sectional examination of 124 Brazilian workers exposed to various levels of noise and a variety

of organic solvents, including toluene at TWA concentrations ranging from 0.037 to 244 ppm,

(midpoint=122 ppm), 49% of workers experienced hearing loss (Morata et al. 1997).  Toluene exposure

(and exposure to a number of other solvents including ethanol and ethyl acetate) was estimated by

personal monitoring and measurement of hippuric acid in urine samples.  Confidence in the study is

limited because of exposure to multiple solvents and possible confounding from noise exposure. 

However, logistic regression analysis showed hippuric acid concentration to be significantly associated

with hearing loss and the odds ratio estimates for hearing loss were 1.76 times greater for each gram of

hippuric acid per gram creatinine (95% CI 1.00–2.98).

Occupational exposure to toluene may also affect other sensory-evoked potentials.  Visual evoked

potentials ( P300, N75, N145, and P100 waves) in printers occupationally exposed to average

concentrations of 50 ppm toluene for an average of 21 years were compared to those of unexposed

controls (matched for alcohol and coffee consumption, smoking, age, years of work, education, and head

injuries) (Vrca et al. 1995, 1997a, 1997b).  Individual exposure was estimated by measuring toluene

levels in blood (0.036 mg/L in exposed workers, 0.0096 mg/L in controls) and hippuric acid levels in

urine (0.426 g/g creatine in exposed workers, 0.338 g/g creatine in controls).  There was a significant

increase in the number of exposed individuals displaying reduced amplitude of  P300R waves and

prolonged latency of the accompanying spontaneous wave P300F (Vrca et al. 1997b).  The amplitudes of

the N75, P100, and N145 waves (Vrca et al. 1995, 1997a), and the latency of the P100 wave, were

significantly increased in exposed subjects compared with controls (Vrca et al. 1995).

Chronic exposure to toluene may also cause color vision loss.  Zavalic et al. (1998a) examined color

vision in 83 controls, 41 shoemakers, and 32 printers exposed respectively to geometric mean toluene

concentrations of 0, 35, or 156 ppm.  Toluene exposure was estimated by measuring toluene levels in the

air and in the blood of workers, and by measuring the amount of hippuric acid and orthocresol in their

urine at the end of the work shift.  The technology, ventilation, and types of workplaces included in the

study had not changed in the preceding 30 years.  Color confusion was significantly higher in printers
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compared with both shoemakers and controls.  Color confusion index was increased in shoemakers

compared with controls, but the difference was not significant (Zavalic et al. 1998a).  Regression analysis

established a significant correlation between color confusion as a dependent and alcohol intake and age as

independent variables for the control group.  Age- and alcohol-adjusted color confusion index was

significantly increased in printers compared with shoemakers and controls, and in shoemakers compared

with controls.  After age and alcohol adjustments, individual color confusion indices were significantly

correlated with individual exposure estimates (air, blood, or urine) in printers, but in shoemakers, the

correlation was not statistically significant.  The significantly increased color confusion index for the

shoemakers in this study was assessed as a less-serious adverse effect and the LOAEL of 32 ppm served

as the basis for the chronic-duration inhalation MRL, 1 ppm, for toluene (see footnote of Table 2.1,

Section 2.5 and Appendix A).  

Further analysis of color vision loss in the same groups of workers described above (Zavalic et al. 1998a)

was carried out to compare loss in the blue-yellow and red-green ranges (Zavalic et al. 1998c).  Both

blue-yellow and red-green color confusion were significantly increased in printers, but there was no

significant difference in the prevalence of either type of color confusion between exposed and unexposed

workers (Zavalic et al. 1998c).

Color vision impairment was also evaluated in another group of 45 male workers exposed to mean

concentrations of about 120 ppm toluene (Zavalic et al. 1998b).  Color vision was significantly impaired

in exposed workers compared with unexposed controls.  A comparison of color vision assessments made

on Monday and Wednesday mornings showed no significant difference.  This suggests that color vision

impairment results from chronic rather than acute exposure to toluene.  

Muttray et al. (1995, 1999) also attempted to distinguish between effects on vision due to chronic and

acute exposure to toluene.  Color vision was assessed in 59 male rotogravure workers occupationally

exposed to unspecified levels of toluene for periods of 1 month to 36 years (mean of 10 years) (Muttray et

al. 1995).  Results of vision testing at the beginning and end of the work week were compared and no

difference was recorded.  A second study compared color vision in eight printers (occupationally exposed

to toluene) and eight workers previously unexposed to toluene, before and after cleaning a print machine

with toluene (Muttray et al. 1999).  The task took 28–41 minutes and involved exposure to 300–362 ppm

toluene (1,115–1,358 mg/m3).  No impairment in color vision was recorded for either group.  However, a

comparison of the precleaning performance of the printers with that of a group of matched controls
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showed a non significant decrease in color vision for the printers, which may indicate a chronic effect of

toluene exposure on color vision (Muttray et al. 1999).

Studies of human color vision impairment suggest that vision impairment results from chronic, rather than

acute, exposure to toluene (Muttray et al. 1995, 1999; Zavalic et al. 1998a, 1998b, 1998c).  The

mechanism by which toluene exposure influences color vision is not known.  Visual evoked potentials are

affected in chronically exposed individuals and show exposure-related changes in amplitude and latency

(Poblano et al. 1996; Vrca et al. 1995, 1997a, 1997b).  However, it is not clear whether the impairment of

color vision produced by toluene exposure is due solely to neurological damage or also involves damage

to the eyes.  Toluene exposure causes eye irritation in humans  (Andersen et al. 1983; Baelum 1990;

Carpenter et al. 1944; Meulenbelt et al. 1990) and animals (Ono et al. 1976), but no studies were located

that examined eyes for structural damage due to chronic toluene exposure. 

A number of studies of humans chronically exposed to mixtures of solvents containing toluene provide

supporting evidence for the neurotoxicity of toluene, but concurrent exposure to other solvents limits the

conclusions that can be drawn from the results.  Painters (100 individuals) exposed to toluene and other

solvents for 1–40 years had poorer performance on the block design of visual cognitive ability (Hanninen

et al. 1976).  Another study of 325 painters exposed to mixed solvents (including toluene) for an average

of 5 years found that reduced ability in tests of pattern comparison and memory was correlated with

solvent-exposure (Tsai et al. 1997).  Shoemakers exposed to toluene (20 or 71 ppm) and other solvents for

more than 10 years showed a significant reduction in the Santa Ana dexterity test and a non significant

reduction in visual retention (Lee et al. 1998a).  Workers exposed to mixed solvents (including toluene)

during a spraying process showed a significant impairment of color vision with errors of the blue-yellow

type (Muttray et al. 1997).  A study of chronic petrol sniffers found that petrol sniffing was associated

with neurological and cognitive abnormalities such as tremors, abnormal reflexes, and deficits of visual

attention and memory (Maruff et al. 1998).  However, significant correlations were recorded for the

magnitude of neurological and cognitive defects and blood lead levels, but not for neurological and

cognitive defects and blood hydrocarbon levels (Maruff et al. 1998).  A group of workers exposed to

mixed solvents and admitted to the hospital due to suspicion of solvent-induced chronic toxic

encephalopathy had reduced scores in tests of distorted speech and cortical response audiometry

compared to unexposed controls (Niklasson et al. 1998).

In laboratory animals, acute exposure to toluene has both excitatory and depressant effects on the central

nervous system.  A high correlation between the extent of central nervous system depression and brain



TOLUENE 65

2.  HEALTH EFFECTS

toluene levels was observed in both mice and rats exposed to 2,600–12,000 ppm toluene for varying

periods of time (Bruckner and Peterson 1981a, 1981b).  Acute exposure to toluene concentrations

between 500 and 15,000 ppm produced an initial increase in locomotor activity in rats and mice followed

by a decrease in activity with longer exposure (Bowen and Balster 1998; Bushnell et al. 1985; Hinman

1987).  Exposure of mice to 300 ppm for 6, 1-hour exposures with 3–4 days between exposures, had no

effect on animal movements.  Movements were increased at concentrations of 560–1,780 ppm, but were

decreased at concentrations of 3,000 ppm (Wood and Colotla 1990).  This study clearly indicates a

biphasic response with low-concentration stimulation and high-concentration depression of motor

activity. 

Monkeys exposed to concentrations of 2,000–4,500 ppm toluene (head only) for 50 minutes on 2 days

separated by 3 days without exposure, showed significantly increased response time and decreased

accuracy on a test of conditioned response to a reward stimulus for concentrations (Taylor and Evans

1985).  Exposure to toluene concentrations of 2,000 ppm or less did not cause overt signs of neurological

impairment such as ataxia and tremors.  Exposure to 100 and 200 ppm toluene had no effect on

performance, but exposure to 500 and 1,000 ppm toluene caused nonsignificant decreases in response

time and accuracy. 

Exposure to 1,500 ppm toluene 1 hour/day for 14 days produced nystagmus (involuntary movement of

the eyeballs) in rats with disturbances in the vestibular and opto-oculomotor systems (Larsby et al. 1986). 

These findings suggest that the cerebellum is a target site for toluene, and confirm an earlier report that

toluene caused nystagmus in rats when arterial blood levels were greater than 75 ppm (Tham et al. 1982). 

In several animal studies, acute toluene exposure diminished the ability of rats to perform trained

neuromuscular responses.  Exposure of rats to 125, 250, or 500 ppm toluene for 4 hours caused a decline

in lever-press shock avoidance performance 20 minutes after exposure, but recovery was complete

2 hours later (Kishi et al. 1988).  A single 4-hour exposure to concentrations of 810–6,250 ppm toluene

caused a concentration-related impairment of performance by rats in tests designed to measure

neuromuscular performance (Mullin and Krivanek 1982).  Exposure to $480 ppm toluene for 4 hours

decreased the ability of trained rats to perform a sequence of lever press actions associated with a reward

(milk) (Wood et al. 1983). 

In animals, changes in the levels of brain neurotransmitters in rodents exposed to toluene have been

observed.  Significant localized changes in dopamine (DA) or norepinephrine (NE) brain levels were
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noted in rats exposed to 400 ppm toluene 24 hours/day for 30 days (Ikeda et al. 1986) and in newborn

male rats 7 weeks after a 10-day exposure to 80 ppm toluene for 6 hours per day (von Euler et al. 1989b). 

Neurotransmitter levels in some areas of the brain were increased, in some areas were decreased, and in

other areas remained the same.  Toluene exposure at 80 ppm for 4 weeks was found to affect dopamine D2

agonist binding in the rat caudate-putamen (Hillefors-Berglund et al. 1995; von Euler et al. 1993). 

Dopamine levels were increased in the cerebellum and striatum of rats exposed to 1,000– 4,000 ppm

toluene for 20 minutes, while norepinephrine and 5-hydroxytryptamine were significantly increased in the

cerebellum and cortex (Kim et al. 1998). Several significant changes in the activities of enzymes

responsible for neurotransmitter synthesis (glutamic acid decarboxylase, choline acetyltransferase and

aromatic amino acid decarboxylase) in different areas of the brain were seen in male rats exposed to

toluene  at concentrations of 50–1,000 ppm for 4 weeks or 500 ppm for 12 weeks (Bjornaes and Naalsund

1988).  Concentration-response trends were not apparent in the data and there were variant responses by

different areas of the brain.  There was also some evidence of change in glutamate and gamma amino

butyric acid (GABA) binding.  Binding increased in most of the brain areas studied, but decreased in

some areas.  Because of the variability in response, these data are difficult to evaluate.  Von Euler et al.

(1994) reported that rats exposed to 80 ppm for 6 hours per day for 4 weeks, had increased serum

prolactin levels.  However, no significant changes in serum prolactin levels were reported at

concentrations up to 320 ppm, also for 4 weeks exposure (Hillefors-Berglund et al. 1995).  Exposure to

400 ppm toluene 7 hour/day for 10 days produced a statistically significant increase in the total

dehydrogenase activity in the brains of female mice (Courtney et al. 1986). 

Changes in brain levels of glial fibrillary acidic protein (GFAP), a structural marker for astrocytes, have

been found in toluene-exposed rats.  Rats exposed to 1,000 ppm toluene for 3 or 7 days exhibited a

significant decrease in GFAP levels in the thalamus (Little et al. 1998).  Rats exposed to 100–3,000 ppm

toluene 6 hours/day, 5 days/week for up to 42 days exhibited changes in the concentration of GFAP in the

cerebellum, hippocampus, and thalamus (API 1997).  For the first week of exposure, GFAP concentration

of exposed animals was significantly increased in the cerebellum and hippocampus, and decreased in the

thalamus compared with unexposed controls (API 1997).  After 21 days, the concentration of GFAP in

the hippocampus was significantly decreased in rats exposed to 1,000 ppm compared with controls, while

at 42 days, rats exposed to 300 ppm had significantly higher concentrations of GFAP in the cerebellum

compared with controls, but rats exposed to 1,000 ppm did not (API 1997).  In mice exposed to

500–2,000 ppm for 8 hours, no significant alterations in c-fos, c-jun, or GFAP mRNA in the cerebrum

were found (Matsuoka et al. 1997).
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Rats continuously exposed to toluene at 320 ppm for 30 days had decreased total brain weight and

decreased weight of the cerebral cortex (Kyrklund et al. 1987).  There was a decrease in the total

phospholipid content of the cerebral cortex accompanied by a small increase in phosphatidic acid levels. 

These data suggest a breakdown of phospholipids resulting in a loss of gray matter (Kyrklund et al.

1987).  The mechanism of action for this effect is uncertain.  Increased relative brain weights and ataxia

in rats were reported after 15-week exposures to toluene at 2,500 and 3,000 ppm 6.5 hours/day,

5 days/week (NTP 1990).  No gross or microscopic tissue changes or changes in brain weights were

observed in mice exposed to concentrations up to 2,500 ppm for 14 weeks or in rats or mice exposed by

the same protocol to toluene at concentrations up to 1,200 ppm for 2 years (NTP 1990).

Animal studies have demonstrated that intermediate exposure to toluene can produce subtle changes in

the auditory system.  Intermediate exposure to toluene produced a permanent loss of hearing in the high

frequency range (approximately 16 kHz) in rats exposed 14 hours/day to 1,200 ppm for 5–9 weeks or

1,000 ppm for 2 weeks (Pryor and Rebert 1992; Pryor et al. 1984a, 1984b).  The threshold concentration

for hearing loss was between 700 and 1,000 ppm (Johnson et al. 1988; Pryor et al. 1984b).  Hearing loss

occurred independent of whether or not exposure was continuous or episodic with many short exposures

during the day (Pryor 1991); it was compounded by postexposure high noise levels (Johnson et al. 1988). 

Lataye and Campo (1997) demonstrated that combined exposure to toluene and noise produced a greater

loss of hearing function in rats than exposure to toluene alone or noise alone.  In another study, hearing

loss was produced in rats after exposure to 1,750 ppm toluene for 6 hours/day, 5 days/week for 4 weeks

and loss of hair cells in the organ of corti was observed after exposure to 1,000 ppm (Campo et al. 1997,

1998).  Johnson and Canlon (1994) showed loss of outer hair cells in the cochleae of rats exposed to

1,400 ppm 14 hours/day for 8 days.  Outer hair cell loss was observed after 5 days of exposure, and loss

progressed to the inner hair cells after 6 weeks postexposure.  Pryor et al. (1984a) demonstrated that high

frequency hearing loss is more severe in weanling rats than in young adult rats, after exposure to

1,200 ppm for 14 hours/day for 5 weeks.  Hearing loss due to toluene exposure was also exacerbated by

simultaneous treatment with ethanol (Campo et al. 1998) or high doses of acilyl solicylicacid (aspirin)

(Johnson 1992).

When rats were preexposed to phenobarbital to stimulate liver metabolism of toluene and then exposed to

levels of 1,929 ppm 8 hours/day for 1 week, hearing was not affected as measured by the BAER test

(Pryor et al. 1991).  However, rats not pretreated with phenobarbital did experience hearing loss.  This

observation is consistent with the idea that toluene itself, and not one of its metabolites, is responsible for

the hearing loss.
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Toluene had more of an effect on hearing loss in mice that had a genetic predisposition for early onset

spontaneous auditory degeneration than on mice that were predisposed to late onset moderate hearing loss

(Li et al. 1992).  Thus, the severity of toluene-induced hearing loss appears to be influenced by genetic

susceptibility. 

Impaired motor functions have been observed in animals following repeated exposure to toluene.  Daily

exposure of neonate rats to 10,000, 20,000, or 40,000 ppm toluene for 15 minutes from postpartum days

2–30 resulted in a concentration-related increase in the time taken for the righting-reflex to occur

(Lorenzana-Jimenez and Salas 1990).  At each concentration, the time taken for the righting-reflex to

occur decreased over the first 4 weeks of exposure then increased over the last 4 weeks of exposure, but

did not regain the level of latency observed in the first week of the experiment.  These data suggest that

these animals were developing tolerance to some neurobehavioral effects of toluene.  However,  it is not

clear whether this is due to metabolic induction by continued exposure or an age related effect.  

Tilting plane and rotarod test performances did not differ significantly between control rats and rats

exposed to 1,000 ppm toluene for 8 hours/day, 7 days/week for 13 weeks (Tahti et al. 1983).  Rats

exposed to 2,500 ppm toluene 7 hours/day for 5 weeks showed a lack of coordination (Von Oettingen et

al. 1942).  Exposure of rats to concentrations of 2,273 ppm 8 hours per day for 16 weeks or to

2,200–6,200 ppm intermittently (8 hours/day, 15–60 minutes/hour) for 23 weeks caused a shortening and

widening of the gait (Pryor 1991).  Increased nose-poking was reported in rats exposed to 178–300 ppm

toluene for 3 weeks (2 times/week, 2 hours/day) (Wood and Cox 1995).  Latency of escape from an

electric shock was reduced in both young rats (50 days old) and older rats (120 days old) exposed to

30,000–40,000 ppm toluene for 15 minutes/day for 30 days (Castilla-Serna et al. 1991).  Exposure of

male weanling rats (23 days old) to 1,200 ppm 14 hours/day for 9 weeks produced a significant reduction

in a tone-induced multisensory conditioned avoidance response (Pryor and Rebert 1992). 

Circadian rhythms apparently have an effect on toluene metabolism and, thus, on its neurological effects. 

Rats that were exposed to 4,000 ppm toluene for 4 hours during daylight demonstrated poorer shock

avoidance than animals exposed during the dark (Harabuchi et al. 1993).  There was a correlation of

shock avoidance with toluene levels in the brain; the higher the brain toluene level, the poorer the ability

of the animal to properly respond to stimuli and press the lever that prevented the electrical shock.

Flash evoked potential (FEP) responses were abnormal in rats exposed to single 30-minute exposures to

500–16,000 ppm toluene (Rebert et al. 1989a, 1989b) or 15 to 35 minute exposures to 8,000 ppm,
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4–9 times/day, 5 days/week for 13 weeks (Mattsson et al. 1990).  This technique measures the electrical

response of the visual components of the nervous system to a high intensity flashing strobe light. 

Distortion of the FEP waveform is indicative of impaired visual response to light.  In both the acute and

subchronic testing situations, the toluene caused changes in the amplitude of several components of the

FEP waveform, suggesting that impaired visual response can result from both short and long term

exposure to high concentrations of toluene.

Toluene exposure also changes sleep patterns in animals.  Both single 4- or 8-hour episodes of toluene

exposure (900–4,000 ppm) and repeated exposures, 8 hour/day for 3 weeks (900 and 2,700 ppm),

changed patterns of sleep and wakefulness in rats (Arito et al. 1988; Takeuchi and Hisanaga 1977).  After

the single exposures, there was a decrease in wakefulness and an increase in slow-wave sleep; a

prolonged sleep latency was apparent for the 2 days following exposure.  Latency was defined as the time

interval between the end of the exposure period and the beginning of a particular phase of the sleep cycle. 

Following the 3-week exposures, there was an increase in wakefulness during the dark period on the

2 days after exposure and a decrease in slow wave sleep on the first day.  Exposure to concentrations of

100–700 ppm for 2 hours increased the duration of the wake cycle and decreased both rapid-eye

movement and nonrapid eye movement sleep in a concentration-related fashion in young and adult male

rats (Ghosh et al. 1989, 1990).

Toluene may affect memory in rats.  Rats exposed to 600 ppm toluene for 50 days, starting at 23 days old,

were trained in a radial-arm maze and their performance was compared with air-exposed control animals. 

No significant effects were observed for working memory errors (reentries into “already-entered” areas)

(Miyagawa et al. 1995).  However, rats exposed to 1,600 or 3,200 ppm toluene for 4 hours showed a

concentration-related decrease in accuracy in a neurological test of short-term memory (Miyagawa et al.

1998).  Exposure to 1,500 ppm toluene 6 hours/day, 5 days/week for 6 months  followed by a 4-month

exposure-free period was found to reduce the number of neurons in the rat hippocampus, an important

area in the brain for memory and learning processes (Korbo et al. 1996).  

The highest NOAEL values and all LOAEL values for each reliable study for neurological effects in each

species and duration category are recorded in Table 2-1 and plotted in Figure 2-1.
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2.2.1.5 Reproductive Effects

Current data do not provide convincing evidence that toluene causes reproductive effects in humans. 

Reports that occupational exposure to toluene may lead to an increased incidence of spontaneous abortion

(Ng et al. 1992b; Taskinen et al. 1989) have not been supported by the results of animal testing.  Studies

in rats have shown no evidence of adverse effects on mating or fertility (API 1985; NTP 1990; Ono et al.

1996).  Toluene exposure produced microscopic changes in ovarian structure and a reduction in sperm

count and the weight of epididymides in rats (Ono et al. 1996; Tap et al. 1996).  However, changes in

sperm count and epididymus weight were not accompanied by any change in indices of reproductive

performance (Ono et al. 1996). 

Ng et al. (1992b) reported a significant increase in spontaneous abortion for women employed in an audio

speaker factory and exposed to 50–150 ppm (mean of 88 ppm) for 10 years (12.4%), compared with

controls exposed to 0–25 ppm toluene from the same factory (2.9%) and unexposed controls from the

general population (4.5%).  The majority of women examined did not smoke or drink and were of similar

socioeconomic status (Ng et al. 1992b).  Exposed workers did not report increased incidence for

menstrual cycle irregularities, altered extent of uterine bleeding, or occurrence of dysmenorrhea (Ng et al.

1992a).  Other possible confounding factors such as exposure to chemicals other than toluene were

minimized by inclusion of controls who carried out similar types of work, but did not use toluene-based

adhesives (Ng et al. 1992b).  

The incidence of spontaneous abortions exceeded population norms among 5 female workers (Lindbohm

et al. 1992) and among the wives of 28 or 48 male workers (Lindbohm et al. 1992; Taskinen et al. 1989)

exposed to toluene; however, exposure levels were not reported in these studies and only a small number

of cases were included.  A study of time to pregnancy among the wives of 316 men occupationally

exposed to mixed organic solvents found that paternal exposure to organic solvents was significantly

correlated with decreased fecundability of primagravida, but not among couples with at least one previous

pregnancy (Sallmen et al. 1998). The significance of these studies is limited by the failure to account for

the large number of possible confounding factors such as smoking, alcohol consumption, and exposure to

mixed chemicals.  

Changes in human gonadotropic hormone levels have been associated with toluene exposure.  A single

case report of testicular atrophy involving chronic solvent abuse was located (Suzuki et al. 1983).

Exposure to increasing concentrations of toluene (8–<111 ppm) was associated with decreased plasma
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levels of the luteinizing hormone, follicular stimulating hormone, and testosterone levels in 20 or

47 males occupationally exposed for 0.5–39 years to average toluene concentrations of 36 or 29 ppm

(Svensson et al. 1992a, 1992b).  It is not clear how changes of this sort would affect reproductive success. 

Interpretation of these data is complicated by the lack of data on male reproductive function.  It is

generally considered that effects of this sort may be the result of effects of toluene on the catecholamine

hormones of the hypothalamus or a consequence of toluene or a metabolite having a dopamine-like

activity.  Thus, it appears that any potential toluene-induced hormonal effects on reproductive success

which may occur may be secondary to effects on the central nervous system.

Significantly decreased sperm counts (26%) and decreased weights of the epididymides (15%) were

reported in male rats exposed to 2,000 ppm 6 hours/day for a total of 90 days, including 60 days before

mating to females that were exposed for 14 days before and 7 days after mating (Ono et al. 1996).  A

slight decrease in sperm count (13%) was also observed at 600 ppm, but histological examination of the

testes and epididymes found no abnormalities at either concentration.  No significant exposure-related

effects on mating behavior or fertility indices were found in this study (Ono et al. 1996).  Exposure of

female rats  to 3,000 ppm toluene for 7 days produced abundant vacuoles, lytic areas, and mitochondrial

degeneration in the antral follicles of the ovaries (Tap et al. 1996).

The administration of toluene to male mice at concentrations of 100 or 400 ppm for 8 weeks did not

induce dominant lethal mutations or cause pre- and postimplantation losses (API 1981).  There were no

treatment-related histopathological lesions in the testes of rats and mice exposed to up to 3,000 ppm

toluene for 14–15 weeks although rats showed a 15% increase in testis weight (NTP 1990).  Similarly,

toluene did not cause histopathological lesions of the ovaries or testes in rats exposed to toluene

(300 ppm) for 24 months (CIIT 1980) or in rats and mice at concentrations of 1,200 ppm for 2 years (NTP

1990).  Continuous exposure of pregnant rabbits to 267 ppm during days 7–20 of pregnancy produced

maternal toxicity (decreased weight gain) and abortions in 4/8 does, but no effect was observed with

exposure to 133 ppm (Ungvary and Tatrai 1985).  Exposure of mice to 267 ppm, 3–4 hours/day on days

6–15 of gestation produced no increase in fetal mortality (Ungvary and Tatrai 1985).

In 2-generation reproduction studies in rats, exposure to 2,000 ppm 6 hours/day for up to 95 days did not

adversely affect reproductive parameters or offspring survival compared with unexposed controls (API

1985).  Another rat study found no effects on mating, fertility, or pregnancy indices for F1 rats that had

been exposed in utero to 1,200 ppm toluene for 6 hours/day during gestation days 9–21 (Thiel and

Chahoud 1997). 
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The highest NOAEL values and all LOAEL values for each reliable study for reproductive effects in each

species and duration category are recorded in Table 2-1 and plotted in Figure 2-1.

2.2.1.6 Developmental Effects

Case reports of birth defects in children of mothers who abused toluene during pregnancy and a report of

nervous system defects in Finnish women exposed to mixed solvents in their workplace suggest that

exposure to high levels of toluene may be toxic to the developing fetus, but cannot support definitive

conclusions because of the lack of exposure data and the inability to adjust for confounding exposures to

other potential developmental toxicants.  

A retrospective study of 14 women in Finland occupationally exposed to mixed solvents, some of which

included toluene, and also exposed to various drugs including aspirin, vasodilators, and diuretics

suggested that solvent exposure may increase the risk of central nervous system anomalies and defects of

neural tube closure in children exposed in utero (Holmberg 1979).  However, the sample size was too

small to be truly meaningful.  

Microcephaly, central nervous system dysfunction, attentional deficits, minor craniofacial and limb

anomalies, developmental delay, and variable growth have been described in case reports of children who

were exposed to toluene in utero as a result of maternal solvent abuse during pregnancy (Arnold and

Wilkins-Haug 1990; Arnold et al. 1994; Hersh 1988; Hersh et al. 1985; Lindemann 1991; Pearson et al.

1994; Wilkins-Haug and Gabow 1991a).  Growth retardation and dysmorphism were reported in five

infants born to women who were chronic paint sniffers (Goodwin 1988).  

Children born to toluene abusers have exhibited renal tubular acidosis immediately after birth that is

thought to be due to alterations in ion gradient maintenance in the renal tubules.  The kidney effects are

often associated with hyperchloremia (Erramouspe et al. 1996; Goodwin 1988; Lindemann 1991).  In one

report (Goodwin 1988) the acidosis was resolved within 3 days of birth, while in the other two reports, it

took about 2 weeks for the resolution of the metabolic acidosis.  There were no abnormalities in the

urinary tract of two children born to chronic toluene abusers based on results of a renal ultrasound

evaluation (Hersh 1988).

A number of developmental toxicity studies with rats, mice, and rabbits involving toluene exposure

during gestation have been conducted to further describe developmentally toxic effects from toluene and
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exposure-response relationships.  In general, the results indicate that toluene is not a potent teratogenic

agent at exposure levels below those inducing maternal toxicity, but can retard fetal growth and skeletal

development and alter development of behavior in offspring. 

In pregnant rats exposed to 399 ppm, 24 hours/day on gestation days 1–8 or 9–14, no statistically

significantly increased incidences of fetuses with visceral or skeletal malformations were found (Hudak

and Ungvary 1978).  However, 5/14 dams died, fetal body weight was decreased, and retardation of fetal

skeletal development occurred with the days 1–8 exposure protocol, and 2/21 dams died and increased

incidence of skeletal anomalies (extra ribs, fused sternebrae) were found with the days 9–14 protocol

(Hudak and Ungvary 1978).  No maternal mortality, fetal weight loss, or fetal malformations were found

in another group of rats exposed to 266 ppm, 8 hours/day on gestation days 1–21, but significantly

increased incidence of fetuses with skeletal retardation occurred (Hudak and Ungvary 1978).  In other

groups of rats exposed to 250, 750, 1,500, or 3,000 ppm, 6 hours/day on gestation days 6–15, no effects

were found on maternal or fetal survival, but mean fetal body weights were significantly decreased by

about 8–14% at 1,500 and 3,000 ppm and the percentage of fetuses with unossified sternebrae was

significantly increased at 3000 ppm (60 versus 37% in controls) (Huntingdon Research Centre 1992b). 

Incidences of fetuses or litters with skeletal or visceral malformations were slightly increased to a

statistically significant extent in the 250-, 1,500-, and 3,000-ppm groups, but the response did not increase

with exposure level, indicating that it was not exposure-related (Huntingdon Research Centre 1992b).  A

preliminary gestational exposure study that did not include comprehensive examination for skeletal and

visceral fetal variations and malformations found extreme maternal toxicity and marked resorption of

fetuses in pregnant rats exposed to 5,000 ppm 6 hours/day on gestation days 6–15, and significantly

decreased mean fetal body weight in a 3,500-ppm exposed group (by about 20% compared with controls) 

(Huntingdon Research Centre 1992a).  No statistically significant effects on maternal or fetal survival,

implantation, numbers or incidences of fetuses or litters with skeletal or visceral malformations,

anomalies, or variations were found in pregnant rats exposed to 600 or 2,000 ppm, 6 hours/day on

gestation days 7–17, but maternal and fetal body weights were reduced in the 2,000 ppm group compared

with controls (Ono et al. 1995).  Offspring of rats exposed to 1,200 ppm toluene, 6 hours/day on gestation

days 9–21 showed a significant reduction in fetal weight, a delay in physical development (vaginal

opening) and higher mortality until weaning compared to unexposed controls (Thiel and Chahoud 1997). 

Rats exposed to 1,000 ppm, 6 hours/day on gestation days 9–21 also had significantly reduced body

weights at birth and developmental delay, but no effect on fetal weight or development was recorded for

rats exposed to 300 or 600 ppm.
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In mice exposed to 133 ppm, 24 hours/day on gestation days 6–13, no effects on maternal survival or

incidences of fetuses with malformations were found, but fetal body weight was significantly decreased

(Hudak and Ungvary 1978).  All 15 pregnant mice died that were exposed to 399 ppm, 24 hours/day on

gestation days 6–13 (Hudak and Ungvary 1978).  Exposure of pregnant mice to 133 or 266 ppm,

3–4 hours/day on gestation days 6–15, did not significantly affect maternal or fetal survival, or incidences

of fetuses with visceral or skeletal anomalies or malformations, but, in the group exposed to 266 ppm,

incidences of fetuses with decreased body weight and skeletal retardations were significantly increased

(Ungvary and Tatrai 1985).  Other groups of pregnant mice exposed to 200 or 400 ppm, 7 hours/day on

gestation days 7–16 showed no statistically significant differences from controls in maternal or fetal

survival, maternal or fetal body weights, and the number of implantation sites or live fetuses (Courtney et

al. 1986).  Significantly increased incidence of fetuses or litters with visceral or skeletal anomalies or

malformations were restricted to increased litters with fetuses with enlarged renal pelves in the 200-ppm

group (but not in the 400-ppm group) and a difference in the distribution of fetuses with varying numbers

of ribs in the 400-ppm group compared with the control group.  Courtney et al. (1986) suggested that

these effects may be due to toluene-induced “desynchronization of growth and maturation” of the

developing fetus.  Offspring, evaluated 21 days after birth, of a separate group of pregnant mice exposed

to 400 ppm toluene by the same protocol showed no significant differences from control offspring in

body or organ weights or activities of lactate dehydrogenase in several tissues, except that brain activities

of this enzyme were elevated (Courtney et al. 1986).  

In rabbits exposed to 133 ppm, 24 hours/day on gestation days 7–20, no significant effects were found on

maternal or fetal survival, fetal body weight, or incidences of fetuses with skeletal retardation, minor

anomalies, or skeletal or visceral malformations (Ungvary and Tatrai 1985).  Following exposure to

266 ppm by the same protocol, 2/8 dams died, 4/8 dams aborted, and no live fetuses were found at

sacrifice (Ungvary and Tatrai 1985).  In other groups of rabbits exposed to 30, 100, 300, or 500 ppm,

6 hours/day on gestation day 6–18, no signs of maternal toxicity occurred and no significant effects,

compared with controls, were found on fetal weight or survival, pre- or postimplantation losses, or

incidences of fetuses with external, soft-tissue, or skeletal variations or malformations (Klimisch et al.

1992).

Results from studies of neurobehavioral end points in rats following in utero exposure to toluene suggest

that maternal exposure to concentrations above 1,200 ppm, 6 hours/day during late embryonic and fetal

development can impair behavioral development of rat offspring.  Rat pups, that were evaluated on

postnatal days 1–20 and whose mothers were exposed to 2,000 ppm for 60 minutes, 3 times/day on
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gestation days 12–17, gained less weight and displayed significant performance deficits in

neurobehavioral tests of reflex development, muscle strength, and motor coordination (Jones and Balster

1997).  These effects were not observed in offspring of dams exposed to 200 or 400 ppm by the same

protocol (Jones and Balster 1997).  Rat offspring of dams exposed to 600 or 2,000 ppm, 6 hours/day on

gestation days 7–17 showed no significant differences from control rats in tests of reflexes, locomotor

activity, balance on a rotating rod, learning ability, or in physical development (e.g., eye opening) during

the first 5 days after birth (Ono et al. 1995).  No consistent and concentration-dependent performance

deficits were found in tests of reflexes, balance on a rotating rod, locomotor activity, or discrimination

learning in rat offspring, evaluated at several ages, of dams exposed to 300, 600, 1,000, or 1,200 ppm,

6 hours/day on gestation days 9–21 compared with controls (Thiel and Chahoud 1997).  

In groups of rat pups exposed to toluene (100 or 500 ppm, 12 hours/day) from postnatal days 1–28, the

volumes of the granular cell layer of the area dentate of the hippocampus were smaller (6 and 13%,

respectively) compared to unexposed controls (Slomianka et al. 1990).  However, when animals in the

500 ppm group were allowed to recover for 92 days after exposure ceased, these effects were reversible

(Slomianka et al. 1992).  The authors attributed this response to desynchronization in growth and

maturation. 

The highest NOAEL values and all LOAEL values for each reliable study for developmental effects in

each species and duration category are recorded in Table 2-1 and plotted in Figure 2-1.

2.2.1.7 Genotoxic Effects

Human data are inconclusive with regard to the genotoxicity of toluene.  Studies of exposed workers are

limited by concurrent exposure to other chemicals, small cohort size, and a lack of historical exposure

monitoring, and it is likely that they are not sufficiently sensitive to detect small, but significant,

manifestations of genetic toxicity in toluene exposed workers.  Genotoxicity testing of laboratory animals

in vivo has been limited and has produced mostly negative results.  Negative results were also reported in

the in vitro studies discussed in Section 2.5.

An analysis of chromosome abnormalities in peripheral lymphocytes of printers exposed to 104 to

1,170 ppm toluene and unexposed workers from the same and nearby sites found an increase in

chromosome breaks and aberrant cells in lymphocytes of exposed workers (Pelclová et al. 1990). 

Hammer et al. (1998) reported a concentration-related increase in sister chromatid exchange in
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lymphocytes of printers exposed to 141–328 mg/m3 (38–87 ppm) airborne toluene (measured by personal

monitor).  Chromosome analysis of lymphocytes of workers exposed to 200–300 ppm toluene in a

rotogravure printing plant found a significantly increased frequency of sister chromatid exchanges and

chromatid breaks compared to unexposed controls (Bauchinger et al. 1982).  Re-examination of workers

from the same plant after cessation of exposure to toluene found that more than 2 years without exposure

was necessary to remove a significantly higher incidence of chromatid-aberrations in workers than in

never-exposed controls (Schmid et al. 1985).  Lymphocytes from printers exposed to a median time-

weighted air level of 150 mg/m3 (40 ppm) toluene per week were found to be significantly more sensitive

to the production of micronuclei after stimulation with pokeweed mitogen than lymphocytes from

unexposed controls (Nise et al. 1991). 

A study of DNA damage in Bulgarian shoe workers exposed to factory air containing 96.0–412.3 mg/m3

toluene (28–121 ppm) found no exposure related differences in DNA damage in leukocytes as assessed

by the Comet assay (Pitarque et al. 1999).  Toluene did not induce sister chromatid exchanges in

lymphocytes of volunteers exposed to 50 ppm airborne toluene for 7 hours/day for 3 days on 3 occasions

at 2 week intervals (Richer et al. 1993).  Other investigators have also found no correlation between

chronic occupational exposure to toluene and increased frequencies of either chromosome aberrations

(Haglund et al. 1980; Maki-Paakkanen et al. 1980) or sister chromatid exchanges (Haglund et al. 1980).

In vivo tests of toluene in laboratory animals have produced mixed results.  Exposure to toluene vapor

induced mitotic arrest (C-mitosis) in embryos of the grasshopper, Melanoplus sanguinipes (Liang et al.

1983).  Toluene was reported to induce chromosomal aberrations in the bone marrow cells of rats

following exposure by inhalation (Dobrokhotov and Enikeev 1977).  Toluene did not induce DNA

damage in the blood, bone marrow, or liver of mice exposed to 500 ppm toluene for 6 hours/day,

5 days/week for eight weeks (Plappert et al. 1994).  Toluene did not induce dominant lethal mutations in

sperm cell of mice exposed to 400 ppm for 6 hours/day, 5 days/week for 8 weeks, but female mice were

not assessed for genotoxic effects (API 1981).  Other genotoxicity studies are discussed in Section 2.5.

2.2.1.8 Cancer

Eleven human epidemiology studies were located that assessed toluene exposure as a possible risk factor

for cancer.  Cancers of most sites were not significantly associated with toluene exposure in any study

and there was weak consistency in the findings of those studies that did find association of a particular

cancer type with toluene exposure.  Three cohort studies involved occupationally exposed workers
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exposed predominantly to toluene (Antilla et al. 1998; Svensson et al. 1990; Walker et al. 1993), whereas

the remainder of the human studies primarily involved subjects exposed to mixtures of solvents including

toluene (Austin and Schnatter 1983; Blair et al. 1998; Carpenter et al. 1988; Gérin et al. 1998; Lundberg

and Milatou-Smith 1998; Olsson and Brand 1980; Wen et al. 1985; Wilcosky et al. 1984).  The

information from these studies is inadequate to assess the carcinogenic potential of toluene,

predominantly because of the lack of consistent findings across the studies and the likelihood that many

of the studied groups were exposed to multiple chemicals.

Svensson et al. (1990) compared cancer incidence and mortality in a cohort of Swedish printers, exposed

primarily to toluene and employed for at least 3 months between 1925 and 1985, to mortality and cancer

incidence for the region.  Current and historical monitoring data were used to estimate yearly average

concentrations of toluene in the air.  Concentrations had declined from about 450 ppm in the 1940s to

30 ppm by the mid-1980s.  There were indications of excess risk of morbidity (standardized incidence

ratio, SIR) and mortality (standardized morbidity ratios, SMR) for respiratory tract cancer (SMR, 1.4;

95% CI, 0.7–2.5; n=11; SIR, 1.8; 95% CI, 1.0–2.9; n=16), stomach cancer (SMR, 2.7; 95% CI, 1.1–5.6;

n=7; SIR, 2.3; 95% CI, 0.9–4.8; n=7) and colo-rectal cancer (SMR, 2.2; 95% CI, 0.9–4.5; n=7; SIR, 1.5;

95% CI, 0.7–2.8; n=9), but there was no significant association between increased risk and cumulative

exposure.

Walker et al. (1993) conducted a cohort mortality study among 7,814 shoe-manufacturing workers

(2,529 men and 5,285 women) from two plants in Ohio in operation since the 1930s.  Workers were

exposed to solvents and solvent-based adhesives.  Based on results of a hygiene survey (1977–1979),

exposure was thought to be primarily to toluene (10–72 ppm), but other chemicals (e.g., 2-butanone,

acetone, and hexane) were also recorded at similar concentrations.  IARC (1999) noted that benzene may

have been present as an impurity of toluene.  Mortality follow up was from 1940 to 1982 and relative risk

estimates (SMRs) were derived using the general population of the United States as controls.  There were

excess risks of lung cancer for both men (SMR, 1.6; 95% CI, 1.2–2.0; n=68) and women (SMR, 1.3; 95%

CI, 0.9–1.9; n=31), but smoking may have been a confounding factor and relative risk of lung cancer did

not increase with increasing duration of employment.  There was a slight excess risk for colon cancer

among men (SMR, 1.3; 95% CI, 0.8–2.1; n=18) and women (SMR, 1.2; 95% CI, 0.8–1.8; n=28).  Other

cancers showed no excess risk. 

Antilla et al. (1998) carried out a retrospective cohort analysis of 5,301 workers (3,922 male and

1,379 female) monitored for biological markers of occupational exposure to styrene, toluene or xylene
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over the period 1973–1992.  No increase in overall cancer risk or risk for cancers at specific tissue sites

was associated with exposure to toluene, except for a non significant increase in the incidence of lung

cancer in individuals exposed to toluene for more than 10 years (SIR, 1.62; 95% CI, 0.33–4.73; 3 cases). 

Antilla et al. (1998) noted, however, that these workers may also have been exposed to benzene.

Many of the other human epidemiological cancer studies showed positive associations between exposure

to toluene and cancer at one or more tissue site, but individuals were exposed to multiple chemicals in all

of these studies (Austin and Schnatter 1983; Blair et al. 1998; Carpenter et al. 1988; Gérin et al. 1998;

Lundberg and Milatou-Smith 1998; Olsson and Brandt 1980; Wen et al. 1985; Wilcosky et al. 1984). 

Nested case-control studies included studies of prostate and brain cancer within cohorts of Texas

petrochemical plant workers (Austin and Schnatter 1983; Wen et al. 1985), of lung cancer, stomach

cancer, and leukemia among U.S. rubber workers (Wilcosky et al. 1984), cancer of the central nervous

system among a group of Tennessee nuclear facility workers (Carpenter et al. 1988), prostate cancer and

multiple myeloma among Swedish paint industry workers (Lundberg and Milatou-Smith 1998), and

multiple myeloma, nonHodgkin’s lymphoma, and breast cancer among aircraft maintenance facility

workers (Blair et al. 1998).  Community-based case-control studies examined possible associations

between Hodgkin’s disease in Swedish patients and controls (Olsson and Brandt 1980) and several cancer

types in Canadian patients and controls (Gérin et al. 1998).  

Inhalation cancer bioassays carried out in experimental animals have produced no evidence to support

toluene as a potential carcinogen.  No increased incidences of treatment-related neoplastic lesions were

observed in Fischer 344 rats or B6C3F1 mice exposed to toluene concentrations up to 1,200 ppm for

6.5 hours/day, 5 days/week for 2 years (NTP 1990).  Similar results were reported for another study in

which Fischer 344 rats were exposed to toluene concentrations up to 300 ppm 6 hours/day, 5 days/week

for 2 years, but the maximum exposure concentration in this study was likely below that necessary to

approach a maximum tolerated dose (CIIT 1980).  The NTP (1990) study was well conducted, achieved

the maximum tolerated dose, and provides evidence suggesting a lack of carcinogenicity of toluene in

experimental animals.

2.2.2 Oral Exposure

Studies of the effects of oral exposure to toluene are limited.  Only one study was located regarding health

effects in humans after oral exposure to toluene and there are only a minimal number of animal studies.
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2.2.2.1 Death

Ingestion of approximately 60 mL (625 mg/kg) of toluene proved fatal for a 51-year old male (Ameno

et al. 1989).  Death occurred within 30 minutes of ingestion.  The autopsy results revealed constriction

and necrosis of the myocardial fibers, a markedly swollen liver, congestion and hemorrhage of the lungs,

and acute tubular kidney necrosis.  The probable cause of death was determined to be severe depression

of central nervous system function.

The limited number of studies on the acute oral toxicity of toluene in animals have focused on lethal

effects.  The acute oral LD50 of toluene in adult rats ranged from 5.5 to 7.4 g/kg (Kimura et al. 1971;

Smyth et al. 1969; Withey and Hall 1975; Wolf et al. 1956).  Age may play a role in determining the

lethal dose for toluene.  The LD50 value for 14-day-old rats was 3.0 g/kg, which is markedly lower than

the adult values (Kimura et al. 1971).

Mice were more sensitive than rats to the lethal effects of toluene in 13-week gavage studies.  All rats and

mice that received 5,000 mg/kg died within the first week.  Mortality was also high for groups receiving

2,500 mg/kg with eight out of ten male rats, one out of ten female rats, and with four out of ten male and

female mice dying before the end of the study.  A dose of 1,250 mg/kg/day was lethal in 10% of female

mice but no deaths occurred in male mice or in rats of either sex (NTP 1990).  LOAEL values from each

reliable study for death in each species and duration category are recorded in Table 2-2 and plotted in

Figure 2-2.

2.2.2.2 Systemic Effects

Human data pertaining to the systemic effects of oral exposure to toluene are limited to two case studies

(Ameno et al. 1989; Einav et al. 1997).  Animal data are also limited, but include cardiovascular,

hematological, hepatic, and renal effects in animals exposed orally to toluene at dosage levels up to

2,500 mg/kg/day for 13 weeks, or 590 mg/kg/day for 6 months (Hsieh et al. 1989; NTP 1990; Wolf et al.

1956).  Exposure of rats or mice to toluene doses #2,500 mg/kg/day for 13 weeks was not found to

produce any musculoskeletal, gastrointestinal or respiratory effects (NTP 1990).  All systemic effects are

discussed below.  The highest NOAEL values and all LOAEL values from each reliable study for

systemic effects in each species and duration category are recorded in Table 2-2 and plotted in Figure 2-2.
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Respiratory Effects.    Except for lung congestion and hemorrhage in one case report involving

lethality (Ameno et al. 1989), no studies were located regarding respiratory effects in humans after oral

exposure to toluene.  

No respiratory effects were reported in mice or rats after oral exposure to toluene at dosage levels up to

2,500 mg/kg/day for 13 weeks (NTP 1990) or 650 mg/kg/day for 6 months (Wolf et al. 1956).

Cardiovascular Effects.    One case study involving lethality in humans reported necrosis of

myocardial fibers after oral exposure to 625 mg/kg toluene (Ameno et al. 1989).  Severe sinus

bradycardia was reported in a man who accidently ingested 30 mL of an organic solvent containing

toluene and other chemicals, the patient was drowsy and complained of dizziness and gastric pain (Einav

et al. 1997).

Increased relative heart weights were noted in rats exposed to toluene at 1,250 mg/kg/day for 13 weeks

and myocardial degeneration was present in mice exposed to 5,000 mg/kg/day (NTP 1990).  All of the

mice receiving 5,000 mg/kg/day died during the first weeks of exposure.  No effects on the weight or

gross morphology of the heart were noted in rats receiving 590 mg/kg/day for 6 months (Wolf et al.

1956).

Gastrointestinal Effects.    A case report in humans did not reveal gastrointestinal effects even after

oral exposure to a lethal dose of toluene (Ameno et al. 1989).  

No gastrointestinal effects were reported in mice or rats after oral exposure to toluene at dosage levels up

to 2,500 mg/kg/day for 13 weeks (NTP 1990).

Hematological Effects.    No studies were located regarding hematological effects in humans after

oral exposure to toluene.  

There were no changes in total erythrocytes in male mice administered 5–105 mg/kg/day toluene in their

drinking water for 28 days, although there was a nonsignificant decrease in the concentrations of

leukocytes, lymphocytes, and neutrophils (Hsieh et al. 1989).  No effect on erythrocyte counts, leukocyte

counts, or hemoglobin concentrations resulted in rats exposed to 590 mg/kg/day for 6 months (Wolf et al.

1956).  Neither rats nor mice given doses of 312–2,500 mg/kg/day for 13 weeks displayed any

compound-related differences in hematological parameters (NTP 1990).
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Musculoskeletal Effects.    No studies were located regarding musculoskeletal effects in humans after

oral exposure to toluene.  

No musculoskeletal effects were reported in mice or rats after oral exposure to toluene at dosage levels up

to 2,500 mg/kg/day for 13 weeks (NTP 1990).

Hepatic Effects.    The liver of an adult male who died from toluene ingestion (625 mg/kg) was found

to be enlarged on autopsy (Ameno et al. 1989).  

In mice, there was a significant increase in liver weight after 28 days of ingestion of 105 mg/kg/day

toluene in drinking water, but not at doses of 22 mg/kg/day or lower (Hsieh et al. 1989).  Relative liver

weights increased significantly over control levels in mice administered toluene by gavage for 13 weeks

with doses of 312 mg/kg/day and greater in females and 1,250 mg/kg/day and greater in males (NTP

1990).  In female rats, the liver weights were increased by exposure to doses of 1,250 mg/kg/day or

greater and in male rats by exposure to doses of 625 mg/kg/day or greater.  No treatment-related gross or

histopathological lesions of the liver were reported (NTP 1990).  When rats were exposed for a longer

duration, liver weights were not affected and there were no treatment-related lesions in rats that received

590 mg/kg/day toluene by gavage for 6 months (Wolf et al. 1956).

Renal Effects.    Data in humans are limited to one case report noting acute tubular necrosis after a

lethal exposure to 625 mg/kg (Ameno et al. 1989) and acidosis in another nonlethal case report of thinner

consumption (Caravati and Bjerk 1997).  

There were no changes in kidney weight for male mice administered doses from 5 to 105 mg/kg/day in

drinking water for 28 days (Hsieh et al. 1989), or in female mice given doses of 312–2,500 mg/kg/day by

gavage for 13 weeks (NTP 1990).  There was a significant decrease in the absolute kidney weight for

male mice administered 2,500 mg/kg/day for 13 weeks but no change in the relative kidney weight (NTP

1990).  There were significant increases in the relative kidney weights in male rats administered toluene

doses of 625 mg/kg/day or greater by gavage for 13 weeks and in females administered doses of

1,250 mg/kg/day (NTP 1990).  In addition, lethal exposures of the rats to 5,000 mg/kg/day resulted in

hemorrhages of the urinary bladder.  No effects on the weight or gross morphology of the kidney were

recorded for rats receiving 590 mg/kg/day toluene for months (Wolf et al. 1956).
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Endocrine Effects.    No studies were located regarding endocrine effects in humans after oral

exposure to toluene. 

Microscopic examination revealed no effects on the adrenal or thyroid glands in rats and mice

administered 312–2,500 mg/kg/day toluene by gavage for 13 weeks (NTP 1990). 

Dermal Effects.    No studies were located regarding dermal effects in humans or animals after oral

exposure to toluene.

Ocular Effects.    No studies were located regarding ocular effects in humans or animals after oral

exposure to toluene.

Body Weight Effects.    No studies were located regarding body weight effects in humans after oral

exposure to toluene. 

There were no changes in body weight  for male mice administered 5–105 mg/kg/day toluene in their

drinking water for 28 days (Hsieh et al. 1989, 1990b).  There was also no significant difference in body

weights for female rats and female mice given gavage doses of up to 2,500 mg/kg/day for 13 weeks. 

However, body weights were 16% lower in male mice given 1,250 mg/kg/day and 19% lower in male rats

given 2,500 mg/kg/day by gavage for 13 weeks (NTP 1990).  Maternal weight gain was 24% lower in rats

given 520 mg/kg/day toluene by gavage during gestation days 6–19, compared with control rats (Gospe et

al. 1994).

2.2.2.3 Immunological and Lymphoreticular Effects

No studies were located regarding immunological effects in humans after oral exposure to toluene. 

Thymus weights, mixed lymphocyte culture responses, and antibody plaque-forming cell responses were

decreased in male mice administered doses of 105 mg/kg/day in their drinking water for 28 days (Hsieh

et al. 1989).  Mitogen-stimulated lymphocyte proliferation and interleukin-2 immunity were depressed by

doses of 22 and 105 mg/kg/day.  A dose of 5 mg/kg/day had no effect upon any of these indicators of

immune system function.  No effects on the histology or weight of the spleen or thymus were reported in

rats and mice given gavage doses of up to 2,500 mg/kg/day toluene for 13 weeks (NTP 1990). 
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The highest NOAEL values and all LOAEL values for each reliable study for immunological effects in

each species and duration category are recorded in Table 2-2 and plotted in Figure 2-2.

2.2.2.4 Neurological Effects

Severe depression of central nervous system function was the probable cause of death for a 51-year-old

man who ingested approximately 60 mL (625 mg/kg) of toluene (Ameno et al. 1989). No other studies

were located regarding neurological effects in humans after oral exposure to toluene. 

Male and female rats exposed to single gavage doses of  2,610, 3,915, or 5,220 mg/kg exhibited changes

on a variety of neurological tests (Mehta et al. 1998).  Significantly greater increases in motor activities

were seen at all doses in both male and female rats on day 1; by day 14 after exposure, there were no

significant differences, except for vertical motor activity in female rats was significantly reduced at the

2,620 and 3,915 mg/kg/day doses.  A dose-dependent increase in abnormal gait was seen on day 1 for

male rats at all doses, while female rats exhibited abnormal gait at 3,915 and 5,220 mg/kg.  A dose-

dependent increase in lacrimation and salivation was seen on day 1 for both males and females at all

doses (Mehta et al. 1998).

Single doses of 250–1,000 mg/kg administered by gavage to male rats caused a decrease in the flash

evoked potential wave pattern amplitudes (Dyer et al. 1988).  This suggests that toluene may have an

effect on the visual system at high doses.  The LOAEL of 250 mg/kg/day for the effects of the flash

evoked potential waveform was used as the basis for the acute-duration oral MRL (0.8 mg/kg/day) (see

Section 2.5 and Appendix A).

Brain levels of norepinephrine (NE), dopamine (DA), serotonin (5-HT), and their respective metabolites,

vanillylmandelic acid (VMA), homovanillic acid (HVA), and 5-hydroxyindolacetic acid (5-HIAA) were

altered in 6 areas of the brain in male CD-1 mice administered toluene (5–105 mg/kg/day) in their

drinking water for a 28-day period (Hsieh et al. 1990b).  Significant increases of NE, DA, and 5-HT were

present in the hypothalamus at all dose levels.  The maximum increase occurred with the 22 mg/kg/day

dose and there were lesser increases for both the 5 and 105 mg/kg/day doses.  Roughly similar fluct-

uations were seen in the concentrations of VMA and HVA, which are metabolites of DA and NE and

5-HIAA, a serotonin metabolite.  In the corpus striatum, the levels of DA and 5-HT were significantly

increased at the two highest doses.  The level of VMA was also increased significantly at the same doses. 

In the medulla oblongata, the concentrations of NE, VMA, and 5-HIAA were significantly increased at
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the 22 mg/kg/day dose, but not at the other doses, while the levels of 5-HT were significantly increased at

the 22 and 105 mg/kg/day doses.  NE concentrations were elevated in the midbrain.  The 5 mg/kg/day

LOAEL from this study was used as the basis for the intermediate-duration oral MRL (0.02 mg/kg/day)

(see Section 2.5 and Appendix A).

Exposure to 1,250 and 2,500 mg/kg/day for 13 weeks resulted in increased relative brain weights in male

mice (NTP 1990).  Necrosis of the brain was present in rats exposed to 1,250 and 2,500 mg/kg/day, but

increases in brain weight were only apparent with the 2,500 mg/kg/day dose (NTP 1990).  Clinical signs

in rats and mice exposed to 2,500 and 5,000 mg/kg/day included ataxia, hypoactivity, prostration, and

tremors.  No neurological effects were seen in mice or rats at dose levels of 625 mg/kg/day.

The highest NOAEL values and all LOAEL values for each reliable study for neurological effects in each

species and duration category are recorded in Table 2-2 and plotted in Figure 2-2.

2.2.2.5 Reproductive Effects

No studies were located regarding reproductive effects in humans after oral exposure to toluene.  

There was no effect on the number of mice producing viable litters following oral administration of

2,350 mg/kg on gestational days 7–14 (Smith 1983).  Increased relative testicular weights were reported

in male mice exposed to 1,250 and 2,500 mg/kg/day by gavage for 13 weeks.  However, no effects on the

or weight of the prostate, testes, uterus, or ovaries were observed in rats and female mice exposed to

312–2,500 mg/kg/day (NTP 1990). 

The highest NOAEL values and all LOAEL values for reproductive effects in mice following acute

duration exposure are recorded in Table 2-2 and plotted in Figure 2-2.

2.2.2.6 Developmental Effects

No studies were located regarding developmental effects in humans after oral exposure to toluene. 

Toluene was not a developmental toxicant when administered orally to pregnant mice during the period of

organogenesis at doses of 1,800 or 2,350 mg/kg/day (Seidenberg et al. 1986; Smith 1983).  Effects on

neurological function were observed in mice exposed from 4 to 106 mg/kg/day toluene through their
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dams during gestation and lactation and thereafter through their drinking water.  Open-field activity was

impaired in mice receiving 106 mg/kg/day toluene when measured on postnatal day 35 (Kostas and

Hotchin 1981).  There was a distinct effect on rotorod performance during the first 2 of 4 consecutive

trials in all exposed mice when measured on postnatal days 45–55.  However, the effect on rotorod

performance was not dose-related.

Following exposure of pregnant rats to gavage doses of 520 or 650 mg/kg/day toluene in corn oil on

gestation days 6–19, fetuses showed significantly reduced body weight, delayed skeletal ossification,

smaller brain volumes, and decreases in forebrain myelination per cell compared with controls (Gospe

and Zhou 1998; Gospe et al. 1994, 1996).  The difference in forebrain myelination was the only

difference that remained between exposed and control offspring by postnatal day 21 (Gospe and Zhou

1998).

 

The highest NOAEL values and all LOAEL values for developmental effects in mice following acute and

intermediate duration exposures are recorded in Table 2-2 and plotted in Figure 2-2.

2.2.2.7 Genotoxic Effects

No studies were located regarding genotoxic effects in humans or animals after oral exposure to toluene. 

Genotoxicity studies are discussed in Section 2.5.

2.2.2.8 Cancer

No studies were located regarding carcinogenic effects in humans  after oral exposure to toluene.

There is one oral study on the carcinogenic effects of toluene in animals.  Toluene was administered at

doses of 500 and 800 mg/kg/day to male and female rats for 104 weeks (Maltoni et al. 1997).  A nondose-

related increase in total malignant tumors in both males and females at all dose levels, in mammary gland

tumors in females at the lower dose, in head cancers in males at the higher dose and females at the lower

dose, in lymphomas and leukemias in males at the higher dose and females at both doses, were observed

(Maltoni et al. 1997).  However, the increased incidences were not dose-related and confidence in the

study is low.



TOLUENE 96

2.  HEALTH EFFECTS

2.2.3 Dermal Exposure

There are limited data on the effects of dermal exposure to toluene.  There are studies describing

occupational exposure of humans to toluene (see Section 2.2.1).  Toxicokinetic data (Section 2.3) indicate

that humans and animals can absorb toluene across the skin.  Studies of dermal exposure to toluene in

humans and animals are discussed below.

2.2.3.1 Death

No studies were located regarding lethal effects in humans or animals after dermal exposure to toluene.

2.2.3.2 Systemic Effects

Data are available regarding dermal effects in humans and animals after dermal exposure to toluene.  No

studies were located regarding respiratory, cardiovascular, gastrointestinal, hematological, or musculo-

skeletal effects in humans or animals after dermal exposure to toluene.  In addition, there are data on

hepatic, renal, and ocular effects in animals after dermal exposure to toluene.  The highest NOAEL values

and all LOAEL values for each reliable study for systemic effects in each species and duration category

are recorded in Table 2-3.

Hepatic Effects.    No studies were located regarding hepatic effects in humans after dermal exposure

to toluene.  

Application of 1 mL toluene to the skin of guinea pigs for 16 hours did not alter liver morphology

(Kronevi et al. 1979).  Because only one dose of toluene was applied and more sensitive indicators of

liver toxicity were not monitored, conclusions cannot be derived regarding the hepatic effects of toluene

following dermal exposure.

Renal Effects.    No studies were located regarding renal effects in humans after dermal exposure to

toluene.  

Application of toluene to the skin of guinea pigs for 16 hours did not alter renal morphology (Kronevi et

al. 1979).  The limitations of this study were discussed in the previous section.
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Dermal Effects.    In humans, dermal contact with toluene may cause skin damage because it removes

skin  lipids (EPA 1983a).  Workers exposed to mixtures of solvents, of which toluene was generally the

major component, reported problems with the skin of their hands (Winchester and Madjar 1986).  The

specific symptoms associated with the reported skin abnormalities were not reported.  Eye irritation in

humans occupationally exposed to toluene vapors has also been reported (Meulenbelt et al. 1990).

Repeated application of undiluted toluene (amount unstated) to the rabbit ear or shaved skin produced

slight to moderate irritation (Wolf et al. 1956).  In guinea pigs, continuous contact with toluene resulted in 

shrinkage and dissolution of the cell nuclei, cellular edema, and cellular infiltration of the dermis

(Kronevi et al. 1979).  Application of toluene to the skin of guinea pigs, 3 times a day for 3 days, resulted

in redness and an increase in epidermal thickness (Anderson et al. 1986).  These data suggest that toluene

is slightly to moderately irritating to the skin.  

Ocular Effects.    No studies were located regarding ocular effects in humans after dermal exposure to

toluene.

Slight irritation of the conjunctival membranes, but no corneal injury, was observed in rabbit eyes

following direct application of toluene (Hazleton Laboratories 1962; M B Research Labs 1975; Wolf et

al. 1956).  Moderately severe injury to the eyes of rabbits following direct application of a 40% solution

of toluene has also been reported (Carpenter and Smyth 1946).  These data suggest that toluene is slightly

to moderately irritating to the eyes.  

No studies were located regarding the following effects in humans or animals after dermal exposure to

toluene:

2.2.3.3 Immunological and Lymphoreticular Effects
2.2.3.4 Neurological Effects
2.2.3.5 Reproductive Effects
2.2.3.6 Developmental Effects

2.2.3.7 Genotoxic Effects

Genotoxicity studies are discussed in Section 2.5.
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2.2.3.8 Cancer

No studies were located for cancer effects in humans after dermal exposure to toluene.  

Dermally administered toluene markedly inhibits skin tumorigenesis in the two-stage mouse model

utilizing phorbol-12-myristate-13-acetate (PMA) as a promoter (Weiss et al. 1986).  The reduction in

tumorigenesis was observed in mice initiated with dermal applications of benzo(a)pyrene or

7,12-dimethylbenz(a)anthracene.  The pattern of inhibition indicated that the observed effect was not

likely to be due to a direct chemical effect on the promoter.  The authors speculated that toluene competed

for a PMA receptor site, interfered with a biochemical process within the cell membrane, or affected the

intracellular cascade between the membrane and the nucleus.

2.3 TOXICOKINETICS

Studies with volunteers and laboratory animals indicate that toluene is readily absorbed from the

respiratory and gastrointestinal tracts and, to a lesser extent, through the skin.  Animals given toluene

orally or by inhalation had high concentrations of toluene in their adipose tissue, brain, and bone marrow,

and moderately high concentrations of toluene and its metabolites in liver and kidney.  The primary initial

steps in toluene metabolism in humans and laboratory animals are side-chain hydroxylation (to form

benzyl alcohol) catalyzed predominately by the cytochrome P450 (CYP) isozyme, CYP2E1 (Nakajima

and Wang 1994; Nakajima et al. 1991, 1992a, 1992b, 1993, 1997; Tassaneeyakul et al. 1996) followed by

oxidation to benzoic acid.  Most of the benzoic acid is then conjugated with glycine to form hippuric acid,

but a small portion can be conjugated with UDP-glucuronate to form the acyl-glucuronide.  Studies with

volunteers and human liver microsomes indicate that a very small portion (<1–5%) of absorbed toluene

can be converted by CYP1A2, CYP2B2, or CYP2E1 to ortho- or para-cresol, which are excreted in the

urine as sulfate or glucuronate conjugates (Baelum et al. 1993, Nakajima et al. 1997; Tassaneeyakul et al.

1996).  In both humans and rats, up to about 75–80% of inhaled toluene that is absorbed can be accounted

for as hippuric acid in the urine (Lof et al. 1993; Wang and Nakajima 1992).  Much of the remaining

toluene is exhaled unchanged.  In humans exposed by inhalation, rates of urinary excretion of ortho-

cresol were about 1,000-fold lower than excretion rates for hippuric acid (Baelum et al. 1993).  The

excretion of toluene and its metabolites is rapid, with the major portion occurring within 12 hours of

exposure. 
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2.3.1 Absorption

2.3.1.1 Inhalation Exposure

In humans exposed to 80 ppm toluene, uptake was rapid as shown by the appearance of toluene

(2–5 µmol/L) in the blood within 10–15 minutes of exposure (Hjelm et al. 1988) and by a high correlation

between the alveolar and arterial concentrations of toluene both during and after exposure (Carlsson

1982).  About 50% of deuterium labeled toluene was absorbed from the lungs in volunteers exposed to

53 ppm for 2 hours during a period of light exercise (Lof et al. 1993).  Seven humans exposed to 50 ppm

toluene in a closed chamber showed an average retention of 83% of the inspired concentration (Benoit et

al. 1985).

Toluene was rapidly absorbed via the lungs of rats; the log concentrations of toluene in the blood and

brain were linear functions of the log concentration of toluene in the air (Benignus et al. 1984).  In dogs,

toluene was found in the arterial and venous blood 2 minutes after the start of exposure (Hobara et al.

1984b).

No information was located regarding possible differences in absorption of inhaled toluene by humans or

animals with differences in age.

2.3.1.2 Oral Exposure

Complete gastrointestinal absorption of toluene in human subjects was indicated by monitoring exhaled

air for toluene and urine for toluene metabolites (hippuric acid and ortho-cresol) following oral admin-

istration of toluene as a 2 mg/min infusion for 3 hours through a feeding tube into the stomach (Baelum et

al. 1993).  Complete absorption of orally administered toluene has also been observed in rats, but oral

absorption rates appear to be slower than pulmonary absorption (Pyykko et al. 1977).  In this rat study,

maximum blood concentrations were observed 1.5–3 hours after administration, whereas maximum blood

levels following inhalation were reached in 15–30 minutes.  

Ingestion of soil contaminated with toluene can be a concern at hazardous waste sites.  Binding to soil

does not prevent absorption.  The time course for absorption of toluene mixed with sandy soil or clay soil

was increased when compared to the time course for pure toluene, but the total amount absorbed was the

same based on the area under the blood toluene concentration curve (Turkall et al. 1991).
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Studies with brush border membrane vesicles isolated from rat intestines and exposed to toluene indicate

that toluene absorption occurs through the lipophilic matrix of the membrane (Alcorn et al. 1991).  The

removal of proteins from the membrane surface had no effect upon the toluene partition coefficient, but

factors affecting the nonesterified membrane fatty acids reduced absorption.  In this same in vitro study of

membrane partitioning, vesicles harvested from the proximal, middle, and distal intestinal segments

showed no differences, indicating that concentration and surface area, rather than membrane structure, are

the factors determining the amount of toluene absorbed from each portion of the small intestines.  Since

toluene absorption occurs through the lipid matrix of the membrane, absorption can occur through the

mouth and stomach, as well as the small intestines.  The amount of toluene absorbed from each organ of

the gastrointestinal tract will depend on residence time, absorptive surface area, and partitioning between

membrane lipids and lipids in the gastrointestinal tract.

No information was located regarding possible differences in absorption of ingested toluene by humans or

animals with differences in age.

2.3.1.3 Dermal Exposure

Toluene is absorbed through human skin slowly (Dutkiewicz and Tyras 1968).  The rate of absorption of

toluene in human forearm skin was found to range from 14 to 23 mg/cm2/hour.  Based on these estimates,

Brown et al. (1984) calculated that bathing in water containing 0.005–0.5 mg toluene/L (15 minutes/day)

would result in absorbed dermal dose ranges of 0.0002–0.02 mg/kg/day for a 70-kg adult and

0.0004–0.04 mg/kg/day for a 10.5-kg infant.

Soaking the skin of 2 volunteers with toluene for 5 minutes resulted in a maximum concentration of

toluene in blood of 5.4 µmol/L (Aitio et al. 1984).  Individual differences were marked, and dramatic

changes in blood concentrations were observed over short periods of time.  Similar individual differences

and highly variable results were reported by Sato and Nakajima (1978) in a study using five volunteers.

Monster et al. (1993) investigated dermal absorption of toluene in 6 rotogravure printing workers.  The

workers washed their hands with toluene for 5 minutes, and alveolar air samples were collected up to

24 hours after exposure.  The concentrations measured the next morning in exhaled air ranged between

0.5 and 10 mg/m3, clearly demonstrating dermal absorption of toluene.  
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Toluene in aqueous solution and neat toluene were absorbed through the skin of rats (Morgan et al. 1991). 

Three solution strengths (0.162, 0.333, and 0.448 mg/L) were tested.  Although the blood toluene levels

for each strength were near the analytical detection limits, the results of this study indicate that toluene

absorption was significant, since only 1% of the body surface was exposed.

Dermal absorption also occurs when animals are exposed to toluene vapors.  In nude mice exposure to

300, 1,000, or 3,000 ppm toluene under conditions where there was no respiratory intake of toluene, led

to a dose-related and duration-related increase in whole body toluene levels (Tsuruta 1989).  The

calculated skin absorption coefficient was 1.24 cm/hour.  The skin absorption rate for the 300 ppm

concentration was 0.0009 mg/cm2/hour; for the 1,000 ppm concentration, it was 0.0046 mg/cm2/hour; and

for the 3,000 ppm concentration, it was 0.0144 mg/cm2/hour.  Exposure of guinea pigs to an unspecified

concentration of toluene for 1 minute, with the skin wiped dry and 1 minute exposures continuing every

30 minutes, for 4 hours, resulted in lower levels of toluene absorption than with continuous exposure for

4 hours (Boman et al. 1995).

No information was located regarding possible differences in absorption of dermally applied toluene by

humans or animals with differences in age.

2.3.2 Distribution

2.3.2.1 Inhalation Exposure

There is a positive correlation between the levels of toluene in alveolar air and the levels in blood in both

humans and animals (Hjelm et al. 1988; Lof et al. 1990; Ovrum et al. 1978).  With an exposure in humans

of 80 ppm toluene for 4 hours, toluene levels in the blood reached a plateau of 6–7 µmol/L at

approximately 2 hours (Hjelm et al. 1988; Lof et al. 1990).  In humans, the toluene is distributed between

the plasma and red blood cells at approximately a 1:1 ratio according to in vitro data; in rats, the ratio is

1:2 based on in vivo data (Lam et al. 1990).  In the red blood cells, the toluene appears to be associated

with the hemoglobin rather than the cell membrane.  It is hypothesized that toluene interacts with the

hydrophobic core of the heme protein.  The interaction of the toluene with the red blood cell increases the

amount of toluene that can be accommodated by the aqueous blood medium and facilitates transport of

toluene to all areas of the body (including the brain) at a rate that is greater than if toluene was transported

only in the plasma.
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Autopsies of toluene-exposed humans indicate that absorbed toluene is distributed to lipid-rich and highly

vascular tissues such as the brain.  For example, toluene levels in the brain and liver of a 16-year-old male

who died following an episode of glue sniffing were 297 and 89 µg/mg, respectively (Paterson and

Sarvesvaran 1983).  Concentrations in the blood were 20.6 µg/mL of toluene and 3.0 µg/mL of acetone. 

In a man who died following a fall while exposed to toluene during painting, tissue levels of toluene in

blood, lung, liver, and brain were 48, 35, 65, and 80 µg/g, respectively (Takeichi et al. 1986). 

Within the human brain, toluene has a greater affinity for areas of the brain that contain lipid-rich white

matter, such as the brain stem, rather than the areas with larger amounts of gray matter (Ameno et al.

1992).  The hippocampus and cerebellum had lower brain: blood toluene ratios than the spinal cord,

midbrain, medulla oblongata, and pons.  The brain stem controls many involuntary aspects of cardiac,

respiratory, and vasomotor function.

Concentrations of toluene in subcutaneous adipose tissue of male subjects exposed during rest or physical

exercise to 300 mg/m3 of toluene were determined (Carlsson and Ljungquist 1982).  After exposure at rest

for 2 hours, the mean concentration of toluene in adipose tissue was 0.7 mg/kg.  The corresponding value

after 2 hours of work was 9.9 mg/kg.  Linear regression analysis indicated that toluene concentrations in

adipose tissue were lower in subjects with large amounts of body fat.

The human data are supported by autoradiography studies using mice.  Immediately after inhalation, a

high level of radioactivity was found in the body fat, bone marrow, spinal nerves, spinal cord and white

matter of the brain of exposed mice (Bergman 1979).  Radioactivity was also observed in the blood,

kidney, and liver at lower levels.  Autoradiography of mice sacrificed immediately after the cessation of

exposure revealed a very high concentration of nonvolatile radioactivity in the kidney, particularly the

medullary region.  Nonvolatile radiation found in the liver and kidney suggests rapid formation and

excretion of toluene metabolites.

A one-compartment model was developed for blood and whole-brain toluene levels based on data from

rats exposed to 575 ppm toluene for up to 240 minutes (Benignus et al. 1981).  Estimated saturation

asymptotes were 10.5 ppm for venous blood and 18.0 ppm for brain, respectively.  Blood and brain levels

achieved 95% of their estimated asymptotes in 53 and 58 minutes, respectively.  The distribution half-life

for a 30-minute exposure of rats to 2,000 ppm toluene was 0.34 hours, while that for exposure to

10,000 ppm was 0.6 hours (Ameno et al. 1992).
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Toluene was rapidly distributed to the tissues in rats after 1, 2, or 3 days of exposure to 100 ppm for

12 hours per day (Zahlsen et al. 1992).  Homeostasis was attained in 1 day for the kidney, brain, and liver,

whereas toluene concentrations continued to increase in perirenal fat deposits.  Once exposures ceased,

toluene concentrations declined within 12 hours to near baseline levels for all tissues except in fat.  The

toluene in rat brains was distributed to the brain stem and midbrain (Ameno et al. 1992), a distribution

that parallels that observed in humans and mice (Ameno et al. 1992; Bergman 1979).  These regions have

a high concentration of white matter.

Toluene distribution to several tissues was followed in dogs exposed through inhalation of 30,000 ppm

toluene from a plastic bag for 10 minutes.  The toluene level in the arterial blood was 129±54.8 µg/mL

while that in the venous blood was 112±48.5 µg/mL.  The liver and brain contained roughly equivalent

concentrations of toluene (184 and 191 µg/g), while the toluene in the kidneys was 99 µg/g (Ikeda et al.

1990).

Distribution of toluene (assayed by autoradiography and tissue concentrations of radioactivity) in

pregnant mice was also characterized by preferential uptake in maternal lipid-rich tissues (brain and fat)

immediately after 10-minute inhalation exposures to 14C-labeled toluene at approximately 2,000 ppm

(Ghantous and Danielsson 1986).  It was thought that toluene, due to its high lipid solubility and low

molecular weight, might easily transfer across the placenta, but concentrations of radioactivity in fetal

tissues were only about  4% of concentrations in maternal brain and adipose tissue immediately after

exposure, and rapidly decreased within 4 hours of cessation of exposure.  These results suggest that

absorbed toluene is preferentially distributed to maternal adipose tissues in pregnant mice and that

distribution to the developing fetus is limited with short-term exposure to the relatively high (compared

with occupational exposures) concentration of 2,000 ppm.  This concentration, however, is  low

compared with concentrations experienced by toluene abusers (4,000–12,000 ppm as cited by Gospe et al.

1994).  Ghantous and Danielsson (1986) suggested that the lower lipid content in fetal tissue compared

with maternal tissue could explain the low uptake of toluene into fetal tissue.  

No studies were located that examined in vivo distribution of toluene into breast milk in humans or

animals.  Although breast milk is high in lipid content, it is unknown if there may be preferential uptake

of toluene into other maternal lipid-rich tissues.  A published estimate of the human milk/blood partition

coefficient for toluene, 2.68, was lower than estimates of coefficients for partitioning of toluene between

other tissues and human blood, including liver or highly perfused tissues/blood (4.91) and fat/blood

(60.01) (Fisher et al. 1997).  Transfer from blood to a tissue, however, is also dependent on the rate of
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perfusion of the tissue with blood.  Fisher et al. (1997) used these partition coefficient values in a

physiologically-based pharmacokinetic (PBPK) model designed to predict  transfer of volatile chemicals

into breast milk, but human or animal pharmacokinetic data for lactational transfer of toluene were not

available to validate or modify the model.  

Coexposure of rats to xylene increased the concentrations of toluene in the blood and brain in the

19 hours after exposure as compared to exposure to toluene alone (Tardif et al. 1992).  This was,

apparently, the result of suppressed toluene metabolism because of competition between toluene and

xylene for active sites on enzymes responsible for metabolizing both compounds.  Pulmonary excretion of

toluene was also decreased when exposure to both compounds occurred.  As a result, the half-lives for

both toluene and xylene were increased.

Blood and brain toluene levels in rats exposed to 2000 or 4000 ppm for 4 hours during daylight were

significantly higher at the end of exposure and 40 minutes after the cessation of exposure than in animals

exposed in the dark (Harabuchi et al. 1993).  This suggests that circadian rhythms may have an influence

on toluene absorption, distribution, and excretion. 

2.3.2.2 Oral Exposure

In one human who died 30 minutes after ingestion of 625 mg/kg toluene, the liver was found to have the

highest concentration of toluene (433.5 µg/g) followed by the pancreas (88.2 µg/g), brain (85.3 µg/g),

heart (62.6 µg/g), blood (27.6 µg/g), body fat (12.2 µg/g), and cerebrospinal fluid (11.1 µg/g) (Ameno

et al. 1989).  The short interval between toluene exposure and death limited the distribution of the toluene

to the peripheral body tissues.

When rats were orally exposed to 400 mg/kg toluene, the peak concentration in the blood occurred

1.5 hours after exposure (Ameno et al. 1992).  In the brain, the highest brain: blood toluene ratios were

found in the pons and caudate-putamen, as opposed to the hippocampus (Ameno et al. 1992).  Toluene

distribution in the brain was similar with inhalation and oral exposure (Ameno et al. 1992).

2.3.2.3 Dermal Exposure

No studies were located regarding the distribution of toluene in humans or animals after dermal exposure.
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2.3.3 Metabolism

Studies of urinary metabolites in toluene-exposed humans (Andersen et al. 1983; Angerer 1979; Angerer

et al. 1998a; Baelum et al. 1987, 1993; Dossing et al. 1983b; Inoue et al. 1986; Jonai and Sato 1988;

Kawai et al. 1992a, 1992b, 1993, 1996; Lof et al. 1990, 1993; Maestri et al. 1997; Ng et al. 1990) and rats

(Bray et al. 1949; Van Doorn et al. 1980; Wang and Nakajima 1992) have identified hippuric acid (the

glycine conjugate of benzoic acid) as the major urinary metabolite of toluene.  Minor urinary metabolites

(in approximate order of decreasing abundance) include: the glucuronyl conjugate of benzoic acid; 

sulfate and glucuronide conjugates of ortho- and para-cresol; S-benzylmercapturic acid; and 

S-p-toluylmercapturic acid.  Based on these results and the results from in vitro studies, including recent

studies with human and rat liver microsomes (Nakajima and Wang 1994; Nakajima et al. 1991,1992a,

1992b, 1993, 1997; Tassaneeyakul et al. 1996), a scheme for toluene metabolism in humans and animals

is presented in Figure 2-3.  

The initial steps are methyl and ring hydroxylations that are catalyzed by cytochrome P450 (CYP)

isozymes.  Methyl hydroxylation to form benzyl alcohol was the predominant first step in human

(Nakajima et al. 1997; Tassaneeyakul et al. 1996) and rat (Nakajima et al. 1991, 1992a, 1992b, 1993)

liver microsomes.  Ring hydoxylation to form ortho- or para-cresols in these studies usually represented

less than 5% of total metabolite formation.  

Results from in vitro studies indicate that CYP2E1 is the most active CYP isozyme in forming benzyl

alcohol and CYP1A2 is the most active in forming ortho- and para-cresols.  Using monoclonal antibodies

to CYP isozymes as in vitro metabolic inhibitors in rat microsome preparations, Nakajima et al. (1991)

demonstrated that CYP2E1 (at low toluene concentrations) contributes to the formation of benzyl alcohol

and para-cresol, CYP1A1/2 contributes to ortho- and para-cresol formation, and CYP2B1/2 and

CYP2C11/6 (at higher toluene concentrations) contribute to the formation of benzyl alcohol and ortho-

and para-cresol.  Biphasic enzyme kinetics for the formation of benzyl alcohol from toluene were

observed in human liver microsomes, supporting the concept that at least two isozymes with differing

affinity for toluene can catalyze benzyl alcohol formation (Tassaneeyakul et al. 1996).  The high-affinity

component in human liver microsomes was markedly inhibited (about 90% inhibition) by 50 µM

diethyldithiocarbamate, an inhibitor of CYP2E1, whereas inhibitors of other CYP isozymes produced

generally less than 10% inhibition of the high affinity component (Tassaneeyakul et al. 1996).  Other

inhibitors tested (and the CYP forms that they are expected to inhibit) were: furafylline (CYP1A2),

coumarin (CYP2A6), mephenytoin (CYP2C19), quinidine (CYP2D6), sulfaphenazole (CYP2D6), and 
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troleandomycin (CYP3A) (Tassaneeyakul et al. 1996).  Using microsomes from cells in which cDNAs for

eleven different human CYP isozymes were expressed, Nakajima et al. (1997) demonstrated that CYP2E1

was the most active in forming benzyl alcohol, followed in order by CYP2B6, CYP2C8, CYP1A2, and

CYP1A1.  The activities of CYP2A6, CYP2C9, CYP2D6, CYP3A3, CYP3A4, and CYP3A5 in

metabolizing toluene were negligible.  CYP1A2 also was active in forming ortho- and para-cresol

(22 and 35% of total metabolites) and CYP2E1 and CYP2B6 catalyzed the formation of para-cresol

(11–12% of total metabolites) (Nakajima et al. 1997).

Benzyl alcohol is thought to be converted to benzoic acid in two steps by alcohol dehydrogenase and

aldehyde dehydrogenase (see Figure 2-3).  Conjugation with glycine to form hippuric acid can represent

83–94% of urinary metabolites of toluene in rats (Nakajima and Wang 1994).  Hippuric acid formation

from benzoic acid (a common component of the diet) is catalyzed by acyl-CoA synthetase and

acyl-CoA: amino acid N-acyltransferase.  Conjugation of benzoic acid with glucuronic acid to form

benzoyl glucuronide is catalyzed by UDP-glucuronyl transferase and can account for 3–9% of urinary

metabolites in rats (Nakajima and Wang 1994).  

The 2,3- and 3,4-epoxide intermediates, precursors of ortho- and para-cresol, are thought to be oxidation

products of the catalytic actions of CYP1A2, CYP2E1, and CYP2B6 (Nakajima et al. 1997).  Ortho- and

para-cresol and their conjugates have been reported to account for 0.5–1.1% and 2.5–14.2%,

respectively, of urinary metabolites in rats (Nakajima and Wang 1994).  S-benzyl mercapturic acid, a

minor urinary metabolite identified in humans, is thought to be formed via conjugation of benzyl alcohol

with glutathione (catalyzed by glutathione-S-transferases), followed by the concerted catalytic actions of

γ-glutamyltranspeptidase, amino peptidase M, and N-acetyltransferase to release glutamic acid and

glycine and add an acetyl group (Angerer et al. 1998a) (see Figure 2-3).  The formation of another minor

human urinary metabolite, S-p-toluylmercapturic acid, is thought to proceed by a similar series of

reactions from the proposed intermediate, 3,4-toluene epoxide (Angerer et al. 1998a). 

The liver is expected to be the prime site of toluene metabolism, based on  the high concentration of CYP

isozymes in the liver relative to other tissues.  For example, levels of CYP2E1 in human lung microsomes

were 10.5% of liver activities (Wheeler et al. 1992).  Studies with rats indicate that toluene exposure

causes changes in CYP-associated enzyme activities and CYP isozymes themselves in the liver (see

Nakajima and Wang 1994 for review).  For example, single 6-hour exposures to toluene induced hepatic

CYP2E1 levels and associated nitrosodimethylamine demethylase activities (at concentrations

$1,000 ppm), induced CYP2B1/2 and CYP3A1/2 levels (at concentrations >2,000 ppm), decreased
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CYP2C11/6 levels (at 4,000 ppm), and did not change CYP1A1/2 levels (Wang et al. 1993).  Other rat

experiments involving longer durations of exposure and potentially higher dose levels have consistently

observed induction of  hepatic activities of aryl hydrocarbon hydroxylase (AHH) and ethoxyresorufin

O-deethylase (EROD), activities associated with CYP1A1/2 (see Nakajima and Wang 1994).  Rats given

single intraperitoneal injections of 5 mmol toluene/kg showed  induction of ethoxycoumarin O-deethylase

(ECOD) and EROD activities in liver, but no induction was apparent in lung or kidney tissues (Pyykko et

al. 1987).  Exposure of rats to 375 ppm toluene, 6 hours/day for up to 5 days or 125 ppm for 6 hours did

not significantly change activities of AHH, EROD, or benzyloxyresorufin (BROD) in liver microsomes

compared with activities in nonexposed controls, but significantly decreased activities of AHH (by up to

about 50%), BROD (by 30–70%), and  2-aminofluorene N-hydroxylase (by up to about 50%) in lung

microsomes without altering EROD activities (Furman et al. 1998).  The results from these rat studies

suggest that toluene at exposure concentrations $1,000 ppm, but not at lower concentrations,  induces

hepatic CYP enzymes involved in its own metabolism and metabolism of other xenobiotics, and that

exposure to 125 or 375 ppm may cause a decrease in pulmonary activities of certain CYP mixed function

oxidases.  Consistent with the idea of no CYP induction with low-level exposure is the report that

workers exposed to 100 ppm toluene did not display increased ability to clear antipyrine (Dossing et al.

1983c).

Levels of CYP isozymes in rat fetal livers are very low, but increase rapidly after birth (Nakajima and

Wang 1994).  By 10 days after birth, rats of both sexes are capable of responding to toluene exposure by

inducing hepatic CYP-associated enzyme activities (Pyykko 1983b).  Comparison of rates of metabolism

in liver microsomes from male and female rats at 3 weeks (immature) and 18 weeks of age (mature) and

in pregnant female rats on gestations days 10 and 21 indicate that age, gender, and pregnancy can

influence rates of hepatic toluene metabolism and induction of CYP isozymes (Nakajima et al. 1992b). 

Rates (on a mg protein basis) of high-affinity toluene metabolism were not statistically significantly

different between immature and mature male rats, but rates of low-affinity toluene metabolism were four-

fold higher in mature rats compared with immature rats (Nakajima et al. 1992b).  In contrast, rates of

high-affinity toluene metabolism were lower in mature than in immature female rats, but rates of low-

affinity toluene metabolism were not statistically different between immature and mature female rats. 

Rates of high- and low-affinity toluene metabolism were significantly lower in pregnant rats compared

with nonpregnant rats.  

Given the lack or low levels of several CYP isozymes in the developing human fetus (Leeder and Kearns

1997), it is expected that the capacity for metabolic detoxification of toluene is low in the developing
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fetus.  Rat studies indicate that levels of CYP isozymes involved in toluene metabolism, however, are

rapidly increased following birth, and suggest that capabilities to carry out Phase I toluene metabolism at

low exposure levels during neonatal periods may exceed those at sexual maturity and pregnancy

(Nakajima et al. 1992b).  CYP2E1, one of the principal CYP isozymes involved in the major toluene

pathway (Nakajima et al. 1997; Tassaneeyakul et al. 1996), is reported to be expressed several hours after

birth in humans and continues to increase during the first year of life (Vieira et al. 1996).  Phase II

enzymes involved in toluene metabolism (e.g., N-acetyl transferases, UDP-glucuronyl transferases, and

sulfotransferases) also show changes during human neonatal development with adult activities reported to

be present by 1–3 years of age (Leeder and Kearns 1997).  Although no studies were located directly

comparing toluene metabolic capacity in children and adults, the limited available information suggest

that children past early neonatal periods may be equally able as adults in metabolically disposing of

toluene at low exposure levels expected to be found in the general environment or at sites adjacent to

waste sites.

2.3.4 Elimination and Excretion

2.3.4.1 Inhalation Exposure

Studies with humans and laboratory animals indicate that following acute periods of inhalation exposure

to toluene, absorbed toluene is excreted predominately in the urine as metabolites (hippuric acid, benzoyl 

glucuronide, ortho- and para-cresol and their sulfate and glucuronide conjugates, S-benzyl mercapturic

acid, and S-p-toluyl mercapturic acid, as discussed in Section 2.3.3) and, to a lesser extent, as non-

metabolized toluene in exhaled air (Lof et al. 1993; Ogata 1984; Tardif et al. 1998).  For example,

following a 2-hour exposure with light physical exercise to deuterium-labeled toluene at a concentration

of 200 mg/m3 (53 ppm), an average 78% of retained label was excreted as urinary hippuric acid within

20 hours by a group of nine volunteers (Lof et al. 1993).  A significant portion of absorbed toluene in this

and other studies has been estimated to be exhaled as nonmetabolized toluene (7–20% of absorbed

toluene) (Carlsson 1982; Leung and Paustenbach 1988; Lof et al. 1993). 

Analyses of kinetic data for toluene concentrations in blood, exhaled breath, or adipose tissue following

inhalation exposure of humans (Leung and Paustenbach 1988; Lof et al. 1993; Pellizzari et al. 1992;

Pierce et al. 1996, 1999) and rats (Rees et al. 1985) indicate that most absorbed toluene is rapidly

eliminated from the body and that a smaller portion (that which gets into adipose tissues) is slowly

eliminated.  Using three-phase exponential mathematical models to describe curves of human blood
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concentration as a function of time up to 3–5 hours after 2-hour exposures to 100 or 53 ppm toluene,

calculated half-lives (the time to decrease the amount in the phase by one-half) were 1.5 and 3 minutes for

the initial phase, 26 and 40 minutes for the second phase, and 3.7 and 12.3 hours for the final phase (Lof

et al. 1993; Sato et al. 1974).  Elimination half-lives ranged from about 12 to 65 hours (0.5 to 2.7 days) in

subcutaneous adipose tissue samples taken from 12 subjects at several times within 8 days of cessation of

exposure to about 80 ppm toluene for four consecutive 30-minute periods (Carlsson and Ljungquist

1982).  Increasing elimination half-lives were significantly correlated with increasing amounts of body fat

(Carlsson and Ljungquist 1982).  Using  PBPK models, mean terminal half-lives of about 30–38 hours

were calculated for changes in blood toluene concentrations between 50 and 100 hours after cessation of

2-hour inhalation exposures of male subjects to 50 ppm 1H8-toluene and 50 ppm 2H8-toluene (Pierce et al.

1996, 1999).  During this terminal phase of disposition, >95% of toluene is expected to be in adipose

tissue and the release of toluene from adipose tissues has been proposed to be the rate-limiting step

(Pierce et al. 1999).  In studies with rats exposed for 2 hours to 1,000, 1,780, or 3,000 ppm toluene, two-

phase exponential models were used to calculate average elimination half-lives of approximately 6 and

90 minutes, but blood toluene concentrations were monitored in this study for no more than 2 hours

following exposure (Rees et al. 1985).  

Investigators have reported a correlation between occupational exposure to toluene and urinary excretion

of hippuric acid, o-cresol, and p-cresol (De Rosa et al. 1985, 1987; Foo et al. 1991; Kono et al. 1985; Lof

et al. 1993; Ogata 1984).  However, experts caution that there are individual differences in the amounts of

these excreted metabolites, and monitoring of urinary excretion of metabolites can only serve as a

qualitative indication of exposure to toluene (Andersen et al. 1983; Baelum et al. 1987; Hasegawa et al.

1983; Kawai et al. 1996; Nise 1992).  When volunteers were exposed to 50 ppm deuterium-labeled

toluene plus 50 ppm nonlabeled toluene, there was very little variation of labeled hippuric acid excretion

between subjects (Lof et al. 1993).  After 20 hours, 78% of the absorbed labeled toluene was excreted as

labeled hippuric acid.  However, unlabeled hippuric acid excretion varied widely between subjects and

the total amount of hippuric acid excreted was about 4 times greater than what would have been generated

by toluene exposure alone.  This indicates that there are a number of hippuric acid precursors present in

the environment (e.g., benzoic acid in food) and exposure to these compounds varies, making hippuric

acid excretion a poor indicator of toluene exposure. 

Studies of workers exposed to low levels of airborne toluene (TWA concentrations below 50 ppm)

indicated that correlation coefficients between end-of-shift levels of ortho-cresol and hippuric acid in

urine and toluene concentrations in breathing zone air, although statistically significant, were not above
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0.7, indicating a fair amount of variation not explained by toluene air concentrations (Kawai et al. 1996;

Nise 1992).  In a study of 17 workers exposed to 8-hour TWA breathing zone toluene concentrations

ranging from about 5 to 70 ppm, end-of-shift levels of S-benzylmercapturic acid in urine were correlated

with toluene concentrations with a coefficient of 0.74 (Maestri et al. 1997).  In addition to the individual

differences for urinary metabolites, possible ethnic differences in the excretion of hippuric acid and

o-cresol have also been reported in Chinese, Turkish, and Japanese solvent workers (Inoue et al. 1986). 

Significant differences in o- and p-cresol/hippuric acid ratios in the urine were also seen in four different

strains of rats exposed to toluene (Inoue et al. 1984).

The American Conference of Governmental Industrial Hygienists (ACGIH 1999) recommends using a

combination of three biological exposure indices to assess exposure of workers to toluene in the

workplace: ortho-cresol and hippuric acid levels in urine at the end of a workshift and toluene levels in

blood immediately prior to the last shift of a workweek.  Angerer et al. (1998a) proposed that

S-p-toluylmercapturic acid levels in urine may also be useful as a biological indicator of toluene

exposure. 

2.3.4.2 Oral Exposure

Following oral administration of toluene to eight male subjects by a 2 mg/minute infusion for 3 hours

through a feeding tube into the stomach, nonmetabolized toluene was detected in alveolar air samples for

up to 4 hours after cessation of exposure and rates of urinary excretion of hippuric acid and ortho-cresol

were elevated compared with values under nonexposed conditions  (Baelum et al. 1993).  A 6 mg/minute

infusion for 30 minutes did not change the rates of urinary excretion of hippuric acid and ortho-cresol, but

increased, by four-fold, the area-under-the-curve (AUC) for alveolar toluene concentration compared with

the values for the 2-mg/minute exposure protocol.  Accompanying the 2-mg/minute exposure protocol

with oral doses of ethanol (0.32 g/kg, corresponding to two alcoholic drinks) decreased hippuric acid

urinary excretion and dramatically increased the AUC for alveolar toluene concentration (by about

850-fold in one experiment and 56-fold in another).  These data indicate that orally administered toluene

is eliminated similarly to inhaled toluene, (i.e., by urinary excretion of metabolites and exhalation of

nonmetabolized toluene), and that ingestion of ethanol can have a dramatic effect on metabolism and

subsequent elimination of toluene.  The results are consistent with other studies showing that ethanol

inhibits the major toluene metabolic pathway, side-chain oxidation (Dossing et al. 1984; Wallen et al.

1984). 
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No other studies were located  regarding the excretion of toluene in humans or animals after oral

exposure. 

2.3.4.3 Dermal Exposure

Following a 5-minute episode of hand-washing in toluene while wearing an airstream helmet to limit

inhalation exposure, toluene concentrations in exhaled air from human subjects peaked at about 1 ppm at

22 minutes and declined to about 0.03 ppm at 24 hours (Monster et al. 1993).  The results from this study

indicate that dermally absorbed toluene can be eliminated as the parent compound in exhaled breath, but

provide no information concerning the possible urinary excretion of metabolites.

 

No other studies were located  regarding elimination of toluene following dermal exposure.

2.3.5 Physiologically based Pharmacokinetic (PBPK)/Pharmacodynamic (PD) Models

Physiologically based pharmacokinetic (PBPK) models use mathematical descriptions of the uptake and

disposition of chemical substances to quantitatively describe the relationships among critical biological

processes (Krishnan et al. 1994).  PBPK models are also called biologically based tissue dosimetry

models.  PBPK models are increasingly used in risk assessments, primarily to predict the concentration of

potentially toxic moieties of a chemical that will be delivered to any given target tissue following various

combinations of route, dose level, and test species (Clewell and Andersen 1985).  Physiologically based

pharmacodynamic (PBPD) models use mathematical descriptions of the dose-response function to

quantitatively describe the relationship between target tissue dose and toxic end points.  

PBPK/PD models refine our understanding of complex quantitative dose behaviors by helping to

delineate and characterize the relationships between: (1) the external/exposure concentration and target

tissue dose of the toxic moiety, and (2) the target tissue dose and observed responses (Andersen et al.

1987; Andersen and Krishnan 1994).  These models are biologically and mechanistically based and can

be used to extrapolate the pharmacokinetic behavior of chemical substances from high to low dose, from

route to route, between species, and between subpopulations within a species.  The biological basis of

PBPK models results in more meaningful extrapolations than those generated with the more conventional

use of uncertainty factors.  
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The PBPK model for a chemical substance is developed in four interconnected steps: (1) model

representation, (2) model parametrization, (3) model simulation, and (4) model validation (Krishnan and

Andersen 1994).  In the early 1990s, validated PBPK models were developed for a number of

toxicologically important chemical substances, both volatile and nonvolatile (Krishnan and Andersen

1994; Leung 1993).  PBPK models for a particular substance require estimates of the chemical substance-

specific physicochemical parameters, and species-specific physiological and biological parameters.  The

numerical estimates of these model parameters are incorporated within a set of differential and algebraic

equations that describe the pharmacokinetic processes.  Solving these differential and algebraic equations

provides the predictions of tissue dose.  Computers then provide process simulations based on these

solutions.  

The structure and mathematical expressions used in PBPK models significantly simplify the true

complexities of biological systems.  If the uptake and disposition of the chemical substance(s) is

adequately described, however, this simplification is desirable because data are often unavailable for

many biological processes.  A simplified scheme reduces the magnitude of cumulative uncertainty.  The

adequacy of the model is, therefore, of great importance, and model validation is essential to the use of

PBPK models in risk assessment.

PBPK models improve the pharmacokinetic extrapolations used in risk assessments that identify the

maximal (i.e., the safe) levels for human exposure to chemical substances (Andersen and Krishnan 1994). 

PBPK models provide a scientifically sound means to predict the target tissue dose of chemicals in

humans who are exposed to environmental levels (for example, levels that might occur at hazardous waste

sites) based on the results of studies where doses were higher or were administered in different species. 

Figure 2-4 shows a conceptualized representation of a PBPK model.

PBPK models are available that describe the kinetics of toluene after inhalation exposure; two for humans

(Fisher et al. 1997; Pierce et al. 1996, 1999) and two for rats ( DeJongh and Blaauboer 1996, 1997; Tardif

et al. 1993).  These models are all modifications of the standard four-compartment PBPK model

developed for styrene (Ramsey and Andersen 1984) in which: 

(1) absorption into the lung blood is assumed to be dependent on the inhaled concentration of

toxicant, the concentration of toxicant in alveolar air, blood flow to the lung, the blood/air partition

coefficient, and alveolar ventilation rates, 

(2) exchange of toxicant between arterial blood and tissue compartments is flow-limited,
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Figure 2-4.  Conceptual Representation of a Physiologically Based
Pharmacokinetic (PBPK) Model for a Hypothetical Chemical Substance

Source: adapted from Krishnan et al. 1994

Note: This is a conceptual representation of a physiologically based pharmacokinetic
(PBPK) model for a hypothetical chemical substance.  The chemical substance is
shown to be absorbed via the skin, by inhalation, or by ingestion, metabolized in the
liver, and excreted in the urine or by exhalation.
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(3) changes in the amount of toxicant  in three nonmetabolizing tissue compartments (adipose

tissue, slowly perfused tissues, and rapidly perfused tissues) are described by mass transfer

differential equations with tissue volume, blood flow through the tissue (i.e., tissue perfusion rate),

arterial blood toxicant concentration, and tissue/blood partition coefficients as explanatory

variables, and 

(4) changes in toxicant amount in the liver (the fourth compartment) are described by similar

differential equations that additionally include a Michaelis-Menten term for overall rates of toxicant

metabolism.  

The five-compartment human model for toluene developed by Pierce et al. (1996) includes an additional

equation describing mass balance across the lung that has a Michaelis-Menten metabolic term  (Pierce et

al. 1996).  The model assumes that toluene metabolism in the liver and lung are adequately described by

subject-specific maximal rate constants for liver and lung (“Vmax-h and Vmax-p” of

52.1xBW0.7 µmol/hour and 0–0.7x52.1xBW0.7 µmol/hour, respectively) and a common Km (5.97 µmol/L). 

The Km and Vmax-h values were based on those derived by fitting a Ramsey and Andersen-type four-

compartment PBPK model (in which all parameters were constant except Vmax and Km) to toluene

uptake data for rats placed in closed chambers at several initial toluene concentrations (Tardif et al. 1993). 

The human Vmax-h was estimated for each subject by multiplying the rat Vmax-h by the subject’s body

weight to the 0.7 power; the rat Km was taken as the human value (Pierce et al. 1996).  The lung Vmax

(Vmax-p) was estimated by model-fitting for each subject, allowing the value to range between 0 and

70% of the liver Vmax, Vmax-h.  This procedure was based on observations that levels of CYP2E1 in

human lung microsomes were 10.5% of liver activities (Wheeler et al. 1992), and 12 human liver samples

showed a seven-fold range of CYP2E1 contents (Thummel et al. 1993).  

Another singular feature of the Pierce human model is that subject-specific parameters such as age,

height, weight, alveolar ventilation rate, adipose tissue fraction, and blood/air partition coefficient are put

into the model (Pierce et al. 1996). Volumes of the tissue compartments in the model were scaled to each

subject’s body weight.  Blood flows to the slowly and rapidly perfused tissues and the liver were taken as

fractions of a standard human cardiac output scaled to body weight to the 0.74 power (in units of liter-

hour), whereas subject-specific blood flows to the adipose tissue were estimated by model fitting (holding

other parameters constant) allowing the fraction of cardiac output that perfuses adipose tissue to range

between 0.06 and 0.18.  The decision to “model-fit” this parameter within these bounds was based on

published observations that adipose blood flows among individuals range widely from about 0.06 to
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0.18 of total cardiac output.  Tissue/blood partition coefficients used in the model for the slowly and

rapidly perfused tissue, the liver, and adipose tissue were 1.54, 4.64, 4.64, and 55.9, respectively.

The initial development and validation of the human model involved comparing model fits with measured

data (blood concentrations ) for a group of 26 male volunteers who were exposed to 100 ppm toluene

(50 ppm 1H8-toluene and 50 ppm 2H8-toluene) for a 2-hour period (Pierce et al. 1996).  Venous blood

concentrations of  1H8- and  2H8-toluene were measured at intervals for 120 hours post exposure.  Prior to

exposure, information on age, body weight, and adipose tissue fraction were obtained.  During exposure,

individual ventilation rates and blood/air partition coefficients for toluene were measured.  Measures of

the goodness-of-fit of the model predictions to the data were compared using subject-specific values,

average values from the 26 subjects, and average literature values for: body weight, adipose tissue

fraction, ventilation rate, blood/air partition coefficient, maximum velocity of pulmonary metabolism, and

fraction of cardiac output to adipose tissue.  The measured concentrations of toluene in blood showed a

ten-fold interindividual range of variation.  Subject-specific modeling explained 91% of the data

variability, compared with 53% using literature values for model parameters (Pierce et al. 1996).  

Pierce et al. (1998) used the human model to estimate toluene concentrations in alveolar breath reflective

of exposure to 50 ppm toluene for 8 hours/day (the current ACGIH 8-hour TWA threshold limit value

(TLV) for toluene).  Calculated values were #10 µmol/m3 for samples taken just before the final shift of a

workweek and #150 µmol/m3 postexposure.  It was proposed that toluene breath sampling would be a

rapid, noninvasive biomarker of toluene exposure in workers that is not contaminated by endogenous

sources.  Pierce et al. (1999) also used the human model as a research tool to ascribe differences in

toxicokinetic behavior of 1H8- and 2H8-toluene to underlying physiological mechanisms.

Another human PBPK model has been developed for volatile organic compounds that models transfer of

toxicant via lactation from a mother to a nursing infant, but in vivo pharmacokinetic data for toluene in

breast milk were not available to validate this model (Fisher et al. 1997).  This model is an adaptation of

the Ramsey and Andersen design with the addition of a fifth compartment, a nonmetabolizing milk

compartment with a varying volume.  The model includes equations describing the rate of change in the

amount of toxicant ingested by a nursing infant from the milk compartment, the rate of change in the

amount of milk in the mammary tissue lumen, and the rate of change in the amount of toxicant in breast

milk.  The model used Michaelis-Menten kinetic constants for toluene metabolism in the liver estimated

for rats (Vmax 7.5 mg/kg/hour; Km 0.3 mg/L); the rat Vmax was scaled for use in the model by

multiplying it by a reference body weight (60 kg) to the 0.74 power.  Human milk/blood partition
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coefficients for 19 volatile organic chemicals were experimentally determined using samples from

volunteers; the coefficient for toluene was 2.68.  Other tissue/blood partition coefficients for toluene used

in the model included 4.91 for rapidly perfused tissue and for liver, 1.61 for slowly perfused tissue, and

60.01 for adipose tissue.

Fisher et al. (1997) used the model to estimate the amount of toluene an infant would ingest via milk if

the mother was occupationally exposed to toluene at the ACGIH (1999) Threshold Limit Value

(TLV=50 ppm) throughout a workday.  The model predicted that such an infant would have a daily intake

of 0.46 mg toluene/day, which is below the U.S. EPA Health Advisory, 2.0 mg/day, for chronic ingestion

of 1 L/day of toluene-contaminated water by a 10-kg child.

The four-compartment rat PBPK model for toluene developed by Tardif et al. (1993) restricted

metabolism to the liver compartment.  As described before, the Km (0.55 mg/L) and Vmax

(4.8 mg/hour/kg) values were derived by fitting the model (in which all parameters were held constant

except Vmax and Km) to toluene uptake data for rats housed  in closed chambers for 5 hours at several

initial toluene concentrations (75, 150, or 225 ppm) (Tardif et al. 1993).  The model used 18.0 as the

blood/air toluene partitioning coefficient, and the following for partitioning between blood and tissue

groups: 4.64 for liver and rapidly perfused tissue, 1.54 for slowly perfused tissue, and 56.7 for adipose

tissue.  Reference rates for alveolar ventilation (15 L/hour/kg) and cardiac output (15 L/hour/kg) were

scaled by a factor of body weight to the 0.74 power.  Model predictions of venous blood concentrations in

rats during and after 5-hour exposures to toluene concentrations of 75, 150, or 225 ppm compared

favorably (by visual inspection) with empirical data.  

Tardif et al. (1993) linked the rat PBPK model for toluene to a similar PBPK model for xylene via the

metabolism term in the liver compartment to test if there was no metabolic interaction between these

compounds or if a metabolic interaction existed that could be described by competitive, noncompetitive,

or uncompetitive inhibitory interaction.  A model with a competitive inhibition metabolic term provided

the best visual fit to empirical data for air concentrations of toluene and xylene during 5-hour exposures

of rats in a closed chamber to mixtures of toluene and xylene at several initial concentrations.

A five-compartment rat PBPK model developed by DeJongh and Blaauboer (1996) is similar in design to

the Tardif rat PBPK model except that it contains an additional compartment, (i.e., the brain, which is

assumed to be nonmetabolizing).  The model used the same toluene partition coefficients used in the

Tardif et al. (1993) rat model; the brain/blood partition coefficient, 2.0, was estimated from a published
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value for the human brain/air coefficient and the rat blood/air coefficient.  Reference rates for alveolar

ventilation (14 L/hour/kg) and cardiac output (14 L/hour/kg) were scaled by a factor of body weight to

the 0.74 power.  With other parameters in the model held constant, models with different published values

of Vmax and Km for toluene metabolism in rat liver from two in vivo and six in vitro rat studies were

compared for their ability to fit empirical data from several studies for toluene blood concentrations or

toluene brain concentrations  in rats exposed to inhaled toluene.  DeJongh and Blaauboer (1996) judged

that a Vmax of 4.31 mg/kg/hour and Km of 0.26 mg/L gave the overall best fit to the empirical data, but

noted that differences were generally small among predictions from models with the various values of

Vmax and Km.

Dejongh et al. (1998) used their rat PBPK model for toluene and similar models for 14 other volatile

organic chemicals to examine a hypothesis that the acute lethality of volatile organic chemicals is related

to their ability to distribute into the brain.  Using these models to calculate the dose in the brain associated

with the LC50 for the compounds, it was noted that the products of the LC50 and their respective exposure

durations ranged by about 60-fold, whereas the PBPK-derived brain doses associated with the

LC50 ranged by about 6-fold.  Dejongh et al. (1998) concluded that this observation supports the

hypothesis that the acute lethality of volatile organic chemicals, including toluene, is directly related to

the extent of their distribution into the brain.  

2.4 MECHANISMS OF ACTION

2.4.1 Pharmacokinetic Mechanisms

Absorption.    In humans and animals, toluene is rapidly absorbed by inhalation exposure (Benignus et

al. 1984; Hjelm et al. 1988; Hobara et al. 1984b; Lof et al. 1993).  Animal studies have shown that

toluene is absorbed less rapidly by the oral route (Ameno et al. 1992; Pyykko 1983b), while toluene is

absorbed slowly through human skin (Dutkiewicz and Tyras 1968).  Studies with brush border membrane

vesicles isolated from rat intestines and exposed to toluene indicate that toluene absorption occurs

through the lipid matrix of the membrane (Alcorn et al. 1991). 

Distribution.    Toluene has been identified in brain, liver, lung, and blood in humans following toluene

exposure (Paterson and Sarvesvaran 1983; Takeichi et al. 1986).  Within the human brain, toluene has a

greater affinity for areas of the brain that contain lipid-rich white matter, such as the brain stem, rather

than the areas with larger amounts of grey matter (Ameno et al. 1992).  The human data are supported by
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animal studies where distribution of toluene was found to be characterized by uptake in lipid tissues

(brain and fat) immediately following inhalation exposure (Ghantous and Danielsson 1986).

Excretion.      In both humans and rats, up to about 75–80% of inhaled toluene that is absorbed can be

accounted for by urinary excretion of the principal metabolite, hippuric acid (Lof et al. 1993; Ogata 1984;

Tardif et al. 1998).  Excretion of minor metabolites including S-benzyl mercapturic acid, S-p-tolulyl

mercapturic acid, and conjugates of ortho- and para-cresol account for less than 5% of absorbed toluene. 

Excretion of nonmetabolized toluene in exhaled air can represent from 7 to 20% of absorbed toluene

(Carlsson 1982; Leung and Paustenbach 1988; Lof et al. 1993).  Although the liver is expected to be the

main site of metabolism of toluene, CYP2E1, one of the principal isozymes catalyzing the initial reaction

in the principal toluene metabolic pathway, has been detected in human lung microsomes at

concentrations about 10-fold less than in liver microsomes (Wheeler et al. 1992).  Under conditions in

which the main pathway of toluene metabolism is inhibited by co-exposure with ethanol, exhalation of

nonmetabolized toluene can become a principal route of excretion (Baelum et al. 1993).

2.4.2 Mechanisms of Toxicity

The mechanism by which acute exposure to toluene brings about neurological effects such as central

nervous system depression and narcosis is generally thought to involve, at least in part, reversible

interactions between toluene (the parent compound and not its metabolites) and components (lipids or

proteins) of nervous system membranes.  Support of parent-material involvement comes from the

observation that pretreatment of rats with phenobarbital increased the rate of in vivo toluene metabolism

and shortened the time of recovery from narcosis from single intraperitoneal doses of toluene (Ikeda and

Ohtsuji 1971).  Other support for this hypothesis includes the transient nature of anesthesia from acute

high level exposure to toluene and the rapidity with which toluene-induced changes in brain biochemical

variables can be measured.  For example, within 0.25–1 hour of intraperitoneal injection of 1-g/kg doses

of toluene into rats, brain synaptosomes showed decreased phosphatidylethanolamine content, altered

phospholipid methylation activities, altered outer membrane fluidity, and increased Na+-K+-ATPase

activities (Lebel and Schatz 1988, 1989, 1990).  Decreased Mg++-ATPase activities were measured in

brain synaptosomes isolated from rat brains immediately following a 2-hour exposure to 2,000 ppm

toluene (Korpela and Tahti 1988).  Average whole brain concentrations of several biogenic amines

(dopamine, norepinephrine, and 5-hydoxytrytamine) were increased in rats immediately following an

8-hour exposure to 1,000 ppm toluene (Rea et al. 1984).  On a molecular scale, the acute anaesthetic

actions of toluene and other agents have been postulated to involve intercalation of toluene into the lipid
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bilayer of nerve membranes and/or reversible interactions with proteins in the membrane (Franks and

Lieb 1985, 1987).

Clinically obvious neurological impairment (e.g., gait and speech abnormalities) and brain atrophy have

been observed in several cases of chronic toluene-inhalation abuse.  MRI of the brain of solvent abusers

(Filley et al. 1990; Rosenberg et al. 1988a, 1988b) suggest preferential atrophy in lipid-rich regions of the

brain.  Rosenberg et al. (1988a,1988b) found MRI evidence of diffuse central nervous system

demyelination in 6 toluene abusers with clinically obvious neurological impairment, whereas Filley et al.

(1990) noted that the degree of MRI-detected white matter abnormality in 14 solvent abusers was

correlated with neurological impairment.  The observed changes in MRI signals may be related to lipid

compositional changes in the white matter, since these regions are more lipid-rich than gray matter

(Ameno et al. 1992).  These observations are consistent with a hypothesis that chronic exposure to high

concentrations of toluene brings about structural changes in the brain related to lipid compositional

changes.  Supporting evidence for this hypothesis includes observations of changed phospholipid

composition of rat brain synaptosomes following acute exposure to toluene (Lebel and Schatz 1988,

1989, 1990), decreased phospholipid concentrations in the cerebral cortex of rats following 30 days of

continuous exposure to 320 ppm (Kyrklund et al. 1987), and decreased number of neurons in the

hippocampus of rats, 4 months after exposure to 1,500 ppm toluene, 6 hours/day, 5 days/week for

6 months (Korbo et al. 1996).  It is uncertain if toluene-induced changes in membrane phospholipid

content may be caused by increased breakdown of phospholipids or inhibition of synthesis.

Mechanistic understanding is poor of effects that have been associated with intermediate and chronic

exposure to toluene in workplace air such as increased symptoms of mild neurological impairment (Boey

et al. 1997; Orbaek and Nise 1989; Ukai et al. 1993; Yin et al. 1987), performance deficits on

neurobehavioral tests (Foo et al. 1990; Iregren 1982), hearing loss and changes in brainstem auditory-

evoked potentials (Abbate et al. 1993; Morata et al. 1997; Vrca et al. 1996), and color vision impairment

and changes in brainstem visual-evoked potentials (Muttray et al. 1997, 1999; Vrca et al. 1995, 1997a,

1997b; Zavalic et al. 1998a, 1998b, 1998c), but several mechanistic actions have been postulated. 

One mechanistic hypothesis postulates that repeated interaction of toluene with membrane proteins and/or

phospholipids in brain cells can change activities of enzymes involved in the synthesis and/or degradation

of neurotransmitters and that levels of neurotransmitters at particular sites in the brain may be involved in

producing subtle neurological effects.  Some evidence for this hypothesis comes from  observations of

increased concentrations of dopamine, norepinephrine, and 5-hydroxytryptamine in rats exposed to
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1,000 ppm for 8 hours (Rea et al. 1984) and in rats exposed to up to 105 mg/kg/day in drinking water for

28 days (Hsieh et al. 1990b), decreased dopamine levels and rates of turnover in several areas of the

nucleus caudate in the brain of rats exposed to 80 ppm toluene, 6 hours/day for 3 days (Fuxe et al. 1982),

increased levels of dopamine and noradrenaline in several brain regions in rats exposed to 80–3,000 ppm,

6 hours/day for 3 days (Andersson et al. 1983), and decreased activities of aromatic acid decarboxylase,

an enzyme involved in synthesis of neurotransmitters, in the brain stem of rats exposed to 250 or

1,000 ppm, 8 hours/day, 5 days/week for 4 weeks (Bjornaes and Naalsund 1988).

Another mechanistic hypothesis postulates that repeated exposure to toluene may cause neurological

effects by changing the binding of neurotransmitters to membrane receptors.  In support of this

hypothesis, persistent changes in brain-tissue dopamine D2 receptor binding and increased serum

prolactin levels were found in rats 17 days after exposure to 80 ppm toluene 6 hours/day, 5 days/week for

4 weeks (von Euler et al. 1993, 1994).  It was speculated that the increase in serum prolactin level could

be related to a possible interaction between toluene and the pituitary dopamine D2 receptor; this receptor

normally inhibits the release of prolactin into serum.  Correlated with these biochemical changes were a

significantly increased locomotor activity (approximately 2-fold) in response to injections of apomor-

phine (a dopamine) and a significantly increased escape latency (indicating impaired spatial learning and

memory) in a water maze task, both observed 14–17 days after the 4-week toluene exposure  (von Euler

et al. 1994).  Whether or not this hypothesis is related to effects observed in occupationally exposed

humans is uncertain; Svensson et al. (1992b) did not find changes in serum prolactin levels in toluene-

exposed printing workers compared with controls. 

Significant decreases (28 or 47%) in rat brain glial fibrillary acidic protein (GFAP) induced by exposure

to 1,000 ppm toluene, 6 hours/day for 3 or 7 days have been associated with increased serum levels of

corticosterone  (Little et al. 1998).  The decreases in GFAP were observed in the thalamus and

hippocampus, regions of the brain that are reported to be involved in controlling serum glucocorticoid

levels and have high concentrations of glucocorticoid receptors, respectively (Little et al. 1998).  Little et

al. (1998) postulated that decreases in brain GFAP may be a consequence of toluene disruption of the

hypothalamic-pituitary-adrenal axis and/or hormonal homeostasis, but noted that the available evidence is

inadequate to firmly establish cause and effect.  The possible mechanistic connections of these

observations to toluene-induced changes in neurobehavior are uncertain. 

There is evidence that hearing loss in animals induced by inhalation exposure to toluene is produced by

toluene itself and not by its metabolites.  Phenobarbital pretreatment, which increases the rate of in vivo
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metabolism of toluene, prevented hearing loss in rats exposed to 1,500–2,000 ppm toluene, 8 hours/day

for 7 days (Pryor et al. 1991).  Rats that were given large gavage doses of ethanol (4 g/kg/day) and daily

inhalation exposure to toluene concentrations of 1,750 ppm, 6 hours/day, 5 days/week for 4 weeks

showed significantly greater hearing loss (as measured by auditory-evoked brainstem potentials) and

outer hair cell loss in the ear than those exposed to toluene alone (Campo et al. 1998).  Co-exposure to

ethanol caused a significant decrease in hippuric acid urinary excretion rates compared with exposure to

toluene alone, indicating that these large doses of ethanol inhibited the metabolism of toluene (Campo et

al. 1998).  Since exposure to ethanol alone in this study did not affect hearing or outer hair cell loss in the

ear, ethanol inhibition of toluene metabolism and subsequent potentiation of toluene-induced loss of

hearing are consistent with the idea that toluene itself is responsible for these effects.  Mechanistic

understanding at the molecular and cellular level is poor regarding how toluene exposure leads to a loss of

outer hair cells in the ear and the degree to which toluene effects on neural cell  membranes may be

involved.

The molecular mechanism and pathogenesis of color vision impairment (dyschromatopsia) associated

with occupational and intentional abusive exposure to toluene and other organic solvents are not clearly 

understood, but it has been postulated that toluene interference with dopaminergic mechanisms of retinal

cells or toxic demylelinizaton of optic nerve fibers may be involved  (Muttray et al. 1997, 1999; Zavalic

et al. 1998a, 1998b, 1998c).

The postulated arene oxide intermediates formed in the metabolic pathway from toluene to ortho- or

para-cresol are highly reactive and expected to bind to cell proteins and RNA, thereby potentially leading

to cellular dysfunction and degeneration.  Studies with human and rat liver microsomes and tissue slices

showed that incubation with labeled toluene leads to incorporation of the label into microsomal proteins

and RNA in an NADP-requiring reaction (Chapman et al. 1990).  It does not appear likely, however, that

this mechanism of action is the primary mode of toluene’s toxicity, especially at air concentrations below

100 ppm that are of occupational and public health concern, because:

(1) the liver is expected to be the main site of toluene metabolism, 

(2) the pathway to the cresol isomers accounts for less than 1–5% of metabolized toluene (see

Section 2.3.3), 

(3) results from animals studies and studies of toluene-exposed workers do not identify the liver as

the most sensitive target organ (see Section 2.2.1.), and 
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(4) degenerative lesions in nervous tissues have not been detected by light microscopy in rats and

mice exposed to concentrations as high as 1,200 ppm 6.5 hours/day, 5 days/week for up to 2 years

(CIIT 1980; NTP 1990).  

The available evidence, however, is not sufficient to discard the hypothesis that this mode of action (i.e.,

cellular degeneration caused by  reactive metabolic intermediates) may play some role in toluene toxicity,

especially with high-level exposures such as those experienced by toluene abusers. 

2.4.3 Animal-to-Human Extrapolations

Many laboratory animal species have been used to describe toluene toxicity, but the most commonly used

species is the rat.  Generally, the toxicokinetic data gathered from rat studies compare favorably with the

information available from human studies.  In addition, neurological effects observed in rats including

changes in locomotor activity, changes in visual- and auditory-evoked brainstem potentials, hearing loss,

and changes in brain chemistry appear to be related to critical neurological effects observed in humans

after acute or repeated exposure to toluene including self-reported neurological symptoms, impaired

performance in neurobehavioral tests, hearing loss, and color vision impairment.  Given the availability of

data for humans exposed by inhalation, MRLs for inhaled toluene are derived without extrapolating from

the available animal toxic-effects data.  In contrast, acute and intermediate MRLs for oral exposure to

toluene are based on extrapolating neurological effects in rats to humans (see Section 2.5 and Appendix

A).  

As discussed in Section 2.3.5, PBPK models describing the kinetics of toluene after inhalation exposure

have been developed for humans (one with four compartments— adipose tissue, liver, and rapidly and

slowly perfused tissues, and another with a fifth compartment—breast milk) and rats (one with the basic

four compartments and another model with a fifth compartment—the brain).  Further development of a

human PBPK model that includes partitioning of inhaled and ingested toluene to the brain and a similarly

designed rat PBPK model may be useful in improving extrapolation from the oral exposure rat data and in

comparing model-based predictions of human effect levels based on neurological effects in inhalationally

exposed rats with observed effect levels in humans exposed to airborne toluene.
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2.5 RELEVANCE TO PUBLIC HEALTH

Overview.    

Adverse effects on the nervous system are the critical effects of concern from acute, intermediate, or

chronic exposure to toluene.  Acute exposure is associated with reversible neurological symptoms

progressing from fatigue, headaches, and decreased manual dexterity to narcosis with increasing exposure

levels.  Reversible neurological impairment from acute exposure likely involves the direct interaction of

toluene with nervous system membranes.  Degenerative changes in white matter regions of the brain have

been correlated with the severity of persistent neurological impairment in individuals who abused

solvents and have repeatedly inhaled toluene at high exposure levels (4,000–12,000 ppm).  Results from

studies of groups of occupationally exposed workers suggest that chronic exposure to toluene at lower

exposure levels (from about 50 to 200 ppm) can produce subtle changes in neurological functions

including cognitive and neuromuscular performance, hearing, and color discrimination.  Supporting data

come from studies of toluene-exposed animals showing changes in behavior, hearing loss, and subtle

changes in brain structure, electrophysiology, and levels of neurotransmitters.  Case reports of birth

defects in children of mothers who abused toluene during pregnancy suggest that exposure to high levels

of toluene may be toxic to the developing fetus.  However, results from animal studies indicate that

toluene is not a teratogenic agent, but can retard fetal growth and skeletal development and adversely

influence behavior of offspring at exposure levels that overwhelm maternal mechanisms protecting the

developing fetus from exposure.  Other adverse health effects, including cancer or effects on reproductive

performance, do not appear to be of concern for persons who may experience low exposures to toluene by

living or working near hazardous waste sites containing toluene. 

Issues relevant to children are explicitly discussed in Section 2.7, Children’s Susceptibility and

Section 5.6, Exposures of Children.

Minimal Risk Levels for Toluene.    

Inhalation MRLs.

C An MRL of 1 ppm (3.8 mg/m3) has been derived for acute-duration (14 days or less) inhalation
exposure to toluene.
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This MRL is based on a study by Andersen et al. (1983) in which the effects of toluene on 16 healthy

young subjects with no previous regular exposure to organic solvents were investigated (see Appendix

A).  Groups of 4 subjects were in a chamber for 6 hours a day on 4 consecutive days.  The concentration

of toluene was 0, 10, 40, or 100 ppm, with the subjects  exposed to a different concentration each day. 

Physiological measurements were performed, including nasal mucociliary flow, and subjective

measurements of discomfort.  Eight different performance assessment tests were carried out.  There was a

statistically significant increase (P<0.05%) in the occurrence of headaches, dizziness, and feelings of

intoxication during the 100 ppm exposure, but not during exposure to the other concentrations.  No

statistically significant effects of toluene occurred in the eight performance tests.  For 3 of the tests, there

was  borderline significance (P<0.10%): the subjects felt that the tests were more difficult and strenuous

during the 100 ppm exposure.  No adverse effects were reported at the 10 and 40 ppm levels.  The

NOAEL of 40 ppm was adjusted to continuous exposure basis

(40 ppmx5 days/daysx8 hour/24 hour=9.5 ppm) and divided by an uncertainty factor of 10 (to account for

human variability) to derive the MRL of 1 ppm.

C No MRL has been derived for intermediate-duration (15–364 days) inhalation exposure to
toluene.

No data were considered suitable for use in deriving an intermediate-duration MRL for inhalation

exposures.  ATSDR believes that the chronic inhalation MRL would also be protective for intermediate-

duration exposures.

C An MRL of 0.08 ppm (0.3 mg/m3) was derived for chronic-duration (365 days or more) inhalation
exposure to toluene.  

The chronic inhalation MRL is based on a LOAEL of 35 ppm toluene for color vision impairment in a

group of toluene-exposed shoemakers studied by Zavalic et al. (1998a) and an uncertainty factor of

100 (10 for the use of a LOAEL and 10 to account for human variability).  The study examined color

vision abilities in three groups of workers:  (1) 46 shoemakers exposed for an average of 16 years to a

median toluene concentration of 32 ppm; (2) 37 rotogravure printing workers exposed for an average of

18 years to a median toluene concentration of 132 ppm; and (3) 90 control workers without any known

exposure to solvents or neurotoxic agents.  Average scores in a color confusion index (based on results of

color vision tests and adjusted for age and alcohol intake) were significantly increased in the toluene-

exposed shoemakers and printers compared with scores for control workers.  The chronic LOAEL of

32 ppm is supported by observations of other subtle neurological effects in other groups of toluene-
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exposed workers including altered visual-evoked brainstem potentials in printing press workers exposed

to 50 ppm for 30 years (Vrca et al. 1995, 1996, 1997a, 1997b), altered auditory-evoked brainstem

potentials in printers exposed to 97 ppm for 12–14 years (Abbate et al. 1993), hearing loss in printers

exposed to 0.04–245 ppm toluene (Morata et al. 1997), changes in electro cardiographic R-R intervals in

printers exposed to 83 ppm for 1–36 years (Murata et al. 1993), performance deficits in neurobehavioral

tests in electronics workers exposed to 88–90 ppm (Boey et al. 1997; Foo et al. 1990), and increased

incidence of self-reported neurasthenic symptoms in printers exposed to an average concentration of

about 140 ppm over a 29-year period (Orbaek and Nise 1989). 

Most of the data on health effects in humans exposed to toluene come from occupational studies or

medical reports of solvent abusers.  In both situations, concurrent exposure to other chemicals can limit

the usefulness of the data for development of guidelines or standards.  In addition, there are other

confounding variables, especially in the occupational setting, such as alcohol consumption patterns,

employment history, diet, use of medications, noise, and fluctuations in atmospheric toluene levels during

different portions of the day, all of which complicate evaluation of dose-response patterns.  These

limitations were considered in selecting the studies for derivation of the MRLs.

ACGIH has recommended a TLV of 50 ppm toluene based on reports of headache and irritation

associated with 4–6 hours continuous inhalation of toluene (Andersen et al. 1983; Baelum et al. 1985;

Echeverria et al. 1989; Wilson 1943).  This value is designed to be protective for healthy adult workers

exposed 8 hours/day, 5 days/week for up to 45 years.  Adjusting the value for a continuous exposure

lasting up to 70 years yields a value of 8 ppm (50 ppm x 5 days/7 days x 8 hours/24 hours

x 45 years/70 years=8 ppm).  This figure is somewhat higher than the current chronic-duration MRL, but

does not include an uncertainty factor to protect susceptible populations.  Use of an uncertainty factor of

100 (10 for human variability and 10 for use of a LOAEL) would arrive at a value to 0.08 ppm, which is

identical to the current MRL.

Oral MRLs.

C An MRL of 0.8 mg/kg  has been derived for acute (14 days or less) oral exposure to toluene.  

This MRL was based on a LOAEL of 250 mg/kg  from a study of flash-evoked potential (FEP) wave

forms in male Long-Evans rats administered  doses of 0, 250, 500, or 1,000 mg/kg toluene by gavage

(Dyer et al. 1988).  Flash-evoked potential tests were administered 45 minutes later as a test of the ability
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of the nervous system to process visual information.  The amplitude of the N3 peak of the FEP was

decreased by toluene exposure at all doses (P<0.0001).  This decrease in peak amplitude was not dose-

related.  Dyer et al. (1988) also carried out a time-course study in which toluene was administered to male

Long-Evans rats (16 per group) at doses of 0 and 500 mg/kg by gavage and flash-evoked potential tests

were performed 4, 8, 16, and 30 hours later.  In the time course study, 500 mg/kg also decreased the

amplitude of the flash-evoked potential; at this dose, little change in magnitude of peak N3 depression

had occurred 8 hours posttreatment; by 16 hours recovery was complete.  An uncertainty factor of

300 was used for this determination (3 for use of a minimally adverse LOAEL, 10 for interspecies

extrapolation, and 10 for intraspecies variability).

C An MRL of 0.02 mg/kg/day has been derived for intermediate-duration (15–364 days) oral
exposure to toluene.

This MRL was derived from a LOAEL of 5 mg/kg/day based on regional increases in monoamine

neurotransmitters in the brains of CD1 mice exposed to toluene through their drinking water for 28 days

(Hsieh et al. 1990b).  Based on water consumption and average toluene concentrations, the authors

calculated toluene doses for the 4 treatment doses of 0, 5, 22, and 105 mg/kg/day over this period.  Brain

levels of norepinephrine, dopamine, serotonin (5-hydroxytryptamine), and their metabolites

vanillylmandelic acid, 3,4-dihydroxy-phenylacetic acid, homovanillic acid, and 5-hydroxyindolacetic acid

were measured in six areas of the brain in the mice.  Significant increases (P<0.05) in neurotramsmitter

levels were seen in all six regions of the brain of animals gavaged with toluene; in general, the increase

was maximal at 22 mg/kg/day.  Significantly increased norepinephrine levels were present in the

hypothalamus, midbrain, and medulla oblongata.  Serotonin levels were significantly increased in the

hypothalamus, midbrain, and cerebral cortex.  The maximum increase of serotonin (P<0.005), dopamine

(P<0.05), and norepinephrine (P<0.05) in the hypothalamus occurred at 22 mg/kg/day.  In the corpus

striatum, the levels of dopamine and serotonin were significantly increased at the two highest doses.  In

the medulla oblongata, significant toluene increases of norepinephrine and homovanillic acid were seen

only at 22 mg/kg/day.  It should be noted that these are minimal effects, and it is unclear how they are

related to neurobehavioral changes.  An uncertainty factor of 300 was used for this determination (3 for

the use of a minimally adverse LOAEL, 10 for interspecies extrapolation, and 10 for intraspecies

variability).

No MRL was derived for chronic-duration oral exposures because there were no suitable data for toluene.
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Death.    Case studies that reported on deaths in humans due to exposure to toluene have generally not

provided information on dose and thus, do not provide a basis for quantitative estimates.  In one instance,

intake of 625 mg/kg resulted in death within 30 minutes (Ameno et al. 1989).

It has been suggested that the mechanism for death due to solvent abuse might be apparent sensitization

of the myocardium and consequent sudden and severe arrhythmia resulting from mild anesthesia, and

intensified by hypercapnia (excess of carbon dioxide) (Bass 1970).  Studies in dogs further suggest that

some individuals may be more sensitive to arrhythmic responses to toluene than others (Ikeda et al. 1990). 

In a single report of human death following oral ingestion of toluene, the cause of death appeared to be

profound disruption of central nervous system function (Ameno et al. 1989).  Exposure to toluene at a

hazardous waste site is not likely to be of lethal magnitude.

Systemic Effects.    

Respiratory Effects.  The primary effect of toluene on the respiratory tract following inhalation is

irritation.  Studies with volunteers (Andersen et al. 1983; Carpenter et al. 1944; Baelum et al. 1985) and

exposed workers (Parmeggiani and Sassi 1954) have demonstrated that toluene is a mild-to-moderate

respiratory irritant.  Early animal studies by von Oettingen et al. (1942) reported respiratory irritation and

pulmonary lesions in rats exposed to high concentrations of toluene.  The findings of von Oettingen et al.

(1942) are supported by more recent observations of nasal lesions (including metaplasia of olfactory

epithelium and degeneration of respiratory epithelium) in rats exposed to concentrations ranging from

600 to 1,200 ppm, 6.5 hours/day, 5 days/week for 2 years (NTP 1990).  Mice exposed by the same

exposure protocol to a similar range of concentrations, however, did not display upper or lower

respiratory tract lesions (NTP 1990).  Acute, intermediate, or chronic inhalation exposure to toluene at a

hazardous waste site might result in respiratory tract irritation, especially if release of toluene is into an

enclosed space where higher concentrations may develop, but other adverse effects on the lungs or

breathing passages are not expected.

Cardiovascular Effects.  Inhalation exposure to toluene at concentrations above 1,000 ppm has been

associated with alterations of the heart rhythm in both humans and animals (Anderson et al. 1982; Einav

et al. 1997; Ikeda et al. 1990; Magos et al. 1990; Meulenbelt et al. 1990; Vidrio et al. 1986), but exposure

of rats or mice to concentrations as high as 12,000 ppm (3 hours/day) for intermediate durations or

1,200 ppm (6.5 hours/day) for chronic durations produced no histological changes in heart tissue

(Bruckner and Peterson 1981b; CIIT 1980; NTP 1990).  There may be intraspecies differences in the
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cardiac response to toluene that make some individuals more susceptible than others to potentially fatal

arrhythmias; the degree of hypoxia may also be important (Ikeda et al. 1990).

The exposure scenarios associated with cardiac rhythm disturbances were of the short-term, high-level

type experienced by substance abusers.  Accordingly, cardiovascular responses are not expected to occur

following toluene exposure at or near a hazardous waste site, unless some occurrence releases a high

concentration of toluene into an enclosed space.  

Gastrointestinal Effects.  The only gastrointestinal effect reported after exposure to toluene was

ulceration of the forestomach of rats exposed to 600 and 1,200 ppm by inhalation for 2 years (NTP 1990). 

Similar effects were not seen in mice exposed under the same conditions or to rats or mice orally exposed

to 2,500 mg/kg/day for 13 weeks (NTP 1990).  There is a slight possibility that long-term toluene

exposure resulting from the contamination of hazardous waste sites would cause gastrointestinal irritation

in the exposed population.

Hematological Effects.  Before the mid-1950s, chronic occupational exposure to toluene was associated

with hematological effects (Greenburg et al. 1942; Wilson 1943).  However, these effects are now

attributed to benzene, a common contaminant of toluene at that time (EPA 1985c).  In several recent

studies, no significant effects of toluene on hematological parameters in workers exposed to toluene or a

to mixture of solvents has been observed (Banfer 1961; Capellini and Alessio 1971; Ukai et al. 1993; Yin

et al. 1987).  In contrast, Tahti et al. (1981) reported a slight positive correlation between exposure and

decreased blood leukocyte counts in workers.  However, the authors did not report whether the workers

were also exposed to other organic solvents.  Therefore, effects that were observed cannot be attributed

solely to toluene.  Decreased leukocyte and white blood cell counts were observed in dogs and rats

repeatedly exposed to airborne toluene  (Hobara et al. 1984a; Horiguchi and Inoue 1977; von Oettingen

et al. 1942), but have not been observed consistently in other studies of rats and mice exposed by

inhalation (NTP 1990; Ono et al. 1996; Poon et al. 1994) or by oral administration ( Hsieh et al. 1989;

NTP 1990; Wolf et al. 1956).  In the study by von Oettingen et al. (1942), rats exposed to high

concentrations (2,500 or 5,000 ppm) of toluene for 7 hours each day had decreased leukocyte counts

following exposure; however, the leukocyte numbers generally returned to normal by the next day.  The

toxicological significance of a transitory decrease in numbers of leukocytes is not apparent.  Since effects

on hematological variables have not been observed consistently in studies of occupationally exposed

humans or in animals exposed to toluene, they are not expected to occur from acute, intermediate, or

exposures at or near hazardous waste sites.
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Musculoskeletal Effects.  There is one case report of a  man who had been sniffing glue containing 

toluene for 18 years.  He complained of severe muscle weakness and was diagnosed with rhabdomyolysis

(an acute disease of the skeletal muscles evidenced by myoglobin in the blood and urine) (Hong et al.

1996).  However, it is not expected that any such effects would result from toluene exposure at or near a

hazardous waste site.

Hepatic Effects.  Studies of chronic toluene abusers or occupationally exposed humans have provided

little evidence for serious liver damage due to inhaled toluene.  Some studies of workers occupationally

exposed to average concentrations between about 30 and 350 ppm toluene have reported liver effects such

as increased serum levels of enzymes leaked from the liver (Guzelian et al. 1988; Svensson et al. 1992b),

but others have recorded no adverse effects (Lundberg and Hakansson 1985; Seijii et al. 1987; Ukai et al.

1993).  Results from studies of animals exposed by inhalation for acute (Ungvary et al. 1982; Wang et al.

1996), intermediate (Bruckner and Peterson 1981b; Kjellstrand et al. 1985; Kyrklund et al. 1987; NTP

1990; Poon et al. 1994), or chronic (NTP 1990) durations indicate that daily 6- to 8-hour exposures to

concentrations above 300 ppm, but not below, can lead to increased liver weights (Bruckner and Peterson

1981b; NTP 1990; Poon et al. 1994; Ungvary et al. 1982) and induction of hepatic cytochrome P450

levels (Ungvary et al. 1982; Wang et al. 1996).  There are a few reports of toluene-induced effects that

may be associated with liver damage [e.g., increased serum levels of liver enzymes in rats exposed to

2,000 ppm for 48 hours (Tahti et al. 1983) and in rats exposed to 300 ppm, 6 hours/day for 4 weeks (Poon

et al. 1994) and increased endoplasmic reticulum in hepatocytes after exposure of rats, mice, and rabbits 

to 795 ppm 8 hours/day for 7 days (Ungvary et al. 1982)], but  no significant histopathological liver

changes or liver weight changes were observed in well-conducted chronic-duration studies in which rats

and mice were exposed to concentrations as high as 1,200 ppm, 6.5 hours/day, 5 days/week for 2 years

(CIIT 1980; NTP 1990).  Results from intermediate-duration oral-exposure studies in rats and mice

support the idea that toluene does not cause degenerative liver effects, but, at sufficiently high doses,

produces liver weight increases that are likely associated with enzyme induction (Hsieh et al. 1989; NTP

1990; Wolf et al. 1956).  It is possible that exposure of the general population to toluene at hazardous

waste sites may increase the ability of the liver to metabolize xenobiotics, but other hepatic effects are not

expected if exposure levels are at or below those normally experienced in workplaces using toluene.  

Renal Effects.  The kidney may  be a target of toluene toxicity in humans exposed to very high levels of

toluene.  Renal acidosis has been observed in solvent abusers exposed to toluene, but, in most cases, renal

dysfunction is transient and normal function returns when exposure ceases  ( Gerkin and LoVecchio

1998; Goodwin 1988; Kamijima et al. 1994; Kamijo et al. 1998; Kaneko et al. 1992; Patel and Benjamin
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1986; Taverner et al. 1988).  These cases, however, are frequently confounded by probable exposure to

multiple solvents.  Renal effects have not been observed in workers exposed to levels of toluene up to

100–200 ppm  for long durations (Askergren et al. 1981a; Nielsen et al. 1985).  Animal studies indicate

that inhalation of toluene causes kidney damage in rats (e.g., renal tubular casts), but only after

intermediate or chronic exposure to concentrations $600 ppm for at least 6 hours/day (CIIT 1980; NTP

1990; von Oettingen et al. 1942).  Histological evidence of kidney damage was not found in rats and mice

exposed to gavage doses as high as 5,000 mg/kg/day for 14 or 15 weeks (NTP 1990).  In general, the

available human and animal data suggest that kidney damage is not likely to occur with acute,

intermediate, or chronic exposure at toluene levels likely to be experienced by people who may live close

to, but not work at, hazardous waste sites containing toluene.

Endocrine Effects.  As discussed in more detail in Section 2.6, Endocrine Disruption, current data for

toluene-exposed humans or animals provide suggestive, but not conclusive, evidence that toluene may

cause some effects that may involve endocrine disruption including reports of increased abortions among

female electronics workers (Ng et al. 1992b), changed levels of luteinizing hormone, follicular

stimulating hormone, and testosterone in male printers exposed to toluene (Svensson et al. 1992a, 1992b),

and increased serum levels of prolactin in rats exposed to 80 ppm toluene 6 hours/day, 5 days/week for

4 weeks (Andersson et al. 1983; Hillefors-Berglund et al. 1995; von Euler et al. 1993, 1994).  

Other results from animal studies regarding possible endocrine disruption from toluene include decreased

sperm counts and epididymides weight in male rats that were exposed to 2,000 ppm, 6 hours/day for

90 days but showed no exposure-related changes in mating behavior or fertility indices when mated after

60 days of exposure (Ono et al. 1996) and abundant vacuoles and mitochondrial degeneration in antral

follicles of the ovaries of female rats exposed to 3,000 ppm, 8 hours/day for 7 days (Tap et al. 1996). 

Histopathological lesions in male or female reproductive organs, however, were not found in rats and

mice exposed to gavage doses up to 2,500 mg/kg/day for 13 weeks or exposed (6–6.5 hours/day,

5 days/week) to concentrations up to 2,500 ppm for 14–15 weeks or 1,200 ppm for 2 years (NTP 1990).  

Assessment of reproductive performance was not consistently affected by toluene in several other animal

studies.  Increased fetal mortality occurred after exposure of pregnant rats to 2,000 ppm, but not 600 ppm,

6 hours/day on gestation days 7–17 or 14 days before through 7 days after mating  (Ono et al. 1995,

1996), and increased abortions occurred in pregnant rabbits exposed to 267 ppm, but not 133 ppm,

24 hours/day on gestation days 7–20 (Ungvary and Tatrai 1985).  However, the number of pregnant mice

producing viable litters was not affected following oral administration of 2,350 mg/kg/day on gestation
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days 7–14 (Smith 1983).  In addition, reproductive performance variables and offspring survival were not

significantly affected in two generations of rats exposed to 2,000 ppm, 6 hours/day for up to 95 days (API

1985) or in rats exposed in utero to 1,200 ppm, 6 hours/day on gestation days 9–21 (Thiel and Chahoud

1997).

Dermal Effects.  Skin irritation can  occur in humans and animals dermally exposed to toluene (EPA

1983a; Winchester and Madjar 1986; Wolf et al. 1956).  This appears to be due to the degreasing action

of toluene and its removal of protective skin oils.  It is uncertain if toluene dissolved in water at or near

hazardous waste sites would have an effect on the skin of individuals who come in contact with the

contaminated water.

Ocular Effects.  Humans have reported eye irritation following exposure to toluene vapors (Andersen

et al. 1983; Baelum et al. 1985; Carpenter et al. 1944, 1976; Meulenbelt et al. 1990).  This is probably the

result of direct contact of toluene vapor with the outer surface of the eye and thus, is not a true systemic

effect.  Slight to moderately severe irritation of rabbit eyes has been reported following direct application

of toluene to the conjunctiva (Carpenter and Smyth 1946; Hazleton Laboratories 1962; Wolf et al. 1956). 

Reports of color vision deficits in occupationally exposed workers have been postulated to involve

toluene interference with dopaminergic mechanisms of retinal cells or toxic demylelinizaton of optic

nerve fibers (Muttray et al. 1997, 1999; Zavalic et al. 1998a, 1998b, 1998c).

Body Weight Effects.  Weight loss has been reported to occur in rats exposed to toluene for periods of

11–23 weeks (Mattsson et al. 1990; Pryor 1991).

Immunological and Lymphoreticular Effects.    Only limited data are available on the immuno-

logical effects of toluene.  The studies by Lange et al. (1973) and Moszczynski and Lisiewicz (1985)

report decreased T lymphocyte counts and decreased serum IgG and IgA levels in occupationally exposed

workers, but no signs of diminished immunological function or disturbances in immune skin reactions

against such antigens as tuberculin or distreptase.  However, because the specific solvent(s) responsible

for the effects observed in these studies was not identified, the significance of the findings for humans

exposed to toluene are unclear. 

Mice exposed to toluene for 4 weeks exhibited an increased susceptibility to infections (Aranyi et al.

1985).  Ingestion of doses of 22 mg/kg/day toluene caused adverse effects on lymphocyte proliferation

and interleukin-2 immunity in mice exposed through their drinking water.  At higher doses
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(105 mg/kg/day), additional effects upon the immune system were observed (decreased thymus weight,

lymphocyte culture responses, and antibody plaque-forming cell responses) (Hsieh et al. 1989, 1990b). 

There are no data to suggest that these same responses occur in humans.

Neurological Effects.    The nervous system is the critical target of toluene toxicity following acute,

intermediate, or chronic inhalation or oral exposure to toluene.  Studies with volunteers under controlled

acute (6–8 hours) exposure conditions indicate that subtle neurological impairment is detectable in most

subjects at concentrations in the 75–150 ppm range (Andersen et al. 1983; Baelum et al. 1985; Echeverria

et al. 1991; Guzelian et al. 1988; Iregren 1986; Rahill et al. 1996).  Concentrations of 200–800 ppm can

produce exhilaration and light-headedness, and, at higher acute exposure concentrations, intellectual,

psychomotor, and neuromuscular abilities are obviously impaired followed by development of narcosis

(EPA 1985c; von Oettingen et al. 1942).  

Numerous case studies have associated chronic inhalation exposure to toluene at levels inducing narcosis

and euphoria (4,000 to 12,000 ppm as estimated by Gospe et al. 1994) with residual or permanent

neurological damage as evidenced by abnormal electroencephalograms, structural changes in the brain

detected by MRI and SPECT, tremors, paranoid psychosis, recurrent hallucinations, and impaired speech,

hearing, and vision (Byrne et al. 1991; Caldemeyer et al. 1996; Devathasan et al. 1984; Filley et al. 1990;

Hunnewell and Miller 1998; Ikeda and Tsukagoshi 1990; Kamran and Bakshi 1998; King et al. 1981;

Maas et al. 1991; Meulenbelt et al. 1990; Miyagi et al. 1999; Rosenberg et al. 1988a, 1988b; Ryu et al.

1998; Suzuki et al. 1983; Yamanouchi et al. 1995).  Studies of workers repeatedly exposed to toluene in

workplace air at concentrations ranging from about 30 to 150 ppm have found evidence for increased

incidence of self-reported neurological symptoms (Orbaek and Nise 1989; Yin et al. 1987), performance

deficits in neurobehavioral tests (Boey et al. 1997; Foo et al. 1990; Orbaek and Nise 1989), hearing loss

(Abbate et al. 1993: Morata et al. 1997), changes in visual-evoked brainstem potentials (Vrca et al. 1995,

1997a, 1997b), and color vision impairment (Zavalic et al. 1998a, 1998b, 1998c).  

Studies with laboratory animals provide supporting evidence that the nervous system is the critical target

of toluene toxicity.  Acute (1 to 2 hours) inhalation exposure studies of behavior in rats, mice, and

monkeys found evidence for stimulatory effects (e.g., increased locomotor activity, significantly

increased response times) at concentrations ranging from 500 to 2,000 ppm, and central nervous system

depression (e.g., decreased accuracy in conditioned response tests, decreased locomotor activity, and

ataxia) at concentrations greater than 2,000 ppm ( Bowen and Balster 1998; Bruckner and Peterson

1981a, 1981b; Bushnell et al. 1985; Hinman 1987; Taylor and Evans 1985).  Rats exposed for 4 hours to
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concentrations as low as 125 ppm toluene showed performance deficits in several trained neuromuscular

responses (Kishi et al. 1988; Mullin and Krivanek 1982; Wood et al. 1983).  Acute- and intermediate-

duration inhalation exposure studies reported changes in several brain biochemical variables (e.g.,

dopamine levels, dopamine D2 receptor binding, changes in glial fibrillary acidic protein) in rats at

exposure levels as low as 50–80 ppm for 6–8 hours/day (API 1997; Hillefors-Bergllund et al. 1995; Ikeda

et al. 1986; Little et al. 1998; von Euler et al. 1989b, 1993, 1994).  Neurological effects observed in

animals after acute- or intermediate-duration oral exposure include changed flash-evoked potentials in

rats given single gavage doses of toluene as low as 250 mg/kg (Dyer et al. 1988), changes in levels of

several neurotransmitters (e.g., norepinephrine, dopamine, serotonin) in several brain regions of mice

exposed to 5–105 mg/kg/day in drinking water for 28 days (Hsieh et al. 1990b), and clinical signs of

central nervous system dysfunction including ataxia, prostration, and tremors in rats and mice exposed to

gavage doses $2,500 mg/kg/day for 13 weeks (NTP 1990).  Other toluene-induced neurological effects

reported in studies of animals with intermediate to chronic inhalation exposure include hearing loss in rats

exposed to concentrations as low as 700–1000 ppm, 6–14 hours/day for 2–9 weeks (Campo et al. 1997,

1998; Johnson et al. 1988; Pryor and Rebert 1992; Pryor et al. 1984a, 1984b, 1991;), abnormal flash-

evoked brain potential responses in rats exposed to 8,000 ppm for 15–35 minutes, 4–9 times/days for

13 weeks (Mattson et al. 1990), decreased weight of the total brain and the cerebral cortex, associated

with decreased phospholipid content, in rats continuously exposed to 320 ppm for 30 days (Kyrklund et

al. 1987), and decreased number of neurons in the hippocampus of rats, 4 months after exposure to

1,500 ppm toluene, 6 hours/day, 5 days/week for 6 months (Korbo et al. 1996).

Reproductive Effects.    There is some evidence that women occupationally exposed to toluene, or

wives of men similarly exposed, have an increased risk of spontaneous abortions (Lindbohm et al. 1992;

Ng et al. 1992b; Taskinen et al. 1989).  However, interpretation of these results is limited due to small

sample size evaluated, an inability to define accurate exposure levels, failure to account for all possible

confounding variables, and the difficulty in validating self-reported data.  The occurrence of testicular

atrophy (Suzuki et al. 1983) in one case of chronic solvent abuse cannot be specifically attributed to

toluene exposure.  Occupational exposure to increasing concentrations of toluene (8–<111 ppm) has been

associated with decreased plasma levels of the luteinizing hormone, follicle stimulating hormone and

testosterone levels in males (Svensson et al. 1992a, 1992b).

Results from the moderate number of animal studies examining reproductive end points following toluene

exposure were discussed in detail in the Endocrine Effects portion of this section.  These studies found

some evidence for minor toluene-induced changes in male and female reproductive organs [e.g.,
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decreased sperm count in male rats (Ono et al. 1995, 1996) and ultra structural changes in antral follicles

in ovary of female rats (Tap et al. 1996)], but no histological evidence of structural damage to the

reproductive organs in rats and mice exposed orally for intermediate durations or by inhalation for

intermediate or chronic durations  (NTP 1990).  No evidence for impaired reproductive performance was

found in several assays (Ono et al. 1995, 1996; Smith 1983; Thiel and Chahoud 1997), including a

2-generation study of rats exposed to up to 2,000 ppm, 6 hours/day (API 1985), except that exposure

during pregnancy produced increased fetal mortality in rats exposed to 2,000 ppm, but not 600 ppm,

6 hours/day, on gestation days 7–17 or for 14 days before through 7 days after mating  (Ono et al. 1995,

1996), and increased abortions in pregnant rabbits exposed to 267 ppm, but not 133 ppm, 24 hours/day on

gestation days 7–20 (Ungvary and Tatrai 1985).  

In general, the available results from studies of humans and animals suggest that toluene is not a potent

reproductive toxicant, but may cause some reproductive problems, especially with repeated inhalation

exposure during pregnancy  to concentrations above 200 ppm.

Developmental Effects.    There are a number of published reports of birth defects, similar to those

associated with fetal alcohol syndrome, that have been described in children born to women who

intentionally inhaled large quantities of toluene or other organic solvents during pregnancy (Arnold et al.

1994; Erramouspe et al. 1996; Goodwin 1988; Hersch 1988; Hersch et al. 1985; Lindemann 1991;

Pearson et al. 1994).  Defects described include microcephaly, central nervous system dysfunction,

growth deficiency, cranofacial and limb abnormalities, and reversible renal tubular acidosis.  Studies of

women exposed during pregnancy to much lower concentrations of toluene in the workplace are restricted

to a retrospective study of 14 women in Finland occupationally exposed to mixed solvents that suggested

that solvent exposure may increase risk for central nervous system anomalies and neural tube closure

defects (Holmberg 1979).  

The reports of birth defects in solvent abusers suggest that high-level exposure to toluene during

pregnancy can be toxic to the developing fetus.  The available human data, however, do not establish

causality between low-level or occupational exposure to toluene and birth defects, because of the small

sample size and the mixed solvent exposure experienced by the subjects in the Holmberg (1979) study,

the lack of other studies of possible birth defects in children of occupationally exposed women, and the

likelihood that the high exposure levels experienced by pregnant solvent abusers (4,000–12,000 ppm)

overwhelm maternal protection of the developing fetus from absorbed toluene.  Experiments with

pregnant mice demonstrated that 10-minute exposures to 2,000 ppm resulted in low uptake of toluene into
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fetal tissue and suggest that, at lower exposure levels, absorbed toluene is preferentially distributed to

maternal adipose tissue before distribution to the developing fetus (Ghantous and Danielsson 1986).

Studies of animals exposed during pregnancy found evidence for toluene-induced fetal resorptions and

abortions in rabbits (Ungvary and Tatrai 1985) and skeletal retardation and anomalies in rats (Hudak and

Ungvary 1978) at 24-hour/day exposure levels associated with maternal toxicity and mortalities (399 and

266 ppm for rabbits and rats, respectively).  Other developmentally toxic effects in animals associated

with less than continuous inhalation exposure to toluene (3–8 hours/day) during pregnancy include

retarded skeletal development in rat fetuses at 266 ppm, 8 hours/day (Hudak and Ungvary 1978),

decreased body weight in rat fetuses at 2,000 ppm, 6 hours/day (Ono et al. 1995), decreased body weight

and increased incidence of unossified sternebrae in rat fetuses at $1500 ppm, 6 hours/day (Huntingdon

Research Centre 1992a, 1992b), decreased fetal body weight and delayed vaginal opening in rat offspring

at 1,000 ppm, 6 hours/day and increased preweaning offspring mortality at 1,200 ppm (Thiel and

Chahoud 1997), decreased body weight and retarded skeletal development in mouse fetuses at 266 ppm,

3–4 hours/day (Ungvary and Tatrai 1985), and increased mouse litters with fetuses with enlarged renal

pelves at 200 ppm, 6 hours/day (Courtney et al. 1986).  Several inhalation studies have identified

no-effect levels for toluene effects on standard developmental end points (e.g., implantations, resorptions,

fetal body weight, and fetal visceral and skeletal malformations and variations) including 750 ppm,

6 hours/day on gestation days 6–15 for rats (Huntingdon Research Centre 1992b), 600 ppm, 6 hours/day

on gestation day 7–17 for rats (Ono et al. 1995), 600 ppm, 6 hours/day on gestation days 9–21 for rats

(Thiel and Chahoud 1997), 133 ppm, 3–4 hours/day on gestation days 6–15 for mice (Ungvary and Tatrai

1985), 133 ppm, 24 hours/day on gestation days 7–20 for rabbits (Ungvary and Tatrai 1985), and

500 ppm, 6 hours/day on gestation days 6–18 for rabbits (Klimisch et al. 1992).  

In animal studies of oral exposure during gestation, developmentally toxic effects were not observed in

pregnant mice exposed to oral doses of 1,800 or 2,350 mg/kg/day (Seidenberg et al. 1986; Smith 1983),

but exposure of pregnant rats to gavage doses of 650 mg/kg /day toluene in corn oil on gestation days

6–19 produced offspring with decreased body weights, delayed ossification, smaller brain volumes, and

decreased forebrain myelination per cell compared with controls (Gospe and Zhou 1998; Gospe et al.

1996). 

Results from studies of neurobehavioral end points in rats following in utero exposure to toluene suggest

that maternal exposure to airborne toluene concentrations above 1,200 ppm, 6 hours/day during late

embryonic and fetal development can impair behavioral development of rat offspring (Jones and Balster
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1997; Ono et al. 1995; Thiel and Chahoud 1997) and that drinking water exposure during gestation and

lactation at doses of 106 mg/kg/day changes postweaning open-field locomotor activity in rat offspring 

(Kostas and Hotchin 1981).  

The available animal studies suggest that toluene is not a potent teratogenic agent with in utero exposure,

but can retard fetal growth and skeletal development and adversely influence development of behavior of

offspring at exposure levels above those that form the basis of the inhalation and oral MRLs for toluene.

Genotoxic Effects.    Results of in vivo studies of exposed humans (see Table 2-4) and in vitro

microbial assays and other in vitro systems generally indicate that toluene is nonmutagenic and

nongenotoxic (see Table 2-5).  Richer et al. (1993) reported no significant effects on sister chromatid

exchanges, cell cycle delay, and cell mortality in lymphocytes following exposure of 5 men to 50 ppm

toluene over 3 consecutive days.  However, an increase in the incidence of chromatid breaks, micronuclei,

and sister chromatid exchanges in lymphocytes of workers exposed to toluene along with other chemicals

has been reported (Bauchinger et al. 1982; Nise et al. 1991; Pelclova et al. 1990; Schmid et al. 1985). 

These studies of workers are confounded by concurrent exposure to other organic chemicals, small cohort

size, and a lack of historical exposure monitoring data.

Cancer.    Human and animal studies generally do not support a concern for the carcinogenicity of

toluene.  The only available human epidemiological studies were negative but inconclusive due to

limitations in design.  The validated animal inhalation bioassays were  negative (CIIT 1980; NTP 1990);

however, one available oral study showed a nondose-related increase in a variety of tumors (Maltoni et al.

1997).  Thus, the data do not support a firm conclusion regarding the carcinogenicity of toluene. 

2.6 ENDOCRINE DISRUPTION

Recently, attention has focused on the potential hazardous effects of certain chemicals on the endocrine

system because of the ability of these chemicals to mimic or block endogenous hormones, or otherwise

interfere with the normal function of the endocrine system.  Chemicals with this type of activity are most

commonly referred to as endocrine disruptors.  Some scientists believe that chemicals with the ability to

disrupt the endocrine system are a potential threat to the health of humans, aquatic animals, and wildlife. 

Others believe that endocrine disrupting chemicals do not pose a significant health risk, particularly in

light of the fact that hormone mimics exist in the natural environment.  Examples of natural hormone

mimics are the isoflavinoid phytoestrogens (Adlercreutz 1995; Livingston 1978; Mayr et al. 1992).  These 
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Table 2-4.  Genotoxicity of Toluene In Vivo

Species (tests
system) End point Results Reference

Non-Mammalian cells:

   Grasshopper Mitotic arrest + Liang et al. 1983

Mammalian cells:

   Rats Chromosomal aberrations in bone marrow cells + Dobrokhotov and Enikeev 1977

   Mice Dominant lethal mutations in sperm cells – API 1981

Mice DNA damage in blood, bone marrow and liver – Plappert et al. 1994

Humana Chromatid breaks, gaps, and exchanges + Bauchinger et al. 1982

Humana Chromosome changes – Forni et al. 1971

Humana Sister chromatid exchange – Haglund et al. 1980

Humana Chromosome changes – Maki-Paakkenen et al. 1980

   Humanb DNA damage Pitarque et al. 1999

Humana Micronuclei and chromosome breaks + Nise et al. 1991

Humana Aberrant cells and chromosome breaks + Pelclova et al. 1990

Humana Sister chromatid exchange, cell cycle delay, cell mortality – Richer et al. 1993

Humana Chromosome aberrations + Schmid et al. 1985

Humana Sister chromatid exchange – Schmid et al. 1985

aDetected in peripheral lymphocytes
bDetected in leukocytes

+ = positive result; – = negative result
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Table 2-5.  Genotoxicity of Toluene In Vitro

Results

Species (test system) End point
With
activation

Without
activation Reference

Prokaryotic organisms:
Salmonella typhimurium (TA98, TA100, TA1535,
TA1537, TA1538)

Gene mutation – – Bos et al. 1981

S. typhimurium (TA98, TA100, UTH8413, 8414) Gene mutation – – Connor et al. 1985

S. typhimurium (TA1535,  PSK1002) Gene mutation No data – Nakamura et al. 1987

S. typhimurium Gene mutation No data – Nestmann et al. 1980

S. typhimurium (TA98, TA100, TA1535,
TA1537)

Gene mutation – – NTP 1990

Escherichia coli (P3478) Gene mutation No data – Fluck et al. 1976

Mammalian cells:
Human lymphocytes

Sister chromatid
exchange  and
chromosomal
aberrations

No data – Gerner-Smidt and
 Friedrich 1978

Human lymphocytes Sister chromatid
exchange  and
chromosomal
aberrations

No data – NTP 1990

– = negative result
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compounds are derived from plants and are similar in structure and action as endogenous estrogen.  While

there is some controversy over the public health significance of endocrine disrupting chemicals, it is

agreed that the potential exists for these compounds to affect the synthesis, secretion, transport, binding,

action, or elimination of natural hormones in the body that are responsible for the  maintenance of

homeostasis, reproduction, development, and/or behavior (EPA 1997g).  As a result, endocrine disruptors

may play a role in the disruption of sexual function, immune suppression, and neurobehavioral function. 

Endocrine disruption is also thought to be involved in the induction of breast, testicular, and prostate

cancers, as well as endometriosis (Berger 1994; Giwercman et al. 1993; Hoel et al. 1992).

Current data provide suggestive, but not conclusive, evidence that toluene may cause some endocrine

effects.  Most case studies of chronic abusers of toluene and other solvents have not reported effects on

endocrine organs, but there are reports of effects that may be associated with endocrine disruption in

groups of toluene-exposed workers including changed plasma levels of luteinizing hormone, follicular

stimulating hormone, and testosterone in male printers exposed to toluene (Svensson et al. 1992a, 1992b),

delayed time to pregnancy among wives of men exposed to mixed organic solvents including toluene

(Sallmen et al. 1998),  increased incidence of spontaneous abortions in female toluene-exposed

electronics workers (Ng et al. 1992b), and incidences of spontaneous abortion above population norms in

other small groups of toluene-exposed female workers or wives of male workers (Lindbohm et al. 1992;

Taskinen et al. 1989).  However, small numbers and lack of adjustment for possible confounding factors

in some of these studies precludes drawing definite conclusions.

In animal studies, female rats exposed to 30 or 300 ppm, 6 hours/day, 5 days/week for 4 weeks showed a

mild reduction in follicle size of the thyroid in one study (Poon et al. 1994), but results from several other

studies in rats and mice found no histological evidence of toluene-induced changes in endocrine organs

including the thyroid, adrenal glands, or pancreas following intermediate or chronic, oral, or inhalation

exposure (API 1985, NTP 1990, Von Oettingen et al. 1942).

Exposure to toluene may damage the reproductive organs in animals, but whether this affects repro-

ductive performance is unclear.  Decreased sperm counts and decreased weights of the epididymides have

been reported in male rats exposed to 2,000 ppm, 6 hours/day for 90 days (Ono et al. 1996).  Exposure of

female rats to 3,000 ppm, 8 hours/day for 7 days produced abundant vacuoles, lytic areas, and

mitochondrial degeneration in the antral follicles of the ovaries (Tap et al. 1996).  Increased relative

testicular weights were reported in male mice exposed to 1,250 and 2,500 mg/kg/day by gavage for

13 weeks.  However, no effects on the prostate, testes, uterus, or ovaries were observed in rats and female
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mice gavaged with 312–2,500 mg/kg/day (NTP 1990), and no treatment-related histopathological lesions

were found in the testes or ovaries of rats and mice exposed (for 6–6.5 hours/day) to concentrations up to

2,500 ppm toluene for 6.5 hours/day for 14–15 weeks or up to 1,200 ppm for 6–6.5 hours/day for 2 years

(CIIT 1980; NTP 1990). 

Assessment of reproductive performance was not consistently affected by toluene in several other animal

studies.  Increased fetal mortality was reported for rats exposed to 2,000 ppm for 6 hours/day from days

7–17 of gestation or from 14 days before mating until day 7 of gestation (Ono et al. 1995, 1996). 

Increased abortion was seen in rabbits continuously exposed to 267 ppm on days 7–20 of gestation, but

not in mice exposed to 267 ppm for 3–4 hours/day on gestational days 6–15 (Ungvary and Tatrai 1985). 

However, the number of pregnant mice producing viable litters was not affected following oral

administration of 2,350 mg/kg/day on gestation days 7–14 (Smith 1983).  In addition, reproductive

performance variables and offspring survival were not significantly affected in two generations of rats

exposed to 2,000 ppm 6 hours/day for up to 95 days (API 1985) or in rats that had been exposed in utero

to 1,200 ppm 6 hours/day on gestation days 9–21 (Thiel and Chahoud 1997). 

There is evidence that toluene exposure can perturb the hypothalamic-pituitary axis in rats leading to

persistent increases in serum levels of prolactin, but a study of toluene-exposed workers found no

evidence for changed prolactin levels compared with control subjects (Svensson et al. 1992a, 1992b). 

Acute-to-intermediate duration exposure to 80 ppm toluene (6 hours/day for 4 weeks) increased serum

levels of prolactin in rats 17 days after cessation of exposure, but not 29–40 days after exposure

(Andersson et al. 1983; Hillefors-Berglund et al. 1995; von Euler et al. 1993, 1994). Von Euler et al.

(1993, 1994) speculated that the increase in serum prolactin level could be related to a possible interaction

between toluene and the pituitary dopamine D2 receptor which inhibits the release of prolactin into

serum. 

2.7 CHILDREN’S SUSCEPTIBILITY

This section discusses potential health effects from exposures during the period from conception to

maturity at 18 years of age in humans, when all biological systems will have fully developed.  Potential

effects on offspring resulting from exposures of parental germ cells are considered, as well as any indirect

effects on the fetus and neonate resulting from maternal exposure during gestation and lactation. 

Relevant animal and in vitro models are also discussed.
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Children are not small adults.  They differ from adults in their exposures and may differ in their

susceptibility to hazardous chemicals.  Children’s unique physiology and behavior can influence the

extent of their exposure.  Exposures of children are discussed in Section 5.6 Exposures of Children.

Children sometimes differ from adults in their susceptibility to hazardous chemicals, but whether there is

a difference depends on the chemical (Guzelian et al. 1992; NRC 1993).  Children may be more or less

susceptible than adults to health effects, and the relationship may change with developmental age

(Guzelian et al. 1992; NRC 1993).  Vulnerability often depends on developmental stage.  There are

critical periods of structural and functional development during both prenatal and postnatal life and a

particular structure or function will be most sensitive to disruption during its critical period(s).  Damage

may not be evident until a later stage of development.  There are often differences in pharmacokinetics

and metabolism between children and adults.  For example, absorption may be different in neonates

because of the immaturity of their gastrointestinal tract and their larger skin surface area in proportion to

body weight (Morselli et al. 1980; NRC 1993); the gastrointestinal absorption of lead is greatest in infants

and young children (Ziegler et al. 1978).  Distribution of xenobiotics may be different; for example,

infants have a larger proportion of their bodies as extracellular water and their brains and livers are

proportionately larger (Altman and Dittmer 1974; Fomon 1966; Fomon et al. 1982; Owen and Brozek

1966; Widdowson and Dickerson 1964).  The infant also has an immature blood-brain barrier (Adinolfi

1985; Johanson 1980) and probably an immature blood-testis barrier (Setchell and Waites 1975).  Many

xenobiotic metabolizing enzymes have distinctive developmental patterns.  At various stages of growth

and development, levels of particular enzymes may be higher or lower than those of adults, and

sometimes unique enzymes may exist at particular developmental stages (Komori et al. 1990; Leeder and

Kearns 1997; NRC 1993; Vieira et al. 1996).  Whether differences in xenobiotic metabolism make the

child more or less susceptible also depends on whether the relevant enzymes are involved in activation of

the parent compound to its toxic form or in detoxification.  There may also be differences in excretion,

particularly in newborns who all have a low glomerular filtration rate and have not developed efficient

tubular secretion and resorption capacities (Altman and Dittmer 1974; NRC 1993; West et al. 1948). 

Children and adults may differ in their capacity to repair damage from chemical insults.  Children also

have a longer remaining lifetime in which to express damage from chemicals; this potential is particularly

relevant to cancer.

Certain characteristics of the developing human may increase exposure or susceptibility while others may

decrease susceptibility to the same chemical.  For example, although infants breathe more air per

kilogram of body weight than adults breathe, this difference might be somewhat counterbalanced by their
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alveoli being less developed, which results in a disproportionately smaller surface area for alveolar

absorption (NRC 1993).

Data from controlled-exposure studies of volunteers, studies of occupationally exposed humans, case

reports of toluene abuse, and studies of animals after inhalation or oral exposure indicate that the nervous

system is the critical target of toluene toxicity (see Sections 2.2, 2.3.4, and 2.5 for more details).  The

effects of toluene have not been thoroughly studied in children, but the limited available data suggest that

the nervous system is also the most likely target of toluene toxicity in children.  There are numerous

reports of adolescents who repeatedly inhaled high levels (4,000–12,000 ppm) of toluene and developed

persistent central nervous system dysfunction  (e.g., Byrne et al. 1991; Devasthasan et al. 1984; King et

al. 1981).  Neurological effects associated with toluene exposure in juvenile animals include changed

levels of brain neurotransmitters in rats, 7 weeks after 10-day exposure as newborns to 80 ppm,

6 hours/day (von Euler et al. 1989b); high frequency hearing loss in rats after exposure to 1,200 ppm for

14 hours/day for 5 or 9 weeks starting at weaning (Pryor and Rebert 1992; Pryor et al. 1984a); and

decreased latency of escape from an electric shock in young rats (50 days old) exposed to

30,000–40,000 ppm toluene for 15 minutes/day for 30 days (Castilla-Serna et al. 1991).  

Available information regarding age-related differences in toluene metabolism suggests that developing

fetuses and children at very early stages of development may be more susceptible to toluene toxicity than

adults, and that children past early neonatal periods may have the same capability as adults to dispose of

toluene at low exposure levels .  The capacity for metabolic detoxification of toluene is expected to be

low in the developing human fetus because several CYP isozymes are either absent or expressed at very

low levels (Leeder and Kearns 1997).  However, rat studies indicate that levels of CYP isozymes involved

in toluene metabolism are rapidly increased following birth and suggest that capabilities to carry out

Phase I toluene metabolism at low exposure levels during neonatal periods may exceed those at sexual

maturity and pregnancy (Nakajima et al. 1992b).  CYP2E1, one of the principal CYP isozymes involved

in the major toluene metabolic pathway (Nakajima et al. 1997; Tassaneeyakul et al. 1996), is expressed

several hours after birth in humans and continues to increase during the first year of life (Vieira et al.

1996).  Phase II enzymes involved in toluene metabolism (e.g., N-acetyl transferases, UDP-glucuronyl

transferases, and sulfotransferases) also show changes during human neonatal development with adult

activities present by 1–3 years of age (Leeder and Kearns 1997).  There are other physiological

differences between adults and children (e.g., children have higher brain mass per unit of body weight,

higher cerebral blood flow per unit of brain weight, and higher breathing rates per unit of body weight:
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see Snodgrass [1992]), but their contributions to possible age-related differences in susceptibility to

toluene toxicity are currently uncertain. 

Results from animal studies indicating that younger animals may be more susceptible to toluene toxicity

than adults are restricted to markedly lower LD50 values for 14-day-old rats compared with adult rat

values (Kimura et al. 1971) and more severe high frequency hearing loss in young rats exposed to toluene

compared with adult rats (Pryor et al. 1984a).  The human brain grows rapidly for the first 2 years life and

continues more slowly until full brain cell numbers, complete myelination of subcortical white matter,

and complete elaboration of dendrites and axons are attained at adulthood (Snodgrass 1992).  It is

unknown if the relatively long period of development of the human brain may make juvenile humans

more susceptible to toluene toxicity than juvenile non primate animals.  

Case reports of birth defects in solvent abusers suggest that high-level exposure to toluene during

pregnancy can be toxic to the developing fetus (Arnold et al. 1994; Erramouspe et al. 1996; Goodwin

1988; Hersch 1988; Hersch et al. 1985; Lindemann 1991; Pearson et al. 1994).  It is likely that the high

exposure levels experienced by pregnant solvent abusers (4,000 to 12,000 ppm) overwhelm maternal

mechanisms that protect the developing fetus from absorbed toluene at lower exposure levels. 

Experiments with pregnant mice demonstrated that 10-minute exposures to 2,000 ppm resulted in low

uptake of toluene into fetal tissue and suggest that, at lower exposure levels, absorbed toluene is

preferentially distributed to maternal adipose tissue before distribution to the developing fetus (Ghantous

and Danielsson 1986).

Studies of pregnant rats, mice, and rabbits found no effects on standard developmental end points such as

number of resorptions, fetal body weights, and incidences of fetuses or litters with malformations, after

exposure during gestation to inhaled concentrations as high as 500–750 ppm, 6 hours/day (Huntingdon

Research Centre 1992b; Klimisch et al. 1992; Ono et al. 1995; Thiel and Chahoud 1997; Ungvary and

Tatrai 1985) and 133 ppm, 24 hours/day  (rabbits only) (Ungvary and Tatrai 1985) or to oral doses as

high as 1,800 or 2,350 mg/kg/day (Seidenberg et al. 1986; Smith 1983).  Observed effects on fetal

development in the available animal studies, at higher exposure levels that were not fatal to the fetuses or

the mothers, were generally restricted to fetal body weight decrease, retardation of skeletal development,

or minor skeletal or visceral anomalies without increased incidences of malformations (Courtney et al.

1986; Hudak and Ungvary 1978; Huntingdon Research Centre 1992a, 1992b; Ono et al. 1995; Thiel and

Chahoud 1997; Ungvary and Tatrai 1985).  Neurological effects observed in animal offspring following

gestational exposure to toluene include smaller brain volumes and decreased forebrain myelination per
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cell in offspring of pregnant rats exposed to 650 mg/kg/day during gestation (Gospe and Zhou 1998;

Gospe et al. 1996) and behavioral changes in offspring of pregnant rats exposed by to airborne

concentrations above 1,200 ppm, 6 hours/day (Jones and Balster 1997; Ono et al. 1995; Thiel and

Chahoud 1997) or to drinking water doses of 106 mg/kg/day (Kostas and Hotchin 1981).

In general, available information suggests that toluene is not a potent teratogenic agent with in utero

exposure, but can retard fetal growth and skeletal development and adversely influence development of

behavior of offspring at exposure levels above those that form the basis of the inhalation and oral MRLs

for toluene.

Transfer of toluene to nursing infants from breast milk of currently exposed mothers is expected to be a

possibility because of the lipophilicity of toluene and the relatively high lipid content of breast milk.

Elimination kinetics data for nonpregnant or nonlactating humans and rats following toluene exposure,

however, indicate that most absorbed toluene is rapidly eliminated from the body and that a much smaller

portion (that which gets into adipose tissues) is slowly eliminated (Leung and Paustenbach 1988; Lof et

al. 1993; Pierce et al. 1996, 1999; Pellizzari et al. 1992; Rees et al. 1985; see Section 2.3.4).  Thus,

mobilization during pregnancy or lactation of stored toluene from pre conception exposure does not

appear to be a major concern.  

Fisher et al. (1997) developed a human PBPK model that predicts transfer of toxicant via lactation from a

mother to a nursing infant and used the model to estimate the amount of toluene an infant would ingest

via milk if the mother was occupationally exposed to toluene at the ACGIH (1999) Threshold Limit

Value (TLV=50 ppm) throughout a workday.  The model predicted that such an infant would have a daily

oral intake of 0.46 mg toluene/day.  This value is below the U.S. EPA Health Advisory, 2.0 mg/day, for

chronic ingestion of 1 L/day of toluene-contaminated water by a 10-kg child and a daily oral intake for a

10-kg child (8 mg/day) associated with the acute oral MRL for toluene (0.8 mg/kg/day).  However, this

value is above the daily oral intake for a 10-kg child (0.2 mg/day) associated with the intermediate oral

MRL for toluene (0.02 mg/kg/day), suggesting there may be some concern for neurological effects in

suckling infants exposed for more than 14 days to breast milk from mothers exposed during lactation to

concentrations of 50 ppm in workplace air.  It should be noted, however, that no human (or animal)

studies were located regarding in vivo distribution of toluene into breast milk or elimination kinetics from

breast milk, and the Fisher et al. (1997) PBPK model has not been validated with in vivo data.  
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2.8 BIOMARKERS OF EXPOSURE AND EFFECT

Biomarkers are broadly defined as indicators signaling events in biologic systems or samples.  They have

been classified as markers of exposure, markers of effect, and markers of susceptibility (NAS/NRC 1989).

Due to a nascent understanding of the use and interpretation of biomarkers, implementation of biomarkers

as tools of exposure in the general population is very limited.  A biomarker of exposure is a xenobiotic

substance or its metabolite(s) or the product of an interaction between a xenobiotic agent and some target

molecule(s) or cell(s) that is measured within a compartment of an organism (NAS/NRC 1989).  The

preferred biomarkers of exposure are generally the substance itself or substance-specific metabolites in

readily obtainable body fluid(s), or excreta.  However, several factors can confound the use and

interpretation of biomarkers of exposure.  The body burden of a substance may be the result of exposures

from more than one source.  The substance being measured may be a metabolite of another xenobiotic

substance (e.g., high urinary levels of phenol can result from exposure to several different aromatic

compounds).  Depending on the properties of the substance (e.g., biologic half-life) and environmental

conditions (e.g., duration and route of exposure), the substance and all of its metabolites may have left the

body by the time samples can be taken.  It may be difficult to identify individuals exposed to hazardous

substances that are commonly found in body tissues and fluids (e.g., essential mineral nutrients such as

copper, zinc, and selenium).  Biomarkers of exposure to toluene are discussed in Section 2.8.1.

Biomarkers of effect are defined as any measurable biochemical, physiologic, or other alteration within an

organism that, depending on magnitude, can be recognized as an established or potential health

impairment or disease (NAS/NRC 1989).  This definition encompasses biochemical or cellular signals of

tissue dysfunction (e.g., increased liver enzyme activity or pathologic changes in female genital epithelial

cells), as well as physiologic signs of dysfunction such as increased blood pressure or decreased lung

capacity.  Note that these markers are not often substance specific.  They also may not be directly

adverse, but can indicate potential health impairment (e.g., DNA adducts).  Biomarkers of effects caused

by toluene are discussed in Section 2.8.2.

A biomarker of susceptibility is an indicator of an inherent or acquired limitation of an organism's ability

to respond to the challenge of exposure to a specific xenobiotic substance.  It can be an intrinsic genetic

or other characteristic or a preexisting disease that results in an increase in absorbed dose, a decrease in 
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the biologically effective dose, or a target tissue response.  If biomarkers of susceptibility exist, they are

discussed in Section 2.10 “Populations That Are Unusually Susceptible”.

2.8.1 Biomarkers Used to Identify or Quantify Exposure to Toluene

The biological exposure indices recommended by ACGIH (1999) to assess exposure of workers to

toluene in the workplace are ortho-cresol and hippuric acid levels in urine at the end of a workshift and

toluene levels in blood immediately prior to the last shift of a workweek.  However, there are no markers

of toluene exposure that persist in the body for an extended period of time after exposure has ceased. 

The most accurate biomarker of toluene exposure is the presence of toluene in serum or blood, but

measurements of toluene or its metabolites in urine are often preferred as urine sampling is less invasive. 

Measurements of toluene in serum, blood, and urine taken at the end of shift were significantly correlated

with measurements of toluene concentrations from personal air monitors (Kawai et al. 1992a, 1992b,

1996).  Measurement of toluene in blood was more sensitive than measurement of toluene in urine for

detecting toluene at low concentrations (Kawai et al. 1992a).  It is not necessary to draw large quantities

of blood for analysis since toluene concentrations from capillary blood samples were also highly

correlated (r=0.94) with toluene concentrations in exhaled air (Foo et al. 1991).  

Although measurement of urinary excretion of toluene metabolites (hippuric acid, mercapturic acids,

ortho-cresol and para-cresol) is a less invasive method than blood sampling for determining toluene

exposure, the presence of these compounds in the urine is not definitive proof of toluene exposure since

they are also produced by metabolism from the normal diet (Baelum 1990; Hjelm et al. 1988; Lof et al.

1993; Maestri et al. 1997).  It has also been reported that the presence of toluene in urine is a more

sensitive biomarker for toluene exposure than the presence of hippuric acid or ortho-cresol (Kawai et al.

1996).  In addition, the background levels of these metabolites may be affected by individual variability

(Lof et al. 1993), ethnic differences (Inoue et al. 1986), or other factors such as alcohol consumption and

smoking (Kawamoto et al. 1996; Maestri et al. 1997).  Despite these limitations, a number of authors have

shown a correlation between the levels of these metabolites in urine and toluene exposure (Angerer and

Kramer 1997; Angerer et al. 1998a; Kawai et al. 1992a, 1992b, 1996; Nise 1992; Truchon et al. 1996)

and they have been widely used as biomarkers of toluene exposure. 
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2.8.2 Biomarkers Used to Characterize Effects Caused by Toluene

There are no specific biomarkers used to characterize the effects from toluene exposure.  Changes in the

brain, which are detected through magnetic resonance imaging (MRI) or brainstem auditory evoked

response (BAER) techniques in combination with an exposure history, can be used to evaluate the degree

of central nervous system damage experienced by a known toluene abuser.  This approach does not

appear to offer potential as a method of measuring the effects of short- or long-term minimal exposures as

are likely to occur with environmental releases.  A detailed discussion of the effects of toluene exposure is

included in Section 2.2.

Additional information concerning biomarkers for effects on the immune, renal, and hepatic systems can

be found in the CDC/ATSDR Subcommittee Report on Biological Indicators of Organ Damage

(CDC/ATSDR 1990), and on the neurological system in the Office of Technology Assessment Report on

Identifying and Controlling Poisons of the Nervous System (OTA 1990).

2.9 INTERACTIONS WITH OTHER CHEMICALS

Alteration of toluene metabolism may influence toluene’s toxic effects because toluene metabolism

predominately represents a detoxification process (see Section 2.4.2).  Hypothetically, compounds that

stimulate or inhibit metabolism of toluene may respectively decrease or increase toluene toxicity,

although the possible exhalation of unmetabolized toluene represents an alternate dispositional pathway

that may be utilized under conditions inhibiting mainstream toluene metabolism.  Several metabolic

interactions between toluene and other chemicals have been studied.  The results present evidence that

alteration of toluene metabolism may influence toluene toxicity and that toluene can influence the toxicity

of other chemicals.

Phenobarbital pretreatment, which increases the rate of in vivo metabolism of toluene by inducing CYP

isozymes, prevented hearing loss in rats exposed to 1,500–2,000 ppm toluene, 8 hours/day for 7 days

(Pryor et al. 1991).  Conversely, rats that were given large gavage doses of ethanol (4 g/kg/day) and daily 

inhalation exposure to toluene concentrations of 1,750 ppm, 6 hours/day, 5 days/week for 4 weeks

showed significantly greater changes in auditory-evoked brainstem potentials and outer hair cell loss in

the ear than those exposed to toluene alone (Campo et al. 1998).  Co-exposure to ethanol caused a

significant decrease in hippuric acid urinary excretion rates compared with exposure to toluene alone,

indicating that these large doses of ethanol inhibited the metabolism of toluene (Campo et al. 1998). 
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Consistent with the idea that co-exposure to ethanol inhibits toluene metabolism are observations that

ingestion of ethanol prolongs the presence of toluene in blood in humans (Imbriani and Ghittori 1997;

Wallen et al. 1984) and rats (Romer et al. 1986).  These results indicate that toluene-induced hearing loss

is caused by toluene itself and not its metabolites, and that workers exposed to toluene who regularly

drink alcohol may be at greater risk of developing toluene-related neurological problems than non

drinkers.  

Concurrent chronic ethanol ingestion and acute toluene inhalation in rats was associated with a modest

elevation in plasma aspartate aminotransferase and increases in relative liver weight and liver

triglycerides (Howell et al. 1986).  Toluene also antagonized the hypertriglyceridemia associated with

chronic ethanol ingestion.  This study suggests that combined ethanol and chronic occupational toluene

exposure may have the potential to augment alcohol-induced fatty liver.  

Benzene, xylene, and toluene are metabolized through cytochrome P-450 oxidation.  Benzene is

converted to phenol, hydroquinone, catechol, and phenyl mercapturic acid; xylene is converted to methyl

hippuric acids, and toluene forms hippuric acid, o-cresol, and p-cresol.  The excretion of metabolites was

investigated in four groups of workers who were exposed in the workplace to benzene and toluene, to a

mixture of both solvents, or to no solvents (Inoue et al. 1988).  Analysis of the data on excretion of

urinary metabolites indicated that simultaneous exposure to both benzene and toluene inhibited the

microsomal metabolism of both compounds through the cytochrome P-450 system.  Toluene had more of

an inhibitory effect on benzene metabolism than benzene had on toluene metabolism.  This observation

was confirmed in rodent studies using 6-hour inhalation exposures to benzene, toluene, or a mixture of

both compounds, with pharmacokinetic modeling of the exposure data (Purcell et al. 1990). 

Combinations of either 200 ppm toluene with 1,000 ppm benzene or 1,000 ppm toluene with 200 ppm

benzene were tested.  The fit of the actual closed chamber concentrations for the individual chemicals

with the model results, suggests that the interaction of benzene and toluene are noncompetitive.  The data

from studies of the benzene-toluene interaction may indicate that workers exposed to mixtures of both

solvents have a lower risk of benzene-induced leukopenia than workers exposed to benzene alone (Purcell

et al. 1990).

Toluene and xylene are also often found together in mixtures such as paint thinners.  Human exposure to

low levels of both solvents (50 ppm xylene, 40 ppm toluene) did not modify the conversion of either

substance to its urinary metabolites (Kawai et al. 1992b; Tardif et al. 1991).  However, at higher

concentrations (80 or 150 ppm xylene, 95 or 150 ppm toluene), the blood and exhaled air concentrations
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of both solvents were increased compared to the controls exposed to either solvent alone, indicating that

metabolism of both solvents was decreased by the coexposure paradigm (Tardif et al. 1991, 1992). 

Similarly, coexposure of toluene, methyl ethyl ketone and isopropyl alcohol at low concentrations in rats

had no effect on the urinary excretion of hippuric acid, while high concentrations resulted in decreased

levels of hippuric acid (Uaki et al. 1995).  Tardif et al. (1993) reported that a linked PBPK model for

toluene and xylene with a competitive inhibition metabolic term provided the best visual fit (compared

with non- or competitive inhibition metabolic terms) to empirical data for air concentrations of toluene

and xylene during 5-hour exposures of rats in a closed chamber to mixtures of toluene and xylene at

several initial concentrations.

Toluene and n-hexane, which are used together in some glues and paints, are neurotoxic chemicals that

act by different modes at different sites.  Toluene effects on the central nervous system are thought to be

facilitated by toluene itself, whereas n-hexane affects the peripheral nervous system through the

production of a toxic metabolite, 2,5-hexanedione (Ali and Tardif 1999).  The initial metabolism of both

compounds has been demonstrated to principally involve CYP isozymes including CYP2E1 and CYP2B6

(Ali and Tardif 1999).  Under in vitro conditions with rat liver microsomes, a noncompetitive inhibition

of each other’s metabolism was demonstrated (Perbellini et al. 1982).  In studies comparing urinary

excretion of metabolites in rats exposed to mixtures of toluene and n-hexane or to each solvent alone,

co-exposure inhibited the urinary excretion of 2,5-hexanedione to a larger extent than the urinary

excretion of toluene metabolites, hippuric acid, and ortho-cresol (Ali and Tardif 1999; Iwata et al. 1983;

Perbellini et al. 1982).  The results from these studies suggest that toluene is a more effective inhibitor of

n-hexane metabolism than is n-hexane of toluene metabolism.  Co-exposure of rats to 1,000 ppm toluene

and 1,000 ppm n-hexane (12 hours/day for 16 weeks) decreased toxic effects of n-hexane on the

peripheral nervous system compared with exposure to 1,000 ppm n-hexane alone (Takeuchi et al. 1981). 

Another rat study found confirming results in that co-exposure to 1,200 ppm toluene and 4,000 ppm

n-hexane (14 hours/day for 9 weeks) decreased n-hexane-induced effects on the peripheral nervous

system compared with n-hexane alone, and had only slight effects on toluene-induced hearing loss and

motor dysfunction compared with toluene alone (Pryor and Rebert 1992).  Human and rat PBPK models

have been developed to model the combined exposure and disposition of inhaled toluene and n-hexane

(Ali and Tardif 1999; Yu et al. 1998).  Model simulations predicted that co-exposure to n-hexane and

toluene at constant concentrations corresponding to their occupational exposure limits (50 ppm) would

lead to only a slight effect on the kinetics of their respective metabolism and disposition, but that the

interaction could change with fluctuations in worker activity loads and workplace air concentrations  (Ali

and Tardif 1999; Yu et al. 1998).  
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An individual's drug therapy can have an influence on toluene toxicity.  Haloperidol (an antipsychotic)

functions by blocking dopamine receptors in the brain.  The combination of haloperidol with toluene

exacerbates dopamine depletion in several areas of the brain, thus changing the pharmacodynamics of the

haloperidol.  Individuals who take haloperidol should be counseled by their physician if environmental or

occupational exposure to toluene is possible (von Euler et al. 1988b).

Studies in humans and rats indicate that the common analgesics, acetaminophen and aspirin, may inhibit

toluene metabolism and influence toluene toxicity.  CYP2E1 is involved in the initial step of the principal

metabolic pathway for toluene and acetaminophen, and represents a potential site for a competitive

metabolic interaction.  Aspirin and one of the principal downstream metabolites of toluene, benzoyl

coenzyme A, are conjugated with glycine.  When glycine pools are depleted by competition for glycine

by aspirin metabolism, toluene metabolism may be inhibited.  In volunteers exposed for 4 hours to

300 mg/m3 toluene (80 ppm) with or without doses (1,000 mg/70 kg=14.3 mg/kg) of acetaminophen

(paracetamol) or acetyl salicylic acid (aspirin), co-exposures with these analgesics increased the

concentration of toluene in the blood compared with exposure to toluene alone (Lof et al. 1990). 

Acetaminophen co-exposure also significantly increased the area under the blood concentration versus

time curve and the apparent blood clearance of toluene, consistent with an inhibition of toluene

metabolism.  Co-exposure of rats for 10 days to higher oral doses of aspirin (acetyl salicylic acid:

100 mg/kg, twice daily ) and inhalation exposure to toluene (1,000 ppm, 14 hours/day) caused a more

severe loss of hearing (assessed 2–5 days or 4 months after cessation of exposure) compared with

exposure to toluene alone (Johnson 1992).  Treatment with aspirin alone at these doses did not cause

hearing loss in the rats.  These results are consistent with the hypothesis that high doses of aspirin may

potentiate toluene effects on hearing by inhibiting toluene metabolism. 

The benzoic acid metabolite of toluene is conjugated with glycine to produce hippuric acid.  Toluene

potentiation of developmentally toxic effects in rats from high doses of aspirin has been attributed to

metabolic competition for glycine pools (Ungvary et al. 1983).  Pregnant rats that were given 250 mg/kg

acetyl salicylic acid on gestation day 12 and exposed to toluene at concentrations of 1,000, 2,000, or

3,600 mg/m3  (265, 531, or 956 ppm) on gestation days 10–13 showed maternal effects (decreased food

consumption and body weight gain and increased relative liver weight) and fetal effects (retardation of

skeletal development and increased incidence of fetal malformations) that were more severe than those

observed in rats exposed to 250 mg/kg acetyl salicylic acid alone.  The effects were comparable in

severity to those observed in rats exposed to 500 mg/kg salicylic acid alone.  In this study, no maternal or

fetal effects were observed in a group of rats exposed to 956 ppm toluene on gestation days
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10–13 without coexposure to acetyl salicylic acid.  The maternal and fetal effects of co-exposure to acetyl

salicylic acid and toluene were diminished to the severity of the 250-mg/kg acetyl salicylic acid alone

level when the administration of the acetyl salicylic acid dose was preceded by two hours with a gavage

dose of 5,000 mg/kg glycine.  

2.10 POPULATIONS THAT ARE UNUSUALLY SUSCEPTIBLE

A susceptible population will exhibit a different or enhanced response to toluene than will most persons

exposed to the same level of toluene in the environment.  Reasons may include genetic makeup, age,

health and nutritional status, and exposure to other toxic substances (e.g., cigarette smoke).  These

parameters result in reduced detoxification or excretion of toluene, or compromised function of organs

affected by toluene.  Populations who are at greater risk due to their unusually high exposure to toluene

are discussed in Section 5.7, Populations With Potentially High Exposures.

The main target organ of toluene is the central nervous system, and it is generally thought to be due at

least in part, to reversible interactions between toluene (the parent compound, not its metabolite) and the

lipid or protein components of nervous system membranes (mechanisms of toxicity are discussed in detail

in Section 2.4.2).  The main pathway of toluene metabolism leads to the production of hippuric acid,

which is excreted in the urine.  The predominant first step in human and rat metabolism of toluene is

catalyzed primarily by the CYP 2E1 isozyme.  Later steps in this pathway involve the enzymes alcohol

dehydrogenase, aldehyde dehydrogenase, acyl-coenzyme A synthase, and acyl-coenzyme A:amino acid

N-acyl transferase (metabolism is discussed in detail in Section 2.2.3).  

Environmental or genetic factors that decrease the capacity for metabolic detoxification of toluene are

likely to increase susceptibility.  This is supported by experiments in which inhibiting or enhancing

toluene metabolism respectively enhanced of inhibited toluene-induced hearing loss in rats (Campo et al.

1998; Pryor et al. 1991).  Chronic consumers of alcohol, and users of any medication that interfered with

toluene metabolism, would be likely to have an increased risk for this reason.  Differences in the relative

efficiency of enzymes found in ethnic populations may also lead to differences in toluene susceptibility. 

For instance, ethnic variations in the occurrence of CYP isozymes, alcohol dehydrogenase, and aldehyde

dehydrogenase are known to exist (Kawamoto et al. 1995, 1996; Kim et al. 1997).  

Nutritional status may also affect susceptibility to toluene.  Liver metabolism of toluene in rats fasted for

1 day was significantly increased compared with rats that had been fed (Nakajima and Sato 1979). 
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However, long-term malnutrition may increase susceptibility to the developmental effects of toluene. 

Skeletal development in the fetuses of rats that were malnourished throughout pregnancy and injected

with 1.2 g/kg/day toluene was retarded to a significantly greater extent than in the fetuses of well-

nourished dams injected with toluene (da Silva et al. 1990).

Individuals with pre-existing medical conditions may also be more susceptible to the effects of toluene.

Individuals with pre-existing defects in heart rhythm may have a greater risk than healthy individuals for

experiencing tachycardia or cardiac fibrillation following exposure to high levels of toluene.  The

presence of toluene in the air reduces the concentration of oxygen and can lead to hypoxia when exposure

concentrations are high.  Thus, individuals with asthma or other respiratory difficulties may be at

increased risk with exposure to high atmospheric concentrations of toluene.  Genetic predisposition for

hearing loss may increase the risk for toluene-induced ototoxicity (Johnson 1992; Li et al. 1992).

2.11 METHODS FOR REDUCING TOXIC EFFECTS

This section will describe clinical practice and research concerning methods for reducing toxic effects of

exposure to toluene.  However, because some of the treatments discussed may be experimental and

unproven, this section should not be used as a guide for treatment of exposures to toluene.  When specific

exposures have occurred, poison control centers and medical toxicologists should be consulted for

medical advice.  The following texts provide specific information about treatment following exposures to

toluene:

Aaron, CK and Howland, MA (eds.). 1994.  Goldfrank’s Toxicologic Emergencies.  Appleton and
Lange, Norwalk, CT.

Dreisbak, RH (ed.). 1987.  Handbook of Poisoning.  Appleton and Lange, Norwalk, CT.

Ellenhorn, MJ and Barceloux, DG, (eds.).  1988.  Medical Toxicology: Diagnosis and Treatment of
Human Poisoning.  Elsevier Publishing, New York, NY.

Haddad, LM and Winchester, JF (eds.). 1990.  Clinical Management of Poisoning and Drug Overdose.
2nd edition, WB Saunders, Philadelphia, PA.

2.11.1 Reducing Peak Absorption Following Exposure

The absorption of toluene is rapid and virtually complete following inhalation and oral exposures. 

Toluene appeared in the blood of 10 human subjects within 10–15 minutes of exposure to 78 ppm toluene
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in the air, signifying rapid absorption through the lungs.  When exposure occurs by the oral route, uptake

into the blood is expected to be slightly slower due to the time needed for transit to the small intestines. 

Since toluene is absorbed across the lipid matrix of the cell membrane (Alcorn et al. 1991) some

absorption can occur from the mouth and stomach.  However, most of the toluene will be absorbed

through the intestines due to large exposed surface area of the villi and microvilli.  Other factors that will

influence uptake from the gastrointestinal tract are lipid content of the gastrointestinal contents and the

magnitude of the toluene exposure.  Absorption of inhaled toluene is increased by exercise and so a

reduction of physical activity during exposure is likely to reduce absorption (Rahill et al. 1996). 

However, there is really no effective way to reduce peak absorption following inhalation exposure. 

Emesis is contraindicated in cases of toluene ingestion due to the risk of aspiration.  The use of activated

charcoal and lavage may help to reduce oral exposure and rapid rinsing of the skin with water or washing

with soap and water will reduce the opportunity for dermal absorption.  If the eyes are affected, proper

rinsing procedures should be followed.

2.11.2 Reducing Body Burden

The total body burden of toluene is reduced by measures that increase the rate of metabolism and

excretion.  Oxygen therapy and positive-pressure ventilation have been used as emergency treatments

following episodes of toluene abuse (Graham 1990).  This procedure promotes the loss of unmetabolized

toluene from the lungs.  Increased oxygen availability also has a positive effect on the rate of oxidative

metabolism in the liver, lungs, intestines, and other tissues.

Increased fluid consumption, which increases the rate of urine production and excretion, will help to

decrease the toluene body burden since toluene metabolites are water soluble and excreted in the urine.  In

cases where kidney function has been impaired, renal dialysis has been used to remove toluene

metabolites from the body (Graham 1990).

2.11.3 Interfering with the Mechanism of Action for Toxic Effects

In cases where toluene has caused cardiac arrhythmias, antiarrhythmic medications have been used to

control the heart beat (Graham 1990).  No other medical practices for ameliorating the toxic effects of

toluene were identified in the available literature.  When toluene exposures are unavoidable, as in the

workplace, avoidance of alcohol or medications that may inhibit metabolic disposition of toluene is

another measure that can be taken to reduce health risks from exposure.
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2.12 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether

adequate information on the health effects of toluene is available.  Where adequate information is not

available, ATSDR, in conjunction with the National Toxicology Program (NTP), is required to assure the

initiation of a program of research designed to determine the health effects (and techniques for developing

methods to determine such health effects) of toluene.

The following categories of possible data needs have been identified by a joint team of scientists from

ATSDR, NTP, and EPA.  They are defined as substance-specific informational needs that if met would

reduce the uncertainties of human health assessment.  This definition should not be interpreted to mean

that all data needs discussed in this section must be filled.  In the future, the identified data needs will be

evaluated and prioritized, and a substance-specific research agenda will be proposed.

2.12.1 Existing Information on Health Effects of Toluene

The existing data on health effects of inhalation, oral, and dermal exposure of humans and animals to

toluene are summarized in Figure 2-5.  The purpose of this figure is to illustrate the existing information

concerning the health effects of toluene.  Each dot in the figure indicates that one or more studies provide

information associated with that particular effect.  The dot does not necessarily imply anything about the

quality of the study or studies, nor should missing information in this figure be interpreted as a “data

need”.  A data need, as defined in ATSDR’s Decision Guide for Identifying Substance-Specific Data

Needs Related to Toxicological Profiles (ATSDR 1989), is substance-specific information necessary to

conduct comprehensive public health assessments.  Generally, ATSDR defines a data gap more broadly

as any substance-specific information missing from the scientific literature.

As shown in Figure 2-5, there is a considerable body of data on the health effects of toluene in humans

following acute, intermediate, and chronic inhalation exposures.  It appears that clinical effects of high

concentrations on the major target organ, the central nervous system, have been well characterized. 

However, many of the available reports lack quantitative information on exposure levels and there is still

much that must be learned about the ultra structural molecular level of toxicity.  There are some oral, but

essentially no dermal, data available; however, these are not primary routes by which humans are exposed 
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to toluene.  Figure 2-5 also shows that considerable animal toxicity data for inhalation exposure are

available.  However, there are limited oral and dermal data from animal studies.

2.12.2 Identification of Data Needs

Acute-Duration Exposure.    Several studies are available regarding the effects of single exposures to

toluene, both in humans and animals (Andersen et al. 1983; Baelum et al. 1985; Echeverria et al. 1991;

von Oettingen et al. 1942).  These studies clearly identify the nervous system as the critical toxicity target

of toluene, and describe dose-response relationships between neurological end points and exposure levels. 

Supporting data are provided by studies of animals after inhalation (Bowen and Balster 1998; Bruckner

and Peterson 1981a, 1981b; Bushnell et al. 1985; Hinman 1987; Kishi et al. 1988; Mullin and Krivanek

1982; Taylor and Evans 1985; Wood et al. 1983) or oral (Dyer et al. 1988) exposure.  Further  studies of

orally-exposed animals involving a range of exposure levels (including low levels) and employing

sensitive, behavioral, ultra structural, and biochemical measurements may be useful.  Data for the dermal

exposure route are limited; however, this is not a primary route of human exposure.  Sufficient data for

the oral and inhalation routes were available to derive an acute inhalation MRL based on a lack of

neurological effects in volunteers exposed to 40 ppm toluene for 6 hours (Anderson et al. 1983) and an

acute oral MRL based on changes in flash-evoked brain potentials observed in mice exposed to

250 mg/kg toluene (Dyer et al. 1988).

Intermediate-Duration Exposure.    Several studies are available on repeated-dose exposure of

humans and animals to toluene after inhalation exposure (Bjornaes and Naalsund 1988; Kyrklund et al.

1987; Mattsson et al. 1990; Pryor 1991; von Oettingen et al. 1942).  These studies have elucidated the

effects of repeated exposure of toluene on the primary target organ, the central nervous system.  No-effect

levels for intermediate, low-level inhalation exposure in air have not been thoroughly investigated. 

Determination of these values would be valuable in evaluating the human health risk.  Studies on repeated

intermediate-duration exposure of humans and animals to toluene by the oral route are adequate (Hsieh

et al. 1989, 1990b; Kostas and Hotchin 1981; NTP 1990), and sufficient data were available to derive an

intermediate-duration oral MRL based on toluene-induced changes in brain levels of biogenic

monoamines in mice (Hsieh et al. 1990b).  Studies following dermal exposure are lacking, however, this

is not a primary route by which humans are exposed to toluene.
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Chronic-Duration Exposure and Cancer.    Numerous case reports have associated chronic

inhalation exposure to toluene at levels inducing narcosis and euphoria (4,000 to 12,000 ppm as estimated

by Gospe et al. 1994) with persistent neurological damage (Byrne et al. 1991; Caldemeyer et al. 1996;

Devathasan et al. 1984; Filley et al. 1990; Hunnewell and Miller 1998; Ikeda and Tsukagoshi 1990;

Kamran and Bakshi 1998; King et al. 1981; Maas et al. 1991; Meulenbelt et al. 1990; Miyagi et al. 1999;

Rosenberg et al. 1988a, 1988b; Ryu et al. 1998; Suzuki et al. 1983; Yamanouchi et al. 1995).  Studies of

workers repeatedly exposed to toluene in workplace air at concentrations ranging from about 30 to

150 ppm have found evidence for increased incidence of self-reported neurological symptoms (Orbaek

and Nise 1989; Yin et al. 1987), performance deficits in neurobehavioral tests (Boey et al. 1997; Foo et

al. 1990; Orbaek and Nise 1989), hearing loss (Abbate et al. 1993; Morata et al. 1997), changes in visual-

evoked brainstem potentials (Vrca et al. 1995, 1997a, 1997b), and color vision impairment (Zavalic et al.

1998a, 1998b, 1998c).  Two animal studies have investigated the effects of toluene following chronic

inhalation exposure (CIIT 1980; NTP 1990).  Multiple end points of toxicity were investigated, including

carcinogenicity, and the data indicate that toluene is not a carcinogen.  Sufficient data for the inhalation

route were available to derive a chronic MRL based on color vision impairment in toluene exposed

workers (Zavalic et al. 1998a).  Additional prospective studies of hearing, color vision ability, and

performance in neurobehavioral tests of groups of occupationally exposed workers may decrease

uncertainty in the chronic inhalation MRL for toluene.  The chronic effects  of toluene have not been

investigated following oral or dermal exposures, and the carcinogenic potential has not been studied

following dermal exposure; however, these are not considered major routes of toluene exposure.  

Genotoxicity.    To evaluate the potential of toluene to cause chromosomal damage, well designed in

vivo studies using test material of known purity may be valuable.  These tests would aid in determining

whether toluene itself has clastogenic potential or whether the positive results that have been reported are

due to impurities in the test material (animal studies) or multiple solvent exposures (human studies) (API

1981; Bauchinger et al. 1982; Nise et al. 1991; Pelclova et al. 1990; Schmid et al. 1985).  Because it is

believed that toluene toxicity may be mediated, at least in part, through a highly reactive and short-lived

arene oxide intermediate, which interacts with cellular proteins and RNA (Chapman et al. 1990), further

studies of this interaction would provide useful information.

Reproductive Toxicity.    In general, available results from studies of toluene-exposed workers and

animals suggest that toluene is not a potent reproductive toxicant, but may cause some reproductive

problems, especially with repeated inhalation exposure during pregnancy to concentrations above

200 ppm.  There are a few reports that women occupationally exposed to toluene, or wives of men
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similarly exposed, have an increased risk of spontaneous abortions (Lindbohm et al. 1992; Ng et al.

1992b; Taskinen et al. 1989), but a causal relationship is not established by these studies due to small

sample sizes evaluated, inability to define accurate exposure levels, failure to account for potentially

important confounding variables, and difficulty in validating self-reported data.  In addition, one study

reported that toluene-exposed male workers showed decreasing  plasma levels of the luteinizing hormone,

follicle stimulating hormone and testosterone levels with increasing concentrations of toluene

(8–<111 ppm) (Svensson et al. 1992a, 1992b).  Animal studies found some evidence for minor toluene-

induced changes in male and female reproductive organs (Ono et al. 1995, 1996; Tap et al. 1996), but no

histological evidence of structural damage to the reproductive organs in rats and mice exposed orally for

intermediate durations or by inhalation for intermediate or chronic durations (NTP 1990).  No evidence

for impaired reproductive performance was found in several assays (API 1985; Smith 1983; Ono et al.

1995, 1996; Thiel and Chahoud 1997) (including a 2-generation study of rats exposed to up to 2,000 ppm,

6 hours/day [API 1985]), except that exposure to concentrations above 200 ppm during pregnancy

produced increased fetal mortality in pregnant rats (2,000 ppm, 6 hours/day) (Ono et al. 1995, 1996) and

increased abortions in pregnant rabbits (267 ppm, 24 hours/day) (Ungvary and Tatrai 1985).  Additional

studies of reproductive end points in groups of occupationally exposed workers may be useful in

discerning the possible reproductive hazards of toluene in the workplace, if large enough groups of

workers are examined, exposure levels can be accurately monitored, and confounding variables are

accounted for or minimalized.  Another 2-generation reproductive study in another animal species (e.g.,

rabbits) may also help to decrease uncertainty in defining no-effect levels for reproductive effects from

toluene.

Developmental Toxicity.     Published reports of birth defects described in children born to women

who abused toluene or other organic solvents during pregnancy suggest that high-level exposure to

toluene during pregnancy can be toxic to the developing fetus (Arnold et al. 1994; Erramouspe et al.

1996; Goodwin 1988; Hersch 1988; Hersch et al. 1985; Lindemann 1991; Pearson et al. 1994).  Studies of

developmentally toxic effects in children of women exposed during pregnancy to much lower

concentrations are restricted to a small study of 14 Finnish women exposed to mixed solvents suggesting

that solvent exposure may increase risk for central nervous system anomalies and neural tube closure

defects (Holmberg 1979).  The available human data do not establish causality between low-level or

occupational exposure to toluene and birth defects, because of the small sample size and the mixed

solvent exposure experienced by the subjects in the Holmberg (1979) study and the lack of other studies

of possible birth defects in children of women exposed to toluene in the workplace.  Additional studies of
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developmental end points in offspring of mothers exposed to toluene in the workplace may help to clarify

the potential for human health risk. 

Results from several inhalation exposure studies of animals indicate that exposure to levels of toluene that

begin to produce maternal toxicity can cause fetal effects, including reduced fetal survival and retardation

of growth and skeletal development (Courtney et al. 1986; Hudak and Ungvary 1978; Huntingdon

Research Centre 1992a, 1992b; Ono et al. 1995; Thiel and Chahoud 1997; Ungvary and Tatrai 1985). 

No-effect levels in animals for toluene effects on standard developmental end points range from about

133 ppm for a 24 hour/day exposure protocol (Ungvary and Tatrai 1985) to 133–750 ppm with

3–6 hours/day protocols (Huntingdon Research Centre 1992b; Klimisch et al. 1992; Thiel and Chahoud

1997; Ungvary and Tatrai 1985).  In animal studies of oral exposure during gestation, no developmental

effects were observed in pregnant mice exposed to oral doses of 1,800 or 2,350 mg/kg/day (Seidenberg et

al. 1986; Smith 1983), but exposure of pregnant rats to gavage doses of 650 mg/kg /day produced

offspring with decreased body weights, delayed ossification, smaller brain volumes, and decreased

forebrain myelination per cell compared with controls (Gospe and Zhou 1998; Gospe et al. 1996). 

Results from studies of neurobehavioral end points in rats following in utero exposure to toluene suggest

that maternal exposure to airborne concentrations above 1,200 ppm, 6 hours/day gestation can impair

behavioral development of rat offspring (Jones and Balster 1997; Ono et al. 1995; Thiel and Chahoud

1997) and that drinking water exposure during gestation and lactation at doses of 106 mg/kg/day changes

postweaning open-field locomotor activity in rat offspring (Kostas and Hotchin 1981).  

Additional studies of sensitive neurological end points, including neurobehavioral end points, in offspring

of toluene-exposed pregnant animals may better determine no-effect levels for toluene effects on

neurodevelopment.  Inhalation exposure studies are likely to be of more relevance to human exposures of

concern than oral exposure studies.  Developmental effects have not been investigated following dermal

exposure; however, this is not a primary route of human exposure.

Immunotoxicity.    The only inhalation data available on possible immunological effects of toluene are

from studies of exposed workers (Lange et al. 1973; Moszczynsky and Lisiewicz 1984; Yin et al. 1987). 

In all cases, the workers were exposed to several solvents (toluene, benzene, and xylene), thus making it

difficult to associate the effects on the immune system specifically with toluene.  Animal data using the

oral route of exposure provide some evidence of immunotoxicity from toluene exposure (Hsieh et al.

1989).  Accordingly, oral and inhalation studies in animals designed to clarify the effect of toluene on the
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immune system, particularly on lymphocyte production and function, antibodies, and interferons, may

help determine if toluene was involved in the effects on immunity observed in occupationally exposed

workers.  Additional studies of the impact of toluene on disease resistance, building on the work of

Aranyi et al. (1985), may also be valuable.

Neurotoxicity.    Effects on the human nervous system from inhalation exposure to toluene are well

documented (Andersen et al. 1983; Baelum et al. 1985; Byrne et al. 1991; Devathasan et al. 1984;

Echeverria et al. 1991; Filley et al. 1990; Foo et al. 1990; Hanninen et al. 1976; Ikeda and Tsukagoshi

1990; Orbaek and Nise 1989; Rosenberg et al. 1988a, 1988b; Vrca et al. 1995, 1996, 1997a, 1997b;

Zavalic et al. 1998a, 1998b, 1998c) and are the basis for the inhalation exposure MRLs.  The central

nervous system effects of toluene in animals have also been studied in detail via the inhalation route of

exposure (Arito et al. 1988; Bruckner and Peterson 1981a; Bushnell et al. 1985; Hinman 1987; Ikeda

et al. 1986; Mattsson et al. 1990; Pryor 1991; Pryor et al. 1991; Rebert et al. 1989a; Taylor and Evans

1985; Wood and Colotla 1990).  Available data clearly indicate that the central nervous system is a target,

but the molecular mechanisms of toxicity have yet to be elucidated with certainty.  Dose-response

relationships for central nervous system effects in humans and animals (rats and mice) have been

established, but more information concerning the reversibility of effects (especially when exposure is

chronic) may be useful.  The effects of toluene on neurobehavioral function were used to derive an MRL

of 4 ppm for acute inhalation exposure (based on a study by Andersen et al. 1983) and a chronic-duration

MRL of 1 ppm (based on a study by Zavalic et al. 1998a).  Additional studies concerning the progression

of subtle, toluene-induced nervous system defects, such as diminished auditory responses, changes in

flash evoked visual responses, and impaired color vision discrimination, may decrease uncertainties in the

MRLs.  

The neurological effects of toluene via the oral route have not been extensively investigated, but the

available data support the inhalation data in identifying the nervous system as the critical target of toluene

toxicity.  An acute MRL of 0.8 mg/kg/day was developed based on a change in flash-evoked potential

waveforms in rats exposed to a single dose of toluene (Dyer et al. 1988).  The intermediate-duration MRL

(0.02 mg/kg/day) was based on a regional increase in the levels of selected neurotransmitters in the brains

of exposed mice (Hsieh et al. 1990b).  Additional studies may help define the functional manifestation of

regional alterations in levels of neurotransmitters in the brain and of changes in FEP waveforms.  No data

on dermal exposure are available, but this is not the primary route of human exposure.
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Epidemiological and Human Dosimetry Studies.      Additional studies of neurological and

reproductive end points in groups of toluene-exposed workers may decrease uncertainty in the chronic

MRL and may help determine if toluene represents a reproductive health hazard in humans at low

exposure levels.  These studies will be most useful if groups of workers can be identified whose exposure

to other chemicals in the workplace is minimal, if adjustments for lifestyle confounding factors can be

made, and if personal air monitoring data are available.  Earlier reports of increased risk of spontaneous

abortions (Lindbohm et al. 1992; Ng et al. 1992b; Taskinen et al. 1989) and altered plasma levels of male

sexual hormones (Svensson et al. 1992a, 1992b) in groups of toluene-exposed workers await confirmation

from further research. 

Biomarkers of Exposure and Effect.    

Exposure.  Toluene and its metabolites are easily detected in the blood and urine (DeRosa et al. 1985;

Hjelm et al. 1988; Kono et al. 1985; Lof et al. 1990; Ogata et al. 1970).  However, many toluene

metabolites are also produced by other naturally occurring or xenobiotic materials and, thus, are not

specific for toluene.  The presence of toluene in exhaled air and blood is the most reliable biomarker of

exposure (Foo et al. 1991; Kawai et al. 1992a).  The ACGIH (1999) recommends using a combination of

three biological exposure indices to assess exposure of workers to toluene in the workplace: ortho-cresol

and hippuric acid levels in urine at the end of a workshift and toluene levels in blood immediately prior to

the last shift of a workweek.  

Angerer et al. (1998a) proposed that S-p-toluylmercapturic acid levels in urine may also be useful as a

biological indicator of toluene exposure.  Maestri et al. (1997) reported that end-of-shift levels of

S-benzylmercapturic acid in urine of workers were correlated with toluene concentrations with a

coefficient of 0.74.  Additional studies may help determine whether these are reliable biomarkers of

exposure that can  improve the accuracy of monitoring workers’ exposure to toluene. 

Effect.  There are no suitable biomarkers of effect except for changes in the brain found in chronic

solvent abusers with obvious neurological dysfunction (Filley et al. 1990; Rosenberg et al. 1988a). 

Additional information on the mechanism of neurotoxicity may suggest a useful biomarker of either

exposure or effect.  However, at this time, there is little to suggest that such biomarkers are present for

anything other than the abuse paradigm.



TOLUENE 164

2.  HEALTH EFFECTS

Absorption, Distribution, Metabolism, and Excretion.    The absorption, distribution,

metabolism, and excretion of toluene in humans and animals following inhalation exposure are well

characterized (Ameno et al. 1992; Andersen et al. 1983; Angerer 1979; Angerer et al. 1998a; Baelum

et al. 1987, 1993; Benignus et al. 1981; Benoit et al. 1985; Bergman 1979; Bray et al. 1949; Carlsson

1982; Carlsson and Ljungquist 1982; Chand and Clausen 1982; Dossing et al. 1983c; Furman et al. 1998;

Ghantous and Danielsson 1986; Hjelm et al. 1988; Ikeda et al. 1990; Kawai et al. 1992a, 1992b, 1993,

1996; Lof et al. 1990a, 1990b, 1993; Maestri et al. 1997; Nakajima and Wang 1994; Nakajima et al. 1991,

1992a, 1992b, 1993, 1997; Ng et al. 1990; Ogata 1984; Pellizzari et al. 1992; Pierce et al. 1996, 1999;

Paterson and Sarvesvaran 1983; Takeichi et al. 1986; Tassaneeyakul et al. 1996; Van Doorn et al. 1980;

Wang and Nakajima 1992; Zahlsen et al. 1992).

Sufficient pharmacokinetic data have been generated to support the development of PBPK models that

describe the kinetics of toluene after inhalation exposure; two for humans (Fisher et al. 1997; Pierce et al.

1996, 1999) and two for rats (DeJongh and Blaauboer 1996, 1997; Tardif et al. 1993).  Further

development of a human PBPK model that includes partitioning of inhaled and ingested toluene to the

brain and a similarly designed rat PBPK model may be useful in improving extrapolation from the oral

exposure rat data and in comparing model-based predictions of human effect levels based on neurological

effects in inhalationally-exposed rats with observed effect levels in humans exposed to airborne toluene. 

Additional studies of the appearance and elimination kinetics of toluene in breast milk may help to

validate the human PBPK model developed by Fisher et al. (1997) to estimate transfer of toluene to a

nursing infant.  It is unlikely that such studies would be done with volunteers, but studies of nursing

animals may provide pertinent information if a similar rat PBPK was developed.

Limited data are available on the quantitative absorption and excretion of toluene by the oral and dermal

routes.  Studies of humans and animals indicate that dermal absorption of toluene is slow (Aitio et al.

1984; Dutkiewicz and Tyras 1968), but can be significant (Aitio et al. 1984; Monster et al. 1993; Morgan

et al. 1991; Sato and Nakajima 1978).  Additional studies of dermal uptake of toluene from solution may

help to further quantify exposure by this pathway.

Comparative Toxicokinetics.    Available data suggest that there are species, age, gender, and strain

differences in the metabolism of toluene (Chapman et al. 1990; Inoue et al. 1984, 1986; Nakajima et al.

1992b).  Further evaluation of these differences, and comparison of metabolic patterns in humans with

those of animals, may help determine the most appropriate species and strain of animal to use in
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evaluating the risk of human exposure to toluene.  Additional evaluation of human variability in

disposition of toluene is also warranted.

Methods for Reducing Toxic Effects.    Oxygen therapy and positive pressure ventilation have been

used to reduce the toluene body burden (Graham 1990).  Washing of toluene from exposed body surfaces

is beneficial.  Other than these general guidelines, there is very little information available on methods of

mitigating the toxic effects of toluene.  Additional data on the outcome of emergency response procedures

would be beneficial.  Studies of the benefit of diet, ethanol absence, and controlled exposure to

prescription or nonprescription drugs on blood levels of toluene and its metabolites could provide

information that would be helpful in understanding the impact of these factors on the risks from

occupational exposure.

Children’s Susceptibility.    The effects of toluene have not been thoroughly studied in children or

immature animals, but the effects observed in juvenile toluene abusers (Byrne et al. 1991; Devasthasan et

al. 1984; King et al. 1981) and immature animals exposed to toluene (Castilla-Serna et al. 1991; Pryor

and Rebert 1992; Pryor et al. 1984a; von Euler et al. 1989b) are consistent with effects observed in adults. 

Information regarding age-related differences in toluene metabolism suggests that developing fetuses and

children at very early stages of development may be more susceptible to toluene toxicity than adults due

to lower capabilities to metabolically detoxify toluene, but, by 1–3 years of age, adult capabilities may be

attained (Leeder and Kearns 1997; Nakajima et al. 1992b, 1997; Tassaneeyakul et al. 1996; Vieira et al.

1996).  An oral lethality study in rats (Kimura et al. 1971) and a study of toluene-induced hearing loss in

young rats (Pryor et al. 1984a) provide the only health effect data suggesting that immature animals may

be more susceptible than adult animals.  Additional research on the development of metabolic capabilities

in newborn and very young children, coupled with animal studies examining relevant neurological end

points in toluene-exposed animals of varying ages, may lead to better understanding of the susceptibility

of children to toluene toxicity.

Studies with pregnant mice suggest that distribution of inhaled toluene to fetal tissue is limited due to

maternal metabolic detoxification and preferential distribution of nonmetabolized toluene to maternal

adipose tissue (Ghantous and Danielsson 1986).  Data needs relating to both prenatal and childhood

exposures, and developmental effects expressed either prenatally or during childhood, are discussed in

detail in the Developmental Toxicity subsection above.  
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Transfer of toluene to infants from breast milk of nursing mothers who are concurrently exposed to

toluene in the workplace is expected to be a possibility and a concern (see Section 2.7).  As discussed in

the Absorption, Distribution, Metabolism, and Excretion subsection above, additional studies of the

kinetics of elimination of toluene from nursing animals may provide pertinent information to better

predict the degree to which toluene may be transferred in breast milk from a toluene-exposed working

mother to her nursing infant.  Monitoring studies of toluene in breast milk in groups of toluene-exposed

lactating women may also provide some pertinent information.  

2.12.3 Ongoing Studies

There are several ongoing research efforts that will provide data related to the toxic actions of toluene

(FEDRIP 1998).  These projects are summarized in Table 2-6.  Some of this research will supply

information identified in the preceding section on research needs.  Three of the investigators are studying

the effects of toluene in humans, focusing on different end points.  Dr. M. Utell of the University of

Rochester is studying the effects of toluene on neurological and respiratory end points in humans, while

Dr. E. Faustman of the University of Washington is examining the effects of toluene on the endocrine

system.  Dr. D.M. Christiani of Harvard University is assessing the reproductive outcomes of

occupational exposure to aromatic solvents, including toluene, in the oil refinery system in China.  

Two investigators are using animal models to study the effects of toluene.  Dr. R. Balster of Virginia

Commonwealth University is investigating the abuse of inhalants, including toluene, using behavioral test

procedures in mice.  D.N. Kurtzman of Texas Tech University is investigating the relationship between

ATPase activity and tubular function in rat and rabbit kidneys.
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Table 2-6.  Ongoing Research for Toluene 

Investigator Affiliation Research description Sponsor

Backes, W Louisiana State University 
Medical Center, 
New Orleans, LA

Toxicological significance
of alkylbenzene
metabolism

National Institute of
Environmental Health
Sciences

Balster, RL Virginia Commonwealth
University, Richmond, VA

Behavioral pharmacology
of abused solvents

National Institute on Drug
Abuse

Branch, S North Carolina State University, 
Raleigh, NC

DNA methylation effects on
mammalian development    
         

National Institute of
Environmental Health
Sciences

Christiani, DM Harvard University Reproductive outcomes of
occupational exposure to
aromatic solvents in the oil
refinery system in China

Cunningham, ML National Institute of
Environmental Health Sciences,
Research Triangle Park, NC

Metabolism and genotoxi-
city of genotoxic noncarcin-
ogens

National Institute of
Environmental Health
Sciences

Faustman, EM University of Washington,
Seattle, WA

Human reproductive
endocrine effects of solvent
exposure

National Institute for
Occupational Safety and
Health

Fechter, LD University  of  Oklahoma  
Health Science Center, OK

Mechanisms of organic
solvent ototoxicity

National Institute of
Environmental Health
Sciences

Greenberg, A University of North Carolina,
Charlotte, NC

2,3 Eposyoxepins as
benzene ring opening
metabolities

National Institute of
Environmental Health
Sciences

Kalman, DA University of Washington,
Seattle, WA

Human dosimetry for
assessment of exposure to
volatile compounds

National Institute of
Environmental Health
Sciences

Karol, MH University of Pittsburgh,
Pittsburgh, PA

Chemically induced chronic
allergic lung disease

National Institute of
Environmental Health
Sciences

Kurtzman, DN Texas Tech University Relationship between
ATPase activity and tubular
function in rat and rabbit
kidneys

Lee, L University of Kentucky,
Lexington, KY

Pulmonary afferents in
regulation of airway
functions

National Heart, Lung, and
Blood Institute

Stern, S University of Rochester,
Rochester, NY

Inhalant abuse during
gestation

National Institute on Drug
Abuse
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Table 2-6.  Ongoing Research for Toluene (continued) 

Investigator Affiliation Research description Sponsor

Turtletaub, KW University of California Berkeley,
Berkeley, CA

Protein and DNA adducts
following low dose
exposure by accelerator,
MS         

National Institute of
Environmental Health
Sciences

Utell, M University of Rochester,
Rochester, NY 

Effects of  toluene on
performance in healthy
humans

National Center for
Research Resources
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3.1 CHEMICAL IDENTITY

Information regarding the chemical identity of toluene is located in Table 3-1.

3.2 PHYSICAL AND CHEMICAL PROPERTIES

Information regarding the physical and chemical properties of toluene is located in Table 3-2.
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CH3

Table 3-1.  Chemical Identity of Toluene

Characteristic Information Reference

Chemical name Toluene Weast 1989

Synonym(s) Methylbenzene; phenylmethane;
benzene, methyl-; toluol; methylbenzol

Weast 1989;
Budavari et al.
1989; RTECS
1998; HSDB 1998

Registered trade name(s) Methacide WHO 1985

Chemical formula C6H5CH3 Weast 1989

Chemical structure EPA 1983b

Identification numbers:
CAS registry
NIOSH RTECS
EPA hazardous waste
OHM/TADS
DOT/UN/NA/IMCO shipping
IMCO 
HSDB
NCI

108-88-3
XS5250000
U220
7216928
UN 1294
3.2
131
CO7272

RTECS 1998
RTECS 1998
HSDB 1998
NFPA 1994
HSDB 1998
HSDB 1998
HSDB 1998
HSDB 1998

CAS = Chemical Abstracts Services; DOT/UN/NA/IMCO = Department of Transportation/United Nations/North
America/International Maritime Dangerous Goods Code; EPA = Environmental Protection Agency; HSDB =
Hazardous Substances Data Bank; NCI = National Cancer Institute; NIOSH = National Institute for Occupational
Safety and Health; NFPA = National Fire Protection Association; OHM/TADS = Oil and Hazardous
Materials/Technical Assistance Data System; RTECS = Registry of Toxic Effects of Chemical Substances 
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Table 3-2.  Physical and Chemical Properties of Toluene

Property Information Reference

Molecular weight 92.14 Weast 1989

Color Colorless NFPA 1994

Physical state Liquid NFPA 1994

Melting point -95 EC Weast 1989

Boiling point 110.6 EC Weast 1989

Density:
at 20 EC 0.8669 g/mL Weast 1989

Vapor density 3.2 (air=1) HSDB 1999

Odor Benzene-like NFPA 1994

Odor threshold:
Water
Air

0.04–1 ppm
8 ppm

EPA 1987a
HSDB 1998

Solubility:
Water at 25 EC
Organic solvent(s)

534.8 mg/L
Miscible

Howard 1990
Budavari et al. 1989

Partition coefficients:
Log Kow

Log Koc

2.72
1.57–2.25

Howard 1990
Howard 1990

Vapor pressure at 25 EC 28.4 mm/Hg Howard 1990

Henry's law constant: 5.94x10-3 atm-m3/mol Howard 1990

Autoignition temperature 480 EC (896 EF) NFPA 1994

Flashpoint 4 EC (40 EF) NFPA 1994

Flammability limits 1.2–7.1% NFPA 1994

Conversion factors ppm (v/v) to mg/m3

in air (20 EC) 1 ppm=3.75 mg/m3 NIOSH 1986

Explosive limits 1.3% lower limit Sax and Lewis 1989

v/v = volume for volume
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4.1 PRODUCTION

Table 4-1 lists the facilities in each state that manufacture or process toluene, the intended use, and the

range of maximum amounts of toluene that are stored on site.  There are currently 3,062 facilities that

produce or process toluene in the United States.  The data listed in Table 4-1 are derived from the Toxics

Release Inventory (TRI97 1999).  Only certain types of facilities were required to report.  Therefore, this

is not an exhaustive list.

About 11% of the total toluene produced in the United States is isolated by distillation of reformed or

pyrolyzed petroleum and coal-tar oil.  The remainder is added as a mixture, known as benzene-toluene-

xylene (BTX), to gasoline (EPA 1990a).  One estimate of domestic 1978 production of both isolated and

nonisolated toluene was 3 million metric tons (EPA 1981).  Most data available, however, are for isolated

toluene.  According to the latest available data, the domestic capacity has been estimated at 6 million

metric tons (1,774 million gallons) (SRI 1988).  There are 41 major U.S. producers of toluene (SRI 1999). 

Production of isolated toluene in the United States from all sources except for distillers and coke oven

operators was estimated at 6.7 billion pounds (927 million gallons) in 1995 (C&EN 1996).  As of

October 1, 1996, the International Trade Commission ceased to collect or publish annual synthetic

organic chemicals data.  The National Petroleum Refiners Association, which currently collects such data,

does not include toluene on its list of organic chemicals.

Toluene is widely used and is produced by a large number of domestic chemical and petroleum

companies.  In 1979, there were 201 locations in the United States that produced toluene by catalytic

reformation, 9 locations where it was produced by petroleum pyrolysis, and six where toluene was

produced from coal tar (IARC 1988).  The 10 companies which currently produce or supply toluene in the

United States are: BP Amoco Corporation; Chevron Chemical Company; CITGO Petroleum Corporation;

Coastal Eagle Point Oil Co., Coastal Refining and Marketing, Inc.; Dow Chemical U.S.A.; Equilon

Enterprises LLC; Equistar Chemicals LP; Exxon Chemical Company; Fina Oil and Chemical Company,

Hovensa, LLC.; Koch Petroleum Group LP; Lyondell-Citgo Refining Company Ltd.; Marathon Ashland

Chemical, Inc.; Mobil Chemical Company; Phillips Petroleum Company; Shell Chemical Company;

Sunoco, Inc.; Ultramar Diamond Shamrock Corporation; and Valero Energy Corporation(SRI 1999). 
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Table 4-1.  Facilities that Manufacture or Process Toluene

Statea
Number of
facilities

Range of maximum
amounts on site in poundsb Activities and usesc

AK 2 1,000,000–49,999,999 1, 3, 4, 8

AL 75 0–999,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13

AR 59 0–9,999,999 1, 2, 3, 5, 6, 7, 8, 9, 11, 12, 13

AZ 9 0–999,999  8, 9, 10, 11, 12, 13

CA 125 100–99,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13

CO 22 100–49,999,999 1, 4, 5, 6, 8, 10, 11, 12, 13

CT 33 1000–9,999,999 8, 9, 11, 12, 13

DE 10 1,000–49,999,999 1, 3, 8, 9, 11, 12, 13

FL 47 100–9,999,999 2,3, 8, 9, 10, 11, 12, 13

GA 79 100–49,999,999 1, 2, 3, 6, 8, 9, 10, 11, 12, 13

HI 2 1,000,000–9,999,999 1, 2, 6, 8

IA 51 0–9,999,999 1, 2, 3, 4,7, 8, 9, 10, 11, 12, 13

ID 3 1000–99,999 2, 3, 8, 10,11, 12

IL 198 0–99,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13

IN 171 100–999,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13

KS 51 0–999,999,999 1, 2, 3, 4, 7, 8, 9, 10, 11, 12, 13

KY 57 100–49,999,999 1, 2, 3, 4, 5, 6,7, 8, 9, 10, 11, 12, 13

LA 75 0–999,999,999 1, 2, 3, 4, 5, 6, 7 ,8, 9, 10, 11, 12, 13

MA 74 0–999,999 1, 3, 8, 9, 10, 11, 12, 13

MD 20 1,000–999,999 2, 3, 4, 7, 8, 9, 10, 11, 12, 13

ME 7 100–999,999 1, 2, 3, 6, 8, 11, 12, 13

MI 150 0–49,999,999 1, 2, 3, 4, 5, 7, 8, 9, 10, 11, 12, 13

MN 65 0–99,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13

MO 81 100–9,999,999 2, 3, 4, 7, 8, 9, 10, 11, 12, 13

MS 61 0–49,999,999 1, 2, 3, 6, 7, 8, 9, 11, 12, 13

MT 6 1,000–49,999,999 1, 3, 4, 6, 7, 8, 9, 13

NC 156 0–999,999 1, 2, 3, 5, 7, 8, 9, 10, 11, 12, 13

ND 3 100–9,999,999 1, 2, 3, 4, 7, 9, 11, 13

NE 19 100–99,999 2, 3, 8,10, 11, 12, 13
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Table 4-1.  Facilities that Manufacture or Process Toluene (continued)

Statea
Number
of Facilities

Range of maximum
amounts on site in poundsb Activities and usesc

NH 12 100–999,999  8, 11, 12, 13

NJ 107 100–99,999,999 1, 2, 3, 4,  7, 8, 9, 10, 11, 12, 13

NM 10 100–9,999,999 1, 3, 4, 6, 7, 8, 9, 12, 13

NV 2 1,000,000–9,999,999 9

NY 87 0–9,999,999 1, 2, 3, 5, 6, 7, 8, 9, 10, 11, 12, 13

OH 203 0–99,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13

OK 36 1000–49,999,999 1, 2, 3, 4, 6, 7, 8, 9, 10, 11, 12, 13

OR 32 0–9,999,999 2, 3, 8, 9, 10, 11, 12, 13

PA 148 0–99,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13

PR 28 1,000–10,000,000,000 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13

RI 16 100–999,999 8, 10, 11, 12, 13

SC 63 0–9,999,999 1, 2, 3, 5, 7, 8, 9, 11, 12, 13

SD 10 100–99,999 2, 3, 8, 9, 11, 12, 13

TN 115 100–49,999,999 1, 2, 3, 5, 6, 7, 8, 9, 10, 11, 12, 13

TX 208 100–999,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13

UT 22 100–49,999,999 1, 2, 3, 4, 5, 7, 8, 9, 10, 11, 12, 13

VA 83 100–9,999,999 1, 2, 3, 6, 7, 8, 9, 10, 11, 12, 13

VI 1 100,000,000–999,999,999 1, 2, 3, 4, 7, 8

VT 6 1,000–99,999 8, 11, 12, 13

WA 39 100–99,999,999 1, 2, 3, 4, 5, 6, 7, 8, 10, 11, 12, 13

WI 94 0–49,999,999 1, 2, 3, 5, 6, 8, 9, 10, 11, 12, 13

WV 21 100–49,999,999 1, 2, 3, 5, 6, 7, 8, 10, 11, 12, 13

WY 8 0–9,999,999 1, 3, 4, 5, 6, 7, 8, 10, 13

Source: TRI97 1999
aPost office state abbreviations used
bRange represents maximum amounts on site reported by facilities in each state
cActivities/Uses:

1.  Produce
2.  Import
3.  Onsite use/processing
4.  Sale/Distribution
5.  Byproduct

6.  Impurity
7.  Reactant
8.  Formulation Component
9.  Article Component

10.  Repackaging
11.  Chemical Processing Aid
12.  Manufacturing Aid 
13.  Ancillary/Other Uses
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4.2 IMPORT/EXPORT

United States imports of toluene in 1984 were estimated at 602 million pounds (273,000 metric tons)

(U.S. Department of Commerce 1985a).  Exports during the same year were estimated at 289 million

pounds (131,000 metric tons) (U.S. Department of Commerce 1985b).  No data on recent import/export

volume for toluene are available.

4.3 USE

All nonisolated toluene is used in a BTX mixture added to gasoline to improve octane ratings

(EPA 1990a).  Nearly half of the isolated toluene is used to produce benzene (IARC 1988).  About one-

third of the isolated toluene is used as a solvent in paints, coatings, adhesives, inks, and cleaning agents. 

A portion of the isolated toluene goes into the production of polymers used to make nylon, plastic soda

bottles, and polyurethanes.  Toluene is also used as a starting material in the synthesis of trinitrotoluene

(TNT).  The remainder is used for pharmaceuticals, dyes, nail polish, and the synthesis of organic

chemicals (Cosmetic Ingredient Review Panel 1987).  Toluene was once used as an anthelminthic agent

against roundworms and hookworms (Krinsky 1980).

4.4 DISPOSAL

Toluene is regulated by the Resource Conservation and Recovery Act (RCRA) as a hazardous waste

(F005-spent solvents including toluene) and is therefore subject to RCRA regulations (see Chapter 7). 

These regulations include standards for storage, transport, and disposal of toluene.  

Industrial wastes containing spent solvents may not be disposed of on land if extracts of the waste contain

more than 0.33 ppm of toluene.  Waste waters containing spent solvents may not be land-disposed if they

contain greater than 1.12 ppm of toluene (EPA 1994d).

Consumer products containing toluene are typically disposed of in landfills as municipal waste.  No

information was available on total disposal of toluene to solid waste landfills.  There are no data

concerning disposal of toluene by municipal incineration.  However, high-temperature incineration

(>1,600 EF) probably is very efficient for toluene destruction.
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In 1996, it was estimated that about 0.6 million pounds (272 metric tons) of waste toluene was disposed

of in publicly owned treatment works (POTW) and about 125 million pounds (5,679 metric tons) of waste

toluene was transported from production facilities or points of usage for disposal (TRI97 1999).

Toluene is listed as a toxic substance under Section 313 of the Emergency Planning and Community

Right to Know Act (EPCRA) under Title III of the Superfund Amendments and Reauthorization Act

(SARA) (EPA 1995j).  Disposal of wastes containing  toluene is controlled by a number of federal

regulations (see Chapter 7).
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5.1 OVERVIEW

Large amounts of toluene enter the environment each year, almost entirely as direct releases to the

atmosphere.  The largest source of toluene release is during the production, transport, and use of gasoline,

which contains about 5–7% toluene by weight.  Significant quantities are also released in association with

the production, use, and disposal of industrial and consumer products that contain toluene.  Small

amounts are released in industrial waste water discharges and land disposal of sludges and petroleum

wastes.

Toluene in the atmosphere is degraded by reaction with hydroxyl radicals, with a typical half-life of

approximately 13 hours.  Toluene in soil or water rapidly volatilizes to air, and that which remains is

subject to microbial degradation.  As a consequence of the volatilization and degradation occurring in air,

soil, and water, there is little tendency for toluene levels to build up in the environment over time.

The concentrations of toluene in air have been found to be quite low in remote areas, but levels of

1.3–6.6 ppb are common in suburban and urban areas.  The automobile emissions are the principal source

of toluene in ambient air, with levels fluctuating in proportion to automobile traffic.  Toluene is also a

common indoor contaminant, and indoor air concentrations are often several times higher (averaging

8 ppb) than outside air.  This is likely due to release of toluene from common household products (paints,

paint thinners, adhesives, and nail polish in which it is used as a solvent) and from cigarette smoke.

Toluene is occasionally detected in drinking water supplies, but occurrence is not widespread and levels

are generally below 3 ppb.  In contrast, toluene is a very common contaminant of water and soil in the

vicinity of hazardous waste sites, with average concentrations in water of 7–20 ppb, and average

concentrations in soil of over 70 ppb.

The most likely pathway by which people may be exposed to toluene is by breathing contaminated air. 

Since most people spend a large fraction of the day indoors, indoor air levels are likely to be the dominant

source.  Moreover, indoor levels generally exceed outdoor levels because of volatilization of toluene from

household products.  Based on a typical concentration of 8 ppb in indoor air, inhalation of air at

20 m3/day, and absorption of 50% of the inhaled dose of toluene, a typical absorbed dose is about

300 µg/day.  Intake from food and water may contribute substantially smaller amounts.  By comparison,
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smoking may contribute 1,000 µg/day or more.  Higher exposure levels might occur for individuals living

near a hazardous waste site or an industrial source of toluene emissions, but these exposures can be

estimated only on a site-by-site basis.

Toluene exposure may also occur in the workplace, especially in occupations such as printing or painting,

where toluene is used as a solvent.  A workplace air level of 100 ppm (equivalent to a dose of

3,750 mg/day) has been established by the Occupational Safety and Health Administration (OSHA) as the

8-hour TWA Permissible Exposure Limit (PEL) for toluene (OSHA 1989a).  The American Conference

of Governmental Industrial Hygienists (ACGIH 1999) recommends an 8-hour TWA concentration of

50 ppm as the Threshold Limit Value for workplace air to protect against central nervous system effects.

Toluene has been identified in at least 959 of the 1,591 hazardous waste sites that have been proposed for

inclusion on the EPA National Priorities List (NPL) (HazDat 2000).  However, the number of sites

evaluated for toluene is not known.  The frequency of these sites can be seen in Figure 5-1.  Of these

sites, 959 are located within the United States and none are located in the Commonwealth of Puerto Rico

(not shown).

5.2 RELEASES TO THE ENVIRONMENT

According to the Toxics Release Inventory (TRI), in 1997 a total of 114 million pounds (251 million kg)

of toluene was released to the environment from 3,118 manufacturing or processing facilities (TRI97

1999).  Table 5-1 lists the amounts released from these facilities to air, water, land, and publicly owned

treatment works (POTWs).  Table 5-1 also shows that less that 1% of the total released was injected deep

underground and that about 3.3 million pounds of toluene were transferred off-site (TRI97 1999).  The

relative proportions of the material transferred off-site that were recycled or entered environmental media

are not stated.  The TRI data should be used with caution because only certain types of facilities are

required to report.  This is not an exhaustive list.

Toluene has been identified in a variety of environmental media (air, surface water, groundwater, soil,

and sediment) collected at 959 of the 1,591 NPL hazardous waste sites (HazDat 2000).  
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Figure 5-1. Frequency of NPL Sites with Toluene contamination
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Table 5-1.  Releases to the Environment from Facilities that Manufacture or Process Toluene

Range of reported amounts released in pounds per yeara

Stateb
Number of
facilities Airc Water Land

Underground
injection

Total
environmentd

POTW
transfer

Off-site
waste
transfer

AK 2 88,176 0 265 0 88,441 0 66

AL 75 3,001,377 1,331 0 5 3,002,713 1,046 21,433,270

AR 59 2,209,387 68 3,250 106,107 2,318,812 5 1,755,909

AZ 9 126,923 0 0 0 126,923 0 30,482

CA 125 1,553,654 242 122 500 1,554,518 61,772 13,826,818

CO 22 343,136 0 0 0 343,136 10 2,194,676

CT 33 668,010 5 0 0 668,015 1,155 1,839,393

DE 10 38,727 72 0 0 38,799 50,548 478,664

FL 47 1,429,964 0 3,302 0 1,433,266 899 740,691

GA 79 3,118,819 689 0 0 3,119,508 1,080 5,842,004

HI 2 18,375 0 0 0 18,375 0 2,640

IA 51 1,968,830 66 5 0 1,968,901 9 1,666,065

ID 3 353,942 0 0 0 353,942 0 35,772

IL 198 5,228,891 611 10,252 0 5,239,754 19,136 19,447,474

IN 171 7,710,949 399 33,703 0 7,745,051 2,883 6,933,973

KS 51 1,579,396 307 3,296 420 1,583,419 10 1,885,660

KY 57 5,602,482 613 6,432 0 5,609,527 2,898 6,131,146

LA 75 1,968,292 553 4,120 157,705 2,130,670 0 3,846,996
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Table 5-1.  Releases to the Environment from Facilities that Manufacture or Process Toluene (continued)

Range of reported amounts released in pounds per yeara

Stateb
Number of
facilities Airc Water Land

Underground
injection

Total
environmentd

POTW
transfer

Off-site
waste
transfer

MA 74 1,625,237 0 7 0 1,625,244 1 7,914,191

MD 20 403,263 3 0 0 403,266 79 2,795,379

ME 7 302,348 0 0 0 302,348 0 87,118

MI 150 6,770,172 387 3,022 6,142 6,779,723 13,541 34,965,822

MN 65 2,235,464 107 0 0 2,235,571 15 2,395,773

MO 81 1,990,918 48 911 0 1,991,877 27,917 23,510,623

MS 61 4,489,512 6,278 421 5,120 4,501,331 254 3,667,812

MT 6 104,600 16 255 0 104,871 5 2,025

NC 156 6,404,347 33 5 0 6,404,385 36,976 6,249,840

ND 3 80,337 0 1 0 80,338 0 28,880

NE 19 776,949 5 0 0 776,954 250 418,576

NH 12 186,830 0 0 0 186,830 5 144,415

NJ 107 1,110,539 85 4,616 0 1,115,240 63,040 14,837,724

NM 10 317,538 0 1,010 0 318,548 0 74,210

NV 2 619,855 0 0 0 619,855 11 137,181

NY 87 4,074,714 575 5 0 4,075,294 5,121 2,204,985

OH 203 3,400,247 3,598 760 0 3,404,605 4,579 18,091,777

OK 36 1,283,992 1,238 439 2,200 1,287,869 726 1,027,209

OR 32 663,051 0 0 0 663,051 171 582,455
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Table 5-1.  Releases to the Environment from Facilities that Manufacture or Process Toluene (continued)

Range of reported amounts released in pounds per yeara

Stateb
Number of
facilities Airc Water Land

Underground
injection

Total
environmentd

POTW
transfer

Off-site
waste
transfer

PA 148 6,447,689 1,671 251 0 6,449,611 55,637 14,314,073

PR 28 1,130,850 13 0 0 1,130,863 43,141 2,346,775

RI 16 761,923 1 2,089 0 764,013 5 146,233

SC 63 4,931,964 604 1,405 0 4,933,973 510 6,539,868

SD 10 155,429 0 3 0 155,432 0 104,056

TN 115 8,955,221 2,365 0 0 8,957,586 18,460 11,569,814

TX 208 5,519,497 4,899 655,161 235,436 6,414,993 72,065 11,212,189

UT 22 336,598 62 620 0 337,280 9,252 44,622

VA 83 5,191,139 1,020 0 0 5,192,159 116,441 5,728,481

VI 1 151,479 48 0 0 151,527 0 11,934

VT 6 61,159 0 0 0 61,159 250 106,854

WA 39 1,187,149 110 1,480 0 1,188,739 15 823,767

WI 94 2,788,125 0 21 0 2,788,146 2,018 11,500,908

WV 21 1,246,059 2,606 1,429 0–0 1,250,094 0 3,085,704

WY 8 113,513 10 696 0–250 114,219 0 4,610

Totals 3062 112,827,037 30,738 739,354 513,635 114,110,764 611,936 274,767,582

Source:  TRI97 1999

aData in TRI are maximum amounts released by each facility
bPost office state abbreviations used
cThe sum of fugitive and stack releases are included in releases to air by a given facility

dThe sum of all releases of the chemical to air, land, water, and underground injection
wells
POTW = publicly owned treatment works
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5.2.1 Air

Nearly all toluene entering the environment is released directly to air.  The largest source of emissions is

gasoline, which typically contains 5–7% toluene by weight (Verschueren 1977).  In 1978, air emissions 

associated with gasoline use were estimated to be 1.5 billion pounds (6.8x105 metric tons), the bulk of this

(6.4x105 metric tons) was released through automobile exhaust (EPA 1981).  Toluene used in paints,

solvents, adhesives, inks, and similar products is also released to air upon use.  The total release from

these sources not associated with gasoline was estimated to be about 3.7x105 metric tons in 1978 (EPA

1981).

Toluene may also be released during disposal processes.  Based on information from 40 medical waste

incinerators in the United States and Canada, emission factors for toluene were reported to range from

37.3 to 178 (mean=113) ppb waste for uncontrolled emissions and 177–3,000 (mean=1,920) ppb waste

for controlled emissions (Walker and Cooper 1992).  Toluene emissions from coal-fired power stations

(119 µg/Nm3) were reported to be far less than toluene emissions from diesel engines (167–287 µg/Nm3)

and automobiles (15,700–370,000 µg/Nm3, where N denotes 20 EC and 1 atmosphere pressure) (Garcia et

al. 1992). 

According to the Toxics Release Inventory, in 1997, the estimated releases of toluene of 113 million

pounds (249 million kg) to air from 3,118 manufacturing or processing facilities accounted for about 50%

of total environmental releases (TRI97 1999).  Table 5-1 lists amounts released from these facilities.  The

TRI data should be used with caution because only certain types of facilities are required to report.  This

is not an exhaustive list.

Toluene has been identified in air samples collected at 187 of the 959 NPL hazardous waste sites where it

was detected in some environmental media (HazDat 2000).

5.2.2 Water

Toluene may be released to water from industrial discharges and urban wastes, or by spills and leaks of

gasoline.  However, these releases are believed to comprise only a small fraction of the amount of toluene

released to air (EPA 1981).  In a survey of toluene levels in industrial waste waters, EPA (1982a) found

values ranging from 1 to 2,000 ppb.  
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According to the Toxics Release Inventory, in 1997, the estimated releases of toluene of 30,378 pounds

(166,832 kg) to water from 3,062 manufacturing or processing facilities accounted for about 0.03% of

total environmental releases (TRI97 1999).  The majority of the releases to water are due to spills of

gasoline and oil to surface water (TRI97 1999).  Another 611,931 pounds were transferred to POTWs.  

The TRI data should be used with caution because only certain types of facilities are required to report. 

This is not an exhaustive list.

Toluene has been identified in 243 surface water and 1,063 groundwater samples collected from 959 NPL

hazardous waste sites, where it was detected in some environmental media (HazDat 2000).

5.2.3 Soil

Toluene has been identified in 807 soil and 220 sediment samples collected from 959 NPL hazardous

waste sites, where it was detected in some environmental media (HazDat 2000).

Release of toluene to land may occur in association with gasoline spills, leaking underground gasoline

storage tanks, or land disposal of municipal sludges or refinery wastes.  Although, in some cases, releases

might be significant on a local scale, the total amount of toluene released to the environment in soil is

considered to be negligible (EPA 1981).  

According to the Toxics Release Inventory, in 1997, the estimated releases of toluene of 739,354 pounds

(1.6 million kg) to soil from 3,062 manufacturing or processing facilities accounted for about 0.65% of

total environmental releases (TRI97 1999).  Table 5-1 lists amounts released from these facilities. 

Another 3.3 million pounds were transferred off-site.  The TRI data should be used with caution since

only certain types of facilities are required to report.

5.3 ENVIRONMENTAL FATE

5.3.1 Transport and Partitioning

Although toluene is a liquid at room temperature, it is sufficiently volatile (vapor pressure = 28.4 mmHg

at 25 EC) that the majority of toluene released to the environment partitions to air.  As discussed in

Section 5.2, most toluene is released directly into air, and that which is released to surface water or soil
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tends to volatilize quickly.  The rate of toluene volatilization from surface waters depends on whether the

water is static (half-life of 1–16 days) or turbulent (half-life of 5–6 hours) (Mackay and Leinonen 1975;

Wakeham et al. 1983).  Laboratory studies indicate that surfactants can affect volatilization of toluene

from water (Anderson 1992).  The rate of volatilization from soils depends on temperature, humidity, and

soil type, but under typical conditions, more than 90% of the toluene in the upper soil layer volatilizes to

air within 24 hours (Balfour et al. 1984; Thibodeaux and Hwang 1982).  Toluene present in deep soil

deposits, however, is much less likely to volatilize.  Calculations of toluene volatilization for deposits

1–1.3 m below the soil surface suggest that only 0.1–2.6% will volatilize over a 1-year period (Jury et al.

1990).  The higher volatilization value allows for a soil water evaporation rate of 0.1 cm/day and the

lower value assumes no water evaporation.

Because toluene is moderately soluble in water (534.8 ppm at 25 EC), it is likely that toluene is scrubbed

from air by rainfall, but no quantitative estimate of the rate of this transport process was located.  Toluene

removed from the atmosphere by this process is likely to be rapidly volatilized.

The rate of toluene transport to groundwater depends on the degree of adsorption to soil.  The log organic

carbon-water partition coefficient is 2.25, which indicates that toluene will be moderately retarded by

adsorption to soils rich in organic matter, but will be readily leached from soils with low organic content

(Wilson et al. 1981).  Soil desorption can be slow.  Distilled water removed 9–40% of the toluene

adsorbed to samples of five different soils of low organic content within 24 hours (Pavlostathis and

Mathavan 1992), but after 7 days some of the toluene still remained adsorbed to the soil samples.  Studies

of the sorption mechanism when biological activity is minimized show that the primary, or partitioning

process, is very fast, but the adsorption process is much slower (Wojtenko et al. 1996).  A gravimetric

method shows that adsorption of gas phase toluene on loam or clay occurs in two stages: fast diffusion

and adsorption in macropores, followed by slower diffusion and adsorption in intragrain micropores

(Arocha et al. 1996).  Although the organic carbon content of aquifer materials is an important

determinant of toluene migration in groundwater, other factors may be important as well (Larsen et al.

1992).  For example, information from waste sites and U.S. coastal plain aquifers indicates that many site-

specific hydro geologic factors can have unpredictable effects on toluene migration (Adams and Golden

1992).  In addition, the presence of other gasoline components (benzene, xylene) can impact toluene

migration.  Competitive sorption between these gasoline components decreases the interaction between

toluene and soil, thereby allowing it to move more quickly through the aquifer (Stuart et al. 1991).
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Based on its lipophilic properties, toluene is expected to have a low tendency to bioconcentrate in the

fatty tissues of aquatic organisms (Franke et al. 1994).  The bioconcentration factor was estimated to be

about 10.7 in fish (EPA 1980a) and about 4.2 in mussels.  The levels that accumulate in the flesh of

aquatic species also depend on the degree to which the species metabolize toluene.  The highest tissue

levels of toluene tend to occur in species such as eels, crabs, and herring that have a low rate of toluene

metabolism (EPA 1981).  Metabolism of toluene limits its tendency to biomagnify in the food chain.

5.3.2 Transformation and Degradation

5.3.2.1 Air

Toluene in the atmosphere is rapidly degraded by reaction with hydroxyl radicals to yield cresol and

benzaldehyde, which in turn undergo ring cleavage to yield simple hydrocarbons (Davis et al. 1979;

Hoshino et al. 1978; Kenley et al. 1973).  The estimated rate constant for this process is about

0.6–2.4x10-5 sec-1, which corresponds to an atmospheric half-life of around 13 hours.  The actual half-life

may range from 10 to 104 hours depending on atmospheric conditions (Howard et al. 1991).  Toluene is

also oxidized by reaction with nitrogen dioxide, oxygen, and ozone, but the rates of these reactions are

two or more orders of magnitude less than for the hydroxyl radical (Altshuller et al. 1971; Dilling et al.

1976; Wei and Adelman 1969).  Benzyl nitrate and nitrotoluene are formed through the reaction of

atmospheric toluene with nitrogen oxides (Atkinson 1990).  Photolysis is not a significant degradation

pathway for toluene (EPA 1981).  Smog chamber experiments with hydroxyl radical oxidation of toluene

under simulated atmospheric conditions produce numerous carbonyl products. 

5.3.2.2 Water

Although toluene may be oxidized in water by reactions similar to those that occur in air, the rates of

these reactions in water are very slow (EPA 1979).  The half-life for benzene in reaction with aqueous

hydroxyl radicals has been estimated to range from 13 to 54 days (Howard et al. 1991).  Degradation of

toluene in water occurs primarily by microbial action.  The rate of biodegradation is a function of many

parameters (temperature, duration of microbial acclimation, etc.).  The degradation half-life is less than

1 day under favorable conditions (Wakeham et al. 1983).  In surface waters, the biodegradation half-life

of toluene was estimated to range from 4 to 22 days, whereas the biodegradation half-life of toluene in

groundwater was estimated to range from 7 to 28 days (Howard et al. 1991).  The biodegradation of

toluene in groundwater can be enhanced by the presence of sulfate, nitrate, potassium, and phosphate
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(Acton and Barker 1992; Armstrong et al. 1991; Hutchins 1991).  Sulfate enhances toluene

biodegradation by acting as an alternate electron acceptor (Acton and Barker 1992).  The rate of toluene

mineralization was estimated to range from 0.032 to 0.055 ppb hour (Armstrong et al. 1991).  Rapid

biodegradation (over 90% loss within 7 days) occurs in shallow groundwater (Wilson et al. 1983) and in

sludge waste water (Davis et al. 1981).  In-situ degradation is the most important sink for toluene in

contaminated streams.  Dilution, volatilization, and biodegradation account for 8, 26, and 66% of toluene

loss in a small stream in Massachusetts (Kim et al. 1995).  Laboratory studies of in-situ toluene

biodegradation show results comparable to the stream studies and indicate that the streambed surfaces

(sediments and rocks) are responsible for virtually all biodegradation (Cohen et al. 1995).  Reduced, but

still considerable, rates of toluene microbial degradation were reported in salt water, as compared to fresh

water (Price et al. 1974).  Bacteria are unable to degrade toluene in water when toluene concentration falls

below a threshold value were the metabolism of the compound is too slow to provide cells with energy at

a rate needed to maintain metabolism (Roch and Alexander 1997).

5.3.2.3 Sediment and Soil

Toluene can be degraded in soil by a number of bacterial species of the genera Pseudomonas and

Achromobacter (Fewson 1981).  The biodegradation process appears to occur in two phases.  The first

phase produces benzoic acid and is, in this respect, parallel to the metabolism of toluene by mammalian

microsomes.  In the second phase, the aromatic ring undergoes metabolic cleavage to produce the Krebs

cycle intermediates, which are degraded to carbon dioxide or incorporated into bacterial biomolecules

(Harayama et al. 1989).  Addition of large numbers of bacterial cells to toluene-contaminated soils may

have no benefit if the concentration of toluene is too low for the bacteria to maintain metabolic activity

(Roch and Alexander 1997).  Toluene degradation rates were proportional to the initial substrate

concentration, and these rates reached a maximum at a concentration of 200 ppm (Davis and Madsen

1996).  In aerobic soils, oxygen acts as the terminal electron acceptor in degradation of the ring cleavage

products.  Under anaerobic conditions, nitrogen or sulfate can act as the terminal electron acceptor (Beller

et al. 1992a, 1992b; Dolfing et al. 1990; Evans et al. 1991).  Under favorable conditions (presence of

electron acceptors, nutrients, and oxidizable compounds), laboratory studies show that BTEX (benzene-

toluene-ethylbenzene-xylene) compounds (which include toluene) are also degraded by bacteria in

anaerobic (Langenhoff et al. 1996) or oxygen-limited environments (Lovley 1997; Olsen et al. 1995). 

Under sulfate-reducing conditions, less than 10% of the toluene carbon was metabolized to

benzylsuccinic acid and benzylfumaric acid, whereas >80% was mineralized to carbon dioxide (Beller et

at. 1992a).  The half-life for biodegradation in soil under laboratory conditions may be as short as 1 hour
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(Claus and Walker 1964), whereas half-lives of 1–7 days are typical in the environment (API 1984). 

Based on data from the aerobic degradation of toluene in water, the biodegradation half-life of toluene in

soils is expected to range from 4 to 22 days (Howard et al. 1991).  Soil biodegradation is not impeded by

adsorption (Robinson et al. 1990).  The wood-degrading, white-rot fungus, Phanerochaete chrysoporium,

mineralizes 50% of 2 ppm aqueous solutions of toluene or benzene, toluene, ethylbenzene, and xylenes

(BTEX) compounds to carbon dioxide within 5 days.  Nonlignindytic conditions are favored (Yadav and

Reddy 1993). 

5.4 LEVELS MONITORED OR ESTIMATED IN THE ENVIRONMENT

Reliable evaluation of the potential for human exposure to toluene depends in part on the reliability of

supporting analytical data from environmental samples and biological specimens.  In reviewing data on

toluene levels monitored or estimated in the environment, it should also be noted that the amount of

chemical identified analytically is not necessarily equivalent to the amount that is bioavailable.

5.4.1 Air

The concentration of toluene in air has been measured in a number of studies.  Table 5-2 summarizes the

average concentration as a function of sampling location (EPA 1988b).  Background levels of toluene in

remote areas were found to be quite low (0.05 ppb), but levels of 0.27–7.98 ppb were observed in

suburban and urban areas.  Other studies have reported toluene concentrations of 0.9–70.1 ppb,

0.06–195 ppb, and 2.2–751.5 ppb in rural (Khalil and Rasmussen 1992), urban (Chan et al. 1991b; EPA

1991c; Evans et al. 1992; Kelly et al. 1993), and source dominated air samples (Guldberg 1992; Kelly et

al. 1993).  There are multiple sources of this atmospheric toluene, with vehicle emissions being a major

contributor (Altshuller et al. 1971; EPA 1981; Garcia et al. 1992).  The emission rate of toluene from

motor vehicle traffic in a Los Angeles roadway tunnel was found to be 748 ppm (Fraser et al. 1998).

Concentrations of toluene in air from the inside of vehicles have been reported to range from 0.56 to

42.0 ppb (Chan et al. 1991a; Lawryk and Weisel 1996; Weisel et al. 1992).

High air concentrations of toluene were nearly always found indoors (Lebret et al. 1986; Otson et al.

1983; Wallace et al. 1986).  In several studies, indoor (home or office) toluene concentrations ranged

from 0.7 to 24.2 ppb due mostly to infiltration from auto emissions (Chan et al. 1991b; Hodgson et al.

1991; Kelly et al. 1993; Michael et al. 1990b; Shields and Weschler 1992).  Toluene was among the

volatile organic compounds detected in the emissions from sponge rubber carpet cushions (Schaeffer et 
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Table 5-2.  Median Toluene Levels in Ambient Air

Sampling location
Number of
samples

Daily mean
concentration (ppb)

Concentration
(µg/m3)

Remote 225 0.049 0.18

Rural 248 0.35 1.3

Suburban 958 0.195 0.731

Urban 2,519 2.883 10.81

Source dominated 104 6.314 23.67

Indoor 101 8.4 31.5

Workplace 80 0.865 3.24

Personal 1,650 0.000 0.000

Adapted from EPA 1988b
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al. 1996).  Indoor toluene can also originate from household products (paints, thinners, glues, etc.) and

smoking.  The indoor toluene concentrations in a household with smoking residents were found to be

greater than those in a nonsmoking household (Montgomery and Kalman 1989). 

Volatilization from contaminated tap water is another source of indoor toluene.  Efficiencies of toluene

volatilization have been estimated for sources such as the kitchen sink (13–26%), residential washing

machines (8.2–99%), residential dishwashers (96–98%), and household showers (61–77%) (Howard and

Corsi 1996, 1998; Howard-Reed et al. 1999; Moya et al. 1999).  Toluene was found to be emitted at a rate

of 40,000 ppb during the charbroiling of hamburger meat over a natural gas fired grill (Schauer et al.

1999a).  Higher levels of toluene were detected in indoor air during the spring (4.8 ppb) than in the

summer (7.70 ppb) (Mukerjee et al. 1997).  Indoor and in-vehicle toluene levels appear to be affected by

seasonal changes (Montgomery and Kalman 1989; Weisel et al. 1992).

Shields et al. (1996) compared volatile organic compounds measured in three types of commercial

buildings (telecommunication offices, data centers, and administrative offices) across the United States 

The highest amount of toluene was detected in the data centers with a geometric mean concentration of

2.68 ppb.  Geometric mean concentrations of toluene measured in telecommunications offices,

administrative offices, and outdoor air were 1.3, 1.5, and 0.7 ppb, respectively.  The presence of aromatic

compounds was found to be independent of occupant density and was attributed to presence of adhesives,

building materials, floor and wall coverings, architectural coatings, and cleaning products.

Very high concentrations of toluene (53.2–38,038 ppb) were detected in gas from municipal landfills in

Finland (Assmuth and Kalevi 1992).  Toluene can enter nearby homes by diffusion and pressure-driven

transport from soil (Hodgson et al. 1988).  

al. 1996).  Indoor toluene can also originate from household products (paints, thinners, glues, etc.) and

smoking.  The indoor toluene concentrations in a household with smoking residents were found to be

greater than those in a nonsmoking household (Montgomery and Kalman 1989). 

Volatilization from contaminated tap water is another source of indoor toluene.  Efficiencies of toluene

volatilization have been estimated for sources such as the kitchen sink (13–26%), residential washing

machines (8.2–99%), residential dishwashers (96–98%), and household showers (61–77%) (Howard and

Corsi 1996, 1998; Howard-Reed et al. 1999; Moya et al. 1999).  Toluene was found to be emitted at a rate
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of 40,000 ppb during the charbroiling of hamburger meat over a natural gas fired grill (Schauer et al.

1999a).  Higher levels of toluene were detected in indoor air during the spring (4.8 ppb) than in the

summer (7.70 ppb) (Mukerjee et al. 1997).  Indoor and in-vehicle toluene levels appear to be affected by

seasonal changes (Montgomery and Kalman 1989; Weisel et al. 1992).

Shields et al. (1996) compared volatile organic compounds measured in three types of commercial

buildings (telecommunication offices, data centers, and administrative offices) across the United States 

The highest amount of toluene was detected in the data centers with a geometric mean concentration of

2.68 ppb.  Geometric mean concentrations of toluene measured in telecommunications offices,

administrative offices, and outdoor air were 1.3, 1.5, and 0.7 ppb, respectively.  The presence of aromatic

compounds was found to be independent of occupant density and was attributed to presence of adhesives,

building materials, floor and wall coverings, architectural coatings, and cleaning products.

Very high concentrations of toluene (53.2–38,038 ppb) were detected in gas from municipal landfills in

Finland (Assmuth and Kalevi 1992).  Toluene can enter nearby homes by diffusion and pressure-driven

transport from soil (Hodgson et al. 1988).  

5.4.2 Water

A number of surveys have been conducted to investigate the occurrence of toluene in water.  Although

there is wide variation from location to location, toluene appears to be a relatively infrequent contaminant

of drinking water, especially for systems utilizing groundwater sources.  For example, in 2 surveys

performed between 1977 and 1981, toluene was detected in only 2 of 289 and 11 of 929 samples, at

concentrations ranging from 0.5 to 2.9 ppb (EPA 1981).  The frequency of detection of toluene in

drinking water drawn from surface water sources was somewhat higher (3 of 97 and 20 of 99,

respectively), although concentration ranges were similar (0.1–1.6 ppb).  Toluene was detected in less

than 20% of the samples of groundwater taken from alluvial aquifers beneath Denver, Colorado, a major

urban center, at a maximum concentration of 1 ppb (Bruce and McMahon 1996).  

Toluene was found in 60 water samples in 48 private wells in the state of Rhode Island.  The total number

of wells sampled and the number of samples taken was not provided.  The concentrations detected ranged

from 1 to 3,500 ppb (RIDH 1989).  Characteristics of the well sites, such as proximity to a waste site,

were not described.  Toluene was detected at concentrations of 6,400 and 6,900 ppb in two groundwater

sampling wells at a hazardous waste site (Armstrong et al. 1991).
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5.4.3 Sediment and Soil

No studies were located regarding levels of toluene in typical urban, suburban, or rural soils.  Toluene has

been occasionally detected in sediments of surface waters at concentrations averaging 5 ppb (Staples et al.

1985).  Toluene was detected in the sediment of lower Passaic River, New Jersey, in the vicinity of

combined sewer overflow outfalls (Iannuzzi et al. 1997).  The concentrations ranged from 4.0 to 250 ppb.

In the absence of continuous releases from a waste site, it is expected that toluene would not persist for

long periods in soil, due to its volatility, susceptibility to biodegradation, and water solubility.

5.4.4 Other Environmental Media

Toluene was detected at average levels of 20 ppb in 23% of 150 samples of aquatic biota recorded in the

STORET data base (Staples et al. 1985).  The concentration of toluene in commercial foodstuffs has not

been thoroughly studied.  Although the data are limited, the levels of toluene in food are not likely to be

significant (EPA 1981).  Toluene was detected in eggs stored in polystyrene containers that contained

toluene (Matiella and Hsieh 1991).  Cigarette smoke is a significant source of toluene, estimated to be

about 80 µg/cigarette (Grob 1965).  Toluene was detected in a variety of household items including

automotive products, household cleaners/polishes, paint-related products, fabric and leather treatments,

lubricants and adhesives (Sack et al. 1992).  The levels of toluene in these products varied from 1.8 to

23.3% by weight.

5.5 GENERAL POPULATION AND OCCUPATIONAL EXPOSURE

Available data indicate that for the general population, inhalation of toluene is likely to be the main route

of exposure.  Assuming an average concentration in indoor and outdoor air of 2.12 ppb (EPA 1988b), and

assuming inhalation of 20 m3/day and 50% absorption of inhaled toluene (EPA 1981), the typical dose by

this route would be about 300 µg/day.  Exposure could be higher near heavily traveled roadways or point

sources of toluene, and could also be increased by frequent use of home products containing toluene.  For

example, in an industry-sponsored study, personal inhalation exposures to toluene during the application

of nail lacquers in residences ranged from approximately 1,030 to 2,820 µg/person/day (Curry et al.

1994).  The mean toluene levels measured in air during the nail laquer application ranged from 0.85 to

2.45 ppm, while the post-application concentrations ranged from 0.05 to 0.27 ppm.  No toluene was

detected in air prior to the nail laquer application.
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Blood concentrations of toluene have been measured in 604 non-occupationally exposed people in the

United States who participated in the Third National Health and Nutrition Examination Survey

(NHANES III).  Participants were selected on the basis of age, race, gender, and region of residence. 

Toluene was detected in 75% or more of the blood samples and was present at a mean concentration of

0.52 ppb, a median concentration of 0.28 ppb, a 5th percentile concentration of 0.11 ppb, and a 95th

percentile concentration of 1.5 ppb (Ashley et al. 1994).  Buckley et al. (1997) compared the amount of

toluene detected in the blood samples of residents of the Lower Rio Grande Valley to that detected in the

NHANES III study.  Toluene was found in 81% of the blood samples.  The amount of toluene was found

to be lower than that observed in NHANES III, the median concentration being 0.17 ppb.  

Cigarette smoking may also significantly increase exposure.  Assuming inhalation of about 80–100 µg of

toluene per cigarette and 50% absorption (EPA 1981; Grob 1965), smoking one pack per day would

contribute an absorbed dose of about 1,000 µg/day.

Toluene is a volatile component of wood smoke.  Emission rates of toluene during wood combustion in

home heating units have been reported in the range of 0.15–1 g/kg of wood (Larson and Koenig 1994).

Based on average values of toluene in water, exposure by ingestion of contaminated drinking water is

likely to be relatively small compared to inhalation.  The concentration of toluene in drinking water

drawn from surface water sources is 0.15–0.25 ppb (EPA 1981), and daily intake by this route (based on

ingestion of 2 L/day) would be approximately 0.3–0.5 µg/day.  In a survey of bottled drinking water sold

in Canada, only 20 (or 11%) of 182 samples analyzed contained measurable amounts of toluene, with an

average concentration of 6.92 ppb and a range of 0.5–63 ppb (Page et al. 1993).  Toluene is also known to

volatilize from various household sources of water such as the kitchen sink, dishwashers, washing

machines, and showers water into air; thus, its presence in tap water may ultimately result in inhalation

exposure (Howard and Corsi 1996, 1998; Howard-Reed et al. 1999; Moya et al. 1999).

Exposure to gasoline (which contains toluene) has been estimated for a household using gasoline-

contaminated water (Beavers et al. 1996).  In this house, $694 ppb of toluene was found in the water,

664 ppb in shower air, and 14.9 ppb in non-shower air.  Dermal absorption during shower-related

activities accounted for 30% of the total dose.  Inhalation during shower-related activities represented

25%.  Ingestion represented 30%, and non-shower household inhalation 16%.  The authors note that

personal habits limit the general applicability of these results (Beavers et al. 1996).



TOLUENE 196

5.  POTENTIAL FOR HUMAN EXPOSURE

Data are not available to estimate intake of toluene from ingestion of food, but these routes are likely to

be minor (EPA 1981).  A number of studies have indicated significant accumulations of toluene in

products for human consumption.  For example, escaping gasoline vapors from internal combustion

engines used or stored near olives during the growing, harvesting, storage, and processing steps in the

production of virgin olive oil can cause significant contamination of the product with toluene and other

hydrocarbons (Biedermann et al. 1996).  Significant concentrations of toluene have also been measured in

8 of 10 species of fruit tested in a European study, which showed higher concentrations of toluene in the

peel than in the pulp of the fruit (Górna-Binkul et al. 1996).  Dermal absorption of toluene is not a

significant route of exposure.  Uptake of toluene via skin has been estimated to contribute 1–2% of the

body burden received following whole body (including inhalation) exposure (Brooke et al. 1998).

 

Although toluene has been found to be a common contaminant at hazardous waste sites, it is not possible

to estimate human exposure levels that might occur near waste sites without detailed site-specific

information on concentration values in air, water, and soil, and on human intake of these media. 

Pathways that might be of significance include inhalation of toluene vapors, ingestion of toluene-

contaminated water (surface water and/or groundwater), volatilization and inhalation from contaminated

water, and dermal contact with toluene-contaminated soil.

Based on average (0.19–0.7 ppm) and maximum (0.26–2.4 ppm) concentrations of toluene in air at

service stations, inhalation exposures of self-serve customers, gas station attendants, and downwind

residents were estimated to be 0.057 to 0.49, 38, and 0.062 to 0. 29 ppb/day, respectively (Guldberg

1992).  An Alaskan study compared the concentration of toluene in blood before and after pumping of

regular and oxygenated gasoline in February (Backer et al. 1997).  The median concentration of toluene

in blood before pumping gasoline was found to be 0.38 ppb.  A greater increase was detected in the blood

concentration of toluene after pumping oxygenated gasoline (0.85 ppb) than after pumping regular

gasoline (0.74 ppb).  Other transportation-related toluene exposure pathways include: inhalation of

volatile organic compounds from contaminated air in aircraft cabins (2–135 ppb for toluene) (Dechow et

al. 1997), and breathing air in long road tunnels (97–167.6 ppb) (Barrefors 1996).

Toluene exposure may also occur in the work place, especially in the printing industry where toluene is

used as a solvent for inks and dyes.  Occupational exposure may also occur during paint stripping

operations (Vincent et al. 1994).  Concentrations of 5–50 ppm are common in the workplace with some

values as high as 250 ppm (1,000 mg/m3) (NCI 1985).  Assuming that a worker inhales 10 m3 of air while

on the job, and that 50% of the inhaled toluene is absorbed, a workplace concentration of 53.2 ppm would
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correspond to an exposure level of 1,000 mg/day.  The toluene burden of rotogravure workers measured

with personal monitoring tubes was found to be higher (ranging from 14.9 to 120 ppm, 

median=60.9 ppm) than the air concentration in the workplace (ranging from 37.5 to 87.2 ppm,

median=62.8 ppm) (Hammer et al. 1998).  In another study, the blood of rotogravure workers was tested

before and after the use of toluene to clean containers for the primary printing colors (Muttray et al.

1999).  The concentration of toluene in their blood was found to increase from 0.87 to 4.9 ppm.  In

addition, dermal exposure might also occur from contact with toluene-containing materials, contributing

perhaps 20 mg/use (EPA 1981).  Personnel working with various types of fuel may be at a risk of toluene

exposure.  A Finnish study determined the exposure of gasoline tanker drivers to toluene during loading

and delivery to be 0.4–2.9 ppm (Hakkola and Saarinen 1996; Saarinen et al. 1998).  The exposure level of

aircraft maintenance personnel to toluene in raw JP-8 jet fuel vapor was found to be 6.3±1.6 ppm (Smith

et al. 1997).

Art materials, especially painting supplies, represent another potential source for exposure to toluene for

people of all ages and to people who spend time near an artist's work area or studio, which for about 50%

of professional artists is in the home (McCann 1992).  Case reports on acute toluene poisoning of workers

installing a parquet floor in Singapore (Tan and Seow 1997) and on excessive exposure to toluene in a

wood furniture manufacturing facility in the U.S. (Paulson and Kilens 1996) have also been reported.  A

group of Dutch carpet-layers using water-based adhesives were exposed to an 8-hour average

concentration of toluene in the range of 0.27–76.87 ppm, while carpet-layers using contact adhesives

were exposed to an 8-hour average concentration of 4.25–161.2 ppm (Muijser et al. 1996).  Measurement

data for fire-fighters occupationally exposed to combustion products in three separate building fires

indicated they were exposed to an average concentration of 0.23 ppm toluene during the time they were

fighting the fires (McDiarmid et al. 1991).

Workplace exposure to toluene and other volatiles is associated with the plastics industry (Socie et al.

1997), emissions from waste waters in municipal sewage treatment plants (Bianchi and Varney 1997), 

with sculptured nail manicure salons (Hiipakka and Samimi 1987), and with hair salons (Hollund and

Moen 1998).  Combinations of solvents can enhance the dermal penetration of toluene.  Methanol

enhances the skin absorption of toluene.  Special precautions need to be taken against the skin absorption

of toluene when handling paint thinners that contain methanol (Tsuruta 1996).
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5.6 EXPOSURES OF CHILDREN

This section focuses on exposures from conception to maturity at 18 years in humans.  Differences from

adults in susceptibility to hazardous substances are discussed in Section 2.7 Children’s Susceptibility.

Children are not small adults.  A child’s exposure may differ from an adult’s exposure in many ways. 

Children drink more fluids, eat more food, and breathe more air per kilogram of body weight, and have a

larger skin surface in proportion to their body volume.  A child’s diet often differs from that of adults. 

The developing human’s source of nutrition changes with age: from placental nourishment to breast milk

or formula to the diet of older children who eat more of certain types of foods than adults.  A child’s

behavior and lifestyle also influence exposure.  Children crawl on the floor, they put things in their

mouths, sometimes eat inappropriate things (such as dirt or paint chips), and they spend more time

outdoors.  Children also are closer to the ground, and they do not have the judgment of adults to avoid

hazards (NRC 1993).

Exposures of the embryo or fetus to volatile organic compounds such as toluene may occur if the

expectant mother is exposed to high levels that overwhelm maternal protective mechanisms including

metabolic detoxification and disposition of toluene and possible preferential distribution of toluene to

maternal adipose tissues (see Sections 2.3 and 2.5).  A newborn infant may be exposed by breathing

contaminated air and through ingestion of mother’s milk that can contain small amounts of toluene. 

Children may be exposed through accidental ingestion of products containing toluene.  Older children and

adolescents may be exposed to toluene in their jobs or hobbies, or through deliberate solvent abuse by

“sniffing.”  Human epidemiological studies and case reports discussing reproductive and/or

developmental toxicity of toluene in humans have been reviewed.  Exposure routes included occupational

duties and sniffing of paints, paint reducers, and paint thinners (Donald et al. 1991b).  Inhalant abuse

during pregnancy poses significant risks to the pregnancy and endangers both the mother and the fetus. 

Solvent abuse of toluene for euphoric effects results in exposure levels that equal of exceed those

producing adverse effects in animals.

Transfer of toluene to nursing infants from breast milk of currently exposed mothers is expected to be a

possibility because of the lipophilicity of toluene and the relatively high lipid content of breast milk.

Mobilization during pregnancy or lactation of stored toluene from pre-conception exposure, however,

does not appear to be a major concern because most toluene is rapidly eliminated from the body (see

Sections 2.3.4 and 2.7). There is also a risk for an adverse effect on the lactation process itself and the
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nutritional content of the milk.  Women should be counseled about the effects of workplace exposure

while breast-feeding (Byczkowski et al. 1994).  A physiologically based pharmacokinetic model (PBPK)

has been developed to estimate the amount of chemical that an infant ingests for a given nursing schedule

and daily maternal occupational exposure to 50 ppm toluene for 8 hours (Fisher et al. 1997).  This PBPK

model predicted an ingestion rate of 0.460 mg/day for such an infant.

Young children often play close to the ground and frequently play in dirt, which increases their dermal

exposure to toxicants in dust and soil.  They also tend to ingest soil, either intentionally through pica or

unintentionally through hand-to-mouth activity.  Children may be orally and dermally exposed to toluene

present as a contaminant in soil and dust, but toluene is not expected to persist for long periods in soil (in

the absence of continuous release) due to its volatility, susceptibility to bacterial degradation, and water

solubility.  It has been demonstrated that the toluene adsorbed on soil is absorbed by the body (Turkall et

al. 1991).  Toluene in both aqueous solution and vapor phase has also been shown to be absorbed through

the human skin, albeit slowly (Brooke et al. 1998; Dutkiewicz and Tyras 1968; Tsuruta 1989).  Toluene

has a log organic carbon-water partition coefficient of 2.25, indicating moderate adsorption to soil,

especially to soil with high organic matter (Wilson et al. 1981).  Most of the toluene present in the upper

layers of the soil is volatilized to air within 24 hours (vapor pressure=28.4 mmHg at 25 EC) (Balfour et al.

1984; Thibodeaux and Hwang 1982).  The degradation half-life of toluene is 1–7 days in soil (API 1984). 

Loss of toluene from the soil decreases the potential of dermal and oral exposure to children, but its rapid

volatilization results in inhalation being the most likely route of exposure. 

Children breathe in more air per kilogram of body weight than an adult.  Therefore, a child in the same

micro-environment as an adult may be exposed to more toluene from ambient air.  Young children are

closer to the ground or floor because of their height.  The toluene vapors being heavier than air (vapor

density=3.14 g/mL) tend to concentrate near the ground.  The children, therefore, may be at greater risk of

exposure than adults during accidental spills of toluene.

Children may also be exposed to fumes of toluene and other hydrocarbons by working with or playing

near sources of gasoline.  Children’s exposure also occurs through accidental ingestion and inspiration of

the chemicals into the lungs.  Asthma, pneumonia, pulmonary damage, and death can result.  Most

accident victims are one- and two-year olds and are about evenly divided between males and females. 

Most incidents occur in the children’s homes and the products are in their normal storage areas.  Child-

resistant packaging is recommended (Journal of Environmental Health 1997).  Children are also exposed

to higher concentrations of toluene in central urban areas with high traffic density, where children's blood
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toluene concentrations are, on average, 56% higher than those of children living in rural areas (Jermann et

al. 1989; Raaschou-Nielson et al. 1997).  

Children are also exposed through hobbies and art activities involving glues, adhesives, and paints

(McCann 1992).  Abuse of toluene-containing products among young people by inhalation (“sniffing”) is

a social and clinical concern (Young 1987). 

5.7 POPULATIONS WITH POTENTIALLY HIGH EXPOSURES

In addition to individuals who are occupationally exposed to toluene (see Section 5.5), there are several

groups within the general population that have potentially high exposures (higher than background levels)

to toluene.  These populations include individuals living in proximity to sites where toluene was produced

or sites where toluene was disposed, and individuals living near one of the 959 NPL hazardous waste sites

where toluene has been detected in some environmental media (HazDat 2000). 

The population most likely to experience high levels of exposure to toluene are workers in the printing

industry or other industries employing toluene as a solvent.  In addition, workers exposed to gasoline

vapors are also likely to have higher than average exposure to toluene.  Individuals may also be exposed

to high levels at home in association with the use of toluene-containing consumer products.  Smokers

have a considerably higher exposure to toluene than nonsmokers.

Toluene has been frequently identified as a water contaminant in the proximity of hazardous waste sites. 

Drinking water sources for populations living near a hazardous waste site containing toluene should be

evaluated for toluene.  If groundwater wells are contaminated, exposure to toluene can occur when the

well-water is used for showering, cleaning, cooking, and drinking purposes.  Exposure can also occur

through contact with contaminated soil.

A troublesome route of exposure to toluene is through deliberate inhalation of fumes from paint thinners,

gasoline, glues contact adhesives, and aromatic solvents.  Inhalant abuse can affect pregnancy outcome

(Jones and Balster 1998).  Inhalant abuse is an urgent health care problem among youth, including

American Indians (Young 1987).  Contact adhesives often contain toluene, heptane, and methyl ethyl

ketone.  Although toluene is more toxic than the other ingredients, it evaporates more slowly.  Thus the

vapors inhaled when “sniffing” such adhesives will contain less toluene and should be less toxic than

would be expected from its liquid composition (Midford et al. 1993).   
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5.8 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether

adequate information on the health effects of toluene is available.  Where adequate information is not

available, ATSDR, in conjunction with the National Toxicology Program (NTP), is required to assure the

initiation of a program of research designed to determine the health effects (and techniques for developing

methods to determine such health effects) of toluene. 

 

The following categories of possible data needs have been identified by a joint team of scientists from

ATSDR, NTP, and EPA.  They are defined as substance-specific informational needs that if met would

reduce the uncertainties of human health assessment.  This definition should not be interpreted to mean

that all data needs discussed in this section must be filled.  In the future, the identified data needs will be

evaluated and prioritized, and a substance-specific research agenda will be proposed. 

5.8.1 Identification of Data Needs

Physical and Chemical Properties.    The physical and chemical properties of toluene that are

needed to evaluate its behavior in the environment are available (Table 3-2).  It does not appear that

further research in this area is essential.

Production, Import/Export, Use, Release, and Disposal.    As of October 1, 1996, the

International Trade Commission ceased to collect or publish annual synthetic organic chemicals data. 

The National Petroleum Refiners Association, which currently collects such data, does not include

toluene on its list of organic chemicals.  The available production data of toluene are out of date.  It is

essential that these data be updated regularly to allow a more accurate determination of the potential for

human exposure.

According to the Emergency Planning and Community Right-to-Know Act of 1986, 42 U.S.C.

Section 11023, industries are required to submit chemical release and off-site transfer information to the

EPA.  This database, Toxic chemical Release Inventory (TRI), will be updated yearly and should provide

a list of industrial production facilities and emissions.  Available information appears to be adequate for

assessing industrial production and the potential for release of toluene at this time.  Additional

information concerning home-use products containing toluene and their disposal are needed.  Household
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hazardous waste disposal programs are in their infancy and there are few data on the amounts of waste

processed through these programs.

According to the Emergency Planning and Community Right-to-Know Act of 1986, 42 U.S.C.

Section 11023, industries are required to submit chemical release and off-site transfer information to the

EPA.  The Toxics Release Inventory (TRI), which contains this information for 1996, became available in

May of 1998.  This database will be updated yearly and should provide a list of industrial production

facilities and emissions.

Environmental Fate.    Existing information indicates that volatilization, followed by reaction with

hydroxyl radicals in air, is the principal fate process for toluene in the environment (Davis et al. 1979;

Hoshino et al. 1978; Howard et al. 1991; Kenley et al. 1973).  The rate constants for this process have

been established, although further refinements would improve the ability to model the fate of toluene

emissions.  Although toluene is not a common contaminant in water, it has been found to occur in both

groundwater and surface water near waste sites (HazDat 2000).  Additional studies on the rate of

volatilization, degradation, and transport of toluene in groundwater, surface water, and soils would be

useful for assessing potential human exposure near hazardous waste sites.

Considerable data are available concerning the genetics of toluene-degrading microorganisms (Fewson

1981; Harayama et al. 1989), but distinctions need to be made between the activities of microorganisms

found naturally in the soil and water, and those that are genetically engineered for use in bioremediation

projects.  Quantitative characterization of the end products of biodegradation and information concerning

this fate would also be helpful.

Bioavailability from Environmental Media.    On the basis of the available data, toluene appears to

be highly bioavailable when it is released to the environment.  Inhalation, oral, and dermal absorption

occur due to toluene solubility in the lipid matrix of the cell membrane (Alcorn et al. 1991).  Absorption

is rapid and virtually complete at low exposure concentrations when exposures are oral or respiratory

(Alcorn et al. 1991; Carlsson and Ljungqvist 1982; Hjelm et al. 1988).  Adsorption also occurs through

contact with the skin (Dutkiewicz and Tyras 1968).  Additional research on bioavailability of toluene

from the environment does not appear to be needed.
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Food Chain Bioaccumulation.    Very little information was identified pertaining to the

bioaccumulation of toluene in the food chain.  Despite its lipid solubility, the bioconcentration factor for

toluene is expected to be relatively low due to its rapid metabolism to more polar molecules with a lower

affinity for lipids, and it has little tendency to bind to biomolecules.  Additional research efforts

pertaining to bioaccumulation of toluene would be justified for cold water fish with relatively high fat

content and for plants used as a source of vegetable oils.  It would be helpful to know if toluene becomes

incorporated in the lipid deposits of these organisms.  Although there has been little data collected

concerning the tendency for toluene to biomagnify in the environment, available data on bioconcentration

suggest that research on this topic is not needed.

Exposure Levels in Environmental Media.    The concentration of toluene in ambient air and in

drinking water has been the subject of numerous studies (Bruce and McMahon 1996; EPA 1981, 1988b,

1991c; HazDat 2000; Kelly et al. 1993; Lebret et al. 1986; Michael et al. 1990b; Montgomery and

Kalman 1989; Otson et al. 1983; RIDH 1989), but there is a need to maintain the currency of the data. 

Further studies on toluene levels in food and soil would be useful, since quantitative data for these media

are limited.  The potential exists for toluene to be present in human and bovine milk due to its lipid

solubility, but studies of exposure through these media were not identified.  In view of the observation

that the highest levels of toluene likely to be encountered by an average citizen occur in the home, studies

that identify the sources of toluene in indoor air would be valuable in reducing or eliminating this

pathway of exposure.

Reliable monitoring data for the levels of toluene in contaminated media at hazardous waste sites are

needed.  The information thus obtained on levels of toluene in the environment can be used in

combination with the known body burdens of toluene to assess the potential risk of adverse health effects

in populations living in the vicinity of hazardous waste sites.

Exposure Levels in Humans.    Data from the Total Exposure Assessment Methodology study (EPA

1987c) provide information on the concentration of toluene in the expired air of humans in relation to

levels in the air breathed by the individual.  Exposure of the general population to toluene in air has been

monitored for a variety of scenarios (Backer et al. 1997; Beavers et al. 1996; Biedermann et al. 1996;

Curry et al. 1994; EPA 1981; Grob 1965; Guldeberg 1992; Larson and Koenig 1994; Page et al. 1993). 

Amounts of toluene volatilizing from the household sources such as the kitchen sink, dishwashers,

washing machines, and showers have also been estimated (Howard and Corsi 1996, 1998; Howard-Reed

et al. 1999; Moya 1999).  Combination of this data with appropriate toxicokinetic models of toluene
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absorption, distribution, and excretion in humans would allow for improved estimates of exposure levels

in humans.  Toluene exposure in the workplace is well documented (Hammer et al. 1998; Hiipakka and

Samimi 1987; McCann 1992; McDiarmid et al. 1991; Muijser et al. 1996; Muttray et al. 1999; NCI 1985;

Paulson and Kilens 1996; Smith et al. 1997; Tan and Seow 1997; Vincent et al. 1994).  Continued

monitoring will help to minimize exposure of workers.  A study of toluene in human milk of

occupationally exposed women may be useful in evaluating the risks to this population of mothers and

infants.  This information would be useful to assess the desirability of conducting health studies on

exposed populations.

Exposures of Children.    A study on the usefulness of intervention methods in cases of inhalant

abuse by pregnant women may help to develop better means of preventing high-level exposure to toluene

and other solvents.  More research is needed to rule out concomitant risk factors and to identify specific

chemicals and patterns of use associated with adverse effects. 

Children may be at a greater risk of inhalation exposure to toluene as they breathe in more air per

kilogram of body weight than an adult.  They also spend more time closer to ground because of their

height.  Toluene vapors, being heavier than air, tend to concentrate closer to the ground, thereby

increasing the risk of exposure for children.  No data are available on the exposure of the children to

toluene present in the air.  

Means of protecting young children from ingestion of home products containing toluene need study and

action.  Child-proof containers and clearer warnings to parents should be considered to avoid unwanted

exposure.

Child health data needs relating to susceptibility are discussed in Section 2.12.2, Identification of Data

Needs: Children’s Susceptibility.

Exposure Registries.    No exposure registries for toluene were located.  This substance is not

currently one of the compounds for which a subregistry has been established in the National Exposure

Registry.  The substance will be considered in the future when chemical selection is made for

subregistries to be established.  The information that is amassed in the National Exposure Registry

facilitates the epidemiological research needed to assess adverse health outcomes that may be related to

exposure to this substance.
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5.8.2 Ongoing Studies

As part of the Third National Health and Nutrition Evaluation Survey (NHANES III), the Environmental

Health Laboratory Sciences Division of the National Center for Environmental Health, Centers for

Disease Control and Prevention, will be analyzing human blood samples for toluene and other volatile

organic compounds.  These data will give an indication of the frequency of occurrence and background

levels of these compounds in the general population.

A number of ongoing research efforts will provide data regarding the potential for human exposure to

toluene.  These projects are summarized in Table 5-3.  The EPA is also sponsoring the National Human

Adipose Tissue Survey (NHATS), and this will provide additional data on the range of concentrations of

toluene found in human fat samples taken during surgery or autopsy.  



TOLUENE 206

5.  POTENTIAL FOR HUMAN EXPOSURE

Table 5-3. Ongoing Studies on the Potential for Human Exposure to Toluene

Investigator Affiliation Research description Sponsor

Christiani, D.C. Harvard School of
Public Health

Effects on reproductive outcome of
occupational exposure to aromatic
solvents in the oil industry

NIOSH

Alexander, M. Cornell University Effects of aging of pollutants for soil
on bioavailability

NIEHS

Rappaport, S.M. University of North
Carolina, Chapel Hill

Development and application of
biomarkers of exposure

NIEHS

Abroila, L.M. Michigan State
University

Persistence of NAPL contaminants
in natural subsurface systems

NIEHS

Balster, R.L. Texas Tech University Behavioral pharmacology of
abused solvents

NIDA

Spormann, A.M. Stanford University Enzymatic studies on the initial
steps of anaerobic toluene and
xylene metabolism

NSF

NIDA = National Institute of Drug Abuse; NIEHS = National Institutes of Health Science; NIOSH = National Institute
for Occupational Safety and Health; NSF = Nation Science Foundation
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The purpose of this chapter is to describe the analytical methods that are available for detecting, 

measuring, and/or monitoring toluene, its metabolites, and other biomarkers of exposure and effect to

toluene.  The intent is not to provide an exhaustive list of analytical methods.  Rather, the intention is to

identify well-established methods that are used as the standard methods of analysis.  Many of the

analytical methods used for environmental samples are the methods approved by federal agencies and

organizations such as EPA and the National Institute for Occupational Safety and Health (NIOSH).  Other

methods presented in this chapter are those that are approved by groups such as the Association of

Official Analytical Chemists (AOAC) and the American Public Health Association (APHA). 

Additionally, analytical methods are included that modify previously used methods to obtain lower

detection limits and/or to improve accuracy and precision.

6.1 BIOLOGICAL SAMPLES

Toluene can be determined in biological fluids and tissues and breath using a variety of analytical

methods.  Representative methods are summarized in Table 6-1.  Most analytical methods for biological

fluids use headspace gas chromatographic (GC) techniques.  Breath samples are usually collected on

adsorbent traps or in sampling bags or canisters, and then analyzed by GC.

Because of its volatility, toluene is lost from biological samples, such as plant and animal tissue and body

fluids, relatively easily.  Therefore, samples must be collected and stored with care (e.g., at low

temperatures in sealed containers) to prevent analyte loss.  Blood samples are best stored at 4 EC or

below, in full containers made from glass, Teflon, or aluminum components (Gill et al. 1988; Saker et al.

1991).  Storage time must be limited to minimize losses.  Contamination can occur during sampling or

analysis since toluene is widely used as a solvent.  Care must be taken to monitor for contamination.

Headspace techniques are usually used to separate toluene from biological fluids such as blood and urine. 

The headspace method involves equilibrium of volatile analytes such as toluene between a liquid and

solid sample phase and the gaseous phase.  The gaseous phase is then analyzed by GC.  There are two

main types of headspace methodology: static (equilibrium) headspace and dynamic headspace which is

usually called the "purge and trap" method (Seto 1994).  The static headspace technique is relatively

simple, but may be less sensitive than the purge-and-trap method.  The purge-and-trap method, while

providing increased sensitivity, requires more complex instrumentation and may result in artifact
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Table 6-1.  Analytical Methods for Determining Toluene in Biological Materials

Sample matrix Preparation method
Analytical
method

Sample
detection limit

Percent
recovery Reference

Blood Lyse; extraction with carbon disulfide GC/FID No data No data Benignus et al. 1981

Blood Purge and trap No data 7.5 µg/L No data Cocheo et al. 1982

Whole blood Purge and trap GC/MS 0.088 µg/L 91–147 Ashley et al. 1992

Blood Purge and trap cap. GC/FID 50 ng/L 50 Fustinoni 1996

Blood Headspace extraction cap. GC/ITD 0.04 µmol/L No data Schuberth 1994

Mother’s milk Purge and trap cap. GC/FID No data 63 (chloro-
benzene)

Michael et al. 1990a
Pellizzari et al. 1982

Urine Purge and trap cap. GC/FID 50 ng/L 59 Fustinoni 1996

Urine Heated headspace extraction cap. GC/FID 1 ng/mL 42.3 Lee et al. 1998b

Biofluids Headspace extraction GC/FID No data No data Suitheimer et al. 1982

Adipose tissue Evaporation at 150 EC into
nitrogen, direct gas injection

GC/FID No data 88–112 Carlsson and 
Ljungquist 1982

Brain tissue Extraction with carbon disulfide;
homogenization; centrifugation

GC/FID No data No data Benignus et al. 1981

Breath Collection in modified Haldane-
Priestly tube; transfer to adsorption
tube; thermal desorption

cap. GC/MS 1 nmole No data Dyne et al. 1997

Breath Collection via spirometer into
passivated canisters

cap. GC/MS low µg/m3 80–136 Thomas et al. 1991

Breath Collection via spirometer into 1.8 L
passivated canisters

cap. GC/MS ~2 µg/m3 91–104 Thomas et al. 1992

Breath Collection via spirometer onto
charcoal traps; microwave desorption

cap. GC/MS-
SIM

3 µg/m3 No data Riedel et al. 1996

cap. = capillary; FID = flame ionization detector; GC = gas chromatography;  ITD = ion trap detection; MS = mass spectrometry;  SIM = selected ion monitoring
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formation (Seto 1994).  Packed columns and capillary columns are used for chromatographic separation,

followed by identification and quantitation using various detectors; flame ionization detection (FID),

photoionization detection (PID), and mass spectrometry (MS) are used most often.  Other sample

preparation methods have been used, but less frequently.  Solvent extraction permits concentration,

thereby increasing sensitivity, but the extraction solvent can interfere with analysis.  Direct aqueous

injection is a very rapid method, but sensitivity is low and matrix effects can be a serious problem.

A sensitive and reliable method for identification and quantitation of toluene in samples of whole blood

taken from humans following exposure to volatile organic compounds (VOCs) has been developed by

Ashley and coworkers at the Centers for Disease Control and Prevention (Ashley et al. 1992, 1996).  The

method involves purge-and-trap of a 10 mL blood sample with analysis by capillary GC/MS.  Anti-foam

procedures were used, as well as special efforts to remove background levels of VOCs from reagents and

equipment (Ashley et al. 1992).  The method is sensitive enough (ppt levels) to determine background

levels of VOCs in the population and provides adequate accuracy (91–147% recovery) and precision

(12% RSD) for monitoring toluene in the population.  Most modern purge and trap methods provide

detection limits in the ppt range for toluene in both blood and urine (Ashley et al. 1992; Fustinoni et al.

1996).

Few methods are available for the determination of methylbenzene in other body fluids and tissues. 

Toluene may be extracted from biological materials using solvents such as carbon disulfide (Benignus et

al. 1981); homogenization of tissue with the extractant and lysing of cells improves extraction efficiency. 

Care must be taken to avoid loss of low-boiling compounds.  Highly purified solvents may be used to

minimize problems with solvent impurities.  A modified dynamic headspace method for urine, mother’s

milk, and adipose tissue has been reported (Michael et al. 1980).  Volatiles swept from the sample are

analyzed by capillary GC/FID.  Acceptable recovery was reported for model compounds, but detection

limits were not reported (Michael et al. 1980).  Supercritical fluid extraction using pure carbon dioxide or

carbon dioxide with additives has good potential for the extraction of organic analytes such as toluene

from biological samples.

Sensitive, reliable methods are available for measuring toluene in breath.  Exhaled breath is collected in

modified Haldane-Priestly tubes (Dyne et al. 1997), into passivated canisters (Thomas et al. 1992), or

directly onto adsorbent traps (Riedel et al. 1996).  The detection limits are in the low µg/m3 range (Riedel

et al. 1996; Thomas et al. 1991, 1992); accuracy, where reported, is good ($80%) (Riedel et al. 1996;

Thomas et al. 1991, 1992).
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Representative methods for determination of biomarkers of exposure to toluene are shown in Table 6-2. 

Measurement of toluene in blood (Kawai et al. 1993), urine (Kawai et al. 1996) and exhaled air (Lapare et

al. 1993) provide reliable markers of exposure to toluene.  Measurement of toluene metabolites is also

utilized for monitoring toluene exposure in humans.  Hippuric acid is formed in the body by the

metabolism of toluene, and it is the glycine conjugate of benzoic acid.  High performance liquid

chromatography (HPLC) with ultraviolet (UV) detection is usually used for determination of hippuric

acid in urine (Kawai et al. 1993; NIOSH 1984a).  Other metabolites such as o-cresol (Kawai et al. 1996),

benzylmercapturic acid (BMA) (Maestri et al. 1997), or S-p-toluylmercapturic acid (Angerer 1998a,

1998b) may also be measured.  o-Cresol is a sensitive marker, but may arise from compounds other than

toluene; the usefulness of BMA may be limited by variability among individuals.

6.2 ENVIRONMENTAL SAMPLES

Methods are available for determining toluene in a variety of environmental matrices.  A summary of

representative methods is shown in Table 6-3.  Validated methods, approved by agencies and

organizations such as EPA, ASTM, APHA, and NIOSH, are available for air, water, and solid waste

matrices.  GC is the most widely used analytical technique for quantifying concentrations of toluene in

environmental matrices.  Various detection devices used for GC include FID, MS, and photoionization

detection (PID).  Because of the complexity of the sample matrix and the usually low concentrations of

VOCs in environmental media, sample preconcentration is generally required prior to GC analysis.  Air

samples may be collected and concentrated on adsorbent or in canisters for subsequent analysis.  Methods

suitable for determining trace amounts of methylbenzene in aqueous and other environmental media

include three basic approaches to the pretreatment of the sample: gas purge-and-trap technique, headspace

gas analysis, and extraction with organic solvent.  Purge-and-trap is the most widely used method for the

isolation and concentration of VOCs in environmental samples (Lesage et al. 1993).  The purge and trap

technique offers advantages over other techniques in that it allows facile isolation and concentration of

target compounds, thereby improving overall limits of detection and recovery of sample.

Sampling techniques for air include collection in sample loops, on adsorbent, in canisters, and by

cryogenic trapping.  The analysis is normally performed by GC/FID, GC/PID, or GC/MS.  Detection

limits depend on the amount of air sampled, but values in the ppt range have been reported (Dewulf and

Van Langenhover 1997). 
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Table 6-2.  Analytical Methods for Determining Biomarkers of Toluene in Biological Samples

Sample
matrix Preparation method Analytical method

Sample detection
limit

Percent
recovery Reference

Blood
(Toluene)

Headspace GC No data No data Kawai et al. 1993

Urine
(Toluene)

Headspace GC/FID 2 µg/L No data Kawai et al. 1996

Urine (HA) Extraction with ethyl acetate;
evaporation; redissolve in water 

HPLC/UV 30 mg/L No data NIOSH 1984b

Urine Extraction with MTBE, elution with
phosphate buffer/methanol/
formaldehyde

HPLC 0.1 mmol 101 Tardif et al. 1989

Urine
(o-Cresol)

Hydrolysis; solvent extraction HPLC/UV 0.5 mg/L 95a Kawai et al. 1996

Urine (BMA) Adsorbent column cleanup;
derivatization

HPLC/Fl 0.5 µg/L No data Maestri et al. 1997

Breath Collection in Tedlar bags GC/FID No data No data Lapare et al. 1993

aExtraction efficiency

BMA = benzylmercapturic acid; FID = flame ionization detector; Fl = fluorescence detector; GC = gas chromatography; HA = hippuric acid; HPLC = high
performance liquid chromatography; MTBE = methyl tertiary butyl ether; UV = ultraviolet detection
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Table 6-3.  Analytical Methods for Determining Toluene in Environmental Samples

Sample matrix Preparation method
Analytical
method

Sample
detection
limit

Percent
recovery Reference

Workplace air Sorption on activated carbon; extraction
with carbon disulfide

GC/FID 0.01 mg ±11.4a NIOSH 1994
Method 1501

Air Sorption onto Tenax®; solvent extraction;
thermal desorption

GC/MS <0.88 ppb 111–163 Crist and Mitchell 1986

Air Sorption onto Tenax®; thermal
desorption

GC/MS No data 93–94 EPA 1988a 
Method TO-1
Krost et al. 1982

Air Collection in passivated canisters GC/MS low ppb No data EPA 1988b  
Method TO-14

Air Collection on multisorbent tubes;
thermal desorption

GC/MS No data No data EPA 1997a
Method TO-17

Air Collection in sorbent sampler tubes GC/FID 0.01
mg/sample

94 USEPA, EMMI 1997
NIOSH 1500

Air Sorption on activated charcoal;
extraction with carbon disulfide

GC/FID 0.01
mg/sample

No data USEPA, EMMI 1997
NIOSH  4000

Stack gas
effluents

Sorption onto Tenax®; thermal
desorption

GC/MS No data 50–150 USEPA, EMMI 1997
OSW 5041A

Vehicle exhaust Direct GC/FID 0.5 ppb No data Dearth et al. 1992

Drinking water Purge and trap cap. GC/PID 0.01–0.02 ppb 98–99 EPA 1991a
Method 502.2

Drinking water Purge and trap GC/PID 0.02 ppb 94 EPA 1991b
Method 503.1

Drinking water Purge and trap cap. GC/MS 0.08–0.11 ppb 100–126 EPA 1992a
Method 524.2
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Table 6-3.  Analytical Methods for Determining Toluene in Environmental Samples (continued)

Sample matrix Preparation method
Analytical
method

Sample
detection
limit

Percent
recovery Reference

Water/
waste water

Purge and trap GC/PID 0.2 ppb 77 EPA 1982b
Method 602

Water/
waste water

Purge and trap GC/MS 6.0 ppb 98–101 EPA 1982c
Method 624

Water/
waste water

Addition of isotopically labeled analog;
purge and trap

GC/MS 10 ppb No data EPA 1984
Method 1624

Industrial effluents Purged with inert gas onto Tenax®;
thermally desorbed

GC/IDMS 20 ppb No data Colby et al. 1980

Drinking water,
waste water

Purged with inert gas onto Tenax®;
thermally desorbed, cryofocused

GC/MS 1 ppb 74–107 Michael et al. 1988

Groundwater Solid-phase microextraction GC/FID 2 ppb No data Arthur et al. 1992

Water Purge and trap GC/MS 0.047 ppb 106 USEPA, EMMI 1997
APHA 6210-B

Water Direct aqueous injection GC 1.0 ppm No data USEPA, EMMI 1997
ASTM D3695

Water Purge and trap GC 0.5 ppb 80–120 USEPA, EMMI 1997
APHA 6220-B

Water Dilution in appropriate solvent FS 2.1 ppm No data USEPA, EMMI 1997
ASTM D4763

Groundwater,
aqueous sludges,
waste solvents,
acid and caustic
liquors, soils,
sediments

Purge and trap GC/MS 5 ppb 47–150 USEPA, EMMI 1997
OSW8240B-W
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Table 6-3.  Analytical Methods for Determining Toluene in Environmental Samples (continued)

Sample matrix Preparation method
Analytical
method

Sample
detection
limit

Percent
recovery Reference

Groundwater,
aqueous sludges,
waste solvents,
acid and caustic
liquors, soils,
sediments

Purge and trap or direct injection GC/EC or
GC/PID

0.01 ppb 99 USEPA, EMMI 1997
OSW 8021B-PID

Solid waste Purge-and-trap cap. GC/PID 0.01 ppb 99 EPA 1996a
Method 8021B

Solid waste Purge-and-trap GC/PID 0.08–0.11 ppb 100–102 EPA 1996b
Method 8260B

Soil Methanol extraction; SPE cap. GC sub-ppm >90 Meney et al. 1998

Soil (screening) Filter immunoassay 7 ppm No data EPA 1996c
Method 4030

Soils and
sediments

Headspace extraction GC/PID 0.2 ppb 46–148 USEPA, EMMI 1997
OSW 8020A

Soids and other
solid matrices

Headspace extraction GC/FID
GC/PID/ELCD

No data No data USEPA, EMMI 1997
OSW 5021

Solid waste
matrices

Purge and trap or
direct aqueous injection or
concentration by azeotropic distillation or
automated static headspace

GC/MS 0.11 ppb 102 USEPA, EMMI 1997
OSW 8260B

Plant cuticle Headspace extraction GC/FID No data No data Keymeulen et al. 1997

Food Headspace extraction, 1 hour at 90 EC GC No data No data Walters 1986
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Table 6-3.  Analytical Methods for Determining Toluene in Environmental Samples (continued)

Sample matrix Preparation method
Analytical
method

Sample
detection
limit

Percent
recovery Reference

Foods Purge and trap cap. GC/MS 8 ppb 54–76b Heikes et al. 1995

Bottled water Headspace extraction GC/MS 0.5-1 ppb No data Page et al. 1993

Olive oil Homogenization; headspace cap. GC/MS No data No data Biedermann et al. 1995

aReported accuracy
bIntralaboratory accuracy. Single lab accuracy is reported as 100–106% recovery.

cap. = capillary; FID = flame ionization detector; FS = fluorescence spectroscopy, ELCD; GC = gas chromatography; IDMS = isotope dilution
mass spectrometry; MS = mass spectrometry; PID = photoionization detector; SPE = solid-phase extraction
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Toluene may be determined in occupational air using collection on adsorbent tubes, solvent desorption

and GC/FID analysis (NIOSH 1994).  Detection limits depend upon the amount of air sampled; accuracy

is very good (11.4% bias) (NIOSH 1994).  Passive samplers are also used (Ballesta et al. 1992; Periago et

al. 1997); however, little performance data are available.

Gas purge and trap is the most widely used method for the isolation and concentration of VOCs in

environmental samples (Lesage et al. 1993).  The purge and trap technique offers advantages over other

techniques in that it allows facile isolation and concentration of target compounds, thereby improving

overall limits of detection and recovery of sample.  Detection limits of less than 1 µg of methylbenzene

per liter of sample have been achieved.  Very low detection limits for drinking water are reported for the

purge and trap method with GC/PID (0.01–0.02 ppb) (EPA 1991a, 1991b).  Accuracy is very good

(94–99% recovery) (EPA 1991a, 1991b).  While the analytical method is selective, confirmation using a

second column or GC/MS is recommended (EPA 1992a).  Good sensitivity  (0.08–0.11 ppb) and

accuracy (100–126% recovery) can also be obtained using capillary GC/MS detection (EPA 1992a). 

Purge-and-trap methodology may be applied to waste water as well (EPA 1982b, 1982c, 1984). 

Sensitivity is in the low ppb range and recovery is good (77–101%) (EPA 1982b, 1982c, 1984).

Soil, sediment, and solid waste are more difficult to analyze.  Volatilization during sample handling and

homogenization can result in analyte loss.  Purge-and-trap methods with capillary GC/PID or GC/MS

analysis provide detection limits of approximately 0.5 ppm for wastes and 5 µg/g for soil and sediment 

(EPA 1982b, 1982c, 1984).

No methods were found for the determination of toluene in fish and biota.  Few methods are available for

the determination of toluene in food.  A purge and trap extraction method is available for determining

toluene in a variety of foods.  The quantitation limit is 8 ppb; single lab recovery is very good

(100–106%) and precision is good (9.8–25% RSD).  Both intra- and inter-laboratory studies were

conducted, and precision was found to be #25% RSD (Heikes et al. 1995).

6.3 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether

adequate information on the health effects of toluene is available.  Where adequate information is not

available, ATSDR, in conjunction with the National Toxicology Program (NTP), is required to assure the



TOLUENE 217

6.  ANALYTICAL METHODS

initiation of a program of research designed to determine the health effects (and techniques for developing

methods to determine such health effects) of toluene. 

 

The following categories of possible data needs have been identified by a joint team of scientists from

ATSDR, NTP, and EPA.  They are defined as substance-specific informational needs that if met would

reduce the uncertainties of human health assessment.  This definition should not be interpreted to mean

that all data needs discussed in this section must be filled.  In the future, the identified data needs will be

evaluated and prioritized, and a substance-specific research agenda will be proposed. 

6.3.1 Identification of Data Needs

Methods for Determining Biomarkers of Exposure and Effect.    Although toluene and its

metabolites can be measured in body fluids using a number of techniques (Kawai et al. 1993, 1996;

NIOSH 1984a,), the metabolites have limited value as biomarkers.  A number of common food materials

produce the same metabolites, thus measurement of toluene metabolites can be used to confirm a known

exposure but cannot be used to determine whether or not exposure occurred in a poorly defined situation. 

It is also very difficult to quantify the magnitude of exposure from levels of either toluene or its

metabolites in biological samples.  Despite these limitations, end-of-shift concentrations of 2.5 g hippuric

acid/g creatinine and 1.0 mg/L toluene in venous blood have been established as biological exposure

indices for toluene (ACGIH 1992a).  A technique that could accurately quantify exposure to toluene

would be useful.

For occupational health monitoring and animal studies, there is also a need for improved and more

sensitive methods to determine toluene metabolites.  Additional work to develop sensitive methods for

analysis of the cresol metabolites and to correlate these metabolites with specific exposure conditions

would be valuable.

It is equally difficult to monitor the effects of toluene exposure.  Magnetic resonance imaging (MRI) and

BAER evaluations of the brain have some value in determining the neurological damage resulting from

long-term exposures to high levels of toluene, but have no known value for determining the effects of

low-level and/or short-term exposures.
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Methods for Determining Parent Compounds and Degradation Products in Environmental
Media.    There are methods available for the determination of toluene and its metabolites in

environmental samples.  Sensitive techniques for air allow detection of toluene at levels as low as

0.88 ppb (Crist and Mitchell 1986).  In  drinking water, detection limits of 0.01–0.02 µg/L are possible

using GC/MS or GC/PID (EPA 1991a, 1991b).  For waste water,  detection limits in the low ppb range

are achievable (EPA 1982b, 1982c, 1984).  These techniques are adequate to measure both background

toluene levels and the levels of toluene in environmental media that could cause health effects.  However,

when toluene is present in combination with other volatile materials, interference from the companion

volatiles often raises the detection limit and decreases the accuracy and precision of the technique. 

Improved methods for separation of toluene from other volatiles would be useful. 

Very little work has been conducted on measuring the levels of toluene metabolites in the environment. 

Although techniques for measuring these substances exist, they have not routinely been applied to

environmental media.  Research on measuring the levels of metabolites in soil and water would be

valuable especially in studying the end products of microbial degradation.  Few methods are available for

monitoring toluene in foods; reliable methods are needed for evaluating the potential for human exposure

that might result from toluene ingestion.

6.3.2 Ongoing Studies

The Environmental Health Laboratory Sciences Division of the National Center for Environmental

Health, Centers for Disease Control and Prevention, is developing methods for the analysis of toluene and

other volatile organic compounds in blood.  These methods use purge-and-trap methodology, high-

resolution GC, and magnetic sector mass spectrometry which gives detection limits in the low parts per

trillion (ppt) range.

The U.S. EPA is conducting a pilot program for comprehensive monitoring of human exposure.  The

National Human Exposure Assessment Study (NHEXAS) is being conducted in three regions of the

United States  in order to establish relationships between environmental concentrations, exposure, dose,

and health response and to determine the incidence and causes of high exposures, especially for

biologically susceptible persons.  One of the aims of the pilot study is to test measurement methodology

for a variety of pollutants, including toluene, in air and water.  As an adjunct to this pilot study, the U.S.

EPA and the State of Minnesota are conducting a study of children’s exposure to toxic chemicals,

including toluene. 
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The international, national, and state regulations and guidelines regarding toluene in air, water, and other

media are summarized in Table 7-1.  

ATSDR has derived an acute-duration inhalation MRL of 1 ppm (3.8 mg/m3) for toluene based on a

NOAEL for neurological effects in humans (Andersen et al. 1983).  

ATSDR has derived a chronic-duration inhalation MRL of 0.08 ppm (0.3 mg/m3) for toluene based on a

LOAEL for neurological effects in humans in a study by Zavalic et al. (1998a).

ATSDR has derived an acute-duration oral MRL of 0.8 mg/kg/day for toluene based on a LOAEL for

neurological effects in rats (Dyer et al. 1988).

ATSDR has derived an intermediate-duration oral MRL of 0.02 mg/kg/day for toluene based on a

LOAEL for neurological effects in mice (Hsieh et al. 1990b).

The EPA's reference concentration (RfC) for toluene is 0.4 mg/m3 and the EPA's reference dose (RfD) is

0.2 mg/kg/day (IRIS 2000).

The International Agency for Research on Cancer (IARC) classifies toluene as a Group 3 carcinogen (the

agent is not classifiable as to its carcinogenicity to humans) based on inadequate evidence in humans for

carcinogenicity of toluene and evidence suggesting lack of carcinogenicity of toluene in experimental

animals (IARC 1999).  The EPA and the American Conference of Governmental Industrial Hygienists

(ACGIH) also state that there are inadequate data on which to classify toluene in terms of its

carcinogenicity in humans or animals (ACGIH 1997; IRIS 2000).  Therefore, toluene is assigned the

cancer classification of “Group D” by the EPA and given the cancer category “A4" by the ACGIH

(ACGIH 1997; IRIS 2000).

Toluene is listed as a chemical which must meet the requirements of Section 313 of Title III of the

Superfund Amendments and Reauthorization Act (SARA) (EPA 1996a).  Title III of SARA, also known

as "The Emergency Planning and Community Right-to-Know Act of 1986," requires owners and

operators of certain facilities that manufacture, import, process, or otherwise use the chemicals on this list

to report annually any release of those chemicals to any environmental media over a specified threshold

level.
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Toluene has been designated as a hazardous substance pursuant to the Comprehensive Environmental

Response, Compensation, and Liability Act (CERCLA) of 1980 (EPA 1995a).  The statutory source for

this designation is Section 311(b)(4) of the Clean Water Act (CWA), Section 307 (a) of the CWA,

Section 112 of the Clean Air Act (CAA), and Section 300 of the Resource Conservation and Recovery

Act (RCRA) (EPA 1995a).  The owner and operator of any facility that produces, uses, or stores a

CERCLA hazardous substance is required to immediately report releases to any environmental media, if

the amount released is equal to or exceeds the specified “reportable quantity” assigned to the substance. 

The reportable quantity for toluene is 1,000 pounds (454 kg) (EPA 1995a).  

The Occupational Safety and Health Administration (OSHA) sets permissible exposure limits (PELs) to

protect workers against adverse health effects resulting from exposure to hazardous substances.  The

PELs determined for hazardous substances are enforceable, regulatory limits on allowable air

concentrations in the workplace.  OSHA requires employers of workers who are occupationally exposed

to these hazardous substances to institute engineering controls and work practices to reduce and maintain

employee exposure at or below permissible exposure limits (PEL).  Between June 27, 1974 and

January 18, 1989, the Occupational Safety and Health Administration (OSHA) had promulgated

protective, permissible exposure limits (PELs) for approximately 264 toxic substances (OSHA 1993).  On

January 18, 1989, OSHA promulgated more protective PELs for approximately 376 toxic substances. 

Toluene was included among the 212 toxic substances for which the PEL was lowered (OSHA 1989a). 

The new PELs for toluene were set at 50 ppm (TWA) and 100 ppm for the 15-minute, short-term

exposure limit (STEL) (OSHA 1989a).  Because the 1989 promulgation was rescinded by the 11th Circuit

Court Appeals in July 1992, only those PELs in place prior to the 1989 rule are currently enforced by

OSHA.  On June 30, 1993, OSHA published in the Federal Register a final rule announcing the

revocation of the 1989 exposure limits, including the newly established limits for toluene (OSHA 1993). 

An employer must ensure that an employee’s exposure to toluene in any 8-hour work shift of a 40-hour

week does not exceed the 8-hour time-weighted average (TWA) of 200 ppm (OSHA 1974).  The

acceptable ceiling concentration for toluene which shall not be exceeded at any time during an 8-hour

shift is 300 ppm (OSHA 1974).  The acceptable maximum peak above the ceiling for an 8-hour shift is

500 ppm.  The maximum exposure duration for this level is 5 minutes in any 2-hour period (OSHA

1974).  The ACGIH (1999) recommends an 8-hour TWA Threshold Limit Value of 50 ppm toluene to

protect against central nervous system effects.

Toluene is regulated as a hazardous air pollutant (U.S. Congress 1990) and is subject to the emission

limitations for various processes and operations in the synthetic organic chemicals manufacturing 
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industry (EPA 1983a, 1993b, 1995i).  Source categories such as wood furniture manufacturing operations

(EPA 1995g), polymer and resin producers (EPA 1996c) and petroleum refineries (EPA 1996b) that could

release toluene to the atmosphere must meet the national emissions standards for hazardous air pollutants

(NESHAPs). 

Because of its potential to cause adverse health effects in exposed people, toluene is also regulated by the

drinking water standards set by the EPA.  Toluene generally gets into drinking water by improper waste

disposal or leaking underground storage tanks.  In order to protect humans from the risk of developing

adverse health effects from exposure to toluene through drinking water, the EPA Drinking Water

Regulations and Health Advisories (1996) lists the Maximum Contaminant Level and the Maximum

Contaminant Level Goal for toluene as 1 mg/L. 
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Table 7-1.  Regulations and Guidelines Applicable to Toluene

Agency Description Information Reference

INTERNATIONAL
Guidelines:

IARC Cancer Classification Group 3 IARC 1998

WHO Drinking-water guideline values
for health-related organics

700 µg/L WHO 1996

NATIONAL
Regulations and
Guidelines:

a.  Air:

ACGIH TLV—TWA 50 ppm ACGIH 1999

EPA Listed as a Hazardous Air
Pollutant

Yes Clean Air Act
Amendment, Title III,
Section 112 (b)
U.S. Congress 1990

NIOSH Recommended Exposure Limit:
TWA
STEL

100 ppm
150 ppm

NIOSH 1999

OSHA 8-hour time weighted average 200 ppm 29 CFR 1910.1000
OSHA 1999a

Acceptable ceiling
concentration

300 ppm 29 CFR 1910.1000
OSHA 1999a

Acceptable maximum peak
above the acceptable ceiling
concentration for an 8-hour
shift for a maximum duration of
10 minutes

500 ppm 29 CFR 1910.1000
OSHA 1999a

Vacated 1989 OSHA PELa

TWA
STEL

100 ppm
150 ppm

OSHA 1989a

8-hour time weighted average
for shipyard workers

200 ppm 29 CFR 1915.1000
OSHA 1999b

8-hour-time weighted average
for construction workers

200 ppm 29 CFR 1926.55
OSHA 1999c

b.  Water
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Table 7-1.  Regulations and Guidelines Applicable to Toluene (continued)

Agency Description Information Reference

EPA (cont.) MCLG 1 mg/L 40 CFR 141.50
EPA 1999g

EPA MCL 1 ppm 40 CFR 141.32
EPA 1999f

MCL for community and non-
transient, non-community water
systems 

1 mg/L 40 CFR 141.61
EPA 1999h

Health Advisories
One-day (10-kg child)
Ten-day (10-kg child)
Longer-term (child)
Longer-term (adult)
Lifetime (adult)
Cancer Classification

20 mg/L
2 mg/L
2 mg/L
7 mg/L
1 mg/L
Group Db

EPA 1996a

Water Quality Criteria:
water and organisms
organisms only

6,800 µg/L
200,000 µg/L

EPA 1999j

Universal treatment standards
waste water
non-waste water 0.080 mg/L2

10 mg/kg3

40 CFR 268.48
EPA 1999e

FDA Bottled water limit for toluene 1 mg/L 21 CFR 165.110
FDA 1999e

c.  Food

EPA Residue exempt from the
requirement of a tolerance
when used in accordance
with good agricultural practice
in pesticide formulations
applied
to growing crops or to raw
agricultural commodities after
harvest

Used as a solvent or
co-solvent

40 CFR 180.1001
EPA 1999i

FDA Indirect Food Additive—
component of adhesives

Yes 21 CFR 175.105
FDA 1999a

Indirect food additive—
component of resinous and
polymeric coatings

Yes 21 CFR 175.320
FDA 1999c

Indirect food additive— residual
solvent in finished
polycarbonate resins

Not to exceed 800
ppm

21 CFR 177.1580
FDA 1999d
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Table 7-1.  Regulations and Guidelines Applicable to Toluene (continued)

Agency Description Information Reference

FDA (cont.) Used as an adjuvant in the
manufacturing of foam plastics
intended for use in contact with
foods— subject to the following
limitations:

Use only as a
blowing agent
adjuvant to
polystyrene at a
level not to exceed
0.35% by weight of
finished foam
polystyrene

21 CFR 178.3010
FDA 1999b

Indirect food additive—
component of cellophane used
for food packaging

Residue limit of
0.1%

21 CFR 177.1200
FDA 1999f

d. other

ACGIH Cancer classification A4c ACGIH 1999

Biological Exposure Index:
o-Cresol in urine
Hippuric acid in urine
Toluene in blood

0.5 mg/L
1.6 g/g creatinine
0.05 mg/L

EPA RfD
RfC
Cancer Classification

0.2 mg/kg/day
0.4 mg/m3

Dd

IRIS 2000

Reportable quantity for toluene 
regarded as a CERCLA
hazardous substance under
section 311(b)(4), 307(a)
and 112 of the Clean Water
Act; and by RCRA section
3001

1,000 lb 40 CFR 302.4
EPA 1999b

Identification and Listing of
toluene as a Hazardous Waste

Yes 40 CFR 261.33
EPA 1999a

Toxic pollutant designated
pursuant to section 307(a)(1) of
the Act

Yes 40 CFR 401.15
EPA 1998a

Toxic Chemical Release
Reporting— effective date

1/1/87 40 CFR 372.65 
EPA 1999d

EPA (cont.) Designated hazardous
substance in accordance with
section 311(b)(2)(a) of the Act

Yes 40 CFR 116.4 
EPA 1998b

Health and Safety Data
Reporting Rule

Yes 40 CFR 716.120
EPA 1995f
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Table 7-1.  Regulations and Guidelines Applicable to Toluene (continued)

Agency Description Information Reference

STATE

a.  Air:

Arizona Acceptable concentration
1-hour
24-hour

1 ppm 
0.796 ppm

NATICH 1992

Connecticut 8-hour acceptable
concentration

7,500 µg/m3 NATICH 1992

Florida Acceptable concentration
Fort Lauderdale

 8-hour
Pinella

8-hour
24-hour
Annual

7.5 mg/m3

3,750 µg/m3

900 µg/m3

300 µg/m3

NATICH 1992

Idaho Acceptable concentration
Occupational exposure level

18.75 mg/m3

375 mg/m3
ID Dept Health
Welfare 1999a

Indiana 8-hour acceptable
concentration

1,880 µg/m3 NATICH 1992

Kansas Concentration limits for
hazardous air emissions

10 tons/year KS Dept. Health Env
1998b

Louisiana 8-hour acceptable
concentration 

8,900 µg/m3 NATICH 1992

Massachusetts 24-hour and annual acceptable
concentration

10.20 µg/m3 NATICH 1992

Maine Acceptable concentration
 24-hour
Annual

260 µg/m3

180 µg/m3

NATICH 1992

North Carolina Acceptable concentration
15-minute
24-hour

56 mg/m3

4.7 mg/m3

NATICH 1992

North Dakota Acceptable concentration 
8-hour
1-hour

3.77 mg/m3

5.65 mg/m3   

NATICH 1992

Nevada 8-hour acceptable
concentration

8.93 mg/m3 NATICH 1992

New York Annual Acceptable
concentration

7,500 µg/m3 NATICH 1992

Oklahoma 24-hour acceptable
concentration

37,500 µg/m3 NATICH 1992
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Table 7-1.  Regulations and Guidelines Applicable to Toluene (continued)

Agency Description Information Reference

STATE (cont.)

Rhode Island Acceptable concentration
24-hour
Annual

2,000 µg/m3 
400 µg/m3 

RI Dept Env
Management 1992

South Dakota 8-hour acceptable
concentration

7,500 µg/m3 NATICH 1992

Texas 0.5-hour acceptable
concentration

3,750 µg/m3 NATICH 1992

Virginia 24-hour acceptable
concentration

6,300 µg/m3 NATICH 1992

Vermont 24-hour acceptable
concentration

8,930 µg/m3 NATICH 1992

Washington 24-hour acceptable
concentration

1,250  µg/m3 NATICH 1992

Wisconsin Acceptable emission levels
<25 feet
25 feet

31 lbs/hour
131 lbs/hour

WI Dept Natural
Resources 1997

EPA Region 9e Preliminary remedial goal (non
cancer)

4.0 x 10+2 µg/m3 EPA 1998a

b.  Water

Alabama Human health criteria for
consumption of:

water and fishf

fish onlyf
6 mg/L
43.6 mg/L

AL Dept Env
Management 1998

Alaska Maximum contaminant level 1 mg/L AK Dept Env
Conserv 1999

Arizona Human health based guidance
levels (HBGLS)for ingestion of
contaminents in drinking water

Oral HBGL
MCL

1400 µg/L
1000 µg/L

AR Dept Health
Services 1999

Aquifer water quality standard-
drinking water protected use

1 mg/L BNA 1998

California Drinking water guideline 100 µg/L FSTRAC 1995
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Table 7-1.  Regulations and Guidelines Applicable to Toluene (continued)

Agency Description Information Reference

STATE (cont.)

Colorado Aquatic life based criteria for
surface waters:

acute
chronic

Human health based for
surface water:

water and organism
water only

17,500 µg/L
Not given

1000 µg/L
1000 µg/L

CO Dept Public
Health Env 1999

Connecticut Drinking water guideline 1,000 µg/L FSTRAC 1995

Surface-water protection
criteria for substances in
ground water

4x10+6 µg/L BNA 1998

Delaware Freshwater fish ingestion
Freshwater fish and water
Marine fish ingestion

370 mg/L
10 mg/L
52 mg/L

BNA 1998

Florida Criteria for resource protection
and recovery

freshwater
marine

475 µg/L
475 µg/L

BNA 1998

Hawaii Health guidelines applicable to
all water:

Freshwater
acute
chronic

Saltwater
acute
chronic

Fish consumption

5,800 µg/L
NSg

2,100 µg/L
NSg

140,000 µg/L

HI Dept Health
1999a

MCL applicable to community
and non-transient, non-
community water systems

1 mg/L HI Dept Health
1999b

Idaho Ground water quality 1 mg/L ID Dept Health
Welfare 1999a

Illinois Human health standards 51.0 mg/L IL Env Protec
Agency 1999

Kansas Guideline 2,000 µg/L FSTRAC 1990

Kansas Surface water quality standards
for aquatic life:

acute
chronic

17,500 mg/L
Not given

KS Dept Health
Envment 1998a

Maine Guideline 1400 FSTRAC 1995
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Table 7-1.  Regulations and Guidelines Applicable to Toluene (continued)

Agency Description Information Reference

STATE (cont.)

Massachusetts Guideline 2,000 µg/L FSTRAC 1995

Minnesota Guideline 1,000 µg/L FSTRAC 1995

New Hampshire Guideline 2,000 µg/L FSTRAC 1990

New Jersey Ground water quality standards 1000 µg/L NJ Dept Env Protec
1993

Oklahoma Aquatic life Criteria
acute
chronic

Not given
875.0 µg/L

OK Dept Env Quality
1997

Rhode Island Accepted level - annual
average

2,000 µg/m3 RI Dept Env
Management 1992

South Dakota Maximum contaminant levels—
apply to community and non-
transient and non-community 
water systems

1 mg/L SD Dept Env Natural
Resources 1998

Vermont Guideline 2,420 µg/L FSTRAC 1995

Wisconsin Standard 1,000 µg/L FSTRAC 1995

EPA Region 9e Preliminary remedial goal
(noncancer)

7.2x10+2 µg/m3 EPA 1998a

aOSHA set more protective PELs for 212 substances in 1989.  However, in July 1992, the 11th Circuit Court Appeals rescinded the
 1989 PELs promulgated by OSHA.  Only PELs in place prior to the 1989 rule are currently allowed as OSHA standards.

bNot classifiable; Inadequate or no human and animal evidence of carcinogenicity
cA4-Not classifiable as a human carcinogen.
dD-substances are unclassifiable as to their carcinogenicity
eThe preliminary remediation goals (PRGs) are tools used by EPA Region 9 for evaluating and cleaning up contaminated sites.

 They are being used to streamline and standardize all stages of the risk decision-making process for soil remediation.

fThe following equations were used to calculate the values as given in the Alabama State laws:
Consumption of water and fish: Concentration (mg/L) = (HBW X RfD) / [(FCR X BCF) + WCR]
Consumption of water only:

Concentration (mg/L) = (HBW X RfD) / (FCR X BCF)
HBW = human body weight, set at 70 kg
RfD = reference dose, 0.2 mg/(kg-day) for toluene

FCR = fish consumption rate, set at 0.030 kg/day
BCF = bioconcentration factor, 10.7 L/kg for toluene
WCR = water consumption rate, set at 2 L/day

gNS: no standard has been developed

ACGIH=American Conference of Governmental Industrial Hygienists; CFR=code of federal regulations; CPSC=Consumer Product
Safety Commission; EPA=Environmental Protection Agency; FDA=Food and Drug Administration; FR=federal register;
FSTRAC=Federal-State Toxicology and Regulatory Alliance Committee;  IARC=International Agency for Research on Cancer;
IRIS=Integrated Risk Information System; MCL=maximum contaminant level; MCLG=maximum contaminant level goal;
NIOSH=National Institute for Occupational Safety and Health; NPDES=national pollutant discharge elimination system;
OSHA=Occupational Safety and Health Administration; PEL=permissible exposure limit; RfC=inhalation reference concentration;
RfD=oral reference dose; STEL=short term exposure limit; TLV=threshold limit value; TWA=time-weighted average; WHO=World
Health Organization
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Absorption—The taking up of liquids by solids, or of gases by solids or liquids.

Acute Exposure—Exposure to a chemical for a duration of 14 days or less, as specified in the
Toxicological Profiles.

Adsorption—The adhesion in an extremely thin layer of molecules (as of gases, solutes, or liquids) to the
surfaces of solid bodies or liquids with which they are in contact.

Adsorption Coefficient (Koc)—The ratio of the amount of a chemical adsorbed per unit weight of
organic carbon in the soil or sediment to the concentration of the chemical in solution at equilibrium.

Adsorption Ratio (Kd)—The amount of a chemical adsorbed by a sediment or soil (i.e., the solid phase)
divided by the amount of chemical in the solution phase, which is in equilibrium with the solid phase, at a
fixed solid/solution ratio.  It is generally expressed in micrograms of chemical sorbed per gram of soil or
sediment.

Benchmark Dose (BMD)—is usually defined as the lower confidence limit on the dose that produces a
specified magnitude of changes in a specified adverse response.  For example, a BMD10 would be the
dose at the 95% lower confidence limit on a 10% response, and the benchmark response (BMR) would be
10%.  The BMD is determined by modeling the dose response curve in the region of the dose response
relationship where biologically observable data are feasible.   

Benchmark Dose Model—is a statistical dose-response model applied to either experimental
toxicological or epidemiological data to calculate a BMD.

Bioconcentration Factor (BCF)—The quotient of the concentration of a chemical in aquatic organisms
at a specific time or during a discrete time period of exposure divided by the concentration in the
surrounding water at the same time or during the same period.

Biomarkers—are broadly defined as indicators signaling events in biologic systems or samples.   They
have been classified as markers of exposure, markers of effect, and markers of susceptibility.

Cancer Effect Level (CEL)—The lowest dose of chemical in a study, or group of studies, that produces
significant increases in the incidence of cancer (or tumors) between the exposed population and its
appropriate control.

Carcinogen—A chemical capable of inducing cancer.

Case-Control Study—A type of epidemiological study which examines the relationship between a
particular outcome (disease or condition) and a variety of potential causative agents (such as toxic
chemicals).  In a case-controlled study, a group of people with a specified and well-defined outcome is
identified and compared to a similar group of people without outcome.
 
Case Report—describes a single individual with a particular disease or exposure.  These may suggest
some potential topics for scientific research but are not actual research studies.

Case Series—describes the experience of a small number of individuals with the same disease or
exposure.  These may suggest potential topics for scientific research but are not actual research studies.
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Ceiling Value—A concentration of a substance that should not be exceeded, even instantaneously.

Chronic Exposure—Exposure to a chemical for 365 days or more, as specified in the Toxicological
Profiles.

Cohort Study—A type of epidemiological study of a specific group or groups of people who have had a
common insult (e.g., exposure to an agent suspected of causing disease or a common disease) and are
followed forward from exposure to outcome.  At least one exposed group is compared to one unexposed
group.

Cross-sectional Study—A type of epidemiological study of a group or groups which examines the
relationship between exposure and outcome to a chemical or to chemicals at one point in time.
 
Data Needs—substance-specific informational needs that if met would reduce the uncertainties of human
health assessment.

Developmental Toxicity—The occurrence of adverse effects on the developing organism that may result
from exposure to a chemical prior to conception (either parent), during prenatal development, or
postnatally to the time of sexual maturation.  Adverse developmental effects may be detected at any point
in the life span of the organism.

Dose-Response Relationship—the quantitative relationship between the amount of exposure to a
toxicant and the incidence of the adverse effects.

Embryotoxicity and Fetotoxicity—Any toxic effect on the conceptus as a result of prenatal exposure to
a chemical; the distinguishing feature between the two terms is the stage of development during which the
insult occurs.  The terms, as used here, include malformations and variations, altered growth, and in utero
death.

Environmental Protection Agency (EPA) Health Advisory—An estimate of acceptable drinking water
levels for a chemical substance based on health effects information.  A health advisory is not a legally
enforceable federal standard, but serves as technical guidance to assist federal, state, and local officials.

Epidemiology—refers to the investigation of factors that determine the frequency and distribution of
disease or other health-related conditions within a defined human population during a specified period.  

Genotoxicity—a specific adverse effect on the genome of living cells that, upon the duplication of
affected cells, can be expressed as a mutagenic, clastogenic or carcinogenic event because of specific
alteration of the molecular structure of the genome.

Half-life—a  measure of rate for the time required to eliminate one half of a quantity of a chemical from
the body or environmental media.

Immediately Dangerous to Life or Health (IDLH)—The maximum environmental concentration of a
contaminant from which one could escape within 30 minutes without any escape-impairing symptoms or
irreversible health effects.

Incidence—The ratio of individuals in a population who develop a specified condition to the total
number of individuals in that population who could have developed that condition in a specified time
period. 
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Intermediate Exposure—Exposure to a chemical for a duration of 15-364 days, as specified in the
Toxicological Profiles.

Immunological Effects—are functional changes in the immune response.

Immunologic Toxicity—The occurrence of adverse effects on the immune system that may result from
exposure to environmental agents such as chemicals.

In Vitro—Isolated from the living organism and artificially maintained, as in a test tube.

In Vivo—Occurring within the living organism.

Lethal Concentration(LO) (LCLO)—The lowest concentration of a chemical in air which has been
reported to have caused death in humans or animals.

Lethal Concentration(50) (LC50)—A calculated concentration of a chemical in air to which exposure for a
specific length of time is expected to cause death in 50% of a defined experimental animal population.

Lethal Dose(LO) (LDLO)—The lowest dose of a chemical introduced by a route other than inhalation that
has been reported to have caused death in humans or animals.

Lethal Dose(50) (LD50)—The dose of a chemical which has been calculated to cause death in 50% of a
defined experimental animal population.

Lethal Time(50) (LT50)—A calculated period of time within which a specific concentration of a chemical
is expected to cause death in 50% of a defined experimental animal population.

Lowest-Observed-Adverse-Effect Level (LOAEL)—The lowest exposure level of chemical in a study,
or group of studies, that produces statistically or biologically significant increases in frequency or severity
of adverse effects between the exposed population and its appropriate control.

Lymphoreticular Effects—represent morphological effects involving lymphatic tissues such as the
lymph nodes, spleen, and thymus.

Malformations—Permanent structural changes that may adversely affect survival, development, or
function.

Minimal Risk Level (MRL) —An estimate of daily human exposure to a hazardous substance that is
likely to be without an appreciable risk of adverse noncancer health effects over a specified route and
duration of exposure.

Modifying Factor (MF)—A value (greater than zero) that is applied to the derivation of a minimal risk
level (MRL) to reflect additional concerns about the database that are not covered by the uncertainty
factors. The default value for a MF is 1.

Morbidity—State of being diseased; morbidity rate is the incidence or prevalence of disease in a specific
population.

Mortality—Death; mortality rate is a measure of the number of deaths in a population during a specified 
interval of time.
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Mutagen—A substance that causes mutations.  A mutation is a change in the DNA sequence of a cell’s
DNA.  Mutations can lead to birth defects, miscarriages, or cancer.

Necropsy—The gross examination of the organs and tissues of a dead body to determine the cause of
death or pathological conditions.

Neurotoxicity—The occurrence of adverse effects on the nervous system following exposure to a
chemical.

No-Observed-Adverse-Effect Level (NOAEL)—The dose of a chemical at which there were no
statistically or biologically significant increases in frequency or severity of adverse effects seen between
the exposed population and its appropriate control.  Effects may be produced at this dose, but they are not
considered to be adverse.

Octanol-Water Partition Coefficient (Kow)—The equilibrium ratio of the concentrations of a chemical
in n-octanol and water, in dilute solution.

Odds Ratio—a means of measuring the association between an exposure (such as toxic substances and a
disease or condition) which represents the best estimate of relative risk (risk as a ratio of the incidence
among subjects exposed to a particular risk factor divided by the incidence among subjects who were not
exposed to the risk factor).  An odds ratio of greater than 1 is considered to indicate greater risk of disease
in the exposed group compared to the unexposed.

Organophosphate or Organophosphorus Compound—a phosphorus containing organic compound
and especially a pesticide that acts by inhibiting cholinesterase.

Permissible Exposure Limit (PEL)—An Occupational Safety and Health Administration (OSHA)
allowable exposure level in workplace air averaged over an 8-hour shift of a 40 hour workweek.

Pesticide—general classification of chemicals specifically developed and produced for use in the control
of agricultural and public health pests.

Pharmacokinetics—is the science of quantitatively predicting the fate (disposition) of an exogenous
substance in an organism. Utilizing computational techniques, it provides the means of studying the
absorption, distribution, metabolism and excretion of chemicals by the body.

Pharmacokinetic Model—is a set of equations that can be used to describe the time course of a parent
chemical or metabolite in an animal system.  There are two types of pharmacokinetic models: data-based
and physiologically-based.  A data-based model divides the animal system into a series of compartments
which, in general, do not represent real, identifiable anatomic regions of the body whereby the
physiologically-based model compartments represent real anatomic regions of the body.

Physiologically Based Pharmacodynamic (PBPD) Model—is a type of physiologically-based dose-
response model which quantitatively describes the relationship between target tissue dose and toxic end
points.  These models advance the importance of physiologically based models in that they clearly
describe the biological effect (response) produced by the system following exposure to an exogenous
substance. 
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Physiologically Based Pharmacokinetic (PBPK) Model—is comprised of a series of compartments
representing organs or tissue groups with realistic weights and blood flows.  These models require a
variety of physiological information: tissue volumes, blood flow rates to tissues, cardiac output, alveolar
ventilation rates and, possibly membrane permeabilities.  The models also utilize biochemical information
4such as air/blood partition coefficients, and metabolic parameters.  PBPK models are also called
biologically based tissue dosimetry models.

Prevalence—The number of cases of a disease or condition in a population at one point in time. 

Prospective Study--a type of cohort study in which the pertinent observations are made on events
occurring after the start of the study.  A group is followed over time.

q1*—The upper-bound estimate of the low-dose slope of the dose-response curve as determined by the
multistage procedure.  The q1* can be used to calculate an estimate of carcinogenic potency, the
incremental excess cancer risk per unit of exposure (usually µg/L for water, mg/kg/day for food, and
µg/m3 for air).

Recommended Exposure Limit (REL)—A National Institute for Occupational Safety and Health
(NIOSH) time-weighted average (TWA) concentrations for up to a 10-hour workday during a 40-hour
workweek.

Reference Concentration (RfC)—An estimate (with uncertainty spanning perhaps an order of
magnitude) of a continuous inhalation exposure to the human population (including sensitive subgroups)
that is likely to be without an appreciable risk of deleterious noncancer health effects during a lifetime. 
The inhalation reference concentration is for continuous inhalation exposures and is appropriately
expressed in units of mg/m3 or ppm.

Reference Dose (RfD)—An estimate (with uncertainty spanning perhaps an order of magnitude) of the
daily exposure of the human population to a potential hazard that is likely to be without risk of deleterious
effects during a lifetime.  The RfD is operationally derived from the No-Observed-Adverse-Effect Level
(NOAEL- from animal and human studies) by a consistent application of uncertainty factors that reflect
various types of data used to estimate RfDs and an additional modifying factor, which is based on a
professional judgment of the entire database on the chemical.  The RfDs are not applicable to
nonthreshold effects such as cancer.

Reportable Quantity (RQ)—The quantity of a hazardous substance that is considered reportable under
the Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA).  Reportable
quantities are (1) 1 pound or greater or (2) for selected substances, an amount established by regulation
either under CERCLA or under Section 311 of the Clean Water Act.  Quantities are measured over a
24-hour period.

Reproductive Toxicity—The occurrence of adverse effects on the reproductive system that may result
from exposure to a chemical.  The toxicity may be directed to the reproductive organs and/or the related
endocrine system.  The manifestation of such toxicity may be noted as alterations in sexual behavior,
fertility, pregnancy outcomes, or modifications in other functions that are dependent on the integrity of
this system.

Retrospective Study—A type of cohort study based on a group of persons known to have been exposed
at some time in the past.  Data are collected from routinely recorded events, up to the time the study is
undertaken.  Retrospective studies are limited to casual factors that can be ascertained from existing
records and/or examining survivors of the cohort.
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Risk—the possibility or chance that some adverse effect will result from a given exposure to a chemical.

Risk Factor—An aspect of personal behavior or lifestyle, an environmental exposure, or an inborn or
inherited characteristic, that is associated with an increased occurrence of disease or other health-related
event or condition.

Risk Ratio—The ratio of the risk among persons with specific risk factors compared to the risk among
persons without risk factors.  A risk ratio greater than 1 indicates greater risk of disease in the exposed
group compared to the unexposed.

Short-Term Exposure Limit (STEL)—The American Conference of Governmental Industrial
Hygienists (ACGIH) maximum concentration to which workers can be exposed for up to 15 min
continually.  No more than four excursions are allowed per day, and there must be at least 60 min
between exposure periods.  The daily Threshold Limit Value - Time Weighted Average (TLV-TWA) may
not be exceeded.

Target Organ Toxicity—This term covers a broad range of adverse effects on target organs or
physiological systems (e.g., renal, cardiovascular) extending from those arising through a single limited
exposure to those assumed over a lifetime of exposure to a chemical.

Teratogen—A chemical that causes structural defects that affect the development of an organism.

Threshold Limit Value (TLV)—An American Conference of Governmental Industrial Hygienists
(ACGIH) concentration of a substance to which most workers can be exposed without adverse effect. 
The TLV may be expressed as a Time Weighted Average (TWA), as a Short-Term Exposure Limit
(STEL), or as a ceiling limit (CL).

Time-Weighted Average (TWA)—An allowable exposure concentration averaged over a normal 8-hour
workday or 40-hour workweek.

Toxic Dose(50) (TD50)—A calculated dose of a chemical, introduced by a route other than inhalation,
which is expected to cause a specific toxic effect in 50% of a defined experimental animal population.

Toxicokinetic—The study of the absorption, distribution and elimination of toxic compounds in the
living organism.

Uncertainty Factor (UF)—A factor used in operationally deriving the Minimal Risk Level (MRL) or
Reference Dose (RfD) or Reference Concentration (RfC) from experimental data.  UFs are intended to
account for (1) the variation in sensitivity among the members of the human population, (2) the
uncertainty in extrapolating animal data to the case of human, (3) the uncertainty in extrapolating from
data obtained in a study that is of less than lifetime exposure, and (4) the uncertainty in using Lowest-
Observed-Adverse-Effect Level (LOAEL) data rather than No-Observed-Adverse-Effect Level (NOAEL)
data.  A default for each individual UF is 10; if complete certainty in data exists, a value of one can be
used; however a reduced UF of three may be used on a case-by-case basis, three being the approximate
logarithmic average of 10 and 1.

Xenobiotic—any chemical that is foreign to the biological system.
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ATSDR MINIMAL RISK LEVELS AND WORKSHEETS

The Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) [42 U.S.C.

9601 et seq.], as amended by the Superfund Amendments and Reauthorization Act (SARA) [Pub. L.

99–499], requires that the Agency for Toxic Substances and Disease Registry (ATSDR) develop jointly

with the U.S. Environmental Protection Agency (EPA), in order of priority, a list of hazardous substances

most commonly found at facilities on the CERCLA National Priorities List (NPL); prepare toxicological

profiles for each substance included on the priority list of hazardous substances; and assure the initiation

of a research program to fill identified data needs associated with the substances.

The toxicological profiles include an examination, summary, and interpretation of available toxicological

information and epidemiologic evaluations of a hazardous substance.  During the development of

toxicological profiles, Minimal Risk Levels (MRLs) are derived when reliable and sufficient data exist to

identify the target organ(s) of effect or the most sensitive health effect(s) for a specific duration for a

given route of exposure.  An MRL is an estimate of the daily human exposure to a hazardous substance

that is likely to be without appreciable risk of adverse noncancer health effects over a specified duration

of exposure.  MRLs are based on noncancer health effects only and are not based on a consideration of

cancer effects.  These substance-specific estimates, which are intended to serve as screening levels, are

used by ATSDR health assessors to identify contaminants and potential health effects that may be of

concern at hazardous waste sites.  It is important to note that MRLs are not intended to define clean-up or

action levels.

MRLs are derived for hazardous substances using the no-observed-adverse-effect level/uncertainty factor

approach.  They are below levels that might cause adverse health effects in the people most sensitive to

such chemical-induced effects.  MRLs are derived for acute (1–14 days), intermediate (15–364 days), and

chronic (365 days and longer) durations and for the oral and inhalation routes of exposure.  Currently,

MRLs for the dermal route of exposure are not derived because ATSDR has not yet identified a method

suitable for this route of exposure.  MRLs are generally based on the most sensitive chemical-induced end

point considered to be of relevance to humans.  Serious health effects (such as irreparable damage to the

liver or kidneys, or birth defects) are not used as a basis for establishing MRLs.  Exposure to a level

above the MRL does not mean that adverse health effects will occur.
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MRLs are intended only to serve as a screening tool to help public health professionals decide where to

look more closely.  They may also be viewed as a mechanism to identify those hazardous waste sites that

are not expected to cause adverse health effects.  Most MRLs contain a degree of uncertainty because of

the lack of precise toxicological information on the people who might be most sensitive (e.g., infants,

elderly, nutritionally or immunologically  compromised) to the effects of hazardous substances.  ATSDR

uses a conservative (i.e., protective) approach to address this uncertainty consistent with the public health

principle of prevention.  Although human data are preferred, MRLs often must be based on animal studies

because relevant human studies are lacking.  In the absence of evidence to the contrary, ATSDR assumes

that humans are more sensitive to the effects of hazardous substance than animals and that certain persons

may be particularly sensitive.  Thus, the resulting MRL may be as much as a hundredfold below levels

that have been shown to be nontoxic in laboratory animals.

Proposed MRLs undergo a rigorous review process:  Health Effects/MRL Workgroup reviews within the

Division of Toxicology, expert panel peer reviews, and agency wide MRL Workgroup reviews, with

participation from other federal agencies and comments from the public.  They are subject to change as

new information becomes available concomitant with updating the toxicological profiles.  Thus, MRLs in

the most recent toxicological profiles supersede previously published levels.  For additional information

regarding MRLs, please contact the Division of Toxicology, Agency for Toxic Substances and Disease

Registry, 1600 Clifton Road, Mailstop E-29, Atlanta, Georgia 30333.
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MINIMAL RISK LEVEL (MRL) WORKSHEET(S)

Chemical name: Toluene
CAS number:  108-88-3
Date:  June 8, 2000
Profile status: Post-public Draft 3/Camera Ready
Route: [X] Inhalation  [ ] Oral
Duration: [X] Acute [ ] Intermediate [ ] Chronic
Key to figure: 17
Species:  human

MRL:   1    [ ] mg/kg/day  [X] ppm  [ ] mg/m3

Reference:  Andersen I, Lundqvist GR, Molhave L et al. 1983. Human response to controlled levels of
toluene in six-hour exposures. Scand J Work Environ Health 9: 405-418.

Experimental design: The effects of toluene on 16 healthy young male subjects with no previous regular
exposure to organic solvents were investigated.  Groups of four subjects were in a chamber for 6 hours a
day on 4 consecutive days.  After 1 hour of exposure to clean air in the chamber, the concentration of
toluene was steadily increased during 30 minutes to the concentration intended for the day. After  hour of
exposure, all subjects went through all physiological, discomfort, and performance measurements for the
next 1.5 hours. After a 1 hour lunch, a similar series of measurements were made during the 5th and 6th

hours of exposure.  The concentration of toluene was 0, 10, 40, or 100 ppm with each group exposed to a
different toluene concentration each day.  Physiological measurements were performed, including nasal
mucociliary flow, FVC, FEV, and FEF25-75, and subjective measurements of discomfort.  Eight different
performance assessment tests (five-choice serial reaction test, rotary pursuit test, screw-plate test,
Landolt’s ring test, Bourdon Wiersma test, multiplication test, sentence comprehension test, and word
memory test) were carried out. 

Effects noted in study and corresponding doses:  There was a significant change in nasal mucus flow from
control values during all of the toluene exposures. During the 100 ppm exposure, statistically significant
increased irritation was experienced in the eyes and in the nose, but not in the throat or lower airways.
There was also a statistically significant increase in the occurrence of headaches, dizziness, and feelings
of intoxication during the 100 ppm exposure, but not during the other concentrations. No statistically
significant effects of toluene occurred in the eight performance tests. For three of the tests, multiplication
test, Landolt’s rings, and the screw plate test, there was a borderline correlation between toluene and the
test results.  The subjects felt that the tests were more difficult and strenuous during the 100 ppm
exposure, for which headache, dizziness, and feelings of intoxication were more often reported. No
adverse effects were reported at the 10 and 40 ppm levels.

Dose endpoint used for MRL derivation: 40 ppm for neurological effects 

[X ] NOAEL [ ] LOAEL
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Uncertainty factors used in MRL derivation:

[ ] 1  [ ] 3  [ ] 10 (for use of a LOAEL)
[ ] 1  [ ] 3  [ ] 10 (for extrapolation from animals to humans)
[ ] 1  [ ] 3  [X] 10 (for human variability)

MRL = 40 ppm x 5 days/7 days x 8 hours/24 hours ÷10 = 1 ppm (3.8 mg/m3)

Was a conversion factor used from ppm in food or water to a mg/body weight dose? No.
If so, explain: 

If an inhalation study in animals, list conversion factors used in determining human equivalent dose: Not
applicable

Was a conversion used from intermittent to continuous exposure? Exposure concentration was adjusted to
continuous exposure basis as shown above.

Other additional studies or pertinent information that lend support to this MRL: The primary effect of
toluene is on the central nervous system.  There are several other human studies for which the central
nervous system is the major end point and could have been used to derive an acute inhalation MRL.
However, the Andersen et al. (1983) study was chosen as the basis for the MRL because this was the only
human study which reported a NOAEL.  Baelum et al.(1985) also reported a LOAEL of 100 ppm for
neurological effects in humans.  In this study, 43 occupationally-exposed subjects and 43 controls were
exposed to either clean air or air containing 100 ppm toluene for 6.5 hours in a climate chamber.  A
battery of ten tests of visuomotor coordination, visual performance, and cortical function were
administered during the 6.5 hour period.  For both the controls and toluene exposed subjects, there were
complaints of air quality, irritation of the nasal passages, and increased feelings of fatigue and sleepiness.
Subjects also complained of headaches and dizziness. Toluene exposure decreased performance on four
of the neurobehavioral tests; three of these were tests of visual perseverance. The fourth test affected was
the simple peg board test of visuomotor function, where the effect was noted in toluene-exposed workers
to a much greater extent than controls. Escheverria et al. (1991) reported a LOAEL of 75 ppm for
neurological effects in humans. In this study, two groups of 42 students were exposed to 0, 75, and
150 ppm toluene for a 7 hour period. A complete battery of 12 tests was administered before and at the
end of each exposure. Toluene caused a dose-related impairment of function on digit span pattern
recognition, the one hole test, and pattern memory. Rahill et al. (1996) reported a LOAEL of 100 ppm for
neurological effects in humans. In this study, six volunteers were exposed for 6 hours a day to either
100 ppm toluene or clean air. Three repetitions of two computerized neuropsychological tests were
performed, with the composite score on the multitasking test being significantly lower with toluene
exposure than with clean air.   

Agency Contact (Chemical Manager): Alfred Dorsey
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MINIMAL RISK LEVEL (MRL) WORKSHEET

Chemical name: Toluene
CAS number: 108-88-3
Date: June 8, 2000
Profile status: Post-public Draft 3/Camera Ready
Route: [X] Inhalation [ ] Oral
Duration: [ ] Acute [ ]Intermediate [X] Chronic
Key to figure: 160
Species: human

MRL: 0.08  [ ] mg/kg/day  [X ] ppm  [ ] mg/m3

References: Zavalic, M, Mandic, Z, Turk, R et al.  1998a.  Quantitative assessment of color vision
impairment in workers exposed to toluene.  Am J Ind Med  32: 297-304.

Zavalic, M, Mandic, Z, Turk, R et al.  1988c.  Assessment of colour vision impairment in male workeres
exposed to toluene generally above occupational exposure limits.  Occup Med 48(3):175-180

Experimental design: Three groups of Croatian workers were examined by means of interviews, medical
examination, and color vision testing using the Lanthony 15 Hue desaturated panel in standard conditions. 
Workers were excluded from the study if they met any of the following criteria: less than 6 months
employment, congenital color vision loss, a medical condition which can affect color vision, visual acuity
below 6/10, use of medications which can affect color vision or a hobby that involved solvent exposure. 
Alcohol intake and smoking were also assessed for each individual.  The first group consisted of 46
workers (43 women and 3 men) employed in manually glueing shoe soles and exposed to median levels
of 32 ppm and geometric mean levels of 35 ppm toluene.  The second group consisted of 37 workers (34
men and 3 women) employed in a rotogravure printing press and exposed to median levels of 132 ppm
and geometric mean levels of 156 ppm toluene.  The third group consisted of 90 workers (61 men and 29
women) not occupationally exposed to any solvents or known neurotoxic agents.  The average age of the
workers was 41 years.  The technology, ventilation and types of workplaces included in the study had not
changed in the preceding 30 years.  Toluene exposure was evaluated by mid-week environmental and
biological monitoring of toluene.  Samples of air were collected at 11 stations in the shoe factory and 8
locations in the printing press.  Toluene levels were measured in blood samples taken at the beginning of
the work shift (all workers).  Orthocresol and hippuric acid levels in urine were measured (for printers
only) at the end of the work shift. 

Effects noted in study and corresponding doses:  Comparison of mean values between groups was
assessed by t-test or Mann-Whitney U-test.  Correlations between variables were determined using linear
multiple regression analyses.  Analyses were performed using CCI or AACCI as dependent factors and
age, alcohol intake, exposure duration, work service, toluene in air, toluene in blood, and biological
markers of toluene in urine (printers only) as independent factors.  A p-value <0.05 was regarded as
significant.  The mean CCI was significantly higher in printers compared to both shoemakers and
controls.  The Mean CCI for shoemakers was increased compared with controls, but the difference was
not significant.  Regression analysis of the control data indicated that alcohol intake and age were
significant explanatory variables for changes in CCI.  The age- and alcohol-adjusted color confusion
index was significantly increased in printers (156 ppm) compared with both shoemakers (35 ppm) and
controls, and in shoemakers (35 ppm) compared with controls.  Regression analyses of the data from
printers showed significant correlations between CCI as a dependent variable and age, alcohol intake,
toluene in air, toluene in blood, hippuric acid in urine, or orthocresol in urine as independent variables. 
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Significant correlation was also found for AACCI as dependent variable and exposure to toluene or
biomarkers of toluene exposure.  In contrast, the shoemaker data showed a significant correlation between
CCI and age, but did not establish any significant correlation between CCI or AACCI and any marker of
toluene exposure.  This study demonstrated a statistically significant impairment of color vision in
workers chronically exposed to 156 ppm toluene compared with controls.  When the data were adjusted to
allow for the confounding effects of alcohol consumption and age, a significant difference due to toluene
exposure was also reported for workers exposed to 35 ppm toluene compared with controls. 

Dose endpoint used for MRL derivation: 35 ppm for alcohol-and age-adjusted color vision impairment

[ ] NOAEL [x] LOAEL

Uncertainty factors used in MRL derivation: 

[ ] 1  [ ] 3  [x] 10 (for use of a minimal LOAEL)
[ ] 1  [ ] 3  [ ] 10 (for extrapolation from animals to humans)
[ ] 1  [ ] 3  [x] 10 (for human variability)

MRL = 35 ppm x 5 days/7 days x 8 hours/24 hours ÷ 100 = 0.08 ppm (0.3 mg/m3)

Was a conversion factor used from ppm in food or water to a mg/body weight dose? No.
If so, explain: 

If an inhalation study in animals, list conversion factors used in determining human equivalent dose:  Not
applicable.

Was a conversion used from intermittent to continuous exposure?  Exposure concentration was adjusted
to continuous expsoure basis as shown above.

Other additional studies or pertinent information that lend support to this MRL:  There are several other
reports of subtle neurological impairments in toluene-exposed workers that support this MRL.  Another
group of printers exposed to mean concentrations of 120 ppm toluene had a significantly increased mean
alcohol-and age-adjusted color confusion index compared with unexposed controls (Zavalic et al. 1998b). 
A group of printing press workers (exposed to average toluene concentrations of 50 ppm for an average of
30 years) had significantly reduced wave amplitude of visual evoked potentials and increased latency of
auditory evoked potentials   (Vrca et al. 1995, 1996, 1997a, 1997b).  Significant changes in auditory
evoked potentials were also reported for printers exposed to 97 ppm toluene for 12–14 years (Abbate et
al. 1993).  A study of hearing loss in Brazilian printers exposed to multiple solvents (toluene
concentrations in air were reported as 0.14–919 mg/m3 or 0.04–245 ppm) found that the odds ratio for
hearing loss increased 1.76 times with each gram of hippuric acid/gram creatinine (Morata et al. 1997). 
Ten rotogravure printers (average exposure of 83 ppm for 1–36 years) examined for neurological effects
were found to have a lower coefficient of variation in electrocardiographic R-R intervals than 10 age-
matched controls (Murata et al. 1993).  Significant deficits in 28 of 30 neurobehavioral tests were found
for a group of electronics workers exposed to TWA concentrations of 88 ppm toluene for an average of 6
years compared with unexposed controls (Foo et al. 1990).  Boey et al. (1997) also found significant
deficits in neurological tests for electronics workers (exposed to TWA concentrations of 90.9 ppm
toluene) compared with unexposed controls.  Orbaek and Nise (1989) reported increased neurasthenic
symptoms and performance deficits in psychometric tests for printers from two plants exposed to toluene
for 4–43 years (median 29 years).  At the time of the study (1985), TWA levels in the two plants were
11.4 and 41.7 ppm, but previous concentrations were higher, with estimated midpoints for each plant of
132 and 147 ppm and the mean of these midpoints, 140 ppm, can be taken as a representative exposure
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concentration for the overall group.  In general, these studies corroboratively demonstrate that subtle
neurological effects can occur from repeated exposure to toluene concentrations within the range of
32–150 ppm.

Agency Contact (Chemical Manager): Alfred Dorsey
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MINIMAL RISK LEVEL (MRL) WORKSHEET

Chemical name: Toluene
CAS number: 108-88-3
Date: June 8, 2000
Profile status: Post-public Draft 3/Camera Ready
Route: [ ] Inhalation [X] Oral
Duration: [X] Acute [ ]Intermediate [ ] Chronic
Key to figure: 10
Species: rat

MRL: 0.8  [X] mg/kg/day  [  ] ppm  [  ] mg/m3

Reference:  Dyer RS, Bercegeay MS, Mayo LM. 1988. Acute exposures to p-xylene and toluene alter
visual information processing. Neurotoxicol Teratol 10: 147–153.

Experimental design:  Male Long-Evans rats (12 per group) were administered doses of toluene in corn
oil of 0, 250, 500, and 1,000 mg/kg/day by gavage.  Flash-evoked potential tests were administered
45 minutes later as a test of the ability of the nervous system to process visual information.  In another
study (time-course), toluene was administered to male Long-Evans rats (16 per group) at doses of 0 and
500 mg/kg/day by gavage and flash-evoked potential tests were performed 4, 8, 16, and 30 hours later.  

Effects noted in study and corresponding doses: The amplitude of the N3 peak of the flash-evoked
potential was significantly decreased (P<0.05) by toluene exposure at all doses.  This decrease in peak
amplitude was not dose-related. In the time course study, 500 mg/kg/day also decreased the amplitude of
the flash-evoked potential; at this dose, little change in magnitude of peak N3 depression had occurred
8 hours post treatment; by 16 hours recovery was complete.

Dose endpoint used for MRL derivation: 250 mg/kg/day for neurological effects

[ ] NOAEL [x] LOAEL

Uncertainty factors used in MRL derivation: 

[ ] 1  [x ] 3  [ ] 10 (for use of a minimal LOAEL)
[ ] 1  [ ] 3  [ x] 10 (for extrapolation from animals to humans)
[ ] 1  [ ] 3  [x] 10 (for human variability)

MRL = 250 mg/kg/day ÷ 300 = 0.8 mg/kg/day

Was a conversion factor used from ppm in food or water to a mg/body weight dose? No.
If so, explain: 

If an inhalation study in animals, list conversion factors used in determining human equivalent dose:  Not
applicable.

Was a conversion used from intermittent to continuous exposure?  No.



TOLUENE A-9

APPENDIX A

Other additional studies or pertinent information that lend support to this MRL: Although no additional
acute oral animal studies are available on the neurological effects of toluene, a number of animal
inhalation studies have reported neurological effects from toluene (Arito et al. 1988; Bushnell et al. 1994;
Carpenter et al. 1986; Harabuchi et al. 1993; Hinman 1987).  Human inhalation studies have shown the
central nervous system to be the major end point for toluene exposure (Andersen et al. 1983; Baelum et
al. 1985; Escheverria et al. 1991; Rahill et al. 1996). 

Agency Contact (Chemical Manager): Alfred Dorsey



TOLUENE A-10

APPENDIX A

MINIMAL RISK LEVEL (MRL) WORKSHEET

Chemical name: Toluene
CAS number: 108-88-3
Date: June 8, 2000
Profile status: Post-public Draft 3/Camera Ready
Route: [ ] Inhalation [X] Oral
Duration: [  ] Acute [X ]Intermediate [ ] Chronic
Key to figure: 29
Species: mouse

MRL: 0.02  [X] mg/kg/day  [ ] ppm  [ ] mg/m3

Reference: Hsieh GC, Sharma RP, Parker RDR et al. 1990b. Evaluation of toluene exposure via drinking
water on levels of regional brain biogenic monoamines and their metabolites in CD-1 mice. Ecotox 
Environ Safety 20: 175–184.

Experimental design: Male CD-1 mice (5 per group) were administered toluene in their drinking water for
a 28-day period.  Based on water consumption and average toluene concentrations, the authors calculated
toluene doses for the four treatment doses of 0, 5, 22, and 105 mg/kg/day over this period.  Brain levels of
norepinephrine, dopamine, serotonin, 3-methoxy-4-hydroxymandelic acid, 3,4-dihydroxyphenylacetic
acid, homovanillic acid, and 5-hydroxyindolacetic acid were measured in six areas of the brain in the 
mice.  A level of P<0.05 was considered statistically significant unless otherwise stated. 

Effects noted in study and corresponding doses: Significant increases in norepinephrin were present in the
hypothalamus and in the midbrain in groups treated with 5, 22, and 105 mg/kg/day toluene.  Toluene also
increased serotonin levels, with the increase being maximal at 22 mg/kg/day in the midbrain (P<0.005)
and cerebral cortex (P<0.005).  A significant increase was also seen in the hypothalamus with
norepinephrine, dopamine, and serotonin (P<0.005).  In the corpus striatum, the levels of dopamine and
serotonin were significantly increased at the two highest doses.  In the medulla oblongata, significant
toluene increases of norepinephrine and homovanillic acid were seen only at 22 mg/kg/day. 

Dose endpoint used for MRL derivation: 5 mg/kg/day for neurological effects

[ ] NOAEL [x] LOAEL

Uncertainty factors used in MRL derivation: 

[ ] 1  [x ] 3  [ ] 10 (for use of a minimal LOAEL)
[ ] 1  [ ] 3  [ x] 10 (for extrapolation from animals to humans)
[ ] 1  [ ] 3  [x] 10 (for human variability)

MRL = 5 mg/kg/day ÷ 300 = 0.02 mg/kg/day

Was a conversion factor used from ppm in food or water to a mg/body weight dose? No.
If so, explain: 

If an inhalation study in animals, list conversion factors used in determining human equivalent dose:  Not
applicable.
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Was a conversion used from intermittent to continuous exposure?  No.

Other additional studies or pertinent information that lend support to this MRL: The effects reported in
the Hsieh et al. (1990b) study are minimal effects, and it is unclear how they are related to 
neurobehavioral changes. These results support the possible involvement of monoamine metabolism in
the reported behavioral and neurophysiological effects of toluene. Alterations in the brain concentrations
of neurotransmitters and their metabolites have been correlated with abnormal behavioral and
physiological functions.

Although no additional intermediate oral animal studies are available on the neurological effects of
toluene, a number of animal inhalation studies have reported neurological effects from toluene (Arito et
al. 1988; Bushnell et al. 1994; Carpenter et al. 1986; Harabuchi et al. 1993; Hinman 1987). Human
inhalation studies have shown the central nervous system to be the major endpoint for toluene exposure
(Andersen et al. 1983; Baelum et al. 1985; Escheverria et al. 1991; Rahill et al. 1996). 

An additional study that lends support to the MRL is a developmental study in which impaired rotorod
performance and motor coordination were reported in the offspring of mice exposed to 4, 21, and
106 mg/kg/day (Kostas and Hotchin 1981). Pregnant mice were exposed to toluene in their drinking water
throughout pregnancy and lactation. From weaning at 21 days of age until postnatal day 55, the pups were
exposed to toluene in their drinking water. The dose levels received by the pups cannot be accurately
determined because the exposure occurred in utero, during lactation, and also via drinking water. The
neurobehavioral effects reported in the offspring support the MRL; however, the impairment of rotorod
performance was not dose-related.  

Agency Contact (Chemical Manager): Alfred Dorsey
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USER'S GUIDE

Chapter 1

Public Health Statement

This chapter of the profile is a health effects summary written in non-technical language.  Its intended
audience is the general public especially people living in the vicinity of a hazardous waste site or
chemical release.  If the Public Health Statement were removed from the rest of the document, it would
still communicate to the lay public essential information about the chemical.

The major headings in the Public Health Statement are useful to find specific topics of concern.  The
topics are written in a question and answer format.  The answer to each question includes a sentence that
will direct the reader to chapters in the profile that will provide more information on the given topic.

Chapter 2

Tables and figures for Levels of Significant Exposure (LSE)

Tables (2-1, 2-2, and 2-3) and Figures (2-1 and 2-2) are used to summarize health effects and illustrate
graphically levels of exposure associated with those effects.  These levels cover health effects observed at
increasing dose concentrations and durations, differences in response by species, minimal risk levels
(MRLs) to humans for noncancer end points, and EPA's estimated range associated with an upper- bound
individual lifetime cancer risk of   in 10,000 to 1 in 10,000,000.  Use the LSE tables and figures for a
quick review of the health effects and to locate data for a specific exposure scenario.  The LSE tables and
figures should always be used in conjunction with the text.  All entries in these tables and figures
represent studies that provide reliable, quantitative estimates of No-Observed-Adverse- Effect Levels
(NOAELs), Lowest-Observed-Adverse-Effect Levels (LOAELs), or Cancer Effect Levels (CELs).

The legends presented below demonstrate the application of these tables and figures.  Representative
examples of LSE Table 2-1 and Figure 2-1 are shown.  The numbers in the left column of the legends
correspond to the numbers in the example table and figure.

LEGEND
See LSE Table 2-1

(1) Route of Exposure  One of the first considerations when reviewing the toxicity of a substance using
these tables and figures should be the relevant and appropriate route of exposure.  When sufficient
data exists, three LSE tables and two LSE figures are presented in the document.  The three LSE
tables present data on the three principal routes of exposure, i.e., inhalation, oral, and dermal (LSE
Table 2-1, 2-2, and 2-3, respectively).  LSE figures are limited to the inhalation (LSE Figure 2-1)
and oral (LSE Figure 2-2) routes.  Not all substances will have data on each route of exposure and
will not therefore have all five of the tables and figures.
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(2) Exposure Period  Three exposure periods - acute (less than 15 days), intermediate (15–364 days),
and chronic (365 days or more) are presented within each relevant route of exposure.  In this
example, an inhalation study of intermediate exposure duration is reported.  For quick reference to
health effects occurring from a known length of exposure, locate the applicable exposure period
within the LSE table and figure.

(3) Health Effect  The major categories of health effects included in LSE tables and figures are death,
systemic, immunological, neurological, developmental, reproductive, and cancer.  NOAELs and
LOAELs can be reported in the tables and figures for all effects but cancer.  Systemic effects are
further defined in the "System" column of the LSE table (see key number 18).

(4) Key to Figure  Each key number in the LSE table links study information to one or more data points
using the same key number in the corresponding LSE figure.  In this example, the study represented
by key number 18 has been used to derive a NOAEL and a Less Serious LOAEL (also see the 2
"18r" data points in Figure 2-1).

(5) Species  The test species, whether animal or human, are identified in this column.  Section 2.5,
"Relevance to Public Health," covers the relevance of animal data to human toxicity and
Section 2.3, "Toxicokinetics," contains any available information on comparative toxicokinetics. 
Although NOAELs and LOAELs are species specific, the levels are extrapolated to equivalent
human doses to derive an MRL.

(6) Exposure Frequency/Duration  The duration of the study and the weekly and daily exposure
regimen are provided in this column.  This permits comparison of NOAELs and LOAELs from
different studies.  In this case (key number 18), rats were exposed to 1,1,2,2-tetrachloroethane via
inhalation for 6 hours per day, 5 days per week, for 3 weeks.  For a more complete review of the
dosing regimen refer to the appropriate sections of the text or the original reference paper, i.e.,
Nitschke et al. 1981.

(7) System  This column further defines the systemic effects.  These systems include:  respiratory,
cardiovascular, gastrointestinal, hematological, musculoskeletal, hepatic, renal, and dermal/ocular. 
"Other" refers to any systemic effect (e.g., a decrease in body weight) not covered in these systems. 
In the example of key number 18, 1 systemic effect (respiratory) was investigated.

(8) NOAEL  A No-Observed-Adverse-Effect Level (NOAEL) is the highest exposure level at which no
harmful effects were seen in the organ system studied.  Key number 18 reports a NOAEL of 3 ppm
for the respiratory system which was used to derive an intermediate exposure, inhalation MRL of
0.005 ppm (see footnote "b").

(9) LOAEL  A Lowest-Observed-Adverse-Effect Level (LOAEL) is the lowest dose used in the study
that caused a harmful health effect.  LOAELs have been classified into "Less Serious" and
"Serious" effects.  These distinctions help readers identify the levels of exposure at which adverse
health effects first appear and the gradation of effects with increasing dose.  A brief description of
the specific endpoint used to quantify the adverse effect accompanies the LOAEL.  The respiratory
effect reported in key number 18 (hyperplasia) is a Less serious LOAEL of 10 ppm.  MRLs are not
derived from Serious LOAELs.

(10) Reference  The complete reference citation is given in Chapter 8 of the profile.

(11) CEL  A Cancer Effect Level (CEL) is the lowest exposure level associated with the onset of
carcinogenesis in experimental or epidemiologic studies.  CELs are always considered serious
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effects.  The LSE tables and figures do not contain NOAELs for cancer, but the text may report
doses not causing measurable cancer increases.

(12) Footnotes  Explanations of abbreviations or reference notes for data in the LSE tables are found in
the footnotes.  Footnote "b" indicates the NOAEL of 3 ppm in key number 18 was used to derive an
MRL of 0.005 ppm.

LEGEND

See Figure 2-1

LSE figures graphically illustrate the data presented in the corresponding LSE tables.  Figures help the
reader quickly compare health effects according to exposure concentrations for particular exposure
periods.

(13) Exposure Period  The same exposure periods appear as in the LSE table.  In this example, health
effects observed within the intermediate and chronic exposure periods are illustrated.

(14) Health Effect  These are the categories of health effects for which reliable quantitative data exists. 
The same health effects appear in the LSE table.

(15) Levels of Exposure  concentrations or doses for each health effect in the LSE tables are graphically
displayed in the LSE figures.  Exposure concentration or dose is measured on the log scale "y" axis. 
Inhalation exposure is reported in mg/m3 or ppm and oral exposure is reported in mg/kg/day.

(16) NOAEL  In this example, 18r NOAEL is the critical endpoint for which an intermediate inhalation
exposure MRL is based.  As you can see from the LSE figure key, the open-circle symbol indicates
to a NOAEL for the test species-rat.  The key number 18 corresponds to the entry in the LSE table. 
The dashed descending arrow indicates the extrapolation from the exposure level of 3 ppm (see
entry 18 in the table) to the MRL of 0.005 ppm (see footnote "b" in the LSE table).

(17) CEL  Key number 38r is 1 of 3 studies for which Cancer Effect Levels were derived.  The diamond
symbol refers to a Cancer Effect Level for the test species-mouse.  The number 38 corresponds to
the entry in the LSE table.

(18) Estimated Upper-Bound Human Cancer Risk Levels  This is the range associated with the
upper-bound for lifetime cancer risk of 1 in 10,000 to 1 in 10,000,000.  These risk levels are derived
from the EPA's Human Health Assessment Group's upper-bound estimates of the slope of the
cancer dose response curve at low dose levels (q1*).

(19) Key to LSE Figure  The Key explains the abbreviations and symbols used in the figure.
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SAMPLE

1
6 TABLE 2-1.  Levels of Significant Exposure to [Chemical x] – Inhalation

Key to
figurea Species

Exposure
frequency/
duration System

NOAEL
(ppm)

LOAEL (effect)

ReferenceLess serious (ppm) Serious (ppm)

2 6 INTERMEDIATE EXPOSURE

5 6 7 8 9 10

3 6 Systemic 9 9 9 9 9 9

4 6 18 Rat 13 wk
5d/wk
6hr/d

Resp 3b 10 (hyperplasia) Nitschke et al.
1981

CHRONIC EXPOSURE

11

Cancer 9

38 Rat 18 mo
5d/wk
7hr/d

20 (CEL, multiple
organs)

Wong et al. 1982

39 Rat 89–104 wk
5d/wk
6hr/d

10 (CEL, lung tumors,
nasal tumors)

NTP 1982

40 Mouse 79–103 wk
5d/wk
6hr/d

10 (CEL, lung tumors,
hemangiosarcomas)

NTP 1982

a The number corresponds to entries in Figure 2-1.

12
6 b Used to derive an intermediate inhalation  Minimal Risk Level (MRL) of 5 x 10-3 ppm; dose adjusted for intermittent exposure and divided by an

uncertainty factor of 100 (10 for extrapolation from animal to humans, 10 for human variability).

CEL = cancer effect level; d = days(s); hr = hour(s); LOAEL = lowest-observed-adverse-effect level; mo = month(s); NOAEL = no-observed-adverse-
effect level; Resp = respiratory; wk = week(s)





TOLUENE B-6

APPENDIX B

Chapter 2 (Section 2.5)

Relevance to Public Health

The Relevance to Public Health section provides a health effects summary based on evaluations of
existing toxicologic, epidemiologic, and toxicokinetic information.  This summary is designed to present
interpretive, weight-of-evidence discussions for human health end points by addressing the following
questions.

1. What effects are known to occur in humans?

2. What effects observed in animals are likely to be of concern to humans?

3. What exposure conditions are likely to be of concern to humans, especially around hazardous
waste sites?

The section covers end points in the same order they appear within the Discussion of Health Effects by
Route of Exposure section, by route (inhalation, oral, dermal) and within route by effect.  Human data are
presented first, then animal data.  Both are organized by duration (acute, intermediate, chronic).  In vitro
data and data from parenteral routes (intramuscular, intravenous, subcutaneous, etc.) are also considered
in this section.  If data are located in the scientific literature, a table of genotoxicity information is
included.

The carcinogenic potential of the profiled substance is qualitatively evaluated, when appropriate, using
existing toxicokinetic, genotoxic, and carcinogenic data.  ATSDR does not currently assess cancer
potency or perform cancer risk assessments.  Minimal risk levels (MRLs) for noncancer end points (if
derived) and the end points from which they were derived are indicated and discussed.

Limitations to existing scientific literature that prevent a satisfactory evaluation of the relevance to public
health are identified in the Data Needs section.

Interpretation of Minimal Risk Levels

Where sufficient toxicologic information is available, we have derived minimal risk levels (MRLs) for
inhalation and oral routes of entry at each duration of exposure (acute, intermediate, and chronic).  These
MRLs are not meant to support regulatory action; but to acquaint health professionals with exposure
levels at which adverse health effects are not expected to occur in humans.  They should help physicians
and public health officials determine the safety of a community living near a chemical emission, given the
concentration of a contaminant in air or the estimated daily dose in water.  MRLs are based largely on
toxicological studies in animals and on reports of human occupational exposure.

MRL users should be familiar with the toxicologic information on which the number is based. 
Chapter 2.5, "Relevance to Public Health," contains basic information known about the substance.  Other
sections such as 2.8, "Interactions with Other Substances,” and 2.9, "Populations that are Unusually
Susceptible" provide important supplemental information.

MRL users should also understand the MRL derivation methodology.  MRLs are derived using a
modified version of the risk assessment methodology the Environmental Protection Agency (EPA)
provides (Barnes and Dourson 1988) to determine reference doses for lifetime exposure (RfDs).  
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To derive an MRL, ATSDR generally selects the most sensitive endpoint which, in its best judgement,
represents the most sensitive human health effect for a given exposure route and duration.  ATSDR
cannot make this judgement or derive an MRL unless information (quantitative or qualitative) is available
for all potential systemic, neurological, and developmental effects.  If this information and reliable
quantitative data on the chosen endpoint are available, ATSDR derives an MRL using the most sensitive
species (when information from multiple species is available) with the highest NOAEL that does not
exceed any adverse effect levels.  When a NOAEL is not available, a lowest-observed-adverse-effect
level (LOAEL) can be used to derive an MRL, and  an uncertainty factor (UF) of 10 must be employed. 
Additional uncertainty factors of 10 must be used both for human variability to protect sensitive
subpopulations (people who are most susceptible to the health effects caused by the substance) and for
interspecies variability (extrapolation from animals to humans).  In deriving an MRL, these individual
uncertainty factors are multiplied together.  The product is then divided into the inhalation concentration
or oral dosage selected from the study.  Uncertainty factors used in developing a substance-specific MRL
are provided in the footnotes of the LSE tables.
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ACRONYMS, ABBREVIATIONS, AND SYMBOLS

ACGIH American Conference of Governmental Industrial Hygienists
ADI Acceptable Daily Intake
ADME Absorption, Distribution, Metabolism, and Excretion
AFID alkali flame ionization detector
AFOSH Air Force Office of Safety and Health
AML acute myeloid leukemia
AOAC Association of Official Analytical Chemists
atm atmosphere
ATSDR Agency for Toxic Substances and Disease Registry
AWQC Ambient Water Quality Criteria
BAT Best Available Technology
BCF bioconcentration factor
BEI Biological Exposure Index
BSC Board of Scientific Counselors
C Centigrade
CAA Clean Air Act
CAG Cancer Assessment Group of the U.S. Environmental Protection Agency
CAS Chemical Abstract Services
CDC Centers for Disease Control and Prevention
CEL Cancer Effect Level
CELDS Computer-Environmental Legislative Data System
CERCLA Comprehensive Environmental Response, Compensation, and Liability Act
CFR Code of Federal Regulations
Ci curie
CL ceiling limit value
CLP Contract Laboratory Program
cm centimeter
CML chronic myeloid leukemia
CNS central nervous system
CPSC Consumer Products Safety Commission
CWA Clean Water Act
d day
Derm dermal
DHEW Department of Health, Education, and Welfare
DHHS Department of Health and Human Services
DNA deoxyribonucleic acid
DOD Department of Defense
DOE Department of Energy
DOL Department of Labor
DOT Department of Transportation
DOT/UN/ Department of Transportation/United Nations/
NA/IMCO North America/International Maritime Dangerous Goods Code
DWEL Drinking Water Exposure Level
ECD electron capture detection
ECG/EKG electrocardiogram
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EEG electroencephalogram
EEGL Emergency Exposure Guidance Level
EPA Environmental Protection Agency
F Fahrenheit
F1 first-filial generation
FAO Food and Agricultural Organization of the United Nations
FDA Food and Drug Administration
FEMA Federal Emergency Management Agency
FIFRA Federal Insecticide, Fungicide, and Rodenticide Act
FPD flame photometric detection
fpm feet per minute
ft foot
FR Federal Register
g gram
GC gas chromatography
Gd gestational day
gen generation
GLC gas liquid chromatography
GPC gel permeation chromatography
HPLC high-performance liquid chromatography
hr hour
HRGC high resolution gas chromatography
HSDB Hazardous Substance Data Bank 
IDLH Immediately Dangerous to Life and Health
IARC International Agency for Research on Cancer
ILO International Labor Organization
in inch
IRIS Integrated Risk Information System  
Kd adsorption ratio
kg kilogram
kkg metric ton
Koc organic carbon partition coefficient
Kow octanol-water partition coefficient
L liter
LC liquid chromatography
LCLo lethal concentration, low
LC50 lethal concentration, 50% kill
LDLo lethal dose, low
LD50 lethal dose, 50% kill
LT50 lethal time, 50% kill
LOAEL lowest-observed-adverse-effect level
LSE Levels of Significant Exposure
m meter
MA trans,trans-muconic acid
MAL Maximum Allowable Level
mCi millicurie
MCL Maximum Contaminant Level
MCLG Maximum Contaminant Level Goal
mg milligram
min minute
mL milliliter
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mm millimeter
mm Hg millimeters of mercury
mmol millimole
mo month
mppcf millions of particles per cubic foot
MRL Minimal Risk Level
MS mass spectrometry
NAAQS National Ambient Air Quality Standard
NAS National Academy of Science
NATICH National Air Toxics Information Clearinghouse
NATO North Atlantic Treaty Organization
NCE normochromatic erythrocytes
NCI National Cancer Institute
NIEHS National Institute of Environmental Health Sciences
NIOSH National Institute for Occupational Safety and Health
NIOSHTIC NIOSH's Computerized Information Retrieval System
NFPA National Fire Protection Association
ng nanogram
NLM National Library of Medicine
nm nanometer
NHANES National Health and Nutrition Examination Survey
nmol nanomole
NOAEL no-observed-adverse-effect level
NOES National Occupational Exposure Survey
NOHS National Occupational Hazard Survey
NPD nitrogen phosphorus detection
NPDES National Pollutant Discharge Elimination System
NPL National Priorities List
NR not reported
NRC National Research Council
NS not specified
NSPS New Source Performance Standards
NTIS National Technical Information Service
NTP National Toxicology Program
ODW Office of Drinking Water, EPA
OERR Office of Emergency and Remedial Response, EPA
OHM/TADS Oil and Hazardous Materials/Technical Assistance Data System
OPP Office of Pesticide Programs, EPA
OPPTS Office of Prevention, Pesticides and Toxic Substances, EPA
OPPT Office of Pollution Prevention and Toxics, EPA
OSHA Occupational Safety and Health Administration
OSW Office of Solid Waste, EPA
OTS Office of Toxic Substances
OW Office of Water
OWRS Office of Water Regulations and Standards, EPA
PAH Polycyclic Aromatic Hydrocarbon
PBPD Physiologically Based Pharmacodynamic 
PBPK Physiologically Based Pharmacokinetic 
PCE polychromatic erythrocytes
PEL permissible exposure limit
PID photo ionization detector
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pg picogram
pmol picomole
PHS Public Health Service
PMR proportionate mortality ratio
ppb parts per billion
ppm parts per million
ppt parts per trillion
PSNS Pretreatment Standards for New Sources
REL recommended exposure level/limit
RfC Reference Concentration
RfD Reference Dose
RNA ribonucleic acid
RTECS Registry of Toxic Effects of Chemical Substances
RQ Reportable Quantity
SARA Superfund Amendments and Reauthorization Act
SCE sister chromatid exchange
sec second
SIC Standard Industrial Classification
SIM selected ion monitoring
SMCL Secondary Maximum Contaminant Level
SMR standard mortality ratio
SNARL Suggested No Adverse Response Level
SPEGL Short-Term Public Emergency Guidance Level
STEL short-term exposure limit
STORET Storage and Retrieval
TD50 toxic dose, 50% specific toxic effect
TLV threshold limit value
TOC Total Organic Compound
TPQ Threshold Planning Quantity
TRI Toxics Release Inventory
TSCA Toxic Substances Control Act
TRI Toxics Release Inventory
TWA time-weighted average
U.S. United States
UF uncertainty factor
VOC Volatile Organic Compound
yr year
WHO World Health Organization
wk week

> greater than
> greater than or equal to
= equal to
< less than
< less than or equal to
% percent
α alpha
β beta
γ gamma
δ delta
µm micrometer
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µg microgram
q1

* cancer slope factor
– negative
+ positive
(+) weakly positive result
(–) weakly negative result
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1. PUBLIC HEALTH STATEMENT

1.1 WHAT IS 1,1,2-TRICHLOROETHANE

1,1,2-Trichloroethane is a colorless, sweet-smelling liquid that does
not burn easily and boils at a higher temperature than water. It is made
by two companies in the United States. It is used mostly where
l,l-dichloroethene (vinylidene chloride) is made. 1,1,2-Trichloroethane is
used as a solvent. Because information about how much is made and how it is
used is not available, we cannot say how much 1,1,2-trichloroethane is used,
where it is used, or in what products it is found. 1,1,2-Trichloroethane
may also be formed in landfills when 1,1,2,2-tetrachloroethane is broken
down. When it is released into the environment, most 1,1,2-trichloroethane
finally ends up in the air, but some may enter groundwater. Breakdown in
both the air and groundwater is slow. In the air, half the 1,1,2-trichloroethane
is expected to breakdown in 49 days and so it is  likely to spread far from where
it is released before breaking down. A few studies show that 1,1,2-trichloroethane
below the soil surface or in groundwater does not breakdown within 16 weeks, and
other studies suggest that it will last for years. Some studies show that
breakdown of 1,1,2- trichloroethane occurs in landfills, but how fast this happens
is not known. For more information, see Chapters 3, 4, and 5.

1.2 HOW MIGHT I BE EXPOSED TO 1,1,2-TRICHLOROETHANE?

Low levels of 1,1,2-trichloroethane may be found in outdoor air. The
main source of this 1,1,2-trichloroethane is thought to be industries that
use it as a solvent. Because the industries that produce 1,1,2-
trichloroethane or use it to make other chemicals often recycle or burn
their waste, releases of 1,1,2-trichloroethane by these industries should
not be major sources of pollution. From surveys of industrial wastewater,
we learn that some of the industries that discharge 1,1,2-trichloroethane
are the timber products industry, plastics and synthetics industry, and
laundries. Limited data show that 1,1,2-trichloroethane is present in a
quarter to a half of city air samples. Where 1,1,2-trichloroethane is
found, the samples tested usually contain 10 to 50 parts of 1,1,2-
trichloroethane per trillion parts of air (ppt). Though exposure to
contaminated drinking water taken from groundwater sources is possible, such
exposure appears to be rare. A nationwide survey did not find 1,1,2-
trichloroethane in drinking water, but well water in some areas has been
found to contain it. Surveys found 1,1,2-trichloroethane in well water in
Wisconsin, New Jersey, Rhode Island, and Suffolk County, New York. The
largest amount in these supplies was 31 parts of 1,1,2-trichloroethane per
one billion parts of water (ppb). 1,1,2-Trichloroethane has not been
reported in food or soil. Besides the air and drinking water sources,
people may be exposed to 1,1,2-trichloroethane from spills and in the
workplace, where it may be used as a solvent. Exposure would most likely be
from breathing vapors of the chemical or from skin contact. When a
chemical like 1,1,2-trichloroethane is utilized to make other chemicals, it
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is usually used in tightly closed automatic systems, so that workers are not
usually exposed to high levels of it. A national survey conducted in 1981-
1983 estimated that 1,036 workers were exposed to 1,1,2-trichloroethane.
1,1,2-Trichloroethane has been found thus far at 45 of 1177 hazardous waste
sites on the National Priorities List (NPL) in the United States. Landfill
gases from these sites may contain 1,1,2-trichloroethane. For more
information, please see Chapter 5.

1.3 HOW CAN l,l,2-TRICHLOROETHANE ENTER AND LEAVE MY BODY?

1,1,2-Trichloroethane can enter the body when a person breathes air
containing 1,1,2-trichloroethane, or when a person drinks water containing
this compound. It can also enter the body through the skin. After it
enters the body, it is carried by the blood to organs and tissues such as
the liver, kidney, brain, heart, spleen, and fat. Experiments in which animals
were given 1,1,2-trichloroethane by mouth have shown that most 1,1,2-
trichloroethane leaves the body unchanged in the breath and as other
substances that it was changed into in the urine in about 1 day. Very
little stays in the body more than 2 days. More information on how 1,1,2-
trichloroethane can enter and leave the body can be found in Chapter 2.

1.4 HOW CAN 1,1,2-TRICHLOROETHANE AFFECT MY HEALTH?

1,1,2-Trichloroethane can cause temporary stinging and burning pain on
the skin when humans touch it. There is no other information on the health
effects of 1,1,2-trichloroethane in humans. Most of what we know about the
health effects of this chemical comes from experiments in animals. As is
true with most chemicals, a large amount of 1,1,2-trichloroethane produces
more damage than a small amount. Short-term exposure to high levels of
1,1,2-trichloroethane in air or high doses given by mouth or applied to the
skin has caused death in animals. Long-term exposure of animals to high
doses given by mouth has also shortened the lifespan. These levels and
doses are much higher than would be found in the air, water, or food to
which humans might be exposed. Breathing high levels in air can affect the
nervous system and cause sleepiness. 1,1,2-Trichloroethane may also affect
the liver, kidney, and digestive tract, produce skin irritation, and affect
the body's ability to fight infections. Mice, but not rats, that were given
high doses of 1,1,2-trichloroethane by mouth for most of their life developed
liver cancer, but we do not know whether humans exposed to this
chemical would develop cancer. From the limited information available in
animals, it appears that 1,1,2-trichloroethane does not cause birth defects
or otherwise inhibit normal development. More information on the health
effects of 1,1,2-trichloroethane can be found in Chapter 2.

1.5 IS THERE A MEDICAL TEST TO DETERMINE WHETHER I HAVE BEEN EXPOSED TO
    1,1,2-TRICHLOROETHANE?

Although chemists have ways of measuring some chemicals in body fluids,
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there is no commonly used medical test to find out whether a person has been
exposed to 1,1,2-trichloroethane.

1.6 WHAT LEVELS OF EXPOSURE HAVE RESULTED IN HARMFUL HEALTH EFFECTS?

Tables l-l, l-2, l-3, and l-4 show the link between exposure to 1,1,2-
trichloroethane and known health effects. Tables 1-l and l-3 show that no
information is available on human health effects from breathing, eating, or
drinking 1,1,2-trichloroethane. Minimal Risk Levels (MRLs) are included in
Table l-3. These MRLs were derived from animal data for both short- and
long-term exposure, as described in Chapter 2 and in Table 2-2. The MRLs
provide a basis for comparison to levels which people might encounter
either in the air or in food or drinking water. If a person is exposed to
1,1,2-trichloroethane at an amount below the MRL, it is not expected that
harmful (noncancer) health effects will occur. Since these levels are based
on information that is currently available, there is always some uncertainty
associated with it. Also since the method for deriving MRLs does not use
any information about cancer, an MRL does not imply anything about the
presence, absence, or level of risk of cancer. In Table l-2, death is
reported to occur at levels that are less than or equal to the levels that
cause central nervous system depression and mild liver effects. However,
the period of exposure that produces death is longer. More information on
levels of exposure linked with harmful effects can be found in Chapter 2.

1.7 WHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO PROTECT HUMAN
 HEALTH?

The Environmental Protection Agency (EPA) has allowed a limit of 0.6
µg/L (ppb) 1,1,2-trichloroethane in waters such as lakes and streams. The
EPA also requires industry to report discharges or spills of 100 or more
Pounds.

Levels of 1,1,2-trichloroethane allowed in the workplace are regulated
by the Occupational Safety and Health Administration (OSHA). The
occupational exposure limit is 10 parts of 1,1,2-trichloroethane per one
million parts of air (ppm) for an 8-hour workday, 40-hour workweek. More
information on government recommendations can be found in Chapter 7.

1.8 WHERE CAN I GET MORE INFORMATION?

If you have more questions or concerns, please contact your state
health or environmental department or:

Agency for Toxic Substances and Disease Registry
Division of Toxicology
1600 Clifton Road, E-29
Atlanta, Georgia 30333
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2. HEALTH EFFECTS

2.1 INTRODUCTION

This chapter contains descriptions and evaluations of studies and
interpretation of data on the health effects associated with exposure to
1,1,2-trichloroethane. Its purpose is to present levels of significant
exposure for 1,1,2-trichloroethane based on toxicological studies,
epidemiological investigations, and environmental exposure data. This
information is presented to provide public health officials, physicians,
toxicologists, and other interested individuals and groups with (1) an
overall perspective of the toxicology of 1,1,2-trichloroethane and (2) a
depiction of significant exposure levels associated with various adverse
health effects.

2.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To help public health professionals address the needs of persons living
or working near hazardous waste sites, the data in this section are
organized first by route of exposure -- inhalation, oral and dermal -- and
then by health effect -- death, systemic, immunological, neurological,
developmental, reproductive, genotoxic, and carcinogenic effects. These
data are discussed in terms of three exposure periods -- acute,
intermediate, and chronic.

Levels of significant exposure for each exposure route and duration
(for which data exist) are presented in tables and illustrated in figures.
The points in the figures showing no-observed-adverse-effect levels (NOAELS)
or lowest-observed-adverse-effect levels (LOAELs) reflect the actual doses
(levels of exposure) used in the studies. LOAELs have been classified into
"less serious" or "serious" effects. These distinctions are intended to
help the users of the document identify the levels of exposure at which
adverse health effects start to appear, determine whether or not the
intensity of the effects varies with dose and/or duration, and place into
perspective the possible significance of these effects to human health.

The significance of the exposure levels shown on the tables and graphs
may differ depending on the user's perspective. For example, physicians
concerned with the interpretation of clinical findings in exposed persons or
with the identification of persons with the potential to develop such
disease may be interested in levels of exposure associated with "serious"
effects. Public health officials and project managers concerned with
response actions at Superfund sites may want information on levels of
exposure associated with more subtle effects in humans or animals (LOAEL) or
exposure levels below which no adverse effects (NOAEL) have been observed.
Estimates of levels posing minimal risk to humans (minimal risk levels,
MRLs) are of interest to health professionals and citizens alike.
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For certain chemicals, levels of exposure associated with carcinogenic
effects may be indicated in the figures. These levels reflect the actual
doses associated with the tumor incidences reported in the studies cited.
Because cancer effects could occur at lower exposure levels, the figures
also show estimated excess risks, ranging from a risk of one in 10,000 to
one in l0,000,000 (10-4 to 10-7), as developed by EPA.

Estimates of exposure posing minimal risk to humans (MRLs) have been
made, where data were believed reliable, for the most sensitive noncancer
endpoint for each exposure duration. MRLs include adjustments to reflect
human variability and, where appropriate, the uncertainty of extrapolating
from laboratory animal data to humans. Although methods have been
established to derive these levels (Barnes et al. 1987; EPA 1980c),
uncertainties are associated with the techniques.

2.2.1 Inhalation Exposure

Much of the data on the health effects of 1,1,2-trichloroethane
following inhalation exposure were taken from a limited, unpublished study
conducted by Dow Chemical Company. The original study was not available for
review, but a brief description of the results was reported by Torkelson and
Rowe (1981). This study is discussed below because in some cases,
comparable information was not available from other reports, and in other
cases, the levels of exposure associated with effects were noticeably
different from those reported in other studies. These data indicate that
the health effects of 1,1,2-trichloroethane might occur over a broader range of
exposure levels than data from other studies would suggest. Although these results
are discussed below, they are not included in Table 2-1 or plotted in Figure 2-1
as levels of significant exposure because the details of experimental methods and
results were not provided.

2.2.1.1 Death

No studies were located regarding death in humans following inhalation
exposure to 1,1,2-trichloroethane.

Mortality produced by inhalation of 1,1,2-trichloroethane has been
studied in animals. Three of 5 rats exposed to 2080 ppm of 1,1,2-
trichloroethane for 2 hours died within about 24 hours, but 5 rats exposed
to 890 ppm for 2 hours survived (Carlson 1973). Carpenter et al. (1949)
exposed rats to 1,1,2-trichloroethane vapor for 4 hours. They reported that
2-4/6 rats died within 14 days following exposure to 2000 ppm and 0-1/6 died
following exposure to 1000 ppm. The exact number of rats killed in each
treatment group was not reported. Because it was not explicitly stated that
no rats died following exposure to 1000 ppm, this concentration was not used
as a NOAEL. The LC50 of 1,1,2-trichloroethane in rats exposed for 6 hours
was 1654 ppm (Bonnet et al. 1980). During exposure, animals are first
excited and then somnolent. Most mortality occurred within 24 hours of
exposure, but some deaths were reported up to 8 days later. No macroscopic
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lesions in the lungs, liver, or kidneys were found at autopsy. More than
half of the test rats died following 7-hour exposure to 250 or 500 ppm of
1,1,2-trichloroethane, but no rats died following exposure to 100 ppm
[Unpublished data, Dow Chemical Co. (cited in Torkelson and Rowe 198l)].
The results of this study were not used as levels of significant exposure
because experimental methods and results were not described in sufficient
detail. In rats exposed to 1,1,2-trichloroethane for 8 hours, the LC50 was
999 ppm (Pozzani et al. 1959). These authors reported, in a later study,
that exposure to 500 ppm for 8 hours produced death in 4 out of 6 rats
within 14 days (Smyth et al. 1969).

In mice, 12,934 ppm of 1,1,2-trichloroethane was found to be the
minimum lethal concentration in a 2-hour exposure test (Lazarew 1929). The
animals lay down on their sides and lost control of their reflexes prior to
death. An LC50 value of 416 ppm was calculated in mice exposed for 6 hours
and observed for 14 days (Gradiski et al. 1978). In mice exposed to 3750
ppm of 1,1,2-trichloroethane, the LT50, or exposure duration that produced
mortality in one-half of the mice tested, was calculated to be 600 minutes
(Gehring 1968).

Only one study investigated the health effects of long-term inhalation
exposure to 1,1,2-trichloroethane. Exposure to 15 ppm of 1,1,2-
trichloroethane for 6 months did not increase mortality in rats, guinea
pigs, or rabbits [Unpublished data, Dow Chemical Co. (cited in Torkelson and
Rowe 1981)]. Values reported by this study are not included as levels of
significant exposure because experimental methods and results were not
described in sufficient detail.

The highest NOAEL values and all reliable LOAEL values for death in
each species are recorded in Table 2-1 and plotted in Figure 2-1. The
concentrations of 416 ppm (Gradiski et al. 1978) and 500 ppm (Smyth et al.
1969) in air are presented in Table 1-2.

2.2.1.2 Systemic Effects

Respiratory Effects. No studies were located regarding respiratory
effects in humans following inhalation exposure to 1,1,2-trichloroethane.

Only one study investigated the respiratory effects of 1,1,2-
trichloroethane inhalation in animals. Bonnet et al. (1980) macroscopically
examined the lungs of rats that survived a 6-hour exposure test from which
an LC50 of 1654 ppm was calculated. No lesions were found. This study was
not used as the basis of a NOAEL because histological examinations were not
performed, and gross observations alone are not sufficient to detect subtle
health effects.

Hepatic Effects. No studies were located regarding hepatic effects in
humans following inhalation exposure to 1,1,2-trichloroethane.
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Several studies examined the hepatotoxicity of inhaled 1,1,2-
trichloroethane vapor in animals. In rats, inhalation of 2080 ppm of 1,1,2-
trichloroethane for 2 hours resulted in a small, but significant, increase
in serum glutamic-pyruvic transaminase (SGPT) levels measured 22 hours after
exposure ended (Carlson 1973). This treatment did not affect serum
glutamic-oxaloacetic transaminase (SGOT), glucose-6-phosphatase, or liver
weight. There were no hepatic effects after exposure to 890 ppm in this
study. Macroscopic examination of rats that survived exposure to 250 ppm of
1,1,2-trichloroethane for 4 hours, and 250-500 ppm for 7 hours, revealed
necrosis and tissue damage in the liver [Unpublished data, Dow Chemical Co.
(cited in Torkelson and Rowe 1981)]. No macroscopic lesions were found in
the livers of rats that survived a 6-hour exposure test from which an LC50

of 1654 ppm was calculated (Bonnet et al. 1980). This study was not used as
the basis of a NOAEL because histological examinations were not performed,
and gross observations alone are not sufficient to detect subtle health
effects. The occurrence of hepatic effects at lower concentrations in the
Dow Chemical study than in other studies may be due to differences in
duration of exposure, endpoint examined, strain of rat used, or other
differences in experimental protocols.

Mice exposed to 800 ppm of 1,1,2-trichloroethane for 3 hours had
decreased adenosine triphosphate (ATP), increased liver triglycerides,
decreased plasma triglycerides, and increased SGPT (Takahara 1986c).
Recovery occurred within 20 hours for all parameters except SGPT, which
remained elevated. The ET50 for increased SGPT levels in mice exposed to
3750 ppm of 1,1,2-trichloroethane (duration of exposure that produced
increased SGPT levels in one-half of the exposed mice) was 17.5 minutes
(Gehring 1968). This was substantially shorter than the LT50 of 600 minutes
for lethality.

Minor fatty changes and cloudy swelling were found in the livers of
female rats exposed to 30 ppm of 1,1,2-trichloroethane for 16 days.
However, 6-month exposure to 15 ppm 1,1,2-trichloroethane did not have
histopathological effects on the liver in rats, guinea pigs, or rabbits
[Unpublished data, Dow Chemical Co. (cited in Torkelson and Rowe 1981)].

The highest NOAEL values and all reliable LOAEL values for hepatic
effects in each species are recorded in Table 2-1 and plotted in Figure 2-l.
Although increased SGPT is reported as a less serious effect, it is
suggestive of cell damage that can range from less serious to serious. The
study by Dow Chemical was not used as the basis of a NOAEL or LOAEL because
experimental details were not reported. The concentration of 800 ppm in air
(Takahara 1986c) is presented in Table 1-2.

Renal Effects. No studies were located regarding renal effects in
humans following inhalation exposure to 1,1,2-trichloroethane.

The renal effects of 1,1,2-trichloroethane have been studied in
animals. In the rat, inhalation of 250 ppm of 1,1,2-trichloroethane for 4
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hours produced kidney necrosis [Unpublished data, Dow Chemical Co. (cited in
Torkelson and Rowe 1981)]. Exposure to 250 or 500 ppm for 7 hours produced
marked kidney damage. This study was not used as the basis of a LOAEL
because experimental details were not reported. No macroscopic lesions were
found in the kidneys of rats that survived a 6-hour exposure test from which
an LC50 of 1654 ppm was calculated (Bonnet et al. 1980). This study was not
used as the basis of a NOAEL because histological examinations were not
performed, and gross observations alone are not sufficient to detect subtle
health effects.

In the only long-term study available, 6-month exposure to 15 ppm of
1,1,2-trichloroethane did not produce renal histopathological effects in
rats, guinea pigs, or rabbits [Unpublished data, Dow Chemical Co. (cited in
Torkelson and Rowe 1981)]. This study was not used as the basis of a NOAEL
because experimental details were not reported.

Other Systemic Effects. No studies were located regarding other
systemic effects in humans following inhalation exposure to 1,1,2-
trichloroethane.

One study examined the relationship between inhalation of 1,1,2-
trichloroethane and body weight in animals. Reduced body weight gain was
reported in rats following a 6-hour exposure test from which an LC50 of 1654
ppm was calculated (Bonnet et al. 1980). No level of significant exposure
was taken from this study because no data were presented in the paper.

2.2.1.3 Immunological Effects

No studies were located regarding immunological effects in humans or
animals following inhalation exposure to 1,1,2-trichloroethane.

2.2.1.4 Neurological Effects

No studies were located regarding neurological effects in humans
following inhalation exposure to 1,1,2-trichloroethane.

Studies in animals indicate that inhalation of 1,1,2-trichloroethane
may produce neurological effects. Exposure to 1654 ppm of 1,1,2-
trichloroethane for 6 hours produced excitation, followed by sleepiness, in
rats (Bonnet et al. 1980). Mice exposed to 1,1,2-trichloroethane vapor for
2 hours laid down on their sides at 1833 ppm, and lost control of their
reflexes at 2749 ppm. These concentrations are substantially lower than the
minimum lethal concentration of 12,934 ppm that was reported in this study,
which suggests that 1,1,2-trichloroethane exhibited increased central
nervous system depression in this study (Lazarew 1929). The ET50 for
anesthesia in mice exposed to 3750 ppm (duration of exposure that produced
anesthesia in one-half of the exposed mice) was 18 minutes (Gehring 1968).
This was substantially shorter than the LT50 of 600 minutes for lethality,
indicating significant CNS-depressant potency in this study. A 50%
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elevation in the threshold for pentylenetetrazol-induced seizures of CNS
function, occurred in mice after exposure to 418 ppm of 1,1,2-
trichloroethane for 4 hours (De Ceaurriz et al. 1981). This effect may
indicate depression of CNS function.

All reliable LOAEL values for neurological effects in each species are
recorded in Table 2-1 and plotted in Figure 2-1. The concentration of 418
ppm in air (De Ceaurriz et al. 1981) is presented in Table 2-2.

2.2.1.5 Developmental Effects

No studies were located regarding developmental effects in humans or
animals following inhalation exposure to 1,1,2-trichloroethane.

2.2.1.6 Reproductive Effects

No studies were located regarding reproductive effects in humans or
animals following inhalation exposure to 1,1,2-trichloroethane.

2.2.1.7 Genotoxic Effects

No studies were located regarding genotoxic effects in humans or
animals following inhalation exposure to 1,1,2-trichloroethane.

2.2.1.8 Cancer

No studies were located regarding cancer in humans or animals following
inhalation exposure to 1,1,2-trichloroethane. Because 1,1,2-trichloroethane
was carcinogenic to mice by the oral route in the NCI (1978) bioassay
(Section 2.2.2.8), it is assumed that it is carcinogenic by inhalation, and
the ql* for oral exposure was adopted as the ql* for inhalation (EPA
1988a).  The ql* was converted to a unit risk for inhalation of 1.6 x 10

-5

(µ/m3)-1, which is equivalent to 8.7 x 10-2 (ppm)-1. This unit risk
corresponds to upper bound individual lifetime cancer risks at 10-4 to 10-7

of 1 x 10-3 to 1 x 10-6 ppm, which are plotted in Figure 2-1.

2.2.2 Oral Exposure

2.2.2.1 Death

No studies were located regarding death in humans following oral
exposure to 1,1,2-trichloroethane.

Several reports indicate that 1,1,2-trichloroethane may be lethal to
animals. An LD50 of 837 mg/kg (0.58 mL/kg) was calculated for orally
administered, undiluted 1,1,2-trichloroethane in rats (Smyth et al. 1969).
Moody et al. (1981) reported no mortality among fasted rats given single
oral doses of 1,1,2-trichloroethane in mineral oil at 1080 mg/kg, but this
value was not used as a NOAEL because only deaths during the first 18 hours
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after administration were recorded, and only 3 rats were tested. In mice,
the oral LD50 of 1,1,2-trichloroethane administered by gavage in water was
reported to be 378 mg/kg for males and 491 mg/kg for females (White et al.
1985). The lower value of 378 mg/kg, which was obtained in the males, was
used in Table 2-2 and Figure 2-2. Necropsy of mice that died in this study
revealed hemorrhagic areas in the lungs and pale coloration of the liver,
which may also have been caused by hemorrhage. These effects may have
contributed to the death of these animals. The only dog given 1,1,2-
trichloroethane (vehicle not specified) at 722 mg/kg died, but all 5 that
received doses ranging from 144 to 433 mg/kg survived (Wright and Schaffer
1932).

Lethality was investigated in two short-term repeated-dose studies.
Oral doses of 1,1,2-trichloroethane given by gavage in water at 300 mg/kg,
repeated daily for 7 days, resulted in the death of all 7 mice tested
(Kallman et al. 1983). Doses up to 100 mg/kg/day did not produce death in
this study. Oral administration by gavage of 38 mg/kg/day in 10% Emulphor
for 14 days did not produce mortality in mice (White et al. 1985).

One long-term study investigated the effect of 1,1,2-trichloroethane on
animal survival. Mice were given daily oral doses of 1,1,2-trichloroethane
at 195 or 390 mg/kg in corn oil for 78 weeks (NCI 1978). Although male
survival was not affected, female survival was reduced in a dose-dependent
manner. A large number of the deaths in the female low dose group occurred
early in the experiment; these were not tumor-related and did not appear to
have a common cause. In rats, survival was not affected by oral
administration of doses of 1,1,2-trichloroethane at either 46 or 92
mg/kg/day for 78 weeks (NCI 1978). However, rat vehicle controls had
unusually high mortality in this study.

The highest NOAEL values and all reliable LOAEL values for death in
each species and duration category are recorded in Table 2-2 and plotted in
Figure 2-2. No short-term studies of 1,1,2-trichloroethane administered in
drinking water were located; therefore the dose level of 837 mg/kg/day,
which was administered by gavage undiluted (Smyth et al. 1969), and the dose
level of 378 mg/kg/day, which was administered by gavage in water (White et
al. 1985), were converted to equivalent concentrations, respectively, of
5980 and 1990 ppm in water for presentation in Table l-4. No long-term
studies of 1,1,2-trichloroethane administered in food were located;
therefore the dose level of 195 mg/kg/day, which was administered by gavage
in corn oil (NCI 1978), was converted to an equivalent concentration of 1500
ppm in food for presentation in Table l-4.

2.2.2.2 Systemic Effects

Respiratory Effects. No studies were located regarding respiratory
effects in humans following oral exposure to 1,1,2-trichloroethane.
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Respiratory effects have been studied in animals. Hemorrhagic areas
were found in the lungs of mice that died following gavage administration of
1,1,2-trichloroethane in water at 200 to 600 mg/kg (White et al. 1985).
This study was not used as the basis of a LOAEL because the effect was
reported only in mice that died as a result of exposure. Daily
administration of 1,1,2-trichloroethane by gavage in 10% Emulphor at
38 mg/kg for 14 days did not affect lung weight in the mouse (White et al.
1985). Consumption of 305 mg/kg/day by males and 384 mg/kg/day by females
in the drinking water for 90 days was also without effect on mouse lung
weight (White et al. 1985). These dose levels were not used as NOAEL values
because lung weight alone may not be an adequate endpoint to assess possible
tissue damage. However, organ weight changes, when they occur in
conjunction with other subtle effects, may indicate tissue damage.
Histopathological examination of respiratory organs and tissues using light
microscopy found no increase in the occurrence of non-neoplastic lesions
following 78 weeks of oral 1,1,2-trichloroethane administration in corn oil
at doses of 46 or 92 mg/kg/day in rats and 195 or 390 mg/kg/day in mice (NCI
1978). NOAEL values for respiratory effects derived from this study are
recorded in Table 2-2 and plotted in Figure 2-2.

Cardiovascular Effects. No studies were located regarding
cardiovascular effects in humans following oral exposure to 1,1,2-
trichloroethane.

One study of cardiovascular effects in animals was located.
Histopathological examination of cardiovascular tissues using light
microscopy found no increase in the occurrence of non-neoplastic lesions
following 78 weeks of oral 1,1,2-trichloroethane administration in corn oil
at doses of 46 or 92 mg/kg/day in rats and 195 or 390 mg/kg/day in mice (NCI
1978). NOAEL values for cardiovascular effects in each species are recorded
in Table 2-2 and plotted in Figure 2-2.

Gastrointestinal Effects. No studies were located regarding
gastrointestinal effects in humans following oral exposure to 1,1,2-
trichloroethane.

There is some evidence for adverse gastrointestinal effects in animals.
Mice that died following administration by gavage in water of single oral
doses of 1,1,2-trichloroethane above 200 mg/kg displayed a dose-related
increase in the incidence of gastric irritation until all animals were
affected at 500 mg/kg (White et al. 1985). This study was not used as the
basis of a LOAEL because the effect was reported only in mice that died as a
result of exposure. Mild inflammation and congestion of the
gastrointestinal tract, as well as nausea, were noted in a dog given oral
administration (vehicle not specified) of 144 mg/kg (Wright and Schaffer
1932). Severe irritation and hemorrhage were found in 2 of the 3 dogs given
doses of 433 or 722 mg/kg. Histopathological examination of
gastrointestinal organs and tissues by light microscopy revealed no increase
in the occurrence of non-neoplastic lesions following 78 weeks of oral
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1,1,2-trichloroethane administration by gavage in corn oil at doses of 46 or
92 mg/kg/day in rats and 195 or 390 mg/kg/day in mice (NCI 1978). The
highest NOAEL values and all reliable LOAEL values for gastrointestinal
effects in each species and duration category are recorded in Table 2-2 and
plotted in Figure 2-2.

Hematological Effects. No studies were located regarding hematological
effects in humans following oral exposure to 1,1,2-trichloroethane.

In animals, hematological effects were the subject of several studies.
No hematological effects were found after daily administration to mice of
1,1,2-trichloroethane by gavage in Emulphor at 38 mg/kg for 14 days (White
et al. 1985). No hematological effects were found in male mice exposed to
≤305 mg/kg/day in the drinking water for 90 days, but changes in
hematological parameters were recorded in females that received doses as low
as 3.9 mg/kg/day (White et al. 1985). These included mild decreases in
hematocrit and hemoglobin at 384 mg/kg/day, increases in platelets and
fibrinogen that were found in all groups, but were not dose-related, and
leukocytes that were elevated, compared to controls, in the high-dose group,
but which were only slightly higher than the historical control value in
this laboratory. There was also a decrease in prothrombin time that
appeared to be dose-related and became significant at 44 mg/kg/day. These
changes were not clearly adverse to the mice, so only a NOAEL was derived
from this study. Histopathological examination of spleen and bone marrow
using light microscopy found no increase in the occurrence of non-neoplastic
lesions following 78 weeks of oral 1,1,2-trichloroethane administration in
corn oil at doses of 46 or 92 mg/kg/day in rats and 195 or 390 mg/kg/day in
mice (NCI 1978). The NOAEL values for hematological effects in each species
and duration category are recorded in Table 2-2 and plotted in Figure 2-2.

Musculoskeletal Effects. No studies were located regarding
musculoskeletal effects in humans following oral exposure to 1,1,2-
trichloroethane.

Only one study investigated musculoskeletal effects in animals.
Histopathological examination of musculoskeletal tissues by light
microscopy revealed no increase in the occurrence of non-neoplastic lesions
following 78 weeks of oral 1,1,2-trichloroethane administration in corn oil
at doses of 46 or 92 mg/kg/day in rats and 195 or 390 mg/kg/day in mice (NCI
1978). NOAEL values for musculoskeletal effects in each species are
recorded in Table 2-2 and plotted in Figure 2-2.

Hepatic Effects. No studies were located regarding hepatic effects in
humans following oral exposure to 1,1,2-trichloroethane.

Necropsy of mice that died following single oral doses of 1,1,2-
trichloroethane by gavage in water at 200 to 600 mg/kg revealed pale
coloration of the liver (White et al. 1985). This study was not used as the
basis of a LOAEL because the effect was reported only in mice that died as a
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result of exposure. Dogs given 144 mg/kg or more had congestion, fatty
degeneration, edema, and the onset of necrosis in the liver (Wright and
Schaffer 1932). Massive liver necrosis occurred in 1 of the 3 dogs given
433 mg/kg or above. Tyson et al. (1983) found significant increases in SGOT
and SGPT following oral administration of 1,1,2-trichloroethane in corn oil
to rats. The ED50 for this effect was 60 mg/kg. Decreases in cytochrome P-
450, ALA-dehydratase, and glutathione levels occurred after administration
of 1080 mg/kg by gavage in mineral oil in rats (Moody et al. 1981, Moody and
Smuckler 1986). Increased relative liver weight and alterations in fatty
acid content of liver microsomes (increased oleic acid and decreased
arachidonic acid content) were also seen in this study, which was limited by
small sample size (Moody et al. 1981). Glucose-6-phosphate dehydrogenase
levels increased 195%, and NADH2-cytochrome c reductase levels decreased
33%, in rats administered 1,1,2-trichloroethane orally in liquid paraffin at
180 mg/kg/day for 7 days (Platt and Cockrill 1969). Liver weight,
microsomal and cell-sap protein concentrations, and levels of NADPH2-
cytochrome c reductase, aminopyrine demethylase, glucose-6-phosphatase,
lactate dehydrogenase, glutamate dehydrogenase, and 6-phosphogluconate
dehydrogenase were not significantly changed in this study. SGPT levels
were not affected by 14-day administration of 1,1,2-trichloroethane by
gavage in an aqueous Emulphor emulsion at 38 mg/kg/day in mice (White et al.
1985). In male mice exposed to 1,1,2-trichloroethane for 90 days in the
drinking water, liver glutathione decreased 16% following exposure to 46
mg/kg/day and 28% following exposure to 305 mg/kg/day; serum transaminase
levels were not significantly increased at either dose (White et al. 1985).
In the same study, female mice that received 384 mg/kg/day had a 13%
increase in liver glutathione and significantly elevated SGPT levels. SGOT
levels were increased in females exposed to 3.9 mg/kg/day and above, but
this was not considered to be a compound-related effect because no dosedependency
was established. The NOAEL for liver effects in this study was taken to be 4.4
mg/kg/day. Based on this value, which was rounded off to 4mg/kg/day, an
intermediate oral MRL of 0.04 mg/kg/day was calculated, as
described in the footnote in Table 2-2. This MRL has been converted to an
equivalent concentration in water (1.4 ppm) for presentation in Table 1-3.
No increase in the occurrence of non-neoplastic lesions in the liver was
found by light microscopic histopathological examination following 78 weeks
of oral 1,1,2-trichloroethane administration by gavage in corn oil at doses
of 92 mg/kg/day in rats and 390 mg/kg/day in mice (NCI 1978).

The highest NOAEL values and all reliable LOAEL values for hepatic
effects in each species and duration category are recorded in Table 2-2 and
plotted in Figure 2-2. No short-term studies of 1,1,2-trichloroethane
administered in food were located; therefore, the dose level of 60
mg/kg/day, which was administered by gavage in corn oil (Tyson et al. 1983),
was converted to an equivalent concentration of 1200 ppm in food for
presentation in Table 1-4. The dose of 46 mg/kg/day was calculated from an
administered concentration of 200 ppm in water (White et al. 1985). This
concentration is presented in Table 1-4.
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Renal Effects. No studies were located regarding renal effects in
humans following oral exposure to 1,1,2-trichloroethane.

There are some reports of renal toxicity in animals, although most
studies reported negative results. Cloudy swelling and congestion of the
kidney were found by histopathological examination in dogs given 1,1,2-
trichloroethane orally (vehicle not specified) at doses of 144 mg/kg or
above (Wright and Schaffer 1932). There was a significant, low-level
depression of in vitro organic ion uptake in renal cortical slices taken
from rats given single oral doses of 1,1,2-trichloroethane in corn oil at 72
to 505 mg/kg (Watrous and Plaa 1972a). There was no clear dose-response
relationship in this study, however. In mice administered 1,1,2-
trichloroethane at up to 2886 mg/kg, the results were more inconsistent,
with significant increases and decreases reported at various doses in
different trials (Watrous and Plaa 1972a). Consequently, this study was not
used as the source of a level of significant exposure in either species.
There were no significant changes in kidney weight or blood urea nitrogen,
an indicator of kidney function, in mice given 1,1,2-trichloroethane by
gavage in 10% Emulphor for 14 days at a dose of 38 mg/kg/day or in the
drinking water for 90 days at a dose of 305 mg/kg/day in males and 384
mg/kg/day in females (White et al. 1985). No increase in the occurrence of
non-neoplastic lesions was found in the kidney by light microscopic
histopathological examination following 78 weeks of oral 1,1,2-trichloroethane
administration in corn oil at doses of 92 mg/kg/day in rats and 390 mg/kg/day in
mice (NCI 1978). The highest NOAEL values and all reliable LOAEL values for renal
effects in each species and duration category are recorded in Table 2-2 and
plotted in Figure 2-2.

Dermal/Ocular Effects. No studies were located regarding dermal or
ocular effects in humans following oral exposure to 1,1,2-trichloroethane.

Only one study evaluated dermal or ocular effects in animals.
Histopathological examination of the skin and eye using light microscopy
found no increase in the occurrence of non-neoplastic lesions following 78
weeks of oral 1,1,2-trichloroethane administration in corn oil at doses of
46 or 92 mg/kg/day in rats and 195 or 390 mg/kg/day in mice (NCI 1978).
NOAEL values for dermal/ocular effects in each species are recorded in Table
2-2 and plotted in Figure 2-2.

Other Systemic Effects. No studies were located regarding other
systemic effects in humans following oral exposure to 1,1,2-trichloroethane.

The effect of 1,1,2-trichloroethane on body weight was investigated in
several reports. Moody et al. (1981) reported reduced body weight gain in
rats orally exposed to 1,1,2-trichloroethane in mineral oil at 1080 mg/kg,
but a LOAEL was not derived because no data were presented. Rats given 180
mg/kg/day in liquid paraffin for 7 days grew only 8% over the course of the
experiment, whereas control rats grew 34% (Platt and Cockrill 1969). Growth
was reduced approximately 60% in rats given 69 mg/kg/day by gavage in corn
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oil for 7 weeks (Story et al. 1986). In mice, body weight gain was not
significantly affected by gavage administration of 1,1,2-trichloroethane in
10% Emulphor at 38 mg/kg/day for 14 days (White et al. 1985). Kallman and
Kaempf (1984) reported that body growth in male mice was unchanged by go-day
exposure to 46 mg/kg/day in the drinking water. Exposure to 1,1,2-
trichloroethane in the drinking water for 90 days produced a concentration-
dependent reduction in weight gain in male mice that was significant at 305
mg/kg/day (White et al. 1985). Weight gain in female mice was not affected in this
study. When administered by gavage in corn oil, doses of 92 mg/kg/day in rats and
390 mg/kg/day in mice for 78 weeks (NCI 1978) did not inhibit body growth. The
highest NOAEL and all reliable LOAEL values for reduced growth in each species and
duration category are recorded in Table 2-2 and plotted in Figure 2-2. Some of the
variability in these results may be explained by differences in the vehicles and
animal strains used.

2.2.2.3 Immunological Effects

No studies were located regarding immunological effects in humans
following oral exposure to 1,1,2-trichloroethane.

Immunological effects in mice were studied by Sanders and co-workers
(Sanders et al. 1985, White et al. 1985). Oral administration of 1,1,2-
trichloroethane to male mice at gavage doses in 10% Emulphor up to 38 mg/kg
once a day for 14 days had no effect on humoral or cell-mediated immune
response to sheep red blood cells (Sanders et al. 1985). Humoral immune
response was measured by the number of IgM antibody forming cells produced
against sheep red blood cells in the spleen. Spleen and thymus weight were
not affected by treatment (White et al. 1985). A NOAEL of 38 mg/kg/day for
immunological effects in mice following acute oral exposure was derived from
this study.

In a longer-term study, mice were exposed to 1,1,2-trichloroethane in
the drinking water for 90 days (Sanders et al. 1985, White et al. 1985).
Males received doses of 4.4, 46, and 305 mg/kg/day and females received
doses of 3.9, 44, and 384 mg/kg/day. Humoral immune response was measured
by the number of IgM antibody forming cells produced against sheep red blood
cells in the spleen, hemagglutination titers, and spleen lymphocyte response
to lipopolysaccharide (Sanders et al. 1985). The number of antibody forming
cells in the spleen was not consistently affected by treatment. A
significant increase was obtained in females that received 384 mg/kg/day,
but only on day 4 following immunization and only when counted on a 106 cell
basis. Significant increases were also found by some measurements in low-dose
males, but high-dose males were not affected. Hemaglutination titers
exhibited a dose-dependent depression that was significant at 46 mg/kg/day
in males
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Cell-mediated immune response to sheep red blood cells was not affected
in any group tested by Sanders et al. (1985). Both delayed-type hypersensitivity
and popliteal lymph node proliferation responses were examined.  Other immune
responses were also evaluated. Peritoneal macrophages from males exposed to 305
mg/kg/day had a significantly depressed ability to phagocytize sheep red blood
cells. This effect was not found in females.  The functional activity of the fixed
macrophages of the reticuloendothelial system was altered in females exposed to
384 mg/kg/day, which had a 17% increase in vascular clearance of sheep red blood
cells, but not males.  Spleen weight was unchanged in most groups, but was
increased in females exposed to 384 mg/kg/day (White et al. 1985). Thymus weight
was not affected in any group.

On the basis of this study, 44 mg/kg was chosen as the LOAEL and 4.4
mg/kg/day as the NOAEL for immunological effects in oral studies of
intermediate duration. The dose of 44 mg/kg/day was calculated from an
administered concentration of 200 ppm in water by Sanders et al. (1985).
This concentration is presented in Table l-4.

No increase in the occurrence of non-neoplastic lesions was found in
organs and tissues of the immune system following 78 weeks of oral 1,1,2-
trichloroethane administration in corn oil at doses of 46 or 92 mg/kg/day in
rats and 195 or 390 mg/kg/day in mice (NCI 1978). This study involved
histopathological examination of the spleen, thymus, and lymph nodes using
light microscopy, but because specific tests for immunotoxicity were not
performed, NOAEL values were not derived.

2.2.2.4 Neurological Effects

No studies were located regarding neurological effects in humans
following oral exposure to 1,1,2-trichloroethane.

1,1,2-Trichloroethane has neurological effects in acutely exposed
animals. All mice given single oral doses of 1,1,2-trichloroethane at 450
mg/kg or more in water were sedated within 1 hour of administration (White
et al. 1985). The ED50 for motor impairment (dose that produced motor
impairment in one half of the test animals) in mice was 128 mg/kg
administered by gavage in water (Borzelleca 1983). The peak effect occurred
within 5 minutes of exposure. In dogs, doses of 1,1,2-trichloroethane at
289 to 722 mg/kg (vehicle not specified) produced drowsiness,
incoordination, and partial narcosis after 12 to 50 minutes (Wright and
Schaffer 1932).

Kallman et al. (1983) reported that 1,1,2-trichloroethane administered
by gavage in water produced a significant dose-related taste aversion to
saccharin in the drinking water. The NOAEL for this effect was 30 mg/kg and
the LOAEL was 100 mg/kg. An ED50 of 32 mg/kg was calculated. Mice did not
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display a taste aversion to 1,1,2-trichloroethane itself when 46 mg/kg/day
was added to the drinking water for 4 days (Kallman and Kaempf 1984).

Longer-term studies did not report neurological effects following oral
administration of 1,1,2-trichloroethane. Administration of 38 mg/kg/day in
10% Emulphor for 14 days did not affect brain weight in mice (White et al.
1985). Mouse brain weight was also unaffected by exposure to 305-384
mg/kg/day in the drinking water for 90 days (White et al. 1985). NOAEL
values were not derived from these studies because brain weight alone is
not an adequate endpoint to assess neurotoxicity. No effect on the occur-
rence of non-neoplastic lesions in nervous system organs and tissues
was found by histopathological examination using light microscopy following
78 weeks of oral 1,1,2-trichloroethane administration in corn oil at doses
of 46 or 92 mg/kg/day in rats and 195 or 390 mg/kg/day in mice (NCI 1978).
NOAEL values were not derived from this study because tests of nervous
system function were not included, and histopathology alone may not be an
adequate endpoint to assess neurotoxicity.

The highest NOAEL values and all reliable LOAEL values for neurological
effects in each species are recorded in Table 2-2 and plotted in Figure 2-2.
Effects were not reported by short-term studies of 1,1,2-trichloroethane in
drinking water; therefore, the dose levels of 100 mg/kg/day, resulting in
taste aversion (Kallman et al. 1983), and 128 mg/kg/day, resulting in motor
impairment (Borzelleca 1983), which were administered by gavage in water,
were converted to equivalent concentrations of 525 and 670 ppm, respectively,
for presentation in Table 1-4. Based on the NOAEL of 30mg/kg/day, an acute oral
MRL of 0.3 mg/kg/day was calculated as described in the footnote in Table 2-2.
This MRL has been converted to an equivalent NOAEL of 30 concentration in water
(10.5 ppm) for presentation in Table l-3.

2.2.2.5 Developmental Effects

No studies were located regarding developmental effects in humans
following oral exposure to 1,1,2-trichloroethane.

One study of the developmental effects of 1,1,2-trichloroethane in
animals was found. Pregnant female mice were orally administered 1,1,2-
trichloroethane in corn oil at 350 mg/kg/day on days 8 through 12 of
gestation (Seidenberg et al. 1986). The percent survival of neonates from
day 1 through day 3 was not affected by treatment, and neither was average
neonatal weight measured on days 1 and 3 post partum. A NOAEL for
developmental effects was not derived from this study because more explicit
developmental endpoints (eg the incidence of malformations) were not
investigated.

2.2.2.6 Reproductive Effects

No studies were located regarding reproductive effects in humans
following oral exposure to 1,1,2-trichloroethane.
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Studies of orally administered 1,1,2-trichloroethane did not report
significant reproductive effects in animals. Seidenberg et al. (1986) found
no effect on number of litters resorbed or average number of neonates per
litter in mice following oral administration of 350 mg/kg/day in corn oil on
days 8 through 12 of gestation. This was a minimally toxic dose expected to
produce significant maternal weight reduction and up to 10% maternal
mortality. Maternal body weight was not affected in this study, but some
maternal mortality did occur. A NOAEL of 350 mg/kg/day derived from this
study is recorded in Table 2-2 and plotted in Figure 2-2. Testis weight in
mice was not affected when 1,1,2-trichloroethane was administered by gavage
in 10% Emulphor for 14 days at a dose of 38 mg/kg/day (White et al. 1985).
Exposure to 46 mg/kg/day or above in the drinking water for 90 days produced
a significant increase in relative, but not absolute, testis weight in mice
(White et al. 1985). NOAEL and LOAEL values were not derived from these
studies, however, because testes weight alone may not be an adequate
endpoint to assess reproductive toxicity. Also, changes in testis weight
are not necessarily associated with reproductive dysfunction. No effect on
the occurrence of non-neoplastic lesions in structures of the reproductive
system was found by histopathological examination using light microscopy
following 78 weeks of oral 1,1,2-trichloroethane administration in corn oil
at doses of 46 or 92 mg/kg/day in rats and 195 or 390 mg/kg/day in mice (NCI
1978). NOAEL values were not derived from this study because tests of
reproductive function were not included and histopathology alone may not be
an adequate endpoint to assess reproductive toxicity.

2.2.2.7 Genotoxic Effects

No studies were located regarding genotoxic effects in humans or
animals following oral exposure to 1,1,2-trichloroethane.

2.2.2.8 Cancer

No studies were located regarding cancer in humans following oral
exposure to 1,1,2-trichloroethane.

One study of cancer in animals orally exposed to 1,1,2-trichloroethane
was located. There was no significant increase in the occurrence of
neoplasms in Osbourne-Mendel rats of either sex following 78 weeks of oral
1,1,2-trichloroethane administration in corn oil at doses of 46 or 92
mg/kg/day (NCI 1978). In B6C3Fl mice, there was a highly significant dose-
related increase in the incidence of hepatocellular carcinomas in both males and
females following 78 weeks of oral administration in corn oil at doses of 195 or
390 mg/kg/day (NCI 1978). These carcinomas were found in 10
percent of untreated control males, 12 percent of vehicle control males, 37
percent of low-dose males, and 76 percent of high-dose males; they were
found in 10 percent of untreated control females, 0% of vehicle control
females, 33% of low-dose females, and 89% of high-dose females. In
addition, there was a significant increase in the occurrence of adrenal
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pheochromocytomas in mice of both sexes at 390 mg/kg/day. These lesions,
not found in the control or low-dose groups, had an incidence of 17 percent
in high-dose males and 28 percent in high-dose females. The value of this
study is limited by its relatively short duration of 78 weeks and its
conduct before the implementation of Good Laboratory Practices (GLP). A
Cancer Effect Level (CEL) of 195 mg/kg/day is recorded in Table 2-2 and
plotted in Figure 2-2. A ql* of 5.73 x 10-2 (mg/kg/day)-1 was calculated
for 1,1,2-trichloroethane based on the incidence of hepatocellular carcinoma
in male mice (EPA 1980, 1988a). This q1* was used to calculate upper bound
individual lifetime cancer risks at 10-4 to 10-7 risk levels of 1.8 x 10-3

to 1.8 x l0-6 mg/kg/day, which are plotted in Figure 2-2.

2.2.3 Dermal Exposure

2.2.3.1 Death

No studies were located regarding death in humans following dermal
exposure to 1,1,2-trichloroethane.

Dermally applied 1,1,2-trichloroethane has been reported to cause death
in animals. A single dermal application of 116 mg/cm2 (0.25 mL applied to a
3.1 cm2 area of the back) was allowed to remain on the skin of guinea pigs
until it disappeared (5 to 7 days). This treatment resulted in the death of
25% of the guinea pigs tested within 28 days (Wahlberg 1976). Doses of 233
and 931 mg/cm2 killed all tested animals within 3 days in this study. A
dose of 116 mg/cm2 is, therefore, indicated as a LOAEL in Table 2-3 and
Figure 2-3 for acute dermal exposure to 1,1,2-trichloroethane in guinea
pigs. A dermal LD50 of 3.73 mL/kg (see Table 2-3) was reported for rabbits
(Smyth et al. 1969). This value could not be plotted in Figure 2-3 because
it was not reported in per-area units.

2.2.3.2 Systemic Effects

Hepatic Effects. No studies were located regarding hepatic effects in
humans following dermal exposure to 1,1,2-trichloroethane.

One study investigated the hepatotoxicity of dermally applied 1,1,2-
trichloroethane in animals. Guinea pig liver glycogen content was reduced
within 2 hours following dermal application of 1 mL of 1,1,2-trichloroethane
to a 3.1 cm2 area of the back (465 mg/cm2) (Kronevi et al. 1977). Hydropic
changes in the liver were also found. These effects may not have been
compound-related, however, since they were found in animals killed under
anesthesia produced by pentobarbital, but not unanesthetized animals.
Untreated controls were not used in this study. The authors suggest that
these liver effects may be due to an interaction between 1,1,2-
trichloroethane and pentobarbital. This possibility is discussed further in
Section 2.7.
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Renal Effects. No studies were located regarding renal effects in
humans following dermal exposure to 1,1,2-trichloroethane.

The renal effects of dermally applied 1,1,2-trichloroethane in animals
were examined in one study. No histopathological changes were found in the
kidneys of guinea pigs 2, 6, or 12 hours after dermal application of 1,1,2-
trichloroethane at 465 mg/cm2 (Kronevi et al.mg/cm21977). The NOAEL of 465 is
presented in Table 2-3 and plotted in Figure 2-3.

Dermal/Ocular Effects. The effect of 1,1,2-trichloroethane on the
human skin was the subject of several reports. A human subject given 5
minute dermal exposure to 1,1,2-trichloroethane under occlusion at 698
mg/cm2 (1.5 mL on 3.1 cm2 of the forearm) reported stinging and burning
sensations and displayed transient whitening of the skin (Wahlberg 1984a).
A small, immediate increase in blood flow was measured by laser Doppler
flowmetry, but no visible erythema was present. The acute human LOAEL was
taken to be 698 mg/cm2 on the basis of this report (see Table 2-3 and Figure
2-3). In general, use of a cover disk markedly enhances the percutaneous
absorption and dermal irritant properties of volatile organic chemicals,
which would usually evaporate from the skin's surface. In an open test on
the same subject, in which 0.1 mL of 1,1,2-trichloroethane was applied to
the skin without a cover disc, there was no effect on blood flow and no
visible erythema was found (Wahlberg 1984a). A volunteer given daily open
application of 0.1 mL of 1,1,2-trichloroethane for 15 days did not have any
visible skin reactions, nor was there any increase in skin-fold thickness,
which was measured using calipers (Wahlberg 1984b). These doses are
presented in Table 2-3, but could not be converted to per-area units in the
open tests because the area of application was not limited to the 3.1 cm2 of
the cover disc, so they are not plotted in Figure 2-3.

The dermal effects of 1,1,2-trichloroethane have also been studied in
animals. Dermal application of 1,1,2-trichloroethane at 465 mg/cm2 produced
pyknotic nuclei in epidermal cells within 15 minutes in guinea pigs (Kronevi
et al. 1977). As the duration of exposure increased, damage progressed to
vesicle formation and separation of skin layers (Kronevi et al. 1977). A
LOAEL of 465 mg/cm2 for acute dermal effects in guinea pigs is reported in
Table 2-3 and plotted in Figure 2-3. Rabbits given a single application of
0.01 mL of 1,1,2-trichloroethane had no effects other than slight capillary
congestion (Smyth et al. 1969) (see Table 2-3). This study was not plotted
on Figure 2-3 because the dose was not reported in per-area units. Duprat
et al. (1976) compared the dermal irritancy of chlorinated aliphatic
solvents in rabbits and determined that 1,1,2-trichloroethane was a severe
skin irritant compared to other compounds in this group, producing serious
erythema, serious edema, and necrosis. The results of this study were not
used for a LOAEL because no dose was reported. In a repeated-dose study,
daily open application of 0.1 mL for 10 days increased skin-fold thickness
170% in guinea pigs and 218% in rabbits (Wahlberg 1984b). All animals in
this study displayed marked erythema and edema, and fissuring and scaling
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were also seen. The LOAEL is presented in Table 2-3 but not in Figure 2-3
because the dose was not reported in per-area units.

1,1,2-Trichloroethane applied directly to the eye did not produce
significant cornea1 necrosis in rabbits (Smyth et al. 1969). It was
classified as a slight eye irritant by Duprat et al. (1976), who found
moderate catarrhal conjunctivitis and epithelial abrasion following
application in rabbits. Neither study reported the dose of 1,1,2-
trichloroethane applied, so neither was used as the basis for a level of
significant exposure.

2.2.3.3 Immunological Effects

No studies were located regarding immunological effects in humans or
animals following dermal exposure to 1,1,2-trichloroethane.

2.2.3.4 Neurological Effects

No studies were located regarding neurological effects in humans
following dermal exposure to 1,1,2-trichloroethane.

One study of neurological effects in animals was located. No
histopathological changes were found in the brains of guinea pigs 2, 6, or
12 hours after dermal application of 1,1,2-trichloroethane at 465 mg/cm2

(Kronevi et al. 1977). A NOAEL was not derived from this study because
tests of nervous system function were not included, and histopathology alone
may not be an adequate endpoint to assess neurotoxicity.

2.2.3.5 Developmental Effects

No studies were located regarding developmental effects in humans or
animals following dermal exposure to 1,1,2-trichloroethane.

2.2.3.6 Reproductive Effects

No studies were located regarding reproductive effects in humans or
animals following dermal exposure to 1,1,2-trichloroethane.

2.2.3.7 Genotoxic Effects

No studies were located regarding genotoxic effects in humans or
animals following dermal exposure to 1,1,2-trichloroethane.

2.2.3.8 Cancer

No studies were located regarding cancer in humans or animals following
dermal exposure to 1,1,2-trichloroethane.
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2.3 RELEVANCE TO PUBLIC HEALTH

Other than studies on dermal irritation, no studies were located
regarding health effects in humans following inhalation, oral, or dermal
exposure to 1,1,2-trichloroethane; therefore, all implications for public
health are derived from animal studies.

Lethality. 1,1,2-Trichloroethane produced mortality in animals by all
routes of exposure tested, including inhalation, oral, dermal,
intraperitoneal injection, and subcutaneous injection. Death was produced
in rats, mice, guinea pigs, rabbits, and dogs, although not every species
was tested by every route of exposure.

There is some evidence that mice were more susceptible than rats to
1,1,2-trichloroethane-induced mortality following acute inhalation, oral and
intraperitoneal exposure. Inhalation LC50 values for rats and mice were
1654 and 416 ppm, respectively, in two studies done in the same laboratory
(Bonnet et al. 1980, Gradiski et al. 1978). Oral LD50 values for rats and
mice were 837 mg/kg (administered by gavage undiluted) and 378 mg/kg
(administered by gavage as an aqueous emulsion), respectively, but only
studies by different groups of investigators were available for comparison
(Smyth et al. 1969, White et al. 1985). Rat and mouse intraperitoneal LD50

values were 938 and 505 mg/kg, respectively, in two tests performed by the
same investigators (Klaassen and Plaa 1966, 1969). In each of these cases,
mice proved to be more susceptible to death produced by 1,1,2-
trichloroethane than rats. However, the maximum tolerated oral dose was
higher in mice (300 mg/kg/day) than rats (70 mg/kg/day) in a 6-week study in
which 1,1,2-trichloroethane was administered by gavage in corn oil (NCI
1978). Differences in duration of exposure, vehicle, and strain of animal
used may account for the discrepancy between this study and the others.
Metabolism of 1,1,2-trichloroethane occurs at a faster rate in mice than in
rats (Mitoma et al. 1985), and it is possible that greater amounts of
reactive metabolites in mice are responsible for the species difference in
susceptibility to this chemical.

In addition, there may be sex differences in sensitivity to 1,1,2-
trichloroethane. This compound was more toxic to male mice (LD50 = 378
mg/kg) than female mice (LD50 = 491 mg/kg) following acute oral
administration (White et al. 1985). However, survival was reduced in female
mice given chronic oral administration of 1,1,2-trichloroethane, but not in
males (NCI 1978). No sex difference was noted in LD50 values determined
after intraperitoneal administration in a different strain of mice (Klaassen
and Plaa 1969).

Levels of 1,1,2-trichloroethane that produce mortality have been
identified in a number of species, and by several routes of exposure.
Exposure to high levels of 1,1,2-trichloroethane may also be fatal to
humans. Species and sex variation in susceptibility make it difficult to
estimate the level at which this compound might produce death in humans.



37

2. HEALTH EFFECTS

Hepatic Effects. 1,1,2-Trichloroethane had adverse effects on the
livers of rats, mice, guinea pigs, and dogs when administered orally or by
inhalation. These effects included necrosis, elevated SGPT and SGOT levels,
and reduced liver glycogen content (Gehring 1968, Tyson et al. 1983, White
et al. 1985, Wright and Schaffer 1932). Intraperitoneal studies in these
same four species revealed similar hepatic effects, including centrilobular
necrosis, elevated SGPT levels, increased serum ornithine carbamyl
transferase activity, and fatty changes (Klaassen and Plaa 1966, Klaassen
and Plaa 1967a, Traiger and Plaa 1974, Divincenzo and Krasavage 1974, Harms
et al. 1976, MacDonald et al. 1982). 1,1,2-Trichloroethane was also toxic
to isolated rat hepatocytes in vitro (Tyson et al. 1980, Jernigan et al.
1983, Chang et al. 1985). A sex difference in susceptibility was noted by
White et al. (1985), who reported that female mice exposed to 384 mg/kg/day
in the drinking water for 90 days had significantly elevated SGPT levels,
but males exposed to 304 mg/kg/day did not. These investigators also found
that liver glutathione decreased in males and increased in females.
Although there is no information available to suggest that 1,1,2-
trichloroethane is a liver toxin in humans, it is considered a potential
human hepatotoxin because experiments in animals indicate hepatotoxic
potential in all species tested.

One mechanism that has been proposed to explain the hepatotoxicity of
1,1,2-trichloroethane is the generation of free radical intermediates from
reactive metabolites of 1,1,2-trichloroethane (acyl chlorides). Free
radicals may stimulate lipid peroxidation which, in turn, may induce liver
injury (Albano et al. 1985). However, Klaassen and Plaa (1969) found no
evidence of lipid peroxidation in rats given near-lethal doses of 1,1,2-
trichloroethane by intraperitoneal injection. Takano and Miyazaki (1982)
determined that 1,1,2-trichloroethane inhibits intracellular respiration by
blocking the electron transport system from reduced nicotinamide adenine
dinucleotide (NADH) to coenzyme Q (CoQ), which would deprive the cell of
energy required to phosphorylate adenosine diphosphate (ADP) and thereby
lead to depletion of energy stores.

Renal Effects. There was only one reliable report of kidney damage
following oral exposure to 1,1,2trichloroethane. Wright and Schaffer
(1932) found cloudy swelling and congestion in the kidneys of treated dogs.
No kidney pathology was found after dermal application in guinea pigs
(Kronevi et al. 1977) or inhalation exposure in rats (Bonnet et al. 1980).
One unpublished study reported kidney damage following inhalation exposure
in rats [Dow Chemical Co. (cited in Torkelson and Rowe 1981)].

Renal effects in mice and dogs given intraperitoneal or subcutaneous
injections of 1,1,2-trichloroethane were studied in a series of experiments
by Plaa and co-workers. Although no gross effects were visible, tubular
lesions with necrosis were seen microscopically in the cortex of the kidneys
of mice injected subcutaneously with 173 mg/kg 1,1,2-trichloroethane (Plaa
et al. 1958). The ED50 for necrosis, swelling of the kidney, and renal
dysfunction in mice, as indicated by increased protein and glucose in the
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urine, was 216 mg/kg by intraperitoneal injection (Plaa and Larson 1965).
Klaassen and Plaa (1966, 1967a) found necrosis and reduced ability to
excrete intravenously-administered PSP (phenolsulfonphthalein) in the
kidneys of male mice and dogs given 1,1,2-trichloroethane intraperitoneally.
Female mice did not show this effect, even at lethal doses (Klaassen and
Plaa 1967b). This evidence strongly suggests a sex difference in
susceptibility to the renal effects of 1,1,2-trichloroethane in mice, but
the reason for this difference is not known.

There is good evidence that 1,1,2-trichloroethane is nephrotoxic when
parenterally administered in mice and dogs. There is also some evidence for
kidney effects in animals following inhalation and oral exposure. These
results suggest that 1,1,2-trichloroethane may be nephrotoxic in humans.

Immunological Effects. A detailed study of the effects of 1,1,2-
trichloroethane on the immune system was performed by Sanders et al. (1985).
They reported that significant effects on mouse immune function were found
at doses as low as 44 to 46 mg/kg/day in a 90-day study. Humoral immune
function, functional activity of the fixed macrophages of the
reticuloendothelial system, and macrophage phagocytic activity were all
affected (although the latter two were only altered in high-dose mice).
These data suggest that 1,1,2-trichloroethane may interfere with immune
function in animals. It is possible that these effects could also be
produced in humans exposed to 1,1,2-trichloroethane, although there are no
data currently available indicating immune system effects in humans.

There was a distinct sex difference in immune response to 1,1,2-
trichloroethane exposure in mice. Some effects, such as reduced spleen
lymphocyte response to lipopolysaccharide and increased vascular clearance
by the fixed macrophages of the reticuloendothelial system, were found only
in females. Others, such as depressed ability to phagocytize sheep red
blood cells, occurred only in males. The reason for these differences is
not known and their significance for human health is unclear.

Neurological Effects. Anesthesia has been produced in animals by oral
intake, inhalation, and intraperitoneal injection of 1,1,2-trichloroethane.
This effect has been studied in both mice and dogs. The ED50 for motor
impairment in mice reported by Borzelleca (1983) was approximately one third
the LD50 value for mice reported by White et al. (1985). At an inhalation
concentration of 3750 ppm, the ET50 (time required to produce anesthesia in
one-half of the treated animals) was 18 minutes, which is much less than the
LT50 of 10 hours in this study (Gehring 1968). The occurrence of anesthetic
effects at doses well below those that produce death indicates that 1,1,2-
trichloroethane is a potent CNS depressant.

Central nervous system depression was reported by De Ceaurriz et al.
(1981) following inhalation exposure in mice. Tham et al. (1984) found that
intravenous infusion of 28 mg/kg 1,1,2-trichloroethane had a depressive
effect on the vestibulo-oculomotor reflex in rats. Taste aversion, which
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represents a conditioned avoidance response, was another neurological effect
produced by 1,1,2-trichloroethane. Kallman et al. (1983) suggest that taste
aversion may be sensitive to the acute health effects of 1,1,2-
trichloroethane, but that it may not be useful in assessing delayed or
cumulative toxicity. No data on neurological effects of 1,1,2-
trichloroethane in humans were located, but the evidence in animals suggests
that this compound may have central nervous depressant effects in humans as
well.

Genotoxic Effects. Data on the genotoxic effects of 1,1,2-
trichloroethane are presented in Tables 2-4 and 2-5. In vitro mutagenicity
assays were negative in Salmonella typhimurium and positive in Saccharomvces
cerevisiae. A cell transformation assay performed in the absence of
activation on mouse BALB/c-3T3 cells was negative. A test of DNA repair in
cultured rat hepatocytes was positive, but one in mouse hepatocytes was not
(Williams 1983). Adduct formation with calf thymus DNA occurred in vitro at
a significant rate (DiRenzo et al. 1982a). DNA adduct formation in vivo
occurred to a greater extent in mouse liver than in rat liver (Mazzullo
et al. 1986). The authors point out that there is a correlation between
these adduct formation results and species susceptibility to cancer, as the
incidence of hepatocellular carcinomas was increased in mice, but not rats,
given 1,1,2-trichloroethane for 78 weeks. Finally, DNA synthesis was
inhibited by intratesticular injection of 1,1,2-trichloroethane in the mouse
(Borzelleca 1983). Although there are negative as well as positive results,
it is evident that this compound does have some genetic effects both in
vitro and in vivo. The significance of these effects for humans is not
clear, especially since results of in vivo mammalian assays showed species
variability.

Cancer. There is no evidence for carcinogenicity of 1,1,2-trichloro-
ethane in humans. Among animals, 1,1,2-trichloroethane was carcinogenic in
B6C3Fl mice, but not Osbourne-Mendel rats. In a gavage study by NCI (1978),
this compound produced significant increases in the incidence of hepato-
cellular carcinomas and adrenal pheochromocytomas in mice. Based on
this study, Gold et al. (1987) calculated the carcinogenic potency (TD50) of
1,1,2-trichloroethane in mice to be 47.6 mg/kg/day, which is similar to the
value for chloroform and about one third the value for carbon tetrachloride.
No increase in the incidence of neoplasms was observed in rats under the
conditions of the NCI bioassay. Carcinogenicity in rats was also studied by
Norpoth et al. (1988), who found that subcutaneous injection of 15.4 or 46.8
µmol of 1,1,2-trichloroethane in DMSO once a week for 2 years had no effect
on the incidence of benign mesenchymal and epithelial tumors in Sprague-
Dawley rats. The incidence of sarcomas (mostly localized on the
extremities) increased with dose in both sexes and was significantly
elevated in high-dose rats compared to untreated controls. However, the
lack of any sarcomas in the untreated controls was unusual for this strain,
and when compared to the spontaneous incidence of sarcomas reported in the
literature, this effect was no longer significant. In addition, sarcoma
incidence was not elevated when compared to vehicle controls. From the
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limited evidence in mice, 1,1,2-trichloroethane has been classified in
Group C as "a possible carcinogen" (EPA 1988a).

The mechanism of 1,1,2-trichloroethane carcinogenicity in mice is not
known. Metabolism of this compound involves formation of acyl chlorides and
free radicals, which may play a role in cancer formation. Although 1,1,2-
trichloroethane has not been shown to be carcinogenic in rats, a study of
cancer initiation and promotion in this species was located. Story et al.
(1986) gave a single oral dose of 1,1,2-trichloroethane at 69 mg/kg in corn
oil to rats and followed this treatment with 8 weeks administration of
phenobarbital, a promoter of hepatocellular carcinomas. Using liver foci
with altered enzyme levels as pre-neoplastic markers, they found no evidence
that 1,1,2-trichloroethane acted as an initiator. The reciprocal
experiment, using diethylnitrosamine (DEN) as the initiator and 1,1,2-
trichloroethane as the possible promoter, gave similar results whether or
not DEN initiation was given. In either case, there was a large increase in
the total number of liver foci. However, when examined more closely, it was
found that these increases occurred solely in the number of Type II foci,
which do not appear to be preneoplastic. Therefore, no evidence of cancer
promotion by 1,1,2-trichloroethane was found in this study.

2.4 LEVELS IN HUMAN TISSUES AND FLUIDS ASSOCIATED WITH HEALTH EFFECTS

No studies were located regarding the levels of 1,1,2-trichloroethane
in human tissues and fluids associated with effects.

2.5 LEVELS IN THE ENVIRONMENT ASSOCIATED WITH LEVELS IN HUMAN TISSUES
AND/OR HEALTH EFFECTS

The levels of 1,1,2-trichloroethane were studied in 230 personal air
samples, 170 drinking water samples, 66 breath samples and 16 food samples
from 9 volunteers in New Jersey and 3 in North Carolina (Wallace et al.
1984). In 99% of the cases, no 1,1,2-trichloroethane or only trace amounts
were found in the environment, or in the exhaled breath of the people.
Specifically, the personal air concentrations of 1,1,2-trichloroethane were
below the detection limit in 151/161 samples, 7 contained trace levels, and
the others had a very low median value of 0.35 µg/m3 (0.063 ppb). Breath
samples were negative in 44/49 samples, value of 0.2 µg/m3 (0.036 ppb).
and the others had a very low median

The levels of halogenated organic compounds were studied in the Ruhr
region of West Germany from 1976-1978 (Bauer 1981a,b). The concentration of
1,1,2-trichloroethane in the Rhine river at this time averaged 0.2 µg/L
(ppb), and the concentration in the drinking water in 100 German cities had
a maximum of 5.8 µg/L (ppb). Air concentrations rarely were over 1 µg/m3

(0.18 ppb) and 1,1,2-trichloroethane was not detected in the foods or
cosmetic products available locally. The average concentrations in humans
tissues studied in 15 people who were exposed primarily via the air (94% of
the exposure) were 6 µg/kg in adrenal capsule adipose tissue, 14 µg/kg in
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subdermal adipose tissue, 2 µg/kg in the lungs, 3 µg/kg in the liver, and 17
µg/kg in the muscle tissue. This study does not establish levels in human
tissue associated with health effects.

2.6 TOXICOKINETICS

2.6.1 Absorption

2.6.1.1 Inhalation Exposure

Studies in humans indicate that 1,1,2-trichloroethane is absorbed
rapidly after inhalation exposure (Morgan et al, 1970, 1972). A volunteer
took one breath of radiolabeled 1,1,2-trichloroethane and expired 10% of
the inspired dose in the alveolar air after 12 seconds and about 0.5% after
40 seconds of breath-holding. More than 90% of the administered dose was
retained in the body after 50 minutes. These data indicate that 1,1,2-
trichloroethane was extensively absorbed into the bloodstream.

The only data on absorption of 1,1,2-trichloroethane following
inhalation exposure in animals comes from the assumption that an
administered chemical has been absorbed by the body if it can be shown to
affect physiological processes. 1,1,2-Trichloroethane has been shown to
affect the exhalation of acetone in rats (Filser et al. 1982), so it can be
assumed that the 1,1,2-trichloroethane was absorbed.

2.6.1.2 Oral Exposure

No studies were located regarding absorption in humans following oral
exposure to 1,1,2-trichloroethane. The only data available in animals
showed that oral doses near the MTD (maximum tolerated dose) in mice (300
mg/kg) or rats (70 mg/kg) were 81% metabolized, indicating that at least
this amount was absorbed (Mitoma et al. 1985). This suggests that 1,1,2-
trichloroethane, like other structurally related halocarbons, is well
absorbed from the gastrointestinal tract of animals, and probably humans as
well.

2.6.1.3 Dermal Exposure

No studies were located regarding absorption in humans following dermal
exposure to 1,1,2-trichloroethane. Two studies in animals indicate that
1,1,2-trichloroethane is easily absorbed through the skin. In the guinea
pig, blood concentration of 1,1,2-trichloroethane peaked at ≈3.7 µg/mL
within a half-hour following 1,1,2-trichloroethane application to the skin
(Jakobson et al. 1977). Following the peak, the blood level declined to
≅2.5 µg/L at 1 hour, remained at this level until ≅4 hours, and then rose to
≅3.7 µg/L at 6 hours. The authors suggested that this complex dermal
absorption of 1,1,2-trichloroethane may be due to an initial increased
barrier function of the skin after 1. hour, which led to decreased
absorption. Subsequent absorption during the next few hours may represent
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an overcoming of the barrier. In mice, 15 minutes after application of 0.5
ml of 1,1,2-trichloroethane, 99.7% was retained in the body and 0.3% was
expired in the breath (Tsuruta 1975). The absorption rate was calculated to
be 130 nmoles/min/cm2 of skin.  The rapid absorption through the skin may
well be due to the highly lipid soluble character of 1,1,2-trichloroethane
(Kronevi et al. 1977).

2.6.2 Distribution

2.6.2.1 Inhalation Exposure

No studies were located regarding distribution in humans following
inhalation of 1,1,2-trichloroethane. After an inhalation exposure of 1000
ppm for 1 hour, 1,1,2-trichloroethane was distributed in mice organs in the
following manner: approximately 600 µg/g in fats, 80 µg/g in the kidney and
liver, 45-60 µg/g in the blood and brain, and 20-35 µg/g in the heart,
spleen and lung (Takahara 1986a). Examination of partition coefficients
showed that 1,1,2-trichloroethane had a moderate degree of lipid solubility
compared to other hydrocarbons, but was still quite lipid soluble (Gargas et
al. 1989, Imbriani et al. 1985, Morgan et al. 1972, Sato and Nakajima 1979).
This indicates that 1,1,2-trichloroethane could be easily distributed and
retained in fat, liver, and brain in both animals and humans.

2.6.2.2 Oral Exposure

No studies were located regarding distribution in humans or animals
following oral exposure to 1,1,2-trichloroethane. One study showed that
1,1,2-trichloroethane was distributed to the liver following oral exposure
in animals (Mitoma et al. 1985). In this study, 1,1,2-trichloroethane was
extensively metabolized (presumably by the liver), and was also found to
bind hepatic protein. It is likely that 1,1,2-trichloroethane is also
distributed to the liver in humans.

2.6.2.3 Dermal Exposure

No studies were located regarding distribution in humans or animals
following dermal exposure to 1,1,2-trichloroethane.

2.6.3 Metabolism

No studies were located regarding metabolism in humans following
exposure to 1,1,2-trichloroethane.

The primary metabolites identified by high-performance liquid
chromatography in rats and mice given 1,1,2-trichloroethane by gavage were
chloroacetic acid, S-carboxymethylcysteine, and thiodiacetic acid (Mitoma et
al. 1985). An earlier study reported these three compounds to be the
primary metabolites of 1,1,2-trichloroethane following intraperitneal
injection (Yllner 1971). S-carboxymethycysteine and thiodiacetic acid are



45

2. HEALTH EFFECTS

formed from 1,1,2-trichloroethane following conjugation with glutathione
(Yllner 1971). Chloroacetic acid is formed by hepatic cytochrome P-450
(Ivanetich and Van Den Honert 1981). This reaction is thought to proceed
via the acyl chloride. Cytochrome P-450 can also produce free radicals from
1,1,2-trichloroethane (Mazzullo et al. 1986). These proposed pathways are
shown in Figure 2-4. Acyl chlorides and free radicals are reactive
metabolites that can bind to proteins and nucleic acids, and are suspected
of being cytotoxic, mutagenic, and carginogenic (Ivanetich and Van Den
Honert 1981, Mazzullo et al. 1986). Other metabolites, found only in trace
amounts in mice and rats following exposure to 1,1,2-trichloroethane,
included trichloroacetic acid and trichloroethanol (Ikeda and Ohtsuji 1972,
Takahara 1986b, Yllner 1971). It is not clear how these compounds were
formed; it was suggested by Yllner (1971) that they might be derived from
impurities in the 1,1,2-trichloroethane samples used.

Although percent of the orally-administered dose metabolized was
identical in rats and mice (81%), the actual amount of 1,1,2-trichloroethane
metabolized was much higher in mice (Mitoma et al. 1985). The chemical was
given to each species at the MTD, which was 4.3 times greater in mice; mice
experienced a higher body burden than rats, but were able to metabolize the
same percentage of it. The inherent ability of mice to metabolize 1,1,2-
trichloroethane at a higher rate than rats may contribute to the greater
susceptibility of mice to 1,1,2-trichloroethance cytotoxicity and
carcinogenity. It is not known how the rate of 1,1,2-trichloroethane
metabolism in humans compares to that in mice and rats. Metabolism in
humans is likely to be qualitatively similar to that in animals, however.

2.6.4 Excretion

2.6.4.1 Inhalation Exposure

The excretion rate of inhaled 1,1,2-trichloroethane in humans was
measured in the breath and urine of humans (Morgan et al. 1970). Excretion
in the breath after 1 hour was 2.9% of the administered dose; the slope of
the retention curve was 0.006. The excretion rate in the urine was less
than 0.0l%/min of administered radioactivity. From these data, the half-
life for urinary excretion was estimated to be about 70 minutes.

The half-life following l-hour inhalation exposure to 1005 ppm of
1,1,2-trichloroethane in mice was determined to be 625 minutes in the heart,
203 minutes in the fat, 147 minutes in the brain, 127 minutes in the spleen,
122 minutes in the lungs, 43 minutes in the kidney, 39 minutes in the blood,
and 19 minutes in the liver (Takahara 1986a). The half-life in the whole
body was calculated to be 49.3 minutes. The presence of 1,1,2-
trichloroethane in tissue samples was determined by gas chromatography,
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2.6.4.2 Oral Exposure

No studies were located regarding excretion in humans following oral
exposure to 1,1,2-trichloroethane.

The excretion routes were shown to be similar in rats and mice,
regardless of whether the chemical was given orally (Mitoma et al. 1985) or
intraperitoneally (Yllner et al. 1971). Following a dose of radiolabeled
compound, about 7-10% of 1,1,2-trichloroethane was exhaled unchanged in the
breath, 3-7% was exhaled as C02, 72%-87% was found as metabolites in the
urine, about 1% was in the feces, and l-3% remained in the carcasses of rats
and mice after 48 hours. The excretion from humans is also likely to be
primarily via metabolites in the urine.

2.6.4.3 Dermal Exposure

No studies were located regarding excretion in humans or animals
following dermal exposure to 1,1,2-trichloroethane.

2.7 INTERACTIONS WITH OTHER CHEMICALS

Polybrominated biphenyls (PBBs) were shown to increase the renal
toxicity of 1,1,2-trichloroethane as measured by decreases in paminohippurate
accumulation in renal cortical slices (Kluwe et al. 1978).
PBBs are known to increase the activities of microsomal mixed-function
oxygenases in the kidney and liver, so increased metabolism of 1,1,2-
trichloroethane and the increased presence of metabolites more toxic than
the parent compound itself may be responsible for the increased toxicity of
1,1,2-trichloroethane in the kidney. However, the study also showed that
PBBs did not increase the hepatotoxic effects of 1,1,2-trichloroethane, as
indicated by relative liver weight or SGOT levels.

Phenobarbital, another microsomal enzyme inducing agent, was found to
potentiate liver toxicity, as indicated by increases in SGOT and SGPT in
rats that were exposed to 1,1,2-trichloroethane vapor (Carlson 1973).
Guinea pigs treated with pentobarbital as an anesthetic following dermal
application of 1,1,2-trichloroethane were shown to have reduced glycogen
levels and hydropic changes in the liver (Kronevi et al. 1977). Liver
effects were not found in anesthetized "control" animals or animals that
were treated with 1,1,2-trichloroethane, but not anesthetized. The authors
suggest that the liver effects they observed were produced by the
interaction of pentobarbital and 1,1,2-trichloroethane. The lack of
untreated controls makes this claim difficult to evaluate, however.
Potentiation is usually seen only after pretreatment with the inducer, since
time is required for enzyme induction. It may be that dermal absorption of
1,1,2-trichloroethane was slow enough, compared to intraperitoneal
absorption of pentobarbital, for this to occur.
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Pretreatment with low, but not high doses of acetone (MacDonald et al.
1982) potentiated the hepatotoxicity of 1,1,2-trichloroethane in rats as
indicated by a rise in SGPT and a decrease in hepatic GSH levels. Acetone
also potentiated the 1,1,2-trichloroethane-induced elevation of SGPT in mice
(Traiger and Plaa 1974).

Pretreatment with isopropyl alcohol (Traiger and Plaa 1974) or ethanol
(Klaassen and Plaa 1966) potentiated the 1,1,2-trichloroethane-induced
elevation of SGPT activity in mice. Pretreatment with ethanol did not alter
BSP retention (Klaassen and Plaa 1966).

Pretreatment with alloxan, which induces a hyperglycemic state similar
to that found in diabetic humans, also enhanced the hepatotoxic effects of
1,1,2-trichloroethane in rats as indicated by increased SGPT activity and
increased hepatic triglyceride concentration (Hanasono et al. 1975). The
mechanism of this interaction is unknown.

2.8 POPULATIONS THAT ARE UNUSUALLY SUSCEPTIBLE

Persons with diabetes (Hanasono et al. 1975), or with prior exposure to
PBBs (polybrominated biphenyls) (Kluwe et al. 1978), or with prior exposure
to isopropyl or ethyl alcohol or acetone (Traiger and Plaa 1974) may be more
susceptible to the hepatotoxic effects of 1,1,2-trichloroethane. Prior
exposure to other enzyme-inducing drugs or chemicals could potentially have
the same effect.

2.9 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, directs the Administrator of ATSDR (in
consultation with the Administrator of EPA and agencies and programs of the
Public Health Service) to assess whether adequate information on the health
effects of DCE is available. Where adequate information is not available,
ATSDR, in cooperation with the National Toxicology Program (NTP), is
required to assure the initiation of a program of research designed to
determine these health effects (and techniques for developing methods to
determine such health effects). The following discussion highlights the
availability, or absence, of exposure and toxicity information applicable to
human health assessment. A statement of the relevance of identified data
needs is also included. In a separate effort, ATSDR, in collaboration with
NTP and EPA, will prioritize data needs across chemicals that have been
profiled.

2.9.1 Existing Information on Health Effects of Trichloroethane

Existing studies on the health effects of 1,1,2-trichloroethane are
shown in Figure 2-5. Almost no data exist for the health effects of this
compound in humans; a single study on the dermal irritation of 1,1,2-
trichloroethane in man was located in the literature.
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The health effects of 1,1,2-trichloroethane in animals have been fairly
well studied. A number of inhalation studies investigated lethality in rats
and mice, and several made LC50 determinations. The systemic effects that
have been studied following inhalation exposure are liver and kidney
effects. Liver effects were investigated in several studies that measured
serum transaminase levels and other biochemical endpoints; only one
unpublished study included histopathological examination of the liver. The
same study included histopathological examination of the kidney. This
study was also the only one in which animals were repeatedly exposed to
1,1,2-trichloroethane vapor; all other studies by this route were single
exposure tests. Neurological effects following inhalation were studied by
behavioral observations in rats and mice and tests of neurological function
in mice.

Following oral exposure, lethality in rats, mice, and dogs has been
reported. LD50 values were calculated for the first two species. Systemic
effects were studied in rats, mice, and dogs using biochemical and
histopathological measures. Most studies were of single exposures, but
there was one study of intermediate duration (which did not include
histopathological examination) and one of chronic duration (which included
only histopathologic examination). Immunological effects were reported in a
study that included tests of humoral and cell-mediated immune function.
Neurological effects were studied by behavioral observation and, in longerterm
studies, examination of tissues. Developmental toxicity was the
subject of one study that did not include examination of fetuses for
malformations. Data on reproductive effects come from this study and
longer-term studies that examined reproductive tissues, but did not perform
tests of reproductive function. Carcinogenicity was studied in one 78-week
bioassay in rats and mice and one 2-year study in rats that was not,
however, performed by a relevant route of exposure.

There is one study of lethality in guinea pigs following dermal
exposure to 1,1,2-trichloroethane. There are also several studies of skin
and eye irritation in dermally-exposed animals. One poorly-designed study
investigated the effect of dermally applied 1,1,2-trichloroethane on liver,
kidney, and brian histopathology.

2.9.2 Data Needs

Single Dose Exposure. Tests of the acute toxicity of 1,1,2-
trichloroethane administered orally and by inhalation have provided
information on 1,1,2-trichloroethane exposure levels that produce liver and
kidney damage, neurological effects, and death in animals. Several of these
studies included analyses for subtle liver effects, but few included
histopathological examinations. More studies which carefully examine liver
and other tissues histologically and look for subtle effects on other organs
may be beneficial. They might provide information on mechanisms by which
1,1,2-trichloroethane produces lethality and neurological effects and
provide further information on other toxic effects. Knowledge of mechanisms
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is helpful to understanding the health effects of a chemical. Dermal
studies of 1,1,2-trichloroethane have provided information on exposure
levels that produce skin irritation in humans and animals and death in
animals. One poorly-designed study attempted to investigate systemic
effects in dermally exposed animals. A study of systemic toxicity following
dermal application of 1,1,2-trichloroethane might provide useful
information.

Repeated Dose Exposure. Only one study examined the health effects of 14-
and 90-day ingestion of 1,1,2-trichloroethane in drinking water of
animals, and it did not include histopathological examinations. A
subchronic oral study with complete histological examination would be
useful. Repeated dose exposure by inhalation was examined only in an
unpublished report that could not be obtained for review. A published
report of this study or a replacement would provide useful information.
Repeated dermal application of 1,1,2-trichloroethane to humans was done in
one study. No effects were found, but the irritancy of 1,1,2-
trichloroethane in single-dose exposure tests suggests that repeated-
exposure dermal tests in animals would provide meaningful information.

Chronic Exposure and Carcinogenicity. A 78-week bioassay on orally
administered 1,1,2-trichloroethane was performed in rats and mice by the
National Cancer Institute. 1,1,2-Trichloroethane was found to be cancerous
in mice, but not rats. The 78-week dosing period is no longer considered
adequate for rats. Current studies of this type use exposure durations of
approximately 2 years. A 2-year study was conducted by Norpoth et al.
(1988), but exposure was by subcutaneous injection, which is not a relevant
route. Two-year studies by the oral and inhalation routes on rats and mice
using several doses, examining endpoints of hematology, clinical chemistry,
urinalysis, and performing microscopic examination of tissues may provide
valuable dose-response data and identify more subtle indicators of toxicity.
Studies of chronic toxicity and carcinogenicity do not exist for other
routes of exposure.

Genotoxicity. The available genotoxicity studies indicate that 1,1,2-
trichloroethane is not mutagenic in bacteria, but may interact with
mammalian DNA in vivo. Chromosomal aberration and micronucleus tests on
1,1,2-trichloroethane were not located. Additional genotoxicity tests would
help to determine whether 1,1,2-trichloroethane is genotoxic in humans.

Reproductive Toxicity. Several studies included examination of
reproductive organs and tissues following exposure to 1,1,2-trichloroethane,
but found no effects. One study designed to look at developmental toxicity
reported no effect on reproductive endpoints. Studies in which animals
exposed to 1,1,2-trichloroethane are mated and their offspring observed
would provide more information regarding the reproductive toxicity of 1,1,2-
trichloroethane.
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Developmental Toxicity. A study on the developmental toxicity of
1,1,2-trichloroethane in mice found no effect, but it did not include
examination of the fetuses for malformations. A complete teratology study
in two species would provide better information on the developmental
toxicity of 1,1,2-trichloroethane in animals and help to determine whether
it is possible that 1,1,2-trichloroethane has developmental effects in
humans.

Immunotoxicity. The immunological effects of 1,1,2-trichloroethane
have been studied following 14-day and 90-day oral exposure. Several
measures of both humoral and cell-mediated immune response were investigated
in this study, and some positive results were found. The fact that effects
were found in some tests, but not others intended to measure the same
response, indicates that more studies of this type could provide worthwhile
information. In addition, immune responses were different in male and
female mice, and investigation of these differences might provide meaningful
information. No studies were located regarding dermal sensitization by
1,1,2-trichloroethane.

Neurotoxicity. Studies of 1,1,2-trichloroethane in animals have
provided information on the neurological effects produced by acute exposure
to 1,1,2-trichloroethane, and the levels at which they occur. The results
of one study suggested that taste aversion may be a sensitive indicator of
the acute neurological effects of 1,1,2trichloroethane. Additional
neurobehavioral tests may reveal still more sensitive neurologic endpoints
or provide support for use of taste aversion as an indicator of neurologic
effects. Repeated exposure studies involved examination of neurological
organs and tissues, but no tests of neurological function. Reliable studies
of neurotoxicity by dermal exposure do not exist.

Epidemiological and Human Dosimetry Studies. No human studies were
found in the literature which relate exposure to 1,1,2-trichloroethane with
health effects. The evidence in animals, however, indicates that 1,1,2-
trichloroethane can have effects on the nervous system, immune system, and
liver and kidney function, and can be lethal. It is also carcinogenic in
mice. These effects may also occur in humans, if they are exposed to appropriate
levels of 1,1,2-trichloroethane. Epidemiological and human dosimetry studies might
reveal whether humans are indeed susceptible to adverse health effects due to
exposure to 1,1,2-trichloroethane.

Biomarkers of Disease. No studies were located that identified
biomarkers specific for 1,1,2-trichloroethane-induced disease states. If
epidemiological studies are performed that associate effects with exposure,
it may be possible to identify alterations in blood chemistry indices or
other pathological endpoints that would be useful to identify the disease
state. Biomarkers for diagnosis of target organ toxicity (e.g., SGOT for
liver damage) can provide useful information in conjunction with specific
knowledge of 1,1,2-trichloroethane exposure,
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Disease Registries. Currently, no human disease states are associated
with exposure to 1,1,2-trichloroethane. If future studies identify
particular diseases produced by 1,1,2-trichloroethane, it may be possible to
determine the number of people affected and the factors associated with the
development of the disease, such as involvement of populations in certain
occupations or living in certain areas.

Bioavailability from Environmental Media. Since 1,1,2-trichloroethane is
expected to exist in the atmosphere as the vapor rather than adsorb toparticulate
matter, there would not be a competing adsorption that would impede its
bioavailability via the lungs. Limited data showing the presence of 1,1,2-
trichloroethane in adipose and other tissue of exposed subjects indicate that
1,1,2-trichloroethane is taken up via the lungs, GI tract or both. A pilot study
demonstrated that similar low molecular weight chlorinated alkanes are found in
human milk (Pellizzari et al. 1982). The source of these pollutants was probably
ambient air, and this is the most probable route of intake for the general
population.

Food Chain Bioaccumulation. 1,1,2-Trichloroethane has not been
reported in food or biota, nor were any studies located in which the levels
of this chemical in plants or animals were reported. The bioaccumulation
potential for a chemical is most conveniently studied by measuring the
bioconcentration factor (BCF) or the concentration of a chemical in fish
divided by the concentration in water from which the chemical is taken up.
The BCF of 1,1,2-trichloroethane in fish is reported to be <10 (Kawasaki
1980), indicating a very low potential for bioaccumulation in the food
chain. Experimental verification of the lack of food chain bioaccumulation
is not available. Such information can be obtained by studying the
accumulation of 1,1,2-trichloroethane in organisms from different trophic
levels that have been exposed to the chemical.

Absorption, Distribution, Metabolism, Excretion. Little information is
available regarding the toxicokinetics of 1,1,2-trichloroethane in humans or
animals. Information on absorption in humans comes from a brief study using two
volunteers; the only information from animals is inferred from the fact that
administration of 1,1,2-trichloroethane via the inhalation or oral routes causes
toxic effects. Animal studies which specifically test the amount and rate of
absorption of 1,1,2-trichloroethane would provide information as to how much
1,1,2-trichloroethane humans might be likely to absorb from various routes of
exposure. For distribution, the only human data are from one briefly reported
study, and the only animal data are from one acute study. More extensive and
longer-term animal studies using the inhalation, oral or dermal routes would help
determine 1,1,2-trichloroethane distribution in the body. For metabolism, more
animal studies would be helpful in, showing what kind of metabolites might be
expected to be found in the blood or urine of humans; if these could be measured,
they might give an indication of amount of exposure to 1,1,2-trichloroethane.
Additional metabolism studies may also reveal more
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definitive information on mechanfsms of 1,1,2-trichloroethane toxicity and
carcinogenicity. Data on excretion are fairly complete.

Comparative Toxicokinetics. No studies were located which compared
human and animal toxicokinetics. Two comparative toxicokinetics studies
were performed which examined the differences between rats and mice in the
types of metabolites formed, and the excretion rates from various routes.
Although percent of administered dose metabolized was similar in both
species, the overall rate of metabolism of 1,1,2-trichloroethane was greater
in mice (Mitoma et al. 1985). The same metabolites were formed in the same
proportions in both species. The difference in metabolic rate may be
related to species differences in susceptibility to the toxic effects of
1,1,2-trichloroethane. More studies of this type could corroborate this
theory or identify other factors that may be responsible for the species
difference in toxicity.

2.9.3 On-going Studies

No on-going studies were located regarding health effects or
toxicokinetics in humans or animals following exposure to 1,1,2-
trichloroethane.
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3. CHEMICAL AND PHYSICAL INFORMATION

3.1 CHEMICAL IDENTITY

Data pertaining to the chemical identity of 1,1,2-trichloroethane
are listed in Table 3-1,

3.2 PHYSICAL AND CHEMICAL PROPERTIES

The physical and chemical properties of 1,1,2-trichloroethane are
presented in Table 3-2.
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4 . PRODUCTION, IMPORT, USE, AND DISPOSAL

4.1 PRODUCTION

1,1,2-Trichloroethane is produced by Dow Chemical U.S.A. in Freeport,
TX and by Olin Corporation in Seward, IL (SRI 1988). No production figures
are available. It is produced in the U.S. from ethylene. In one method of
preparation, ethylene is chlorinated to give 1,2-dichloroethane, which is
then reacted with chlorine to give 1,1,2-trichloroethane (Archer 1979). A
second method is via the oxychlorination of ethylene with hydrogen chloride
and oxygen at 280-37°C in the presence of a catalyst (Archer 1979). 1,2-
Dichloroethane and higher chlorinated ethanes are also formed in this
process. 1,1,2-Trichloroethane is also produced as a coproduct in the
thermal chlorination of l,l-dichloroethane to produce l,l,l-trichloroethane,
especially when the reaction is carried out in the liquid phase (Archer
1979).

The only information pertaining to the amount of 1,1,2-trichloroethane
produced dates back to 1979, when it was estimated that approximately 412
million pounds were produced (Thomas et al. 1982). This figure is the
quantity of 1,1,2-trichloroethane required for maximum potential production
of l,l-dichloroethene (vinylidene chloride) and may be an overestimate
because l,l-dichloroethene can also be produced from l,l,l-trichloroethane
(Thomas et al. 1982). The exact quantity manufactured is proprietary
information of Dow Chemical Corporation, who was the sole producer of 1,1,2-
trichloroethane at that time. Most of the chemical was captively consumed
as a precursor for 1,1-dichloroethene, however according to a spokesperson
from Dow a quantitity said to be in the 'low millions of pounds' is used
annually in other industries (Thomas et al. 1982). It is not known whether
the consumption of 1,1,2-trichloroethane has changed appreciably since 1979.

1,1,2-Trichloroethane is sometimes present as an impurity in commercial
samples of l,l,l-trichloroethane and trichloroethylene (Henschler et al.
1980; Tsuruta et al. 1983). 1,1,2-Trichloroethane has been shown to be
formed during the anaerobic biodegradation of 1,1,2,2-tetrachloroethane;
anaerobic conditions may occur in groundwater or in landfills (Bouwer and
McCarty 1983; Hallen et al. 1986).

4.2 IMPORT

Data pertaining to the import of 1,1,2-trichloroethane were not located
in the available literature.

4.3 USE

The principal use of 1,1,2-trichloroethane is as a chemical
intermediate in the production of l,l-dichloroethene (Archer 1979). There
is no information available on the uses of the 'low millions of pounds' that
were said to have been sold to other industries by Dow Chemical.
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1,1,2-Trichloroethane finds limited use as a solvent where its high solvency
is needed, such as for chlorinated rubbers (Archer 1979). It may be used as
a solvent for fats, oils, waxes, and resins (Hawley 1981). Some 1,1,2-
trichloroethane was sold for use in consumer products (Thomas et al. 1982).
There was no indication in the literature as to what these products were.
Moolenaar and Olson (1989), in a written communication as spokesmen for the
Dow Chemical Company, a major producer of 1,1,2-trichloroethane, however,
stated that they are not aware of any consumer uses and that the Dow
Chemical Company screens potential customers to determine how they intend to
use it.

4.4 DISPOSAL

1,1,2-Trichloroethane has been disposed of by adsorption on a suitable
sorbent such as vermiculite, dry sand, or earth and placement in a secure
landfill (NLM 1988). This method is not recommended, however (NLM 1988),
although no alternative method was discussed in the available literature.
The method of disposal recommended for most chlorinated solvents is
incineration.

4.5 ADEQUACY OF THE DATABASE

4.5.1 Data Needs

Data on current production and use of 1,1,2-trichloroethane are
completely inadequate. Information is especially needed on the commercial
uses of 1,1,2-trichloroethane and what types of consumer products, if any,
contain this chemical. This information is essential for estimating
exposure to 1,1,2-trichloroethane and for determining which groups in the
population are occupationally or generally exposed. According to the
Emergency Planning and Community Right to Know Act of 1986 (EPCRTKA),
(§313), (Pub. L. 99-499, Title III, §313), industries are required to submit
release information to the EPA. The Toxic Release Inventory (TRI), which
contains release information for 1987, became available in May of 1989.
This database will be updated yearly and should provide a more reliable
estimate of industrial production and emission.
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5.1 OVERVIEW

1,1,2-Trichloroethane is predominantly a man-made chemical whose
presence in the environment results from anthropogenic activity. This
chemical has also been identified as an intermediate in the biodegradation
of 1,1,2,2-tetrachloroethane, another man-made chemical. It is made
commercially by the chlorination of ethylene with chlorine or by the
oxychlorination of ethylene with HCl and oxygen. It is primarily used as a
captive intermediate in the manufacture of 1,1-dichloroethene (vinylidene
chloride), but may also be used as a solvent, especially in chlorinated
rubber manufacture. Production and use information are proprietary, however
effluent monitoring data indicate that high levels (>100 ppb) of discharge
are associated with laundries, and the organic chemicals and mechanical
products industries (Table 5-l). The maximum levels in these waste-waters
were 109-250 ppb. Gaseous releases include vent gas and fugitive
emissions from the production and use of 1,1,2-trichloroethane as well as
volatilization from wastewater and municipal treatment plants. Releases to
soil are expected to involve the landfilling of sludge and process residues.
Thus far, 1,1,2-trichloroethane has been found at 45 of 1177 hazardous waste
sites on the National Priorities List (NPL) in the United States (VIEW
Database 1989). Based on the release pattern of other chlorinated ethanes
and ethenes, it is expected that the release pattern for 1,1,2-
trichloroethane is 70-90% to air, l0-30% to land, and a few percent to
water. No use with significant consumer, and general population exposures
has been identified.

If 1,1,2-trichloroethane is released into soil, it is expected to
partially leach into the subsurface and groundwater (because it has a low
soil adsorption coefficient), and to partially volatilize. In groundwater,
it will be subject to anaerobic biodegradation, however no information
concerning reaction rates is available. Biodegradation is expected to occur
in sediment and landfills when anaerobic conditions are present. The
mechanism for biodegradation is reductive dehalogenation, which leads to the
formation of vinyl chloride, a human carcinogen (USDHHS 1985). From the
limited data available, biodegradation under aerobic conditions, such as
exists in surface soil, will be very slow, at best. In surface water,
volatilization is the primary fate process (half-life 4.5 hr in a model
river). Adsorption to sediment, bioconcentration in aquatic organisms,
aerobic biodegradation, and hydrolysis are thought to be negligible by
comparison. In the atmosphere, the dominant removal process is expected to
be oxidation by photochemically-generated hydroxyl radicals, which proceeds
by H-atom abstraction (estimated half-life 49 days). The radical so
produced subsequently reacts with atmospheric oxygen and other atmospheric
species. Removal from the atmosphere is also thought to occur from washout
by precipitation; however, most of the 1,1,2-trichloroethane removed by this
process is expected to reenter the atmosphere by volatilization. Because
oxidation in the atmosphere is slow, considerable dispersion of
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1,1,2-trichloroethane from source areas would be expected to occur. Thus,
it is conceivable that 1,1,2-trichloroethane could be transported from other
countries where it may be more widely used.

The general population may be exposed to low levels of 1,1,2-
trichloroethane through inhalation of contaminated ambient air. Limited
monitoring data suggest that roughly one-quarter to one-half of the urban
population may be so exposed. Where 1,1,2-trichloroethane is found, levels
appear to be about l0-50 ppt. Results from a nationwide monitoring study
of groundwater supplies show that exposure to 1,1,2-trichloroethane from
contaminated drinking water appears to be uncommon (Westrick et al. 1984).
However, in a New Jersey survey, 6.7% of the wells contained detectable
levels of 1,1,2-trichloroethane; the most polluted wells being associated
with urban land use (Page 1981; Greenberg et al. 1982). It is difficult to
assess occupational exposure because data on current production and use are
unavailable. A National Occupational Exposure Survey (NOES) by the National
Institute of Occupational Safety and Health (NIOSH) through May 1988,
estimates that 1,036 employees are potentially exposed to 1,1,2-
trichloroethane in the United States. Occupational exposure will be
primarily via inhalation.

5.2 RELEASES TO THE ENVIRONMENT

5.2.1 Air

1,1,2-Trichloroethane is emitted in vent gas when produced by the
oxychlorination of ethylene dichloride (Liepins et al. 1977). Environmental
releases of 1,1,2-trichloroethane from l,l-dichloroethene manufacture are
small; an EPA study found no 1,1,2-trichloroethane in process vent gas
(Thomas et al. 1982). 1,1,2-Trichloroethane is formed in small quantities
and may be released in vent gas or fugitive emissions during the production
of other chlorinated hydrocarbons, for example, 1,2-dichloroethane and
l,l,l-trichloroethane (Thomas et al. 1982). Fugitive emission from its use
as a solvent and volatilization from wastewater constitute the major
environmental release of 1,1,2-trichloroethane. An estimate of the total
release of 1,1,2-trichloroethane was made for 1979 by comparing ambient
levels of l,l,l-trichloroethane and 1,1,2-trichloroethane in urban air and
releases of l,l,l-trichloroethane (Thomas et al. 1982). The annual amount
of 1,1,2-trichloroethane released annually was calculated to be 10,000-
20,000 million tons.

A correlation of data from the EPA Air Toxics Emission Inventory with
industrial source categories (SIC codes), shows that volatile emissions of
1,1,2-trichloroethane are associated with plastic materials and resins,
industrial organic chemicals, petroleum refining, gaskets-packing and
sealing devices, plating and polishing, residential lighting fixtures, radio
and TV communication equipment, electronic components, motor vehicles parts
and accessories, engineering and scientific instruments, photographic
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equipment and supplies (SIC Codes 2821, 2869, 2911, 3293, 3471, 3645, 3662,
3679, 3714, 3811, 3861) (EPA 1987a).

1,1,2-Trichloroethane was found at hazardous waste sites that are
included in the National Priorities List (NPL). Volatile organic compound
(VOC) emissions are observed at solid waste landfills (these emissions are
2.6-times greater in a wet climate than a dry one (Vogt et al. 1987)).
Therefore low levels of 1,1,2-trichloroethane may be expected in landfill
gases from NPL sites.

5.2.2 Water

Wastewater streams from the production of 1,1,2-trichloroethane by
liquid-phase chlorination of ethylene dichloride and the oxychlorination of
ethylene dichloride with HCl contain 1,1,2-trichloroethane (Liepins et al.
1977). Information on industries that discharge 1,1,2-trichloroethane, the
frequency of discharge, and concentration levels can best be obtained from
the results of a comprehensive wastewater survey conducted by the Effluent
Guidelines Division of the EPA shown in Table 5-l. Over 4000 samples of
wastewater from a broad range of industrial facilities and publicly-owned
treatment works were analyzed in this survey. While the percentage of
industries in a particular category containing 1,1,2-trichloroethane or the
volume of wastewater generated by them was not indicated, the data suggest
that significant amounts of 1,1,2-trichloroethane are released into
waterways nationwide (see Table 5-l). Between 1980 and 1988, 707 samples of
wastewater in EPA's STORET database were analyzed for 1,1,2-trichloroethane
(STORET 1988). Ten percent of the samples contained 10 parts per billion
(ppb) or higher concentrations of 1,1,2-trichloroethane and the maximum
level obtained was 360 ppb. Unfortunately, the detection limit is
apparently recorded when no chemical is detected, so it is impossible to say
whether the 90 percentile figure represents positive samples or merely
higher detection limits. EPA investigated priority pollutants in 40
geographically distributed publicly-owned treatment works (POTWs)
representing a variety of municipal treatment technologies, size ranges, and
industrial flow conditions. In this study, 1,1,2-trichloroethane was
detected in 7% of influent samples, 3% of effluent samples, and 4% of raw
sludge samples at maximum concentrations of 135, 6, and 2100 ppb,
respectively (EPA 1982c).

1,1,2-Trichloroethane was found at concentrations of 2.1, 26, and 180
ppb in three outfalls from the Dow Chemical of Canada plant into the St.
Clair River for a net loading of 3.5 kg/day (King and Sherbin 1986).
Puddles containing chlorinated hydrocarbons had been discovered on the
bottom of the St. Clair River, which received these effluents (King and
Sherbin 1986; Kaiser and Comba 1986). These chemicals are thought to be
products or byproducts of chlorinated hydrocarbons manufactured at this
site. Waste from this operation is now being incinerated but was
historically landfilled. Landfill leachate from the landfill is treated
with carbon and then discharged into a ditch leading to the St. Clair River.
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The concentration of 1,1,2-trichloroethane before and after treatment was
1,300 and 1,800 ppb. However the carbon filter was reportedly spent at the
time of the survey.

1,1,2-Trichloroethane was detected in two samples at 2-3 ppb from
Eugene, OR in the National Urban Runoff Program, in which 86 samples of
runoff from 19 cities throughout the U.S. were analyzed (Cole et al. 1984).
Runoff water from NPL hazardous waste sites containing 1,1,2-trichloroethane
might be contaminated with this pollutant. No monitoring studies of runoff
water from wastes sites was found in the available literature.

5.2.3 Soil

No information on the release of 1,1,2-trichloroethane to soil was
found in the available literature. It is anticipated that process residues
and sludge containing this chemical may be landfilled (Jackson et al. 1984).
In an experiment designed to simulate the anaerobic conditions for
biodegradation in landfills, 1,1,2-trichloroethane was found to be a
biodegradation product of 1,1,2,2-tetrachloroethane (Hallen et al. 1986).
Therefore 1,1,2.-trichloroethane may be produced in landfills or other
anaerobic environments (e.g. groundwater) that have been contaminated with
1,1,2,2-tetrachloroethane.

5.3 ENVIRONMENTAL FATE

5.3.1 Transport and Partitioning

Based on a measured Henry's Law Constant of 9.1x10-4 atm/m3-mol
(Ashworth et al. 1988), the volatilization half-life of 1,1,2-
trichloroethane in a model river 1 m deep flowing 1 m/set with a wind of 3
m/set is estimated to be 4.5 hr, with resistance in the liquid phase
primarily controlling volatilization (Thomas 1982). The half-life in a lake
or pond would be much longer. The half-life of 1,1,2-trichloroethane in the
lower Rhine river was 1.9 days (Zoeteman et al. 1980). This determination
was based on monitoring data and river flow data. This half-life was
ascribed to volatilization. In wastewater treatment plants that receive
refractory volatile compounds such as 1,1,2-trichloroethane from industrial
discharges or other sources, stripping will be an important mechanism for
transferring the chemical from the water into the air. In stripping, as
opposed to ordinary volatilization, the liquid and gas phases are dispersed
with the result that the interfacial surface area is much greater and
liquid/gas mass transfer greatly enhanced. In 5 pilot scale treatment
plants, 98 - >99% of 1,1,2-trichloroethane was removed by this process (EPA
1981). In view of its moderately high vapor pressure and low adsorptivity
to soil, 1,1,2-trichloroethane is expected to volatilize rapidly from soil
surfaces. In one experiment in which 1,1,2-trichloroethane was applied to a
column of sandy soil with a very low organic carbon content, volatilization
and leaching were equally important transport processes (Thomas et al.
1982).
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The adsorption based on organic carbon, Koc, of 1,1,2-trichloroethane
on a sandy forest soil (low organic carbon content and cation exchange
capacity, CEC), an agricultural soil, and a forest soil (pH lower than the
agricultural soil) was 60.0, 63.7, and 108, respectively (Seip et al. 1986).
In soil column experiments with these soils, the 1,1,2-trichloroethane moved
through the sandy forest soil almost at the same rate as water, whereas the
retardation was progressively greater in the agricultural soil and greatest
in forest soil; the respective retention coefficients (velocity of water
through the soil divided by the velocity of pollutant through the soil)
being 1.53, 4.52, and 8.11 (Seip et al. 1986). Therefore 1,1,2-
trichloroethane would not adsorb appreciably to soil, sediment, and
suspended solids in the water column and would be expected to readily leach
into the subsurface soil and groundwater. A second investigator obtained a
Koc of about 70 and a retardation factor of <1.5 using a sandy soil of lower
organic carbon content than that used in the first study (Wilson et al.
1981).

The bioconcentration factors for 1,1,2-trichloroethane reported in the
literature are <10 (Kawasaki 1980) and 17 (Isnard and Lambert 1988).
Therefore it would not be expected to bioconcentrate in fish to any great
extent.

5.3.2 Transformation and Degradation

5.3.2.1 Air

In the atmosphere, 1,1,2-trichloroethane will be degraded by reaction
with photochemically-produced hydroxyl radicals. The reaction proceeds by
H-atom abstraction to yield water and the corresponding C2H2Cl3 radical.
The rate of this reaction is 3.28x10-13 cc/molecules-set which would give
rise to a half-life of 49 days, assuming an average hydroxyl radical
concentration of 5x105 radicals/cc (Jeong et al. 1984).

5.3.2.2 Water

1,1,2-Trichloroethane undergoes both a pH-independent and a basecatalyzed
hyrolysis at environmental pH's. The neutral hydrolysis process is a substitution
reaction leading to the formation of an alcohol, while the base-catalyzed reaction
is an elimination reaction giving rise to l,ldichloroethene and HCl (Mabey et al.
1983; Vogel et al. 1987).  In the case of 1,1,2-trichloroethane, the base-
catalyzed rate is 5.9x10-3 l/mol-set at 25°C and is dominant above pH 5.4; the
neutral rate is only 9x10-8 sec-1

at 80°C (Mabey et al. 1983). The half-life would be 37 years at pH 7 and 135
days. at pH 9. This is consistent with observations that no significant
decrease in concentration occurs in 8 days in sterilized water (Jensen and
Rosenberg 1975). No significant degradation was obtained in seawater, (pH
7.4-7.7) in 14 days at a temperature of ll-12°C (Jensen and Rosenberg 1975).
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1,1,2-Trichloroethane showed no biodegradation in both a 24-day
modified shake flask test and a river die-away test (Mudder and Musterman
1982). In two other biodegradabation screening tests, one investigator
reported no degradation and the other slow degradation after a long
acclimation period (Kawasaki 1980; Tabak et al. 1981). However the unknot
extent to which volatilization contributed to losses in the second study
makes the results suspect.

Under anaerobic conditions, 1,1,2-trichloroethane is reported to
undergo dehalogenation. In order to establish whether this is a
biologically mediated reaction and not simply an abiotic reaction catalyzed
by free iron or iron porphyrin at low redox potential, Dow Chemical
conducted 28-day studies in sterile solutions (Klecka and Gonsior 1983).
They found that ppm concentrations of 1,1,2-trichloroethane did not undergo
nonenzymatic dehalogenation in a sterile, anaerobic solution at pH 7 or when
a sulfide redox buffer or hematin was added (Klecka and Gonsior 1983).

5.3.2.3 Soil

The only study located regarding the degradation of 1,1,2-trichloro-
ethane in soil involved subsurface samples taken from the margin of a

floodplain near Lula, Oklahoma (Wilson et al. 1983). These samples were
obtained both above the water table of a shallow aquifer and in the
unconsolidated material in the saturated zone. A portion of the soil was
sterilized and slurries were made and test chemical added. Manipulations
made with samples from the saturated zone were carried out under nitrogen.
After 16 weeks of incubation, no degradation of 1,1,2-trichloroethan was
observed in the samples from above or below the water table. These results
are in conflict with other studies (Wilson et al. 1983). It has been
suggested that the time frame for the experiment may have been insufficient
for resident microorganisms to have become acclimated to the chemical
(Newsom 1985).

In an attempt to simulate the anaerobic conditions for biodegradation
in landfills, experiments were performed under anoxic conditions using
inocula from anaerobic digester units of wastewater treatment facilities
that were not acclimated to industrial solvents. After 1 week of incubation
with 10 µg/L of 1,1,2-trichloroethane, 0.44 µg/g of vinyl chloride was
formed, the highest level observed from any of the chlorinated ethanes or
ethenes studied (Hallen et al. 1986). In further experiments when the
concentration of inoculum was increased, 4.3 and 5.8 µg/g of vinyl chloride
was formed after 1 and 2 weeks, respectively. The degradation reactions
observed not only include reductive dehalogenation but the transformation of
chlorinated ethanes into ethenes. It is interesting to note that autoclaved
controls for a 1,1,2-trichloroethane anaerobic biodegradation experiment
yielded l,l,-dichloroethene (Molton et al. 1987). The formation of
l,ldichloroethene indicates that the conversion of 1,1,2-trichloroethane is
nonbiological.
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5.4 LEVELS MONITORED OR ESTIMATED IN THE ENVIRONMENT

5.4.1 Air

Two air samples from rural Oklahoma and air samples from rural areas of
the Pacific Northwest did not contain 1,1,2-trichloroethane (Brodzinsky and
Singh 1982; Grimsrud and Rasmussen 1975). While both inland and nearshore
rural sites near San Francisco averaged 14 parts per trillion (ppt) of
1,1,2-trichloroethane, 95% of inland sites and 46% of nearshore sites
contained levels above the 6 ppt detection limit (Singh et al. 1977). In
930 urban/suburban sites in the U.S. the 25th, 50th, 75th percentile and
maximum concentration of 1,1,2-trichloroethane was 0, 9.1, 22, and 11,000
ppt, respectively (Brodzinsky and Singh 1982). Other studies that include
13 major U.S. cities, report average air concentrations of 1,1,2-
trichloroethane ranging from 6-41 ppt (Singh et al. 1981; Singh et al. 1982;
Harkov et al. 1983; Lioy et al. 1983). In the study by Harkov et al.,
(1983) air concentrations in Camden, Elizabeth, and Newark, NJ were
monitored during the summer of 1981. Of the 111 samples measured, 27%
contained a detectable quantity of the pollutant, with a detection limit of
5 PPt. The following winter, 41% of the samples from these cities contained
1,1,2-trichloroethane. The geometric mean concentrations ranged from 20-50
ppt for the winter measurements. This was significantly higher than the 10
ppt value obtained the previous summer (Harkov et al. 1987). The median
concentration of 1,1,2-trichloroethane in 97 samples obtained from source-
related areas throughout the U.S. was 45 ppt. Of these samples, 25%
exceeded 210 ppt and a maximum concentration was 2,300 ppt was measured in
Dominguez, CA (Brodzinsky and Singh 1982). The data compiled by Brodzinsky
and Singh (1982) has been reviewed and most of it is of good quality. More
data have now been added to this National Ambient Volatile Organic Compounds
Database bringing the number of monitoring data points to 886 (Shah and
Heyerdahl 1988). According to this database, the median concentration of
1,1,2-trichloroethane in rural, suburban, and urban areas was 0 ppt; at
source-dominated sites the median 1,1,2-trichloroethane concentration was 2
PPt. The limited monitoring data suggest that roughly one-quarter to one-
half of the urban population may be exposed to the compound in air. Where
1,1,2-trichloroethane is found, most levels range from l0-50 ppt.

The only data on levels of 1,1,2-trichloroethane measured in indoor air
were contained in a study of eight homes in Knoxville, TN obtained during
the winter (Gupta et al. 1984). Eleven of sixteen samples contained 1,1,2-
trichloroethane with a mean [SD] concentration of 14.1 [7.8] µg/m3 (2.5
[l.4] ppb), however samples taken outside the homes did not contain
detectable levels of the chemical.  Sources of the 1,1,2-trichloroethane
inside the homes may be building materials or solvent-containing products.

Traces to 0.32 ppb of 1,1,2-trichloroethane in air samples were found
in Iberville Parish, Louisianna, where many organic chemical and producer,
user, and storage facilities are located along the Mississippi River
(Pellizarri 1982).
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5.4.2 Water

1,1,2-Trichloroethane was not detected in composite samples of the
water supplies of Philadelphia, PA and Huntington, WV, both of which are
derived from surface sources (Dreisch et al. 1980). The levels in finished
water from a New Orleans, LA water supply ranged from 0.1 to 8.5 ppb (EPA
1980). In a l0-city EPA survey conducted in 1975, 1,1,2-trichloroethane
was only detected in the water supply of Miami, FL, which obtains its water
from a groundwater source (EPA 1975). The level of contamination was not
determined. The maximum concentration of 1,1,2-trichloroethane detected in
a survey of community and noncommunity water supplies from groundwater
sources and private wells in Suffolk County, NY, was 13 ppb (Zaki et al.
1986). 1,1,2-Trichloroethane has been found in 10 private wells in Rhode
Island, at a concentration range of 1.0 to 14.0 ppb (RIDH 1989). A survey
of Denver, CO, drinking water conducted in late 1985 to early 1986, found no
1,1,2-trichloroethane in the samples tested (Rogers et al. 1987). In a U.S.
Groundwater Supply survey, none of the 945 groundwater supply sources tested
contained 1,1,2-trichloroethane at a quantitation limit of 0.5 ppb (Westrick
et al. 1984). 1,1,2-Trichloroethane was found in 6 of the 1174 community
wells and 19 of the 617 private wells in a Wisconsin survey conducted in the
early 1980s (Krill and Sonzogni 1986). All wells contained less than the
recommended health advisory level of 6.1 ppb. Representative samples of
ground and surface water were analyzed from the state of New Jersey during
1977-1979 (Page 1981). These samples were collected from every county, from
urban, suburban, and rural areas, and from areas of every land use common in
the state. Seventy-two of the 1069 groundwater samples (6.7%) and 53 of the
603 surface water samples (8.7%) contained detectable levels of 1,1,2-
trichloroethane with concentrations as high as 31.1 and 18.7 ppb being found
for ground and surface water, respectively. Some of the most polluted wells
were under urban land use areas (Page 1981, Greenberg et al. 1982). Ground
water near landfill sites in Minnesota and Wisconsin contained up to 31 ppb
of 1,1,2-trichloroethane (Sabel and Clark 1984).

Of 7 samples from two Ohio River tributaries, 3 were positive for
1,1,2-trichloroethane (0.6 ppb maximum). However, only 4% of the samples
from the Ohio mainstream were positive and the compound was not found in 88
additional stations (Ohio River Valley Sanitation Commission 1980). One
measurement of 1,1,2-trichloroethane in marine water was found, 153 ppt off
the shore at Point Reyes, CA (Singh et al. 1977).

Between 1980 and 1988, 3255 samples of surface water in EPA's STORET
database were analyzed for 1,1,2-trichloroethane (STORET 1988). Ten percent
of the samples contained the chemical at 10 parts per billion (ppb) or
higher. A maximum level of 18,000 ppb was reported in 1982. The maximum
concentration of 1,1,2-trichloroethane reported for subsequent years ranged
from 10 to 125 ppb. Of the 22,615 samples of groundkater in the database,
10% were above 3 ppb. The maximum concentration of 1,1,2-trichloroethane in
a groundwater was 350,000 ppb, reported in 1985. For the other years, the
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maximum concentration reported ranged from 18 to 1800 ppb. Unfortunately,
the detection limit is apparently recorded in STORET when no chemical is
detected, so it is impossible to say whether the 90 percentile figure
represents positive samples or merely higher detection limits.

5.4.3 Soil

1,1,2-Trichloroethane was found in 25 of the 418 hazardous waste sites
listed on the National Priorities List of highest priority sites for
possible remedial action (Mitre 1987). Additionally, it was found in 3
sites in the Contract Laboratory Statistical Database at mean concentrations
ranging from 12 to 636 ppb (Viar and Company 1987).

5.4.4 Other Media

1,1,2-Trichloroethane was detected in 9 of 22 commercial batches of
technical grade l,l,l-trichloroethane supplied by eight different European
manufacturers and dealers (Henschler et al. 1980). The concentration in
these samples ranged from 300 to 3,015 ppm and the detection limit was 0.5
PPm. It was also found in some commercially available trichloroethylene in
Japan (Tsuruta et al. 1983).

1,1,2-Trichloroethane was not detected in any of the 46 composite
samples of human adipose tissue collected during FY82 as part of the
National Human Adipose Tissue Survey (Stanley 1986). The composite
specimens represented the nine U.S. census divisions stratified by three age
groups (0-14, 15-44, 45 plus). Between July and December 1980, air and
breath from nine New Jersey subjects were monitored in a pilot study to
measure personal exposure to volatile organic substances for EPA's Total
Exposure Assessment Methodology (TEAM) Study (Wallace et al. 1984). The
personal air concentrations of 1,1,2-trichloroethane were below the
detection limit in 151 of 161 of the samples, 7 contained trace levels of
the chemical and the others ranged from 0.14 to 34.70 µg/m3 (0.025 to 6.25
ppb), with a median of 0.35 µg/m3 (0.063 ppb) (Wallace et al. 1984).
Breath samples were negative in 44 of 49 samples and the others ranged from
trace to 5.13 µg/m3 (0.92 ppb), with a median of 0.2 µg/m3 (0,036 ppb). No
1,1,2-trichloroethane was found in the subjects' drinking water at home.

5.5 GENERAL POPULATION AND OCCUPATIONAL EXPOSURE

A National Occupational Exposure Survey (NOES) conducted by NIOSH from
1981 to 1983 estimates that 1036 workers, including 15 women, are
potentially exposed to 1,1,2-trichloroethane in the United States (NIOSH
1988). The estimate is provisional, as all of the data for trade name
products which may contain 1,1,2-trichloroethane have not been analyzed.
The NOES survey was based on field surveys of 4,490 facilities and was
designed as a nationwide survey based on a statistical sample of virtually
all workplace environments in the United States where eight or more persons
are employed in all SIC codes except mining and agriculture. In the earlier
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NIOSH National Occupational Hazard Survey, the highest exposures occurred
around blast furnaces, in steel rolling mills and in factories manufacturing
technical instruments (Konietzko 1984).

Consistent with its tendency to partition into air, most exposures to
1,1,2-trichloroethane are from air. Limited monitoring data suggest that
one-quarter to one-half of the urban population may be exposed to the
compound in air. Where 1,1,2-trichloroethane is found, levels appear to be
about l0-50 ppt, for an average daily intake of 1.1-5.5 µg/day. It appears
that the general population is rarely exposed to 1,1,2-trichloroethane in
drinking water.

5.6 POPULATIONS WITH POTENTIALLY HIGH EXPOSURE

If people use products containing 1,1,2-trichloroethane as a solvent,
they will be potentially exposed to high levels of this chemical. Moolenaar
and Olson (1989), in a written communication as spokesmen for the Dow
Chemical Company, however, stated that they are not aware of any consumer
uses and that the Dow Chemical Company screens potential customers to
determine how they intend to use the 1,1,2-trichloroethane they purchase.
Therefore, the potential for exposure from use of consumer products is
probably low.

While it appears that exposure to high levels of 1,1,2-trichloroethane
is rare, there are a few data that indicate that a small number of people
may be exposed to high levels of 1,1,2-trichloroethane from contaminated air
or drinking water. In Lake Charles, LA, the median and maximum air
concentrations of 1,1,2-trichloroethane were 4.8 and 7.4 ppb (Brodzinsky and
Singh 1982). This indicates that half of the population of this community
have a daily intake of 530 to 820 µg/g, compared with a median intake of 2.6
µg/g for all the urban/suburban areas of the United States that were
monitored. Other cities where air concentrations greater than 0.1 ppb were
sometimes observed were Elizabeth, NJ, Deer Park, TX, Freeport, TX, Geismar,
LA, Edison, NJ, and Domingues, CA (Brodzinsky and Singh 1982). The data
indicate that the air concentrations are variable, and only occasionally are
high levels of 1,1,2-trichloroethane observed. From the available data, it
is apparent that some wells in Suffolk County, NY, New Jersey, and near
landfills in Minnesota and Wisconsin contain 1,1,2-trichloroethane
concentrations as high as 13 to 31 ppb, corresponding to an average daily
intake of 26 to 62 µg/g per day. The available data are insufficient to
estimate the number of people that may be exposed to high levels of 1,1,2-
trichloroethane.

5.7 ADEQUACY OF THE DATABASE

5.7.1 Data Needs

Physical and Chemical Properties. The physical and chemical properties of
1,1,2-trichloroethane have been adequately characterized (see Table 3.2).
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Environmental Fate. Further investigation would resolve the
discrepancies in the data for anaerobic degradation of 1,1,2-
trichloroethane. Additional studies are needed to characterize the nature
of the transformation and to clarify whether biotic, abiotic, or catalyzed
abiotic reactions are involved. Will these reactions generally occur under
environmental conditions? A determination of the half-life in
representative groundwater and sediment-water systems would be useful. From
the available evidence, biodegradation in aerobic systems appears unlikely,
although additional studies, particularly in soil, are desireable and would
clarify this point.

Exposure Levels in Environmental Media. The best estimates of exposure are
based on monitoring data and these data add credence to emission and exposure
estimates based on production and use. In the case of 1,1,2-trichloroethane,
monitoring data are fragmentary and not very recent; most of the data are from the
early 1980s or earlier. Information on production and use, particularly that with
the largest probability for exposure, is not available. While 1,1,2-
trichloroethane may be contained in some consumer products, the Dow Chemical
Company is not aware of any consumer uses (Moolenaar and Olson 1989).

Exposure Levels in Humans. Estimates of general population and
occupational exposure require current monitoring data or current data on
production and use. This information is not available. The use pattern of
1,1,2-trichloroethane may have changed since the NOES. If this is the case,
the results of the NOES could be reanalyzed in order to reflect current
occupational exposures.

Exposure Registries. Other than the NIOSH survey, no exposure
registries for 1,1,2-trichloroethane were located. The development of a
registry of exposed persons would provide a useful reference tool in
assessing exposure levels and frequency. In addition, a registry would
allow an assessment of the variations in exposure concentrations by, for
example, geography, season, regulatory actions, presence of hazardous waste
landfills, or manufacturing or use facility. These assessments, in turn,
would provide a better understanding of the needs for some types of research
or data acquisition based on the current exposure concentrations.
Additionally, such a database of exposures would be useful for linking
exposure to 1,1,2-trichloroethane with specific toxic effects or diseases.

5.7.2 On-going Studies

No information was found which would indicate that there are studies in
progress that relate to the environmental fate of 1,1,2-trichloroethane. As
part of the Third National Health and Nutrition Evaluation Survey (NHANES
III), the Environmental Health Laboratory Sciences Division of the Center
for Environmental Health and Injury Control, Centers for Disease Control,
will be analyzing human blood samples for 1,1,2-trichloroethane and other
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volatile organic compounds. These data will give an indication of the
frequency of occurrence and background levels of these compounds in the
general population. NIOSH is continuing to revise its estimates of
occupational exposures in its National Occupational Exposure Survey (NOES)
through the inclusion of trade name compounds. No other on-going studies
regarding general or occupational exposure to 1,1,2-trichloroethane were
located. According to the Emergency Planning and Community Right to Know
Act of 1986 (EPCRTKA), (§313), (Pub. L. 99-499, Title III, §313), industries
are required to submit release information to the EPA. The Toxic Release
Inventory (TRI), which contains release information for 1987, became
available in May of 1989. This database will be updated yearly and should
provide a more reliable estimate of industrial production and emission,
which will be useful for determining potential human exposure.
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6.1 BIOLOGICAL MATERIALS

The analytical methods for the determination of 1,1,2-trichloroethane
in biological matrices are given in Table 6-1. Very few studies exist in
the literature that report the analyses of this compound in biological
matrices. The discussion about the methods that may be most sensitive for
the determination of 1,1,2-trichloroethane levels in environmental samples
and the advantages and disadvantages of the commonly used methods as given
for environmental samples are thought to be applicable for biological
samples because identical quantification methods are used for both kinds of
samples. Most biological samples, however, pose unique problems during
quantification. For example, the binding of the analytes to protein in
samples containing high protein (e.g., whole blood) may result in reduced
recovery (Cramer et al. 1988). Both blood and urine are very susceptible to
foaming, especially at-high temperatures used during purging (Cramer et al.
1988; Michael et al. 1980). Poor and variable recovery has also been
observed for tissue samples with high lipid content (Michael et al. 1980).

6.2 ENVIRONMENTAL SAMPLES

The common methods used for the determination of 1,1,2-trichloroethane
in environmental samples are given in Table 6-2. The two common methods
that are used for the preconcentration of 1,1,2-trichloroethane for the
determination of its levels in air are adsorption on a sorbent column or
collection in a cryogenically-cooled trap. The disadvantage with the
cryogenic cooling is that the method is cumbersome and condensation of
moisture in the air may block the passage of further air flow through the
trap. The disadvantages with the sorption tubes are that the sorption and
desorption efficiencies may not be 100% and that the background impurities
in the sorbent tubes may limit detection in samples containing low
concentrations (Cox 1983).

The most common method for the determination of 1,1,2-trichloroethane
levels in water, sediment, soil, and aquatic species is the purging of the
vapor from the sample or its suspension in water with an inert gas and
trapping the desorbed vapors in a sorbent trap. Subsequent thermal
desorption is used for the quantification of its concentration.

The two quantification methods that provide the lowest detection limits
are halide-specific detection (e.g., Hall electrolytic conductivity
detector) and mass spectrometry. Since the compound has three chlorine
atoms, electron capture detection is also very sensitive for this compound.
The advantages of halide-specific detectors are that they are not only very
sensitive but are also specific for halide compounds. The mass
spectrometer, on the other hand, provides an additional confirmation of the
presence of a compound through the ionization patterns, and is desirable
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when a variety of compounds must be quantified. The inability of halide-
specific detectors to detect and quantify non-halogen compounds can be
greatly overcome by using other detectors (e.g., photoionization detector)
in series (Lopez-Avila et al, 1987; Driscoll et al. 1987). High-resolution
gas chromatography with capillary columns is a better method for volatile
compounds than are packed columns because they provide better resolution of
closely eluting compounds and increase the sensitivity of detection. In
addition, purge and whole-column cryotrapping eliminates the need for the
conventional purge-and-trap unit and reduces the time of analysis (Pankow
and Rosen 1988). The plugging of the trap by the condensation of moisture
during cryotrapping may be avoided by the use of a very wide-bore capillary
column, although the chromatographic resolution of such a column is inferior
to narrow-bore capillary columns (Pankow and Rosen 1988; Mosesman et al.
1987). Regardless of the analytical method used for biological and
environmental samples, precautions should be taken during sampling,
preservation, and storage of samples to prevent loss from volatilization.

6.3 Adequacy of the Database

6.3.1 Data Needs

Methods for Determining Parent Compounds and Metabolites in Biological
Materials. The analytical methods for determining levels of volatile chlorinated
compounds in biological media are general ones, applicable to the entire class of
chemicals. The publications that describe these methods do not report either the
recovery or the detection limit of 1,1,2-trichloroethane in different biological
matrices. The study of the levels of the parent compound in human blood, urine or
other biological matrices can be useful in deriving a correlation between the
level of this compound found in the environment and those found in human tissue or
body fluid.  Such correlation studies are unavailable for this compound, although
the parent compound has been detected in human breath and urine (see Subsection
2.4).

No metabolite of 1,1,2-trichloroethane from human exposure to this
compound has yet been identified (see Subsection 2.6.3). The changes in
metabolite concentrations with time in human blood, urine, or other
appropriate biological medium may be useful in estimating its rate of
metabolism in humans. In some instances, a metabolite may be useful in
correlating the exposed doses to the human body burden. Such studies on the
levels of metabolites in human biological matrices are not available for
this compound, although metabolic products of this compound from animal and
in vitro studies have been identified (see Subsection 2.6.3) and analytical
methods for their quantification are available.

Methods for Biomarkers of Exposure. No studies were located that
identified biomarkers specific for 1,1,2-trichloroethane-induced disease
states (see Subsection 2.9.2). If a biomarker for this compound in a human
biological tissue or fluid were available and a correlation were found to
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exist between the level of biomarker and a certain health effect, it could
be used as an indication of a health effect caused by the exposure to this
chemical.

Methods for Determining Parent Compounds and Degradation Products in
Environmental Media. As shown in Table 6-2, methods are available for the analysis
of 1,1,2-trichloroethane in environmental samples. The levels of this compound in
different environmental media can be used to indicate whether there could be human
exposure to this compound through the inhalation of air and ingestion of drinking
water and foods containing 1,1,2-trichloroethane. If a correlation with human
tissue or body fluid levels were available, the intake levels from different
environmental sources can be used to estimate the body burden of the chemical in
humans.

Although the products of biotic and abiotic processes of this compound in
the environment are adequately known, no systematic study is available that
measured the concentrations of its reaction products in the environment. In
instances where the product(s) of an environmental reaction is more toxic than the
parent compound, it is important that the level of the reaction products in the
environment be known. It is known that 1,1,2- trichloroethane under anaerobic
conditions (e.g. in anaerobic soils leading to contamination to groundwater) may
dehydrochlorinate to vinyl chloride (see Section 5.3), a compound more toxic than
the parent compound. The analytical methods for the determination of the levels of
these and other environmental degradation products of 1,1,2-trichloroethane are
available.

6.3.2 Ongoing Studies

The Environmental Health Laboratory Sciences Division of the Center for
Environmental Health and Injury Control, Centers for Disease Control, is
developing methods for the analysis of 1,1,2-trichloroethane and other
volatile organic compounds in blood. These methods use purge and trap
methodology and magnetic mass spectrometry which gives detection limits in
the low parts per trillion range.
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7. REGULATIONS AND ADVISORIES

International, national, and state regulations and guidelines pertinent
to human exposure to 1,1,2-trichloroethane are summarized in Table 7-1.

1,1,2-Trichloroethane is regulated by the Clean Water Effluent
Guidelines for the following industrial point sources: electroplating,
organic chemicals, steam electric, asbestos, timber products processing,
metal finishing, paving and roofing, paint formulating, ink formulating, gum
and wood, carbon black, and electrical and electronic components (EPA
1988b).
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9. GLOSSARY

Acute Exposure -- Exposure to a chemical for a duration of 14 days or less, as
specified in the Toxicological Profiles.

Adsorption Coefficient (Koc) -- The ratio of the amount of a chemical
adsorbed per unit weight of organic carbon in the soil or sediment to the
concentration of the chemical in solution at equilibrium.

Adsorption Ratio (Kd) -- The amount of a chemical adsorbed by a sediment or soil
(i.e., the solid phase) divided by the amount of chemical in the
solution phase, which is in equilibrium with the solid phase, at a fixed
solid/solution ratio. It is generally expressed in micrograms of chemical
sorbed per gram of soil or sediment.

Bioconcentration Factor (BCF) -- The quotient of the concentration of a
chemical in aquatic organisms at a specific time or during a discrete time
period of exposure divided by the concentration in the surrounding water at
the same time or during the same period.

Cancer Effect Level (CEL) -- The lowest dose of chemical in a study, or
group of studies, that produces significant increases in the incidence of
cancer (or tumors) between the exposed population and its appropriate
control.

Carcinogen -- A chemical capable of inducing cancer.

Ceiling value (DL) -- A concentration of a substance that should not be
exceeded, even instantaneously.

Chronic Exposure -- Exposure to a chemical for 365 days or more, as
specified in the Toxicological Profiles.

Developmental Toxicity -- The occurrence of adverse effects on the
developing organism that may result from exposure to a chemical prior to
conception (either parent), during prenatal development, or postnatally to
the time of sexual maturation. Adverse developmental effects may be
detected at any point in the life span of the organism.

Embryotoxicity and Fetotoxicity -- Any toxic effect on the conceptus as a
result of prenatal exposure to a chemical; the distinguishing feature
between the two terms is the stage of development during which the insult
occurred. The terms, as used here, include malformations and variations,
altered growth, and in utero death.

EPA Health Advisory -- An estimate of acceptable drinking water levels for a
chemical substance based on health effects information. A health advisory
is not a legally enforceable federal standard, but serves as technical
guidance to assist federal, state, and local officials,
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Immediately Dangerous to Life or Health (IDLH) -- The maximum environmental
concentration of a contaminant from which one could escape within 30 min without
any escape-impairing symptoms or irreversible health effects.

Intermediate Exposure -- Exposure to a chemical for a duration of 15-364
days as specified in the Toxicological Profiles.

Immunologic Toxicity -- The occurrence of adverse effects on the immune
system that may result from exposure to environmental agents such as
chemicals.

In vitro -- Isolated from the living organism and artificially maintained,
as in a test tube.

In vivo -- Occurring within the living organism.

Lethal Concentration(LO) (LCLO) -- The lowest concentration of a chemical in air
which has been reported to have caused death in humans or animals.

Lethal Concentration(50) (LC50) -- A calculated concentration of a chemical in air
to which exposure for a specific length of time is expected to cause death in 50%
of a defined experimental animal population.

Lethal Dose(LO) (LDLD) -- The lowest dose of a chemical introduced by a
route other than inhalation that is expected to have caused death in humans
or animals.

Lethal Dose(50) (LD50) -- The dose of a chemical which has been calculated to cause
death in 50% of a defined experimental animal population.

Lethal Time(50) (LT50) -- A calculated period of time within which a
specific concentration of a chemical is expected to cause death in 50% of a
defined experimental animal population.

Lowest-Observed-Adverse-Effect Level (LOAEL) -- The lowest dose of chemical in a
study, or group of studies, that produces statistically or biologically
significant increases in frequency or severity of adverse effects between the
exposed population and its appropriate control.

Malformations -- Permanent structural changes that may adversely affect
survival, development, or function.

Minimal Risk Level -- An estimate of daily human exposure to a chemical that is
likely to be without an appreciable risk of deleterious effects
(noncancerous) over a specified duration of exposure.
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Mutagen -- A substance that causes mutations. A mutation is a change in the
genetic material in a body cell, Mutations can lead to birth defects,
miscarriages, or cancer.

Neurotoxicity -- The occurrence of adverse effects on the nervous system
following exposure to chemical.

No-Observed-Adverse-Effect Level (NOAEL) -- The dose of chemical at which there
were no statistically or biologically significant increases in
frequency or severity of adverse effects seen between the exposed population
and its appropriate control. Effects may be produced at this dose, but they
are not considered to be adverse.

Octanol-Water Partition Coefficient (Kow) -- The equilibrium ratio of the
concentrations of a chemical in n-octanol and water, in dilute solution.

Permissible Exposure Limit (PEL) -- An allowable exposure level in workplace air
averaged over an 8-hour shift.

q1* -- The upper-bound estimate of the low-dose slope of the dose-response
curve as determined by the multistage procedure. The ql* can be used to
calculate an estimate of carcinogenic potency, the incremental excess cancer
risk per unit of exposure (usually µg/L for water, mg/kg/day for food, and
µg/m3 for air).

Reference Dose (RfD) -- An estimate (with uncertainty spanning perhaps an
order of magnitude) of the daily exposure of the human population to a
potential hazard that is likely to be without risk of deleterious effects
during a lifetime. The RfD is operationally derived from the NOAEL (from
animal and human studies) by a consistent application of uncertainty factors
that reflect various types of data used to estimate RfDs and an additional
modifying factor, which is based on a professional judgment of the entire
database on the chemical. The RfDs are not applicable to nonthreshold
effects such as cancer.

Reportable Quantity (RQ) -- The quantity of a hazardous substance that is
considered reportable under CERCLA. Reportable quantities are (1) 1 lb or
greater or (2) for selected substances, an amount established by regulation
either under CERCLA or under Sect. 311 of the Clean Water Act. Quantities
are measured over a 24-hour period.

Reproductive Toxicity -- The occurrence of adverse effects on the
reproductive system that may result from exposure to a chemical. The
toxicity may be directed to the reproductive organs and/or the related
endocrine system. The manifestation of such toxicity may be noted as
alterations in sexual behavior, fertility, pregnancy outcomes, or
modifications in other functions that are dependent on the integrity of this
system.
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Short-Term Exposure Limit (STEL) -- The maximum concentration to which
workers can be exposed for up to 15 min continually. No more than four
excursions are allowed per day, and there must be at least 60 min between
exposure periods. The daily TLV-TWA may not be exceeded.

Target Organ Toxicity -- This term covers a broad range of adverse effects
on target organs or physiological systems (e.g., renal, cardiovascular)
extending from those arising through a single limited exposure to those
assumed over a lifetime of exposure to a chemical.

Teratogen -- A chemical that causes structural defects that affect the
development of an organism.

Threshold Limit Value (TLV) -- A concentration of a substance to which most
workers can be exposed without adverse effect. The TLV may be expressed as a TWA,
as a STEL, or as a CL.

Time-weighted Average (TWA) -- An allowable exposure concentration averaged over a
normal 8-hour workday or 40-hour workweek.

Toxic Dose (TD50) -- A calculated dose of a chemical, introduced by a route other
than inhalation, which is expected to cause a specific toxic effect in 50% of a
defined experimental animal population.

Uncertainty Factor (UF) -- A factor used in operationally deriving the RfD from
experimental data. UFs are intended to account for (1) the variation in
sensitivity among the members of the human population, (2) the
uncertainty in extrapolating animal data to the case of human, (3) the
uncertainty in extrapolating from data obtained in a study that is of less
than lifetime exposure, and (4) the uncertainty in using LOAEL data rather
than NOAEL data. Usually each of these factors is set equal to 10.



109

APPENDIX

PEER REVIEW

A peer review panel was assembled for 1,1,2-trichloroethane. The Panel
consisted of the following members: Dr. James V. Bruckner, Associate
Professor and Director of Toxicology, University of Georgia College of
Pharmacy; Dr. Richard J. Bull, Associate Professor of Pharmacology/
Toxicology, University of Washington; Dr. Mildred Christian, Argus Research
Laboratories; and Dr. Curtis Klaasen, University of Kansas. These experts
collectively have knowledge of 1,1,2-Trichloroethane's physical and chemical
properties, toxicokinetics, key health end points, mechanisms of action,
human and animal exposure, and quantification of risk to humans. All
reviewers were selected in conformity with the conditions for peer review
specified in the Superfund Amendments and Reauthorization Act of 1986,
Section 110.

A joint panel of scientists from ATSDR and EPA has reviewed the peer
reviewers' comments and determined which comments will be included in the
profile. A listing of the peer reviewers' comments not incorporated in the
profile, with a brief explanation of the rationale for their exclusion,
exists as part of the administrative record for this compound. A list of
databases reviewed and a list of unpublished documents cited are also
included in the administrative record.

The citation of the peer review panel should not be understood to imply
their approval of the profile's final content. The responsibility of the
content of this profile lies with the Agency for Toxic Substances and
Disease Registry.
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DISCLAIMER

The use of company or product name(s) is for identification only and does not imply endorsement by the
Agency for Toxic Substances and Disease Registry.
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UPDATE STATEMENT

An update Toxicological Profile for Trichloroethylene was released in April 1993. This edition supersedes
any previously released draft or final profile.

Toxicological profiles are revised and republished as necessary, but no less than once every three years. For
information regarding the update status of previously released profiles, contact ATSDR at:

Agency for Toxic Substances and Disease Registry
Division of Toxicology/Toxicology Information Branch

1600 Clifton Road NE, E-29
Atlanta, Georgia 30333







*Legislative Background vi

The toxicological profiles are developed in response to the Super-fund Amendments and
Reauthorization Act (SARA) of 1986 (Public Law 99-499) which amended the Comprehensive
Environmental Response, Compensation, and Liability Act of 1980 (CERCLA or Superfund). This public
law directed ATSDR to prepare toxicological profiles for hazardous substances most commonly found at
facilities on the CERCLA National Priorities List and that pose the most significant potential threat to
human health, as determined by ATSDR and the EPA. The availability of the revised priority list of 275
hazardous substances was announced in the Federal Register on April 29, 1996 (61 FR 18744). For prior
versions of the list of substances, see Federal Register notices dated April 17, 1987 (52 FR 12866);
October 20, 1988 (53 FR 41280); October 26, 1989 (54 FR 43619); October 17,1990 (55 FR 42067);
October 17, 1991 (56 FR 52166); October 28, 1992 (57 FR 48801); and February 28, 1994 (59 FR 9486).
Section 104(i)(3) of CERCLA, as amended, directs the Administrator of ATSDR to prepare a
toxicological profile for each substance on the list.
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The Chemical Manager and Authors acknowledge the contribution of Dr. Ted W. Simon, U.S. EPA, in
applying physiologically-based pharmacokinetic modeling to the development of minimal risk levels for
trichloroethylene.

THE PROFILE HAS UNDERGONE THE FOLLOWING ATSDR INTERNAL REVIEWS:

1. Green Border Review. Green Border review assures consistency with ATSDR policy.

2. Health Effects Review. The Health Effects Review Committee examines the health effects chapter of
each profile for consistency and accuracy in interpreting health effects and classifying end points.

3. Minimal Risk Level Review. The Minimal Risk Level Workgroup considers issues relevant to
substance-specific minimal risk levels (MRLs), reviews the health effects database of each profile,
and makes recommendations for derivation of MRLs.





TRICHLOROETHYLENE ix

PEER REVIEW

A peer review panel was assembled for trichloroethylene. The panel consisted of the following members:

1. Herbert Cornish, Ph.D., Private Consultant, Ypsilanti, MI
2. James Klaunig, Ph.D., Indiana University School of Medicine, Indianapolis, IN
3. Norbert Page, Ph.D., Private Consultant, Gaithersburg, MD

These experts collectively have knowledge of trichloroethylene’s physical and chemical properties, toxico-
kinetics, key health end points, mechanisms of action, human and animal exposure, and quantification of risk
to humans. All reviewers were selected in conformity with the conditions for peer review specified in Section
104(i)( 13) of the Comprehensive Environmental Response, Compensation, and Liability Act, as amended.

Scientists from the Agency for Toxic Substances and Disease Registry (ATSDR) have reviewed the peer
reviewers’ comments and determined which comments will be included in the profile. A listing of the peer
reviewers’ comments not incorporated in the profile, with a brief explanation of the rationale for their
exclusion, exists as part of the administrative record for this compound. A list of databases reviewed and a
list of unpublished documents cited are also included in the administrative record.

The citation of the peer review panel should not be understood to imply its approval of the profile’s final
content. The responsibility for the content of this profile lies with the ATSDR.
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1. PUBLIC HEALTH STATEMENT

This public health statement tells you about trichloroethylene and the effects of exposure.

The Environmental Protection Agency (EPA) has identified 1,428 hazardous waste sites as the

most serious in the nation. These sites make up the National Priorities List (NPL) and are

targeted for long-term federal clean-up. Trichloroethylene has been found in at least 861 NPL

sites. However, it’s unknown how many NPL sites have been evaluated for this substance. As

EPA looks at more sites, the sites with trichloroethylene may increase. This is important because

exposure to this substance may harm you and because these sites may be sources of exposure.

When a substance is released from a large area, such as an industrial plant, or from a container,

such as a drum or bottle, it enters the environment. This release does not always lead to

exposure. You are exposed to a substance only when you come in contact with it by breathing,

eating, touching, or drinking.

If you are exposed to trichloroethylene, many factors will determine whether you’ll be harmed.

These factors include the dose (how much), the duration (how long), and how you come in

contact with it. You must also consider the other chemicals you’re exposed to and your age, sex,

diet, family traits, lifestyle, and state of health.

1.1 WHAT IS TRICHLOROETHYLENE?

Trichloroethylene is also known as Triclene and Vitran and by other trade names in industry. It is

a nonflammable, colorless liquid at room temperature with a somewhat sweet odor and a sweet,

burning taste. Trichloroethylene is now mainly used as a solvent to remove grease from metal

parts. It is also used as a solvent in other ways and is used to make other chemicals.

Trichloroethylene can also be found in some household products, including typewriter correction

fluid, paint removers, adhesives, and spot removers. Most people can begin to smell

trichloroethylene in air when there are around 100 parts of trichloroethylene per million parts of

air (ppm). Further information on the physical and chemical properties of trichloroethylene can be

found in Chapter 3, and further information on its production and use can be found in Chapter 4.
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1.2 WHAT HAPPENS TO TRICHLOROETHYLENE WHEN IT ENTERS THE
      ENVIRONMENT?

By far, the biggest source of trichloroethylene in the environment is evaporation from factories

that use it to remove grease from metals. It can also enter the air and water when it is disposed of

at chemical waste sites. It evaporates easily but can stay in the soil and in groundwater. Once it

is in the air, about half will be broken down within a week. When trichloroethylene is broken

down in the air, phosgene, a lung irritant, can be formed. Trichloroethylene can break down

under high heat and alkaline conditions to form dichloroacetylene and phosgene. In the body,

trichloroethylene may break down into dichloroacetic acid (DCA), trichloroacetic acid (TCA),

chloral hydrate, and 2-chloroacetaldehyde. These products have been shown to be toxic to

animals and are probably toxic to humans. Once trichloroethylene is in water, much will

evaporate into the air; again, about half will break down within a week. It will take days to weeks

to break down in surface water. In groundwater the breakdown is much slower because of the

much slower evaporation rate. Very little trichloroethylene breaks down in the soil, and it can

pass through the soil into underground water. It is found in some foods. The trichloroethylene

found in foods is believed to come from contamination of the water used in food processing, or

from food processing equipment cleaned with trichloroethylene. It does not build up in fish, but

low levels have been found in them. It is not likely to build up in your body. For more

information on trichloroethylene in the environment, see Chapters 4 and 5.

1.3 HOW MIGHT I BE EXPOSED TO TRICHLOROETHYLENE?

Trichloroethylene is found in the outdoor air at levels far less than 1 ppm. When measured

several years ago, some of the water supplies in the United States were found to have

tuichloroethylene. The most recent monitoring study found average levels in surface water

ranging from 0.0001 to 0.001 ppm of water and an average level of 0.007 ppm in groundwater.

About 400,000 workers are routinely exposed to trichloroethylene in the United States. The

chemical can also get into the air or water in many ways, for example, at waste treatment

facilities; by evaporation from paints, glues, and other products; or by release from factories

where it is made. Another way you may be exposed is by breathing the air around factories that

use the chemical. People living near hazardous waste sites may be exposed to it in the air or in
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their drinking water, or in the water used for bathing or cooking. Products that may contain

trichloroethylene are some types of typewriter correction fluids, paints and paint removers, glues,

spot removers, rug cleaning fluids, and metal cleaners. For more information on exposure to

trichloroethylene, see Chapter 5.

1.4 HOW CAN TRICHLOROETHYLENE ENTER AND LEAVE MY BODY?

Trichloroethylene enters your body when you breathe air or drink water containing it. It can also

enter your body if you get it on your skin. You could be exposed to contaminated water or air if

you live near or work in a factory that uses trichloroethylene or if you live near a waste disposal

site that contains trichloroethylene. If you breathe the chemical, about half the amount you

breathe in will get into your bloodstream and organs. You will exhale the rest. If you drink

trichloroethylene, most of it will be absorbed into your blood. If trichloroethylene comes in

contact with your skin, some of it can enter your body, although not as easily as when you breathe

or swallow it.

Once in your blood, your liver changes much of the trichloroethylene into other chemicals. The

majority of these breakdown products leave your body in the urine within a day. You will also

quickly breathe out much of the trichloroethylene that is in your bloodstream. Some of the

trichloroethylene or its breakdown products can be stored in body fat for a brief period, and thus

may build up in your body if exposure continues. For more information on trichloroethylene in

your body, see Chapter 2.
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1.5 HOW CAN TRICHLOROETHYLENE AFFECT MY HEALTH?

To protect the public from the harmful effects of toxic chemicals and to find ways to treat people

who have been harmed, scientists use many tests.

One way to see if a chemical will hurt people is to learn how the chemical is absorbed, used, and

released by the body; for some chemicals, animal testing may be necessary. Animal testing may

also be used to identify health effects such as cancer or birth defects. Without laboratory animals,

scientists would lose a basic method to get information needed to make wise decisions to protect

public health. Scientists have the responsibility to treat research animals with care and

compassion. Laws today protect the welfare of research animals, and scientists must comply with

strict animal care guidelines.

Trichloroethylene was once used as an anesthetic for surgery. People who are exposed to large

amounts of trichloroethylene can become dizzy or sleepy and may become unconscious at very

high levels. Death may occur from inhalation of large amounts. Many people have jobs where

they work with trichloroethylene and can breathe it or get it on their skin. Some people who get

concentrated solutions of trichloroethylene on their skin develop rashes. People who breathe

moderate levels of trichloroethylene may have headaches or dizziness. It is possible that some

people who breathe high levels of trichloroethylene may develop damage to some of the nerves in

the face. People have reported health effects when exposed to the level of trichloroethylene at

which its odor is noticeable. Effects have also occurred at much higher levels. The effects

reported at high levels include liver and kidney damage and changes in heart beat. The levels at

which these effects occur in humans are not well characterized. Animals that were exposed to

moderate levels of trichloroetbylene had enlarged livers, and high-level exposure caused liver and

kidney damage.

It is uncertain whether people who breathe air or drink water containing trichloroethylene are at

higher risk of cancer, or of having reproductive effects. More and more studies suggest that more

birth defects may occur when mothers drink water containing trichloroethylene. People who used

water for several years from two wells that had high levels of trichloroethylene may have had a

higher incidence of childhood leukemia than other people, but these findings are not conclusive.

In another study of trichloroethylene exposure from well water, increased numbers of children
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were reported to be born with heart defects, which is supported by data from some animal studies

showing developmental effects of trichloroethylene on the heart. However, other chemicals were

also in the water from this well and may have contributed to these effects. One study reported a

higher number of children with a rare defect in the respiratory system and eye defects. Another

study reported that the risk for neural tube defects and oral cleft palates were higher among

mothers with trichloroethylene in their water during pregnancy. Children listed in the National

Exposure Subregistry of persons exposed to trichloroethylene were reported to have higher rates

of hearing and speech impairment. There are many questions regarding these reports. There

were small numbers of children with defects and trichloroethylene levels at which the effects

occurred were not defined well. Thus, it is not possible to make firm conclusions about the exact

effects of trichloroethylene from these studies, and more studies need to be done.

We do not have any clear evidence that trichloroethylene alone in drinking water can cause

leukemia or any other type of cancer in humans. As part of the National Exposure Subregistry,

the Agency for Toxic Substances and Disease Registry (ATSDR) compiled data on 4,280

residents of three states (Michigan, Illinois, and Indiana) who had environmental exposure to

trichloroethylene. It found no definitive evidence for an excess of cancers from trichloroethylene

exposure. An increase of respiratory cancer was noted in older men, but this effect was thought

to result from smoking rather than trichloroethylene exposure. A study in New Jersey found an

association between leukemia in women and exposure to trichloroethylene in the drinking water.

A study in Massachusetts found that exposure was associated with leukemia in children. In

studies with people, there are many factors that are not fully understood. More studies need to be

done to establish the relationship between exposure to trichloroethylene and cancer.

In studies using high doses of trichloroethylene in rats and mice, tumors in the lungs, liver, and

testes were found, providing some evidence that high doses of trichloroethylene can cause cancer

in experimental animals. Based on the limited data in humans regarding trichloroethylene

exposure and cancer, and evidence that high doses of trichloroethylene can cause cancer in

animals, the International Agency for Research on Cancer (IARC) has determined that

trichloroethylene is probably carcinogenic to humans. Trichloroethylene has been nominated for

listing in the National Toxicology Program (NTP) 9th Report on Carcinogens. Evaluation of this

substance by the NTP review committee is ongoing. For more information on how

trichloroethylene can affect your health see Chapter 2.
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1.6 IS THERE A MEDICAL TEST TO DETERMINE WHETHER I HAVE BEEN
      EXPOSED TO TRICHLOROETHYLENE?

There are some tests that can show if you have been recently exposed to trichloroethylene since

this chemical can be measured in your breath. Also, a doctor can have trichloroethylene or a

number of breakdown products of trichloroethylene measured in your urine or blood. None of

these tests, however, is routinely available at your doctor’s office. If the measurements are done

soon after the exposure, the breath levels can indicate whether you have been exposed to a large

amount of trichloroethylene or only a small amount. Urine and blood tests can also show if you

have been exposed to large amounts of this chemical. Because one of the breakdown products

leaves your body very slowly, it can be measured in the urine for up to about 1 week after

trichloroethylene exposure. However, exposure to other similar chemicals can produce the same

breakdown products in your urine and blood. Therefore, these methods cannot determine for sure

whether you have been exposed to trichloroethylene. For more information on medical tests, see

Chapters 2 and 6.

1.7 WHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO
      PROTECT HUMAN HEALTH?

The federal government develops regulations and recommendations to protect public health.

Regulations can be enforced by law. Federal agencies that develop regulations for toxic

substances include the Environmental Protection Agency (EPA), the Occupational Safety and

Health Administration (OSHA), and the Food and Drug Administration (FDA).

Recommendations provide valuable guidelines to protect public health but cannot be enforced by

law. Federal organizations that develop recommendations for toxic substances include the

Agency for Toxic Substances and Disease Registry (ATSDR) and the National Institute for

Occupational Safety and Health (NIOSH).

Regulations and recommendations can be expressed in not-to-exceed levels in air, water, soil, or

food that are usually based on levels that affect animals, then they are adjusted to help protect

people. Sometimes these not-to-exceed levels differ among federal organizations because of
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different exposure times (an g-hour workday or a 24-hour day), the use of different animal

studies, or other factors.

Recommendations and regulations are also periodically updated as more information becomes

available. For the most current information, check with the federal agency or organization that

provides it. Some regulations and recommendations for trichloroethylene include the following.

EPA has set a drinking water standard of 5 parts of trichloroethylene per one billion parts of

water (ppb). One ppb is 1,000 times less than 1 ppm. This standard became effective on January

9, 1989, and applies to community water systems and those that serve the same 25 or more

persons for at least 6 months. EPA requires industries to report spills of 1,000 pounds or more of

trichloroethylene. It has been proposed that this level be reduced to 100 pounds.

Trichloroethylene levels in the workplace are regulated by the Occupational Safety and Health

Administration (OSHA). The occupational exposure limit for an 8-hour workday, 40-hour

workweek, is an average concentration of 100 ppm in air. The 15-minute average exposure in air

that should not be exceeded at any time during a workday is 300 ppm. The OSHA standards are

based on preventing central nervous system effects after trichloroethylene exposure. For more

information, see Chapter 7.
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1.8 WHERE CAN I GET MORE INFORMATION?

If you have any more questions or concerns, please contact your community or state health or

environmental quality department or:

Agency for Toxic Substances and Disease Registry
Division of Toxicology
1600 Clifton Road NE, Mailstop E-29
Atlanta, Georgia 30333

        *Information line and technical assistance

Phone: (404) 639-6000
Fax: (404) 639-6315 or 6324

ATSDR can also tell you the location of occupational and environmental health clinics. These

clinics specialize in recognizing, evaluating, and treating illnesses resulting from exposure to

hazardous substances.

        *To order toxicolopical profiles. contact:

National Technical Information Service
5285 Port Royal Road
Springfield, VA 22161
Phone (800) 553-6847 or (703) 487-4650
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2.1 INTRODUCTION

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and other

interested individuals and groups with an overall perspective on the toxicology of trichloroethylene. It

contains descriptions and evaluations of toxicological studies and epidemiological investigations and

provides conclusions, where possible, on the relevance of toxicity and toxicokinetic data to public health.

A glossary and list of acronyms, abbreviations, and symbols can be found at the end of this profile.

2.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To help public health professionals and others address the needs of persons living or working near hazardous

waste sites, the information in this section is organized first by route of exposure (inhalation, oral, and

dermal) and then by health effect (death, systemic, immunological, neurological, reproductive, developmental,

genotoxic, and carcinogenic effects). These data are discussed in terms of three exposure periods: acute

(14 days or less), intermediate (15-364 days), and chronic (365 days or more).

Levels of significant exposure for each route and duration are presented in tables and illustrated in figures.

The points in the figures showing no-observed-adverse-effect levels (NOAELs) or lowest-observed-adverse-

effect levels (LOAELs) reflect the actual doses (levels of exposure) used in the studies. LOAELs have been

classified into “less serious” or “serious” effects. “Serious” effects are those that evoke failure in a biological

system and can lead to morbidity or mortality (e.g., acute respiratory distress or death). “Less serious” effects

are those that are not expected to cause significant dysfunction or death, or those whose significance to the

organism is not entirely clear. ATSDR acknowledges that a considerable amount of judgment may be

required in establishing whether an end point should be classified as a NOAEL, “less serious” LOAEL, or

“serious” LOAEL, and that in some cases, there will be insufficient data to decide whether the effect is

indicative of significant dysfunction. However, the Agency has established guidelines and policies that are
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used to classify these end points. ATSDR believes that there is sufficient merit in this approach to warrant

an attempt at distinguishing between “less serious” and “serious” effects. The distinction between “less

serious” effects and “serious” effects is considered to be important because it helps users of the profiles to

identify levels of exposure at which major health effects start to appear. LOAELs or NOAELs should also

help in determining whether or not the effects vary with dose and/or duration, and place into perspective the

possible significance of these effects to human health.

The significance of the exposure levels shown in the Levels of Significant Exposure (LSE) tables and figures

may differ depending on the user’s perspective. Public health officials and others concerned with appropriate

actions to take at hazardous waste sites may want information on levels of exposure associated with more

subtle effects in humans or animals or exposure levels below which no adverse effects have been observed.

Estimates of levels posing minimal risk to humans (Minimal Risk Levels or h4RLs) may be of interest to

health professionals and citizens alike.

Levels of exposure associated with carcinogenic effects (Cancer Effect Levels, CELs) of trichloroethylene are

indicated in Tables 2-l and 2-2 and Figures 2-1 and 2-2.

Estimates of exposure levels posing minimal risk to humans (Minimal Risk Levels or MRLs) have been made

for trichloroethylene. An MRL is defined as an estimate of daily human exposure to a substance that is likely

to be without an appreciable risk of adverse effects (noncarcinogenic) over a specified duration of exposure.

MRLs are derived when reliable and sufficient data exist to identify the target organ(s) of effect or the most

sensitive health effect(s) for a specific duration within a given route of exposure. MRLs are based on

noncancer health effects only and do not reflect a consideration of carcinogenic effects. MRLs can be derived

for acute, intermediate, and chronic duration exposures for inhalation and oral routes. Appropriate

methodology does not exist to develop MRLs for dermal exposure.

Although methods have been established to derive these levels (Barnes and Dourson 1988; EPA 1990),

uncertainties are associated with these techniques. Furthermore, ATSDR acknowledges additional

uncertainties inherent in the application of the procedures to derive less than lifetime MRLs. As an example,

acute inhalation MRLs may not be protective for health effects that are delayed in development or result from
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repeated acute insults, such as hypersensitivity reactions, asthma, or chronic bronchitis. As these kinds of

health effects data become available and methods to assess levels of significant human exposure improve,

these MRLs will be revised.

A User’s Guide has been provided at the end of this profile (see Appendix B). This guide should aid in the

interpretation of the tables and figures for Levels of Significant Exposure and the MRLs.

2.2.1 Inhalation Exposure

2.2.1.1 Death

Humans have died from breathing high concentrations of trichloroethylene fumes. Most of the reported

deaths have been associated with accidental breathing of unusually high levels of trichloroethylene vapors in

the workplace, often during its use in degreasing operations (Ford et al. 1995; James 1963; Kleinfeld and

Tabershaw 1954; McCarthy and Jones 1983; Smith 1966) or dry-cleaning operations (Bell 1951). These

studies usually attributed death to ventricular fibrillation or central nervous system depression, since gross

post-mortem abnormalities were not apparent. A number of the deaths occurred after the trichloroethylene

exposure ended and involved physical exertion that may have contributed to the sudden deaths (Smith 1966;

Troutman 1988). Deaths have also resulted from the early use of trichloroethylene as an anesthetic

(DeFalque 1961) as well as the intentional inhalation of concentrated fumes from trichloroethylene-

containing typewriter correction fluid (Troutman 1988) and cleaning fluids (Clear-field 1970). Death

associated with liver damage has also been reported in persons occupationally exposed to trichloroethylene

for intermediate and chronic durations, followed by a high acute-duration exposure (Joron et al. 1955; Priest

and Horn 1965). None of these cases provided adequate exposure level or duration data to define with

accuracy the levels of inhalation exposure that cause human deaths.

Animal experimentation has revealed inhaled concentrations that result in death following acute, intermediate,

and chronic exposure. An LC50 value for acute exposure in rats was reported as 12,500 ppm for a 4-hour

exposure (Siegel et al. 197i). Two out of 10 mice died after a 4-hour exposure to 6,400 ppm

trichloroethylene (Kylin et al. 1962). Death was often caused by the central nervous system depression that
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occurs with very high exposure levels. Data on the lethality of longer-term exposure to trichloroethylene

have been provided by studies of intermediate and chronic duration. Laboratory animals (rats, guinea pigs,

monkeys, rabbits, and dogs) survived intermittent exposure to 700 ppm for 6 weeks or continuous exposure

to 35 ppm for 90 days (Prendergast et al. 1967). There was no decrease in survival for rats and hamsters

exposed to 500 ppm for 18 months, although a significant decrease in survival was seen for mice exposed to

100 ppm for the same amount of time (Henschler et al. 1980).

All reliable LOAEL and LC50 values for death in each species and duration category are recorded in

Table 2-l and plotted in Figure 2- 1.

2.2.1.2 Systemic Effects

The highest NOAEL values and all LOAEL values from each reliable study for each species, duration, and

end point for systemic effects are recorded in Table 2- 1 and plotted in Figure 2- 1.

Respiratory Effects. A worker developed labored breathing and respiratory edema after welding stainless

steel that had been washed in trichloroethylene (Sjogren et al. 1991). The effects were attributed to inhalation

of the trichloroethylene decomposition products phosgene and dichloroacetyl chloride, although a history of

cigarette smoking may have predisposed the subject to these respiratory effects.

Morphology of lung cells and P-450 activity in the lungs has been studied in rats and mice exposed to

trichloroethylene. A 30minute inhalation exposure to 500 ppm resulted in vacuole formation and

endoplasmic reticulum dilation specifically in the nonciliated epithelial cells (Clara cells) of the bronchial tree

(Villas&i et al. 1991). Similar Clara cell-specific damage was observed in mice after a 6-hour exposure to

100 ppm trichloroethylene (Odum et al. 1992). A reduction in pulmonary P-450 enzyme activity was also

observed. After mice were exposed to 450 ppm trichloroethylene for 5 days, the Clara cell effects resolved,

but after a 2-day break in the exposure, the effect returned (Odum et al. 1992). Rats, which have a lower

abundance and different distribution of Clara cells than mice, exhibited no cell damage at 500 ppm, although

P-450 activity was reduced following a 6-hour exposure (Odum et al. 1992).



TABLE 2-1. Levels of Significant Exposure to Trichloroethylene - Inhalation 

LOAEL (effect) 

figure (strain) frequency System (ppm) (ppm) (ppm) Reference 

Exposure 
Key toa Species/ duration/ NOAEL Less serious Serious 

ACUTE EXPOSURE 
Death 

Rat 
(Sprague- 
Dawley) 

Mouse 
(Albino) 

Systemic 
Human 

Human 

Human 

4 hr 

4 hr 

4 hr 

5d 
7 hr/d 

2.5 hr 

Hemato 95 M 

Hepatic 95 M 

Hemato 200 

Hepatic 200 

Ocular 

Cardio 200 M 

200 (eye irritation) 

12500 M (LC
50

) Siegel et al. 
1971 

6400 (2/10 deaths) Kylin et al. 
1962 

Konietzko and 
Reill 1980 

Stewart et al. 
1970 
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and Ettema 
1978 
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6 Rat 6 hr Renal 1000 M (increased urinary Chakrabarti 
(Fischer- gamma-glutamyl and Tuchweber 
344) transpeptidase, 1988 

glucose, protein, 
serum urea nitrogen, 
decreased uptake of 
p-aminohippurate by 
renal cortical slices) 

7 Rat 6 hr Resp 
(Alpk: 
APfSD) 

500 F (reduction of aldrin 
epoxidase and 
cytochrome C 
reductase activity) 

Odum et al. 
1992 

8 Mouse 6 hr Resp 
(CD-1) 

20 F 100 F (vacuolization of 
Clara cells, reduction 
of P-450 activity) 

9 Mouse 2wk Resp 
(CD-I) 5 d/wk 

6 hr/d 

10 Mouse 30 min Resp 
(B6C3F1) 

450 F (vacuolization of 
Clara cells, reduction 
of P-450 activity) 

500 M (vacuolization and 
dilation of 
endoplasmic 
reticulum in Clara 
cells) 

Odum et al. 
1992 

Villaschi et al. 
1991 

TABLE 2-1. Levels of Significant Exposure to Trichloroethylene - Inhalation (continued) 

LOAEL (effect) 

figure (strain) frequency System (ppm) (ppm) (ppm) Reference 

Exposure 
Key toa Species/ duration/ NOAEL Less serious Serious 
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11 Dog 10 min Cardio 5000 M 10000 M (7/12 ventricular Reinhardt et al. 
(Beagle) fibrillation after 1973 

epinephrine 
challenge, 1 /12 
cardiac arrest) 

Immunological/Lymphoreticular 
12 Mouse 3 hr 

(CD-1) 
5F 10 F (increased 

susceptibility to 
Streptococcus 
zooepidemicus) 

Aranyi et al. 
1986 

Neurological 
13 Human 2.5 hr 

14 Human - 1 hr 

15 Human 5d 
7 hr/d 

16 Human 2 hr 

17 Human 2.5 hr 

300 M 

200b (headache, fatigue, 
drowsiness) 

300 M 

200 M 

Ettema et al. 
1975 

3000 M (unconsciousness) Longley and 
Jones 1963 

Stewart et al. 
1970 

1000 M (decreased depth Vernon and 
perception and Ferguson 1969 
motor skills) 

Windemuller 
and Ettema 
1978 

TABLE 2-1. Levels of Significant Exposure to Trichloroethylene - Inhalation (continued) 

LOAEL (effect) 

figure (strain) frequency System (ppm) (ppm) (ppm) Reference 

Exposure 
Key toa Species/ duration/ NOAEL Less serious Serious 
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18 Rat 8 hr 3000 (lethargy) 4800 (anesthesia) Adams et al. 
(Wistar) 1951 

19 Rat 3d 
(Wistar) 8 hr/d or 

4 hr/d 

20 Rat 5d 
(Long- 6 hr/d 
Evans) 

21 Rat 10 d 
(CFE) 5 d/wk 

4 hr/d 

22 Rat 6 hr 
(NS) 

23 Rat 4 hr 
(Wistar) 

300 M 1000 M (decreased 3000 M (occasional Arito et al. 1993 
wakefulness, seizures, 
decreased postexposure 
postexposure heart arrhythmia) 
rate) 

2000 M 

1568 F 

400 M 800 M (impaired swimming 
performance both 
with and without a 
load) 

250 M (decreased shock 
avoidance and 
Skinner box lever 
press) 

4000, M (postexposure Crofton and 
mid-frequency Zhao 1993 
hearing loss, 
sedation) 

4380 F (ataxia) Goldberg et al. 
1964b 

Grandjean 
1963 

Kishi et al. 
1993 

24 Rat 1 hr 
(pigmented 

2754 (impaired oculomotor 
control) 

Niklasson et 
al. 1993 

TABLE 2-1. Levels of Significant Exposure to Trichloroethylene - Inhalation (continued) 

LOAEL (effect) 

figure (strain) frequency System (ppm) (ppm) (ppm) Reference 

Exposure 
Key toa Species/ duration/ NOAEL Less serious Serious 
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25 

26 

27 

28 

29 

30 

31 

Rat 4d 200 M (decreased brain Savolainen et 
(Sprague- 6 hr/d 
Dawley) 

Reproductive 
Mouse 5d 
(C57BL/ 6 hr/d 
6J) 

Mouse 5d 
(CD-1) 7 hr/d 

Mouse 5d 
(C57BL/ 4 hr/d 
6N) 

Developmental 
Rat Gd 0-18 
(Sprague- 5 d/wk 
Dawley) 7 hr/d 

Rat Gd 0-20 
(Long- 7 d/wk 
Evans) 6 /d 

Rat Gd 6-15 
(Sprague- 7 hr/d 
Dawley) 

500 M 

200 M 

500 

RNA, hyperactivity) 

100 M (6% increase in 
abnormal sperm 
morphology) 

2000 M (1% increase in 
abnormal sperm 
morphology) 

1800 (decreased fetal 
weight, incomplete 
skeletal ossification) 

300 

al. 1977 

Allen et al. 
1994 

Beliles et al. 
1980 

Land et al. 
1981 

Beliles et al. 
1980; Hardin et 
al. 1981 

Dorfmueller et 
al. 1979 

Schwetz et al. 
1975 
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32 

33 

34 

35 

Mouse Gd 6-15 
(Swiss- 7 hrld 
Webster) 

INTERMEDIATE EXPOSURE 
Systemic 

Monkey 
(Rhesus) 

Rat 
(Wistar) 

Rat 
(Wistar) 

6 mo 
5 d/wk 
7 hr/d 

6 mo 
5 d/wk 
7 hr/d 

10 wk 
5 dlwk 
8 hr/d 

Hepatic 

Renal 

Bd Wt 

Hemato 

Hepatic 

Renal 
Bd Wt 

Hepatic 

300 

400 M 

400 M 

400 M 

400 

400 

400 
400 

2000 

Schwetz et al. 
1975 

Adams et al. 
1951 

Adams et al. 
1951 

Laib et al. 1979 
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36 Rat 
(Sprague- 
Dawley) 

37 Rat 
(Sprague- 
Dawley) 

38 Mouse 
(NMRI) 

6 wk 
5 d/wk 
8 hr/d 

90 d 
24 hr/d 

30 d 
24 hr/d 

Resp 71 2 

Cardio 

Hemato 

Hepatic 

Renal 

Resp 

Cardio 

Hemato 

Hepatic 

Renal 

Hepatic 

Bd Wt 

71 2 

71 2 

71 2 

71 2 

35 

35 

35 

35 

35 

37 M 

150 F 

75 M 

150 F 

75 M (increased BuChE 
activity, liver weight) 

300 F (increased BuChE 
activity, liver weight) 

150 M (body weights 10% 
lower than controls) 

300 F (body weights 16% 
lower than controls) 

Prendergast et 
al. 1967 

Prendergast et 
al. 1967 

Kjellstrand et 
al. 1983a 
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39 Rabbit 6 mo Hepatic 400 Adams et al. 
(NS) 5 d/wk 1951 

Renal 400 

Bd Wt 400 

40 Gn pig 6 mo Hepatic 400 

7 hr/d Renal 400 

(NS) 5 d/wk 

Neurological 
41 Rat 13 wk 

(Fischer- 5 d/wk 
344) 6 h/d 

42 Rat 6 wk 
(JCL- 5 d/wk 
Wistar) 8 hr/d 

43 Rat 44 wk 
(NS) 5 d/wk 

8 hr/d 

Bd Wt 100 M 

250 

200 M (body weights 18% 
lower than controls) 

800 (altered amplitude of 
flash-evoked 
potentials) 

Adams et al. 
1951 

Albee et al. 
1993 

50c M (decreased 100 M (decreased Arito et al. 
wakefulness during postexposure 1994a 
exposure, decreased 
postexposure decreased 
sleeping heart rate) time-averaged 

wa kef u I ness , 

postexposure heart 
rate) 

400 M (decreased 
swimming speed) 

Battig and 
Grandjean 
1963 

7 hr/d 
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44 

45 

46 

47 

48 

49 

50 

Rat 
(CFE) 

Rat 
(Wistar) 

Rat 
(Wistar) 

Rat 
(Long- 
Evans) 

Rat 
(Fischer- 
344) 

Rat 
(Wistar) 

Rabbit 
(New 
Zealand) 

30 d 
5 d/wk 
4 hr/d 

3 wk 
5 d/wk 
18 hr/d 

I8 wk 
5 d/wk 
16 hr/d 

12 wk 
6 d/wk 
12 /d 

3 wk 
6 d/wk 
12 hr/d 

5 wk 
5 d/wk 
6 hr/d 

12 wk 
4 d/wk 
4 hr/d 

500 M 

1600 M 

125 M (decreased shock 
avoidance) 

1500 (reduced acoustic 
startle response) 

1000 M (increased latency in 
visual discrimination 
task) 

3200 M (depressed 
amplitude of 
auditory-evoked 
potentials) 

2000 M (depressed 
amplitude of 
auditory-evoked 
potentials) 

100 M (reduced social 
behavior: 
exploration, escape, 
submission) 

350 (altered amplitude of 
visual-evoked 
potentials) 

Goldberg et al. 
1964a 

Jaspers et al. 
1993 

Kulig 1987 

Rebert et al. 
1991 

Rebert et al. 
1991 

Silverman and 
Williams 1975 

Blain et al. 
1992 
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51 Rabbit 12 wk 350 M (decreased Blain et al. 
(New 4 d/wk amplitude of 1994 
Zealand 4 h/d oscillatoty potentials 
albino) and increased 

amplitude of a- and 
b-waves) 

52 Gerbil 3 mo 
(Mongo- 24 hr/d 
lian) 

CHRONIC EXPOSURE 
Systemic 

53 Rat 104 wk Resp 
(Sprague- 5 d/wk 

Dawley) 7 hr/d Cardio 
Gastro 
M usc/s kel 
Hepatic 
Renal 

Endocr 
Derm 
Ocular 
Bd Wt 

Cancer 
54 Rat 104  wk 

(Sprague- 5 d/wk 
Dawley) 7 hr/d 

600 

600 
600 
600 
600 
100 M 
600 F 

60 (astroglial 
hypertrophy) 

Haglid et al. 
1981 

Maltoni et al. 
1988 

300 M (renal tubule 
meganucleo- 
cytosis) 

600 
600 
600 
600 

100 M (CEL: Leydig cell Maltoni et al. 
tumors) 1986 
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55 

56 

57 

58 

Mouse 
(ICR) 

Mouse 
(NMRI) 

Mouse 
(B6C3F1) . 

Mouse 
(Swiss- 
Webster) 

104 wk 
5 d/wk 
7 hr/d 

18 mo 
5 d/wk 
6 hr/d 

78 wk 
5 d/wk 
7 hr/d 

78 wk 
5 d/wk 
7 hr/d 

150 F (CEL: lung 
adenomas and 
adenocarcinomas) 

100 F (CEL: increased 
lymphomas) 

600 F (CEL: pulmonary 
tumors) 

600 M (CEL: pulmonary 
tumors and 
he patomas) 

Fukuda et al. 
1983 

Henschler et 
al. 1980 

Maltoni et al. 
1986 

Maltoni et al. 
1986 

a
The number corresponds to entries in Figure 2-1. Differences in levels of health effects and cancer effects between males and females are not indicated in Figure 2-1. 
Where such differences exist, only the levels of effect for the most sensitive gender are presentated. 

c
Used to derive an intermediate-duration inhalation Minimal Risk Level (MRL) of 0.1 ppm for trichloroethylene ; 50 ppm adjusted for duration (5/7 days x 8 hr/d) and species-specific

b
Used to derive an acute-duration inhalation Minimal Risk Level (MRL) of 2 ppm for trichloroethylene; 200 ppm duration-adjusted (7/24 hr) to 58.3 ppm, divided by an uncertainty 
factor of 30 (3 for use of a minimal LOAEL, 10 for human variability) = 1.9 ppm.

ratio of daily inhalation volume (m3/day) body weight (kg) ratio for rat (0.23/2.17) to human (20/70) to 44.2 ppm, divided by an uncertainty factor of 300 (10 for using a LOAEL,
03 for extrapolation from animals to humans, and 10 for human variability) = 0.147 ppm, rounded to 0.1 ppm.

Bd Wt = body weight; BuChE = butrycholinesterase; Cardio = cardiovascular; CEL = cancer effect level; contin = continuous; d = day(s); Derm = dermal; Endocr = endocrine; 
F = female; Gastro = gastrointestinal; Gd = gestation day(s); Gn pig = guinea pig; Hemato = hematological; hr = hour(s); LC50 = lethal concentration, 50% kill; LOAEL = lowest-
observed-adverse-effect level; M = male; min = minute)s); mo = month(s); Musc/skel = musculoskeletal; NOAEL = no-observed-adsverse-effect level; NS = not specified; Resp =
respiratory; wk = week(s).

TABLE 2-1. Levels of Significant Exposure to Trichloroethylene - Inhalation (continued) 

LOAEL (effect) 

figure (strain) frequency System (ppm) (ppm) (ppm) Reference 

Exposure 
Key toa Species/ duration/ NOAEL Less serious Serious 

T
R

IC
H

L
O

R
E

T
H

Y
L

E
N

E
	

	
                                                                         	

	
              	2

3

	
	

	
	

                   2
. H

E
A

L
T

H
 E

F
F

E
C

T
S



12m

12m

8m

8m

9m

10m

2m

11d

11d

1r

7r

5 4

3 3

4

6r

18r

19r
20r

20r 19r18r

14

16

4
19r13 16 17 15

21r

22r
23r

24r

25r

30r
31r

21r

22r
29r26m

28m

27m

32m
28m



38m

38m

36r

36r36r

36r36r

37r37r37r37r37r

34r

34r34r

33k33k 33k

38m

38m

34r

35r

39h

39h

39h 40g40g

40g

40g

41r
44r

41r

42r

42r

47r

43r

47r

48r

46r

46r

45r

50r

52e

51h

49r



53r 53r 53r 53r 53r 53r 53r

53r

53r53r

53r

54r

57m 58m

55m
56m



TRICHLOROETHYLENE 27
2. HEALTH EFFECTS

Cardiovascular Effects. Exposure of 15 male volunteers to 200 ppm trichloroethylene for 2.5 hours had

no effect on heart rate or sinus arrhythmia (Windemuller and Ettema 1978). Electrocardiograms of workers

exposed to trichloroethylene in the range of 38-172 ppm for periods ranging from less than 1 year to more

than 5 years did not show any adverse effects (El Ghawabi et al. 1973). A few case studies of persons who

died following acute occupational exposure to trichloroethylene have revealed cardiac arrhythmias to be the

apparent cause of death (Bell 1951; Kleinfeld and Tabershaw 1954; Smith 1966). In one case report, a

woman had erratic heart action and abnormal electrocardiogram readings following exposure in the workplace

(Milby 1968). Hypertension, enlarged heart, and arrhythmia were seen in some workers (number, sex, and

exposure period unspecified) accidentally exposed to trichloroethylene at a level that was unspecified but at

least 15 ppm (Sidorin et al. 1992). Previous chronic exposure to trichloroethylene from using shoemaker’s

glue in an unventilated shop was implicated in a case of cardiac arrest and subsequent arrhythmia (Wemisch

et al. 1991). Inhalation of very high concentrations of trichloroethylene in incidents of poisonings (Dhuner et

al. 1957; Gutch et al. 1965), or during its use as an anesthetic agent (Pembleton 1974; Thierstein et al. 1960),

has been reported to lead to cardiac arrhythmias. The mechanism is unclear, but high doses of hydrocarbons

such as trichloroethylene could act upon the heart to cause cardiac sensitization to catecholamines. This is

supported by animal studies. For example, dogs (Reinhardt et al. 1973) and rabbits (White and Carlson

1979, 1981, 1982) exposed to very high concentrations of trichloroethylene (5,000 or 10,000 ppm, and

3,000 ppm, respectively) for ≤1 hour showed increased arrhythmias when injected intravenously with

epinephrine. In animals, trichloroethylene itself, rather than its metabolites, is apparently responsible for the

cardiac sensitization because chemicals that inhibit the metabolism of trichloroethylene increase its potency,

while chemicals that enhance the metabolism of trichloroethylene decrease its potency (White and Carlson

1979, 1981).

No histopathological changes were observed in the hearts of squirrel monkeys, rats, guinea pigs, dogs, or

rabbits exposed to 700 ppm trichloroethylene 8 hours/day, 5 days/week for 6 weeks, or to 35 ppm

continuously for 6 weeks (Prendergast et al. 1967). Histopathological changes were also not observed in the

hearts of rats exposed to 600 ppm trichloroethylene 7 hours/day, 5 days/week for 104 weeks (Maltoni et al.

1988).
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Gastrointestinal Effects. Case reports indicate that acute inhalation exposure to trichloroethylene results

in nausea and vomiting (Buxton and Hayward 1967; Clearfield 1970; David et al. 1989; DeFalque 1961;

Gutch et al. 1965; Milby 1968). Anorexia, nausea, and vomiting have also been reported as chronic effects

of occupational exposure to trichloroethylene (El Ghawabi et al. 1973). The exposure levels were not

measured. Anorexia and vomiting were reported in a woman chronically exposed to occupational levels

between 40 and 800 ppm (Schattner and Mahrick 1990). Trichloroethylene-induced effects on the autonomic

nervous system may contribute to these effects (Grandjean et al. 1955). Cases of pneumatosis cystoides

intestinalis (a rare condition characterized by gas-filled cysts in the submucosa of the small intestine) seen in

Japanese lens cleaners and polishers were attributed to trichloroethylene exposure in the workplace

(Nakajima et al. 1990a).

Histopathological changes in the gastrointestinal tract were not observed in rats exposed to 600 ppm

trichloroethylene 7 hours/day, 5 days/week for 104 weeks (Maltoni et al. 1988).

Hematological Effects. There are limited data on hematological effects of trichloroethylene in humans.

A study of humans exposed to 200 ppm trichloroethylene for an acute period (7 hours/day for 1 or 5 days)

revealed no adverse effects on blood cell counts or sedimentation rates (Stewart et al. 1970). Blood cell

counts were also not affected in volunteers exposed to 1,000 ppm trichloroethylene for 2 hours (Vernon and

Ferguson 1969). Volunteers inhaling 95 ppm trichloroethylene for 4 hours showed only an increase in

neutrophil enzyme levels (alkaline and acid phosphatases, naphthol-AS-D esterase) (Konietzko and Reill

1980). The toxicological significance of this effect is unknown, however, because enzyme level changes may

merely be the result of the nonspecific stimulation of metabolizing enzymes. No effects on hemoglobin levels

or red blood cell counts were observed in workers exposed to trichloroethylene in the range of 38-172 ppm

for periods ranging from less than 1 year to more than 5 years (El Ghawabi et al. 1973).

Various minor hematological effects have been noted in animals. Rats exposed to 50-800 ppm of trichloro-

ethylene continuously for 48 or 240 hours showed time- and dose-related depression of delta-aminolevulinate

dehydratase activity in liver, bone marrow, and erythrocytes (Fujita et al. 1984; Koizumi et al. 1984). Related

effects included increased delta-aminolevulinic acid (ALA) synthetase activity, reduced heme saturation of

tryptophan pyrrolase and reduced cytochrome P-450 levels in the liver and increased urinary excretion of



TRICHLOROETHYLENE 29

2. HEALTH EFFECTS

ALA and coproporphyrin. Since hemoglobin concentration in erythrocytes did not change, these changes are

not considered to be adverse. Dogs exposed to 200 ppm trichloroethylene for 1 hour by tracheal intubation

exhibited decreased leukocyte counts (Hobara et al. 1984). No effects on hematology examinations were

noted in squirrel monkeys, rats, guinea pigs, dogs, or rabbits exposed to 700 ppm trichloroethylene

8 hours/day, 5 days/week for 6 weeks, or to 35 ppm continuously for 6 weeks (Prendergast et al. 1967).

Hematological effects were also not observed in rats exposed intermittently for intermediate durations at

400 ppm (Adams et al. 1951) or 55 ppm (Kimmerle and Eben 1973a).

Musculoskeletal Effects. No studies were located regarding musculoskeletal effects in humans after

inhalation exposure to trichloroethylene. Trichloroethylene exposure can result in nervous system effects that

result in secondary effects on muscle strength, especially in the face (Leandri et al. 1995). See Section

2.2.1.4 for further discussion of nervous system effects following trichloroethylene exposure.

Histopathological changes in the thigh muscle were not observed in rats exposed to 600 ppm

trichloroethylene 7 hours/day, 5 days/week for 104 weeks (Maltoni et al. 1988).

Hepatic Effects. There is some evidence for trichloroethylene-induced hepatotoxic effects in humans.

However, much of this information is limited by the fact that the exposure levels associated with these effects

were usually not reported, and the individuals may have been exposed to other substances as well. Reports of

trichloroethylene exposure that support the liver as an end point of trichloroethylene toxicity are described

below. There is one report that occupational exposure to high concentrations of trichloroethylene resulted in

death, with acute massive liver necrosis noted at autopsy (Joron et al. 1955). Acute hepatic necrosis was also

seen in a degreaser who died after being exposed to trichloroethylene for at least 6 weeks (Priest and Horn

1965). Two case studies of people hospitalized after intentional acute inhalation of very high concentrations

of trichloroethylene showed liver damage at autopsy in one and hepatocyte degeneration revealed by liver

biopsy in the other (Clearfield 1970). In contrast, James (1963) saw only small foci of fatty degeneration in

the liver of a man who succumbed to trichloroethylene exposure following 10 years of intentional

overexposure.
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A review of older case studies includes some reports of fatal hepatic failure in eclamptic pregnant women

following trichloroethylene anesthesia (DeFalque 1961). Exposure concentrations and durations were not

provided. Women who were exposed to 1,000 ppm of trichloroethylene during surgery for caesarean sections

exhibited no evidence of liver toxicity (Crawford and Davies 1975). Although liver function tests were not

completed, 250 neurosurgery patients, anesthetized with trichloroethylene for 3-5-hour periods, showed no

evidence of liver damage during the postoperative period (Brittain 1948). A more recent report (Pembleton

1974) reviewed data on 550 patients who had undergone trichloroethylene anesthesia for a variety of

operative procedures. For 100 of these patients, a number of pre- and postoperative liver function tests were

reported. Four of 100 patients had a postoperative rise in serum glutamic-oxaloacetic transaminase (SGOT)

which returned to normal within 2 or 3 days. One patient had a doubling of the SGOT level which also

returned to normal by day 3. Other liver function tests evidently remained within normal ranges. A

significant increase in the metabolism of the drug paracetamol was observed in patients anesthetized with

trichloroethylene, indicating that determining the proper dosage in such cases may not be straightforward

because of effects on liver function (Ray et al. 1993). Overall, the data available indicate that controlled

trichloroethylene anesthesia produces minimal effects on the liver.

Other case reports indicate that exposure to trichloroethylene in the workplace can cause changes in blood

and urine indices of liver function and possibly cause liver pathology (Capellini and Grisler 1958; Graovac-

Leposavic et al. 1964). Acute hepatitis developed in a woman occupationally exposed to between 40 and

800 ppm over a period of several years (Schattner and Malnick 1990). Case studies of four workers who had

dermal reactions to trichloroethylene exposure showed no adverse liver function in three persons, but an

enlarged liver in one worker (Bauer and Rabens 1974). Case studies of 289 British workers, who had

neurological effects from trichloroethylene, revealed no cases with a clear diagnosis of hepatotoxicity

(McCarthy and Jones 1983). Among 14 workers exposed to trichloroethylene at an unspecified concentration

above the occupational standard, enlarged liver was observed in 3 workers, increased serum transaminase

activity was observed in 9 workers, and liver biopsies of 13 workers revealed fatty acid deposition in

11 (Schuttmann 1970). Liver function tests were normal in human volunteers exposed for 5 days to 95 ppm

for 4 hours/day (Konietzko and Reill 1980) or 200 ppm for 7 hours/day (Stewart et al. 1970). The available

evidence suggests that hepatic damage may occur in some people following chronic exposure to relatively

high levels in the workplace, but the available reports are conflicting.
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Inhalation of trichloroethylene for acute or intermediate periods can cause liver enlargement in laboratory

animals. Usually this effect is reversible when exposure ceases. Histological changes were observed in some

studies but not in others. Liver weight and plasma butyrylcholinesterase (BuChE) activity were increased in

various strains of mice exposed to 37-300 ppm continuously for 30 days (Kjellstrand et al. 1983a, 1983b).

In this study, histological examinations revealed enlarged and vacuolated hepatocytes. Liver weight, liver

histology, and serum BuChE activity returned to normal 4 months later, indicating reversibility of the hepatic

effects. Male mice were more sensitive to this effect than female mice. In male mice the liver effects were

observed at 75 ppm with a NOAEL of 37 ppm, while in female mice the liver effects occurred at 300 ppm

with a NOAEL of 150 ppm. The study authors suggested that the effects were not toxicologically significant.

Another study in rats reported a dose-effect relationship between trichloroethylene exposure concentrations

(50-800 ppm), duration, and inhibition of liver ALA dehydratase activity following continuous 48-hour and

10-day exposures. However, the toxicological significance of these effects is not known because the changes

occurred in the absence of gross liver injury (Koizumi et al. 1984). In related studies mice, rats, and gerbils

were exposed continuously for up to 30 days to 150 ppm of trichloroethylene (Kjellstrand et al. 1981).

Relative liver weight was increased in all species and treatment groups, but the effect was more pronounced

in the mice (60-80% enlargement) than the rats or gerbils (20-30%). Examination of mice 5 and 30 days

after cessation of treatment indicated that the increase in liver weight had decreased. Pathological

examinations were not conducted in this study.

Other investigators either found no microscopic lesions in the liver of animals exposed to trichloroethylene or

did not perform histopathology. Rats, guinea pigs, rabbits, dogs, and squirrel monkeys were exposed to

35 ppm trichloroethylene continuously for 90 days or to 712 ppm 8 hours/day, 5 days/week for 6 weeks.

Although liver weight was not determined, gross and histopathological examinations of the liver were

unremarkable (Prendergast et al. 1967).  In rats exposed to 55 ppm trichloroethylene intermittently

(8 hours/day, 5 days/week) for 14 weeks, increased liver weight was observed, but there were no effects on

hepatic function or gross appearance of the liver (Kimmerle and Eben 1973a). Histology of the liver was not

examined in this study. Rats, guinea pigs, rabbits, and rhesus monkeys exposed intermittently to 400 ppm of

trichloroethylene for 6 months (173 exposures in 243 days) exhibited increased liver weight, but there were

no gross or histological hepatic alterations noted (Adams et al. 1951). An increase in nucleoside-5-

triphosphatase-deficient foci (considered to be preneoplastic) was not observed in the livers of newborn rats
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exposed to 2,000 ppm trichloroethylene 8 hours a day, 5 days per week for 10 weeks (Laib et al. 1979).

Histopathological changes were also not observed in the livers of rats exposed to 300 ppm trichloroethylene

7 hours per day, 5 days per week for 104 weeks (Maltoni et al. 1988).

Renal Effects. Trichloroethylene may have effects in the kidney; however, studies in humans are limited

by having poor or no exposure data and by concomitant exposure to other chemicals. There was no evidence

of kidney damage in 250 neurosurgery patients who underwent prolonged trichloroethylene anesthesia

(Brittain 1948), nor in 405 women who had caesarean sections and were exposed to trichloroethylene

anesthesia (Crawford and Davies 1975).

There are few reports of renal dysfunction in workers exposed to trichloroethylene. One case report indicates

that a man using trichloroethylene in de-inking operations (for 8 hours) developed acute renal failure due to

acute allergic interstitial nephritis with secondary tubular necrosis (David et al. 1989). Acute renal failure

was reported in one man acutely exposed to trichloroethylene, although the man was also known to have a

history of excessive abuse of alcohol (Gutch et al. 1965). Proteinuria was reported in a man who

intentionally inhaled a spot-remover containing trichloroethylene and petroleum solvents (Cleat-field 1970).

Slight renal effects indicated by changes in urinary proteins (Brogren et al. 1986) and N-acetyl-

P-D-glucosaminidase (Nagaya et al. 1989b; Selden et al. 1993) have been found in workers exposed to

trichloroethylene and other chemicals in the workplace. The increase in these markers of kidney effects

suggests that trichloroethylene may affect both glomeruli and the tubules.

Exposure of rats to extremely high levels (1,000 ppm or higher) for periods of less than 1 day led to the

dysfunction of the tubular and glomerular regions of the nephron, as indicated by increases in urinary glucose,

proteins, glucosaminidase, gamma glutamyl transpeptidase, and serum urea nitrogen (Chakrabarti and

Tuchweber 1988). Increased kidney weight has been found in rats, mice, and gerbils exposed for

intermediate periods (Kimmerle and Eben 1973a; Kjellstrand et al. 1981, 1983a, 1983b). However, the

toxicological significance of the increased organ weight is uncertain because no histopathological changes

were observed and no functional tests were performed. Other investigators also found increases in kidney

weight following intermediate-duration exposure but no histopathological changes in squirrel monkeys or

dogs (Prendergast et al. 1967); in rhesus monkeys (Adams et al. 1951); or in rats, guinea pigs, or rabbits
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(Adams et al. 1951; Prendergast et al. 1967). Since the histological observations were unremarkable, and

other functional tests were not performed, the levels at which only kidney weight was altered were considered

to be NOAELs. Male rats, but not females, that were exposed to 300 ppm trichloroethylene in a chronic

study showed renal tubular meganucleocytosis (Maltoni et al. 1986, 1988). The study authors considered

that this histopathological change might be a precancerous lesion; however, no kidney tumors were observed.

The serious shortcomings of these chronic studies are discussed in Section 2.2.1.8.

Endocrine Effects. No studies were located regarding endocrine effects in humans after inhalation

exposure to trichloroethylene.

No histopathological changes in the pituitary gland, adrenal glands, or pancreas were observed in rats

exposed to 600 ppm trichloroethylene 7 hours/day, 5 days/week for 104 weeks (Maltoni et al. 1988).

Dermal Effects. Humans that were experimentally exposed to 200 ppm of trichloroethylene vapor for

7 hours experienced dry throats (40% of the subjects), beginning after 30 minutes (Stewart et al. 1970). The

subjects experiencing these symptoms did not experience them when exposed in the same manner on 5 other

consecutive days. These effects are presumed to be due to direct contact with the vapor. Skin irritation and

rashes have resulted from occupational exposure to trichloroethylene (Bauer and Rabens 1974; El Ghawabi et

al. 1973). The dermal effects are usually the consequence of direct skin contact with concentrated solutions,

but occupational exposure also involves vapor contact. Adverse effects have not been reported from

exposure to dilute aqueous solutions.

Stevens-Johnson syndrome, a severe erythema, was seen in five people occupationally exposed to

trichloroethylene for 2-5 weeks at levels ranging from 19 to 164 ppm (Phoon et al. 1984). The study authors

suggested that the erythema was caused by a hypersensitivity reaction to trichloroethylene. An exfoliative

dermatitis (Goh and Ng 1988) and scleroderma (Czirjak et al. 1993), also thought to have an immune

component, have been reported in persons occupationally exposed to trichloroethylene.

Histopathological changes in the skin were not observed in rats exposed to 600 ppm trichloroethylene

7 hours/day, 5 days/week for 104 weeks (Maltoni et al. 1988).
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Ocular Effects. Humans that were experimentally exposed to 200 ppm of trichloroethylene vapor for

7 hours experienced mild eye irritation (20% of the subjects), beginning after 30 minutes (Stewart et al.

1970). The subjects experiencing these symptoms did not again experience them when exposed in the same

manner on 5 other consecutive days. Itchy watery eyes (Bauer and Rabens 1974; El Ghawabi et al. 1973)

and inflamed eyes (Schattner and Malnick 1990) have also been reported following contact with the vapor.

Histopathological changes in the eyes were not reported in rats exposed to 600 ppm trichloroethylene

7 hours/day, 5 days/week for 104 weeks (Maltoni et al. 1988).

Body Weight Effects. Body weight loss has been reported in humans occupationally exposed to

trichloroethylene for intermediate or chronic durations at concentrations resulting in neurological effects

(Mitchell and Parsons-Smith 1969; Schattner and Malnick 1990).

Body weights were lower than controls (18% males, 16% females) in mice exposed continuously to 300 ppm

trichloroethylene for 30 days (Kjellstrand et al. 1983a). At 150 ppm, body weights of male mice were 10%

lower than controls, while no effects on body weight were observed in female mice. Male guinea pigs also

appear to be more sensitive to effects on body weight compared to females. Body weights were 18% lower

than controls in male guinea pigs exposed to 200 ppm trichloroethylene 7 hours per day, 5 days per week for

6 months (Adams et al. 1951). No effects on body weight were noted in female guinea pigs exposed to

400 ppm. Body weight was not affected in rhesus monkeys, rats, or rabbits exposed to 400 ppm 7 hours per

day, 5 days per week for 6 months (Adams et al. 1951); in rats exposed to 700 ppm 8 hours per day, 5 days

per week for 6 weeks, or to 35 ppm continuously for 90 days (Prendergast et al. 1967); or in rats exposed to

600 ppm 7 hours/day, 5 days per week for 104 weeks (Maltoni et al. 1988).

2.2.1.3 Immunological and Lymphoreticular Effects

It has been suggested that in some cases dermal effects in persons occupationally exposed to trichloroethylene

may be a sensitivity reaction (Czirjak et al. 1993; Goh and Ng 1988; Phoon et al. 1984).
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Only one study of immunological function in animals after inhalation exposure to trichloroethylene was

located. Mice exposed to trichloroethylene for 3 hours at ≥ 10 ppm with simultaneous streptococcal aerosol

challenge had increased susceptibility to pulmonary infection with Streptococcus zooepidemicus (Aranyi et

al. 1986). Increased susceptibility was not observed at 5 ppm following a single 3-hour exposure, or five

daily 3-hour exposures. The specific mechanism of the increased susceptibility is unknown. The NOAEL

and LOAEL identified in this study are recorded in Table 2- 1 and plotted in Figure 2-l. Histopathological

effects on the spleen were not observed in squirrel monkeys, rats, guinea pigs, dogs, or rabbits exposed to

700 ppm trichloroethylene 8 hours/day, 5 days/week for 6 weeks, or to 35 ppm continuously for 90 days

(Prendergast et al. 1967).

2.2.1.4 Neurological Effects

Experimental exposure studies have attempted to associate various neurological effects in humans with

specific trichloroethylene exposure levels. Voluntary exposures of 1-4 hours resulted in complaints of

drowsiness at 27 ppm and headache at 81 ppm (Nomiyama and Nomiyama 1977). These are very low

exposure levels, but the results are questionable because of the use of only three test subjects per dose, lack of

statistical analysis, sporadic occurrence of the effects, lack of clear dose-response relationships, and

discrepancies between the text and summary table in the report. Therefore, this study is not presented in

TABLE 2-l. No effects on visual perception, two-point discrimination, blood pressure, pulse rate, or

respiration rate were observed at any vapor concentration in this study. Other neurobehavioral tests were not

performed, and the subjects were not evaluated following exposure.

Effects noted from exposures of 2-2.5 hours at 1,000 ppm include impaired visual-motor coordination

(measured by groove-type hand steadiness, depth perception, and pegboard tests) (Vernon and Ferguson

1969) and, at 200 ppm, an increase in heart and breathing rates when trichloroethylene was inhaled

simultaneously with ethanol ingestion (Windemuller and Ettema 1978). This latter study found no effect

without ethanol ingestion. An 8-hour exposure (two 4-hour exposures separated by 1.5 hours) to 110 ppm
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was reported to result in decreased performance on tests of perception, memory, reaction time, and manual

dexterity (Salvini et al. 1971). However, a later attempt to replicate these results found no effects other than

fatigue and drowsiness (Stewart et al. 1974a), so the original results remain in doubt.

In contrast to the above reports of acute exposure effects, reports of no effect in humans include no

psychomotor impairment at 95 ppm (Konietzko et al. 1975a), no change in visual choice, pursuit rotor, or

subjective feelings at 200 ppm (Windemuller and Ettema 1978), and no change in reaction time, hand

steadiness, or other behavioral parameters at 300 ppm (Ettema et al. 1975). Each of these studies involved

an exposure of less than 4 hours. No change in reaction time or short-term memory function was seen in 15

subjects exposed to 1,080 mg/ m3 (200 ppm) for 3 days, 70 minutes each day (Gamberale et al. 1976).

Somewhat longer exposures of 5 days resulted in psychological changes at 100 ppm as measured by standard

psychometric tests (Triebig et al. 1977). Motor and dexterity tests were normal in from five to six volunteers

exposed to 200 ppm for 5 days, 7 hours/day, although they did complain of fatigue, drowsiness (Stewart et

al. 1970). Half of the subjects also indicated that, on one or more occasions after exposure, greater mental

effort was required to perform the tests. Based on the LOAEL of 200 ppm observed in humans in the

Stewart et al. (1970) study, an acute-duration inhalation MBL of 2 ppm was calculated as described in the

footnote in Table 2-l.

In cases of acute occupational exposure, the circumstances are usually accidental and the actual exposure

level is unquantified. One such instance resulted in dizziness, loss of facial sensation, and difficulty

swallowing (Lawrence and Partyka 1981), while more severe cases of nausea and unconsciousness have also

been reported (Lachnit and Pietschmann 1960; Sidorin et al. 1992). Two men collapsed while working for

about an hour in a closed room contaminated with trichloroethylene from spilled paint (Longley and Jones

1963). The exposure concentration was estimated to be about 3,000 ppm. A 24-year-old man who breathed

air contaminated with an unspecified concentration of trichloroethylene for 15 minutes exhibited trigeminal

nerve damage when tested up to 4 months later, as demonstrated by loss of facial sensation. This was

manifested by increased thermal and tactile thresholds, altered trigeminal evoked potentials, and increased

latency of blink reflex (Leandri et al. 1995). Workers exposed to high levels of trichloroethylene have also

noted a feeling of euphoria or giddiness (Feldman 1970; Milby 1968). This is often accompanied by feelings

of sleepiness and confusion. Follow-up of an acute exposure case indicated permanent nerve damage
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resulting from exposure to an unknown level of trichloroethylene, with residual deficits in neurological

functions noted 12-18 years after the exposure (Feldman et al. 1985). These deficits entailed neuro-

ophthalmological impairments such as asymmetric pupillary responses and also neuropsychological

impairments such as memory deficits. Similar symptoms have been seen in people who have intentionally

inhaled high concentrations of trichloroethylene for its intoxicating effects (Clear-field 1970; James 1963;

Pembleton 1974; Thierstein et al. 1960; Troutman 1988). This use has led to adverse systemic effects and

death, as described elsewhere in this profile. These types of uncontrolled case studies are of limited value in

determining the exposure levels associated with the effects of trichloroethylene inhalation under usual

occupational and environmental exposures. Also, the lack of information on the subjects’ preexisting health

and the possibility of effects from other chemicals to which the subjects were exposed further confound the

usefulness of this information.

Trichloroethylene has been used as a surgical anesthetic (Hewer 1943). Some patients were reported to have

experienced trigeminal neuropathy following anesthesia using trichloroethylene in association with soda-lime

(Humphrey and McClelland 1944). The reaction of trichloroethylene with the soda-lime was thought to have

produced dichloroacetylene which triggered neuropathies in 13 patients over a 4-month period in a county

hospital. No new cases were discovered for 3 months after the discontinuation of the use of soda-lime. In

another study, Pembleton (1974) found trichloroethylene to be a satisfactory anesthetic using an open

technique without soda-lime. A mixture of nitrous oxide and 1,000 ppm of trichloroethylene has been used

for obstetrical anesthesia (Crawford and Davies 1975). No adverse effects on infants or their mothers were

noted. Trichloroethylene has also been used, with variable success, in the treatment of painful symptoms of

trigeminal neuralgia (Glaser 1931).

Acute exposure to trichloroethylene and its decomposition products (e.g., dichloroacetylene) has also led to

residual neuropathy, characterized by nerve damage. This neuropathy is characterized by facial numbness,

jaw weakness, and facial discomfort (indicating damage to cranial nerves V and VII) which can persist for

several months (Buxton and Hayward 1967; Feldman 1970). Chronic exposure in the workplace has also

been associated with damage to the cranial nerves in several cases (Bardodej and Vyskocil 1956; Barret et al.

1987; Cavanagh and Buxton 1989). Persons who have died from overexposure have shown degeneration of

cranial nuclei in the brain stem (Buxton and Hayward 1967). Some of these effects may be attributed to
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dichloroacetylene, a decomposition product of trichloroethylene, which may form under nonbiological

conditions of heat or alkalinity (Humphrey and McClelland 1944; Saunders 1967). However, it is not yet

clear from other reports of cranial nerve damage whether the causal agent was trichloroethylene alone

(Buxton and Hayward 1967; Feldman et al. 1985; Leandri et al. 1995; Saunders 1967). Thus, the evidence

for associating cranial nerve damage with exposure to trichloroethylene itself remains equivocal.

Intermediate and chronic exposures of workers to trichloroethylene have produced neurological effects similar

to those found in acute exposure situations. Workers chronically exposed to levels between 38 and 172 ppm

reported symptoms of sleepiness, dizziness, headache, and nausea, but no apparent trigeminal nerve disorders

(El Ghawabi et al. 1973). In a study of Dutch workers regularly exposed to no more than 35 ppm (the Dutch

threshold limit value), investigators found no trigeminal nerve impairment as measured by blink reflex, but

did observe a significant association between years of exposure and masseter reflex, which is another

measure of trigeminal nerve function (Ruitjen et al. 1991). A case study of a retired metal degreaser who had

been exposed to between 8 and 170 mg/ m3 (1.5 and 32 ppm) for l-2 hours per day over a period of 20 years

reported symptoms of headache, forgetfulness, vertigo, nausea, and loss of feeling in hands and feet

persisting for 4 years after retirement (Kohlmuller and Kochen 1994). However, this worker had also been

exposed to elevated levels due to accidental spills several times during his career, and it may have been that

these few incidences of acute, high-level exposure were more significant factors related to his symptoms,

rather than the chronic, low-level exposure.

Other reported neurological effects of chronic occupational exposure to unquantified trichloroethylene levels

include memory loss (Grandjean et al. 1955; Smith 1966), mood swings (Barr-et et al. 1987; Milby 1968;

Rasmussen et al. 1993d), trigeminal neuropathy (Bar-ret et al. 1987; Feldman et al. 1992; Mitchell and

Parsons-Smith 1969; Smith 1966), cranial nerve VII damage and decreased psychomotor function (Konietzko

1979), impaired acoustic-motor function (Rasmussen et al. 1993c), and psychotic behavior with impaired

cognitive function (Steinberg 1981). The study by Feldman et al. (1992) found that the neuropathic effects of

trichloroethylene appear to be specific to the trigeminal nerves, rather than generalized. For instance, chronic

exposure to trichloroethylene resulted in no change in conduction velocity measured in the radial and ulnar

nerves (Triebig et al. 1978). Sympathetic nerve activity, as measured by changes in serum dopamine-β-

hydroxylase activity, was normal in workers occupationally exposed to trichloroethylene levels
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of about 22 ppm (Nagaya et al. 1990). However, some cranial nerves, other than the trigeminal, have shown

a significant effect, including the facial (Feldman et al. 1985), olfactory (Rasmussen et al. 1993a), and

acoustic nerves. Interestingly, the study by Rasmussen et al. (1993a) found no significant association

between length of exposure and trigeminal nerve effect, although a nonsignificant trend was seen, indicating

that the sample size may have simply been too small.

Studies on the neurological effects of acute trichloroethylene inhalation in animals have produced results

similar to human studies. In rats, exposures of 8 hours or less have resulted in decreased electric shock

avoidance and frequency of lever press in a Skinner box at 250 ppm (Kishi et al. 1993), decreased swimming

time but no change in shuttle box or maze performance at 800 ppm (Grandjean 1963), suppressed reaction to

visual stimulus at 14,800 mg/ m3 (2,754 ppm) (Niklasson et al. 1993), lethargy at 3,000 ppm (Adams et al.

1951), and full anesthesia at 4,800 ppm (Adams et al. 1951). Ataxia was observed in rats exposed to

4,380 ppm trichloroethylene 4 hours per day, 5 days per week for 10 days (Goldberg et al. 1964b). No

neurological effects were observed at 1,568 ppm. Most of these effects were found to be reversible when the

exposure period ended. Rats that had been conditioned to climb a rope to a feeding trough in response to a

signal exhibited no change in response latency after an l l-14-hour exposure to 200 ppm trichloroethylene,

although a significant increase in spontaneous climbs in the absence of a signal was seen (Grandjean 1960).

The study authors indicated that this may have been due to increased disinhibition or increased excitability.

Exposures of rats for 3 days (4 or 8 hours/day) to 1,000 ppm trichloroethylene resulted in disturbed sleep

cycles, while seizures, abnormal electroencephalographic (EEG) activity, and post-exposure cardiac

arrhythmia were seen at 3,000 ppm (Arito et al. 1993).

A study that examined the interaction between exposure concentration and time of exposure on nervous

system function found that concentration, rather than time of exposure, was more important in determining

effects (Bushnell 1997). Rats were trained to press two levers for food reward; one lever when a light

flashed, the second lever produced food when there was no signal. The trained rats were exposed to 0,400,

800, 1,200, 1,600,2,000, or 2,400 ppm trichloroethylene for 0.33, 0.67, or 1 hour. Response times were

significantly increased only at 2,400 ppm at 0.67 and 1 hour. Sensitivity was significantly decreased at

2,400 ppm at all exposure times. At 0.33 hour, sensitivity was not affected at the other concentrations. At

0.67 hour, sensitivity was significantly decreased at 2,000, and 1,200 ppm, and at 1 hour, sensitivity was
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significantly decreased at 2,000, 1,600, and 1,200 ppm. Sensitivity was not affected at any point of time at

800 ppm, and this concentration is considered the NOAEL for this study.

Hearing loss in the mid-frequency range (8-20 kHz) is another effect observed in rats exposed to

trichloroethylene. Crofton and Zhao (1993) found significant hearing loss, which persisted for up to

14 weeks post-exposure, exclusively in the 8-16-kHz range when Long-Evans rats were exposed to

4,000 ppm 6 hours/day for 5 days. Rats exposed to 3,500 ppm for 5 days and tested at a wide range of

frequencies (0.5-40 kHz) exhibited hearing loss only up to a frequency of 16 kHz, confirming that the effect

is specific to the mid-frequency range (Crofton et al. 1994). No hearing loss was detected after a 5-day

exposure to 1,500 ppm, as measured by brainstem auditory evoked response, but a substantial effect was

seen when this level was combined with 500 ppm styrene (Rebert et al. 1993). Hearing loss at 20 kHz only

was measured in Wistar rats exposed 18 hours per day 5 days per week for 3 weeks to 3,000 ppm and a

reduced acoustic startle response was observed in rats at 1,500 ppm (Jaspers et al. 1993). A depressed

auditory sensory evoked potential amplitude was seen in Fischer-344 rats exposed for 3 weeks to 2,000 ppm

and to 3,200 ppm for 12 weeks (Rebert et al. 1991). This latter study found no effect at 1,600 ppm in Long-

Evans rats and thus set the response threshold at about 2,000 ppm trichloroethylene. Fischer-344 rats

exposed to 2,500 ppm trichloroethylene for 13 weeks (5 days/week, 6 hours/day) exhibited a decrease in tone

pip auditory response primarily at 16 kHz, along with a loss of cochlear hair cells (Albee et al. 1993).

Altered flash evoked potentials were not observed in rats exposed to 250 ppm.

After 10 days of exposure, reduced social behavior and reduced exploratory behavior were observed in rats

exposed to 100 ppm trichloroethylene 6 hours per day 5 days per week for a total of 5 weeks (Silverman and

Williams 1975). In rats exposed to 50 or 100 ppm trichloroethylene 8 hours/day, 5 days/week for 6 weeks,

effects on sleep patterns were observed (Arito et al. 1994a). At 50 ppm decreased wakefulness was observed

during the exposure. Effects remaining at 22 hours after the end of the 6-week exposure included decreased

heart rate during sleep at 50 ppm and decreased wakefulness after exposure of 100 ppm (Arito et al. 1994a).

Based on the 50-ppm LOAEL identified in the Arito et al. (1994a) study, an intermediate-duration inhalation

MRL of 0.1 ppm was calculated as described in the footnote in Table 2-l.
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In a study involving rats of various ages, the normal age-related decrease in heart rate and circadian rhythm

amplitude, as well as the incidence of spontaneous bradyarrhythmias, were exacerbated by an &hour

exposure to 300 ppm of trichloroethylene, followed by exposure to 1,000 ppm for 8 hours 7 days later (Arito

et al. 1994b). An 18-week exposure (16 hours/day, 5 days/week) to 1,000 ppm resulted in increased latency

in visual discrimination tasks but not in spontaneous activity, coordinated movement, grip strength, or

peripheral nerve conduction time (Kulig 1987). Impaired swimming behavior was observed in rats exposed

to 400 ppm trichloroethylene 8 hours per day, 5 days per week for 44 weeks (Battig and Grandjean 1963).

An increased level of exploratory activity immediately after exposure, attributed to reduced anxiety on the

part of the rats, was also observed in this study. Decreased avoidance was observed in rats exposed to

125 ppm trichloroethylene 4 hours per day, 5 days per week for 30 days (Goldberg et al. 1964a). Changes in

visually evoked potentials (Blain et al. 1992) and electroretinal responses to flash stimulation (Blain et al.

1994) were seen in rabbits exposed to 350 ppm trichloroethylene for 12 weeks (4 days/week, 4 hours/day).

The study authors suggested that binding of trichloroethanol to blood proteins may enable it to reach the

visual cortex.

Biochemical changes have also been noted in the brains of animals after an inhalation exposure to

trichloroethylene. Decreased brain ribonucleic acid (RNA) content was seen in rats exposed for 4 days,

6 hours a day, to 200 ppm (Savolainen et al. 1977). Open-field activity, preening, and rearing were increased

in these rats at 1 hour, but not 17 hours, post-exposure. In gerbils, continuous exposure to 60 ppm

trichloroethylene for 3 months, followed by a recovery period of 4 months, resulted in increased brain S100

protein content, consistent with astroglial hypertrophy and proliferation (Haglid et al. 1981). Exposure to

320 ppm produced significantly elevated deoxyribonucleic acid (DNA) content in the cerebellar vermis and

sensory motor cortex. It is not known whether such effects reflect adverse changes.

The highest NOAEL values and all LOAEL values from each reliable study for neurological effects in each

species and duration category are recorded in Table 2- 1 and plotted in Figure 2- 1.
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2.2.1.5 Reproductive Effects

Increases in miscarriages have been reported among nurses exposed to unspecified concentrations of

trichloroethylene and other chemicals in operating rooms (Corbett et al. 1974). The occurrence of

miscarriages could not conclusively be attributed to trichloroethylene because there was concomitant

exposure to other chemicals.

A retrospective case-control study conducted in humans compared spontaneous abortion rates among women

who had been exposed occupationally or nonoccupationally to trichloroethylene and other solvents to rates

among women without solvent exposure (Windham et al. 1991). The authors observed approximately three

times the risk of spontaneous abortion with exposure to trichloroethylene. This risk increased further when

women with less than a half hour of exposure to trichloroethylene each week were excluded from the analysis.

However, a consistent dose-response relationship was not observed, and most of the women were exposed to

a variety of solvents, not just trichloroethylene.

Mice exposed to 2,000 ppm of trichloroethylene, 4 hours/day for a 5-day period, had a significant increase in

abnormal sperm morphology of 1% 28 days after the exposure (Land et al. 1981). No effect was seen at 200

ppm. A 6% increase in abnormal sperm was observed 4 weeks, but not 4 days or 10 weeks, after mice were

exposed to 100 ppm trichloroethylene 7 hours per day for 5 days (Beliles et al. 1980). Based on the time

after exposure at which sperm were affected, the study authors indicated that trichloroethylene damages

sperm precursor cells but that spermatogonia were either unaffected or were capable of recovery.

Reproductive performance was not tested in these studies. Another mouse study tested the effects of a 5-day

exposure (6 hours/day) on spermatid micronuclei frequency; no effects were observed at exposure levels of

up to 500 ppm, the highest concentration tested (Allen et al. 1994). These results were interpreted as

evidence that trichloroethylene did not cause meiotic chromosome breakage or loss. No treatment-related

reproductive effects were seen in female rats exposed to 1,800 ppm trichloroethylene for 2 weeks

(6 hours/day, 7 days/week) before mating (Dorfmueller et al. 1979).

The highest NOAEL values and all LOAEL values from each reliable study for reproductive effects in each

species and duration category are recorded in Table 2- 1 and plotted in Figure 2- 1.
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2.2.1.6 Developmental Effects

No increase in malformed babies was observed among approximately 2,000 fathers and mothers exposed to

unspecified concentrations of trichloroethylene in the workplace (Tola et al. 1980).

A retrospective case-control study conducted in humans compared spontaneous abortion rates among women

who had been exposed occupationally or nonoccupationally to trichloroethylene and other solvents to rates

among women without solvent exposure (Windham et al. 1991). The authors observed about a 3-fold

increase in risk of spontaneous abortion associated with exposure to trichloroethylene (TCE). This risk

increased further when women with less than l/2 hour of exposure to TCE per week were excluded from the

analysis. However, a consistent dose-response relationship was not observed and most of the women were

exposed to a variety of solvents other than TCE. In this same study, the relationship between exposure to

halogenated solvents during the first 20 weeks of pregnancy and fetal growth were examined. No association

between exposure to solvents and decreased fetal growth was observed. However, the number of small

infants was too low to specifically analyze TCE exposures and most fetal growth would occur after the first

20 weeks of pregnancy.

Pregnant laboratory animals have been exposed to trichloroethylene vapors, but no conclusive studies have

been encountered that clearly indicate teratogenic effects. Available data from animals suggest that the

conceptus is not uniquely susceptible to trichloroethylene (EPA 1985c). No statistically significant increases

in skeletal, visceral, or external malformations have been found in pups of rat dams exposed to 100-500 ppm

of trichloroethylene (Beliles et al. 1980; Hardin et al. 1981; Healy et al. 1982; Schwetz et al. 1975).

Decreased fetal weight and incomplete skeletal ossification were observed in offspring of rats exposed to

1,800 ppm trichloroethylene 6 hours per day on gestation days 0-20 (Dorfmueller et al. 1979). Activity

measurements completed in the offspring at ages 10, 20, and 100 days did not show an effect of

trichloroethylene exposure. Developmental effects were not observed in offspring of mice exposed to

300 ppm trichloroethylene 7 hours per day on gestation days 6-15 (Schwetz et al. 1975). Although not

statistically significant, four rabbit fetuses in 2 of 23 litters had external hydrocephalus (Beliles et al. 1980;

Hardin et al. 1981). Because this effect is rarely observed in control rabbits, the study authors indicated that
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it was suggestive of a teratogenic effect, although it was not conclusive. Therefore, this study is not presented

in Table 2-l or Figure 2-l.

The highest NOAEL values and all LOAEL values from each reliable study for developmental effects in each

species and duration category are recorded in Table 2-1 and plotted in Figure 2- 1.

2.2.1.7 Genotoxic Effects

Investigations into the genotoxicity of trichloroethylene in humans have not been conclusive but are

suggestive of clastogenic effects. A study of chromosomal aberrations among trichloroethylene-exposed

workers detected an increase in hypodiploid cells but found no evidence of chromosomal breaks in

lymphocytes (Konietzko et al. 1978). Another study showed an increase in sister chromatid exchange for

workers exposed to trichloroethylene (Gu et al. 1981). In a more recent study, men using trichloroethylene as

a degreasing agent were tested for lymphocyte chromosomal abnormalities- specifically, breaks, gaps,

deletions, inversions, translocations, and hyperdiploidy. The same study also investigated the rate of

nondisjunction for the Y chromosome in sperm. Positive results were observed for chromosomal aberrations

and hyperdiploid cells, but the results were negative for chromosomal nondisjunction (Rasmussen et al.

1988). The frequency of sister chromatid exchange in the peripheral lymphocytes of trichloroethyleneexposed

workers was the focus of another investigation (Seiji et al. 1990). Smokers and nonsmokers were

included in this study. The only positive result obtained was for smokers who were also exposed to

trichloroethylene. Since smoking itself is known to induce sister chromatid exchange, sister chromatid

exchange comparisons were performed among smokers and nonsmokers irrespective of trichloroethylene

exposure. This general comparison between smokers and nonsmokers showed no significant differences in

the rate of sister chromatid exchange. Therefore, the study authors suggest that smoking and

trichloroethylene exposure may act together to produce increased sister chromatid exchange frequencies (Seiji

et al. 1990). The study authors point out that other compounds (i.e., toluene and styrene) show synergisms

with smoking. This study is limited by a relatively small sample size (26 male and 25 female nonsmokers; 22

male and 16 female smokers). In addition, it was unclear whether exposure to other solvents also occurred.

Finally, other researchers have found no significant increase in the rate of sister chromatid exchange among

either smoking or nonsmoking workers exposed to trichloroethylene (Nagaya et al. 1989a).
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In a dominant lethal study, male mice were exposed to trichloroethylene concentrations ranging from 50 to

450 ppm for 24 hours and mated to unexposed females; the results were negative (Slacik-Erben et al. 1980).

The splenocytes of mice exposed to up to 5,000 ppm trichloroethylene for 6 hours exhibited no aberrations in

sister chromatid exchange or cell cycle progression and no increase in the number of micronuclei in

cytochalasin B-blocked binucleated cells or bone marrow polynucleated erythrocytes (Kligerman et al. 1994).

In the same study, however, rats under the same exposure regime showed a dose-related increase in bone

marrow micronuclei, as well as a reduction in polychromatic erythrocytes at 5,000 ppm, indicating the

possibility of aneuploidy. These results are contrary to those expected since mice are generally more

susceptible to tumor induction by trichloroethylene than rats. A possible explanation is that chloral hydrate, a

metabolite of trichloroethylene, is known to induce aneuploidy in the predominant pathways in rats, whereas

in mice the chloral hydrate pathway becomes saturated.

Other genotoxicity studies are discussed in Section 2.5.

2.2.1.8 Cancer

Several retrospective cohort studies of workers exposed to unquantified levels of trichloroethylene have been

conducted. All of these studies have limitations that restrict their usefulness for evaluating the

carcinogenicity of trichloroethylene. None has shown clear, unequivocal, evidence that trichloroethylene

exposure is linked to increased cancer risk.

A number of epidemiological studies have been conducted to investigate human exposure to trichloroethylene

in the workplace and subsequent tumor development (Axelson 1986; Axelson et al. 1978, 1994; Malek et al.

1979; Shindell and Uhich 1985; Spirtas et al. 1991). These investigators did not find significant increases in

incidence of cancer, but some studies were limited by relatively small numbers of subjects, lack of lengthy

follow-up periods, and multiple chemical exposure. When all workers (14,457) at an aircraft maintenance

facility were studied, significant increases in multiple myeloma in white women (standardized mortality ration

[SMR] 236; 95% confidence interval [CI] 87-514), non-Hodgkin’s lymphoma in white women (SMR 2 12;

95% CI 102-390), and cancer of the biliary passages and liver in white men dying after 1980 (SMR 358;

95% CI 116-836) were observed. When only those exposed to trichloroethylene were examined (6,929) no
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significant associations between several measures of trichloroethylene exposure and excess cancer risk were

observed. For example, based on 4 cases of non-Hodgkin’s lymphoma among white women exposed to

trichloroethylene, the SMR was 286 with a 95% CI of 78-731. The study authors pointed out that the work

histories of persons dying from multiple myeloma or non-Hodgkin’s lymphoma indicated that many of the

women who developed these diseases worked in fabric handling departments where a substance used to treat

fabric (“dope”) and solvents were used. The study authors concluded that “no significant or persuasive

relationships were found between various measures of exposure to trichloroethylene and the risk of any

specific malignancy.”

An update of a previous study (Axelson et al. 1978), Axelson (1986) evaluated an expanded cohort of 1,424

men (levels of trichloroethylene exposure inferred from measured urinary metabolite concentrations) and

found a significant increase in incidences of bladder cancer and lymphomas, and a lower than expected

incidence of total cancer mortality. A further update of this work (Axelson et al. 1994) expanded the cohort

to include 249 women, tracking cancer morbidity over 30 years, and found no correlation between exposure

concentration or exposure time and cancer incidence at any site. The highest standardized incidence ratio

noted in this study was 1.56 (95% CI of 0.51-3.64) for 5 cases of non-Hodgkin’s lymphoma observed in men.

Although four of these cases occurred in persons exposed for at least 2 years, and 3 cases had a latency of 10

years or more, urinary levels of TCA showed that 4 of the 5 cases were exposed to the lowest levels of

trichloroetbylene (urinary levels of TCA 0 - 49 mgL). The study authors mentioned that a urinary TCA level

below 50 mg/L corresponds to a trichloroethylene exposure concentration of about 20 ppm. The study

authors concluded that “this study provides no evidence that trichloroethylene is a human carcinogen, i.e.,

when the exposure is as low as for this study population.”

In contrast, three European studies have found slight but statistically significant increases in cancer in

workers exposed to trichloroethylene. A survey of Finnish workers exposed to primarily trichloroethylene

found an association of limited statistical significance between exposure and incidence of stomach, liver,

prostate, and lymphohematopoietic cancers (Antilla et al. 1995). However, the study did not reliably separate

the effects of individual solvents, so attributing these cancers to trichloroethylene exposure alone was not

possible. A significant association between workplace exposure to trichloroethylene and kidney cancer was

found in a retrospective cohort study of German cardboard factory workers (Henschler et al. 1995). The
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association was based on five cases of kidney cancer among 169 workers who had been exposed to

trichloroethylene for at least 1 year (mean exposure period = 17.8 years) between 1956 and 1975, relative to

no cases among the unexposed control group. Exposure levels were not provided in this study. In a study of

Swedish workers, a statistically significant increase in non-Hodgkin’s lymphoma was observed (Hardell et al.

1994). This study utilized univariate analysis of 105 confirmed cases of non-Hodgkin’s lymphoma and found

an increased risk of non-Hodgkin’s lymphoma associated with occupational exposure to trichloroethylene.

These workers were exposed to solvents in addition to trichloroethylene, and exposures were self-reported. A

study of dry cleaners found a significant increase in the incidence of all malignant neoplasms combined as

well as increased incidences of cancer at several sites (lung/bronchus/trachea, cervix, and skin) (Blair et al.

1979). Exposure to trichloroethylene, however, was not well documented; evidence indicates that exposures

were primarily to tetrachloroethylene and other dry-cleaning chemicals (e.g., carbon tetrachloride, petroleum

solvents). Thus, the human studies that did show increases in cancer are limited by uncertainties in the

exposure data, small sample sizes, and likely exposure to other chemicals. In other studies, associations

between liver cancer (Novotna et al. 1979; Paddle 1983) and trichloroethylene exposure have not been

observed.

Some laboratory studies with rats and mice have linked trichloroethylene exposure to various types of

cancers. Several of these studies, however, should be viewed cautiously, since the tumorigenic activity might

be influenced by the presence of direct-acting compounds, namely the epoxides (e.g., epichlorohydrin) added

as stabilizers in trichloroethylene. Epoxides are known to be very reactive, and some, such as

epichlorohydrin, are potent carcinogens themselves.

Increased incidence of hepatomas (specific type of neoplasm not specified) occurred in male Swiss mice and

in B6C3F1 mice of both sexes exposed to epoxide-free trichloroethylene (600 ppm) for 78 weeks. In

contrast, a decrease in hepatomas was seen at 100 ppm in male Swiss mice (Maltoni et al. 1986, 1988). In a

retest with male B6C3F1 mice, a decrease in leukemias was seen, with the percentage of hepatomas about the

same for all dose levels and controls. There was also a significant increase in pulmonary tumors in male

Swiss mice inhaling 600 ppm. Pulmonary tumors were also increased among treated female B6C3F1 mice

but not among the males. Incidences were significantly increased over controls at 600 ppm for lung tumors in

the female B6C3F1 mice and at 600 ppm for liver tumors in both sexes of B6C3F1 mice. The incidence data
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for lung tumors in female Swiss mice together with other tumor incidence data from other studies were used

by EPA (1987a) to derive a carcinogenic potency estimate; a classification of B2 (probable human

carcinogen) was assigned to trichloroethylene. In 1988, EPA’s Scientific Advisory Board offered an opinion

that the weight of evidence was on a C-B2 continuum (possible-probable human carcinogen). The agency

has not restated a more current position on the weight-of-evidence classification and is reflecting this by

posting an “under review” status in the Integrated Risk Information System (IRIS) (IRIS 1996).

In male Sprague-Dawley rats, there was a dose-related increase in testicular Leydig cell tumors and a slight

increase in tubular renal adenocarcinoma at the 600-ppm exposure level after exposure for 104 weeks

(Maltoni et al. 1986, 1988). EPA and other groups regard such increases as indicative of a hazard potential

unless there are reasons to rule this out. However, other authorities believe testicular tumors are common in

rats that are not exposed to toxic substances. 

There are several problems in interpreting these studies. First, males and females responded differently; in

some cases, the females were more sensitive, but in others, the males were more sensitive. In addition, there

were lung and liver tumors in mice but not rats. An inconsistency was also observed in the two different

studies with B6C3F1 male mice. In one study, an increase in hepatomas was reported, whereas no significant

increase was seen in the other. In addition, an inconsistent dose-response was observed, i.e., an increase in

liver tumors at high levels, and a decrease compared to control levels at the low dose. Other problems were

found in the study methodology: use of an unconventional technique of holding the animals until

spontaneous death, use of an unorthodox method of reporting results (percentage of animals with tumors

reported, but not the number of surviving animals), a lack of appropriate pathological data on the types of

tumors observed, and a lack of a complete report on methodology. Finally, inadequate laboratory operation

procedures were used; there was a lack of independent pathology reviewers; and the use of Good Laboratory

Practices was not confirmed.

The incidence of pulmonary adenocarcinomas was significantly increased over controls in female ICR mice

exposed to 150 or 450 ppm reagent grade trichloroethylene for 104 weeks, 5 days/week, 7 hours/day (Fukuda

et al. 1983). There was no significant increase in other tumors in the mice or in similarly exposed female

Sprague-Dawley rats. The amount of epichlorohydrin (approximately 0.019%) was extremely low in this
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study. It should be recognized that some types of cells in the lung have the ability to metabolize

trichloroethylene and that metabolic activation in situ may be responsible for the pulmonary injury and

carcinogenicity seen following inhalation exposure (Bruckner et al. 1989).

Two other inhalation carcinogenicity studies were negative. Newborn rats were exposed to 2,000 ppm

trichloroethylene for 10 weeks, but examination of the liver showed no signs of ATPase-deficient foci (Laib

et al. 1979). This apparent preneoplastic change was seen in the liver of rats similarly exposed to vinyl

chloride, a known hepatocarcinogen. NMRI mice, Wistar rats, and Syrian hamsters of both sexes were

exposed to 100 or 500 ppm of trichloroethylene for 18 months (Henschler et al. 1980). The only statistically

significant effect was an increase in the incidence and rate of development of malignant lymphomas in female

mice over controls. However, this type of tumor is historically common in unexposed female mice, possibly

induced virally, and these investigators suggested that it may have resulted from immunosuppression.

The lowest concentrations resulting in cancer in reliable animal studies are indicated as cancer effect levels

(CELs) in Table 2- 1 and Figure 2- 1.

2.2.2 Oral Exposure

2.2.2.1 Death

Human studies have reported hepatorenal failure as the cause of death following accidental ingestion of

trichloroethylene (Kleinfeld and Tabershaw 1954; Secchi et al. 1968). It was not possible to determine an

accurate dose in these cases.

Acute oral LD50s have been determined for mice (2,402 mg/kg) (Tucker et al. 1982) and rats (7,208 mg/kg)

(Smyth et al. 1969). In a study in which pregnant rats were treated by gavage with trichloroethylene in corn

oil on gestation days 6-152 of 13 died at 1,125 mg/kg/day, while all survived at 844 mg/kg/day (Narotsky

et al. 1995). The lethality of trichloroethylene may be related to the delivery vehicle. Administration of

trichloroethylene in an aqueous Emulphor vehicle proved to be more lethal but less hepatotoxic than similar

administration of trichloroethylene in corn oil during a 4-week exposure period (Met-rick et al. 1989). Further
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explanation of these study results is included in Section 2.2.2.2, under Hepatic Effects. Deaths of rats and

mice have occurred following intermediate-duration exposure in range-finding studies and during chronic-

duration cancer studies (Henschler et al. 1984; NCI 1976; NTP 1990). The premature deaths were the result

of tumors or other conditions (body weight loss, respiratory infection, renal failure, and central nervous

system depression) caused by very high daily doses. Further explanation of these studies is included in

Section 2.2.2.8. LD50 values and the lowest doses causing death in rats and mice are recorded in Table 2-2

and plotted in Figure 2-2.

2.2.2.2 Systemic Effects

The highest NOAEL and all reliable LOAELs for each species, duration, and end point for systemic effects

following oral exposure are recorded in Table 2-2 and plotted in Figure 2-2.

Respiratory Effects. One study suggested increased respiratory disorders (asthma, bronchitis,

pneumonia) in children with chronic exposure to a solvent-contaminated water supply (Byers et al. 1988).

Two municipal wells in eastern Wobum, Massachusetts, were found to contain several solvents including

trichloroethylene (267 ppb) and tetrachloroethylene (21 ppb). The increased susceptibility to infection may

be secondary to effects on the immune system. Accurate chemical-specific exposure levels for individuals

could not be determined because the water distribution system was designed to use water from different wells

at different rates and times. Other limitations of this study are described in Section 2.2.2.8.

Rales and dyspnea were observed in pregnant rats treated by gavage with 1,500 mg/kg/day trichloroethylene

in corn oil on gestation days 6-19 (Narotsky and Kavlock 1995). Respiratory effects were not observed at

1,125 mg/kg/day. Pulmonary vasculitis was observed in 6 of 10 female rats treated with 1,000 mg/kg/day

(by gavage) and 6 of 10 male rats treated with 2,000 mg/kg/day (in corn oil) for 13 weeks (NTP 1990). This

effect was also observed in 1 of 10 male and 1 of 10 female control rats. Histopathological examinations

were not completed at the other doses in this study. Therefore, it is not possible to determine if this is a dose-

related effect.



TABLE 2-2. Levels of Significant Exposure to Trichloroethylene - Oral 
Exposure 
duration/ LOAEL (effect) 

Serious Key toa Species/ frequency NOAEL Less serious 
figure (strain) (specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Reference 

ACUTE EXPOSURE 
Death 

1 Rat Gd 6-15 

(Sprague- (GO) 
Dawley) 

3 Mouse once 

(CD-1) (G) 

Systemic 

4 Rat 14 d Hepatic 500 F 

(Fischer- (GO) 
344) 

Renal 

1500 F (increased relative 
liver weights, 
hepatocellular 

50 F (increased relative 

hypertrophy) 

kidney weights) 

1125 F (2/13 died) 

7208 (LD50) 

2443 F (LD50) 

2402 M (LD50) 

Narotsky et al. 
1995 

Smyth et al. 
1969 

Tucker et al. 
1982 

Berman et al. 
1995 

Endocr 1500 F 

2 Flat once 

(NS) (G) 
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5 Rat 10 d Hepatic 2000 M Elcombe 1985 
(Wistar) 1 x/d 

(GO) 

6 Rat 10 d Hepatic 
(Fischer- 1 x/d 

344) (GO) 

Renal 1 000 M 
Bd Wt 1 000 M 

7 Rat 10 d Renal 1000 
(Fischer- 1 x/d 
344) (GO) 

8 Rat Gd 6-19 Resp 1125 F 

(Fischer- (GO) 

344) 
Bd Wt 

9 Rat Gd 6-15 Bd Wt 

(Sprague- (GO) 
Dawley) 

1000 M (1 22% increased 
liver weight, 180% 
increased palmitoyl 
CoA oxidation 
activity) 

Goldsworthy 
and Popp 1987 

Goldsworthy et 
al. 1988 

1500 F (rales, dyspnea) Narotsky and 
Kavlock 1995 

1125 F (maternal body 
weight gain 45% 
lower than 
controls) 

475 F (body weight gain Narotsky et al. 
31 % lower than 1995 
controls) 
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2-2. Levels of Significant Exposure to Trichloroethylene - Oral (continued) 
Exposure 
duration/ LOAEL (effect) 

Serious Key toa Species/ frequency NOAEL Less serious 
figure (strain) (specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Reference 



10 Rat 3 d Hepatic 1100M Stott et al. 1982 
(Osborne- 1 x/d 

Me nde I) (GO) 
Renal 1100M 

11 Mouse 10 d Hepatic 50 M 
(Swiss- 1 x/d 

Webster) (GO) 

100 M (200% increase in 
palmitoyl CoA 
oxidation) 

Elcombe 1985 

12 Mouse 10 d Hepatic 
(B6C3F1) 1 x/d 

(GO) 

Renal 1000 M 
Bd Wt 1000M 

13 Mouse 3d Hepatic 
(B6C3F1) 1 x/d 

(GO) 

1000 M (1 50% increased 
liver weight, 625% 
increased palmitoyl 
CoA oxidation 
activity) 

2400M (hepatic 
hypertrophy, 
centrilobular 
swelling) 

Goldsworthy 
and Popp 1987 

Stott et al. 1982 

Renal 2400 M 
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2-2. Levels of Significant Exposure to Trichloroethylene - Oral (continued) 
Exposure 
duration/ LOAEL (effect) 

Serious Key toa Species/ frequency NOAEL Less serious 
figure (strain) (specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Reference 



14 Mouse 14 d Hemato 240 M Tucker et al. 
(CD-1) 1 x/d 1982 

(G) Hepatic 240 M 

Neurological 

15 Rat 14 d 

(Fischer- (GO) 
344) 

16 Rat Gd 6-15 

(Sprague- (GO) 
Dawley) 

Developmental 

17 Rat Gd 6-15 

(Sprague- (GO) 
Dawley) 

18 Mouse Gd 1-5 
(B6D2F1) Gd 6-10 

Gd 1-15 

Renal 240 M 
Bd Wt 240 M 

150 F 

475 F 

844 

240 

500 F (increased rearing) Moser et al. 
1995 

633 F (transient ataxia) Narotsky et al. 
1995 

1 125 (increased Narotsky et al. 
prenatal loss, 1995 
micro- or 
anophthalmia) 

Cosby and 
Dukelow 1992 

1 x/d 

(GO)
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2-2. Levels of Significant Exposure to Trichloroethylene - Oral (continued) 
Exposure 
duration/ LOAEL (effect) 

Serious Key toa Species/ frequency NOAEL Less serious 
figure (strain) (specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Reference 



19 Mouse 7 d 50b M (reduced rearing Fredriksson et 
(NMRI) 1 x/d rate at 60 days of al. 1993 

(GO) age) 

INTERMEDIATE EXPOSURE 
Death 

20 

21 

22 

23 

Rat 
(Osborne- 
Mendel) 

Mouse 
(B6C3F1) 

Mouse 

(B6C3F1) 

Mouse 
(B6C3F1) 

6 wk 
5 d/wk 
1 /x/d 

(GO) 

4 wk 
5 d/wk 
1 x/d 

(GW) 

6 wk 
5 d/wk 
1 x/d 

(GO) 

13 wk 
5 d/wk 
1 x/d 

(GO) 

5620 (1 0/10 died) NCI 1976 

1200 M (2/12 deaths) 

900 F (2/12 deaths) 

Merrick et al. 
1989 

5620 M (415 deaths) 

3160 F (215 deaths) 

NCI 1976 

1500 M (2110 died) 

3000 F (1110 died) 

NTP 1990 
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2-2. Levels of Significant Exposure to Trichloroethylene - Oral (continued) 
Exposure 
duration/ LOAEL (effect) 

Serious Key toa Species/ frequency NOAEL Less serious 
figure (strain) (specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Reference 



Systemic 

24 Rat 13  wk Resp 1000 F (pulmonary NTP 1990 

(Fischer- 5 d/wk vasculitis involving 

344) 1 x/d small veins in 6/10

(GO) Cardio 2000 M 
Gastro 2000 M 
Musc/skel 2000M 
Hepatic 2000 M 
Renal 1000 F (minimal or mild 

cytomegaly, 
karyomegaly of 
renal tubular 
epithelial cells in 
5/1 0) 

Endocr 2000 M 
Derm 2000 M 
Bd Wt 1000M 

25 Rat 3 wk Hepatic 1100M 
(Osborne- 5 d/wk 
Mendel) 1 x/d 

(GO) Renal 1100M 
Bd Wt 1100M 

26 Mouse 6 wk Hepatic 100M 
(Swiss- 5 d/wk 
Cox) 1 x/d 

(GO) Bd Wt 3200 

400M (enlarged 
hepatocytes) 

2000 M (body weights 
24% less than 
controls) 

Stott et al. 1982 

1600 M (central lobular Buben and 
necrosis) O'Flaherty 1985 
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2-2. Levels of Significant Exposure to Trichloroethylene - Oral (continued) 
Exposure 
duration/ LOAEL (effect) 

Serious Key toa Species/ frequency NOAEL Less serious 
figure (strain) (specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Reference 



27 Mouse 4 wk Hepatic 600 M (focal necrosis, Merrick et al. 
(B6C3F1) 5 d/wk 136% increase in 1989 

1 x/d relative liver 
weights) 

450 F (1 17% increase in 
(G) 

relative liver weight) 
Bd Wt 2400 M 

28 Mouse 3 wk Hepatic 250 M 
(B6C3F1) 5 d/wk 

1 x/d 

(GO) 

Renal 2400 M 
Bd Wt 2400 M 

29 Mouse 6 mo Gastro 18 M 
(CD-1) ad libitum 793 F 

(W) 

Hemato 393 M 
793 F 

Hepatic 793 F 
Renal 217 M 

437 F 

Bd Wt 393 M 

500M (liver enlargement, 
increased DNA 
content per gram 
tissue) 

217M (gas pockets in the 
intestinal coating, 
blood in the 
intestines in 5) 

660 M (red blood cell 
counts 16% lower 
than controls) 

393 M (elevated urinary 
793 F protein and 

ketones) 
660 M (body weights 1 1 % 

lower than controls, 
associated with 
decreased water 
intake) 

1200 M (liver enlargement, Stott et al. 1982 
increased DNA 
content, 
centrilobular 
hepatocyte 
swelling) 

Tucker et al. 
1982 
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2-2. Levels of Significant Exposure to Trichloroethylene - Oral (continued) 
Exposure 
duration/ LOAEL (effect) 

Serious Key toa Species/ frequency NOAEL Less serious 
figure (strain) (specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Reference 



ImmunologicaI/Lymphoreticular 
30 Mouse 4 or 6 mo 

(CD -I) ad libitum 

(W) 

Neurological 

31 Rat 10 wk 

(Sprague- 5 d/wk 
Dawley) 1 x/d 

(GO) 

32 Rat 10 wk 
(Sprague- 5 d/wk 
Dawley) 1 x/d 

(GO) 

Reproductive 

33 Rat 18 wk 
(Fischer- ad libidum 
344) (F) 

200 F 400 F (suppressed 
humoral and 
cellular response) 

2500 F (altered trigeminal 
nerve 
morphometrics, 
fatty acid 
composition 
indicative of 
demyelination) 

300 

2500 F (altered myelin 
thickness of the 
trigeminal nerve) 

Sanders et al. 
1982 

Barret et al. 
1991 

Barret et al. 
1992 

NTP 1986 
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2-2. Levels of Significant Exposure to Trichloroethylene - Oral (continued) 
Exposure 
duration/ LOAEL (effect) 

Serious Key toa Species/ frequency NOAEL Less serious 
figure (strain) (specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Reference 



34 Rat 6 wk 100M 1000 M (impaired Zenick et al. 
(Long- 5 d/wk copulatory 1984 
Evans) 1 x/d behavior, mount/ 

ejaculation 
latency, 
intromissions) 

(GO) 

35 Mouse 17 wk 
(CD-1) ad libitum 

(F) 

Developmental 

36 Rat 3 mo before 
(Sprague- Gd 0-21 
Dawley) ad libitum 

(W) 

37 Rat 14 d before 
(Sprague- mating 
Dawley) Gd 0-21 

-weaning 
ad libitum 

(W) 

375 M 

750 F 

750 M (1 8-45% decreased 
sperm motility) 

NTP 1985 

0.18 (5% increased Dawson et al. 
fetal heart 1993 
abnormalities) 

37 M (40% decrease in lsaacson and 
number of Taylor 1989 
myelinated fibers 
in the 
hippocampus) 
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2-2. Levels of Significant Exposure to Trichloroethylene - Oral (continued) 
Exposure 
duration/ LOAEL (effect) 

Serious Key toa Species/ frequency NOAEL Less serious 
figure (strain) (specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Reference 



38 Rat 2 wk 100 1000 (decreased Manson et al. 
(Long- 5 d/wk neonatal survival) 1984 
Evans) Gd 0-21 

7 d/wk 

(GO) 

39 Rat 18 wk 
(Fischer- ad libidum 

344) (F) 

40 Rat 14 d before 
(Sprague- mating 
Dawley) Gd 0-21 

-weaning 
ad libitum 

(W) 

41 Mouse 17 wk 
(CD-1) ad libitum 

(F) 

300 

37 M (increased 
exploratory 
behavior) 

NTP 1986 

Taylor et al. 
1985 

375 M 750 (increased NTP 1985 
perinatal mortality) 

CHRONIC EXPOSURE 
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2-2. Levels of Significant Exposure to Trichloroethylene - Oral (continued) 
Exposure 
duration/ LOAEL (effect) 

Serious Key toa Species/ frequency NOAEL Less serious 
figure (strain) (specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Reference 



Death 

42 Rat 78 wk 1097 M (47/50 died) NCI 1976 
(Osborne- 5 d/wk 
Mendel) 1 x/d 

(GO) 549 F (35/48 died) 

43 Rat 103 wk 
(Fischer- 5 d/wk 
344) 1 x/d 

(GO) 

44 Mouse 78 wk 
(B6C3F1) 5 d/wk 

1 x/d 

(GO) 

45 Mouse 103 wk 
(B6C3F1) 5 d/wk 

(GO) 

1 x/d 

500 M (30/50 died) NTP 1990 

500 F (1750 died) 

869 F (8/50 died) NCI 1976 

1000 M (34/50 died) NTP 1990 
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2-2. Levels of Significant Exposure to Trichloroethylene - Oral (continued) 
Exposure 
duration/ LOAEL (effect) 

Serious Key toa Species/ frequency NOAEL Less serious 
figure (strain) (specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Reference 



Systemic 

Maltoni et al. 46 Rat 52 wk Resp 250 
(Sprague- 5 d/wk 1986 
Dawley) 1 x/d 

(GO) Cardio 250 
Gastro 250 
Musc/skel 250 
Hepatic 250 
Renal 50 
Endocr 250 
Derm 250 
Ocular 250 
Bd Wt 250 

250 M M
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2-2. Levels of Significant Exposure to Trichloroethylene - Oral (continued) 
Exposure 
duration/ LOAEL (effect) 

Serious Key toa Species/ frequency NOAEL Less serious 
figure (strain) (specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Reference 



47 Rat 78 wk Resp 1097 NCI 1976 
(Osborne- 5 d/wk 
Mendel) 1 x/d 

(GO) Cardio 1097 
Gastro 1097 
Musc/skel 1097 
Hepatic 1097 
Renal 

Endocr 1097 
Derm 

Ocular 

Bd Wt 549 M 

549 (toxic nephrosis, 
proximal tubular 
epithelium 
alterations) 

549 (alopecia, 
roughening of hair 
coat, sores) 

discharge) 
1097 M (body weights 18% 

lower than controls 
at 78 weeks) 

549 F (body weights 15% 
lower than controls 
at 78 weeks) 

549 (squinting, red 
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2-2. Levels of Significant Exposure to Trichloroethylene - Oral (continued) 
Exposure 
duration/ LOAEL (effect) 

Serious Key toa Species/ frequency NOAEL Less serious 
figure (strain) (specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Reference 



48 Rat 103 wk Resp 1000 NTP 1988 
5 d/wk 

1 x/d Cardio 1000 
(GO) Gastro 1000 

Hepatic 1000 

(ACI) 

Musc/skel 1000 

Renal 

Endocr 1000 
Derm 1000 
Ocular 1000 
Bd Wt 

49 Rat 103 wk Resp 1000 

(GO) Cardio 1000 
Gastro 1000 
Musc/skel 1000 
Hepatic 1000 
Renal 

(Osborne- 5 d/wk 
Mendel) 1 x/d 

Endocr 1000 
Derm 1000 
Ocular 1000 
Bd Wt 500 M 

500 (toxic nephrosis 
37% of males and 
45% of females, 
cytomegaly) 

500 M (body weights 1 1 % 
lower than controls) 

NTP 1988 

500 (toxic nephrosis 
78% of males and 
60% of females, 
cytomegaly) 

1000 M (body weights 
11.6% lower than 
controls) 
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2-2. Levels of Significant Exposure to Trichloroethylene - Oral (continued) 
Exposure 
duration/ LOAEL (effect) 

Serious Key toa Species/ frequency NOAEL Less serious 
figure (strain) (specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Reference 



50 Rat 103 wk Resp 
(August) 5 d/wk 

1 x/d Cardio 
(GO) Gastro 

M usc/s kel 
Hepatic 
Renal 

Endocr 
Derm 
Ocular 
Bd Wt 

1000 

1000 
1000 
1000 
1000 

1000 
1000 
1000 
500 M 

51 Rat 103 wk Resp 1000 

1 x/d Cardio 1000 
(GO) Gastro 1000 

Hepatic 1000 

(Mars hall) 5 d/wk 

Musc/skel 1000 

Renal 

Endocr 
Derm 
Ocular 
Bd Wt 

1000 
1000 
1000 
500 F 

NTP 1988 

500 (toxic nephrosis 
20% of males and 
17% of females, 
cytomegaly) 

1000 M (body weights 
12.3% lower than 
controls) 

NTP 1988 

500 (toxic nephrosis 
36% of males and 
63% of females, 
cytomegaly) 

1000 F (body weights 
10.1 % lower than 
controls) 
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2-2. Levels of Significant Exposure to Trichloroethylene - Oral (continued) 
Exposure 
duration/ LOAEL (effect) 

Serious Key toa Species/ frequency NOAEL Less serious 
figure (strain) (specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Reference 



52 Rat 103 wk Resp 1000 NTP 1990 
(Fischer- 5 d/wk 
344) 1 x/d 

(GO) Cardio 1000 
Gastro 1000 
Hepatic 1000 
Renal 

Endocr 1000 
Derm 1000 
Bd Wt 500 M 

53 Mouse 78 wk Resp 
(B6C3F1) 5 d/wk 

1 x/d Cardio 
(GO) Gastro 

M usc/s kel 
Hepatic 
Renal 

Endocr 
Derm 

Ocular 
Bd Wt 

2239 M 

2239 M 
2339 M 
2239 M 
2239 M 

500 (slight to well 
marked toxic 
nephrosis, 
cytomegaly) 

1000 M (body weights 13% 
lower than controls) 

500 F (body weights 12% 
lower than controls) 

1 160 M (toxic nephrosis) 
869 F 

2239 M 
869 F (alopecia, skin 

sores) 
2239 M 
2239 M 

NCI 1976 
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2-2. Levels of Significant Exposure to Trichloroethylene - Oral (continued) 
Exposure 
duration/ LOAEL (effect) 

Serious Key toa Species/ frequency NOAEL Less serious 
figure (strain) (specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Reference 



54 Mouse 103 wk Resp 1000 NTP 1990 
(B6C3F1) 5 d/wk 

1 x/d Cardio 1000 
(GO) Gastro 1000 

Hepatic 1000 
Renal 

Cancer 

55 Rat 103 wk 
(Fischer- 5 d/wk 
344) 1 x/d 

(GO) 

56 Mouse 103 wk 
(B6C3F1) 5 d/wk 

1 x/d 

(GO) 

Endocr 1000 
Derm 1000 
Bd Wt 

1000 (slight to moderate 
toxic nephrosis, 
cytomegal y) 

1000 M (body weights 10% 
lower than controls) 

1000 M (CEL: renal tubular NTP 1990 
cell 
adenocarcinomas) 

1000 (CEL: 
hepatocellular 
carcinomas) 

NTP 1990 

a
The number corresponds to entries in Figure 2-2. Differences in levels of health effects and cancer effects between males and femalse are not indicated in Figure 2-2. Where such 

differences exist, only the levels for the most sensitive gender are presented. 

extrapolation from animals to humans, and 3 for human variability, to account for differences in metabolism, and considering pups as a sensitive subpopulation) . 

b
Used to derive an acute-duration oral Minimal Risk Level (MRL) of 0.2 mg/kg/day for trichloroethylene; 50 mg/kg/day divided by an uncertainty factor of 300 (10 for using a LOAEL, 10 for 

Bd Wt = body weight; Cardio = cardiovascular; CEL = cancer effect level; CoA = coenzyme A; d = day(s); Derm = dermal; DNA = deoxyribonucleic acid; Endocr = endocrine; F = female; 
(F) = food; Gastro = gastrointestinal; (G) = gavage (type unspecified); Gd = gestation day(s); (GO) = gavage in oil; (GW) = gavage in water; Hemato = hematological; LOAEL = 
lowest-observed -adverse -effect level; LD50 = lethal dose, 50% kill; M = male: mo = months; Musc/skel = musculoskeletal; NOAEL = no-observed -adverse -effect level; Resp = respiratory; 
(W) = drinking water; wk = week(s); x = time(s). 
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2-2. Levels of Significant Exposure to Trichloroethylene - Oral (continued) 
Exposure 
duration/ LOAEL (effect) 

Serious Key toa Species/ frequency NOAEL Less serious 
figure (strain) (specific route) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Reference 
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Histopathological changes in the lungs have not been observed in other intermediate- and chronic-duration

studies of rats or mice orally exposed to trichloroethylene (Maltoni et al. 1986; NCI 1976; NTP 1988,1990).

The maximum doses used in these studies were 3,000 mg/kg/day for an intermediate-duration study in mice

(NTP 1990), and 1,097 mg/kg/day for a chronic-duration study in rats (NCI 1976).

Cardiovascular Effects. In one case study, a woman who had accidentally consumed about 20 mL of

trichloroethylene was reported to have suffered a myocardial infarction within 2 hours of ingestion (Morreale

1976). In two other case studies, men who ingested 350 and 500 mL of trichloroethylene had ventricular

arrhythmias that persisted for up to 3 days (Dhuner et al. 1957). The arrhythmias were described as

ventricular tachycardia with extrasystoles from different ventricular foci. Cardiac arrhythmia was also

reported in a women who drank an unknown amount of trichloroethylene (Perbellini et al. 1991).

Cardiovascular effects of trichloroethylene were investigated in families from Wobum, Massachusetts, that

included at least one child with leukemia (Byers et al. 1988). Medical and laboratory tests were conducted on

25 family members. There were 14 surviving parents, all of whom complained of symptoms including

unexplained rapid heart rate at rest, palpitations, or near syncope. Eleven of these adults were given resting

and exercise tolerance electrocardiograms, 24-hour Holter monitoring tests, and echocardiograms. Of these

11, 8 had serious ventricular dysfunctions, 7 had multifocal premature ventricular beats, and 6 required

cardiac medication. None of the subjects had clinically significant coronary artery disease. No rationale was

given for the selection of the 11 adults given extensive testing. No background information on family history

of heart disease, smoking habits, or occupational history was given on any of the 25 family members. Other

details and limitations of this study are described in Section 2.2.2.8. Excesses of anemia, stroke, blood

disorders, and death from heart disease were reported in the ATSDR subregistry of persons environmentally

exposed to trichloroethylene (ATSDR 1994; Burg et al. 1995). However, the data were gathered by

questionnaire and may be limited by reporting bias.

Histopathological changes in the heart have not been observed in intermediate- and chronic-duration studies

of rats or mice orally exposed to trichloroethylene (Maltoni et al. 1986; NCI 1976; NTP 1988, 1990). The

maximum doses used in these studies were 2,000 mg/kg/day for rats and 3,000 mg/kg/day for mice

(intermediate-duration studies) (NTP 1990).
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Gastrointestinal Effects. Some of the people exposed to trichloroethylene and other chlorinated

hydrocarbons in the drinking water in Woburn, Massachusetts, complained of chronic nausea, episodic

diarrhea, and constipation (Byers et al. 1988). Although 52% of the subjects had these complaints, these

general signs could not be specifically attributed to the trichloroethylene. Study limitations are described in

Section 2.2.2.8. Self-reported gastrointestinal problems were not increased among persons in the

trichloroethylene subregistry who were exposed to trichloroethylene in their drinking water (ATSDR 1994;

Burg et al. 1995).

Gas pockets in the intestinal coating and blood in the intestines were observed in five male mice treated with

trichloroethylene in drinking water at a dose 660 mg/kg/day (Tucker et al. 1982). Similar effects were

observed in five male mice at a dose of 217 mg/kg/day, with no mice affected at a doses of 393 or

18 mg/kg/day. Unfortunately, the number of mice examined for this effect was not clearly stated. Although

this effect was not dose-related, it is an interesting observation and appears to be consistent with the human

cases of gas-filled cysts in the submucosa of the small intestine observed in persons occupationally exposed

to trichloroethylene (Nakajima et al. 1990a) (see Section 2.2.1.2).

Histopathological changes in the gastrointestinal tract have not been observed in intermediate- or chronic-

duration studies in which rats and mice were treated by gavage to trichloroethylene in corn oil (NCI 1976;

NTP 1988,1990) or olive oil (Maltoni et al. .1986). The maximum doses used in these studies were

2,000 mgLkg/day for rats and 3,000 mg/kg/day for mice (intermediate-duration) studies (NTP 1990).

Hematological Effects. No effects on blood coagulation (Perbellini et al. 1991) or routine hematology

tests (Todd 1954) were observed in persons accidently exposed to a single oral dose of trichloroethylene that

resulted in coma. The trichloroethylene subregistry, which has compiled information on 4,280 people

exposed to trichloroethylene through their drinking water, found significantly increased incidences of anemia

in selected age groups when compared with corresponding national data (ATSDR 1994; Burg et al. 1995).

The excess rates did not show a pattern with respect to age or sex. Therefore, no conclusion regarding the

association between trichloroethylene and hematological effects can be drawn from this study.
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Hematological effects were not observed in mice treated by gavage with trichloroethylene in 1% aqueous

Emulphor for 14 days at doses up to 240 mg/kg/day (Tucker et al. 1982).

Mice that received 18-793 mg/kg/day trichloroethylene in the drinking water for 6 months showed minor

hematological changes, including a 16% decrease in the red blood cell count in males exposed to 660 mg/kg,

an increase in fibrinogen levels in males, a decrease in white blood cell counts in females, and shortened

prothrombin times in females (Tucker et al. 1982). These changes were not considered toxicologically

significant because they were not dose related, and some effects were transient.

Musculoskeletal Effects. No studies were located regarding musculoskeletal effects in humans following

oral exposure to trichloroethylene.

No histopathological changes in muscle (Maltoni et al. 1986; NCI 1976; NTP 1988, 1990) or bone (NTP

1988, 1990) have been observed in intermediate- and chronic-duration studies in which rats and mice were

treated by gavage with trichloroethylene in corn oil (NCI 1976; NTP 1988, 1990) or olive oil (Maltoni et al.

1986). The maximum doses used in these studies were 2,000 mg/kg/day for rats and 3,000 mg/kg/day for

mice (intermediate durations) (NTP 1990).

Hepatic Effects. Hepatic failure was reported in the case of an accidental ingestion of trichloroethylene

that led to an acute overdose (Kleinfeld and Tabershaw 1954). In other case studies, blood analyses revealed

no hepatic injury in a man who drank several tablespoons of trichloroethylene (Todd 1954) or in women who

drank about 20 mL (Morreale 1976) or an unknown quantity (Perbellini et al. 1991). Self-reported liver

problems were not increased among persons in the trichloroethylene subregistry who were exposed to

trichloroethylene in their drinking water (ATSDR 1994; Burg et al. 1995).

Substantial toxic effects in the liver have been seen in acute studies in animals. Prout et al. (1985)

administered single doses of 10-2,000 mg/kg trichloroethylene to rats and mice. Blood level kinetics of

trichloroethylene and its metabolites revealed that trichloroethylene was metabolized more quickly in the

mouse, and thus, at high doses, the mouse was exposed to greater concentrations of trichloroethylene

metabolites than the rat. Hepatic hypertrophy and centrilobular swelling were observed in mice treated with
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three daily gavage doses of 2,400 mg/kg trichloroethylene in corn oil (Stott et al. 1982). Liver effects were

not observed in rats treated with three daily gavage doses of 1,100 mg/kg trichloroethylene in corn oil (Stott

et al. 1982). Increased relative liver weights and hepatocellular hypertrophy were observed in rats treated by

gavage with 1,500 mg/kg/day trichloroethylene in corn oil for 14 days (Berman et al. 1995). A dose-related

increase in peroxisomal β-oxidation activity was seen, beginning at 100 mg/kg/day, in mice given

trichloroethylene by gavage in corn oil for 10 days (Elcombe 1985). Significant dose-related effects on

peroxisomal β-oxidation activity were not observed in rats treated for 10 days by gavage with

trichloroethylene in corn oil at doses up to 2,000 mg/kg/day (Elcombe 1985). A second lo-day study in

which rats and mice were treated by gavage with trichloroethylene in corn oil at a dose of 1,000 mg/kg/day

has confirmed the observation that the increase in peroxisomal p-oxidation activity is much greater in mice

than rats (Goldsworthy and Popp 1987). In rats, relative liver weights and palmitoyl CoA oxidation activity

increased 122% and 180%, respectively, while in mice, relative liver weights and palmitoyl CoA oxidation

activity increased 150% and 625%, respectively. A similar dosing regimen, up to 1,000 mg/kg/day, produced

no change in hepatocyte DNA content in male and female mice, while incorporation of radiolabelled

thymidine in whole cells and DNA extracted from mature hepatocytes increased with the dose (Dees and

Travis 1993). The study authors suggest that trichloroethylene induces mitosis and DNA proliferation in

mature hepatocytes.

Several studies did show hepatotoxicity in mice that received trichloroethylene for intermediate periods by

gavage in corn oil, although the effects may be sex specific. Males exposed for 6 weeks showed a dose-

related progression of hepatic alterations with increasing doses of trichloroethylene, beginning with an

increase in the relative liver weight at 100 mg/kg/day and enlarged liver cells and decreased DNA

concentration at ≥400 mg/kg/day (Buben and O’Flaherty 1985). This progressed to an increase in the

glucose-6-phosphatase activity at 800 mg/kg/day, focal necrosis at 1,600 mg/kg/day, and an increase in

serum glutamic-pyruvic transaminase (SGPT) activity at 2,400 mg/kg/day. In another study, a dose-related

effect was seen in male mice treated with trichloroethylene for 3 weeks (Stott et al. 1982). At 250 and 500

mg/kg/day, there were slight increases in cytoplasmic eosinophilic staining indicative of changes in

hepatocyte organelles, while at 1,200 and 2,400 mg/kg/day, there was centrilobular hepatocellular swelling,

which included giant cell inflammation and mineralized cells at the highest dose. Liver effects were not

observed in rats treated by gavage with trichloroethylene in corn oil at 1,100 mg/kg/day for 3 weeks (Stott et
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al. 1982). Trichloroethylene administered to mice at 600 mg/kg/day for 4 weeks produced dose-related

hepatic inflammation and associated necrosis in males but necrosis of the liver was not observed in females

treated with doses up to 1,800 mg/kg/day (Merrick et al. 1989). Hepatic effects were not observed in rats

treated by gavage with 2,000 mg/kg/day trichloroethylene in corn oil for 13 weeks (NTP 1990).

Male mice that received trichloroethylene at 240 mg/kg/day by gavage in 10% Emulphor for 2 weeks, or that

consumed drinking water containing as much as 5 mg/mL (equivalent to a dosage of approximately

793 mg/kg/day) for 6 months, showed no treatment-related effects other than increased liver weights without

accompanying macroscopic lesions (Tucker et al. 1982). This may be indicative of differences in absorption

efficiencies of the lipophilic trichloroethylene administered in water versus oil.

In contrast to mice, male rats treated with trichloroethylene by corn oil gavage at 1,100 mg/kg/day for

3 weeks failed to exhibit histopathology in the liver, although enhanced hepatic DNA synthesis (175% of

control) was detected (Stott et al. 1982). No treatment-related nonneoplastic lesions of the liver were

described for male or female rats treated with 1,000 mg/kg/day trichloroethylene for 2 years (NTP 1988,

1990), with 1,097 mg/kg/day for 78 weeks (NCI 1976), or with 250 mg/kg/day for 52 weeks (Maltoni et al.

1986). Except for enlarged livers, liver effects were not reported in mice treated by gavage with

trichloroethylene in corn oil for 18 months at a dose of 1,978 mg/kg/day for males and 1,483 mg/kg/day for

females (Henschler et al. 1984). Hepatic effects were not reported in mice treated by gavage with

trichloroethylene in corn oil at doses up to 1,739 mg/kg/day for 78 weeks (NCI 1976) or at 1,000 mg/kg/day

for 103 weeks (NTP 1990).

Renal Effects. Acute cases of accidental trichloroethylene ingestion revealed no appreciable effects on

renal function (Morreale 1976; Perbellini et al. 1991; Todd 1954). One study is available that suggests an

association between long-term exposure to solvent-contaminated well water and increased urinary tract

infections in children (Lagakos et al. 1986a). However, there was no indication that clinical chemistry testing

of urine samples had been done; such testing might have detected changes in renal function. There was no

indication that the increased rates of infection were due to structural or functional renal anomalies. These

children were exposed to a number of solvents including trichloroethylene. In another study involving well-
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water contamination, three communities in Michigan that were exposed to trichloroethylene and other

solvents in drinking water had no increase in kidney disease (Freni and Bloomer 1988).

There was no evidence of nephrotoxicity in mice treated by gavage with trichloroethylene in corn oil at

2,400 mg/kg/day or in rats treated by gavage with 1,100 mg/kg/day for 3 days or 3 weeks (Stott et al. 1982).

A gavage dose of trichloroethylene in corn oil (1,000 mg/kg/day) administered to male rats and mice for

10 days resulted in elevated cyanide-insensitive pahnitoyl CoA oxidase levels in the kidneys, which is

indicative of peroxisomal proliferation but not of cytotoxic effects (Goldsworthy and Popp 1987). In a later

report, there was a lack of proximal tubular changes and no increase in alpha-2u-globulin in the kidneys of

male rats when 1,000 mg/kg/day trichloroethylene was similarly administered to male and female Fischer-344

rats for 10 days (Goldsworthy et al. 1988). Protein droplets and cell replication in males and females did not

differ from controls. Kidney weight and urinalyses were normal in mice administered 240 mg/kg/day by

gavage in an aqueous Elmuphor solution for 14 days (Tucker et al. 1982). Increased kidney weights, but no

histopathological changes were observed in rats treated by gavage with 1,500 but not 500 mg/kg/day

trichloroethylene in corn oil (Berman et al. 1995). Increased kidney weight and elevated urinary protein and

ketones, but no gross pathologic effects, were seen in male rats given 393 mg/kg/day and female rats given

793 mg/kg/day trichloroethylene via drinking water for 6 months (Tucker et al. 1982). Cytomegaly and

karyomegaly of the renal tubular epithelial cells were observed in high-dose rats (males: 2,000 mg/kg/day;

females: 1,000 mg/kg/day) and high-dose mice (3,000 mg/kg/day) treated by gavage with trichloroethylene

in corn oil for 13 weeks (NTP 1990). The effect was described as minimal to mild in rats and mild to

moderate in mice. Because histopathological examinations were not completed at lower doses, this study

does not identify a NOAEL for renal effects.

Daily administration of trichloroethylene in corn oil by gavage for 78 weeks to male and female Osbome-

Mendel rats (approximately 550-1,100 mg/kg/day) and B6C3F1 mice (approximately 1,200-2,300

mg/kg/day) resulted in treatment-related chronic nephropathy, characterized by degenerative changes in the

tubular epithelium (NCI 1976). In chronic (103-week) carcinogenicity studies of rats and/or mice,

nonneoplastic renal effects included toxic nephrosis (characterized as cytomegaly) at daily gavage doses of

500 and 1,000 mg/kg (NTP 1990) and cytomegaly of the renal tubular cells coupled with toxic nephropathy

(NTP 1988). The NTP (1988) study examined the effects of trichloroethylene in four strains of rats.
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Osborne-Mendel rats appeared to be the most sensitive to the renal effects of trichloroethylene. At a dose of

500 mg/kg/day, toxic nephrosis occurred in 78% of male and 60% of female Osborne-Mendel rats, 37% of

male and 45% female AC1 rats, 36% of male and 63% of female Marshall rats, and 20% of male and 17%

female August rats. Another chronic study revealed renal tubular nucleocytosis in 50% of male rats exposed

to 250 mg/kg/day trichloroethylene for 52 weeks by oil gavage (Maltoni et al. 1986). Further explanation of

these studies is in Section 2.2.2.8.

Endocrine Effects. No studies were located regarding endocrine effects in humans following oral

exposure to trichloroethylene.

Adrenal gland weights were not affected in rats treated by gavage with 1,500 mg/kg/day trichloroethylene in

corn oil for 14 days (Berman et al. 1995). Histopathological changes in endocrine glands (thyroid,

parathyroid, pancreas, adrenals, pituitary) have not been observed in rats or mice exposed by gavage to

trichloroethylene in oil for intermediate or chronic durations (Maltoni et al. 1986; NCI 1976; NIT 1988,

1990).

Dermal Effects. Some of the people in Wobum, Massachusetts, who had been chronically exposed to

trace amounts of trichloroethylene and other substances in the drinking water reported skin lesions (Byers et

al. 1988). These were maculopapular rashes that were said to occur approximately twice yearly and lasted

24 weeks. These skin conditions generally ceased l-2 years after cessation of exposure to contaminated

water. The limitations of this study are discussed in Section 2.2.2.8. A case study was published of a 63-

year-old rural South Carolina woman exposed to trichloroethylene and other chlorinated hydrocarbons in her

well water, who developed diffuse fascitis, although her husband did not (Waller et al. 1994). The level of

trichloroethylene measured in the well water was 19 mg/L. Substitution of bottled water for drinking resulted

in improved symptoms.

Alopecia, roughening of the hair coat, and sores were reported in rats and alopecia and skin sores were

reported in mice treated by gavage with trichloroethylene in corn oil for 78 weeks (NCI 1976). The rats were

treated with time-weighted average doses of 549 and 1,097 mg/kg/day, and the mice were treated with doses

of 1,169 and 2,339 mg/kg/day for males and 869 and 1,739 mg/kg/day for females. Histopathological
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changes in the skin have not been observed in rats or mice treated by gavage with trichloroethylene in oil for

intermediate or chronic durations (Maltoni et al. 1986; NTP 1988, 1990).

Ocular Effects. No studies were located regarding ocular effects in humans following oral exposure to

trichlorethylene.

Squinting and a red discharge from the eyes were reported with increasing frequency in rats treated by gavage

with trichloroethylene in corn oil at time-weighted average doses of 549 and 1,097 mg/kg/day for 78 weeks

(NCI 1976). No histopathological changes were observed in the eyes of rats or mice following chronicduration

oral treatment with trichloroethylene (Maltoni et al. 1986; NCI 1976; NTP 1988). The highest

doses used in these studies were 1,097 mg/kg/day for rats and 2,239 mg/kg/day for mice (NCI 1976).

Body Weight Effects. No effects on body weight were observed in rats or mice treated by gavage with

trichloroethylene in corn oil at a dose of 1,000 mg/kg/day for 10 days (Goldsworthy and Popp 1987). In

pregnant rats treated by gavage with trichloroethylene in corn oil, body weight gain was 45% lower than

controls in rats treated with 1,125 mg/kg/day on gestation days 6-19 (Narotsky and Kavlock 1995) and 31%

lower than controls in rats treated with 475 mg/kg/day on gestation days 6-15 (Narotsky et al. 1995).

Body weight effects were not observed in mice treated with trichloroethylene by gavage at a dose of

240 mg/kg/day for 14 days or in drinking water at a dose of 660 mg/kg/day for 6 months (Tucker et al.

1982). Body weight effects were also not observed in mice following gavage treatment at a dose of

2,400 mg/kg/day for 3 (Stott et al. 1982) or 4 weeks (Merrick et al. 1989) or a dose of 3,200 mg/kg/day for

6 weeks (Buben and O’Flaherty 1985). No effect on body weight was observed in rats treated by gavage with

a dose of 1,100 mg/kg/day for 3 weeks (Stott et al. 1982) or a dose of 1,000 mg/kg/day for 13 weeks (NTP

1990). Body weights were 24% less than controls in rats treated by gavage with trichloroethylene in corn oil

at a dose of 2,000 mg/kg/day for 13 weeks (NTP 1990).

Following chronic exposure, body weights of rats were similar to controls or up to 18% lower than controls at

doses of 500 or 1,000 mg/kg/day, respectively (NCI 1976; NTP 1988,1990). Among the different rat strains

tested (ACI, August, Marshall, Osborne-Mendel), one gender was not consistently more sensitive to the
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effects of trichloroethylene on body weight than the other gender. Body weights were not affected in rats

treated by gavage with tricbloroethylene in olive oil at 250 mg/kg/day for 52 weeks (Maltoni et al. 1986). In

mice treated by gavage with trichloroethylene in corn oil for 103 weeks, body weights of males were 10% less

than controls at a dose of 1,000 mg/kg/day, with no effect on body weights of female mice (NTP 1990). No

body weight effects were seen in mice of either sex treated by gavage with trichloroethylene in corn oil for

78 weeks at doses up to 2,339 mg/kg/day (NCI 1976).

2.2.2.3 Immunological and Lymphoreticular Effects

Immunological abnormalities were reported in 23 adults in Woburn, Massachusetts, who were exposed to

contaminated well water and who were family members of children with leukemia (Byers et al. 1988). These

immunological abnormalities, tested for 5 years after well closure, included persistent lymphocytosis,

increased numbers of T-lymphocytes, and depressed helper:suppressor T-cell ratio. Auto-antibodies,

particularly anti-nuclear antibodies, were detected in 11 of 23 adults tested. This study is limited by the

possible bias in identifying risk factors for immunological abnormalities in a small, nonpopulation-based

group identified by leukemia types. Other limitations of this study are described in Section 2.2.2.8. A study

of 356 residents of Tucson, Arizona, who were exposed to trichloroethylene (6-500 ppb) and other chemicals

in well water drawn from the Santa Cruz aquifer found increased frequencies of 10 systemic lupus

erythematosus symptoms, 5 (arthritis, Raynaud’s phenomenon, malar rash, skin lesions related to sun

exposure, seizure or convulsions) of which were statistically significant (Kilbum and Warshaw 1992).

Diffuse fascitis with eosinophilia was reported in a woman who had used well water contaminated with

trichloroethylene (14 mg/L) for 6 years (Waller et al. 1994).

The immunotoxic effects of trichloroethylene were evaluated in CD- 1 mice following sensitization to sheep

red blood cells during exposure to trichloroemylene for 14 days by gavage (at 24 or 240 mg/kg) or for 4 and

6 months in drinking water (at doses of 18-800 mg/kg) (Sanders et al. 1982). The parameters assessed

included humoral and cell-mediated immunity, lymphocyte responsiveness to mitogens, bone marrow

function, and macrophage function. A significant inhibition of cell-mediated immunity of males exposed via

gavage was noted, while the antibody-mediated immune response remained similar to vehicle-treated

controls; no females were involved in this phase of the study. In the drinking water study, observed effects
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included depression of delayed type hypersensitivity in males (67% depression at the high dose of 660

mg/kg). Antibody-mediated immunity was significantly inhibited in females only, and significant only at

400 and 700 mg/kg, in a dose-response fashion. Overall, females were seen to be more sensitive. The effects

seen were consistent with effects of other chlorinated hydrocarbons on the immune system. No effects were

seen on bone marrow or macrophage function. However, limitations of this study included the lack of a clear

dose response in most of the assays and the transient nature of some of the responses. The investigators

concluded that, although the effects observed were not remarkable, the immune system does appear to be

sensitive to the chemical. The NOAEL and LOAEL for immunological effects in mice identified in the

Sanders et al. (1982) study are recorded in Table 2-2 and plotted in Figure 2-2.

Histopathological changes in the spleen and thymus have not been observed in rats following acute-duration

oral exposure to trichloroethylene in corn oil (Berman et al. 1995) or in rats or mice exposed orally to

trichloroethylene for intermediate or chronic durations (Maltoni et al. 1986; NCI 1976; NTP 1988,1990).

2.2.2.4 Neurological Effects

There are several case studies of acute accidental ingestion of varying amounts (2 tablespoons to 16 ounces)

of trichloroethylene by humans. These people had muscle weakness, vomiting, and became unconscious or

delirious but recovered within 2 weeks (Morreale 1976; Perbellini et al. 1991; Stephens 1945; Todd 1954).

The epidemiological studies of the people exposed to trichloroethylene, as well as other chemicals, from well

water in Wobum, Massachusetts, did not reveal neurological complaints (study limitations described in

Section 2.2.2.8) (Byers et al. 1988; Lagakos et al. 1986a). Some of the people from this population did show

residual damage to the facial and trigeminal nerves, measured by a decreased blink reflex (indicating damage

to cranial nerves V and VII) 6 years post-exposure (Feldman et al. 1988). However, this study is limited by

the lack of individual exposure data. A similar limitation was inherent in a study examining neurobehavioral

(speed of sway, nonverbal non-arithmetical measure of aptitude, POMS), neurophysiological (simple visual

reaction time, body balance, eye closure, and blink), and neuropsychological (immediate recall tests from

Wechsler’s Memory Scale, pegboard test) test results in residents exposed to well water containing

trichloroethylene (6 or 500 ppb) and other chemicals in Tucson, Arizona. In this population, significant
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decreases in blink reflex, eye closure, choice reaction time, and intelligence test scores, as well as increases in

mood disorders, were noted in exposed individuals (Kilburn and Warshaw 1993). However, efforts were

made to control for individual variables such as age, sex, income, education, medical and psychological

condition, and native language. Further study of this population revealed impaired balance (Kilburn et al.

1994). Among persons in the ATSDR exposure subregistry, a statistically significant increase in impairment

of hearing was reported in children age 9 years or younger (ATSDR 1994; Burg et al. 1995). The relative

risk in this group was 2.13 with a 95% confidence interval of 1.12-4.06. The study authors caution that their

study does not identify a causal relationship between trichloroethylene and effects but does suggest areas for

further research.

In animal studies, signs of neurotoxicity and neuropathology have been observed in response to oral doses of

trichloroethylene. In acute studies, increased rearing activity was observed in rats treated by gavage with

500 mg/kg/day trichloroethylene in corn oil for 14 days (Moser et al. 1995). Effects on activity were not

observed at 150 mg/kg/day. Transient ataxia, observed shortly after dosing, was reported in pregnant rats

treated by gavage with 633 mg/kg/day trichloroethylene in corn oil on gestation days 6-15 (Narotsky et al.

1995). Ataxia was not observed at 475 mg/kg/day. Adult male rats exposed to 312 mg/L trichloroethylene

in their drinking water for 4 weeks, followed by 2 weeks of nonexposure, then 2 more weeks of exposure,

showed increased performance in the Morris Swim Test and decreased brain myelination (Isaacson et al.

1990). The rats were exposed to a dose of approximately 23.3 mg/kg/day.

Exposures of 10 weeks (5 days/week) to 2,500 mg/kg/day trichloroethylene in corn oil by gavage resulted in

altered myelin thickness in the rat mental nerve, a branch of the trigeminal nerve (Bat-ret et al. 1991). Effects

of similar exposures on the rat trigeminal nerve included decreased fiber diameter and altered fatty acid

composition in total lipid extracts, indicative of demyelination (Barret et al. 1992). Stronger effects were

seen with the trichloroethylene decomposition product dichloroacetylene.

Central nervous system effects were also observed during two chronic studies of rats and mice. In the first

study, rats exposed to 500 or 1,000 mg/kg/day trichloroethylene in corn oil by gavage for 103 weeks

exhibited sporadic and generally transient effects that included ataxia, lethargy, convulsions, and hind limb

paralysis (NTP 1988). Later in the study some rats convulsed before dosing and while they were being

weighed, suggesting that the effect was more than just an acute effect occurring directly after dosing. In a 54-
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week carcinogenicity study using exposure levels of 2,400 mg/kg/day for males and 1,800 mg/kg/day for

females, mice demonstrated central nervous system effects characterized by an initial period of excitation a

few minutes after daily treatment by gavage with trichloroethylene in corn oil, followed by a subanesthetic

state (not characterized) lasting another 15-30 minutes (Henschler et al. 1984).

The highest NOAEL values and all LOAEL values from each reliable study for neurological effects in each

species and duration category are recorded in Table 2-2 and plotted in Figure 2-2.

2.2.2.5 Reproductive Effects

Adverse reproductive effects were not noted in a human population in Massachusetts that was exposed to

trichloroethylene in drinking water (Byers et al. 1988; Lagakos et al. 1986a). In three communities in

Michigan exposed to trichloroethylene and other solvents in drinking water, there was no increase in adverse

pregnancy outcomes (Freni and Bloomer 1988).

A continuous breeding fertility study was conducted in which male and female Fischer-344 rats were fed diets

containing microencapsulated trichloroethylene that resulted in doses of approximately 0,75, 150, or

300 mg/kg/day from 7 days before mating through birth of the F2 generation (NTP 1986). There was an

increase in the relative left testis/epididymis weight in the F0, generation and a decrease in absolute left

testis/epididymis weight in the F1 generation; however, the NTP staff concluded that these results were more

likely due to generalized toxicity rather than a specific effect on the reproductive system. Furthermore, the

testis/epididymis weight changes were not accompanied by histopathological changes in these or any other

tissue examined. There was no effect on reproductive performance. A similarly designed fertility study was

conducted with CD-l mice using the same dietary concentrations of trichloroethylene (up to 750 mg/kg/day)

(NTP 1985). There were no treatment-related effects on mating, fertility, and reproductive performance in

either the F0 or F1 mice, but sperm motility was reduced by 45% in F0 males and 18% in F1 males.

No effects on female fertility were noted in rats treated by gavage with trichloroethylene in corn oil at

1,000 mg/kg/day for 2 weeks before mating through gestation and postnatal days 0-31 (Manson et al. 1984).

Maternal body weight gain was about 9% lower than controls at 1,000 mg/kg/day.
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Behavioral effects were noted when reproductive function was assessed in male Long-Evans rats that were

given trichloroethylene in corn oil by gavage for 6 weeks (Zenick et al. 1984). Copulatory behavior was

decreased at 1,000 ppm, and the study authors attributed this to the narcotic properties of trichloroethylene.

Sperm count, motility, or morphology were not affected in these rats. The time between dosing and

observation of copulatory behavior was not stated.

Histopathological changes in reproductive organs have not been observed in rats or mice treated by gavage

with trichloroethylene in corn oil for chronic durations (Maltoni et al. 1986; NCI 1976; NTP 1988,1990).

The highest doses used in these studies were time-weighted average doses of 1,097 mg/kg/day in rats,

2,239 mg/kg/day in male mice, and 1,739 mg/kg/day in female mice (NCI 1976).

The highest NOAEL values and all LOAEL values from each reliable study for reproductive effects in each

species and duration category are recorded in Table 2-2 and plotted in Figure 2-2.

2.2.2.6 Developmental Effects

There is some evidence that exposure to trichloroethylene in drinking water may cause certain types of birth

defects. However, this body of research is still far from conclusive and there is insufficient evidence to

determine whether or not there is an association between exposure to TCE and developmental effects. Two

recent studies reported an association between exposure to TCE and neural tube defects and oral clefts. A

survey of 80,938 live births and 594 fetal deaths conducted in an area of New Jersey with contaminated

public drinking water (average exposure of 55 ppb) found an association between trichloroethylene levels of

>10 ppb and oral clefts, central nervous system defects, neural tube defects, and major cardiac defects (Bove

et al. 1995). Uncertainty regarding exposure classification and small numbers of cases were the main

limitations of this study. In a study of residents exposed to drinking water contaminated with solvents

(including 267 ppb trichloroethylene) in Wobum, Massachusetts, there was a suggestion that the combination

of eye and ear anomalies and the combination of central nervous system, chromosomal, and oral cleft

anomalies in newborns were associated with contaminated water exposure (Lagakos et al. 1986a). However,

several scientists have questioned the biological relevance of the unusual groupings of these anomalies for
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purposes of statistical analysis (MacMahon 1986; Prentice 1986). The grouping of central nervous system

disorders, chromosomal disorders, and oral cleft anomalies is questionable because they are not linked in

embryological development. Other disorders that the study authors classified as congenital are not so

classified by the International Classification of Diseases (ICD). Because expected rates are generated from

statistical databases that rely on the ICD classifications, this regrouping could affect the data analyses and the

conclusions drawn from them. In addition, not enough demographic or medical background information was

provided on the subjects in this study to indicate that other potential contributing factors were being

considered. The study was performed following considerable publicity about the well contamination and the

possible health effects that could follow these exposures, thus potentially contributing to recall bias of the

participants. Further limitations of this study are described in Section 2.2.2.8.

Additional studies of the Wobum population have been completed (MDPH 1994). The final report

indicated that there was an increased prevalence in choanal atresia, a rare respiratory effect, and

hypospadias/congenital chordee. A small increase in eye defects was observed, but there was no association

between TCE exposure and heart defects. There was no statistically significant associations between

exposure concentrations and birth defects, although analyses was limited by the small number of cases

observed. Based on four cases in the Wobum population, a rate of 0.88 was observed in the exposed

population, compared to rates of 0.11 and 0.13 in the Atlanta and California comparison populations,

respectively. In a prospective study completed after well closure, the rate of choanal atresia was 0.88 (based

on 1 case) in Wobum, 0.11 in the surrounding communities, and 0.2 and 0.13 in Atlanta and California,

respectively. The study authors cautioned that their study did not rule out moderate increases in rates of the

less common adverse reproductive outcomes. For these outcomes only large increases would have been

detected.

In a Tucson, Arizona, population exposed to trichloroethylene (6-239 ppb) and other contaminants

(dichloroethylene and chromium) in the drinking water from certain wells, an association was found between

the elevated levels of trichloroethylene in drinking water and congenital heart disease in children whose

parents were exposed during the month before conception and the first trimester of pregnancy (Goldberg et

al. 1990). Among children whose mothers lived in the areas receiving TCE contaminated water during the

first trimester of pregnancy, the rate of congenital heart defects was approximately 2 l/2 times higher than

among children of mothers who were not exposed to TCE during pregnancy. Moreover, the rate of congenital
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heart defects decreased in the previously exposed area after the contaminated wells were shut off. The cases

of birth defects reported in this study were medically confirmed and all were derived from the same hospital

clinic population. The mosi: significant limitation of this report is that the exposure was ill-defined.

Exposures for individuals was not quantifiable, the areas that received TCE-contaminated water were not

clearly delineated, the first year of exposure was unknown, the amount of TCE in the water varied from year

to year though actual concentrations were measured in 1981. In addition, the population was exposed to

other substances in the water, although concentrations of TCE were highest.

Among persons in the ATSDR exposure subregistry, a statistically significant increase in impairment of

hearing was reported in children age 9 years or younger (ATSDR 1994; Burg et al. 1995). The relative risk

in this group was 2.13 with a 95% confidence interval of 1.12-4.06. Because the time of onset for hearing

loss is not available, it is not known if this effect may be a result of  in utero exposure or exposure after birth.

The study authors caution that their study does not identify a causal relationship between trichloroethylene

and effects but does suggest areas for further research.

Both Bove et al. (1995) and MDPH (1994) examined effects of trichloroethylene exposure on fetal birth

weights. Neither study saw a conclusive effect on birth weight, although birth weights did tend to be lower in

exposed infants compared to controls in the MDPH (1994) study. A small effect on birth weight in male

infants was noted in preliminary findings in an interim report on adverse birth outcomes for a population

(n=31) living at Camp LeJeune, North Carolina (ATSDR 1997). The women were exposed some time during

gestation. The study authors cautioned that the small group size weakens the causal association. Further

analyses are ongoing.

A study of three Michigan communities exposed to chlorinated solvents including trichloroethylene (up to

14,890 ppb) in contaminated drinking water found no increase in congenital defects (Freni and Bloomer

1988). The size of the cohort, however, was smaller than that of other studies, making statistically significant

associations more difficult to identify.

Studies in animals indicate that trichloroethylene can act as a developmental toxicant, especially at doses also

resulting in maternal toxicity. Significant decreases in litter size have been reported in rats treated by gavage
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with 1,125 mg/kg/day trichloroethylene in corn oil on gestation days 6-19 in Fischer-344 rats (Narotsky and

Kavlock 1995) or gestation days 6-15 in Sprague-Dawley rats (Narotsky et al. 1995). The deaths appeared

to have occurred early in the dosing period. Maternal effects noted at 1,125 mg/kg/day included decreased

body weight gain, transient ataxia, and decreased motor activity (Narotsky and Kavlock 1995; Narotsky et al.

1995). A dose-related increase in micro- or anophthalmia that was statistically significant at

1,125 mg/kg/day was also observed (Narotsky et al. 1995). Eye defects were observed in l%, 5.3%, 9.2%,

11.7%, and 30% of pups from dams treated at 0, 475, 633, 844, and 1,125 mg/kg/day, respectively (Narotsky

et al. 1995). In a study in mice that did not use maternally toxic doses, no developmental effects were

observed in the offspring of B6C3F1mice treated by gavage with 240 mg/kg/day trichloroethylene in corn oil

on gestation days l-5, 6-10, or 1-15 (Cosby and Dukelow 1992).

In a continuous breeding study in which trichloroethylene in microcapsules was added to the diet, there was a

61% perinatal mortality rate in F1offspring of CD-l mice exposed to 750 mg/kg/day from conception

through weaning (NIT 1986). Decreased maternal body weight gain and reduced fetal body weights were

also observed, but there were no skeletal or visceral anomalies. Fischer-344 rats similarly exposed to

300 mg/kg/day exhibited maternal toxicity manifested as decreased body weight, increased liver and kidney

weights, and a slight reduction in litter size with no anomalies (NTP 1986).

In rats, 1,000 mg/kg/day trichloroethylene by gavage in corn oil increased several indicators of maternal

toxicity and caused significant fetal mortality and decreased fetal body weight, but no significant teratogenic

effects (Manson et al. 1984). Dawson et al. (1993) exposed groups of 9-39 female rats to trichloroethylene

in drinking water (1.5 or 1,100 ppm) either before pregnancy (for 3 months prior to mating), before and

during pregnancy (2 months prior plus 21 days into gestation), or during pregnancy only (21-day gestation).

Maternal toxicity was not observed in any of the exposure groups. Fetal heart defects were not observed in

fetuses from dams exposed only before pregnancy. Abnormal fetal heart development was observed at both

concentrations in dams exposed before and during pregnancy (3% in controls; 8.2% at 0.18 mg/kg/day; 9.2%

at 132 mg/kg/day). This was based on examination of 2,037 hearts from litters of l-20 live fetuses (Johnson

1996). In dams exposed only during pregnancy, fetal heart defects were observed only at the higher dose

(10.4% versus 3% in controls). While it is not known whether these effects were caused by trichloroethylene

or its metabolites, the results provide qualitative support for human epidemiological studies that have found



TRICHLOROETHYLENE 88

2. HEALTH EFFECTS

higher incidences of congenital heart defects in children born to mothers exposed during pregnancy to

trichloroethylene and dichloroethylene in drinking water (Goldberg et al. 1990). The study is limited in that

only two widely spaced exposure concentrations were used and that a significant dose-response was not

observed for several exposure scenarios.

Developmental neurotoxicity has been studied in very young animals exposed to trichloroethylene. Postnatal

exposure of male mice to 50 or 290 mg/kg/day trichloroethylene between the ages of 10 and 16 days resulted

in a significant reduction in rearing (raising front legs, resting on haunches) rate at both doses when they were

tested at age 60 days (Fredriksson et al. 1993). This study suggests that trichloroethylene affects brain

maturation. Based on the 50-mg/kg/day LOAEL identified in the Fredriksson et al. (1993) study, an acute-

duration oral MRL, of 0.2 mg/kg/day was calculated as described in the footnote in Table 2-2.

Open-field activity, a parameter in which hippocampal involvement has been implicated, was evaluated in 21-

and 45-day-old F1 rats that had been continuously exposed to trichloroethylene, in  utero and throughout

lactation via maternal dietary exposure (microcapsules), at doses ranging from approximately 75 to

300 mg/kg/day (NTP 1986). There was a significant dose-related trend toward an increase in the time

required for grid traversal in the 21-day-old pups, but effects on other measures of open-field locomotor

activity or miscellaneous behavior were not observed. Evaluation at 45 days was unremarkable, suggesting

that trichloroethylene had a transient effect. Therefore, the 300-mg/kg/day dose is considered a NOAEL for

this study. However, another series of studies has been completed in which female rats were exposed to

trichloroethylene in drinking water for 14 days before mating, throughout gestation to weaning.

Morphological (Isaacson and Taylor 1989), and functional neurological (Noland-Gerbec et al. 1986; Taylor

et al. 1985) effects were assessed in the offspring. A 40% decrease in the number of myelinated fibers was

observed in 21 -day-old offspring of rats provided with 312 mg/L trichloroethylene (about 37 mg/kg/day)

(Isaacson and Taylor 1989). The magnitude of the effect was similar at the higher concentration (625 mg/L,

75 mg/kg/day). A decrease in myelinated fibers is considered a serious LOAEL. Glucose uptake by the

brains was reduced in 21-day-old offspring of rats provided with 312 mg/L trichloroethylene (about

37 mg/kg/day) (Noland-Gerbec et al. 1986). Activity measurements completed in 60-day-old rats showed

increases in the offspring of rats provided with 312 mg/L trichloroethylene (about 37 mg/kg/day) (Taylor et

al. 1985).
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The highest NOAEL values and all LOAEL values from each reliable study for developmental effects in each

species and duration category are recorded in Table 2-2 and plotted in Figure 2-2.

2.2.2.7 Genotoxic Effects

No studies were located regarding genotoxic effects in humans after oral exposure to trichloroethylene.

The data regarding the genotoxicity of trichloroethylene in animals are conflicting with both positive and

negative results reported. One study reported that both male B6C3F1 mice and Sprague-Dawley rats

exhibited hepatic cell DNA damage in the form of single-strand breaks after oral exposure to

trichloroethylene (Nelson and Bull 1988). The mice were much more sensitive to trichloroethylene than the

rats; a single dose of 1.5 g/kg produced breaks in mouse DNA, compared to 3 g/kg in rats. Other groups of

rats were pretreated with small doses of trichloroethylene, phenobarbital, and ethanol (inducers of

metabolism) to determine the importance of trichloroethylene metabolism in the production of single-strand

breaks. Both phenobarbital and trichloroethylene pretreatments significantly increased single-strand breaks

by trichloroethylene; ethanol did not. This suggests not only that trichloroetbylene metabolites are important,

but also that phenobarbital, not ethanol, can induce metabolic pathways involving the formation of the active

metabolites of trichloroethylene. Treating the rodents with trichloroethylene metabolites (TCA, DCA, and

chloral hydrate) produced strand breaks at lower doses than trichloroethylene. This implies that one or more

of these metabolites is involved in strand breakage (Nelson and Bull 1988). An increase in strand breaks may

reflect an effect on the DNA repair process rather than an increase in break formation.

Other investigations using unscheduled DNA synthesis (UDS) assays reported that single gavage doses of

trichloroethylene apparently caused no liver cell DNA damage in CD-1 mice (Doolittle et al. 1987), B6C3F1

mice, or Fischer-344 rats (Mirsalis et al. 1989). Single doses of up to 1,000 mg/kg trichloroethylene did, on

the other hand, cause an increase in the rate of DNA replication in both the CD-l mouse (Doohttle et al.

1987) and the B6C3F1 mouse, but not in the Fischer-344 rat (Mirsalis et al. 1989). Increased DNA synthesis

in hepatocytes and renal cells was observed in male but not female B6C3F1 mice treated by gavage with

500 mg/kg/day trichloroethylene in corn oil for 7 days (Klaunig et al. 1991). In Fischer 344 rats treated by

gavage with 500 mg/kg/day trichloroethylene in corn oil for up to 14 days, no effect on hepatocyte DNA
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synthesis was observed, but renal DNA synthesis was increased in male but not female rats (Klaunig et al.

1991). Trichloroacetaldehyde (chloral), a major metabolite of trichloroethylene in humans and rodents, was

tested for its ability to form hepatocyte DNA-protein cross-links  in vivo in the B6C3F1 mouse following oral

doses of trichloroethylene. The results were negative (Keller and Heck 1988).

There is evidence that commercially available trichloroethylene may be weakly mutagenic to bacteria after

metabolic activation (EPA 1985c), although the data are not conclusive. Concerning the mutagenicity of

commercial trichloroethylene, it is probable that the responses were due to the presence of epoxide stabilizers,

which are direct-acting mutagens. Data for purified samples were not conclusive, however, and a weak

mutagenic effect was noted at high doses. Therefore, mutagenic potential for purified trichloroethylene

cannot be disregarded; the data suggest that it could be a very weak indirect mutagen.

Other genotoxicity studies are discussed in Section 2.5.

2.2.2.8 Cancer

The link between oral exposure to trichloroethylene and the incidence of cancer in humans is controversial.

Support for an association comes from a New Jersey study in which cancer registry data were correlated to

data on drinking water contaminated with trichloroethylene (and other volatile organic hydrocarbon)

(Fagliano et al. 1990). In this study, the standardized incidence ratio for leukemia was increased for females

in towns with the highest exposure category (estimated volatile organic hydrocarbon levels ranged from 37 to

72 ppb). Shortcomings of this type of study include the lack of information on individual exposure levels,

variations in the routes of exposure, and the presence of other volatile organic compounds. A subsequent

study expanded the cohort size to about 1.5 million residents in 75 towns monitored between 1979 and 1987,

and the results included a significant elevation of total leukemias, childhood leukemias, acute lymphatic

leukemias, and non-Hodgkin’s lymphoma in.groups of females exposed to >5.0 ppb trichloroethylene (Cohn

et al. 1994). Diffuse large cell/reticulosarcoma non-Hodgkin’s lymphoma was significantly elevated in males

as well. In contrast, a survey of total cancer, liver cancer, non-Hodgkin’s lymphoma, Hodgkin’s disease,

multiple myeloma, and leukemia incidences from 1953 to 1991 in two Finnish villages with drinking water
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contaminated with up to 220 ppb trichloroethylene and/or up to 180 ppb tetrachloroethylene found no

significant increase in standardized incidence ratios for these diseases (Vartiainen et al. 1993).

Two investigations involving the review of mortality statistics for 1969-1979 concluded that there was a

significantly elevated rate of childhood leukemia in Wobum, Massachusetts (Kotelchuck and Parker 1979;

Parker and Rosen 1981). Two of the eight municipal wells servicing Woburn were known to be contaminated

with trichloroethylene and several other chlorinated organic compounds, but etiologic factors for the leukemia

were not identified in these studies. Two controversial studies found potential associations between ingestion

of drinking water contaminated with solvents and increased risk of childhood leukemia, particularly acute

lymphocytic leukemia (Byers et al. 1988; Lagakos et al. 1986a). Not all of the leukemia cases could be

explained by the contaminated wells because several cases occurred in children with no access to these wells.

The studies performed at the Woburn site have several limitations (MacMahon 1986; Prentice 1986; Rogan

1986; Swan and Robins 1986; Whittemore 1986), including the presence of other contaminants and small

sample size. One important difficulty is the poorly defined exposure conditions. The extent and duration of

the contamination in the wells of concern are not known. Geophysical modeling has suggested that the

contamination had probably been present earlier than the initial measurements that had identified the

problem. This possibility makes the analyses of period-specific rates of effects incomplete since no time can

be specified for the initiation of exposures. Two approaches were used in classifying exposures in the study

by Lagakos et al. (1986a). The use of a continuous measurement based on estimates of the use and

distribution of water from the contaminated wells actually showed less significance than the cruder

measurement which grouped exposure into four categories. In addition, no attempt was made to account for

water consumed from other sources, such as schools or workplaces. The contamination of the two wells at

Woburn involved more than one measurable contaminant; thus, the adverse effects reported may not be

attributable to trichloroethylene exposure alone.

A more recent study at Woburn was conducted by the Massachusetts Department of Health. Investigators

found that the risk of leukemia in the group exposed to TCE in utero was about 8 times higher than that

found in the unexposed group (MDPH 1996). It was concluded that these results were consistently in the

direction of an association and support the hypothesis that childhood leukemia in this population may be
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related to the mother’s exposure to contaminated drinking water during pregnancy. Findings in this study are

limited by the small numbers of cases and the limited information on exposures.

A study of three Michigan communities in which people were exposed to chlorinated solvents including

trichloroethylene in drinking water showed no significant increases in cancers among the exposed population,

including leukemia (Freni and Bloomer 1988). However, the cohort size in this study was only 223.

A health survey of 4,280 people exposed to trichloroethylene and other contaminants through drinking water

in three states (Illinois, Indiana, and Michigan) has been completed (ATSDR 1994). An increase in

respiratory tract cancers was observed in males. The study authors concluded that based on the incidence of

smoking in the population “it would be inappropriate to relate this excess solely to trichloroethylene

exposure.”

Various types of cancers have been found in animals after trichloroethylene exposure by the oral route. There

are problems, however, in interpreting the animal studies. Contamination of trichloroethylene with other

potential carcinogens is one difficulty. For example, epoxides are often used to stabilize trichloroethylene,

which degrades rapidly when exposed to light. Some epoxides are known to form reactive radicals which

may be tumor initiators themselves. In one study, B6C3F1 mice exposed by oil gavage to industrial grade

trichloroethylene (in corn oil) containing small amounts of stabilizers such as epichlorohydrin and other

epoxides had significant increases in hepatocellular carcinomas in male and female mice at the low- and high-

dose levels (NCI 1976). ICR/Ha Swiss mice treated by gavage with trichloroethylene-containing epoxide

stabilizers had increases in forestomach tumors, which were not observed in the group receiving trichloro-

ethylene without stabilizers (Henschler et al. 1984). The forestomach tumors were believed to be induced by

the direct alkylating epoxides. Liver and lung tumors were not observed in significant numbers.

Another difficulty with some of the chronic carcinogenicity studies in animals is the poor survival rate of the

rodents. No compound-related carcinogenic effects were seen in rats exposed by gavage to trichloroethylene

with stabilizers in corn oil (NCI 1976), but the high mortality in all groups of rats (due to toxicity)

significantly detracted from the reliability of the conclusions in this study. Survival rate also affected the

evaluation of a carcinogenic response in Fischer-344 rats (NTP 1990). In this study, using epoxide-free
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trichloroethylene, toxic nephrosis significantly reduced survival. A small but statistically significant increase

in renal tubular cell adenocarcinomas occurred in the male rats, but there was no treatment-related increase of

tumors in the female rats. The findings were judged to be equivocal by the investigators. When male and

female Sprague-Dawley rats were dosed by gavage with epoxide-free trichloroethylene in olive oil, there was

an increase in leukemia in males but not in females (Maltoni et al. 1986). However, this study has numerous

limitations because of unusual reporting methods, such as failure to indicate the number of surviving animals

and the absence of Good Laboratory Practices. In a study of four strains of rats, increases were found in renal

tubular cell adenomas in the low-dose male Osborne-Mendel rats and in interstitial cell tumors of the testis in

the high-dose Marshall rats (NTP 1988). In addition, male and female ACI and August rats showed a slight

(not statistically significant) increase in proliferative tubular cell lesions. However, this study was also

considered to be inadequate for evaluating carcinogenicity by the NTP Peer Review Panel because of low

survival rate and conduct flaws.

In contrast to rats, B6C3F1 mice developed hepatocellular carcinomas and hepatocellular adenomas following

exposure to epoxide-free trichloroethylene (NTP 1990). The view of trichloroethylene as a hepatic

carcinogen in mice but not rats was rienforced by a study in which rats were given trichloroethylene

at 500 mg/kg/day by oil gavage for up to 14 days, then assayed for site-specific cell proliferation in various

organs (Klaunig et al. 1991). Thymidine labelling of isolated hepatocytes showed increased DNA synthesis

in exposed mice but not exposed rats, while renal DNA synthesis was unchanged in both species.

Cancer effect levels (CELs) from all reliable studies are recorded in Table 2-2 and plotted in Figure 2-2.

2.2.3 Dermal Exposure

2.2.3.1 Death

No studies were located regarding death of humans after dermal exposure to trichloroethylene.

One group of investigators reported that the dermal LD50 for trichloroethylene in rabbits is more than 29 g/kg

but did not report any other details (Smyth et al. 1969). No other dermal lethality dam were available.
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2.2.3.2 Systemic Effects

No studies were located regarding respiratory, cardiovascular, gastrointestinal, hematological,

musculoskeletal, renal, or ocular effects in humans or animals after dermal exposure to trichloroethylene.

Hepatic Effects. Jaundice and abnormal liver function tests including increases in serum transaminase

levels have been riduals occupationally exposed to trichloth dermal and(Bauer and Rabens 1974; Phoon et al.

1984).

No studies were located regarding hepatic effects in animals after dermal exposure to trichloroethylene.

Dermal Effects. Because of the high volatility of trichloroethylene, human occupational exposure by

dermal routes usually incudes some unspecified amount of inhalation exposure. Severe exfoliative dermatitis

was reported in a man exposed to unspecified levels of 90-98% pure trichloroethylene for 3 hours in an

unventilated room (Nakayama et al. 1988). A patch test using both trichloroethylene and trichloroethanol, a

metabolite, yielded positive results for this man and negative results for 10 control subjects. This suggests

that the patient had an allergic reaction to trichloroethylene. Skin irritations, bums, and rashes, such as

generalized dermatitis, have resulted from occupational exposure to trichloroethylene (Bauer and Rabens

1974; Conde-Salazar et al. 1983; Phoon et al. 1984; Waller et al. 1994). The dermal effects are usually the

consequence of direct skin contact with concentrated solutions, which results in desiccation due to the

defatting action of the solvent. It is also possible that adverse dermatological conditions may also be

mediated by immunological responses in some persons.

A study using skin samples from healthy humans revealed that trichloroethylene extracts lipids from the

stratum comeum (Goldsmith et al. 1988). The study indicates that lipid extraction is the reason for whitened

skin following exposure to solvents such as trichloroethylene.
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Only one animal study was located. In this investigation, guinea pigs exhibited considerable erythema,

edema, and increased epidermal thickness following an uncovered dermal exposure to undiluted

trichloroethylene three times a day for 3 days (Anderson et al. 1986).

2.2.3.3 Immunological and Lymphoreticular Effects

As discussed under dermal effects, people can develop hypersensitivity to trichloroethylene. The effects

observed in hypersensitive individuals include skin effects (Conde-Salazar et al. 1983; Nakayama et al. 1988;

Phoon et al. 1984; Waller et al. 1994) and liver effects (Phoon et al. 1984). Dermal sensitivity was confirmed

with patch testing in only two cases (Conde-Salazar et al. 1983; Nakayama et al. 1988). The woman

described by Conde-Salazaer et al. (1983) reacted positively to both vapor exposure and a dermal application

of 5% trichloroethylene in olive oil.

No studies were located regarding immunological or lymphoreticular effects in animals following dermal

exposure to trichloroethylene.

2.2.3.4 Neurological Effects

In studies designed to examine dermal absorption of trichloroethylene, emersion of the hand (Sato and

Nakajima 1978) or thumb (Stewart and Dodd 1964) for 30 minutes was reported to be painful. The pain was

described as excruciating in one study (Sato and Nakajima 1978), and in another study it was described as

mild by one subject and moderately severe by two subjects (Stewart and Dodd 1964). Occupational exposure

to trichloroethylene that involved both dermal and inhalation exposure has been reported to result in

dizziness, headache, insomnia, lethargy, forgetfulness, and loss of feeling in the hands and feet (Bauer and

Rabens 1974; Kohhnuller and Kochen 1994).

No studies were located regarding neurological effects in animals following dermal exposure to

trichloroethylene.

No studies were located regarding the following health effects in humans or animals after dermal exposure to

trichloroethylene:
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2.2.3.5 Reproductive Effects

2.2.3.6 Developmental Effects

2.2.3.7 Genotoxic Effects

Genotoxicity studies are discussed in Section 2.5.

2.2.3.8 Cancer

The combined incidence of stomach, liver, prostate, and lymphohematopoeitic cancers was increased among

2,050 male and 1,924 female Finnish workers occupationally exposed primarily to trichloroethylene (Antilla

et al. 1995). The workers were exposed principally through inhalation, although there was some dermal

contact. The statistical power of this study was low.

Experiments were conducted in which purified trichloroethylene (1 mg in acetone) was applied to the

shaved backs of female ICR/Ha Swiss mice (Van Duuren et al. 1979). In an initiation-promotion study, a

single application of trichloroethylene was followed by repeated application of phorbol myristate acetate

(PMA) promoter. In a second study, mice were treated with trichloroethylene three times per week without a

promoter. No significant tumor incidences were observed in these studies. Doses used in these studies were

well below the maximum tolerated dose, which is often not reached in dermal studies.



TRICHLOROETHYLENE 97

2. HEALTH EFFECTS

2.3 TOXICOKINETICS

Inhalation, oral, and dermal studies in animals and humans indicate that trichloroethylene is rapidly absorbed

into the bloodstream, regardless of the route, where it is then widely distributed to its target organs, which

include the liver, kidneys, and cardiovascular and nervous systems. Metabolism occurs fairly rapidly, and it

may be that the resulting metabolites are responsible for much of the toxic effect of trichloroethylene.

Metabolic products are excreted primarily in the urine, and unabsorbed or unmetabolized trichloroethylene is

exhaled in the breath. Physiologically based pharmacokinetic (PBPK) modeling has been done for both

animal and human systems (see Section 2.3.5), and predictions about target organ toxicity have been

accurate. However, physiological and metabolic differences between humans and other animals generally

complicate extrapolation of effects from one species to another (see Section 2.4.3).

2.3.1 Absorption

2.3.1 .1 Inhalation Exposure

Absorption of trichloroethylene in humans is very rapid upon inhalation exposure. Trichloroethylene has a

blood/gas partition coefficient that is comparable to some other anesthetic gases (i.e., chloroform,

diethylether, and methoxyfluorene), but it is much more lipophilic than these gases. As a consequence of

these properties, the initial rate of uptake of inhaled trichloroethylene in humans is quite high, with the rate

leveling off after a few hours of exposure (Pernandez et al. 1977). The absorbed dose is proportional to the

inhaled trichloroethylene concentration, duration of exposure, and alveolar ventilation rate at a given inhaled

air concentration (Astrand and Ovrum 1976). Several studies indicate that 37-64% of inhaled

trichloroethylene is taken up from the lungs (Astrand and Ovrum 1976; Bartonicek 1962; Monster et al.

1976).

Absorption kinetics of trichloroethylene are often monitored by measuring levels in the blood during and after

exposure. Volunteers who inhaled 100 ppm for 6 hours showed a peak blood trichloroethylene level of

approximately 1 µg /L after 2 hours (Mtiller et al. 1974). These levels fell rapidly when exposure ceased.

Trichloroethylene levels in blood and breath increased rapidly in another study after initiation of a 4-hour

exposure to 100 ppm, reaching near steady-state within an hour from the start of the exposure (Sato and



TRICHLOROETHYLENE 98

2. HEALTH EFFECTS

Nakajima 1978). Three men accidentally exposed to trichloroethylene vapors (unspecified levels) for less

than 30 minutes were hospitalized with acute symptoms and had venous blood levels ranging from 380 to

700 µg /L 4.5 hours after exposure (Kostrzewski et al. 1993).

When rats were exposed by inhalation to 50 or 500 ppm trichloroethylene for 2 hours, trichloroethylene was

readily absorbed from the lungs into the circulation (Dallas et al. 1991). Uptake exceeded 90% during the

first 5 minutes in both exposure groups but decreased rapidly over the next 30 minutes to relatively constant

(near steady-state) levels of 69% and 71% for the 50- and 500-ppm groups, respectively. The total

cumulative uptakes were 8.4 mg/kg in the 50-ppm group and 73.3 mgkg in the 500-ppm group. Percentage

systemic uptake of trichloroethylene was time dependent but not concentration dependent. Levels of

trichloroethylene in exhaled breath reached near steady-state soon after the beginning of exposure and were

then directly proportional to the inhaled concentrations. Other inhalation studies with rats exposed to as

much as 8,000 ppm seemed to follow mixed uptake kinetics, with an initial slow first-order process followed

by a saturable uptake process (Andersen et al. 1980). The kinetic constant, Km was estimated as 463 ppm

and maximum velocity, Vmax was estimated as 146 ppm/kg/hour (24.3 mg/kg/hour).

2.3.1.2 Oral Exposure

Although no actual rates of absorption have been measured in humans, cases of poisoning following ingestion

indicate that absorption of trichloroethylene across the gastrointestinal mucosa is extensive (DeFalque 1961;

Kleinfeld and Tabershaw 1954; Stephens 1945). In one case, a woman hospitalized in a coma after drinking

an unknown amount of trichloroethylene had a measured blood level of 4,500 mg/L 18 hours after ingestion,

and the half-life for clearance was found to be 20 hours (Perbellini et al. 1991). Trichloroethylene would be

expected to be readily absorbed across the gastrointestinal mucosal barrier in humans because it is a small,

nonpolar, and highly lipophilic compound.

Oral absorption of trichloroethylene in animals is rapid but can be influenced by fasting and the dosing

vehicle. Trichloroethylene doses of 5, 10, and 25 mgkg in 50% aqueous polyethylene glycol400 were

administered to nonfasted rats, and a 10-mg/kg dose was administered to rats that were fasted for 8-10 hours

(D’Souza et al. 1985). Trichloroethylene was rapidly and completely absorbed in the fasted rats, with peak
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blood concentrations seen 6-10 minutes after dosing. In nonfasted animals, peak blood trichloroethylene

concentrations occurred at the same time, but peak blood levels were from two to three times lower than those

observed in fasted animals. Absorption of the compound from the gastrointestinal tract was also extended to

periods of ≤9 hours after dosing of nonfasted animals. Furthermore, systemic absorption of trichloroethylene

is about three times slower when administered in corn oil than when administered in water because corn oil

acts as a reservoir for lipophilic chemicals such as trichloroethylene in the gut (Withey et al. 1983).

Nonetheless, absorption levels of up to 90% have been observed in rats dosed by this method (Prout et al.

1985).

Absorption kinetic studies on fasted rats dosed by lipid-emulsion gavage revealed rapid appearance of

trichloroethylene in the blood (typically peaking at 15 minutes post-exposure) followed by rapid

disappearance (Templin et al. 1993). Rats similarly dosed with radiolabelled trichloroethylene showed rapid

serum albumin adduction which peaked at 4-8 hours, then decayed with a half-life consistent with that of

albumin itself (Stevens et al. 1992). However, some of the detected radioactivity may have been due to

trichloroethylene metabolites rather than the parent compound.

2.3.1.3 Dermal Exposure

Rapid dermal absorption of trichloroethylene is evident from a study in which peak blood and exhaled air

concentrations occurred within 5 minutes after a human subject immersed one hand in a solution of

unspecified trichloroethylene concentration for 30 minutes (Sato and Nakajima 1978). Studies on dermal

absorption of trichloroethylene in humans, as well as animals, are complicated by the fact that exposure in

these studies is usually by direct contact of the skin with the undiluted chemical. Trichloroethylene is a

lipophilic solvent that defats the skin and disrupts the stratum comeum, thereby enhancing its own

absorption. Thus, the rate of absorption probably increases in a nonlinear fashion with greater epidermal

disruption. Although the extent of absorption through the skin may be relatively modest withnormal

industrial use (Sato and Nakajima 1978; Stewart and Dodd 1964), there is insufficient information to

evaluate the effects of chronic, low-level exposure in humans, especially when multiple routes may be

involved.
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Significant amounts of trichloroethylene can be absorbed through the skin of animals. The percutaneous

trichloroethylene absorption rate in mice was reported to be 7.82  µg/minute/cm2 when 0.5 mL of pure

trichloroethylene was applied to clipped abdominal skin for 15 minutes (Tsuruta 1978). However, this may

be lower than the actual rate since all metabolites resulting from the biotransformation of trichloroethylene

were not determined. In guinea pigs, the blood concentration of trichloroethylene (reflecting absorption rate)

increased rapidly, peaking at 0.5 hours (0.8 µg/rnL blood), and then decreased despite continuing dermal

exposure for 6 hours (0.46 µg /mL blood) (Jakobson et al. 1982). This pattern is characteristic of

hydrocarbon solvents with relatively high lipid solubility and low water solubility (≤ 100 mg/100 µL).

Percutaneous absorption was measured in female hairless guinea pigs exposed to dilute aqueous

concentrations of trichloroethylene ranging from ≈ 0.020 to 0.110 ppm and also to a higher concentration of

100 ppm aqueous trichloroethylene (Bogen et al. 1992). The guinea pigs were exposed over a majority of

their surface area for 70 minutes. The mean permeability coefficients obtained using low (0.23 mL/cm2/hour)

versus high (0.21 mL/cm2/hour) concentrations of trichloroethylene were not significantly different, which

indicates that dermal uptake of trichloroethylene in water is linear over the concentrations studied. The

guinea pig may provide a reasonable model for assessing human percutaneous absorption of

trichloroethylene. If the mean permeability constants obtained in the Bogen et al. (1992) study were applied

to a 70-kg human with 18,000 cm2 of dermal surface area 80% immersed during a 20 minute bath, the

estimated dermal uptake is equal to the amount of trichloroethylene present in 1 liter of the water used for

bathing. Thus, dermal absorption may be a significant route of human exposure to trichloroethylene from

water-related sources.

Sex differences in uptake and metabolism of trichloroethylene have been seen in both humans and animals

(see Section 2.8). Studies with male and female rats given various levels of testosterone have implicated this

hormone in determining the degree of dermal penetration of trichloroethylene (McCormick and Abdel-

Rahman 1991). The mechanism behind this effect is still unclear.
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2.3.2 Distribution

2.3.2.1 Inhalation Exposure

Several studies of tissue distribution in humans after inhalation exposure to trichloroethylene report levels in

the blood (Astrand and Ovrum 1976; Monster et al. 1976; Mtiller et al. 1974). Once in the bloodstream,

trichloroethylene may be transported rapidly to various tissues where it will likely be metabolized.

Trichloroethylene was detected in the blood of babies at birth after the mothers had received trichloroethylene

anesthesia (Laham 1970), and detectable levels (concentrations not reported) have been found in the breast

milk of mothers living in urban areas (Pellizzari et al. 1982). Post-mortem analyses of human tissue from

persons with unspecified exposure revealed detectable levels of trichloroethylene (< l-32 µg/kg wet tissue) in

most organs (McConnell et al. 1975). The relative proportions varied among individuals, but the major sites

of distribution appeared to be body fat and the liver.

In mice, the compound is cleared from the blood within 1 hour of a 100-mg/kg gavage dose (Templin et al.

1993), although binding to proteins such as hemoglobin or albumin may increase the circulation time of

trichloroethylene and its metabolites (Stevens et al. 1992). Blain et al. (1992) suggest that such binding of

trichloroethanol may allow distant structures like the visual cortex to be exposed, resulting in the changes in

visual evoked potentials that they observed in rabbits inhaling trichloroethylene. Limited data also suggest

that trichloroethylene can accumulate in fat following inhalation exposure in animals. There were relatively

high levels of trichloroethylene in the perirenal fat (0.23 nmol/g) and the blood (0.35 nmol/g) of rats 17 hours

after a 6-hour/day, 4-day exposure to 200 ppm, but virtually no trichloroethylene was found in the other

tissues examined (Savolainen et al. 1977).

Placental transfer of trichloroethylene occurs in animals. Trichloroethylene inhaled by pregnant sheep and

goats, at levels used to induce analgesia and anesthesia, is rapidly distributed into the fetal circulation, with

peak levels occurring approximately 40-50 minutes after maternal exposure (Helliwell and Hutton 1950).

The concentration of trichloroethylene in umbilical vein blood was comparable to that found in the maternal

carotid artery.
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2.3.2.2 Oral Exposure

The distribution of trichloroethylene in humans after oral exposure is poorly characterized. Case studies of

oral exposure have found measurable levels in the blood (Perbellini et al. 1991).

Limited data on tissue distribution following oral exposure in animals suggest that trichloroethylene is

metabolized in the liver. Trichloroethylene that bypasses the liver is taken up by other tissues and

sequestered in fat (Pfaffenberger et al. 1980). Rats were dosed by gavage with 1 or 10 mg/day

trichloroethylene for 25 days, and blood serum and adipose tissue levels were determined at nine intervals

during the exposure period and twice after cessation of dosing. Blood serum trichloroethylene levels were not

detectable (i.e., <l µg /L serum) during the dosing period. Adipose tissue levels during the 25day exposure

averaged 280 and 20,000 ng/g trichloroethylene for the l- and 10-mg/day doses, respectively. The average

adipose trichloroethylene level was 1 ng/g for both exposure concentrations 3-6 days after the end of

exposure.

2.3.2.3 Dermal Exposure

Following dermal exposure, trichloroethylene has been detected in blood and expired breath in human studies

(Sato and Nakajima 1978). Studies of distribution among other tissues after dermal exposure in humans and

animals were not located in the available literature.

2.3.3 Metabolism

Inhaled doses of trichloroethylene are metabolized extensively in humans. The percentage of the dose

metabolized has been reported to be between 40% and 75% of the retained dose (Bartonicek 1962; Ertle et al.

1972; Femandez et al. 1977; Kimmerle and Eben 1973a, 1973b; Monster et al. 1976, 1979; Mtiller et al.

1972, 1974, 1975; Nomiyama and Nomiyama 1971, 1974a, 1974b, 1977; Ogata et al. 1971; Sato et al.

1977; Soucek and Vlachova 1960; Vesterberg and Astrand 1976). None of these studies provided evidence

of saturation of trichloroethylene metabolism in humans. The data of Nomiyama and Nomiyama (1977) and

of Ikeda (1977) indicated that the liver’s capacity for metabolizing inhaled doses of trichloroethylene is
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nonsaturable, at least for 3-hour exposures to trichloroethylene vapor at concentrations of up to 315 ppm.

These investigators have suggested that at these relatively low concentrations of inhaled trichloroethylene, the

parent compound was completely removed from the blood after a single pass through the liver. Saturation of

trichloroethylene metabolism in humans has; however, been predicted by mathematical simulation models to

occur at the relatively high exposure concentrations used in the past for anesthesia (i.e., 2,000 ppm) (Feingold

and Holaday 1977).

The principal metabolites of trichloroethylene in humans are trichloroethanol, trichloroethanol-glucuronide

(“urochloralic acid”), and trichloroacetic acid (TCA) (Butler 1949; Cole et al. 1975; Mtiller et al. 1974, 1975;

Nomiyama and Nomiyama 1971). Urinary trichloroethanol appears rapidly after exposure and is short lived

(Skender et al. 1991; Ulander et al. 1992), whereas urinary TCA is slower to appear and is longer lived

(Kostrzewski et al. 1993; Skender et al. 1991). The major pathways of trichloroethylene metabolism in

humans and animals are shown in Figure 2-3. Through an apparent epoxide intermediate, trichloroethylene

oxide can form chloral, which rapidly converts to chloral hydrate. Chloral hydrate undergoes oxidation to

TCA (Butler 1949). Alternatively, chloral hydrate can be metabolized to trichloroethanol, which undergoes

Phase II glucuronidation to produce trichloroethanol-glucuronide (Miller and Guengerich 1983). Under

certain conditions, the trichloroethylene-oxide intermediate can apparently form dichloroacetyl chloride and

rearrange to dichloroacetic acid (DCA) (Dekant et al. 1984; Green and Prout 1985), or the oxide can

hydrolyze to form formic acid, glyoxylic acid, oxalic acid, and carbon dioxide (Dekant et al. 1984; Green and

Prout 1985). Minor urinary metabolites in trichloroethylene-exposed humans are monochloroacetic acid

(Soucek and Vlachova 1960), N-(hydroxyacetyl)-aminoethanol, and DCA (Dekant et al. 1984).

The cytochrome P-450-dependent metabolism of trichloroethylene was studied in hepatic microsomal

fractions from 23 different humans (Lipscomb et al. 1997). CYP2El was the predominant form of P-450

responsible for the metabolism of trichloroethylene in humans. Incubations of trichloroethylene with the

microsomal preparations resulted in hyperbolic plots consistent with Michaelis-Menton kinetics. The Km

values ranged from 12 to 55.7 µM, and were not normally distributed, and the Vmax values range from 490 to

3,455 pmol/min/mg protein and were normally distributed. The study authors concluded that the human

variability in metabolism of trichloroethylene via P-450-dependent pathways was within a 10-fold range.
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Experiments demonstrate that oral absorption of trichloroethylene in animals is extensive and metabolism is

rapid. A study of F344 rats which were fasted for 8 hours prior to oral dosing by gavage found a rapid

appearance of trichloroethylene in the blood which peaked after 0.75 hours, while the peak concentrations of

the metabolites trichloroethanol and TCA occurred at 2.5 and 12 hours, respectively (Templin et al. 1995).

The same investigators also dosed beagle dogs and found that blood concentrations of trichloroethylene,

trichloroethanol, and TCA peaked after 1, 2.5, and 24 hours, respectively. In both species, TCA

concentration did not peak until well after the trichloroethylene concentration in blood was below detectable

levels (Templin et al. 1995).

Urinary data in animals also show that the major metabolites of trichloroethylene are TCA, trichloroethanol,

and conjugated trichloroethanol. These account for approximately 90% of the total urinary metabolites in

rats (Dekant et al. 1984). Minor urinary metabolites in the rat are oxalic acid, DCA, and N-(hydroxyacetyl)-

aminoethanol. It was also reported that chloroform is a minor metabolite of trichloroethylene (Mtiller et al.

1974; Pfaffenberger et al. 1980); however, this finding is questionable and needs further confirmation

because chloroform may be an artifact of the analytical method used to identify metabolites. Other

metabolites are the glutathione (GSH) conjugates of trichloroethylene and its metabolites (Miller and

Guengerich 1983). GSH conjugation, although quantitatively not very important in trichloroethylene

metabolism, may play an important role in the carcinogenicity/toxicity of trichloroethylene (see Section 2.4).

Some controversy also exists regarding the role of the epoxide intermediate in trichloroethylene metabolism

and toxicity. Bonse and Henschler (1976) presented theoretical considerations, based on the report of Bonse

et al. (1975), suggesting that trichloroethylene is first metabolized to trichloroethylene-epoxide, which, in the

presence of Lewis acids, can be rearranged to chloral in vitro. Since chloral is the first metabolite of

trichloroethylene in vivo, the findings of Bonse et al. (1975) seem to support the notion that the epoxide is the

intermediate between trichloroethylene and chloral. Further support for the data of Bonse et al. (1975) was

provided by Uehleke et al. (1977), who showed that trichloroethylene-epoxide is formed during in vitro

metabolism of trichloroethylene by rabbit liver microsomes and reduced nicotinamide adenine dinucleotide

(NADH). However, in experiments with rat and mouse microsomes and reconstituted P-450 systems,

evidence suggested the existence of a pre-epoxide transition state that involves the binding of
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trichloroethylene to the activated oxygen of P-450, leading to chloral formation (Miller and Guengerich 1982,

1983).

Phenobarbital, an inducer of some forms of cytochrome P-450, has been shown to stimulate binding and

metabolism of trichloroethylene by P-450 enzymes in rat liver microsome preparations (Costa et al. 1980).

Similar stimulation of P-450-mediated trichloroethylene metabolism by phenobarbital has been demonstrated

in vivo (Carlson 1974; Moslen et al. 1977). Using monoclonal antibodies against specific ethanol- and

phenobarbital-induced P-450 enzymes in rat liver, Nakajima et al. (1992a) found that CYP2El was the most

important isozyme involved in metabolizing trichloroethylene to chloral hydrate. The induction of these

enzymes was also demonstrated to be affected by the age and pregnancy status of the rat from which the

microsomes were obtained (Nakajima et al. 1992b). Pregnancy decreased the metabolism of

trichloroethylene, and CYP2El levels were lower in mature rats relative to immature rats. At puberty, the

level of CYP2El was higher in female than in male rats. In addition, the prevalence of some isozymes was

found to be greater in mice than in rats, and this difference may account for the greater capacity of mice to

metabolize trichloroethylene (Nakajima et al. 1993).

Saturation of trichloroethylene metabolism in mice occurs at higher dose levels than in rats (Dallas et al.

1991; Dekant et al. 1986b; Filser and Bolt 1979; Prout et al. 1985). Male mice can metabolize inhaled

trichloroethylene to a greater extent than male rats (Stott et al. 1982). In this study, virtually 100% of the net

trichloroethylene uptake by mice was metabolized at both lo- and 600-ppm exposure concentrations, and

there was no evidence of metabolic saturation. In rats, however,  98% of the net trichloroethylene uptake from

the lo-ppm exposure was metabolized, but only 79% was metabolized at the 600-ppm exposure level. This

suggested an incremental approach to the saturation of metabolism in this exposure range in the rat. Rats

exposed by inhalation to trichloroethylene concentrations of 50 or 500 ppm for 2 hours showed metabolic

saturation at 500 ppm (Dallas et al. 1991). This was indicated by the fact that the trichloroethylene blood

levels of the 500-ppm animals progressively increased over the 2-hour period, rather than approaching

equilibrium after 25 minutes, as was the case at 50 ppm.

Differential saturation of trichloroethylene metabolism by rats and mice has also been demonstrated using

oral exposure regimens (Buben and O’Flaherty 1985; Prout et al. 1985). Trichloroethylene metabolism
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approached saturation at a dose of approximately 1,000 mg/kg for rats, whereas metabolism of

trichloroethylene was still linear up to a dose of 2,000 mg/kg for mice (Prout et al. 1985). At high gavage

doses of trichloroethylene, male mice metabolized trichloroethylene at a faster rate than male rats (Larson and

Bull 1992b; Prout et al. 1985). The net metabolism of trichloroethylene to TCA and trichloroethanol was

similar in rats and mice given single oral gavage doses of 1.5-23 mmol/kg (197-3,022 mg/kg) (Larson and

Bull 1992b). However, the initial rates of metabolism of trichloroethylene to trichloroethanol were much

higher in mice than rats, especially as the trichloroethylene dose increased, leading to greater concentrations

of TCA and DCA in the blood of mice (Larson and Bull 1992b). The greater peak blood concentrations of

the metabolites TCA and DCA in mice may play an important role in the induction of hepatic tumors in mice

by trichloroethylene (Larson and Bull 1992b). This has been further validated by studies in which rats and

mice had greater liver tumor induction with direct exposure to trichloroethylene metabolites such as DCA,

TCA, chloral hydrate, or 2-chloroacetaldehyde (Bull et al. 1993; Daniel et al. 1992; DeAngelo et al. 1991;

Larson and Bull 1992a).

Although the liver is the main site of trichloroethylene metabolism in animals, there is evidence for

extrahepatic trichloroethylene metabolism (Bruckner et al. 1989). After exposure to radioactive

trichloroethylene vapor over an &hour monitoring period, Bergman (1983a) noted a continuing accumulation

of trichloroethylene metabolites in the liver, kidney, and bronchi, organs in which trichloroethylene has been

found to produce tumors. Further evidence for extrahepatic metabolism of trichloroethylene was presented by

Hobara et al. (1986), who used a hepatic bypass procedure in dogs to demonstrate that extrahepatic

metabolism of trichloroethylene accounted for 25% of the total metabolism of the chemical. In vitro and in

vivo data suggest that the cytochrome P-450 in Type II alveolar and Clara cells of the lung is very active in

metabolizing trichloroethylene, which may in turn result in pulmonary cytotoxicity and carcinogenicity

(Forkert et al. 1985; Miller and Guengerich 1983; Nichols et al. 1992; Villaschi et al. 1991). Isolated rabbit

pulmonary cells (Clara, Type II, and alveolar macrophages) also demonstrated non-P-450-mediated

bioactivation of trichloroethylene (Nichols et al. 1992). Trichloroethylene metabolism also appears to be

important in trichloroethylene-induced nephrotoxicity (Dekant et al. 1986a; Elfarra and Anders 1984).
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2.3.4 Elimination and Excretion

2.3.4.1 Inhalation Exposure

Following inhalation exposure to trichloroethylene in humans, the unmetabolized parent compound is

exhaled, whereas its metabolites are primarily eliminated in the urine. Excretion of trichloroethylene in the

bile apparently represents a minor pathway of elimination. Balance studies in humans have shown that

following single or sequential daily exposures of 50-380 ppm trichloroethylene, 11% and 2% of the dose was

eliminated unchanged and as trichloroethanol, respectively, in the lungs; 58% was eliminated as urinary

metabolites; and approximately 30% was unaccounted for (Monster et al. 1976,1979). Exhaled air

contained notable concentrations of trichloroethylene 18 hours after exposure ended because of the relatively

long half-life for elimination of trichloroethylene from the adipose tissue (i.e., 3.5-5 hours) compared to other

tissues (Fernandez et al. 1977; Monster et al. 1979).

The primary urinary metabolites of trichloroethylene in humans are trichloroethanol, trichloroethanol

glucuronide, and TCA (Monster et al. 1979; Nomiyama and Nomiyama 1971; Sato et al. 1977). The halftime

for renal elimination of trichloroethanol and trichloroethanol glucuronide has been determined in several

studies to be approximately 10 hours following trichloroethylene exposure (Monster et al. 1979; Sato et al.

1977). The urinary excretion of TCA is much slower, and data from several studies indicate that the halftime

of urinary TCA is approximately 52 hours because the metabolite is very tightly and extensively bound

to plasma proteins (Monster et al. 1976; Sato et al. 1977).

Sex differences in the urinary excretion of metabolites of trichloroethylene have been reported (Inoue et

al. 1989; Nomiyama and Nomiyama 1971). In trichloroethylene-exposed workers, urinary levels of trichloro

compounds and trichloroethanol were significantly higher in men than in women, while urinary levels of TCA

did not differ between the two sexes (Inoue et al. 1989). However, it was reported that excretion of TCA in

urine was greater in women than in men within 24 hours of exposure (Nomiyama and Nomiyama 1971).

The radioactivity in urine, feces, and expired breath was evaluated following exposure of mice and rats to

[14C]-radiolabelled trichloroethylene (Stott et al. 1982). In mice, 75% of the radioactivity was excreted in the
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urine. Another 9% was exhaled as carbon dioxide. Rats excreted slightly less radioactivity in the urine and

breath and more in the feces.

2.3.4.2 Oral Exposure

A study in two Finnish villages with up to 220 ppb trichloroethylene and/or up to 180 ppb

tetrachloroethylene in their drinking water found urinary TCA levels in exposed individuals to be 3-10 times

higher (7.9-19 µg/day) than in unexposed controls (2-4 µg/day) (Vartiainen et al. 1993). Besides drinking

the water, individuals may have been exposed to these chemicals dermally or through inhalation while

bathing.

Seventy-two hours after a single oral dose of 2,20, or 200 mg/kg [14C]-trichloroethylene was administered to

mice and rats, trichloroethylene was eliminated unchanged in exhaled air and urine, whereas the metabolites

were excreted primarily in the urine (Dekant et al. 1986b). In rats, the three metabolites that accounted for

approximately 90% of the total trichloroethylene urinary metabolites were TCA (15%), trichloroethanol

(12%), and conjugated trichloroethanol(62%) (Dekant et al. 1984). Minor urinary metabolites in the rat (i.e.,

less than 10% of the total urinary metabolites) were oxalic acid (1.3%), DCA (2.0%), and N-(hydroxyacetyl)-

aminoethanol (7.2%). In addition, 1.9% of the absorbed radiolabelled dose was found in the exhaled air as

carbon dioxide in rats (Dekant et al. 1984). Male rats that were given drinking water containing 4.8 ppm of

[14C]-trichloroethylene and that consumed 0.4 mg/kg trichloroethylene excreted 85% of the radioactivity

(Koizumi et al. 1986). The percentage of radioactivity excreted in the urine was 40%, while 10.9% was in

expired air as carbon dioxide, and 34.6% was in the feces, carcass, and cage wash. About 14.5% was

excreted unchanged in the expired air. Four metabolites were characterized in the urine; three of these were

identified as TCA, trichloroethanol, and the glucuronide conjugate of trichloroethanol and accounted for

13.1%, 2.7%, and 81.5% of the radioactivity excreted in the urine, respectively. An unidentified urinary

metabolite accounted for 2.7% of the radioactivity (Koizumi et al. 1986).

Excretion data show that saturability of trichloroethylene metabolism occurs at lower exposure levels for rats

than for mice (Dekant et al. 1986b; Prout et al. 1985). In mice receiving a single oral dose of 10,500, 1,000,

or 2,000 mg/kg trichloroethylene, urinary TCA and exhaled carbon dioxide over a 24-hour period were



TRICHLOROETHYLENE 110
2. HEALTH EFFECTS

directly proportional to the exposure levels (Prout et al. 1985). In rats, however, the amount of TCA and

carbon dioxide excreted increased linearly at ≤1,000 mg/kg trichloroethylene and then started to level off. A

study of rats and mice receiving single oral doses of 2,20, and 200 mg/kg also showed that saturation

occurred in mice at higher doses than in rats, as demonstrated by the lower percentage of unchanged

trichloroethylene exhaled by mice (9.5%) compared to rats (50.9%) after administration of 200 mg/kg

[14C]-trichloroethylene (Dekant et al. 1986b).

2.3.4.3 Dermal Exposure

Elevated trichloroethylene levels in expired air were measured in subjects who immersed one hand in an

unspecified concentration of trichloroethylene for 30 minutes (Sato and Nakajima 1978). Guinea pigs,

exposed to dilute concentrations of aqueous trichloroethylene (≈ 0.020 to 0.110 ppm) over a majority of their

body surface area for 70 minutes, excreted 59% of the administered dose in the urine and feces; 95% of the

metabolized dose was excreted in 8.6 days (Bogen et al. 1992). No other studies were located for humans or

animals regarding excretion after dermal exposure to trichloroethylene.

2.3.5 Physiologically Based Pharmacokinetic (PBPK)/Pharmacodynamic (PD) Models

Physiologically based pharmacokinetic (PBPK) models use mathematical descriptions of the uptake and

disposition of chemical substances to quantitatively describe the relationships among critical biological

processes (Krishnan et al. 1994). PBPK models are also called biologically based tissue dosimetry models.

PBPK models are increasingly used in risk assessments, primarily to predict the concentration of potentially

toxic moieties of a chemical that will be delivered to any given target tissue following various combinations

of route, dose level, and test species (Clewell and Andersen 1985). Physiologically based pharmacodynamic

(PBPD) models use mathematical descriptions of the dose-response function to quantitatively describe the

relationship between target tissue dose and toxic end points.

PBPK/PD models refine our understanding of complex quantitative dose behaviors by helping to delineate

and characterize the relationships between: (1) the external/exposure concentration and target tissue dose of

the toxic moiety, and (2) the target tissue dose and observed responses (Andersen and Krishnan 1994). These

models are biologically and mechanistically based and can be used to extrapolate the pharmacokinetic
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behavior of chemical substances from high to low dose, from route to route, between species, and between

subpopulations within a species. The biological basis of PBPK models results in more meaningful

extrapolations than those generated with the more conventional use of uncertainty factors.

The PBPK model for a chemical substance is developed in four interconnected steps: (1) model

representation, (2) model parameterization, (3) model simulation, and (4) model validation (Krishnan and

Andersen 1994). In the early 1990s validated PBPK models were developed for a number of toxicologically

important chemical substances, both volatile and nonvolatile (Krishnan and Andersen 1994; Leung 1993).

PBPK models for a particular substance require estimates of the chemical substance-specific physicochemical

parameters, and species-specific physiological and biological parameters. The numerical estimates of these

model parameters are incorporated within a set of differential and algebraic equations that describe the

pharmacokinetic processes. Solving these differential and algebraic equations provides the predictions of

tissue dose. Computers then provide process simulations based on these solutions.

The structure and mathematical expressions used in PBPK models significantly simplify the true complexities

of biological systems. If the uptake and disposition of the chemical substance(s) is adequately described,

however, this simplification is desirable because data are often unavailable for many biological processes. A

simplified scheme reduces the magnitude of cumulative uncertainty. The adequacy of the model is, therefore,

of great importance, and model validation is essential to the use of PBPK models in risk assessment.

PBPK models improve the pharmacokinetic extrapolations used in risk assessments that identity the maximal

(i.e., the safe) levels for human exposure to chemical substances (Andersen and Krishnan 1994). PBPK

models provide a scientifically sound means to predict the target tissue dose of chemicals in humans who are

exposed to environmental levels (for example, levels that might occur at hazardous waste sites) based on the

results of studies where doses were higher or were administered in different species. Figure 2-4 shows a

conceptualized representation of a PBPK model.

The overall results and individual PBPK models for trichloroethylene are discussed in this section in terms of

their use in risk assessment, tissue dosimetry, and dose, route, and species extrapolations. Several PBPK

models have been developed for inhaled trichloroethylene. In au early model by Femandez et al. (1977), the

human body was divided into three major compartments or tissue groups: the vessel-rich group (VRG),

muscle group (MG), and adipose tissue (fat) group (FG). The distribution of trichloroethylene in these
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compartments was predicted for an 8-hour inhalation exposure of 100 ppm. The model suggested that for

short exposures to high concentrations, the absorbed dose will distribute to the VRG and be rapidly

eliminated before significant accumulation in the MG and FG takes place. Although the model also predicted

that the concentration of trichloroethylene in-the FG will increase very slowly even after the end of the

exposure period, the FG was predicted to accumulate substantially higher concentrations of trichloroethylene

than any other tissue in the body. Another model by Droz et al. (1989a, 1989b) expanded this model in an

attempt to account for individual differences including body build, liver and renal function, exposure, and

physical workload.

PBPK models have also been used to explain the rate of excretion of inhaled trichloroethylene and its major

metabolites (Bogen 1988; Fisher et al. 1989, 1990, 1991; Ikeda et al. 1972; Ramsey and Anderson 1984;

Sato et al. 1977). One model was based on the results of trichloroethylene inhalation studies using volunteers

who inhaled 100 ppm trichloroethylene for 4 hours (Sato et al. 1977). The model used first-order kinetics to

describe the major metabolic pathways for trichloroethylene in vessel-rich tissues (brain, liver, kidney), low

perfused muscle tissue, and poorly perfused fat tissue and assumed that the compartments were at

equilibrium. A value of 104 L/hour for whole-body metabolic clearance of trichloroethylene was predicted.

Another PBPK model was developed to fit human metabolism data to urinary metabolites measured in

chronically exposed workers (Bogen 1988). ‘This model assumed that pulmonary uptake is continuous, so

that the alveolar concentration is in equilibrium with that in the blood and all tissue compartments, and was

an expansion of a model developed to predict the behavior of styrene (another volatile organic compound) in

four tissue groups (Ramsey and Andersen 1984).

Sato et al. (1991) expanded their earlier PBPK model to account for differences in body weight, body fat

content, and sex and applied it to predicting the effect of these factors on trichloroethylene metabolism and

excretion. Their model consisted of seven compartments (lung, vessel rich tissue, vessel poor tissue, muscle,

fat tissue, gastrointestinal system, and hepatic system) and made various assumptions about the metabolic

pathways considered. First-order Michaelis-Menten kinetics were assumed for simplicity, and the first

metabolic product was assumed to be chloral hydrate, which was then converted to TCA and trichloroethanol.

Further assumptions were that metabolism was limited to the hepatic compartment and that tissue and organ

volumes were related to body weight. The metabolic parameters, Vmax (the scaling constant for the maximum

rate of metabolism) and Km (the Michaelis constant), were those determined for trichloroethylene in a study

by Koizumi (1989) and are presented in Table 2-3.
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This model accurately predicted the time curves for blood concentration and urinary excretion of metabolites

by male volunteers exposed to 100 ppm trichloroethylene (Sato et al. 1991). It was found that, while the

amount of metabolite excretion increases with body weight, the concentration does not, because of a

corresponding increase in urinary volume. Also, women and obese people, compared with slim men, have

lower concentrations but longer residence times of blood trichloroethylene because of their higher fat content

(Sato et al. 1991). As a comequence, the model predicted that 16 hours after exposure to trichloroethylene,

one could expect a woman’s blood level to be 30% higher and an obese man’s level to be twofold higher than

that of a slim man (Sato 1993).

PBPK modeling has also been applied to the assessment of human cancer risk from trichloroethylene

inhalation by considering the kinetics of its carcinogenic metabolite, TCA (Allen and Fisher 1993). This

model was based on a previous model which explored trichloroethylene/TCA dynamics in rodents (Fisher et

al. 1991). Four compartments were considered (rapidly perfused tissue, slowly perfused tissue, fat, and

liver), and it was assumed that only the liver was involved in metabolism. Kinetic parameters were optimized

by matching model predictions to results from published studies. Estimates obtained in this manner for TCA

kinetics were as follows: the fraction of trichloroethylene metabolized to TCA was estimated as 0.33, the rate

constant for elimination of TCA from the plasma was 0.028 h-1, and the scaling constant for the TCA volume

of distribution was found to be dependent on body weight (BW) and ranged from 0.34(BW) to 0.0034(BW)

(Allen and Fisher 1993). The parameters used by the model for trichloroethylene metabolism (Vmax and Km)

are presented in Table 2-3. The authors set the scaling constant for the trichloroethylene first-order

metabolism rate at zero, citing a lack of evidence for a first-order pathway in humans (Allen and Fisher

1993).

A comparison of results indicated that the capacity for oxidation of trichloroethylene in humans is less than in

B6C3F1 mice but greater than in Fischer-344 rats (Allen and Fisher 1993; Fisher et al. 1991). In addition,

the systemic concentration of TCA in mice was greater than in humans and rats. The increased body burden

of TCA in mice may be related to the formation of hepatocellular carcinomas in mice exposed to

trichloroethylene (Fisher et al. 1991); the significance of the predicted human body burden is as yet unclear.

This model was also applied toward estimating liver and lung cancer risk from environmental exposure to

trichloroethylene, using a linearized multistage model, and the results indicated that concentrations of
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7.0 µg /L in water and 10.0 ppb in air each correspond to a cancer risk of 1 in 1 million (Fisher 1993; Fisher

and Allen 1993).

Monte Carlo simulation, an iterative technique which derives a range of risk estimates, was incorporated into

a trichloroethylene risk assessment using the PBPK model developed by Fisher and Allen (1993). The results

of this study (Cronin et al. 1995), which used the kinetics of TCA production and trichloroethylene

elimination as the dose metrics relevant to carcinogenic risk, indicated that concentrations of 0.09-l .0 µg /L,

(men) and 0.29-5.3 µg /L (women) in drinking water correspond to a cancer risk in humans of 1 in 1 million.

For inhalation exposure, a similar risk was obtained from intermittent exposure to 0.07-13.3 ppb (men) and

0.1643 ppb (women), or continuous exposure to 0.01-2.6 ppb (men) and 0.0343 ppb (women) (Cronin et

al. 1995).

This study, like that of Fisher and Allen (1993), incorporated a linear multistage model. However, the

mechanism of trichloroethylene carcinogenicity appears to be non-genotoxic, and a non-linear model (as

opposed to the linearized multistage model) has been proposed for use along with PBPK modeling for cancer

risk assessment. The use of this non-linear model has resulted in a 100-fold increase in the virtually safe

lifetime exposure estimates (Clewell et al. 1995).

A PBPK model for acute and subchronic inhalation and drinking water exposures was developed for the

kinetics of trichloroethylene and TCA in pregnant rats (Fisher et al. 1989) and in lactating rats and nursing

pups (Fisher et al. 1990). Following maternal inhalation exposure to trichloroethylene, the parent compound

and TCA were detected in both pregnant rats and the fetuses (Fisher et al. 1989,1990), whereas the

metabolite was the major compound measured in nursing pups (Fisher et al. 1990). The PBPK model

accurately predicted the time-course of these two compounds in the blood and the rate of metabolism of dams

and pups following trichloroethylene inhalation or ingestion in drinking water (Fisher et al. 1990).
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2.4 MECHANISMS OF ACTION

2.4.1 Pharmacokinetic Mechanisms

Absorption. Trichloroethylene, like other volatile hydrocarbons, causes generalized disruption of the

cellular phospholipid membrane, thereby allowing for easy absorption. Trichloroethylene-induced changes in

fatty acid composition in rat brain and liver may influence its ability to cross affected membranes (Okamoto

and Shiwaku 1994). Many observed neurotoxic effects of trichloroethylene have been attributed to

demyelination resulting from such membrane disruption (Feldman et al. 1970, 1992). Experiments with

muscle fibers have indicated that trichloroetbylene affects the dynamics of calcium ion transport across

membranes (Kessler 1991), and a similar effect observed in cardiomyocytes has been offered as an

explanation for trichloroethylene-induced cardiac arrhythmia (Hoffmann et al. 1994). Iron and

trichloroethylene were found to synergistically promote lipid peroxidation in bovine pulmonary arterial

endotbelial cells and rabbit aortic smooth muscle cells, suggesting a mechanism for the observed cardiac

effects of trichloroethylene (Tse et al. 1990). Membrane interaction appears to be more pronounced at the

interfacial region rather than the hydrocarbon core of the lipid bilayer (Bhakuni and Roy 1994). In vitro

rabbit platelet activation, as measured by thrombin B, synthesis, was not inhibited by trichloroethylene,

although inhibition by trichloroethanol was observed, thus implicating this metabolite in platelet membrane

disruption (Yamazaki et al. 1992).

Distribution. Once inside the body, trichloroethylene is easily absorbed into and distributed through the

circulatory system. The amount that is not absorbed initially on inhalation is expired unchanged (see Section

2.3.1.1). Absorption from the gastrointestinal tract often leads to a first pass through the liver, where toxic

metabolites can form (see Section 2.3.3). Trichloroethylene and its metabolites may form adducts with blood

proteins, and the metabolite glyoxylate may become incorporated into amino acids (Stevens et al. 1992), thus

facilitating their distribution. The ability of these compounds to traverse membranes accounts for their

generalized systemic effects.
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Storage. The primary storage area for trichloroethylene in the body is the adipose tissue, as would be

expected based on the lipophilicity of the compound (Femandez et al. 1977; Monster et al. 1979).

Excretion. Much of the initially inhaled trichloroethylene is expired unchanged, and trichloroethylene has

been detected in the breath of people exposed orally and dermally as well. Once absorbed, trichloroethylene

is rapidly metabolized by standard detoxification routes, such as the P-450 monooxidase and glutathione

pathways, and many metabolic products are then excreted in the urine and feces. Differences among species

in the primary metabolic pathways used may account for some differences seen in the toxic effect of

trichloroethylene. For instance, high doses may saturate the P-450 pathway in rodents, causing a switch to

glutathione conjugation, which may ultimately produce a metabolic product that is a renal carcinogen (Dekant

et al. 1986a, 1986b; Miller and Guengerich 1982; Prout et al. 1985). However, no evidence exists for similar

saturation in humans, which may partially account for the apparent absence of human renal cancer resulting

from trichloroethylene exposure (Miller and%uengerich 1982; Steinberg and DeSesso 1993). No evidence

exists for reabsorption, although a decreased rate of excretion may be observed in persons with extra fat

tissue because of trichloroethylene’s tendency as a lipophilic compound to sequester in fat.

Effect of Dose and Duration of Exposure on Toxicity. Linearity of dose-response for

trichloroethylene is often assumed, although this assumption has been challenged (Abelson 1993; Steinberg

and DeSesso 1993). At low doses, the induction of detoxification pathways may be sufficient to minimize

toxic effects, although saturation of these systems may occur at higher doses, potentially leading to the

production of more toxic metabolites (see Section 2.3.3). Thus, a threshold effect may occur during chronic

or high-dose exposure, leading to changes in the dose-response relationship.

Route Dependent Toxicity. The toxicity of trichloroethylene does not seem to be heavily dependent

upon its route of entry. Inhalation and ingestion are the primary exposure routes, and the liver, heart, and

central nervous system are the primary targets for both routes (Candura and Faustman 199 l).- Renal toxicity

results principally from oral exposure, and dermal exposure generally confines its toxic effects to the skin,

although broad systemic effects can be induced under conditions of high exposure (Bauer and Rabens 1974).

Attributing such effects solely to dermal exposure, however, is difficult because inhalation exposure is often a

factor in these cases as well.
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2.4.2 Mechanisms of Toxicity

Effects of Metabolism on Toxicity. Metabolism plays an important role in the toxicity of

trichloroethylene because many of its metabolites are themselves toxic. Many differences among species in

their responses to trichloroethylene exposure may be attributed to differences in the rates at which they

metabolize the parent compound (Dekant et.al. 1986b; Prout et al. 1985).

An example is the rate by which the oxidative metabolism of trichloroethylene produces carcinogenic

byproducts such as TCA. B6C3F1 mice, which are far more prone to trichloroethylene-induced liver cancer,

exhibit rapid metabolism of inhaled trichloroethylene, while F-34.4 rats and humans, which are less prone to

such cancer, exhibit limited rates of metabolism (Abelson 1993; Stott et al. 1982). Larson and Bull (1992b)

found that peak blood concentrations of TCA and trichloroethanol following a single oral dose of

trichloroethylene (197-3,022 mg/kg) were much greater in mice than in rats, whereas the residence time of

trichloroethylene and its metabolites was greater in rats. The net metabolism of trichloroethylene to TCA and

trichloroethanol is similar in rats and mice. However, the initial rate of metabolism is higher in mice,

especially as the trichloroethylene dose is increased; thus, the blood concentration of TCA is higher in mice.

Since the target organs of mice are exposed to higher concentrations of potentially mutagenic/carcinogenic

compounds, they are more susceptible to hepatotoxicity and hepatocarcinogenicity (Stott et al. 1982; Templin

et al. 1993).

Similarly, the metabolism of trichloroethylene to DCA, which may be important in the renal carcinogenic@

of trichloroethylene, appears to be a more commonly utilized pathway in rodents than in humans (Miller and

Guengerich 1983; Steinberg and DeSesso 1993). The conjugation of DCA to GSH, followed by addition of

L-cysteine, can eventually lead to the production of a reactive thiol group capable of binding to

macromolecules (Dekant et al. 1986b). Several isomers of 1,2-dichlorovinyl-cysteine (DCVC), a product of

trichloroethylene metabolism in the kidney, are mutagenic in the in vitro Ames assay (Commandeur et al.

1991; Dekant et al. 1986c). Production of of DCVC in humans is believed to occur by a minor pathway that

is unlikely to become saturated and lead to kidney damage (Goeptar et al. 1995). However, N-acetylated
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DCVC (a detoxification product of DCVC) has been identified in the urine of workers exposed to

trichloroethylene (Bimer et al. 1993). Metabolic differences between humans and other animals may account

for some of the interspecies differences in specific organ toxicity of trichloroethylene (see below). Among

humans, sexual differences due mainly to the effects of body fat content on trichloroethylene absorption are

expected based on PBPK modeling (see Section 2.3.5).

Target Organ Toxicity. Based on effects reported in humans and/or animals, the primary targets for

trichloroethylene toxicity appear to be the nervous system, liver, heart, and kidneys. Central nervous system

effects may also result in indirect toxic effects on heart, brain, and lung function. Retinal cell function

appears to be targeted in rabbits at low exposures, based on electroretinogram changes following

trichloroethylene injection (Blain et al. 1990) and visual evoked potential changes following trichloroethylene

inhalation (Blain et al. 1992). Inhalation of trichloroethylene can produce toxic effects in rodent lungs, but

the specific targeting of the lungs in exposed humans does not seem to be a major effect. Dermal contact

with trichloroethylene can have effects on the skin as a result of defatting action and general irritation.

Species differences in the target organ specificity of trichloroethylene are exemplified by the case of the

respiratory system. Mice exhibit greater susceptibility to trichloroethylene-induced lung tumors in chronic

studies than do rats (Fukuda et al. 1983; Maltoni et al. 1986; NCI 1976), and short-term exposure studies

have found that most cytotoxicity is specific to the Clara cells (Villaschi et al. 1991). Limited metabolism of

trichloroethylene by cytochrome P-450 enzymes occurs in these cells, producing chloral (Miller and

Guengerich 1983), a mutagen which may accumulate because of a limited ability of the cells to reduce it to

trichloroethanol (Odum et al. 1992). Differences between rat and mouse pulmonary tumor induction may be

thus attributed to differences in lung morphology: Clara cells are more abundant in mice and distributed in

the bronchi and bronchioles, while those of the rat are located lower in the lung, where their exposure is

reduced (Odum et al. 1992). The study authors further point out that, since trichloroethylene does not

produce cancer in the rat lung and since Clara cell morphology of the rat lung is more similar to humans than

mice, it is unlikely that the effect of trichloroethylene on the human lung would be like that of the mouse

rather than like that of the rat. However, it is necessary to evaluate other potential mechanisms for lung

toxicity and foci of activity that differ across species. When compared with national survey data, preliminary
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data from the ATSDR Trichloroethylene Subregistry indicate an excess number of deaths from respiratory

cancer in an older aged group exposed to TCE in the environment (ATSDR 1994). In addition, respiratory

problems (including asthma and allergies) were moderately associated with cumulative TCE exposures.

Although analyses of these data are ongoing, these findings suggest that adverse effects in the lung can occur

in humans and may result from alternate mechanisms.

The liver is an organ that shows variable effects from trichloroethylene among species, and this can probably

be attributed to interspecies differences in metabolism (see Section 2.4.2.1). Specifically, the apparent

difference in susceptibility to trichloroethylene-induced hepatocelhtlar carcinoma between humans and

rodents may be due to metabolic differences (see Section 2.4.2.3). Kidney effects are also variable among

species. Humans and mice are less sensitive than rats. In rats exposed chronically to trichloroethylene, toxic

nephrosis characterized as cytomegaly has been reported (NTP 1988). The kidney effects in rats do not seem

to be related to an increase in alpha-2µ-globulin (Goldsworthy et al. 1988). Effects on the nervous system

appear to be widespread among species, presumably due to interactions between trichloroethylene and

neuronal membranes.

Carcinogenesis. The comparative carcinogenic potency of trichloroethylene and its metabolites, TCA and

DCA, in the mouse liver was studied with the chemicals administered in drinking water (Herren-Freund et

al. 1987). DCA and TCA, but not trichloroethylene, caused a significantly increased incidence of liver

tumors with and without prior initiation with ethyhritrosourea. Although trichloroethylene was not shown to

be a hepatocarcinogen in mice in this study, the amount of trichloroethylene that could be solubilized in the

drinking water was quite low (40 mg/L) compared to DCA or TCA (5,000 mg/L). Other studies have shown

that direct exposure to the trichloroethylene metabolites DCA, TCA, chloral hydrate, 2-chloroacetaldehyde)

induces liver tumors, providing support to the theoretical mechanism of toxic metabolites in

trichloroethylene-induced tumors in animals (Bull et al. 1993; Daniel et al. 1992; DeAngelo et al. 1991;

Larson and Bull 1992a; Templin et al. 1993).

Hepatic peroxisome proliferation, characterized by liver enlargement due to hyperplasia and hypertrophy, has

been proposed as a basis for differences in species susceptibility to trichloroethylene carcinogenicity.

Peroxisomes are membrane-bound organelles which contain enzymes generally involved in lipid metabolism,



TRICHLOROETHYLENE 123
2. HEALTH EFFECTS

and their proliferation may be a response to perturbations in this metabolism (Bentley et al. 1993).

Mechanisms by which peroxisome proliferation may induce cancer are unclear, although it has been

speculated that the generation of increased levels of reactive oxygen species in peroxisomes may cause

indirect DNA damage (Bentley et al. 1993). In addition, the general background of chronic cellular injury,

necrosis, and regenerative cell growth common to peroxisome proliferation may result in sustained DNA

synthesis, hyperplasia, and eventually cancer (Bentley et al. 1993; Steinberg and DeSesso 1993). Recent

evidence of selective mutations in several codons of the H-ras oncogene in B6C3F1 mice treated with

trichloroethylene suggests this as a possible mechanism (but not the only one) of carcinogenicity as well

(Anna et al. 1994).

Trichloroethylene exposure in male rats and .mice resulted in elevated cyanide-insensitive palmitoyl CoA

oxidase levels, indicative of peroxisome proliferation (Goldsworthy and Popp 1987). In a similar

experiment, exposure of mice and rats to high levels of trichloroethylene produced increased peroxisomal

proliferation in mice but not rats (Elcombe et al. 1985). However, when mice and rats were exposed in the

same study to the trichloroethylene metabolite TCA, both species responded with dramatic increases in

peroxisome proliferation. Thus it seems that TCA is the agent of peroxisome proliferation induction, and

differences among species in responses to trichloroethylene exposure may actually reflect differences in their

metabolic pathways and hence their production of TCA. It is noteworthy that, at trichloroethylene dose levels

that produce a strong peroxisomal proliferation response in rodents, no such effect is seen in humans (Bentley

et al. 1993). Likewise, chronic dosing of trichloroethylene, while hepatocarcinogenic in mice, does not seem

to be so in humans (N’TP 1990). However, Bull et al. (1993) caution that the metabolite DCA, also

hepatocarcinogenic in mice. does not seem to act through peroxisome proliferation and thus may itself pose a

risk for human cancer. More research needs to be done to resolve this issue.

Klaunig et al. (1991) found that hepatocyte DNA synthesis increased significantly in male mice exposed to

trichloroethylene by gavage for up to 14 days, but no such increase was seen in female mice or in renal DNA

synthesis in either sex. Similar exposures in rats produced increases in renal DNA synthesis in males, but no

such increase in females, 01 .1n hepatic DNA synthesis in either sex. These results correlate well with

observed species- and gender-specific trichloroethylene carcinogenicity, and the study authors suggest that

trichloroethylene acts as a tumor promoter to induce proliferation of previously initiated cells.
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Renal tubular cancer has been seen in rats following trichloroethylene exposure (NIP 1990). One possible

explanation involves hyalin protein droplet induction associated with alpha-2u-globulin accumulation in

lysosomes, with cell proliferation in the P2 segment of the kidney, as seen when male rats are exposed to

certain solvents (Goldsworthy et al. 1988). The increased cell proliferation associated with alpha-2u-globulin,

which is a male rat-specific protein (synthesized in the liver and excreted by the kidney glomemlus with

reabsorption by the proximal convoluted tubular cell), may increase the possibility of spontaneous mutations,

leading to tumor formation (Doolittle et al. 1987; Mirsalis et al. 1989). This histopathological alteration is

not likely to be relevant for trichloroethylene toxicity in humans. However, for a number of chlorinated

hydrocarbons, the development of renal tumors in male rats has been associated with alpha-2u-globulin and

hyaline droplet formation. In male Fischer-344 rats, no increase was noted in renal alpha-2u-globulin

concentration after exposure to trichloroethylene (Goldsworthy et al. 1988). Protein droplet accumulation

and cell replication did not differ from controls in trichloroethylene-treated male or female rats (Goldsworthy

et al. 1988).

Another possible mechanism for renal tumor development involves glutathione (GSH) conjugation of

trichloroethylene and its metabolites; the quantitative significance of this route of metabolism is not clear, but

it may play an important role when the oxidative P-450 pathway becomes saturated at high doses of

trichloroethylene (Dekant et al. 1987). After administration of high doses of trichloroethylene, the

conjugation product N-acetyl-dichlorovinyl-cysteine (DCVC) was found in the urine of the treated animals

(Dekant et al. 1986a). Urinary dichlorovinyl-cysteine has also been identified in workers exposed to

unspecified levels of trichloroethylene (Birner et al. 1993). It has been shown that cleavage of this

conjugation product by β-lyase, an enzyme present in the renal tubule, leads to the formation of potentially

nephrocarcinogenic metabolites (Dekant et al. 1986b).

Rats appear to be more sensitive to the nephrocarcinogenic effects of trichloroethylene (NTP 1990). This

may be due to pathways other than glutathione conjugation and subsequent β-lyase cleavage,since the extent

of trichloroethylene activation through this pathway, as measured by production of acid-labile adducts to

renal proteins, was greater ir, mice than in rats (Eyre et al. 1995a). The amount of DCVC found in rat

kidneys after oral exposure to trichloroethylene was four to six times greater than that found in mouse

kidneys after an equivalent exposure, suggesting more efficient glutathione conjugation, and subsequent
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DCVC formation, in rats (Eyre et al. 1995b). However, this study also found renal activation of DCVC to

nephrocarcinogenic byproducts in mice to be 12 times greater than in rats, resulting in the overall renal

activation of trichloroethylene by the cysteine S-conjugate pathway in mice being double that of rats. Agents

which inhibit P-lyase protect against DCVC nephrotoxicity in rats (Elfarra et al. 1986). Additional insight

into the role of dichlorovinyl-cysteine in nephrocarcinogenicity was provided by McLaren et al. (1994), who

noted that it induces DNA double-strand breaks and poly(ADP-ribosyl)ation (a post-translational

modification which affects DNA repair enzymes) in the rat renal cortex.

2.4.3 Animal-to-Human Extrapolations

Extrapolating animal toxicity data to predict human risk is often controversial and is especially so in the case

of trichloroethylene since some of the mechanisms implicated in its animal effects do not apparently exist in

humans. For instance, trichloroethylene-induced peroxisome proliferation, a potential precursor to

hepatocarcinoma induction, is common in rodents but not in humans (Bentley et al. 1993; Elcombe 1985).

Abelson (1993) has pointed out that, while the metabolism of trichloroethylene to TCA is rapid and linear in

mice, leading to peroxisome proliferation and carcinogenesis, the same metabolic pathway in rats and humans

is limited, as is the evidence for peroxisome proliferation and carcinogenesis. However, the metabolite DCA

is also hepatocarcinogenic in mice, though it is not an effective peroxisome proliferator, so the implications

for human hepatocarcinogenicity are still unclear (Bull et al. 1993). Differences in lung morphology among

rodents and humans may help explain species differences in susceptibility to respiratory tumors resulting

from trichloroethylene inhalation (see Section 2.4.2.2).

On the other hand, chloral, a metabolite of trichloroethylene, which is also a mutagen and inducer of

aneuploidy, is produced via a pathway which is more predominant in rats and humans than in mice

(Kimbrough et al. 1985). A study using identical trichloroethylene concentrations in rats and mice, and which

found increased aneuploidy in rats but no effect in mice, offered this mechanism as a possibleexplanation

(Khgerman et al. 1994). An implication from this would be that humans are similarly more susceptible to

chloral-mediated effects of trichloroethylene exposure.
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It thus appears that, as models for predicting human susceptibility to trichloroethylene-induced cancer, mice

may be less than satisfactory, while rats may be slightly better. Much of the available epidemiological

evidence for exposed humans does not seem to indicate that trichloroethylene is a prominent carcinogen at

concentrations usually found at worksites or in the environment (Abelson 1993). However, the database also

includes limited evidence that suggests carcinogenic effects, such as leukemias, may be linked to

trichloroethylene exposure (Fagliano et al. 1990; Lagakos et al. 1986a). These studies are limited by

exposure to multiple chemicals.

Developmental effects of trichloroethylene exposure have been demonstrated with the FETAX (Frog Embryo

Teratogenesis Assay Xenopus) bioassay, an in vitro method using whole frog embryos (Fort et al. 1991,

1993; Raybum et al. 1991). Observed defects included gut m&coiling, skeletal kinking, and heart

malformations; heart malformations have also been observed in rat developmental assays (Dawson et al.

1993).

2.5 RELEVANCE TO PUBLIC HEALTH

Exposure to trichloroethylene can occur via the inhalation, oral, and dermal routes in people living in areas

surrounding hazardous waste sites if evaporation occurs from contaminated soils or spill sites, or if

contaminated water is ingested or used in bathing. Individuals who work in the vicinity of industries that use

this substance may breathe trichloroethylene vapors or come into physical contact with spilled

trichloroethylene. The group with the greatest likelihood for substantial exposure to trichloroethylene

consists of those exposed to trichloroethylene in the workplace.

In the past, trichloroethylene was used as a human anesthetic. Trichloroethylene has also been used by

individuals who intentionally inhale it for its narcotic properties. Therefore, most of the information

regarding the effects of trichloroethylene in humans comes from case studies and experiments describing

effects of trichloroethylene after inhalation exposure. These studies indicate that the primary effect of

exposure to trichloroethylene is on the central nervous system. Effects include headache, vertigo, fatigue,

short-term memory loss, decreased word associations, central nervous system depression, and anesthesia.
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Minimal Risk Levels for Trichloroethylene

Inhulution MRLs

• An MRL of 2 ppm was derived for acute inhalation exposure (14 days or less) to trichloroethylene.
This MRL was based on a study by Stewart et al. (1970) in which volunteers were exposed to 200 ppm
trichloroethylene for 5 days, 7 hours/day. A LOAEL was observed for mild subjective neurological
effects, such as fatigue and drowsiness. Support for this end point is provided by human case studies
of cardiac arrhythmia after unspecified trichloroethylene exposure (Dhuner et al. 1957; Milby 1968;
Thierstein et al. 1960), and by decreased wakefulness and post-exposure heart rate in rats exposed to
1,000 ppm (Arito et al. 1993). Kishi et al. (1993) observed decreased shock avoidance and Skinner
box lever press in rats after exposure to 250 ppm trichloroethylene, although performance was variable
among individuals. Other human studies, while not acceptable for MRL derivation because of
shortcomings in experimental design, nevertheless reported decreased reaction time at 110 ppm after
8 hours (Salvini et al. 1971); studies involving exposures of 300 ppm or less for fewer than 4 hours
found no effects in several neurological tests (Ettema et al. 1975; Konietzko et al. 1975a; Windemuller
and Ettema 1978). These studies generally support the LOAEL of 200 ppm used for the MRL
derivation.

• An MRL of 0.1 ppm was derived for intermediate inhalation exposure (15-364 days) to
trichloroethylene. This MRL was based on a study by Arito et al. (1994a) in which male JCL-Wistar
rats were exposed to 0, 50, 100, or 300 ppm trichloroethylene for 6 weeks, 5 days/week, 8 hours/day.
A LOAEL of 50 ppm was observed for decreased wakefulness during exposure, and decreased post-
exposure heart rate and slow wave sleep. Another study with rats found an increase in sleep-apneic
episodes and cardiac arrhythmias after exposure to trichloroethylene (Arito et al. 1993). These results
corroborate similar effects observed in humans exposed to trichloroethylene, as described in the
previous paragraph, as well as evidence of organic solvent-induced sleep apnea in humans (Edling et
al. 1993; Monstad et al. 1987, 1992; Wise et al. 1983).

No chronic inhalation exposure (365 or more days) MRL was derived for trichloroethylene because the

available chronic-duration data were limited by lack of adequate characterization of exposure conditions or

quantitation of results, or because the existing studies had end points that were not suitable for derivation of

anMRL.

Oral MRLs

• An MRL of 0.2 mg/kg/day was derived for acute oral exposure (14 days or less) to trichloroethylene.
This MRL was based on the study by Fredriksson et al. (1993) in which mouse pups were dosed by
gavage with 0, 50, or 290 mg/kg/day trichloroethylene in a 20% peanut oil emulsion between the ages
of 10 and 16 days. Behavioral changes (reduced rearing rate) were noted during tests performed at
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60 days of age. Support for this developmental end point was provided by similar studies involving
dose-related but transient changes in open field behavior (NT.P 1986) and changes in exploratory
behavior (Taylor et al. 1985) in rat pups from dams exposed to trichloroethylene during gestation, as
well as reports of decreased myelination of brain neurons (Isaacson and Taylor 1989) and decreased
uptake of 2-deoxy-D-glucose in the brain (Noland-Gerbec et al. 1986) in rat pups from exposed dams.

No intermediate oral exposure MRL was derived for trichloroethylene because of a lack of adequately

designed studies examining suitable end points. No chronic oral exposure MRL was derived for

trichloroethylene because the existing studies had end points that were not suitable for derivation of an MRL.

Death. Humans have died after breathing (Bell 1951; Buxton and Hayward 1967; Clearfield 1970;

DeFalque 1961; Ford et al. 1995; James 1963; Kleinfeld and Tabershaw 1954; McCarthy and Jones 1983;

Smith 1966; Troutman 1988) or drinking (Kleinfeld and Tabershaw 1954; Secchi et al. 1968) very large

amounts of trichloroethylene. This occurred during acute accidental workplace atmospheric exposures, or by

intentional ingestion or inhalation of large doses of the substance in order to commit suicide or become

intoxicated. The deaths following acute inhalation exposure were generally attributed to ventricular

fibrillation or central nervous system depression, while the deaths following acute oral exposure were

attributed to hepatorenal failure. Death associated with liver failure has been reported in persons

occupationally exposed to trichloroethylene for intermediate- and chronic-durations, followed by a high acute-

duration exposure (Joron et al. 1955; Priest and Horn 1965). Reports regarding the death of humans

following dermal exposure to trichloroethylene were not located.

Animals have also died following large inhalation (Kylin et al. 1962; Siegel et al. 1971) or oral exposures

(Merrick et al. 1989; Smyth et al. 1969; Tucker et al. 1982). Deaths in animals have also been reported

following chronic-duration inhalation exposure (Henschler et al. 1980) and following intermediate- and

chronic-duration oral exposure (Henschler et al. 1984; NCI 1976; NTP 1990). No deaths due to dermal

exposure have been reported. Death is not likely to result from exposure to low levels of trichloroethylene at

hazardous waste sites.
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Systemic Effects

Respiratory Effects. Labored breathing and respiratory edema were reported in a worker after welding steel

that had been washed with trichloroethylene (Sjogren et al. 1991). These effects may be a result of the

trichloroethylene decomposition products phosgene and dichloroacetyl acid.

Some members of a community that were exposed to trichloroethylene along with a variety of other solvents

in their drinking water complained of respiratory disorders, but the complaints could not be attributed

specifically to trichloroethylene (Byers et al. 1988). This effect may have been due to imrnune system

impairment resulting in increased susceptibility to infection. A study in mice in which inhalation exposure to

trichloroethylene increased the susceptibility to pulmonary infection with Streptococcus zooepidemicus

(Aranyi et al. 1986) provides evidence that trichloroethylene may result in adverse respiratory effects through

effects on the immune system.

Vacuole formation and endoplasmic reticulum dilation in the Clara cells have been observed in mice (Odum

et al. 1992; Vilaschi et al. 1991) but not rats (Odum et al. 1992) exposed to trichloroethylene by inhalation.

The increased sensitivity of mice to this effect is thought to result from the greater abundance of these cells in

mice and the difference in the distribution of these cells in mice compared to rats (Odum et al. 1992). Rales

and dyspnea have been reported in pregnant rats treated by gavage with high doses of trichloroethylene

(Narotsky and Kavlock 1995). Following intermediate-duration oral exposure to high doses of

trichloroethylene, pulmonary vasculitis has been reported in rats (NTP 1990). Although exposure to

trichloroethylene at levels found in the environment or at hazardous waste sites is unlikely to result in direct

respiratory effects, the data suggest that increased susceptibility to respiratory infection secondary to immune

system effects may occur.

Cardiovascular Effects. Chronic cardiovascular disease has not been reported in workers occupationally

exposed to low levels of trichloroethylene (El Ghawabi et al. 1973), although deaths following acute highlevel

inhalation exposures to trichloroethylene have been attributed to cardiac arrhythmias. Case studies have

described cardiac arrhythmias that in some instances led to death after occupational exposure (Bell 1951;

Kleinfeld and Tabershaw 1954; Smith 1966), poisoning (Dhuner et al. 1957; Gutch et al. 1965), or
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anesthesia (Pembleton 1974; Thierstein et al. 1960). Accidental oral exposure to trichloroethylene has

resulted in cardiac arrymmias (Dhuner et al. 1957; Morreale 1976; Perbellini et al. 1991). Cardiac

arrhythmias reported in a small number of people who drank from contaminated wells could not be attributed

to trichloroethylene alone (Byers at al. 1988). Increased congenital heart defects were noted in another

population exposed to trichloroethylene in their drinking water, but a cause-and-effect relationship could not

be established (Goldberg et al. 1990). When compared with a national sample, the ATSDR subregistry of

persons environmentally exposed to trichloroethylene reports excesses of anemia, stroke, blood disorders, and

death from heart disease (ATSDR 1994; Burg et al. 1995). However, the data were gathered by

questionnaire and may be limited by self-reporting bias.

Studies in laboratory animals have indicated that trichloroethylene-induced cardiac sensitization to

catecholamines may explain the arrhythmias that have been documented in humans exposed to this agent

(Morris et al. 1953; Reinhardt et al. 1971; White and Carlson 1979,1981). Cardiac arrhythmias were

reported in rats exposed to trichloroethylene (Arito et al. 1993), and an intermediate-duration inhalation

exposure MRL of 0.1 ppm was derived from another study in which this effect was found in rats (Arito et al.

1994a). Exposure to trichlc roethylene has been correlated with cardiac abnormalities in developing chick

embryos (Loeber et al. 1988) as well as rat fetuses (Dawson et al. 1990). Histopathological changes in the

heart have not been observed in animals exposed to trichlorethylene following intermediate-duration exposure

periods (Prendergast et al. 1967; Reinhardt et al. 1973; White and Carlson 1979,1981,1982). Changes in

serum polyunsaturated fatty acid ratios, which are implicated in cardiovascular disease, have been observed in

rats exposed to 300 ppm trichloroethylene vapor for 12 weeks (Okamoto and Shiwaku 1994). The evidence

is suggestive that cardiovascular effects could be a concern for persons exposed to trichloroethylene near

hazardous waste sites.

Gastrointestinal Effects. Case reports indicate that acute inhalation exposure to trichloroethylene results in

nausea and vomiting (Buxton and Hayward 1967; Clear-field 1970; David et al. 1989; DeFalque 1961; Gutch

et al. 1965; Milby 1968). Anorexia, nausea, vomiting, and intolerance to fatty foods have also been reported

after chronic occupational exposure to trichloroethylene (El Ghawabi et al. 1973; Schattner and Mahrick

1990; Smith 1966). Trichlcroethylene-induced effects on the autonomic nervous system may contribute to

these effects (Grandjean et al. 1955). Some of the people exposed to trichloroethylene and other chlorinated
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hydrocarbons in the drinking water in Woburn, Massachusetts, occasionally complained of chronic nausea,

episodic diarrhea, and constipation (Byers et al. 1988). Pneumatosis cystoides intestinalis has been described

in workers exposed by inhalation to >50 ppm trichloroethylene as well as other solvents (Nakajima et al.

1990a). Self-reported gastrointestinal problems were not increased among persons in the trichloroethylene

subregistry who were exposed to trichloroethylene in their drinking water (ATSDR 1994; Burg et al. 1995).

In a chronic inhalation study, histological changes in the gastrointestinal tract were not observed in rats

(Maltoni et al. 1988). Gas pockets in the intestinal coating and blood in the intestines were observed in mice

treated with trichloroethylene in drinking water (Tucker et al. 1982). The effect was not dose-related, and

statistical analysis was not reported. Histopathological changes in the gastrointestinal tract have not been

observed in intermediate- and chronic-duration studies in which rats and mice were treated by gavage with

trichloroethylene in corn oil (NCI 1976; NTP 1988, 1990) or olive oil (Maltoni et al. 1986).

Based on the limited human and animal data, it is not possible to predict whether or not trichloroethylene

exposure at levels found in the environment and at hazardous waste sites can result in gastrointestinal effects.

Hematological Effects. The limited number of studies of humans exposed to trichloroethylene for an acute

period (7 hours/day for 1 or 5 days) revealed no adverse effects on blood cell counts, sedimentation rates,

serum lipid levels, serum proteins, or serum enzymes (Stewart et al. 1970). Blood cell counts were not

affected in volunteers exposed to trichloroethylene for 2 hours (Vernon and Ferguson 1969). Volunteers

inhaling 95 ppm trichloroethylene for 4 hours showed only an increase in neutrophil enzyme levels, with no

change in serum enzyme levels (Konietzko and Reilll980). Effects on hemoglobin levels or red blood cell

counts were not observed in persons occupationally exposed to trichloroethylene (Konietzko and Reilll980).

Hematological effects have not been reported in cases of accidental oral exposure to trichloroethylene

(perbellini et al. 1991; Todd 1954). The trichloroethylene subregistry, which has compiled information on

4,280 people exposed to trichloroethylene through their drinking water, found a significantly increased

incidence of anemia among selected age groups when compared with corresponding national data (ATSDR

1994; Burg et al. 1995).
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Changes in hematology end points were not observed in rats following intermediate-duration inhalation

exposures to trichloroethylene (Prendergast et al. 1967). Rats exposed to 50-800 ppm of trichloroethylene

continuously for 48 or 240 hours showed time- and dose-related depression of delta-aminolevulinate

dehydratase activity in liver, bone marrow, and erythrocytes (Pujita et al. 1984; Koizumi et al. 1984). Related

effects included increased ALA synthetase activity and reduced heme saturation of tryptophan pyrrolase in

the liver, increased urinary excretion of ALA and coproporphyrin, and reduced cytochrome P-450 levels in

me liver. Hemoglobin concentration in erythrocytes did not change, and these changes are not considered to

be adverse. Dogs exposed to 200 ppm trichloroethylene for 1 hour by tracheal intubation exhibited decreased

leukocyte counts (Hobara et al. 1984). Oral ingestion of trichloroethylene in drinking water for 6 months

resulted in minor hematological changes in mice, including a 16% decrease in the red blood cell count in

males exposed to 660 mg/kg, an increase in fibrinogen levels in males, a decrease in white blood cell counts

in females, and shortened prothrombin times in females (Tucker et al. 1982). The effects were not dose

related, and some effects were transient. Although available evidence suggests only minor hematological

effects in humans, animal studies show hematological effects. Thus, hematological effects in humans

exposed to environmental levels of trichloroethylene from hazardous waste sites may be a concern.

Musculoskeletal Effects. No studies were located regarding direct musculoskeletal effects in humans

following any route of exposure. Trichloroethylene can result in nervous system effects that result in

secondary effects on muscle strength, especially in the face (Leandri et al. 1995).

Histopathological changes in muscles have not been observed in rats following chronic-duration inhalation

exposure to trichloroethylene (Maltoni et al. 1988), or in rats or mice following intermediate-duration or

chronic-duration oral exposure to trichloroethylene (Maltoni et al. 1986; NCI 1976; NTP 1988, 1990).

Histopathological changes in bone have also not been observed in rats or mice following oral exposure to

trichloroethylene (NTP 1988, 1990). Based on the available data, direct musculoskeletal effects are unlikely

in humans following exposure to trichloroethylene at levels found in the environment, or at hazardous waste

sites. Effects on muscle strength secondary to neurological effects may be a concern.

Heputie Effects. There is some evidence for trichloroethylene-induced hepatic effects in humans. This

evidence is primarily from case reports of persons accidently or intentionally exposed to relatively high levels.



TRICHLOROETHYLENE 133

2. HEALTH EFFECTS

Hepatic necrosis has been observed in persons that died following inhalation (Joron et al. 1955; Priest and

Horn 1965) or oral (Kleinfeld and Tabershaw 1954) exposure to high levels of trichloroethylene. Although

death resulting from hepatic failure in eclamptic pregnant women has been reported following trichlorethylene

anesthesia (DeFalque 1961), controlled trichloroethylene anesthesia generally produces minimal effects on

the liver indicated by increased serum levels of SGGT (Pembleton 1974). Other studies of humans following

trichloroethylene anesthesia have not reported adverse effects (Brittain 1948; Crawford and Davies 1975). A

significant increase in the metabolism of the drug paracetamol was observed in patients anesthetized with

trichloroethylene, indicating subtle effects on liver function may make determining the proper dosage more

difficult (Ray et al. 1993). Liver effects were not reported in acute-duration human exposure studies

(Konietzko and Reill 1980; Stewart et al. 1970).

Liver effects including blood and urine indices of liver function, and enlarged livers, have been reported in

persons occupationally exposed to trichloroethylene (Bauer and Rabens 1974; Capellini and Grisler 1958;

Graovac-Leposavic et al. 1964; Phoon et al. 1984; Schattner and Malnick 1990; Schuttmann 1970).

Exposure concentrations in these studies were not reported. In contrast no evidence of hepatoxicity was

observed in workers who had neurological effects from trichloroethylene (McCarthy and Jones 1983).

Several cases of accidental oral exposure to trichloroethylene have not reported hepatic effects (Morreale

1976; Perbellini et al. 1991; Todd 1954). Self-reported liver problems were not increased among persons in

the ATSDR trichloroethylene subregistry who were exposed to trichloroethylene in their drinking water

(ATSDR 1994; Burg et al. 1995).

Liver enlargement is the primary hepatic effect seen in trichloroethylene-exposed animals after oral or

inhalation exposure, indicating that trichloroethylene is not as potent a liver toxin as are a number of other

chlorinated hydrocarbons. However, many of the studies were limited by lack or inadequate scope of

pathological examinations, lack of measurement of hepatic enzymes, and/or failure to evaluate liver function

indices. Histological alterations characterized by cellular hypertrophy were associated with liver enlargement

in some of the studies of mice exposed to trichloroethylene in the air (Kjellstrand et al. 1981,1983a, 1983b)

or via the oral route (Buben and O’Flaherty 1985; Elcombe 1985; Goldsworthy and Popp 1987; Stott et al.
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1982; Tucker et al. 1982). Increasing severity of liver necrosis with dose was also seen in the studies by

Buben and O’Flaherty (1985) and Stott et al. (1982).

Increased liver weight and hypertrophy may be due to the induction of peroxisomal P-oxidation. Mice,

especially males, appear to be particularly sensitive to the hepatic effects of trichloroethylene (Kjellstrand et

al. 1983b). Differences in the hepatic effects of trichloroethylene between mice, rats, and humans are

attributable to the greater metabolism of high doses of trichloroethylene by mice compared to rats and

humans (Dekant et al. 1986b; Larson and Bull 1992b; Stott et al. 1982), as well as a much greater induction

in peroxisomes following exposure to trichloroacetic acid (Bentley et al. 1993). A study in male mice showed

increased liver weight at a dose of 100 mg/kg/day trichloroethylene and enlarged hepatocytes at

400 mg/kg/day (Buben and O’Flaherty 1985). Histopathological changes of the liver (including necrosis)

were seen at higher doses. Although there are conflicting reports in humans and limitations in animal studies,

these data together suggest that hepatic effects may be a concern for some persons exposed to

trichloroethylene; however, it is unknown whether exposure to levels of trichloroethylene found in and around

hazardous waste sites may result in hepatic injury.

Renal Effects. People who have been acutely exposed to high vapor levels during surgical anesthesia

(Brittain 1948; Crawford and Davies 1975) have not exhibited renal toxicity. However, minor changes in

urinary and serum indicators of renal function have been found in some workers occupationally exposed to

trichloroethylene (Brogren et al. 1986; Clearfield 1970; David et al. 1989; Gulch et al. 1965; Nagaya et al.

1989b; Selden et al. 1993). Acute accidental oral exposure to trichloroethylene has not resulted in effects on

renal function (Morreale 1976; Perbellini et al. 1991; Todd 1954). No clear evidence of kidney effects has

been reported in studies examining the association of long-term exposure to trichloroethylene in drinking

water and adverse health effects (Freni and Bloomer 1988; Lagakos et al. 1986a).

Acute inhalation exposure of rats to high concentrations of trichloroethylene has resulted in increases in

urinary glucose, proteins, glucosaminidase, gamma glutamyl transpeptidase, and serum urea nitrogen

(Chakrabarti and Tcuhweber 1988). Following intermediate-duration inhalation exposure of animals to

trichloroethylene, increased kidney weights have been observed (Adams et al. 1951; Kimmerle and Eben

1973a; Kjellstrand et al. 1981, 1983a, 1983b; Prendergast et al. 1967). Chronic-duration inhalation exposure



TRICHLOROETHYLENE 135

2. HEALTH EFFECTS

of rats to trichloroethylene has resulted in renal tubular meganucleocytosis in males but not females (Maltoni

et al. 1986,1988). With the exception of mild to moderate cytomegaly and karyomegaly in the renal tubular

epithelial cells observed in an intermediate-duration oral study in mice (NTP 1990), acute- and intermediate-

duration oral studies of trichloroethylene in mice have not reported significant renal effects (Goldsworthy et

al. 1988; Stott et al. 1982; Tucker et al. 1982). Rats are more sensitive to the renal effects of

trichloroethylene than mice. Following intermediate-duration oral exposure, the effects noted included

increased kidney weights, elevated urinary protein and ketones (Tucker et al. 1982), minimal to mild

cytomegaly, and karyomegaly of the renal tubular epithelial cells (NTP 1990). Treatment-related chronic

nephropathy has been observed in rats (Maltoni et al. 1986; NCI 1976; NTP 1988, 1990) and mice (NCI

1976) following chronic oral exposure to trichloroethylene. Although there are few data in humans and

limitations in animal studies, the data suggest that kidney effects may be a concern for some persons exposed

to trichloroethylene; however, it is unknown whether exposure to levels of trichloroethylene found in and

around hazardous waste sites may result in renal injury.

Endocrine Effects. No studies were located regarding endocrine effects in humans following any route of

exposure. Adrenal gland weight was not affected following acute-duration oral exposure of rats to

trichloroethylene (Berman et al. 1995). Histopathological changes have not been reported in endocrine

glands following inhalation (Maltoni et al. 1988) or oral (Maltoni et al. 1986; NCI 1976; NTP 1988,1990)

exposure to trichloroethylene for intermediate- or chronic-durations. Based on the limited data,

histopathological changes are unlikely in humans exposed to trichloroethylene at levels found in the

environment or at hazardous waste sites. The data are not sufficient to predict if subtle changes in endocrine

gland function may occur in humans exposed to trichloroethylene at levels found in the environment or at

hazardous waste sites.

Dermal Effects. Some humans experienced dry throats following acute inhalation exposure to

trichloroethylene at 200 ppm (Stewart et al. 1970). Persons working with trichloroethylene for intermediate

periods sometimes develop skin rashes and dermatitis (Bauer and Rabens 1974; El Ghawabi et al. 1973). It

is reported that some people may be particularly sensitive to trichloroethylene and develop allergies when

exposed to high levels in the air or on their skin during occupational exposures of intermediate duration

(Czirjak et al. 1993; Goh and Ng 1988; Nakayama et al. 1988; Phoon et al. 1984). Exposure to
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trichloroethylene and other substances in drinking water has been associated with an increase in

maculopapular rashes (Byers et al. 1988). Diffuse fascitis has been reported in a woman, but not her

husband, although both were exposed to trichloroethylene and other chlorinated hydrocarbons in well water

(Wailer et al. 1994). Substitution of bottled water for drinking resulted in improved symptoms. Dermal

effects of trichloroethylene are usually the result of direct skin contact with trichloroethylene, which results in

desiccation due to the defatting action of the solvent. It is also possible that adverse dermatological effects

may be mediated by immunological responses in some persons.

Alopecia, roughening of the hair coat, and sores were reported in rats, and alopecia and skin sores were

reported in mice treated by gavage with trichloroethylene for intermediate durations (NCI 1976).

Histopathological changes in the skin were not observed in rats following chronic inhalation exposure

(Maltoni et al. 1988) or in rats or mice following intermediate or chronic oral exposure (Maltoni et al. 1986;

NTP 1988, 1990). Erythema, edema, and increased epidermal thickness were noted in guinea pigs following

acute dermal exposure to trichloroethylene (Anderson et al. 1986).

Although human data are not extensive, the data suggest that dermal effects may be a concern for some

humans exposed to trichloroethylene, particularly through bathing with contaminated water; however, it is

unlikely that exposure to trichloroethylene in the air or soil at hazardous waste sites would be irritating to

human skin. Some people may develop immunological sensitivity to trichloroethylene which may manifest as

a dermal response following inhalation, oral, or dermal exposure to trichloroethylene.

Ocular Effects. Some humans experienced mild eye irritation following acute inhalation exposure to

trichloroethylene at 200 ppm (Stewart et al. 1970). Itchy watery eyes (Baure and Rabens 1974; El Ghawabi

et al. 1973) and inflamed eyes (Schattner and Malmck 1990) have been reported following contact with

trichloroethylene vapor.

In a chronic oral study in rats, observation of squinting and red discharge from the eyes were reported more

frequently in trichloroethylene exposed rats as the study progressed (NCI 1976). Histopathological changes

in the eyes were not repotted in rats following chronic inhalation exposure (Maltoni et al. 1988) or in rats or

mice following chronic oral exposure (Maltoni et al. 1986; NCI 1976; NTP 1988). Based on the limited data,
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it is unknown whether exposure to the trichloroethylene levels found at hazardous waste sites would be

harmful to human eyes.

Body Weight Effects. Body weight loss has been reported in humans occupationally exposed to

trichloroethylene for intermediate or chronic durations at concentrations resulting in neurological effects

(Mitchell and Parsons-Smith 1969; Schattner and Malnick 1990). In intermediate- and chronic-duration

studies body weights less than controls have been reported in animals following inhalation (Adams et al.

1951; Kjellstrand et al. 1983a) and oral exposure (NCI 1976; NTP 1988, 1990) to high levels of

trichloroethylene. Body weight effects have not been studied following dermal exposure of animals. Effects

on body weight are unlikely to occur in humans exposed to trichloroethylene at levels found in the

environment or at hazardous waste sites.

Immunological and Lymphoreticular Effects. It has been suggested that in some cases dermal effects

in persons occupationally exposed to trichloroethylene may be sensitivity reactions (Czirjak et al. 1993; Goh

and Ng 1988; Phoon et al. 1984). A case study involving excessive skin contact showed that 1 of 11 exposed

individuals studied may have had an allergic response to trichloroethylene (Nakayama et al. 1988). People

who drank trichloroethylene-contaminated water in Wobum, Massachusetts, had immunological

abnormalities, but these people were also exposed to other volatile chlorinated hydrocarbons in the water

(Byers et al. 1988; Lagakos et al. 1986b). Symptoms of systemic lupus erythematosus were increased in

residents of Tucson, Arizona, exposed to trichloroethylene and other chemicals in drinking water (Kilburn

and Warshaw 1992). Diffuse fascitis with eosinophilia was reported in a woman who used well water

contaminated with trichloroethylene (Wailer et al. 1994).

There is one animal study indicating that trichloroethylene via the inhalation route alters immune function and

resistance to Streptococcus zooepidemicus (Aranyi et al. 1986). Another animal study, in which mice were

exposed to trichloroethylene in the drinking water, showed treatment-related effects on both cellular- and

antibody-mediated immunity; however, the effects did not occur consistently or in a dose-dependent manner

(Sanders et al. 1982). Histopathological changes in the spleen have not been reported in animals following

intermediate-duration inhalation exposure (Prendegast et al. 1967), or in the spleen or thymus following
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acute- (Berman et al. 1995), intermediate-, or chronic-duration (Maltoni et al. 1986; NCI 1976; NTP 1988,

1990) oral exposure to trichloroethylene.

A study in which MRL +/+ mice were treated with trichloroethylene (1,314 mg/kg/treatment) or

dichloroacetyl chloride (29.5 mg/kg/treatment) by intraperitoneal injection every 4 days for 6 weeks suggests

that these chemicals may accelerate the autoimmune response (Khan et al. 1995). This strain of mice is

genetically predisposed to develop systemic lupus erythematosus in the second year of life. Trichloroethylene

and dichloroacetyl chloride induced significant increases (45% and 322%, respectively) in serum IgG levels.

Significant increases in serum anti-nuclear antibodies, and nonsignificant increases in anti-ssDNA, and anti-

cardiolipin were also observed. The study authors suggested that dichloroacetic acid may be the principal

metabolite of trichloroethylene responsible for the induction of an autoimmune response, as a dose of

trichloroethylene 50-fold greater than the dose of dichloroacetyl chloride was required to induce a response.

The limited human data and the limited animal data suggest that in some sensitive people, especially those

predisposed to develop autoimmune responses, there may be a concern for immune system effects from

exposure to trichloroethylene. However, it is unknown whether exposure to levels of trichloroethylene found

in and around hazardous waste sites may result in immune system effects.

Neurological Effects. In the past, trichloroethylene was used as an anesthetic, so it obviously can cause

acute central nervous system depression in humans. Also, people have become unconscious after acute

exposure to very high levels occasionally present in the workplace (Kohlmuller and Kochen 1994; La&nit

and Pietschmann 1960; Longley and Jones 1963; McCarthy and Jones 1983; Steinberg 1981). Human

experimental studies revealed mild effects on motor coordination, visual perception, and cognition (Feldman

et al. 1985; Rasmussen et al. 1993a, 1993c, 1993d; Vernon and Ferguson 1969). Workers acutely exposed

to relatively high levels of trichloroethylene have also complained of adverse effects similar to those seen in

the experimental subjects. Nonspecific neurological effects from trichloroethylene exposure in the workplace

have been reported and include dizziness and drowsiness, which are similar to the effects of acute inhalation

exposure. These effects are generally reversible. An acute-duration inhalation MRL of 2 ppm was derived

based on a study in which these subjective neurological effects were noted in exposed humans (Stewart et al.

1970). Evidence from acute and chronic exposures suggest that trichloroethylene causes adverse neurological

effects such as dysfunction of cranial nerves (Barret et al. 1987; Buxton and Hayward 1967; Dogui et al.
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1991; Feldman et al. 1970, 1985, 1988, 1992; Kilbum and Warshaw 1993; Rasmussen et al. 1993a; Ruijten

et al. 1991). Accidental ingestion of trichloroethylene has resulted in delirium and loss of consciousness

(Morreale 1976; Perbellini et al. 1991; Stephens 1945; Todd 1954). Studies of persons exposed to

trichloroethylene and other chemicals in drinking water do not show conclusive evidence of neurological

effects. Neurological complaints were not increased in the Wobum, Massachusetts, population (Byers et al.

1988; Lagakos et al. 1986a). Further examination of a subset of this population did reveal some evidence of

cranial nerve damage (Feldman et al. 1988). In the Tucson, Arizona, population exposed to trichlorethylene,

decrease in blinking reflex, eye closure, choice reaction time, and intelligence scores (Kilbum and Warshaw

1993), and impaired balance (Kilbum et al. 1994) were noted. Among persons in the ATSDR exposure

subregistry, a statistically significant impairment in hearing was reported in children age 9 years or younger

(ATSDR 1994; Burg et al. 1995). All of these studies are limited by exposure to multiple chemicals, and a

lack of individual exposure data. Direct emersion of the hand (Sato and Nakajima 1978) or thumb (Stewart

and Dodd 1964) into trichloroethylene has been reported to be painful.

It is not clear if the effects on cranial nerve dysfunction from inhalation exposure in humans are attributable

to trichloroethylene alone or its decomposition products. For example, while a number of limited studies

report neuropathies associated with exposure to trichloroethylene (Bardodej and Vyskocill956; Barret et al.

1987; Lawrence and Partyka 1981; McCunney 1988), there are studies which report that these effects

resulted from exposure to the trichloroethylene decomposition product, dichloroacetylene (Buxton and

Hayward 1967; Cavanagh and Buxton 1989; Feldman 1970; Humphrey and McClelland 1944). Barret et al.

(1992) showed that neuropathies in animals resulted from treatment with both trichloroethylene and

dichloroacetylene, though the effects from dichloroacetylene were more severe.

Neurological effects in animals exposed to trichloroethylene in the air include hearing loss (Albee et al. 1993;

Crofton and Zhao 1993; Jaspers et al. 1993; Rebert et al. 1991), visual impairment (Blain et al. 1992; Kulig

1987; Niklasson et al. 1993), behavioral effects (Adams et al. 1951; Grandjean 1960; Silverman and

Williams 1975), and cardiac arrhythmia (Arito et al. 1993, 1994a, 1994b). An intermediate-duration

inhalation MRL of 0.1 ppm was derived based on a study in which effects on heart rate and sleep cycles were

noted in exposed rats (Arito et al. 1994a). Neurological effects noted in animals following acute oral

exposure include increased rearing activity (Moser et al. 1995), transient ataxia (Narotsky et al. 1995)

increased performance in a swim test, and decreased brain myelination (Isaacson et al. 1990). Following
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chronic-duration oral exposure of rats effects noted included ataxia, lethargy, convulsions, and hind limb

paralysis (NTP 1988). In a chronic-duration oral study in mice, excitation followed by a subanaesthetic state

was observed in mice shortly after daily gavage treatment with trichloroethylene (Henschler et al. 1984). The

available evidence suggests that humans may be at risk for neurological effects from exposure to

trichloroethylene at levels found in the environment and near waste sites.

Reproductive Effects. Operating room nurses exposed to trichloroethylene have been reported to have an

increased incidence of miscarriages, but they were exposed to many other anesthetics as well (Corbett et al.

1974). Survey results of 1,926 women who had spontaneous abortions revealed a greater risk of abortion

associated with trichloroethylene exposure (Windham et al. 1991). This study is limited by multiple chemical

exposure. Humans exposed to trichloroethylene in the drinking water in certain areas of the country have not

shown adverse reproductive effects (Byers et al. 1988; Freni and Bloomer 1988; Lagakos et al. 1986a).

Inhalation exposure of mice to trichloroethylene has resulted in an increase in abnormal sperm (Beliles et al.

1980; Land et al. 1981). No effects on spermatic micronuclei frequency were observed in mice exposed to

trichloroethylene in air for 5 days (Allen et al. 1994). Treatment-related reproductive effects were not

observed in female rats exposed to trichloroethylene in air for 2 weeks before mating (Dorfmueller et al.

1979). Mating behavior has been shown to be affected in mice exposed by gavage to high doses of

trichloroethylene (Zenick et al. 1984). This effect was considered secondary to the narcotic effects of

trichloroethylene. Except for increased testes weight (NTP 1986b) effects on reproductive performance have

not been observed in continuous breeding studies of rats (NTP 1986b) or mice (NTP 1985) exposed orally to

trichloroethylene. No effects on female fertility were noted in rats treated by gavage with trichloroethylene in

corn oil for 2 weeks before mating (Mattson et al. 1984). Histopathological changes in reproductive organs

have not been observed in rats or mice treated by gavage with trichloroethylene in corn oil for chronic

durations (Maltoni et al. 1986; NCI 1976; NTP 1988, 1990). Based on available evidence, exposure to

trichloroethylene in air, water, or soil at hazardous wastes sites is not expected to adversely affect human

reproduction.
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Developmental Effects. There is limited evidence that oral exposure to trichloroethylene, in drinking

water, may cause birth defects. However, the existing database contains limited positive as well as limited

negative reports. Taken together, these data are inconclusive regarding teratogenic effects in humans exposed

to TCE. Over 2,000 male and female workers who were exposed to unspecified concentrations of

trichloroethylene and other solvents in the workplace were studied; an increase in malformations was not

observed (Tola et al. 1980). An apparent doubling of risk was associated with effects on birth weight among

the newborn of women exposed occupationally or nonoccupationally to unspecified concentrations of

trichloroethylene (Windham et al. 1991). However, there was no association when general solvent exposure

was examined. In both studies complete medical records were not provided. There is some evidence that

exposure to trichloroethylene in drinking water may cause certain types of birth defects. However, this body

of research is still far from conclusive. A survey of live births and fetal deaths in an area of New Jersey with

contaminated public drinking water found an association between trichloroethylene and oral cleft, central

nervous system, neural tube defects, and major cardiac defects (Bove et al. 1995). Uncertainty regarding

exposure classification and small numbers of cases were the main limitations of this study. In a study of

residents exposed to drinking water contaminated with solvents including trichloroethylene, in Wobum,

Massachusetts, there was a suggestion that the combination of eye and ear anomalies and the combination of

central nervous system, chromosomal, and oral cleft anomalies in newborns were associated with

contaminated water exposure (Lagakos et al. 1986a). However, several scientists have questioned the

biological relevance of the unusual groupings of these anomalies for purposes of statistical analysis

(MacMahon 1986; Prentice 1986). An additional study of the Wobum population has been completed

(MDPH 1994). The study authors indicate that there were increased prevalence in choanal atresia, a rare

respiratory defect, and hypospadias/congenital chordee among those ever exposed. However, these findings

are limited by the small number of cases in which these effects were observed. The study authors cautioned

that their study did not rule ;rut moderate increases in rates of the less common adverse reproductive

outcomes. For these outcomes only large increases would have been detected. Overall, this study did not

show any statistically significant associations between exposure concentration and birth defects. A study of

Michigan residents exposed to trichloroethylene and other solvents in their drinking water found no

significant excesses of congenital defects or adverse pregnancy outcomes. In this study, sample size was

small and the period of exposure was ill-defined (Freni and Bloomer 1988). Another population, in Tucson,
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Arizona, was exposed to trichloroethylene in drinking water and had increased numbers of congenital heart

defects (Goldberg et al. 1990).

Among persons in the ATSDR exposure subregistry, a statistically significant impairment in hearing was

reported in children age 9 years or younger (ATSDR 1994; Burg et al. 1995). Because the time of onset for

hearing loss is not available, it is not known if this effect may be a result of in utero exposure or exposure

after birth. The study authors cautioned that their study does not identify a causal relationship between

trichloroethylene and effects but does suggest areas for further research.

Both Bove et al. (1995) and MDPH (1994) examined effects of trichloroethylene exposure on fetal birth

weights. Neither study saw a conclusive effect on birth weight, although birth weights tended to be lower in

exposed infants compared to controls in the MDPH (1994) study. A small effect on birth weight in male

infants was noted in an interim report on adverse birth outcomes for a population living at Camp LeJeune,

North Carolina (ATSDR 1997). The women were exposed sometime during gestation. The study authors

cautioned that the small group size weakens the causal association and stated that further analyses are

ongoing.

Several animal studies using both the inhalation (Beliles et al. 1980; Dorfmueller et al. 1979; Hardin et al.

1981; Schwetz et al. 1975) and oral (Cosby and Dukelow 1992; Manson et al. 1984; NTP 1985, 1986, 1990)

routes of exposure did not reveal teratogenic effects on the developing fetus. Decreased litter size and

increases in micro- or anophthalmia have been noted in the offspring of rats treated with trichloroethylene

during gestation at maternally toxic (deaths, decreased body weight gain) doses (Narotsky and Kavlock 1995;

Narotsky et al. 1995). Studies that looked at more sensitive neurological and neurobehavioral effects on

developing pups and fetuses (changes in rearing open field activity, exploratory behavior) have found an

effect from trichloroethylene exposure (Fredriksson et al. 1993; Isaacson and Taylor 1989; Taylor et al.

1985). The Fredriksson et al. (1993) study was used to derive an acute-duration oral exposure MRL of

0.2 mg/kg/day. A nonmammalian avian embryo model of cardiac teratogenesis was used to examine the

question of whether trichloroethylene causes cardiac malformations (Loeber et al. 1988). White Leghorn

chick eggs were exposed to 5-25 µM (2-28 µg /g body weight) trichloroethylene injected into the air space of

the egg during various stages of incubation. Cardiac malformations, including septal defects, abnormal
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cardiac muscle, and atrioventricular canal defects, were found in 7.3% of exposed hearts compared to 2.3%

and 1.5% of saline-treated and mineral oil-treated controls. This was a well-conducted study with adequate

controls and selection of doses. A study with rats found evidence of abnormal heart development in fetuses

from exposed dams (Dawson et al. 1993). A study regarding the teratogenicity of trichloroacetic acid in rats

indicates that this metabolite of trichloroethylene can also result in cardiac defects (Smith et al. 1989). In

offspring of rats treated by gavage with 0, 330, 800, 1,200 or 1,800 mg/kg/day trichloroacetic acid in water

on gestation days 6-15, l%, 5%, 24%, 47%, and 95% of the fetuses, respectively had cardiac defects.

Maternal toxicity (decreased body weight gain, increased kidney and spleen weights) was observed at doses

of 800 mg/kg/day and greater. Developmental effects may be a concern for some persons exposed to

trichloroethylene; however, it is unknown whether exposure to levels of trichloroethylene found in and around

hazardous waste sites may result in adverse developmental effects.

Genotoxic Effects. Data regarding the genotoxicity of trichloroetbylene suggest that it is a very weak,

indirect mutagen (EPA 1985c). The potential for heritable gene mutations and the mechanisms of

carcinogenicity are not known. A marked increase in the incidence of chromosomal abnormalities, such as

gaps, breaks, translocations, deletions, inversions, and hyperdiploidy, was detected in the lymphocytes of

occupationally exposed workers (Rasmussen et al. 1988). The same researchers also looked at the frequency

of nondisjunction for the Y chromosome in sperm; the result was negative. One problem with this

investigation is that information regarding exposure to other potentially mutagenic factors, such as X-rays,

viral infections, alcohol, and workplace chemicals, was unavailable for the control group (Rasmussen et al.

1988). An increase in hypodiploid cells was detected in an earlier study of trichloroethylene exposed

workers, but chromosomal breakage was not observed (Konietzko et al. 1978). Results from this study were

considered inconclusive because of a lack of matched controls, the possible exposure of workers to other

potentially mutagenic chemicals, and the possibility that the incidence of hypodiploid cells was the result of

the chromosome preparation technique (EPA 1985c).

Cigarette smoking and trichloroethylene exposure may act synergistically to increase the rate of sister

chromatid exchange (Seiji et al. 1990). Because cigarette smoking is a well-recognized factor in increased

sister chromatid exchange, this study included comparisons of trichloroethylene-exposed and nonexposed

individuals, who were smokers or nonsmokers. The only group with an increased frequency of sister
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chromatid exchange consisted of individuals who smoked and were exposed to trichloroethylene. However,

this study had several limitations. The lack of an increase in unexposed smokers compared to nonsmokers

may be due to the small number of smokers (n=7) or to the fact that they smoked no more than 5-10

cigarettes per day. In addition, concomitant exposure to other solvents occurred. In a similar investigation of

sister chromatid exchange, negative results tiere obtained for both smokers and nonsmokers exposed to

trichloroethylene (Nagaya et al. 1989a). As expected, the average frequency for sister chromatid exchange

appeared to be higher among smokers than nonsmokers regardless of trichloroethylene exposure;

unfortunately, statistical testing regarding increased sister chromatid exchange frequency among smokers was

not performed. An earlier study did suggest a positive effect of trichloroethylene on increased sister

chromatid exchange, but exposure to other chemicals may have confounded these results (Gu et al. 1981).

Please refer to Table 2-4 for a further summary of the results of inhalation studies. There is no information

on potential genotoxic effects in humans from oral exposure.

The results from in vivo animal studies are similarly inconclusive with regard to the genotoxicity of

trichloroethylene. These studies have concentrated heavily on trichloroethylene’s role in DNA damage,

primarily in the form of single-strand breaks. High oral doses of trichloroethylene resulted in single-strand

breaks in liver cells of B6C3F1 mice and Sprague-Dawley rats (Nelson and Bull 1988). Differences in dose

response and metabolite toxicity suggest differences in the mechanisms of single-strand break induction

between the two species. Single-strand breaks in DNA of kidney and liver cells were observed in mice

following a single intraperitoneal injection of trichloroethylene (Walles 1986). The breaks were repaired

within 24 hours. It has been suggested that the single-strand breaks may be the result of repair of alkylated

bases, the influence of oxygen radicals formed during the biotransformation of the substances, or the

destruction of DNA by the autolysis of cells at toxic doses (Walles 1986). While no direct evidence exists for

DNA adduct formation by trichloroethylene, covalent binding to DNA and RNA from various organs in rats

and mice after intraperitoneal injection has been observed (Mazzullo et al. 1992).

Other investigators found no evidence for DNA damage in B6C3F1 mice, Fischer-344 rats (Mirsalis et al.

1989), or CD-l mice (Doolittle et al. 1987) following oral trichloroethylene exposure or in male Sprague-

Dawley rats following intraperitoneal injection (Parchman and Magee 1982). There was, however, evidence

for an increased rate of DNA synthesis in B6C3F1 and CD-l mice (Doolittle et al. 1987; Mirsalis et al.

1989), while no such effect was observed in Fischer-344 rats (Mirsalis et al. 1989). This observation

indicates that different mechanisms may exist in different rodent species. In addition, the increased rate of
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DNA synthesis, a nongenobxic effect, suggests that trichloroethylene may be carcinogenic without

necessarily being genotoxic (Doolittle et al. 1987; Klaunig et al. 1991; Mirsalis et al. 1989). An inhalation

study found no significant cytogenic or cell cycle progression effects in C57EW6J mice exposed to up to

5,000 ppm trichloroethylene, although evidence for aneuploidy and increased bone marrow micronuclei

formation was found in similarly exposed CD rats (Kligerman et al. 1994). The study authors suggest that,

although mice exhibit a greater ability than rats to metabolize trichloroethylene, the pathway involving

production of the chloral intermediate (known to induce aneuploidy) is predominant in rats, and the observed

effect may be due to formation of this metabolite. Results from these and other animal in vivo studies can be

found in Table 2-4.

The results gathered from in vitro studies are no more conclusive than those from in vivo studies. A UDS

assay with human lymphocytes was indeterminate for DNA damage when tested with and without exogenous

metabolic activation (Perocco and Prodi 1981). An in vitro UDS assay with human WI-38 lung cells was

only weakly positive (Beliles et al. 1980). A UDS assay for rat hepatocytes was negative for DNA damage

(Shimada et al. 1985). Stuoies using mammalian cells in vitro have reported positive results for cell

transformation in C3T3 cells (Tu et al. 1985), and rat embryo cells (Price et al. 1978), with negative results in

a cell transformation assay in Syrian hamster embryo cells (Amacher and Zelljadt 1983). A DNA-protein

cross-link study produced negative results for chloral-treated liver nuclei from Fischer-344 rats (Keller and

Heck 1988). The outcome was positive when D61 .M yeast was tested for mitotic aneuploidy following

trichloroethylene treatment both with and without metabolic activation. The same researchers also assessed

gene conversion and reverse mutation following treatment of D7 yeast with trichloroethylene (Koch et al.

1988). The results can be viewed in Table 2-5 but are difficult to evaluate because statistical comparisons

were not reported. Finally, an interesting study comparing the effects of stabilized versus unstabilized

trichloroethylene on the rate of gene mutation was performed on Salmonella typhimurium. As seen in

Table 2-5, mixed results were found according to the purity of trichloroethylene and the type of assay

performed (preincubation or vapor). However, the trichloroethylene stabilizers alone generated positive

outcomes for both types of assay (McGregor et al. 1989). The results of other prokaryotic and fungal studies

can be found in Table 2-5.

Although trichloroethylene itself may not be genotoxic, several of its metabolites are reactive and potentially

genotoxic compounds (Miller and Guengerich 1982). Several isomers of 1,2-dichlorovinyl-cysteine, a

product of trichloroethylene metabolism in the kidney, are mutagenic in the in vitro Ames assay
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](Commandeur et al. 1991; Dekant et al. 1986c). These products have been identified in the urine of workers

exposed to trichloroethylene (Bimer et al. 1993). Although trichloroethylene itself may not be genotoxic, the

evidence that some of its metabolites are genotoxic suggests that genotoxic effects may be a concern for some

persons exposed to trichloroethylene. However, it is unknown whether exposure to levels of trichloroethylene

found in and around hazardous waste sites may result in genotoxic effects.

Cancer. Workers who have been exposed to trichloroethylene show no higher incidence of cancer than

controls in numerous epidemiologic studies (Axelson et al. 1978; Hardell et al. 1981; Malek et al. 1979;

Novotna et al. 1979; Paddle 1983; Spirtas et al. 1991; Tola et al. 1980). Studies that did show an increased

incidence of specific cancers in exposed workers were complicated by exposures to other chemicals, including

known human carcinogens (Antilla et al. 1995; Blair et al. 1979; Hardell et al. 1994; Henschler et al. 1995).

A population that drank contaminated well water in Wobum, Massachusetts, was reported to have an increase

in childhood leukemia (Lagakos et al. 1986a). This was supported by a second study of New Jersey

communities, which were served by a community water system, where an increase in the standardized

mortality ratio for leukemia was found in females exposed to trichloroethylene (Pagliano et al. 1990). Further

expansion of the New Jersey population showed a significant elevation of total leukemias, childhood

leukemias, acute lymphatic leukemias, and non-Hodgkin’s lymphoma in females exposed to >5.0 ppb

trichloroethylene (Cohn et al. 1994). Diffuse large celVreticulosarcoma non-Hodgkin’s lymphoma was

significantly elevated in males as well. A retationship between trichloroethylene exposure in drinking water

and cancer including non-Hodgkin’s lymphoma, multiple myeloma, and leukemia was not observed in a

Finnish study (Vartianinen et al. 1993). Problems associated with these studies, including exposure to a

mixture of chemical contaminants and, particularly in the Lagakos et al. (1986a) study, the use of statistical

methods which have been questioned by others (MacMahon 1986; Prentice 1986; Rogan 1986; Swan and

Robins 1986; Whittemore 1986). Thus, the associations drawn from these studies between the incidence of

leukemia and other cancers and the oral exposure to trichloroethylene are suggestive yet inconclusive. Data in

the ATSDR trichloroethylene subregistry indicate an excess number of deaths from respiratory cancer in men

exposed environmentally to trichloroethylene when compared with national survey data (ATSDR 1994). The

study authors concluded that based on the incidence of smoking in the population “it would be inappropriate

to relate this excess solely to trichloroethylene exposure.”
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Animal studies have shown increases in various types of cancer following inhalation or oral exposure to

trichloroethylene, including cancer of the liver in mice (NCI 1976; NTP 1990) and cancer of the kidney (NTP

1988, 1990) and testes (NTP 1988) in rats. A serious problem with many of the studies is poor survival rate

(Maltoni et al. 1986; NTP 1988,1990). Also, some of the studies used trichloroethylene containing small

amounts of epoxide stabilizers to preserve the trichloroethylene from rapid degradation. Since these epoxides

form free radicals, they themselves may be carcinogens and may contribute to the carcinogenic potential of

industrial trichloroethylene. An NTP study using epoxide-free trichloroethylene showed liver tumors in mice,

some indication of renal tumors in male rats, and no evidence of carcinogenicity in female rats (NTP 1990).

Acute oral exposure to trichloroethylene or its metabolites preferentially induces peroxisome proliferation in

mouse liver, which may be related to the carcinogenic response in this species (Goldsworthy and Popp 1987).

In addition, it has been hypothesized that some of the potential for tumor induction may be related to

formation of trichloroethylene metabolites such as DCA, TCA, chloral hydrate, and 2-chloroacetaldehyde

(Daniel et al. 1992; DeAngelo et al. 1991; Larson and Bull 1992a). The greater trichloroethylene-induced

carcinogenicity in mice compared to the rat is believed by some investigators to be related to the increased

conversion of the parent compound by mice to the reactive metabolites and the saturation of metabolism at

higher dose levels in rats (Dallas et al. 1991; Dekant et al. 1986b; Filser and Bolt 1979; Larson and Bull

1992a; Prout et al. 1985; Stott et al. 1982). Direct administration of DCA and TCA in the drinking water

resulted in an increased incidence of liver tumors in the mouse, while administration of trichloroethylene did

not (Herren-Freund et al. 1987).

Trichloroethylene has been nominated for listing in the National Toxicology Program’s (NTP) 9th Report on

Carcinogens. Evaluation of this substance by the NTP review committees is ongoing. Based on limited

evidence in humans, and sufficient evidence in animals for carcinogen&city, IARC (1995) considers

trichloroethylene probably carcinogenic to humans (2A). ACGIH has placed trichloroethylene in their

group A5, not suspected as a human carcinogen (ACGIH 1996). This group is for chemicals not suspected to

be human carcinogens on the basis of properly conducted epidemiologic studies in humans. The studies

reviewed were considered to “have sufficiently long follow-up, reliable exposure histories, sufficiently high

dose, and adequate statistical power to conclude that exposure to the agent does not convey a significant risk

of cancer to humans.”
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The incidence data for lung tumors in female Swiss mice together with tumor incidence data from other

studies were used by EPA (1987a) to derive a carcinogenic potency estimate; a classification of B2 (probable

human carcinogen) was assigned to trichloroethylene. In 1988, the Scientific Advisory Board for the EPA

offered an opinion that the weight-of-evidence was on a C-B2 continuum (possible-probable human

carcinogen). The agency has not restated a more current position on the weight-of-evidence classification and

is reflecting this by posting an “under review” status in IRIS (IRIS 1996).

It has been argued that occupational studies do not suggest that trichloroethylene is a potent carcinogen, given

the enormous size of the workforce exposed to the chemical and the small number of persons experiencing

carcinogenic effects (Abelson 1993; Kimbrough et al. 1985; Steinberg and DeSesso 1993). Kimbrough et al.

(1985) further maintain that, although trichloroethylene has been shown to be a weak-to-moderate carcinogen

in mice and rats, there are differences between low- and high-dose metabolism in animals and differences

between species in susceptibility to cancer. They suggest the possibility that metabolism to a proximate

carcinogen does not occur in humans at low doses. In general, the associations drawn from the limited

epidemiological data in humans, as well as cancer studies in animals, are suggestive yet inconclusive. Based

on the available data, cancer should be an effect of concern for people exposed to trichloroethylene in the

environment and at hazardous waste sites.

2.6 BIOMARKERS OF EXPOSURE AND EFFECT

Biomarkers are broadly defined as indicators signaling events in biologic systems or samples. They have

been classified as markers of exposure, markers of effect, and markers of susceptibility (NAS/NRC 1989).

Due to a nascent understanding of the use and interpretation of biomarkers, implementation of biomarkers as

tools of exposure in the general population is very limited. A biomarker of exposure is a xenobiotic

substance or its metabolite(s) or the product of an interaction between a xenobiotic agent and some target

molecule(s) or cell(s) that is measured within a compartment of an organism (NAS/NRC 1989). The

preferred biomarkers of exposure are generally the substance itself, substance-specific metabolites in readily

obtainable body fluid(s), or excreta. However, several factors can confound use and interpretation of

biomarkers of exposure. The body burden of a substance may be the result of exposures from more than one

source. The substance being measured may be a metabolite of another xenobiotic substance (e.g., high
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urinary levels of phenol can result from exposure to several different aromatic compounds). Depending on

the properties of the substance (e.g., biologic half-life) and environmental conditions (e.g., duration and route

of exposure), the substance and all of its metabolites may have left the body by the time samples can be

taken. It may be difficult to identify individuals exposed to hazardous substances that are commonly found in

body tissues and fluids (e.g., essential mineral nutrients such as copper, zinc, and selenium). Biomarkers of

exposure to trichloroethylene are discussed in Section 2.6.1.

Biomarkers of effect are defined as any measurable biochemical, physiologic, or other alteration within an

organism that, depending on magnitude, can be recognized as an established or potential health impairment or

disease (NAS/NRC 1989). This definition encompasses biochemical or cellular signals of tissue dysfunction

(e.g., increased liver enzyme activity or pathologic changes in female genital epithelial cells), as well as

physiologic signs of dysfunction such as increased blood pressure or decreased lung capacity. Note that these

markers are not often substance specific. They also may not be directly adverse, but can indicate potential

health impairment (e.g., DNA adducts). Biomarkers of effects caused by trichloroethylene are discussed in

Section 2.6.2.

A biomarker of susceptibility is an indicator of an inherent or acquired limitation of an organism’s ability to

respond to the challenge of exposure to a specific xenobiotic substance. It can be an intrinsic genetic or other

characteristic or a preexisting disease that results in an increase in absorbed dose, a decrease in the

biologically effective dose, or a target tissue response. If biomarkers of susceptibility exist, they are

discussed in Section 2.8, Populations That Are Unusually Susceptible.

2.6.1 Biomarkers Used to Identify or Quantify Exposure to Trichloroethylene

Biological monitoring for exposure to trichloroethylene is possible by measuring levels of the parent

compound or the metabolites in exhaled air, blood, or urine. However, it should be noted that metabolites of

trichloroethylene may also come from other sources; they are not specific to trichloroethylene exposure alone.

Biological monitoring for trichloroethylene exposure has been performed for occupational exposures as well

as for the general population. Following inhalation exposure in humans, most (approximately 58%) of the

retained dose of trichloroethylene is metabolized and excreted as metabolites in the urine (Monster et al.

1976). Only a small amount (10-l 1%) of the absorbed dose is exhaled as unchanged trichloroethylene
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through the lungs, and 2% of the dose is eliminated by the lungs as trichloroethanol. A correlation was found

between levels of trichloroethylene in ambient air and levels of trichloroethylene in human breath (Kimmerle

and Eben 1973b; Monster et al. 1979; Stewart et al. 1970, 1974b; Wallace 1986; Wallace et al. 1985). Thus,

this exposure-excretion relationship supports the use of breath levels for the prediction of exposure levels.

There are three biological exposure indices (BEIs) for exposure to trichloroethylene at the ACGIH threshold

limit value time-weighted average (TLV-TWA) of 50 ppm (ACGIH 1996). When measured at the end of a

40-hour workweek, TCA in urine is approximately 100 mg/g creatinine; when measured at the end of an 8-

hour shift at the end of a workweek TCA and trichloroethanol in urine is approximately 300 mg/g creatinine,

and free trichloroethanol in blood is approximately 4 mg/L.

Monitoring for exposure to trichloroethylene has also been performed by measuring trichloroethylene and its

principal metabolites (TCA, trichloroethanol, trichloroethanol glucuronide) in blood and urine (Ertle et al.

1972; Ikeda et al. 1972; Imamura and Ikeda 1973; Kimmerle and Eben 1973b; Monster et al. 1979; Mtiller et

al. 1972, 1974, 1975; Nomiyama 1971; Nomiyama and Nomiyama 1977; Ogata et al. 1971; Skender et al.

1993; Stewart et al. 1970; Vartiainen et al. 1993). A linear correlation was reported between the

concentration of trichloroethylene in breathing zone air and the resulting urinary levels of trichloroethanol and

TCA recorded within the day (Inoue et al. 1989). However, because urinary TCA has a longer half-life than

trichloroethanol, it better reflects long-term exposure, whereas urinary trichloroethanol has been

recommended as an indicator of recent exposure (Ulander et al. 1992).

The use of the methods for monitoring metabolites of trichloroethylene in blood and urine is, however, rather

limited since the levels of TCA in urine have been found to vary widely, even among individuals with equal

exposure (Vesterberg and Astrand 1976). Moreover, exposure to other chlorinated hydrocarbons such as

tetrachloroethane, tetrachloroethylene, and 1, 1, 1-trichloroethane would also be reflected in an increase in

urinary excretion of TCA. In addition, there may be sex differences regarding the excretion of

trichloroethylene metabolites in urine since one experiment shows that men secrete more trichloroethanol than

women (Inoue et al. 1989). The use of the level of trichloroethylene adduction to blood proteins as a

quantitative measure of exposure is also possible, although obtaining accurate results may be complicated by

the fact that several metabolites of trichloroethylene may also form adducts (Stevens et al. 1992).
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Differences among individuals can partially explain the differences in the before workshift and end of

workshift levels of trichloroethylene and its metabolites. Increased respiration rate during a workday, induced

by physical workload, has been shown to affect levels of unchanged trichloroethylene more than its

metabolites, while the amount of body fat influences the levels of the solvent and its metabolites in breath,

blood, and urine samples before workshift exposure (Sato 1993). Additionally, liver function affects

measurements of exhaled solvent at the end of workshift; increased metabolism of tricbloroethylene will tend

to decrease the amount exhaled after a workshift. Increased renal function would affect levels of TCA and

trichloroethanol in blood before a workshift in the same way, but it probably would not affect urine values

between the beginning and the end of the workshift because of the slow excretion rate of TCA.

Urinary concentration of the renal tubular enzyme N-acetyl-β-D-glucosaminidase (NAG) has been used as an

indicator of renal damage resulting from trichloroethylene exposure, although part of this effect may have

been age dependent (Brogren et al. 1986). Other studies specifically examining the influence of factors such

as age or alcohol consumption on the association between trichloroethylene exposure and NAG levels have

found a weak, nonsignificant correlation (Rasmussen et al. 1993b; Selden et al. 1993).

Serum bile acid levels, which are indicative of liver function, have been shown to increase in a dosedependent

manner in rats exposed via inhalation to trichloroethylene (Wang and Stacey 1990), as well as in

occupationally exposed humans (Driscoll et al. 1992). Subsequent investigations revealed that these

increases in rats occurred at exposure concentrations that produced no evidence of liver cell damage, thus

recommending this assay as a sensitive indicator of low-level exposure (Bai and Stacey 1993; Hamdan and

Stacey 1993). However, a study of metal degreasers found that the association between the level of γ-

glutamyltransferase enzyme (another indicator of liver function) and trichloroethylene exposure became

nonsignificant after controlling for the effects of age and alcohol consumption (Rasmussen et al. 1993b).

Ambient air monitoring remains the best predictor of external exposure to trichloroethylene. Based on results

using a mathematical model, measurements of TCA levels are considered the best indicator oflong-term

exposure to trichloroethylene; the level of TCA in urine before workshift exposure is regarded as a predictor

of the average exposure over days (Femandez et al. 1977). Accordingly, the measurement of urine levels of

trichloroethanol may give a better indication of recent exposure.
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2.6.2 Biomarkers Used to Characterize Effects Caused by Trichloroethylene

The system that is most sensitive to acute toxicity from inhalation exposure to trichloroethylene is the

nervous system. However, effects such as dizziness and drowsiness can occur for many reasons and cannot

be used as biomarkers for exposure to trichloroethylene. Cranial nerves V and VII are specific targets of

trichloroethylene and/or its decomposition product. Conclusive studies distinguishing the toxicity of

trichloroethylene, its decomposition products, and combinations thereof have not been found. A sensitive

test, blink reflex latency, can determine damage to the nerves, and it has been used to show prolonged effects

from trichloroetbylene exposure in the water (Feldman et al. 1988). Although this test has only been used in

the past to differentiate group differences (because of the lack of individual exposure data), it is possible that

further refinements of this technique may make it useful as a biomarker in the future. Other neurological

functional tests from well-documented neurobehavioral test batteries (e.g., WHO Neurobehavioral Core Test

Battery, Neurobehavioral Evaluation System; ATSDR Adult Environmental Neurobehavioral Test Battery)

or measurement of sensory-evoked potentials could be useful for screening individuals in the context of

documented trichloroethylene exposure (Amler et al. 1995; Arezzo et al. 1985; Baker et al. 1985; WHO

1990).

The chlorinated hydrocarbons as a class are known to affect the liver and kidney. To determine the potential

for human kidney damage resulting from workplace air exposure to trichloroethylene, urinary total protein

and β2-microglobulin were tested. These were measured in the urine of workers who had a history of

exposure to approximately 15 ppm trichloroethylene (duration of exposure and age were 8.4±7.9 and

36.6±13.6 years, respectively) (Nagaya et al. 1989b); Slight increases in urinary total protein and

β2-microglobulin were noted in the exposed population when compared to controls, except for a significant

change in the 35-44-year-old workers. The authors of this study concluded that the adverse effect on the

kidney was mild and glomerular rather than tubular. In contrast, Brogren et al. (1986) found increased

urinary excretion of N-acetyl-β-D-glucosaminidase, which is released upon necrosis of renal tubular cells in

workers exposed to trichloroethylene, trichloroethane, and freon. Both of these markers (β2-microglobulin

and N-acetyl-β-D-glucosaminidase) are used to indicate kidney damage, but neither marker is specific to

trichloroethylene-induced damage; a number of short-chain halogenated hydrocarbons can produce similar

effects. Similarly, changes in serum protein levels have been used to assess exposure to trichloroethylene

(Capellini and Grisler 1958; Konietzko and Reill 1980; Rasmussen et al. 1993b).
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2.7 INTERACTIONS WITH OTHER SUBSTANCES

Alcohol can affect the metabolism of trichloroethylene. This is noted in both toxicity and pharmacokinetic

studies. In toxicity studies, simultaneous exposure to ethanol and trichloroethylene increased the

concentration of trichloroetitylene in the blood and breath of male volunteers (Stewart et al. 1974~). These

people also showed “degreaser’s flush”-a transient vasodilation of superficial skin vessels. In rats,

depressant effects in the central nervous system are exacerbated by coadministration of ethanol and

trichloroethylene (Utesch et al. 1981).

Ethanol administration can potentially increase or decrease trichloroethylene metabolism, depending on two

factors: the time interval between ethanol and trichloroethylene administration, and the doses administered.

With a short time interval, ethanol and trichloroethylene compete for enzymatic sites, decreasing

trichloroethylene metabolism. For example, increased blood levels of trichloroethylene and decreased blood

levels of trichloroethanol and TCA were observed in rabbits given ethanol 30 minutes prior to

trichloroethylene (White and Carlson 1981). Alternatively, with a long time interval after ethanol

administration, and subsequent enzyme induction, trichloroethylene metabolic rates would be expected to

increase. This may be the explanation for the decreased blood levels of trichloroethylene that were measured

with increased urinary excretion of total trichlorocompounds (trichloroethanol and TCA) when ethanol was

given to rats 18 hours prior to inhalation exposure to 500 ppm trichloroethylene (Sato et al. 1981). In a

similar study, rats were pre-exposed to a 3-week ethanol, low-carbohydrate, high-fat diet (to induce

cytochrome P-450) prior to trichloroethylene inhalation. When compared with rats fed control diets, the pre-

exposed rats had significant increases in urinary metabolites at high trichloroethylene concentrations (>500

ppm) (Kaneko et al. 1994). When trichloroethylene is metabolized to chloral hydrate by the cytochrome

P-450 system, the chloral hydrate is either oxidized by chloral hydrate dehydrogenase to TCA or reduced by

alcohol dehydrogenase to trichloroethanol (Sato et al. 1981). The oxidation steps require the oxidized form

of nicotinamide adenine dinucleotide (NAD+), while the reduction steps require the reduced form NADH.

Ethanol is known to alter the ratio of NAD+/NADH in hepatocytes and to produce a subsequent shift toward

reduction to trichloroethanol. Support for this was found in studies with rats that were exposed to

trichloroethylene with and without ethanol. Ethanol coadministration resulted in an increased urinary
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trichloroethanol/TCA ratio at all dose levels, reflecting a more reduced state in the hepatocyte (Larson and

Bull 1989).

Other low molecular weight alcohols (e.g., isopropanol), as well as other compounds that inhibit alcohol

metabolizing enzymes (e.g., alcohol dehydrogenase) and the hepatic drug metabolizing system, have been

shown to alter steady-state blood levels of trichloroethylene. When administered orally to female rats in

conjunction with trichloroethylene inhalation exposures, these compounds increased the steady-state

concentration of trichloroethylene in the venous blood (Jakobson et al. 1986). Treatment with disulfiiam

resulted in a significant increase in the amount of trichloroethylene exhaled by women exposed to 186 ppm

for 5 hours (Bartonicek and Teisinger 1962). Excretion of trichloroethanol and TCA in the urine decreased

by 4064% and 72-87%, respectively. Pretreatment with phenobarbital and 3-methylcholanthrene, which,

like ethanol, are inducers of the liver mixed-function oxidase system, increased the extent of liver injury

following exposure to trichloroethylene (Carlson 1974). Similar results were found with other inducers of the

hepatic mixed-function oxidase system (Allemand et al. 1978; Moslen et al. 1977; Nakajima et al. 1990b).

By enhancing the metabolism of trichloroethylene to its cytotoxic metabolites, compounds that induce the

hepatic mixed-function oxidase system can potentiate the hepatotoxicity of trichloroethylene.

Animal studies indicate that trichloroethylene can sensitize the heart to epinephrine-induced arrhythmias.

Other chemicals can affect these epinephrine-induced cardiac arrhythmias in animals exposed to

trichloroethylene. Phenobarbital treatment, which increases the metabolism of trichloroethylene, has been

shown to reduce the trichloroethylene-epinephrine-induced arrhythmias in rabbits (White and Carlson

1979), whereas high concentrations of ethanol, which inhibits trichloroethylene metabolism, have been found

to potentiate trichloroethylene-epinephrine-induced arrhythmias in rabbits (White and Carlson 1981). These

results indicate that trichloroethylene itself and not a metabolite is responsible for the epinephrine-induced

arrhythmias. In addition, caffeine has also been found to increase the incidence of epinephrine-induced

arrhythmias in rabbits exposed to trichloroethylene (White and Carlson 1982).

Trichloroethylene may occur in drinking water along with other chlorinated hydrocarbons, so effects of these

chemicals in combination are of interest to public health. Hepatotoxicity, as measured by plasma enzyme

activity, was increased synergistically in rats by oral administration of carbon tetrachloride combined with

trichloroethylene (Borzelleca et al. 1990). In addition, synergistic effects were implicated in a 3-day study in
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which rats were pretreated with trichloroethylene, then subsequently challenged with carbon tetrachloride,

both administered intraperitoneally by gavage or in drinking water (Steup et al. 1991). Trichloroethylene

exposure enhanced the subsequent carbon tetrachloride challenge, as measured by increased liver necrosis and

plasma alanine aminotransferase levels, although the study authors noted that the exposure levels were far

above those normally encountered by humans in their drinking water. In a follow-up study, a single gavage

dose of trichloroethylene (0.5 mL/kg) had no toxic effects, but when it was coadministered with carbon

tetrachloride, the time-course for synergistic action (measured by a decline of serum enzyme levels and an

increase in hepatocyte damage) followed the decline of the GSH level (Steup et al. 1993). This finding may

either implicate GSH in the trichloroethylene potentiation of carbon tetrachloride toxicity or simply be a

result of general hepatic injury.

A study examining the effects of trichloroethylene and styrene inhalation on the rat auditory system found

that the combined effect of these compounds was additive, suggesting that their mechanisms of action are

similar (Rebert et al. 1993). A 5-day exposure to 1,500 ppm trichloroethylene had no effect on brainstem

auditory-evoked response unless combined with a simultaneous exposure to 500 ppm styrene, in which case

substantial hearing loss was noted. Concurrent administration of trichloroethylene and tetrachloroethylene to

mice did not result in additive or synergistic effects in induction of hepatic peroxisomal proliferation, as

measured by cyanide-insensitive pahnitoyl CoA oxidation activity (Goldsworthy and Popp 1987). Rats

injected with mixtures of benzene and trichloroethylene generally showed inhibited benzene metabolism as

measured by conjugated phenol excretion (Starek 1991). At higher doses of trichloroethylene (5 mmol/kg),

conjugated phenol excretion was lower directly after exposure, but higher than in the rat exposed to benzene

alone 2 days after exposure. Additional reports include potentiation of the hepatotoxicity of carbon

tetrachloride by trichloroethylene in rats (Pessayre et al. 1982) and competitive inhibition of P-450

metabolism by mixtures of vinyl chloride and trichloroethylene in rats, as determined by PBPK modeling and

in vitro studies (Barton et al. 1995).

In degreasing operations, there may be exposures to carbon monoxide, which may compound symptoms

reported by workers (NIOSH 1973). Illnesses of certain employees, documented at a neighboring hospital,

included headache, nausea, dizziness, and chest pain. The NIOSH report concluded that the first employee

illness reports were due to toxic effects of carbon monoxide complicated by trichloroethylene exposure. The
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source of carbon monoxide was propane for lifts, and the trichloroethylene source was a malfunctioning

degreaser.

2.8 POPULATIONS THAT ARE UNUSUALLY SUSCEPTIBLE

A susceptible population will exhibit a different or enhanced response to trichloroethylene than will most

persons exposed to the same level of trichloroethylene in the environment. Reasons may include genetic

makeup, age, health and nutritional status, and exposure to other toxic substances (e.g., cigarette smoke).

These parameters may result in reduced detoxification or excretion of trichloroethylene, or compromised

function of organs affected by trichloroethylene. Populations who are at greater risk due to their unusually

high exposure to trichloroethylene are discussed in Section 5.6, Populations With Potentially High

Exposures.

The elderly with declining organ function and the youngest of the population with immature and developing

organs (i.e., premature and newborn infants) will be more vulnerable to toxic substances in general than

healthy adults. If the metabolic products are more toxic than the parent compound, an individual with higher

metabolic rates (such as some children and adolescents) would be expected to have greater toxicity.

Some people who have worked with trichloroethylene for long periods of time may develop an allergy to it or

become particularly sensitive to its effects on the skin. People who smoke may increase their risk of toxic

effects from trichloroethylene. However, these data are equivocal and limited. People who consume alcohol

or who are treated with disulf’ii may be at greater risk of trichloroethylene poisoning because ethanol and

disulfii can both inhibit the metabolism of trichloroethylene and can cause it to accumulate in the

bloodstream, potentiating its effects on the nervous system. Compromised hepatic and renal function may

place one at higher risk upon exposure to trichloroethylene or its metabolites since the liver serves as the

primary site of trichloroethylene metabolism and the kidney as the major excretory organ for trichloroethylene

metabolites. When trichloroethylene was used as an anesthetic or inhaled in high concentrations intentionally

or occupationally, it caused cardiac arrhythmias in some people. Thus, some individuals with a history of

cardiac rhythm disturbances may be more susceptible to high-level trichloroethylene exposure.
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The metabolism of trichloroethylene, as measured by the levels of excreted urinary metabolites, differs

significantly between men and women, although study results are inconsistent (Inoue et al. 1989; Kimmerle

and Eben 1973b; Norniyama and Nomiyama 1971). It does appear, however, that women excrete more

urinary TCA than do men (Kimmerle and Eben 1973b; Nomiyama and Nomiyama 1971). Testosterone has

been implicated as a factor in the lower absorption of trichloroethylene in male rats compared with females

(Kadry et al. 1991b; McCormick and Abdel-Rahman 1991), and the same effect may occur in humans.

2.9 METHODS FOR REDUCING TOXIC EFFECTS

This section will describe clinical practice and research concerning methods for reducing toxic effects of

exposure to trichloroethylene. However, because some of the treatments discussed may be experimental and

unproven, this section should not be used as a guide for treatment of exposures to trichloroethylene. When

specific exposures have occurred, poison control centers and medical toxicologists should be consulted for

medical advice. The following texts provide specific information about treatment following exposures to

trichloroethylene: Bronstein and Currance 1988; Ellenhom and Barceloux 1988; Stutz and Janusz 1988.

2.9.1 Reducing Peak Absorption Following Exposure

Human exposure to trichloroethylene may occur by inhalation, ingestion, or dermal contact. Mitigation

methods for reducing exposure to trichloroethylene have included the general recommendations of separating

contaminated food, water, air, and clothing from the exposed individual. Externally, trichloroethylene can

produce mild irritation; chronic exposure may produce a rash and chapped skin (HSDB 1994). Exposed skin

should be washed thoroughly with soap and water. Exposed eyes should be flushed with a clean neutral

solution such as water or normal saline for 15-20 minutes (HSDB 1994). One source recommends inducing

emesis within 30 minutes of a substantial ingestion unless the patient is or could rapidly become intoxicated,

comatose, or convulsive (HSDB 1994). Absorption of trichloroethylene in water was found to be more than

three times greater than absorption after administration in corn oil (Withey et al. 1983). Use of an activated

charcoal slurry, aqueous or mixed with saline cathartic or sorbitol, has also been advocated as a mitigation

strategy to diminish absorption in persons who have ingested trichloroethylene (HSDB 1994). Researchers

have found that the presence of food in the stomach decreases oral absorption of the chemical and that
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gastrointestinal absorption from an aqueous vehicle occurs at a very rapid rate (D’Souza et al. 1985). Thus,

any attempt to reduce absorption must be instituted very soon after ingestion has occurred.

2.9.2 Reducing Body Burden

Trichloroethylene is exhaled following inhalation and oral exposures (Dallas et al. 1991; Koizumi et al. 1986;

Stewart et al. 1970), whereas metabolites are mainly excreted in the urine (Femandez et al. 1977; Koizumi et

al. 1986; Monster et al. 1979; Sato et al. 1977). Based on the knowledge of trichloroethylene metabolism

and excretion, potential methods for reducing the body burden are presented. These methods have not been

used in persons or animals exposed to trichloroethylene and should be researched further before being

applied.

Mitigation strategies to increase urinary output and dilute the trichloroethylene once it is in the bloodstream

seem useful. One method for this may be increased hydration of the individual in order to stimulate diuresis.

Although flushing the gastrointestinal system by gastric lavage is sometimes suggested, it is contraindicated

in the case of trichloroethylene poisoning because it is cumbersome in cases of ingestion of a rapidly

absorbed liquid like trichloroethylene and may result in serious compromise to the electrolyte balance of the

individual.

Studies suggest that a large percentage of trichloroethylene absorbed upon inhalation or oral exposure is

metabolized in the liver via the cytochrome P-450 system (Buben and CWlaherty 1985; Ertle et al. 1972;

Femandez et al. 1977; Green and Prout 1985; Kimmerle and Eben 1973a, 1973b; Monster et al. 1976,1979;

Mtiller et al. 1972; Prout et al. 1985; Sato et al. 1977; Soucek and Vlachova 1960; Stott et al. 1982;

Vesterberg and Astrand 1976). The major metabolites for trichloroethylene are trichloroethanol, TCA, and

trichloroethanol-glucuronide conjugate. Although GSH plays a relatively minor role in metabolism of

moderate doses of trichloroethylene, GSH may be more important in reacting with trichloroethylene oxide in

high-dose situations. Thus, it may aid in reducing cell injury by this reactive epoxide. Administration of

drugs which lower GSH levels, such as acetaminophen, may therefore be inadvisable after trichloroethylene

exposure. Other sulfhydryl containing compounds, such as cysteine or cysteamine, could also be given

instead of GSH.
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Attempts to diminish the overall metabolism of trichloroethylene might be useful (e.g., hypothermia, mixed-

function oxidase inhibitors, competitive inhibitors of trichloroethylene metabolism [i.e., P-450 substrates]), if

instituted soon enough after trichloroethylene exposure. Catecholamines (especially beta agonists) act in

concert with trichloroethylene, increasing the risk of cardiac arrhythmias. Hence, catecholamines should be

administered to patients only in the lowest efficacious doses and for certain limited presentations of

trichloroethylene poisoning. Ethanol should also be avoided because concurrent exposure to trichloroethylene

and ethanol can cause vasodilation and malaise and may potentiate central nervous system depression at high

dosage levels of either compound.

Information on the distribution of trichloroethylene is limited and provides little insight on how distribution

might be altered to facilitate any attempts at mitigation of effects. One study reported distribution of
14C-trichloroethylene to the liver, skin, and kidney following drinking water exposure (Koizumi et al. 1986).

These data were comparable to those reported by Stott et al. (1982) following inhalation exposure. Evidence

for the redistribution of trichloroethylene to fat over time and some reports of significant accumulation

(Savolainen et al. 1977) do not agree with other reports of negligible accumulation (Koizumi et al. 1986).

2.9.3 Interfering with the Mechanism of Action for Toxic Effects

The mechanism of action of trichloroethylene in the body is not well understood, and there are no proven

methods of interfering with the mechanism of action for toxic effects. Based on the limited understanding of

the mechanisms of action, methods of interference can be suggested. These methods require additional

research before they can be put into use.

Reports of cardiac arrhythmias following exposure to trichloroethylene are not uncommon (Bell 1951;

Kleinfeld and Tabershaw 1354; Morreale 1976; Smith 1966). Propanolol is an example of an anti-adrenergic

agent that may be useful after exposure to trichloroethylene. This agent acts by blocking β-adrenergic

receptors, thus preventing catecholamines such as epinephrine from binding, and may be useful in preventing

cardiac arrhythmias that can occur with exposure to trichloroethylene. The consequences of using a β-

adrenergic blocker for treatment of high exposure to trichloroethylene must be taken into consideration.

Because physical activity appears to increase the chance of cardiac effects, reducing physical exertion after

exposure to trichloroethylene may be useful.
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2.10 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether adequate

information on the health effects of trichloroethylene is available. Where adequate information is not

available, ATSDR, in conjunction with the National Toxicology Program (NTP), is required to assure the

initiation of a program of research designed to determine the health effects (and techniques for developing

methods to determine such health effects) of trichloroethylene.

The following categories of possible data needs have been identified by a joint team of scientists from

ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met would

reduce the uncertainties of human health assessment. This definition should not be interpreted to mean that

all data needs discussed in this section must be filled. In the future, the identified data needs will be evaluated

and prioritized, and a substance-specific research agenda will be proposed.

2.10.1 Existing Information on Health Effects of Trichloroethylene

The existing data on health effects of inhalation, oral, and dermal exposure of humans and animals to

trichloroethylene are summarized in Figure 2-5. The purpose of this figure is to illustrate the existing

information concerning the health effects of trichloroethylene. Each dot in the figure indicates that one or

more studies provide information associated with that particular effect. The dot does not necessarily imply

anything about the quality of the study or studies, nor should missing information in this figure be interpreted

as a “data need.” A data need, as defined in ATSDR’s Decision Guide for Identifiing Substance-Specific

Data Needs Related to Toxicological Profiles (ATSDR 1989), is substance-specific information necessary

to conduct comprehensive public health assessments. Generally, ATSDR defines a data gap more broadly as

any substance-specific information missing from the scientific literature.

Studies of workers and volunteers in experiments have provided most of the data on health effects of inhaled

tichloroethylene in humans. Most of the information on reported effects in humans following oral exposure
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is from data of questionable validity on populations exposed to well water contaminated with

trichloroethylene and other compounds. Information regarding lethality in humans resulting from inhalation

or oral exposure is limited to case reports of acute exposures that are poorly quantified or unquantified. Data

are available for central nervous system effects in humans resulting from acute and chronic inhalation

exposure. A few reports of acute oral and inhalation exposures have indicated that adverse hepatic and renal

effects occur in humans, but exposure/dose data are not available.

Studies have been performed in animals that cover all of the health effects areas listed in Figure 2-5 for

inhalation and oral exposure. Few dermal data exist, other than case reports of effects in humans following

acute exposures, animal lethality data, and one animal carcinogenicity study. Studies with animals identify

the general range of lethality and principal toxic effects of inhalation and oral exposure to trichloroethylene

but do not fully characterize exposure/dose-effect relationships. Threshold doses are lacking for many of the

toxic effects. Some of the effects (e.g., immunosuppression, hematologic effects) need additional

characterization, and there is a paucity of data for effects resulting from acute and chronic exposures. One of

the significant limitations to interpreting results from most of the oral studies is that they employ bolus or

gavage administration of trichloroethylene in oil (often corn oil), which do not adequately represent kinetics

relevant to an intermittent or continuous exposure to trichloroethylene in air or drinking water.

2.10.2 Identification of Data Needs

Acute-Duration Exposure. Cardiac effects including tachycardia, ECG abnormalities, and arrhythmias

have been reported in humans following acute inhalation exposure (Clearfield 1970; DeFalque 1961; Dhuner

et al. 1957; Gutch et al. 1965; Hewer 1943; Pembleton 1974; Sidorin et al. 1992). A number of human

deaths following acute inhalation exposure to trichloroethylene exposure have been attributed to cardiac

effects (Bell 1951; Ford et al. 1995; Kleinfeld and Tabershaw 1954; Troutman 1988). Deaths of humans

often occurred following physical excretion. Acute inhalation studies in animals suggest that

trichloroethylene sensitizes the heart to catecholamines (Reinhardt et al. 1973; White and Carlson 1979,

1981,1982). Sufficient human and animal information is available to identify the nervous system as the

most sensitive target for the acute effects of trichloroethylene encountered via the inhalation route. The

chemical was once used as a surgical anesthetic, so its central nervous system depressant effects in humans

are well known. An acute-duration MRL of 2 ppm for inhalation exposure has been derived on the basis of

subjective neurological effects (headache, fatigue, drowsiness) in humans exposed to 200 ppm
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trichloroethylene for 5 days, 7 hours/day (Stewart et al. 1970). Experimental exposures have revealed

decrements in complex reaction time, immediate memory, and perception in humans inhaling 110 ppm for

8 hours (Salvini et al. 1971). However, other human studies have shown that the effect threshold may be

somewhat higher (Ettema et al. 1975; Stewart et al. 1970; Vernon and Ferguson 1969) or lower (Nomiyama

and Nomiyama 1977). The Nomiyama and Nomiyama (1977) study is limited by the use of only three test

subjects for each exposure concentration, lack of statistical analysis, sporadic occurrence of the effects, and a

lack of a clear dose-response relationship. The cranial nerves (V and VII) may be especially sensitive to

trichloroethylene effects. However, it is not clear if this neuropathy results from trichloroethylene exposure

directly because there is evidence that damage to these nerves may result from exposure to the

trichloroethylene decomposition product dichloroacetylene.

Additional adverse effects noted in humans following acute inhalation exposure to trichloroethylene include

nausea and vomiting (Cleat-field 1970; David et al. 1989; DeFalque 1961; Gutch et al. 1965; Lachnit and

Pietschmann 1960), mild evidence of liver damage (Cleat-field 1970), and renal failure (David et al. 1989;

Gutch et al. 1965). Additional adverse effects noted in animals following acute inhalation exposure to

trichloroethylene include hrer damage (Carlson 1974; Fujita et al. 1984; Okino et al. 1991), kidney damage

(Crofton and Zhao 1993), and respiratory effects in mice (Odum et al. 1992; Villas&i et al. 1991).

Acute oral LD50s are available from animal studies (Smyth et al. 1969; Tucker et al. 1982). Following acute

oral exposure to trichloroethylene effects noted in humans include cardiac effects (Dhuner et al. 1957;

Morreale 1976; Perbellini et al. 1991) and neurological effects (Dhuner et al. 1957; Morreale 1976;

Perbellini et al. 1991; Stephens 1945; Todd 1954). Effects noted in animals following acute oral exposure to

trichloroethylene include hepatic (Atkinson et al. 1993; Berman et al. 1995; Dees and Travis 1993; Elcombe

1985; Elcombe et al. 1985; Goldsworthy and Popp 1987; Stott et al. 1982), renal (Berman et al. 1995), and

neurological effects (Coberly et al. 1992; Moser et al. 1995; Narotsky and Kavlock 1995; Narotsky et al.

1995). An acute-duration MRL of 0.2 mg/kg/day for oral exposure has been derived on the basis of

developmental neurological effects in mice (Fredriksson et al. 1993). The weight of evidence supports

nervous system development as a target of trichloroethylene (Isaacson and Taylor 1989; Nolaird-Gerbec et al.

1986; NTP 1986; Taylor et al. 1985), and thus justifies its use in deriving an MRL. However, further studies

on the developmental neurological effects of trichloroethylene in both animals and humans are needed to

more fully characterize these effects.
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Pain and erythema have been reported by study subjects who stuck their hands (Sato and Nakajima 1978) or

thumbs in trichloroethylene (Stewart and Dodd 1964). Application of trichloroethylene to the skin of guinea

pigs resulted in erythema and edema.

Additional information is needed regarding doses/concentrations that result in cardiac effects and conditions

that may make persons more sensitive to these effects.

Further information gained from accidental human exposures could be utilized in defining the lowest air level

that affects humans. Similarly, studies on the acute effects of dermal exposure to trichloroethylene in animals

may be useful in determining the risk for these exposures in humans at hazardous waste sites. However, there

appear to be sufficient data available on neurological effects after acute inhalation exposure.

Intermediate-Duration Exposure. Intermediate-duration studies of tetrachloroethylene exposure of

humans are limited to case reports of people who were occupationally exposed (Mitchell and Parsons-Smith

1969; Phoon et al. 1984; Priest and Horn 1965; Steinberg 1981; Wemisch et al. 1991). Neurological effects

were the most consistent effects reported (Mitchell and Parsons-Smith 1969; Steinberg 1981; Wemisch et al.

1991). Trichloroethylene has been studied in animals following intermediate-duration inhalation exposure

(Adams et al. 1951; Albee et al. 1993; Arito et al. 1994a; Baker 1958; Battig and Grandjean 1963; Blain et

al. 1992,1994; Goldberg et al. 1964a; Haglid et al. 1981; Jaspers et al. 1993; Kimmerle and Eben 1973a;

Kjellstrand et al. 1981, 1983a; Kulig 1987; Laib et al. 1979; Okamoto and Shiwaku 1994; Prendergast et al.

1967; Rebert et al. 1991; Silverman and Williams 1975). Effects noted in these studies included neurological

effects (Adams et al. 1951; Arito et al. 1994a; Baker 1958; Battig and Grandjean 1963; Blain et al. 1992;

Goldberg et al. 1964a; Haglid et al. 1981; Jaspers et al. 1993; Kulig 1987; Rebert et al. 1991; Silverman and

Willams 1975), and hepatic effects (Adams et al. 1951; Kjellstrand et al. 1983a). An intermediate-duration

inhalation MRL of 0.1 ppm has been derived based on neurological effects in rats (Arito et al. 1994a).

With the exception of studies examining reproductive outcome in people exposed to trichloroethylene in

drinking water (ATSDR 1997; MDPH 1994), intermediate-duration studies in humans follow&g oral

exposure were not available. Intermediate-duration oral studies of trichloroethylene in animals (Barret et al.

1991,1992; Buben and O’Flaherty 1985; Constan et al. 1995; Dawson et al. 1993; Goel et al. 1992; Isaacson

et al. 1990; Mason et al. 1984; Merrick et al. 1989; NCI 1976; NTP 1988,1990; Stott et al. 1982; Tucker et

al. 1982; Zenick et al. 1984) are available, but did not adequately provide exposure levels that could be
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related to effects. Therefore, an intermediate-duration oral MRL has not been derived. Intermediate-duration

dermal studies of trichloroethylene in humans or animals were not available.

Additional animal studies of trichloroethylene following intermediate-duration oral exposure are necessary to

further define dose-response relationships. Because developmental neurotoxicity appears to be a sensitive

end point, a focus on this end point would be useful. Animals studies following intermediate-duration dermal

exposure are necessary. These studies would indicate whether targets following dermal exposure differ

compared to inhalation and oral exposure.

Chronic-Duration Exposure and Cancer. Information on humans is available from studies of people

exposed to trichloroethylene in the air for chronic periods in the workplace (Barododej and Vyskocil1956;

Barret et al. 1987; Bauer and Rabens 1974; El Ghawabi et al. 1973; Kohhrmller and Kochen 1994;

Rasmussen et al. 1993c; Ruitjen et al. 1991). These studies indicate that the nervous system may be the most

sensitive target. other studies of workers occupationally exposed to trichloroethylene for chronic periods

indicate that liver (Bauer and Rabens 1974; Capelliei and Grisler 1958; Schuttman 1970) and kidneys

(Brogren et al. 1986) are targets of trichloroethylene. The liver effects noted included increases serum levels

of liver enzymes (Bauer and Rabens 1974; Schuttman 1970), and liver enlargement (Capellini and Grisler

1958; Schuttman 1970). The kidney effects noted include increased N-acetyl-β-D-glucosaminidase (Brogren

et al. 1986). Information on chronic human exposure to trichloroethylene via the oral route is largely from

studies of people who consumed trichloroethylene and other solvents in their drinking water for several years

(ATSDR 1994; Bove et al. 1995; Burg et al. 1995; Byers et al. 1988; Cohn et al. 1994; Fagliano et al. 1990;

Feldman et al. 1988; Freni and Bloomer 1988; Goldberg et al. 1990; Kilbum and Warshaw 1992; Lagakos et

al. 1986a; Vartiainen et al. 1993; Waller et al. 1994). The effects associated with trichloroethylene in these

studies included cardiovascular effects (Byers et al. 1988), dermal effects (Byers et al. 1988; Waller et al.

1994); immunological effects (Byers et al. 1988; Kilbum and Warshaw 1992; Waller et al. 1994),

neurological effects (Feldman et al. 1988), an increase in birth defects (Bove et al. 1995; Goldberg et al.

1990; Lagakos et al. 1986a), and cancer (Cohn et al. 1994; Fagliano et al. 1990; Lagakos et al. 1986a). An

exposure subregistry has been established by ATSDR to monitor people living in areas wherethey were

exposed to trichloroethylene in drinking water (ATSDR 1994; Burg et al. 1995). The data in the subregistry

indicate excess numbers of heart disease and respiratory cancer deaths, as well as stroke, anemia, liver and

kidney disease, and hearing and speech impairment. The greatest limitation to these studies is the difficulty in

estimating dose, and exposure to multiple chemicals. Some workers who have had dermal contact with
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tichloroethylene have had adverse responses, but potential effects of low levels of trichloroethylene exposure

on the skin at hazardous waste sites are not known. Chronic-duration dermal studies in animals were not

identified.

A chronic inhalation MRL was not derived because of the lack of adequate measurement of exposure levels in

some studies and/or the lack of effects that could be specifically related to the exposures. Chronic oral

exposure studies in animals have focused on carcinogenicity and are not helpful in defining noncancer end

points in humans following long-term exposure. Data were not sufficient for the development of a chronic-

duration oral MRL. Further epidemiological studies in humans are necessary to help in assessing the risks to

persons who live near hazardous waste sites. Additional chronic-duration oral and inhalation studies of

trichloroethylene in animals are necessary to further define the thresholds of toxicity. A chronic-duration

dermal study in animals may also be useful to identify targets following dermal exposure to trichloroethylene.

Humans exposed to trichloroethylene for chronic periods via the inhalation and dermal routes in the

workplace apparently did not experience an increased incidence of cancer, as indicated by numerous

epidemiological studies (Axelson 1986; Axelson et al. 1978, 1994; Malek et al. 1979; Shindell and Uhich

1985; Spirtas et al. 1991). I’hese studies are all limited, however, and may not be useful for detecting a weak

carcinogen or carcinogens with a long latency period. A number of studies have also shown small but

statistically significant associations betweencancer and occupational exposure to trichloroethylene (Antilla et

al. 1995; Hat-dell et al. 1994; Henschler et al. 1995). The link between oral exposure to trichloroethylene and

cancer in humans is controversial. A number of studies support an association (Byers et al. 1988; Fagliano et

al. 1990; Kotelchuck and Parker 1979; Lagakos et al. 1986a; Parker and Rosen 1981), while a number of

studies do not provide support for an association between cancer and exposure to trichloroethylene in

drinking water (ATSDR 1994; Freni and Bloomer 1988; Vartiainen et al. 1993). These studies are all limited

by multiple exposure and the lack of information regarding individual exposure information.

Animal studies have shown that tumors can result from both inhalation (Fukuda et al. 1983; Henschler et al.

1980; Maltoni et al. 1986) and oral exposure (Anna et al. 1994; Henschler et al. 1984; NCI 1976; NTP

1990) to trichloroethylene. Unfortunately, some of these studies (NCI 1976) are limited in that they use

carcinogenic epoxide stabilizers with the trichloroethylene, which may contribute to the carcinogenicity. The

studies also show different responses depending on the sex, species, and strains of animals used and do not

point to a particular target organ for increased tumor incidence. Other studies are flawed because of excess
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mortality. The studies to date indicate that trichloroethylene is carcinogenic in mice, based on the findings of

liver cancer in some studies (Fukuda et al. 1983; Henschler et al. 1980; Maltoni et al. 1986; NTP 1990); the

evidence for the carcinogenicity of trichloroethylene in rats is equivocal (Maltoni et al. 1986; NTP 1988,

1990), with kidney tumors developing in male but not female rats. Further studies are necessary to elucidate

the mechanisms responsible for the sex and species differences in cancer incidence and to determine whether

the processes that operate in the induction of mouse liver cancer by trichloroethylene also operate in the

human liver.

Genotoxicity. The genotoxicity studies of trichloroethylene have produced mixed results. Human and in

vivo animal data exist that suggest that trichloroethylene has genotoxic effects-specifically, sister chromatid

exchange, chromosomal aberrations, single-strand breaks, and gene mutations (Gu et al. 1981; Nelson and

Bull 1988; Rasmussen et al. 1988; Seiji et al. 1990; Walles 1986). In addition, in vitro studies show positive

results for gene mutations, recombination, mitotic aneuploidy, and cell transformation (Bronzetti et al. 1978;

Callen et al. 1980; Crebelli et al. 1985; Koch et al. 1988; McGregor et al. 1989; Tu et al. 1985). However,

many additional studies testing these and other genotoxic effects have been negative (Amacher and Zelljadt

1983; Beliles et al. 1980; Nagaya et al. 1989a; Rossi et al. 1983; Shimada et al. 1985; Slacik-Erben et al.

1980). Currently, the sister chromatid exchange data on the effects of trichloroethylene in humans are

confounded by the effects of smoking. More information is needed regarding the effects of trichloroethylene

on an increased frequency of sister chromatid exchange in humans who do not smoke. Further investigation

is needed regarding chromosomal aberrations and sister chromatid exchange following in vivo

trichloroethylene exposure in both humans and animals following inhalation (in the workplace) and oral

(through contaminated drinking water) routes of exposure.

Reproductive Toxicity. Increased miscarriages were reported in one study of nurse-anesthetists exposed

to trichloroethylene and other solvents (Corbett et al. 1974). A retrospective case-control study showed an

approximate 3-fold increase in spontaneous abortion in women exposed to trichloroethylene and other

solvents (Windham et al. 1991). Significant effects on sperm parameters were not observed in men

occupationally exposed to trichloroethylene (Rasmussen et al. 1988). Adverse reproductive effects were not

noted in humans that ingested water contaminated with trichloroethylene and other solvents (Byers et al.

1988; Freni and Bloomer 1988; Lagakos et al. 1986a). Available inhalation studies in animals do not fully

characterize the reproductive effects following inhalation exposure. Only abnormal sperm morphology has

been reported after inhalation exposure; however reproductive performance was not evaluated in these studies
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(Beliles et al. 1980; Land et al. 1981). Studies for oral exposure indicate no adverse reproductive effects

(NTP 1985, 1986). More research on the reproductive effects of inhalation exposure to trichloroethylene,

especially effects on miscarriage in humans is needed. Additional animal studies via the inhalation and

dermal routes are needed to further characterize reproductive effects.

Developmental Toxicity. Studies of female workers exposed to trichloroethylene found no correlation

between fetal malformation and exposure (Tola et al. 1980) or birth weight and exposure (Windham et al.

1991). An increase in birth defects was observed in nurse-anesthetists who were exposed to trichloroethylene

and other anesthetic gases during pregnancy (Corbett et al. 1974). Oral studies have suggested that exposure

to trichloroethylene, along with other volatile hydrocarbons, may increase the risk of childhood leukemia

(Lagakos et al. 1986b). Another study reported a possible increase in the risk of congenital heart defects

(Goldberg et al. 1990) in children whose parents were exposed to trichloroethylene in the drinking water.

Adverse developmental outcomes reported in more recent studies include decreased birth weights (Bove et al.

1995; MDPH 1994; ATSDR 1997); choanal atresia, and hypospadias/congenital chordee (MDPH 1994).

An increase in hearing impairment in children aged 9 years or younger was reported among participants in the

ATSDR exposure subregistry for tricholorehtylene. Though many studies have reported weak associations

betweeen oral exposurse to trichloroethylene with other solvents and adverse birth outcomes, at least one

report has found no increases in congenital defects from such exposures (Freni and Bloomer 1988).

Limitations in the available reports include small numbers of cases, poorly characterized exposures,

exposure to multiple solvents, and possible interviewer bias. Firm conclusions on the levels of

trichloroethylene that might be associated with adverse birth outcomes or developmental effects in growing

children are not possible from the exisitng database. There are no known studies in humans of

developmental effects from dermal exposure to trichloroethylene.

Animal studies regarding developmental effects have been completed using both inhalation (Beliles et al.

1980; Dorfmueller et al. 1979; Hardin et al. 1981; Healy et al. 1982; Schwetz et al. 1975) and oral exposure

(Coberly et al. 1992; Cosby and Dukelow 1992; Dawson et al. 1993; Isaacson and Taylor 1989; Manson et

al. 1984; Narotsky and Kavlock 1995; Narotsky et al. 1995; Noland-Gerbec et al. 1986; NTP1985, 1986).

Following inhalation exposure, the effects noted at concentrations that were not overtly maternally toxic were

decreased fetal weight and incomplete ossification (Dorfmueller et al. 1979; Healy et al. 1982). Following

oral exposure at maternally toxic doses the effects observed included a significant decrease in litter size and

micro- or anophthalmia (Narotsky and Kavlock 1995; Narotsky et al. 1995), increased perinatal mortality

(Manson et al. 1984; NTP 1985), an increase in fetal heart abnormalities (Dawson et al. 1993), a decrease in
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the number of myelinated fibers in the hippocampus (Isaacson and Taylor 1989), decreased uptake of glucose

by the brain (Noland-Gerbec et al. 1986), and behavioral changes (NTP 1986; Taylor et al. 1985).

Trichloroacetic acid given to rats by gavage during gestation was also shown to increase heart defects (Smith

et al. 1989). An acute-duration oral MRL of 0.2 mg/kg/day was derived based on behavioral changes

observed in mice exposed from 10 to 16 days of age (Fredriksson et al. 1993).

Further monitoring for birth defects in humans exposed to trichloroethylene are needed, especially in

populations in which exposure concentrations could be determined. Additional studies in animals that

develop dose-response relationships for particular defects and trichloroethylene exposure, as well as exposure

to metabolites of trichloroethylene, are needed.

Immunotoxicity. Immunological abnormalities were noted in adults who were exposed to contaminated

well water and who were family members of children with leukemia (Byers et al. 1988). This was manifested

by altered ratios of T-lymphocyte subpopulations, increased incidence of auto-antibodies, and increased

infections. Interpretation of this study is limited by factors discussed in Sections 2.2.2.3 and 2.2.2.8.

Isolated cases of dermal sensitivity and allergic responses in humans have been reported (Bauer and Rabens

1974; Conde-Salazar et al. 1983; Czirjak et al. 1993; Goh and Ng 1988; Nakayama et al. 1988; Phoon et al.

1984; Schattner and Malnick 1990; Waller et al. 1994). An increase in the symptoms of systemic lupus

erythematosus has been reported in persons exposed to trichloroethylene in their drinking water (Kilburn and

Warshaw 1992).

A limited study in animals also presents evidence for increased susceptibility to Streptococcus

zooepidomicus (Aranyi et al. 1986). Immune system effects observed in mice exposed orally to

trichloroethylene included inhibition of cell-mediated immunity, delayed type hypersensitivity, and inhibition

of antibody-mediated immunity (Sanders et al. 1982). Female mice appeared to be more sensitive than male

mice. A study in which a susceptible strain of mice was treated with intraperitoneal injections of

trichloroethylene suggests that trichloroethylene can accelerate the autoimmune response (Khan et al. 1995).

The immune system may be a sensitive end point for toxic effects from low-level exposure to

trichloroethylene; however, no firm conclusions can be drawn from the available information. Additional

human and animal studies are needed to better characterize this end point and determine the potential for

immunological effects for people exposed to trichloroethylene at hazardous waste sites.
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Neurotoxicity. Sufficient human information exists to identify the nervous system as the primary target for

acute inhalation trichloroethylene exposure in humans (Nomiyama and Nomiyama 1977; Salvini et al. 1971;

Stewart et al. 1970,1974a; Vernon and Ferguson 1969). At one time, trichloroethylene was used as a

surgical anesthetic in humans (Brittain 1948). Occupational studies show that workers also had neurological

complaints such as dizziness and headaches (Bardodej and Vyskocill 956; Barret et al. 1987; Buxton and

Hayward 1967; Cavanagh and Buxton 1989; El Ghawabi et al. 1973; Grandjean et al. 1955; Lawrence and

Partyka 1981; McCunney 1988; Nomiyama and Nomiyama 1977) as well as residual cranial nerve damage in

some cases for which the exposure concentration or duration was generally greater (Barret et al. 1987;

Buxton and Hayward 1967; Cavanagh and Buxton 1989; Feldman 1970; McCunney 1988). Several studies

of the population in Wobum, Massachusetts, exposed to trichloroethylene (along with other contaminants) in

the drinking water did not reveal increases in neurological complaints (Byers et al. 1988; Lagakos et al.

1986b), but one study did find possible residual cranial nerve damage when comparing the exposed and

nonexposed population cohorts (Feldman et al. 1988).

Acute exposure via the inhalation route results in adverse central nervous system effects in animals, as

indicated by quicker fatigue when rats were placed in a tank of water with weights loaded to their tails

(Grandjean 1963). The shuttle box or maze performances of these rats were not affected by the exposure.

Intermediate-duration animal studies via the inhalation route reveal behavioral changes (Albee et al. 1993;

Battig and Grandjean 1963; Kulig 1987; Silverman and Williams 1975) and biochemical and

histopathological alterations (Haglid et al. 1981). Caution should be used when interpreting the results of

these studies, however, because the behavioral changes were not confirmed by biochemical measurements,

and biochemical changes were not confirmed by behavioral measurements. Chronic oral animal studies

reveal motor deficits (NTP 1988). Thus, the inhalation studies clearly indicate that the nervous system is a

target organ, and there is suggestive evidence that exposure via the oral route would also damage this system.

A complete battery of neurological tests performed on humans or animals exposed to trichloroethylene via the

oral pathway is needed. There are few studies that examine the mechanisms of trichloroethylene-induced

effects by the inhalation route; data in this area are needed.
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Epidemiological and Human Dosimetry Studies. Several epidemiological studies have been

conducted that showed little or no relationship between increased cancer risk and inhalation and dermal

exposure to trichloroethylene in the workplace (Axelson 1986; Axelson et al. 1978, 1994; Malek et al. 1979;

Shindell and Uhich 1985). There have also been studies of people exposed to a number of solvents including

trichloroethylene in the drinking water (ATSDR 1994; Bove et al. 1995; Burg et al. 1995; Byers et al. 1988;

Cohn et al. 1994; Fagliano et al. 1990; Feldman et al. 1988; Freni and Bloomer 1988; Goldberg et al. 1990;

Kilburn and Warshaw 1992; Lagakos et al. 1986a; Vartiainen et al. 1993; Waller et al. 1994). The effects

associated with trichloroethylene in these studies included cardiovascular effects (Byers et al. 1988), dermal

effects (Byers et al. 1988; Waller et al. 1994), immunological effects (Byers et al. 1988; Kilbum and

Warshaw 1992; Waller et al. 1994), neurological effects (ATSDR 1994; Burg et al. 1995; Feldman et al.

1988), an increase in birth defects (Bove et al. 1995; Goldberg et al. 1990; Lagakos et al. 1986a), and cancer

(Cohn et al. 1994; Fag&no et al. 1990; Lagakos et al. 1986a). The greatest limitations in these studies are

the difficulty in estimating dose and exposure to multiple chemicals. Additional epidemiological studies are

needed that focus on the effects of low levels of trichloroethylene in the air, water, or soil near hazardous

waste sites. These studies should carefully consider possible confounding factors including exposure to

multiple chemicals, smoking and drinking habits, age, and gender. The end points that need to be carefully

considered are kidney and liver effects, cardiovascular effects, developmental effects, neurological effects,

and cancer.

Biomarkers of Exposure and Effect

Exposure. There is a large body of literature concerning the measurement of trichloroethylene in the breath

and its principal metabolites (trichloroethanol and TCA) in the urine and blood (Christensen et al. 1988;

Monster and Boersma 1975; Pekari and Aitio 1985b; Wallace et al. 1986a, 1986b, 1986c, 1986d; Ziglio et

al. 1984). However, there is a high degree of variation among individuals, so these methods should be used

with caution for determining exposure levels. ACGIH has developed BEIs for trichloroethylene metabolites

in urine (TCA, trichloroethanol) and blood (trichloroethanol) (ACGIH 1996).

Effect. Biomarkers of effects are not available for trichloroethylene. There is no clinical disease state that is

unique to trichloroethylene exposure. Interpretation of the behavioral observations in humans is complicated

by many factors, such as possible irritant effects of the odor and nonspecific effects on the nervous system

(e.g., fatigue). Further studies in this area would be useful in determining the exposure levels that may be
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associated with adverse effects in exposed populations. There is also a need to further explore the use of

blink reflex latency as a marker for possible cranial nerve damage. This method has proven useful in

detecting differences between exposed and nonexposed groups of people, but further refinement of the

method is needed for its use in individual assessment. Studies of workers occupationally exposed to

trichloroethylene for chronic periods have reported increases in serum levels of liver enzymes (Bauer and

Rabens 1974; Schuttman 1970), liver enlargement (Capellini and Grisler 1958; Schuttman 1970), and

increased N-acetyl-β-D-glucosaminidase (Brogren et al. 1986). Although these effects are not specific for

trichloroethylene exposure, additional research further defining the dose-response relationship for these

effects would be useful.

Absorption, Distribution, Metabolism, and Excretion. There are some gaps in the current literature

concerning information on the pharmacokinetics of trichloroethylene in humans and animals. Inhalation and

oral absorption data for trichloroethylene in humans are based largely on poisoning cases, and no actual rates

of absorption are available (Astrand and Ovrum 1976; Femandez et al. 1977; Kleinfeld and Tabershaw

1954; Sato and Nakajima 1978). Dermal absorption studies of trichloroethylene dissolved in water (as a

vehicle) are lacking, and studies using pure liquid trichloroethylene to measure dermal absorption are

complicated by the fact that trichloroethylene defats the skin and enhances its own absorption. Data on the

distribution of trichloroethylene in humans and animals are very limited. Several investigators are working

on PBPK models of trichloroethylene distribution in animals, and studies are under way to compare the

differences in distribution of trichloroethylene following oral and inhalation exposure in rats. Some new

metabolites of trichloroethylene in humans and animals have been reported in the recent literature, but these

reports are still awaiting confiiation. Saturation of metabolism has been postulated to occur in humans, but

few experimental data are available (Feingold and Holaday 1977). In animals, there are species differences in

concentrations at which trichloroethylene metabolism becomes saturated, with mice reaching saturation at

higher concentrations than rats (Dallas et al. 1991; Dekant et al. 1986b; Filser and Bolt 1979; Prout et al.

1985). Thus, the blood of mice can be found to contain greater concentrations of toxic metabolites, which are

hypothesized to lead to induction of hepatocellular carcinoma in mice exposed to trichloroethylene (Fisher et

al. 1991; Larson and Bull 1992b). Additional data clarifying the rate of absorption, the distribution, and the

metabolism of trichloroethylene in humans would be useful. PBPK modeling efforts may help provide much

of the needed information.
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Comparative Toxicokinetics. In humans, the targets for trichloroethylene toxicity are the liver, kidney,

cardiovascular system, and nervous system. Experimental animal studies support this conclusion, although

the susceptibilities of some targets, such as the liver, appear to differ between rats and mice. The fact that

these two species could exhibit such different effects allows us to question which species is an appropriate

model for humans. A similar situation occurred in the cancer studies, where results in rats and mice had

different outcomes. The critical issue appears to be differences in metabolism of trichloroethylene across

species (Andersen et al. 1980; Buben and O’Flaherty 1985; Filser and Bolt 1979; Prout et al. 1985; Stott et

al. 1982). Further studies relating the metabolism of humans to those of rats and mice are needed to confirm

the basis for differences in species and sex susceptibility to trichloroethylene’s toxic effects and in estimating

human heath effects from animal data. Development and validation of PBPK models is one approach to

inter-species comparisons of data.

Methods for Reducing Toxic Effects. The general recommendations for reducing the absorption of

trichloroethylene following acute inhalation (HSDB 1994), oral (D’Souza et al. 1985; Withey et al. 1983),

dermal, or ocular (HSDB 1994) exposure are well established and have a proven efficacy. No additional

investigations are considered necessary at this time.

No clinical treatments other than supportive measures are currently available to enhance elimination of

trichloroethylene following exposure. Studies designed to assess the potential risks or benefits of increasing

ventilation to enhance pulmonary elimination or of stimulating excretion of trichloroethylene and its

decomposition products are needed.

The mechanism of action for liver toxicity and carcinogenicity may involve the formation of reactive products

(Bonse and Henschler 1976; Bonse et al. 1975; Fisher et al. 1991; Larson and Bull 1992b). Methods for

reducing the destructive damage caused by these intermediates, or for blocking their formation through

inhibition of metabolic pathways may prove effective in reducing hepatic toxicity but are not currently

available for clinical use.
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2.10.3 On-going Studies

The National Institute of Environmental Health Sciences is currently sponsoring substantial research into the

health effects of trichloroethylene. The relationship between maternal trichloroethylene exposure birth weight

is being studied in a human population in Tucson, Arizona. The study is being completed by Dr. S.

Rodenbeck at Tulane University (Rodenbeck 1997). Continued research on the possible link between

trichloroethylene exposure and human congenital heart defects is being conducted by Dr. S. Goldberg at the

University of Arizona, using rat and avian model systems. Reproductive effects in rats, including cell-cell

interactions, sperm motility, and myometrial gap junctional communication, are being investigated using both

in vivo and in vitro systems by Dr. R. Loch-Caruso at the University of Michigan. Dr. B. Hoener of the

University of California, Berkeley, is continuing development of PBPK models for the disposition and

excretion of trichloroethylene and its metabolites in rats and children, while collaboration is on-going with Dr.

C. Becker at the same university, with the goal of adapting lead kinetic models to the kinetics and

neurotoxicity of trichloroethylene. Dr. M. Philbert of Rutgers University is exploring the effects of

trichloroethylene on astrocyte function and fluid homeostasis in the rat brain during postnatal development,

and Dr. G. Yost at the University of Utah is studying the mechanisms of trichloroethylene-induced pneumo-

toxicity in rabbits. Neurobehavioral effects of oral exposure to trichloroethylene in rats are being studied by

Dr. Chandra Mehta at Texas Southern University.





TRICHLOROETHYLENE 181

3. CHEMICAL AND PHYSICAL INFORMATION

3.1 CHEMICAL IDENTITY

The chemical formula, structure, synonyms, and identification numbers for trichloroethylene are listed

in Table 3-l.

3.2 PHYSICAL AND CHEMICAL PROPERTIES

Important physical and chemical properties of trichloroethylene are listed in Table 3-2.
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4.1 PRODUCTION

Trichloroethylene is currently produced in the United States using ethylene dichloride (a product of

ethylene and chlorine feedstocks) (EPA 1985e). PPG Industries uses a single-step oxychlorination

process, which yields trichloroethylene and tetrachloroethylene. In the PPG process, ethylene

dichloride is reacted with chlorine and/or hydrogen chloride and oxygen to form the trichloroethylene

and tetrachloroethylene. DOW Chemical produces trichloroethylene by a direct chlorination process,

in which ethylene dichloride is reacted with chlorine to form trichloroethylene and tetrachloroethylene.

U.S. production volumes of trichloroethylene in recent years have been reported as follows:

299 million pounds in 1978, 319 million in 1979, 266 million in 1980, 258 million in 1981, and

200 million in 1982 (USITC 1979, 1980, 1981, 1982, 1983). U.S. production demand for trichloroethylene

in 1983, 1985, and 1986 is estimated to be 235, 180, and 170 million pounds, respectively

(CMR 1983, 1986). The U.S. International Trade Commission (USITC) has not published more recent

production statistics because there are only two U.S. manufacturers (HSDB 1994).

The only U.S. manufacturers of trichloroethylene are DOW Chemical in Freeport, Texas, and PPG

Industries in Lake Charles, Louisiana (CMR 1986; SRI 1987). These two manufacturers have a

combined annual production capacity of 320 million pounds (SRI 1987). Prior to 1982, Ethyl

Corporation, Diamond Shamrock, and Hooker Chemical manufactured trichloroethylene (CMR 1983;

Mannsville 1992).

The facilities that manufactured or processed trichloroethylene in 1993 are listed in Table 4- 1.

4.2 IMPORT/EXPORT

As a result of the strength of the U.S. dollar in foreign markets, imports of trichloroethylene rose

steadily from 8 million pounds in 1980 to 40 million pounds in 1985 (CMR 1986). During the same
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time period, exports of trichloroethylene fell from 60 million pounds to 18 million pounds. Trends are

not easy to predict, however. According to the National Trade Data Bank, imports of

trichloroethylene were 3.8 million pounds in 1991, 0.7 million pounds in 1992, and 16.3 million

pounds in 1993, while exports were 72.8 million pounds in 1991, 108 million pounds in 1992, and

108 million pounds again in 1993 (NTDB 1994).

4.3 USE

The end-use pattern of trichloroethylene in the United States was estimated as follows (CMR 1986):

vapor degreasing of fabricated metal parts, 80%; chemical intermediates, 5%; miscellaneous uses, 5%;

and exports, 10%. The most important use of trichloroethylene, vapor degreasing of metal parts, is

closely associated with the automotive and metals industries (CMR 1983).

Trichloroethylene is an excellent extraction solvent for greases, oils, fats, waxes, and tars and is used

by the textile processing industry to scour cotton, wool, and other fabrics (IARC 1979; Kuney 1986;

Verschueren 1983). The textile industry also uses trichloroethylene as a solvent in waterless dying and

finishing operations (McNeil1 1979). As a general solvent or as a component of solvent blends,

trichloroethylene is used with adhesives, lubricants, paints, varnishes, paint strippers, pesticides, and

cold metal cleaners (Hawley 1981; IARC 1979; McNeil1 1979).

Approximately 10 million pounds of trichloroethylene are used annually as a chain transfer agent in

the production of polyvinyl chloride (McNeil1 1979). Other chemical intermediate uses of

trichloroethylene include production of pharmaceuticals, polychlorinated aliphatics, flame retardant

chemicals, and insecticides (Mannsville 1992; Windholz 1983). Trichloroethylene is used as a

refrigerant for low-temperature heat transfer (Cooper and Hickman 1982; IARC 1979; McNeil1 1979)

and in the aerospace industry for flushing liquid oxygen (Hawley 1981; Kuney 1986).

Various consumer products found to contain trichloroethylene include typewriter correction fluids,

paint removers/strippers, adhesives, spot removers, and rug-cleaning fluids (Frankenberry et al. 1987;

IARC 1979).
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Prior to 1977, trichloroethylene was used as a general and obstetrical anesthetic; grain fumigant; skin,

wound, and surgical disinfectant; pet food additive; and extractant of spice oleoresins in food and of

caffeine for the production of decaffeinated coffee. These uses were banned by a U.S. Food and Drug

Administration (FDA) regulation promulgated in 1977 (IARC 1979).

4.4 DISPOSAL

The recommended method of trichloroethylene disposal is incineration after mixing with a combustible

fuel (Sittig 1985). Care should be taken to carry out combustion to completion in order to prevent the

formation of phosgene (Sjoberg 1952). Other toxic byproducts of incomplete combustion include

polycyclic aromatic hydrocarbons and perchloroaromatics (Blankenship et al. 1994; Mulholland et al.

1992). An acid scrubber also must be used to remove the haloacids produced.

According to EPA regulations, land disposal of halogenated organic solvents (such as trichloroethylene)

is restricted (EPA 1987e). Before land disposal of trichloroethylene or trichloroethylenecontaining

materials is attempted, proper authorization must be obtained from federal, state, and local

authorities.

There has been an emphasis on recovery and recycling of trichloroethylene to reduce emissions of this

photoreactive chemical to the atmosphere (CMR 1986; McNeil1 1979). Photooxidative destruction has

been successfully used in conjunction with air-stripping techniques to volatilize trichloroethylene from

water and degrade it to nontoxic products (Bhowmick and Semmens 1994). If possible, recycling

should be used instead of disposal.





TRICHLOROETHYLENE 191

5. POTENTIAL FOR HUMAN EXPOSURE

5.1 OVERVIEW

Trichloroethylene has been identified in at least 861 of the 1,428 hazardous waste sites that have been

proposed for inclusion on the EPA National Priorities List (NPL) (HazDat 1996). However, the

number of sites evaluated for trichloroethylene is not known. The frequency of these sites can be seen

in Figure 5-l. Of these sites, 857 are located in the United States and 3 are located in the

Commonwealth of Puerto Rico and 1 in the Virgin Islands (not shown).

Most of the trichloroethylane used in the United States is released into the atmosphere by evaporation

primarily from degreasing operations. Once in the atmosphere, the dominant trichloroethylene

degradation process is reaction with hydroxyl radicals; the estimated half-life for this process is

approximately 7 days. This relatively short half-life indicates that trichloroethylene is not a persistent

atmospheric compound. Most trichloroethylene deposited in surface waters or on soil surfaces

volatilizes into the atmosphere, although its high mobility in soil may result in substantial percolation

to subsurface regions before volatilization can occur. In these subsurface environments,

trichloroethylene is only slowly degraded and may be relatively persistent.

In general, atmospheric levels are highest in areas of concentrated industry and population and lower

in rural and remote regions. Workers, particularly in the degreasing industry, are exposed by

inhalation to the highest levels of trichloroethylene. Based upon monitoring surveys, these workers

may be exposed to levels ranging from approximately 1 to 100 ppm. The general population can also

be exposed to trichloroethylene by contact with and/or consumption of water from supplies

contaminated with the chemical, by consumption of contaminated foods, and by contact with consumer

products containing the compound. Based on available federal and state surveys, between 9% and

34% of the drinking water supply sources that have been tested in the United States may have some

trichloroethylene contamination. It should be noted that the amount of trichloroethylene found by

chemical analysis is not necessarily the amount that is bioavailable.
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5.2 RELEASES TO THE ENVIRONMENT

5.2.1 Air

According to the Toxic Chemical Release Inventory database (TRI), an estimated total of at least

49 million pounds of trichloroethylene was released to air from manufacturing and processing facilities

in the United States in 1988 (TRISS 1990). The level reported in 1993 was 30.2 million pounds

(TR1931995). The number of reporting facilities in each state and the ranges within which individual

facilities reported their releases are shown in Table 5-l. The TRI data listed in this table should be

used with caution since only certain types of facilities are required to report. This is not an exhaustive

list.

In a comprehensive study of trichloroethylene emission sources from industry conducted for EPA, the

major source was degreasing operations, which eventually release most of the trichloroethylene used in

this application to the atmosphere (EPA 1985e). Degreasing operations represented the largest source

category of trichloroethylene emissions in 1983, accounting for about 91% of total trichloroethylene

emissions. Other emission sources include relatively minor releases from trichloroethylene

manufacture, manufacture of other chemicals (similar chlorinated hydrocarbons and polyvinyl-

chloride), and solvent evaporation losses from adhesives, paints, coatings, and miscellaneous uses.

A recently discovered natural source of trichloroethylene is its production by several species of marine

macroalgae and at least one species of marine microalgae (Abrahamsson et al. 1995). Rates of

production ranged from 0.022 to 3400 ng/g fresh weightihour, with the higher rates seen in subtropical

Rhodophyta species. The importance of this source of trichloroethylene cannot be estimated at this

time due to the lack of knowledge of its production in other species of algae. Also not fully

understood is the physiology of how trichloroethylene is produced and how environmental factors may

affect its production rate. There are too many unknown factors to determine whether this source could

be a potential concern as a major source of atmospheric emissions of trichloroethylene in coastal areas.
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Release of trichloroethylene also occurs at treatment and disposal sites. Water treatment facilities may

release trichloroethylene from contaminated water through volatilization and air-stripping procedures

(EPA 1985e). Trichloroethylene is also released to the atmosphere through gaseous emissions from

landfills. The compound may occur as either an original contaminant or as a result of the

decomposition of tetrachloroethylene. Trichloroethylene has also been detected in stack emissions

from the incineration of municipal and hazardous waste (James et al. 1985; Oppelt 1987).

5.2.2 Water

According to TRI, an estimated total of at least 13,800 pounds of trichloroethylene was released to

water from manufacturing and processing facilities in the United States in 1988 (TRIM 1990). The

level reported in 1993 was 5,468 pounds (TR1931995). The number of reporting facilities in each

state and the ranges within which individual facilities reported their releases are shown in Table 5-l.

The TRI data listed in this table should be used with caution since only certain types of facilities are

required to report. This is not an exhaustive list.

Trichloroethylene is released to aquatic systems from industrial discharges of waste water streams

(EPA 1985c). Various monitoring studies nationwide have also found that trichloroethylene from

landfill leachate can contaminate groundwater (DeWalle and Chian 1981; Kosson et al. 1985; Reinhard

et al. 1984; Sabel and Clark 1984; Schultz and Kjeldsen 1986). In fact, trichloroethylene is the most

frequently reported organic contaminant in groundwater (Bourg et al. 1992).

5.2.3 Soil

According to TRI, an estimated total of at least 21,190 pounds of trichloroethylene was released to

land from manufacturing and processing facilities in the United States in 1988 (TRISS 1990). The

level reported in 1993 was 8,213 pounds (TR1931995). The number of reporting facilities in each

state and the ranges within which individual facilities reported their releases are shown in Table 5-l.

The TRI data listed in this table should be used with caution since only certain types of facilities are

required to report. This is not an exhaustive list.
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Trichloroethylene can be released into the soil through industrial discharges into surface waters and

through landfill leachate. EPA regulations now restrict the disposal of hazardous waste containing

greater than or equal to 1,000 mg/kg halogenated organic compounds (such as trichloroethylene) in

landfills (EPA 1987e).

5.3 ENVIRONMENTAL FATE

5.3.1 Transport and Partitioning

The relatively short predicted half-life of trichloroethylene in the atmosphere indicates that long-range

global transport is unlikely (Class and Ballschmiter 1986). However, its constant release, as well as its

role as an intermediate in tetrachloroethylene degradation, may account for its persistence and the fact

that trichloroethylene is often present in remote areas.

Trichloroethylene has been detected in a number of rainwater samples collected in the United States

and elsewhere (see Section 5.4.2). It is moderately soluble in water, and experimental data have

shown that scavenging by rainwater occurs rapidly (Jung et al. 1992). Trichloroethylene can,

however, be expected to revolatilize back to the atmosphere after being deposited by wet deposition.

Evaporation from dry surfaces can also be predicted from the high vapor pressure.

The Henry’s law constant value of 2.0x10-2 atm- m3 /mol at 20°C suggests that trichloroethylene

partitions rapidly to the atmosphere from surface water. The major route of removal of

trichloroethylene from water is volatilization (EPA 198%). Laboratory studies have demonstrated that

trichloroethylene volatilizes rapidly from water (Chodola et al. 1989; Dilling 1977; Okouchi 1986;

Roberts and Dandliker 1983). Dilling et al. (1975) reported the experimental half-life with respect to

volatilization of 1 mg/L trichloroethylene from water to be an average of 21 minutes at approximately

25°C in an open container. Although volatilization is rapid, actual volatilization rates are dependent

upon temperature, water movement and depth, associated air movement, and other factors. A

mathematical model based on Fick’s diffusion law has been developed to describe trichloroethylene

volatilization from quiescent water, and the rate constant was found to be inversely proportional to the

square of the water depth (Peng et al. 1994).
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Mathematical modeling of trichloroethylene volatilization from a rapidly moving, shallow river

(1 meter deep, flowing 1 meter per second, with a wind velocity of 3 meters per second) has estimated

its half-life at 3.4 hours (Thomas 1982). Measured volatilization half-lives in a mesocosm, which

simulated the Narragansett Bay in Rhode Island during winter, spring, and summer, ranged from

13 days in summer conditions to 28 days in spring conditions (Wakeham et al. 1983).

Volatilization of trichloroethylene from soil is slower than it is from water but more rapid than that of

many other volatile organic compounds (Park et al. 1988). This study found that an average of 37%

of the applied trichloroethylene was volatilized 168 hours after treatment at 12°C and 45% was

volatilized at 21°C. This study also concluded that soil type had no effect on rate of volatilization,

although this may simply be a reflection of the fact that the differences between soils used in the

study, particularly in organic carbon content, were not very great.

Sorption of organic compounds to soil has been found to be most reliably predicted when related to

the organic carbon content of the soil (Kenaga 1980; Urano and Murata 1985). Experimentally

measured soil organic carbon sorption coefficients (Koc values) for trichloroethylene range from 106 to

460 (Garbarini and Lion 1986). The components of soil organic matter had widely varying affinities

for trichloroethylene, with the fats-waxes-resins fraction (Koc = 460) being responsible for stronger

adsorption of trichloroethylene. The calculated Koc values are indicative of medium-to-high mobility

in soil (Kenaga 1980; Swann et al. 1983). Others have also shown that trichloroethylene is highly

mobile in sandy soil (Wilson et al. 1981). Another study comparing predicted and observed sorption

on clay and organic soils suggested that sorption/desorption to inorganic mineral surfaces may also

play a role, and the reactions generally follow reversible pseudo first-order kinetics (Doust and Huang

1992).

Several models for describing the transport of volatile chlorinated hydrocarbons in soils have been

developed, often by fitting one or more parameters to experimental data. One model which

determined all parameters a priori and included transfer between solid, liquid, and gas phases found

that the Henry’s law constant was the primary determinant of transport behavior in a wet nonsorbing

aggregated medium, suggesting that volatilization and movement in the gas phase accounts for a large

portion of trichloroethylene movement in soils (Gimmi et al. 1993). However, as the velocities of the

gas and liquid phases increase, equilibrium partitioning is less likely, and prediction from Henry’s law
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is less reliable. This was found to be the case in laboratory and field experiments on trichloroethylene

volatilization from contaminated groundwater and diffusion through soil (Cho et al. 1993). In

addition, sorption of trichloroethylene to the surfaces of soil particles, which may decrease its transport

and bioavailability, is dependent on soil moisture content, since polar water molecules will compete

aggressively with nonpolar vapor phase trichloroethylene for polar sorption sites. This has been

experimentally confirmed with real soil samples, in which it was found that the solid/vapor partition

coefficient decreased dramatically with increased moisture content (Peterson et al. 1994).

A number of groundwater monitoring studies have detected trichloroethylene in groundwater (see

Section 5.4.2), which is further evidence of its leachability. The mobility of trichloroethylene in soil

was demonstrated in a field study of river water infiltration to groundwater in which trichloroethylene

was observed to leach rapidly into groundwater near sewage treatment plants in Switzerland

(Schwarzenbach et al. 1983). No evidence of biological transformation of trichloroethylene in

groundwater was found. Accurate prediction of trichloroethylene transport in groundwater is

complicated by the sorption effect of organic and inorganic solids (Doust and Huang 1992).

Experimentally measured bioconcentration factors (BCFs), which provide an indication of the tendency

of a chemical to partition to the fatty tissue of organisms, have been found to range between 10 and

100 for trichloroethylene in fish (Kawasaki 1980; Kenaga 1980; Neely et al. 1974; Veith et al. 1980).

Barrows et al. (1980) estimated a value of 17 for bluegill sunfish. Somewhat lower BCFs were

determined by Saisho et al. (1994) for blue mussel (4.52) and killifish (2.71). These numbers are

suggestive of a low tendency to bioaccumulate.

Monitoring data on trichloroethylene concentrations in seawater and associated aquatic organisms are

in agreement with the experimental BCF data. Concentrations of trichloroethylene (dry weight basis)

detected in fish (eel, cod, coalfish, dogfish) from the relatively unpolluted Irish Sea ranged from below

detection limits to 479 ppb (Dickson and Riley 1976). Levels of 2-56 ppb (wet weight) in liver

tissue, and up to 11 ppb (wet weight) in other tissue, were found in various species of fish collected

off the coast of Great Britain near several organochlorine plants (Pearson and McConnell 1975). Fish

taken from the western coast of the United States near the discharge zone of the Los Angeles County

waste-water treatment plant contained trichloroethylene levels of up to 6 ppb (wet weight) in liver
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tissue (Gossett et al. 1983). Clams and oysters from Lake Pontchartrain near New Orleans had

trichloroethylene levels averaging between 0.8 and 5.7 ppb (wet weight) (Ferrario et al. 1985).

To assess bioaccumulation in the environment, the levels of trichloroethylene in the tissues of a wide

range of organisms were determined (Pearson and McConnell 1975). Species were chosen to represent

several trophic levels in the marine environment. The maximum overall increase in concentration

between sea water and the tissues of animals at the top of food chains, such as fish liver, sea bird

eggs, and sea seal blubber, was less than 100-fold for trichloroethylene. Biomagnification in the

aquatic food chain does not appear to be important (Pearson and McConnell 1975).

Trichloroethylene has also been detected in small amounts in fruits and vegetables, suggesting a

potential for bioconcentration in plants (see Section 5.4.4), although some of the trichloroethylene may

have been a result of exposure after harvesting. Laboratory studies with carrot and radish plants and

radioactively labelled trichloroethylene revealed that uptake occurred mainly through the foliage as

opposed to the roots in these plants, although subsequent translocation resulted in substantial

distribution throughout the plants (Schroll et al. 1994). The study authors determined fairly moderate

BCFs of between 4.4 and 63.9.

5.3.2 Transformation and Degradation

5.3.2.1 Air

The dominant transformation process for trichloroethylene in the atmosphere is reaction with

photochemically produced hydroxyl radicals (Singh et al. 1982). Using the recommended rate

constant for this reaction at 25°C (2.36x1012 cm3 /molecule-second) and a typical atmospheric hydroxyl

radical concentration (5x105 molecules/cm3) (Atkinson 1985), the half-life can be estimated to be 6.8

days. Class and Ballschmiter (1986) state it as between 3 and 7 days. It should be noted that the

half-lives determined by assuming first-order kinetics represent the calculated time for loss of the first

50% of trichloroethylene; the time required for the loss of the remaining 50% may be substantially

longer.
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The reaction of volatile chlorinated hydrocarbons with hydroxyl radicals is temperature dependent and

thus varies with the seasons, although such variation in the atmospheric concentration of

trichloroethylene may be minimal because of its brief residence time (EPA 198%). The degradation

products of this reaction include phosgene, dichloroacetyl chloride, and formyl chloride (Atkinson

1985; Gay et al. 1976; Kirchner et al. 1990). Reaction of trichloroethylene with ozone in the

atmosphere is too slow to be an effective agent in trichloroethylene removal (Atkinson and Carter

1984).

5.3.2.2 Water

Oxidation of trichloroethylene in the aquatic environment does not appear to be a significant fate

process, probably because of its having already been oxidized by the chlorine atoms. The rate of

hydrolysis is also too slow to be an important transformation process (EPA 1979b). A study by

Jensen and Rosenberg (1975) indicated that the rate of volatilization of trichloroethylene proceeds

more rapidly than photooxidation or hydrolysis. Studies of photolysis and hydrolysis conducted by

Chodola et al. (1989) demonstrated that photolysis did not contribute substantially to the

transformation of trichloroethylene. Chemical hydrolysis appeared to occur only at elevated

temperature in a high pH environment and, even then, at a very slow rate. Studies of the degradation

of trichloroethylene in water during ultraviolet irradiation indicated that degradation decreased with

increases in the total organic content of the water (Beltran et al. 1995).

Results from experiments conducted at high pH and temperature were extrapolated to pH 7 and 25°C

(Jeffers et al. 1989), and the estimated half-life was 1.3x 106 years, which suggests that hydrolysis does

not occur under normal environmental conditions. In contrast, estimates of the hydrolysis half-life of

trichloroethylene under corresponding conditions were cited in other studies as about 10.7 months

(Dilling et al. 1975) and 30 months (Pearson and McConnell 1975). It is not clear why there is such a

large difference between these values; however, errors inherent in the extrapolation method used in the

first approach (Jeffers et al. 1989) and the presence of transformation factors other than-chemical

hydrolysis, such as microbial degradation, in the second approach (Dilling et al. 1975; Pearson and

McConnell 1975) may account for the discrepancy in the numbers.
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An aerobic degradation study of trichloroethylene in seawater showed that 80% of trichloroethylene

was degraded in 8 days (Jensen and Rosenberg 1975). Degradation products were not reported.

Another study using domestic waste water as a microbial inoculum found that after the lst week of

incubation, 64% and 38% degradation was achieved for initial trichloroethylene concentrations of

5 and 10 ppm, respectively (Tabak et al. 1981). After the 4th week of incubation, these percentages

were 87% and 84%, respectively. Microbial degradation products of trichloroethylene in groundwater

were reported to be dichloroethylene and vinyl chloride (Smith and Dragun 1984).

Biotransformation was also strongly indicated as a factor in the degradation of trichloroethylene in a

case of soil and groundwater pollution (Milde et al. 1988). The only ethylenes at the point source of

pollution were tetrachloroethylene and trichloroethylene; however, substantial amounts of known

metabolites of these two compounds (dichloroethylene, vinyl chloride, and ethylene) were found at

points far from the source. Data from laboratory studies by the same group supported the study

authors’ contention that degradation was due to reductive dehalogenation by microorganisms.

Microcosm studies of trichloroethylene biotransformation in aquifers have also indicated that reductive

dehalogenation is the primary degradation reaction (Parsons et al. 1985; Wilson et al. 1986).

However, a field study of groundwater at the Lawrence Liver-more National Laboratory found a highly

oxidized environment in which no evidence of reductive dehalogenation of trichloroethylene was seen

(McNab and Narasimhan 1994).

Since neither biodegradation nor hydrolysis occurs at a rapid rate, most trichloroethylene present in

surface waters can be expected to volatilize into the atmosphere. However, because trichloroethylene

is denser than and only moderately soluble in water, that which is not immediately volatilized may be

expected to submerge and thus be removed from contact with the surface (Doust and Huang 1992).

5.3.2.3 Sediment and Soil

The majority of trichloroethylene present on soil surfaces will volatilize to the atmosphere or leach

into the subsurface. Once trichloroethylene leaches into the soil, it appears not to become chemically

transformed or undergo covalent bonding with soil components. When trichloroethylene was absorbed

onto kaolinite and bentonite, the 13C nuclear magnetic resonance CNMR) spectra showed no evidence

of chemical reactions (Jurkiewicz and Maciel 1995). Because trichloroethylene is a dense nonaqueous
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phase liquid, it can move through the unsaturated zone into the saturated zone where it can displace

soil pore water (Wershaw et al. 1994).

Biodegradation is favored only under limited conditions. When soil samples containing subsurface

bacteria from depths of 1.2, 3.0, and 5.0 meters in a flood plain in Oklahoma were incubated with

trichloroethylene for 16 weeks at 20°C, no detectable degradation of the chemical occurred (Wilson et

al. 1983a). It has been shown that the biodegradation of trichloroethylene in soil increases with the

organic content of the soil (Barrio-Lage et a. 1987). There is evidence that trichloroethylene may

inhibit total soil biomass and fungi (Kanazawa and Filip 1986), possibly resulting in the inhibition of

microbial transformation processes. However, the same authors observed an increase in anaerobic and

specialized aerobic bacteria, which might indicate an opportunistic response to a suitable substrate by

these microorganisms.

Degradation of trichloroethylene by anaerobes via reductive dehalogenation can be problematic

because a common product is vinyl chloride, a known carcinogen (Ensley 1991). In an anaerobic

column operated under methanogenic conditions, 100% transformation of injected tetrachloroethylene

and trichloroethylene to vinyl chloride was obtained after 10 days (Vogel and McCarty 1985).

Addition of electron donors was demonstrated to promote further degradation to the more benign

compound ethylene (Freedman and Gossett 1989).

Anaerobic incubations of trichloroethylene with soils collected from lotus, rice, and vegetable fields in

Japan resulted in biodegradation rates which varied with soil type, temperature, and initial concentration

of trichloroethylene (Yagi et al. 1992). The lotus field soils degraded more than 80% of the

trichloroethylene after 42 days, while the degradation in vegetable field soils was minimal. A study

by Walton and Anderson (1990) compared soil samples collected from a former chlorinated solvent

disposal site and microbial degradation of trichloroethylene in vegetated (grass, a legume, a composite

herb) and nonvegetated soils. Biomass determinations, disappearance of trichloroethylene from the

headspace of spiked soil slurries, and mineralization of 14C-trichloroethylene to radiolabelled carbon

dioxide (14CO2) all showed that microbial activity is greater in vegetated soils and that

trichloroethylene degradation occurs faster in the vegetated than in the nonvegetated soils. An

anaerobic bacterium that dechlorinates tetrachloroethylene and trichloroethylene to ethylene using
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hydrogen as the electron donor has been isolated (Maymo-Gate11 et al. 1997). The isolated strain did

not appear to belong to any presently known genus or species.

Aerobic biodegradation of trichloroethylene occurs by cometabolism with aromatic compounds (Ensley

1991) and thus requires a cosubstrate such as phenol (Nelson et al. 1987, 1988) or toluene (Fan and

Scow 1993). Trichloroethylene degradation by toluene-degrading bacteria has been demonstrated in

the presence, but not absence, of toluene (Mu and Scow 1994). Isoprene, a structural analog of

trichloroethylene, has also been used as a cosubstrate for trichloroethylene oxidation by some bacteria

(Ewers et al. 1990). One source of inhibition of degradation in the absence of cosubstrate may be the

toxicity of trichloroethylene itself to indigenous bacteria.

Bacteria have been found that use methane as an energy source and simultaneously degrade

trichloroethylene using methane monooxygenase (Alvarez-Cohen and McCarty 1991a, 1991b; Bowman

et al. 1993; Eng et al. 1991; Fox et al. 1990; Henry and Grbic-Galic 1991a, 1991b; Oldenhuis et al.

1991). Methane-utilizing bacteria were shown to aerobically degrade trichloroethylene to carbon

dioxide in soil columns perfused with natural gas within 2 weeks (Wilson and Wilson 1985).

Methanotrophs isolated from sediment likewise degraded 650 ng/mL of trichloroethylene in liquid

culture to 200 ng/mL in 4 days (at 20°C), producing carbon dioxide and no dichloroethylene or vinyl

chloride (Fogel et al. 1986). A possible reason for the persistence of trichloroethylene in the

environment despite these natural decomposition processes lies in the sensitive balance which must be

maintained between enough cosubstrate to induce the degrading enzymes and too much cosubstrate,

which could outcompete the trichloroethylene and inhibit its decomposition (Ensley 1991). Such

balance may rarely be achieved in nature.

5.4 LEVELS MONITORED OR ESTIMATED IN THE ENVIRONMENT

5.4.1 Air

Monitoring data for trichloroethylene in ambient air in the United States, prior to 1981, were compiled

by Brodzinsky and Singh (1982). This compilation, which includes over 2,300 monitoring points,

reported mean trichloroethylene concentrations of 0.03 ppb in rural/remote areas, 0.460 ppb in

urban/suburban areas, and 1.2 ppb in areas near emission sources of trichloroethylene. A similar
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compilation (EPA 1979a), which includes additional U.S. monitoring data and worldwide data,

indicates that the ambient air mixing ratio oftrichloroethylene is 0.01-0.03 ppb in the northern

hemisphere and <0.003 ppb in the southern hemisphere. Slightly lower ambient air mixing ratios of

0.005-0.01 ppb have also been reported for the northern hemisphere (Class and Ballschmiter 1986;

Fabian 1986).

Ambient air monitoring studies in the United States detected trichloroethylene concentrations of

0.24-3.9 µg/ m3 (0.04-0.72 ppb) in Portland, Oregon, in 1984 (Ligocki et al. 1985); 2.1 µg / m3

(0.39 ppb) in Philadelphia, Pennsylvania, in 1983-1984 (Sullivan et al. 1985); 0.21-0.59 ppb in three

New Jersey cities during the summer of 1981 and winter of 1982 (Harkov et al. 1984); and

0.0960.225 ppb in seven cities (Houston, Texas; St. Louis, Missouri; Denver, Colorado; Riverside,

California; Staten Island, New York; Pittsburgh, Pennsylvania; and Chicago, Illinois) in 1980-1981

(Singh et al. 1982). In these studies, levels were found to vary between the fall/winter season and the

spring/summer season, with fall/winter levels usually higher. This is consistent with the observation

that higher temperatures increase the rate of reaction with hydroxyl radicals and subsequent

degradation of trichloroethylene (see Section 5.3.2.1).

Data gathered from several sites near Niigata, Japan, between April 1989 and March 1992 showed

elevated levels of trichloroethylene and other volatile chlorinated hydrocarbons in the winter (Kawata

and Fujieda 1993). A rural site in this study had annual mean concentrations between 0.17 and

0.32 ppb, while four industrial sites had mean concentrations between 0.029 and 4.8 ppb. The average

trichloroethylene level detected in samples collected from ambient air in the Norwegian Arctic between

1982 and 1983 was 0.007 ppb (Hov et al. 1984). Average concentrations of trichloroethylene in

Alaskan Arctic haze between 1980 and 1982 were 0.036 ppb in winter and 0.007 ppb in summer

(Khalil and Rasmussen 1983).

Data collected from several locations in the city of Hamburg, Germany, showed ambient air concentrations

of trichloroethylene ranging from 0.8 to 18.5 µg / m3 (0.15 to 3.44 ppb) (Bruckmann et al.

1988). A monitoring study in Finland reported levels of 0.27 and 36 µg / m3 (0.05 and 6.70 ppb) in

ambient air from a suburban area and an industrialized area, respectively (Kroneld 1989). No

trichloroethylene was detected in samples of rural air in that study.
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Some elevated outdoor air levels of trichloroethylene reported are associated with waste disposal sites.

Average trichloroethylene levels of 0.08-2.43 ppb were detected in ambient air at six landfill sites in

New Jersey; the maximum concentration was 12.3 ppb (Harkov et al. 1985). Levels between 3.0 and

3.2 µg / m3 (0.56 ppb and 0.60 ppb) were found at a distance of 0.5-1.5 meters above the surface of a

landfill known to contain halogenated volatile organic compounds in Germany (Koenig et al. 1987).

A survey of indoor air showed median concentrations of trichloroethylene as high as 27 µg / m3

(5.0 ppb) in a North Carolina office building; 0.74 µg / m3 (0.14 ppb) in a Washington, DC, school; and

0.82 µg / m3 (0.15 ppb) in a Washington, DC, home for the elderly (Hartwell et al. 1985). The level of

trichloroethylene in the air of an indoor university laboratory was 0.008 ppm (8.0 ppb) (Nicoara et al.

1994). Based on the properties of trichloroethylene and a three-compartment model, the levels of

trichloroethylene in indoor air have been estimated (McKone 1987). If the tap water contained

1 mg/L, the air in the shower during use was estimated to be 3.3 ppm, while in the rest of the house it

was estimated to be 0.02 ppm during the day (7 am-l 1 pm) and 0.0045 ppm during the night

(11 pm-7 am).

5.4.2 Water

The concentration of trichloroethylene in the open oceans may be an indication of the environmental

background levels in water. Levels in open waters of the Gulf of Mexico were below the detection

level of 1 ppt (Sauer 1981). Average levels of 7 ng/L (7 ppt) and 0.3 ppt were found in the

northeastern Atlantic (Murray and Riley 1973) and in Liverpool Bay (Pearson and McConnell 1975),

respectively.

Rain water collected in Portland, Oregon, in 1984 contained trichloroethylene levels of 0.78-16 ng/L

(0.78-16 ppt) (Ligocki et al. 1985). An average trichloroethylene concentration of 5 ng/L (5 ppt) was

found in rain water from La Jolla, California, and levels of 30 and 39 ppt were identified in snow

from southern California and Alaska, respectively (Su and Goldberg 1976). Levels up to 150 ng/L

(150 ppt) were found in samples collected in rainwater in industrial cities in England (Pearson and

McConnell 1975). Rainwater samples collected in Tokyo between October 1989 and September 1990

had a mean trichloroethylene level of 136 ng/L (136 ppt), with higher levels in samples obtained

during the winter (Jung et al. 1992).
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Trichloroethylene has been detected in many samples taken from drinking water supplied by

contaminated sources from which trichloroethylene and other volatile organic compounds are not

always completely removed by conventional water treatment. The EPA Groundwater Supply Survey

of finished water from 945 drinking water systems nationwide using groundwater sources found

trichloroethylene in 91 water systems (detection limit 0.2 ppb); the median level of the positive

samples was approximately 1 µg /L (1 ppb), with a single maximum level of 130 µg /L (130 ppb)

(Westrick et al. 1984). Trichloroethylene levels ranging from 10 to 250 ng/L (0.01-0.25 ppb) were

found in tap water from homes in the vicinity of the Love Canal waste site in New York (Barkley et

al. 1980). In other countries, thirty Canadian drinking water sources were found to contain

trichloroethylene levels ranging from <1 to 2 ppb (Otson et al. 1982), and recent drinking water

samples from Zagreb, Croatia, contained 0.69-35.9 µg /L (0.69-35.9 ppb) (Skender et al. 1993).

A summary of U.S. groundwater analyses from both federal and state studies reported that

trichloroethylene was the most frequently detected organic solvent and the one present in the highest

concentration (Dyksen and Hess 1982). Trichloroethylene was detected in 388 of 669 groundwater

samples collected in New Jersey from 1977 to 1979, with a maximum concentration of 635 ppb (Page

1981). Maximum concentrations ranging from 900 to 27,300 ppb trichloroethylene were found in

contaminated wells from four states (Pennsylvania, New York, Massachusetts, and New Jersey)

(Burmaster 1982).

A possible source for much of the groundwater contamination is landfill leachate containing

trichloroethylene. Trichlcroethylene was the most commonly found chemical at NPL sites in New

York State (Mumtaz et al. 1994). The compound was detected in leachate samples from Minnesota

municipal solid waste landfills at levels ranging from 0.7 to 125 µg /L (0.7-125 ppb) and in

groundwater near landfills at levels ranging from 0.2 to 144 µg /L (0.2-144 ppb) (Sabel and Clark

1984). Trichloroethylene was also detected in landfill leachate from a landfill in New Jersey at

concentrations of up to 7,700 µg /L (7,700 ppb) (Kosson et al. 1985). Trichloroethylene has also been

detected in ground water at the U.S. Army Cold Regions Research and Engineering Laboratory in

Hanover, NH, where it was used as a refrigerant between 1960 and 1987 (Hewitt and Shoop 1994).

In water collected directly after well instillation, the trichloroethylene concentrations were

0.044-180 ppm.
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An analysis of the EPA E’TORET Data Base (1980-1982) found that trichloroethylene had been

positively detected in 28% of 9,295 surface water reporting stations nationwide (Staples et al. 1985).

An analysis of 1,350 samples taken from 1978 to 1979 and 4,972 samples from 1980 to 1981 from the

Ohio River system found a similar percentage of positive detections; most positive samples had

trichloroethylene levels of 0.1-1.0 ppb (Ohio River Valley Sanitation Commission 1980, 1982).

Trichloroethylene was detected in 261 of 462 surface water samples collected in New Jersey from

1977 to 1979, with a maximum concentration of 32.6 ppb (Page 1981). Mean levels of

0.008-0.13 µg /L (0.008-0.13 ppb) trichloroethylene were found in the Niagara River and Lake

Ontario in 1981 (Strachan and Edwards 1984).

5.4.3 Sediment and Soil

A maximum trichloroethylene level of 9.9 ppb was found in sediment from Liverpool Bay, England

(Pearson and McConnell 1975). Sediment levels from nondetectable to 0.2 ppb (wet weight)

trichloroethylene were found in Lake Pontchartrain near New Orleans (Ferrario et al. 1985). An

analysis of the EPA STORET Data Base (1980-1982) found that trichloroethylene had been positively

detected in sediment samples taken at 6% of 338 observation stations, with median levels of <5 µg /kg

(dry weight) (<5 ppb) (Staples et al. 1985). The observation stations included both “ambient” and

“pipe” sites. Ambient sites include streams, lakes, and ponds and are intended to be indicative of

general U.S. waterway conditions. Pipe sites refer to municipal or industrial influents or effluents.

Trichloroethylene was qualitatively detected in the soil/sediment matrix of the Love Canal waste site

near Niagara Falls (Hauser and Bromberg 1982). Sediment concentrations were found to be

<0.5 µg /kg (dry weight) (<0.5 ppb) near a discharge point for effluent containing 17 ppb

trichloroethylene in Los Angeles (Gossett et al. 1983).

Trichloroethylene in soil and groundwater were found to be correlated (r2 0.9994) in samples taken

during well instillation at the U.S. Army Cold Regions Research and Engineering Laboratory in

Hanover, NH (Hewitt and Shoop 1994). Concentrations of trichloroethylene in soil from the saturated

zone were 0.008-25 mg/kg, while concentrations in the groundwater were 0.044-180 ppm.
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5.4.4 Other Environmental Media

Trichloroethylene has been detected in dairy products (milk, cheese, butter) at 0.3-10 µg /kg

(0.3-10 ppb), meat (English beef) at 12-16 ppb, oils and fats at O-19 ppb, beverages (canned fruit

drink, light ale, instant coffee, tea, wine) at 0.02-60 ppb, fruits and vegetables (potatoes, apples, pears,

tomatoes) at 0-5 ppb, and fresh bread at 7 ppb (McConnell et al. 1975). Samples obtained from a

food processor in Pennsylvania contained trichloroethylene concentrations of 68 ppb in plant tap water,

28 ppb in Chinese-style sauce, 40 ppb in quince jelly, 25 ppb in crab apple jelly, 20 ppb in grape

jelly, and 50 ppb in chocolate sauce (Entz and Hollifield 1982). Various samples of U.S. margarine

were found to contain trichloroethylene levels of 440-3,600 ng/g (440-3,600 ppb) (Entz et al. 1982).

An analysis of intermediate grain-based foods in 1985 found the following trichloroethylene levels

(in ppb concentrations): corn muffin mix (0.0); yellow corn meal (2.7); fudge brownie mix (2.4);

dried lima beans (0.0); lasagna noodles (0.0); bleached flour (0.77); uncooked rice (0.0); and yellow

cake mix (1.3) (Heikes and Hopper 1986).

Another study found that trichloroethylene can be absorbed from the atmosphere by foods and

concentrated over time, so that acceptable ambient air levels may still result in food levels which

exceed acceptable limits (Grob et al. 1990). The authors estimated that in order to limit food

concentrations of trichloroethylene to 50 µg /kg (the maximum tolerated limit for food halocarbons in

Switzerland), the level in surrounding air should not exceed 38.5 µg / m3 (0.007 ppm). Since the

accepted levels found near emission sources are often far above this limit, foods processed or sold near

these sources may routinely exceed the tolerated trichloroethylene concentration, thus making the

setting of air emission standards problematic. It is also noteworthy that the limits recommended by

Grob et al. (1990) exceed acceptable ambient air concentrations for many regions of the United States

(see Chapter 7).

An analysis of six municipal solid waste samples from Hamburg, Germany, revealed levels of

trichloroethylene ranging from undetectable to 0.59 mg/kg (Deipser and Stegmann 1994). In a study

analyzing automobile exhaust for chlorinated compounds, trichloroethylene was not detected (Hasanen

et al. 1979).



TRICHLOROETHYLENE 210

5. POTENTIAL FOR HUMAN EXPOSURE

5.5 GENERAL POPULATION AND OCCUPATIONAL EXPOSURE

The most important routes of exposure to trichloroethylene for most members of the general

population appear to be inhalation of the compound in ambient air and ingestion of drinking water.

Available data indicate that dermal exposure is not an important route for most people. General

population exposure from inhalation of ambient air varies widely depending on location. In general,

rural areas exhibit lower background concentrations of trichloroethylene as compared to urban areas.

One study comparing differences in trichloroethylene levels reported a significant difference in values

between rural and urban workers with average blood trichloroethylene levels of 0.180 ng/L and

0.763 ng/L, respectively (Brugnone et al. 1994). A study of an urban population was conducted using

the residents of the city of Zagreb, Croatia (Skender et al. 1994). Blood concentration levels of

trichloroethylene and tetrachloroethylene among the residents ranged from <0.015 to 0.090 µg /L. The

concentrations in drinking water in the city ranged from <0.05 to 22.93 mg/L and from 0.21 to

7.80 µg /L for trichloroethylene and tetrachloroethylene, respectively.

Assuming a typical air concentration range of 100-500 ppt (Singh et al. 1981, 1982) and a breathing

rate of 20 m3 air/day, the average daily air intake of trichloroethylene can be estimated at

11-33 mg/day. Average daily water intake of trichloroethylene can be estimated at 2-20 mg/day,

assuming a typical concentration range of 2-7 ppb and consumption of 2 L water/day.

Because of the high propensity of trichloroethylene to volatilize from water, inhalation may be a major

route of exposure in homes supplied with contaminated water (Andelman 1985b). In two homes

(using well water containing the relatively high level of 40,000 ppb trichloroethylene), a running

shower was found to elevate trichloroethylene levels in bathroom air from <0.5 to 81 mg/ m3 (93 to

15,072 ppb) in less than 30 minutes (Andelman 1985a). Significantly elevated indoor air levels of

trichloroethylene (as compared to normal outdoor levels) have been found in various buildings, but the

elevated levels seem to be related to new building construction using products containing

trichloroethylene solvents or consumer products containing trichloroethylene (Hartwell et al. 1985;

Wallace et al. 1987).

Trichloroethylene levels monitored in expired breath of 190 New Jersey residents were correlated with

personal exposure levels, which were consistently higher than outdoor air levels and were instead
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attributed to indoor air levels (Wallace et al. 1985). Other studies have expanded upon and confirmed

these findings, concluding that indoor air. is a more significant exposure source of trichloroethylene

than outdoor air, even near major point sources such as chemical plants (Wallace 1986; Wallace et al.

1986a, 1986b, 1986c, 1986d). Wallace et al. (1989) reported air concentrations for four homes (nine

samples per home) in North Carolina and found that indoor air concentrations of trichloroethylene in

all homes were consistently higher than the outdoor concentrations. In fact, trichloroethylene did not

have a measurable median outdoor air concentration, while median indoor values ranged from 0.95 to

26 µg / m3 (0.2-4.8 ppb).

Correlations of exposure with other measures of body burden are often difficult and their results are

consequently less conclusive. For example, trichloroethylene was present at unspecified levels in eight

of eight samples of mother’s milk from four urban areas in the United States (Pellizzari et al. 1982).

Whole-blood specimens from 121 men and 129 women with no known exposure to trichloroethylene

had levels from nondetectable to 1.5 ppb (Antoine et al. 1986). Post-mortem analyses of human tissue

revealed body fat levels of 1.4-32 µg /kg (1.4-32 ppb) (wet weight) among males and females with

unspecified exposures (McConnell et al. 1975).

Various consumer products have been found to contain trichloroethylene. These include wood stains,

varnishes, and finishes; lubricants; adhesives; typewriter correction fluids; paint removers; and cleaners

(Frankenberry et al. 1987). Trichloroethylene use as an inhalation anesthetic, fumigant, and extractant

for decaffeinating coffee has been discontinued in the United States (EPA 1985c).

Contamination of drinking water supplies with trichloroethylene varies with location and with the

drinking water source (surface water or groundwater). Generally higher levels are expected in

groundwater because trichloroethylene volatilizes rapidly from surface water. There is some evidence

that trichloroethylene can be produced in small amounts during the chlorination process of waste-water

treatment (Bellar et al. 1974), although no evidence exists for its formation through drinking water

chlorination (Westrick et al. 1984).

The National Occupational Exposure Survey (NOES), conducted by NIOSH from 1981 to 1983,

estimated that 401,000 workers employed at 23,225 plant sites were potentially exposed to

trichloroethylene in the United States (NOES 1990). The NOES database does not contain
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information on the frequency, concentration, or duration of exposures; the survey provides only

estimates of workers potentially exposed to chemicals in the workplace.

The majority of data regarding worker exposure to trichloroethylene was obtained from degreasing

operations, which is the primary industrial use of trichloroethylene. Worker exposure data indicated

that exposure is likely to vary, although mean TWA concentrations were generally consistent and

usually ranged from ≤50 to 100 ppm (Santodonato 1985). OSHA allows an 8-hour TWA permissible

exposure limit of 100 ppm. The 15-minute TWA exposure, which should not be exceeded at any time

during a workday, is 300 ppm (OSHA 1993). Higher than normal workplace exposure was generally

attributable to poor workplace practices (improper operating procedures, negligence with regard to

equipment maintenance or repair) and/or inadequate engineering controls. TWA concentrations from

personal monitoring ranged from 1.2 to 5.1 ppm at individual industrial sites where trichloroethylene

was used during the process of filling spray cans with insecticide and where trichloroethylene was

used as a solvent during the formation of fiberglass aircraft components (Santodonato 1985).

5.6 POPULATIONS WITH POTENTIALLY HIGH EXPOSURES

Because of the pervasiveness of trichloroethylene in the environment, most people are exposed to it

through drinking water, air, or food, although the levels of exposure are probably far below those

causing any adverse effects. Concern may be justified, however, for people who are continuously

exposed to elevated levels, such as residents of some urban or industrialized areas, people living near

waste facilities, or people exposed at work. Short-term exposure to high levels of trichloroethylene

may also pose risks for people using products containing the chemical in areas with inadequate

ventilation. The discontinuation of trichloroethylene use in many medical applications and some

consumer products has generally decreased the exposure risks in these situations.

As a result of volatilization, significantly elevated indoor air levels of trichloroethylene can occur in

homes that use water supplies contaminated with trichloroethylene (Andelman 1985a). The transfer of

trichloroethylene from shower water to air in one study had a mean efficiency of 61% which was

independent of water temperature (McKone and Knezovich 1991). The study authors concluded that

showering for 10 minutes in water contaminated with trichloroethylene could result in a daily exposure

by inhalation comparable to that expected by drinking contaminated tap water. Another study using a
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model shower system found that, in addition to shower spray, shower water collecting around the drain

could be an important source of volatilized trichloroethylene, and the fraction volatilized could be

affected by spray drop size and flow rate (Giardino et al. 1992).

A survey of 20 brands of typographical correction fluids found that several contained 10% or less

trichloroethylene, although other volatile organic compounds present at higher levels probably posed a

greater hazard to people using these products (Ong et al. 1993). Various other consumer products

have been found to contain trichloroethylene, such as paint removers, strippers, adhesives, and

lubricants (Frankenberry et al. 1987).

Workers involved in the manufacture or use of trichloroethylene as a metal degreaser or general

solvent may constitute a group at risk because of the potential for occupational exposure.

Occupational exposure to trichloroethylene may also occur during its use as a chemical intermediate in

the production of polyvinyl chloride (McNeil1 1979).

An EPA TEAM (Total Exposure Assessment Methodology) study conducted in New Jersey attempted

to identify factors associated with risk of higher inhalation of trichloroethylene (Wallace et al. 1986b).

The following factors (in order of importance) were identified: wood processing, working at a plastics

plant, exposure to a gas furnace, working at a scientific lab, and smoking.

5.7 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with

the Administrator of EPA and agencies and programs of the Public Health Service) to assess whether

adequate information on the health effects of trichloroethylene is available. Where adequate

information is not available, ATSDR, in conjunction with the NTP, is required to assure the initiation

of a program of research designed to determine the health effects (and techniques for developing

methods to determine such health effects) of trichloroethylene.

The following categories of possible data needs have been identified by a joint team of scientists from

ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met

would reduce the uncertainties of human health assessment. This definition should not be interpreted
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to mean that all data needs discussed in this section must be filled. In the future, the identified data

needs will be evaluated and prioritized, and a substance-specific research agenda will be proposed.

5.7.1 Identification of Data Needs

Physical and Chemical Properties. The physical and chemical properties of trichloroethylene are

well characterized (HSDB 1994; McNeil1 1979; Windholz 1983) and allow prediction of the

environmental fate of the compound. Estimates based on available constants are generally in good

agreement with experimentally determined values. No additional studies are required at this time.

Production, Import/Export, Use, Release, and Disposal. Humans are at risk of exposure to

trichloroethylene because of its widespread use and distribution in the environment. Production,

import, and use of the chemical are known to be relatively high, but recent quantitative data were not

available (HSDB 1994). Trichloroethylene is released to the atmosphere mainly through its use in

vapor degreasing operations (EPA 1985e). Landfills can be a concentrated source of trichloroethylene

on a local scale. It is also released to surface water and land in sewage sludges and industrial liquid

or solid waste. Trichloroethylene is considered a hazardous waste and its disposal is subject to

regulations (see Chapter 7). More current data on production, use in food processing and consumer

products, releases, efficiency of disposal practices, adequacy of current disposal regulations, and the

extent of recovery and recycling of trichloroethylene would assist in estimating human potential

exposures, particularly of populations living near industrial facilities and hazardous waste sites.

According to the Emergency Planning and Community Right-to-Know Act of 1986, 42 U.S.C. Section

11023, industries are required to submit chemical release and off-site transfer information to the EPA.

The Toxics Release Inventory (TRI), which contains this information for 1992, became available in

1994. This database will be updated yearly and should provide a list of industrial production facilities

and emissions.

Environmental Fate. Trichloroethylene released to environment partitions mainly to the atmosphere

(EPA 1985e). The compound is transported in atmosphere, groundwater, and soil. Trichloroethylene

is transformed in the atmosphere by photooxidation (Singh et al. 1982). Trichloroethylene is expected

to volatilize very rapidly from surface water and soil (EPA 1985c; Park et al. 1988). Trichloro-
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ethylene is biodegraded in water (Jensen and Rosenberg 1975; Smith and Dragun 1984) and, to a

limited extent, in soil (Maymo-Gate11 et al. 1997; Yagi et al. 1992). Trichloroethylene may persist in

groundwater. Additional information on the anaerobic degradation of trichloroethylene in groundwater

and on the rates of transformation in soil is needed to define the relative importance of these media as

potential pathways for human exposure.

Bioavailability from Environmental Media. Trichloroethylene can be absorbed following inhalation

(Andersen et al. 1980; Astrand and Ovrum 1976; Bartonicek 1962; Dallas et al. 1991; Fernandez et al.

1977; Monster et al. 1976; Mtiller et al. 1974; Sato and Nakajima 1978), oral (DeFalque 196 1;

D’Souza et al. 1985; Klienfeld and Tabershaw 1954; Prout et al. 1985; Stephens 1945; Stevens et al.

1992; Templin et al. 1993; Withey et al. 1983), or dermal (Bogen et al. 1992; Jakobson et al. 1982;

McCormick and Abdul-Rahman 1991; Sato and Nakajima 1978; Steward and Dodd 1964; Tsuruta

1978) exposure. All these routes of exposure may be of concern to humans because of the potential

for trichloroethylene to contaminate the air, drinking water, food, and soil. More information on the

absorption of trichloroethylene following ingestion of contaminated soil and plants grown in

contaminated soil near hazardous waste sites are needed to determine bioavailability of the compound

in these media.

Food Chain Bioaccumulation. Information is available regarding bioaccumulation potential in

aquatic food chains. Studies show that trichloroethylene has a low-to-moderate bioconcentration

potential in aquatic organisms (Pearson and McConnell 1975) and some plants (Schroll et al. 1994).

Information is needed, however, regarding bioaccumulation potential in terrestrial food chains.

Exposure Levels in Environmental Media. Reliable monitoring data for the levels of

trichloroethylene in contaminated media at hazardous waste sites are needed so that the information

obtained on levels of trichloroethylene in the environment can be used in combination with the known

body burden of trichloroethylene to assess the potential risk of adverse health effects in populations

living in the vicinity of hazardous waste sites. Trichloroethylene is widely distributed in the

environment and has been detected in air (Brodzinsky and Singh 1982; Bruckmann et al. 1988; Class

and Ballschmiter 1986; Fabian 1986; Harkov et al. 1985; Hartwell et al. 1985; Hov et al. 1984;

Kawata and Fujieda 1993; Ligocki et al. 1985; Sullivan et al. 1985), water (Barkley et al. 1980;

Burmaster 1982; Ligocki et al. 1985; Mumtaz et al. 1994; Murray and Riley 1973; Otson et al. 1982;
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Sauer 19Sl), soil (Hewitt and Shoop 1994; Hunter and Bromberg 1982), and food (Entz and Hollitield

1982; Entz et al. 1982; Grob et al. 1990; Heikes and Hopper 1986; McConnell et al. 1975). The

levels of trichloroethylene in air, water, sediment, and foods are well documented, but some of these

studies are not current. More recent data characterizing the concentration of trichloroethylene in

drinking water, soils, and air surrounding hazardous waste sites and on estimates of human intake from

these media are needed to assess human exposure to trichloroethylene for populations living near

hazardous waste sites.

Exposure Levels in Humans. This information is necessary for assessing the need to conduct health

studies on these populations. Trichloroethylene has been detected in human body fluids such as blood

(Brugnone et al. 1994; Skender et al. 1994) and breast milk (Pellizzari et al. 1982). Most of the

monitoring data have come from occupational studies of specific worker populations exposed to

trichloroethylene. More information on exposure levels for populations living in the vicinity of

hazardous waste sites is needed for estimating human exposure.

Exposure Registries. A subregistry has been established for trichloroethylene as part of the National

Exposure Registry. There are 4,280 persons (along with general health data) enrolled on the

subregistry (ATSDR 1994; Burg et al. 1995). This data is part of the public-user data files established

and maintained by the Exposure and Disease Registry Branch, Division of Health Studies, ATSDR.

The information that is amassed in the National Exposure Registry will facilitate the epidemiological

research needed to assess adverse health outcomes that may be related to the exposure to this

compound.

5.7.2 On-going Studies

As part of the Third National Health and Nutrition Evaluation Survey (NHANES III), the

Environmental Health Laboratory Sciences Division of the National Center for Environmental Health,

Centers for Disease Control, will be analyzing human blood samples for trichloroethylene and other

volatile organic compour 3s. These data will give an indication of the frequency of occurrence and

background levels of these compounds in the general population.
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Research on human exposure also includes studies by Dr. J.W. Gillett at Cornell University which

model dermal absorption of trichloroethylene and other volatile organic compounds in a simulated

shower and bath chamber. The development of a three-dimensional mathematical model for

describing exposure from contaminated groundwater of residents living near superfund sites is the

focus of work carried out by Dr. C.P. Weisel at Rutgers University. Measurements from a pilot scale

soil system are included in the model, along with actual body burden measurements taken from

residents, to assess the exposure risk from the transport of trichloroethylene in groundwater through

soil and into the basements of homes. Health effects caused by ingestion of foods with fumigant

residues, such as trichloroethylene, are being studied in rats by Dr. T. Shibamoto at the University of

California, Davis, with the support of the (U.S. Department of Agriculture) USDA.

Several on-going projects are investigating the use of biotechnology to remediate sites contaminated

with trichloroethylene. Dr. AK. Shiemke of West Virginia University is working on the isolation of a

membrane-bound methane monooxygenase from trichloroethylene-degrading bacteria in order to study

its mechanism of action, and related work is being carried out at Iowa State University by Dr. A.A.

Dispirito. Reductive dechlorination of chlorinated organic compounds by anaerobes is being studied

by Dr. S.H. Zinder at Cornell University. Continuing research on trichloroethylene biodegradation in

soil columns under various conditions, including the presence of different cosubstrates and bacterial

cultures, is being performed by Dr. K.M. Scow at the University of California, Davis. The potential

of a system using methane application to stimulate the in situ biodegradation of trichloroethylene in

groundwater by methanotrophs is being investigated by Dr. W.J. Jewel1 of Cornell University. A

similar approach exploiting the nonspecific oxygenase activity of some nitrifying bacteria induced by

ammonia and other water-soluble compounds is being studied by Dr. K.A. Sandbeck at Geomicrobial

Technologies, Inc. Dr. H. Bohn at the University of Arizona is conducting USDA-supported research

to discover the optimal redox conditions for trichloroethylene degradation in soil.

Nonbiological methods for removal of trichloroethylene from water are also being studied. These

include the use of a hollow fiber membrane contactor (Dr. AK. Zander, Clarkson University),

photocatalysis by solar or artificially irradiated semiconductor powders (Dr. G. Cooper, Photocatalytics,

Inc.), and micellar-enhanced ultrafiltration (Dr. B.1. Roberts, Surfactant Associates, Inc.).
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The purpose of this chapter is to describe the analytical methods that are available for detecting,

measuring, and/or monitoring trichloroethylene, its metabolites, and other biomarkers of exposure and

effect to trichloroethylene. The intent is not to provide an exhaustive list of analytical methods.

Rather, the intention is to identify well-established methods that are used as the standard methods of

analysis. Many of the analytical methods used for environmental samples are the methods approved

by federal agencies and organizations such as EPA and the National Institute for Occupational Safety

and Health (NIOSH). Other methods presented in this chapter are those that are approved by groups

such as the Association of Official Analytical Chemists (AOAC) and the American Public Health

Association (APHA). Additionally, analytical methods may be included that modify previously used

methods to obtain lower detection limits and/or to improve accuracy and precision.

6.1 BIOLOGICAL MATERIALS

Several methods are available for the analysis of trichloroethylene in biological media. The method of

choice depends on the nature of the sample matrix; cost of analysis; required precision, accuracy, and

detection limit; and turnaround time of the method. The main analytical method used to analyze for

the presence of trichloroethylene and its metabolites, trichloroethanol and TCA, in biological samples

is separation by gas chromatography (GC) combined with detection by mass spectrometry (MS) or

electron capture detection (ECD). Trichloroethylene and/or its metabolites have been detected in

exhaled air, blood, urine, breast milk, and tissues. Details on sample preparation, analytical method,

and sensitivity and accuracy of selected methods are provided in Table 6- 1.

Several studies have analyzed breath samples for trichloroethylene. Preconcentration on Tenax@-GC

cartridges, followed by thermal desorption onto a cryogenic trap connected to the gas chromatograph,

was used to analyze exhaled air in several TEAM studies (Wallace et al. 1986a, 1986b, 1986c, 1986d).

Vapors were thermally released directly onto the gas chromatograph column for separation and

detection by electron impact mass spectrometry (EIMS). A similar study analyzed for

trichloroethylene in expired air by directly injecting a portion of the collected sample from a Tedlar
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bag into a gas chromatograph equipped with an ECD (Monster and Boersma 1975). Sensitivity was

better with GC/MS, but precision was greater with GC/ECD. No recovery data were given for the

GC/ECD technique, so accuracy could not be compared. GC/ECD was also used to measure trichloroethanol,

a metabolite of trichloroethylene, in expired air (Monster and Boersma 1975). The sensitivity

and precision were comparable to that of trichloroethylene measurement.

The method most frequently used to determine the presence of trichloroethylene or its metabolites in

biological tissues and fluids is headspace analysis, followed by GC/MS or GC/ECD (Christensen et al.

1988; Monster and Boersma 1975; Pekari and Aitio 1985a, 1985b; Ziglio et al. 1984). In headspace

analysis, the gaseous layer above the sample is injected into the gas chromatograph. Headspace gases

can be preconcentrated prior to GC analysis (Michael et al. 1980) or injected directly into the gas

chromatograph (Collins et al. 1986; Ramsey and Flanagan 1982). Analysis of blood and urine for the

trichloroethylene metabolites TCA, trichloroethanol, and trichloroethanol-B-glucuronide has been done

primarily by headspace GC/ECD (Christensen et al. 1988). Trichloroethanol-pglucuronide in the

samples was first hydrolyzed to trichloroethanol by β-glucuronidase, then TCA was decarboxylated to

chloroform. A headspace sample was then analyzed for trichloroethanol and chloroform. The method

had relatively high accuracy and acceptable precision. Detection limits were generally in the low-ppb

range. Whole tissue analysis has been performed by GC/ECD after enzyme treatment (Ramsey and

Flanagan 1982) and after homogenization in the presence of an extractive solvent (Chen et al. 1993).

Purge-and-trap methods have also been used to analyze biological fluids for the presence of

trichloroethylene. Breast milk and blood were analyzed for trichloroethylene by purging onto a

Tenaxgas chromatograph to concentrate the volatiles, followed by thermal desorption and analysis

by GC/MS (Antoine et al. 1986; Pellizzari et al. 1982). However, the breast milk analysis was only

qualitative, and recoveries appeared to be low for those chemicals analyzed (Pellizzari et al. 1982).

Precision (Antoine et al. 1986) and sensitivity (Pellizzari et al. 1982) were comparable to headspace

analysis.

6.2 ENVIRONMENTAL SAMPLES

Analysis of environmental samples is similar to that of biological samples. The most common

methods of analyses are GC coupled to MS, ECD, a Hall’s electrolytic conductivity detector (HECD),
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or a flame-ionization detector (FID). Preconcentration of samples is usually done by sorption on a

solid sorbent for air and by the purge-and-trap method for liquid and solid matrices. Alternatively,

headspace above liquid and solid samples may be analyzed without preconcentration. Details of

commonly used analytical methods for several types of environmental samples are presented in

Table 6-2.

The primary methods of analyzing for trichloroethylene in air are GC combined with MS and GC with

ECD. Air samples are usually pumped through a sample collection column, with TenaxGC and

coconut charcoal, the most common adsorbents. Trichloroethylene is thermally desorbed from the

collection column and concentrated on a cryogenic trap column located on the gas chromatograph.

Vapors are heat-released from the trapping column directly to the gas chromatograph (Krost et al.

1982; Wallace et al. 1986a, 1986b, 1986c, 1986d). Grab-samples of air can also be obtained and

preconcentrated on a cryogenic column (Makide et al. 1979; Rasmussen et al. 1977). The limit of

detection for both GC/ECD and GC/MS is in the low- to sub-ppb range (Krost et al. 1982; Makide et

al. 1979; Rasmussen et al. 1977; Wallace et al. 1986a, 1986d). With careful technique, precision for

both is acceptable (Krost et al. 1982; Rasmussen et al. 1977; Wallace et al. 1986a, 1986b, 1986c,

1986d). Accuracy of the two analytical methods could not be compared because no recovery data

were located for GC/ECD. The detection and measurement of trichloroethylene in air can also be

adequately performed using infrared spectrometry instead of GC (Xiao et al. 1990).

Trichloroethylene can be detected in drinking water, groundwater, waste water, and leachate from solid

waste. In most methods, trichloroethylene is liberated from the liquid matrix by purging with an inert

gas and concentrated by trapping on a suitable solid sorbent. Trichloroethylene is thermally desorbed

and backflushed onto the gas chromatograph column with an inert gas. Detection of trichloroethylene

is generally by HECD (or other halogen-specific detector) or MS (APHA 1985; EPA 1982b, 1982c;

Otson and Williams 1982; Wallace et al. 1986a, 1986c, 1986d). The limit of detection is in the subppb

range for halogen-specific detectors (APHA 1985; EPA 1982b, 1982c) and in the low-ppb range

for MS (EPA 1982b). An experiment with a purge-closed loop sample extraction system, followed by

GC/ECD, GC/HECD, or GC/FID analysis, yielded a sensitivity and reproducibility comparable to

headspace analysis (Otson and Williams 1982; Wang and Eenahan 1984).
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Headspace analysis has also been used to.determine trichloroethylene in water samples. High accuracy

and excellent precision were reported when GC/ECD was used to analyze headspace gases over water

(Dietz and Singley 1979). Direct injection of water into a portable GC suitable for field use employed

an ultraviolet detector (Motwani et al. 1986). While detection was comparable to the more common

methods (low ppb), recovery was very low. Solid waste leachates from sanitary landfills have been

analyzed for trichloroethylene and other volatile organic compounds (Schultz and Kjeldsen 1986).

Detection limits for the procedure, which involves extraction with pentane followed by GC/MS

analysis, are in the low-ppb and low-ppm ranges for concentrated and unconcentrated samples,

respectively. Accuracy and precision data were not reported.

Analysis of soils and sediments is typically performed with aqueous extraction followed by headspace

analysis or the purge-and-trap methods described above. Comparison of these two methods has found

them equally suited for on-site analysis of soils (Hewitt et al. 1992). The major limitation of

headspace analysis has been incomplete desorption of trichloroethylene from the soil matrix, although

this was shown to be alleviated by methanol extraction (Pavlostathis and Mathavan 1992).

Several procedures for determination of trichloroethylene in food were located. GC/ECD and

GC/halogen-specific detector (HSD) are most commonly used to analyze solid samples for

trichloroethylene contamination. Extraction, purge-and-trap, and headspace analysis have all been used

to prepare samples. Analysis of headspace gases by GC coupled with ECD, MS, or HSD has proven

relatively sensitive (low- to sub-ppb range) and reproducible for a variety of foods (Boekhold et al.

1989; Entz and Hollifield 1982; EPA 1982b). GC/MS has also been used to analyze building

materials and consumer products (Wallace et al. 1987). GC/HSD of headspace gases is the EPA-

recommended method for solid matrices (EPA 1982c). Foods have also been analyzed for

trichloroethylene by GC/ECD/HECD following isooctane extraction. Sensitivity was comparable to

headspace methods, but recovery (>50%) and precision (18-59%) were not as good (Daft 1988). In

both preparation techniques, increased lipid content of the matrix adversely affected accuracy and

precision. A purge-and-trap technique proved useful for analyzing grains and grain-based foods with

high sensitivity and good recovery (Heikes and Hopper 1986).
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6.3 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with

the Administrator of EPA and agencies and programs of the Public Health Service) to assess whether

adequate information on the health effects of trichloroethylene is available. Where adequate

information is not available, ATSDR, in conjunction with the NTP, is required to assure the initiation

of a program of research designed to determine the health effects (and techniques for developing

methods to determine such health effects) of trichloroethylene.

The following categories of possible data needs have been identified by a joint team of scientists from

ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met

would reduce the uncertainties of human health assessment. This definition should not be interpreted

to mean that all data needs discussed in this section must be filled. In the future, the identified data

needs will be evaluated and prioritized, and a substance-specific research agenda will be proposed.

6.3.1 Identification of Data Needs

Methods for Determining Biomarkers of Exposure and Effect

Exposure. Methods are available for monitoring exposure to trichloroethylene by measuring

trichloroethylene in breath and blood; trichloroethanol in breath, blood, and urine; and TCA in blood

and urine (Christensen et al. 1988; Monster and Boersma 1975; Pellizzari et al. 1982; Ramsey and

Flanagan 1982; Wallace et al. 1986a, 1986b, 1986c, 1986d). Available methods are sensitive for

measuring levels of trichloroethylene and its metabolites at which health effects have been observed to

occur, for example, in workers known to be overexposed to trichloroethylene (Christensen et al. 1988;

Monster and Boersma 1975; Ziglio et al. 1984). These methods have also been used to measure

background levels of trichloroethylene and its metabolites in individuals believed not to have been

exposed to higher-than-expected levels of trichloroethylene (e.g., office workers and housewives). The

methods are generally reliable, although increased precision for most methods would increase

reliability. However, trichloroethylene is pervasive in the environment, and background levels for the

general population are ill defined. Levels may vary considerably within the environment, making it

difficult to differentiate between normal background exposure and excess exposure. Further research
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on the relationship between levels found in living environments and levels found in biological media

would help in better defining background levels of the chemical. This would also aid in determining

if improved methods of monitoring exposure are needed.

Effect. Existing methods for measuring biomarkers of effect are the same as those for exposure.

These methods are sensitive for measuring levels of trichloroethylene and its metabolites at which

health effects have been observed, for example, in workers known to be overexposed to

trichloroethylene. Improved methods of tissue analysis, giving greater sensitivity and reproducibility,

would also help in determining the quantitative relationship between observed toxic effect on specific

organs and levels of trichloroethylene in these organs. Trichloroethylene is known to affect the

kidney. To determine the potential for human kidney damage resulting from workplace air exposure

to trichloroethylene, urinary total protein and β2-microglobulin can be measured. To detect renal

glomerular dysfunction, urinary total protein is analyzed by the Coomassie blue dye binding method

using a protein assay. To detect renal tubular dysfunction, an enzyme immunoassay is used to

measure β2-microglobulin (Nagaya et al. 1989b).

Methods for Determining Parent Compounds and Degradation Products in Environmental
Media. Existing methods for determining trichloroethylene in air and water, the media of most

concern for human exposure, are sensitive, reproducible, and reliable for measuring background levels

in the environment (see Table 6-l). These methods can also be used to measure levels of

trichloroethylene and its metabolites at which health effects occur. Research investigating the

relationship between levels measured in air and water and observed health effects could increase our

confidence in existing methods and/or indicate where improvements are needed. Methods for solid

matrices vary in accuracy and precision depending on the method and the matrix (e.g., sludge, soil,

sediment, building material). No detailed descriptions of methods specifically for soil were located.

Soil analyses presumably were done using a method for solid waste (e.g., EPA Method 8010). Data

specifically for soil might be useful in evaluating the reliability of soil data and in determining if

additional methods are needed. Improved methods of detecting trichloroethylene in plants and foods,

especially those with higher fat content, would aid in determining the contribution of trichloroethylene

exposure from these sources. This would be especially important in determining the potential for

contamination of populations living adjacent to hazardous waste sites and other potential sources of

exposure to higher than background levels of trichloroethylene.
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6.3.2 On-going Studies

The Environmental Health Laboratory Sciences Division of the National Center for Environmental

Health, Centers for Disease Control and Prevention, is developing methods for the analysis of

trichloroethylene and other volatile organic compounds in blood. These methods use purge and trap

methodology, high resolution gas chromatography, and magnetic sector mass spectrometry, which give

detection limits in the low parts per trillion (ppt) range.

A method of monitoring chemicals expired by rats exposed to trichloroethylene and other fumigants is

being developed at the University of California, Davis. Investigators plan to determine possible

relationships between chemicals produced and internal damage produced by exposure to

trichloroethylene. Researchers at New York University Medical Center are investigating methods for

detecting human chemical exposure in vivo using noninvasive sampling procedures.
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The international, national, and state regulations and guidelines regarding trichloroethylene in air, water, and

other media are summarized in Table 7- 1.

Trichloroethylene is on the list of chemicals appearing in “Toxic Chemicals Subject to Section 3 13 of the

Emergency Planning and Community Right-to-Know Act of 1986” (EPA 1987i, 19%).

ATSDR has derived an acute-duration inhalation MRL of 2 ppm with an uncertainty factor of 30 based on

neurological effects in humans (Stewart et al. 1970) and an intermediate-duration inhalation MRL of 0.1 ppm

with an uncertainty factor of 300 based on neurological effects in rats (Arito et al. 1994a). An acute-duration

oral MRL of 0.2 mg/kg/day with an uncertainty factor of 300 was derived based on developmental effects in

mice (Fredriksson et al. 1993).

The oral reference dose (RfD) for trichloroethylene is currently under review by an EPA Workgroup (IRIS

1996). No inhalation reference concentration (RfC) has been derived (IRIS 1996). The National Center for

Environmental Assessment, EPA has begun an effort to reassess the health risks associated with

trichloroethylene.

In 1988, the Scientific Advisory Board for the EPA offered an opinion that the weight-of-evidence was on a

C-B2 continuum (possible-probable human carcinogen). The cancer classification is currently under review

by EPA (IRIS 1996).

Trichlorethylene has been nominated for listing in the National Toxicology Program (NTP) 9th Report on

Carcinogens. Evaluation of this substance by the NTP review committees is ongoing (NTP 1997)

IARC designates trichloroethylene as Group 2A, or probably carcinogenic to humans (IARC 1995).
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Acute Exposure -- Exposure to a chemical for a duration of 14 days or less, as specified in the
Toxicological Profiles.

Adsorption Coefficient (Koc) -- The ratio of the amount of a chemical adsorbed per unit weight of
organic carbon in the soil or sediment to the concentration of the chemical in solution at equilibrium.

Adsorption Ratio (Kd) -- The amount of a chemical adsorbed by a sediment or soil (i.e., the solid
phase) divided by the amount of chemical in the solution phase, which is in equilibrium with the solid
phase, at a fixed solid/solution ratio. It is generally expressed in micrograms of chemical sorbed per
gram of soil or sediment.

Bioconcentration Factor (BCF) -- The quotient of the concentration of a chemical in aquatic
organisms at a specific time or during a discrete time period of exposure divided by the concentration in
the surrounding water at the same time or during the same period.

Cancer Effect Level (CEL) - The lowest dose of chemical in a study, or group of studies, that
produces significant increases in the incidence of cancer (or tumors) between the exposed populatioand its
appropriate control.

Carcinogen -- A chemical capable of inducing cancer.

Ceiling Value -- A concentration of a substance that should not be exceeded, even instantaneously.

Chronic Exposure -- Exposure to a chemical for 365 days or more, as specified in the Toxicological
Profiles.

Developmental Toxicity -- The occurrence of adverse effects on the developing organism that may
result from exposure to a chemical prior to conception (either parent), during prenatal development, or
postnatally to the time of sexual maturation. Adverse developmental effects may be detected at any
point in the life span of the organism.

Embryotoxicity and Fetotoxicity -- Any toxic effect on the conceptus as a result of prenatal exposure
to a chemical; the distinguishing feature between the two terms is the stage of development during
which the insult occurred. The terms, as used here, include malformations and variations, altered
growth, and in utero death.

EPA Health Advisory - An estimate of acceptable drinking water levels for a chemical substance
based on health effects information. A health advisory is not a legally enforceable federal standard, but
serves as technical guidance to assist federal, state, and local officials.

Immediately Dangerous to Life or Health (IDLH) -- The maximum environmental concentration of a
contaminant from which one could escape within 30 min without any escape-impairing symptoms or
irreversible health effects.
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Intermediate Exposure -- Exposure to a chemical for a duration of 15-364 days, as specified in the
Toxicological Profiles.

Immunologic Toxicity -- The occurrence of adverse effects on the immune system that may result from
exposure to environmental agents such as chemicals.

In vitro -- Isolated from the living organism and artificially maintained, as in a test tube.

In Vivo -- Occurring within the living organism.

Lethal Concentration(LO) (LCLO) -- The lowest concentration of a chemical in air which has been reported to
have caused death in humans or animals.

Lethal Concentration(50) (LC50) -- A calculated concentration of a chemical in air to which exposure
for a specific length of time is expected to cause death in 50% of a defined experimental animal
population.

Lethal Dose(LO) (LDLO) -- The lowest dose of a chemical introduced by a route other than inhalation
that is expected to have caused death in humans or animals.

Lethal Dose(50)  (LD50) -- The dose of a chemical which has been calculated to cause death in 50% of a
defined experimental animal population.

Lethal Time(50)  (LT50) -- A calculated period of time within which a specific concentration of a
chemical is expected to cause death in 50% of a defined experimental animal population.

Lowest-Observed-Adverse-Effect Level (LOAEL) -- The lowest dose of chemical in a study, or group
of studies, that produces statistically or biologically significant increases in frequency or severity of
adverse effects between the exposed population and its appropriate control.

Malformations -- Permanent structural changes that may adversely affect survival, development, or
function.

Minimal Risk Level -- An estimate of daily human exposure to a dose of a chemical that is likely to be
without an appreciable risk of adverse noncancerous effects over a specified duration of exposure.

Mutagen -- A substance that causes mutations. A mutation is a change in the genetic material in a
body cell. Mutations can lead to birth defects, miscarriages, or cancer.

Neurotoxicity -- The occurrence of adverse effects on the nervous system following exposure to
chemical.

No-Observed-Adverse-Effect Level (NOAEL) -- The dose of chemical at which there were no
statistically or biologically significant increases in frequency or severity of adverse effects seen between
the exposed population and its appropriate control. Effects may be produced at this dose, but they are
not considered to be adverse.
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Octanol-Water Partition Coefficient (Kow)- The equilibrium ratio of the concentrations of a chemical
in n-octanol and water, in dilute solution.

Permissible Exposure Limit (PEL) -- An allowable exposure level in workplace air averaged over an
8-hour shift.

q1* -- The upper-bound estimate of the low-dose slope of the dose-response curve as determined by the
multistage procedure. The ql* can be used to calculate an estimate of carcinogenic potency, the
incremental excess cancer risk per unit of exposure (usually µg /L for water, mg/kg/day for food, and
µg / m3 for air).

Reference Dose (RfD) -- An estimate (with uncertainty spanning perhaps an order of magnitude) of the
daily exposure of the human population to a potential hazard that is likely to be without risk of
deleterious effects during a lifetime. The RfD is operationally derived from the NOAEL (from animal
and human studies) by a consistent application of uncertainty factors that reflect various types of data
used to estimate RfDs and an additional modifying factor, which is based on a professional judgment of
the entire database on the chemical. The RfDs are not applicable to nonthreshold effects such as cancer.

Reportable Quantity (RQ) -- The quantity of a hazardous substance that is considered reportable under
CERCLA. Reportable quantities are (1) 1 pound or greater or (2) for selected substances, an amount
established by regulation either under CERCLA or under Sect. 311 of the Clean Water Act. Quantities
are measured over a 24-hour period.

Reproductive Toxicity -- The occurrence of adverse effects on the reproductive system that may result
from exposure to a chemical. The toxicity may be directed to the reproductive organs and/or the related
endocrine system. The manifestation of such toxicity may be noted as alterations in sexual behavior,
fertility, pregnancy outcomes, or modifications in other functions that are dependent on the integrity of
this system.

Short-Term Exposure Limit (STEL) -- The maximum concentration to which workers can be exposed
for up to 15 min continually. No more than four excursions are allowed per day, and there must be at
least 60 min between exposure periods. The daily TLV-TWA may not be exceeded.

Target Organ Toxicity -- This term covers a broad range of adverse effects on target organs or
physiological systems (e.g., renal, cardiovascular) extending from those arising through a single limited
exposure to those assumed over a lifetime. of exposure to a chemical.

Teratogen -- A chemical that causes structural defects that affect the development of an organism.

Threshold Limit Value (TLV) -- A concentration of a substance to which most workers can be
exposed without adverse effect. The TLV may be expressed as a TWA, as a STEL, or as a CL.

Time-Weighted Average (TWA) -- An allowable exposure concentration averaged over a normal
8-hour workday or 40-hour workweek.

Toxic Dose (TD50) -- A calculated dose of a chemical, introduced by a route other than inhalation,
which is expected to cause a specific toxic effect in 50% of a defined experimental animal population.
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Uncertainty Factor (UF) -- A factor used in operationally deriving the RfD from experimental data.
UFs are intended to account for (1) the variation in sensitivity among the members of the human
population, (2) the uncertainty in extrapolating animal data to the case of human, (3) the uncertainty in
extrapolating from data obtained in a study that is of less than lifetime exposure, and (4) the uncertainty
in using LOAEL data rather than NOAEL data. Usually each of these factors is set equal to 10.
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APPENDIX A
ATSDR MINIMAL RISK LEVEL

The Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) [42 U.S.C. 9601

et seq.], as amended by the Super-fund Amendments and Reauthorization Act (SARA) [Pub. L. 99-4991,

requires that the Agency for Toxic Substances and Disease Registry (ATSDR) develop jointly with the U.S.

Environmental Protection Agency (EPA), in order of priority, a list of hazardous substances most commonly

found at facilities on the CERCLA National Priorities List (NPL); prepare toxicological profiles for each

substance included on the priority list of hazardous substances; and assure the initiation of a research

program to fill identified data needs associated with the substances.

The toxicological profiles include an examination, summary, and interpretation of available toxicological

information and epidemiologic evaluations of a hazardous substance. During the development of

toxicological profiles, Minimal Risk Levels (MRLs) are derived when reliable and sufficient data exist to

identify the target organ(s) of effect or the most sensitive health effect(s) for a specific duration for a given

route of exposure. An hJRL is an estimate of the daily human exposure to a hazardous substance that is

likely to be without appreciable risk of adverse noncancer health effects over a specified duration of exposure.

MRLs are based on noncancer health effects only and are not based on a consideration of cancer effects.

These substance-specific estimates, which are intended to serve as screening levels, are used by ATSDR

health assessors to identify contaminants and potential health effects that may be of concern at hazardous

waste sites. It is important to note that MRLs are not intended to define clean-up or action levels.

MRLs are derived for hazardous substances using the no-observed-adverse-effect level/uncertainty factor

approach. They are below levels that might cause adverse health effects in the people most sensitive to such

chemical-induced effects. MRLs are derived for acute (1-14 days), intermediate (15-364 days), and chronic

(365 days and longer) durations and for the oral and inhalation routes of exposure. Currently, MRLs for the

dermal route of exposure are not derived because ATSDR has not yet identified a method suitable for this

route of exposure. h4RLs are generally based on the most sensitive chemical-induced end point considered to

be of relevance to humans. Serious health effects (such as irreparable damage to the liver or kidneys, or birth
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defects) are not used as a basis for establishing MRLs. Exposure to a level above the MRL does not mean

that adverse health effects will occur.

MRLs are intended only to serve as a screening tool to help public health professionals decide where to look

more closely. They may also be viewed as a mechanism to identify those hazardous waste sites that are not

expected to cause adverse health effects. Most MRLs contain a degree of uncertainty because of the lack of

precise toxicological information on the people who might be most sensitive (e.g., infants, elderly,

nutritionally or immunologically compromised) to the effects of hazardous substances. ATSDR uses a

conservative (i.e., protective) approach to address this uncertainty consistent with the public health principle

of prevention. Although human data are preferred, MRLs often must be based on animal studies because

relevant human studies are lacking. In the absence of evidence to the contrary, ATSDR assumes that humans

are more sensitive to the effects of hazardous substance than animals and that certain persons may be

particularly sensitive. Thus, the resulting MRL may be as much as a hundredfold below levels that have been

shown to be nontoxic in laboratory animals.

Proposed MRLs undergo a rigorous review process: Health Effects/MRL Workgroup reviews within the

Division of Toxicology, expert panel peer reviews, and agencywide MRL Workgroup reviews, with

participation from other federal agencies and comments from the public. They are subject to change as new

information becomes available concomitant with updating the toxicological profiles. Thus, MRLs in the

most recent toxicological profiles supersede previously published levels. For additional information

regarding MRLs, please contact the Division of Toxicology, Agency for Toxic Substances and Disease

Registry, 1600 Clifton Road, Mailstop E-29, Atlanta, Georgia 30333.
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MINIMAL RISK LEVEL WORKSHEETS

Chemical Name: Trichloroethylene
CAS Number: 79-01-6
Date: July 1997
Profile Status: Final
Route: [X] Inhalation [ ] Oral
Duration: [X] Acute [ ] Intermediate [ ] Chronic
Graph Key: 17
Species: human

Minimal Risk Level: 2 [ ] mg/kg/day [Xl ppm

Reference: Stewart et al. 1970

Experimental design: Six humans (sex unspecified) were exposed to 200 ppm trichloroethylene for 5 days, 7
hours/day in a confined chamber. Previous experiments had shown no effects at lower concentrations. No
controls were used in this study.

Effects noted in study and corresponding doses: Mild subjective neurological effects (eye and throat
irritation, headache, fatigue, drowsiness) were reported at 200 ppm (LOAEL). No objective effects, as
measured by dexterity and coordination tests, were seen. However, 50% of the subjects reported that the
neurobehavioral tests required greater mental effort for them to perform.

Dose and end point used for MRL derivation: 200 ppm for mild subjective neurological effects

[ ] NOAEL [X] LOAEL

Uncertainty Factors used in MRL derivation:

[X ] 3 for use of a minimal LOAEL
[X] 10 for human variability

Was a conversion used from ppm in food or water to a mg/body weight dose?
If so, explain:

If an inhalation study in animals, list the conversion factors used in determininp human eauivalent dose:
Calculations: 200 ppm X 7/24 hr X l/30 UF = 1.94 ppm.

Other additional studies or pertinent information which lend sunnort to this MRL: Rats exposed to
1,000 ppm trichloroethylene for 3 days showed disturbed sleep cycles (Arito et al. 1993). Rats exposed to
250 ppm for less than 8 hours showed decreased electric shock avoidance and frequency of Skinner box lever
press (Kishi et al. 1991). Humans exposed to 27 ppm trichloroethylene for up to 4 hours noted drowsiness,
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and headache was reported at 81 ppm (Nomiyama and Nomiyama 1977). Humans exposed for 8 hours to
110 ppm showed decreased performance on perception, memory, reaction time, and manual dexterity tests
(Salvini et al. 1971).
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Chemical Name: Trichloroethylene
CAS Number: 79-01-6
Date: July 1997
Profile Status: Final
Route: [X] Inhalation [ ] Oral
Duration: [ ] Acute [X] Intermediate [ ] Chronic
Graph Key: 50
Species:rat

Minimal Risk Level:  0.1 mg/kg/day [X] ppm

Reference: Arito et al. 1994a

Experimental design: Five male JCL-Wistar rats per group, were exposed by inhalation to 0, 50, 100, or 300
ppm for 6 weeks, 5 days per week, 8 hours per day.

Effects noted in study and corresponding doses: Decreased post-exposure heart rate and slow wave sleep
were observed at 50 ppm (less serious LOAEL). Decreased wakefulness was observed during the exposures.
Disturbed heart rates and sleep patterns (sleep apnea) have been seen in human exposures to organic solvents
as well.

Dose and end point used for MRL derivation: 50 ppm for neurological effects: decreased wakefulness
during the exposure; decreased slow wave sleep after the exposures.

[ ] NOAEL [X] LOAEL

Uncertainty Factors used in MRL derivation:

[X] 10 for use of a LOAEL
[X] 3 for extrapolation from animals to humans
[X] 10 for human variability

Was a conversion used from ppm in food or water to a mg/body weight dose? No.
If so, explain:

If an inhalation study in animals, list the conversion factors used in determining human eauivalent dose:
VA male Wistar rat = 0.23 m3 /day, BW = 0.217 kg
    VA human = 20 m3 /day, BW = 70 kg

Calculations: 50 ppm X 8/24 hours X 517 days X (0.23 m3 /day/0.217 kg)/(20 m3 /day/70 kg)X l/300 UF =
0.147 ppm.

Other additional studies or pertinent information which lend support to this MRL:
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Rats exposed to 1,000 ppm TCE for 3 days had disturbed sleep cycles (Atito et al. 1993). Rats exposed to
1,000 ppm for 18 weeks showed increased latency in visual discrimination tasks (Kulig 1987). Sleep apnea
has been observed in humans exposed to organic solvents (Edling et al. 1993; Monstad et al. 1987,1992;
Wise et al. 1983). Cardiac arrhythmia has been observed in humans exposed to trichloroethylene vapor
(Dhuner et al. 1957; Hewer 1943; Milby 1968; Pembleton 1974; Thiersten et al. 1960).
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Chemical Name: Trichloroethylene
CAS Number: 79-01-6
Date: August 1997
Profile Status: Final
Route: [ ] Inhalation [x] Oral
Duration: [x] Acute [ ] Intermediate [ ] Chronic
Graph Key: 19
Species: mouse

Minimal Risk Level:  0.2  [X] mg/kg/day [ ] ppm

Reference: Fredriksson et al. 1993

Experimental design: Groups of 12 male NMRI mouse pups were treated by gavage with 0,50, or 290
mg/kg/day trichloroethylene in a 20% peanut oil emulsion. The pups were treated for 7 days beginning at 10
days of age. The doses selected did not sedate the mice. At 17 and 60 days of age behavior was tested. The
tests were performed between 8 am-12 pm. Locomotion, rearing, and total activity were measured in an
automated device with high and low level infrared beams.

Effects noted in study and corresnonding doses: During the treatment period the mice did not show any
symptoms of toxicity. There were no effects on body weight gain. No effects on spontaneous motor behavior
were observed at 17 days of age. On postnatal day 60, mice treated at both 50 and 290 mg/kg/day exhibited
a significantly reduced (p4.01) rearing rate (raising front legs, resting on haunches) compared to controls.
The effect was observed during the first two 20 minute test period, but not during the last 20 minute test
periods when rearing rate in the controls was greatly reduced. A dose-response relationship was not apparent.

Dose and end noint used for MRL derivation: 50 mg/kg/day for decreased rearing observed in 60-day-old
mice that were treated at 10-16 days of age.

[ ] NOAEL [X] LOAEL

Uncertainty Factors used in MRL derivation:

[X] 10 for use of a LOAEL
[X] 10 for extrapolation from animals to humans
[X] 3 for human variability (pups represent a sensitive subpopulation; the factor of 3
accounts for variation in the metabolism of trichloroethylene which was shown to be less than lofold

in an in vitro study [Lipscomb et al. 19971)

Calculations: 50 mg/kg/day X l/300 UF = 0.2 mg/kg/day.

Was a conversion used from ppm in food or water to a me/bodv weipht dose?
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If so, explain: No.

If an inhalation study in animals, list the conversion factors used in determininp human eauivalent dose:

Other additional studies or nertinent information which lend supportto this MRL: Additional studies have
reported developmental effects in rodents exposed to trichloroethylene. Following exposure of rats on
gestation days 6-19, decreased litter size (Narotsky and Kavlock 1995), and increased micro- or
anophthahnia (Narotsky and Kavlock 1995; Narotsky et al. 1995) were observed in the offspring at 1,125
mg/kg/day, but not at 844 mg/kg/day (Narotsky et al. 1995).

In a series of intermediate-duration studies of pups from rats treated with tichloroethylene in drinking water
at a dose of approximately 37 mg/kg/day 14 days before mating, throughout gestation and through weaning,
developmental neurotoxicity was observed (Isaacson and Taylor 1989; Noland-Gerbec et al. 1986; Taylor et
al. 1985). The effects observed included a decrease in the number of myelinated fibers in the hippocampus
(Isaacson and Taylor 1989), decreased uptake of glucose by the brain (Noland-Gerbec et al. 1986), and
increased exploratory behavior (Taylor et al. 1985). Rat pups from dams exposed to 300 mg/kg/day
trichloroethylene in drinking water showed increased time for grid traversal (open field activity) when tested
at 21 days of age, but not at 45 days of age (NTP 1986b).

In addition to developmental neurological effects in animals exposed to trichloroethylene during gestation,
cardiac defects have been reported. Heart abnormalities were observed in rats treated with trichloroethylene
in the drinking water at 1.5 and 1100 mg/L for 3 months before mating, throughout gestation through
weaning (Dawson et al. 1993). Because of errors in recording drinking water intake, accurate mg/kg/day
doses could not be developed for this study.

Human epidemiology studies of persons exposed to trichloroethylene in drinking water also provide limited
support that trichloroethylene is a developmental toxicant. However, none provide sufficient information on
exposure levels. In a study that examined the association between drinking water contaminants and birth
outcome in New Jersey, central nervous system defects, neural tube defects, and oral cleft defects were
associated with trichloroethylene exposure (Rove et al. 1995). In the Tucson Valley in Arizona, an
association between trichloroethylene contaminated drinking water and congenital cardiac malformations was
reported (Goldberg et al. 1990). However, interpretation of this finding is limited because exposures to
trichloroetbylene in the study population were ill-defined as to the amount and duration of exposure. When
compared to rates from the National Health Interview Survey, a statistically significant increase in speech and
hearing impairment was reported in children aged 9 years or younger in the ATSDR Trichloroethylene
Subregistry (Burg et. al 1995). Birth defects other than cardiac anomalies (defects of the eye, ear, and central
nervous system, chaonal atresia, hypospadias/congenital chordee, oral clefts) were observed in a population
study conducted by the Massachusetts Department of Health (MDPH 1994). In addition, an association
between exposure to trichloroethylene and low birthweight was one of the preliminary findings in an interim
report on adverse birth outcomes for a population living at Camp LeJeune, North Carolina (ATSDR 1997).
However, interpretation of these data are limited by the small sample size and further analyses are ongoing.
Taken together, the body of evidence from reports in humans and in animals strongly suggests that birth
defects from exposures to trichloroethylene may be a concern. However, available data do not provide firm
conclusions on the dose-response relationship nor a complete understanding of the specific adverse birth
outcomes that might result nom exposures.
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USER’S GUIDE

Chapter 1

Public Health Statement

This chapter of the profile is a health effects summary written in non-technical language. Its intended
audience is the general public especially people living in the vicinity of a hazardous waste site or chemical
release. If the Public Health Statement were removed from the rest of the document, it would still
communicate to the lay public essential information about the chemical.

The major headings in the Public Health Statement are useful to find specific topics of concern. The topics
are written in a question and answer format. The answer to each question includes a sentence that will direct
the reader to chapters in the profile that will provide more information on the given topic.

Chapter 2

Tables and Figures for Levels of Significant Exposure (LSE)

Tables (2-1,2-2, and 2-3) and figures (2-l and 2-2) are used to summarize health effects and illustrate
graphically levels of exposure associated with those effects. These levels cover health effects observed at
increasing dose concentrations and durations, differences in response by species, minimal risk levels (MI&s)
to humans for noncancer end points, and EPA’s estimated range associated with an upper- bound individual
lifetime cancer risk of 1 in 10,000 to 1 in 10,000,000. Use the LSE tables and figures for a quick review of
the health effects and to locate data for a specific exposure scenario. The LSE tables and figures should
always be used in conjunction with the text. All entries in these tables and figures represent studies that
provide reliable, quantitative estimates of No-Observed-Adverse- Effect Levels (NOAELs),
Lowest-Observed-Adverse-Effect Levels (LOAELs), or Cancer Effect Levels (CELs).

The legends presented below demonstrate the application of these tables and figures. Representative
examples of LSE Table 2-l and Figure 2-l are shown. The numbers in the left column of the legends
correspond to the numbers in the example table and figure.

LEGEND

See LSE Table 2-1

(1)   Route of Exposure One of the first considerations when reviewing the toxicity of a substance using
these tables and figures should be the relevant and appropriate route of exposure. When sufficient data
exists, three LSE tables and two LSE figures are presented in the document. The three LSE tables
present data on the three principal routes of exposure, i.e., inhalation, oral, and dermal (LSE Table 2- 1,
2-2, and 2-3, respectively). LSE figures are limited to the inhalation (LSE Figure 2-l) and oral (LSE
Figure 2-2) routes. Not all substances will have data on each route of exposure and will not therefore
have all five of the tables and figures.
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(2)  Exposure Period Three exposure periods - acute (less than 15 days), intermediate (15-364 days), and
chronic (365 days or more) are presented within each relevant route of exposure. In this example, an
inhalation study of intermediate exposure duration is reported. For quick reference to health effects
occurring from a known length of exposure, locate the applicable exposure period within the LSE table
and figure.

(3)  Health Effect The major categories of health effects included in LSE tables and figures are death,
systemic, immunological, neurological, developmental, reproductive, and cancer. NOAELs and
LOAELs can be reported in the tables and figures for all effects but cancer. Systemic effects are
further defined in the “System” column of the LSE table (see key number 18).

(4)  Key to Figure Each key number in the LSE table links study information to one or more data points
using the same key number in the corresponding LSE figure. In this example, the study represented by
key number 18 has been used to derive a NOAEL and a Less Serious LOAEL (also see the 2 ” 18r” data
points in Figure 2-l).

(5)   Species The test species, whether animal or human, are identified in this column. Section 2.5,
“Relevance to Public Health,” covers the relevance of animal data to human toxicity and Section 2.3,
“Toxicokinetics,” contains any available information on comparative toxicokinetics. Although
NOAELs and LOAELs are species specific, the levels are extrapolated to equivalent human doses to
derive an MRL.

(6)  Exposure Frequency/Duration The duration of the study and the weekly and daily exposure regimen
are provided in this column. This permits comparison of NOAELs and LOAELs from different
studies. In this case (key number 18), rats were exposed to 1,1,2,2-tetrachloroethane via inhalation for
6 hours per day, 5 days per week, for 3 weeks. For a more complete review of the dosing regimen refer
to the appropriate sections of the text or the original reference paper, i.e., Nitschke et al. 1981.

(7)  System This column further defines the systemic effects. These systems include: respiratory,
cardiovascular, gastrointestinal, hematological, musculoskeletal, hepatic, renal, and dermal/ocular.
“Other” refers to any systemic effect (e.g., a decrease in body weight) not covered in these systems. In
the example of key number 18,l systemic effect (respiratory) was investigated.

(8)  NOAEL A No-Observed-Adverse-Effect Level (NOAEL) is the highest exposure level at which no
harmful effects were seen in the organ system studied. Key number 18 reports a NOAEL of 3 ppm for
the respiratory system which was used to derive an intermediate exposure, inhalation MRL of 0.005
ppm (see footnote *B”).

(9)  LOAEL A Lowest-Observed-Adverse-Effect Level (LOAEL) is the lowest dose used in the study that
caused a harmful health effect. LOAELs have been classified into “Less Serious” and “Serious”
effects. These distinctions help readers identify the levels of exposure at which adverse health effects
first appear and the gradation of effects with increasing dose. A brief description of the specific
endpoint used to quantify the adverse effect accompanies the LOAEL. The respiratory effect reported
in key number 18 (hyperplasia) is a Less serious LOAEL of 10 ppm. MRLs are not derived from
Serious LOAELs.
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(10) Reference The complete reference citation is given in chapter 8 of the profile.

(11) CEL Cancer Effect Level (CEL) is the lowest exposure level associated with the onset of
carcinogenesis in experimental or epidemiologic studies. CELs are always considered serious effects.
The LSE tables and figures do not contain NOAELs for cancer, but the text may report doses not
causing measurable cancer increases.

(12) Footnotes Explanations of abbreviations or reference notes for data in the LSE tables are found in the
footnotes. Footnote “b” indicates the NOAEL of 3 ppm in key number 18 was used to derive an MRL
of 0.005 ppm.

LEGEND

See Figure 2-1

LSE figures graphically illustrate the data presented in the corresponding LSE tables. Figures help the reader
quickly compare health effects according to exposure concentrations for particular exposure periods.

(13) Exposure Period The same exposure periods appear as in the LSE table. In this example, health
effects observed within the intermediate and chronic exposure periods are illustrated.

(14) Health Effect These are the categories of health effects for which reliable quantitative data exists. The
same health effects appear in the LSE table.

(15) Levels of Exposure concentrations or doses for each health effect in the LSE tables are graphically
displayed in the LSE figures. Exposure concentration or dose is measured on the log scale “y” axis.
Inhalation exposure is reported in mg/ m3 or ppm and oral exposure is reported in mg/kg/day.

(16) NOAEL In this example, 18r NOAEL is the critical endpoint for which an intermediate inhalation
exposure MRL is based. As you can see from the LSE figure key, the open-circle symbol indicates to a
NOAEL for the test species-rat. The key number 18 corresponds to the entry in the LSE table. The
dashed descending arrow indicates the extrapolation from the exposure level of 3 ppm (see entry 18 in
the Table) to the MRL of 0.005 ppm (see footnote *B” in the LSE table).

(17) COL Key number 38r is 1 of 3 studies for which Cancer Effect Levels were derived. The diamond
symbol refers to a Cancer Effect Level for the test species-mouse. The number 38 corresponds to the
entry in the LSE table.

(18) Estimated Upper-Bound Human Cancer Risk Levels This is the range associated with the upper-bound
for lifetime cancer risk of 1 in 10,000 to 1 in 10,000,000. These risk levels are derived from the EPA’s
Human Health Assessment Croup’s upper-bound estimates of the slope of the cancer dose response
curve at low dose levels (q1*).

(19) Key to LSE Figure The Key explains the abbreviations and symbols used in the figure.
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Chapter 2 (Section 2.5)

Relevance to Public Health

The Relevance to Public Health section provides a health effects summary based on evaluations of existing
toxicologic, epidemiologic, and toxicokinetic information. This summary is designed to present interpretive,
weight-of-evidence discussions for human health end points by addressing the following questions.

1 . What effects are known to occur in humans?

2 . What effects observed in animals are likely to be of concern to humans?

3 . What exposure conditions are likely to be of concern to humans, especially around hazardous waste
     sites?

The section covers end points in the same order they appear within the Discussion of Health Effects by Route
of Exposure section, by route (inhalation, oral, dermal) and within route by effect. Human data are presented
first, then animal data. Both are organized by duration (acute, intermediate, chronic). In vitro data and data
from parenteral routes (intramuscular, intravenous, subcutaneous, etc.) are also considered in this section. If
data are located in the scientific literature, a table of genotoxicity information is included.

The carcinogenic potential of the profiled substance is qualitatively evaluated, when appropriate, using
existing toxicokinetic, genotoxic, and carcinogenic data. ATSDR does not currently assess cancer potency or
perform cancer risk assessments. Minimal risk levels (MIL) for noncancer end points (if derived) and the
end points from which they were derived are indicated and discussed.

Limitations to existing scientific literature that prevent a satisfactory evaluation of the relevance to public
health are identified in the Data Needs section.

Interpretation of Minimal Risk Levels

Where sufficient toxicologic information is available, we have derived minimal risk levels (MI&s) for
inhalation and oral routes of entry at each duration of exposure (acute, intermediate, and chronic). These
MRLs are not meant to support regulatory action; but to acquaint health professionals with exposure levels at
which adverse health effects are not expected to occur in humans. They should help physicians and public
health officials determine the safety of a community living near a chemical emission, given the concentration
of a contaminant in air or the estimated daily dose in water. MRLs are based largely on toxicological studies
in animals and on reports of human occupational exposure.

MRL users should be familiar with the toxicologic information on which the number is based. Chapter 2.5,
“Relevance to Public Health,” contains basic information known about the substance. Other sections such as
2.7, “Interactions with Other Substances,” and 2.8, “Populations that are Unusually Susceptible” provide
important supplemental information.
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MRL users should also understand the MRL derivation methodology. MRLs are derived using a modified
version of the risk assessment methodology the Environmental Protection Agency (EPA) provides (Barnes
and Dourson 1988) to determine reference doses for lifetime exposure (RfDs).
To derive an h4RL, ATSDR generally selects the most sensitive endpoint which, in its best judgement,
represents the most sensitive human health effect for a given exposure route and duration. ATSDR cannot
make this judgement or derive an MRL unless information (quantitative or qualitative) is available for all
potential systemic, neurological, and developmental effects. If this information and reliable quantitative data
on the chosen endpoint are available, ATSDR derives an MRL using the most sensitive species (when
information from multiple species is available) with the highest NOAEL that does not exceed any adverse
effect levels. When a NOAEL is not available, a lowest-observed-adverse-effect level (LOAEL) can be used
to derive an MRL, and an uncertainty factor (UP) of 10 must be employed. Additional uncertainty factors of
10 must be used both for human variability to protect sensitive subpopulations (people who are most
susceptible to the health effects caused by the substance) and for interspecies variability (extrapolation from
animals to humans). In deriving an MRL, these individual uncertainty factors are multiplied together. The
product is then divided into the inhalation concentration or oral dosage selected from the study. Uncertainty
factors used in developing a substance-specific MRL are provided in the footnotes of the LSE Tables.
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FOREWORD

The Superfund Amendments and Reauthorization Act (SARA) of 1986
(Public Law 99-499) extended and amended the Comprehensive Environmental
Response, Compensation, and Liability Act of 1980 (CERCLA or Superfund).
This public law directed the Agency for Toxic Substances and Disease
Registry (ATSDR) to prepare toxicological profiles for hazardous
substances which are most commonly found at facilities on the CERCLA
National Priorities List and which pose the most significant potential
threat to human health, as determined by ATSDR and the Environmental
Protection Agency (EPA). The lists of the 250 most significant
hazardous substances were published in the Federal Register on April 17,
1987; on October 20, 1988; on October 26, 1989; and on October 17, 1990.
A revised list of 275 substances was published on October 17, 1991.

Section 104(i)(3) of CERCLA, as amended, directs the Administrator
of ATSDR to prepare a toxicological profile for each substance on the
lists. Each profile must include the following content:

(A) An examination, summary, and interpretation of available
toxicological information and epidemiological evaluations on the
hazardous substance in order to ascertain the levels of significant
human exposure for the substance and the associated acute,
subacute, and chronic health effects.

(B) A determination of whether adequate information on the health
effects of each substance is available or in the process of
development to determine levels of exposure which present a
significant risk to human health of acute, subacute, and chronic
health effects.

(C) Where appropriate, an identification of toxicological testing
needed to identify the types or levels of exposure that may present
significant risk of adverse health effects in humans.

This toxicological profile is prepared in accordance with
guidelines developed by ATSDR and EPA. The original guidelines were
published in the Federal Register on April 17, 1987. Each profile will
be revised and republished as necessary.

The ATSDR toxicological profile is intended to characterize
succinctly the toxicological and adverse health effects information for
the hazardous substance being described. Each profile identifies and
reviews the key literature (that has been peer-reviewed) that describes
a hazardous substance's toxicological properties. Other pertinent
literature is also presented but described in less detail than the key
studies. The profile is not intended to be an exhaustive document;
however, more comprehensive sources of specialty information are
referenced.
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1. PUBLIC HEALTH STATEMENT

This Statement was prepared to give you information about
1,2,3-trichloropropane and to emphasize the human health effects that may
result from exposure to it. The Environmental Protection Agency (EPA) has
identified 1,300 National Priorities List (NPL) sites. 1,2,3-Trichloropropane
has been found at 8 of these sites. However, we do not know how many of the
1,300 NPL sites have been evaluated for 1,2,3-trichloropropane. As EPA
evaluates more sites, the number of sites at which 1,2,3-trichloropropane is
found may change. The information is important for you because
1,2,3-trichloropropane may cause harmful health effects and because these
sites are potential or actual sources of human exposure to
1,2,3-trichloropropane.

When a chemical is released from a large area such as an industrial
plant, or from a container such as a drum or bottle, it enters the environment
as a chemical emission. This emission, which is also called a release, does
not always lead to exposure. You can be exposed to a chemical only when you
come into contact with the chemical. You may be exposed to it in the
environment by breathing, eating, or drinking substances containing the
chemical, or from skin contact with it.

If you are exposed to a hazardous substance such as 1,2,3-trichloropropane,
several factors will determine whether harmful health effects will
occur and what the type and severity of those health effects will be. These
factors include the dose (how much), the duration (how long), the route or
pathway by which you are exposed (breathing, eating, drinking, or skin
contact), the other chemicals to which you are exposed, and your individual
characteristics such as age, sex, nutritional status, family traits, life
style, and state of health.

1.1 WHAT IS 1,2,3-TRICHLOROPROPANE?

1,2,3-Trichloropropane is a colorless, heavy liquid with a sweet but
strong odor. It evaporates almost as fast as water does at normal
temperatures. Small amounts of 1,2,3-trichloropropane will dissolve in water.
1,2,3-Trichloropropane can dissolve several substances, such as oils and
waxes, the way water dissolves salt. For this reason, it has been and may
continue to be used as an industrial solvent, paint remover, and cleaner. We
do not know exactly how much of it is made or used now, but it may be a large
amount. Most of the 1,2,3-trichloropropane is used to make other substances.

In sunlight, 1,2,3-trichloropropane in the air will break down. Most of
the 1,2,3-trichloropropane that is released to the air will disappear in a
month. In water, half of it will evaporate into the air within hours or
several days. Very little of it will stick to the soil at the bottom of
rivers, lakes, or ponds, and very little of it will be expected to concentrate
in fish or other seafoods. 1,2,3-Trichloropropane will not stick to soil. If
it is spilled onto most soils, some will evaporate and some will travel
through the soil into the groundwater, where it may stay for a long time. It
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may slowly change to a simpler form in water and soil by natural biological
and chemical processes.

You will find more information on the properties of 1,2,3-trichloropropane
in Chapters 3, 4, and 5.

1.2 HOW MIGHT I BE EXPOSED TO 1,2,3-TRICHLOROPROPANE?

If you live near a hazardous waste disposal site in which
1,2,3-trichloropropane is not stored properly, you could be exposed to
1,2,3-trichloropropane from breathing air or drinking water. Because
1,2,3-trichloropropane easily changes into a vapor, you are more likely to be
exposed from breathing air than from drinking water. A child playing in this
waste disposal site could be exposed by drinking liquids containing
1,2,3-trichloropropane, by eating soil coated with 1,2,3-trichloropropane, or
getting this soil or liquid on his or her skin.

You could be exposed to 1,2,3-trichloropropane in other ways that have
nothing to do with hazardous waste sites. For example, you may be exposed to
higher levels of 1,2,3-trichloropropane if you are using paint- and varnish-
removers that contain it; however, some of these products may no longer
contain this chemical. If you breathe air near an accidental spill of
1,2,3-trichloropropane, you can be exposed to higher levels of the chemical.
Exposure in the workplace may result from spills or other accidents or from
normal operations in the workplace.

1,2,3-Trichloropropane is not common in the environment (air, water, and
soil), but it has been found in a few rivers, bays, drinking water,
groundwater, and hazardous waste sites at low levels. This is because
1,2,3-trichloropropane can enter the environment while it is being made, where
it is used to make or to dissolve other substances, or where it is released in
the waste that is made during these processes. Although 1,2,3-trichloropropane
is usually not found in the environment, disposal at hazardous waste
sites in the past, or release during spills and accidents have lead to higher
levels in nearby water, soil, and groundwater. Although we do not know
exactly how much 1,2,3-trichloropropane the general public or workers are
exposed to, the information that we have shows that the levels are probably
low and exposure probably does not occur often.

You can find more information in Chapter 5 on how much 1,2,3-
trichloropropane is in the environment and how you can be exposed to it.

1.3 HOW CAN 1,2,3-TRICHLOROPROPANE ENTER AND LEAVE MY BODY?

If you were to drink water containing 1,2,3-trichloropropane, most of
the chemical would pass into your body from your stomach and intestines within
the same day. 1,2,3-trichloropropane would also pass into your body from your
lungs if you were to breathe in air containing it or from your skin if you
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were to touch it. However, we do not know how quickly or completely
1,2,3-trichloropropane passes into your body from your lungs or skin.
1,2,3-Trichloropropane that enters your body leaves your body almost
completely within a few days in your breath, urine, and feces. More
information on how 1,2,3-trichloropropane can enter and leave your body is
presented in Chapter 2.

1.4 HOW CAN 1,2,3-TRICHLOROPROPANE AFFECT MY HEALTH?

Some people who breathed air containing high levels of 1,2,3-
trichloropropane for several minutes had eye and throat irritation. These levels
of 1,2,3-trichloropropane are ikely to be much higher than levels usually found
in outdoor air, including air at hazardous waste sites. We do not know what
effects might occur in people who breath 1,2,3-trichloropropane for days,
weeks, or longer durations. We also do not know the possible effects of
1,2,3-trichloropropane in people who swallow 1,2,3-trichloropropane or get
1,2,3-trichloropropane on their skin.

Animals that breathed air containing 1,2,3-trichloropropane at levels
higher than those usually found in the environment developed other health
effects. Rats and mice died after they breathed air containing high levels of
1,2,3-trichloropropane for several hours, but we do not know the exact cause
of death. These levels of 1,2,3-trichloropropane are several times higher
than those that can cause eye and throat irritation in humans. Rats that
breathed 1,2,3-trichloropropane for a few months at levels lower than those
that affected humans developed eye, nose, and lung irritation and liver and
kidney disease.

Rats and mice usually died from damage to the liver and kidney within a
few days after they swallowed a large amount of 1,2,3-trichloropropane. Most
rats and mice that swallowed small amounts of 1,2,3-trichloropropane every day
for a few months also died from liver and kidney damage. Rats that swallowed
even smaller amounts of 1,2,3-trichloropropane every day for a few months did
not die but developed stomach irritation, blood disorders, and minor liver and
kidney damage.

Rabbits had severe skin irritation and even injury to internal organs,
including the liver, kidneys, and stomach after 1,2,3-trichloropropane was
applied to their skin in large amounts for 1 day. These injuries can result
in death. 1,2,3-Trichloropropane also caused eye irritation in rabbits and
rats when it was applied to the eyes.

We have limited knowledge of the effects in animals exposed to very
small amounts of 1,2,3-trichloropropane by breathing, swallowing, or skin
contact for many months or years leads to serious disease or death. Rats that
breathed low levels of 1,2,3-trichloropropane for several weeks or swallowed
large amounts of 1,2,3-trichloropropane for a few days did not develop
fertility problems, but we do not know whether breathing high levels of
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1,2,3-trichloropropane or swallowing 1,2,3-trichloropropane for more than a
few days affects fertility in animals. 1,2,3-Trichloropropane has not been
found to cause birth defects when injected in rats. We do not know whether
1,2,3-trichloropropane causes cancer in humans, but animals that swallowed low
doses of 1,2,3-trichloropropane for most of their lives developed cancer in a
number of organs.

More information on how 1,2,3-trichloropropane can affect health can be
found in Chapter 2.

1.5 IS THERE A MEDICAL TEST TO DETERMINE WHETHER I HAVE BEEN EXPOSED TO
1,2,3-TRICHLOROPROPANE?

Scientists can measure 1,2,3-trichloropropane in blood, urine, and
breath, but there are no readily available tests to determine whether you have
been exposed. We do not think these tests would be adequate to allow doctors
to predict harmful health effects. More information about tests for exposure
and effects can be found in Chapters 2 and 6.

1.6 WHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO PROTECT HUMAN HEALTH?

The federal government has a rule designed to protect workers who may be
exposed to 1,2,3-trichloropropane. The Occupational Safety and Health
Administration (OSHA) states that workers may not be exposed to average levels
of 1,2,3-trichloropropane greater than 10 ppm in air during an 8-hour workday.
The federal government has no recommendations on environmental exposure to
1,2,3-trichloropropane. More information on regulations and advisories can be
found in Chapter 7.

1.7 WHERE CAN I GET MORE INFORMATION?

If you have any more questions or concerns not covered here, please
contact your state health or environmental department or:

Agency for Toxic Substances and Disease Registry
Division of Toxicology
1600 Clifton Road, E-29
Atlanta, Georgia 30333

This agency can also provide you with information on the location of the
nearest occupational and environmental health clinic. Such clinics specialize
in recognizing, evaluating, and treating illnesses that result from exposure
to hazardous substances.
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2.1 INTRODUCTION

The primary purpose of this chapter is to provide public health
officials, physicians, toxicologists, and other interested individuals and
groups with an overall perspective of the toxicology of 1,2,3-trichloropropane
and a depiction of significant exposure levels associated with various adverse
health effects. It contains descriptions and evaluations of studies and
presents levels of significant exposure for 1,2,3-trichloropropane based on
toxicological studies and epidemiological investigations.

2.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To help public health professionals address the needs of persons living
or working near hazardous waste sites, the information in this section is
organized first by route of exposure--inhalation, oral, and dermal--and then
by health effect--death, systemic, immunological, neurological, developmental,
reproductive, genotoxic, and carcinogenic effects. These data are discussed .
in terms of three exposure periods- -acute (less than 15 days), intermediate
(15-364 days), and chronic (more than 365 days).

Levels of significant exposure for each route and duration are presented
in Tables 2-1, 2-2 and 2-3 and illustrated in Figures 2-1 and 2-2. The points
in the figures showing no-observed-adverse-effect levels (NOAELS) or lowest-
observed-adverse-effect levels (LOAELS) reflect the actual doses (levels of
exposure) used in the studies. LOAELs have been classified into "less
serious" or "serious" effects. These distinctions are intended to help the
users of the document identify the levels of exposure at which adverse health
effects start to appear. They should also help to determine whether or not
the effects vary with dose and/or duration, and place into perspective the
possible significance of these effects to human health.

The significance of the exposure levels shown in the tables and figures
may differ depending on the user's perspective. For example, physicians
concerned with the interpretation of clinical findings in exposed persons may
be interested in levels of exposure associated with “serious" effects. Public
health officials and project managers concerned with appropriate actions to
take at hazardous waste sites may want information on levels of exposure
associated with more subtle effects in humans or animals (LOAEL) or exposure
levels below which no adverse effects (NOAEL) have been observed. Estimates
of levels posing minimal risk to humans (Minimal Risk Levels, MRLs) may be of
interest to health professionals and citizens alike.

Estimates of exposure levels posing minimal risk to humans (MRLs) have
been made, where data were believed reliable, for the most sensitive noncancer
effect for each exposure duration. MRLs include adjustments to reflect human
variability from laboratory animal data to humans.
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Although methods have been established to derive these levels (Barnes et
al. 1988; EPA 1989a), uncertainties are associated with these techniques.
Furthermore, ATSDR acknowledges additional uncertainties inherent in the
application of the procedures to derive less than lifetime MRLs. As an
example, acute inhalation MRLs may not be protective for health effects that
are delayed in development or are acquired following repeated acute insults,
such as hypersensitivity reactions, asthma, or chronic bronchitis. As these
kinds of health effects data become available and methods to assess levels of
significant human exposure improve, these MRLs will be revised.

2.2.1 Inhalation Exposure

2.2.1.1 Death

No studies were located regarding death in humans after inhalation
exposure to 1,2,3-trichloropropane.

Exposure to 1,2,3-trichloropropane of unknown purity for 4-6 hours
caused death in mice at concentrations as low as 343 ppm (Gushow and Quast
1984) and rats at concentrations as low as 500 ppm (Union Carbide 1958). An
intermediate-duration study showed that intermittent exposure to 297 ppm and
higher concentrations of 1,2,3-trichloropropane for 4 weeks was lethal in rats
(Johannsen et al. 1988). The available data suggest that 1,2,3-trichloropropane
concentrations producing death in rodents may be similar (i.e.,
approximately 300 ppm) for acute- and intermediate-duration exposures of
several weeks. The cause of death is unclear, but signs suggestive of central
nervous system (CNS) impairment (e.g., incoordination and convulsions) have
been observed prior to death in both species. The highest NOAEL values and
all reliable LOAEL values for death in both species and duration categories
are recorded in Table 2-l and plotted in Figure 2-1.

2.2.1.2 Systemic Effects ,

Systemic effects of inhaled 1,2,3-trichloropropane are discussed below.
The highest NOAEL values and all reliable LOAEL values for these effects in
each species and duration category are recorded in Table 2-1 and plotted in
Figure 2-l.

Respiratory Effects. Limited information indicates that brief exposure
(15 minutes) to 100 ppm 1,2,3-trichloropropane (purity unknown) can cause
throat irritation in humans (Silverman et al. 1946).

Repeated exposure of animals to 1,2,3-trichloropropane concentrations
much lower than 100 ppm causes respiratory system effects that are indicative
of irritant action. Intermittent 4-hour exposures for 11 days produced
alterations in nasal tissues of rats and mice, particularly of the olfactory
epithelium (Miller et al. 1986a, 1986b). These changes included decreased
thickness of the olfactory epithelium in rats at 3 ppm, degeneration of the



TABLE 2-1. Levels of Significant Exposure to 1,2,3-Trichloropropane - Inhalation 

Exposure LOAEL (effect) 
Key to frequency/ NOAEL Less serious Serious 
figurea Species duration System (ppm) (ppm) (ppm) Reference 

ACUTE EXPOSURE 

Death 

1 

2 

3 

4 

5 

Systemic 

6 

7 

8 

9 

Rat 

Rat 

Rat 

Rat 

Mouse 

Human 

Rat 

Rat 

Rat 

1d 
4 hr/d 

1d 
4 hr/d 

1d
1-4 hr/d 

1d 
6 hr/d 

1d 
4 hr/d 

1d 
15 min/d 

1/d 
4 hr/d 

11 d 
5 d/w
6 hr/d 

11 d 
5 d/wk 
6 hr/d 

343 

126 

Resp 
Derm/oc 

Derm/oc 

Resp 

Cardio 
Gastro 
Hemato 
Musc/skel 
Hepatic 

Renal 
Other 

Resp 

697 

1,000 

500 

888 

343 

100 (throat irritation) 
100 (eye irritation) 

126 (eye irritation) 

13 (nasal olfactory 
degeneration) 

132 
132 
132 
132 
40 132 (increased liver 

weight) 
132 
132 

lb 3 (decreased thickness 
of olfactory 
epithelium) 

Gushow and Quast 
1984 

Smyth et al. 
1962 

Union Carbide 
1958 

Johannsen et al. 
1988 

Gushow and Quast 
1984 

Silverman et al. 
1946 

Gushow and Quast 
1984 

Miller et al. 
1986a 

Miller et al. 
1986b 

7

2
.
 
H
E
A
L
T
H
 
E
F
F
E
C
T
S



10 Mouse 11 d 
5 d/wk 
6 hr/d 

11 Mouse 

12 Mouse 

INTERMEDIATE EXPOSURE 

Death 

13 Rat 

Systemic 

14 Rat 

1d  
4 hr/d 

11 d 
5 d/wk 
6 hr/d 

4 wk 
5 d/wk 
6 hr/d 

Resp 

Cardio 
Gastro 
Hemato 
Musc/skel 
Hepatic 

Renal 
Other 

Derm/oc 

Resp 

13 (decreased thickness of 
olfactory epithelium) 

132 
132 
132 
132 
40 132 (increased liver 

weight) 
132 
132 

3 

95 

13 wk Resp 1.54 
5 d/wk 
6 hr/d Cardio 49 

Gastro 49 
Hemato 49 
Musc/skel 49 
Hepatic 1.54 

Renal 15 

126 (eye irritation) 

10 (nasal olfactory 
inflammation) 

297 

4.5 (peribronchial 
hyperplasia) 

4.5 (increased liver 
weight) 

49 (increased kidney) 

Miller et al. 
1986a 

Gushow and Quast 
1984 

Miller et al. 
1986b 

Johannsen et al. 
1988 

Johannsen et al. 
1988 
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TABLE 2-1. Levels of Significant Exposure to 1,2,3-Trichloropropane - Inhalation (continued) 

Exposure LOAEL (effect) 
Key to frequency/ NOAEL Less serious Serious 
figurea Species duration System (ppm) (ppm) (ppm) Reference 



15 Rat 4 wk Hepatic 
5 d/wk 
6 hr/d Renal 

Other 

Reproductive 

16 Rat Premating : 
10 wk, 5 d/wk, 
6 hr/d 
Mating: 
30-40 d, 
5 d/wk, 6 hr/d 
Gestation: 
6 hr/d, gd 0-14 

95 (increased liver 

297 (increased kidney 

297 (decreased weight 

weight) 

weight) 

gain) 

15 

Johannsen et al. 
1988 

Johannsen et al. 
1988 

aThe number corresponds to entries in Figure 2-1. 
bUsed to derive an acute inhalation Minimal Risk Level (MRL) of 0.0003 ppm; dose adjusted for intermittent exposure, 
converted to an equivalent concentration in humans, and divided by an uncertainty factor of 100 (10 for extrapolation 
from animals to humans, and 10 for human variability). 

Cardio = cardiovascular; d = day; Derm/oc = dermal/ocular; Gastro = gastrointestinal; gestat = gestation; gd = gestation 
day; Hemato = hematological; hr = hour; LOAEL = lowest-observed-adverse-effect level; min = minute; Musc/skel =
musculoskeletal; NOAEL = no-observed-adverse-effect level; Resp = respiratory; wk = week 

9
2
.
 
H
E
A
L
T
H
 
E
F
F
E
C
T
S

Exposure LOAEL (effect) 
Key to frequency/ NOAEL Less serious Serious 
figurea Species duration System (ppm) (ppm) (ppm) Reference 

TABLE 2-1. Levels of Significant Exposure to 1,2,3-Trichloropropane - Inhalation (continued) 



12m
10m

10m 10m 10m 10m

10m

10m 10m 10m

12m

11m 8r7r8r 68r

8r

8r8r8r8r

8r

9r

9r

6

1r

1r
3r

2r

5m

5m

4r

FIGURE 2-1, Levels of Significant Exposure to 1,2,3-TrichIoropropane - Inhalation 
ACUTE 

(51 4 Days) 

(ppm) 
1 .ooo 

100 

10 

1 

0.1 

0.01 

0.001 

0.0001 

Systemic 

0" 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

@ LOAEL for setlous eltects (anlrnak) 
@ LOAEL fw less setlous elfects [anlmals) 
0 NOAEL (anlrnak) A LOAEL for less serious e l f a  mumens) 

I Min!mat dsk I& for 
I effects other lhm cancer 

me number next to gab, pdnl corresponds lo entdes In Table 2-1. 

h, 



13r

13r

14r14r

14r14r

14r14r

14r

14r14r14r

14r 14r 14r

14r

15r

15r15r

16r

(PPm) 
1.000 

100 

10 

1 

0.1 

0.01 

0.001 

0.0001 

FIGURE 2-1 (Continued) 
INTERMEDIATE 
(1 5-364 Days) 

Systemic 

@14r 

0 14r 

Q LOAEL for less smim effects (anlmels) 
0 NOAEL (animals) 

The number nexl lo each pdnl corresponds lo enlrles In Table 2.1. 

N 

F s v  x r  
m 
w m 
cl 
cj 
vl 



12

2. HEALTH EFFECTS

olfactory epithelium in rats at 10 ppm and higher concentrations, and
inflammation and decreased thickness of the olfactory epithelium in mice at
lo-13 ppm with degeneration at higher concentrations. Based on the NOAEL of
1 ppm for these effects in rats, an acute inhalation MEL of 0.0003 ppm was
calculated as described in the footnote in Table 2-l. Intermittent exposure
to slightly higher concentrations of 1,2,3-trichloropropane (4.5 ppm) or more
for 13 weeks caused focal peribronchial hyperplasia in rats (Johannsen et al.
1988). Intermittent exposure to 132 ppm for 11 days caused nasal submucosal
fibrosis in rats (Miller et al. 1986a).

Cardiovascular Effects. No studies were located regarding
cardiovascular effects in humans after inhalation exposure to
1,2,3-trichloropropane.

There were no histopathological changes in the hearts of rats and mice
that were intermittently exposed to concentrations as high as 132 ppm
1,2,3-trichloropropane for 11 days (Miller et al. 1986a) or rats that were
similarly exposed to up to 49 ppm 1,2,3-trichloropropane for 13 weeks
(Johannsen et al. 1988).

Gastrointestinal Effects. No studies were located regarding
gastrointestinal effects in humans after inhalation exposure to
1,2,3-trichloropropane.

There were no histopathological changes in the stomach and intestines of
rats and mice that were intermittently exposed to concentrations as high as
132 ppm 1,2,3-trichloropropane for 11 days (Miller et al. 1986a) or rats that
were similarly exposed to up to 49 ppm 1,2,3-trichloropropane for 13 weeks
(Johannsen et al. 1988).

Hematological Effects. No studies were located regarding hematological
effects in humans after inhalation exposure to 1,2,3-trichloropropane.

Hematological evaluations were normal in rats and mice that were
intermittently exposed to concentrations as high as 132 ppm
1,2,3-trichloropropane for 11 days (Miller et al. 1986a). Hematological
evaluations of rats that were similarly exposed to up to 49 ppm
1,2,3-trichloropropane for 13 weeks also were normal, but splenic
hematopoiesis was increased at 4.5 ppm or more (Johannsen et al. 1988).
Although increased splenic hematopoiesis was observed, other hematology
parameters were unremarkable. Spleen weights were decreased in rats that were
intermittently exposed to 579 ppm 1,2,3-trichloropropane for 4 weeks, but the
hematological significance of this effect cannot be determined because
evaluation of hematology and histology was not performed (Johannsen et al.
1988).
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Musculoskeletal Effects. No studies were located regarding
musculoskeletal effects in humans after inhalation exposure to
1,2,3-trichloropropane.

There were no histopathological changes in the skeletal muscle or bone
of rats and mice that were intermittently exposed to concentrations as high as
132 ppm 1,2,3-trichloropropane for 11 days (Miller et al. 1986a) or rats that
were similarly exposed to up to 49 ppm 1,2,3-trichloropropane for 13 weeks
(Johannsen et al. 1988).

Hepatic Effects. No studies were located regarding hepatic effects in
humans after inhalation exposure to 1,2,3-trichloropropane.
Acute and intermediate duration inhalation exposure to
1,2,3-trichloropropane causes increased liver weight in rats and mice.
Increased liver weight was produced by intermittent exposure to 132 ppm for
11 days (Miller et al. 1986a), 95 ppm or more for 4 weeks (Johannsen et al.
1988), and 4.5 ppm or more for 13 weeks (Johannsen et al. 1988). Mild
hepatocellular hypertrophy occurred in most of the rats exposed to 4.5 ppm or
more in the 13-weeks study. Although not accompanied by serious histological
alterations, the increased liver weight may represent an adverse effect
because oral exposure studies (see discussion of Hepatic Effects in
Section 2.2.2.2) indicate that this effect is a manifestation of
1,2,3-trichloropropane-induced hepatotoxicity.

Renal Effects. No studies were located regarding renal effects in
humans after inhalation exposure to 1,2,3-trichloropropane.

Intermittent exposure to 297 ppm or more 1,2,3-trichloropropane for
4 weeks and 49 ppm for 13 weeks caused increased kidney weights without
histopathology in rats (Johannsen et al. 1988). As with liver weight changes,
the increased kidney weight may represent an adverse effect because oral
exposure studies indicate that the increased weight is a manifestation of
1,2,3-trichloropropane-induced nephrotoxicity (see discussion of Renal Effects
in Section 2.2.2.2.).

Dermal/Ocular Effects. Limited information indicates that brief
(15-minute) exposure to 100 ppm 1,2,3-trichloropropane vapor causes eye
irritation in humans (Silverman et al. 1946).

A single 4-hour exposure to vapor concentrations as low as 126 ppm
1,2,3-trichloropropane (Gushow and Quast 1984) caused eye irritation in rats
and mice. Repeated intermittent exposure to vapor concentrations as low as
15 ppm for 13 weeks (Johannsen et al. 1988) caused eye irritation in rats.

Other Systemic Effects. No studies were located regarding other
systemic effects in humans after inhalation exposure to
1,2,3-trichloropropane.
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Intermittent exposure to 1,2,3-trichloropropane concentrations as high
as 132 ppm for 11 days did not adversely affect body weight gain in rats or
mice (Miller et al. 1986a). Body weight gain was decreased in rats that were
intermittently exposed to lethal concentrations (297 ppm or more) of
1,2,3-trichloropropane for 4 weeks and concentrations as low as 15 ppm
1,2,3-trichloropropane for 13 weeks (Johannsen et al. 1988). The decreased
weight gain was more severe at higher concentrations and there was initial
weight loss at 600 ppm in the 4-week study.

2.2.1.3 Immunological Effects

No studies were located regarding immunological effects in humans after
inhalation exposure to 1,2,3-trichloropropane.

There were no histopathological alterations in the thymus, spleen,
lymphoid tissue, or bone marrow of rats and mice that were intermittently
exposed to concentrations as high as 132 ppm 1,2,3-trichloropropane for
11 days (Miller et al. 1986a) or rats that were similarly exposed to up to
49 ppm for 13 weeks (Johannsen et al. 1988). Intermittent exposure to a
higher (lethal) concentration (579 ppm) for 4 weeks caused decreased spleen
weight in rats (Johannsen et al. 1988). Due to the lack of histological
examinations and immunoassays, the immunological significance of the decreased
spleen weight cannot be determined.

2.2.1.4 Neurological Effects

No studies were located regarding neurological effects in humans after
inhalation exposure to 1,2,3-trichloropropane.

No histopathological effects were observed in the brain, spinal cord,
and peripheral nerves of rats and mice that were intermittently exposed to
concentrations as high as 132 ppm 1,2,3-trichloropropane for 11 days (Miller
et al. 1986a). No effect was observed on brain and spinal cord histology and
brain weight in rats that were intermittently exposed to up to 49 ppm for
13 weeks (Johannsen et al. 1988). These data do not necessarily mean that
1,2,3-trichloropropane is not neurotoxic, however, due to a lack of
neurological evaluations. Brain weight was increased in rats exposed to 297
or 579 ppm 1,2,3-trichloropropane for 4 weeks (Johannsen et al., 1988), but it
is unclear if absolute or relative brain weight was increased. The rats in
the 4-week study were hypoactive and had labored breathing, but were not
subjected to histological and neurological evaluations. Due to the lack of
histological and neurological evaluations, signs attributable specifically to
CNS impairment, and sufficient information to determine if relative brain
weight was increased (which could reflect decreased body weight), the
neurological significance of the increased brain weight cannot be determined.
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2.2.1.5 Developmental Effects

No studies were located regarding developmental effects in humans after
inhalation exposure to 1,2,3-trichloropropane.

Limited information regarding developmental effects of inhaled
1,2,3-trichloropropane in animals is available from a reproduction study in
which male and female rats were intermittently exposed to concentrations as
high as 15 ppm prior to mating, during mating, and during gestation (Johannsen
et al. 1988). There were no effects on gestation length, and pup viability
and weight at birth and during lactation were normal. These data incompletely
characterize developmental toxicity because the fetuses were not examined for
teratogenicity.

2.2.1.6 Reproductive Effects

No studies were located regarding reproductive effects in humans after
inhalation exposure to 1,2,3-trichloropropane.

In the only inhalation reproductive study of 1,2,3-trichloropropane,
male and female rats were intermittently exposed to concentrations of
0.49-15 ppm prior to mating, during mating, and during gestation (Johannsen et
al. 1988). There were no effects on mating performance or fertility in either
sex, but the data for the males at 4.5 ppm and higher concentrations are
inconclusive because the control group for these males had low mating
performance compared to another male control group. The highest NOAEL value
is recorded in Table 2-l and plotted in Figure 2-l.

Studies with animals exposed to higher concentrations of
1,2,3-trichloropropane have examined effects on reproductive organs.
Intermittent expcsure to less than or equal to 132 ppm for 11 days (Miller et
al. 1986b) and less than or equal to 49 ppm 1,2,3-trichloropropane for
13 weeks (Johannsen et al. 1988) had no effect on the weights or histology of
the reproductive organs of male and female rats. Intermittent exposure to
1,2,3-trichloropropane for 4 weeks at concentrations that caused some deaths
decreased ovary weights (greater than or equal to 297 ppm) and testes weights
(579 ppm) in rats, but these organs were not examined histologically
(Johannsen et al. 1988). Reproductive function was not evaluated in any of
these studies. Because of incomplete information on reproductive organ
histology and lack of information regarding sperm counts and reproductive
function, conclusions regarding the reproductive toxicity of
1,2,3-trichloropropane cannot be drawn from these studies.

2.2.1.7 Genotoxic Effects

No studies were located regarding genotoxicity in humans or animals
after inhalation exposure to 1,2,3-trichloropropane. Other mutagenicity
studies are discussed in Section 2.4.
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2.2.1.8 Cancer

No studies were located regarding carcinogenicity in humans or animals
after inhalation exposure to 1,2,3-trichloropropane.

2.2.2 Oral Exposure

2.2.2.1 Death

No studies were located regarding death in humans after oral exposure to
1,2,3-trichloropropane.

Oral LD
50
 values as low as 150 mg/kg have been determined for rats

(Alpert 1982; Smyth et al. 1962). Variations in LD50 .values are apparent,
which could be due to differences in animal strain, sex, fed/fasted state or
compound purity. The cause of death is unclear, but signs suggestive of CNS
impairment (e.g., piloerection, salivation, ataxia, coma) prior to death and
hemorrhagic damage in visceral tissues (e.g., liver, kidney) were observed.
Daily gavage administration of 1,2,3-trichloropropane caused death due to
liver and kidney toxicity in 15% of female rats by the 13th week at a dose of
125 mg/kg, in 100% of female rats by week 2 at 250 mg/kg, and in 80% of female
mice by week 4 at 250 mg/kg (NTP 1983a, 1983b). Mortality occurred at a lower
rate or occurred later in similarly treated male rats and mice. Lethal gavage
doses of 1,2,3-trichloropropane in rodents, therefore, appear to be similar
for acute exposures and intermediate-duration exposures of several weeks.
Doses as high as 149 mg/kg/day were not lethal in rats, however, when
administered in the drinking water for the 13 weeks (Villeneuve et al. 1985).
Although absorption of 1,2,3-trichloropropane from drinking water could have
been decreased due to use of a solubilizer, this suggests that
1,2,3-trichloropropane may be less toxic when ingested gradually throughout
the day than when administered as a bolus. The highest NOAEL values and all
reliable LOAEL values for death for both species and duration categories are
recorded in Table 2-2 and plotted in Figure 2-2.

2.2.2.2 Systemic Effects

Systemic effects resulting from oral exposure to 1,2,3-trichloropropane
are discussed below. The highest NOAEL values and all reliable LOAEL values
for these effects in each species and duration category are recorded in
Table 2-2 and plotted in Figure 2-2.

Respiratory Effects. No studies were located regarding respiratory
effects in humans after oral exposure to 1,2,3-trichloropropane.
Two animal studies showed that 1,2,3-trichloropropane produced
pathologic changes in the nasal turbinates of rats and mice when administered
by oral intubation (NTP 1983a, 1983b). These changes were produced by daily



TABLE 2-2. Levels of Significant Exposure to 1,2,3,-Trichloropropane - Oral 

Exposure LOAEL (effect) 
Key to frequency/ NOAEL Less serious Serious 
figurea Species Route duration System (mg/kg/day) (mg/kg/day) (mg/kg/day) Reference 

ACUTE EXPOSURE 

Death 

1 Rat (G) 1x 

2 Rat (G) 1x 

3 Rat (GO) 2 wk 
5 d/wk 

4 Mouse (GO) 2 wk 
5 d/wk 

Systemic 

5 Rat (GO) 2 wk 
5 d/wk 

6 Rat (GO) 14 d 
1x/d 

7 Mouse (GO) 2 wk 

5 d/wk 

Reproductive 

8 Rat (GO) 5 d 
1x/d 

INTERMEDIATE EXPOSURE 

Death 

9 Rat (W) 13 wk 
7 d/wk 

10 Rat (GO) 17 wk 
5 d/wk 

11 Mouse (GO) 17 wk 
5 d/wk 

Resp 
Hepatic 
Renal 

Renal 
Other 

Resp 

Hepatic 
Renal 

125 

125 

444 (LD50) 

150 (LD50) 

250 

250 

Smyth et al. 
1962 

Alpert 1982 

NTP 1983a 

NTP 1983b 

250 (nasal necrosis) NTP 1983a 
250 (necrosis) 
250 (necrosis) 

60 Dix 1979 
15 60 (decreased weight 

gain) 

80 

149 

63 

125 

250 (inflamnation. 
necrosis) 

250 (tubular casts) 

NTP 1983b 

250 (necrosis) 

125 

250 

Saito-Suzuki et 
al. 1982 

Villeneuve et 
al. 1985 

NTP 1983a 

NTP 1983b 
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weight) 

Systemic 

12 Rat (W) 13 wk Cardio 149 
7 d/wk Hemato 149 

Hepatic 17.6 
Renal 17.6 
Other 17.6 

13 

14 

Rat (GO) 17 wk Resp 63 
5 d/wk Cardio 125 

Gastro 63 

Hemato 8 
Mus c /skel 
Hepatic 8b 

Renal 16 

Derm/oc 32 
Other 32 

Mouse (GO) 17 wk Resp 32 

Cardio 250 
Gastro 32 

5 d/wk 

Hemato 250 
Musc/skel 250 
Hepatic 63 
Renal 125 
Derm/oc 250 
Other 125 

113 (mild histology) 
113 (mild histology) 
113  (mild thyroid 

histology, reduced 
body weight gain) 

125 (nasal necrosis) 

125 (hyperkeratosis, 
acanthosis) 

16 (anemia) 

16 (increased liver 125 (necrosis) 
weight) 

32 (increased kidney 125 (necrosis) 

63 (alopecia) 
63 (decreased weight 

gain) 

63 (bronchiole epi- 
thelial changes) 

63 (hyperkeratosis, 
acanthosis) 

125 (necrotic changes) 250 (necrosis) 
250 (necrotic changes) 

250 (decreased weight 
gain) 

Villeneuve et 
al. 1985 

NTP 1983a

NTP 1983b

Reproductive 

15 Rat (GO) 17 wk 
5 d/wk 

125 NTP 1983a 

TABLE 2-2. Levels of Significant Exposure to 1,2,3,-Trichloropropane - Oral (continued) 

Exposure LOAEL (effect) 
Key to frequency/ NOAEL Less serious Serious 
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16 Mouse (GO) 17 wk 
5 d/wk 

CHRONIC EXPOSURE 

Cancer 

17 Rat (GO) 2 yr 
5 d/wk 

18 Mouse (GO) 2 yr 
5 d/wk 

125 NTP 1983b 

3 (CEL - tumors NTP 1991 
of forestomach, 
pancreas ) 

6 (CEL - tumors NTP 1991 
of forestomach. 
liver, uterus) 

aThe number corresponds to entries in Figure 2-1. 
bUsed to derive an intermediate oral minimal risk level (MRL) of 0.06 mg/kg/day; dose divided by an uncertainty factor 
of 100 (10 for extrapolation from animals to humans and 10 for human variability). 

BUN = blood urea nitrogen; Cardio = cardiovascular; CEL = cancer effect level; d = day; Derm/oc = dermal/ocular; (G) = gavage; 
Gastro = gastrointestinal; (GO) = gavage in oil vehicle; Hemato = hematological; LOAEL = lowest-observed-adverse-effect level; 
LD50 = 

= 
lethal dose 50% kill; Musc/skel = musculoskeletal; NOAEL = no-observed-adverse-effect level; Resp = respiratory; 

(W) water; wk = week; x = time; yr = year(s) 

Exposure LOAEL (effect) 
Key to frequency/ NOAEL Less serious Serious 
figurea Species Route duration System (mg/kg/day) (mg/kg/day) (mg/kg/day) Reference 
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TABLE 2-2. Levels of Significant Exposure to 1,2,3,-Trichloropropane - Oral (continued) 
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doses of 250 mg/kg (rats and mice) for 2 weeks and 125 mg/kg (rats) or
250 mg/kg (mice) for up to 17 weeks. Effects were similar in both species;
these typically included inflammation, attenuation of the epithelial lining, '
and necrotic alterations, and principally occurred in the dorsal posterior of
the nasal passages. These effects are similar to those caused by inhalation
exposure to 1,2,3-trichloropropane (see discussion of Respiratory Effects in
Section 2.2.1.2.) The oral doses that produced the nasal alterations were in
the near lethal range. Repeated daily exposure of mice to lower doses of
1,2,3-trichloropropane (as low as 63 mg/kg) by oral intubation over a period
of 17 weeks caused regenerative changes (e.g., hyperplasia) in the bronchiolar
epithelium that did not progress or regress with continued exposure. It is
possible that the nasal and pulmonary effects caused by oral treatment were
due to inadvertent local exposure (see discussion of Systemic Effects in
Section 2.4.) or excretion of 1,2,3-trichloropropane or its metabolites in the
breath (see Section 2.3.4).

Cardiovascular Effects. No studies were located regarding
cardiovascular effects in humans after oral exposure to
1,2,3-trichloropropane.

Two animal studies found that daily administration of
1,2,3-trichloropropane by gavage over a period of 17 weeks caused decreased
heart weight without histological alterations in rats and mice at doses up to
125 and 250 mg/kg, respectively (NTP 1983a, 1983b). This effect is not
considered adverse, due to the lack of histopathology. There was no effect on
heart weight or histology in rats that were administered
1,2,3-trichloropropane in the drinking water at doses as high as 149 mg/kg/day
for 13 weeks (Villeneuve et al. 1985).

Gastrointestinal Effects. No studies were located regarding
gastrointestinal effects in humans after oral exposure to
1,2,3-trichloropropane.

Two animal studies found that daily administration of
1,2,3-trichloropropane over a period of 17 weeks caused gastrointestinal
effects indicative of irritant action, particularly increased hyperkeratosis
and/or acanthosis of the esophagus and stomach (NTP 1983a, 1983b). These
effects occurred at doses of 63 mg/kg/day and higher in mice and 125 mg/kg/day
in rats.

Hematological Effects. No studies were located regarding hematological
effects in humans after oral exposure to 1,2,3-trichloropropane.

One study found evidence of anemia, indicated by decreased hematocrit,
hemoglobin, and erythrocyte counts, in rats that were administered
1,2,3-trichloropropane by gavage at doses as low as 16 mg/kg/day over a period
of 17 weeks (NTP 1983a). The anemia was mild at the lower doses and appears
to be nonregenerative and associated with depressed erythropoiesis. Higher
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doses (63 mg/kg/day or more) in this gavage study produced histological
alterations in the spleen (lymphoid depletion) of rats, and mice similarly
treated with 250 mg/kg/day 1,2,3-trichloropropane had splenic lymphoid
depletion with occasional lymphoid necrosis (NTP 1983b). The hematological
significance of these splenic effects is unknown because hematology was normal
except for the anemia in rats. 1,2,3-Trichloropropane did not produce
significant hematological alterations in rats when administered in the
drinking water at doses as high as 149 mg/kg/day for 13 weeks (Villeneuve et
al. 1985).

Musculoskeletal Effects. No studies were located regarding
musculoskeletal effects in humans after oral exposure to
1,2,3-trichloropropane.

There were no pathological effects in bone or skeletal muscle of rats
and mice that were administered 1,2,3-trichloropropane at doses as high as 125
and 250 mg/kg, respectively, over a period of 17 weeks (NTP 1983a, 1983b).

Hepatic Effects. No studies were located regarding hepatic effects in
humans after oral exposure to 1,2,3-trichloropropane.
Liver toxicity is a major systemic effect of orally administered
1,2,3-trichloropropane in animals. Daily gavage doses of 250 mg/kg produced
hepatotoxicity (e.g., necrosis) severe enough to contribute to death in rats
and mice within 2 weeks (NTP 1983a, 1983b). Necrotic changes also occurred in
the livers of rats and mice treated with daily gavage doses as low as
125 mg/kg over a period of 17 weeks (NTP 1983a, 1983b). Similar doses of
1,2,3-trichloropropane (113 or 149 mg/kg) administered in drinking water for
13 weeks produced mild hepatic changes (e.g., occasional fatty vacuolization
and biliary hyperplasia) in rats (Villeneuve et al., 1985), suggesting that
1,2,3-trichloropropane may be less toxic when ingested gradually throughout
the day than when administered as a bolus. One study found hepatic effects in
rats treated by gavage with doses as low as 16 mg/kg/day over a period of
17 weeks (NTP 1983a). These effects included decreased serum
pseudocholinesterase activity and increased liver weight. It is likely that
the decreased serum pseudocholinesterase activity is attributable to depressed
synthesis resulting from hepatocellular damage, but it could indicate that
1,2,3-trichloropropane inhibits pseudocholinesterase. Based on the NOAEL
(8 mg/kg) for these effects, which is the same as the NOAEL for anemia in rats
(see discussion of Hematologic Effects in Section 2.2.2.2), an intermediate
oral MRL of 0.06 mg/kg/day was calculated as described in a footnote to
Table 2-2.

Renal Effects. No studies were located regarding renal effect in humans
after oral exposure to 1,2,3-trichloropropane.

Kidney toxicity is a major systemic effect of orally administered
1,2,3-trichloropropane in animals. Daily gavage doses of 250 mg/kg produced
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serious renal toxicity (e.g., tubular nephropathy, necrosis) in rats and mice
within 2 weeks (NTP 1983a, 1983b). The kidney damage in rats was severe
enough to contribute to death. Necrotic changes occurred in the kidneys of
rats and mice treated with daily gavage doses as low as 125 mg/kg over a
period of 17 weeks (NTP 1983a, 1983b). Similar doses of
1,2,3-trichloropropane (113 or 149 mg/kg) administered in drinking water for
13 weeks produced mild renal changes (e.g., pyknosis, fine glomular adhesions,
and occasional histologic proteinuria) in rats (Villeneuve et al. 1985). The
term "histologic proteinuria" presumably refers to protein in the lumen of
tubules. The mild renal changes suggest that 1,2,3-trichloropropane may be
less toxic when ingested gradually throughout the day than when administered
as a bolus. Daily gavage doses as high as 60 mg/kg for 2 weeks did not
produce renal histological alterations in rats (Dix 1979), but rats treated
with gavage doses as low as 32 mg/kg/day over a period of 17 weeks displayed
less serious renal effects consisting of increased kidney weight and minimal
inflammation (NTP 1983a).

Dermal/Ocular Effects. No studies were located regarding dermal or
ocular effects in humans after oral exposure to 1,2,3-trichloropropane.

Daily gavage administration of 1,2,3-trichloropropane at doses of
63 mg/kg or more for up to 17 weeks caused alopecia but no gross eye
irritation in rats (NTP 1983a). Mice that were similarly treated with up to
250 mg/kg 1,2,3-trichloropropane had no macroscopic skin lesions or gross eye
irritation (NTP 1983b).

Other Systemic Effects. No studies were located regarding other
systemic effects in humans after oral exposure to 1,2,3-trichloropropane.

Reduced body weight gain occurred in rats treated with
1,2,3-trichloropropane by gavage at doses of 60 mg/kg/day for 2 weeks (Dix
1979) or 63 or 125 mg/kg/day for up to 17 weeks (NTP 1983a). Thyroid
histology, evaluated in the rats treated for up to 17 weeks, was normal.
Doses of 113 or 149 mg/kg/day, when administered in the drinking water for
13 weeks, caused reduced body weight gain and thyroid histological alterations
in rats (Villeneuve et al. 1985). Decreased weight gain without abnormal
thyroid histology occurred in mice that were treated with 250 mg/kg/day by
gavage for up to 17 weeks (NTP 1983b).

2.2.2.3 Immunological Effects

No studies were located regarding immunological effects in humans after
oral exposure to 1,2,3-trichloropropane.

Lymphoid depletion was observed in the spleen and thymus of rats that
were administered 1,2,3-trichloropropane at doses greater than or equal to
63 mg/kg/day over 17 weeks (NTP 1983a). Mice that were similarly treated with
lethal doses (250 mg/kg) showed splenic lymphoid depletion with occasional
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lymphoid necrosis and increased thymus weight. The immunological significance
of these effects are not known.

2.2.2.4 Neurological Effects

No studies were located regarding neurological effects in humans after
oral exposure to 1,2,3-trichloropropane.

There were no treatment-related changes in brain weight or brain
histology in rats and mice that were administered 1,2,3-trichloropropane doses
as high as 250 mg/kg/day for periods as long as 17 weeks (NTP 1983a, 1983b).
These data do not necessarily mean that 1,2,3-trichloropropane is not
neurotoxic, however, due to a lack of neurological evaluations.

2.2.2.5 Developmental Effects

No studies were located regarding developmental effects in humans or
animals after oral exposure to 1,2,3-trichloropropane.
2.2.2.6 Reproductive Effects

No studies were located regarding reproductive effects in humans after
oral exposure to 1,2,3-trichloropropane.

No effects on mating, fertility, or histological appearance of the
testes were found in male rats that were treated with 80 mg/kg/day
1,2,3-trichloropropane for 5 days in a dominant lethal mutation study (Saito-
Suzuki et al. 1982). Testis and epididymis weights were decreased in rats and
mice that were administered 1,2,3-trichloropropane doses as high as 125 mg/kg
for 60-120 days, but testicular histology, sperm counts, and sperm morphology
were normal or inconclusive (NTP 1983a, 1983b). Although a definite
conclusion regarding the reproductive toxicity of 1,2,3-trichloropropane in
this study is precluded by a lack of information on reproductive function and
the short exposure duration, the doses are considered NOAELs because the lack
of testicular histological lesions and effects on sperm reduces concern that
the decreased testicular and epididymal weights reflect a biologically
significant change. The NOAEL values for reproductive effects in both species
and duration categories are recorded in Table 2-2 and plotted in Figure 2-2.

2.2.2.7 Genotoxic Effects

No studies were located regarding genotoxic effects in humans after oral
exposure to 1,2,3-trichloropropane.

As indicated in Section 2.2.2.6, orally administered
1,2,3-trichloropropane did not produce dominant lethal mutations in male rats
(Saito-Suzuki et al. 1982). Other mutagenicity studies are discussed in
Section 2.4.
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2.2.2.8 Cancer

No studies were located regarding carcinogenicity in humans after oral
exposure to 1,2,3-trichloropropane.

1,2,3-Trichloropropane has been demonstrated to be carcinogenic in a
variety of organs in Fischer-344 rats and B6C3Fl mice when administered by
gavage in corn oil in a 2-year study (NTP 1991). In male rats treated with
23 mg/kg/day, clear evidence of carcinogenicity was found, based on increased
incidences of squamous cell papilloma and carcinoma of the oral mucosa and/or
forestomach, pancreatic acinar adenoma, renal tubule adenoma, and preputial
gland adenoma and carcinoma. In female rats similarly treated, clear evidence
of carcinogenicity was also found, based on increased incidences of squamous
cell papilloma and carcinoma of the oral mucosa and forestomach, clitoral
gland adenoma and carcinoma, and mammary gland adenocarcinoma. High
incidences of Zymbal's gland carcinoma and intestinal adenocarcinoma were also
found in the male and female rats, and may be related to the
1,2,3-trichloropropane exposure.

Clear evidence of carcinogenicity was also found in male and female mice
treated with 6 mg/kg/day or greater (NTP 1991). The evidence consisted of
increased incidences of squamous cell carcinoma of the oral mucosa (females),
squamous cell papilloma and carcinoma of the forestomach (males and females),
hepatocellular adenoma or carcinoma (males and females), Harderian gland
adenoma (male and female), and uterine adenoma, adenocarcinoma, and stromal
polyp (females). High dose male mice (60 mg/kg/day) also had squamous cell
papilloma of the oral mucosa, which occurred in low incidence, but was
probably related to 1,2,3-trichloropropane treatment.
The lowest doses associated with cancer in rats and mice are recorded in
Table 2-2 and plotted in Figure 2-2 as Cancer Effect Levels (CELs).

2.2.3 Dermal Exposure

2.2.3.1 Death

No studies were located regarding death in humans after dermal exposure
to 1,2,3-trichloropropane.

Single dermal doses as low as 250 mg/kg caused death in rabbits (Alpert
1982). A dermal LD50 of 836 mg/kg has been determined for rats using
1,2,3-trichloropropane of relatively low purity (92%) (Clark 1977). The
treated skin of the animals in these studies was covered with an impervious
barrier for 24 hours to prevent evaporation of the volatile compound. The
cause of death is unclear, but symptoms suggestive of CNS impairment (e.g.,
ataxia, tremors, coma) and internal hemorrhage have been observed. Lethal
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dermal doses of 1,2,3-trichloropropane in these species are recorded in
Table 2-3.

2.2.3.2 Systemic Effects

Systemic effects resulting from dermal exposure to 1,2,3-trichloropropane
are discussed below. The highest NOAEL values and all reliable LOAEL
values for these effects in each species and duration category are recorded in
Table 2-3.

No studies were located regarding cardiovascular, hematological, or
musculoskeletal effects in humans or animals after dermal exposure to
1,2,3-trichloropropane.

Respiratory Effects. No studies were located regarding respiratory
effects in humans after dermal exposure to 1,2,3-trichloropropane.
Lung hemorrhage and apparently related effects (e.g., discoloration of
the lungs and liquid in the thoracic cavity) have been observed in rabbits
exposed to lethal dermal doses of 1,2,3-trichloropropane (Alpert 1982; Union
Carbide 1958).

Gastrointestinal Effects. No studies were located regarding
gastrointestinal effects in humans after dermal exposure to
1,2,3-trichloropropane.

Ulceration of the stomach wall was observed in rabbits exposed to lethal
dermal doses of 1,2,3-trichloropropane (Alpert 1982).

Hepatic Effects. No studies were located regarding hepatic effects in
humans after dermal exposure to 1,2,3-trichloropropane.

Turgid and discolored livers were observed in rabbits exposed to lethal
dermal doses of 1,2,3-trichloropropane (Alpert 1982; Union Carbide 1958).
These macroscopic alterations are consistent with oral and inhalation evidence
of hepatotoxicity.

Renal Effects. No studies were located regarding renal effects in
humans after dermal exposure to 1,2,3-trichloropropane.

Discolored kidneys and hematuria were observed in rabbits exposed to
lethal dermal doses of 1,2,3-trichloropropane (Alpert 1982; Union Carbide
1958). These macroscopic alterations are consistent with oral and inhalation
evidence of renal toxicity.

Dermal/Ocular Effects. No studies were located regarding dermal effects
in humans after dermal exposure to 1,2,3-trichloropropane. Limited
information indicates that brief (15-minute) exposure to 100 ppm
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1,2,3-trichloropropane vapor causes eye irritation in humans (Silverman et al.
1946).

1,2,3-Trichloropropane vapor caused eye irritation in rats and mice
exposed for 4 hours to concentrations as low as 126 ppm (Gushow and Quast
1984) and in rats exposed intermittently to concentrations as low as 15 ppm
over a period of 13 weeks (Johannsen et al. 1988). Ocular application of
1,2,3-trichloropropane caused eye irritation in rabbits (Alpert 1982; Clark
1977).

Dermal application of 1,2,3-trichloropropane causes severe skin
irritation in rabbits. Evidence suggests that prolonged exposure (e.g., for
24 hours) or repeated daily application (e.g., for 2 weeks) may be necessary
to cause irritation (Clark 1977; McOmie and Barnes 1949). The results of one
study suggest that 1,2,3-trichloropropane in corn oil vehicle was a very mild
skin sensitizer in guinea pigs (Clark 1977). Another study that used a less
sensitive procedure found no evidence of skin sensitization by undiluted
1,2,3-trichloropropane in guinea pigs (Alpert 1982). This study also found
that corn oil itself was a mild skin sensitizer in guinea pigs, indicating
that there is a possibility that the vehicle may enhance the weak effect
observed by Clark (1977).

2.2.3.3 Immunological Effects

No studies were located regarding immunological effects in humans after
dermal exposure to 1,2,3-trichloropropane.

As indicated in the discussion of Dermal/Ocular Effects in
Section 2.2.3.2, one study provides limited evidence that
1,2,3-trichloropropane may be a very weak dermal sensitizer in animals (Clark
1977).

No studies were located regarding the following effects in humans or
animals after dermal exposure to 1,2,3-trichloropropane:

2.2.3.4 Neurological Effects
2.2.3.5 Developmental Effects
2.2.3.6 Reproductive Effects
2.2.3.7 Genotoxic Effects

Other mutagenicity studies are discussed in Section 2.4.

2.2.3.8 Cancer

No studies were located regarding carcinogenicity in humans or animals
after inhalation exposure to 1,2,3-trichloropropane.
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2.3 TOXICOKINETICS

2.3.1 Absorption

2.3.1.1 Inhalation Exposure

No quantitative information was located regarding absorption of
1,2,3-trichloropropane in humans or animals following inhalation exposure;
however, since liver and kidney toxicity has been reported in animals exposed
by the inhalation route (see discussions of Hepatic Effects and Renal Effects
in Section 2.2.1.2), it can be concluded that absorption occurs to some
extent.

2.3.1.2 Oral Exposure

No quantitative information was located regarding absorption of
1,2,3-trichloropropane in humans following oral exposure.

The results of studies performed in rats indicate that near complete
absorption (greater than 80%) from the gastrointestinal tract occurs within
the first day following oral exposure (Sipes et al. 1982; Volp et al. 1984).

2.3.1.3 Dermal Exposure

No quantitative information was located regarding absorption of
1,2,3-trichloropropane in humans or animals following dermal exposure.
However, internal pathology and death have been reported in animals exposed by
the-dermal route (see Sections 2.2.3.1 and 2.2.3.2). Since vapor exposure was
unlikely due to occlusive covering of the treatment area, it can be concluded
that dermal absorption occurs to some extent.

2.3.2 Distribution

2.3.2.1 Inhalation Exposure

No information was located regarding the distribution of
1,2,3-trichloropropane in humans or animals following inhalation exposure.

2.3.2.2 Oral Exposure

No information was located regarding the distribution of
1,2,3-trichloropropane in humans following oral exposure.

Muscle, blood, liver, skin, and adipose tissue contained the largest
amounts of 1,2,3-trichloropropane following oral exposure in rats (Sipes et
al. 1982). Retention in all tissues was low, however, as elimination of
1,2,3-trichloropropane-derived radioactivity from tissues was nearly complete
(greater than 97%) within 8 days after exposure.
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Elimination of 1,2,3-trichloropropane from tissues is nearly complete
(greater than 97%) within 8 days after oral exposure in rats (Sipes et al.
1982).

2.3.2.3 Dermal Exposure

No information was located regarding the distribution of
1,2,3-trichloropropane in humans or animals following dermal exposure.

2.3.2.4. Other Routes of Exposure

No information was located regarding the distribution of
1,2,3-trichloropropane in humans following exposure by other routes.

Distribution studies of intravenously injected 1,2,3-trichloropropane in
rats have provided a quantitative description of the distribution kinetics
from which predictions can be made regarding other routes of exposure (Sipes
et al. 1982; Volp et al. 1984). Intravenously injected 1,2,3-trichloropropane
rapidly distributes to many tissues. The major sites of accumulation are
liver, kidney, small and large intestine, adipose tissue, muscle, and skin.
Peak concentrations are achieved within l-2 hours after intravenous injection.

Elimination of 1,2,3-trichloropropane from tissues in the rat is also
rapid and a two-phase process (Volp et al. 1984). Elimination half-times for
greater than 90% of the 1,2,3-trichloropropane in tissues ranged from
20 minutes in kidney to 2 hours in adipose tissue (first phase). A small
fraction of the 1,2,3-trichloropropane in these tissues (less than 10%) was
eliminated more slowly, with half-times ranging from 23 to 45 hours (second
phase). Elimination of total radioactivity from the tissues after intravenous
injection of radiolabeled 1,2,3-trichloropropane (phase one half-times between
2-5 hours, phase two half-time between 87-182 hours) is slower than
elimination of parent 1,2,3-trichloropropane. This suggests that metabolites
of 1,2,3-trichloropropane are eliminated slower than the parent compound.

Based on the results of studies in the rat, it can be concluded that
1,2,3-trichloropropane absorbed by any route is likely to be widely
distributed in the body. Most of the 1,2,3-trichloropropane that enters
tissues is eliminated within hours to days.

2.3.3 Metabolism

No information was located regarding the metabolism of
1,2,3-trichloropropane in humans; however, studies in animals have provided
information about metabolic pathways and rates of metabolism that are likely
to occur in humans. Intravenously injected 1,2,3-trichloropropane is
extensively metabolized within hours in rats. Metabolic products in rats
include carbon dioxide, which is expired, and numerous unidentified
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metabolites that are excreted in urine and enter the bile to be excreted in
feces or absorbed in the intestines (Sipes et al. 1982; Volp et al. 1984).
Although the nonvolatile metabolites of 1,2,3-trichloropropane that are formed
in the rat have not been identified, dehalogenation products, glutathione
conjugates, and subsequent metabolites (e.g., mercapturic acids) can be
anticipated, based on the metabolic pathways that have been identified for
other halogenated alkanes.

Chloroalkanes such as 1,2,3-trichloropropane undergo dehalogenation
reactions catalyzed by cytochrome P-450 (Ivanetich et al. 1978; Salmon et al.
1981; Van Dyke et al. 1971). Depending on the reaction mechanism, highly
reactive intermediates (e.g., radicals) can be formed from these reactions
leading to protein and DNA adducts or lipid peroxidation. Conjugation with
glutathione could result in formation of sulfur mustard-like compounds that
are potential alkylating agents.

2.3.4 Excretion

2.3.4.1 Inhalation Exposure

No information was located regarding the excretion of
1,2,3-trichloropropane in humans or animals following inhalation exposure.

2.3.4.2 Oral Exposure

No information was located regarding the excretion of
1,2,3-trichloropropane in humans following oral exposure.

Studies conducted with rats showed that 1,2,3-trichloropropane and its
metabolites were excreted in urine, feces, and exhaled breath after oral
exposure (Sipes et al. 1982). Excretion was nearly complete (95-96%) within
2 days. Most of the dose was excreted in the urine and feces (up to 56% and
25%, respectively), with the remainder in the breath.

2.3.4.3 Dermal Exposure

No information was located regarding the excretion of
1,2,3-trichloropropane in humans or animals following dermal exposure.

2.3.4.4 Other Routes of Exposure

No information was located regarding the excretion of
1,2,3-trichloropropane in humans following other routes of exposure.

Studies of the excretion of intravenously injected 1,2,3-trichloropropane
in rats have provided a quantitative description of the excretion
kinetics from which predictions can be made about other routes of exposure
(Sipes et al. 1982; Volp et al. 1984). Excretion of intravenously injected
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1,2,3-trichloropropane and metabolites is nearly complete within 2 days.
Unchanged 1,2,3-trichloropropane and its major metabolite, carbon dioxide, are
expired in exhaled breath. Nonvolatile metabolites are excreted in the urine.
Extensive biliary excretion of nonvolatile metabolites also occurs, resulting
in fecal excretion as well as reabsorption of metabolites from the
gastrointestinal tract. Based on the results of studies in rats, exhaled
breath, urine, and feces are likely to be significant routes of excretion of
absorbed 1,2,3-trichloropropane and its metabolites in humans.

2.4 RELEVANCE TO PUBLIC HEALTH

The only information that is available on the health effects of
1,2,3-trichloropropane in humans indicates that exposure to
1,2,3-trichloropropane of unknown purity in air can produce eye and throat
irritation. Effects in the respiratory system, eyes and skin,
gastrointestinal tract, liver, kidneys, blood, and spleen have been observed
in animals exposed to 1,2,3-trichloropropane by air, mouth, and/or skin.
1,2,3-Trichloropropane also induced tumors at multiple sites in animals
exposed orally.

Sufficient information is available on the health effects of
1,2,3-trichloropropane to derive MRLs for acute duration inhalation exposure
and intermediate duration oral exposure. Based on a NOAEL of 1 ppm for
histological changes in the nasal olfactory epithelium of rats (Miller et al.
1986b), an acute inhalation MEL of 0.0003 ppm was calculated by adjusting the
NOAEL for intermittent exposure, converting the adjusted NOAEL to an
equivalent concentration in humans, and dividing the equivalent concentration
by an uncertainty factor of 100 (10 for extrapolation from animals to humans,
and 10 for human variability). The LOAEL for effects on the olfactory
epithelium (decreased thickness) in rats is 3 ppm (Miller et al. 1986b).
Supporting studies show that similar nasal effects occurred in mice at 10 ppm,
and more pronounced changes in nasal tissues occurred in rats and mice at
higher concentrations (Miller et al. 1986a, 1986b). An intermediate duration
inhalation MEL for 1,2,3-trichloropropane cannot be derived due to a lack of
information on effects on the nasal olfactory epithelium which, based on the
acute data, is the critical target of inhalation exposure. A chronic
inhalation MEL is precluded by a lack of data on chronic toxicity.
Insufficient information is available on the systemic effects of acute oral
exposure to 1,2,3-trichloropropane at sublethal doses to derive an acute oral
MEL. Based on a NOAEL of 8 mg/kg/day for hepatic effects in rats (NTP 1983a),
an oral MEL of 0.06 mg/kg/day was calculated for intermediate duration
exposure by dividing the NOAEL by an uncertainty factor of 100 (10 for
extrapolation from animals to humans, and 10 for human variability). The
LOAEL for hepatic effects (increased liver weight, decreased serum
cholinesterase) is 16 mg/kg/day (NTP 1983a). The NOAEL and LOAEL for anemia
in rats are the same as the NOAEL and LOAEL for hepatic effects, but other
data that lend support to the intermediate oral MEL are not available. A
chronic oral MEL is precluded by lack of information on chronic toxicity.
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Acute-duration, intermediate-duration, and chronic duration dermal MRLs were
not derived for 1,2,3-trichloropropane due to the lack of an appropriate
methodology for the development of dermal MRLs.

Death. Information regarding death in humans following exposure to
1,2,3-trichloropropane by any route was not found.

Studies with rats and mice suggest that 1,2,3-trichloropropane is
similarly toxic following acute- and intermediate-duration exposure by either
the inhalation or oral route. Lethal concentrations as low as approximately
300 ppm for inhalation exposure and lethal doses in the range of 125-250 mg/kg
for gavage exposure indicate that the 1,2,3-trichloropropane is likely to be
moderately toxic for humans. However, 1,2,3-trichloropropane may be less
toxic when ingested gradually throughout the day, such as in the drinking
water, than when taken as a bolus. Acute dermal and oral lethal doses of
1,2,3-trichloropropane in animals appear to be similar in magnitude,
suggesting that skin contact with liquid 1,2,3-trichloropropane at waste sites
could be toxic for humans. The dermal doses may actually overestimate
lethality, however, because the testing methods may have prevented evaporation
of 1,2,3-trichloropropane from the skin.

Systemic Effects.

Respiratory Effects. The respiratory tract is a principal target of
inhaled 1,2,3-trichloropropane in studies with humans and animals. Human
subjects experienced objectionable throat and eye irritation at 100 ppm. Some
subjects found 50 ppm unacceptable for an 8-hour day, but information on
irritation in humans at lower concentrations is not available. Rodent data
showing that 1,2,3-trichloropropane causes irritative effects in the
respiratory tract, eyes, and skin following vapor exposure, and in the
gastrointestinal tract following oral exposure support the fact that
1,2,3-trichloropropane is a local irritant in humans. Effects indicative of
local irritation have occurred in rats and mice at air concentrations as low
as 3 ppm (rats); these effects consisted of microscopic alterations in the
nasal cavity (inflammatory and degenerative changes) and bronchi (lymphoid
hyperplasia). The animal evidence suggests that the nasal olfactory
epithelium is more sensitive than the respiratory epithelium to inhaled
1,2,3-trichloropropane, but most inhalation studies, including the only
intermediate-duration study in animals (rats), did not examine the nasal
cavity. Because rodents are obligate nose breathers (Miller et al. 1986a,
1986b), histologicai alterations in rodent olfactory mucosa might be
pronounced in comparison to humans, who are capable of breathing via the
mouth. However, because the effects on the olfactory tissue are progressive
and show the potential for olfactory impairment in humans, they are an
appropriate basis for the acute inhalation MRL.

Histological effects have also been observed in the nasal cavity and
bronchiolar epithelium of rats and/or mice that were exposed to
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1,2,3-trichloropropane for acute and intermediate durations by oral intubation
at doses of 63 mg/kg/day and more. These effects seem to be generally
consistent with those found in the inhalation studies and confirm that
1,2,3-trichloropropane is a probable respiratory tract toxicant in humans.
The nasal effects ranged from inflammation to mucosal necrosis at lethal
doses, but appear to have occurred principally in the dorsal posterior nasal
mucosa rather than the olfactory mucosa. The pathogenesis of the nasal
lesions in orally treated animals is unclear since the principal location of
the nasal effects in these animals (dorsal posterior) may suggest a local
rather than systemic effect. This could possibly result from small amounts of
residual compound in the pharynx after dosing, escape of volatile material
from the stomach into the nasal passages, or elimination of
1,2,3-trichloropropane or metabolites in expired air. Therefore, the
respiratory effects seen in animals after gavage exposure may be relevant to
human exposure to 1,2,3-trichloropropane via drinking water because
1,2,3-trichloropropane could also escape from the pharynx and stomach into the
nasal passages or be eliminated in expired air after exposure by this route.
The relevance of the effects in the bronchiolar epithelium, which were
primarily regenerative changes such as hyperplasia in mice, is uncertain
because it is possible that they were caused by exposure due to improper
gavage treatment. This possibility may be substantive since there were a
number of deaths resulting from faulty intubation techniques in the same
study. Based on the overall evidence from animal studies, it appears that
continued exposure to 1,2,3-trichloropropane in air or water at sufficiently
high levels may be capable of producing adverse changes in nasal tissues of
humans.

Hematological Effects. 1,2,3-Trichloropropane has not been reported to
produce hematological effects in humans. Nonregenerative anemia occurred in
rats orally exposed to 1,2,3-trichloropropane for intermediate durations.
This is one of most sensitive effects of 1,2,3-trichloropropane in animals.
Effects in the spleen (increased hematopoiesis, decreased spleen weight or
lymphoid depletion) in rats and mice exposed orally or by inhalation may
indicate hematological effects of 1,2,3-trichloropropane, but the biological
significance of these changes is uncertain because anemia was the only
abnormal hematology measurement in the rats and hematology was normal in the
mice. Overall, the animal data suggest some potential for adverse
hematological effects in humans exposed to 1,2,3-trichloropropane.

Hepatic Effects. Adverse effects on the liver in humans have not been
reported; however, the liver is a major target organ of 1,2,3-trichloropropane
in animals. 1,2,3-Trichloropropane causes dose-related hepatic toxicity that
is severe enough at high doses to contribute to death in rats and mice
following acute- or intermediate-duration gavage administration.
1,2,3-Trichloropropane appears to be less hepatotoxic when ingested throughout
the day (i.e., in drinking water) than when taken as a bolus. Hepatic effects
other than increased liver weight and hepatocellular hypertrophy have not been
observed in rats and mice exposed by inhalation, but examinations were not
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performed on animals exposed for periods longer than 13 weeks. Gavage studies
show that the changes in the liver are progressive, with increased organ
weights, minimal histological alterations, and/or clinical chemistry
alterations occurring at lower doses. The most sensitive hepatic effect
observed appears to be decreased serum pseudocholinesterase activity which, in
the absence of known inhibitors, suggests depressed synthesis due to
hepatocellular damage (NTP 1983a). The oral MRL for intermediate-duration
exposure is based on this effect. There was macroscopic evidence of liver
damage in rabbits that died following acute dermal exposure to
1,2,3-trichloropropane. Although effects on the liver have not been observed
in humans, the studies in animals indicate that such hepatic effects might
occur in humans at sufficiently high or prolonged exposures.

Renal Effects. Adverse effects on the kidneys in humans have not been
reported, but the kidneys are a major target of 1,2,3-trichloropropane
toxicity in animals. 1,2,3-Trichloropropane causes dose-related renal
toxicity that is severe enough at high doses to contribute to death in rats
and mice following acute- or intermediate-duration gavage administration.
1,2,3-Trichloropropane appears to be less toxic to the kidneys when ingested
throughout the day (i.e., in drinking water) than when taken as a bolus.
Renal effects other than increased kidney weights have not been observed in
rats exposed by inhalation, but examinations were not performed on animals
exposed for longer than 13 weeks. Gavage studies indicate that the renal
effects are progressive, with increased organ weight and clinical chemistry
alterations occurring at lower doses. Macroscopic evidence of kidney damage
was observed in rabbits that died following acute dermal exposure to
1,2,3-trichloropropane. Although effects on kidneys have not been observed in
humans, the studies in animals indicate that renal effects might occur in
humans at sufficiently high or prolonged exposures.

Other Systemic Effects. Other systemic effects observed in rats
following intermediate-duration oral exposure to 1,2,3-trichloropropane
included weight loss, alopecia, and histological changes in the thyroid
(reduced follicular size, increased epithelial height). Insufficient
information is available to determine if 1,2,3-trichloropropane is likely to
produce these effects in exposed humans.

Immunological Effects. Immunological effects of 1,2,3-trichloropropane
have not been reported in humans. Intermediate-duration studies with rats and
mice have shown effects in the spleen and thymus (lymphoid depletion and/or
decreased organ weight) following oral or inhalation exposure. The effects
occurred at high levels of exposure, frequently in the lethal range. These
effects cannot be used to infer immunotoxicity of 1,2,3-trichloropropane in
humans because immune function has not been evaluated.

Neurological Effects. Neurological effects of 1,2,3-trichloropropane
have not been reported in humans. Signs suggestive of CNS impairment occur in
rodents exposed to lethal levels of 1,2,3-trichloropropane by the inhalation,
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oral, and dermal routes, but these effects do not necessarily indicate that
1,2,3-trichloropropane is neurotoxic because they could be due to indirect
causes (e.g., asphyxiation, kidney failure) in dying animals. Brain weights
were reported to have increased in rats that inhaled lethal concentrations of
1,2,3-trichloropropane in an intermediate-duration study, but this could
simply reflect a decrease in body weight (i.e., if relative brain weight was
increased). Since the studies that reported the aforementioned effects did
not perform neurological or behavioral evaluations, insufficient information
is available to determine if 1,2,3-trichloropropane is likely to produce
neurological effects in humans at sublethal levels.

Developmental Effects. Developmental effects of 1,2,3-trichloropropane
have not been reported in humans. 1,2,3-Trichloropropane did not produce
effects on survival or growth during gestation or lactation in offspring of
rats exposed by inhalation, but teratogenicity was not evaluated.
Developmental toxicity of 1,2,3-trichloropropane has not been evaluated in
animals exposed orally or dermally. There was no evidence of teratogenicity
or fetal toxicity in rats treated with a maximum tolerated dose of
1,2,3-trichloropropane (37 mg/kg) by intraperitoneal injection on days l-15 of
gestation (Hardin et al. 1981). Although the available data provide some
assurance that 1,2,3-trichloropropane is not developmentally toxic in animals,
additional information, particularly teratogenicity evaluations in animals by
environmentally relevant routes of exposure, would be needed to prove that
1,2,3-trichloropropane is not a likely developmental toxicant in humans.

Reproductive Effects. Reproductive effects of 1,2,3-trichloropropane in
humans have not been reported. There were no effects on mating performance or
fertility in rats exposed orally for 5 days or by inhalation at relatively low
concentrations (less than or equal to 15 ppm) for 10 weeks. Oral
administration for up to 4 months at lethal levels caused decreased testes and
epididymis weights in rats and mice, but no effects on testicular histology or
sperm. Rats exposed by inhalation for 4 weeks at lethal levels experienced
decreased testes and ovary weights, but histology and sperm were not
evaluated. Although effects of 1,2,3-trichloropropane on reproductive
function have not been evaluated in animals treated at high (near maximum
tolerated) doses or concentrations, the normal testicular histology and sperm
counts and morphology at lethal levels in the 4-week inhalation study are
consistent with normal reproductive function. Overall, the available data
suggest that 1,2,3-trichloropropane will not be a reproductive toxicant in
humans.

Genotoxic Effects. Genotoxic effects of 1,2,3-trichloropropane in
humans have not been reported. 1,2,3-trichloropropane was mutagenic in
certain strains of Salmonella typhimurium when assayed with exogenous
metabolic activation preparation, and it induced sister chromatid exchanges in
cultured hamster cells (Table 2-4). 1,2,3-trichloropropane did not induce
dominant lethal mutations when administered orally to rats (Saito-Suzuki et
al. 1982) (see Section 2.2.2.7). Although only limited data are available,
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this evidence indicates that 1,2,3-trichloropropane is genotoxic in animals
and may be genotoxic in humans.

Cancer. Information regarding the carcinogenicity of 1,2,3-trichloropropane
in humans by any route of exposure was not located. Clear evidence of
carcinogenicity was found for 1,2,3-trichloropropane in male and female rats
at doses of 3 mg/kg/day or more and in male and female mice at doses of
6 mg/kg/day or more in a 2-year gavage study (NTP 1991). Increased incidences
of squamous cell papilloma and/or carcinoma were found in the oral mucosa
and/or the forestomach of both sexes of both species. These tumors were
morphologically similar in the oral mucosa and forestomach, forming a
continuum. Other tumors that were considered to be related to
1,2,3-trichloropropane exposure consisted of pancreatic acinar adenoma, renal
tubule adenoma, adenoma and carcinoma of the preputial gland in male rats;
clitoral gland adenoma and carcinoma, mammary gland adenocarcinoma in female
rats; hepatocellular adenoma and carcinoma and Harderian gland adenoma in male
and female mice; and uterine neoplasms in female mice. Zymbal's gland
carcinoma and intestinal adenocarcinoma also found in the male and female rats
may be related to the 1,2,3-trichloropropane exposure. The carcinogenicity of
1,2,3-trichloropropane is consistent with the positive genotoxicity findings
in the presence of bioactivation (see Table 2-4) and with its metabolism to
reactive intermediates, such as alkylating agents, which can lead to protein
and DNA adducts (see Section 2.3.3). NTP, IARC, and EPA have not yet
classified 1,2,3-trichloropropane with respect to its potential
carcinogenicity for humans, but the evidence in both sexes of two species of
animals strongly suggests a public health concern.

2.5 BIOMARKERS OF EXPOSURE AND EFFECT

Biomarkers are broadly defined as indicators signaling events in
biologic systems or samples. They have been classified as markers of
exposure, markers of effect, and markers of susceptibility (NAS/NRC 1989).

A biomarker of exposure is a xenobiotic substance or its metabolite(s)
or the product of an interaction between a xenobiotic agent and some target
molecule(s) or cell(s) that is measured within a compartment of an organism
(NAS/NRC 1989). The preferred biomarkers of exposure are generally the
substance itself or substance-specific metabolites in readily obtainable body
fluid(s) or excreta. However, several factors can confound the use and
interpretation of biomarkers of exposure. The body burden of a substance may
be the result of exposures from more than one source. The substance being
measured may be a metabolite of another xenobiotic substance (e.g., high
urinary levels of phenol can result from exposure to several different
aromatic compounds). Depending on the properties of the substance (e.g.,
biologic half-life) and environmental conditions (e.g., duration and route of
exposure), the substance and all of its metabolites may have left the body by
the time biologic samples can be taken. It may be difficult to identify
individuals exposed to hazardous substances that are commonly found in body
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tissues and fluids (e.g., essential mineral nutrients such as copper, zinc,
and selenium). Biomarkers of exposure to 1,2,3-trichloropropane are discussed
in Section 2.5.1.

Biomarkers of effect are defined as any measurable biochemical,
physiologic, or other alteration within an organism that, depending on
magnitude, can be recognized as an established or potential health impairment
or disease (NAS/NRC 1989). This definition encompasses biochemical or
cellular signals of tissue dysfunction (e.g., increased liver enzyme activity
or pathologic changes in female genital epithelial cells), as well physiologic
signs of dysfunction such as increased blood pressure or decreased lung
capacity. Note that these markers are often not substance specific. They
also may not be directly adverse, but can indicate potential health impairment
(e.g., DNA adducts). Biomarkers of effects caused by 1,2,3-trichloropropane
are discussed in Section 2.5.2.

A biomarker of susceptibility is an indicator of an inherent or acquired
limitation of an organism's ability to respond to the challenge of exposure to
a specific xenobiotic substance. It can be an intrinsic genetic or other
characteristic or a preexisting disease that results in an increase in
absorbed dose, biologically effective dose, or target tissue response. If
biomarkers of susceptibility exist, they are discussed in Section 2.7,
"POPULATIONS THAT ARE UNUSUALLY SUSCEPTIBLE."

2.5.1 Biomarkers Used,to Identify and/or Quantify Exposure
      to 1,2,3-Trichloropropane

Biomarkers of exposure to 1,2,3-trichloropropane cannot be identified
because information on levels of 1,2,3-trichloropropane or its metabolites in
human tissues, fluids, or excreta or information on effects specific for
1,2,3-trichloropropane is not available. Studies with rats indicate that
excretion of 1,2,3-trichloropropane in the breath or urine may be sufficient
for monitoring purposes (see Section 2.3.4). Mild anemia and serum enzyme
alterations associated with liver toxicity, particularly decreased serum
pseudocholinesterase activity, occurred in rats exposed to
1,2,3-trichloropropane. The enzyme alterations were used as the basis for the
intermediate-duration oral MRL. Although the anemia and enzyme alterations
are sensitive indicators of toxicity in rats, they are not specific indicators
of exposure to 1,2,3-trichloropropane and may not occur in humans.

2.5.2 Biomarkers Used to Characterize Effects Caused by
      1,2,3-Trichloropropane

Effects in humans that are specifically attributable to 1,2,3-
trichloropropane
exposure are not known. Principal targets of 1,2,3-trichloropropane
in animals are the respiratory tract, blood, liver, and kidneys (see
Section 2.4). One study with rats suggests that alterations of serum enzymes
(e.g., decreased serum pseudocholinesterase activity) and anemia might be
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useful biomarkers for hepatic and hematologic effects, respectively, of
1,2,3-trichloropropane. Insufficient data exist, however, to determine
whether 1,2,3-trichloropropane is likely to cause anemia in humans, and
substances other than 1,2,3-trichloropropane could also cause similar
hematologic and hepatic effects.

2.6 INTERACTIONS WITH OTHER CHEMICALS

Rats were exposed by inhalation to 500 ppm 1,2,3-trichloropropane and
1,000 ppm dichloropropane alone and in combination for 4 hours (Drew et al.
1978). Activities of liver-associated serum enzymes (serum glutamicoxaloacetic
transaminase, serum glutamic-pyruvic transaminase, ornithine
carbamyl transferase) were increased 24-48 hours following exposure to each
chemical alone. The combined exposure resulted in higher enzyme activities
than with either chemical alone, but the increases were less than additive.

2.7 POPULATIONS THAT ARE UNUSUALLY SUSCEPTIBLE

No populations with unusual susceptibility to health effects of
1,2,3-trichloropropane have been identified. The respiratory tract, blood,
liver, and kidneys are principal targets of 1,2,3-trichloropropane in animals
(see Section 2.4). It is therefore possible that people with chronic
respiratory, liver, or kidney disease, or possibly people with compromised
pulmonary, hepatic, or renal function (e.g., alcoholics), might be unusually
susceptible to 1,2,3-trichloropropane.

2.8 MITIGATION OF TOXICOLOGICAL EFFECTS

This section will describe the clinical practice and research methods
for reducing toxic effects of exposure to 1,2,3-trichloropropane. However,
because some the treatments discussed may be experimental and unproven, this
section should not be used as a guide for treatment of exposures to
1,2,3-trichloropropane. When specific exposures have occurred poison control
centers and medical toxicologists should be consulted for medical advice.

Human exposure to 1,2,3-trichloropropane may occur by inhalation,
ingestion, or by dermal contact. Specific information on the management and
treatment of toxicological effects following acute exposure to
1,2,3-trichloropropane were not located in the literature. However, since
effects of 1,2,3-trichloropropane are consistent with those produced by other
halogenated aliphatic hydrocarbons compounds, general information on
mitigation for this chemical class pertains to 1,2,3-trichloropropane (Stutz
and Janusz 1988). Mitigation approaches to reduce absorption of
1,2,3-trichloropropane have included general recommendations of separating
contaminated food, water, air, and clothing from the exposed individual.
Externally, 1,2,3-trichloropropane can produce irritation and injury to the
skin and mucous membranes. Exposed eyes are flushed with a clean neutral
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solution such as water or normal saline. The skin is immediately washed with
large amounts of soapy water.

If oral exposure has occurred, inducing emesis may be indicated within
the first 30 minutes following substantial ingestion unless the patient is or
could rapidly become obtunded, comatose, or convulsing (HSDB 1992). The
victim is then given water or milk to dilute the chemical and activated
charcoal to adsorb the chemical (Stutz and Janusz 1988). Although of unproven
value in all cases of ingestion, administration of a cathartic such as
magnesium sulfate may stimulate fecal excretion of the chemical before it is
completely absorbed by the body (Stutz and Janusz 1988).

Little information specific to enhancing excretion or reducing body
burden of 1,2,3-trichloropropane was available. However, animal data indicate
that once absorbed orally in rats, 95-96% of 1,2,3-trichloropropane is
excreted within 2 days. Most of the dose (56%) was excreted in the urine and
25% in the feces, with the remainder exhaled in the breath. (Sipes et al.
1982). Mitigation strategies to increase urinary output and dilute the
chemical in humans might include flushing the gastrointestinal and circulatory
systems with fluid while carefully monitoring fluid and electrolyte balances.
Muscle, blood, liver, skin, and adipose tissue contained the largest amounts
of radiolabled 1,2,3-trichloropropane following oral exposure in rats (Sipes
et al. 1982).

Based on metabolic pathways for other chloroalkanes, 1,2,3-trichloropropane
probably undergoes dehalogenation reactions via cytochrome P-450
dependent microsomal metabolism, resulting in the formation of highly reactive
intermediates that may lead to protein and DNA adducts or lipid peroxidation
(Ivanetich et al. 1978; Salmon et al. 1981; Van Dyke et al. 1971). If the
mechanism of 1,2,3-trichloropropane induced toxicity involves the action of
reactive intermediates, administration of chemicals that interfere with these
metabolic processes might be effective in reducing adverse health effects.

2.9 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA as amended directs the Administrator of
ATSDR (in consultation with the Administrator of EPA and agencies and programs
of the Public Health Service) to assess whether adequate information on the
health effects of 1,2,3-trichloropropane is available. Where adequate
information is not available, ATSDR, in conjunction with the National
Toxicology Program (NTP), is required to assure the initiation of a program of
research designed to determine the health effects (and techniques for
developing methods to determine such health effects) of
1,2,3-trichloropropane.

The following categories of possible data needs have been identified by
a joint team of scientists from ATSDR, NTP, and EPA. They are defined as
substance-specific informational needs that, if met, would reduce or eliminate
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the uncertainties of human health assessment. In the future, the identified
data needs will be evaluated and prioritized, and a substance-specific
research agenda will be proposed.

2.9.1 Existing Information on Health Effects of 1,2,3-Trichloropropane

The existing data on health effects of inhalation, oral, and dermal
exposure of humans and animals to 1,2,3-trichloropropane are summarized in
Figure 2-3. The purpose of this figure is to illustrate the existing
information concerning the health effects of 1,2,3-trichloropropane. Each dot
in the figure indicates that one or more studies provide information
associated with that particular effect. The dot does not imply anything about
the quality of the study or studies. Gaps in this figure should not be
interpreted as "data needs" information (i.e., data gaps that must necessarily
be filled).

Information on health effects of 1,2,3-trichloropropane in humans is
limited to one report of systemic effects (eye and throat irritation)
resulting from acute vapor exposure (Silverman et al. 1946). As indicated in
Figure 2-3, data are available for the lethality, acute systemic toxicity,
intermediate systemic toxicity, and reproductive effects of 1,2,3-trichloropropane
in animals exposed by the oral and inhalation routes. Limited
information is available for immunologic and neurologic effects by the
inhalation and oral routes, and developmental and genotoxic effects by the
oral route. Information is also available on the carcinogenicity of
1,2,3-trichloropropane in animals exposed by the oral route. Dermal toxicity
studies of 1,2,3-trichloropropane provide acute lethality data and limited
information on acute systemic and neurologic effects.

2.9.2 Data Needs

Acute-Duration Exposure. There is evidence that 1,2,3-trichloropropane
vapor irritates the eyes and throat of humans (Silverman et al. 1946), but
information on other targets of acute 1,2,3-trichloropropane toxicity in
humans is not available. The respiratory tract, liver, and kidneys appear to
be principal targets of 1,2,3-trichloropropane toxicity in rats and mice
following inhalation or oral exposure for approximately 2 weeks (Miller et al.
1986a, 1986b; NTP 1983a, 1983b), and are likely targets of acute exposure in
humans. Sufficient respiratory (nasal) effects data are available on which to
base an acute MRL for inhalation exposure (Miller et al. 1986b). Respiratory
effects of 1,2,3-trichloropropane, however, have been investigated in only two
animal species (rats and mice). Studies with other species could confirm that
the respiratory system is the most sensitive target of acute-duration
inhalation exposure to 1,2,3-trichloropropane. Additional acute oral studies
could help characterize the systemic effects of 1,2,3-trichloropropane at
sublethal doses to enable determination of an acute-duration oral MRL.
Information is available for effects of 1,2,3-trichloropropane on the skin and
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eyes (Alpert 1982; Clark 1977; Gushow and Quast 1984), but not on other
tissues, following acute nonlethal dermal exposure. There are no
pharmacokinetic data available to support the identification of target organs
across routes of exposure. Dermal studies may not be necessary to provide
information on systemic toxicity since it appears, based on inhalation and
oral data, that systemic effects of 1,2,3-trichloropropane, other than
respiratory effects, may not be route-specific.

Intermediate-Duration Exposure. Information is not available on
systemic effects of 1,2,3-trichloropropane in humans following intermediate-
duration exposure by any route. The respiratory system, blood, liver, and
kidneys appear to be principal targets of 1,2,3-trichloropropane in rats and
mice exposed by inhalation or orally for intermediate durations (Johannsen et
al. 1988; NTP 1983a, 1983b; Villeneuve et al. 1985), but studies longer than
2-4 months have not been performed (inhalation) or are not completed (NTP oral
bioassay; see Section 2.8.3). The spleen and thyroid are less sensitive
targets of intermediate-duration oral exposure in animals (NTP 1983a;
Villeneuve et al. 1985), but the biological significance of effects observed
in these organs is uncertain. Although intermediate-duration inhalation
studies with animals are consistent with acute data in showing the respiratory
system to be a target of 1,2,3-trichloropropane toxicity, intermediate-
duration exposure levels that do not cause adverse respiratory (nasal) effects
have not been determined. Although the respiratory system does not appear to
be the most sensitive target for intermediate-duration oral exposure, drinking
water studies could help ascertain if the pulmonary effects observed in gavage
studies are a consequence of the method of treatment. Sufficient information
is available from one study (NTP 1983a) to determine a dose that does not
cause adverse hepatic and hematologic effects and to derive an MRL for
intermediate-duration oral exposure based on these effects. Confidence in
this MRL could be strengthened by additional studies. Additional information
would be useful to determine if intermediate-duration exposure to
1,2,3-trichloropropane is capable of causing biologically significant
alterations to the spleen and thyroid, particularly at doses in the range for
nonadverse liver and hematologic effects. Information is not available on
effects of intermediate-duration dermal exposure to 1,2,3-trichloropropane in
animals, and there are no pharmacokinetic data to support the identification
of target organs across routes of exposure. Acute-duration toxicity data,
however, suggest that systemic effects of 1,2,3-trichloropropane, other than
respiratory effects, may not be route-specific.

Chronic-Duration Exposure and Cancer. Information is not available
regarding the chronic toxicity of 1,2,3-trichloropropane in humans or animals
exposed by any route. Chronic studies in animals could provide information on
progression or reversibility of effects caused by subchronic exposure,
particularly respiratory system effects following inhalation exposure and
liver and hematological effects following oral exposure. Chronic studies in
animals also could enable identification of effects produced by low-level
exposure that might not be detected in shorter-duration studies.
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The carcinogenicity of 1,2,3-trichloropropane in humans or animals
exposed by any route has not been evaluated. 1,2,3-trichloropropane induced
multiple site tumors in both sexes of rats and mice exposed orally (NTP 1991).
The most frequently induced tumors were found in the oral and forestomach
mucosa, suggesting local reactivity, in addition to systemic reactivity. As
discussed in Section 2.8.3, there is evidence that 1,2,3-trichloropropane is
metabolized to reactive intermediates that can bind to DNA (Weber and Sipes
1988). Since these intermediates can interact with DNA, and respiratory
effects of inhaled 1,2,3-trichloropropane could be due to local reactivity, it
is reasonable to assume that prolonged inhalation exposure to 1,2,3-
trichloropropane would produce local and systemic tumors. An inhalation bioassay
would be useful to confirm this expectation and to determine the airborne
concentrations necessary to produce a carcinogenic response. 1,2,3-
Trichloropropane could also be tested to determine whether it is carcinogenic by
the dermal route.

Genotoxicity. Information on the genotoxicity of 1,2,3-trichloropropane
in humans is not available. The genotoxicity of 1,2,3-trichloropropane has
been evaluated in several assays that provide limited evidence of mutagenicity
in bacteria and clastogenicity (sister chromatid exchanges) in cultured
hamster cells (Haworth et al. 1983; Ratpan and Plaumann 1988; Stolzenberg and
Hine 1980; Von der Hude et al. 1987). 1,2,3-Trichloropropane did not induce
dominant lethal mutations in rats exposed orally for 5 days (Saito-Suzuki et
al. 1982). Additional studies in mammalian cells in vitro and in animals
would more fully characterize the genotoxicity of 1,2,3-trichloropropane.

Reproductive Toxicity. Information on reproductive effects of
1,2,3-trichloropropane in humans is not available. There were no reproductive
effects in rats exposed to a moderately high oral dose for 5 days or by
inhalation to a relatively low concentration (near the lowest concentrations
producing respiratory effects) for 10 weeks prior to mating (Johannsen et al.
1988; Saito-Suzuki et al. 1982). Oral exposure to lethal doses for 4 months
caused decreased testes and epididymis weights and no effects on testicular
histology or sperm in rats and mice, but reproductive function was not
evaluated (NTP 1983a, 1983b). Inhalation exposure to lethal concentrations of
1,2,3-trichloropropane for 4 weeks caused decreased testes and ovary weights
in rats, but reproductive organ histology and sperm and reproductive function
were not evaluated (Johannsen et al. 1988). Insufficient toxicokinetic data
are available to determine if 1,2,3-trichloropropane is likely to produce
similar reproductive effects by different routes of exposure. Evaluation of
reproductive function in animals following prolonged low dose oral exposure
and inhalation exposure at high (near maximum tolerated) concentrations,
therefore, would more fully assess the potential reproductive toxicity of
1,2,3-trichloropropane. Multigeneration or continuous-breeding studies in
animals would provide a better basis for evaluating reproductive toxicity but
may not be desirable unless other studies indicate that the reproductive
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system is a target organ. Reproductive toxicity data are particularly
desirable prior to developing MRLs.

Developmental Toxicity. Information on the developmental toxicity of
1,2,3-trichloropropane in humans is not available. There were no effects on
growth or viability of offspring of rats exposed by inhalation to low
concentrations of 1,2,3-trichloropropane prior to mating and during gestation,
but teratogenicity was not evaluated (Johannsen et al. 1988). 1,2,3-
Trichloropropane was not teratogenic in rats treated by intraperitoneal
injection (Hardin et al. 1981). Insufficient toxicokinetic data are available
to determine if 1,2,3-trichloropropane is likely to produce similar
developmental effects by different routes of exposure. Additional evaluations
using natural routes of exposure and higher doses, particularly inhalation and
oral teratogenicity studies, would more fully evaluate the developmental
toxicity potential of 1,2,3-trichloropropane. Developmental toxicity data are
particularly desirable prior to developing MRLs.

Immunotoxicity. Information on the immunological effects of
1,2,3-trichloropropane in humans is not available. Effects such as lymphoid
depletion and decreased weight of the spleen of rats and mice exposed orally
and by inhalation to near-lethal levels of 1,2,3-trichloropropane for several
weeks could have immunological significance (Johannsen et al. 1988; NTP
1983a). Limited evidence from one study suggests that 1,2,3-trichloropropane
may be a weak dermal sensitizer in guinea pigs (Clark 1977). The only other
skin sensitization study of 1,2,3-trichloropropane (Alpert 1982), also
performed with guinea pigs, was negative and provides evidence that the
vehicle may have accounted for the effect observed by Clark (1977).
Sensitization by 1,2,3-trichloropropane from other routes of exposure has not
been evaluated. Immunoassays and additional sensitization tests would help
assess the immunotoxic potential of 1,2,3-trichloropropane.

Neurotoxicity. Information on the neurological effects of
1,2,3-trichloropropane in humans is not available. Signs suggestive of CNS
impairment occur only in animals exposed to acute lethal levels of
1,2,3-trichloropropane by the inhalation, oral, and dermal routes (Alpert
1982; Clark 1977; Gushow and Quast 1984; Union Carbide 1958), but these do not
necessarily indicate that 1,2,3-trichloropropane is neurotoxic because they
could be due to other causes in dying animals. There is evidence that
exposure to 1,2,3-trichloropropane does not cause histopathological lesions in
the CNS (Johannsen et al. 1988; Miller et al. 1986a; NTP 1983a, 1983b), but
this does not necessarily indicate that 1,2,3-trichloropropane is
nonneurotoxic because behavioral, neurochemical, and neurophysiological
examinations were not performed. Overall, there is evidence that
neurotoxicity is a critical effect of 1,2,3-trichloropropane.

Epidemiological and Human Dosimetry Studies. Health effects of
1,2,3-trichloropropane in humans have only been described as a consequence of
intentional vapor exposure in a study of sensory response. As indicated in
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Chapter 5, there is probably no identifiable subpopulation with exclusive or
predominant exposure to 1,2,3-trichloropropane in the general populace or
workplace. If such a population is identified, excreted 1,2,3-trichloropropane
or its metabolites could probably be correlated with exposure or health
effects. Metabolites specifically attributable to 1,2,3-trichloropropane,
however, are presently unknown.

Biomarkers of Exposure and Effect. There are no known biomarkers of
exposure for 1,2,3-trichloropropane in humans. Studies with rats suggest that
respiratory or urinary excretion of 1,2,3-trichloropropane may be sufficient
for monitoring purposes (Sipes et al. 1982). Additional studies could help
determine the feasibility of using 1,2,3-trichloropropane in the breath or
urine as a biomarker of exposure. Mild anemia and alterations in liverassociated
serum enzymes occurred in rats treated with 1,2,3-trichloropropane
(NTP 1983a) but are not useful as biomarkers of exposure because they can be
due to many causes and might not occur in humans. Information on effects
specific for 1,2,3-trichloropropane would be helpful for developing a
biomarker of exposure for 1,2,3-trichloropropane.

There are no known biomarkers of effects for 1,2,3-trichloropropane in
humans. One study with rats (NTP 1983a) suggests that anemia and alterations
of serum enzymes (e.g., decreased serum pseudocholinesterase activity) might
be sensitive biomarkers for hematologic and hepatic effects of 1,2,3-
trichloropropane, respectively. Additional animal studies or examination of humans
with known exposure to 1,2,3-trichloropropane would help determine if 1,2,3-
trichloropropane is likely to cause anemia or consistent serum enzyme alterations
in humans.

Absorption, Distribution, Metabolism, and Excretion. There is limited
information on absorption and excretion of single oral doses of
1,2,3-trichloropropane in rats (Sipes et al. 1982; Volp et al. 1984), but no
data are available on the toxicokinetics of 1,2,3-trichloropropane in animals
after inhalation or dermal exposure. Tissue distribution, metabolism, and
excretion of intravenously injected 1,2,3-trichloropropane also have been
investigated in rats (Volp et al. 1984). A physiologically based
pharmacokinetic model describing tissue distribution and excretion was
developed using data from this intravenous study. A more complete oral study
in animals, as well as animal studies using inhalation and dermal exposure,
could provide necessary data (e.g., absorption kinetics) for expanding the
model to include inhalation, oral, and dermal exposure and verifying the
model. It might then be possible to use the model to predict the
pharmacokinetics of 1,2,3-trichloropropane in humans exposed by these routes.
Studies with several dose levels and exposure durations would allow more
accurate comparison between routes (e.g., assessment of relative rates and
extent of absorption, ,distribution, metabolism, and excretion) as well as
detection of saturation effects.
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Comparative Toxicokinetics. The toxicokinetics of 1,2,3-trichloropropane
have been studied only in rats by the oral and intravenous routes (Sipes et al.
1982; Volp et al. 1984). A physiologically based pharmacokinetic model has been
proposed based on the intravenous data. Studies in other species would be useful
for verifying predictions made from the model about other species, including
humans.

Mitigation of Effects. Based on limited toxicokinetic data for
1,2,3-trichloropropane and information on the metabolism of other halogenated
alkanes, it is anticipated that 1,2,3-trichloropropane can undergo
dehalogenation reactions catalyzed by microsomal mixed function oxidases.
Depending on the reaction mechanism(s), reactive intermediates could be
formed. Also it is possible that 1,2,3-trichloropropane itself contributes to
toxicity. Studies elucidating the mechanism of action and identity of
reactive intermediates of 1,2,3-trichloropropane would be useful in planning
research aimed at developing agents that could interfere with the mechanism of
toxicity, thereby mitigating the effects.

2.9.3 On-going Studies

A bioassasy in which rats and mice were treated by gavage for 2 years
has been completed and recently approved (NTP 1991). The doses of 1,2,3-
trichloropropane used in the bioassay were 0, 3, 10, and 30 mg/kg in
rats and 0, 6, 20, and 60 mg/kg in mice (Burka 1990a). Preliminary results
indicate that treatment resulted in increased incidences of tumors in both
species (Mahmood et al. 1988; Weber and Sipes 1988).

The final report of an NTP continuous-breeding study is in preparation
(Burka 1990b).

The results of a metabolism and mutagenicity study of 1,2,3-
trichloropropanehave been reported as an abstract (Mahmood et al. 1988). Rats that
were administered 30 mg/kg of 

14
C-1,2,3-trichloropropane by gavage excreted

approximately 50%, 20%, and 20% of the radioactivity in the urine, feces, and
as carbon dioxide, respectively, in the following 60 hours. Two urinary
metabolites were identified as N-acetyl-S-(3-chloro-2-hydroxypropyl) cysteine
and 3-chloro-2-hydroxypropyl cysteine. Radioactivity was most concentrated in
the liver, kidney, and forestomach. 1,2,3-Trichloropropane was mutagenic in
Salmonella typhimurium TA100 in the Ames assay only in the presence of S9 or
microsomes, and mutagenicity decreased upon addition of glutathione. The
urine from the treated rats or synthetic N-acetyl-S-(3-chloro-2-hydroxypropyl)
cysteine were not mutagenic in this assay.

Rats were administered a 30 mg/kg dose of 
14
C-1,2,3-trichloropropane by

intraperitoneal injection in a preliminary investigation into the role of
biotransformation in 1,2,3-trichloropropane-induced tumor formation (Weber and
Sipes 1988). Covalent binding to hepatic protein and DNA was demonstrated,
suggesting that 1,2,3-trichloropropane is genotoxic. In vitro studies,
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however, showed that glutathione decreased protein binding and increased the
formation of water-soluble 

14
C-1,2,3-trichloropropane equivalents, and that

there was no significant covalent binding of 1,2,3-trichloropropane to DNA.
The in vitro data indicated that the role of biotransformation in
1,2,3-trichloropropane-induced genotoxicity is still unclear.

The results of an investigation of the cardiotoxic and hepatic effects
of 1,2,3-trichloropropane were reported in an abstract (Robinson et al. 1989).
Rats were administered various doses of 1,2,3-trichloropropane by gavage for
durations ranging from 1 to 10 days. Doses of 0.2, 0.4, 0.6, and 0.8 mmol/kg
(29.5-117.9 mg/kg) produced myocardial necrosis in 0%, 0%, 10%, and 80% of the
rats, respectively. This effect was observed after 6 days of treatment at
0.8 mmol/kg (117.9 mg/kg). Doses of 1.6-2.8 mmol/kg (235.9-412.8 mg/kg)
caused increasing hepatotoxicity and eventual death but no myocardial
necrosis. Tissue levels of 1,2,3-trichloropropane were markedly increased
after 10 days compared to l-day exposure, suggesting bioaccumulation.
Peripheral catecholamine depletion with 6-hydroxydopamine reduced myocardial
necrosis from moderate to minimum severity. The results of this study
suggested that dose and time of 1,2,3-trichloropropane exposure determine the
appearance of heart or liver toxicity, and that cardiotoxic effects of
1,2,3-trichloropropane may involve bioaccumulation and sympathoadrenergic
factors.
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3. CHEMICAL AND PHYSICAL INFORMATION

3.1 CHEMICAL IDENTITY

Data pertaining to the chemical identity of 1,2,3-trichloropropane are
listed in Table 3-1.

3.2 PHYSICAL AND CHEMICAL PROPERTIES

The physical and chemical properties of 1,2,3-trichloropropane are
presented in Table 3-2.
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4. PRODUCTION, IMPORT, USE, AND DISPOSAL

4.1 PRODUCTION

Recent data regarding production volumes for 1,2,3-trichloropropane are
not available. The estimated 1977 production volume for the chemical ranged
from 21 to 110 million pounds (EPA 1989b). Current manufacturers of
1,2,3-trichloropropane include Dow Chemical U.S.A., Freeport, Texas, and Shell
Oil Company, Deer Park, Texas (SRI 1989). In 1977, two additional manufacturing
locations were Dow Chemical U.S.A., a major producer in Midland, Michigan, and
Columbia Organic Chemicals Co., a minor producer in Columbia, South Carolina (EPA
1989b). 1,2,3-Trichloropropane can be produced via the chlorination of propylene
(Hawley 1981). Other reported methods for producing 1,2,3-trichloropropane include
the addition of chlorine to ally1 chloride, reaction of thionyl chloride with
glycerol, and the reaction of phosphorus pentachloride with either 1,3- or 2,3-
dichloropropanol (NIOSH 1981; Williams 1949). 1,2,3-Trichloropropane also may be
produced in potentially significant amounts as a byproduct of processes primarily
used to produce other chemicals, including dichloropropene (a soil fumigant and
nematocide), propylene chlorohydrin, propylene oxide, dichlorohydrin, and glycerol
(Baier et al. 1987; NIOSH 1981). Technical-grade 1,2,3-trichloropropane reportedly
varies between 97.5% and 99.4% purity (Alberti 1982; NTP 1983a). The material
tested by the NTP (1983a) contains the following impurities: 0.066% water, 0.14%
unspecified chlorohexene, two unspecified chlorohexadienes (0.24% and 0.13%),
and total acidity of 48 ppm (as HCl).

4.2 IMPORT/EXPORT

No data concerning the import or export of 1,2,3-trichloropropane were
located.

4.3 USE

1,2,3-Trichloropropane has, in the past, been used mainly as a solvent
and extractive agent. No current information is available that indicates that
the compound is still used for these purposes today. It dissolves a variety
of resins, oils, waxes, and other materials while having a low solubility in
water (Williams 1949). Common uses have included use as a paint- and varnish-
remover, a cleaning and degreasing agent, and a cleaning and maintenance
reagent (Hawley 1981; NIOSH 1981). Currently, it is used as a chemical
intermediate, for example, in the production of polysulfone liquid polymers
and dichloropropene, synthesis of hexafluoropropylene, and as a crosslinking
agent in the synthesis of polysulfides (Baier et al. 1987; Ellerstein and
Bertozzi 1982; Gangal 1980; HSDB 1989). No data were found concerning the
approximate amounts currently used for particular purposes.

4.4 DISPOSAL

1,2,3-Trichloropropane has been identified as a hazardous waste by the
EPA, and the disposal of this compound is regulated under the Resource
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Conservation and Recovery Act (RCRA). Specific information regarding the
federal regulations of land disposal of 1,2,3-trichloropropane is available
(EPA 1988a). 1,2,3-Trichloropropane can be disposed of via atomization in a
suitable incinerator equipped with appropriate effluent gas scrubbers (HSDB
1989). In case of accidental spills, the chemical may be disposed of by
absorption onto vermiculite, dry sand, earth, or similar material followed by
disposal in a secured landfill (HSDB 1989); however, land disposal may no
longer be allowed by the disposal regulations discussed above. Significant
removal of 1,2,3-trichloropropane from waste water and sewage may be
accomplished through the use of activated sludge treatment processes (Matsui
et al. 1975). No data were found concerning the approximate amounts disposed
by the various methods.
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5.1 OVERVIEW

1,2,3-Trichloropropane is a man-made chemical that is present in the
environment as a result of anthropogenic activity. Releases to the
environment are likely to occur as a result of its manufacture, formulation,
and use as a solvent and extractive agent, paint- and varnish-remover,
cleaning and degreasing agent, cleaning and maintenance reagent, and chemical
intermediate (HSDB 1989). Releases may occur as a result of the disposal of
wastes from production of 1,2,3-trichloropropane and disposal of products that
contain the chemical, especially at hazardous waste sites that received
1,2,3-trichloropropane-containing wastes. Release to soil can occur through
the use of certain soil fumigants and nematocides that are known to contain
1,2,3-trichloropropane as an impurity and through the disposal of
1,2,3-trichloropropane-containing sewage sludge from municipal sewage
treatment plants.

In ambient air, the primary removal process is expected to be the vaporphase
reaction with photochemically generated hydroxyl radicals. In surface
waters, the primary removal process is likely to be volatilization. In soil,
the primary removal processes are volatilization from near-surface soil and
leaching to groundwater. Aerobic biodegradation is probably a slow process in
natural waters and soil. It may persist in groundwater for a relatively long
time.

Data regarding the concentrations of 1,2,3-trichloropropane in the
environment are limited, but concentrations should not be large except in case
of an accidental spill. It has been found at low levels in the United States
in a few rivers and bays, drinking water, groundwater, and hazardous waste
sites. The EPA has identified 1,177 NPL sites. 1,2,3-Trichloropropane has
been found at eight of the sites evaluated for the presence of this chemical.
However, we do not know how many of the 1,177 NPL sites have been evaluated
for this chemical. As more sites are evaluated by EPA, the number may change.
The frequency of these sites within the United States can be seen in
Figure 5.1.

The general population can be exposed to low levels of 1,2,3-
trichloropropane mainly by ingesting contaminated water. Members of the general
population living near waste sites that contain 1,2,3-trichloropropane may be
exposed to low levels of 1,2,3-trichloropropane in their drinking water if they
obtain their household water from a well. Additional exposure may occur through
the inhalation of contaminated air, especially for those who live near facilities
that manufacture or use 1,2,3-trichloropropane or at treatment or disposal
facilities. Inhalation and dermal exposure may occur during the use of consumer
products containing 1,2,3-trichloropropane, such as certain paint removers. It is
difficult to assess the extent of general population and occupational exposure
because data are lacking. However, significant exposure to 1,2,3-trichloropropane
may be unlikely because the compound may no longer be used for purposes other than
a chemical intermediate, and current
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manufacturing processes generally occur in closed and tightly sealed systems
(NIOSH 1981). The National Occupational Exposure Survey (NOES) conducted by
NIOSH from 1981 to 1983 statistically estimated that 492 workers are
potentially exposed to 1,2,3-trichloropropane in the United States. The NOES
database does not contain information on the frequency, concentration, or
duration of exposure of workers to any of the chemicals listed therein. This
summary provides only estimates of the number of workers potentially exposed
to chemicals in the workplace. Occupational exposure probably results from
inhalation and dermal contact.

5.2 RELEASES TO THE ENVIRONMENT

5.2.1 Air

Data on releases of 1,2,3-trichloropropane to the atmosphere are
lacking. Based on the few data available, current releases to the air are
expected to be relatively small. Minor releases may have occurred as exhaust,
stack, and fugitive emissions from its manufacture, formulation, and use as a
solvent (HSDB 1989). 1,2,3-Trichloropropane may have been released in the
past into the air as a result of its use as a paint- and varnish-remover, a
degreasing agent, and a cleaning and maintenance reagent (Hawley 1981; NIOSH
1981). No information was found that indicates that 1,2,3-trichloropropane is
still used for these purposes today. Very small amounts may be released
during its use as a chemical intermediate and as a result of its formation
during the synthesis of other organic chemicals (see Section 4.1).
Volatilization from contaminated surface waters, effluent waters, and near-
surface soils may also be minor atmospheric sources of this compound. This
includes volatilization from identified and unidentified hazardous waste dumps
that contain 1,2,3-trichloropropane and from farmland treated with
1,2,3-trichloropropane-contaminated fumigants and nematocides (no information
is available to determine whether or not the soil fumigants and nematocides
currently manufactured contain 1,2,3-trichloropropane). Small amounts may be
released to the air during treatment of water containing
1,2,3-trichloropropane, because some of the chemical may be removed via
evaporative stripping from the water.

5.2.2 Water

Data on the release of 1,2,3-trichloropropane to environmental waters
are lacking. Based on the few data available, current releases to
environmental waters are expected to be relatively small. Releases to surface
water may have occurred through runoff of waste water from hazardous waste
sites containing 1,2,3-trichloropropane and runoff from farmland treated with
certain soil fumigants and nematocides that contain 1,2,3-trichloropropane.
Releases to surface and groundwater may have occurred as a result of the
improper disposal of 1,2,3-trichloropropane-containing industrial wastes or
wastes from its use in paint- and varnish-removers, cleaning and degreasing
agents, and maintenance reagents. Releases to groundwater may have occurred



62

5. POTENTIAL FOR HUMAN EXPOSURE

as a result of the chemical leaching through soil at waste sites and
agricultural soil treated with fumigants that contain the chemical. Small
amounts of the chemical may have entered surface waters as a result of washout
from 1,2,3-trichloropropane-contaminated air; however, some of the
1,2,3-trichloropropane removed from the atmosphere by washout is likely to
have re-entered the atmosphere by volatilization. The chemical was found in
groundwater at 0.71% of the sites in the Contract Laboratory Program
Statistical Database (CLPSD) at a geometric mean concentration of 57.3 µg/L
(CLPSD 1989). Note that the CLPSD includes data from both NPL and non-NPL
sites.

5.2.3 Soil

Data on releases of 1,2,3-trichloropropane to soils are sparse, which
makes a quantitative estimation of the magnitude of such releases impossible.
However, releases to soils are expected to be relatively small based upon the
available data. Releases to farmland soil have occurred as a result of the
use of certain soil fumigants and nematocides known to contain
1,2,3-trichloropropane as an impurity. No current information is available,
however, that indicates that these soil fumigants and nematocides still
contain 1,2,3-trichloropropane. Releases of the chemical to soil may have
occurred as a result of disposal of 1,2,3-trichloropropane-containing sewage
sludge from municipal sewage treatment plants (Jacobs and Zabik 1983). Very
small amounts of the chemical may be brought to the surface of the earth as a
result of washout from 1,2,3-trichloropropane-containing air; however, much of
the 1,2,3-trichloropropane removed from the atmosphere by washout may re-enter
the atmosphere by volatilization from near-surface soil. Land disposal of
wastes from its use in paint- and varnish-removers, cleaning and degreasing
agents, and cleaning and maintenance reagents may have released
1,2,3-trichloropropane to soil. The chemical was found in soil at 0.71% of
the sites in the CLPSD at a geometric mean concentration of 204 µg/kg (CLPSD
1989). Note that the CLPSD includes data from both NPL and non-NPL sites.

5.3 ENVIRONMENTAL FATE

5.3.1 Transport and Partitioning

No experimental or predictive data were located in the literature
regarding the transport of 1,2,3-trichloropropane in the atmosphere.
1,2,3-Trichloropropane is expected to exist in the atmosphere predominantly in
the vapor phase, based on its vapor pressure (Table 3-2) (Eisenreich et al.
1981; MacKay et al. 1982). The speculation that substantial amounts of
1,2,3-trichloropropane are not likely to be present in the particulate phase
indicates that dry deposition to the earth's surface will not be an important
removal process. Based upon its low water solubility and moderate vapor
pressure (Table 3-2), very small amounts of 1,2,3-trichloropropane present in
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air may be removed by wet deposition; however, much of the 1,2,3-trichloropropane
removed from the atmosphere by washout is likely to re-enter the
atmosphere by volatilization.

Based upon an estimated soil organic carbon partition coefficient (Koc)
of 98 (calculated from water solubility) (Lyman et al. 1982; Riddick et al.
1986), 1,2,3-trichloropropane is expected to display high mobility in soil
(Swann et al. 1983); therefore, it has the potential to leach into
groundwater. This predicted mobility is confirmed by the detection of
1,2,3-trichloropropane in groundwater from various locations (see
Section 5.4.2). The vapor pressure of 1,2,3-trichloropropane (3.1 mmHg at
25°C) (MacKay et al. 1982), and the calculated Henry's law constant
(3.17x10

-4
 atm-m

3
/mol at 25°C) (Lyman et al. 1982) suggest that volatilization

from either dry or moist soil to the atmosphere will be a significant
environmental process.

1,2,3-Trichloropropane in surface water is expected to volatilize
rapidly to the atmosphere. An experimental half-life of 56.1 minutes has been
measured for evaporation of 1,2,3-trichloropropane from a 1 ppm solution, with
a depth of 6.5 cm, stirred with a shallow pitch propeller at 200 rpm at 25°C
under still air (less than 0.2 mph air currents) (Dilling 1977). Using the
Henry's law constant, a half-life of 6.9 hours was calculated for evaporation
from a model river 1 m deep, flowing at 1 m/set, with a wind velocity of
3 m/set, and neglecting adsorption to sediment (Lyman et al. 1982). A
volatilization half-life of 3.5 days from a model pond can be estimated (EPA
1985). 1,2,3-Trichloropropane is not expected to significantly adsorb to
sediment and suspended organic matter based upon the estimated Koc of 98
(calculated from water solubility) (Lyman et al. 1982; Riddick et al. 1986).
It is also not expected to significantly bioconcentrate in fish and aquatic
organisms based upon an estimated bioconcentration factor (BCF) of 9.2
(calculated from log octanol-water partition coefficient (Kow) (EPA 1988b;
Lyman et al. 1982). No data were located to indicate a potential for
1,2,3-trichloropropane to biomagnify from lower to higher trophic states of
the food chain, but based upon the estimated BCF, this is not likely.

5.3.2 Transformation and Degradation

5.3.2.1 Air

The primary degradation process for 1,2,3-trichloropropane in the
atmosphere is expected to occur via gas-phase reaction with photochemically
produced hydroxyl radicals. The rate constant for this process is an
estimated 1.0475x10

-12
 cm

3
/molecule-sec (Atkinson 1987). This corresponds to a

half-life of 15.3 days at an estimated atmospheric concentration of 5x105

hydroxyl radicals/cm
3
. Direct photolysis of 1,2,3-trichloropropane is not
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expected to occur in the atmosphere because the chemical lacks a chromophore
that absorbs light at environmentally significant wavelengths (greater than
290 nm) (Silverstein et al. 1974).

5.3.2.2 Water

Degradation of 1,2,3-trichloropropane in natural waters is expected to
be a slow process. The chemical should volatilize from surface waters before
significant degradation can occur. Hydrolysis of 1,2,3-trichloropropane in
natural waters is not expected to be a significant removal process. The
measured neutral and base hydrolysis rate constants at 25°C are 1.8x10

-6
 hour-l

and 9.9x10
-4
 M

-1
 hour

-l
, respectively (EPA 1988c). These rate constants

correspond to a hydrolysis half-life of 44 years over a pH range of 5-9.
Direct photolysis of 1,2,3-trichloropropane is not expected to occur in
environmental waters because the chemical lacks a chromophore that absorbs
light at environmentally significant wavelengths (greater than 290 nm)
(Silverstein et al. 1974).

No studies were located regarding the biodegradation of
1,2,3-trichloropropane in natural waters. An aqueous screening study with
activated sewage sludge has indicated that 1,2,3-trichloropropane can be
removed by biological treatment processes and that at least part of the
removal was due to volatilization. However, this study cannot be used to
predict the biodegradability of this compound under natural conditions. Other
authors have observed that halogenated hydrocarbons, in general, and
especially those with multiple chlorine substitution, such as
1,1,2-trichloroethane and 1,1,2,2-tetrachloroethane, are recalcitrant towards
biodegradation (Kawasaki 1980; Tabak et al. 1981). No data concerning the
potential for anaerobic aqueous biodegradation of 1,2,3-trichloropropane were
found.

5.3.2.3 Soil

No data specifically regarding the degradation of 1,2,3-trichloropropane
in soil were found. However, it has been observed that 1,2-dichloropropane
will not significantly biodegrade in soil (Roberts and Stoydin 1976).
Therefore, 1,2,3-trichloropropane is expected to be even less biodegradable
because it contains an additional chlorine. The rate of 1,2,3-trichloropropane
loss from soil due to biodegradation may not be significant when compared with its
loss by volatilization and leaching from soil. 1,2,3-Trichloropropane will be lost
from the soil by evaporation (from both moist and dry near-surface soil) and by
leaching to groundwater before 1,2,3-trichloropropane will hydrolyze in soil.
Direct photolysis on the surface of soil will not occur.
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5.4 LEVELS MONITORED OR ESTIMATED IN THE ENVIRONMENT

5.4.1 Air

No data were located regarding the detection of 1,2,3-trichloropropane
in ambient air in the United States. Therefore, no estimate of U.S.
atmospheric levels of the chemical, including background levels, is possible.

5.4.2 Water

Limited data are available regarding the detection of
1,2,3-trichloropropane in environmental waters. It has been detected by one
of the sampling techniques at less than 0.2 µg/L in drinking water from the
Carrollton Water Plant in New Orleans, Louisiana, sampled during August, 1974;
however, since two of the three sampling techniques failed to detect the
compound, the significance of this detection is in question (Keith et al.
1976). 1,2,3-Trichloropropane has been qualitatively detected in the drinking
water of Cincinnati, Ohio, sampled during 1978 (EPA 1984), and Ames, Iowa, on
an unspecified date (EPA 1987). Data from the EPA STORET Data Base indicate
that 1,2,3-trichloropropane was found in 39% of 941 samples of groundwater at
a median concentration of 0.69 µg/L, at an average concentration of 1.0 µg/L,
and a range of trace (below unspecified detection limit) to 2.5 µg/L (STORET
1989). It has been found at concentrations ranging from 0.1 to 5.0 µg/L in
groundwater samples from California and Hawaii during small- and large-scale
retrospective studies of farmlands possibly treated with fumigants and
nematocides that contained 1,2,3-trichloropropane as an impurity (Cohen et al.
1986, 1987). The locations that had 1,2,3-trichloropropane-contaminated wells
included the island of Oahu, Hawaii, and the Central Valley of California.
Typical concentrations ranged from 0.2 to 2 µg/L. 1,2,3-Trichloropropane was
found in water from nine of nine wells in Oahu, Hawaii, sampled in 1983 and
1984 at maximum concentrations ranging from 0.30 to 2.8 µg/L (Oki and
Giambelluca 1987). The wells had been closed previously to drinking water use
due to contamination with other halogenated hydrocarbons.1,2,3-
Trichloropropane has been detected in groundwater from 2 of 10 sites in
an agricultural community in Suffolk County, New York, at concentrations of 6
and 10 µg /L (Lykins and Baier 1985).

1,2,3-Trichloropropane was qualitatively found in 1 of 30 water samples
from the Delaware, Schuylkill, and Lehigh Rivers, taken February 17-20, 1976
(DeWalle and Chian 1978). 1,2,3-Trichloropropane was qualitatively found in
water from Narragansett Bay, Rhode Island, sampled during the summers of 1979
and 1980, and the winters of 1980 and 1981 (Wakeham et al. 1983). Some
samples reportedly contained significant levels of the chemical. The chemical
was qualitatively detected in effluent from an advanced waste treatment plant
in Lake Tahoe, California, in 1974 (EPA 1984). The chemical was found in
groundwater at 0.71% of the sites in the CLPSD, which includes data from both
NPL and non-NPL sites, at a geometric mean concentration of 57.3 µg/L (CLPSD
1989). 1,2,3-Trichloropropane was found in 69 of 141 samples of sewage
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sludges from municipal sewage treatment plants in Michigan in 1980 (Jacobs and
Zabik 1983). The median and average concentrations of 1,2,3-trichloropropane
in the sludges were 0.352 and 1.07 mg/kg, respectively, and the range was
0.00459-19.5 mg/kg on a dry-weight basis.

5.4.3 Soil

Limited data are available regarding the detection of 1,2,3-trichloropropane
in soil samples. It has been found in soil samples from California and Hawaii
during small- and large-scale retrospective studies at levels typically ranging
from 0.2 to 2 ppb (Cohen et al. 1987). It was found at least 10 feet down in the
soil profiles in Hawaii. 1,2,3-Trichloropropane may be present in these soils as a
result of the use of dichloropropene (a soil fumigant and nematocide). 1,2,3-
Trichloropropane is used in the preparation of this nematocide and is an impurity
in the formulation of it (Baier et al. 1987). 1,2,3-Trichloropropane was not found
in any of the soil samples from the sites in the CLPSD (1988). The detection
of the chemical in the groundwater of hazardous waste sites, however, suggests
that it is released to soil at these sites. The chemical was found in soil at
0.71% of the sites of the CLPSD at a geometric mean concentration of 204 pg/L
(CLPSD 1989); the CLPSD includes data from both NPL and non-NPL sites.

5.4.4 Other Environmental Media

1,2,3-Trichloropropane has been qualitatively identified as a component
of ethylene dichloride-tar, a tarlike, oily waste byproduct of vinyl chloride
production that had been disposed of by dumping into the sea (Jensen et al.
1975). The chemical has been found in the volatile products from the thermal
oxidative degradation of the flame-retardant plasticizer, tris(dichloropropy1)
phosphate (Christos et al. 1977). No information was found that indicated
that 1,2,3-trichloropropane has been found in food. Because of the lack of
recent comprehensive monitoring data, the average daily intake of
i,2,3-trichloropropane and the relative significance of each source of
exposure cannot be determined.

5.5 GENERAL POPULATION AND OCCUPATIONAL EXPOSURE

There are not enough measured data to assess the general population's
exposure to this compound. The paucity of data may be the result of either a
lack of 1,2,3-trichloropropane contamination in the environment or a lack of
studies that attempt to identify and quantify the compound in the environment
using sufficiently sensitive techniques. Based upon the few data available,
the estimated transport and partitioning properties of the compound, and
information on production and use, the following estimations concerning
exposure can be made. A small part of the population may be exposed to very
low levels of 1,2,3-trichloropropane through the ingestion of contaminated
drinking water. Exposure to very low levels of 1,2,3-trichloropropane also
may occur through the inhalation of contaminated air; however, no monitoring
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data regarding the presence of 1,2,3-trichloropropane in the atmosphere in the
United States were located. General exposure to air containing low levels may
occur near chemical manufacturing facilities that produce 1,2,3-trichloropropane
and certain other chemicals, near 1,2,3-trichloropropane-containing
hazardous waste dumps, and farmlands treated with fumigants and nematocides
that contain 1,2,3-trichloropropane. No current information is available,
however, that indicates that 1,2,3-trichloropropane is still present in soil
fumigant formulations, and commercial manufacturing processes generally occur
in closed and tightly sealed systems (NIOSH 1981). Inhalation and dermal
exposure may occur during the use of 1,2,3-trichloropropane as a solvent and
extractive agent, in paint- and varnish-removers, in cleaning and degreasing
agents, and in cleaning and maintenance reagents, although there is no current
information that indicates that the compound is still used for these purposes
(Hawley 1981; NIOSH 1981). No data regarding the detection of
1,2,3-trichloropropane in humans in the United States were located.

According to the NOES conducted by NIOSH from 1981 to 1983, 492 workers
(of which 9 were women) were potentially exposed to 1,2,3-trichloropropane in
the workplace in 1980 (NIOSH 1989); however, no report of actual measured
exposure levels in any occupational situation in the United States was
located. The NOES database does not contain information on the frequency,
concentration, or duration of exposure of workers to any of the chemicals
therein. This survey provides only an estimate of the number of workers
potentially exposed to chemicals in the workplace. Occupational exposure to
1,2,3-trichloropropane is expected to be higher in facilities where the
chemical or products containing the chemical are used than in facilities that
produce 1,2,3-trichloropropane either directly or as a byproduct, since the
commercial manufacturing processes generally occur in closed and tightly
sealed systems (NIOSH 1981). Furthermore, exposure may result from procedures
that require direct handling of the material; these include purification,
formulation of products, sampling and quality control, packaging and storage,
leakage of equipment, startup and shutdown procedures, maintenance, cleanup,
spills, and other plant emergencies (NIOSH 1981).

5.6 POPULATIONS WITH POTENTIALLY HIGH EXPOSURES

Data regarding the presence of 1,2,3-trichloropropane in the environment
are lacking, which prevents the thorough assessment of the potential for high
exposure in various populations. Populations with potentially high exposure
to 1,2,3-trichloropropane will generally include those that may be exposed to
environmental contamination over long periods of time. These may include
populations exposed to low levels of 1,2,3-trichloropropane via inhalation of
contaminated air at or near both identified and unidentified
1,2,3-trichloropropane-containing waste disposal sites and landfills.
Children playing in and around these sites may also be dermally exposed to
soil containing 1,2,3-trichloropropane, although any 1,2,3-trichloropropane il
surface soil would be expected to volatilize or leach through the soil.
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Persons whose drinking water is derived from 1,2,3-trichloropropanecontaminated
groundwater or surface water for a long period of time may be
exposed to relatively high levels of 1,2,3-trichloropropane. Workers involved
in the manufacture or use of 1,2,3-trichloropropane or 1,2,3-
trichloropropanecontaining products may have the highest potential for exposure to
1,2,3-trichloropropane. Potentially high general population exposure may
occur during the use of 1,2,3-trichloropropane-containing products, such as
paint- and varnish-removers and cleaners, especially when they are used in
poorly ventilated areas such as in the cleaning of reactors. Exposure through
the manufacture or use of 1,2,3-trichloropropane-containing products may not
be significant, however, since current manufacturing processes generally occur
in closed and tightly sealed systems (NIOSH 1981) and no current information
indicates that 1,2,3-trichloropropane is still used for those purposes listed.

5.7 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA as amended directs the Administrator of
ATSDR (in consultation with the Administrator of EPA and agencies and programs
of the Public Health Service) to assess whether adequate information on the
health effects of 1,2,3-trichloropropane is available. Where adequate
information is not available, ATSDR, in conjunction with the NTP, is required
to assure the initiation of a program of research designed to determine the
health effects (and techniques for developing methods to determine such health
effects) of 1,2,3-trichloropropane. The following categories of possible data
needs have been identified by a joint team of scientists from ATSDR, NTP, and EPA.
They are defined as substance-specific informational needs that, if met, would
reduce or eliminate the uncertainties of human health assessment. In the future,
the identified data needs will be evaluated and prioritized, and a substance-
specific research agenda will be proposed.

5.7.1 Data Needs

Physical and Chemical Properties. Physical and chemical property data
are essential for estimating the transport and partitioning of a chemical in
the environment. Many of the physical and chemical properties of
1,2,3-trichloropropane are available (Table 3-2) (Hawley 1981; HSDB 1989;
Mackay et al. 1982; McNeil1 1979; Riddick et al. 1986; Ruth 1986; Weast 1985;
Williams 1949). However, only estimated values are listed for the log Kow,
Koc, and BCF (Lyman et al. 1982). Since the log Kow was used to estimate the
Koc and BCF, an experimentally determined log Kow would lead to less
uncertainty in those estimated properties. Experimentally determined values
would remove any doubt regarding the reliability of these data, although the
techniques used for the estimations appear to be accurate.

Production, Import/Export, Use, and Disposal. Data regarding the
production methods for 1,2,3-trichloropropane are available (Bauer et al.
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1987; Hawley 1981; NIOSH 1981; SRI 1989; Williams 1949); however, data
regarding current production, import, and export volumes, and use patterns are
lacking. We do know that the chemical is currently produced (SRI 1989), but
not in what quantities or whether future production levels will increase, We
do not know if the chemical is widely used in the home, the environment, or in
the workplace, but it does not appear that such widespread use is likely. It
has not been found in food although foods may not have been tested for its
presence. Use, release, and disposal information is useful for determining
where environmental exposure to 1,2,3-trichloropropane may be high, and may
help in estimating whether exposure is likely, and therefore may help to
determine whether further toxicological studies are warranted. General data
are available regarding the methods of disposal of 1,2,3-trichloropropane
(HSDB 1989; Matsui et al. 1975), but information concerning the efficiencies
of these methods, as well as the amount disposed of by each method is lacking.
Specific disposal information, obtainable by polling industries or industry
organizations, may be useful for determining environmental burden and
potential concentrations where environmental exposures may be high. Rules and
regulations governing land disposal of 1,2,3-trichloropropane are known (EPA
1988a).

Environmental Fate. The environmental fate of 1,2,3-trichloropropane
remains unclear due to a lack of experimental data. We do not know where the
chemical partitions in the environment. However, based upon estimated
physical properties (Lyman et al. 1982), the chemical is expected to partition
into the atmosphere and groundwater (Swann et al. 1983). It has been shown
that the chemical leaches through soil (Cohen et al. 1986, 1987; Lykins and
Baier 1985; Oki and Giamelluca 1987; STORET 1989). It is estimated that it
can volatilize ,through near-surface soil and water to the atmosphere (EPA
1985; Lyman et al. 1982). Nothing definitive is known about the
biodegradability of the compound. The rate constant for reaction with
hydroxyl radicals in the atmosphere is an estimated value (Atkinson 1987), as
are significant partition coefficient values used in predicting the
environmental fate of the compound (EPA 1988b). Experimental data in these
areas would aid in assessing the ultimate environmental fate of
1,2,3-trichloropropane, which would, in turn aid in assessing its background
levels in the environment and levels of human exposure.

Bioavailability from Environmental Media. Studies have shown that
1,2,3-trichloropropane is absorbed through the lungs, gastrointestinal tract,
and skin of animals (see Section 2.3.1) (Alpert 1982; Clark 1977; Johannsen
et al. 1988; Sipes et al. 1982; Union Carbide 1958; Volp et al. 1984). This
indicates that it may be absorbed through the inhalation of contaminated air,
ingestion of contaminated water, food, and soil, and through dermal contact.
The amount of 1,2,3-trichloropropane that is bioavailable from each route is
not well documented, and no data were found for humans. Data on the
bioavailability of 1,2,3-trichloropropane would be helpful in assessing the
importance of environmental exposure levels.
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Food Chain Bioaccumulation. The estimated BCF for 1,2,3-trichloropropane
(EPA 1988b; Lyman et al. 1982) indicates that this compound would not
significantly bioconcentrate in plants, aquatic organisms, or animals. No
experimental data were found to support this conclusion. Information was
unavailable on the biomagnification of 1,2,3-trichloropropane in food chains.
Additional information on bioconcentration by plants, aquatic organisms, and
animals and biomagnification in terrestrial and aquatic food chains could be
helpful because it might help to indicate whether the chemical biomagnifies in
food chains and thereby poses a potential for significant exposure.
Biomagnification is not likely, however, based upon the estimated BCF.

Exposure Levels in Environmental Media. Limited data were available
regarding the levels of 1,2,3-trichloropropane in the environment (Baier et
al. 1987; CLPSD 1989; Cohen et al. 1986, 1987; Dewalle and Chian 1978; EPA
1984, 1987; Jacobs and Zabik 1983; Keith et al. 1976; Lykins and Baier 1985;
Oki and Giambelluca 1987; STORET 1989; Wakeham et al. 1983). Information on
exposure to 1,2,3-trichloropropane from environmental media would be useful,
especially from drinking water derived from groundwater downgradient from
1,2,3-trichloropropane-containing hazardous waste disposal sites and other
contaminated surface waters, air near facilities that make or use products
containing the compound, and soil at waste disposal sites. Data concerning
the presence of 1,2,3-trichloropropane in foods would also be useful in
assessing potential exposure.

Exposure Levels in Humans. No data have been found that indicate that
1,2,3-trichloropropane has been found in human samples of blood, urine, fat,
or breast milk. Furthermore, no biomarkers of exposure or effect have been
identified. Data on both workplace exposure and ambient environmental
exposure are sparse and outdated (NIOSH 1981; 1989). A detailed, recent
database of exposure would be helpful in determining the current exposure
levels, thus allowing estimation of the average daily dose associated with
various scenarios such as living near a hazardous waste disposal site,
drinking contaminated drinking water, or working in a contaminated workplace.
This database of exposure may be very useful if current use patterns, for
which information is not available, warrant it.

Exposure Registries. No exposure registries for 1,2,3-trichloropropane
were located. This compound is not currently one of the compounds for which a
subregistry has been established in the National Exposure Registry. The
compound will be considered in the future when chemical selection is made for
subregistries to be established. The information that is amassed in the
National Exposure Registry facilitates the epidemiological research needed to
assess adverse health outcomes that may be related to the exposure to this
compound.
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5.7.2 On-going Studies

Remedial investigations and feasibility studies conducted at the eight
NPL sites known to be contaminated with 1,2,3-trichloropropane will add to the
available database on exposure levels in environmental media, exposure levels
in humans, and exposure registries and will increase the current knowledge
regarding transport and transformation of 1,2,3-trichloropropane in the
environment.

As part of the Third National Health and Nutrition Evaluation Survey
(NHANES III), the Environmental Health Laboratory Sciences Division of the
Center for Environmental Health and Injury Control, Centers for Disease
Control, will be analyzing human blood samples for 1,2,3-trichloropropane and
other volatile organic compounds. These data will indicate the frequency of
occurrence and background levels of these compounds in the general population.

No other on-going studies were located.
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The purpose of this chapter is to describe the analytical methods that
are available for detecting and/or measuring and monitoring 1,2,3-trichloropropane
in environmental media and in biological samples. The intent is not
to provide an exhaustive list of analytical methods that could be used to
detect and quantify 1,2,3-trichloropropane. Rather, the intention is to
identify well-established methods that are used as the standard methods of
analysis. Many of the analytical methods used to detect 1,2,3-trichloropropane
in environmental samples are the methods approved by federal agencies
such as EPA and the National Institute for Occupational Safety and Health
(NIOSH). Other methods presented in this chapter are those that are approved
by groups such as the Association of Official Analytical Chemists (AOAC) and
the American Public Health Association (APHA). Additionally, analytical
methods are included that refine previously used methods to obtain lower
detection limits, and/or to improve accuracy and precision.

6.1 BIOLOGICAL MATERIALS

No completed studies were located in the literature that reported the
analysis of 1,2,3-trichloropropane in human biological matrices. Methods were
located, however, for the analysis of the compound in rat biological matrices.
These methods are listed in Table 6-l. With suitable modifications, the
methods used to detect this chemical in animal samples may apply generally to
its determination in human biological samples. Section 6.2 includes a
discussion of the methods that may be most sensitive for the determination of
1,2,3-trichloropropane concentrations in environmental samples, including
advantages and disadvantages of the commonly used methods. Initial testing to
determine minimum detection limits, recovery, accuracy, and precision of the
particular, suitably modified methods is necessary to gauge the applicability
of the methods used to detect 1,2,3-trichloropropane in animal biological
samples for the chemical's determination in human biological samples.

6.2 ENVIRONMENTAL SAMPLES

Methods for analyzing 1,2,3-trichloropropane in environmental samples
are presented in Table 6-2. All of the methods listed use either adsorption
on a sorption column (air samples) or purge-and-trap methods (solid and liquid
samples), followed by thermal desorption and some form of gas chromatography
(GC) with an appropriate detector as the analytical quantification technique.
Purge-and-trap methods involve the purging of the vapor from the sample or its
suspension in water with an inert gas and the trapping of the desorbed vapors
in a sorbent trap. Particular care must be taken in sampling and storage of
samples in view of the compound's high volatility. Although 1,2,3-trichloropropane
was listed as a chemical that could be determined using the listed techniques,
significant factors such as the detection limit and percent recovery were not
reported for this chemical. Both halogen-specific detection (e.g., Hall
electrolytic conductivity detectors) and mass spectrometry (MS) provide excellent
detection limits (EPA 1986a; Ho 1989;







76

6. ANALYTICAL METHODS

Lopez-Avila et al. 1987; Ramus et al. 1984). An advantage of halogenspecific
detectors is that they are very sensitive and specific to halogen
compounds. MS, on the other hand, provides additional confirmation of the
identity of a compound through its ion fragment patterns. High-resolution gas
chromatography (HRGC) with capillary columns coupled with MS provides better
resolution and increased sensitivity for volatile compounds than packed
columns. In this method, desorbed compounds are cryogenically trapped onto
the head of the capillary column. This HRGC-MS method overcomes some common
problems involved in analyses of excessively complex samples, samples with
large ranges of concentrations, and samples that also contain nonvolatile
compounds (Dreisch and Munson 1983; EPA 1986a).

6.3 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA as amended directs the Administrator of
ATSDR (in consultation with the Administrator of EPA and agencies and programs
of the Public Health Service) to assess whether adequate information on the
health effects of 1,2,3-trichloropropane is available. Where adequate
information is not available, ATSDR, in conjunction with the NTP, is required
to assure the initiation of a program of research designed to determine the
health effects (and techniques for developing methods to determine such health
effects) of 1,2,3-trichloropropane.

The following categories of possible data needs have been identified by
a joint team of scientists from ATSDR, NTP, and EPA. They are defined as
substance-specific informational needs that, if met, would reduce or eliminate
the uncertainties of human health assessment. In the future, the identified
data needs will be evaluated and prioritized, and a substance-specific
research agenda will be proposed.

6.3.1 Data Needs

Methods for Determining Biomarkers of Exposure and Effect. No
biomarker, other than possibly 1,2,3-trichloropropane itself, that can be
associated quantitatively with exposure to 1,2,3-trichloropropane has been
identified (see Section 2.5). Even the compound itself may not be a
quantitative biomarker of exposure because the levels found have not been
proven to qualitatively reflect exposure levels. Nevertheless, there are
methods for analyzing 1,2,3-trichloropropane in most of the biological
matrices for the rat, although important information such as detection limits
and recoveries was not reported (Sipes et al. 1982). These methods may be
sufficient for the analysis of human biological matrices.

No biomarkers have been identified that can be associated quantitatively
with effects caused by exposure to 1,2,3-trichloropropane. Therefore, methods
for biomarkers of effects are not currently available.
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Methods for Determining Parent Compounds and Degradation Products in
Environmental Media. Analytical methods for determining 1,2,3-trichloropropane in
contaminated air, water, soil, liquid and solid waste, sewage sludge, and citrus
fruits are available (EPA 1986a, 1986b; Ho 1989; Lopez-Avila et al. 1987; NIOSH
1987; Tonogai et al. 1986). No methods were found for the determination of 1,2,3-
trichloropropane in sediments. Most of the methods used for environmental samples,
however, did not report detection limits, recovery, accuracy, and precision for
1,2,3-trichloropropane. Knowledge of these factors, as well as the
development of alternative methods of analysis, would help in estimating the
potential for human exposure to 1,2,3-trichloropropane. No information was
found regarding degradation products of 1,2,3-trichloropropane. Consequently,
no comment regarding the availability of analytical methods for determining
degradation products can be made.

6.3.2 On-going Studies

The Environmental Health Laboratory Sciences Division of the Center for
Environmental Health and Injury Control, Centers for Disease Control, is
developing methods for analyzing 1,2,3-trichloropropane and other volatile
organic compounds in blood. These methods use high resolution gas
chromatography and magnetic sector mass spectrometry, which gives detection
limits in the low ppt (parts per trillion) range.
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7. REGULATIONS AND ADVISORIES

National regulations and guidelines pertinent to human exposure to
1,2,3-trichloropropane are summarized in Table 7-l. Guidance from the World
Health Organization and the International Agency for Research on Cancer is not
available.
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Acute Exposure -- Exposure to a chemical for a duration of 14 days or less, as
specified in the Toxicological Profiles.

Adsorption Coefficient (Koc) -- The ratio of the amount of a chemical adsorbed
per unit weight of organic carbon in the soil or sediment to the concentration
of the chemical in solution at equilibrium.

Adsorption Ratio (Kd) -- The amount of a chemical adsorbed by a sediment or
soil (i.e., the solid phase) divided by the amount of chemical in the solution
phase, which is in equilibrium with the solid phase, at a fixed solid/solution
ratio. It is generally expressed in micrograms of chemical sorbed per gram of
soil or sediment.

Bioconcentration Factor (BCF) -- The quotient of the concentration of a
chemical in aquatic organisms at a specific time or during a discrete time
period of exposure divided by the concentration in the surrounding water at
the same time or during the same period.

Cancer Effect Level (CEL) -- The lowest dose of chemical in a study, or group
of studies, that produces significant increases in the incidence of cancer (or
tumors) between the exposed population and its appropriate control.

Carcinogen -- A chemical capable of inducing cancer.

Ceiling Value -- A concentration of a substance that should not be exceeded,
even instantaneously.

Chronic Exposure -- Exposure to a chemical for 365 days or more, as specified
in the Toxicological Profiles.

Developmental Toxicity -- The occurrence of adverse effects on the developing
organism that may result from exposure to a chemical prior to conception
(either parent), during prenatal development, or postnatally to the time of
sexual maturation. Adverse developmental effects may be detected at any point
in the life span of the organism.

Embryotoxicity and Fetotoxicity -- Any toxic effect on the conceptus as a
result of prenatal exposure to a chemical; the distinguishing feature between
the two terms is the stage of development during which the insult occurred.
The terms, as used here, include malformations and variations, altered growth,
and in utero death.

EPA Health Advisory -- An estimate of acceptable drinking water levels for a
chemical substance based on health effects information. A health advisory is
not a legally enforceable federal standard, but serves as technical guidance
to assist federal, state, and local officials.
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Immediately Dangerous to Life or Health (IDLH) -- The maximum environmental
concentration of a contaminant from which one could escape within 30 min
without any escape-impairing symptoms or irreversible health effects.

Intermediate Exposure -- Exposure to a chemical for a duration of 15-364 days
as specified in the Toxicological Profiles.

Immunologic Toxicity -- The occurrence of adverse effects on the immune system
that may result from exposure to environmental agents such as chemicals.

In vitro -- Isolated from the living organism and artificially maintained, as
in a test tube.

In vivo -- Occurring within the living organism.

Lethal Concentration(Lo) (LCLo) -- The lowest concentration of a chemical in
air which has been reported to have caused death in humans or animals.

Lethal Concentration(50) (LC50) -- A calculated concentration of a chemical in
air to which exposure for a specific length of time is expected to cause death
in 50% of a defined experimental animal population.

Lethal Dose(Lo) (LDLo) -- The lowest dose of a chemical introduced by a route
other than inhalation that is expected to have caused death in humans or
animals.

Lethal Dose(50)(LD50) -- The dose of a chemical which has been calculated to
cause death in 50% of a defined experimental animal population.

Lethal Time(50) (LT50) -- A calculated period of time within which a specific
concentration of a chemical is expected to cause death in 50% of a defined
experimental animal population.

Lowest-Observed-Adverse-Effect Level (LOAEL) -- The lowest dose of chemical in
a study, or group of studies, that produces statistically or biologically
significant increases in frequency or severity of adverse effects between the
exposed population and its appropriate control.

Malformations -- Permanent structural changes that may adversely affect
survival, development, or function.

Minimal Risk Level -- An estimate of daily human exposure to a chemical that
is likely to be without an appreciable risk of deleterious effects
(noncancerous) over a specified duration of exposure.

Mutagen -- A substance that causes mutations. A mutation is a change in the
genetic material in a body cell. Mutations can lead to birth defects,
miscarriages, or cancer.
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Short-Term Exposure Limit (STEL) -- The maximum concentration to which workers
can be exposed for up to 15 min continually. No more than four excursions are
allowed per day, and there must be at least 60 min between exposure periods.
The daily TLV-TWA may not be exceeded.

Target Organ Toxicity -- This term covers a broad range of adverse effects on
target organs or physiological systems (e.g., renal, cardiovascular) extending
from those arising through a single limited exposure to those assumed over a
lifetime of exposure to a chemical.

Teratogen -- A chemical that causes structural defects that affect the
development of an organism.

Threshold Limit Value (TLV) -- A concentration of a substance to which most
workers can be exposed without adverse effect. The TLV may be expressed as a
TWA, as a STEL, or as a CL.

Time-Weighted Average (TWA) -- An allowable exposure concentration averaged
over a normal 8-hour workday or 40-hour workweek.

Toxic Dose (TD50) -- A calculated dose of a chemical, introduced by a route
other than inhalation, which is expected to cause a specific toxic effect in
50% of a defined experimental animal population.

Uncertainty Factor (UF) -- A factor used in operationally deriving the RfD
from experimental data. UFs are intended to account for (1) the variation in
sensitivity among the members of the human population, (2) the uncertainty in
extrapolating animal data to the case of human, (3) the uncertainty in
extrapolating from data obtained in a study that is of less than lifetime
exposure, and (4) the uncertainty in using LOAEL data rather than NOAEL data.
Usually each of these factors is set equal to 10.
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USER'S GUIDE

Chapter 1

Public Health Statement

This chapter of the profile is a health effects summary written in nontechnical
language. Its intended audience is the general public especially people living
in the vicinity of a hazardous waste site or substance release. If the Public
Health Statement were removed from the rest of the document, it would still
communicate to the lay public essential information about the substance.

The major headings in the Public Health Statement are useful to find specific
topics of concern. The topics are written in a question and answer format. The
answer to each question includes a sentence that will direct the reader to
chapters in the profile that will provide more information on the given topic.

Chapter 2

Tables and Figures for Levels of Significant Exposure (LSE)

Tables (2-1, 2-2, and 2-3) and figures (2-l and 2-2) are used to summarize health
effects by duration of exposure and endpoint and to illustrate graphically levels
of exposure associated with those effects. All entries in these tables and
figures represent studies that provide reliable, quantitative estimates of
No-Observed-Adverse-Effect Levels (NOAELs), Lowest-Observed- Adverse-Effect
Levels (LOAELs) for Less Serious and Serious health effects, or Cancer Effect
Levels (CELs). In addition, these tables and figures illustrate differences in
response by species, Minimal Risk Levels (MRLs) to humans for noncancer end
points, and EPA's estimated range associated with an upper-bound individual
lifetime cancer risk of 1 in 10,000 to 1 in 10,000,000. The LSE tables and
figures can be used for a quick review of the health effects and to locate data
for a specific exposure scenario. The LSE tables and figures should always be
used in conjunction with the text.

The legends presented below demonstrate the application of these tables and
figures. A representative example of LSE Table 2-1 and Figure 2-1 are shown.
The numbers in the left column of the legends correspond to the numbers in the
example table and figure.

LEGEND

See LSE Table 2-l

(1). Route of Exposure One of the first considerations when reviewing the
     toxicity of a substance using these tables and figures should be the
      relevant and appropriate route of exposure. When sufficient data exist,
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three LSE tables and two LSE figures are presented in the document. The
three LSE tables present data on the three principal routes of exposure,
i.e., inhalation, oral, and dermal (LSE Table 2-1, 2-2, and 2-3,
respectively). LSE figures are limited to the inhalation (LSE Figure 2-l)
and oral (LSE Figure 2-2) routes.

(2). Exposure Duration Three exposure periods: acute (14 days or less);
intermediate (15 to 364 days); and chronic (365 days or more) are
presented within each route of exposure. In this example, an inhalation
study of intermediate duration exposure is reported.

(3).  Health Effect The major categories of health effects included in
LSE tables and figures are death, systemic, immunological,
neurological, developmental, reproductive, and cancer. NOAELs and
LOAELs can be reported in the tables and figures for all effects but
cancer. Systemic effects are further defined in the "System" column
of the LSE table.

(4).  Key to Figure Each key number in the LSE table links study information
to one or more data points using the same key number in the corresponding
LSE figure. In this example, the study represented by key number 18 has
been used to define a NOAEL and a Less Serious LOAEL (also see the two
'18r" data points in Figure 2-l).

(5).  Species The test species, whether animal or human, are identified in this
      column.

(6).  Exposure Frequency/Duration The duration of the study and the weekly and
daily exposure regimen are provided in this column. This permits
comparison of NOAELs and LOAELs from different studies. In this case (key
number 18), rats were exposed to [substance x] via inhalation for 13
weeks, 5 days per week, for 6 hours per day.

(7).  System This column further defines the systemic effects. These systems
include: respiratory, cardiovascular, gastrointestinal, hematological,
musculoskeletal, hepatic, renal, and dermal/ocular. "Other" refers to any
systemic effect (e.g., a decrease in body weight) not covered in these
systems. In the example of key number 18, one systemic effect
(respiratory) was investigated in this study.

(8).  NOAEL A No-Observed-Adverse-Effect Level (NOAEL) is the highest exposure
level at which no harmful effects were seen in the organ system studied.
Key number 18 reports a NOAEL of 3 ppm for the respiratory system which
was used to derive an intermediate exposure, inhalation MRL of 0.005 ppm
(see footnote "c").

(9).  LOAEL A Lowest-Observed-Adverse-Effect Level (LOAEL) is the lowest
exposure Level used in the study that caused a harmful health effect.
LOAELs have been classified into "Less Serious" and "Serious" effects.
These distinctions help readers identify the levels of exposure at which
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adverse health effects first appear and the gradation of effects with
increasing dose. A brief description of the specific end point used to
quantify the adverse effect accompanies the LOAEL. The "Less Serious"
respiratory effect reported in key number 18 (hyperplasia) occurred at a
LOAEL of 10 ppm.

(10). Reference The complete reference citation is given in Chapter 8 of the
      profile.

(11). CEL A Cancer Effect Level (CEL) is the lowest exposure level associated
with the onset of carcinogenesis in experimental or epidemiological
studies. CELs are always considered serious effects. The LSE tables and
figures do not contain NOAELs for cancer, but the text may report doses
which did not cause a measurable increase in cancer.

(12). Footnotes Explanations of abbreviations or reference notes for data in
the LSE tables are found in the footnotes. Footnote "c" indicates the
NOAEL of 3 ppm in key number 18 was used to derive an MRL of 0.005 ppm.

LEGEND

See LSE Figure 2-1

LSE figures graphically illustrate the data presented in the corresponding LSE
tables. Figures help the reader quickly compare health effects according to
exposure levels for particular exposure duration.

(13). Exposure Duration The same exposure periods appear as in the LSE table.
In this example, health effects observed within the intermediate and
chronic exposure periods are illustrated.

(14).  Health Effect These are the categories of health effects for which
reliable quantitative data exist. The same health effects appear in the
LSE table.

(15). Levels Of Exposure Exposure levels for each health effect in the LSE
tables are graphically displayed in the LSE figures. Exposure levels are
reported on the log scale "y" axis. Inhalation exposure is reported in
mg/m3 or ppm and oral exposure is reported in mg/kg/day.

(16). NOAEL In this example, 18r NOAEL is the critical end point for which an
intermediate inhalation exposure MRL is based. As you can see from the
LSE figure key, the open-circle symbol indicates a NOAEL for the test
species (rat). The key number 18 corresponds to the entry in the LSE
table. The dashed descending arrow indicates the extrapolation from the
exposure level of 3 ppm (see entry 18 in the Table) to the MRL of 0.005
ppm (see footnote "b" in the LSE table).

(17). CEL Key number 38r is one of three studies for which Cancer Effect Levels
(CELs) were derived. The diamond symbol refers to a CEL for the test
species (rat). The number 38 corresponds to the entry in the LSE table.
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(18). Estimated Upper-Bound Human Cancer Risk Levels This is the range
associated with the upper-bound for lifetime cancer risk of 1 in 10,000
to 1 in10,000,000. These risk levels are derived from EPA's Human Health
Assessment Group's upper-bound estimates of the slope of the cancer dose
response curve at low dose levels (q1*).

(19). Key to LSE Figure The Key explains the abbreviations and symbols used in
      the figure.
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Chapter 2 (Section 2.4)

Relevance to Public Health

The Relevance to Public Health section provides a health effects summary based
on evaluations of existing toxicological, epidemiological, and toxicokinetic
information. This summary is designed to present interpretive, weight-of-evidence
discussions for human health end points by addressing the following questions.

1. What effects are known to occur in humans?

2 . What effects observed in animals are likely to be of concern to
humans?

3 . What exposure conditions are likely to be of concern to humans,
especially around hazardous waste sites?

The section discusses health effects by end point. Human data are presented
first, then animal data. Both are organized by route of exposure (inhalation,
oral, and dermal) and by duration (acute, intermediate, and chronic). In vitro
data and data from parenteral routes (intramuscular, intravenous, subcutaneous,
etc.) are also considered in this section. If data are located in the
scientific literature, a table of genotoxicity information is included.

The carcinogenic potential of the profiled substance is qualitatively evaluated,
when appropriate, using existing toxicokinetic, genotoxic, and carcinogenic data.
ATSDR does not currently assess cancer potency or perform cancer risk
assessments. MRLs for noncancer end points if derived, and the end points from
which they were derived are indicated and discussed in the appropriate
section(s).

Limitations to existing scientific literature that prevent a satisfactory
evaluation of the relevance to public health are identified in the Identification
of Data Needs section.

Interpretation of Minimal Risk Levels

Where sufficient toxicologic information was available, MRLs were derived. MRLs
are specific for route (inhalation or oral) and duration (acute, intermediate,
or chronic) of exposure. Ideally, MRLs can be derived from all six exposure
scenarios (e.g., Inhalation - acute, -intermediate, -chronic; Oral - acute, -
intermediate, - chronic). These MRLs are not meant to support regulatory action,
but to aquaint health professionals with exposure levels at which adverse health
effects are not expected to occur in humans. They should help physicians and
public health officials determine the safety of a community living near a
substance emission, given the concentration of a contaminant in air or the
estimated daily dose received via food or water. MRLs are based largely on
toxicological studies in animals and on reports of human occupational exposure.
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MRL users should be familiar with the toxicological information on which the
number is based. Section 2.4, "Relevance to Public Health," contains basic
information known about the substance. Other sections such as 2.6, "Interactions
with Other Chemicals" and 2.7, "Populations that are Unusually Susceptible"
provide important supplemental information.

MRL users should also understand the MRL derivation methodology. MRLs are
derived using a modified version of the risk assessment methodology used by the
Environmental Protection Agency (EPA) (Barnes and Dourson, 1988; EPA 1989a) to
derive reference doses (RfDs) for lifetime exposure.

To derive an MRL, ATSDR generally selects the end point which, in its best
judgement, represents the most sensitive human health effect for a given exposure
route and duration. ATSDR cannot make this judgement or derive an MRL unless
information (quantitative or qualitative) is available for all potential effects
(e.g., systemic, neurological, and developmental). In order to compare NOAELs
and LOAELs for specific end points, all inhalation exposure levels are adjusted
for 24hr exposures and all intermittent exposures for inhalation and oral routes
of intermediate and chronic duration are adjusted for continous exposure (i.e.,
7 days/week). If the information and reliable quantitative data on the chosen
end point are available, ATSDR derives an MRL using the most sensitive species
(when information from multiple species is available) with the highest NOAEL that
does not exceed any adverse effect levels. The NOAEL is the most suitable end
point for deriving an MRL. When a NOAEL is not available, a Less Serious LOAEL
can be used to derive an MRL, and an uncertainty factor (UF) of 10 is employed.
MRLs are not derived from Serious LOAELs. Additional uncertainty factors of 10
each are used for human variability to protect sensitive subpopulations (people
who are most susceptible to the health effects caused by the substance) and for
interspecies variability (extrapolation from animals to humans). In deriving an
MRL, these individual uncertainty factors are multiplied together. The product
is then divided into the adjusted inhalation concentration or oral dosage
selected from the study. Uncertainty factors used in developing a
substance-specific MRL are provided in the footnotes of the LSE Tables.
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PEER REVIEW

A peer review panel was assembled for 1,2,3-trichloropropane. The panel
consisted of the following members: Dr. Hugh Farber, Private Consultant,
Midland, MI; Dr. I.G. Sipes, Professor and Head, Department of Toxicology,
University of Arizona, Tucson, AZ; and Dr. Shane Que Hee, Associate Professor,
School of Public Health, University of California, Los Angeles, CA. These
experts collectively have knowledge of 1,2,3-trichloropropane's physical and
chemical properties, toxicokinetics, key health end points, mechanisms of
action, human and animal exposure, and quantification of risk to humans. All
reviewers were selected in conformity with the conditions for peer review
specified in the Comprehensive Environmental Response, Compensation, and
Liability Act of 1986, Section 104.

Scientists from the Agency for Toxic Substances and Disease Registry
(ATSDR) have reviewed the peer reviewers' comments and determined which
comments will be included in the profile. A listing of the peer reviewers'
comments not incorporated in the profile, with a brief explanation of the
rationale for their exclusion, exists as part of the administrative record for
this compound. A list of databases reviewed and a list of unpublished
documents cited are also included in the administrative record.

The citation of the peer review panel should not be understood to imply
its approval of the profile's final content. The responsibility for the
content of this profile lies with the ATSDR.

*U.S. Government Printing Office: 1992-638-236.
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FOREWORD 
 

This toxicological profile is prepared in accordance with guidelines developed by the Agency for Toxic 
Substances and Disease Registry (ATSDR) and the Environmental Protection Agency (EPA).  The 
original guidelines were published in the Federal Register on April 17, 1987. Each profile will be revised 
and republished as necessary. 

The ATSDR toxicological profile succinctly characterizes the toxicologic and adverse health effects 
information for the hazardous substance described therein.  Each peer-reviewed profile identifies and 
reviews the key literature that describes a hazardous substance’s toxicologic properties.  Other pertinent 
literature is also presented, but is described in less detail than the key studies.  The profile is not intended 
to be an exhaustive document; however, more comprehensive sources of specialty information are 
referenced. 

The focus of the profiles is on health and toxicologic information; therefore, each toxicological profile 
begins with a public health statement that describes, in nontechnical language, a substance’s relevant 
toxicological properties.  Following the public health statement is information concerning levels of 
significant human exposure and, where known, significant health effects.  The adequacy of information to 
determine a substance’s health effects is described in a health effects summary.  Data needs that are of 
significance to protection of public health are identified by ATSDR and EPA. 

Each profile includes the following: 

(A) The examination, summary, and interpretation of available toxicologic information and 
epidemiologic evaluations on a hazardous substance to ascertain the levels of significant human 
exposure for the substance and the associated acute, subacute, and chronic health effects; 

(B) A determination of whether adequate information on the health effects of each substance 
is available or in the process of development to determine levels of exposure that present a 
significant risk to human health of acute, subacute, and chronic health effects; and 

(C) Where appropriate, identification of toxicologic testing needed to identify the types or 
levels of exposure that may present significant risk of adverse health effects in humans. 

The principal audiences for the toxicological profiles are health professionals at the Federal, State, and 
local levels; interested private sector organizations and groups; and members of the public.   

This profile reflects ATSDR’s assessment of all relevant toxicologic testing and information that has been 
peer-reviewed. Staff of the Centers for Disease Control and Prevention and other Federal scientists have 
also reviewed the profile.  In addition, this profile has been peer-reviewed by a nongovernmental panel 
and was made available for public review.  Final responsibility for the contents and views expressed in 
this toxicological profile resides with ATSDR. 
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*Legislative Background 

The toxicological profiles are developed in response to the Superfund Amendments and Reauthorization 
Act (SARA) of 1986 (Public Law 99 499) which amended the Comprehensive Environmental Response, 
Compensation, and Liability Act of 1980 (CERCLA or Superfund).  This public law directed ATSDR to 
prepare toxicological profiles for hazardous substances most commonly found at facilities on the 
CERCLA National Priorities List and that pose the most significant potential threat to human health, as 
determined by ATSDR and the EPA.  The availability of the revised priority list of 275 hazardous 
substances was announced in the Federal Register on December 7, 2005 (70 FR 72840).  For prior 
versions of the list of substances, see Federal Register notices dated April 17, 1987 (52 FR 12866); 
October 20, 1988 (53 FR 41280); October 26, 1989 (54 FR 43619); October 17,1990 (55 FR 42067); 
October 17, 1991 (56 FR 52166); October 28, 1992 (57 FR 48801); February 28, 1994 (59 FR 9486); 
April 29, 1996 (61 FR 18744); November 17, 1997 (62 FR 61332); October 21, 1999 (64 FR 56792); 
October 25, 2001 (66 FR 54014), and November 7, 2003 (68 FR 63098). Section 104(i)(3) of CERCLA, 
as amended, directs the Administrator of ATSDR to prepare a toxicological profile for each substance on 
the list. 
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QUICK REFERENCE FOR HEALTH CARE PROVIDERS 

Toxicological Profiles are a unique compilation of toxicological information on a given hazardous 
substance. Each profile reflects a comprehensive and extensive evaluation, summary, and interpretation 
of available toxicologic and epidemiologic information on a substance.  Health care providers treating 
patients potentially exposed to hazardous substances will find the following information helpful for fast 
answers to often-asked questions. 

Primary Chapters/Sections of Interest 

Chapter 1: Public Health Statement: The Public Health Statement can be a useful tool for educating 
patients about possible exposure to a hazardous substance.  It explains a substance’s relevant 
toxicologic properties in a nontechnical, question-and-answer format, and it includes a review of 
the general health effects observed following exposure. 

Chapter 2: Relevance to Public Health: The Relevance to Public Health Section evaluates, interprets, 
and assesses the significance of toxicity data to human health. 

Chapter 3: Health Effects: Specific health effects of a given hazardous compound are reported by type 
of health effect (death, systemic, immunologic, reproductive), by route of exposure, and by length 
of exposure (acute, intermediate, and chronic).  In addition, both human and animal studies are 
reported in this section. 
NOTE: Not all health effects reported in this section are necessarily observed in the clinical 
setting. Please refer to the Public Health Statement to identify general health effects observed 
following exposure. 

Pediatrics: Four new sections have been added to each Toxicological Profile to address child health 
issues: 
Section 1.6 How Can (Chemical X) Affect Children? 
 
Section 1.7 How Can Families Reduce the Risk of Exposure to (Chemical X)? 
 
Section 3.7 Children’s Susceptibility 
 
Section 6.6 Exposures of Children 
 

Other Sections of Interest: 
Section 3.8 Biomarkers of Exposure and Effect 
Section 3.11 Methods for Reducing Toxic Effects 

ATSDR Information Center  
Phone: 1-888-42-ATSDR or (404) 498-0110 Fax: (770) 488-4178 
E-mail: atsdric@cdc.gov Internet: http://www.atsdr.cdc.gov 

The following additional material can be ordered through the ATSDR Information Center: 

Case Studies in Environmental Medicine: Taking an Exposure History—The importance of taking an 
exposure history and how to conduct one are described, and an example of a thorough exposure 
history is provided.  Other case studies of interest include Reproductive and Developmental 

mailto:atsdric@cdc.gov
http://www.atsdr.cdc.gov
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Hazards; Skin Lesions and Environmental Exposures; Cholinesterase-Inhibiting Pesticide 
Toxicity; and numerous chemical-specific case studies. 

Managing Hazardous Materials Incidents is a three-volume set of recommendations for on-scene 
(prehospital) and hospital medical management of patients exposed during a hazardous materials 
incident. Volumes I and II are planning guides to assist first responders and hospital emergency 
department personnel in planning for incidents that involve hazardous materials.  Volume III— 
Medical Management Guidelines for Acute Chemical Exposures—is a guide for health care 
professionals treating patients exposed to hazardous materials. 

Fact Sheets (ToxFAQs) provide answers to frequently asked questions about toxic substances. 

Other Agencies and Organizations 

The National Center for Environmental Health (NCEH) focuses on preventing or controlling disease, 
injury, and disability related to the interactions between people and their environment outside the 
workplace. Contact: NCEH, Mailstop F-29, 4770 Buford Highway, NE, Atlanta, 
GA 30341-3724 • Phone: 770-488-7000 • FAX: 770-488-7015. 

The National Institute for Occupational Safety and Health (NIOSH) conducts research on occupational 
diseases and injuries, responds to requests for assistance by investigating problems of health and 
safety in the workplace, recommends standards to the Occupational Safety and Health 
Administration (OSHA) and the Mine Safety and Health Administration (MSHA), and trains 
professionals in occupational safety and health.  Contact: NIOSH, 200 Independence Avenue, 
SW, Washington, DC 20201 • Phone: 800-356-4674 or NIOSH Technical Information Branch, 
Robert A. Taft Laboratory, Mailstop C-19, 4676 Columbia Parkway, Cincinnati, OH 45226-1998 
• Phone: 800-35-NIOSH. 

The National Institute of Environmental Health Sciences (NIEHS) is the principal federal agency for 
biomedical research on the effects of chemical, physical, and biologic environmental agents on 
human health and well-being.  Contact:  NIEHS, PO Box 12233, 104 T.W. Alexander Drive, 
Research Triangle Park, NC 27709 • Phone: 919-541-3212. 

Referrals 

The Association of Occupational and Environmental Clinics (AOEC) has developed a network of clinics 
in the United States to provide expertise in occupational and environmental issues.  Contact: 
AOEC, 1010 Vermont Avenue, NW, #513, Washington, DC 20005 • Phone:  202-347-4976 
• FAX: 202-347-4950 • e-mail: AOEC@AOEC.ORG • Web Page:  http://www.aoec.org/. 

The American College of Occupational and Environmental Medicine (ACOEM) is an association of 
physicians and other health care providers specializing in the field of occupational and 
environmental medicine.  Contact: ACOEM, 25 Northwest Point Boulevard, Suite 700, 
Elk Grove Village, IL 60007-1030 • Phone:  847-818-1800 • FAX:  847-818-9266. 

mailto:AOEC@AOEC.ORG
http://www.aoec.org/
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PEER REVIEW 
 

A peer review panel was assembled for the pre-public comment vinyl chloride.  The panel consisted of 
the following members:  

1.	 Finis L. Cavender, Ph.D., Consultant in Toxicology, Henderson, North Carolina; 

2. 	 Sam Kacew, Ph.D., Professor, Department of Cellular and Molecular Medicine, University of 
Ottawa, Ottawa, Ontario; and 

3.	 Andrew G. Salmon, Ph.D., Senior Toxicologist and Chief, Air Toxicology and Risk Assessment 
Unit, California Environmental Protection Agency, Lafayette, California. 

These experts collectively have knowledge of vinyl chloride's physical and chemical properties, 
toxicokinetics, key health end points, mechanisms of action, human and animal exposure, and 
quantification of risk to humans.  All reviewers were selected in conformity with the conditions for peer 
review specified in Section 104(I)(13) of the Comprehensive Environmental Response, Compensation, 
and Liability Act, as amended. 

Scientists from the Agency for Toxic Substances and Disease Registry (ATSDR) have reviewed the peer 
reviewers' comments and determined which comments will be included in the profile.  A listing of the 
peer reviewers' comments not incorporated in the profile, with a brief explanation of the rationale for their 
exclusion, exists as part of the administrative record for this compound.   

The citation of the peer review panel should not be understood to imply its approval of the profile's final 
content. The responsibility for the content of this profile lies with the ATSDR. 
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1 VINYL CHLORIDE 

1. PUBLIC HEALTH STATEMENT 


This public health statement tells you about vinyl chloride and the effects of exposure to it.   

The Environmental Protection Agency (EPA) identifies the most serious hazardous waste sites in 

the nation. These sites are then placed on the National Priorities List (NPL) and are targeted for 

long-term federal clean-up activities.  Vinyl chloride has been found in at least 616 of the 

1,662 current or former NPL sites.  Although the total number of NPL sites evaluated for this 

substance is not known, the possibility exists that the number of sites at which vinyl chloride is 

found could increase in the future as more sites are evaluated.  This information is important 

because these sites may be sources of exposure, and exposure to this substance can harm you. 

When a substance is released either from a large area, such as an industrial plant, or from a 

container, such as a drum or bottle, it enters the environment. Such a release does not always 

lead to exposure. You can be exposed to a substance only when you come in contact with it.  

You may be exposed by breathing, eating, or drinking the substance, or by skin contact. 

If you are exposed to vinyl chloride, many factors will determine whether you will be harmed.  

These factors include the dose (how much), the duration (how long), and how you come in 

contact with it. You must also consider any other chemicals you are exposed to and your age, 

sex, diet, family traits, lifestyle, and state of health. 
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1.1 	 WHAT IS VINYL CHLORIDE? 

Vinyl chloride is known also as chloroethene, chloroethylene, ethylene monochloride, or 

monochloroethylene. At room temperature, it is a colorless gas, it burns easily, and it is not 

stable at high temperatures.  Vinyl chloride exists in liquid form if kept under high pressure or at 

low temperatures.  Vinyl chloride has a mild, sweet odor, which may become noticeable at 

3,000 parts vinyl chloride per million parts (ppm) of air.  However, the odor is of little value in 

preventing excess exposure. Most people begin to taste vinyl chloride in water at 3.4 ppm. 

Vinyl chloride is a manufactured substance that does not occur naturally; however, it can be 

formed in the environment when other manufactured substances, such as trichloroethylene, 

trichloroethane, and tetrachloroethylene, are broken down by certain microorganisms.  

Production of vinyl chloride in the United States grew at an average rate of about 7% from the 

early 1980s to the early 1990s, with current growth at about 3% annually.  Most of the vinyl 

chloride produced in the United States is used to make a polymer called polyvinyl chloride 

(PVC), which consists of long repeating units of vinyl chloride.  PVC is used to make a variety 

of plastic products including pipes, wire and cable coatings, and packaging materials.  Other uses 

include furniture and automobile upholstery, wall coverings, housewares, and automotive parts.  

At one time, vinyl chloride was used as a coolant, as a propellant in spray cans, and in some 

cosmetics.  However, since the mid-1970s, vinyl chloride mostly has been used in the 

manufacture of PVC.  Refer to Chapter 4 for more information about the chemical and physical 

properties of vinyl chloride.  For more information about the production and use of vinyl 

chloride, see Chapter 5. 

1.2 	 WHAT HAPPENS TO VINYL CHLORIDE WHEN IT ENTERS THE 
ENVIRONMENT? 

Most of the vinyl chloride that enters the environment comes from vinyl chloride manufacturing 

or processing plants, which release it into the air or into waste water.  EPA limits the amount that 

industries can release. Vinyl chloride also is a breakdown product of other synthetic chemicals.  

Vinyl chloride has entered the environment at hazardous waste sites as a result of improper 
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disposal or leakage from storage containers or spills, but some may result from the breakdown of 

other chemicals.  In addition, vinyl chloride has been found in tobacco smoke at very low levels. 

Liquid vinyl chloride evaporates easily.  Vinyl chloride in water or soil evaporates rapidly if it is 

near the surface.  Vinyl chloride in the air breaks down in a few days, resulting in the formation 

of several other chemicals including hydrochloric acid, formaldehyde, and carbon dioxide.   

Some vinyl chloride can dissolve in water.  Vinyl chloride can migrate to groundwater and can 

be in groundwater due to the breakdown of other chemicals.  Vinyl chloride is unlikely to build 

up in plants or animals that you might eat.  For more information about what happens to vinyl 

chloride in the environment, see Chapter 6. 

1.3 HOW MIGHT I BE EXPOSED TO VINYL CHLORIDE? 

Because vinyl chloride usually exists in a gaseous state, you are most likely to be exposed to it 

by breathing it. Vinyl chloride is not normally found in urban, suburban, or rural air in amounts 

that are detectable by the usual methods of analysis.  However, vinyl chloride has been found in 

the air near vinyl chloride manufacturing and processing plants, hazardous waste sites, and 

landfills. The amount of vinyl chloride in the air near these places ranges from trace amounts to 

over 1 ppm.  Levels as high as 44 ppm were found in the air at some landfills.  You can also be 

exposed to vinyl chloride in the air through tobacco smoke from cigarettes or cigars (both active 

smoking and second-hand smoke).  Levels of vinyl chloride in tobacco smoke are very low, 

usually around 5–30 nanograms per cigarette (a nanogram is 0.000000001 gram). 

You can be exposed to vinyl chloride by drinking water from contaminated wells.  Most drinking 

water supplies do not contain vinyl chloride. In a 1982 survey, vinyl chloride was found in 

fewer than 1% of the 945 groundwater supplies tested in the United States.  The concentrations 

in groundwater were up to 0.008 ppm. Other studies have reported vinyl chloride in 

groundwater at concentrations at or below 0.38 ppm.  At one time, the flow of water through 

PVC pipes added very low amounts of vinyl chloride to water.  For example, in one study of 

newly installed pipes, the drinking water had 0.001 ppm of vinyl chloride.  No current 
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information is available about the amount of vinyl chloride released from PVC pipes into water.  

In the past, vinyl chloride could get into food stored in materials containing PVC, but the U.S. 

government now regulates the amount of vinyl chloride in food packaging materials.  When less 

than about 1 ppm of vinyl chloride is trapped in PVC packaging, vinyl chloride in detectable 

amounts does not enter food by contact with these products. 

People who work at facilities that make vinyl chloride or PVC usually are exposed to higher 

levels than the general population. Work exposure occurs primarily from breathing air that 

contains vinyl chloride, but workers also are exposed when vinyl chloride contacts the skin or 

eyes. Based on studies using animals, it is possible that if vinyl chloride comes into contact with 

your skin or eyes, extremely small amounts could enter your body.   

Please refer to Chapter 6 for more information on ways that people are exposed to vinyl chloride. 

1.4 HOW CAN VINYL CHLORIDE ENTER AND LEAVE MY BODY? 

If vinyl chloride gas contacts your skin, tiny amounts may pass through the skin and enter your 

body. Vinyl chloride is more likely to enter your body when you breathe air or drink water 

containing it. This could occur near certain factories or hazardous waste sites or in the 

workplace. At low levels (<20 ppm), most of the vinyl chloride that you breathe or swallow 

enters your blood rapidly, then travels throughout your body.  When some portion of it reaches 

your liver, your liver changes it into several substances.  Most of these new substances also 

travel in your blood; once they reach your kidneys, they leave your body in your urine.  Most of 

the vinyl chloride is gone from your body a day after you breathe or swallow it.  The liver, 

however, makes some new substances that do not leave your body as rapidly.  A few of these 

new substances are more harmful than vinyl chloride because they react with chemicals inside 

your body and interfere with the way your body normally uses or responds to these chemicals.  

Some of these substances react in the liver and, depending on how much vinyl chloride you 

breathe in, may produce damage there.  Your body needs more time to get rid of these changed 

chemicals, but eventually removes them as well.  If you breathe or swallow more vinyl chloride 
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than your liver can chemically change, you will breathe out excess vinyl chloride.  Chapter 3 

contains more information about how vinyl chloride enters and leaves your body. 

1.5 HOW CAN VINYL CHLORIDE AFFECT MY HEALTH? 

Scientists use many tests to protect the public from harmful effects of toxic chemicals and to find 

ways to treat people who have been harmed. 

One way to learn whether a chemical will harm people is to determine how the body absorbs, 

uses, and releases the chemical.  For some chemicals, animal testing may be necessary.  Animal 

testing may also help identify health effects, such as cancer or birth defects.  Without laboratory 

animals, scientists would lose a basic method for getting information needed to make wise 

decisions that protect public health.  Scientists have the responsibility to treat research animals 

with care and compassion.  Scientists must comply with strict animal-care guidelines because 

laws today protect the welfare of research animals. 

If you breathe high levels of vinyl chloride, you will feel dizzy or sleepy.  These effects occur 

within 5 minutes if you are exposed to about 10,000 ppm of vinyl chloride.  You can easily smell 

vinyl chloride at this concentration.  It has a mild, sweet odor.  If you breathe still higher levels 

(25,000 ppm), you may pass out.  You can rapidly recover from these effects if you breathe fresh 

air. Some people get a headache when they breathe fresh air immediately after breathing very 

high levels of vinyl chloride. People who breathe extremely high levels of vinyl chloride can 

die. Studies in animals show that extremely high levels of vinyl chloride can damage the liver, 

lungs, and kidneys.  These levels also can damage the heart and prevent blood clotting.  The 

effects of ingesting vinyl chloride are unknown.  If you spill liquid vinyl chloride on your skin, it 

will numb the skin and produce redness and blisters. 

Some people who have breathed vinyl chloride for several years have changes in the structure of 

their livers.  People are more likely to develop these changes if they breathe high levels of vinyl 

chloride. Some people who have worked with vinyl chloride have nerve damage, and others 

develop an immune reaction. The lowest levels that produce liver changes, nerve damage, and 
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immune reaction in people are not known. Certain jobs related to PVC production expose 

workers to very high levels of vinyl chloride (i.e., pools of liquid vinyl chloride in vats or 

autoclaves). Some of these workers have problems with the blood flow in their hands.  Their 

fingers turn white and hurt when they go into the cold and may take a long time to recover when 

they go into a warm place.  In some of these people, changes have appeared on the skin of their 

hands and forearms.  Also, bones at the tips of their fingers have broken down.  Studies suggest 

that some people may be more sensitive to these effects than others. 

Some men who work with vinyl chloride have complained of a lack of sex drive.  Studies in 

animals showed that long-term exposure can damage the sperm and testes.  Some women who 

work with vinyl chloride have reported irregular menstrual periods.  Some have developed high 

blood pressure during pregnancy. 

Results from several studies have suggested that breathing air or drinking water containing 

moderate levels (100 ppm) of vinyl chloride might increase their risk for cancer.  However, the 

levels used in these studies were much higher than levels found in the ambient air and/or most 

drinking water supplies. Studies of workers who have breathed vinyl chloride over many years 

showed an increased risk for cancer of the liver.  Brain cancer, lung cancer, and some cancers of 

the blood also may be connected with breathing vinyl chloride over long periods.  Studies of 

long-term exposure in animals showed that cancer of the liver and mammary gland may increase 

at very low levels of vinyl chloride in the air (50 ppm).  Lab animals fed low levels of vinyl 

chloride each day (2 mg/kg/day) during their lifetime had an increased risk of getting liver 

cancer. 

The U.S. Department of Health and Human Services has determined that vinyl chloride is a 

known carcinogen. The International Agency for Research on Cancer has determined that vinyl 

chloride is carcinogenic to people, and EPA has determined that vinyl chloride is a human 

carcinogen. 

More information about the adverse health effects of vinyl chloride in humans and animals can 

be found in Chapters 2 and 3. 
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1.6 HOW CAN VINYL CHLORIDE AFFECT CHILDREN? 
 

This section discusses potential health effects in humans from exposures during the period from 

conception to maturity at 18 years of age.  

No studies are available that specifically address the effects of vinyl chloride in children.  Studies 

of women who live near vinyl chloride manufacturing plants did not show that vinyl chloride 

produces birth defects. Studies using pregnant animals showed that breathing high levels of 

vinyl chloride (5,000 ppm) can harm unborn baby animals.  Animal studies also show that vinyl 

chloride can produce more miscarriages early in pregnancy and decrease weight and delay 

skeletal development in fetuses.  These same very high levels of vinyl chloride also caused 

harmful effects in the pregnant animals.  Inhalation studies with animals have suggested that 

vinyl chloride might affect growth and development.  Animal studies also suggest that infants 

and young children might be more susceptible than adults to vinyl chloride-induced cancer. 

1.7 	 HOW CAN FAMILIES REDUCE THE RISK OF EXPOSURE TO VINYL 
CHLORIDE? 

If your doctor finds that you have been exposed to substantial amounts of vinyl chloride, ask 

whether your children might also have been exposed.  Your doctor might need to ask your state 

health department to investigate. 

You can take some steps to limit your exposure to vinyl chloride.  Very low levels of vinyl 

chloride exist in the ambient air, but these levels are usually not high enough to be a cause of 

concern. If you live near a hazardous waste site, municipal landfill, or a chemical plant that 

produces vinyl chloride or PVC, you might be exposed to higher levels of this compound than 

the general public.  Vinyl chloride can leach from plastic PVC bottles or containers used to 

contain foods or beverages, but government agencies such as the Food and Drug Administration 

(FDA) have restricted the amount of vinyl chloride that can be present in these packages.  
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Tobacco smoke contains low levels of vinyl chloride, so limiting your family’s exposure to 

cigarette or cigar smoke may help reduce their exposure to vinyl chloride.   

People who work in facilities that manufacture or use vinyl chloride could be exposed to high 

levels of this chemical.  The Occupational Safety and Health Administration (OSHA) regulates 

these levels and employers must comply with these rules.  If you work in an industry that 

manufactures or uses vinyl chloride, strictly adhere to the rules provided by the safety officer and 

always use respirators when advised.   

1.8 	 IS THERE A MEDICAL TEST TO DETERMINE WHETHER I HAVE BEEN 
EXPOSED TO VINYL CHLORIDE? 

The results of several tests can sometimes show if you have been exposed to vinyl chloride, 

depending on the amount of your exposure and how recently it happened.  However, scientists 

do not know whether these measurements can tell how much vinyl chloride you have been 

exposed to. These tests are not normally available at your doctor's office.  Vinyl chloride can be 

measured in your breath, but the test must be done shortly after exposure.  This test is not very 

helpful for measuring very low levels of the chemical.  The amount of the major breakdown 

product of vinyl chloride, thiodiglycolic acid, in the urine may give some information about 

exposure. However, this test must be done shortly after exposure and does not reliably indicate 

the level of exposure. Also, exposure to other chemicals can produce the same breakdown 

products in your urine. Vinyl chloride can bind to genetic material in your body.  The amount of 

this binding can be measured by sampling your blood and other tissues.  This measurement will 

give information about whether you have been exposed to vinyl chloride, but it is not sensitive 

enough to determine the effects on the genetic material resulting from exposure.  For more 

information, see Chapters 3 and 7. 
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1.9 	 WHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO 
PROTECT HUMAN HEALTH? 

The federal government develops regulations and recommendations to protect public health.  

Regulations can be enforced by law. The EPA, the Occupational Safety and Health 

Administration (OSHA), and the Food and Drug Administration (FDA) are some federal 

agencies that develop regulations for toxic substances.  Recommendations provide valuable 

guidelines to protect public health, but cannot be enforced by law.  The Agency for Toxic 

Substances and Disease Registry (ATSDR) and the National Institute for Occupational Safety 

and Health (NIOSH) are two federal organizations that develop recommendations for toxic 

substances. 

Regulations and recommendations can be expressed as “not-to-exceed” levels, that is, levels of a 

toxic substance in air, water, soil, or food that do not exceed a critical value that is usually based 

on levels that affect animals; they are then adjusted to levels that will help protect humans.  

Sometimes these not-to-exceed levels differ among federal organizations because they used 

different exposure times (an 8-hour workday or a 24-hour day), different animal studies, or other 

factors. 

Recommendations and regulations are also updated periodically as more information becomes 

available. For the most current information, check with the federal agency or organization that 

provides it. Some regulations and recommendations for vinyl chloride include the following: 

Vinyl chloride is regulated in drinking water, food, and air.  Because it is a hazardous substance, 

regulations on its disposal, packaging, and other forms of handling also exist.  EPA requires that 

the amount of vinyl chloride in drinking water not exceed 0.002 milligrams per liter (mg/L) of 

water (0.002 ppm).  Under the EPA's Ambient Water Quality Criteria for the protection of 

human health, a concentration of 0.025 micrograms per L (μg/L) of water (0.025 ppb) was 

established for protecting human health from water and organism ingestion and 2.4 micrograms 

per L (μg/L) of water (2.4 ppb) was determined for consumption of organisms only. 
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To limit intake of vinyl chloride through foods to levels considered safe, FDA regulates the vinyl 

chloride content of various plastics.  These include plastics that carry liquids and plastics that 

contact food. The limits for vinyl chloride content vary depending on the nature of the plastic 

and its use. 

EPA has established a reportable quantity for vinyl chloride.  If quantities of more than 1 pound 

(0.454 kilograms) are released to the environment, the National Response Center of the federal 

government must be told immediately. 

OSHA regulates levels of vinyl chloride in the workplace.  No employee may be exposed to 

vinyl chloride at levels greater than 1 ppm averaged over any 8-hour period or levels greater than 

5 ppm averaged over any period exceeding 15 minutes.  NIOSH recommends that the exposure 

limit (for a time-weighted average [TWA]) for vinyl chloride in air be the lowest reliably 

detectable concentration. Workers exposed to any measurable amount of it must wear special 

breathing equipment.  EPA sets emission standards for vinyl chloride and PVC plants.  The 

amount of vinyl chloride allowed to be emitted varies depending on the type of production and 

the discharge system used. 

Further regulations and guidelines that apply to vinyl chloride are presented in Chapter 8. 

1.10 WHERE CAN I GET MORE INFORMATION? 

If you have any more questions or concerns, please contact your community or state health or 

environmental quality department, or contact ATSDR at the address and phone number below. 

ATSDR can also tell you the location of occupational and environmental health clinics.  These 

clinics specialize in recognizing, evaluating, and treating illnesses that result from exposure to 

hazardous substances. 

Toxicological profiles also are available on-line at www.atsdr.cdc.gov and on CD-ROM.  You 

can request a copy of the ATSDR ToxProfiles™ CD-ROM by calling the toll-free information 
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and technical assistance number at 1-888-42ATSDR (1-888-422-8737), by e-mailing 

atsdric@cdc.gov, or by writing to: 

Agency for Toxic Substances and Disease Registry 
  Division of Toxicology and Environmental Medicine 

1600 Clifton Road NE 
  Mailstop F-32 
  Atlanta, GA 30333 
  Fax: 1-770-488-4178 

For-profit organizations may request copies of final Toxicological Profiles from 

National Technical Information Service (NTIS) 
5285 Port Royal Road 

  Springfield, VA 22161 
  Phone: 1-800-553-6847 or 1-703-605-6000 
  Web site: http://www.ntis.gov/ 

http:atsdric@cdc.gov
http://www.ntis.gov/


12 VINYL CHLORIDE 

1. PUBLIC HEALTH STATEMENT 

This page is intentionally blank. 



13 VINYL CHLORIDE 

2. RELEVANCE TO PUBLIC HEALTH 
 

2.1 	 BACKGROUND AND ENVIRONMENTAL EXPOSURES TO VINYL CHLORIDE IN THE 
UNITED STATES 

Vinyl chloride is a one of the highest production volume chemicals in the world, with a current worldwide 

demand of roughly 16 billion pounds annually.  Approximately 98% of all vinyl chloride produced is 

used to manufacture polyvinyl chloride (PVC).  These PVC materials become end products in automotive 

parts, packaging products, pipes, construction materials, furniture, and a variety of other products.   

Most vinyl chloride released to the environment will eventually partition to air, where it is degraded by 

atmospheric oxidants such as hydroxyl radicals.  Very low levels of vinyl chloride are usually present in 

ambient air with concentrations typically around 1 μg/m3 (0.4 ppb) or less.  In areas in close proximity to 

vinyl chloride production facilities, higher airborne levels are often observed.  Elevated levels of vinyl 

chloride may also be found in the vicinity of hazardous waste sites and municipal landfills.  This may be 

due to the presence of vinyl chloride or the microbial degradation of other chlorinated solvents to form 

vinyl chloride.  Vinyl chloride is highly mobile in soil, and as a consequence, is occasionally detected in 

groundwater and drinking water in the United States at levels in the parts per billion (ppb) range, although 

the rapid rate of volatilization generally reduces the potential for vinyl chloride to leach substantially into 

groundwater.   

The general population is primarily exposed to vinyl chloride from inhalation of ambient air and the 

ingestion of foods or other items that may contain low levels of vinyl chloride that has leached from a 

PVC container. Vinyl chloride possesses high mobility in the plastic and can leach into the food, 

beverages, or water that is ultimately ingested by the consumer.  Dietary exposure to vinyl chloride from 

PVC packages used for food has been calculated by several agencies and, based upon estimated average 

intakes in the United Kingdom and the United States, an exposure of <0.0004 μg/kg/day was estimated 

for the late 1970s and early 1980s. People who smoke or work where vinyl chloride is produced or used 

may be exposed to higher levels of vinyl chloride. 
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2.2 SUMMARY OF HEALTH EFFECTS  

The effects of vinyl chloride exposure have been studied in humans and animals, with similar results 

being exhibited in all species.  Vinyl chloride exposure in humans is most likely to occur by inhalation or 

oral exposure routes. Effects from dermal exposures are unlikely, as vinyl chloride is not well absorbed 

across the skin.  Chronic-duration, occupational exposures to high levels of vinyl chloride have resulted in 

a specific suite of effects in humans, including narcotic effects, Raynaud’s phenomenon (blanching and 

numbness of fingers and discomfort experienced upon exposure to cold temperatures), acroosteolysis, 

scleroderma-like skin changes, hepatocellular alterations, and the development of hepatic angiosarcoma, a 

liver cancer that is quite rare in the general U.S. population.  Laboratory animal exposure to vinyl chloride 

has resulted in neurological, liver, and cancer effects as well as respiratory, reproductive, developmental, 

and lymphoreticular effects.  Though acute inhalation exposure of mice to vinyl chloride resulted in a 

developmental effect (on which the oral acute-duration Minimal Risk Level [MRL] is based), liver and 

neurological effects were observed consistently in vinyl chloride workers and several animal species 

across exposure durations, suggesting that these are the principal effects of vinyl chloride exposure.   

The liver is the most sensitive target organ for vinyl chloride toxicity for both intermediate- and chronic-

duration inhalation and chronic-duration oral exposures.  The sensitivity of the liver to acute-duration 

effects is difficult to assess, since studies of acute-duration exposures either reported liver effects from 

high exposures of ≥20,000 ppm or focused on reproductive and developmental effects.  The sensitivity of 

the liver to vinyl chloride exposure is consistent with the proposed mechanism of action in which 

metabolism of vinyl chloride via mixed function oxidases (MFO), specifically CYP2E1, results in the 

formation highly reactive metabolites.  These metabolites have been shown to bind to DNA and 

hepatocellular proteins. Thus, the prevalence of MFO activity in the liver and resulting production of 

reactive metabolites results in the observed sensitivity of the liver to cancer and noncancer effects.  

Occupational studies have identified a consistent group of liver effects resulting from vinyl chloride 

exposure, including hypertrophy, hyperplasia of hepatocytes and sinusoidal cells, portal fibrosis, 

sinusoidal dilation, and focal cellular degeneration. Animal studies demonstrate that the intensity of 

effects increased with increasing dose, ranging from cellular hypertrophy and sinusoidal compression, to 

vacuolization, hepatic hyperplasia, fibrosis, and necrosis.  Longer duration exposures resulted in 

manifestation of effects at lower doses.  In animal studies, the lowest observed adverse noncancer effects 

in the liver included liver cell polymorphisms and development of hepatic cysts resulting from chronic 

oral exposures of 2 mg/kg/day; centrilobular hypertrophy and fatty liver changes resulted from 

intermediate-duration inhalation exposures of 10 and 50 ppm, respectively.  In addition to noncancer 
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effects, the liver was sensitive to tumor development.  For intermediate- and chronic-duration inhalation 

and chronic-duration oral exposures, the development of liver angiosarcoma resulted from exposures as 

low as 50 ppm and 0.2 mg/kg/day, respectively.  The development of pre-neoplastic basophilic foci 

resulted from chronic oral exposures of 0.02 mg/kg/day.   

Neurological effects of vinyl chloride have been observed following inhalation exposures.  No data were 

available for neurological effects resulting from oral exposures.  Inhalation-related neurological effects in 

humans include dizziness, drowsiness and fatigue, headache, euphoria and irritability, nervousness and 

sleep disturbances, nausea, visual and hearing disturbances, and loss of consciousness.  Signs of 

pyramidal and cerebellar disturbances have also been observed.  Dizziness has been reported by 

volunteers acutely exposed to 8,000 ppm, while nausea and subsequent headache resulted from exposures 

of 20,000 ppm.  Peripheral neurological effects have been reported, including parasthesia, tingling or 

warmth in the extremities, numbness or pain in the fingers, and depressed reflexes.  A variety of effects in 

animals from acute-duration inhalation exposures include ataxia, decreased coordination, twitching, 

tremors, and unconsciousness.  Chronic-duration exposures resulted in damaged nerve tissue, including 

degeneration of brain tissue and fibrosis of peripheral nerve endings.  

Human studies of reproductive and developmental effects from vinyl chloride exposure resulted in 

equivocal results. Studies examining parental employment and/or residential proximity to vinyl chloride 

facilities and birth defects reported links to fetal loss and defects of the central nervous system, alimentary 

tract, genitalia, and incidence of club foot. Other studies found no such association or suggested that 

inappropriate or inadequate study designs and statistical methodology were employed.  In animals, a few 

studies have identified reproductive and developmental effects.  Decreased testicular weight, reduced 

male fertility, and spermatogenic epithelial necrosis resulted from intermediate-duration inhalation 

exposures of 100–500 ppm, but were not observed in rats exposed to up to 1,100 ppm.  Gestational 

exposures of 2,500 ppm resulted in ureter dilation in rat offspring, while delayed ossification was 

observed following 500 ppm exposures in mice.  This exposure also resulted in 17% maternal mortality.  

A no-observed-adverse-effect level (NOAEL) of 50 ppm was associated with delayed ossification in mice 

and is the basis for the acute-duration inhalation MRL. 

The Department of Health and Human Services has determined vinyl chloride to be a known human 

carcinogen. The International Agency for Research on Cancer (IARC) has concluded that sufficient 

evidence for carcinogenicity in humans and animals exists and has placed vinyl chloride in 

carcinogenicity category 1 (i.e., carcinogenic to humans).  Similarly, EPA concluded that vinyl chloride is 
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a known human carcinogen by the inhalation route of exposure, based on human epidemiological data.  

By analogy, vinyl chloride is considered a known human carcinogen by the oral route because of positive 

animal bioassay data as well as pharmacokinetic data allowing dose extrapolation across routes.  By 

inference, EPA considers vinyl chloride highly likely to be carcinogenic by the dermal route because it 

acts systemically.  EPA derived an inhalation unit risk of 8.8x10-6 per μg/m3 for continuous lifetime 

exposure from birth based on the incidence of liver tumors observed in rats exposed to vinyl chloride via 

inhalation. An inhalation unit risk of 4.4x10-6 per μg/m3 for continuous lifetime exposure during 

adulthood was also estimated by EPA.  An oral slope factor for continuous lifetime exposure from birth 

was estimated by EPA to be 1.5 per mg/kg/day based on the incidence of liver tumors in rats.  An oral 

slope factor of 7.5x10-1 per mg/kg/day for continuous lifetime exposure during adulthood was also 

estimated by EPA. 

Noncancerous hepatotoxicity and carcinogenicity of vinyl chloride are discussed in greater detail below.  

The Reader is referred to Section 3.2, Discussion of Health Effects by Route of Exposure, for additional 

information on other effects. 

Noncancerous Hepatic Effects. The liver appears to be the most sensitive target organ of vinyl 

chloride toxicity.  Liver effects serve as the basis for the intermediate-duration inhalation MRL and the 

chronic-duration oral MRL (see Section 2.3).  Changes in the liver have been observed in workers 

exposed to unknown levels of vinyl chloride via inhalation.  The characteristic pattern of changes detected 

by peritoneoscopy and confirmed in several studies include hypertrophy and hyperplasia of hepatocytes 

and sinusoidal cells; sinusoidal dilation associated with damage to the cells lining the sinusoids and/or 

sinusoidal occlusion associated with crowding due to cellular hypertrophy and hyperplasia; focal areas of 

hepatocellular degeneration due to disruption of hepatic circulation; and fibrosis of portal tracts, septa, 

and periportal and intralobular perisinusoidal regions.  In fact, the extent of hepatic fibrosis appears to 

represent the primary difference between effects observed in animals and humans, as reticulin and 

collagen deposition in human liver tissue was greater than that observed in animals.  Species differences 

in fibrosis may also have been impacted by co-exposure to ethanol via alcohol consumption.  Case studies 

suggest that portal fibrosis and portal hypertension contributed to worker mortality.  Further, liver 

cirrhosis was implicated in increased mortality in an IARC update of a multi-center cohort of workers 

exposed to moderate to high concentrations of vinyl chloride and in a cohort of workers from five PVC 

production sites in Taiwan.  Though the critical confounding factor of alcohol consumption by workers at 

these sites was not considered, an analysis of another large cohort of vinyl chloride workers suggested 

that vinyl chloride exposure was an independent risk factor for liver cirrhosis, which exhibited a 
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synergistic interaction with alcohol consumption.  Regardless of species differences, it is possible that the 

development of fibrosis resulted via an immune-mediated mechanism rather than cytotoxicity, as 

structural changes occurring in the livers of humans and animals were not generally accompanied by 

changes in serum hepatic enzyme activities.  The lack of change in serum biochemistry may have been 

due to the limited scope of the necrotic changes.  

These findings in epidemiology studies are supported by studies in animals.  The animal data indicate a 

progression of effects across doses and durations.  Acute- and intermediate-duration effects seen in the 

livers of animals that inhaled 50,000–300,000 ppm of vinyl chloride included fatty liver changes, 

hepatocellular hypertrophy, vacuolization, sinusoidal compression, and liver congestion.  Centrilobular 

degeneration and necrosis resulted from intermediate-duration exposure of 50–200 ppm.  Centrilobular 

hypertrophy occurred in rats following an intermediate-duration inhalation of 10 ppm.  The dose-related 

progression of effect intensity from the minimally adverse increase in size of centrilobular hepatocytes to 

degeneration and necrosis is consistent with the appearance of highly reactive metabolites due to focused 

MFO metabolism of vinyl chloride in the liver (see discussion below).  Low-level intermediate- and 

chronic-duration inhalation exposures of 50 ppm also resulted in the development of hepatic 

angiosarcoma, though it is not known if carcinogenicity was preceded by or independent of a progression 

of non-cancer effects. Chronic oral exposures resulted in areas of cellular alteration, polymorphism, and 

necrosis in the livers of rats given 2 mg/kg/day vinyl chloride in the diet, while the appearance of 

basophilic foci, considered a pre-neoplastic lesion, occurred following exposures of 0.02 mg/kg/day.   

Though the mechanism of toxicity for liver effects of vinyl chloride is not well understood, the parent 

compound is metabolized to the reactive metabolites 2-chloroethylene oxide and, subsequently, 

2-chloroacetaldehyde via MFOs, whose activity is primarily concentrated in the liver.  The presence of 

the reactive 2-chloroacetaldehyde likely results in protein adduction, which can interfere with normal 

cellular function, resulting in cytotoxicity. This is consistent with the progression of effects from 

hypertrophy to fatty changes, hyperplasia, and necrosis.  The effects of hepatic fibrosis may be a 

secondary effect of the initiation of immune responses to cytotoxicity.  This is consistent with enhanced 

collagen deposition observed in workers, which is believed to be an immune-mediated response. 

Cancer.    The development of cancer in humans as a result of vinyl chloride exposure has been 

demonstrated in a number of studies of workers in the vinyl chloride production industry.  The strongest 

evidence comes from the cluster of reports of greater than expected incidences of liver angiosarcoma.  

Though no exposure data were available for these workers, there is a convincing association between 
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vinyl chloride exposure and the development of liver angiosarcoma, as this type of liver cancer is 

considered to be very rare in humans (25–30 cases/year in the United States).  The latency period for the 

development of hepatic angiosarcoma appears to be quite lengthy, as angiosarcoma continues to occur in 

workers employed prior to 1960; workers diagnosed after 1975 showed a latency of 27–47 years. 

Other types of cancer that have shown a significant increase in incidence among vinyl chloride workers 

include hepatocellular carcinoma and cholangiocellular carcinoma, cancer of the lung and respiratory 

tract, the lymphatic/hematopoietic system, and the brain and central nervous system.  However, 

uncertainty exists in the association of vinyl chloride exposure and some soft tissue tumors.  A meta­

analysis of data for over 22,000 workers suggested no excess cancer risk for soft tissue sarcoma, brain, 

lymphoid, and hematopoietic system cancers.  More recent follow-up studies have failed to find a 

significant association between vinyl chloride exposure and respiratory tract and brain cancer.    

Studies in several animal species support the conclusion that vinyl chloride is carcinogenic.  In rats, 

chronic exposure to 5–5,000 ppm vinyl chloride vapors resulted in significant incidence of mammary 

gland carcinomas, Zymbal’s gland carcinomas, nephroblastoma, and liver angiosarcoma.  Intermediate- 

and chronic-duration exposures of 50–2,500 ppm vinyl chloride resulted in significant incidence of liver 

angiosarcoma, carcinoma, and angioma, lung adenoma, mammary gland carcinoma, adipose tissue 

hemangiosarcoma, and hemangiosarcoma of the subcutis and peritoneum in mice.  With the exception of 

liver angiosarcomas, which have been observed in all species (including humans), there is little 

consistency in tumor types across species.  Chronic-duration oral administration of 2–6 mg/kg/day of 

vinyl chloride resulted in the development of neoplastic liver nodules, hepatocellular carcinoma, and lung 

and liver angiosarcoma in rats. 

Studies in rats, mice, and hamsters provide evidence that exposure early in life increases the risk of 

hemangiosarcoma in liver, skin, and spleen, stomach angiosarcoma, and mammary gland carcinoma, as 

compared to the risk associated with exposure after 12 months of age.  Due to the latency period for vinyl 

chloride-induced cancer, exposure of animals early in life may have increased the likelihood of 

developing tumors and affect the type of tumor that develops.   

The metabolism of vinyl chloride to the highly reactive metabolites, the observance of DNA adduction in 

mechanistic studies, and the observed carcinogenicity resulting from a single, high level inhalation 

exposure in animals, suggest that the primary mechanism of vinyl chloride carcinogenicity involves direct 

DNA interactions rather than secondary responses to cytotoxicity.  The mutation profile of DNA adducts 
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formed by the reactive metabolites of vinyl chloride, 2-chloroethylene oxide and 2-chloroacetaldehyde, 

includes the four cyclic etheno-adducts 1,N6-ethenoadenine, 3,N4-ethenocytosine, 3,N2-ethenoguanine, 

and 1,N2-ethenoguanine.  These adducts produce base-pair transitions during transcription and DNA 

crosslinks. Such mutations have resulted in the mutation of ras oncogenes, as observed in hepatic 

angiosarcoma tumors of workers exposed to high levels of vinyl chloride.  Further, mutations in the 

p53 tumor suppressor gene, which has been associated with a variety of tumor types, have been identified 

in vinyl chloride workers.  Mutations in p53 of vinyl chloride-exposed rats were similar to those reported 

in humans.   

2.3 MINIMAL RISK LEVELS (MRLs) 

Estimates of exposure levels posing minimal risk to humans (MRLs) have been made for vinyl chloride.  

An MRL is defined as an estimate of daily human exposure to a substance that is likely to be without an 

appreciable risk of adverse effects (noncarcinogenic) over a specified duration of exposure.  MRLs are 

derived when reliable and sufficient data exist to identify the target organ(s) of effect or the most sensitive 

health effect(s) for a specific duration within a given route of exposure.  MRLs are based on 

noncancerous health effects only and do not consider carcinogenic effects.  MRLs can be derived for 

acute, intermediate, and chronic duration exposures for inhalation and oral routes.  Appropriate 

methodology does not exist to develop MRLs for dermal exposure. 

Although methods have been established to derive these levels (Barnes and Dourson 1988; EPA 1990), 

uncertainties are associated with these techniques.  Furthermore, ATSDR acknowledges additional 

uncertainties inherent in the application of the procedures to derive less than lifetime MRLs.  As an 

example, acute inhalation MRLs may not be protective for health effects that are delayed in development 

or are acquired following repeated acute insults, such as hypersensitivity reactions, asthma, or chronic 

bronchitis. As these kinds of health effects data become available and methods to assess levels of 

significant human exposure improve, these MRLs will be revised. 

Inhalation MRLs 

Epidemiological and case studies in humans did not provide sufficient data regarding exposure levels and 

durations and their correlation with hepatic, neurological, immunological, and carcinogenic effects.  

Therefore, animal studies were used for the derivation of inhalation MRLs.   
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•	 An MRL of 0.5 ppm has been derived for acute-duration inhalation exposure (≤14 days) to vinyl 
chloride. 

A number of studies in animals identified acute-duration lowest-observed-adverse-effect levels 

(LOAELs) for frank narcosis and severe lung, liver, and kidney damage following exposures of 5,000– 

400,000 ppm of vinyl chloride.  Exposure of pregnant rats to 2,500 ppm 7 hours/day over gestational 

days 6–15 resulted in ureter dilation in the offspring (John et al. 1977, 1981).  In the same study, pregnant 

mice exposed to 500 ppm for the same duration exhibited delayed ossification in the fetuses.  A NOAEL 

of 50 ppm was identified for mice.   

The study of John et al. (1977, 1981) study serves as the principal study for the derivation of an acute-

duration inhalation MRL based on the NOAEL of 50 ppm for delayed ossification.  In this study, groups 

of 19–26 pregnant CF-1 mice were exposed to 0, 50, or 500 ppm vinyl chloride for 7 hours/day on 

gestational days 6–15 (John et al. 1977, 1981).  No adverse maternal or fetal effects were noted at 

50 ppm, with the exception of an increase in crown-rump length that was not observed at 500 ppm.  At 

the LOAEL of 500 ppm, delayed ossification was observed.  A significant increase in fetal resorptions 

and reduced litter size at 500 ppm was considered to have been within historical control limits.  There was 

frank maternal toxicity at 500 ppm (17% death).   

The duration-adjusted NOAEL (NOAELADJ) was calculated as follows: 

NOAELADJ = 50 ppm x 7 hours / 24 hours = 15 ppm 

The human equivalent concentration (NOAELHEC) for an extrarespiratory effect produced by a 

category 3 gas, such as vinyl chloride, was calculated by multiplying the NOAELADJ by the ratio of the 

blood:gas partition coefficients in animals and humans ([Hb/g]A / [Hb/g]H). Since the partition coefficient in 

mice is greater than that in humans, a default value of 1 is used for the ratio, resulting in a NOAELHEC of 

15 ppm.  The acute-duration inhalation MRL of 0.5 ppm was derived by dividing the NOAELHEC of 

15 ppm by an uncertainty factor of 30 (3 for species extrapolation with dosimetric adjustment and 10 for 

human variability).  
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•	 An MRL of 0.03 ppm has been derived for intermediate-duration inhalation exposure (15– 
364 days) to vinyl chloride. 

Reduced male fertility, decreased tested weight, and spermatogenic epithelial necrosis was observed in 

male rats exposed from 11 weeks to 10 months to 100–500 ppm vinyl chloride (Bi et al. 1985; Short et al. 

1977; Sokal et al. 1980).  Decreased white blood cell counts resulted from exposure of rats to 20,000 ppm 

for 3 months (Lester et al. 1963), while increased lymphocyte proliferation resulted in mice exposed to 

10 ppm for up to 8 weeks (Sharma and Gehring 1979).  Exposures of 10–1,000 ppm resulted in increases 

and decreases in various relative and absolute organ weights (Sharma and Gehring 1979), including the 

liver (Bi et al. 1985; Sokal et al. 1980; Torkelson et al. 1961).  Adverse histopathological changes in the 

liver of rats and mice exposed to 2,000–3,000 ppm have been observed in several other intermediate-

duration inhalation studies (Lester et al. 1963; Schaffner 1978; Sokal et al. 1980; Torkleson et al. 1961; 

Wisniewska-Knypl et al. 1980).  Centrilobular degeneration and necrosis was observed in rabbits exposed 

to 200 ppm for 6 months (Torkleson et al. 1961).  Fatty liver changes were also observed in two studies of 

rats exposed to 50 ppm for 10 months (Sokal et al. 1980; Wisniewska-Knypl et al. 1980).  The lowest 

observed effect level was 10 ppm, which resulted in centrilobular hypertrophy in F1 female rats exposed 

for 19 weeks (Thornton et al. 2002).   

While effects were observed in both mice and rats exposed to 10 ppm, the rat study provided data for 

centrilobular hypertrophy in F1 offspring, a minimally adverse effect in a sensitive subpopulation 

(offspring) of the target organ (liver) that is sensitive to both inhalation and oral exposures.  Further, the 

rat study provided data for a longer exposure period than the mouse study.  Therefore, the study of 

Thornton et al. (2002) was chosen as the principal study for derivation of the intermediate-duration 

inhalation MRL, providing a critical effect level of 10 ppm as the LOAEL for centrilobular hypertrophy.  

In the Thornton et al. (2002) study, groups of 30 male and female Sprague-Dawley rats were exposed to 

0, 10, 100, or 1,100 ppm vinyl chloride, 6 hours/day for 10 weeks prior to mating and during a 3-week 

mating period.  F0 females were exposed during gestation and lactation.  Absolute and relative mean liver 

weights were significantly increased at all exposure levels in F0 males and in 100 and 1,100 ppm F1 

males. Slight centrilobular hypertrophy resulted in 1,100-ppm male and female F0 and F1 rats, 100 ppm 

male and female F0 and F1 rats, and in the 10 ppm F0 and F1 female rats.  The incidence rate for 

centrilobular hypertrophy in the F1 females was statistically significant.   

An intermediate-duration inhalation MRL of 0.03 ppm was derived for vinyl chloride, based on a 

benchmark concentration of 5 ppm derived from the concentration-response data for hepatic centrilobular 
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hypertrophy in female Sprague-Dawley rats (Thornton et al. 2002).  Using the Benchmark Dose Software 

(BMDS version 1.3.2), incidence data were fit to eight dichotomous models to derive the lower 

95% confidence limit (LEC10) of a 10% extra risk for hepatic centrilobular hypertrophy, which was 

selected as the benchmark response for the point of departure.  Several models provided equivalent 

goodness-of-fit statistics. Therefore, the LEC10 value of 5 ppm, derived from the simplest model 

(Weibull), was selected as the point of departure for calculating an intermediate-duration inhalation MRL 

(see Appendix A for more detailed information on the application of Benchmark Dose Modeling in 

deriving the intermediate-duration inhalation MRL for vinyl chloride).  The LEC10 of 5 ppm was 

duration-adjusted for intermittent exposure as follows: 

LEC10ADJ = 5 ppm x 6 hours / 24 hours = 1 ppm. 

The human equivalent concentration (LEC10HEC) was calculated using EPA (1994g) methodology for an 

extrarespiratory effect produced by a category 3 gas by multiplying the LEC10ADJ by the ratio of the 

blood:gas partition coefficients in animals and humans ([Hb/g]A / [Hb/g]H). The partition coefficient in rats 

is greater than that in humans.  Therefore, a default value of 1 is used for the ratio, resulting in a LEC10HEC 

of 1 ppm.  The intermediate-duration inhalation MRL of 0.03 ppm was derived by dividing the LEC10HEC 

of 1 ppm in rats by an uncertainty factor of 30 (3 for species extrapolation with a dosimetric adjustment 

and 10 for human variability).   

In the absence of exposure level data, the human data base did not provide a suitable LOAEL or NOAEL 

for derivation of a chronic-duration inhalation MRL.  A NOAEL (10 ppm) and a LOAEL (100 ppm) were 

identified for testicular effects (increases in the number of degenerative seminiferous tubule changes) in a 

chronic-duration inhalation study (Bi et al. 1985).  However, the results of the Thornton et al. (2002) 

study suggest that liver effects would occur at lower concentrations (10 ppm) than the reported testicular 

effects. Though several other chronic-duration studies did report carcinogenicity in rats chronically 

exposed to 5–250 ppm vinyl chloride (Drew et al. 1983; Lee et al. 1977a, 1978; Maltoni et al. 1981), they 

did not report the incidence of noncancerous or precancerous histopathological lesions in the any tissue.  

Therefore, no chronic-duration inhalation MRL was derived for vinyl chloride.   

Oral MRLs 

No studies of human adverse effects resulting from oral exposure to vinyl chloride were available.  

Therefore, animal studies were used for the derivation of MRLs.  No acute- or intermediate-duration oral 
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MRLs were derived for vinyl chloride because of an absence of data on the effects of oral exposure to 

vinyl chloride for these duration categories.   

•	 An MRL of 0.003 mg/kg/day has been derived for chronic-duration oral exposure (≥365 days) to 
vinyl chloride. 

Chronic gavage doses of 30 mg/kg/day vinyl chloride in rats resulted in increased collagen deposition and 

skin thickness (Knight and Gibbons 1987).  Decreased blood clotting time was observed in rats given 

17 mg/kg/day (Feron et al. 1981).  Doses of 6 mg/kg/day in female rats resulted in extensive hepatic 

necrosis and 100% early mortality (Feron et al. 1981).  A number of effects were observed in rats given 

1.7–1.8 mg/kg/day, including hepatocellular alterations (Feron et al. 1981), liver cell polymorphisms, and 

increased mortality (Til et al. 1983, 1991).  The LOAEL of 1.7 mg/kg/day for liver cell polymorphism in 

both sexes and hepatic cysts in female rats was the lowest identified LOAEL and was associated with the 

lowest identified NOAEL for any chronic effect of 0.17 mg/kg/day.  Liver cell polymorphism is not 

considered a precursor to carcinogenicity (Afzelius and Schoental 1967; Schoental and Magee 1957, 

1959) and represents an effect to the target organ that is sensitive to both inhalation and oral exposures of 

vinyl chloride.  For these reasons, the study of Til et al. (1983, 1991) was chosen as the critical study and 

the NOAEL of 0.17 mg/kg/day was chosen as the critical effect level for derivation of the chronic-

duration oral MRL. 

In the study of Til et al. (1983, 1991), groups of 50 or 100 male and female Wistar rats were administered 

vinyl chloride in the daily diet at 0, 0.46, 4.6, or 46 ppm for 149 weeks.  Using measurements of 

evaporative loss of vinyl chloride from the diet, the study authors calculated the average oral intake of the 

combined sexes during the daily feeding periods to be 0, 0.018, 0.17, and 1.7 mg/kg/day for the 0, 0.49, 

4.49, and 44.1ppm groups, respectively.  Types and incidences of neoplastic and nonneoplastic liver 

lesions were determined at the end of the study.  A LOAEL of 1.7 mg/kg/day was identified for 

significantly increased incidences of liver cell polymorphism in male and female rats and increased 

incidence of hepatic cysts in female rats.  The NOAEL for nonneoplastic liver effects is 0.17 mg/kg/day. 

Other histopathologic lesions, described as hepatic foci of cellular alteration, were observed at all dose 

levels in female rats and in high-dose male rats, but were not used to derive an MRL because they are 

considered to be preneoplastic lesions.   

This MRL of 0.003 mg/kg/day was based on a NOAEL of 0.17 mg/kg/day for noncancerous liver effects 

(i.e., liver cell polymorphism) in female Wistar rats (Til et al. 1983, 1991) and application of the 

physiologically based pharmacokinetic (PBPK) model (Clewell et al. 2001; EPA 2000). Source code and 
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parameter values for running the rat and human models in Advance Continuous Simulation Language 

(ACSL) were transcribed from Appendix C of EPA (2000).  Exposures in the Til et al. (1983, 1991) rat 

dietary exposure study were simulated in rats as 4-hour oral exposures with the NOAEL dose for liver 

effects of 0.17 mg/kg/day.  The total amount of vinyl chloride metabolized in 24 hours per liter of liver 

volume was the rat internal dose metric used to determine the human oral dose that would result in an 

equivalent human internal dose.  One kilogram of liver was assumed to have an approximate volume of 

1 L. The human model was run iteratively, until the model converged with the internal dose estimate for 

the rat (3.16 mg/L liver).  The human dose was assumed to be uniformly distributed over a 24-hour 

period. The resulting human oral dose of 0.09 mg/kg/day, associated with the rat NOAEL of 

0.17 mg/kg/day (Til et al. 1983, 1991), served as the basis for the chronic-duration oral MRL for vinyl 

chloride. The chronic-duration oral MRL of 0.003 mg/kg/day was derived by dividing the PBPK-

modeled equivalent human NOAEL of 0.09 mg/kg/day for liver cell polymorphisms by an uncertainty 

factor of 30 (3 for species extrapolation with a dosimetric adjustment and 10 for human variability).  

More detailed information regarding the application of the PBPK model in deriving the chronic-duration 

oral MRL for vinyl chloride is provided in Appendix A. 
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3.1 INTRODUCTION 

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and 

other interested individuals and groups with an overall perspective on the toxicology of vinyl chloride.  It 

contains descriptions and evaluations of toxicological studies and epidemiological investigations and 

provides conclusions, where possible, on the relevance of toxicity and toxicokinetic data to public health. 

A glossary and list of acronyms, abbreviations, and symbols can be found at the end of this profile. 

3.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE  

To help public health professionals and others address the needs of persons living or working near 

hazardous waste sites, the information in this section is organized first by route of exposure (inhalation, 

oral, and dermal) and then by adverse health effect (death, systemic, immunological, neurological, 

reproductive, developmental, genotoxic, and carcinogenic effects).  These data are discussed in terms of 

three exposure periods: acute (14 days or less), intermediate (15–364 days), and chronic (365 days or 

more). 

Levels of significant exposure for each route and duration are presented in tables and illustrated in 

figures. The points in the figures showing no-observed-adverse-effect levels (NOAELs) or lowest-

observed-adverse-effect levels (LOAELs) reflect the actual doses (levels of exposure) used in the studies. 

LOAELs have been classified into "less serious" or "serious" effects.  "Serious" effects are those that 

evoke failure in a biological system and can lead to morbidity or mortality (e.g., acute respiratory distress 

or death). "Less serious" effects are those that are not expected to produce significant dysfunction or 

death, or those whose significance to the organism is not entirely clear.  ATSDR acknowledges that a 

considerable amount of judgment may be required in establishing whether an end point should be 

classified as a NOAEL, "less serious" LOAEL, or "serious" LOAEL, and that in some cases, there will be 

insufficient data to decide whether the effect is indicative of significant dysfunction.  However, the 

Agency has established guidelines and policies that are used to classify these end points.  ATSDR 

believes that there is sufficient merit in this approach to warrant an attempt at distinguishing between 
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"less serious" and "serious" effects.  The distinction between "less serious" effects and "serious" effects is 

considered to be important because it helps the users of the profiles to identify levels of exposure at which 

major health effects start to appear.  LOAELs or NOAELs should also help in determining whether or not 

the effects vary with dose and/or duration, and place into perspective the possible significance of these 

adverse effects to human health.   

The significance of the exposure levels shown in the Levels of Significant Exposure (LSE) tables and 

figures may differ depending on the user's perspective.  Public health officials and others concerned with 

appropriate actions to take at hazardous waste sites may want information on levels of exposure 

associated with more subtle effects in humans or animals (LOAELs) or exposure levels below which no 

adverse effects (NOAELs) have been observed.  Estimates of levels posing minimal risk to humans 

(Minimal Risk Levels or MRLs) may be of interest to health professionals and citizens alike. 

Levels of exposure associated with carcinogenic effects (Cancer Effect Levels, CELs) of vinyl chloride 

are indicated in Tables 3-1 and 3-2 and Figures 3-1 and 3-2.  Because cancer effects could occur at lower 

exposure levels, Figures 3-1 and 3-2 also shows a range for the upper bound of estimated excess risks, 

ranging from a risk of 1 in 10,000 to 1 in 10,000,000 (10-4 to 10-7), as developed by EPA. 

Estimates of exposure levels posing minimal risk to humans (MRLs) have been made for vinyl chloride.  

An MRL is defined as an estimate of daily human exposure to a substance that is likely to be without an 

appreciable risk of adverse effects (noncarcinogenic) over a specified duration of exposure.  MRLs are 

derived when reliable and sufficient data exist to identify the target organ(s) of effect or the most sensitive 

health effect(s) for a specific duration within a given route of exposure.  MRLs are based on 

noncancerous health effects only and do not consider carcinogenic effects.  MRLs can be derived for 

acute, intermediate, and chronic duration exposures for inhalation and oral routes.  Appropriate 

methodology does not exist to develop MRLs for dermal exposure. 

Although methods have been established to derive MRLs (Barnes and Dourson 1988; EPA 1990), 

uncertainties are associated with these techniques.  Furthermore, ATSDR acknowledges additional 

uncertainties inherent in the application of the procedures to derive less than lifetime MRLs.  As an 

example, acute inhalation MRLs may not be protective for health effects that are delayed in development 

or are acquired following repeated acute insults, such as hypersensitivity reactions, asthma, or chronic 

bronchitis. As these kinds of health effects data become available and methods to assess levels of 

significant human exposure improve, these MRLs will be revised.  It should be noted that MRLs are also 
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not protective in the case of altered health status caused by exposure to cigarette smoking or excessive 

alcohol consumption (i.e., altered lung and liver function). 

A User's Guide has been provided at the end of this profile (see Appendix B).  This guide should aid in 

the interpretation of the tables and figures for Levels of Significant Exposure and the MRLs. 

3.2.1 Inhalation Exposure 

3.2.1.1 Death 

A report by Danziger (1960) described the deaths of two vinyl chloride workers.  In one case, a worker 

exposed to high concentrations of vinyl chloride emitted from an open valve was found dead.  In another 

case, a worker responsible for cleaning a polymerization tank was found dead in the tank.  Autopsies 

performed on these men showed congestion of the internal organs, particularly the lungs and kidneys, and 

failure of the blood to clot.  Circumstances surrounding the deaths suggested that the deaths were due to 

breathing very high levels of vinyl chloride.   

No increase in mortality was observed in 1,100 workers exposed to vinyl chloride compared to the same 

number of controls in a 7-year prospective cohort study of (Laplanche et al. 1992).  At the time of the 

study interview, 36% of the 1,100 workers were currently being exposed to vinyl chloride, and 64% had 

been exposed in the past (Laplanche et al. 1987, 1992). 

Brief exposures to concentrations of vinyl chloride ranging from 100,000 to 400,000 ppm have been 

shown to be fatal in experimental animals such as rats (Lester et al. 1963; Mastromatteo et al. 1960; 

Prodan et al. 1975), guinea pigs (Mastromatteo et al. 1960; Patty et al. 1930; Prodan et al. 1975), mice 

(Mastromatteo et al. 1960; Prodan et al. 1975), and rabbits (Prodan et al. 1975).  At these concentrations, 

deaths occurred within 30–60 minutes.  Male mice exposed to 30,000 ppm vinyl chloride 6 hours/day for 

5 days, in a dominant lethal study showed an increased mortality rate (Anderson et al. 1976).  An 

increased mortality rate was also observed at much lower concentrations in maternal mice in a 

developmental toxicity study (John et al. 1977, 1981).  In this study, maternal mice had an increased 

incidence of deaths following exposure to 500 ppm for 10 days during gestation. 

Decreased longevity was observed in intermediate-duration studies (Adkins et al. 1986; Drew et al. 1983; 

Feron et al. 1979a; Hong et al. 1981; Lee et al. 1978) and chronic-duration studies (Drew et al. 1983; 
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Feron et al. 1979a; Viola 1970). A treatment-related increase in the mortality rate was observed in mice 

exposed to 500 ppm of vinyl chloride for 6 hours/day, 5 days/week, for 6 months (Adkins et al. 1986).  In 

mice and rats maintained for 12 months following a 6-month, 6 hour/day, 5 day/week exposure regime, 

decreased longevity was observed at concentrations as low as 50 ppm; however, statistical analyses of the 

data were not available to verify the significance of the decrease (Hong et al. 1981).  Substantial increases 

in the mortality rate of mice and rats exposed to 250 ppm vinyl chloride for 12 months were observed by 

Lee et al. (1977a, 1978). In addition, small increases in mortality of mice and rats during the 12-month 

exposure period were observed at 50 ppm in these reports; however, the statistical significance of these 

increases was not reported. 

The influence of the age on survival of female animals exposed to vinyl chloride was examined by Drew 

et al. (1983).  In female hamsters exposed to 200 ppm, two strains of female mice exposed to 50 ppm, and 

female rats exposed to 100 ppm for 12 months, a higher death rate was observed when 2-month-old 

animals were exposed than when 8- or 14-month-old animals were exposed.  Similar trends were 

observed when hamsters and mice were exposed to these concentrations for 6 months.  The treatment-

related deaths in this study may be due to the induction of vinyl chloride-induced carcinogenesis.  These 

results demonstrate the importance of the latency period for cancer and associated mortality.  Animals 

that were exposed at a younger age had a longer post-exposure period for the development of tumors.  It 

is difficult to assess the sensitivity of younger animals to cancer mortality in this study because the same 

exposure concentrations were used for each age group.  These results do not necessarily indicate that 

young people are more susceptible to the lethal effects of vinyl chloride, since animals that were exposed 

later in life may have died of age-related causes prior to the expression of the lethal effects.  This study 

was limited in that only one dose of vinyl chloride was tested in each species. 

All reliable LOAEL values for death in each species and duration category are recorded in Table 3-1 and 

plotted in Figure 3-1. 

3.2.1.2 Systemic Effects  

The highest NOAEL values and all reliable LOAEL values for each study with a systemic end point in 

each species and duration category are recorded in Table 3-1 and plotted in Figure 3-1. 
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Table 3-1 Levels of Significant Exposure to Vinyl Chloride - Inhalation 

Exposure/ 
Duration/ 

a
Key to 
Figure 

Species 
(Strain) 

Frequency 
(Route) 

ACUTE EXPOSURE 
Death 
1 Rat 

(NS) 

30 min 

System 
NOAEL 

(ppm) 
Less Serious 

(ppm) 

LOAEL 

Serious 
(ppm) 

300000 (5/5 died) 

Reference 
Chemical Form 

Mastromatteo et al. 1960 

2 Rat 

(NS) 

1x 
2 hr 146625 (7/30 died) Prodan et al. 1975 

3 Mouse 

(CD-1) 

5 d 
6 hr/d 30000 M (11/20 died) Anderson et al. 1976 

4 Mouse 

(CF-1) 

10 d 
7 hr/d 
Gd6-15 

500 F (5/29 died) John et al. 1977, 1981 

5 Mouse 

(NS) 

30 min 
200000 (1/5 died) Mastromatteo et al. 1960 

6 Mouse 

(NS) 

1x 
2 hr 107525 (15/61 died) Prodan et al. 1975 

7 Gn Pig 

(NS) 

30 min 
300000 (1/5 died) Mastromatteo et al. 1960 

8 Gn Pig 

(NS) 

up to 8 hr 
100000 (death) Patty et al. 1930 

9 Gn Pig 

(NS) 

1x 
2 hr 224825 (1/6 died) Prodan et al. 1975 
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Table 3-1 Levels of Significant Exposure to Vinyl Chloride - Inhalation (continued) 

Exposure/ LOAEL 
Duration/ 

Key to
a

Species Frequency NOAEL Less Serious Serious Reference 
Figure (Strain) (Route) 

System (ppm) (ppm) (ppm) Chemical Form 

10 Rabbit 

(NS) 

Systemic 
11 Rat 

(Holtzman) 

1x 
2 hr 

1, 5 d 
6 hr/d Hepatic 50000 M 

224825 

100000 M (hepatocellular 
vacuolization, increased 
AKT and SDH) 

(1/4 died) Prodan et al. 1975 

Jaeger et al. 1974 

12 Rat 

(NS) 

30 min 
Resp 100000 (lung hyperemia) Mastromatteo et al. 1960 

Hepatic 

Renal 

100000 

200000 

200000 

300000 

(fatty infiltration changes) 

(renal congestion) 

13 Rat 

(Holtzman) 

1, 5 d 
6 hr/d Hepatic 50000 M Reynolds et al. 1975a 

14 Rat 

(NS) 

1 d 
6 hr/d Hepatic 50000 M Reynolds et al. 1975b 

15 Rat 

(Sprague-
Dawley) 

4 hr/d 
Gd 6-19 Bd Wt 1100 F Thornton et al. 2002 

16 Mouse 

(NS) 

30 min 
Resp 100000 (lung hyperemia) Mastromatteo et al. 1960 

Hepatic 

Renal 

200000 300000 

100000 

(liver congestion) 

(degenerative tubular 
epithelium) 
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Table 3-1 Levels of Significant Exposure to Vinyl Chloride - Inhalation (continued) 

Exposure/ LOAEL 
Duration/ 

Key to
a

Species Frequency NOAEL Less Serious Serious Reference 
Figure (Strain) (Route) 

System (ppm) (ppm) (ppm) Chemical Form 

17 Gn Pig 

(NS) 

30 min 
Resp 100000 (slight pulmonary 

hyperemia) 
Mastromatteo et al. 1960 

Cardio 400000 

Hepatic 

Endocr 

200000 

400000 

300000 (fatty degeneration) 

Immuno/ Lymphoret 
18 Gn Pig 

(NS) 

30 min 

Neurological 
19 Human 3 d 

2 x/d 
5 min 

Ocular 400000 

400000 

4000 8000 (dizziness) 

Mastromatteo et al. 1960 

Lester et al. 1963 

20 Rat 

(Fischer- 344) 

1 hr 
50000 Hehir et al. 1981 

21 Rat 

(Fischer- 344) 

2 wk 
5 d/wk 
1 hr/d 

500 Hehir et al. 1981 

22 Rat 

(Holtzman) 

1, 5 d 
6 hr/d 50000 M 100000 M (anesthesia) Jaeger et al. 1974 

23 Rat 

(Sherman) 

2 hr 
50000 (moderate intoxication) Lester et al. 1963 

24 Rat 

(NS) 

30 min 
100000 (narcosis) Mastromatteo et al. 1960 
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Table 3-1 Levels of Significant Exposure to Vinyl Chloride - Inhalation	 (continued) 

Exposure/ LOAEL 
Duration/ 

a
Key to Species 
Figure (Strain) 

25	 Mouse 

(ICR) 

26	 Mouse 

(NS) 

27	 Gn Pig 

(NS) 

28	 Gn Pig 

(NS) 

Reproductive 
29 Rat 

(Sprague-
Dawley) 

30	 Mouse 

(CD-1) 

Developmental 
31 Rat 

(Sprague-
Dawley) 

32	 Rat 

(Sprague-
Dawley) 

Frequency 
(Route) 

System 
NOAEL 

(ppm) 
Less Serious 

(ppm) 
Serious 

(ppm) 

1 hr 
5000 50000 (ataxia) 

30 min 
100000 (narcosis) 

30 min 
100000 (tremor, loss of 

consciousness) 

up to 8 hr 
10000 25000 (narcosis) 

16 wk (M) 
19 wk (F) 
2 gen 
4 hr/d 

1100 

5 d 
6 hr/d 30000 M 

10 d 
7 hr/d 
Gd6-15 

2500 F (ureter dilation) 

4 hr/d 
Gd 6-19 1100 

Reference 
Chemical Form 

Hehir et al. 1981 

Mastromatteo et al. 1960 

Mastromatteo et al. 1960 

Patty et al. 1930 

Thornton et al. 2002 

Anderson et al. 1976 

John et al. 1977, 1981 

Thornton et al. 2002 
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Table 3-1 Levels of Significant Exposure to Vinyl Chloride - Inhalation	 (continued) 

Exposure/ LOAEL 
Duration/ 

Key to
a 

Species Frequency NOAEL Less Serious Serious
 Reference 
Figure (Strain) (Route) 

System (ppm) (ppm) (ppm)
 Chemical Form 

33 Mouse 

(CF-1) 

10 d 
7 hr/d 
Gd6-15 

b 
50 F 500 F 

34 Rabbit 

(New 
Zealand) 

Cancer 
35 Mouse 

(ICR) 

13 d 
7 hr/d 
Gd6-18 

1 hr 

500 F 

INTERMEDIATE EXPOSURE 
Death 
36 Rat 

(CD) 

1-10 mo 
5 d/wk 
6 hr/d 

37 Mouse 

(A/J) 

6 mo 
5 d/wk 
6 hr/d 

38 Mouse 

(CD-1) 

Systemic 
39 Rat 

(Wistar) 

1-6 mo 
5 d/wk 
6 hr/d 

3 mo 
6 d/wk 
6 hr/d 

Cardio 10 M 100 M 

Renal 100 M 3000 M 

(delayed ossification) John et al. 1977, 1981 

(delayed ossification) John et al. 1977, 1981 

5000	 (CEL: bronchioalveolar 
adenoma) 

Hehir et al. 1981 

50 (17/26 died) Hong et al. 1981 

500 M (37/70 died) 

500 F (23/70 died) 

Adkins et al. 1986 

50 (15/16 died) Hong et al. 1981 

(increased relative heart 
weight) 

Bi et al. 1985 

(increased relative kidney 
weight) 
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10

10

157
50000

50000

50000

50000 50000

158
20000

20000

20000

Table 3-1 Levels of Significant Exposure to Vinyl Chloride - Inhalation (continued) 

Exposure/ LOAEL 
Duration/ 

Key to
a 

Species Frequency NOAEL Less Serious Serious Reference 
Figure (Strain) (Route) 

System (ppm) (ppm) (ppm) Chemical Form 

40 Rat 

(Wistar) 

6 mo 
6 d/wk 
6 hr/d 

Cardio 

Hepatic 

10 M 

10 M 

41 Rat 

(Sherman) 

19 d 
8 hr/d Hemato 

Hepatic 

50000 

50000 

42 Rat 

(Sherman) 

92 d 
5 d/wk 
8 hr/d 

Renal 

Dermal 

Hemato 

Hepatic 

50000 

50000 F 50000 M 

20000 

20000 

Renal 20000 

(increased relative heart Bi et al. 1985 
weight) 

(increased relative liver 
weight) 

(decreased white blood Lester et al. 1963 
cells) 

(hepatocellular 
hypertrophy, large 
irregular vacuoles, 
compression of 
sinusoids, elevated 
relative liver weight) 

(thin coats, scaly tails) 

(decreased white blood Lester et al. 1963 
cells) 

(moderate hepatocellular 
hypertrophy, fine to 
medium vacuoles, 
compression of 
sinusoids) 
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24

20000

50

50 500

50

609

10

1100

128

200

100

200

200

002

50

43 

44 

45 

Table 3-1 Levels of Significant Exposure to Vinyl Chloride - Inhalation 	 (continued) 

Exposure/ LOAEL 
Duration/ 

Key to
a

Species Frequency NOAEL Less Serious Serious Reference 
Figure (Strain) (Route) 

System (ppm) (ppm) (ppm) Chemical Form 

Rat 	 10 mo 

(Wistar) 	 5 d/wk Musc/skel 20000 M Sokal et al. 1980 

5 hr/d 

Hepatic 50 M (fatty changes) 

Renal 50 M 500 M (increased kidney weight) 

Bd Wt 50 M (10% decrease in body 
weight) 

Rat 	 16 wk (M) c 

(Sprague- 19 wk (F) Hepatic 10 F (centrilobular hypertrophy Thornton et al. 2002 

Dawley) 2 gen in F1 female rats) 

4 hr/d 

Bd Wt 	 1100 

Rat 	 6 mo 
Hemato 200 Torkelson et al. 1961 

(NS) 	 5 d/wk 

0.5-7 hr/d 


Hepatic 100 	 (increased relative liver 
weight) 

Renal 200 

Bd Wt 200 

Rat 	 10 mo 

(Wistar) 	 5 d/wk Hepatic 50 M (fatty changes) Wisniewska- Knypl et al. 1980 

5 hr/d 
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75
2500

204

1000

1000

1000

1000

143
2500

131

100

200

200

200

Table 3-1 Levels of Significant Exposure to Vinyl Chloride - Inhalation (continued) 

a
Key to Species 
Figure (Strain) 

Exposure/ 
Duration/ 

Frequency 
(Route) 

System 
NOAEL 

(ppm) 
Less Serious 

(ppm) 

LOAEL 

Serious 
(ppm) 

Reference 
Chemical Form 

47 Mouse 

(NS) 

1-6 mo 
5 d/wk 
5 hr/d 

Hepatic 2500 M (hyperplasia of 
hepatocytes and 
activated sinusoidal 
cells) 

Schaffner 1978 

48 Mouse 

(CD-1) 

8 wk 
5 d/wk 
6 hr/d 

Hemato 1000 M Sharma and Gehring 1979 

Hepatic 

Renal 

Bd Wt 

1000 M 

1000 M 

1000 M (decreased liver weight) 

49 Mouse 

(CD-1) 

5-6 mo 
5 d/wk 
5 hr/d 

Resp 2500 M (proliferation and 
hypertrophy of bronchial 
epithelium; 
hypersecretion of mucin; 
hyperplasia of alveolar 
epithelium) 

Suzuki 1978, 1981 

50 Rabbit 

(NS) 

6 mo 
5 d/wk 
7 hr/d 

Hepatic 100 200 (centrilobular 
degeneration and 
necrosis) 

Torkelson et al. 1961 

Renal 200 


Bd Wt 200 
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309

100

3000

313
10

315
50

203
10

306

50

236

10

100

241

50 250

52 

53 

Table 3-1 Levels of Significant Exposure to Vinyl Chloride - Inhalation 	 (continued) 

Exposure/ LOAEL 
Duration/ 

Key to
a

Species Frequency NOAEL Less Serious Serious Reference 
Figure (Strain) (Route) 

System (ppm) (ppm) (ppm) Chemical Form 

Immuno/ Lymphoret 
51 Rat 3 mo 

6 d/wk 100 M 3000 M (increased spleen 	 Bi et al. 1985 
(Wistar) 	

6 hr/d weight) 

Rat 	 6 mo 

(Wistar) 	 6 d/wk 10 M (increased spleen Bi et al. 1985 

6 hr/d weight) 

Rat 	 10 mo 

(Wistar) 	 5 d/wk 50 M (increased spleen Sokal et al. 1980 

5 hr/d weight) 

54 Mouse 

(CD-1) 

2-8 wk 
5 d/wk 
6 hr/d 

10 M (increased spontaneous 
lymphocyte proliferation) 

Sharma and Gehring 1979 

Neurological 
55 Rat 

(Fischer- 344) 

20 wk 
5 d/wk 
1 hr/d 

Reproductive 
56 Rat 

(Wistar) 

3, 6 mo 
6 d/wk 
6 hr/d 

50 

10 M 100 M (decreased testes 
weight) 

Hehir et al. 1981 

Bi et al. 1985 

57 Rat 

(CD) 

11 wk 
5 d/wk 
6 hr/d 

50 M 250 M (reduced male fertility) Short et al. 1977 
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23

50

500

112
100

603
500

141
250

Table 3-1 Levels of Significant Exposure to Vinyl Chloride - Inhalation	 (continued) 

Exposure/ 
Duration/ 

Key to
a 

Species Frequency 
Figure (Strain) (Route) 

System 
NOAEL 

(ppm) 

LOAEL 

Less Serious Serious Reference 

(ppm) (ppm) Chemical Form 

58	 Rat 10 mo 

(Wistar) 5 d/wk 
5 hr/d 

50 M 500 M (spermatogenic epithelial Sokal et al. 1980
 
necrosis)
 

Cancer 
59 Rat 6 mo 

(Fischer- 344) 5 d/wk 
6 hr/d 

100 F (CEL: hepatic Drew et al. 1983
 
hemangiosarcoma,
 
hepatocellular
 
carcinoma, neoplastic
 
nodules; mammary
 
fibroadenoma)
 

60	 Rat 33 d 

(Sprague 6 d/wk 

Dawley) 8 hr/d 

61 Rat 6 or 10 mo 

(CD) 5 d/wk 
6 hr/d 

500 M 

250 

(CEL: hepatocellular Froment et al. 1994
 
carcinoma,
 
angiosarcoma of the
 
liver, benign
 
cholangioma,
 
nephroblastoma,
 
angiomyoma, leukemia,
 
Zymbal gland carcinoma,
 
pituitary adenoma,
 
mammary carcinoma and
 
fibroma.
 

(CEL: liver Hong et al. 1981
 
hemangiosarcoma,
 
neoplastic nodules)
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610
1100

43
50

116
50

120
50

139
50

215
50

Table 3-1 Levels of Significant Exposure to Vinyl Chloride - Inhalation	 (continued) 

a
Key to Species 
Figure (Strain) 

62	 Rat 

(Sprague-
Dawley) 

63	 Mouse 

(A/J) 

64	 Mouse 

(CD-1) 

65	 Mouse 

(B6C3F1) 

66	 Mouse 

(CD-1) 

67	 Mouse 

(Swiss) 

Exposure/ LOAEL 
Duration/ 

Frequency NOAEL Less Serious 	 Serious Reference 
(Route) 

System (ppm) (ppm) 	 (ppm) Chemical Form 

16 wk (M) 
19 wk (F) 
2 gen 
4 hr/d 

6 mo 
5 d/wk 
6 hr/d 

6 mo 
5 d/wk 
6 hr/d 

6 mo 
5 d/wk 
6 hr/d 

1, 3, 6 mo 
5 d/wk 
6 hr/d 

30 wk 
5 d/wk 
4 hr/d 

1100 F (CEL: foci of Thornton et al. 2002 
hepatocellular alterations 
considered to be 
pre-neoplastic) 

50 	 (CEL: pulmonary Adkins et al. 1986 
adenoma) 

50 F (CEL: hemangiosarcoma Drew et al. 1983 
of skin, peritoneum; 
mammary gland 
carcinoma; lung 
carcinoma) 

50 F (CEL: hemangiosarcoma Drew et al. 1983 
of subcutis, peritoneum; 
mammary gland 
carcinoma) 

50 F (CEL: mammary gland Hong et al. 1981 
adenocarcinoma/carcinom 

50 	 (CEL: liver angiosarcoma Maltoni et al. 1981 
and angioma) 
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100

124
200

216
500

230

100 3000

10 100

10

100

Table 3-1 Levels of Significant Exposure to Vinyl Chloride - Inhalation	 (continued) 

Exposure/ 
Duration/ 

Key to
a 

Species Frequency 
Figure (Strain) (Route) 

LOAEL 

NOAEL Less Serious Serious Reference 

System (ppm) (ppm) (ppm) Chemical Form 
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68	 Mouse 

(CD-1) 

69	 Hamster 

(Golden 
Syrian) 

70	 Hamster 

(Golden 
Syrian) 

4 wk 
5 d/wk 
6 hr/d 

6 mo 
5 d/wk 
6 hr/d 

30 wk 
5 d/wk 
4 hr/d 

CHRONIC EXPOSURE 
Systemic 
71 Rat 12 mo 

(Wistar)	 6 d/wk 
6 hr/d 

100 M (CEL: lung alveogenic 
tumors) 

Suzuki 1983 

200 F (CEL: liver 
hemangiosarcoma; skin 
hemangiosarcoma, 
spleen 
hemangiosarcoma; 
mammary gland 
carcinoma) 

Drew et al. 1983 

500 M (CEL: liver 
angiosarcoma) 

Maltoni et al. 1981 

Hepatic 100 M 3000 M (increased liver weight) Bi et al. 1985 

Renal 10 M 100 M (increased kidney weight) 

Bd Wt 10 M 100 M (14% decrease in body 
weight) 



228

10

100

229
100

114
100

627
50

26
250

Table 3-1 Levels of Significant Exposure to Vinyl Chloride - Inhalation	 (continued) 

Exposure/ LOAEL 
Duration/ 

Key to
a 

Species Frequency NOAEL Less Serious Serious Reference 
Figure (Strain) (Route) 

System (ppm) (ppm) (ppm) Chemical Form 

Reproductive 
72 Rat 

(Wistar) 

Cancer 
73 Rat 

(Wistar) 

74	 Rat 

(Fischer- 344) 

75	 Rat 

(albino) 

76	 Rat 

(CD) 

12 mo 
6 d/wk 
6 hr/d 

10 M 100 M (degenerative 
seminiferous tubule 
changes) 

12 mo 
6 d/wk 
6 hr/d 

100 M 

12, 18, 24 mo 
5 d/wk 
6 hr/d 

100 F 

6 hr/d 
5 d/wk 
26 or 52 wk 

50 

1-12 mo 
5 d/wk 
6 hr/d 

250 F 

(CEL: liver 
angiosarcoma; lung 
angiosarcoma) 

(CEL: hepatic 
hemangiosarcoma, 
hepatocellular 
carcinoma, neoplastic 
nodules; mammary gland 
fibroadenoma and 
adenocarcinoma) 

(CEL: lung, kidney, 
abdominal 
hemangiosarcoma) 

(CEL: hepatic 
hemangiosarcoma) 

Bi et al. 1985 

Bi et al. 1985 

Drew et al. 1983 

Holmberg et al. 1976 

Lee et al. 1978 

V
IN

Y
L
 C

H
L
O

R
ID

E

          3
.  H

E
A

L
T

H
 E

F
F

E
C

T
S

4
1



207
5

118
50

122
50

334

50

50

Table 3-1 Levels of Significant Exposure to Vinyl Chloride - Inhalation	 (continued) 

Exposure/ 
Duration/ 

Key to
a 

Species Frequency 
Figure (Strain) (Route) 

System 
NOAEL 

(ppm) 

LOAEL 

Less Serious Serious Reference 

(ppm) (ppm) Chemical Form 

77	 Rat 

(Sprague-
Dawley) 

52 wk 
5 d/wk 
4 hr/d 

5 F (CEL: mammary gland 
carcinoma) 

Maltoni et al. 1981 

78	 Mouse 

(Swiss CD-1) 

12, 18 mo 
5 d/wk 
6 hr/d 

50 F (CEL: lung; 
hemangiosarcoma of 
peritoneum, subcutis; 
mammary gland 
carcinoma) 

Drew et al. 1983 

79	 Mouse 

(B6C3F1) 

12 mo 
5 d/wk 
6 hr/d 

50 F (CEL: hemangiosarcoma 
of peritoneum, subcutis; 
mammary gland 
carcinoma) 

Drew et al. 1983 

80	 Mouse 

(CD-1) 

1-12 mo 
5 d/wk 
6 hr/d 

50 F (CEL: mammary gland 
adenoma and 
adenocarcinoma) 

Lee et al. 1977a, 1978 

50 (CEL: hepatic 
hemangiosarcoma; 
bronchiolo-alveolar 
adenoma; malignant 
lymphoma) 
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Table 3-1 Levels of Significant Exposure to Vinyl Chloride - Inhalation (continued) 

Exposure/ LOAEL 
Duration/ 

Key to
a 

Species Frequency NOAEL Less Serious Serious Reference 
Figure (Strain) (Route) 

System (ppm) (ppm) (ppm) Chemical Form 

81 Hamster 

(Golden 
Syrian) 

12, 18, 24 mo 
5 d/wk 
6 hr/d 

200 F (CEL: liver 
hemangiosarcoma; skin 
carcinoma, 

Drew et al. 1983 

hemangiosarcoma; 
spleen 
hemangiosarcoma; 
mammary gland 
carcinoma; stomach 
adenoma) 

a Numbers correspond to entries in Figure 3-1. 

b Used to derive an acute-duration inhalation Minimal Risk Level (MRL) of 0.5 ppm. A NOAEL was adjusted for intermittent exposure and converted to a Human Equivalent 
Concentration (HEC) before applying uncertainty factors. The MRL was obtained by dividing the NOAEL-HEC by an uncertainty factor of 30 (3 for extrapolation from animals to 
humans using a dosimetric adjustment, and 10 for human variability). 

c Used to derive an intermediate-duration inhalation MRL of 0.03 ppm. LEC10 converted to an HEC and adjusted for intermittent exposure before applying uncertainty factors. The 
MRL was obtained by dividing the LEC10-HEC by an uncertainty factor of 30 (3 for extrapolation from animals to humans using a dosimetric adjustment, and 10 for human variability). 

AKT = alpha-ketoglutarate transaminase; B - both; Bd Wt = body weight; Cardio = cardiovascular; CEL = cancer effect level; d = day(s); derm = dermal; Endocr = endocrine; F = 
Female; Gd = gestational day; Gn pig = guinea pig; hemato = hematological; hr = hour(s); Immuno = immunological; LOAEL = lowest-observed-adverse-effect level; M = male; min = 
minute(s); mo = month(s); Musc/skel = musculoskeletal; NOAEL = no-observed-adverse-effect level; NS = not specified; Resp = respiratory; SDH = sorbitol dehydrogenase; wk = 
week(s); x = time(s) 
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Figure 3-1 Levels of Significant Exposure to Vinyl Chloride - Inhalation 
Acute (≤14 days) 

Systemic 
ppm 
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Figure 3-1 Levels of Significant Exposure to Vinyl Chloride - Inhalation (continued) 
Acute (≤14 days) 

Systemic 

ppm 
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*Doses represent the lowest dose tested per study that produced a tumorigenic 
response and do not imply the existence of a threshold for the cancer endpoint. 0.1 
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Figure 3-1  Levels of Significant Exposure to Vinyl Chloride - Inhalation (continued)
Intermediate (15-364 days)
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Figure 3-1  Levels of Significant Exposure to Vinyl Chloride - Inhalation (continued)
Intermediate (15-364 days)
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*Doses represent the lowest dose tested per study that produced a tumorigenic 
response and do not imply the existence of a threshold for the cancer endpoint. 
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Figure 3-1 Levels of Significant Exposure to Vinyl Chloride - Inhalation (continued) 
Chronic (≥365 days) 

Systemic 
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*Doses represent the lowest dose tested per study that produced a tumorigenic 
response and do not imply the existence of a threshold for the cancer endpoint. 1E-6 
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49 VINYL CHLORIDE 

3. HEALTH EFFECTS 

Respiratory Effects.    Limited information is available on the acute adverse effects from inhalation of 

vinyl chloride by humans.  Autopsy findings from a man who died after being overcome by vinyl chloride 

revealed the irritating nature of a high-level inhalation exposure.  The lungs were found to be intensely 

hyperemic, and some desquamation of the alveolar epithelium had occurred (Danziger 1960). Reports 

regarding respiratory effects in workers who are occupationally exposed to vinyl chloride are 

contradictory.  Several epidemiologic studies found no increased incidence of respiratory disease among 

vinyl chloride workers (Gamble et al. 1976; Laplanche et al. 1987, 1992; NIOSH 1977).  However, 

adverse respiratory effects were reported in several epidemiologic surveys and case reports, with these 

effects including increased incidence of emphysema (Suciu et al. 1975; Wong et al. 1991), decreased 

respiratory volume and vital capacity, respiratory insufficiency (Suciu et al. 1975), decreased respiratory 

oxygen and carbon dioxide transfer (Lloyd et al. 1984), pulmonary fibrosis of the linear type (Suciu et al. 

1975), abnormal chest x-rays (Lilis et al. 1975, 1976), and dyspnea (Walker 1976).  Interpretation of 

many of these results is confounded by the inclusion of smokers among those exposed to vinyl chloride 

and the concurrent exposure of many vinyl chloride workers to PVC resin dust, which is known to 

produce respiratory lesions (Mastrangelo et al. 1979). 

Brief inhalation of high concentrations of vinyl chloride produced respiratory inflammation in a variety of 

animals.  A 30-minute exposure of guinea pigs, mice, and rats to 100,000 ppm of vinyl chloride produced 

hyperemia in all three species (Mastromatteo et al. 1960).  Exposure to higher concentrations 

(200,000 ppm and 300,000 ppm) produced increased congestion, edema, and at the highest 

concentrations, pulmonary hemorrhages in all three species (Mastromatteo et al. 1960).  Tracheal 

epithelium was also absent in one guinea pig exposed to 400,000 ppm for 30 minutes (Mastromatteo et al. 

1960).  Edema and congestion of the lungs of rats were also observed following a 2-hour exposure to 

150,000 ppm (Lester et al. 1963). 

Histopathologic examination of mice exposed to 2,500 ppm vinyl chloride 5 hours/day, 5 days/week for 

5–6 months revealed proliferation and hypertrophy of the bronchiolar epithelium, hyperplasia of the 

alveolar epithelium, hypersecretion of mucin (Suzuki 1978, 1980, 1981), increased endoplasmic 

reticulum and free ribosomes in Clara cells, and mobilization of alveolar macrophages (Suzuki 1980).  

These changes were observed irrespective of the recovery period (2 or 37 days), indicating that they were 

not readily reversible.  However, these studies were limited by the small number of animals tested and the 

absence of a statistical analysis. 
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Chronic exposure of rats to 5,000 ppm 7 hours/day, 5 days/week for 12 months produced hyperplasia of 

the olfactory epithelium, increased cellularity of the interalveolar septa of the lungs, and an increased 

incidence of pulmonary hemorrhage (Feron and Kroes 1979).  Interstitial pneumonia and hemorrhagic 

lungs were observed in rats exposed to 30,000 ppm of vinyl chloride 4 hours/day, 5 days/week for 

12 months (Viola et al. 1971).  However, neither of these studies reported the statistical significance of 

these findings. 

Cardiovascular Effects.    Occupational exposure to vinyl chloride has been associated with the 

development of Raynaud's phenomenon, a condition in which the fingers blanch and become numb with 

discomfort upon exposure to the cold.  It has also been reported in a worker exposed once to a vinyl 

chloride leak (Ostlere et al. 1992).  Although only a small percentage of vinyl chloride workers develop 

Raynaud's phenomenon (Laplanche et al. 1987, 1992; Lilis et al. 1975; Marsteller et al. 1975; Suciu et al. 

1963, 1975; Veltman et al. 1975; Walker 1976), the incidence is significantly higher than in unexposed 

workers (Laplanche et al. 1987, 1992).  Investigation of the peripheral circulation of workers afflicted 

with Raynaud's phenomenon has revealed thickening of the walls of the digital arteries (Harris and 

Adams 1967), narrowing of the arterial lumen (Veltman et al. 1975), vascular occlusions (Walker 1976), 

arterial occlusions (Preston et al. 1976; Veltman et al. 1975), tortuosity (Preston et al. 1976), 

hypervascularity (Preston et al. 1976), inflammatory infiltration of the arterioles (Magnavita et al. 1986), 

deposition of immune products along the vascular endothelium (Ward 1976), vasomotor impairment 

(Suciu et al. 1963), and impaired capillary microcirculation (Magnavita et al. 1986; Maricq et al. 1976).  

Three reports indicate that upon removal from exposure, Raynaud's phenomenon gradually disappears 

(Freudiger et al. 1988; Suciu et al. 1963, 1975).  For further discussion of Raynaud's phenomenon, see 

Immunological/Lymphoreticular Effects (Section 3.2.1.3). 

Splenomegaly, with evidence of portal hypertension (dilated peritoneal veins and esophageal varices), has 

been reported by investigators studying the effects of vinyl chloride exposure (Marsteller et al. 1975).  In 

addition, hypertension among vinyl chloride workers (NIOSH 1977; Suciu et al. 1975) and significantly 

increased mortality rate due to cardiovascular and cerebrovascular disease (Byren et al. 1976) have been 

reported. An association between vinyl chloride exposure and arterial hypertension was observed in an 

occupational worker study.  Conclusive evidence was not provided for an association of vinyl chloride 

with coronary heart disease (Kotseva 1996). 

Investigators studying the anesthetic properties of vinyl chloride in dogs have observed that doses 

producing anesthesia (100,000 ppm, Oster et al. 1947; 150,000–900,000 ppm, Carr et al. 1949) also 
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produced cardiac arrhythmias.  Arrhythmias were characterized by intermittent tachycardia, 

extraventricular systoles, vagal beats, ventricular fibrillation, and atrioventricular block.  However, the 

statistical significance of these effects was not reported.  At high concentrations (>30,000 ppm), vinyl 

chloride was been shown to sensitize the heart to epinephrine, resulting in cardiac arrhythmias in dogs 

(Clark and Tinston 1973). No histopathological changes in the heart were noted in guinea pigs exposed to 

400,000 ppm of vinyl chloride for 30 minutes (Mastromatteo et al. 1960). 

A study by Bi et al. (1985) demonstrated an increase in the relative heart weight at concentrations of vinyl 

chloride as low as 10 ppm when administered to male rats 6 hours/day, 6 days/week for 6 months.  Heart 

weight was also increased after 3 months in rats exposed to 100 ppm under this regimen (Bi et al. 1985).  

Chronic exposure of rats to 5,000 ppm vinyl chloride 7 hours/day, 5 days/week for 1 year resulted in 

increases in areas of myodegeneration in the heart and thickening of the walls of arteries (Feron and 

Kroes 1979).  However, the statistical significance of this effect was not reported.  Exposure of rats to 

30,000 ppm of vinyl chloride 4 hours/day, 5 days/week for 1 year also produced thickening of the walls of 

small arterial vessels.  The thickening was characterized by a proliferation of the endothelium.  In some 

vessels, the thickening was severe enough to cause blockage of the lumen (Viola 1970). 

Gastrointestinal Effects.    Approximately 32% of the vinyl chloride workers examined by Lilis et al. 

(1975) reported a history of "gastritis, ulcers (gastric and duodenal), and upper gastrointestinal bleeding."  

Because these subjects were not compared to workers who had not been exposed to vinyl chloride, the 

significance of these findings is unknown. Other symptoms reported by vinyl chloride workers included 

nausea, abdominal distension, and heartburn. Loss of appetite and nausea have been reported in 

Singapore workers exposed to 1–21 ppm vinyl chloride (Ho et al. 1991).  However, these workers were 

selected on the basis of liver dysfunction. 

No studies were located regarding gastrointestinal effects in animals following inhalation exposure to 

vinyl chloride. 

Hematological Effects.    Blood tests performed at autopsy of two workers whose deaths were 

believed to be due to exposure to extremely high levels of vinyl chloride revealed that blood clotting did 

not occur (Danziger 1960).  Slight-to-severe thrombocytopenia in workers occupationally exposed to 

vinyl chloride was reported in several studies (Marsteller et al. 1975; Micu et al. 1985; Veltman et al. 

1975), but Lilis et al. (1975) found no increased incidence of thrombocytopenia in vinyl chloride workers.  

A prospective study of female workers exposed to vinyl chloride at levels ranging from 0.2 to 130.7 ppm 
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showed that the exposed workers had a significantly lower number of platelets than the nonexposed 

controls during the early part of their pregnancies (weeks 8–10) but that this effect abated by the end of 

the pregnancy (34–38 weeks) following a period free from exposure (Bao et al. 1988).  Splenomegaly was 

reported in a number of studies (Ho et al. 1991; Marsteller et al. 1975; Popper and Thomas 1975; Suciu et 

al. 1963; Veltman et al. 1975).  Thrombocytopenia was found in patients who both did and did not present 

with splenomegaly (Veltman et al. 1975).  Increased levels of two plasma proteins (α1- and α2-globulin) 

were reported in studies examining the effects of occupational exposure to vinyl chloride (Harris and 

Adams 1967; Suciu et al. 1975). 

A brief (30-minute) exposure of guinea pigs to 400,000 ppm vinyl chloride resulted in a failure of the 

blood to clot in the animals that died during the exposure (Mastromatteo et al. 1960).  Mice that were 

exposed to 5,000 ppm (4 hours/day for 6 days) or 10,000 ppm (4 hours/day for 5 days) showed an 

increased emergence of basophilic stippled erythrocytes (Kudo et al. 1990).  This effect was also noted in 

mice that were exposed for 10 weeks to 50 ppm intermittently (4 hours/day for 4–5 days/week,) or to 30– 

40 ppm continuously for 62 days (Kudo et al. 1990).  Exposure of dogs and rats to 200 ppm for 

7 hours/day, 5 days/week, for 6 months had no effect on hematologic values (Torkelson et al. 1961).  

Also, an 8-week exposure of mice to 1,000 ppm for 6 hours/day, 5 days/week had no effect on 

erythrocyte or leukocyte counts (Sharma and Gehring 1979).  Exposure of rats to either 50,000 ppm for 

8 hours/day for 19 consecutive days or 20,000 ppm for 8 hours/day, 5 days/week for 92 days resulted in a 

decrease in white blood cells (Lester et al. 1963).  Exposure of rats to 5,000 ppm vinyl chloride for 

7 hours/day, 5 days/week for 1 year produced increased hematopoiesis in the spleen (Feron and Kroes 

1979). The statistical significance of these results was not reported.  Blood clotting time was decreased in 

rats exposed to 5,000 ppm for7 hours/day for 1 year, but the statistical significance of these effects was 

not reported (Feron et al. 1979a). 

Musculoskeletal Effects.    Acroosteolysis, or resorption of the terminal phalanges of the finger, was 

observed in a small percentage of workers occupationally exposed to vinyl chloride (Dinman et al. 1971; 

Lilis et al. 1975; Marsteller et al. 1975; Sakabe 1975; Veltman et al. 1975; Wilson et al. 1967).  Bone 

lesions were most often confined to the terminal phalanges of the fingers, but in a few cases the bones of 

the toes (Harris and Adams 1967), feet (Preston et al. 1976), sacroiliac joint (Harris and Adams 1967), 

and arms, legs, pelvis, and mandible (Preston et al. 1976) were also involved.  Development of 

acroosteolysis was most often preceded by Raynaud's phenomenon (Dinman et al. 1971; Freudiger et al. 

1988; Harris and Adams 1967; Magnavita et al. 1986; Markowitz et al. 1972; Preston et al. 1976; Sakabe 

1975; Veltman et al. 1975; Wilson et al. 1967).  In two reports, bone resorption was observed to progress 
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despite discontinuation of exposure (Markowitz et al. 1972; Preston et al. 1976).  However, in two other 

reports, improvement was observed after exposure ceased (Veltman et al. 1975; Wilson et al. 1967).  Joint 

pain was also reported by Lilis et al. (1975). 

Although Sokal et al. (1980) found no alterations in the bones of male rats exposed to 20,000 ppm for 

5 hours/day, 5 days/week for 10 months, Viola (1970) observed skeletal changes (i.e., osteochondroma) 

in the bones of rats exposed to 30,000 ppm for 4 hours/day, 5 days/week for 12 months.  The statistical 

significance of these effects was not reported and only one exposure level was tested. 

Hepatic Effects.    Throughout the early years of the use of vinyl chloride, only a minimal degree of 

functional hepatic abnormalities were detected in workers.  However, when it became apparent in the 

early 1970s that angiosarcoma of the liver was associated with long-term vinyl chloride exposure, an 

intensive effort was initiated by a number of investigators to characterize the hepatic effects of vinyl 

chloride. These studies revealed characteristic hepatic lesions produced by vinyl chloride exposure (Berk 

et al. 1975; Falk et al. 1974; Gedigke et al. 1975; Ho et al. 1991; Jones and Smith 1982; Lilis et al. 1975; 

Liss et al. 1985; Marsteller et al. 1975; NIOSH 1977; Popper and Thomas 1975; Suciu et al. 1975; 

Tamburro et al. 1984; Vihko et al. 1984).  The incidence and severity of the effects correlated well with 

the duration of exposure (Gedigke et al. 1975; Lilis et al. 1975; NIOSH 1977).  

Routine, noninvasive techniques revealed hepatomegaly in a limited number of workers (14–37%) (Ho et 

al. 1991; Lilis et al. 1975; Marsteller et al. 1975; NIOSH 1977; Suciu et al. 1963, 1975).  However, when 

peritoneoscopy was performed or biopsies were obtained from exposed workers, Marsteller et al. (1975) 

found a much higher prevalence of hepatic abnormalities.  Only 37% of the workers studied by Marsteller 

et al. (1975) were diagnosed with hepatomegaly, but peritoneoscopy revealed a 50% incidence of granular 

changes in the liver surface and an 86% incidence of capsular fibrosis with increased numbers of capsular 

vessels. Histopathological examination of the biopsied tissue from these workers revealed an 80% 

incidence of collagenization of the sinusoidal walls, a 90% incidence of proliferation of cells lining the 

sinusoids, a 30% incidence of septal fibrosis, and degeneration of hepatocytes (incidence not specified).  

A number of other investigators observed similar changes in liver tissues obtained from workers exposed 

to vinyl chloride (Falk et al. 1974; Gedigke et al. 1975; Popper and Thomas 1975; Tamburro et al. 1984).  

Based on these observations, a profile of vinyl chloride-induced liver damage was compiled and includes 

the following features:  hypertrophy and hyperplasia of hepatocytes, activation and hyperplasia of 

sinusoidal lining cells, fibrosis of the portal tracts and the septa and intralobular perisinusoidal regions, 

sinusoidal dilation, and focal areas of hepatocellular degeneration.  This pattern of changes was observed 
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to be highly unusual and was similar to the hepatic changes produced by arsenic (Gedigke et al. 1975).  In 

addition, the degenerative changes in hepatocytes appeared to be less severe when biopsy material was 

obtained from workers who had not been exposed to vinyl chloride recently.  However, sinusoidal 

changes were not influenced by the length of time since the last exposure (Gedigke et al. 1975). 

One possible reason that the hepatotoxic effects of vinyl chloride went undetected for many years was the 

lack of sensitivity of standard biochemical liver function tests to detect the liver injury produced by vinyl 

chloride (Berk et al. 1975; Marsteller et al. 1975; Tamburro et al. 1984; Vihko et al. 1984).  For example, 

the values obtained in several standard biochemical liver function tests (activities of serum alkaline 

phosphatase, aspartate aminotransferase, alanine aminotransferase, gamma-glutamyltransferase) from 

workers with biopsy evidence of vinyl chloride-associated liver damage were not significantly higher than 

those from unexposed controls (Liss et al. 1985).  Gamma-glutamyltransferase levels were significantly 

higher in workers exposed to vinyl chloride at TWA exposure concentrations of >10 ppm compared to 

workers exposed to lower exposure concentrations (Du et al. 1995).  Workers exposed to lower levels of 

vinyl chloride had gamma-glutamyltransferase levels that were within the normal range (Hensyl 1990).  

Abnormal liver function (i.e., increased alkaline phosphatase, alanine aminotransferase, or 

gamma-glutamyltransferase) was demonstrated in workers exposed to high concentrations of vinyl 

chloride (1–20 ppm) (Ho et al. 1991; Lilis et al.1975) and workers who experienced a combined exposure 

to vinyl chloride and ethylene dichloride (Cheng et al. 1999).  In the mixed exposure situation, altered 

liver function may be related to the effect of each component or the interactive effect of the mixture.  

Serum bile acids (Berk et al. 1975; Liss et al. 1985) and/or indocyanine green clearance (Liss et al. 1985; 

Tamburro et al. 1984) correlated with liver injury.  Furthermore, investigators have shown that levels of 

chenodeoxycholic acid (a serum bile acid) in asymptomatic vinyl chloride workers were elevated when 

compared to the 95% interval of values from a healthy reference population (Vihko et al. 1984).  The 

serum hyaluronic acid concentration was demonstrated to be elevated in workers with angiosarcoma of 

the liver, while other liver function tests were normal (McClain et al. 2002).   

A recent IARC update of a multi-center cohort study demonstrated an increase in mortality from liver 

cirrhosis in workers exposed to moderate to high concentrations of vinyl chloride (Ward et al. 2001). 

Morbidity associated with liver cirrhosis was also reported to be elevated among vinyl chloride workers 

(Du and Wang 1998). Alcohol intake was not evaluated as a critical confounding factor in these studies.  

Mastrangelo et al (2004) evaluated the possible interaction between alcohol consumption, hepatitis 

infection, and liver cirrhosis in a large cohort of vinyl chloride workers.  Vinyl chloride was suggested to 

be an independent risk factor for liver cirrhosis with a synergistic interaction described for alcohol 
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consumption and an additive interaction observed for hepatitis infection.  Liver ultrasonography 

illustrated an increase in the incidence of periportal fibrosis in vinyl chloride workers (Maroni et al. 

2003). Portal fibrosis and portal hypertension were considered to contribute to mortality in several cases 

(Lee et al. 1996; Lelbach 1996).   

Brief exposure of animals to extremely high concentrations of vinyl chloride has been shown to produce 

hepatic damage.  For example, acute exposure (30 minutes) of guinea pigs and mice to 300,000 ppm of 

vinyl chloride produced liver congestion or severe fatty degeneration while 200,000 ppm caused fatty 

infiltration in rats (Mastromatteo et al. 1960).  Exposure to 100,000 ppm for 6 hours produced 

centrilobular vacuolization and increased alanine serum α-ketoglutarate transaminase activity in rats 

(Jaeger et al. 1974).  However, exposure of rats to 50,000 ppm for 6 hours produced no observable effects 

on the liver (Reynolds et al. 1975a, 1975b).  In contrast, a single-concentration study in which pregnant 

rats were continuously exposed to 1,500 ppm for 7–9 days during either the first or second trimester of 

pregnancy resulted in an increase in the liver-to-body-weight ratio (Ungvary et al. 1978).  Interestingly, a 

single 1-hour exposure of mice to 500, 5,000, or 50,000 ppm of vinyl chloride, followed by an 18-month 

observation period, resulted in an increased incidence of hepatocellular hypertrophy in these animals at 

terminal sacrifice (Hehir et al. 1981).  The hypertrophy was not dose dependent; thus, the significance of 

this effect is uncertain. 

In studies with longer durations of exposure, lower concentrations of vinyl chloride have produced 

hepatic toxicity. Symptoms of hepatotoxicity that have been observed in rats have included 

hepatocellular degeneration (Sokal et al. 1980; Torkelson et al. 1961; Wisniewska-Knypl et al. 1980), 

swelling of hepatocytes with compression of sinusoids (Lester et al. 1963), dilation of the rough 

endoplasmic reticulum (Du et al. 1979), proliferation (Sokal et al. 1980) or hypertrophy (Thornton et al. 

2002; Wisniewska-Knypl et al. 1980) of smooth endoplasmic reticulum, changes in metabolic enzyme 

activities (Du et al. 1979; Wisniewska-Knypl et al. 1980), proliferation of reticulocytes (Sokal et al. 

1980), and an increased liver-to-body-weight ratio (Bi et al. 1985; Lester et al. 1963; Sokal et al. 1980; 

Thornton et al. 2002; Torkelson et al. 1961).  For example, exposure of rats to 500 ppm for 7 hours/day, 

5 days/week for 4.5 months resulted in an increase in liver-to-body-weight ratio and granular 

degeneration (Torkelson et al. 1961). An increased liver-to-body-weight ratio was also found in rats 

exposed to 100 ppm vinyl chloride for 7 hours/day, 5 days/week for 6 months (Torkelson et al. 1961).  

Relative liver weight was decreased in mice exposed to 1,000 ppm vinyl chloride for 6 hours/day, 

5 days/week for 8 weeks (Sharma and Gehring 1979).  The liver-to-body-weight ratio was shown to be 

increased in male rats exposed to 3,000 ppm, but not 100 ppm, vinyl chloride for 6 hours/day, 
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5 days/week for 12 months (Bi et al. 1985).  Significantly increased liver-to-body-weight ratio was also 

observed in rats exposed to concentrations of vinyl chloride as low as 10 ppm for 6 hours/day, 

6 days/week for 6 months (Bi et al. 1985).  Exposure of rats to 500 ppm for 5 hours/day, 5 days/week for 

10 months produced swelling of hepatocytes and proliferation of reticuloendothelial cells, increased liver 

weight, and cellular degeneration; at 50 ppm, small lipid droplets and proliferation of smooth 

endoplasmic reticulum were noted (Sokal et al. 1980). Histopathological examination of rats exposed to 

either 50,000 ppm vinyl chloride for 8 hours/day for 19 consecutive days or 20,000 ppm vinyl chloride 

for 8 hours/day, 5 days/week, for 92 days showed hepatocellular hypertrophy, vacuolization, and 

sinusoidal compression (Lester et al. 1963).  Mice exposed to 2,500 ppm vinyl chloride 5 hours/day, 

5 days/week for up to 6 months showed histopathological changes in the liver that included hyperplasia of 

hepatocytes and activated sinusoidal cells (Schaffner 1978).  Centrilobular necrosis and degeneration 

were noted in rabbits exposed to 200 ppm vinyl chloride 7 hours/day, 5 days/week for 6 months but not at 

100 ppm vinyl chloride in this regimen (Torkelson et al. 1961).  Also, exposure of rats to 50 ppm for 

5 hours/day, 5 days/week for 10 months produced fatty degeneration and proliferation of the smooth 

endoplasmic reticulum (Wisniewska-Knypl et al. 1980).  Liver effects were observed in a 2-generation 

reproductive toxicity study where rats were exposed to 0, 10, 100, or 1,100 ppm vinyl chloride 

(6 hours/day for a 10-week premating period and a 3-week mating period) (Thornton et al. 2002).  

Absolute and relative mean liver weights were significantly increased at all exposure levels in F0 males 

and in 100- and 1,100-ppm F1 males.  Centrilobular hypertrophy, considered to be a minimal adverse 

effect, was noted in the livers of all 1,100-ppm male and female F0 and F1 rats, most 100-ppm male and 

female F0 and F1 rats, and in 2/30 and 6/30 of the 10-ppm F0 male and F1 female rats, respectively.  

Centrilobular hypertrophy was not noted in the 30 female rats of the control group.  Histopathological 

alterations occurring at 100 and 1,100 ppm included centrilobular hypertrophy and acidophilic, 

basophilic, and clear cell foci.  Based on this study, an intermediate-duration MRL of 0.03 ppm was 

derived from a benchmark dose of 5 ppm as described in the footnote in Table 3-1. 

The NOAELs for liver effects in a number of species following a 6-month exposure to vinyl chloride 

indicated that mice and rats were the most sensitive (NOAEL=50 ppm), rabbits were the next most 

sensitive (NOAEL=100 ppm), and dogs and guinea pigs were the least sensitive (NOAEL>200 ppm) 

(Torkelson et al. 1961). 

Popper et al. (1981) compared histopathological findings from sections of liver from mice and rats 

exposed by Maltoni and LeFemine (1975) with the liver biopsy material obtained from vinyl chloride 

workers. Hyperplasia and hypertrophy of hepatocytes and/or sinusoidal cells, with areas of sinusoidal 
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dilation, were observed in both humans and rodents. The major difference between the species was the 

greater degree of fibrosis, seen as reticulin deposition and collagen formation, in the livers of humans.  

Also, inflammatory cells were present in the livers of humans but not rodents. 

Renal Effects.    No studies were located regarding renal effects in humans after inhalation exposure to 

vinyl chloride. 

Acute exposure of mice and rats to 300,000 ppm of vinyl chloride for 30 minutes resulted in kidney 

congestion (Mastromatteo et al. 1960).  Also, the kidneys of one mouse out of five exposed to either 

100,000 or 200,000 ppm of vinyl chloride for 30 minutes showed degenerative changes (Mastromatteo et 

al. 1960).  Exposure of rats to 50,000 ppm for 8 hours/day for 19 consecutive days or 20,000 ppm for 

8 hours/day, 5 days/week for 92 days produced no adverse effects on the kidneys (Lester et al. 1963).  

However, exposures of male rats to 3,000 ppm for 6 hours/day, 6 days/week, for 3 months produced an 

increase in the kidneys-to-body-weight ratio (Bi et al. 1985).  After a 6-month observation period, there 

was also an increased kidneys-to-body-weight ratio noted in the male rats exposed to 100 ppm vinyl 

chloride for 6 hours/day, 6 days/week for 12 months; no effect was noted at 10 ppm (Bi et al. 1985). 

Relative kidney weights were increased in male rats exposed to 500 ppm vinyl chloride for 5 hours/day, 

5 days/week, for 10 months, although no histopathological changes in the kidney were noted (Sokal et al. 

1980).  No changes in kidney weights were reported when mice were exposed to 1,000 ppm vinyl 

chloride 6 hours/day, 5 days/week for 8 weeks (Sharma and Gehring 1979).  Urinalysis values were 

within normal limits in rats and rabbits exposed to 200 ppm vinyl chloride for up to 7 hours/day, 

5 days/week, for 6 months (Torkelson et al. 1961).  One year of exposure to 5,000 ppm vinyl chloride for 

7 hours/day, 5 days/week produced an increase in the kidneys-to-body-weight ratio (Feron et al. 1979a) 

and tubular nephrosis in rats (Feron and Kroes 1979).  However, the statistical significance of these 

findings was not reported in the study. 

Endocrine Effects.    A study of workers exposed to vinyl chloride in PVC manufacturing plants 

reported that most workers who presented with scleroderma were shown to have thyroid insufficiency 

(Suciu et al. 1963). 

No histopathological effects on the adrenals were reported in guinea pigs exposed to 400,000 ppm for 

30 minutes (Mastromatteo et al. 1960).  Rats exposed to 30,000 ppm vinyl chloride 4 hours/day, 

5 days/week for 12 months were found to have colloid goiter and markedly increased numbers of 

perifollicular cells (Viola 1970). 
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Dermal Effects.    Occupational exposure to vinyl chloride was observed to produce scleroderma-like 

skin changes on the hands of a small percentage of exposed workers (Freudiger et al. 1988; Lilis et al. 

1975; Marsteller et al. 1975; Suciu et al. 1963, 1975; Veltman et al. 1975; Walker 1976).  The skin 

changes were characterized by a thickening of the skin (Lilis et al. 1975; Markowitz et al. 1972; Ostlere et 

al. 1992; Preston et al. 1976; Veltman et al. 1975; Walker 1976), decreased elasticity (Lilis et al. 1975), 

and edema (Lilis et al. 1975; Suciu et al. 1975) and were almost exclusively observed in exposed 

individuals who also suffered from Raynaud's phenomenon.  Skin biopsies revealed increased collagen 

bundles in the subepidermal layer of the skin (Harris and Adams 1967; Markowitz et al. 1972; Ostlere et 

al. 1992; Veltman et al. 1975).  Biochemical analyses by Jayson et al. (1976) demonstrated that a high 

rate of collagen synthesis was taking place in the affected skin.  Most often the skin changes were 

confined to the hands and wrists, but Jayson et al. (1976) reported scleroderma-like skin changes on the 

hands, arms, chest, and face of one afflicted worker. 

Skin changes were observed in rats exposed to 30,000 ppm for 12 months (Viola 1970).  The skin of the 

paws of the exposed rats showed areas of hyperkeratosis, thickening of the epidermis, edema, collagen 

dissociation, and fragmentation of the elastic reticulum.  Interpretation of these results is limited by the 

absence of a statistical analysis and insufficient information on the treatment of control animals.  Lester et 

al. (1963) reported that male rats exposed to 50,000 ppm vinyl chloride 8 hours/day for 19 days had thin 

coats and scaly tails, while females exposed to the same concentration showed no effects.  For further 

information regarding scleroderma-like responses to vinyl chloride exposure, see Immunological and 

Lymphoreticular Effects (Section 3.2.1.3). 

Ocular Effects.    Ocular effects that have been reported after inhalation exposure are believed to have 

resulted from direct contact of the vinyl chloride gas with the eyes and are discussed under Dermal 

Exposure (Section 3.2.3.2).  No studies were located regarding ocular effects in humans that were related 

solely to the inhalation of vinyl chloride.  No histopathological changes were noted in the eyes of guinea 

pigs exposed to 400,000 ppm vinyl chloride for 30 minutes (Mastromatteo et al. 1960). 

Body Weight Effects.    Several studies have reported that workers intoxicated by vinyl chloride 

experienced anorexia (Suciu et al. 1963, 1975). 

No effects on body weight were noted in ICR mice exposed to either 10,000 ppm vinyl chloride 

4 hours/day for 5 days or to 5,000 ppm vinyl chloride 4 hours/day for 6 days (Kudo et al. 1990).  No 
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consistent or dose-related differences in body weight were noted between control rats and rats exposed to 

up to 50,000 ppm for 1 hour or rats exposed to 500 ppm 5 days/week, for 2 weeks (Hehir et al. 1981).  

However, statistical analysis was not performed.  No changes in body weight gain were noted in rats or 

rabbits exposed to 200 ppm vinyl chloride 7 hours/day, 5 days/week for 6 months (Torkelson et al. 1961) 

or in mice exposed to 1,000 ppm vinyl chloride 6 hours/day, 5 days/week for 8 weeks (Sharma and 

Gehring 1979).  Significant decreases were found in the body weight of rats exposed to 100 ppm vinyl 

chloride 6 hours/day, 6 days/week for 12 months; these changes were not observed at 10 ppm (Bi et al. 

1985).  Significant decreases were also noted in mean body weights of rats exposed to 5,000 ppm vinyl 

chloride 7 hours/day, 5 days/week for 4–52 weeks but these data were not quantified (Feron et al. 1979a).  

This study was limited since only one concentration was tested.  Body weight was decreased 10% in male 

rats exposed to 50 ppm vinyl chloride 5 hours/day, 5 days/week for 10 months (Sokal et al. 1980).  

Maternal body weight gain was significantly decreased in mice exposed to 500 ppm for 7 hours/day 

during gestation days (Gd) 6–15 (John et al. 1977). 

3.2.1.3 Immunological and Lymphoreticular Effects  

A number of studies have examined the immunologic profiles of workers occupationally exposed to vinyl 

chloride. Male workers exposed to vinyl chloride for an average of 8 years, with concentrations ranging 

from 1 to 300 ppm during sampling periods, were found to have significantly increased percentages of 

lymphocytes compared to controls (Fucic et al. 1995, 1997, 1998).  Additionally, 75 out of these 

100 workers showed disturbances of mitotic activity in these cells.  A statistically significant increase in 

circulating immune complexes in workers exposed to vinyl chloride was observed when compared to 

levels in unexposed workers (Bogdanikowa and Zawilska 1984).  The increase in circulating immune 

complexes was greatest in women and in those with duties involving exposure to relatively higher levels 

of vinyl chloride.  Compared to controls, immunoglobulin G (IgG) levels were significantly increased in 

women exposed to the high levels of vinyl chloride in the same study. 

Studies of workers who have developed "vinyl chloride disease," a syndrome consisting of Raynaud's 

phenomenon, acroosteolysis, joint and muscle pain, enhanced collagen deposition, stiffness of the hands, 

and scleroderma-like skin changes, indicate that this disease may have an immunologic basis.  Sera 

obtained from patients with varying degrees of severity of symptoms of vinyl chloride disease 

demonstrate a close correlation between the disease severity and the extent of the immunologic 

abnormality (Grainger et al. 1980; Langauer-Lewowicka et al. 1976; Ward 1976), although these 
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symptoms have been reported without immunological findings (Black et al. 1986; Ostlere et al. 1992).  

The most frequent immunologic finding in workers with vinyl chloride disease is an increase in 

circulating immune complexes or cryoglobulinemia.  In workers with the most severe clinical signs, there 

also are an increased incidence of B-cell proliferation, hyperimmunoglobulinemia (Ward 1976), 

cryoglobulinemia (Grainger et al. 1980), and complement activation (Grainger et al. 1980; Ward 1976).  

Evidence of a structurally altered IgG has been obtained, and it has been proposed that vinyl chloride (or 

a metabolite) binds to IgG (Grainger et al. 1980).   

Based on the similarity of vinyl chloride disease and systemic sclerosis, which may be a genetically 

linked autoimmune disease, Black et al. (1983, 1986) examined the human lymphocyte antigen (HLA) 

phenotypes of patients with vinyl chloride disease. Many autoimmune diseases show statistically 

significant associations with certain HLA alleles. These authors found that when compared to unexposed 

controls or asymptomatic controls, workers with vinyl chloride disease had a significantly greater 

incidence of possessing the HLA-DR5 allele.  Furthermore, among those with the disease, the severity of 

the symptoms was significantly related to the possession of the HLA-DR3 and B8 alleles.  These authors 

concluded that susceptibility was increased in the presence of HLA-DR5 or a gene in linkage 

disequilibrium with it, and progression was favored by HLA-DR3 and B8 phenotypes.  Immune system 

dysfunction has also been linked to a case of polymyositis (i.e., muscle fiber necrosis and atrophy) in an 

exposed worker, with involvement of antibodies to histidyl-t-RNA synthetase (Jo-1) (Serratrice et al. 

2001). 

Splenomegaly was reported in a number of studies (Ho et al. 1991; Marsteller et al. 1975; Popper and 

Thomas 1975; Suciu et al. 1963; Veltman et al. 1975).  No histopathological changes were noted in the 

spleen or lymph nodes of guinea pigs exposed to 400,000 ppm vinyl chloride for 30 minutes 

(Mastromatteo et al. 1960).  An increase in the relative spleen weight was observed in rats exposed to 

50 ppm for 5 hours/day, 5 days/week for 10 months (Sokal et al. 1980).  Although no dose response was 

evident, increased relative spleen weight was also reported by Bi et al. (1985) when rats were exposed to 

either 10 ppm for 6 hours/day, 6 days/week for 6 months or 3,000 ppm for 6 hours/day, 6 days/week for 

3 months.  This effect was not observed at 100 ppm in the 3-month study (Bi et al. 1985). 

The immunologic effects of vinyl chloride have been examined in mice (Sharma and Gehring 1979). 

Lymphocytes isolated from the spleens of mice exposed to concentrations as low as 10 ppm vinyl 

chloride 6 hours/day, 5 days/week for 4 weeks had increased spontaneous and lectin-stimulated 
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transformation.  This increase was not observed when lymphocytes from unexposed mice were cultured 

in the presence of vinyl chloride. 

The highest NOAEL value and all reliable LOAEL values for immunological effects in guinea pigs, mice, 

and rats exposed in acute- and intermediate-duration studies are recorded in Table 3-1 and plotted in 

Figure 3-1.  For further information on Raynaud's phenomenon and scleroderma-like responses to vinyl 

chloride, see Cardiovascular and Dermal Effects (Section 3.2.1.2). 

3.2.1.4 Neurological Effects 

Vinyl chloride was once considered for use as an inhalation anesthetic (ACGIH 2003).  Investigators 

studying the effects of vinyl chloride exposure frequently report central nervous system symptoms that 

are consistent with the anesthetic properties of vinyl chloride.  The most commonly reported central 

nervous system effects are ataxia or dizziness (Ho et al. 1991; Langauer-Lewowicka et al. 1983; Lilis et 

al. 1975; Marsteller et al. 1975; Spirtas et al. 1975; Suciu et al. 1963, 1975; Veltman et al. 1975), 

drowsiness or fatigue (Langauer-Lewowicka et al. 1983; Spirtas et al. 1975; Suciu et al. 1963, 1975; 

Walker 1976), loss of consciousness (NIOSH 1977), and/or headache (Langauer-Lewowicka et al. 1983; 

Lilis et al. 1975; Marsteller et al. 1975; NIOSH 1977; Spirtas et al. 1975; Suciu et al. 1963, 1975; 

Veltman et al. 1975).  Other central nervous system effects that have been reported by vinyl chloride 

workers include euphoria and irritability (Suciu et al. 1963, 1975), visual and/or hearing disturbances 

(Marsteller et al. 1975), nausea (Marsteller et al. 1975; Spirtas et al. 1975), memory loss (Langauer-

Lewowicka et al. 1983; Suciu et al. 1963, 1975), and nervousness and sleep disturbances (Langauer-

Lewowicka et al. 1983; Suciu et al. 1963).  Central nervous system tests revealed pyramidal signs and 

cerebellar disturbances in some exposed subjects (Langauer-Lewowicka et al. 1983); however, reliable 

estimates of exposure levels producing these effects were not available. 

Exposure of volunteers to known levels of vinyl chloride has provided some indication of the levels of 

vinyl chloride associated with the effects noted above.  Volunteers exposed to 25,000 ppm vinyl chloride 

for 3 minutes, in a single-exposure study, reported experiencing dizziness, disorientation, and burning 

sensations in the feet during exposure (Patty et al. 1930).  Recovery from these effects was rapid upon 

termination of exposure, but the subjects developed headaches.  Exposure of volunteers to concentrations 

of vinyl chloride ranging from 4,000 to 20,000 ppm for 5 minutes twice a day in periods separated by 

6 hours on 3 consecutive days was studied by Lester et al. (1963).  No effects were noted at 4,000 ppm.  
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However, at 8,000 ppm one of six subjects reported feeling dizzy.  The incidence of dizziness increased at 

higher concentrations. Nausea was experienced at higher concentrations, and recovery from all effects 

was rapid upon termination of exposure.  Headaches developed following exposure to 20,000 ppm. 

Indications of an exposure-related peripheral neuropathy have been observed in a number of the 

occupational studies.  A peripheral neuropathy, most severe in hands and feet, was diagnosed in 70% of 

the vinyl chloride workers examined in a study by Perticoni et al. (1986).  The peripheral neuropathy was 

manifested as denervation-related fasciculations and fibrillations and increased duration and amplitude of 

motor unit potentials (indicating collateral sprouting).  Similar effects were observed by Magnavita et al. 

(1986) in a case study of a vinyl chloride worker.  Other peripheral nervous system symptoms have been 

reported by a number of investigators studying the effects of occupational exposure to vinyl chloride.  

The symptom most frequently reported was tingling (paresthesia) in the extremities (Lilis et al. 1975; 

Sakabe 1975; Spirtas et al. 1975; Suciu et al. 1963, 1975; Veltman et al. 1975; Walker 1976).  Additional 

peripheral nervous system symptoms included numbness in the fingers (Lilis et al. 1975; Sakabe 1975), 

weakness (Langauer-Lewowicka et al. 1983; Suciu et al. 1963, 1975), depressed reflexes (NIOSH 1977), 

warmth in the extremities (Suciu et al. 1963, 1975), and pain in the fingers (Sakabe 1975).  It is unclear 

whether some of these symptoms are associated with tissue anoxia due to vascular insufficiency, or 

whether they represent the direct toxic effects of vinyl chloride on peripheral nerves. 

Acute exposure of a number of species to high levels of vinyl chloride has provided additional 

information on the characteristics of the central nervous system effects that are produced.  Exposure of 

guinea pigs to 10,000 ppm for 8 hours (Patty et al. 1930) was observed to be without effects.  Exposure to 

25,000 ppm resulted in ataxia, which developed into unconsciousness during the 8-hour exposure.  As the 

concentration was increased, the development of unconsciousness was more rapid.  At 100,000 ppm, 

Mastromatteo et al. (1960) observed the development of unconsciousness within 30 minutes.  Mice 

experienced similar signs at approximately equivalent exposure levels.  At 5,000 ppm, vinyl chloride was 

without effect during a 1-hour exposure.  Exposure to 50,000 ppm produced ataxia and twitching (Hehir 

et al. 1981), and at 100,000 ppm for 30 minutes, unconsciousness was produced, proceeded by increased 

motor activity, incoordination, twitching, and tremors (Mastromatteo et al. 1960).  Similar effects in rats 

were observed by Lester et al. (1963), Jaeger et al. (1974), and Mastromatteo et al. (1960).  In contrast, in 

two reports using rats, exposure to 50,000 ppm for either 1 or 6 hours was without effect (Hehir et al. 

1981; Jaeger et al. 1974).  No effects were noted in rats exposed to 500 ppm vinyl chloride for 2 weeks 

(1 hour/day, 5 days/week) or in rats exposed to 50 ppm for 20 weeks (1 hour/day, 5 days/week) (Hehir et 
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al. 1981).  In addition, tolerance developed to the intoxicating effects of exposure to 50,000 ppm vinyl 

chloride after five or six 8-hour exposures (Lester et al. 1963). 

Chronic exposure of rats to high levels of vinyl chloride has produced damage to nervous tissue.  Rats 

exposed to 30,000 ppm for 4 hours/day, 5 days/week for 12 months in a single-concentration study were 

soporific during exposures (Viola 1970; Viola et al. 1971).  Following 10 months of exposure, the rats 

had decreased responses to external stimuli and disturbed equilibrium.  Histopathological examination 

revealed diffuse degeneration of gray and white matter.  Cerebellar degeneration in the Purkinje cell layer 

was pronounced.  Also, peripheral nerve endings were surrounded and infiltrated with fibrous tissue 

(Viola 1970; Viola et al. 1971).  Nonneoplastic lesions in the brain were not noted in rats exposed to 

5,000 ppm for 7 hours/day, 5 days/week for 12 months in a single-concentration study by Feron and 

Kroes (1979). 

The highest NOAEL values and all reliable LOAEL values for neurological effects in each species from 

acute- or intermediate-duration studies are recorded in Table 3-1 and plotted in Figure 3-1. 

3.2.1.5 Reproductive Effects  

A number of case reports of workers occupationally exposed to vinyl chloride suggest that sexual 

performance may be affected by vinyl chloride.  However, these studies are limited by the lack of 

quantification of exposure levels and possible concomitant exposures to other chemicals.  Sexual 

impotence was reported by 24% of the workers examined by Suciu et al. (1975).  Approximately 20% of 

the workers examined by Veltman et al. (1975) complained of potency troubles.  A loss of libido in 35% 

and impotence and decreased androgen secretion in 8% of workers exposed at least once to very high 

levels of vinyl chloride were also reported by Walker (1976). 

In retrospective and prospective studies by Bao et al. (1988), increased incidence and severity of elevated 

blood pressure and edema during pregnancy (preeclampsia) were found in female workers exposed to 

vinyl chloride when compared to unexposed workers.  Company records indicated that exposure levels 

ranged from 3.9 to 89.3 ppm during the retrospective study and from 0.2 to 130.7 ppm during the 

prospective study.  More detailed information regarding the exposure levels was not presented. 
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A 2-generation reproductive toxicity study was conducted in rats exposed to vinyl chloride via inhalation 

(Thornton et al. 2002).  Male and female Sprague-Dawley rats were exposed to 0, 10, 100, or 1,100 ppm 

vinyl chloride 6 hours/day for a 10-week premating period and a 3-week mating period.  No adverse 

effects were noted in reproductive capability over the two generations at any dose.  No effects were seen 

in body weight, feed consumption, ability to reproduce, gestation index or length, or pre- and 

postweaning developmental landmarks.  Sperm counts, motility, and morphology were also unaffected by 

vinyl chloride exposure.  Changes in liver weights and/or histopathological alterations were seen in F0 and 

F1 generation male and female rats.  For further information regarding the liver toxicity of vinyl chloride, 

see Section 3.2.1.2. 

Two dominant lethal studies examined the reproductive performance of exposed male rats.  A brief 

exposure (5 days, 6 hours/day) of mice to concentrations of vinyl chloride as high as 30,000 ppm had no 

effect on male fertility or pre- or postimplantation loss (Anderson et al. 1976).  In contrast, exposure of 

male rats to concentrations as low as 250 ppm for 6 hours/day, 5 days/week for 11 weeks produced a 

decrease in the ratio of pregnant to mated females, indicating a decrease in male fertility; this effect was 

not observed at 50 ppm (Short et al. 1977).  These results are supported by two studies using rats in which 

adverse effects of vinyl chloride on the testes were observed (Bi et al. 1985; Sokal et al. 1980).  Exposure 

of rats to 100 ppm for 6 hours/day, 6 days/week for 12 months produced a significant increase in the 

incidence of damage to the seminiferous tubules and depletion of spermatocytes (Bi et al. 1985).  At the 

6-month interim sacrifice, a significant decrease in testicular weight was also observed at 100 ppm.  No 

effect on male reproductive organs was observed in this study at 10 ppm.  Several methodological 

limitations have been identified for this study. Temperature and humidity conditions in the inhalation 

chambers were not maintained within the normal range.  Inhalation chamber volume and air flow were 

also not held constant across dose groups.  A significant increase in damage to the spermatogenic 

epithelium and disorders of spermatogenesis were found with exposure to 500 ppm vinyl chloride for 

5 hours/day, 5 days/week for 10 months, but was not observed after exposure to 50 ppm vinyl chloride 

(Sokal et al. 1980).  Temperature and relative humidity values were not reported for this study.  No 

significant change in testicular weight was found in rats exposed to 500 ppm for 7 hours/day, 5 days/week 

for 4.5 months or in dogs, rabbits, or guinea pigs exposed to 200 ppm for 7 hours/day, 5 days/week for 

6 months (Torkelson et al. 1961).  However, the quality of this study is limited because of the small 

number of animals tested.  Exposures involved up to 10 rats or guinea pigs of each gender, three rabbits 

of each sex, and one dog of each sex.  No histopathological data on the testes of these animals were 

presented. 
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The highest NOAEL values and all reliable LOAEL values for reproductive effects in each species and 

duration category are recorded in Table 3-1 and plotted in Figure 3-1. 

3.2.1.6 Developmental Effects 

Although evidence has been presented indicating that members of communities with nearby vinyl 

chloride polymerization facilities have significantly greater incidences of some forms of developmental 

toxicity, these studies failed to demonstrate a statistically significant correlation between the 

developmental toxicity and either parental occupation or proximity to the facility (Edmonds et al. 1978; 

Infante 1976; Rosenman et al. 1989; Theriault et al. 1983). 

The pregnancy outcome of wives of workers employed at a vinyl chloride polymerization facility was 

compared to the pregnancy outcome of wives of a control group made up of unexposed rubber workers 

and PVC fabricators believed to be exposed to "very low" levels of vinyl chloride (Infante et al. 1976a, 

1976b). Pregnancy outcomes were determined based on the responses given by fathers on a 

questionnaire. Infante et al. (1976a, 1976b) and NIOSH (1977) reported a significant excess of fetal loss 

in the group whose husbands had been exposed to vinyl chloride.  The greatest difference occurred in 

wives of men under 30 years of age, where fetal loss was 5.3% for controls and 20.0% for exposed 

workers. However, this study has been severely criticized based on the conduct of the study and method 

of statistical analysis used (Hatch et al. 1981; Stallones 1987).  Furthermore, Hatch et al. (1981) and 

Stallones (1987) concluded that the study failed to demonstrate an association of parental exposure to 

vinyl chloride with increased fetal loss. 

Additional work by Infante (1976) and Infante et al. (1976b) examined the occurrence of congenital 

malformations among populations exposed to emissions from PVC polymerization facilities.  A 

statistically significant increase in birth defects was observed in three cities in which polymerization 

facilities were located when compared to statewide and countywide averages.  The greatest increases 

were noted in malformations of the central nervous system, upper alimentary tract, and genital organs and 

in the incidence of club foot. However, this study has also been criticized based on the conduct and 

analyses used (Hatch et al. 1981; Stallones 1987).  These authors concluded that the study failed to 

demonstrate an association between exposure to emissions and the prevalence of birth defects.  

Furthermore, another study that examined the incidence of malformations in one of the cities studied by 

Infante (1976) concluded that, although the city had statistically increased incidences of congenital 
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malformations, no correlation existed with parental proximity to the polymerization plant or with parental 

employment at the plant (Edmonds et al. 1975).  In fact, more parents of control infants worked at the 

plant or lived closer to the plant than parents of infants with central nervous system malformations. 

Additional studies have also examined the prevalence of congenital malformations in populations exposed 

to emissions from polymerization facilities (Edmonds et al. 1978; Rosenman et al. 1989; Theriault et al. 

1983).  The incidence of central nervous system defects in a West Virginia county with a polymerization 

plant was compared to incidences in other regions in the United States with no known exposure to vinyl 

chloride (Edmonds et al. 1978).  Although the rate of central nervous system defects in the West Virginia 

county exceeded that in control areas, no correlation was noted between the increased central nervous 

system defects and parental occupation or potential exposure based on proximity to the plant or prevailing 

wind patterns. 

A significantly greater prevalence of birth defects was found in residents of a town with a polymerization 

facility than in three matched towns without potential for exposure to vinyl chloride (Theriault et al. 

1983).  The most commonly reported defects included those of the musculoskeletal, alimentary, 

urogenital, and central nervous systems.  The incidences were observed to fluctuate with seasonal changes 

in emissions.  However, no correlations were found between the presence of defects and proximity of the 

residence to the plant or parental occupation.  Also, other industrial emissions could not be eliminated as 

potential sources of the increased incidence of congenital malformations observed and additional 

confounding factors such as nutritional status, smoking, and alcohol and other drug use were not 

eliminated. 

No significant increases in birth defects were observed in a community with two polymerization facilities, 

but odds ratios for central nervous system defects were found to correlate with the amount of emissions 

from the individual facilities and with the distance of the residences of affected parents from the facilities 

(Rosenman et al. 1989).  However, this study was limited by the small sample size. 

Pregnancy outcomes of mothers occupationally exposed to vinyl chloride for >1 year were compared to 

those of pregnant workers not exposed to vinyl chloride in retrospective and prospective studies (Bao et 

al. 1988).  Company records indicated that exposure levels ranged from 3.9 to 89.3 ppm during the 

retrospective study and from 0.2 to 130.7 ppm during the prospective study.  More detailed information 

regarding the exposure levels was not presented.  The study authors concluded that exposure to vinyl 
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chloride did not correlate with changes in sex ratio, birth weight or height, perinatal mortality, or the 

incidence of congenital abnormalities. 

A number of inhalation studies have examined the effects of vinyl chloride exposure on pregnancy 

outcome in animals.  Results of these studies indicate that vinyl chloride produces adverse developmental 

effects at concentrations that are also toxic to maternal animals.  John et al. (1977, 1981) exposed rats and 

rabbits to 0, 500, or 2,500 ppm and mice to 0, 50, or 500 ppm throughout the period of organogenesis.  

Separate control groups were used for each of the mice exposure concentrations.  Mice were most 

sensitive to the effects of vinyl chloride.  In mice exposed to 500 ppm, maternal toxicity was evidenced 

by decreased food consumption, decreased body weight gain, and increased mortality rate (John et al. 

1977, 1981).  Delayed ossification was noted in fetuses at 500 ppm.  The only significant fetal effect 

observed at 50 ppm was an increase in crown-rump length. The biological significance of this effect is 

unknown. Based on this NOAEL of 50 ppm, an acute-duration MRL of 0.5 ppm was calculated as 

described in the footnote in Table 3-1. In rats, 500 ppm produced decreased maternal weight gain and 

fetal weight, increased crown-rump length, and vertebral lumbar spurs.  Increasing the exposure level to 

2,500 ppm was not associated with a dose-dependent increase in these effects.  The only effects observed 

at 2,500 ppm were decreased maternal food consumption and, in fetuses, an increased incidence of dilated 

ureters. In rabbits exposed to 500 ppm, maternal animals had decreased food consumption, and fetal 

animals had delayed ossification.  These effects were not observed in rabbits at 2,500 ppm.  However, the 

number of animals that were tested at 2,500 ppm was much lower than at 500 ppm (5 versus 20); thus, no 

conclusions may be drawn as to the dose response of these effects. 

An embryo-fetal developmental toxicity study was conducted in rats exposed to vinyl chloride via 

inhalation (Thornton et al. 2002).  Female Sprague-Dawley rats were exposed to 0, 10, 100, or 1,100 ppm 

vinyl chloride 6 hours/day on Gd 6–19. No adverse effects were noted in embryo-fetal developmental 

parameters including uterine implantation, fetal gender distribution, fetal body weight, and fetal 

malformations and variations. Vinyl chloride produced a decrease in maternal body weight gain at all 

exposure levels; however, no changes were observed in feed consumption, clinical signs, or postmortem 

gross findings.  Maternal liver and kidney weights were increased relative to total body weight.   

Exposure of rats to either 0 or 1,500 ppm of vinyl chloride during the first, second, or third trimester of 

pregnancy was examined (Ungvary et al. 1978).  In maternal animals, an increased liver-to-body weight 

ratio was observed in those exposed during the first and second trimesters, but no histopathologic 

alterations were found.  A significant increase in resorptions was observed in animals exposed during the 
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first trimester of pregnancy.  Two central nervous system malformations (microphthalmia and 

anophthalmia) were observed in exposed fetuses but not in controls, but the incidence of these 

malformations did not reach statistical significance.  This study is limited in that only a single 

concentration of vinyl chloride was tested, precluding conclusions as to the dose-response relationship of 

the effects observed. 

The effects of exposure of rats to vinyl chloride throughout gestation were examined by Mirkova et al. 

(1978) and Sal'nikova and Kotsovskaya (1980).  An unspecified number of pregnant rats were exposed to 

0, 1.9, or 13.9 ppm for 4 hours/day for the 21 days of gestation.  Fetuses were examined for abnormalities 

just prior to the end of gestation, and offspring were examined at 6 months postparturition (Sal'nikova and 

Kotsovskaya 1980).  At 13.9 ppm, a decrease in maternal erythrocyte count was observed.  At 1.9 and 

13.9 ppm, fetuses had an increased incidence of hemorrhages, and at 13.9 ppm, increased edema.  

However, the affected organs were not specified.  Rats examined at 6 months, following in utero 

exposure to 1.9 ppm, were found to have decreased hemoglobin and leukocytes and decreased organ 

weights (males:  liver, kidneys, spleen; females:  lung, liver).  In addition to these effects, exposure to 

13.9 ppm in utero resulted in an increased hexanol sleep time and a decreased ability of the rats to orient 

themselves.   

Continuous exposure of an unspecified number of rats throughout gestation to 2.4 ppm of vinyl chloride 

resulted in decreased fetal weight and increased early postimplantation loss, hematomas, and 

hydrocephaly with intracerebral hematoma.  Weanling rats had hepatotoxic effects including decreased 

bile enzyme activity, decreased bile secretion, and decreased cholic acid content,.  No histological data on 

the livers of pups, or information regarding maternal health, or statistical analyses of the data were 

presented (Mirkova et al. 1978). Also, both this study and the report by Sal'nikova and Kotsovskaya 

(1980) failed to provide information on the number of animals in each test group. 

The developmental toxicity of vinyl chloride was examined using a whole embryo culture system (Zhao 

et al. 1996). Vinyl chloride induced embryo growth retardation, but was not shown to be teratogenic in 

the rat in vitro whole embryo culture system. 

The highest NOAEL value and all reliable LOAEL values for developmental effects in mice, rats, and/or 

rabbits in acute-duration studies are recorded in Table 3-1 and plotted in Figure 3-1.   
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3.2.1.7 Cancer 

A recent review pooled the analyses of worker cohorts from 56 vinyl chloride plants in North America 

and Europe (Bosetti et al. 2003).  This analysis includes over 22,000 workers and represents the most 

comprehensive data on occupational risks of vinyl chloride exposure.  An elevated risk of liver cancer 

mortality was observed.  While differences between the two cohorts were observed for excess soft tissue 

sarcoma and brain cancer, no significant excess for these effects were seen in the pooled data.  Deaths 

from lung and laryngeal cancer were lower than expected, and no excess cancer risk was observed for 

lymphoid and hematopoietic system cancers.  The most compelling evidence for the carcinogenic 

potential of vinyl chloride in humans comes from the cluster of reports of greater than expected 

incidences of angiosarcoma of the liver in workers occupationally exposed to vinyl chloride (Byren et al. 

1976; Creech and Johnson 1974; Forman et al. 1985; Fox and Collier 1977; Infante et al. 1976b; Jones et 

al. 1988; Laplanche et al. 1992; Lee et al. 1996; Monson et al. 1975; Pirastu et al. 1990; Rinsky et al. 

1988; Simonato et al. 1991; Teta et al. 1990; Theriault and Allard 1981; Waxweiler et al. 1976; Weber et 

al. 1981; Wong et al. 1991; Wu et al. 1989).  Angiosarcoma of the liver is considered to be a very rare 

type of cancer (25–30 cases/year in the United States) (Heath et al. 1975).  However, approximately 

30 years after the introduction of vinyl chloride for use in the industrial production of PVC, it became 

apparent that workers exposed to high levels of vinyl chloride had an unusually high incidence of this 

type of tumor.  Investigators identified an increased likelihood of developing hepatic angiosarcoma 

among those exposed to the highest levels of vinyl chloride and those exposed to vinyl chloride for the 

longest duration (Fortwengler et al. 1999; Fox and Collier 1977; Infante et al. 1976b; Jones et al. 1988; 

Rinsky et al. 1988; Weber et al. 1981; Wong et al. 1991; Wu et al. 1989).  Angiosarcoma of the liver was 

not found in residents living in the vicinity of vinyl chloride sites, unless they were also exposed to high 

concentrations of vinyl chloride in the workplace (Elliott and Kleinschmidt 1997).  Based on this 

information, vinyl chloride is considered to be a carcinogen in humans (EPA 1994c; IARC 1987). 

Histopathological examination of liver tissue from humans with hepatic angiosarcoma has led to the 

hypothesis that angiosarcoma develops as a result of hyperplastic changes in sinusoidal cells.  Areas of 

transition to angiosarcoma contained greatly increased numbers of sinusoidal cells with greatly expanded 

sinusoidal spaces. Also, hepatic cells were replaced by fibrous tissue forming trabeculae.  These areas 

also showed infiltration of angiosarcoma cells.  In fully developed angiosarcoma, multiple areas with 

nodules of angiosarcoma cells were noted, the centers of which exhibited hemorrhagic necrosis (Popper et 

al. 1981).  A recent case report suggests that vinyl chloride can also produce malignant hemangio­

pericytoma in the liver, which is a vascular tumor similar to angiosarcoma (Hozo et al. 1997, 2000).   
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Other liver tumors, including hepatocellular carcinoma and cholangiocellular carcinoma, have also been 

associated with occupational exposure to vinyl chloride (Cheng et al. 1999; Du and Wang 1998; Lelbach 

1996; Saurin et al. 1997; Ward et al. 2001; Weihrauch et al. 2000; Wong et al. 2002a, 2003a).  A meta­

analysis of eight independent studies confirms an increased risk of hepatocellular carcinoma for 

occupational workers exposed to vinyl chloride (Boffetta et al. 2003).  The risk of developing liver cancer 

appears elevated in those with a history of Hepatitis B viral infection (Du and Wang 1998; Wong et al. 

2003a). Mastrangelo et al (2004) evaluated the possible interaction between alcohol consumption, 

hepatitis infection and hepatocellular carcinoma in a large cohort of vinyl chloride workers.  Vinyl 

chloride was suggested to be an independent risk factor for hepatocellular carcinoma with a synergistic 

interaction described for alcohol consumption and an additive interaction observed for hepatitis infection.  

Lewis (2003) reports the continuing occurrence of angiosarcoma of the liver in retirees from a PVC 

production plant in Louisville, Kentucky.  This ongoing incidence is reported primarily for those workers 

employed prior to 1960, suggesting that those exposed to the highest concentrations of vinyl chloride 

remain at risk for developing cancer for the remainder of their lives.  The reported latency period for 

workers diagnosed prior to 1975 was 12–28 years, while those diagnosed after 1975 showed a latency of 

27–47 years.      

Other cancers that have shown a statistically significant increase in mortality rate among vinyl chloride 

workers, in at least some studies, include cancer of the brain and central nervous system, the lung and 

respiratory tract, connective and other soft tissues, and the lymphatic/hematopoietic system.  With regard 

to cancer of the brain and central nervous system, Cooper (1981), Waxweiler et al. (1976), and Wong et 

al. (1991) reported statistically significant increases; Monson et al. (1975) reported an increase in central 

nervous system cancer mortality in a proportional mortality study; Byren et al. (1976), Simonato et al. 

(1991), and Tabershaw and Gaffey (1974) reported increases that were not statistically significant; and 

Fox and Collier (1977), Jones et al. (1988), Thomas et al. (1987), and Wu et al. (1989) found no increase 

in cancer of the central nervous system among workers occupationally exposed to vinyl chloride.  It 

should be noted that the Cooper (1981), Tabershaw and Gaffey (1974), and Wong et al. (1991) studies 

were all based on the same cohort from a Chemical Manufacturers Association (CMA) study (Wong and 

Whorton 1993).  Workers in the studies by Waxweiler et al. (1976) and Wu et al. (1989) were also 

employed at the same plants used for the CMA study (Wong and Whorton 1993).  At least one analysis of 

epidemiological studies exposed certain weaknesses in the data that support a causal link between vinyl 

chloride and brain cancer (Doll 1988). 
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Follow up mortality studies at polymer production plants indicate that liver cancer mortality remained 

elevated while brain cancer mortality was markedly reduced (as compared to earlier studies).  It should be 

noted that increased brain cancer incidence was not  associated with vinyl chloride exposure in these later 

studies (Lewis 2001; Lewis and Rempala 2003; Lewis et al. 2003; Mundt et al. 2000).  In a meta-analysis 

of eight independent studies, no statistically significant increase in brain cancer mortality was observed 

(Boffetta et al. 2003). An IARC update of a European multi-center cohort study was also negative for 

brain cancer (Ward et al. 2001). 

An association between respiratory tract cancer and vinyl chloride exposure has not been consistently 

observed. A significant increase in cancer of the respiratory tract was reported by Belli et al. (1987), 

Infante et al. (1976b), and Waxweiler et al. (1976), and also by Monson et al. (1975) in a proportional 

mortality study.  Although smoking history was not considered in these studies, Waxweiler et al. (1976) 

noted that the types of respiratory tract cancer most frequently recorded were large-cell undifferentiated 

carcinoma or adenocarcinoma, which are two lung cancer types not usually associated with smoking, but 

may be due to concomitant exposure.  Increased risk of lung cancer was also associated with exposure to 

high concentrations of polyvinyl chloride dust particles (Mastrangelo et al. 2002).  Respiratory tract 

cancer was not reported as elevated in studies by Buffler et al. (1979), Cheng et al. (1999), Cooper 

(1981), Fox and Collier (1977), Jones et al. (1988), Mundt et al. (2000), Scelo et al. (2004), Simonato et 

al. (1991), Wong et al. (1991, 2002a), and Wu et al. (1989).  Similarly, a meta-analysis of eight 

independent studies (Boffetta et al. 2003) and an IARC update of a multi-center cohort study did not 

demonstrate excess mortality from lung cancer (Ward et al. 2001). 

A significant increase in cancers of connective and other soft tissues was observed in a recent follow up 

mortality study (Mundt et al. 2000) and in a meta-analysis of eight independent studies (Boffetta et al. 

2003).  Rhomberg (1998) also suggests that vinyl chloride can induce soft tissue sarcoma outside of the 

liver; however, an IARC update of a multi-center cohort study was negative for soft tissue sarcoma (Ward 

et al. 2001). A meta-analysis of five occupational exposure studies additionally suggests a weak 

association between vinyl chloride exposure and pancreatic cancer (Ojajarvi et al. 2001). 

A statistically significant increase in cancers of the lymphatic/hematopoietic system was reported by 

Rinsky et al. (1988), Smulevich et al. (1988), Weber et al. (1981), and Wong et al. (2002a).  Monson et al. 

(1975) also reported an increase in their proportional mortality study.  However, no statistically 

significant increase in these types of cancer was reported by Infante et al. (1976b), Jones et al. (1988), 

Mundt et al. (2000), or Wong et al. (1991).  In a meta-analysis of eight independent studies, the mortality 
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data for cancers of the lymphatic/hematopoietic system were highly variable.  A strong association was 

not observed between vinyl chloride exposure and lymphatic/hematopoietic system cancers; however, a 

negative conclusion was considered premature (Boffetta et al. 2003). 

An increased incidence of malignant melanoma among vinyl chloride workers has been reported (Heldaas 

et al. 1984, 1987), but the significance of this finding has been disputed (ten Berge 1987).  A follow up to 

the original Heldaas (1984, 1987) studies reported only one additional case of melanoma between 1985 

and 1993, weakening the proposed association between vinyl chloride exposure and the development of 

malignant melanoma (Langard et al. 2000). 

Few studies directly address the incidence of cancer in women occupationally exposed to vinyl chloride.  

However, one study found that women employed in the production of vinyl chloride and PVC had a 

significantly greater chance of developing leukemia or lymphomas (Smulevich et al. 1988). Furthermore, 

the subgroup of women who were exposed to the highest levels of vinyl chloride had increased incidences 

of stomach cancer and the highest incidences of leukemia and lymphoma.  No significant increase in any 

type of cancer was observed in exposed males in this report, irrespective of the level of exposure. 

The human epidemiology data demonstrate a clear association between vinyl chloride exposure and liver 

cancer (i.e., angiosarcoma and hepatocellular carcinoma).  Although other cancers have been previously 

reported for vinyl chloride workers (i.e., respiratory tract cancer, brain cancer), recent follow-up studies 

do not demonstrate a consistent association between vinyl chloride exposure and tumor formation in these 

organ systems (Boffetta et al. 2003; Lewis 2001; Lewis and Rempala 2003; Lewis et al. 2003; Mundt et 

al. 2000; Ward et al. 2001). 

Studies in several animal species support the conclusion that vinyl chloride is carcinogenic.  A large 

series of experiments was performed by Maltoni et al. (1981) using rats (Sprague-Dawley and Wistar), 

mice, and hamsters.  All animals were chamber exposed; controls were chamber exposed to air only.  The 

test material was >99.9% pure.  A complete gross and histopathological examination of every animal was 

performed. However, extremely limited histopathological data were presented and cancer incidences 

were presented only in summary tables.  Also, survival of control animals was poor in some of the 

experiments.  Furthermore, statistical analyses, where present, appear to be based on a compilation of data 

from several individual studies.  In one group of studies, Maltoni et al. (1981) exposed Sprague-Dawley 

rats to vinyl chloride for 52 weeks at concentrations ranging from 1 to 30,000 ppm.  Animals were 

examined at the time of their spontaneous death.  Statistically significant increases were noted in the 
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incidence of mammary gland carcinomas, Zymbal gland carcinomas, nephroblastoma, and liver 

angiosarcoma.  Exposure of Swiss mice to 50 ppm vinyl chloride for 4 hours/day, 5 days/week for 

30 weeks also appeared to increase the incidence of liver angiosarcoma and angioma (Maltoni et al. 

1981).  Maltoni et al. (1981) also reported that decreasing the duration of exposure decreased the 

incidence of vinyl chloride-related tumors (nephroblastomas, liver angiosarcomas, Zymbal gland 

carcinomas, and to some extent, neuroblastomas), but statistics were not presented to support these 

conclusions. 

Some variation in the target organs that developed tumors was observed when different species were 

exposed to vinyl chloride (Maltoni et al. 1981).  Whereas angiosarcomas of the liver were reported to 

occur in rats, mice, and hamsters, mammary gland carcinomas were found only in rats and mice; Zymbal 

gland carcinomas, neuroblastomas, and nephroblastomas were found only in rats; lung tumors were found 

only in mice; and melanomas, acoustical duct epithelial tumors, and leukemias were found only in 

hamsters. 

Other inhalation experiments support the carcinogenicity of vinyl chloride.  Rats and mice exposed to 0, 

50, 250, or 1,000 ppm for 6 hours/day, 5 days/week for 6 months (Hong et al. 1981) or up to 12 months 

(Lee et al. 1977a, 1978) had a significantly increased incidence of hemangiosarcoma of the liver at 

≥250 ppm.  Increases in bronchio-alveolar adenoma of the lung and mammary gland tumors 

(adenocarcinomas, squamous and anaplastic cell carcinomas) were also observed in mice at ≥50 ppm, 

although it is unclear whether the increases in these tumor types are statistically significant (Lee et al. 

1977a, 1978).  Mice exposed to 50 or 500 ppm vinyl chloride for 6 hours/day, 5 days/week for 6 months 

or 1 year had an increased incidence of lung adenoma, as well as hemangiosarcoma of fat tissue in 

various organs (Holmberg et al. 1976). Only one liver hemangiosarcoma was noted.  Male rats exposed 

to concentrations as low as 100 ppm for 6 hours/day, 6 days/week, for 12 months had significantly 

increased incidence of cancer, including angiosarcoma of the liver and lung, when sacrificed at 18 months 

(Bi et al. 1985).  Rats exposed to 30,000 ppm vinyl chloride 4 hours/day, 5 days/week, for 12 months had 

an increased incidence of epidermoid carcinoma of the skin, adenocarcinoma of the lungs, and 

osteochondroma in the bones (Viola et al. 1971), and rats exposed to 5,000 ppm for 52 weeks had primary 

tumors in the brain, lung, Zymbal gland, and nasal cavity (Feron and Kroes 1979).  However, these 

studies (Feron and Kroes 1979; Viola et al. 1971) are limited by the absence of statistical analysis of the 

data. A concentration-dependent increase in tumor formation (alveologenic adenomas of the lung, 

angiosarcomas of the liver, and adenosquamous carcinoma of the mammary gland) was observed in mice 

exposed to 0, 50, 200, or 2,500 ppm vinyl chloride in a study performed for the Manufacturing Chemists 
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Association (Keplinger et al. 1975).  However, no statistics were presented to support these conclusions.  

Furthermore, an audit of data performed for the Manufacturing Chemists Association (CMA 1979) 

indicated that mishandling of the tissues precluded making statements regarding the relationship of 

tumors other than angiosarcoma of the liver to vinyl chloride exposure.  Female mice exposed to 50 ppm 

vinyl chloride showed increased incidence of hemangiosarcoma of the subcutis and peritoneum as well as 

tumors of the lung and mammary gland (Drew et al. 1983), i.e., hemangiosarcoma of the skin, spleen, or 

liver and mammary gland carcinomas. 

In a preliminary study with a limited number of animals, alveogenic lung tumors developed in 26 of 

27 mice exposed to 2,500 or 6,000 ppm for 5–6 months (Suzuki 1978).  A concentration-related increase 

in the incidence of alveogenic tumors was observed in a study in which a greater number of mice were 

exposed to 0–600 ppm for 4 weeks and then observed for up to 40 weeks postexposure (Suzuki 1983).  

The lowest concentration at which multiple foci tumors were observed was 100 ppm (Suzuki 1983.)  A 

significant increase in the incidence of pulmonary adenomas was reported in mice exposed to 50 ppm, 

6 hours/day, 5 days/week for 6 months (Adkins et al. 1986).  An increase in bronchio-alveolar adenoma 

was observed in a lifespan study in mice that were exposed to 50 ppm for 100 1-hour exposures, 500 ppm 

for 10 1-hour exposures, or 5,000 ppm for a single 1-hour exposure (Hehir et al. 1981).  The statistical 

significance of these observations was not reported. 

Some data suggest that exposure of animals early in their lives may increase the likelihood of developing 

tumors due to the latency period for vinyl chloride-induced cancer (Drew et al. 1983).  Early life exposure 

may also affect the type of tumor that develops (Maltoni et al. 1981).  When hamsters, mice, and rats 

were exposed to vinyl chloride for periods of 6–24 months starting at various times after weaning, the 

incidence of tumors such as hemangiosarcoma of the liver, skin, and spleen, and angiosarcoma of the 

stomach was greater when animals were exposed for 12 months immediately after weaning than if 

animals were held for 12 months and then exposed for the next 12 months (Drew et al. 1983).  Mammary 

gland carcinoma was also significantly increased when 2- or 8-month-old hamsters, but not 14- or 

20-month-old hamsters, were exposed to 200 ppm vinyl chloride for 6 months (Drew et al. 1983).  

Fibroadenoma of the mammary gland was also increased in female rats exposed to 100 ppm of vinyl 

chloride for 6 hours/day, 5 days/week, over 6–24 months (Drew et al. 1983).  Also, when pregnant rats 

were exposed to 6,000 ppm vinyl chloride from gestation day 12 through 18, the incidence of mammary 

gland carcinomas, Zymbal gland carcinomas, and forestomach epithelial tumors was reported to be 

greater in transplacentally exposed animals than in maternal animals (Maltoni et al. 1981).  At 

10,000 ppm in this study, nephroblastomas were increased in transplacentally exposed animals compared 
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to maternal animals (Maltoni et al. 1981).  No control group was used, however, and no statistics were 

presented to support the conclusions.  Maltoni and Cotti (1988) also exposed pregnant rats to 2,500 ppm 

vinyl chloride starting on Gd 12 and continued to expose both maternal animals and offspring for a total 

of 76 weeks. Hepatocarcinoma, hepatic angiosarcoma, and neuroblastoma were increased in treated 

animals compared to controls.  The incidence of hepatocarcinoma was reported to be much higher in 

offspring than in maternal animals.  In contrast, the incidence and latency period of neuroblastomas and 

hepatic angiosarcomas was similar between offspring and parents.  However, no statistics were presented 

to support these conclusions. 

Many of the tumors that were observed in the Drew et al. (1983) and Maltoni et al. (1981) studies were 

also observed in a study performed by Froment et al. (1994).  In this study, Sprague-Dawley pups were 

exposed to 500 ppm vinyl chloride 8 hours/day, 6 days/week, on postpartum days 3–28.  After weaning, 

22 animals/gender were exposed for an additional 2 weeks, for a total exposure duration of 33 days.  Rats 

were observed daily until death or development of tumors, and the surviving rats were sacrificed at 

19 months.  All livers from exposed animals that appeared normal at gross examination were found to 

contain multiple nodular hyperplastic foci of hepatocytes.  Liver tumors that were found in exposed 

animals included angiosarcomas, hepatocellar carcinomas, and benign cholangiomas.  Other tumors found 

included pulmonary angiosarcoma (probably metastatic), nephroblastoma, abdominal angiomyoma, 

leukemia, Zymbal gland carcinoma, pituitary adenoma, mammary carcinoma, and mammary fibroma.  

Tumor incidence was not reported in control animals.  Only one concentration (500 ppm) of vinyl 

chloride was used because the purpose of the study was to examine the genotoxicity of vinyl chloride in 

liver tumors produced by exposure. 

In general, the available evidence from inhalation studies in animals supports the finding in humans; that 

vinyl chloride is a carcinogen by this route of exposure.  Based on these and other findings, the National 

Toxicology Program of the Department of Health and Human Services has determined vinyl chloride to 

be a known human carcinogen (DHHS 2002).  In addition, IARC has concluded that sufficient evidence 

for carcinogenicity in humans and animals exists and has placed vinyl chloride in carcinogenicity 

category 1 (i.e., carcinogenic to humans) (IARC 1987).  EPA also has concluded that sufficient evidence 

of carcinogenicity exists in humans and animals and has classified vinyl chloride according to its 1986 

classification scheme as a Group A or known human carcinogen (EPA 1994c).  EPA’s current weight-of­

evidence characterization for vinyl chloride concludes that vinyl chloride is a known human carcinogen 

by the inhalation route of exposure, based on human epidemiological data.  By analogy, vinyl chloride is 

carcinogenic by the oral route because of positive animal bioassay data as well as pharmacokinetic data 
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allowing dose extrapolation across routes.  Vinyl chloride is also considered highly likely to be 

carcinogenic by the dermal route because it is well absorbed and acts systemically (EPA 2000); however, 

animal data suggest that dermal absorption of vinyl chloride gas is not likely to be significant (Hefner et 

al. 1975a). Because the epidemiological evidence does not provide sufficient exposure and incidence data 

to quantify risk based solely on human data, EPA cancer potency factors for inhalation and oral exposure 

have been calculated based on animal studies.  An inhalation unit risk of 8.8x10-6 per ug/m3 for 

continuous lifetime exposure from birth was estimated by EPA (2000) based on the incidence of liver 

tumors observed in rats in the inhalation study by Maltoni et al. (1981).  An inhalation unit risk of 

4.4x10-6 per ug/m3.for continuous lifetime exposure during adulthood was also estimated by EPA (2000). 

Air concentrations associated with excess cancer risks of 10-4, 10-5, 10-6, and 10-7 are 9.0x10-3, 9.0x10-4, 

9.0x10-5, and 9.0x10-6 ppm, respectively, and are plotted in Figure 3-1.  These risks were calculated using 

physiologically based pharmacokinetic (PBPK) modeling, which is discussed in further detail in 

Section 3.4. The lowest concentrations tested that produced a tumorigenic response CEL for each species 

and duration category are recorded in Table 3-1 and plotted in Figure 3-1. 

3.2.2 Oral Exposure  

All dosages of vinyl chloride administered in the diet are reported as mg/kg (body weight)/day unless 

otherwise specified. 

3.2.2.1 Death 

No studies were located regarding lethal effects in humans following oral exposure to vinyl chloride. 

No studies were located regarding acute or intermediate lethal effects of vinyl chloride in animals.  

However, decreased longevity has been observed in rats as a result of chronic ingestion of vinyl chloride.  

Significant increases in mortality were observed by Feron et al. (1981) when Wistar rats were allowed to 

consume vinyl chloride doses as low as 5.6 mg/kg/day in the diet for 4 hours/day over a 2-year period.  

Also, the effects of consumption of vinyl chloride during a lifespan study in Wistar rats lasting almost 

3 years (149 weeks) were examined by Til et al. (1983, 1991).  These authors found a decreased survival 

rate at a vinyl chloride dosage of 1.7 mg/kg/day.  In both of these studies, vinyl chloride was administered 

by incorporating PVC resin that was high in vinyl chloride content into the diet.  In the Til et al. (1991) 

study, the diets of the control animals contained 1% PVC powder that did not contain residual vinyl 
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chloride. Vaporization of vinyl chloride from the diets was limited by presenting feed containing the 

vinyl chloride to the rats for only a 4-hour period. 

All reliable LOAEL values for death in rats following chronic exposure are recorded in Table 3-2 and 

plotted in Figure 3-2. 

3.2.2.2 Systemic Effects  

The highest NOAEL values and all reliable LOAEL values for hematological, hepatic, dermal, and body 

weight effects in rats following chronic oral exposure are recorded in Table 3-2 and plotted in Figure 3-2. 

No studies were located regarding adverse respiratory, cardiovascular, gastrointestinal, musculoskeletal, 

renal, endocrine, or ocular effects in humans or animals following oral exposure to vinyl chloride. 

Hematological Effects.    No studies were located regarding adverse hematological effects in humans 

after oral exposure to vinyl chloride. 

Rats fed 17 mg/kg/day for 2 years showed decreased clotting time of the blood, which was not observed 

at 5.6 mg/kg/day (Feron et al. 1981).  No changes in thrombocyte count or prothrombin times were noted 

in Wistar rats fed diets containing low concentrations of vinyl chloride in PVC resin (1.7 mg/kg/day) for 

149 weeks (Til et al. 1983, 1991). 

Hepatic Effects.    No studies were located regarding adverse hepatic effects in humans after oral 

exposure to vinyl chloride. 

Chronic exposure of rats to vinyl chloride in their feed for 149 weeks produced an increase in the 

incidence of several types of microscopic liver lesions in male and female rats.  Neoplastic and 

preneoplastic lesions in the liver included several types of foci of cellular alteration (i.e., clear-cell, 

basophilic, eosinophilic, or mixed), neoplastic nodules, hepatocellular carcinoma, and angiosarcoma.  

Other liver lesions associated with vinyl chloride exposure included liver-cell polymorphism and hepatic 

cysts.  The high-dose group in male and female rats (1.7 mg/kg/day) represents a LOAEL for noncancer 

liver effects in this study (i.e, liver cell polymorphism, hepatic cysts) (Til et al. 1983, 1991).  The human 

equivalent dose derived from a NOAEL of 0.17 mg/kg/day identified in this study was used as the basis  
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Table 3-2 Levels of Significant Exposure to Vinyl Chloride - Oral 

a
Key to 
Figure 

Species 
(Strain) 

Exposure/ 
Duration/ 

Frequency 
(Route) 

CHRONIC EXPOSURE 
Death 

System 
NOAEL 

(mg/kg/day) 
Less Serious 

(mg/kg/day) 

LOAEL 

Serious 
(mg/kg/day) 

Reference 
Chemical Form 

1 Rat 

(Wistar) 

2 yr 
5 d/wk 
4 hr/d 

(F) 

5.6 (100% died) Feron et al. 1981 

2 Rat 

(Wistar) 

149 wk 
4 hr/d 

(F) 

1.7 (increased mortality) Til et al. 1983, 1991 

Systemic 
3 Rat 

(Wistar) 

2 yr 
5 d/wk 
4 hr/d 

(F) 

Hemato 5.6 17 (decreased clotting time) Feron et al. 1981 

Hepatic 1.8 (cellular alteration) 17 M extensive necrosis 
b 

5.6 F (extensive necrosis) 

Rat 2 yr 
Dermal 30 (increased skin Knight and Gibbons 1987

(Wistar) 1 x/d 
thickness, collagen)

(GO) 

Rat 149 wk 

(Wistar) 4 hr/d Hemato 1.7 Til et al. 1983, 1991 

(F) 

c 
Hepatic 0.17 F 1.7 F (liver cell polymorphism) 

Bd Wt 1.7 
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Table 3-2 Levels of Significant Exposure to Vinyl Chloride - Oral	 (continued) 

a
Key to Species 
Figure (Strain) 

Cancer 
6 Rat 

(Wistar) 

7	 Rat 

(Sprague-
Dawley) 

8	 Rat 

(Sprague-
Dawley) 

Exposure/ LOAEL 
Duration/ 

Frequency NOAEL Less Serious 	 Serious Reference 
(Route) 

System (mg/kg/day) (mg/kg/day) 	 (mg/kg/day) Chemical Form 

2 yr 
5 d/wk 
4 hr/d 

(F), (GO) 

52 wk 
5 x/wk 

(GO) 

52 wk 
5 x/wk 

(GO) 

5.6 M (CEL: angiosarcoma of 	 Feron et al. 1981 
lung; neoplastic nodules 
of liver, hepatic 
angiosarcoma) 

b 
1.8 F (CEL: neoplastic nodules 


of liver) 


50 M (CEL: liver Maltoni et al. 1981 
angiosarcoma) 

b 
16.65 F (CEL: liver 

angiosarcoma) 

0.3 	 (CEL: liver Maltoni et al. 1981 
angiosarcoma, 

hepatoma) 
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Table 3-2 Levels of Significant Exposure to Vinyl Chloride - Oral (continued) 

Exposure/ LOAEL 
Duration/ 

Key to
a 

Species Frequency NOAEL Less Serious Serious Reference 
Figure (Strain) (Route) 

System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form 

9 Rat 

(Wistar) 

149 wk 
4 hr/d 

(F) 

1.7 M (CEL: hepatocellular 
carcinoma) 

Til et al. 1983, 1991 

1.7 F (CEL: neoplastic nodules 
of liver) 

b 
0.018 F (CEL: basophilic foci 

considered to be 
pre-neoplastic lesions) 

1.7 (CEL: hepatic 
angiosarcoma) 

a Numbers correspond to entries in Figure 3-2. 

b Differences in levels of health effects and cancer effects between male and females are not indicated in Figure 3-2. Where such differences exist, only the levels of effect for the 
most sensitive gender are presented. 

c Used to derive an chronic-duration Minimal Risk Level (MRL) of 0.002 mg/kg/day; dose divided by an uncertainty factor of 100 (10 for extrapolation from animals to humans and 10 
for human variability). 

B - both; Bd Wt = body weight; CEL = cancer effect level; d = day(s); derm = dermal; (F) = feed; F = Female; (GO) = gavage in oil; hemato = hematological; hr = hour(s); LOAEL = 
lowest-observed-adverse-effect level; M = male; NOAEL = no-observed-adverse-effect level; wk = week(s); x = time(s); yr = year(s) 
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for a chronic oral MRL of 0.003 mg/kg/day.  Chronic oral exposure of rats fed vinyl chloride daily during 

a 4-hour period for 2 years also resulted in areas of hepatocellular alteration at concentrations as low as 

1.8 mg/kg/day (Feron et al. 1981).  In this study, areas of necrosis were observed in the liver of female 

rats fed 5.6 mg/kg/day and male rats fed 17 mg/kg/day (Feron et al. 1981).  Increased incidence of hepatic 

cysts were found in female rats fed 1.7 mg/kg/day and clear or basophilic areas of cellular alteration were 

found in male rats fed 1.7 mg/kg/day in the Til et al. (1983, 1991) studies. 

Dermal Effects.    No studies were located regarding adverse dermal effects in humans after oral 

exposure to vinyl chloride. 

Daily administration of 30 mg/kg of vinyl chloride to rats by gavage for 2 years produced increased 

thickness, moisture content, and collagen content of the skin.  Newly synthesized intermolecular and 

intramolecular collagen crosslinks were also significantly increased (Knight and Gibbons 1987). 

Body Weight Effects.    No studies were located regarding adverse body weight effects in humans 

after oral exposure to vinyl chloride. 

No changes in body weight were noted in Wistar rats fed 1.7 mg/kg/day vinyl chloride mixed with PVC 

powder in the diet for 149 weeks (Til et al. 1983, 1991). 

No studies were located regarding the following health effects in humans or animals after oral exposure to 

vinyl chloride: 

3.2.2.3 Immunological and Lymphoreticular Effects  

3.2.2.4 Neurological Effects 

3.2.2.5 Reproductive Effects  

3.2.2.6 Developmental Effects 

3.2.2.7 Cancer 

No studies were located regarding cancer in humans following oral exposure to vinyl chloride. 
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Four studies were located that examined the carcinogenic potential of vinyl chloride in animals when 

administered by the oral route.  In two of these studies in Wistar rats, conducted for 149 weeks, vinyl 

chloride was added to the diet by incorporating PVC powder containing a high level of the monomer 

(Feron et al. 1981; Til et al. 1983, 1991).  To limit volatilization of vinyl chloride from the diet, the rats 

were allowed access to the diet for only 4 hours/day.  The actual intake of vinyl chloride in these reports 

was calculated by taking into consideration both the food consumption and the rate of vinyl chloride 

evaporation. Statistically significant increases in hepatic angiosarcoma of the liver were observed in the 

2-year study by Feron et al. (1981) at 5.6 mg/kg/day in males and 17 mg/kg/day in females.  In the same 

study, statistically significant increases in neoplastic nodules of the liver were also observed at a 

concentration of 5.6 mg/kg/day in males but as low as 1.8 mg/kg/day in females (Feron et al. 1981).  

Also, in the 149-week study by Til et al. (1983, 1991), statistically significant increases in hepatocellular 

carcinoma were observed in males at 1.7 mg/kg/day and hepatic neoplastic nodules in females at 

1.7 mg/kg/day.  A few animals exposed to 1.7 mg/kg/day in this study developed hepatic angiosarcoma.  

An increased incidence of Zymbal gland tumors was also observed in the study by Feron et al. (1981).  

Although the increase was not statistically significant, the tumors were considered to be treatment related 

based on the historical rarity of this type of tumor. 

Two studies were located in which vinyl chloride was administered to Sprague-Dawley rats by gavage for 

52 weeks. In one of these studies, a statistically significant increase in the incidence of hepatic 

angiosarcomas was observed at doses as low as 16.65 mg/kg/day in females and 50 mg/kg/day in males.  

Zymbal gland tumors at 16.65 and 50 mg/kg/day, even though not statistically significant, were 

considered to be treatment related because of the rarity of this type of tumor (Maltoni et al. 1981).  Lower 

doses of vinyl chloride were also tested in a similar study in which hepatic angiosarcomas were observed 

at doses as low as 0.3 mg/kg/day and Zymbal gland tumors at 1 mg/kg/day.  Although neither of these 

findings reached statistical significance, the tumors were considered to be treatment related because of the 

historically rare observation of these tumor types in the colony (Maltoni et al. 1981). 

Based on the evidence of carcinogenicity in animals after oral exposure, it would be prudent to consider 

the potential for carcinogenic effects in humans by this route as well.  The National Toxicology Program 

of the Department of Health and Human Services has determined vinyl chloride to be a known human 

carcinogen (DHHS 2002). In addition, IARC has concluded that sufficient evidence for carcinogenicity 

in humans and animals exists and has placed vinyl chloride in carcinogenicity category 1 (i.e., 

carcinogenic to humans) (IARC 1987).  EPA also has concluded that sufficient evidence of 

carcinogenicity exists in humans and animals and has classified vinyl chloride according to its 1986 
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classification scheme as a Group A or known human carcinogen (EPA 1994c).  EPA’s current weight-of­

evidence characterization for vinyl chloride concludes that vinyl chloride is a known human carcinogen 

by the inhalation route of exposure, based on human epidemiological data.  By analogy, vinyl chloride is 

considered carcinogenic by the oral route because of positive animal bioassay data as well as 

pharmacokinetic data allowing dose extrapolation across routes.  By inference, vinyl chloride is also 

considered highly likely to be carcinogenic by the dermal route because it acts systemically (EPA 2000). 

Because the epidemiological evidence does not provide sufficient exposure and incidence data to quantify 

risk based solely on human data, EPA cancer potency factors for inhalation and oral exposure have been 

calculated based on animal studies.  An oral slope factor for continuous lifetime exposure from birth was 

estimated by EPA (2000) to be 1.5 per mg/kg/day based on the incidence of liver tumors in rats in the 

study by Feron et al. (1981).  An oral slope factor of 7.5x10-1 per mg/kg/day for continuous lifetime 

exposure during adulthood was also estimated by EPA (2000).  Oral doses associated with excess cancer 

risks of 10-4, 10-5, and 10-6 are 1.33x10-4, 1.33x10-5, 1.33x10-6, and 1.33x10-7 mg/kg/day, respectively, and 

are plotted in Figure 3-2.  These risks were calculated using PBPK modeling, which is discussed in 

further detail in Section 3.4. The lowest doses tested that produced a tumorigenic response (CEL) in rats 

chronically exposed to vinyl chloride by the oral route are recorded in Table 3-2 and plotted in Figure 3-2. 

3.2.3 Dermal Exposure  

Dermal exposure to vinyl chloride may occur by skin contact with either gaseous or liquid vinyl chloride.  

Negligible amounts of gaseous vinyl chloride are absorbed through the skin (see also Section 3.4 

regarding absorption by the dermal route).  However, dermal exposure can also occur by direct contact of 

gaseous vinyl chloride with the eyes.  Only studies that specifically relate to dermal contact of liquid vinyl 

chloride or adverse ocular effects occurring with inhalation exposure to gaseous vinyl chloride are 

discussed below. 

3.2.3.1 Death 

No studies were located regarding lethal effects in humans or animals after dermal exposure to vinyl 

chloride. 
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3.2.3.2 Systemic Effects  

No studies were located regarding adverse respiratory, cardiovascular, gastrointestinal, hematological, 

musculoskeletal, hepatic, renal, or endocrine effects in humans or animals after dermal exposure to vinyl 

chloride. 

Dermal Effects.    Vinyl chloride exists as a liquid when stored under pressure.  However, when it is 

released from pressurized containers, it rapidly vaporizes into gas.  Thus, the adverse dermal effects 

observed after exposure to vinyl chloride are not unique to vinyl chloride but can be expected as a result 

of a rapidly evaporating liquid on the skin.  The effects are due to tissue freezing rather than direct 

toxicity of vinyl chloride.  A man who had liquid vinyl chloride sprayed on his hands developed second 

degree burns. At first, the man reported that his hands felt numb.  Within a short period, the hands had 

developed marked erythema and edema (Harris 1953). 

No studies were located regarding adverse dermal effects in animals after dermal exposure to vinyl 

chloride. 

Ocular Effects.    Local burns on the conjunctiva and cornea were observed in a man who died after 

exposure to an unknown quantity of vinyl chloride escaping from an open valve (Danziger 1960). 

No adverse ocular effects were noted in guinea pigs exposed for 30 minutes to up to 400,000 ppm vinyl 

chloride in inhalation chambers (Mastromatteo et al. 1960). 

3.2.3.3 Immunological and Lymphoreticular Effects  

No studies were located regarding adverse immunological and lymphoreticular effects in humans or 

animals following dermal exposure to vinyl chloride. 

3.2.3.4 Neurological Effects 

A man who had liquid vinyl chloride sprayed on his hands initially reported that his hands felt numb 

(Harris 1953). 
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No studies were located regarding adverse neurological effects in animals after dermal exposure to vinyl 

chloride. 

No studies were located regarding the following adverse health effects in humans or animals after dermal 

exposure to vinyl chloride: 

3.2.3.5 Reproductive Effects  

3.2.3.6 Developmental Effects 

3.2.3.7 Cancer 

3.3 GENOTOXICITY  

Vinyl chloride has been shown to be mutagenic and clastogenic in both in vivo and in vitro test systems.  

Tables 3-3 and 3-4 list the key in vivo and in vitro genotoxicity studies for vinyl chloride. 

Genotoxicity studies of vinyl chloride in humans include a large number of assays for chromosomal 

aberrations in the cultured lymphocytes of occupationally exposed workers.  Studies completed through 

the mid-1980s generally found a statistically significant increase in the frequency of chromosomal 

aberrations, usually of the chromatid type (i.e., affecting only one of the two strands formed upon 

deoxyribonuclei c acid [DNA] replication), but also including some chromosomal-type defects such as 

inversions, rings, and translocations, which affect the entire chromosome (Anderson et al. 1981; 

Anderson 1999, 2000; Fleig et al. 1978; Fucic et al. 1990; Heath et al. 1977).  An increase in 

chromosomal aberrations was also observed following an accidental environmental exposure to vinyl 

chloride (Becker et al. 2001; Huttner and Nikolova 1998; Huttner et al. 1998, 1999).  Workers exposed to 

vinyl chloride for an average of 15 years were shown to have elevated levels of micronuclei and 

chromosomal aberrations when compared to the unexposed controls (Garaj-Vrhovac et al. 1990).  An 

increase in chromosome aberrations and micronuclei was correlated with the air concentration of vinyl 

chloride at a plastics plant and the excretion of thiodyglycolic acid in the urine of exposed workers 

(Vaglenov et al. 1999).  Micronuclei counts were also increased in a group of 52 workers exposed to vinyl 

chloride levels of 1.3–16.7 ppm compared to those of controls, but these increases were not observed in 

workers exposed to 0.3–7.3 ppm (Sinues et al. 1991).  Micronuclei were also increased in lymphocytes 

from 19 workers exposed to 50 ppm vinyl chloride for approximately 15 years (Fucic et al. 1990).  
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Table 3-3. Genotoxicity of Vinyl Chloride In Vivo 

Species (test system) End point Results Reference 
Mouse Dominant lethal – Anderson et al. 1976 

Micronuclei + Richardson et al. 1983 

Rat Dominant lethal – Short et al. 1977 

– Anderson et al. 1976 

– Purchase et al. 1975 

 Chromosomal aberration + Anderson and Richardson 1981 

Hamster Chromosomal aberration + Fleig et al. 1978 

Human lymphocyte Sister chromatid exchange – Hansteen et al. 1978 

+ Kucerova et al. 1979 

+ Sinués et al. 1991 

+ Fucic et al. 1990a 

+ Fucic et al. 1992 

+ Fucic et al. 1995 

+ Fucic et al. 1996a 

+ Fucic et al. 1996b 

+ Zhao et al. 1994 

DNA damage + Awara et al. 1998 

+ Du et al. 1995 

Micronuclei + Fucic et al. 1990a 

+ Garaj-Vrhovac et al. 1990 

+ Sinués et al. 1991 

+ Vaglenov et al. 1999 

Chromosomal aberration + Hansteen et al. 1978 

+ Heath et al. 1977 

+ Kucerova et al. 1979 

_ Picciano et al. 1977 

+ Purchase et al. 1978 

+ Ducatman et al. 1975 

+ Anderson 1980, 1981 

+ Fleig et al. 1978 

+ Fucic et al. 1990a, 1990b 

+ Fucic et al. 1995 

+ Fucic et al. 1996a 
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Table 3-3. Genotoxicity of Vinyl Chloride In Vivo 

Species (test system) End point Results Reference 
+ Fucic et al. 1996b 

Human lymphocyte (cont.) Chromosomal aberration + Funes-Cravioto et al. 1975 

+ Hrivnak et al. 1990 

+ Garaj-Vrhovac et al. 1990 

+ Anderson, 1999 

+ Becker et al. 2001 

+ Huttner et al. 1998 

+ Huttner et al. 1999 

+ Huttner and Nikolova 1998 

+ Fucic et al. 1992 

+ Vaglenov et al. 1999 

Rat DNA alkylation + Laib et al. 1989 

+ Green and Hathway 1978 

+ Gwinner et al. 1983 

+ Singer et al. 1987 

+ Bolt et al. 1986 

+ Ciroussel et al. 1990 

+ Eberle et al. 1989 

Mouse DNA alkylation + Osterman-Golkar et al. 1977 

DNA damage + Walles et al. 1988 

Rat DNA adduct + Fedtke et al. 1990 

+ Ciroussel et al. 1990 

+ Swenberg et al. 1992 

+ Bolt et al. 1986 

+ Morinello et al. 2002a, 2002b 

+ Eberle et al. 1989 

– = negative result; + = positive result; DNA = deoxyribonucleic acid 
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Table 3-4. Genotoxicity of Vinyl Chloride In Vitro 

Result 
Without 

Species (test system) End point With activation activation Reference 
Salmonella typhimurium Reverse mutation 	 + – Rannug et al. 1974 

+ + Bartsch et al. 1975, 
1976 

+ + Andrews et al. 1976 
+ + Simmon et al. 1977 
Not tested – Elmore et al. 1976 
+ + Poncelet et al. 1980 
+ + De Meester et al. 1980 
+ + Victorin and Stahlberg 

1988a 
+ 	 Not tested McCann et al. 1975 
+ + Rannug et al. 1976 

TA100, TA1535 Base-pair substitution + + duPont 1992a, 1992b 
+ Not tested Malaveille et al. 1975 

TA98, TA1537, TA1538 Frameshift mutation – – 
Escherichia coli Not applicable + Jacobsen et al. 1989 
Saccharomyces Not tested – Shahin 1976 
cerevisiae 

Gene conversion + Not tested Loprieno et al. 1976 
Schizosaccharomyces Forward mutation + – Loprieno et al. 1977 
pombe 

+ Not tested Loprieno et al. 1976 
D7RAD yeast Gene conversion + _ Ekardt et al. 1981 
Chinese hamster ovary Not applicable + Huberman et al. 1975 
cells 

+ 	 Not tested Drevon et al. 1978 
+ – duPont 1992c 

Bacillus subtilis Rec-repair Not tested – Elmore et al. 1976 
Rat liver microsomes RNA alkylation Not applicable + Laib and Bolt 1977 
QT6 (avian cells) Inhibition of DNA Not applicable + Kandala et al. 1990 

synthesis 

– = negative result; + = positive result; DNA = deoxyribonucleic acid; RNA = ribonucleic acid 



90 VINYL CHLORIDE 

3. HEALTH EFFECTS 

Increased sister chromatid exchanges have also been reported in occupationally exposed workers (Fucic 

et al. 1990, 1992, 1995; Kucerova et al. 1979; Sinues et al. 1991; Zhao et al. 1996).  Sister chromatid 

exchange frequencies were significantly increased compared to those of the controls at 0.003–7.3 ppm 

vinyl chloride (Sinues et al. 1991).  A positive correlation between frequency of chromosomal aberrations 

and length of exposure and history of exposure to excursion levels (up to 2,000 ppm) was reported by 

Purchase et al. (1978), who examined a cohort of 57 vinyl chloride workers, 19 on-site controls, and five 

off-site controls. The exposures for this cohort ranged from 1,000 ppm between 1945 and 1955 to 5 ppm 

since 1975. These authors also reported an effect on chromosomal aberrations from smoking.  Smoking 

and the presence of an aldehyde dehydrogenase 2 genotype was associated with an increase in the 

frequency of sister chromatid exchange in vinyl chloride workers (Wong et al. 1998).  DNA damage in 

lymphocytes of plastic industry workers was also demonstrated by a single-cell gel electrophoresis 

technique. A correlation was observed between the severity of DNA damage and the duration of 

exposure (Awara et al. 1998).  DNA single strand breaks present in human lymphocytes from exposed 

workers were quickly repaired following cessation of exposure (Du et al. 1995).  Induction of single-

strand breaks in liver DNA was also observed in mice after inhalation of vinyl chloride (Walles et al. 

1988). 

The reversibility of chromosome damage has been reported for several populations of workers following 

a cessation or reduction of exposure to vinyl chloride.  The increase of chromosome aberrations observed 

in workers exposed to 50 ppm returned to normal within 42 months after exposure levels had been 

reduced to <5 ppm (Anderson et al. 1980).  Another study demonstrated a statistically significant increase 

in aberrations in workers exposed to concentrations of approximately 25 ppm.  Following a reduction in 

exposure to 1 ppm, vinyl chloride chromosomal aberrations had returned to control values (Hansteen et 

al. 1978).  A 9-year follow-up study of an occupationally exposed population demonstrated a decrease in 

chromosome aberrations and sister chromatid exchange frequencies over time, corresponding to a 

decrease in vinyl chloride air concentrations at the plant (Fucic et al. 1996a, 1996b).   

The reversibility of clastogenic effects was not seen in another study of 12 current and 3 retired plastics 

industry workers who had been exposed to vinyl chloride while employed for 1.5–35 years (Fucic et al. 

1992).  Sister chromatid exchange frequencies were significantly higher in workers exposed to 

concentrations up to 2,000 ppm than in the controls.  These findings showed no significant decrease in 

sister chromatid exchange frequencies from 8 days to 10 years after exposure (Fucic et al. 1992).   



91 VINYL CHLORIDE 

3. HEALTH EFFECTS 

Other papers on human subjects have focused on specific mechanisms involved in the clastogenic effects 

of vinyl chloride.  A cohort of 67 workers exposed to approximately 5 ppm for an average of 15 years 

was reported to have a nonrandom distribution of chromatid and bichromatid breaks (Fucic et al. 1990b).  

The most frequently affected areas of the genome were the terminal segments of the A, B, and C group 

chromosomes, suggesting that vinyl chloride or its metabolites interact more frequently with specific sites 

along the chromosome than would be expected.  The study authors presented no correlation with 

particular fragile sites (gene sequences more prone to breakage than normal) or oncogene locations 

known to occur at these terminal segments.  The implication is that the carcinogenicity of vinyl chloride 

could be at least partially explained by its nonrandom interaction with particular genes.  These workers 

were also periodically exposed to 2,000 ppm for short periods.  No specific information was given as to 

the frequency or duration of these events. 

Male workers (n=20) who had been employed for 2–14 years at a vinyl chloride polymerization plant 

exposed to concentrations of vinyl chloride of 1 ppm (with occasional peaks of 300 ppm) underwent 

cytogenetic testing (Fucic et al. 1995).  The test results were compared to those from 20 unexposed 

control men.  Exposed individuals had higher percentages of chromosome aberrations, primarily 

chromatid breaks. Sister chromatid exchange frequencies were also increased in exposed workers (4– 

22 per cell) compared to controls (4–7 per cell).  Significant changes in mitotic activity were noted among 

exposed workers; values for second mitosis were lower than controls and values for third mitosis were 

higher than controls (Fucic et al. 1995, 1997).  Chromosome aberrations were not increased in workers 

exposed to <5 ppm vinyl chloride; however, the average exposure duration for this study was <1 year 

(Picciano et al. 1977). 

Genetic polymorphisms of metabolic and DNA repair genes have been associated with the sister 

chromatid exchange frequency in exposed workers (Wong et al. 2003b).  Metabolic genotypes for 

CYP2E1, aldehyde dehydrogenase 2 (ALDH2) and the DNA repair genotype for x-ray repair cross 

complementing group1 (XRCC1) were associated with an increased risk of DNA damage in humans. 

Animal studies of rats and mice exposed via inhalation to vinyl chloride have concentrated on identifying 

the direct effects of vinyl chloride and its metabolites on DNA.  Vinyl chloride is metabolized by mixed 

function oxidases (MFO) to form an epoxide intermediate, 2-chloroethylene oxide, which spontaneously 

rearranges to form 2-chloroacetaldehyde.  Reactive metabolites of vinyl chloride can be transported 

intercellularly from parenchymal cells to the nonparenchymal cells (Kuchenmeister et al. 1996).  Many 

studies have characterized the mutation profile associated with DNA adducts formed by the reactive 
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metabolites of vinyl chloride (Akasaka et al. 1997; Chiang et al. 1997; Dosanjh et al. 1994; Guichard et 

al. 1996; Matsuda et al. 1995; Pandya and Moriya 1996; Zhang et al. 1995; Zielinski and Hergenhahn 

2000;).  Four primary mutagenic DNA adducts are formed by the reactive metabolites of vinyl chloride.  

These are cyclic etheno-adducts that include 1,N6-ethenoadenine, 3,N4-ethenocytosine, N2,3-etheno­

guanine, and 1,N2-ethenoguanine. These adducts can induce base-pair (i.e., purine-to-purine or 

pyrimidine-to-pyrimidine exchange) transitions during transcription (Cullinan et al. 1997; Oesch and 

Doerjer, 1982; Pandya and Moriya 1996; Singer et al. 1987, 1996). 1,N6-Ethenoadenine adducts have 

been demonstrated to trap topoisomerase I, affecting DNA replication and transcription (Pourquier et al. 

1998). DNA crosslinks can also be formed because chloracetaldehyde is bifunctional (Singer 1994).  The 

adduct 7-(2’-oxoethyl)guanine is also extensively formed in mammalian liver (Laib et al. 1981); however, 

it is quickly recognized and removed by DNA repair mechanisms.  Etheno-adducts are less abundant, but 

more persistent because they are poorly repaired (Brandt-Rauf et al. 2000b; Whysner et al. 1996). 

The identification of the etheno-nucleosides has been reported following inhalation exposure to vinyl 

chloride in rats (Bolt et al. 1986; Ciroussel et al. 1990; Eberle et al. 1989; Fedtke et al. 1990; Morinello et 

al. 2002a, 2002b; Swenberg et al. 1992).  Immature rats exposed in vivo formed 6 times more of this 

nucleoside adduct, which correlated with the age-related sensitivity to carcinogenesis in these animals 

(Ciroussel et al. 1990).  This age-related sensitivity to DNA adduct formation was also noted in an 

inhalation study of lactating rats and their 10-day-old pups exposed 4 hours/day, for 5 days to 600 ppm of 

vinyl chloride (Fedtke et al. 1990).  Concentrations of two adducts found in the liver of the pups were 

4-fold higher than those found in the liver of the dams.  Increased alkylation of liver DNA and increased 

cell proliferation were reported by Laib et al. (1989) following exposure to 600 ppm vinyl chloride for 

6 hours. Young rats were apparently more susceptible to the effects of vinyl chloride, but only three male 

adults and two female adults were used for comparison.  The concentration of ethenoguanine adducts was 

2–3-fold greater in weanling rats as compared to adult rats exposed at the same dose for the time period 

(0, 10, 100, or 1,100 ppm, 6 hours/day for 5 days) (Morinello et al. 2002a).  Rats exposed to 2,000 ppm 

vinyl chloride for 8 hours/day, 5 days/week, for 3 weeks beginning at 7 days of age demonstrated 

hepatocellular ATPase-deficient foci and alkylation of liver DNA (Gwinner et al. 1983).  A study in rats 

exposed to 1,100 ppm vinyl chloride for 6 hours/day, 5 days/week for 1 or 4 weeks demonstrated that 

ethenoguanine adducts are not formed in the adult rat brain (Morinello et al. 2002b).  This differential 

induction of DNA adducts (brain vs. liver) may relate to the direct effect of reactive intermediates at the 

site of metabolite generation.  
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The role of etheno-adducts in the carcinogenesis of vinyl chloride has been recently reviewed (Albertini 

et al. 2003; Barbin 1998, 1999, 2000; Kielhorn et al. 2000; Laib 1986; Nivard and Vogel 1999; Whysner 

et al. 1996). Both 2-chloroethylene oxide and 2-chloroacetaldehyde can react with DNA nucleotide 

bases; however, 2-chloroethylene oxide is a more potent mutagen and may be the ultimate carcinogenic 

metabolite of vinyl chloride (Chiang et al. 1997).  Etheno-adducts generate mainly base pair substitution 

mutations.  Mutations in specific genes (i.e., ras oncogenes, p53 tumor suppressor gene) have been 

identified in vinyl chloride-induced liver tumors in rats and humans and are discussed in further detail 

below. Exocylic DNA adducts are excised from the DNA by glycosylase enzymes that contribute to 

genetic stability (Laval and Saparbaev 2001).  The four primary cyclic adducts formed in DNA by the 

vinyl chloride metabolite chloroacetaldehyde are released by human glycosylase enzymes (Dosanjh et al. 

1994; Singer and Hang 1999).  The expression of the DNA repair enzyme N-methylpurine-

DNA-glycosylase was shown to be deficient in nonparenchymal cells of the rat liver, which are the target 

cells for vinyl chloride-induced angiosarcoma (Holt et al. 2000; Swenberg et al. 1999).  However, there 

was no difference observed in the formation of ethenoguanine adducts in hepatocytes and 

nonparenchymal cells immediately following vinyl chloride exposure (Morinello et al. 2002a).  Together, 

these data suggest that cellular differences in DNA repair capacity may play a role in vinyl chloride-

induced carcinogenesis. It is important to note that endogenously formed etheno-adducts are also present 

in humans and laboratory animals due to a reaction between DNA and lipid peroxidation by-products.  

This background incidence of etheno-adducts should be taken into account when evaluating exposure to 

chemicals like vinyl chloride (Albertini et al. 2003; Bartsch and Nair 2000; Gonzalez-Reche et al. 2002; 

Swenberg et al. 2000; Watson et al. 1999; Yang et al. 2000; Zielinski and Hergenhahn 2001). 

It has been suggested that members of the ras gene family, including Ha-ras, Ki-ras, and N-ras, are 

responsible for the control of cell proliferation and differentiation (Froment et al. 1994).  DNA adducts 

formed by vinyl chloride metabolites can produce point mutations in these genes.  Mutations of the 

Ki-ras-2 gene has been found in hepatic angiosarcomas of workers exposed to high levels of vinyl 

chloride; this specific gene was shown to be activated by a GC-AT transition at codons 12 and 13 

(Brandt-Rauf et al. 1995; Marion et al. 1991; Weihrauch et al. 2002).  Similar mutations of Ki-ras-2 have 

been found in hepatocellular carcinomas of workers exposed to vinyl chloride (Weihrauch et al. 2001a, 

2001b).  Hypermethylation of the p16 gene was also associated with Ki-ras-2 mutation in hepatocellular 

carcinomas from exposed workers (Weinhrauch 2001b).   

Mutation of the Ki-ras-2 gene results in the expression of a mutant p21 protein.  This mutant oncoprotein 

was detected in serum samples taken from vinyl chloride workers with angiosarcoma of the liver (DeVivo 
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et al. 1994; Marion 1998).  Mutant p21 protein was also detected in the serum or plasma of exposed 

workers without liver tumors and a relationship between the frequency of the mutant protein in serum and 

the intensity of vinyl chloride exposure was demonstrated in several studies (Brandt-Rauf et al. 1995; 

DeVivo et al. 1994; Li et al. 1998; Luo et al. 1998, 2003; Marion 1998). 

Rat liver tumors induced by exposure to 500 ppm vinyl chloride were examined for mutations of the 

Ha-ras, Ki-ras, and N-ras genes (Boivin-Angele et al. 2000; Froment et al. 1994; Marion and Boivin-

Angele 1999).  In contrast with the studies in humans, Ki-ras gene mutation does not occur in rats or mice 

with angiosarcoma of the liver induced by vinyl chloride exposure.  Rats with hepatocellular carcinoma 

demonstrated a AT–TA transversion of base 2 of codon 61 of the Ha-ras gene.  This mutation was not 

detected in rodent angiosarcoma of the liver suggesting that there might be cell-specific factors that affect 

the ras gene. Other mutations in codons 13 and 36 of the N-ras A gene were found in two out of five of 

the liver angiosarcomas examined (Froment et al. 1994).  These studies suggest differing molecular 

mechanisms of carcinogenesis in humans and rodents. 

The p53 tumor suppressor gene is mutated in a variety of human cancers (Staib et al. 2003; Trivers et al. 

1995).  A study was performed to examine the p53 tumor suppressor genes and the murine double min­

2 (MDM2) proto-oncogenes from tumors of five vinyl chloride workers; four with angiosarcoma of the 

liver and one with hepatocellular carcinoma (Hollstein et al. 1994).  The p53 tumor suppressor gene was 

being tested for mutation, while the MDM2 proto-oncogene was being tested for amplification.  No 

amplification of the MDM2 gene was detected; however, adenosine-to-thymidine missense mutations 

were found in exons 5–8 (codons 249 and 255) of the p53 gene in two of the angiosarcoma cases.  In 

another study, tumors (angiosarcoma of the liver) from three of six vinyl chloride workers also had 

adenosine-to-thymidine missense mutations in the p53 gene (codons 249, 255, and 179) (Trivers et al. 

1995). Data from a study of angiosarcoma of the liver resulting from endogenous or unknown sources 

(i.e., no vinyl chloride exposure) indicated that p53 mutations were uncommon, providing support for the 

specificity of p53 mutations with vinyl chloride exposure in cases of angiosarcoma of the liver (Soini et 

al. 1995).  The p53 gene mutation pattern in rat liver tumors (angiosarcoma and hepatocellular carcinoma) 

was shown to be similar to that observed in human tumors from vinyl chloride-exposed workers (Barbin 

et al. 1997; Marion and Boivin-Angele 1999).  Mutations of the p53 gene were found in hepatocellular 

carcinomas from workers exposed to vinyl chloride; however, no correlation with vinyl chloride exposure 

occurred and the mutation pattern was thought to reflect endogenous mechanisms rather that chemical 

mutagenesis (Weihrauch et al. 2000).  A p53 mutation at codon 179 was detected in myofibroblast-type 

cells isolated from a liver tumor in an exposed worker (Boivin et al. 1997).  Ki-ras mutations were not 
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observed in these cells.  Vinyl chloride mutations of the p53 gene produce conformational effects in the 

expressed p53 protein that affect its function (Chen et al. 1999).  

Mutant p53 protein and/or anti-p53 antibodies have been detected in the serum and plasma of vinyl 

chloride-exposed workers (Luo et al. 1999; Marion 1998; Smith et al. 1998; Trivers et al. 1995).  A 

relationship between the frequency of the mutant protein or p53 antibodies in serum/plasma and the 

intensity of vinyl chloride exposure was demonstrated in these studies.  Polymorphisms of the genes for 

vinyl chloride metabolism (CYP2E1) and DNA repair (x-ray cross-complementing group 1) are 

associated with a greater risk of p53 gene mutation and over-expression of p53 mutant protein (Li et al. 

2003; Wong et al. 2002b). 

Rat studies suggest that gap junctional intercellular communication mediated by connexin 37 is disturbed 

in angiosarcoma of the liver; however, mutation of the connexin 37 gene is considered rare (Saito et al. 

1997).  The incidence of hypoxanthine-guanine-phosphoribosyl-transferase (HPRT) mutants was not 

consistently elevated in workers exposed to vinyl chloride (Huttner and Holzapfel 1996; Liber et al. 

1999).  HPRT mutants were also not increased in humans accidentally exposed to vinyl chloride (Becker 

et al. 2001). 

Vinyl chloride has not been shown to be positive for dominant lethal effects in rats exposed to up to 

30,000 ppm, for 6 hours/day for 5 days (Anderson et al. 1976; Purchase et al. 1975; Short et al. 1977).  

The studies showed no evidence of pre- or postimplantation loss among the untreated females mated to 

the exposed males.  These results indicate that no germinal mutations were produced by these acute 

exposures. Vinyl chloride induces somatic and sex-linked recessive lethal mutations in Drosophila, but 

does not induce dominant lethal mutations (Ballering et al. 1996; Giri 1995; Magnusson and Ramel et al. 

1978). 

Vinyl chloride is mutagenic in S. typhimurium (Andrews et al. 1976; Bartsch et al. 1975, 1976; de 

Meester et al. 1980; Elmore et al. 1976; Malaveille et al. 1975; Poncelet et al. 1980; Simmon et al. 1977), 

but only in strains reverted by base-pair substitution by alkylating agents rather than by frameshift 

mutations (Bartsch et al. 1976; duPont 1992a, 1992b).  Metabolic activation is necessary for any 

mutagenic activity in this system (Rannug et al. 1974) or for a maximal response (Simmon et al. 1977).  

In addition, vinyl chloride is mutagenic in the gaseous phase, but not when it is dissolved in water 

(Poncelet et al. 1980).  The negative findings for vinyl chloride dissolved in water are most likely due to 
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methodological problems associated with rapid evaporation and therefore do not reflect a lack of 

mutagenic potential.   

Concentrations of vinyl chloride tested in vitro range from 0.275% (Shahin 1976) to 40% (duPont 1992a). 

Shahin (1976) reported negative results for 0.275 and 0.55% vinyl chloride in Saccharomyces cerevisiae. 

In S. typhimurium, a doubling of revertants has been reported to occur at about 5% vinyl chloride 

(Victorin and Stahlberg 1988a). Vinyl chloride was found to be mutagenic in Chinese hamster ovary 

cells and yeast (Drevon et al. 1978; duPont 1992c; Eckardt et al. 1981; Loprieno et al. 1976).  A 5-hour 

exposure to 4,600 ppm vinyl chloride did not cause mutatgenicity in the mammalian spot test (Peter and 

Ungvary 1980).  Workers exposed to vinyl chloride have been shown to have increased chromosomal 

aberrations, micronucleic counts, and sister chromatid exchange frequencies (Anderson et al. 1980; Fucic 

et al. 1992, 1995, 1997; Garaj-Vrhovac et al. 1990; Kucerova et al. 1979; Sinues et al. 1991; Zhao et al. 

1996). 

There is evidence that in S. typhimurium, E. coli, and B. subtilis, it is the oxidation of vinyl chloride to the 

reactive intermediates 2-chloroethylene oxide and 2-chloroacetaldehyde that is responsible for the 

mutagenicity of vinyl chloride (Bartsch et al. 1976, 1979; Hussain and Osterman-Golkar, 1976; Jacobsen 

et al. 1989; Laumbach et al. 1977; McCann et al. 1975; Rannug et al. 1976).  The S-9 fraction from 

surgically obtained human liver specimens was shown to metabolize vinyl chloride to electrophiles that 

were mutagenic to S. typhimurium TA1530 (Sabadie et al. 1980).  Mutagenicity assays were performed 

by exposing the plates containing S. typhimurium and 150 μL human S-9 fraction to a gaseous mixture of 

20% vinyl chloride in air for 4 hours.  Vinyl chloride was removed after the exposure.  The vinyl chloride 

concentration in the aqueous phase of the plates was 4x10-3 M. Incubation was continued for an 

additional 48 hours.  When compared with the number of revertants per plate resulting from identically 

prepared S-9 fractions from female strain BD IV rats, human S-9 fractions induced mutations (and 

presumably metabolism to a reactive electrophile) to an average 84% of the extent mediated by rat S-9.  

However, a 9-fold individual variation was observed. 

Chloroacetaldehyde appears to be less genotoxic in yeast and Chinese hamster V79 cells than 

2-chloroethylene oxide (Huberman et al. 1975; Loprieno et al. 1977) and has been shown to inhibit DNA 

synthesis in avian cells (Kandala et al. 1990).  However, 2-chloroacetaldehyde has been shown to react 

directly with single-stranded DNA, which then produced base changes and subsequent reversion in E. coli 

when the DNA was inserted via phage (Jacobsen et al. 1989).  Recent data have also shown 
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2-chloroacetaldehyde to be mutagenic in human fibroblast cells using shuttle vectors (Matsuda et al. 

1995). 

3.4 TOXICOKINETICS 

Vinyl chloride is volatile and exposure occurs largely by inhalation.  Studies in humans and animals have 

shown that vinyl chloride is readily absorbed through the lungs (Krajewski et al. 1980; Withey, 1976).  

Animal studies demonstrate that vinyl chloride is rapidly and almost completely absorbed from the 

gastrointestinal tract after oral exposure (Watanabe et al. 1976a; Withey 1976).  A single study in 

monkeys, suggests that dermal absorption of vinyl chloride gas is not likely to be significant (Hefner et al. 

1975a). No studies were located that reported the absorption of vinyl chloride in humans after oral or 

dermal exposure.   

Animal studies indicate that the distribution of vinyl chloride is rapid and widespread; however, storage in 

the body is limited because of rapid metabolism and excretion.  Metabolites of vinyl chloride have been 

found in the liver, kidney, spleen, skin, and brain, but tissue concentrations do not increase following 

repeated exposure (Bolt et al. 1976a; Butcher et al. 1977; Duprat et al., 1977; Watanabe 1978a, 1976b).  

Vinyl chloride has been shown to cross the placenta after inhalation exposure (Ungvary et al. 1978).  No 

studies were located that reported tissue distribution after inhalation, oral, or dermal exposure to vinyl 

chloride in humans or after dermal exposure in animals.  Vinyl chloride distribution may be affected by 

differences in gender, age, and nutritional status.   

Vinyl chloride metabolism in humans is attributed to the cytochrome P-450 monooxygenases in the liver 

(Ivanetich et al. 1977; Sabadie et al. 1980; Salmon 1976).  The proposed metabolic pathways for vinyl 

chloride are shown in Figure 3-3.  Data obtained in rats indicate that metabolic pathways are consistent 

for both inhalation and oral exposure (Bartsch et al., 1976, 1979; Green and Hathway 1975, 1977; 

Hathway 1977; Watanabe and Gehring 1976; Watanabe et al. 1976a).  Metabolism occurs via the 

oxidation of vinyl chloride by mixed function oxidases (MFO) to form an epoxide intermediate, 

2-chloroethylene oxide, which spontaneously rearranges to form 2-chloroacetaldehyde.  Intermediates are 

detoxified primarily via glutathione conjugation and conjugates are excreted in urine as substituted 

cysteine derivatives.  Metabolism has been shown to follow Michaelis-Menten kinetics in rats, with 

enzyme saturation near 100 ppm in air or between 1 and 100 mg/kg/day for a single gavage dose (Hefner 

et al. 1975b; Watanabe et al. 1976a).  Macromolecular binding has been attributed to the reactive 

intermediate 2-chloroethylene oxide, which binds to DNA and RNA (ribonucleic acid), and its reaction  
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Figure 3-3. Proposed Metabolic Pathways for Vinyl Chloride* 

Omixed function oxidase
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*Derived from Bolt et al. (1980); Cogliano and Parker (1992); Hefner et al. (1975b); Park et al. (1993); and Plugge 
and Safe (1977). 
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product, 2-chloroacetaldehyde, which binds to protein molecules (Barbin et al., 1975; Guengerich and 

Watanabe 1979; Guengerich et al. 1979, 1981; Kappus et al. 1976; Watanabe et al. 1978a, 1978b).  No 

studies were located regarding vinyl chloride metabolism in humans after oral or dermal exposure or in 

animals after dermal exposure.  It should be noted that the toxicokinetics of vinyl chloride could be 

affected by compromised liver function or exposure to alcohol and other drugs and chemicals. 

Animal studies have demonstrated that the primary route of excretion is dose-dependent (Watanabe and 

Gehring 1976; Watanabe et al. 1978a, 1976b).  Vinyl chloride metabolites are excreted primarily in the 

urine following oral or inhalation exposure to low doses.  At higher doses where metabolic saturation has 

been exceeded, vinyl chloride is exhaled as the parent compound.  This was also demonstrated in humans 

exposed by inhalation, where exhalation of vinyl chloride was a minor pathway of elimination at low 

concentrations (Krajewski et al. 1980). No studies were located regarding excretion in humans after oral 

or dermal exposure to vinyl chloride.  After dermal exposure in monkeys, most of the little vinyl chloride 

absorbed was excreted in exhaled air (Hefner et al. 1975a). 

3.4.1 Absorption 

3.4.1.1 Inhalation Exposure 

Inhalation absorption of vinyl chloride is rapid in humans.  Young adult male volunteers were exposed to 

vinyl chloride concentrations of 2.9, 5.1, 11.7, or 23.5 ppm by gas mask for 6 hours (Krajewski et 

al. 1980).  Retention was estimated by measuring the difference between inhaled and exhaled 

concentrations. An average retention of 42% was estimated.  Although the results varied among the 

individuals tested, the percentage retained was independent of the concentration inhaled.  Since retention 

did not change with increasing vinyl chloride concentrations, it appears that saturation of the major 

pathway of overall metabolism did not occur in this exposure regimen. 

Animal data demonstrate that the inhalation absorption of vinyl chloride occurs readily and rapidly. 

PBPK models that have been developed to provide quantitative estimates of uptake are discussed in 

Section 3.4.5.  Peak blood levels occurred at 30 minutes in rats exposed (head only) to 7,000 ppm 

(Withey 1976).  On removal from the vinyl chloride atmosphere, blood levels fell rapidly.  After 2 hours, 

concentrations were barely detectable.   
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3.4.1.2 Oral Exposure  

No studies were located regarding absorption in humans after oral exposure to vinyl chloride. 

Several studies in rats indicate that vinyl chloride is rapidly and virtually completely absorbed from the 

gastrointestinal tract. Peak blood levels of vinyl chloride were observed within 10–20 minutes after 

dosing in rats administered single oral doses (44–92 mg/kg) of vinyl chloride in aqueous solution (Withey 

1976).  Peak blood levels varied from 6 to >40 μg/mL.  Data from another study in which rats were 

administered single gavage doses of 0.05, 1, and 100 mg/kg vinyl chloride labelled with radioactive 

carbon (14C-vinyl chloride) (in corn oil) suggested that almost complete absorption of vinyl chloride 

occurred (Watanabe et al. 1976a). The fraction of the administered dose recovered in the feces, roughly 

indicative of the proportion unabsorbed, ranged from 0.47 to 2.39%; total recovery ranged from 82.3 to 

91.3%.  Loss of radioactivity might be attributed either to experimental error or to incomplete sampling of 

the carcass.  Fecal excretion was measured in rats fed 0, 1.8, 5.6, and 17.0 mg/kg/day of vinyl chloride 

monomer (from powdered PVC containing a high level of the monomer) (Feron et al. 1981).  Fecal 

excretion accounted for 8, 10, and 17% of the vinyl chloride present in the low-, middle-, and high-dose 

groups, respectively.  The investigators hypothesized that the vinyl chloride recovered from the feces was 

encapsulated by PVC and was not available to the rats for absorption, and that absorption of available 

vinyl chloride was virtually complete. 

3.4.1.3 Dermal Exposure  

No studies were located regarding absorption in humans after dermal exposure to vinyl chloride. 

Animal data suggest that dermal absorption of vinyl chloride gas is not likely to be significant.  Dermal 

absorption was measured in two rhesus monkeys that received full body (except head) exposure to vinyl 

chloride gas. It was estimated that 0.031 and 0.023% of the total available vinyl chloride was absorbed at 

800 and 7,000 ppm, respectively, after a 2–2.5-hour exposure (Hefner et al. 1975a).  The investigators 

concluded that, after short-term exposure to high concentrations, dermal absorption was far less 

significant than inhalation absorption.  No information is available regarding dermal absorption of vinyl 

chloride from liquid or solid mediums. 
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3.4.2 Distribution 

Representative vinyl chloride partition coefficients for humans, rats, mice, and hamsters can be found in 

Table 3-5. These partition coefficients were obtained for use in PBPK models.  They were estimated 

using a vial equilibration technique (Air Force 1990b).  Further details about how the values were 

obtained, including the number of experiments completed and whether the errors shown are standard 

deviations or standard errors, were not provided.  In general, concentrations of vinyl chloride found in fat 

are higher than would be found in other tissues.  Partition coefficients for vinyl chloride range from 10 to 

20 (fat/air) and from 1 to 3 (muscle/air, blood/air, and liver/air).  In animal studies, females have shown 

greater partitioning from air to fat than males. 

Tissue/blood partition coefficients in male Sprague-Dawley rats, measured using a vial equilibration 

method, have been reported as 10±3 for fat/blood, 0.4±0.2 for muscle/blood, 0.7±0.3 for liver/blood, and 

0.7±0.4 for kidney/blood (Barton et al. 1995). 

3.4.2.1 Inhalation Exposure 

No studies were located regarding tissue distribution in humans after inhalation of vinyl chloride. 

Data from rat studies suggest that the distribution of inhaled vinyl chloride is rapid and widespread, but 

storage of vinyl chloride in the body is limited by rapid metabolism and excretion.  In rats exposed to 
14C-vinyl chloride and pretreated with 6-nitro-1,2,3-benzothiadiazole to block metabolism of vinyl 

chloride by microsomal cytochrome P-450 oxidation pathways, the highest levels of radiolabel were 

located in the fat, with lesser amounts in the blood, liver, kidney, muscle, and spleen.  When metabolism 

was not blocked, the highest levels of radiolabelled metabolites were located in the liver and kidney 

(Buchter et al. 1977).  Immediately after a 5-hour exposure to 14C-vinyl chloride at 50 ppm, tissue levels 

of 14C-activity, expressed as the percentage incorporated per gram of tissue, were highest in the kidney 

(2.13%) and liver (1.86%), with lower levels in the spleen (0.73%) and brain (0.17%) (Bolt et al. 1976a).  

Radioactivity in tissue was measured in rats 72 hours after exposure to 10 or 1,000 ppm 14C-vinyl 

chloride for 6 hours.  In order of decreasing concentration for rats exposed to 10 ppm, 14C-labeled 

compounds (expressed as percentage), present as nonvolatile metabolites, were measured in the liver 

(0.14), kidney (0.08), skin (0.07), lung (0.07), muscle (0.05), carcass (0.05), plasma (0.05), and fat (0.03).  

For rats exposed to 1,000 ppm, radiolabel (expressed as percentage) was measured in the liver (0.15), skin  
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Table 3-5. Vinyl Chloride Partition Coefficients 

Partition coefficient 

Species 
Rat 

Strain 
CDBRa 

Sex 
M 
F 

Blood/air 
1.8±0.22 
2.1±0.44 

Liver/air 
3.0±0.41 
1.7±0.43 

Muscle/air 
2.2±0.70 
1.3±0.25 

Fat/air 
14.6±0.92 
19.2±0.96

 F-344a M 
F 

1.6±0.33 
1.6±0.11 

2.0±2.0 
2.1±0.17 

2.1±0.40 
2.4±0.46 

11.8±0.81 
21.1±1.3 

 Wistara M 
F 

2.1±0.31 
1.6±0.07 

2.7±0.56 
1.5±0.28 

2.7±0.58 
1.6±0.22 

10.2±1.6 
22.3±0.54

 Sprague-
Dawleyb 

M 2.4±0.5 – – – 

Mouse B6C3F1 
a M 

F 
2.8±0.22 
2.6±0.14 

– 
– 

– 
– 

– 
– 

 CD-1a M 
F 

2.3±0.07 
2.4±0.16 

– 
– 

– 
– 

– 
– 

Hamster Golden Syriana M 
F 

2.7±0.15 
2.2±0.47 

3.4±0.36 
1.3±0.28 

2.6±0.46 
2.0±0.28 

14.3±5.3 
21.1±2.0 

Humanc NA NR 1.16 – – – 

aAir Force 1990b; values determined using vial equilibration method. 
bBarton et al. 1995 
cEPA 1987g 

– = no data; F = female; M = male; NA = not applicable; NR = not reported 
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(0.12), kidney (0.06), carcass (0.05), lung (0.05), muscle (0.04), fat (not detected), and plasma (not 

detected) (Watanabe et al. 1976b).  There was no difference in the routes or rate of excretion between 

repeated-dose versus single-dose exposure of rats to 5,000 ppm of 14C-vinyl chloride (Watanabe et 

al. 1978a). The concentration of radiolabel detected in tissues 72 hours after exposure revealed no 

statistically significant difference between rats exposed once or repeatedly to vinyl chloride.  Percentages 

of radioactivity after 72 hours measured in tissues are as follows (for single and repeated doses, 

respectively):  liver (0.12 and 0.16), kidney (0.06 and 0.07), skin (0.05 and 0.08), carcass (0.03 and 0.04), 

and fat (not detected and not detected). 

Placental transfer of vinyl chloride can occur rapidly in rats.  Female rats exposed to approximately 0, 

2,000, 7,000, or 13,000 ppm vinyl chloride for 2.5 hours on Gd 18 showed high concentrations of vinyl 

chloride in maternal and fetal blood and amniotic fluid (Ungvary et al. 1978).  Vinyl chloride 

concentrations in maternal blood were 19.02, 32.40, and 48.43 μg/mL, respectively, while fetal blood 

concentrations were 12.80, 22.67, and 30.52 μg/mL, respectively.  Vinyl chloride concentrations in 

amniotic fluid were 0, 4.27, 4.93, and 13.50 μg/mL, at 2,000, 7,000, and 13,000 ppm vinyl chloride, 

respectively (Ungvary et al. 1978). 

3.4.2.2 Oral Exposure  

No studies were located regarding tissue distribution in humans after oral exposure to vinyl chloride. 

The level of 14C-nonvolatile metabolites was measured in tissues of rats 72 hours after single gavage 

doses (0.05–100 mg/kg) of 14C-vinyl chloride in corn oil (Watanabe et al. 1976a).  The highest levels of 

radioactivity for each dose level occurred in the liver.  These levels were 2–5 times higher than in the 

other tissues examined (skin, plasma, muscle, lung, fat, and carcass). 

3.4.2.3 Dermal Exposure  

No studies were located regarding tissue distribution for humans or animals after dermal exposure to 

vinyl chloride. 
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3.4.3 Metabolism 

3.4.3.1 Inhalation Exposure 

Metabolism can be quantitatively estimated from gas uptake experiments in which, after initial absorption 

of vinyl chloride, continued absorption is largely attributed to metabolism.  Krajewski et al. (1980) 

exposed young men to vinyl chloride at concentrations of 2.9, 5.1, 11.7, and 23.5 ppm by gas mask for 

6 hours. Retention was independent of the inhaled concentration and did not change with increasing vinyl 

chloride concentrations, suggesting that saturation of the major metabolic pathway did not occur over this 

exposure range. 

The major metabolic pathway of vinyl chloride involves oxidation by mixed-function oxidases to form a 

highly reactive epoxide intermediate, 2-chloroethylene oxide, which spontaneously rearranges to form 

2-chloroacetaldehyde (Guengerich et al. 1979, 1981; Gwinner et al. 1983; Laib 1982).  These 

intermediates are detoxified mainly through conjugation with glutathione catalyzed by glutathione 

S-transferase. The conjugated products are excreted in urine as substituted cysteine derivatives and 

include thiodiglycolic acid, S-formylmethylcysteine, and N-acetyl-S-(2-hydroxyethyl) cysteine (Bolt et al. 

1980; Hefner et al. 1975b).  Urinary metabolites identified in rats exposed by inhalation include polar 

compounds at low exposure concentrations (Hefner et al. 1975b; Watanabe et al. 1976b) and 

2-chloroacetic acid at high exposure concentrations (Hefner et al. 1975b). 

Early work on the metabolism of vinyl chloride in animals indicated that metabolism is a dose-dependent, 

saturable process. Rats were exposed to vinyl chloride in a closed chamber at concentrations of about 50– 

1,000 ppm for 52.5–356.3 minutes (Hefner et al. 1975b).  Additional rats pretreated with ethanol (to 

inhibit alcohol dehydrogenase activity) or SKF 525-A (to inhibit microsomal oxidase activity) were 

similarly exposed.  Metabolism, estimated by measuring the rate of disappearance of vinyl chloride from 

the closed system, followed first-order kinetics with a half-life of 86 minutes at <100 ppm.  At >220 ppm, 

metabolism was slowed to a half-life of 261 minutes, suggesting saturation of the pathway predominant at 

100 ppm.  Pretreatment with ethanol depressed the rate of metabolism by approximately 83% at 

<100 ppm but by approximately 47% at >1,000 ppm.  Pretreatment with SKF 525-A, however, had no 

effect at <100 ppm but depressed metabolism by 19% at >1,000 ppm.  The study authors postulated 

alternative pathways for vinyl chloride metabolism. They suggested that at low concentrations sequential 

oxidation to 2-chloroethanol, 2-chloroacetaldehyde, and 2-chloroacetic acid involving alcohol 

dehydrogenase (inhibited by pretreatment with ethanol) appeared to be the predominant pathway.  Little 

2-chloroacetic acid was formed, however, possibly because 2-chloroacetaldehyde conjugated rapidly with 



105 VINYL CHLORIDE 

3. HEALTH EFFECTS 

ubiquitous sulfhydryl groups.  The authors further speculated that when the alcohol dehydrogenase 

pathway became saturated, 2-chloroethanol could be oxidized by catalase in the presence of hydrogen 

peroxide (H2O2) to a peroxide, which could undergo subsequent dehydration to form 2-chloro­

acetaldehyde.  However, it appears that the only support for this proposed metabolism of vinyl chloride 

by alcohol dehydrogenase comes from studies demonstrating metabolic inhibition by alcohol.  This is not 

recognized as a direct pathway for metabolism of vinyl chloride in modern PBPK modeling studies.  It is 

possible that ethanol exerts its effects by inhibiting specific P-450 enzymes involved in the metabolic 

activation of vinyl chloride.  

Isolated rat liver cells converted 14C-vinyl chloride into nonvolatile metabolites (Hultmark et al. 1979).  

Using this in vitro technique, it was determined that metabolism was NADPH-dependent, located in the 

microsomal fraction of the liver, and probably involved an MFO.  Pretreatment with 6-nitro-1,2,3-benzo­

thiadiazole, an inhibitor of some microsomal cytochrome P-450 oxidation pathways, was sufficient to 

totally block the metabolism of vinyl chloride in rats exposed to 0.45 ppm in a closed system for 5 hours 

(Bolt et al. 1977). This observation suggests that metabolism of vinyl chloride proceeds primarily 

through an MFO pathway with likely production of an epoxide intermediate. 

Inhalation exposure to high concentrations of vinyl chloride has also been associated with a reduction in 

the liver nonprotein sulfhydryl concentration in the rat (Barton et al. 1995).  These results are consistent 

with conjugation of the metabolites of vinyl chloride with limited reserves of glutathione and/or cysteine 

(Bolt et al. 1976b; Hefner et al. 1975b; Jedrychowski et al. 1984; Watanabe et al. 1978b). 

Saturation of metabolic pathways was observed in rats and monkeys that were exposed in a closed system 

to 14C-vinyl chloride (Bolt et al. 1977; Buchter et al. 1980; Filser and Bolt 1979).  In Wistar rats, 

metabolic saturation was determined to occur at approximately 250 ppm, and a metabolic rate (Vmax) of 

110 μmol/hour/kg was estimated (Bolt et al. 1977; Filser and Bolt 1979).  Kinetic constants of 

58 μmol/hour/kg for Vmax and 1 μM for the Km in male Sprague-Dawley rats have also been reported 

(Barton et al. 1995).  In an experiment using rhesus monkeys, metabolic saturation occurred at 200 ppm, 

with a Vmax of 50 μmol/hour/kg (Buchter et al. 1980).  The Vmax of 50 μmol/hour/kg that was estimated 

using rhesus monkeys was suggested as a closer approximation of metabolism in humans than the value 

of 110 μmol/hour/kg estimated for rats by Filser and Bolt (1979). 

Kinetic constants for vinyl chloride metabolism have also been derived from in vitro studies in rat liver 

microsomes (El Ghissassi et al. 1998).  Vinyl chloride metabolism to reactive species followed Michaelis­
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Menton kinetics with a Km of 7.42 μM and a Vmax of 4,674 pmol/mg protein/minute.  Inhibitor studies 

using chemical and immunological inhibitors demonstrate that vinyl chloride is metabolized primarily by 

CYP2E1. 

Several investigators have observed the binding of nonvolatile metabolites of 14C-vinyl chloride to liver 

macromolecules in vitro and in rats exposed by inhalation (Guengerich and Watanabe 1979; Guengerich 

et al. 1979, 1981; Kappus et al. 1976; Watanabe et al. 1978a, 1978b).  In single-exposure experiments at 

different concentrations, the extent of macromolecular binding increased proportionately to the amount of 

vinyl chloride metabolized and disproportionately to the exposure concentration (Watanabe et al. 1978b).  

The extent of macromolecular binding was increased by repeated exposure to vinyl chloride (Watanabe et 

al. 1978a) and by pretreatment with phenobarbital (Guengerich and Watanabe 1979).  Macromolecular 

binding has been attributed to the reactive intermediate 2-chloroethylene oxide, which has been shown to 

bind to DNA and RNA, and to its rearrangement product, 2-chloroacetaldehyde, which has been shown to 

bind to protein molecules (Guengerich and Watanabe 1979; Guengerich et al. 1979, 1981; Kappus et al. 

1976; Watanabe et al. 1978a, 1978b). 

3.4.3.2 Oral Exposure  

No studies were located regarding metabolism in humans after oral exposure to vinyl chloride.  

Urinary metabolites identified from rats ingesting 14C-vinyl chloride are consistent with the metabolic 

pathways postulated for inhalation exposure, in particular with the formation of 2-chloroethylene oxide 

and 2-chloroacetaldehyde.  Metabolites identified include N-acetyl-S-(2-hydroxyethyl)cysteine, 

2-chloroacetic acid, and thiodiglycolic acid (Green and Hathway 1975, 1977; Watanabe and Gehring 

1976; Watanabe et al. 1976a).  Metabolic saturation appears to occur with a single gavage dose of 

between 1 and 100 mg/kg/day (Watanabe et al. 1976a). 

3.4.3.3 Dermal Exposure  

No studies were located regarding metabolism in humans or animals after dermal exposure to vinyl 

chloride. 
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3.4.4 Elimination and Excretion 

3.4.4.1 Inhalation Exposure 

Human data suggest that exhalation of unmetabolized vinyl chloride is not an important pathway of 

elimination at low exposure concentrations.  The mean concentration in expired air for humans exposed 

for 6 hours to air containing 2.9–23.5 ppm ranged from 0.21 to 1.11 ppm, representing from 7.23 to 

4.73% of the inhaled amounts, respectively (Krajewski et al. 1980). 

Animal studies indicate that the importance of exhalation of vinyl chloride as a major route of excretion 

varies with the exposure concentration. The mode of excretion of vinyl chloride and its metabolites 

following inhalation exposure of animals to different concentrations reflects the saturation of metabolic 

pathways.  The cumulative excretion of radioactivity over a 72-hour postexposure period was measured in 

rats exposed to 10–1,000 ppm (Watanabe and Gehring 1976; Watanabe et al. 1976b) or 5,000 ppm 

(Watanabe et al. 1978a) 14C-vinyl chloride for 6 hours.  Radioactivity expired as carbon dioxide or vinyl 

chloride, excreted in the urine and feces, and retained in the carcass was expressed as a percentage of the 

total radioactivity recovered.  The results suggest that metabolism was nearly complete at 10 ppm because 

less than 2% of the recovered radioactivity occurred as unchanged parent compound.  The predominant 

route for excretion of radioactive metabolites was through the urine, accounting for about 70% of the 

recovered radioactivity.  Metabolism became saturated at 1,000 ppm, since unchanged vinyl chloride 

increased to 12.3% and urinary radioactivity decreased to 56.3%.  At 5,000 ppm, more than half the 

recovered radioactivity appeared as unchanged vinyl chloride in expired air, and urinary excretion 

accounted for about 27% of the recovered activity. Generally, there was little change in the proportion of 

recovered radioactivity excreted in the feces or exhaled as carbon dioxide.  The percentage of the 

radioactivity retained in the carcass and tissues appeared to be somewhat decreased at 5,000 ppm 

compared with 10 and 1,000 ppm, suggesting preferential retention of metabolites rather than unchanged 

vinyl chloride.  It should be noted that the trend of a greater percentage of vinyl chloride being exhaled at 

higher concentrations in animals is the opposite of what was observed in humans in Krajewski et al. 

(1980).  In humans, a higher percentage of unmetabolized vinyl chloride was found in expired air at lower 

concentrations (Krajewski et al. 1980). However, it is possible that a reversal of this trend would occur in 

humans if concentrations were increased to those used in the animal studies or to concentrations closer to 

the Km for human metabolism. 

Pulmonary excretion of unaltered vinyl chloride in rats followed first-order kinetics regardless of 

exposure concentrations, with half-lives of 20.4, 22.4, and 30 minutes following 6-hour exposures at 10, 
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1,000, and 5,000 ppm, respectively.  The urinary excretion of radioactivity was biphasic, with the second 

or slow phase accounting for less than 3% of the total urinary excretion.  Estimated half-lives for the rapid 

(first-order) phase were 4.6, 4.1, and 4.5 hours, at 10, 1,000, and 5,000 ppm, respectively. Urinary 

metabolites included N-acetyl-S- (2-hydroxyethyl)cysteine, thiodiglycolic acid, and possibly 

S-(2-hydroxyethyl)cysteine (Watanabe et al. 1976b).  Identification of these metabolites of vinyl chloride 

in the urine indicates that vinyl chloride is transformed in the body to a reactive metabolite, which is then 

detoxified by reaction with glutathione (GSH, gamma-glutamylcysteinylglycine).  Subsequently the 

glutamic acid and glycine moieties of the tripeptide are cleaved, and the cysteine conjugate of the reactive 

metabolite of vinyl chloride is either acetylated or further oxidized and excreted.  Thiodiglycolic acid is 

the major metabolite of vinyl chloride detected in the urine of exposed workers (Cheng et al. 2001).  

Urinary thiodiglycolic acid levels were correlated with vinyl chloride levels in air at concentrations 

>5 ppm. 

3.4.4.2 Oral Exposure  

No studies were located regarding excretion in humans after oral exposure to vinyl chloride. 

Single oral doses of 14C-vinyl chloride (0.05, 0.25, 1.0, 20, 100, and 450 mg/kg) were administered to 

rats, and the excretion of radioactivity was monitored over a 72-hour period (Green and Hathway 1975; 

Watanabe and Gehring 1976; Watanabe et al. 1976a).  A striking increase in exhalation of unchanged 

vinyl chloride and compensatory decreases in urinary and fecal excretion of radioactivity and exhalation 

of carbon dioxide were observed at >20 mg/kg, suggesting that metabolic saturation had occurred at that 

dosage. At less than 1.0 mg/kg, the predominant route of elimination was urinary excretion of polar 

metabolites. 

Exhalation of unchanged vinyl chloride was generally complete within 3–4 hours, but excretion of 

metabolites continued for days (Green and Hathway 1975).  Pulmonary excretion of vinyl chloride 

appeared to be monophasic at less than 1.0 mg/kg, with a half-life of about 55–58 minutes (Watanabe et 

al. 1976a). At 100 mg/kg, pulmonary excretion of vinyl chloride was biphasic, with half-lives of 14.4 and 

40.8 minutes for the rapid and slower phases, respectively.  Urinary excretion of radioactivity was 

biphasic, with the rapid phase accounting for more than 97% of total urinary radioactivity and having 

half-lives of 4.5–4.6 hours for dosages of 0.05–100 mg/kg. 
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Metabolites identified in the urine of orally treated rats were consistent with the formation of 

2-chloroethylene oxide and 2-chloroacetaldehyde (Green and Hathway 1977; Watanabe et al. 1976a), as 

postulated for metabolism following inhalation exposure.  The major metabolites were identified as 

thiodiglycolic acid and N-acetyl-S-(2-hydroxyethyl)cysteine (Watanabe et al. 1976a).  

N-Acetyl-S-(2-chloroethyl)cysteine and S-(2-chloroethyl)cysteine have also been identified as having 

smaller amounts of radiolabelled urea, glutamic acid, and 2-chloroacetic acid (Green and Hathway 1975). 

3.4.4.3 Dermal Exposure  

No studies were located regarding excretion in humans after dermal exposure to vinyl chloride. 

When two rhesus monkeys received whole-body (except head) exposure to vinyl chloride gas (800 and 

7,000 ppm) for 2–2.5 hours, although very little vinyl chloride was absorbed, most was excreted in 

expired air (Hefner et al. 1975a).  The percentages of absorbed vinyl chloride that were exhaled were 

0.028 and 0.014% at 700 and 8,000 ppm, respectively (Hefner et al. 1975a). 

3.4.4.4 Other Routes of Exposure 

The elimination of radioactivity following intraperitoneal administration of 14C-vinyl chloride to rats 

resembles the pattern observed following inhalation or oral administration.  Following an intraperitoneal 

dose of 0.25 mg/kg, exhalation of unchanged vinyl chloride, exhalation of carbon dioxide, and urinary 

and fecal excretion of radioactivity accounted for 43.2, 11.0, 43.1, and 1.8% of the administered dose, 

respectively (Green and Hathway 1975).  At 450 mg/kg, exhaled vinyl chloride increased to 96.2% of the 

administered dose, carbon dioxide decreased to 0.7%, urinary radioactivity decreased to 2.6%, and fecal 

radioactivity decreased to 0.1%. 

Doses administered intravenously were eliminated very rapidly and almost entirely by exhalation of 

unchanged vinyl chloride.  Green and Hathway (1975) administered a 0.25-mg/kg intravenous dose of 
14C-vinyl chloride to rats and recovered 80% of the dose within 2 minutes and 99% within 1 hour as 

unchanged compound in expired air. 
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3.4.5 Physiologically Based Pharmacokinetic (PBPK)/Pharmacodynamic (PD) Models  

Physiologically based pharmacokinetic (PBPK) models use mathematical descriptions of the uptake and 

disposition of chemical substances to quantitatively describe the relationships among critical biological 

processes (Krishnan et al. 1994).  PBPK models are also called biologically based tissue dosimetry 

models.  PBPK models are increasingly used in risk assessments, primarily to predict the concentration of 

potentially toxic moieties of a chemical that will be delivered to any given target tissue following various 

combinations of route, dose level, and test species (Clewell and Andersen 1985).  Physiologically based 

pharmacodynamic (PBPD) models use mathematical descriptions of the dose-response function to 

quantitatively describe the relationship between target tissue dose and toxic end points.   

PBPK/PD models refine our understanding of complex quantitative dose behaviors by helping to 

delineate and characterize the relationships between: (1) the external/exposure concentration and target 

tissue dose of the toxic moiety, and (2) the target tissue dose and observed responses (Andersen and 

Krishnan 1994; Andersen et al. 1987). These models are biologically and mechanistically based and can 

be used to extrapolate the pharmacokinetic behavior of chemical substances from high to low dose, from 

route to route, between species, and between subpopulations within a species.  The biological basis of 

PBPK models results in more meaningful extrapolations than those generated with the more conventional 

use of uncertainty factors. 

The PBPK model for a chemical substance is developed in four interconnected steps: (1) model 

representation, (2) model parameterization, (3) model simulation, and (4) model validation (Krishnan and 

Andersen 1994).  In the early 1990s, validated PBPK models were developed for a number of 

toxicologically important chemical substances, both volatile and nonvolatile (Krishnan and Andersen 

1994; Leung 1993).  PBPK models for a particular substance require estimates of the chemical substance-

specific physicochemical parameters, and species-specific physiological and biological parameters.  The 

numerical estimates of these model parameters are incorporated within a set of differential and algebraic 

equations that describe the pharmacokinetic processes.  Solving these differential and algebraic equations 

provides the predictions of tissue dose.  Computers then provide process simulations based on these 

solutions. 

The structure and mathematical expressions used in PBPK models significantly simplify the true 

complexities of biological systems.  If the uptake and disposition of the chemical substance(s) are 

adequately described, however, this simplification is desirable because data are often unavailable for 
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many biological processes.  A simplified scheme reduces the magnitude of cumulative uncertainty.  The 

adequacy of the model is, therefore, of great importance, and model validation is essential to the use of 

PBPK models in risk assessment. 

PBPK models improve the pharmacokinetic extrapolations used in risk assessments that identify the 

maximal (i.e., the safe) levels for human exposure to chemical substances (Andersen and Krishnan 1994).  

PBPK models provide a scientifically sound means to predict the target tissue dose of chemicals in 

humans who are exposed to environmental levels (for example, levels that might occur at hazardous waste 

sites) based on the results of studies where doses were higher or were administered in different species.  

Figure 3-4 shows a conceptualized representation of a PBPK model. 

If PBPK models for vinyl chloride exist, the overall results and individual models are discussed in this 

section in terms of their use in risk assessment, tissue dosimetry, and dose, route, and species 

extrapolations. 

PBPK models are available for vinyl chloride.  The overall results and individual models are discussed in 

this section in terms of their use in risk assessment, tissue dosimetry, and dose, route, and species 

extrapolations. 

Summary of PBPK/PD Models   

Models have been developed to predict the metabolism and distribution of vinyl chloride.  EPA (1987g) 

developed a PBPK model to estimate the metabolized dose of vinyl chloride coupled to a multistage 

model to estimate cancer risk in animals.  This PBPK model consists of four compartments, the liver, fat, 

highly perfused tissue, and poorly perfused tissue.  All metabolism was assumed to occur in the liver by 

one saturable pathway (Michaelis-Menten kinetics) and by a first-order metabolism pathway.  The 

physiologic parameters used were values from an EPA draft "Reference Physiologic Parameters in 

Pharmacokinetic Modeling" by Dr. Curtis Travis of the Oak Ridge National Laboratory. 

The dose delivery of the vinyl chloride model developed by EPA (1987g) was further validated by the Air 

Force (1990b) study with additional vinyl chloride metabolism studies in rats.  At low concentrations, this 

model fit in vivo data in rats by Gehring et al. (1978) well, but at concentrations above 25 ppm, the model 

predicted a greater amount of vinyl chloride metabolism than observed.  The Air Force (1990b) then 

made modifications in the model to improve the fit with actual data.  In the first modification, both vinyl 
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Figure 3-4. Conceptual Representation of a Physiologically Based 
 
Pharmacokinetic (PBPK) Model for a  
 

Hypothetical Chemical Substance 
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Note: This is a conceptual representation of a physiologically based pharmacokinetic (PBPK) model for a 
hypothetical chemical substance.  The chemical substance is shown to be absorbed via the skin, by inhalation, or by 
ingestion, metabolized in the liver, and excreted in the urine or by exhalation. 
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chloride and the epoxide metabolite were assumed to react with glutathione.  This model had difficulty 

predicting glutathione depletion at high doses; for example, it predicted glutathione depletions higher than 

observed at 4,600–5,800 ppm vinyl chloride.  The second alternative model, in which only the product of 

the first-order metabolism was assumed to react with glutathione, also predicted glutathione depletions 

higher than observed at high concentrations.  To improve the model, the investigators suggested the 

addition of a low-affinity glutathione pathway. 

Using data obtained from Wright-Patterson Air Force Base, the Air Force (1990b) extended the first 

glutathione conjugation model, developed in rats, to different strains of rats, mice, and hamsters.  Vinyl 

chloride gas uptake experiments were completed in which animals were exposed to various 

concentrations of vinyl chloride in closed chambers for up to 6 hours, and the disappearance of vinyl 

chloride was monitored.  The glutathione content of the animals was also measured immediately after 

exposure. Using data from these studies and the physiologic parameters shown in Table 3-6, the 

investigators estimated metabolic parameters for vinyl chloride and the rate constant for the conjugation 

of vinyl chloride with glutathione (Table 3-7).  Using the metabolic parameters determined from the gas 

uptake experiments, the model predictions showed good agreement with the actual data for all the strains 

tested. It does not appear that the investigators further validated the model with data from studies other 

than those used to determine the metabolic parameters.  This model was not used to estimate metabolized 

doses for humans because the investigators indicated that human data to estimate all the required 

parameters were not available.  They suggested that allometry may have to be used to estimate some of 

the parameters for humans. 

Clewell et al. (1995) used PBPK modeling coupled with a linearized multistage model to predict human 

cancer risk. The model again had four compartments as described for the EPA (1987g) study, and the 

same EPA physiologic parameters were used.  Partition coefficients were from in vitro experiments and 

are shown in Table 3-4. Metabolism was modeled by two saturable pathways:  one high affinity, low 

capacity (P450 2E1), and one low affinity, high capacity (2C11/6 and 1A1/2).  The metabolic parameters 

used were not provided, but they were estimated from the Air Force (1990b) model.  This model assumed 

that the metabolites (chloroethylene oxide and chloroacetaldehyde) were further degraded to carbon 

dioxide, or reacted with glutathione, or reacted with DNA.  The parameters (not stated) for reactions of 

the metabolites were estimated from vinylidene chloride data (D'Souza and Andersen 1988) using 

appropriate allometric scaling.  Based on this PBPK model and a linearized multistage model using liver 

angiosarcoma data from animal studies, the human risk estimates for lifetime exposure to 1 ppb vinyl 

chloride ranged from 1.1 to 15.7/million persons (Clewell et al. 1995).  Based on the incidence of liver  
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Table 3-6. Physiological Parameters Used to Estimate Parameters from Vinyl 
 
Chloride Gas Uptake Experimentsa
 

Parameter Rats Mice Hamsters 
Ventilation rate (L/hour/body weight0.74) 14 23–25b 13 

Total cardiac output (L/hour/body weight0.74) 14 23–25b 13 

Blood flow to the liver (fraction of total cardiac output) 0.25 0.24 0.24 

Blood flow to highly perfused tissue (fraction of total cardiac output) 0.51 0.52 0.52 

Blood flow to fat (fraction of total cardiac output) 0.09c 0.05 0.09 

Blood flow to poorly perfused tissue (fraction of total cardiac output) 0.15c 0.20 0.15 

Volume of tissue (L/body weight) 0.04 0.04 0.04 

Volume of highly perfused tissue (L/body weight) 0.04 0.05 0.05 

Volume of fat tissue (L/body weight) 0.07–0.1d 0.04 0.07 

Volume of poorly perfused tissue (L/body weight) 0.72–0.75d 0.78 0.75 

aAir Force 1990b; units of body weight were not provided. 
 
bVentilation rates and total cardiac outputs were 23 for male B6C3F1 mice, 25 for female B6C3F1 mice, 28 for female 
 
CD-1 mice, and 35 for male CD-1 mice. 
 
cMale Wistar rats blood flow to fat = 0.08 and blood flow to slowly perfused tissue = 0.16. 
 
dFemale F-344 and female Wistar rats had volume of fat tissue = 0.07 and volume of slowly perfused tissue = 0.75; 
 
male F-344 and female Wistar rats had volume of fat tissue = 0.08 and volume of slowly perfused tissue = 0.74; 
 
male Wistar rats and male CDBR rats had volume of fat tissue = 0.1 and volume of slowly perfused tissue = 0.72. 
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Table 3-7. Estimates of Metabolic Parameters Obtained from Gas Uptake 
 
Experiments 
 

Species Strain Sex 

Vmax/body weight0.7 

(mg/hour/body 
weight0.7) 

Kfc 
(body weight0.3/ 
hour) 

Kgsc 
(body weight0.3/hour/μmol/L 
GSH) 

Rat CDBR M 2.5 0.63 ND 

F 2.47 1.0 0.000241 

 F-344 M 3.17 1.08 0.000249 

F 2.95 1.03 0.000227 

 Wistar M 3.11 0.45 0.000093 

F 2.97 1.55 0.00040 

Mouse B6C3F1 M 5.89 5.5 0.000827 

F 5.53 8.93 0.00167 

CD-1 M 6.99 5.1 0.000563 

F 5.54 6.62 0.000809 

Hamster Golden M 4.94 1.67 ND 
Syrian 

F 4.76 2.06 0.000330 

Source: Air Force 1990b 

F = female; GSH = glutathione; Kfc = first order of epoxide formation; Kgsc = rate constant for conjugation of vinyl 
chloride with glutathione; M = male; ND = not determined; Vmax = maximum velocity of reaction 
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angiosarcoma in human epidemiological studies, the risk estimates for lifetime exposure to 1 ppb vinyl 

chloride were 0.4–4.22/million persons.  Clewell et al. (1995) indicated that the risk estimates in the 

occupational exposure range using PBPK modeling are about 30–50 times lower than estimates using 

external dose calculations based on the linearized multistage model. 

Reitz et al. (1996) also developed a PBPK model that coupled measures of delivered dose in rats to a 

linearized multistage model to predict the incidence of hepatic angiosarcoma in mice and humans.  The 

model incorporated four compartments—fat, muscle, rapidly perfused tissues, and liver.  Physiological 

parameters in the model were based on similar ones used in an earlier multispecies PBPK model 

developed for methylene chloride.  Partition coefficients were estimated by vial equilibration techniques 

similar to those described in the Air Force (1990b) study.  Metabolic rate constants were obtained from in 

vivo gas uptake experiments performed at Wright-Patterson Air Force Base. 

Based on the PBPK-based procedure utilized by Reitz et al. (1996), the predicted human risk estimates 

ranged from about 200 cases/100,000 (for workers employed 10 years at a plant where the TWA was 

50 ppm) to almost 4,000 cases/100,000 in workers employed for 20 years in a plant where the TWA was 

2,000 ppm.  The predictions of human risk were compared with the data reported by Simonato et al. 

(1991).  The predictions of angiosarcoma incidence in humans were almost an order of magnitude higher 

than actually observed in exposed human populations, and were more than two orders of magnitude lower 

than risk estimations that did not utilize pharmacokinetic data. 

Clewell et al. (2001) futher refined the PBPK model for vinyl chloride and this model was applied by the 

EPA to develop quantitative toxicity values for vinyl chloride (i.e., reference dose [RfD], reference 

concentration [RfC], inhalation unit risk, oral slope factor) (EPA 2000).  The model had four 

compartments and metabolism was modeled by two saturable pathways:  one high affinity, low capacity 

(P450 2E1), and one low affinity, high capacity (2C11/6 and 1A1/2).  A description of glutathione 

kinetics was also included in the model.  Cancer risk estimates in the occupational exposure range 

calculated using the PBPK model were consistent with risk estimates from epidemiological studies and 

were approximately 80-fold lower than cancer risk estimates from animal studies without PBPK 

modeling.  The inhalation portion of the PBPK model is well documented with experimental inhalation 

data sufficient to ensure a high degree of confidence in the derived dose metrics. Less confidence is 

associated with the oral dose metrics due to the limited experimental data available (EPA 2000). 
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The Clewell et al. (2001) model was also recently applied to evaluate the potential impact of age- and 

gender-specific pharmacokinetic differences on the dosimetry of vinyl chloride (Clewell et al. 2004).  The 

rate of metabolite production per volume of liver was estimated to rise rapidly from birth until about 

age 16, after which it remains relatively constant before rising again late in life.  Other factors that may 

affect vinyl chloride toxicity at early life stages include the presence of fetal P450s and the level of 

glutathione transferase. 

The PBPK model described in Clewell et al. (2001) and EPA (2000) was used to derive the chronic-

duration oral MRL.  The chronic oral MRL for vinyl chloride is based on the same critical effect as that 

used by EPA (2000) to derive the RfD for vinyl chloride (i.e., the NOAEL for liver cell polymorphism in 

the oral rat study of Til et al. 1983, 1991).  Source code and parameter values for running the rat and 

human models in Advance Continuous Simulation Language (ACSL) were transcribed from Appendix C 

of EPA (2000).  Exposures in the Til et al. (1983, 1991) rat dietary study were simulated as 4-hour oral 

exposures with the NOAEL dose for liver effects of 0.17 mg/kg/day.  A 4-hour feeding period was used 

in the study due to the rapid evaporative loss of vinyl chloride from the food.  The total amount of vinyl 

chloride metabolized in 24 hours per liter of liver volume was the rat internal dose metric that was used in 

determining the human dose that would result in an equivalent human dose metric.  One kilogram of liver 

was assumed to have an approximate volume of 1 L.  Dose metrics reflect the cumulative amount of vinyl 

chloride metabolized over the 24-hour period.  The human model was run iteratively, until the model 

converged with the internal dose estimate for the rat (3.16 mg/L liver).  The human dose was assumed to 

be uniformly distributed over a 24-hour period with the resulting human equivalent dose of 

0.09 mg/kg/day.  Therefore, the human equivalent dose of 0.09 mg/kg/day, associated with the rat 

NOAEL of 0.17 mg/kg/day (Til et al. 1983, 1991), served as the basis for the chronic-duration oral MRL 

for vinyl chloride.  A total uncertainty factor of 30 (3 for extrapolating from animals to humans using a 

dose metric conversion and 10 for human variability) was applied to yield the chronic-duration oral MRL 

of 0.003 mg/kg/day (see Appendix A for more detailed information regarding the application of the PBPK 

modeling in deriving the chronic-duration oral MRL for vinyl chloride). 

3.5 MECHANISMS OF ACTION  

3.5.1 Pharmacokinetic Mechanisms 

Absorption.    Vinyl chloride appears to be rapidly and completely absorbed following inhalation and 

oral exposure (Bolt et al. 1977; Krajewski et al. 1980; Watanabe et al. 1976a; Withey 1976).   
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Distribution.    Distribution of vinyl chloride in the body is rapid and widespread.  Storage is limited by 

rapid metabolism and excretion (Bolt et al. 1976a).   

Metabolism.    Vinyl chloride is metabolized by mixed function oxidases (MFO) to form an epoxide 

intermediate, 2-chloroethylene oxide, which spontaneously rearranges to form 2-chloroacetaldehyde.  

Reactive metabolites of vinyl chloride are detoxified by a reaction with glutathione.  The glutamic acid 

and glycine moieties of the tripeptide are cleaved, and the cysteine conjugate of the reactive metabolite is 

either acetylated or further oxidized and excreted. 

Excretion. The primary route of excretion of metabolites of vinyl chloride is through urine.  Urinary 

metabolites that have been identified include N-acetyl-S-(2-hydroxyethyl)cysteine, thiodiglycolic acid, 

and possibly S-(2-hydroxyethyl)cysteine (Watanabe et al. 1976b).  Exhalation of unmetabolized vinyl 

chloride is not an important pathway of elimination by humans after exposure to low concentrations.  The 

importance of exhalation of vinyl chloride varies with the exposure concentration.  At low exposure 

concentrations, little vinyl chloride is excreted unchanged in exhaled air.  However, vinyl chloride can be 

excreted unchanged in exhaled air if metabolic pathways become saturated at high exposure 

concentrations (Green and Hathway 1975; Watanabe and Gehring 1976; Watanabe et al. 1976a, 1978a). 

3.5.2 Mechanisms of Toxicity 

The mechanisms of toxicity for noncancer effects of vinyl chloride have not been completely elucidated.  

Vinyl chloride disease exhibits many of the characteristics of autoimmune diseases (Raynaud's 

phenomenon and scleroderma).  B-cell proliferation, hyperimmunoglobulinemia, and complement 

activation, as well as increased circulating immune complexes or cryoglobulinemia, have been noted in 

affected workers, indicating stimulation of immune response (Bogdanikowa and Zawilska 1984; Grainger 

et al. 1980; Ward 1976).  Mechanisms for the vascular changes, such as those occurring with Raynaud's 

phenomenon, have been proposed by Grainger et al. (1980) and Ward (1976).  According to these 

mechanisms, a reactive vinyl chloride intermediate metabolite, such as 2-chloroethylene oxide or 

2-chloroacetaldehyde, binds to a protein such as IgG.  The altered protein initiates an immune response, 

with deposition of immune products along the vascular endothelium.  Circulating immune complexes are 

proposed to precipitate in response to exposure to the cold, and these precipitates are proposed to produce 

blockage of the small vessels.  Resorptive bone changes in the fingers, also characteristic of vinyl chloride 

disease, may be due to activation of osteoclast secondary to vascular insufficiency in the finger tips, but 
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this mechanism has not been conclusively demonstrated.  Scleroderma is an autoimmune disease of 

unknown etiology.  It is characterized clinically by cutaneous and visceral fibrosis and can range from 

limited skin involvement to extensive cutaneous sclerosis with internal organ changes.  It has been 

proposed that fetal cells may be involved in the pathogenesis of scleroderma.  An increase in the number 

of microchimeric cells of fetal origin was reportedly associated with dermal fibrosis in mice injected with 

vinyl chloride (Christner et al. 2001).   

It has been hypothesized that cardiac arrhythmia reported after vinyl chloride exposure may result from 

sensitization of the heart to circulatory catecholamines, as occurs with other halogenated hydrocarbons.  

This was demonstrated in a dog study where the EC50 for cardiac sensitization was determined to be 

50,000 ppm (Clark and Tinston 1973).  Cardiac sensitization by halogenated hydrocarbons generally 

occurs at very high air concentrations (0.5–90%) (Brock et al. 2003).  Therefore, it appears unlikely that 

persons exposed to low levels of vinyl chloride will experience these effects.    

Peripheral nervous system symptoms such as paresthesia, numbness, weakness, warmth in the 

extremities, and pain in the fingers have been reported after vinyl chloride exposure (Langauer-

Lewowicka et al. 1983; NIOSH 1977; Suciu et al. 1963, 1975).  It is not known whether these effects 

represent direct adverse effects of vinyl chloride on peripheral nerves or whether they are associated with 

tissue anoxia due to vascular insufficiency. 

Vinyl chloride is a known human and animal carcinogen.  It has been associated with both an increased 

incidence of hepatic angiosarcomas and hepatotoxicity.  The mechanism for these liver effects has been 

studied to some extent. Vinyl chloride is metabolized by MFO to form an epoxide intermediate, 

2-chloroethylene oxide, which spontaneously rearranges to form 2-chloroacetaldehyde.  Reactive 

metabolites of vinyl chloride can be transported intercellularly from parenchymal cells to the 

nonparenchymal cells (Kuchenmeister et al. 1996).  Many studies have characterized the mutation profile 

associated with DNA adducts formed by the reactive metabolites of vinyl chloride (Akasaka et al. 1997; 

Chiang et al. 1997; Dosanjh et al. 1994; Guichard et al. 1996; Matsuda et al. 1995; Pandya and Moriya 

1996; Zhang et al. 1995; Zielinski and Hergenhahn 2000).  Four primary DNA adducts are formed by the 

reactive metabolites of vinyl chloride.  These are cyclic etheno-adducts that include 1,N6-ethenoadenine, 

3,N4-ethenocytosine, N2,3-ethenoguanine, and 1,N2-ethenoguanine.  These adducts can produce base-pair 

(i.e., purine-to-purine or pyrimidine-to-pyrimidine exchange) transitions during transcription (Cullinan et 

al. 1997; Pandya and Moriya 1996; Singer et al. 1987, 1996).  DNA crosslinks can also be formed 

because chloracetaldehyde is bifunctional (Singer 1994).  
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The role of etheno-adducts in the carcinogenesis of vinyl chloride has been recently reviewed (Albertini 

et al. 2003, Barbin 1998, 2000; Kielhorn et al. 2000; Laib 1986; Whysner et al. 1996).  2-Chloroethylene 

oxide and 2-chloroacetaldehyde can both react with DNA nucleotide bases; however, 2-chloroethylene 

oxide is a more potent mutagen and may be the ultimate carcinogenic metabolite of vinyl chloride 

(Chiang et al. 1997). Etheno-adducts generate mainly base pair substitiution mutations.  Mutations in 

specific genes (i.e., ras oncogenes, p53 tumor suppressor gene) have been identified in vinyl chloride-

induced liver tumors in rats and humans and are discussed in further detail in Section 3.3. 

The mechanisms for clastogenic effects of vinyl chloride exposure were examined by Fucic et al. (1990). 

Since chromatid and bichromatid breaks most frequently occurred in the terminal A, B, and C group 

chromosomes, these investigators suggested that vinyl chloride or its metabolites might interact with 

specific sites along the chromosome.  This implies that the carcinogenicity induced by vinyl chloride can 

be explained in part by its nonrandom interaction with particular genes. 

Liver toxicity has been demonstrated in workers exposed vinyl chloride (Berk et al. 1975; Falk et al. 

1974; Gedigke et al. 1975; Ho et al. 1991; Jones and Smith 1982; Lilis et al. 1975; Liss et al. 1985; 

Marsteller et al. 1975; NIOSH 1977; Popper and Thomas 1975; Suciu et al. 1975; Tamburro et al. 1984; 

Vihko et al. 1984). The mechanism for liver toxicity is thought to be related to the production of reactive 

metabolites that covalently bind to liver proteins, resulting in cellular toxicity (Kappas et al. 1975).  The 

intermediary metabolites, 2-chloroethylene oxide and 2-chloroacetaldehyde, bind to macromolecules in 

the body. 2-Chloroethylene oxide is believed to bind primarily to DNA and RNA, whereas 

2-chloroacetaldehyde binds primarily to proteins (Bolt 1986; Guengerich and Watanabe 1979; 

Guengerich et al. 1979, 1981; Kappus et al. 1976; Watanabe et al. 1978a, 1978b). 

3.5.3 Animal-to-Human Extrapolations 

Limited information is available regarding the toxicokinetic differences between species.  Toxicokinetic 

data in humans are limited (Krajewski et al. 1980; Sabadie et al. 1980), but a primate study suggested that 

metabolism may saturate at lower concentrations in primates than in rats (Buchter et al. 1980), which is 

suggestive of a lower saturation point in humans.  Exposure concentrations greater than about 300– 

400 ppm in the primate study showed saturation characteristics (Buchter et al. 1980).  PBPK models have 

been developed to predict the metabolism and distribution of vinyl chloride in laboratory animals and 

humans (see Section 3.4.5).  The most recent PBPK model for vinyl chloride (Clewell et al. 2001) was 
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applied by the EPA to develop quantitative toxicity values for vinyl chloride (i.e., RfD, RfC, inhalation 

unit risk, oral slope factor) (EPA 2000). The model had four compartments and metabolism was modeled 

by two saturable pathways:  one high affinity, low capacity (P450 2E1), and one low affinity, high 

capacity (2C11/6 and 1A1/2).  A description of glutathione kinetics was also included in the model.  

Cancer risk estimates calculated using the PBPK model were consistent with risk estimates from 

epidemiological studies. 

Correlation of toxic effects between humans and animals with regard to respiratory, cardiovascular, 

hematological, hepatic, dermal, immunological, neurological, reproductive, and cancer effects has been 

noted. Renal effects, including increased relative kidney weight and an increase in severity of tubular 

nephrosis, have been reported in several rat studies (Bi et al. 1985; Feron and Kroes 1979; Feron et al. 

1979a), but no evidence of renal effects has been shown in humans.  Thus, it is unclear whether the renal 

effects reported in rats represent a lesion that can be attributed to vinyl chloride exposure that is unique to 

rats or whether the effects represent an increase in severity of a naturally occurring lesion.  From the 

limited data available, however, it does not appear that the rat is the most appropriate species for use in 

studies of renal toxicity. 

3.6 TOXICITIES MEDIATED THROUGH THE NEUROENDOCRINE AXIS 

Recently, attention has focused on the potential hazardous effects of certain chemicals on the endocrine 

system because of the ability of these chemicals to mimic or block endogenous hormones.  Chemicals 

with this type of activity are most commonly referred to as endocrine disruptors.  However, appropriate 

terminology to describe such effects remains controversial.  The terminology endocrine disruptors, 

initially used by Thomas and Colborn (1992), was also used in 1996 when Congress mandated the EPA to 

develop a screening program for “...certain substances [which] may have an effect produced by a 

naturally occurring estrogen, or other such endocrine effect[s]...”.  To meet this mandate, EPA convened a 

panel called the Endocrine Disruptors Screening and Testing Advisory Committee (EDSTAC), and in 

1998, the EDSTAC completed its deliberations and made recommendations to EPA concerning endocrine 

disruptors.  In 1999, the National Academy of Sciences released a report that referred to these same types 

of chemicals as hormonally active agents. The terminology endocrine modulators has also been used to 

convey the fact that effects produced by such chemicals may not necessarily be adverse.  Many scientists 

agree that chemicals with the ability to disrupt or modulate the endocrine system are a potential threat to 

the health of humans, aquatic animals, and wildlife.  However, others think that endocrine-active 

chemicals do not pose a significant health risk, particularly in view of the fact that hormone mimics exist 
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in the natural environment.  Examples of natural hormone mimics are the isoflavinoid phytoestrogens 

(Adlercreutz 1995; Livingston 1978; Mayr et al. 1992).  These chemicals are derived from plants and are 

similar in structure and action to endogenous estrogen.  Although the public health significance and 

descriptive terminology of substances capable of affecting the endocrine system remains controversial, 

scientists agree that these chemicals may affect the synthesis, secretion, transport, binding, action, or 

elimination of natural hormones in the body responsible for maintaining homeostasis, reproduction, 

development, and/or behavior (EPA 1997).  Stated differently, such compounds may produce toxicities 

that are mediated through the neuroendocrine axis.  As a result, these chemicals may play a role in 

altering, for example, metabolic, sexual, immune, and neurobehavioral functions.  Such chemicals are 

also thought to be involved in inducing breast, testicular, and prostate cancers, as well as endometriosis 

(Berger 1994; Giwercman et al. 1993; Hoel et al. 1992). 

Vinyl chloride has not been classified as an endocrine modulator; however, adverse reproductive and 

developmental effects have been reported in human and laboratory animal studies.  Effects on the thyroid 

gland have also been reported.   

A number of case studies of male workers occupationally exposed to vinyl chloride report sexual 

impotence, loss of libido, and decreased androgen secretion (Suciu et al. 1975; Veltman et al. 1975; 

Walker 1976).  Preeclampsia (i.e., elevated blood pressure and edema during pregnancy) was reported in 

female workers exposed to vinyl chloride (Bao et al. 1988).  Animal studies indicate that exposure to 

vinyl chloride can result in a decrease in testicular function (Bi et al. 1985; Sokal et al. 1980); however, 

these effect appears to be due to direct toxicity at the target organ and are not related to a hormone-

mediated mechanism of action.    

Reproductive capability was not affected in a 2-generation inhalation reproductive toxicity study in rats 

(Thornton et al. 2002).  No effects were seen in body weight, feed consumption, ability to reproduce, 

gestation index or length, or pre- and postweaning developmental landmarks.  Sperm counts, motility, and 

morphology were also unaffected by vinyl chloride exposure.  Changes were observed in liver weights 

and/or histopathological alterations in the liver of F0 and F1 generation male and female rats.  No effect 

was observed on male fertility or pre- or postimplantation loss in mice following an acute exposure to 

vinyl chloride (i.e., 30,000 ppm, 6 hours/day, 5 days/week) (Anderson et al. 1976).  In contrast, exposure 

of male rats to concentrations as low as 250 ppm for 6 hours/day, 5 days/week for 11 weeks produced a 

decrease in the ratio of pregnant to mated females, indicating a decrease in male fertility; this effect was 

not observed at 50 ppm (Short et al. 1977).  
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Although evidence has been presented indicating that members of communities with nearby vinyl 

chloride polymerization facilities have significantly greater incidences of some forms of developmental 

toxicity, these studies failed to demonstrate a statistically significant correlation between the 

developmental toxicity and either parental occupation or proximity to the facility (Edmonds et al. 1978; 

Infante et al. 1976b; Rosenman et al. 1989; Theriault et al. 1983). Vinyl chloride did not correlate with 

changes in gender ratio, birth weight or height, perinatal mortality, or the incidence of congenital 

abnormalities in mothers occupationally exposed to vinyl chloride for more than 1 year (Bao et al. 1988).   

There are inconsistencies in the developmental toxicity database for the vinyl chloride.  In general, vinyl 

chloride produced minor developmental effects in laboratory animals (i.e., delayed ossification) only at 

concentrations that were significantly toxic to maternal animals.  Maternal toxicity was evident in mice, 

rats, and rabbits exposed throughout the period of organogenesis.  Adverse fetal effects included delayed 

ossification (all species), increased crown-rump length (mice and rats), and vertebral lumbar spurs (rats).  

Mice were the most sensitive species investigated (John et al. 1977, 1981).  Ungvary et al. (1978) 

reported a significant increase in resorptions in rats exposed to vinyl chloride during the first trimester of 

pregnancy.  Increased liver-to-body weight ratios were observed in maternal animals exposed during the 

first and second trimesters, but no histopathologic alterations were found.  Continuous exposure of rats to 

vinyl chloride throughout gestation resulted in decreased fetal weight and increased early 

postimplantation loss, hematomas, and hydrocephaly with intracerebral hematoma.  Weanling rats 

displayed hepatotoxic effects including decreased bile enzyme activity, decreased bile secretion, 

decreased cholic acid content, and increased hexobarbital sleep time.  No histological data on the livers of 

pups, or information regarding maternal health were presented (Mirkova et al. 1978). 

In contrast with previous studies, no adverse effects were reported in an embryo-fetal developmental 

toxicity study conducted in rats exposed to similar concentrations of vinyl chloride via inhalation 

(Thornton et al. 2002).  Embryo-fetal developmental parameters including uterine implantation, fetal 

gender distribution, fetal body weight, and fetal malformations and variations were not affected by vinyl 

chloride exposure. Vinyl chloride produced a slight decrease in maternal body weight gain at all 

exposure levels; however, no changes were observed in feed consumption, clinical signs, or postmortem 

gross findings.  Maternal liver and kidney weights were increased relative to total body weight. 
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The developmental toxicity of vinyl chloride was examined using an in vitro whole embryo culture 

system (Zhao et al. 1996).  Vinyl chloride induced embryo growth retardation, but was not shown to be 

teratogenic in the rat in vitro whole embryo culture system. 

A study of workers exposed to vinyl chloride in PVC manufacturing plants reported that most workers 

who presented with scleroderma were shown to have thyroid insufficiency (Suciu et al. 1963).  No 

histopathological effects on the adrenals were reported in guinea pigs exposed to 400,000 ppm for 

30 minutes (Mastromatteo et al. 1960).  Rats exposed to 30,000 ppm vinyl chloride 5 days/week, 

4 hours/day for 12 months, were found to have colloid goiter and markedly increased numbers of 

perifollicular cells (Viola 1970). 

3.7 CHILDREN’S SUSCEPTIBILITY  

This section discusses potential adverse health effects from exposures during the period from conception 

to maturity at 18 years of age in humans, when all biological systems will have fully developed.  Potential 

effects on offspring resulting from exposures of parental germ cells are considered, as well as any indirect 

effects on the fetus and neonate resulting from maternal exposure during gestation and lactation.  

Relevant animal and in vitro models are also discussed. 

Children are not small adults.  They differ from adults in their exposures and may differ in their 

susceptibility to hazardous chemicals.  Children’s unique physiology and behavior can influence the 

extent of their exposure and the nature of their response to toxicants.  Exposures of children are discussed 

in Section 6.6, Exposures of Children. 

Children sometimes differ from adults in their susceptibility to hazardous chemicals, but whether there is 

a difference depends on the chemical (Guzelian et al. 1992; NRC 1993).  Children may be more or less 

susceptible than adults to adverse health effects, and the relationship may change with developmental age 

(Guzelian et al. 1992; NRC 1993).  Vulnerability often depends on developmental stage.  There are 

critical periods of structural and functional development during both prenatal and postnatal life and a 

particular structure or function will be most sensitive to disruption during its critical period(s).  Damage 

may not be evident until a later stage of development.  There are often differences in pharmacokinetics 

and metabolism between children and adults.  For example, absorption may be different in neonates 

because of the immaturity of their gastrointestinal tract and their larger skin surface area in proportion to 

body weight (Morselli et al. 1980; NRC 1993); the gastrointestinal absorption of lead is greatest in infants 
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and young children (Ziegler et al. 1978).  Distribution of xenobiotics may be different; for example, 

infants have a larger proportion of their bodies as extracellular water and their brains and livers are 

proportionately larger (Altman and Dittmer 1974; Fomon 1966; Fomon et al. 1982; Owen and Brozek 

1966; Widdowson and Dickerson 1964).  The infant also has an immature blood-brain barrier (Adinolfi 

1985; Johanson 1980) and probably an immature blood-testis barrier (Setchell and Waites 1975).  Many 

xenobiotic metabolizing enzymes have distinctive developmental patterns.  At various stages of growth 

and development, levels of particular enzymes may be higher or lower than those of adults, and 

sometimes unique enzymes may exist at particular developmental stages (Komori et al. 1990; Leeder and 

Kearns 1997; NRC 1993; Vieira et al. 1996).  Whether differences in xenobiotic metabolism make the 

child more or less susceptible also depends on whether the relevant enzymes are involved in activation of 

the parent compound to its toxic form or in detoxification.  There may also be differences in excretion, 

particularly in newborns who all have a low glomerular filtration rate and have not developed efficient 

tubular secretion and resorption capacities (Altman and Dittmer 1974; NRC 1993; West et al. 1948).  

Children and adults may differ in their capacity to repair damage from chemical insults.  Children also 

have a longer remaining lifetime in which to express damage from chemicals; this potential is particularly 

relevant to cancer. 

Certain characteristics of the developing human may increase exposure or susceptibility, whereas others 

may decrease susceptibility to the same chemical.  For example, although infants breathe more air per 

kilogram of body weight than adults breathe, this difference might be somewhat counterbalanced by their 

alveoli being less developed, which results in a disproportionately smaller surface area for alveolar 

absorption (NRC 1993). 

No studies were located that specifically address the effects of vinyl chloride in children.  The effects that 

have been reported to occur in humans come almost exclusively from studies of workers exposed to high 

concentrations of vinyl chloride by inhalation.  Although the effects observed in human adults could also 

be observed in children, it is important to note that occupational exposure concentrations are likely to be 

much greater than environmental levels to which children might be exposed.  The toxicological effects 

reported in adult vinyl chloride workers include cardiovascular, gastric, hematologic, musculoskeletal, 

hepatic, endocrine, dermal, ocular, immunologic, neurologic, and reproductive effects as well as cancer 

and death. 

Some epidemiologic studies (Infante 1976; Infante et al. 1976a, 1976b; NIOSH 1977) have suggested an 

association between birth defects and vinyl chloride exposure of the parents of affected children.  
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However, the design and analysis of these studies has been criticized (Hatch et al. 1981; Stallones 1987).  

Some inhalation studies with animals have suggested that vinyl chloride is a developmental toxicant (i.e., 

produces delayed ossification) at doses that also produce maternal toxicity (John et al. 1977, 1981; 

Mirkova et al. 1978; Sal'nikova and Kotsovskaya 1980; Ungvary et al. 1978).  However, no adverse 

effects on embryo-fetal development were noted in a recent inhalation study in rats conducted using 

similar concentrations of vinyl chloride (Thornton et al. 2002).   

Carcinogenicity studies with animals indicate that some of the adverse health effects of vinyl chloride are 

dependent on the age of the animal at the time of the exposure.  Thus, higher death rates were observed 

when 2-month-old female hamsters, mice, and rats (equivalent to adolescent humans) were exposed to 

vinyl chloride in the air for 12 months than when 8- or 14-month-old animals were exposed (Drew et al. 

1983).  Lifetime cancer risk was also dependent on the age of the animals at the time of exposure to vinyl 

chloride. The incidence of hemangiosarcoma of the liver, skin, and spleen, and angiosarcoma of the 

stomach was greater in animals exposed by inhalation for 12 months starting immediately after weaning 

than in animals that were 1 year older at the time of exposure (Drew et al. 1983).  The incidence of 

mammary gland carcinoma was higher in 2- or 8-month-old hamsters exposed to 200 ppm vinyl chloride 

for 6 months than in 14- or 20-month-old hamsters exposed to the same concentration and for the same 

duration (Drew et al. 1983).  These results demonstrate the importance of the latency period for vinyl 

chloride-induced carcinogenesis.  Animals that were exposed at a younger age had a longer post-exposure 

period for the development of tumors.  It is difficult to assess the sensitivity of younger animals to cancer 

in this study because the same exposure concentrations were used for each age group.  Exposures were 

most effective in producing cancer when started early in life (Drew et al. 1983). 

Maltoni et al. (1981) evaluated the effect of vinyl chloride dosing on liver carcinogenicity in Sprague-

Dawley rats.  Rats were exposed to 0, 6,000, or 10,000 ppm vinyl chloride for 100 hours, beginning either 

at 1 day or at 13 weeks of age.  The incidence of angiosarcoma of the liver in newborn rats exposed for 

only 5 weeks was higher than the incidence observed in rats exposed for 52 weeks beginning at 13 weeks.  

Hepatoma incidence was approximately 50% in newborn rats exposed for 5 weeks, but did not occur in 

rats exposed for 52 weeks after maturity.  The increased tumor incidence combined with the production 

additional tumor types (i.e., angiosarcomas and hepatomas) suggest that newborn rats may be more 

sensitive to vinyl-chloride induced carcinogenicity. 

An age-related increase in DNA adduct formation was noted in an inhalation study of lactating rats and 

their 10-day-old pups exposed to 600 ppm of vinyl chloride, 4 hours/day for 5 days (Fedtke et al. 1990).  
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Concentrations of two adducts found in liver of pups were 4-fold higher than those found in liver of 

dams; however, pups were exposed to contaminated breast milk in addition to air concentrations vinyl 

chloride. In another study, immature rats exposed to vinyl chloride formed 6 times more etheno­

nucleosides compared with adults (Ciroussel et al. 1990).  The concentration of ethenoguanine adducts 

was 2–3-fold greater in weanling rats as compared to adult rats exposed at the same dose for the time 

period (0, 10, 100, or 1,100 ppm, 6 hours/day for 5 days) (Morinello et al. 2002a).   

Vinyl chloride induced preneoplastic foci in newborn rats, but not in mature rats (Laib et al. 1985).  A 

study with newborn male or female Wistar rats exposed to 2,000 ppm vinyl chloride indicated that the 

induction of preneoplastic hepatocellular lesions in rats by vinyl chloride is restricted to an early stage in 

the life of the animals.  The early-life stage sensitivity to the induction of tumors in animals exposed to 

vinyl chloride appears to be related to the induction by vinyl chloride of hepatic adenosine-5’-triphos­

phatase (ATPase) deficient enzyme altered foci, which are putative precursors of hepatocellular 

carcinoma. 

Taken together, the studies cited above suggest an early life stage sensitivity to vinyl chloride 

carcinogenicity (Cogliano et al. 1996). EPA has recommended an adjustment of the cancer risk estimates 

to account for early life-stage sensitivity to vinyl chloride (EPA 2000; Ginsberg 2003). 

No studies were located that specifically address the toxicokinetics of vinyl chloride in children; however, 

the toxicokinetic behavior of vinyl chloride in children is expected to be similar to that in adults.  An 

evaluation of pharmacokinetic differences across life stages suggests that the largest difference in 

pharmacokinetics occurs during the perinatal period (Gentry et al. 2003).  The most important factor 

appears to be the potential for decreased clearance due to immature metabolic enzymes systems; however, 

an analysis of CYP2E1 levels during development suggests that protein levels and enzyme activity in 

children between 1 and 10 years old are comparable to adults (EPA 2001).  This enzyme is not expressed 

in the embryonic liver, but rapidly increases during the first 24 hours after birth.  Young children appear 

capable of metabolizing vinyl chloride to reactive intermediates that form DNA adducts that lead to 

cancer. A PBPK model was also recently applied to evaluate the potential impact of age- and gender-

specific pharmacokinetic differences on the dosimetry of vinyl chloride (Clewell et al. 2004).  The rate of 

metabolite production per volume of liver was estimated to rise rapidly from birth until about age 16, after 

which it remains relatively constant before rising again late in life.  The data on CYP2E1 levels in the 

developing organism suggests that early life stage sensitivity to vinyl chloride-induced cancer is not 

solely due to an increase in the production of reactive intermediates via this isozyme.  Fetal CYP isoforms 
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may play a role in metabolism of vinyl chloride to reactive intermediates in the fetus and neonate.  

Glutathione conjugation may also differ in the developing organism.  DNA repair capacity and other 

pharmacodynamic factors may also be associated with an early life stage susceptibility to cancer.   

3.8 BIOMARKERS OF EXPOSURE AND EFFECT 

Biomarkers are broadly defined as indicators signaling events in biologic systems or samples. They have 

been classified as markers of exposure, markers of effect, and markers of susceptibility (NAS/NRC 

1989). 

Due to a nascent understanding of the use and interpretation of biomarkers, implementation of biomarkers 

as tools of exposure in the general population is very limited.  A biomarker of exposure is a xenobiotic 

substance or its metabolite(s) or the product of an interaction between a xenobiotic agent and some target 

molecule(s) or cell(s) that is measured within a compartment of an organism (NAS/NRC 1989).  The 

preferred biomarkers of exposure are generally the substance itself or substance-specific metabolites in 

readily obtainable body fluid(s) or excreta.  However, several factors can confound the use and 

interpretation of biomarkers of exposure.  The body burden of a substance may be the result of exposures 

from more than one source.  The substance being measured may be a metabolite of another xenobiotic 

substance (e.g., high urinary levels of phenol can result from exposure to several different aromatic 

compounds).  Depending on the properties of the substance (e.g., biologic half-life) and environmental 

conditions (e.g., duration and route of exposure), the substance and all of its metabolites may have left the 

body by the time samples can be taken.  It may be difficult to identify individuals exposed to hazardous 

substances that are commonly found in body tissues and fluids (e.g., essential mineral nutrients such as 

copper, zinc, and selenium).  Biomarkers of exposure to vinyl chloride are discussed in Section 3.8.1. 

Biomarkers of effect are defined as any measurable biochemical, physiologic, or other alteration within an 

organism that, depending on magnitude, can be recognized as an established or potential health 

impairment or disease (NAS/NRC 1989).  This definition encompasses biochemical or cellular signals of 

tissue dysfunction (e.g., increased liver enzyme activity or pathologic changes in female genital epithelial 

cells), as well as physiologic signs of dysfunction such as increased blood pressure or decreased lung 

capacity.  Note that these markers are not often substance specific.  They also may not be directly 

adverse, but can indicate potential health impairment (e.g., DNA adducts).  Biomarkers of effects 

produced by vinyl chloride are discussed in Section 3.8.2. 
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A biomarker of susceptibility is an indicator of an inherent or acquired limitation of an organism's ability 

to respond to the challenge of exposure to a specific xenobiotic substance.  It can be an intrinsic genetic or 

other characteristic or a preexisting disease that results in an increase in absorbed dose, a decrease in the 

biologically effective dose, or a target tissue response.  If biomarkers of susceptibility exist, they are 

discussed in Section 3.10, “Populations That Are Unusually Susceptible”. 

3.8.1 Biomarkers Used to Identify or Quantify Exposure to Vinyl Chloride  

Exposure to vinyl chloride may be monitored to some extent by the identification and quantitation of a 

number of parameters.  For example, following acute exposure to moderate-to-high levels, vinyl chloride 

can be measured in expired air.  The expiration of vinyl chloride follows first-order kinetics; therefore, 

this parameter may be directly correlated with exposure levels (Baretta et al. 1969).  This measure may 

provide the most direct evidence of vinyl chloride exposure.  However, measurement of exposure by this 

technique is limited by the rapidity of excretion of vinyl chloride in expired air.  The half-life of vinyl 

chloride in expired air has been determined to be between 20 and 30 minutes following an inhalation 

exposure and to be approximately 60 minutes following oral dosing (Watanabe and Gehring 1976; 

Watanabe et al. 1976b, 1978a, 1978b). Thus, testing must be initiated as soon as possible following 

termination of exposure.  Furthermore, measurement of vinyl chloride in expired air has limited utility for 

low-level exposures (<50 ppm) because of competition with absorption and rapid metabolic processes 

(Baretta et al. 1969).  In addition, it provides no information on the duration of exposure. 

Thiodiglycolic acid is a major metabolite of vinyl chloride that is excreted in the urine.  Measurement of 

thiodiglycolic acid in urine has been used to monitor workers occupationally exposed to vinyl chloride 

(Cheng et al. 2001; Müller et al. 1979). However, although this metabolite is used to estimate levels of 

exposure, the amount of thiodiglycolic acid in the urine varies according to individual metabolic 

idiosyncracies.  Also, metabolism of vinyl chloride to thiodiglycolic acid is a saturable process. 

Therefore, when exposure exceeds a certain level, the excretion of vinyl chloride as thiodiglycolic acid 

will plateau (Watanabe and Gehring 1976).  Furthermore, the rate of metabolism of vinyl chloride to 

thiodiglycolic acid may be influenced by the presence of liver disease, ethanol, or certain other substances 

such as barbiturates (Hefner et al. 1975b) (also see Section 3.4).  Similar to the measurement of vinyl 

chloride in expired air, the measurement of thiodiglycolic acid must take place shortly after exposure 

because of the rapidity of its excretion.  The half-life for excretion of thiodiglycolic acid following an 

acute exposure is between 4 and 5 hours (Watanabe and Gehring 1976; Watanabe et al. 1978a, 1978b).  

Cheng et al. (2001) suggests that urinary thiodiglycolic acid levels should not be measured at the end of a 
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work shift, but are best detected at the beginning of the following work day.  Finally, excretion of 

thiodiglycolic acid is not unique to exposure to vinyl chloride.  For example, thiodiglycolic acid may be 

excreted in the urine as the result of exposure to vinylidene chloride, ethylene oxide, or 2,2-dichloro­

ethylether (Norpoth et al. 1986; Pettit 1986).  Also, infants delivered prematurely have been found to have 

high levels of urinary thiodiglycolic acid.  A correlation was observed between the thiodiglycolic acid 

levels and the number of weeks that the infant was born prematurely.  The origin of this thiodiglycolic 

acid is unknown, but is not believed to be associated with vinyl chloride exposure (Pettit 1986). 

The intermediary metabolites, 2-chloroethylene oxide and 2-chloroacetaldehyde, bind to macromolecules 

in the body. 2-Chloroethylene oxide is believed to bind primarily to DNA and RNA, whereas 

2-chloroacetaldehyde binds primarily to proteins (Bolt 1986; Guengerich and Watanabe 1979; 

Guengerich et al. 1979, 1981; Kappus et al. 1976; Watanabe et al. 1978a, 1978b).  Two of the DNA 

adducts that are formed are 1,N6-etheno-adenosine and 3,N4-ethenocytidine.  Monoclonal antibodies for 

these DNA adducts have been isolated and used in enzyme-linked immunosorbent assays (ELISA) to 

quantify these ethenoderivatives in biological samples (Eberle et al. 1989; Young and Santella 1988). 

Measurement of DNA adducts may be useful in estimating vinyl chloride exposure.  However, this 

technique is of limited value for quantifying levels of exposure because formation of these products will 

be influenced by variability in vinyl chloride metabolism.  Also, their persistence in tissues will be 

influenced by the rate of DNA metabolism and repair.  Furthermore, the DNA adducts, for which 

monoclonal antibodies have been isolated, are also formed as a result of exposure to vinyl bromide, ethyl 

carbamate, acrylonitrile, 2-cyanoethylene, and 1,2-dichloroethane (Bolt et al. 1986; Svensson and 

Osterman-Golkar 1986).  See Section 3.4 for additional information on the kinetics of vinyl chloride. 

Ethenoguanine adducts have been quantified in human urine using high performance liquid 

chromatography and tandem mass spectrometry (Gonzalez-Reche et al. 2002).  Etheno-adducts are 

removed from DNA through base excision repair and excreted in the urine where they can be measured 

using this technique.  This method would also include the measurement of endogenously formed etheno­

adducts; thus, it is critical to determine the background level of urinary adducts in a control population. 

Vinyl chloride-induced genetic alterations have been identified in the Ki-ras oncogene and the p53 tumor 

suppressor gene, and oncoproteins and p53 antibodies have been detected in the serum of cancer patients 

with angiosarcoma (see Section 3.3).  Immunological techniques have been used to detect the presence of 

Asp13p21 (oncoprotein for mutation of the Ki-ras gene), p53 mutant protein, and p53 antibodies in the 

serum of exposed workers (Brandt-Rauf et al. 2000a, 2000b; Marion 1998).  Statistical analyses suggest a 
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relationship between vinyl chloride exposure and the presence of these serum biomarkers; however, the 

predictive value of these biomarkers for development of cancer is not known. 

The micronucleus assay, performed using peripheral lymphocytes of 32 vinyl chloride workers, was used 

to indicate the time elapsed since the last vinyl chloride exposure occurred (Fucic et al. 1994, 1997).  The 

study showed a decrease in the frequency of micronuclei and mitotic activity in proportion to the length 

of the interval after the last vinyl chloride exposure.  For the group with 10 years of employment, the 

percentage of micronuclei decreased from 12.82 when exposure occurred on the day of blood sampling to 

3.16 when the last exposure occurred 90 days before blood sampling (Fucic et al. 1994).  Similar changes 

were noted when the mean duration of employment was 5 years.  However, this use of the micronucleus 

assay must take into account the total duration of exposure.  Micronucleus frequency was shown to be 

several times higher in binucleated lymphocytes as compared to mononuclear lymphocytes in 25 workers 

exposed to vinyl chloride for an average of 10 years (Fucic et al. 2004).  

Exposure to vinyl chloride may also be estimated to some extent by the presence of certain symptoms 

known to be closely associated with vinyl chloride exposure.  The exposure may have occurred even if 

the symptoms were not found upon examination, but their presence could be indicative of exposure.  For 

example, a syndrome known as vinyl chloride disease has been identified in workers occupationally 

exposed to vinyl chloride.  This syndrome includes Raynaud's phenomenon, acroosteolysis of the distal 

phalanges of the fingers, and scleroderma-like changes in the hands and forearms (also see Section 3.2). 

Although this syndrome resembles systemic sclerosis, a differential diagnosis may be made based on the 

absence of antinuclear antibodies from the blood of those afflicted with vinyl chloride disease (Black et 

al. 1983, 1986). The occurrence of vinyl chloride disease in highly exposed worker populations is about 

3%, and susceptibility appears to be genetically related (Black et al. 1983, 1986).  Symptoms of vinyl 

chloride disease are unlikely to occur in hazardous waste site conditions because of predicted low levels 

of exposure. Absence of these symptoms would not eliminate the possibility of exposure, but their 

presence may be a good indicator of exposure.  

Angiosarcoma of the liver has been identified in workers occupationally exposed to vinyl chloride.  This 

type of tumor is extremely rare in the general population (Heath et al. 1975); therefore, its diagnosis may 

indicate vinyl chloride exposure.  However, other causes of angiosarcoma such as exposure to arsenicals 

and Thorotrast (thorium dioxide; formerly used in arteriography) should be considered as possible 

causative factors, if present, before correlating hepatic angiosarcoma with vinyl chloride exposure 

(Gedigke et al. 1975; Marsteller et al. 1975).  Their elimination may depend upon such factors as the 
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magnitude of the vinyl chloride exposure and the frequency of the other causes of angiosarcoma in the 

population. 

3.8.2 Biomarkers Used to Characterize Effects Caused by Vinyl Chloride  

The realization that angiosarcoma of the liver is associated with vinyl chloride exposure prompted several 

investigators to try to identify assays that could be used to monitor those individuals considered to be at 

risk. Standard serum assays designed to detect the presence of hepatic enzymes in the blood were found 

to be of limited value in monitoring the progression of vinyl chloride-induced hepatic changes (Berk et al. 

1975; Liss et al. 1985; Vihko et al. 1984).  This may be because of the extent of hepatic damage produced 

by vinyl chloride and the late development of necrotic areas in the disease process (Popper et al. 1981).  

In contrast, studies indicate that clearance type assays, which measure liver function, are more sensitive 

indicators of the hepatic damage resulting from vinyl chloride exposure.  These assays include the 

indocyanine clearance test, measurement of serum bile acids, and measurement of serum hyaluronic acid 

concentration (Berk et al. 1975; Liss et al. 1985; McClain et al. 2002; Vihko et al. 1984). 

Liver biopsy may provide the most accurate identification of vinyl chloride-associated liver damage (Liss 

et al. 1985). This is because of the characteristic pattern of hepatic histopathology associated with vinyl 

chloride-induced damage (Popper et al. 1981).  However, liver biopsy is an invasive procedure with 

attendant risks and, therefore, may not be justified. 

Individual exposure to vinyl chloride has been linked to angiosarcoma and benign angiomatous lesions 

based on the monitoring of serum found to be positive for the presence of the mutant protein 

Asp 13 c-Ki-ras p21, which was not present in control individuals (DeVivo et al. 1994).  Additionally, 

this protein was found in the serum of 49% of exposed workers who had no apparent liver lesions.  It may 

be possible to utilize the presence of this mutant protein for the early detection of angiosarcoma of the 

liver. 

Use of enzyme-linked immunoassay (EIA) to detect anti-p53 antibodies in serum of individuals exposed 

to vinyl chloride may provide an early method of screening for angiosarcoma of the liver (Trivers et al. 

1995).  Detection of serum anti-p53 antibodies has occurred in some, but not all, individuals exposed to 

vinyl chloride who later developed angiosarcoma of the liver (Trivers et al. 1995).  However, not all 

individuals who developed angiosarcoma of the liver tested positive for anti-p53 antibodies.  Also, anti­

p53 antibodies are not specific to angiosarcoma of the liver but can be detected in the sera of patients with 
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other types of cancers such as leukemia; childhood lymphoma; breast, lung, and colon cancer; and 

hepatocellular carcinoma. 

The symptoms and signs associated with vinyl chloride disease (Raynaud's phenomenon, scleroderma-

like skin changes, and acroosteolysis) are similar to those observed in systemic sclerosis.  Vinyl chloride 

disease may be differentiated from systemic sclerosis by the absence of antinuclear antibodies in the 

blood and association of vinyl chloride disease with vinyl chloride exposure (Black et al. 1983, 1986).  

Raynaud's phenomenon is an early symptom of vinyl chloride disease.  However, cyanosis and blanching 

of fingers with exposure to cold may be the result of a number of other conditions such as connective 

tissue disorders, mechanical arterial obstruction, hyperviscosity of the blood, or exposure to drugs, 

chemicals, or vibrating tools (Freudiger et al. 1988).  Thus, other potential causes must be eliminated 

before this syndrome can be used to identify vinyl chloride disease.  The symptoms associated with vinyl 

chloride disease have been attributed to vinyl chloride-induced changes in the microvasculature (Grainger 

et al. 1980). Capillary abnormalities in the hands may be detected using wide-field capillary microscopy 

and have been proposed to represent an early manifestation of the effects of vinyl chloride (Maricq et al. 

1976). Also, immunofluorescent examination of biopsy material from the skin may be used to identify 

circulating immune complexes and their deposition on the vascular endothelium (Ward 1976). 

Chromosomal aberrations found in lymphocytes may be indicative of the genotoxic effects of vinyl 

chloride (Anderson 2000; Anderson et al. 1980; Ducatman et al. 1975; Fucic et al. 1990a, 1990b, 1992; 

Funes-Cravioto et al. 1975; Garaj-Vrhovac et al. 1990; Hansteen et al. 1978; Hrivnak et al. 1990; 

Kucerova et al. 1979; Purchase et al. 1978; Sinues et al. 1991).  However, any of a number of genotoxic 

substances can produce chromosomal aberrations.  Also, de Jong et al. (1988) have found that variability 

in the control population may obscure the observation of chromosomal aberrations in persons exposed to 

low levels of vinyl chloride.  G-banding analysis appeared to provide a more sensitive indication of 

chromosomal alteration than sister chromatid exchanges (Zhao et al. 1996).  DNA damage in 

lymphocytes can be directly assessed using a single-cell gel electrophoresis technique.  The severity of 

the damage may correlate with the duration of exposure (Awara et al. 1998).  The DNA adducts produced 

by the reactive intermediary metabolites of vinyl chloride, including 1,N6-ethenoadenosine and 

3,N4-ethenocytidine, may be more specific indicators of vinyl chloride's genotoxic potential. 
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3.9 INTERACTIONS WITH OTHER CHEMICALS  

A number of studies have been performed that examine the effect of agents intended to alter the 

metabolism of vinyl chloride on its toxicity.  For example, the effects of phenobarbital pretreatment on 

vinyl chloride-induced hepatotoxicity have been examined by Jaeger et al. (1974, 1977), Jedrychowski et 

al. (1985), and Reynolds et al. (1975a, 1975b).  Pretreatment of rats with phenobarbital for 7 days prior to 

a 4-hour vinyl chloride exposure produced an increase in microsomal cytochrome P-450 activity 

(Reynolds et al. 1975b) and enhanced hepatotoxicity (Jaeger et al. 1974, 1977; Jedrychowski et al. 1985; 

Reynolds et al. 1975a, 1975b).  In these studies, in the absence of the phenobarbital pretreatment, a single 

exposure to approximately 50,000 ppm had no detectable adverse effect on the livers of exposed rats.  

However, following phenobarbital pretreatment, 50,000 ppm of vinyl chloride produced increased serum 

activity of hepatic enzymes (Jaeger et al. 1977; Jedrychowski et al. 1985), areas of hepatic necrosis 

(Reynolds et al. 1975a), or both (Jaeger et al. 1974; Reynolds et al. 1975b). 

Another agent known to increase MFO activity, Aroclor 1254, was also tested for its ability to enhance 

vinyl chloride-induced hepatotoxicity (Conolly and Jaeger 1979; Conolly et al. 1978; Jaeger et al. 1977; 

Reynolds et al. 1975b).  Pretreatment of rats with Aroclor 1254 for several days prior to exposure to vinyl 

chloride resulted in an increase in serum activity of hepatic enzymes (Conolly and Jaeger 1979; Conolly 

et al. 1978; Jaeger et al. 1977; Reynolds et al. 1975b) and areas of hepatic necrosis (Conolly et al. 1978; 

Reynolds et al. 1975b). 

Additional support for a role for MFO in the enhanced toxicity of vinyl chloride was obtained using 

SKF525A, an MFO inhibitor.  If SKF525A was administered following phenobarbital pretreatment and 

before vinyl chloride exposure, it blocked the ability of phenobarbital pretreatment to enhance vinyl 

chloride-induced hepatotoxicity (Jaeger et al. 1977). 

The role of glutathione conjugation in vinyl chloride-induced toxicity was also examined (Conolly and 

Jaeger 1979; Jaeger et al. 1977).  The investigators hypothesized that depletion of glutathione might 

enhance the toxicity of vinyl chloride by preventing the excretion of toxic intermediary metabolites.  

However, diethylmaleate, an agent known to deplete hepatic glutathione levels, had no effect on the 

toxicity produced by vinyl chloride following pretreatment with either phenobarbital (Jaeger et al. 1977) 

or Aroclor 1254 (Conolly and Jaeger 1979).  Trichloropropene oxide (TCPO), another agent known to 

deplete hepatic glutathione, produced enhancement of the hepatic toxicity produced by Aroclor 1254 

pretreatment and vinyl chloride exposure but only when the animals had been fasted prior to vinyl 
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chloride exposure (Conolly and Jaeger 1979).  The study authors hypothesized that the enhancement of 

vinyl chloride toxicity was a result of the ability of TCPO to inhibit epoxide hydrase rather than its ability 

to deplete glutathione levels.  The lack of the effect of glutathione depletion indicates that the glutathione 

pathway is not very important at normal levels of exposure. 

Although the depletion of cellular glutathione levels did not appear to enhance vinyl chloride toxicity, 

treatment with cysteine, the rate-limiting precursor in hepatic glutathione synthesis, increased hepatic 

glutathione levels and provided partial protection against the toxic effects produced by Aroclor 1254 and 

vinyl chloride (Conolly and Jaeger 1979). 

The effects of the interaction of ethanol with vinyl chloride on development were tested by John et al. 

(1977). In this study, animals were exposed to vinyl chloride in the presence and absence of 15% ethanol 

in the drinking water during pregnancy.  Ethanol produced a decrease in maternal food consumption and 

maternal weight gain in mice, rats, and rabbits and enhanced incidence of skeletal abnormalities in mice, 

and to a lesser extent, in rats.  Interpretation of these results is clouded by the absence of an ethanol-

exposed control group and the current recognition of the adverse effects of ethanol on pregnancy 

outcome. 

In the experiment by Radike et al. (1981), ethanol-consuming rats exposed to vinyl chloride for a year had 

an enhanced incidence of hepatic angiosarcomas, hepatomas, and lymphosarcomas, earlier onset of the 

tumors, and an enhanced death rate.  The incidence of vinyl chloride-induced angiosarcomas was 

potentiated by ethanol, whereas the increased incidences of hepatoma and lymphosarcomas by ethanol 

were additive in nature. 

The effects of smoking on chromosomal aberrations in vinyl chloride-exposed workers was examined by 

Hrivnak et al. (1990), who found no effect of smoking in 43 workers exposed for an average of 11.2 years 

to levels of vinyl chloride ranging from 0.8 to 16 ppm.  Most cytogenetic studies of the effects of smoking 

in humans have reported no effect on chromosomal aberrations, although the sister chromatid exchange 

frequency is usually elevated (Wong et al. 1998). 

A study that examined the interaction between vinyl chloride and trichloroethylene using both inhalation 

exposures of rats and pharmacokinetic modeling found that trichloroethylene exposure inhibited vinyl 

chloride in a competitive manner (Barton et al. 1995).  This interaction was observed only at high 
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concentrations (both chemicals >10 ppm), and the study authors concluded that the interaction is not 

likely to be important for environmental exposures. 

3.10 POPULATIONS THAT ARE UNUSUALLY SUSCEPTIBLE 

A susceptible population will exhibit a different or enhanced response to vinyl chloride than will most 

persons exposed to the same level of vinyl chloride in the environment.  Reasons may include genetic 

makeup, age, gender, health and nutritional status, physiological status (e.g., pregnancy), and exposure to 

other toxic substances (e.g., cigarette smoke).  These parameters result in reduced detoxification or 

excretion of vinyl chloride or compromised function of organs affected by vinyl chloride.  Populations 

who are at greater risk due to their unusually high exposure to vinyl chloride are discussed in Section 6.7, 

Populations With Potentially High Exposures. 

Data suggest that the following subsets of the human population may be unusually susceptible to the toxic 

effects of vinyl chloride:  fetuses; infants; young children; people with liver disease, irregular heart 

rhythms, impaired peripheral circulation, or systemic sclerosis; people with exposure to organochlorine 

pesticides; and people consuming ethanol or barbiturates or taking Antabuse for alcoholism. Also, 

persons who possess the HLA-DR5, HLA-DR3, and B8 alleles may be at increased risk. 

Vinyl chloride can cross the placenta and enter the blood of the fetus (Ungvary et al. 1978).  Studies by 

Drew et al. (1983), John et al. (1977, 1981), and Maltoni et al. (1981) have shown that animals exposed 

by inhalation prior to adolescence or during pregnancy may have a greater death rate and increased 

likelihood of developing cancer than adult animals exposed for similar periods.  This may relate to the 

length of the induction period of hepatic angiosarcoma rather than to an increased susceptibility of the 

young, per se. It is also possible that there are explanations for these findings.  Cogliano and Parker 

(1992) suggested that in the multistage model of carcinogenesis, carcinogens that induce an initial 

transition early in the life of an animal would be more effective since there would be a longer period of 

time remaining in the lifespan for completion of the remaining transitions.  Their empirical model of the 

effect of age at exposure on the development of cancer suggests that there is an age-sensitive period of 

exposure to vinyl chloride. 

Vinyl chloride is metabolized in the liver in a multistep process.  The intermediary metabolites of vinyl 

chloride, 2-chloroethylene oxide and 2-chloroacetaldehyde, have been suggested to be responsible for 

some of the adverse effects produced by vinyl chloride.  Thus, activation of the enzyme system 
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responsible for production of these toxic metabolites would be expected to increase the toxicity of vinyl 

chloride exposures. 2-Chloroethylene oxide is formed by action of the MFO system associated with 

cytochrome P-450.  The barbiturate, phenobarbital, and the pesticide extender, Aroclor 1254, increased 

MFO activity and have been shown to greatly increase the hepatotoxicity of vinyl chloride (Conolly and 

Jaeger 1979; Conolly et al. 1978; Jaeger et al. 1974, 1977; Jedrychowski et al. 1985; Reynolds et al. 

1975a, 1975b).  Thus, persons taking barbiturates or who might be exposed to organochlorine pesticides 

that are known to induce microsomal enzymes (such as Aroclor 1254) would be expected to be at 

increased risk for developing vinyl chloride-induced hepatotoxicity. 

Genetic polymorphisms related to vinyl chloride metabolism and DNA repair may increase the 

susceptibility of individuals to liver toxicity and cancer.  CYP2E1 and glutathione S-transferase genotypes 

were associated with abnormal liver function, “vinyl chloride disease”, and the incidence of angiosarcoma 

in exposed workers (El Ghissassi et al. 1995; Green et al. 2000; Huang et al. 1997).  Genotypes for 

CYP2E1, the DNA repair gene, x-ray repair cross-complementing group 1 (XRCC1), and aldehyde 

dehydrogenase 2 (ALDH2) have been associated with increased sister chromatid exchange frequency and 

increased expression of p53 mutant protein and anti-p53 antibody in exposed workers (Li et al. 2003; 

Wong et al. 1998, 2002b, 2003b).  The risk of developing liver cancer also appears elevated in those with 

a history of Hepatitis B viral infection (Du and Wang 1998; Wong et al. 2003b). 

Radike et al. (1981) demonstrated that ethanol-consuming rats exposed to vinyl chloride had an increased 

incidence of cancer and an earlier death rate than animals exposed to vinyl chloride in the absence of 

ethanol. 

Some persons consume the agent, Antabuse, to curb the desire for alcohol.  In its role as a therapeutic 

agent, Antabuse blocks aldehyde dehydrogenase and causes a build-up of acetaldehyde, which is emetic, 

in the body when alcohol is consumed.  If persons taking Antabuse are exposed to vinyl chloride, the 

alternative metabolic pathway for vinyl chloride metabolism will be blocked, causing more vinyl chloride 

to be metabolized to the toxic metabolite, 2-chloroethylene oxide.  Thus, these persons may be at 

increased risk for hepatotoxicity, cancer, and death at an early age. 

Very high levels of vinyl chloride have been demonstrated to cause cardiac arrhythmias in dogs (Carr et 

al. 1949; Oster et al. 1947).  Persons with a propensity to develop cardiac arrhythmias because of heart 

disease or damage may be at an increased risk of having heart beat irregularities when exposed to high 

concentrations of vinyl chloride. 
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Vinyl chloride has been shown to produce decreased circulation in the hands and fingers of some people.  

Persons with impaired circulation due to some other cause such as connective tissue disorders, systemic 

sclerosis, hyperviscosity of the blood, or use of vibrating tools, may experience more severe impairment 

of the circulation. 

Work by Black et al. (1983, 1986) has shown that persons with the HLA allele HLA-DR5 may have an 

increased likelihood of developing vinyl chloride disease, and those with the alleles HLA-DR3 and B8 

may have an increased severity of the disease. 

3.11 METHODS FOR REDUCING TOXIC EFFECTS 

This section will describe clinical practice and research concerning methods for reducing toxic effects of 

exposure to vinyl chloride.  However, because some of the treatments discussed may be experimental and 

unproven, this section should not be used as a guide for treatment of exposures to vinyl chloride.  When 

specific exposures have occurred, poison control centers and medical toxicologists should be consulted 

for medical advice. The following texts provide specific information about treatment following exposures 

to vinyl chloride:   

Bronstein AC, Currance PL, eds. 1988. Emergency care for hazardous materials exposure.  St. Louis, 
MO: CV Mosby Company, 143-144. 

Haddad LM, Winchester JF, eds. 1990.  Clinical management of poisoning and overdose.  Philadelphia, 
PA: W.B. Saunders Company, 516, 1209, 1214, 1224, 1227-1229. 

Stutz DR, Ulin S, eds. 1992. Hazardous materials injuries.  A handbook for pre-hospital care.  3rd ed. 
Beltsville, MD: Bradford Communications Corporation, 286-287. 

3.11.1 Reducing Peak Absorption Following Exposure  

Limited information from humans and results from animal studies indicate that vinyl chloride is rapidly 

and virtually completely absorbed following inhalation and oral exposure, but animal studies suggest that 

dermal absorption of vinyl chloride gas is not likely to be significant (see Section 3.3.1).  Efforts to 

reduce absorption following acute exposure to vinyl chloride should focus on removing the individual 

from the site of exposure and decontaminating exposed areas of the body.  Vinyl chloride gas is relatively 

dense and accumulates at ground level.  Therefore, the subject should be moved from low-lying areas.  
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Contaminated skin may be washed with soap and water; however, this will most likely not prevent tissue 

damage produced by frostbite from the cooling caused by the rapid evaporation of vinyl chloride from the 

skin. It is suggested that eyes exposed to vinyl chloride be copiously irrigated with water or normal saline 

(Bronstein and Currance 1988; Haddad and Winchester 1990; Stutz and Ulin 1992).  Because of its 

volatility, it is unlikely that vinyl chloride would be ingested unless it had been dissolved in a solvent.  If 

such ingestion of vinyl chloride occurs, it is suggested that water or milk be administered for dilution if 

the patient can swallow, has a good gag reflex, and is not drooling (Bronstein and Currance 1988; Stutz 

and Ulin 1992). In addition, gastric lavage and administration of activated charcoal have been suggested 

as a means to reduce absorption of vinyl chloride.  Induction of emesis is contraindicated (Bronstein and 

Currance 1988; Haddad and Winchester 1990; Stutz and Ulin 1992). 

3.11.2 Reducing Body Burden  

Because of its rapid metabolism and excretion, vinyl chloride does not tend to accumulate in the body.  

As discussed in Section 3.4.3, the metabolism of vinyl chloride is a dose-dependent, saturable process.  

Vinyl chloride is oxidized primarily by the microsomal MFO system (cytochrome P-450) to a reactive 

epoxide intermediate (2-chloroethylene oxide), which can rearrange to 2-chloroacetaldehyde or conjugate 

with glutathione to form S-formylmethyl glutathione.  At exposure concentrations below about 1,000 ppm 

in air, very little vinyl chloride is excreted unchanged in the exhaled air.  However, when metabolic 

saturation occurs at high exposure concentrations (approximately 1,000 ppm following inhalation 

exposure in rats [Watanabe and Gehring 1976; Watanabe et al. 1976b] and approximately 20 mg/kg 

following oral administration to rats [Green and Hathway 1975; Watanabe and Gehring 1976; Watanabe 

et al. 1976a]), vinyl chloride is excreted unchanged in expired air.  Therefore, a possible means to 

enhance the elimination of vinyl chloride without allowing its biotransformation to toxic intermediates is 

to saturate this oxidative pathway by administration of substances known to be metabolized via this route. 

Saturation of the P-450 system may occur with drugs such as phenytoin or dicumerol (Goodman and 

Gilman 1980).  However, the effectiveness of these agents in blocking the P-450 metabolism of vinyl 

chloride has not been tested, and it is unclear whether toxic doses would be necessary to overcome the 

relative affinities of the enzymes for vinyl chloride versus these agents.  In addition, the potential toxicity 

of any side products of these substances would need to be considered in any protocol.  Several agents 

induce activity of the microsomal enzymes and could potentially increase the toxicity of vinyl chloride.  

Administration of such substances would be contraindicated. 
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3.11.3 Interfering with the Mechanism of Action for Toxic Effects  

Following acute, high-level exposure, vinyl chloride behaves as an anesthetic and produces central 

nervous system and respiratory depression (see Sections 3.2.1.4).  Therefore, basic life support measures, 

such as supplemental oxygen and cardiopulmonary resuscitation, are suggested in such instances 

(Bronstein and Currance 1988; Haddad and Winchester 1990; Stutz and Ulin 1992).  In addition, like 

other halogenated hydrocarbons, vinyl chloride may sensitize the heart to the effects of circulating 

catecholamines. Therefore, the patient's cardiac rhythm should be monitored, and the use of 

isoproterenol, epinephrine, or other sympathomimetic drugs should be avoided (Haddad and Winchester 

1990). 

Vinyl chloride is a known human and animal carcinogen; long-term exposure to this compound is 

associated with an increased incidence of hepatic angiosarcomas (see Section 3.2.1.7).  Vinyl chloride is 

also hepatotoxic.  The mechanism by which vinyl chloride induces its carcinogenic and toxic effect on the 

liver has been well studied. A reactive epoxide intermediate of vinyl chloride, 2-chloroethylene oxide, 

interacts directly with DNA and RNA producing cyclic etheno-adducts that include 1,N6-ethenoadenine, 

3,N4-ethenocytosine, N2,3-ethenoguanine, and 1,N2-ethenoguanine.  This alkylation results in highly 

efficient base-pair substitution, leading to neoplastic transformation (see Section 3.5.2).  As discussed 

above, this epoxide intermediate is formed when vinyl chloride is oxidized by the P-450 isoenzymes.  

Interference with this metabolic pathway, therefore, could reduce the toxic and carcinogenic effects of 

vinyl chloride by reducing the amount of epoxide produced.  A number of drugs, such a cobaltous 

chloride, SKF-535-A, and 6-nitro-1,2,3-benzothioadiazole, have been reported to inhibit P-450 enzymes.  

Pretreatment with 6-nitro-1,2,3-benzothioadiazole completely blocked the metabolism of vinyl chloride in 

rats exposed to 0.45 ppm in a closed system for 5 hours (Bolt et al. 1977).  P-450 metabolism also results 

in products that can be more readily eliminated than can the parent compound.  Hence, any side products 

of the drugs and their potential to increase the biological half-life of vinyl chloride would also need to be 

considered in any protocol.  In fact, a study by Buchter et al. (1977) showed that substantial 

unmetabolized vinyl chloride accumulated in fatty tissue when 6-nitro-1,2,3-benzothioadiazole was used 

to block P-450 metabolism.  The study did not examine the fate of vinyl chloride in fatty tissue after 

P-450 metabolism was reactivated, but it is likely that vinyl chloride would leave the fat slowly and be 

metabolized.  Thus, while P-450 metabolism would probably reduce the generation of toxic metabolites in 

the short term, it is unclear whether the generation of toxic metabolites could be completely avoided.  

Further research to determine which isozymes are involved in the metabolism to the reactive 

intermediates, as well as which isozymes are involved in enhancing the elimination of vinyl chloride, 
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could lead to the development of strategies to selectively inhibit specific isozymes and thus reduce the 

toxic effects of vinyl chloride. 

Because vinyl chloride is detoxified by conjugation with glutathione and/or cysteine (see discussion 

above and Section 3.4.3), ensuring sufficient glutathione stores in the body (e.g., by treatment with 

N-acetyl cysteine) may reduce the possibility of toxic effects following acute exposure to vinyl chloride. 

Vinyl chloride disease has been reported in a small percentage of workers exposed to this compound.  

One of the symptoms of this condition is Raynaud's phenomenon (blanching, numbness, and discomfort 

of the fingers upon exposure to cold).  Studies of these individuals demonstrated that vinyl chloride may 

produce blockage of the blood vessels supplying the hand, hypervascularity, and a thickening of the blood 

vessel walls (Harris and Adams 1967; Preston et al. 1976; Veltman et al. 1975; Walker 1976).  Several 

investigators have suggested that the mechanism for vinyl chloride disease may be an autoimmune 

response similar to systemic sclerosis.  Grainger et al. (1980) and Ward (1976) proposed that a reactive 

vinyl chloride intermediate metabolite, such as 2-chloroethylene oxide or 2-chloroacetaldehyde, binds to a 

protein such as IgG.  The altered protein initiates an immune response, with deposition of immune 

products along the vascular endothelium.  Cold temperatures could produce the precipitation of these 

immune complexes resulting in blockage of the blood vessels.  Another characteristic of vinyl chloride 

disease is acroosteolysis, in which the terminal phalanges of the fingers are resorbed.  This condition has 

been noted predominantly in workers who first had Raynaud's phenomenon (Dinman et al. 1971; 

Freudiger et al. 1988; Harris and Adams 1967; Magnavita et al. 1986; Markowitz et al. 1972; Preston et 

al. 1976; Sakabe 1975; Veltman et al. 1975; Wilson et al. 1967). The resorptive bone changes may be 

due to activation of osteoclasts secondary to vascular insufficiency in the finger tips, but this remains to 

be demonstrated conclusively.  Other manifestations of vinyl chloride disease include joint and muscle 

pain, enhanced collagen deposition, stiffness of the hands, and scleroderma-like skin changes.  Increased 

levels of circulating immune complexes and immunoglobulins have been observed in vinyl chloride 

workers, suggesting a stimulatory effect of vinyl chloride on the immune system (Bogdanikowa and 

Zawilska 1984). A correlation between the severity of the symptoms of vinyl chloride disease and the 

magnitude of the immune response was observed (Grainger et al. 1980; Langauer-Lewowicka et al. 1976; 

Ward 1976).  Research on the genetic characteristics of workers with this disease has demonstrated that 

the susceptibility to vinyl chloride disease was increased in the presence of the HLA-DR5 allele or a gene 

in linkage disequilibrium with it, and progression of the disease to its more severe forms was favored by 

HLA-DR3 and B8 (Black et al. 1983, 1986).  If vinyl chloride disease is mediated by an immune 

mechanism in individuals with a genetic predisposition, then the effects of this disease may be mitigated 
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by administration of drugs used to treat other similar autoimmune diseases (e.g., azathioprine, 

cyclophosphamide, and prednisone).  However, the toxicity associated with the use of these drugs must 

also be considered. 

3.12 ADEQUACY OF THE DATABASE 

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the 

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether 

adequate information on the adverse health effects of vinyl chloride is available.  Where adequate 

information is not available, ATSDR, in conjunction with the National Toxicology Program (NTP), is 

required to ensure the initiation of a program of research designed to determine the adverse health effects 

(and techniques for developing methods to determine such adverse health effects) of vinyl chloride. 

The following categories of possible data needs have been identified by a joint team of scientists from 

ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met would 

reduce the uncertainties of human health assessment.  This definition should not be interpreted to mean 

that all data needs discussed in this section must be filled.  In the future, the identified data needs will be 

evaluated and prioritized, and a substance-specific research agenda will be proposed. 

3.12.1 Existing Information on Adverse Health Effects of Vinyl Chloride  

The existing data on health effects of inhalation, oral, and dermal exposure of humans and animals to 

vinyl chloride are summarized in Figure 3-5.  The purpose of this figure is to illustrate the existing 

information concerning the adverse health effects of vinyl chloride.  Each dot in the figure indicates that 

one or more studies provide information associated with that particular effect.  The dot does not 

necessarily imply anything about the quality of the study or studies, nor should missing information in 

this figure be interpreted as a “data need”.  A data need, as defined in ATSDR’s Decision Guide for 

Identifying Substance-Specific Data Needs Related to Toxicological Profiles (Agency for Toxic 

Substances and Disease Registry 1989), is substance-specific information necessary to conduct 

comprehensive public health assessments.  Generally, ATSDR defines a data gap more broadly as any 

substance-specific information missing from the scientific literature. 
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Figure 3-5. Existing Information on Health Effects of Vinyl Chloride 
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Virtually all of the literature regarding adverse health effects in humans comes from studies of workers 

exposed to vinyl chloride during the production of PVC.  Case reports and cohort studies describe some 

acute health effects and a wide range of long-term health effects.  The predominant mode of exposure in 

these studies is via inhalation.  These studies are limited by the lack of reliable data on individual 

exposure levels. No studies were found regarding the adverse health effects of oral exposure.  One case 

report examined the effects of dermal exposure to liquid vinyl chloride, but exposure by this route is not 

expected to contribute significantly to producing adverse health effects because of the limited absorption 

of vinyl chloride through the skin. 

A large number of studies examining the adverse health effects of inhaled vinyl chloride in animals were 

reviewed. As can be seen in Figure 3-5, no information is available on acute adverse systemic effects, 

immunologic, neurologic, reproductive, developmental, or genotoxic effects of exposure of animals by 

the oral route. One study examined the effects of dermal/ocular exposure to vinyl chloride gas, but 

toxicokinetic studies indicate that this route is not an important means of exposure. 

3.12.2 Identification of Data Needs 

Acute-Duration Exposure.    Populations in areas that contain hazardous waste sites may be exposed 

to vinyl chloride for brief periods.  Exposure most likely would occur by inhalation, but relatively brief 

oral and dermal exposures are also possible. There are acute inhalation exposure data in humans and 

animals that indicate that the central nervous system is a major target organ of vinyl chloride toxicity.   

Symptoms of central nervous system depression ranging from dizziness and drowsiness to loss of 

consciousness have been observed in humans and animals as a result of brief exposure to very high levels 

of vinyl chloride (Hehir et al. 1981; Jaeger et al. 1974; Lester et al. 1963; Mastromatteo et al. 1960; Patty 

et al. 1930). A threshold for central nervous system effects appears to be approximately 8,000 ppm 

(Lester et al. 1963).  Extremely high concentrations of vinyl chloride produce respiratory irritation and 

death in humans and animals by the inhalation route (Danziger 1960; Lester et al. 1963; Mastromatteo et 

al. 1960; Patty et al. 1930).  Based on studies in animals, the threshold for these effects appears to be in 

the range of 100,000–400,000 ppm (Lester et al. 1963; Mastromatteo et al. 1960; Patty et al. 1930).  

However, increased rate of death was noted in pregnant mice at 500 ppm (John et al. 1977, 1981).  

Extremely high concentrations of vinyl chloride produced cardiac arrhythmias in dogs exposed by the 

inhalation route (Carr et al. 1949; Oster et al. 1947).  Although no threshold was reported for these 

effects, concentrations of this magnitude would not likely be encountered by humans.  Pharmacokinetic 

data indicate that similar end points might be expected if sufficiently high doses could be consumed by 
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the oral route.  However, the solubility characteristics of vinyl chloride in aqueous media (1,100– 

2,763 mg/L at 25 °C) (Cowfer and Magistro 1983; EPA 1985b) indicate that achieving concentrations of 

vinyl chloride in excess of 5,000 ppm may be extremely difficult.  Animal studies indicate that acute 

inhalation exposures to vinyl chloride can produce developmental effects at concentrations that also cause 

significant maternal toxicity (John et al. 1977, 1981; Ungvary et al. 1978).  Concentrations of 500 ppm 

were observed to produce delayed ossification in the fetus and decreased food consumption, body weight 

gain, and increased rate of mortality in maternal mice (John et al. 1977, 1981).  The NOAEL (50 ppm) in 

this study was used to derive an acute-duration inhalation MRL.  Animal studies examining the 

developmental, neurological, and systemic effects of the highest doses achievable in drinking water 

would be helpful for determining whether any effects would occur when vinyl chloride-contaminated 

groundwater or food products are consumed.  One report described severe frostbite with second degree 

burns on the hands of a man resulting from the rapid evaporation of spilled liquid vinyl chloride (Harris 

1953).  A toxicokinetic study using two monkeys indicates that absorption of vinyl chloride by the dermal 

route is exceedingly small (Hefner et al. 1975a); thus, studies examining the effects of acute-duration 

dermal exposure do not seem warranted.  However, if further toxicokinetics studies contradict these 

findings, acute-duration dermal exposure studies in animals may be valuable. 

A report was located regarding adverse hepatic and respiratory effects observed 18 months following a 

single 1-hour inhalation exposure to vinyl chloride (Hehir et al. 1981).  However, limitations in the study 

diminished its reliability. Because of the implications of adverse chronic effects from acute exposure, 

confirmation of these results in another study would be valuable. 

Intermediate-Duration Exposure.    No studies in humans specifically address intermediate-duration 

effects by any route.  Most epidemiological studies of occupationally exposed persons have concentrated 

on persons who have been employed over several years.  A study with reliable quantification of exposure 

levels that examined the effects experienced by vinyl chloride workers in their first year of exposure 

would be helpful for predicting the effects that might be observed in populations exposed to hazardous 

waste sites for similar periods of time.  However, at current low levels of exposure in the workplace, it 

may be difficult to demonstrate effects.  There is a large database describing the effects of intermediate-

duration inhalation exposures in animals (Adkins et al. 1986; Bi et al. 1985; Drew et al. 1983; Du et al. 

1979; Feron et al. 1979a, 1979b; Hong et al. 1981; Lee et al. 1978; Lester et al. 1963; Maltoni et al. 1981; 

Mirkova et al. 1978; Sal'nikova and Kotsovskaya 1980; Schaffner 1978; Sharma and Gehring 1979; Short 

et al. 1977; Sokal et al. 1980; Suzuki 1978, 1981; Thornton et al. 2002; Torkelson et al. 1961; 

Wisniewska-Knypl et al. 1980).  Animals exposed to vinyl chloride for more than 2 weeks and less than a 
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year have experienced effects on the liver, kidneys, lungs, and blood (Bi et al. 1985; Du et al. 1979; Feron 

et al. 1979a, 1979b; Lester et al. 1963; Sal'nikova and Kotsovskaya 1980; Schaffner 1978; Sokal et al. 

1980; Torkelson et al. 1961; Wisniewska-Knypl et al. 1980).  Data were sufficient to determine an 

intermediate-duration inhalation MRL based on adverse liver effects in rats.  The MRL was based on a 

NOAEL of 15 ppm for hepatic centrilobular hypertrophy (Thornton et al. 2002).  Extremely limited 

information was available regarding oral intermediate-duration effects.  One chronic study presented 

interim sacrifice data that identified relative weight and histopathological changes in the liver (Feron et al. 

1981).  However, only a single-dose group was compared to controls, precluding determination of the 

dose-response of the effects observed. Thus, no MRL for oral intermediate-duration exposures could be 

determined.  Additional studies examining the effects of oral exposure to vinyl chloride would be helpful 

for evaluating relevant biomarkers of exposure and effects in humans consuming contaminated drinking 

water or foods (see Section 3.8). As noted above, absorption of vinyl chloride through the skin is not 

expected to be significant (Hefner et al. 1975a); thus, additional dermal exposure studies do not seem 

warranted. However, if further toxicokinetics studies contradict these findings, other intermediate-

duration dermal exposure studies may be valuable. 

Chronic-Duration Exposure and Cancer.    A large number of studies of workers exposed to vinyl 

chloride have identified a wide range of target organs that may be affected by chronic-duration inhalation 

of vinyl chloride (Bao et al. 1988; Bencko et al. 1988; Berk et al. 1975; Black et al. 1983, 1986; 

Bogdanikowa and Zawilska 1984; Brugnami et al. 1988; Byren et al. 1976; Creech and Johnson 1974; 

Dinman et al. 1971; Falk et al. 1974; Freudiger et al. 1988; Fucic et al. 1995; Gedigke et al. 1975; 

Grainger et al. 1980; Harris and Adams 1967; Jayson et al. 1976; Jones and Smith 1982; Langauer-

Lewowicka et al. 1976; Laplanche et al. 1987; Lee et al. 1977b; Lilis et al. 1975; Liss et al. 1985; Lloyd et 

al. 1984; Magnavita et al. 1986; Maricq et al. 1976; Markowitz et al. 1972; Marsteller et al. 1975; Micu et 

al. 1985; Miller 1975; NIOSH 1977; Perticoni et al. 1986; Popper and Thomas 1975; Popper et al. 1981; 

Preston et al. 1976; Sakabe 1975; Spirtas et al. 1975; Suciu et al. 1963, 1975; Tamburro et al. 1984; 

Veltman et al. 1975; Vihko et al. 1984; Walker 1976; Ward 1976; Wilson et al. 1967; Wong et al. 1991). 

The target organs include the liver, lungs, blood, immune system, cardiovascular system, skin, bones, 

nervous system, and the reproductive organs.  These studies are severely limited in that individual 

exposure levels have not been documented.  In general, studies in animals provide supportive evidence 

for these effects and give indications of the exposure levels that may be associated with them (Bi et al. 

1985; Feron and Kroes 1979; Feron et al. 1979a, 1979b; Lee et al. 1981; Thornton et al. 2002; Viola 

1970; Viola et al. 1971). 
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No information was available regarding chronic-duration oral exposure in humans.  However, studies in 

animals indicate that the liver, blood, and skin are target organs for oral exposure to vinyl chloride (Feron 

et al. 1981; Knight and Gibbons 1987; Til et al. 1983, 1991).  A chronic-duration oral MRL of 

0.003 mg/kg/day was derived from a human equivalent NOAEL of 0.09 mg/kg/day based on liver cell 

polymorphism in rats (Til et al. 1983, 1991). 

No information was available regarding effects of chronic-duration dermal exposure in humans or 

animals, but absorption of vinyl chloride gas through the skin was not significant in an acute-duration 

exposure study in monkeys (Hefner et al. 1975a).  However, only two animals were used, and this was the 

only study located that examined toxicokinetics after dermal exposure.  No information is available 

regarding dermal absorption of vinyl chloride from liquid or solid media (i.e., water, soil).  Dermal 

exposure from these media is expected to be minimal; however, a study confirming this assumption 

would be useful.  If further toxicokinetic studies demonstrate significant dermal absorption of vinyl 

chloride, then other intermediate-duration dermal exposure studies may be needed. 

There is sufficient evidence to indicate that vinyl chloride is carcinogenic to humans (Belli et al. 1987; 

Boffetta et al. 2003; Brugnami et al. 1988; Byren et al. 1976; Cheng et al. 1999; Chung and Keh 1987; 

Cooper 1981; Creech and Johnson 1974; Davies et al. 1990; Du and Wang 1998; Fitzgerald and Griffiths 

1987; Fox and Collier 1977; Gelin et al. 1989; Geryk and Zudova 1986; Hagmar et al. 1990; Heldass et 

al. 1987; Infante et al. 1976b; Jones et al. 1988; Lelbach 1996; Lewis 2001; Lewis and Rempala 2003; 

Lewis et al. 2003; Monson et al. 1975; Mundt et al. 2000; Ojajarvi et al. 2001; Pirastu et al. 1990; 

Rhomberg 1998; Rinsky et al. 1988; Saurin et al. 1997; Simonato et al. 1991; Smulevich et al. 1988; Teta 

et al. 1990; Ward et al. 2001; Waxweiler et al. 1981; Weber et al. 1981; Weihrauch et al. 2000; 

Williamson and Ramsden 1988; Wong et al. 1991, 2002a, 2002b, 2003a, 2003b; Wu et al. 1989) and 

animals (Bi et al. 1985; Drew et al. 1983; Feron and Kroes 1979; Feron et al. 1979a; Froment et al. 1994; 

Lee et al. 1978; Maltoni et al. 1981; Viola et al. 1971) exposed via inhalation, and in animals exposed via 

the oral route (Feron et al. 1979a; Maltoni et al. 1981; Til et al. 1983, 1991).  The mechanism for 

carcinogenicity appears to be associated with the formation of reactive intermediates that bind to DNA. 

Genotoxicity.    There are substantial data on clastogenesis in humans exposed to vinyl chloride that 

indicate that this chemical acts as a potent genotoxicant (Anderson 2000; Anderson et al. 1980; Awara et 

al. 1998; Becker et al. 2001; Ducatman et al. 1975; Fucic et al. 1990a, 1990b, 1992, 1995; Funes-Cravioto 

et al. 1975; Hansteen et al. 1978; Hrivnak et al. 1990; Huttner and Nikolova 1998; Huttner et al. 1998, 

1999; Kucerova et al. 1979; Marion et al. 1991; Purchase et al. 1978; Sinues et al. 1991; Wong et al. 
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1998; Zhao et al. 1996).  The reversibility of chromosome damage has been reported for several 

populations of workers following a cessation or reduction of exposure to vinyl chloride (Anderson et al. 

1980; Fucic et al. 1996a, 1996b; Hansteen et al. 1978).  Findings in humans are supported by both animal 

studies and in vitro studies that show positive genotoxicity in a variety of microbial organisms, cultured 

cell lines, and isolated nucleic acid assays (Anderson and Richardson 1981; Andrews et al. 1976; Bartsch 

1976; Bartsch et al. 1976; Bolt et al. 1986; Ciroussel et al. 1990; de Meester et al. 1980; Eberle et al. 

1989; Froment et al. 1994; Green and Hathway 1978; Gwinner et al. 1983; Hansteen et al. 1978; 

Huberman et al. 1975; Jacobsen et al. 1989; Kandala et al. 1990; Laib and Bolt 1977; Laib et al. 1989; 

Loprieno et al. 1977; McCann et al. 1975; Osterman-Golkar et al. 1977; Poncelet et al. 1980; Rannug et 

al. 1974, 1976; Simmon et al. 1977; Singer et al. 1987; Victorin and Stahlberg 1988a; Walles et al. 1988). 

The role of etheno-adducts in the carcinogenesis of vinyl chloride has been extensively studied (Albertini 

et al. 2003, Barbin 1998, 1999, 2000; Kielhorn et al. 2000; Nivard and Vogel 1999; Whysner et al. 1996).  

Both 2-chloroethylene oxide and 2-chloroacetaldehyde can react with DNA nucleotide bases; however, 

2-chloroethylene oxide is a more potent mutagen and may be the ultimate carcinogenic metabolite of 

vinyl chloride (Chiang et al. 1997).  Etheno-adducts generate mainly base pair substitution mutations.  

Mutations in specific genes (i.e., ras oncogenes, p53 tumor suppressor gene) have been identified in vinyl 

chloride-induced liver tumors in rats and humans (Barbin et al. 1997; Brandt-Rauf et al. 1995; Hollstein et 

al. 1994; Marion and Boivin-Angele 1999; Marion et al. 1991; Trivers et al. 1995; Weihrauch et al. 2002). 

Immunological techniques have been used to detect the presence of Asp13p21 (oncoprotein for mutation 

of the Ki-ras gene), p53 mutant protein, and p53 antibodies in the serum of exposed workers (Brandt-

Rauf et al. 2000a, 2000b; Marion 1998).  Statistical analyses suggest a relationship between vinyl 

chloride exposure and the presence of these serum biomarkers; however, the predictive value of these 

biomarkers for development of cancer is not known.  Further mechanistic research would be helpful in 

identifying the specific gene mutations responsible for vinyl chloride-induced liver cancer. 

Reproductive Toxicity. Data from a number of epidemiological studies provide suggestive evidence 

of adverse effects on male and female reproductive function.  Sexual impotence and decreased androgen 

levels were found in men exposed occupationally to vinyl chloride (Suciu et al. 1975; Veltman et al. 

1975; Walker 1976).  In women exposed to vinyl chloride, menstrual disturbances and an increased 

incidence of elevated blood pressure and edema during pregnancy (preeclampsia) were observed (Bao et 

al. 1988).  Animal studies indicate that exposure to vinyl chloride can result in a decrease in testicular 

weight, damage to the seminiferous tubules, and depletion of spermatocytes (Bi et al. 1985).  A 

significant increase in damage to the spermatogenic epithelium and disorders of spermatogenesis were 

also observed (Sokal et al. 1980).  Reproductive capability was not affected in a 2-generation inhalation 
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reproductive toxicity study in rats (Thornton et al. 2002).  No effects were seen in body weight, feed 

consumption, ability to reproduce, gestation index or length, or pre- and postweaning developmental 

landmarks. Sperm counts, motility, and morphology were also unaffected by vinyl chloride exposure.  

Animal models of preeclampsia could be tested to determine the mechanism by which vinyl chloride 

might produce this effect.  Well-designed and well-conducted epidemiological studies examining such 

changes would also be helpful. No data are available on the possible reproductive toxicity resulting from 

oral exposure to vinyl chloride.  Oral studies that use drinking water as the vehicle of administration 

would be particularly useful because contaminated groundwater is a potentially significant source of 

human exposure.  However, such studies would be technically difficult to perform due to the volatility of 

vinyl chloride and its low solubility in water.  The PBPK model would be useful for assessing 

reproductive toxicity resulting from oral exposure to vinyl chloride. 

Developmental Toxicity.    The epidemiological studies that have addressed developmental toxicity in 

offspring of humans who have been exposed to vinyl chloride are controversial.  Although some of these 

purport to show a significant association between birth defects and vinyl chloride exposure (Infante 1976; 

Infante et al. 1976a, 1976b; NIOSH 1977), their design and analysis have been severely criticized (Hatch 

et al. 1981; Stallones 1987).  At this time, there are insufficient human data to provide a definitive answer 

to this question.  A well-designed and well-conducted epidemiological study examining potential 

developmental end points would be helpful.  There are also inconsistencies in the developmental toxicity 

data for vinyl chloride in laboratory animals.  In general, vinyl chloride produced minor adverse 

developmental effects only at concentrations that were significantly toxic to maternal animals. 

Concentrations of 500 ppm were observed to produce delayed ossification in the fetus and decreased food 

consumption, body weight gain, and mortality in maternal mice (John et al. 1977, 1981).  In contrast, no 

adverse effects were reported in an embryo-fetal developmental toxicity study conducted in rats exposed 

to vinyl chloride via inhalation (Thornton et al. 2002).  Embryo-fetal developmental parameters including 

uterine implantation, fetal gender distribution, fetal body weight, and fetal malformations and variations 

were not affected by vinyl chloride exposure.  Vinyl chloride produced a decrease in maternal body 

weight gain at all exposure levels; however, no changes were observed in feed consumption, clinical 

signs, or postmortem gross findings.  Maternal liver and kidney weights were increased relative to total 

body weight.  It would be helpful to determine whether pregnancy increases the susceptibility to vinyl 

chloride in the mother.  There are no data for oral exposures.  Because of this deficiency, oral studies 

examining a range of developmental end points would be useful in assessing the possibility of these 

effects in humans. However, such studies would be technically difficult to perform due to the volatility of 
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vinyl chloride and its low solubility in water.  The PBPK model would be a useful tool in such risk 

assessment. 

Immunotoxicity.    Studies of workers occupationally exposed to vinyl chloride suggest that the 

immune system may be activated by vinyl chloride (Bogdanikowa and Zawilska 1984).  Some data 

suggest that reactive intermediates may bind to proteins in the body, sufficiently altering them so that they 

become antigenic (Grainger et al. 1980).  In some instances, an autoimmune-like syndrome develops.  

The likelihood of this may be associated with the possession by individuals of specific genetic 

determinants (HLA alleles) (Black et al. 1983, 1986).  Because of the low incidence of the autoimmune 

response in humans, the immunotoxicity may be best further studied in one of the strains of mice known 

to have a propensity for developing autoimmune diseases.  Also, additional epidemiological studies 

examining the immune response of exposed populations may be helpful.  

Neurotoxicity.    A number of studies in humans (Lester et al. 1963; Patty et al. 1930) and animals 

(Hehir et al. 1981; Jaeger et al. 1974; Lester et al. 1963; Mastromatteo et al. 1960; Patty et al. 1930) 

demonstrate that vinyl chloride is a central nervous system depressant following brief high-level 

inhalation exposures.  Two studies in animals have also found degenerative effects in central nervous 

system tissue following chronic inhalation exposure to high levels of vinyl chloride (Viola 1970; Viola et 

al. 1971).  It is unknown whether these degenerative changes might also occur at lower doses; thus, a 

study examining the effects of a range of lower doses would be informative.  In addition, relatively recent 

studies present suggestive evidence that vinyl chloride may also produce peripheral nerve damage in 

humans exposed chronically via inhalation (Langauer-Lewowicka et al. 1976; Magnavita et al. 1986; 

Perticoni et al. 1986; Sakabe 1975; Walker 1976).  Animal studies examining histopathological and 

electrophysiological end points in peripheral nerves would be helpful for assessing what doses may be 

associated with this effect.  Epidemiological studies examining exposed populations for subclinical 

peripheral nerve damage would also be helpful.   

Epidemiological and Human Dosimetry Studies.    Virtually all of the data on effects in humans 

following inhalation exposure to vinyl chloride come from epidemiological studies of workers exposed 

during the production of PVC (Belli et al. 1987; Boffetta et al. 2003; Brugnami et al. 1988; Byren et al. 

1976; Cheng et al. 1999; Chung and Keh 1987; Cooper 1981; Creech and Johnson 1974; Davies et al. 

1990; Du and Wang 1998; Fitzgerald and Griffiths 1987; Fox and Collier 1977; Gelin et al. 1989; Geryk 

and Zudova 1986; Hagmar et al. 1990; Heldass et al. 1987; Infante et al. 1976b; Jones et al. 1988; 

Lelbach 1996; Lewis 2001; Lewis and Rempala 2003; Lewis et al. 2003; Monson et al. 1975; Mundt et al. 
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2000; Ojajarvi et al. 2001; Pirastu et al. 1990; Rhomberg 1998; Rinsky et al. 1988; Saurin et al. 1997; 

Simonato et al. 1991; Smulevich et al. 1988; Teta et al. 1990; Ward et al. 2001; Waxweiler et al. 1981; 

Weber et al. 1981; Weihrauch et al. 2000; Williamson and Ramsden 1988; Wong et al. 2002a, 2002b, 

2003a, 2003b, 1991; Wu et al. 1989).  These studies are limited by the absence of information on 

individual exposure levels.  Also, in North America and Western Europe, only limited numbers of 

females have been studied. 

For the most part, studies examining the carcinogenic potential of vinyl chloride have been adequate to 

distinguish an increased incidence of the rare cancer, angiosarcoma (Byren et al. 1976; Creech and 

Johnson 1974; Fox and Collier 1977; Infante et al. 1976b; Jones et al. 1988; Monson et al. 1975; Pirastu 

et al. 1990; Rinsky et al. 1988; Teta et al. 1990; Waxweiler et al. 1976; Weber et al. 1981; Wong et al. 

1991; Wu et al. 1989).  However, many studies have used cohorts that are too small to detect smaller 

increases in other types of cancer (respiratory, central nervous system, lymphatic, or hematopoietic).  

Epidemiological studies designed to investigate reproductive and developmental effects of vinyl chloride 

have not been useful, in part because of a poor choice of statistical analysis, inadequate controls, lack of 

effects due to current low levels of exposure, or failure to take into account nutritional status and other 

chemical exposures.  Additional cohort studies of these end points would be useful for examining these 

effects in humans. 

Clastogenic effects have been used as a dosimeter for exposures to radioactive substances, and work has 

been done to use this approach for chemical exposures as well.  More data on quantified exposures and 

well-controlled cytogenetic studies would be useful in developing a method for monitoring populations 

living near hazardous waste sites.  

Biomarkers of Exposure and Effect.    

Exposure. Several potential biomarkers for exposure to vinyl chloride have been identified.  Vinyl 

chloride measured in expired air is an adequate indicator of recent, moderate-to-high-level exposure 

(Baretta et al. 1969).  However, for low-level exposures or exposures that occur over 1–2 hours prior to 

the time of measurement, this biomarker is not useful.  Thiodiglycolic acid, a major urinary metabolite of 

vinyl chloride, has been used to monitor workers occupationally exposed to vinyl chloride (Müller et al. 

1979).  However, this biomarker is rapidly excreted, and therefore, the period of its utility is limited 

(Watanabe and Gehring 1976; Watanabe et al. 1979b).  Also, thiodiglycolic acid is not specific for vinyl 
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chloride; it may also be produced as a result of the metabolism of 1,1-dichloroethene, ethylene oxide, or 

2,2-dichloroethylether (Norpoth et al. 1986; Pettit 1986). 

The DNA adducts 1,N6-ethenoadenosine and 3,N4-ethenocytidine may be used to indicate vinyl chloride 

exposure, although studies correlating the levels of these adducts with exposure levels are still lacking.  

These products remain in the body longer than free vinyl chloride or thiodiglycolic acid, thereby 

increasing the period after exposure that a potential exposure may be detected (Bolt 1986; Guengerich 

and Watanabe 1979; Guengerich et al. 1979, 1981; Kappus et al. 1976; Watanabe et al. 1987a, 1987b).  

However, the presence of these adducts cannot indicate how long it has been since exposure occurred.  In 

addition, these adducts are formed as the result of binding of the intermediary metabolites with nucleic 

acids, and other compounds producing the same intermediary metabolites will also produce these adducts.  

For example, these adducts have been identified as a result of exposure to vinyl bromide, ethyl carbamate, 

acrylonitrile, 2-cyanoethylene, and 1,2-dichloroethane (Bolt et al. 1986; Svensson and Osterman-Golkar 

1986).  Studies attempting to identify a metabolite more specific to vinyl chloride may be helpful in 

developing a biomarker that may be used to facilitate future medical surveillance, which can lead to early 

detection and possible treatment. 

Vinyl chloride-induced genetic alterations have been identified in the Ki-ras oncogene and the p53 tumor 

suppressor gene, and oncoproteins and p53 antibodies have been detected in the serum of cancer patients 

with angiosarcoma (see Section 3.3).  Immunological techniques have been used to detect the presence of 

Asp13p21 (oncoprotein for mutation of the Ki-ras gene), p53 mutant protein, and p53 antibodies in the 

serum of exposed workers (Brandt-Rauf et al. 2000a, 2000b; Marion 1998).  Statistical analyses suggest a 

relationship between vinyl chloride exposure and the presence of these serum biomarkers; however, the 

predictive value of these biomarkers for development of cancer is not known. 

Effect. With regard to biomarkers of effect of vinyl chloride exposure, numerous indicators have been 

examined.  The central nervous system depression associated with brief high-level exposures is easily 

determined by observation.  The hepatic changes that may develop during longer term exposures are 

difficult to detect by standard biochemical liver function tests (Berk et al. 1975; Du et al. 1995; Liss et al. 

1985; Vihko et al. 1984). In contrast, tests of clearance such as the indocyanine clearance test or 

measurement of serum bile acid levels are more specific and sensitive indicators of vinyl chloride-induced 

liver damage (Berk et al. 1975; Liss et al. 1985; Vihko et al. 1984).  Angiosarcoma of the liver is a rare 

tumor type that has been shown to result from vinyl chloride exposure.  However, other agents are known 

to produce angiosarcoma of the liver, such as arsenic and Thorotrast® (Gedigke et al. 1975; Marsteller et 
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al. 1975).  Enzyme-linked immunoassay (EIA) has been used to detect anti-p53 antibodies in the serum of 

some individuals with angiosarcoma of the liver before clinical diagnosis of this lesion was made (Trivers 

et al. 1995). However, not all individuals who develop angiosarcoma of the liver test positive for anti-p53 

antibodies; in addition, anti-p53 bodies are not specific only to angiosarcoma of the liver.  Further 

investigation into the ability of this assay to predict individuals at increased risk for developing 

angiosarcoma of the liver would be useful.  Measurement of chromosomal aberrations may indicate the 

genotoxic effects of vinyl chloride (Anderson et al. 1980; Ducatman et al. 1975; Fucic et al. 1990a, 

1990b). However, these aberrations do not specifically indicate vinyl chloride-induced damage.  Also, 

DNA adducts may signal the potential to develop genotoxic effects.  Further work identifying the 

correlation between specific adducts and genotoxic effects would be useful.  The cyanosis and blanching 

of the fingers in response to exposure to the cold may be an early indicator for the development of vinyl 

chloride disease. However, other conditions also known to produce these symptoms include connective 

tissue disorders, mechanical arterial obstruction, hyperviscosity of the blood, and exposure to drugs, 

chemicals, or vibrating tools (Black et al. 1983, 1986; Freudiger et al. 1988).  The presence of basophilic 

stippled erythrocytes has been reported after inhalation exposure of mice to vinyl chloride (Kudo et al. 

1990). Further study would be necessary to determine whether this parameter could be used as a 

biomarker of effect in humans.   

Absorption, Distribution, Metabolism, and Excretion.    There are few data on humans for all 

toxicokinetic parameters across all exposure routes (Krajewski et al. 1980; Sabadie et al. 1980).  There 

are a number of animal studies describing the absorption, distribution, metabolism, and excretion of vinyl 

chloride administered via the oral route (Feron et al. 1981; Green and Hathway 1978; Watanabe and 

Gehring 1976; Watanabe et al. 1987a, 1987b; Withey 1976) and the inhalation route (Bolt et al. 1976a, 

1977; Buchter et al. 1977, 1980; Filser and Bolt 1979; Guengerich and Watanabe 1979; Hefner et al. 

1975b; Jedrychowski et al. 1984, 1985; Ungvary et al. 1978; Watanabe and Gehring 1976; Watanabe et 

al. 1978a, 1978b; Withey 1976) but few describing the toxicokinetics of vinyl chloride administered via 

the dermal route. One study in monkeys found an extremely limited absorption of vinyl chloride across 

the skin (Hefner et al. 1975a).  However, only two animals were used, and this was the only study located 

that examined toxicokinetics after dermal exposure. No information is available regarding dermal 

absorption of vinyl chloride from liquid or solid media (i.e., water, soil).  Dermal exposure from these 

media is expected to be minimal; however, a study confirming this assumption would be useful.  

Furthermore, the intermediary metabolites of vinyl chloride appear to be responsible for many of the toxic 

effects observed.  Therefore, information regarding differences in the metabolic pattern according to 
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gender, age, nutritional status, and species and correlations to differences in health effects would also be 

useful. 

Comparative Toxicokinetics.    The absorption, distribution, metabolism, and excretion of vinyl 

chloride have been studied in animals (Bolt et al. 1976a, 1977; Buchter et al. 1977, 1980; Feron et al. 

1981; Filser and Bolt 1979; Green and Hathway 1975; Guengerich and Watanabe 1979; Hefner et al. 

1975b; Jedrychowski et al. 1984, 1985; Ungvary et al. 1978; Watanabe and Gehring 1976; Watanabe et 

al. 1976a, 1976b, 1978a, 1978b; Withey 1976), but information on toxicokinetics in humans is extremely 

limited (Krajewski et al. 1980; Sabadie et al. 1980). Human and animal data indicate that similar target 

organs (liver, central nervous system) for the toxic effects of vinyl chloride exist, suggesting some 

similarities of kinetics.  Limited information is available regarding interspecies differences in kinetics.  

Most toxicokinetic studies have been conducted using rats (Bolt et al. 1976a, 1977; Buchter et al. 1977; 

Feron et al. 1981; Filser and Bolt 1979; Green and Hathway 1975; Guengerich and Watanabe 1979; 

Hefner et al. 1975b; Jedrychowski et al. 1984, 1985; Ungvary et al. 1978; Watanabe and Gehring 1976; 

Watanabe et al. 1976a, 1976b, 1978a, 1978b; Withey 1976), but one study in primates indicates that 

metabolism may saturate at lower concentrations in primates than rats (Buchter et al. 1980).  This may 

suggest a lower saturation point in humans also.  Modeling studies might continue to provide information 

on the toxicokinetics of vinyl chloride in humans. 

Methods for Reducing Toxic Effects.    Vinyl chloride appears to be rapidly and completely 

absorbed following inhalation and oral exposure (Bolt et al. 1977; Krajewski et al. 1980; Watanabe et al. 

1976a; Withey 1976).  Methods used to reduce absorption immediately after exposure include removal 

from the source of exposure, cleansing contaminated body parts, and in cases of ingestion, speeding the 

removal of unabsorbed material from the gastrointestinal tract (Bronstein and Currance 1988; Haddad and 

Winchester 1990; Stutz and Ulin 1992).  No information was located regarding the mechanism of 

absorption. Additional experiments examining the mechanism of absorption and potential means of 

interfering with that mechanism would be useful.  Distribution of vinyl chloride in the body is rapid and 

widespread, but storage is limited by rapid metabolism and excretion (Bolt et al. 1976a; Buchter et al. 

1977; Watanabe et al. 1976a, 1976b, 1978a).  The toxicity of vinyl chloride has been attributed to the 

formation of reactive epoxide metabolites.  No information was located regarding removal of these toxic 

metabolites from the body once they have been formed, but information from toxicokinetic studies 

suggest that vinyl chloride metabolism to toxic metabolites may be reduced.  Saturation of the metabolic 

pathways for vinyl chloride can result in the clearance of unmetabolized vinyl chloride in exhaled air 

(Green and Hathway 1975; Watanabe and Gehring 1976; Watanabe et al. 1976a, 1976b, 1978a).  Studies 
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examining the effectiveness and endogenous toxicity of the agents used to block the metabolic pathways 

(cobaltous chloride, SKF-535-A, 6-nitro-1,2,3-benzothiadiazole) would provide useful information.  

Another strategy for reducing the formation of toxic metabolites includes increasing the pool of 

glutathione for use in metabolism to nontoxic metabolites.  Studies examining the effectiveness of this 

procedure would also be helpful.  Vinyl chloride disease may be mediated by an autoimmune mechanism 

(Grainger et al. 1980; Ward 1976).  Further studies continuing to examine the role of autoimmune 

responses in vinyl chloride disease, the genetic factors resulting in greater susceptibility to the disease, 

and the effectiveness of drugs that block immune responses in reducing the symptoms of vinyl chloride 

disease would also provide valuable information. 

Children’s Susceptibility.    Data needs relating to both prenatal and childhood exposures, and 

developmental effects expressed either prenatally or during childhood, are discussed in detail in the 

Developmental Toxicity subsection above. 

No studies were located that specifically address the effects of vinyl chloride in children.  Some 

epidemiologic studies (Infante 1976; Infante et al. 1976a, 1976b; NIOSH 1977) have suggested an 

association between birth defects and vinyl chloride exposure of the parents of affected children.  

However, the design and analysis of these studies has been criticized (Hatch et al. 1981; Stallones 1987).  

Some inhalation studies with animals have suggested that vinyl chloride is a developmental toxicant (i.e., 

produces delayed ossification), but only at doses that produce significant maternal toxicity (John et al. 

1977, 1981; Mirkova et al. 1978; Sal'nikova and Kotsovskaya 1980; Ungvary et al. 1978).  No adverse 

effects on embryo-fetal development were noted in a recent inhalation study in rats conducted using 

similar concentrations of vinyl chloride (Thornton et al. 2002).  There is no evidence that vinyl chloride 

has hormone-like effects.  However, a developmental neurotoxicity study in rats in which pups are tested 

at various ages after being exposed in utero would be informative. 

Carcinogenicity studies with animals suggest that younger animals may be more sensitive to the toxicity 

and carcinogenicity of vinyl chloride (Laib et al. 1985; Maltoni et al. 1981).  An age-related sensitivity to 

DNA adduct formation was noted in rats (Ciroussel et al. 1990; Fedtke et al. 1990; Morinello et al. 

2002a). Further mechanistic research may be useful in establishing the mechanism of early life stage 

sensitivity in laboratory animals and determining whether it is anticipated to be relevant to humans. 

No studies were located that specifically address the toxicokinetics of vinyl chloride in children; however, 

the toxicokinetic behavior of vinyl chloride in children is expected to be similar to that in adults.  Young 
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children appear capable of metabolizing vinyl chloride to reactive intermediates that form DNA adducts 

that lead to cancer. The data on CYP2E1 levels in the developing organism suggest that early life stage 

sensitivity to vinyl chloride-induced cancer is not solely due to an increase in the production of reactive 

intermediates via this isozyme.  Fetal CYP isoforms may play a role in metabolism of vinyl chloride to 

reactive intermediates in the fetus and neonate. Glutathione conjugation may also differ in the developing 

organism.  DNA repair capacity and other pharmacodynamic factors may also be associated with an early 

life stage susceptibility to cancer.  Further information on the toxicokinetics and toxicodynamics of vinyl 

chloride and metabolites during pregnancy, lactation, and early childhood would be useful.  The 

biomarkers of exposure and effects used in occupational worker populations should be evaluated for their 

relevance to human exposure at all age levels following acute or chronic exposure to vinyl chloride.  

There are no data on the interaction of vinyl chloride with other chemicals in children.  The information 

available indicates that methods to reduce peak absorption of vinyl chloride are applicable to children. 

Child health data needs relating to exposure are discussed in Section 6.8.1, Identification of Data Needs:  

Exposures of Children. 

3.12.3 Ongoing Studies 

The following ongoing studies concerning the adverse health effects associated with vinyl chloride have 

been identified in the Federal Research in Progress (FEDRIP 2005) database. 

Dr. P.W. Brandt-Rauf at Columbia University proposes to investigate whether genetic polymorphisms in 

vinyl chloride-metabolizing enzymes are also related to the more specific biomarkers of mutagenic 

damage (mutant ras-p21 and/or mutant p53) in vinyl chloride-exposed workers.  Restriction fragment 

length polymorphism techniques will be used to analyze DNA from sub-groups of vinyl chloride-exposed 

workers. It is anticipated that workers with genetic polymorphisms will be more likely to have the 

biomarkers of mutagenic damage than similarly exposed workers without the polymorphisms and thus 

will be more likely to suffer from the subsequent carcinogenic and other health effects of vinyl chloride 

exposure. If this proves to be correct, then such special populations at risk could be targeted for more 

stringent interventions to help prevent the occurrence of vinyl chloride-related occupational diseases.  

This research is sponsored by the National Institute for Occupational Safety and Health. 

Dr. W.K. Kaufman at the University of North Carolina at Chapel Hill will investigate the role of DNA 

repair in the formation of hprt mutations in vinyl chloride-exposed workers.  A subfraction of people 
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exposed to vinyl chloride in the workplace expressed high frequencies of hprt mutations in blood 

lymphocytes.  The possible existence of a DNA repair defect in sensitive workers will be evaluated by 

studying chlorethylene oxide-induced genotoxicity in lymphoblastoid lines derived from sensitive and 

resistant people. This project will employ a functional assay for DNA repair capacity in peripheral 

lymphocytes that measures rejoining of radiation-induced chromatid breaks.  This research is supported 

by the National Institute of Environmental Health Sciences (NIEHS). 

Dr. G.E. Kisby at the Oregon Health Sciences University proposes experiments to examine the 

relationship between the formation of etheno base DNA adducts of chloroacetaldehyde and neurotoxicity 

or mutations.  Neuronal and astrocyte cell cultures will be developed from different brain regions (e.g., 

cortex, hippocampus, midbrain, cerebellum) of DNA repair proficient and deficient mice (i.e., 

k N-methylpurine DNA glycosylase Aag).  These cell lines will be examined for acute and delayed 

chloroacetaldehyde-induced neurotoxicity.  Separate sets of astrocyte cell cultures will be developed from 

hprt heterozygous-deficient mice and examined to determine the spectrum of chloroacetaldehyde-induced 

mutations.  Findings from these studies are expected to provide important information about the 

neurotoxic and mutagenic mechanisms of vinyl chloride.  This research is sponsored by the NIEHS. 

Dr. K.D. Thrall at the Oregon Health Sciences University will investigate the influence of route of 

exposure on the total body burden and internal target tissue dosimetry of vinyl chloride and other 

chemicals.  Exposure assessment studies will be conducted with human volunteers using a novel real-time 

breath analysis system to determine the uptake of contaminants from tap water by each of three routes:  

inhalation, ingestion, and dermal contact.  These data will be coupled with PBPK modeling to determine 

uptake kinetics and brain dosimetry.  This research is sponsored by the NIEHS. 
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4. CHEMICAL AND PHYSICAL INFORMATION 

4.1 CHEMICAL IDENTITY  

Information regarding the chemical identity of vinyl chloride is located in Table 4-1.  This information 

includes synonyms, chemical formula and structure, and identification numbers. 

4.2 PHYSICAL AND CHEMICAL PROPERTIES  

Information regarding the physical and chemical properties of vinyl chloride is located in Table 4-2. 
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Table 4-1. Chemical Identity of Vinyl Chloride 

Characteristic Information Reference 
Chemical name Vinyl chloride HSDB 2005 

Synonym(s) Chloroethene; chloroethylene; 1-chloroethylene; 
ethylene monochloride; monovinyl chloride; 
monochloroethene; monochloroethylene; 
MVCs; Trovidur; VC; VCM; vinyl chloride 
monomer 

Fire 1986; HSDB 2005 

Registered trade name(s) No data 

Chemical formula C2H3Cl HSDB 2005 

Chemical structure H H HSDB 2005 

C C  
  

H Cl 
Identification numbers: 

CAS registry 75-01-4 HSDB 2005 

 NIOSH/RTECS KU9625000 HSDB 2005 

EPA hazardous waste U043 HSDB 2005 

 OHM/TADS 7216947 HSDB 2005 

 DOT/UN/NA/IMCO 1086 HSDB 2005 
shipping 
HSDB 169 HSDB 2005 

NCI No data HSDB 2005 

CAS = Chemical Abstract Services; DOT/UN/NA/IMCO = Department of Transportation/United Nations/North 
America/International Maritime Dangerous Goods Code; EPA = Environmental Protection Agency; 
HSDB = Hazardous Substance Data Bank; NCI = National Cancer Institute; NIOSH = National Institute for 
Occupational Safety and Health; OHM/TADS = Oil and Hazardous Materials/Technical Assistance Data System; 
RTECS = Registry of Toxic Effects of Chemical Substances 
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Table 4-2. Physical and Chemical Properties of Vinyl Chloride 

Property Information Reference 
Molecular weight 62.5 Lewis 1996 
Color Colorless Budavari 1989 
Physical state Gas Budavari 1989 
Melting point -153.8 °C Budavari 1989 
Boiling point -13.37 °C Budavari 1989 
Density: 

at -14.2 °C 0.969 g/cm3 Cowfer and Magistro 1983 
at 15 °C 0.9195 g/cm3 Lewis 1996 
at 20 °C 0.9106 g/cm3 NIOSH 1986 

Vapor density 2.16 Fire 1986 
Odor Sweet HSDB 1996 
Odor threshold: 

Water 3.4 ppm Amoore and Hautala 1983 
Air 3,000 ppm Amoore and Hautala 1983 

Solubility: 
Water at 25 °C 2,763 mg/L EPA 1985b 

1,100 mg/L Cowfer and Magistro 1983 
Organic solvent(s) Soluble in hydrocarbons, oil, alcohol, Cowfer and Magistro 1983 

chlorinated solvents, and most common 
organic liquids 

Partition coefficients: 
 Log Kow 1.36 NIOSH 1986
 Log Koc 1.99 Lyman et al. 1982 
Vapor pressure: 

at 20 °C 2,530 mmHg Budavari 1989 
at 25 °C 2,600 mmHg Lewis 1996 

Henry’s law constant: 
10.3 °C 0.0147 (atm-m3)/mol Gossett 1987 
17.5 °C 0.0193 (atm-m3)/mol Gossett 1987 
24.8 °C 0.0278 (atm-m3)/mol Gossett 1987 
34.6 °C 0.0358 (atm-m3)/mol Gossett 1987 

Autoignition temperature 472 °C Lewis 1996 
Flashpoint -78 °C (closed cup) Budavari 1989 
Flammability limits 3.6–33 volume % NIOSH 1986 
Conversion factors: 

ppm to mg/m3 in air 1 ppm=2.6 mg/m3 NIOSH 1990
 mg/m3 to ppm in air 1 mg/m3=0.38 ppm NIOSH 1990 
Explosive limits 4–22 volume % Lewis 1996 
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5. PRODUCTION, IMPORT/EXPORT, USE, AND DISPOSAL 

5.1 PRODUCTION 

Vinyl chloride was first produced commercially in the 1930s by reacting hydrogen chloride with 

acetylene.  Currently, vinyl chloride is produced commercially by the chlorination of ethylene through 

one of two processes, direct chlorination or oxychlorination.  Direct chlorination reacts ethylene with 

chlorine to produce 1,2-dichloroethane. Similarly, oxychlorination produces 1,2-dichloroethane, but this 

is accomplished by reacting ethylene with dry hydrogen chloride and oxygen. After both processes, the 

1,2-dichloroethane is subjected to high pressures (2.5–3.0 megapascals) and temperatures (550–550 °C).  

This causes the 1,2-dichloroethane to undergo pyrolysis, or thermal cracking, which forms the vinyl 

chloride monomer and hydrogen chloride.  The vinyl chloride monomer is then isolated (Cowfer and 

Magistro 1985).  The technical-grade product is available in 99.9% purity (HSDB 2005).  Efforts are 

being made to minimize by-product formation (hydrocarbons, chlorinated hydrocarbons, and unreacted 

material) in 1,2-dichloroethane pyrolysis (Cowfer and Magistro 1985). 

Table 5-1 summarizes the facilities in the United States that either manufacture or process vinyl chloride.  

This information was obtained from the Toxic Release Inventory (TRI03 2005), and also lists the 

maximum amounts of vinyl chloride that are present at these sites and the end uses of vinyl chloride.  

Table 5-2 lists the facilities that solely manufacture vinyl chloride for commercial purposes and their 

production capacities. In 2001, the global demand for vinyl chloride was 14.89 billion pounds; in 2002, 

demand was 15.94 billion pounds; and in 2006, it is estimated that demand for vinyl chloride will be 

17.8 billion pounds (CMR 2003).  Demand for vinyl chloride monomer is almost entirely dependent upon 

the consumption of polyvinyl chloride (PVC) materials.  Demand is expected to increase globally at a rate 

of approximately 3.5% annually due to increasing demand in Asia, while demand in the United States is 

expected to increase by about 2.8% annually (CMR 2003).  

5.2 IMPORT/EXPORT 

Imports of vinyl chloride totaled 29 million pounds (13.17 million kilograms) in 1994 and 164 million 

pounds in 1991 (CPS 1993; NTD 1995). Imports have been steadily declining from a high of 302 million 

pounds in 1989, prior to which they had been increasing (CPS 1993).  Currently, the amounts of vinyl  
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Table 5-1. Facilities that Produce, Process, or Use Vinyl Chloride 

Number Minimum Maximum 
of amount on site amount on site 

Statea facilities in poundsb in poundsb Activities and usesc 

AL 2 1,000 999,999 2, 3, 6, 7 
AR 3 1,000 999,999 6, 12 
CA 8 100 9,999,999 2, 3, 6, 7, 8, 9, 10, 12 
DE 6 10,000 99,999,999 2, 3, 6, 11, 12 
FL 2 100,000 9,999,999 6 
GA 3 1,000 999,999 6, 7, 8 
IL 5 1,000 49,999,999 6, 8, 11 
IN 4 0 99,999 1, 7, 8, 13 
KS 8 100 99,999 1, 2, 3, 5, 6, 10, 12, 13 
KY 10 1,000 49,999,999 1, 2, 3, 4, 6, 12, 14 
LA 37 100 10,000,000,000 1, 2, 3, 4, 5, 6, 11, 12, 13 
MI 8 1,000 9,999,999 2, 3, 6, 12 
MO 5 1,000 9,999,999 1, 2, 3, 5, 6, 8, 11 
MS 4 1,000,000 999,999,999 6 
NC 7 0 999,999 1, 5, 6, 8, 11 
NE 1 10,000 99,999 12 
NJ 11 1,000 49,999,999 6, 7, 8, 12 
NY 2 10,000 999,999 6, 8 
OH 10 0 9,999,999 2, 3, 6, 7, 8, 11, 12 
OK 1 1,000,000 9,999,999 6 
PA 2 1,000,000 9,999,999 3, 6, 8 
SC 2 10,000 9,999,999 8, 12 
TX 43 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 9, 10, 11, 12, 13, 14 
UT 1 1,000 9,999 12 
VA 4 1,000 999,999 1, 7, 12, 13 
WI 1 10,000 99,999 7 

aPost office state abbreviations used 
bAmounts on site reported by facilities in each state 
cActivities/Uses: 
1. Produce 
2. Import 
3. Onsite use/processing 
4. Sale/Distribution 
5. Byproduct 

6. Impurity 
7. Reactant 
8. Formulation Component 
9. Article Component 
10. Repackaging 

11. Chemical Processing Aid 
12. Manufacturing Aid  
13. Ancillary/Other Uses 
14. Process Impurity 

Source: TRI03 2005 (Data are from 2003) 
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Table 5-2. U.S. Production Capacity of Vinyl Chloride 

U.S. Producer Location Capacity (millions pounds per year) 
Dow Chemicals Oyster Creek, Texas; Freeport, Texas 2,700 
Dow Chemicals Plaquemine, Louisiana  1,500 
Formosa Plastics Baton Rouge, Louisiana 980 
Formosa Plastics Point Comfort, Texas 1,235 
Geismar Vinyls Geismar, Louisiana 650 
Georgia Gulf Lake Charles, Louisiana 1,000 
Georgia Gulf Plaquemine, Louisiana  1,600 
Oxy Mar Ingleside, Texas 2,300 
Oxy Vinyls Deer Park, Texas 1,300 
Oxy Vinyls La Porte, Texas 2,400 
PHH Monomers Lake Charles, Louisiana 1,300 
Westlake Monomers Calvert City, Kentucky 1,200 
U.S. total capacity:  18,165 million pounds 

Source: CMR 2003 
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chloride imported into the United States are negligible (CMR 2003).  Exports of vinyl chloride were 

1.65 billion pounds (0.75 billion kilograms) in 1992 and 2.10 billion pounds (0.95 billion kilograms) in 

1994 (NTD 1995). Recent estimates have shown a slight decrease in U.S. export volumes.  In 2001, 

exports of vinyl chloride totaled 1.89 billion pounds and in 2002, exports were 1.43 billion pounds (CMR 

2003). 

5.3 USE 

Vinyl chloride is an important industrial chemical because of its wide variety of end-use products and the 

low cost of producing polymers from it.  Approximately 98% of all vinyl chloride produced is used to 

manufacture PVC materials (CMR 2003).  These PVC materials are widely used in automotive parts, 

packaging products, pipes, construction materials, furniture, and a variety of other products (Cowfer and 

Magistro 1985).  Other miscellaneous uses, which account for about 2% of the vinyl chloride that is 

produced annually, include the production of 1,1,1-trichloroethane and copolymers with vinyl acetate, 

vinyl sterate, and vinylidene chloride (CMR 2003). 

Vinyl chloride has been used in the past as a refrigerant, as an extraction solvent for heat-sensitive 

materials, and in the production of chloroacetaldehyde and methyl chloroform (IARC 1979).  In the 

United States, limited quantities of vinyl chloride were used as an aerosol propellant and as an ingredient 

of drug and cosmetic products; however, these practices were banned by the EPA in 1974 (HSDB 2005; 

IARC 1979). 

5.4 DISPOSAL 

Since vinyl chloride has been identified by EPA as a hazardous material, its disposal is regulated under 

the Federal Resource Conservation and Recovery Act (RCRA) (EPA 1993d).  The transportation of 

hazardous materials for disposal is regulated by the Department of Transportation in compliance with this 

act (DOT 1993). The recommended method of disposal is total destruction by incineration.  The 

temperature of the incinerator must be sufficient to ensure the complete combustion of the vinyl chloride 

in order to prevent the formation of phosgene.  The recommended temperature range for incineration is 

450–1,600 °C, with residence times of seconds for gases and liquids, and hours for solids (HSDB 2005).  

If in solution, the vinyl chloride product may need to be adsorbed onto a combustible material prior to 

incineration. Recommended materials include vermiculite, sawdust, or a sand-soda ash mixture (90/10) 
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covered with wood and paper (OHM/TADS 1985).  The vinyl chloride can also be dissolved in a 

flammable solvent prior to incineration.  An acid scrubber should be used in conjunction with the 

incinerator in order to remove any hydrogen chloride that is produced by the combustion process (HSDB 

2005; OHM/TADS 1985).  Alternatively, chemical destruction may be used, especially with small 

quantities. From 1 to 2 days is generally sufficient for complete destruction (HSDB 2005). 

Aqueous byproduct solutions from the production of vinyl chloride are usually steam-stripped to remove 

volatile organic compounds, neutralized, and then treated in an activated sludge system to remove 

nonvolatile organic compounds remaining in the waste water (Cowfer and Magistro 1983). 
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6. POTENTIAL FOR HUMAN EXPOSURE 

6.1 OVERVIEW 

Vinyl chloride has been identified in at least 622 of the 1,662 hazardous waste sites that have been 

proposed for inclusion on the EPA National Priorities List (NPL) (HazDat 2005).  However, the number 

of sites evaluated for vinyl chloride is not known.  The frequency of these sites can be seen in Figure 6-1. 

Of these sites, all are located within the continental United States with the exception of one site located in 

the Virgin Islands and one site in the Commonwealth of Puerto Rico (not shown).   

Vinyl chloride is used almost exclusively in the United States by the plastics industry for the production 

of polyvinyl chloride (PVC) and several copolymers.  Much of the vinyl chloride produced at 

manufacturing facilities gets converted to PVC and vinyl chloride derived copolymers on-site.  Nearly all 

vinyl chloride shipped to facilities off-site is also converted to PVC or PVC copolymers.  In many cases, 

vinyl chloride is transported by pipeline directly to the plant producing the polymer.  The physical form of 

vinyl chloride is a neat liquid (99.9% minimum purity) stored or transported under pressure (OECD 

2001). 

Anthropogenic sources are responsible for all of the vinyl chloride found in the environment.  Most of the 

vinyl chloride released to the environment eventually escapes to the atmosphere.  Lesser amounts are 

released to groundwater.  Vinyl chloride has been detected in the ambient air in the vicinity of vinyl 

chloride and PVC manufacturing plants and hazardous waste sites.  The compound has also leached into 

groundwater from spills, landfills, and industrial sources; it can also enter groundwater after being 

produced by the bacterial degradation of trichloroethylene, tetrachloroethylene, and 1,1,1-trichloroethane 

(Smith and Dragun 1984). 

Effluents and emissions from vinyl chloride and PVC manufacturers are responsible for most of the vinyl 

chloride released to the environment.  In the vicinity of hazardous waste sites, a significant source of 

vinyl chloride may originate from the bacterial degradation of chlorinated solvents such as 

trichloroethylene, tetrachloroethylene, and 1,1,1-trichloroethane, rather than industrial sources.  When 

released to the atmosphere, vinyl chloride is expected to be removed by reaction with photochemically 

generated hydroxyl radicals (half-life=1–2 days).  Reaction products include hydrochloric acid,  
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Figure 6-1.  Frequency of NPL Sites with Vinyl Chloride Contamination 
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formaldehyde, formyl chloride, acetylene, chloroacetaldehyde, chloroacetylchloranil, and chloroethylene 

epoxide. In photochemical smog, the half-life of vinyl chloride is reduced to a few hours.  When released 

to water, volatilization is expected to be the primary environmental fate process.  In waters containing 

photosensitizers, such as humic materials, sensitized photodegradation may also be important.  Sensitized 

photodegradation may occur when a molecule other than the compound of interest absorbs light, 

promoting it to an excited state; a transfer of energy occurs between the excited state of the photo­

sensitizer and the compound of interest, which involves no direct absorption of photons by that particular 

compound. When released to soil, vinyl chloride either volatilizes rapidly from soil surfaces or leaches 

readily through soil, ultimately entering groundwater. 

Segments of the general population living in the vicinity of emission sources are exposed to vinyl 

chloride by inhalation of contaminated air.  Average daily intake of vinyl chloride by inhalation for these 

people ranges from trace amounts to 2,100 μg/day.  The average daily intake of vinyl chloride by 

inhalation is expected to be very low for the remainder of the population.  The majority of the general 

population is not expected to be exposed to vinyl chloride through ingestion of drinking water.  The 

average daily intake of vinyl chloride through the diet is essentially zero.  Workers, particularly those 

employees at vinyl chloride and PVC manufacturing facilities, are exposed to vinyl chloride mainly by 

inhalation, although minor absorption through the skin possible.  Workers involved in the handling and 

and processing of PVC resins are exposed to lower levels of vinyl chloride than employees at vinyl 

chloride and PVC manufacturing facilities since fabricated products contain only minute quantities of 

vinyl chloride present as residual monomer.  The National Occupational Exposure Survey (NOES), 

conducted by NIOSH from 1981 to 1983, estimated that 81,314 workers (28,398 of these are females) 

employed at 3,711 plant sites were potentially exposed to vinyl chloride (NOES 1990).  This survey does 

not differentiate between exposures to persons working in vinyl chloride and PVC manufacturing 

facilities and those persons employed in trades that fabricate end products where the level of exposure is 

expected to be lower. Since the early 1970s, improvements in manufacturing facilities, engineering 

controls, and workplace practices have substantially reduced workplace exposures in the United States 

and most other industrialized countries that manufacture vinyl chloride and produce or fabricate PVC 

products. 
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6.2 RELEASES TO THE ENVIRONMENT 

The Toxics Release Inventory (TRI) data should be used with caution because only certain types of 

facilities are required to report (EPA 2005).  This is not an exhaustive list.  Manufacturing and processing 

facilities are required to report information to the TRI only if they employ 10 or more full-time 

employees; if their facility is included in Standard Industrial Classification (SIC) Codes 10 (except 1011, 

1081, and 1094), 12 (except 1241), 20–39, 4911 (limited to facilities that combust coal and/or oil for the 

purpose of generating electricity for distribution in commerce), 4931 (limited to facilities that combust 

coal and/or oil for the purpose of generating electricity for distribution in commerce), 4939 (limited to 

facilities that combust coal and/or oil for the purpose of generating electricity for distribution in 

commerce), 4953 (limited to facilities regulated under RCRA Subtitle C, 42 U.S.C. section 6921 et seq.), 

5169, 5171, and 7389 (limited S.C. section 6921 et seq.), 5169, 5171, and 7389 (limited to facilities 

primarily engaged in solvents recovery services on a contract or fee basis); and if their facility produces, 

imports, or processes ≥25,000 pounds of any TRI chemical or otherwise uses >10,000 pounds of a TRI 

chemical in a calendar year (EPA 2005). 

6.2.1 Air 

Estimated releases of 587,677 pounds of vinyl chloride to the atmosphere from 52 domestic 

manufacturing and processing facilities in 2003, accounted for about 85% of the estimated total 

environmental releases from facilities required to report to the TRI (TRI03 2005).  These releases are 

summarized in Table 6-1. 

The major source of vinyl chloride releases to the environment is believed to be emissions and effluents 

from plastic industries, primarily vinyl chloride and PVC manufacturers.  Worldwide emissions of vinyl 

chloride into the atmosphere during 1982 totaled approximately 400 million pounds (Hartmans et al. 

1985). Another emission source is tobacco smoke, which has been found to contain 5.6–28 ng vinyl 

chloride per cigarette (Hoffman et al. 1976). The combustion of coal and the incineration of municipal 

waste may also release small quantities of vinyl chloride to the atmosphere (Dempsey 1993; Miller et al. 

1994). 

The EPA National Toxics Inventory (NTI) estimated that in 1996, 1,650 tons of vinyl chloride 

(3.3 million pounds) were released to the atmosphere in the contiguous United States (plus Puerto Rico 

and the Virgin Islands) (EPA 2005).  The NTI includes more facilities than the TRI because of TRI 
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Table 6-1. Releases to the Environment from Facilities that Produce, Process, or 
 
Use Vinyl Chloridea
 

Reported amounts released in pounds per yearb 

Total release 

Statec RFd Aire Waterf UIg Landh Otheri 
On-sitej Off-sitek 

On- and off-
site 

AL 1 2,427 No data 0 0 0 2,427 0 2,427 
AR 2 109 No data 0 0 0 109 0 109 
DE 2 84,092 1 0 5 0 84,093 5 84,098 
IL 2 57,025 5 0 5 0 57,030 5 57,035 
IN 1 0 No data 0 0 0 0 0 0 
KS 1 0 No data 38 0 0 38 0 38 
KY 6 44,481 7 0 7 28 44,488 35 44,523 
LA 10 140,614 3 80,116 18 45 220,735 61 220,796 
MI 2 3,534 0 0 0 0 3,534 0 3,534 
MO 1 100 0 0 0 0 100 0 100 
MS 1 30,272 No data 0 0 0 30,272 0 30,272 
NC 1 17 No data 0 0 0 17 0 17 
NJ 3 32,484 64 0 71 0 32,548 71 32,619 
OH 4 267 5 0 24,250 1,260 272 25,510 25,782 
OK 1 4,235 No data 0 0 0 4,235 0 4,235 
PA 1 73,241 0 0 0 0 73,241 0 73,241 
TX 11 114,629 267 0 8 87 114,904 87 114,991 
UT 1 1 No data 0 0 0 1 0 1 
VA 1 149 No data 0 0 0 149 0 149 
Total 52 587,677 352 80,154 24,364 1,420 668,193 25,775 693,967 

aThe TRI data should be used with caution since only certain types of facilities are required to report.  This is not an 
 
exhaustive list.  Data are rounded to nearest whole number.
 
bData in TRI are maximum amounts released by each facility.
 
cPost office state abbreviations are used. 
 
dNumber of reporting facilities.
 
eThe sum of fugitive and point source releases are included in releases to air by a given facility. 
 
fSurface water discharges, waste water treatment-(metals only), and publicly owned treatment works (POTWs)
 
(metal and metal compounds).
 
gClass I wells, Class II-V wells, and underground injection. 
 
hResource Conservation and Recovery Act (RCRA) subtitle C landfills; other on-site landfills, land treatment, surface 
 
impoundments, other land disposal, other landfills. 
 
iStorage only, solidification/stabilization (metals only), other off-site management, transfers to waste broker for 
 
disposal, unknown 
 
jThe sum of all releases of the chemical to air, land, water, and underground injection wells. 
 
kTotal amount of chemical transferred off-site, including to POTWs. 
 

RF = reporting facilities; UI = underground injection 

Source: TRI03 2005 (Data are from 2003) 
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reporting thresholds and the limitations in the types of facilities required to report to TRI.  The NTI is 

compiled primarily using state and local agency and tribal toxic air pollutant emission inventories.  The 

emissions organized by state are summarized in Table 6-2.  Vinyl chloride was detected in the air at 63 of 

the 1,662 current or former EPA NPL hazardous waste sites (HazDat 2005).  Vinyl chloride detected at 

these hazardous waste sites may not necessarily arise from industrial sources.  The bacterial degradation 

of chlorinated solvents such as trichloroethylene, tetrachloroethylene, and 1,1,1-trichloroethane can 

produce vinyl chloride as a degradation product, and this may be the origin of vinyl chloride at these sites 

(Smith and Dragun 1984). 

6.2.2 Water 

Estimated releases of 352 pounds of vinyl chloride to surface water from 52 domestic manufacturing and 

processing facilities in 2003, accounted for <1% of the estimated total environmental releases from 

facilities required to report to the TRI (TRI03 2005).  These releases are summarized in Table 6-1. 

Vinyl chloride released in waste water from the plastics industries is expected to volatilize fairly rapidly 

(on the order of hours to days) into the atmosphere.  Anaerobic reductive dehalogenation of trichloro­

ethylene, tetrachloroethylene, and 1,1,1-trichloroethane also releases vinyl chloride into groundwater at 

hazardous waste sites (Smith and Dragun 1984) or other locations where the proper conditions are found 

in the subterranean strata.  Vinyl chloride was detected in groundwater at 538 of the 1,662 current or 

former EPA NPL hazardous waste sites, and in surface water at 110 of the 1,662 current or former EPA 

NPL hazardous waste sites (HazDat 2005).  Since vinyl chloride possesses high mobility in soils, it 

leaches into groundwater from spills, landfills, and industrial sources that may release it to soil (TRI03 

2005). According to data collected from the analysis of leachates and monitoring wells at sites where 

groundwater was contaminated by municipal solid waste landfill leachate, vinyl chloride was present in 

both the leachates and the groundwater samples (Sabel and Clark 1984).  Vinyl chloride has been found in 

groundwater at other landfills also (Agency for Toxic Substances and Disease Registry 1995a, 1995b).   

6.2.3 Soil 

Estimated releases of 24,364 pounds of vinyl chloride to soils from 52 domestic manufacturing and 

processing facilities in 2003, accounted for about 3.5% of the estimated total environmental releases from 

facilities required to report to the TRI (TRI03 2005). In addition, 80,154 pounds of vinyl chloride,  
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Table 6-2. Emissions of Vinyl Chloride Organized by State in 1996 

State Emissions (pounds/year) Emission density (pounds/year/square mile) 
Alabama 19,300 0.38 
Arizona 26,200 0.23 
Arkansas 7,220 0.14 
California 568,000 3.64 
Colorado 70,200 0.67 
Connecticut 3,080 0.63 
Delaware 155,800 78.40 
Washington, DC 2 0.03 
Florida 31,400 0.57 
Georgia 26,400 0.45 
Idaho 3,460 0.04 
Illinois 176,400 3.16 
Indiana 26,000 0.72 
Iowa 7,120 0.13 
Kansas 7,860 0.10 
Kentucky 80,200 2.00 
Louisiana 158,600 3.54 
Maine 480 0.02 
Maryland 8,100 0.84 
Massachusetts 86,000 10.78 
Michigan 124,000 2.20 
Mississippi 36,600 0.77 
Missouri 14,540 0.21 
Montana 1,768 0.01 
Nebraska 4,120 0.05 
Nevada 7,260 0.07 
New Hampshire 3,080 0.34 
New Jersey 63,200 8.36 
New Mexico 10,680 0.09 
New York 248,000 5.20 
North Carolina 26,800 0.55 
North Dakota 2,760 0.04 
Ohio 43,000 1.04 
Oklahoma 6,640 0.10 
Oregon 12,000 0.13 
Pennsylvania 246,000 5.46 
Rhode Island 2,820 3.14 
South Carolina 11,160 0.37 
South Dakota 1,280 0.02 
Tennessee 19,940 0.48 
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Table 6-2. Emissions of Vinyl Chloride Organized by State in 1996 

State Emissions (pounds/year) Emission density (pounds/year/square mile) 
Texas 846,000 3.22 
Utah 6,060 0.07 
Vermont 1,038 0.11 
Virginia 23,400 0.59 
Washington 11,460 0.17 
West Virginia 13,600 0.56 
Wisconsin 9,320 0.17 
Wyoming 1,292 0.01 
Puerto Rico 2,480 0.72 
Virgin Islands 1 0.01 

Source: National Toxics Inventory (NTI) 
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amounting to about 11.5% of the total released was injected underground.  These releases are summarized 

in Table 6-1. 

Vinyl chloride can either enter the soil from leachates at hazardous waste sites or enter the ground via 

underground injection.  Release through either of these mechanisms is, however, only a small fraction of 

the total environmental discharge (TRI03 2005).  Vinyl chloride was detected in soil at 160 of the 

1,662 current or former EPA NPL hazardous waste sites, and in sediment at 47 of the 1,662 current or 

former EPA NPL hazardous waste sites (HazDat 2005).  The bacterial degradation of chlorinated solvents 

such as trichloroethylene, tetrachloroethylene, and 1,1,1-trichloroethane can produce vinyl chloride as a 

degradation product, and this may be a significant source of vinyl chloride at these sites (Smith and 

Dragun 1984). 

6.3 ENVIRONMENTAL FATE 

6.3.1 Transport and Partitioning 

Based on a vapor pressure of 2,660 mmHg at 25 °C, essentially all vinyl chloride in the atmosphere is 

expected to exist solely as a gas (Eisenreich et al. 1981; Verschueren 1983).  Consequently, removal from 

the atmosphere by dry deposition is not expected to be an important fate process. 

The primary transport process for vinyl chloride from natural water systems is volatilization into the 

atmosphere.  The Henry's law constant of vinyl chloride has been measured as 0.0278 atm-m3/mol at 

24.8 °C (Gossett 1987), which suggests that vinyl chloride should partition rapidly to the atmosphere.  

The half-life for vinyl chloride volatilization from a typical pond, river, and lake has been estimated to be 

43.3, 8.7, and 34.7 hours, respectively. These values are based on an experimentally determined 

reaeration rate ratio of approximately 2 and assumed oxygen reaeration rates of 0.008, 0.04, and 0.01 per 

hour for a typical pond, river, and lake, respectively (EPA 1982a).  Predicted half-lives should be 

considered rough estimates since the presence of various salts in natural water systems may affect the 

volatility of vinyl chloride significantly (EPA 1979d).  Many salts have the ability to form complexes 

with vinyl chloride and can increase its water solubility; therefore, the presence of salts in natural waters 

may significantly influence the amount of vinyl chloride remaining in the water (EPA 1979d). The half-

life of vinyl chloride in bodies of water is also affected by depth and turbidity. 
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The relatively high vapor pressure of vinyl chloride indicates that the compound volatilizes quite rapidly 

from dry soil surfaces (Verschueren 1983).  The effective half-life (due to volatilization and degradation) 

of vinyl chloride incorporated 10 cm deep in dry soil is predicted to be 12 hours (Jury et al. 1984).  Vinyl 

chloride is soluble in water and thus can leach through the soil and enter groundwater before evaporation 

can occur (Cowfer and Magistro 1983). 

Experimental data regarding adsorption of vinyl chloride to soil were not located.  Based on the 

regression equations given by Lyman et al. (1982), Sabljic (1984), and Kenaga and Goring (1980), the 

soil organic carbon adsorption coefficient (Koc) for vinyl chloride was estimated to range from 14 to 131.  

These Koc values suggest a very low sorption tendency, meaning that this compound would be highly 

mobile in soil.  Thus, vinyl chloride has the potential to leach into groundwater. 

Vinyl chloride is soluble in most common organic solvents (Cowfer and Magistro 1983).  In situations 

where organic solvents exist in relatively high concentrations (e.g., landfills, hazardous waste sites), 

cosolvation of vinyl chloride could have the effect of reducing its volatility, thus causing it to have even 

greater mobility than indicated by estimated Koc values. 

Vinyl chloride's small octanol/water partition coefficient (log Kow=1.23) indicates that the potential for 

bioconcentration in aquatic organisms is low (EPA 1982a).  Using a log Kow of 1.23 and a regression 

derived equation (Meylan et al. 1999), the bioconcentration factor (BCF) for vinyl chloride is estimated 

as 3. Freitag et al. (1985) measured BCFs in algae, fish, and activated sludge.  The BCFs for algae, fish, 

and activated sludge were 40, <10, and 1,100, respectively.  The very low value for fish, in comparison to 

the algae and activated sludge, may suggest a detoxification process in more highly developed organisms 

such as fish. Lu et al. (1977) examined the bioaccumulation of 14C-vinyl chloride in a closed model 

aquatic ecosystem over a 3-day period. The high volatility of vinyl chloride minimized any potential 

bioaccumulation.  Relatively low tissue concentrations found in fish suggested that vinyl chloride is not 

biomagnified in aquatic food chains to any substantial degree. 

6.3.2 Transformation and Degradation  

6.3.2.1 Air 

Reaction of gaseous vinyl chloride with photochemically generated hydroxyl radicals is predicted to be 

the primary degradation mechanism for this compound in the atmosphere (Cox et al. 1974; Howard 1976; 
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Perry et al. 1977).  The rate constant for this reaction has been measured as 6.96x10-12 cm3/molec-second 

(Kwok and Atkinson 1994).  This rate constant corresponds to an atmospheric half-life of about 18 hours 

assuming a hydroxyl radical concentration of 1.5x106 molecules/cm3. Products of this reaction are 

hydrochloric acid, formaldehyde, formyl chloride, carbon monoxide, carbon dioxide, chloroacetaldehyde, 

acetylene, chloroethylene epoxide, chloroacetylchloranil, and water (Müller and Korte 1977; Woldbaek 

and Klaboe 1978). Under conditions of photochemical smog, the half-life of vinyl chloride would be 

reduced to a few hours (Carassiti et al. 1977).  Reaction with ozone, nitrate radicals and direct photolysis 

are less important degradation mechanisms of vinyl chloride in the atmosphere (EPA 1976a, 1985c; 

Zhang et al. 1983). Vinyl chloride in the gas phase does not absorb light of wavelengths above 220 nm 

(EPA 1976a).  Since atmospheric ozone blocks almost all sunlight with wavelengths <295 nm, direct 

photolysis is likely to occur very slowly, if at all, in the atmosphere (EPA 1976a). 

6.3.2.2 Water 

The primary removal process for vinyl chloride from surface waters is volatilization into the atmosphere.  

Vinyl chloride in water does not absorb ultraviolet radiation above 218 nm; therefore, direct photolysis in 

the aquatic environment is expected to occur very slowly, if at all (EPA 1976a).  In sunlit surface waters 

containing photosensitizers, such as humic materials, photodegradation may be more rapid.  If so, in some 

waters, sensitized photodegradation may be an important removal mechanism (EPA 1976a).  Vinyl 

chloride decomposed rapidly when irradiated with ultraviolet light in the presence of acetone, a high 

energy triplet sensitizer, or hydrogen peroxide, a free radical source (EPA 1976a). 

The hydrolytic half-life of vinyl chloride has been estimated to be <10 years at 25 °C (EPA 1976a).  Since 

the volatilization rate of vinyl chloride is much more rapid than the predicted rate of hydrolysis, 

hydrolysis is not a significant aquatic fate (EPA 1976a, 1979d).  Vinyl chloride is not oxidized chemically 

by reaction with photochemically generated molecular oxygen in natural water systems (EPA 1976a).  

Experiments carried out at 20 mg/L vinyl chloride in water saturated with molecular oxygen at elevated 

temperatures showed that, after 12 hours at 85 °C, no degradation of vinyl chloride was observed.  At 

temperatures and oxygen concentrations in natural waters, therefore, vinyl chloride is not expected to 

degrade by molecular oxygen at a significant rate (EPA 1976a). 

EPA (1977) observed no change in the biochemical oxygen demand in raw sewage seed (used as a 

microbial inoculum) and raw sewage seed plus vinyl chloride at 20 °C over a 25-day period. The study 
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authors interpreted this to mean that no biodegradation of vinyl chloride occurred.  However, more recent 

data has shown that vinyl chloride can undergo microbial degradation under aerobic conditions.  

Rhodococcus sp. strains SM-1 and Wrink, which were isolated from a trichloroethylene-degrading 

bacterial mixture, and Rhodococcus rhodochrous ATCC 21197 were shown to degrade >99.9% of vinyl 

chloride within 7 days (Malachowsky et al. 1994).  No significant differences in the amount of vinyl 

chloride degraded were found among the three organisms.  The majority (66–83%) of the labeled carbon 

was metabolized to carbon dioxide (CO2). 

Vinyl chloride (1 ppm) was rapidly degraded under aerobic conditions in a laboratory study that used soil-

water microcosms from aquifer material without the addition of other nutrients, such as nitrogen and 

phosphorus (Davis and Carpenter 1990).  About 25% of the vinyl chloride was degraded after 1 week and 

more than 99% was degraded after 108 days.  Sixty-five percent of labeled vinyl chloride was recovered 

as 14CO2 after 108 days, demonstrating the extent of the mineralization. 

Rhodococcus sp. Strain SM-1, a member of the order Actinomycetales, obtained from a trichloroethylene-

degrading consortium was found to mineralize vinyl chloride to CO2 by using propane as an energy 

source during growth experiments or cell suspension experiments (Phelps et al. 1991).  Vinyl chloride 

concentrations decreased by more than 90%; growth cultures and cell suspensions incorporated about 

10% of the transformed vinyl chloride into biomass (Phelps et al. 1991). Mycobacterium vaccae JOB5 

degraded 100% of vinyl chloride in a 2-hour incubation (Wackett et al. 1989). 

Degradation of vinyl chloride generally occurs slowly in anaerobic groundwater and sediment; however, 

under methanogenic or Fe(III) reducing conditions anaerobic degradation occurs more rapidly.  Vinyl 

chloride was mineralized approximately 34% in 84 hours in anaerobic aquifer microcosms supplemented 

with Fe(III) and held under Fe(III) reducing conditions (Bradley and Chapelle 1996). 

6.3.2.3 Sediment and Soil 

Most vinyl chloride present on soil surfaces will volatilize to the atmosphere.  Vinyl chloride is also 

mobile in soil and susceptible to leaching (Lyman et al. 1982).  The presence of other organic solvents, 

such as those found at hazardous waste sites, may affect the mobility of the substance in the soil (Cowfer 

and Magistro 1983).  Photodegradation on the surface of soils is possible since sensitized 
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photodegradation in water occurs; however, this is not expected to be an important environmental fate 

process for vinyl chloride in most soils and sediment. 

Several laboratory studies have indicated that both aerobic and anaerobic biodegradation of vinyl chloride 

can occur in soils and aquifer materials via a number of mechanisms (Barrio-Lage et al. 1990; Castro et 

al. 1992a, 1992b; Davis and Carpenter 1990), although these degradation processes were generally slow.  

More recently, Nelson et al. (1993) investigated methanotrophic degradation of vinyl chloride using a 

laboratory-scale, methanotrophic, attached-film, expanded-bed bioreactor.  They found that this technique 

is an efficient way to degrade vinyl chloride, with the removal efficiency >90%.  Under methanotrophic 

conditions, vinyl chloride was mineralized between 5 and 44% over 37 days using creek bed sediment 

microcosms obtained from a naval station near Jacksonville, Florida (Bradley and Chapelle 1997).  

Slightly higher mineralization rates were observed under Fe(III) reducing conditions. 

6.4 LEVELS MONITORED OR ESTIMATED IN THE ENVIRONMENT  

Reliable evaluation of the potential for human exposure to vinyl chloride depends in part on the reliability 

of supporting analytical data from environmental samples and biological specimens.  Concentrations of 

vinyl chloride in unpolluted atmospheres and in pristine surface waters are often so low as to be near the 

limits of current analytical methods.  In reviewing data on vinyl chloride levels monitored or estimated in 

the environment, it should also be noted that the amount of chemical identified analytically is not 

necessarily equivalent to the amount that is bioavailable.  The analytical methods available for monitoring 

vinyl chloride in a variety of environmental media are detailed in Chapter 7. 

6.4.1 Air 

Air in rural/remote and urban/suburban areas of the United States typically contains very low or no 

detectable amounts of vinyl chloride (EPA 1982f; Grimsrud and Rasmussen 1975a, 1975b; Harkov et al. 

1984; Pratt et al. 2000; Stephens et al. 1986; Wallace et al. 1984).  The mean concentration of vinyl 

chloride from 3,650 samples monitored in the state of Minnesota over an 8-year study period (1991– 

1998) was 0.01 μg/m3 (0.0038 ppb), with a maximum observed value of 1.77 μg/m3 (0.672 ppb) (Pratt et 

al. 2000).  Sampling was performed at 25 different sites across the state with sampling sites chosen to 

measure concentrations of pollutants near specific point sources, or to collect baseline data near the 

Minneapolis-St. Paul area. Vinyl chloride levels in urban air were summarized in the EPA 1997 Urban 
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Air Toxics Monitoring Program, a study designed to characterize the magnitude and composition of 

potentially toxic air pollution in, or near, urban areas (EPA 1999). These data are summarized in 

Table 6-3. In general, few detections of vinyl chloride were observed in most of the cities sampled, and 

when positive detections were measured, the levels were below 1 ppb (EPA 1999).   

Limited monitoring data indicate that in areas near vinyl chloride and PVC manufacturing facilities, the 

concentration of vinyl chloride in air typically ranges from trace levels to 105 μg/m3 (40 ppb) (EPA 

1979a, 1982f; Gordon and Meeks 1977) but have been shown to exceed 2,600 μg/m3 (1,000 ppb) 

(Fishbein 1979). More recent monitoring data sampled at the fenceline of vinyl chloride production 

facilities suggest that levels around these sites are in the low ppb range.  Vinyl chloride levels ranged 

from below the detection limits of 0.16 μg/m3 (0.06 ppb) to approximately 90 μg/m3 (34 ppb) at one site, 

and were <0.16 μg/m3 (0.06 ppb) to 26 μg/m3 (10 ppb) at a second facility (OECD 2001).   

Elevated levels of vinyl chloride may also be found in the vicinity of hazardous waste sites and municipal 

landfills. Concentrations ranging from below detection limits to 5–8 μg/m3 (2–3 ppb) have been 

measured in the air above some landfills (Baker and Mackay 1985; Stephens et al. 1986).  Homes near 

one hazardous waste site in southern California were found to contain levels as high as 1,040 μg/m3 

(400 ppb) (Stephens et al. 1986) and homes near another site contained between 1 and 9 ppb (Miller and 

Beizer 1985). Gaseous emissions from 20 Class II (nontoxic) landfills in southern California were 

analyzed for vinyl chloride (Wood and Porter 1987).  Vinyl chloride was found in emissions from 85% of 

the landfills tested, and concentrations >2,600 μg/m3 (1 ppm) were detected in more than half of the 

landfill emissions.  The concentrations of vinyl chloride measured in this study ranged from 0.624 to 

114.4 mg/m3 (240–44,100 ppb).  Based on their observations, the study authors concluded that the 

presence of vinyl chloride at these landfills was due to either illegal disposal or in situ generation by the 

degradation of chlorinated solvents by bacteria and other microbes (Wood and Porter 1987).  Ambient air 

monitoring data downwind from the Eastview Road Landfill located in Guelph, Ontario indicated the 

presence of vinyl chloride at low levels.  Concentrations ranging from 0.0023 to 0.042 μg/m3 (0.0009– 

0.016 ppb) were observed downwind from this facility during sampling conducted in May and June 1993 

(Chadder 1994).   
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Table 6-3. Vinyl Chloride Levels in Ambient Urban Air 

Prevalence of vinyl Range of concentrations Central tendency and variability of 
chloride in air (ppb) measured concentrations 

Number Percent of 
of non- positive Arithmetic Geometric 
detects detections Lowest Highest Median mean mean SD CV 
Baton Rouge, Louisiana 
20 33 ND 0.52 0.03 0.07 0.05 0.10 1.39 

Garyville, Louisiana 
 
29 3 ND 0.21 0.03 0.04 0.03 0.03 0.83 
 

Hahnville, Louisiana 
 
32 3 ND 0.11 0.03 0.03 0.03 0.01 0.41 
 

Brattleboro, Vermont 
 
31 0 ND ND – – – – – 
 

Burlington, Vermont 
 
31 0 ND ND – – – – – 
 

Rutland, Vermont 
 
30 0 ND ND – – – – – 
 

Underhill, Vermont 
 
31 0 ND ND – – – – – 
 

Winooski, Vermont 
 
10 0 ND ND – – – – – 
 

Camden, New Jersey
 
31 0 ND ND – – – – – 
 

El Paso, Texas
 
30 0 ND ND – – – – – 
 

North Little Rock, Arkansas
 
32 0 ND ND – – – – – 
 

Texarkana, Arkansas 
 
30 0 ND ND – – – – – 
 

CV = coefficient of variance; ND = not detected; SD = standard deviation 

Source: EPA 1999 
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6.4.2 Water 

Vinyl chloride has been detected at varying concentrations in surface water, groundwater, and drinking 

water throughout the United States.  Concentrations of vinyl chloride in drinking water wells and surface 

water in New York State were found to be 50 μg/L (0.05 ppm) and 10 μg/L (0.01 ppm), respectively 

(Burmaster 1982).  Monitoring studies in nine states have identified concentrations as high as 380 μg/L 

(0.38 ppm) in groundwater (Dyksen and Hess 1982). Vinyl chloride levels ranged from below the 

detection limit (0.64 μg/L) to 55.6 μg/L (3.35 μg/L mean value) in river water sampled near vinyl chloride 

and PVC manufacturing facilities in Osaka, Japan (Yamamoto et al. 2001).    

Levels of vinyl chloride in groundwater in the United States were determined during the 1982 EPA 

Groundwater Supply Survey (Westrick et al. 1984).  Water supplies from 945 sites throughout the United 

States were studied. Vinyl chloride was positively identified in only 0.74% of the 945 groundwater 

supplies (detection limit 0.001 ppm).  It was reported that 0.5% of 186 random sample sites and 3.8% of 

158 nonrandom sample sites contained detectable levels of vinyl chloride.  The maximum concentrations 

at the random and nonrandom sites were 1.1 μg/L (0.0011 ppm) and 8.4 μg/L (0.0084 ppm), respectively 

(Westrick et al. 1984).  Approximately half of the samples were taken from a random list of water 

systems, which were subdivided into two sets of systems—those serving fewer than 10,000 people and 

those serving more than 10,000 people.  The nonrandom samples were taken from systems selected by the 

states, using groundwater sources that were likely to include volatile organic compounds in drinking 

water (Westrick et al. 1984).  Other studies have reported the occurrence of vinyl chloride in groundwater 

samples collected throughout the United States at levels at or below 380 μg/L (0.38 ppm) (Cotruvo 1985; 

EPA 1982f; Goodenkauf and Atkinson 1986; Stuart 1983).  In a study of three landfills located in Orange 

County, Florida, vinyl chloride was detected in water samples obtained at four out of nine wells with 

average concentrations ranging from 2.0 to 26.5 μg/L (Hallbourg et al. 1992).  In a survey of 30 industrial 

sites located in Taiwan, vinyl chloride was detected in six groundwater wells at concentrations of 

100,000 (1993 sampling period) and 22,000 μg/L (1994 sampling period) (Kuo et al. 2000). 

6.4.3 Sediment and Soil 

Monitoring data for vinyl chloride in soil were not located in the available literature. 
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6.4.4 Other Environmental Media 

In the past, vinyl chloride had been detected in various foods and bottled drinking water as a result of 

migration from PVC food wrappings and containers (Benfenati et al. 1991; Gilbert et al. 1980).  Vinyl 

chloride has been found in vinegar at levels up to 98,000 μg/L (98 ppm), in edible oils at 300–1,800 μg/L 

(0.3–1.8 ppm), and in alcoholic beverages at 0.0–8,400 μg/L (0.0–8.4 ppm) when these foods were 

packaged and stored in PVC containers (Williams 1976; Williams and Miles 1975).  At present, the Food 

and Drug Administration (FDA) regulates the use of PVC polymers in food packaging materials and the 

amount of residual monomer in polymers and as a result, significant reduction in the levels of vinyl 

chloride in food samples has been achieved since the early 1970s (WHO 1999).  In 1986, FDA 

determined that thick-walled PVC food packaging (i.e., bottles and blister packages) was safe provided 

that the polymer contained <10 ppb vinyl chloride (McNeal et al. 2003).  Since the late 1970s, 

modifications to the vinyl chloride and PVC manufacturing and production processes have greatly 

reduced the amount of residual vinyl chloride monomer in food packaging and other PVC related items.  

To determine whether the residual vinyl chloride levels in PVC containing food packages in current use 

are <10 ppb, a survey and analysis of PVC containing food packages was recently conducted (McNeal et 

al. 2003).  The results showed that vinyl chloride levels found in the packages ranged from none detected 

(<1 ppb) to about 275 ppb.  The package containing 275 ppb residual vinyl chloride was not a food 

contact material (McNeal et al. 2003).  Data regarding the residual vinyl chloride monomer levels in food 

packaging items was summarized by Borrelli et al. (2004) and are presented in Tables 6-4 and 6-5. In 

general, most food packaging items contain nondetectable or minute quantities of residual vinyl chloride 

and most food products do not contain levels above the analytical detection limits.  Dietary exposure to 

vinyl chloride from PVC packages used for food has been calculated by several agencies, and based upon 

estimated average intakes in the United Kingdom and the United States, an exposure of 

<0.0004 μg/kg/day was estimated for the late 1970s and early 1980s (WHO 1999). 

In a modeling study using liquid chromatography to simulate migration conditions of vinyl chloride from 

PVC in actual food packaging and storage, it was shown that at the very low concentrations (<1 ppm) of 

residual vinyl chloride monomer in PVC packaging material, "essentially zero" migration of the vinyl 

chloride monomer into foods occurs (Kontominas et al. 1985).  Vinyl chloride levels were determined in 

Italian drinking water bottled in PVC; levels ranged from 13 to 83 parts per trillion (ppt) (mean, 48 ppt) 

(Benfenati et al. 1991).  It was also determined that there was a progressive migration of vinyl chloride 

from the bottle to the water, which occurred at a rate of 1 ng/L/day (Benfenati et al. 1991).  Vinyl chloride  
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Table 6-4. Residual Vinyl Chloride Monomer in Food and Nonfood 
 
Packaging Items from Store Shelves 
 

Package item Residual vinyl chloride monomer (ppb) 
Food packaging 

1-Gallon water jug A 4.7 
1-Gallon water jug B 5 
Mouthwash bottle 3.3 
Non-dairy creamer jar <2 
PVC meat wrap A <2 
PVC meat wrap B <2 
Saran® wrap <2 
Canola oil jug 1.7 
Vegetable oil jug 2.9 
Olive oil jug 2.4 
Olive oil bottles (n=3) 28.3 

Nonfood packaging 
PVC plumbing blister 135.4 
PVC cell phone blister 3.9 

Source: Borrelli et al. 2004 
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Table 6-5. Residual Vinyl Chloride Monomer in Food Products 

Food item Residual vinyl chloride monomer (ppb) 
Olive oil A ND 
Turkish olive oil B 0.6 
Vegetable oil A ND 
Vegetable oil B ND 
Mouth wash ND 

Source: Borrelli et al. 2004 
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was also detected in bottled water from Saudi Arabia packaged in PVC bottles; however, the levels were 

≤0.6 ppb (Fayad et al. 1997). 

Vinyl chloride has been detected in municipal drinking water supplies.  A study by EPA (1982f) 

estimated that 12 of 11,202 public water supplies that used surface water as their primary source had 

levels of vinyl chloride between 1.0 μg/L (0.001 ppm) and 5.0 μg/L (0.005 ppm); none had levels above 

5 μg/L (0.005 ppm).  Another study found that drinking water that ran through PVC pipes contained vinyl 

chloride at 1.4 μg/L (0.0014 ppm), whereas water that ran through a PVC system 9 years older contained 

0.03–0.06 μg/L (0.03–0.06 ppb) (Dressman and McFarren 1978).  The amount of vinyl chloride migrating 

from rigid PVC water pipes into drinking water was directly proportional to the residual level of vinyl 

chloride in the pipe itself.  In 2000, the National Sanitation Foundation (NSF), at the request of the Vinyl 

Institute, conducted a study on the levels of residual vinyl chloride monomer found in PVC pipe and 

fittings (Borelli et al. 2004). This report concluded that 86% of the PVC pipes and 88% of the fittings 

had no detectable levels (detection limit of 0.1 mg/kg) of residual vinyl chloride monomer.  The average 

residual vinyl chloride monomer level for all samples (non-detects were counted as zero) were 

0.007 mg/kg for PVC pipes, and 0.03 mg/kg for fittings (Borelli et al. 2004).  Under certain test 

conditions, vinyl chloride in drinking water reacts with chlorine and is converted to chloroacetaldehyde 

and chloroacetic acid (Ando and Sayato 1984).  Information concerning the effect of this reaction on 

drinking water supplies that are treated with chlorine and the extent of this reaction was not stated.  

During an EPA study, detectable levels of vinyl chloride were found in indoor air samples taken from two 

of seven new 1975 model cars.  Levels of vinyl chloride in indoor air in the two cars ranged from 0.4 to 

1.2 ppm (EPA 1976b).  Ventilation of the car interiors led to the dissipation of vinyl chloride.  The cars 

involved in the study had a high ratio of plastic to interior volume and were expected to provide worst-

case concentrations for vinyl chloride in interior car air (EPA 1976b).  Because of the limited nature of 

these data and the fact that this study is somewhat dated, no conclusions can be drawn regarding levels of 

vinyl chloride monomer in interior air of cars currently being produced. 

Vinyl chloride has been detected in tobacco smoke.  Cigarette smoke and smoke from small cigars has 

been found to contain 5.6–27 ng vinyl chloride per cigarette (Hoffman et al. 1976).  The study authors 

suggested that the inorganic chloride concentrations in the tobacco determine the amount of vinyl chloride 

formed upon combustion of tobacco and released into the smoke (Hoffman et al. 1976). 
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6.5 GENERAL POPULATION AND OCCUPATIONAL EXPOSURE  

Inhalation of ambient or workplace air containing vinyl chloride is the most likely route of exposure for 

the general population.  Typical values for the average daily intake of vinyl chloride by inhalation in 

urban/suburban and rural/remote areas not near emission sources are very small, since only trace levels of 

vinyl chloride are usually found in ambient air.  Assuming that the average adult intake of air is 

20 m3/day, the average daily intake of vinyl chloride by people living in the vicinity of emission sources 

has been estimated to range from trace amounts to 2,100 μg (EPA 1979a, 1982f; Gordon and Meeks 

1977).  The majority of drinking water supplies in the United States do not contain detectable levels of 

vinyl chloride (EPA 1982f; Westrik et al. 1984).  Based on this conclusion, it is estimated that the average 

daily intake of vinyl chloride by ingestion of drinking water for most people in the United States is 

essentially zero (at or below 0.028 μg/kg/day [EPA 1982f]).  Estimates provided by EPA (1985b) indicate 

that 0.9% of the U.S. population is exposed to levels of vinyl chloride in drinking water ≥1 μg/L, and 

0.3% of the population is exposed to levels >5 μg/L. 

NOES conducted by NIOSH from 1981 to 1983 estimated that 81,314 workers employed at 3,711 plant 

sites were potentially exposed to vinyl chloride in the United States (NOES 1990).  The NOES database 

does not contain information on the frequency, concentration, or duration of exposure; the survey 

provides only estimates of workers potentially exposed to chemicals in the workplace.  Employees 

involved in the handling and and processing of PVC resins are exposed to lower levels of vinyl chloride 

than employees at vinyl chloride and PVC manufacturing facilities since finished products contain only 

minute quantities of vinyl chloride present as residual monomer.  Exposure is believed to occur primarily 

through inhalation with some minor absorption through the skin (Hefner et al. 1975a).  Upon exposure to 

800 or 7,000 ppm of vinyl chloride vapor over a 2–2.5-hour period, 0.023–0.031% was absorbed 

dermally by monkeys (Hefner et al. 1975a).  The authors concluded that significant percutaneous 

absorption is not likely to occur at relatively low concentrations (1–5 ppm) that might be encountered in 

the workplace. Workers who are involved in welding applications that use PVC pipes or other PVC 

materials may be exposed to higher levels of vinyl chloride from subsequent fumes.  Airborne vinyl 

chloride levels of less than the detection limit of 0.05 ppm (0.13 mg/m3) to 0.1 ppm (0.26 mg/m3) were 

observed during the thermal welding of PVC pipes (Williamson and Kavanaugh 1987).  Table 6-6 

summarizes the level of vinyl chloride observed in five PVC manufacturing facilities located in Taiwan, 

and Table 6-7 provides the time-weighted average (TWA) exposure to workers performing various job 

tasks (Du et al. 1996).  Tank suppliers, cleaners, and PVC relievers were observed to have the highest 

TWA exposure since they more often came into direct contact with vinyl chloride in these job functions.   
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Table 6-6. Vinyl Chloride Levels in Five Polyvinyl Chloride  
 
Manufacturing Facilities Located in Taiwan 
 

Number of Mean Median 
Sample site samples (mg/m3) (mg/m3) Range (mg/m3) 
Outside reaction tank 4 296.30 86.25 6.19–1009.32 

Reaction tank farm 18 13.60 9.97 0.18–110.59 

Vinyl chloride recovery 9 9.25 5.46 0.85–33.39 

Vinyl chloride shipping 3 5.98 7.38 0.85–9.71 

Vinyl chloride storage tanks 6 4.97 3.03 0.60–14.25 

Stripper 12 3.86 1.68 <LOD–18.62 

Waste water treatment 7 3.37 3.32 0.83–6.73 

Drier 11 2.62 1.55 <LOD–7.17 

Control room (inside) 6 2.15 1.48 0.57–5.13 

Control room (inside) 7 1.71 0.91 0.18–4.07 

Polyvinyl chloride warehouse 17 1.66 1.79 <LOD–5.96 

Factory perimeter 3 1.66 0.85 <LOD–3.34 

Additive preparation 6 1.61 0.78 0.57–4.07 

Administrative office 4 0.65 0.67 <LOD–1.27 

Plastic pallet making area 1 <LOD <LOD <LOD 

LOD = limit of detection (0.1259 mg/m3) 

Source: Du et al. 1996 
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Table 6-7. Time-Weighted Average Exposure to Workers in Polyvinyl 
 
Chloride Manufacturing Facilities Located in Taiwan
 

Number of Mean Median 
Job description samples (mg/m3) (mg/m3) Range (mg/m3) 
Tank supplier 9 659.67 23.70 5.70–3,677.8 
Polyvinyl chloride reliever 10 153.07 47.92 1.04–825.69 
Tank cleanera 14 95.57 69.15 0.36–341.88 
Vinyl chloride unloading 2 12.56 12.56 10.23–14.97 
Safety/health specialist 4 12.04 1.74 1.19–22.87 
Foreman 4 9.04 6.89 1.84–20.59 
Stripper operator 3 4.51 3.37 2.33–7.82 
Vinyl chloride recovery 5 4.38 4.48 0.88–5.93 
Control room operator 8 4.01 3.47 1.04–10.02 
Field supervisor 6 3.42 3.47 1.19–7.95 
General office personnel 4 3.34 2.56 <LOD–8.18 
Maintenance 3 2.69 1.76 0.85–5.49 
Dryer operator 6 1.84 1.48 <LOD–4.25 
Bagger and trucker 5 0.93 1.09 <LOD–1.58 
Gatekeeper 2 0.93 0.93 <LOD–1.86 

aTank cleaner exposure measured on a short term task lasting 15–40 minutes. 
 

LOD = limit of detection (0.1259 mg/m3) 
 

Source: Du et al. 1996 
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These workplace levels likely exceed current levels observed in the United States due to strict regulations 

imposed governing workplace exposure to vinyl chloride over the past 30 years.  In the United States, 

vinyl chloride is an Occupational Safety and Health Administration (OSHA) regulated substance.  Current 

OSHA regulations impose a permissible exposure limit (PEL) of 1.0 ppm (2.6 mg/m3) averaged over an 

8-hour period or a short-term exposure of no more than 5 ppm over a 15-minute period (Cowfer and 

Gorensek 1997). Where concentrations cannot be lowered below the PEL of 1.0 ppm, employers must 

create an area with controlled access and a respirator program conforming to OSHA standards. 

6.6 EXPOSURES OF CHILDREN  

This section focuses on exposures from conception to maturity at 18 years in humans.  Differences from 

adults in susceptibility to hazardous substances are discussed in Section 3.7, Children’s Susceptibility. 

Children are not small adults.  A child’s exposure may differ from an adult’s exposure in many ways. 

Children drink more fluids, eat more food, breathe more air per kilogram of body weight, and have a 

larger skin surface in proportion to their body volume.  A child’s diet often differs from that of adults.  

The developing human’s source of nutrition changes with age:  from placental nourishment to breast milk 

or formula to the diet of older children who eat more of certain types of foods than adults.  A child’s 

behavior and lifestyle also influence exposure.  Children crawl on the floor, put things in their mouths, 

sometimes eat inappropriate things (such as dirt or paint chips), and spend more time outdoors.  Children 

also are closer to the ground, and they do not use the judgment of adults to avoid hazards (NRC 1993). 

Children are likely to be exposed to vinyl chloride via the same pathways that affect non-occupationally 

exposed adults; namely inhalation of ambient air and ingestion of food items or drinking water that may 

contain low levels of vinyl chloride.  Children’s plastic products such as bath toys, squeeze toys, and dolls 

are often made from PVC.  Chewing or sucking on these toys has the potential to release any 

unpolymerized vinyl chloride from the object; however, no quantitative data exists regarding this 

potential exposure route and it is unlikely that there are significant levels of vinyl chloride in PVC-based 

toys.  Vinyl chloride has not been detected in samples of human maternal adipose tissue, maternal blood, 

cord blood, or breast milk.  No body burden studies that quantitatively or qualitatively identified vinyl 

chloride in children were located. 
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6.7 POPULATIONS WITH POTENTIALLY HIGH EXPOSURES  

Individuals located near or downwind of production facilities, hazardous waste disposal sites, and 

landfills may be exposed to atmospheric levels of vinyl chloride higher than ambient background levels.  

Concentrations around 5–8 μg/m3 (0.002–0.003 ppm) have been measured in the air above some landfills 

(Baker and Mackay 1985; Stephens et al. 1986).  Homes near one hazardous waste site in southern 

California were found to contain levels as high as 1,040 μg/m3 (0.4 ppm) of vinyl chloride (Stephens et al. 

1986) and homes near another site contained levels between 2.6 and 23.4 μg/m3 (0.001–0.009 ppm) 

(Miller and Beizer 1985). These concentrations are several times greater than ambient air levels that are 

generally <1 μg/m3 (Pratt et al. 2000).  For specific levels associated with health effects, see Section 3.4. 

Individuals living near hazardous waste sites and landfills may also be exposed to vinyl chloride in their 

drinking water.  Workers involved in the production or use of vinyl chloride are likely to be exposed to 

levels greater than the levels that the general public is exposed to (see Section 6.5).   

Cigarette smoke and smoke from small cigars have been found to contain vinyl chloride at levels of 5.6– 

27 ng per cigarette (Hoffman et al. 1976).  Therefore, people who smoke heavily may be potentially 

exposed to higher levels of vinyl chloride than nonsmokers. 

6.8 ADEQUACY OF THE DATABASE 

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the 

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether 

adequate information on the adverse health effects of vinyl chloride is available.  Where adequate 

information is not available, ATSDR, in conjunction with NTP, is required to ensure the initiation of a 

program of research designed to determine the adverse health effects (and techniques for developing 

methods to determine such health effects) of vinyl chloride.  

The following categories of possible data needs have been identified by a joint team of scientists from 

ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met would 

reduce the uncertainties of human health assessment.  This definition should not be interpreted to mean 

that all data needs discussed in this section must be filled.  In the future, the identified data needs will be 

evaluated and prioritized, and a substance-specific research agenda will be proposed.  
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6.8.1 Identification of Data Needs 

Physical and Chemical Properties.    The physical and chemical properties of vinyl chloride are 

sufficiently well characterized to permit estimation of its environmental fate (Amoore and Hautala 1983; 

Cowfer and Magistro 1983; EPA 1985b; Fire 1986; HSDB 2005; IARC 1979; Lewis 1996; Lyman et al. 

1982). 

Production, Import/Export, Use, Release, and Disposal. According to the Emergency Planning 

and Community Right-to-Know Act of 1986, 42 U.S.C. Section 11023, industries are required to submit 

substance release and off-site transfer information to the EPA.  The Toxics Release Inventory (TRI03 

2005), which contains this information for 2003, became available in May of 2005.  This database will be 

updated yearly and should provide a list of industrial production facilities and emissions. 

Vinyl chloride is released primarily to the atmosphere via emissions from vinyl chloride and PVC 

manufacturing facilities (Hartmans et al. 1985; SRI 1990a, 1990b, 1993, 1994; TRI03 2005).  The risk of 

exposure to vinyl chloride is highest for workers in the plastics industry and populations living near 

industrial areas or hazardous waste sites.  Current production, use, and manufacturing methods are well 

described in the literature (Cowfer and Magistro 1985; HSDB 1996; IARC 1979; SRI 1990a, 1990b, 

1993, 1994; TRI03 2005; USITC 1994).  More current information on releases and disposal methods 

might assist in estimating potential exposures to vinyl chloride, particularly for populations living near 

hazardous waste sites. 

Environmental Fate. Vinyl chloride primarily partitions to the air where it is degraded relatively 

quickly by photochemically produced hydroxyl radicals (Kwok and Atkinson 1994).  It is removed from 

surface water and soils mainly by volatilization and photodegradation (EPA 1976a).  Biodegradation and 

hydrolysis also occur (Barrio-Lage et al. 1990; Castro et al. 1992a, 1992b; Davis and Carpenter 1990; 

EPA 1976a), but these reactions are generally slow as compared to the volatilization rate.  More 

information regarding the transformation and degradation in soil and water would be helpful in defining 

the potential pathways for human exposure. 

Bioavailability from Environmental Media.    Vinyl chloride can be absorbed following inhalation 

(Bolt et al. 1977; Krajewski et al. 1980; Withey 1976), oral (Feron et al. 1981; Watanabe et al. 1976a; 

Withey 1976), and to a much lesser extent, dermal exposure (Hefner et al. 1975a).  These routes of 

exposure may be of concern to humans because of the potential of vinyl chloride to contaminate air 
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(Baker and MacKay 1985; EPA 1979a; Fishbein 1979; Gordon and Meeks 1977; Stephens et al. 1986; 

Wood and Porter 1987), water (Burmaster 1982; Cotruvo 1985; Dyksen and Hess 1982; Goodenkauf and 

Atkinson 1986; Stuart 1983; Westrick et al. 1984), and food (Gilbert et al. 1980; Williams 1976; Williams 

and Miles 1975). Information regarding the bioavailability from ingestion and dermal contact of 

contaminated soils would be helpful, particularly for populations living near hazardous waste sites, 

although vinyl chloride is not believed to be considerably absorbed through skin. 

Food Chain Bioaccumulation.    Vinyl chloride can bioconcentrate to a limited extent in aquatic 

organisms (EPA 1982a; Freitag et al. 1985).  Biomagnification of vinyl chloride in terrestrial and aquatic 

food chains does not appear to be important because of its high volatility and the fact that it is readily 

metabolized by higher-trophic-level organisms (Freitag et al. 1985; Lu et al. 1977).  No data were located 

regarding biomagnification in terrestrial foodchains. 

Exposure Levels in Environmental Media.    Reliable monitoring data for the levels of vinyl 

chloride in contaminated media at hazardous waste sites are needed so that the information obtained on 

levels of vinyl chloride in the environment can be used in combination with the known body burden of 

vinyl chloride to assess the potential risk of adverse health effects in populations living in the vicinity of 

hazardous waste sites. 

Vinyl chloride has been detected in air (Baker and Mackay 1985; EPA 1979a; Fishbein 1979; Gordon and 

Meeks 1977; Stephens et al. 1986; Wood and Porter 1987), water (Burmaster 1982; Cotruvo 1985; 

Dyksen and Hess 1982; Goodenkauf and Atkinson 1986; Stuart 1983; Westrick et al. 1984), sediment 

(Wang et al. 1985), and food (Gilbert et al. 1980; Williams 1976; Williams and Miles 1975).  Intake data 

for the general population from the various media are available (EPA 1979a, 1985b; Gordon and Meeks 

1977; Westrick et al. 1984).  Data on levels of vinyl chloride in soils are needed.  Site-specific data on 

concentrations of vinyl chloride in air, soil, and water would be helpful in estimating the risk of exposure 

for populations living in the vicinity of hazardous waste sites.  Also, current data on the extent of release 

(if any) of vinyl chloride from PVC pipes and from car interiors are needed to estimate the risk of 

exposure of the general population. 

Exposure Levels in Humans.    Vinyl chloride has been detected in exhaled breath of humans 

(Baretta et al. 1969; Conkle et al. 1975), but no other body burden studies are available.  More 

information on exposure levels for populations living in the vicinity of hazardous waste sites would be 

helpful. This information is necessary for assessing the need to conduct health studies on these 
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populations.  It is noted that it is difficult to directly analyze for vinyl chloride in humans, which may 

limit the practicality of conducting these tests. 

This information is necessary for assessing the need to conduct health studies on these populations. 

Exposures of Children.    No data exist regarding the levels of vinyl chloride in children.  Children 

are exposed to vinyl chloride by the same pathways that affect adults; inhalation of ambient air and the 

ingestion of foods or drinking water.  It would be useful to determine if there exists any free 

unpolymerized vinyl chloride that can be extracted from PVC children’s toys.  Child health data needs 

relating to susceptibility are discussed in Section 3.12.2, Identification of Data Needs: Children’s 

Susceptibility. 

Exposure Registries. No exposure registries for vinyl chloride were located.  This substance is not 

currently one of the compounds for which a subregistry has been established in the National Exposure 

Registry.  The substance will be considered in the future when chemical selection is made for 

subregistries to be established. The information that is amassed in the National Exposure Registry 

facilitates the epidemiological research needed to assess adverse health outcomes that may be related to 

exposure to this substance. 

6.8.2 Ongoing Studies 

The Federal Research in Progress (FEDRIP 2005) database provides additional information obtainable 

from a few ongoing studies that may fill in some of the data needs identified in Section 6.8.1.  

Josse Fabien and Zhou Rongnong of the University of Marquette (Milwaukee, Wisconsin) are attempting 

to characterize and design polymer-coated chemical sensors for the direct, rapid, in-situ monitoring of 

vinyl chloride and other hazardous constituents in water.  Karla Thrall (Oregon Health and Science 

University) is studying the potential for human exposure to vinyl chloride and other VOC near Superfund 

sites. Exposure assessment studies will be conducted with volunteers using a novel real-time breath 

analysis system to determine the uptake of any of the nine potential contaminants of study from tap water 

by each of three routes:  inhalation, ingestion, and dermal contact. 
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The purpose of this chapter is to describe the analytical methods that are available for detecting, 

measuring, and/or monitoring vinyl chloride, its metabolites, and other biomarkers of exposure and effect 

to vinyl chloride.  The intent is not to provide an exhaustive list of analytical methods.  Rather, the 

intention is to identify well-established methods that are used as the standard methods of analysis.  Many 

of the analytical methods used for environmental samples are the methods approved by federal agencies 

and organizations such as EPA and the National Institute for Occupational Safety and Health (NIOSH).  

Other methods presented in this chapter are those that are approved by groups such as the Association of 

Official Analytical Chemists (AOAC) and the American Public Health Association (APHA).  

Additionally, analytical methods are included that modify previously used methods to obtain lower 

detection limits and/or to improve accuracy and precision. 

7.1 BIOLOGICAL MATERIALS  

The analytical method used to analyze for the presence of vinyl chloride in biological samples is 

separation by gas chromatography (GC) combined with detection by mass spectrometry (MS), flame 

ionization detector (FID), or electron capture detector (ECD).  Vinyl chloride and/or its metabolite, 

thiodiglycolic acid, have been detected in breath, urine, blood, and tissues.  Breath samples can be 

concentrated by cryogenic trapping.  The two methods most commonly used to prepare liquid and solid 

samples are concentration by a purge-and-trap technique or headspace analysis.  Concentration not only 

increases the sensitivity but, also in certain instances, may decrease the sample separation time prior to 

quantitation. Details of commonly used analytical methods for several types of biological samples are 

presented in Table 7-1. 

Vinyl chloride was determined in exhaled air by concentration with a multistage cryogenic trapping 

system followed by thermal desorption using GC/FID, GC/ECD, and GC/MS (Conkle et al. 1975). 

Sensitivity is in the low-ppb range.  The authors of this study noted that the reproducibility of the 

subject/sampling system was inconclusive; a larger experimental population is needed for its 

demonstration.  The quantitative data reflected considerable scatter, apparently indicating the variability 

of the biological system and the trace amounts of the compound.  The additional requirement for long-

term coupling (30–60 minutes) of the sampling system to the subject probably limits the method to 

industrial health applications, with relatively robust subjects (Conkle et al. 1975).  Baretta et al. (1969)  
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Table 7-1. Analytical Methods for Determining Vinyl Chloride in  
 
Biological Samples 
 

Sample 
Sample Analytical detection Percent 
matrix Preparation method method limit recovery Reference 
Breath Breath collected in pipets 

lined with Saran® film; 
GC/FID NR NR Baretta et al. 1969 

direct injection into gas 
chromatograph 

Breath Cyrogenic trapping of GC/FID, NR NR Conkle et al. 1975 
expired air; thermal GC/ECD, and 
desorption into gas GC/MS 
chromatograph 

Urine Acidified and desiccated GC/MS 50 ng/mL NR Müller et al. 1979 
overnight; add methanol; 
derivatize with 
diazamethane; add ion-
exchange resin 

Urine Internal standard added to GC/FID, GC/MS 10 mg/L NR Draminski and 
urine; acidification and Trojanowska 1981 
ethyl acetate extraction; 
evaporation of solvent; 
addition of 
N-trimethylsilyldiethyl­
amine in pyridine (1:1); 
injection into gas 
chromatograph 

Blood and Extraction in ethanol-water GC/FID 5 ng/mL 75–79% Zuccato et al. 1979 
tissues mixture; incubation, blood 

injection into gas 
chromatograph 
Tissue preparation also  30 ng/g 76–92%  
includes freezing and tissue 
homogenization before the 
extraction procedure 

GC/ECD = gas chromatography/electron capture detector; GC/FID = gas chromatography/flame ionization detector; 
GC/MS = gas chromatography/mass spectrometry; NR = not reported 
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monitored exposure to vinyl chloride by breath analysis.  The breath samples were collected in pipets 

with plastic caps lined with six layers of Saran film identical to that used for the construction of Saran air 

sampling bags.  Aliquots were drawn from the pipets and injected directly into a gas chromatograph 

equipped with FID.  One limitation of this method is its reduced ability to detect vinyl chloride when air 

concentrations in the workplace are below 50 ppm.  

Vinyl chloride has been measured in rat blood and tissues using headspace GC/FID (Zuccato et al. 1979).  

In headspace analysis, the gaseous layer above the sample is injected into the gas chromatograph.  Sample 

preparation steps for rat blood and tissues involve extraction in an ethanol-water mixture, incubation, and 

direct injection into the gas chromatograph.  Sample preparation for tissues includes an extra step 

involving freezing and homogenization before the extraction procedure.  The recovery ranged from about 

75 to 92%.  The method is sensitive to 5 ng/mL vinyl chloride in blood and 30 ng/g in tissues. 

Müller et al. (1979) employed GC/MS as a selective biomonitoring method for the quantitative 

measurement of thiodiglycolic acid, a urinary metabolite of vinyl chloride.  They reported a sensitivity of 

50 ng/mL.  Precision was generally good.  These investigators noted that some thiodiglycolic acid has 

been found in supposedly unexposed subjects.  Therefore, exposure to low levels of vinyl chloride could 

be masked by background metabolic levels within normal limits.  This may limit the application of 

biological monitoring for the measurement of vinyl chloride following low-level exposure (Müller et al. 

1979; van Sittert and de Jong 1985).  In a study by Jedrychowski et al. (1984), urinary excretion of 

thiodiglycolic acid was determined using GC/FID.  The urine was extracted twice with ethyl acetate prior 

to analysis.  No recovery data were given for this method. 

7.2 ENVIRONMENTAL SAMPLES 

Analysis of environmental samples is similar to that of biological samples.  The most common methods 

used to detect vinyl chloride in environmental samples are GC/MS, GC/ECD, and GC/FID.  

Concentration of samples is usually done by sorption on solid sorbent for air and by the purge-and-trap 

method for liquid and solid matrices.  Alternatively, headspace above liquid and solid samples may be 

analyzed without preconcentration.  Details of commonly used analytical methods for several types of 

environmental samples are presented in Table 7-2. 
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Table 7-2. Analytical Methods for Determining Vinyl Chloride in 
 
Environmental Samples 
 

Sample 
Analytical detection Percent 

Sample matrix Preparation method method limit recovery Reference 

Occupational air Vinyl chloride in air 
adsorbed in activated 

GC/FID 0.04 μg per 94% at 1– 
sample 64 mg/m3 

NIOSH 1994a 

carbon trap and desorbed (0.00039– 
by carbon disulfide 0.025 ppb) 

Ambient indoor Air containing vinyl chloride GC/FID 5 ppb NR 	 IARC 1978 
and outdoor air passed through activated 

carbon trap and desorbed 
by dichloromethane or 
carbon 

Air Adsorption onTenax®-GC 
or SKC® Carbon, then 

GC/MS 0.33 ppb NR 	 Krost et al. 
1982 

thermal desorption 

Air Air prefiltered by Na2S2O3­ GC/FID, 0.005 ppb NR Harkov et al. 
treated glass fiber filter was GC/MS, 1983, 1984 
passed through spherocarb GC/ECF 
adsorbent cartridge and 
thermally desorbed 

Automobile Exhaust samples contained GC/FID 0.02 ppm NR 	 Hasanen et al. 
exhaust in aluminized plastic bags 1979 

Air Trapped in cold Tenax®-GC GC/FID NR 	89.6% at Ives 1975 
trap; thermal desorption 6 ppb; 100% 

at 60 ppb 

Air Sample collected in GC/ECD 0.01 ppb NR 	 Harsch et al. 
pressurized canister is 1979; 
passed through a freezeout Rasmussen et 
loop and subsequently al. 1977 
heated 

Air Sample collected in GC/FID 0.4 ppb NR 	 McMurray and 
polyester-coated plastic Tarr 1978 
bags concentrated by 
freezeout and subsequently 
heated 

Drinking water Samples collected in serum GC/HSD, NR NR Dressman and 
reaction bottles; purge and GC/MS McFarren 1978 
trap technique 

Tenax®-GC; thermal 
Drinking water Purge and trap in 
and waste water 

GC/HSD, 
GC/MS (EPA 

0.18 ppb 
(HSD) 

102% at 0.8– 
32.3 ppb 

APHA 1985; 
EPA 1982d 

desorption Methods 601 
and 624) 
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Table 7-2. Analytical Methods for Determining Vinyl Chloride in 
 
Environmental Samples 
 

Sample 
Analytical detection Percent 

Sample matrix Preparation method method limit recovery Reference 

Groundwater, Purge at 45 °C and trap in 
liquid and solid Tenax®-GC; thermal 
matrices desorption  

Water 		Purge into CarbosieveTM S 
III; desorption with CS2 and 
bromine derivation 

Drinking water 	 Purge and trap in 
Tenax®-GC; thermal 
desorption 

Migration of 	 Small section put in water 
monomer into	 in sealed serum vial for a 
drinking water 	 number of days at 20 °C; 
from PVC pipes	 solution directly injected 

into gas chromatograph 

Water 	 Sample ins sealed vial is 
equilibrated at constant 
temperature; headspace 
gas injected into gas 
chromatograph 

Landfill gas 	 Gas from landfill sites 
sampled by PTFE tubing 
inside drive-in piezometers 
was adsorbed in Tenax®­
GC or Porapak®, a sorbent; 
trapped sample desorbed 
and concentrated in liquid 
N2-cooled loop and flash 
desorbed 

Sediment and 	 Homogeneous sample 
oyster 	 mixed with water and vinyl 

chloride purged into a 
closed loop injected into 
gas chromatograph 

Landfill gas 	 Sample collected in 2-L 
evacuated glass bulb; gas 
directly injected into gas 
chromatograph 

GC/HSD (EPA 
Method 8010) 

GC/ECD 

GC/Hall 
detector, 
GC/PID (EPA 
Methods 502.2 
and 524.2) 

GC/FID 

GC/FID 

GC/MS 

GC/ECD 

GC/FID 

0.18 ppb 	 102% at EPA 1982e 
0.82– 
32.3 ppb 

0.0004 ppb 98.9% at 	 Wittsiepe et al. 
0.00625– 1993 
62.5 ppb 

0.04 ppb 100–119% at Reding 1987 
(Hall 5–10 ppb 
detector); 
0.02 ppb 
(PID) 

NR NR 	 Ando and 
Sayato 1984 

<1 ppb 	 NR 	 IARC 1978 

0.04–	 NR 	Young and 
0.8 ppm 	 Parker 1984 

2 ng/g NR Wang et al. 
 
(sediment); 1985 
 
4 ng/g 
 
(oyster) 
 

NR NR 	 Wood and 
Porter 1987 
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Table 7-2. Analytical Methods for Determining Vinyl Chloride in 
 
Environmental Samples 
 

Sample 
Analytical detection Percent 

Sample matrix Preparation method method limit recovery Reference 

Food (orange Sample sealed in vials and GC/FID NR NR Chudy and 
drink, wine, olive equilibrated at 40 °C for Crosby 1977 
oil) 2 hours; injected into gas 

chromatograph 

Foodstuffs 	 Sample sealed in vials and GC/FID 1–5 ppb NR IARC 1978 
equilibrated at 40 °C for a 
minimum of 2 hours; 
headspace gas injected 
into gas chromatograph 

CS2 = carbon disulfide; EPA = Environmental Protection Agency; GC/ECD = gas chromatography/electron capture 
detector; GC/FID = gas chromatography/flame ionization detector; GC/HSD = gas chromatography/halogen specific 
detector; GC/MS = gas chromatography/mass spectrometry; GC/PID = gas chromatography/photoionization 
detector; HSD = halogen specific detector; N2 = nitrogen; Na2S2O3 = sodium thiosulfate; NR = not reported; 
PID = photoionization detector; PTFE = polytetrafluorethylene; PVC = polyvinyl chloride 
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The primary method of analyzing vinyl chloride in air is GC combined with either MS, ECD, or FID.  Air 

samples are usually pumped through a sample collection column with Tenax-GC, coconut activated 

charcoal, or spherocarb (a carbon molecular sieve material) as the most common adsorbents. Several 

authors have noted that Tenax-GC displays poor retention for vinyl chloride when the compound is 

present in the very low-ppb range (Bozzelli and Kebbekus 1979; Krost et al. 1982; McMurry and Tarr 

1978).  Vinyl chloride is thermally desorbed from the collection column and concentrated on a cryogenic 

trapping column located on the gas chromatograph.  Vapors are heat-released from the trapping column 

directly to the gas chromatograph (Bozzelli and Kabbekus 1979; Krost et al. 1982).  Grab samples of air 

can also be obtained and preconcentrated on a cryogenic column (Rasmussen et al. 1977).  The limit of 

detection for GC/MS and GC/ECD is in the sub-ppb range (Bozzelli and Kebbekus 1979; Harsch et al. 

1979; Krost et al. 1982; Rasmussen et al. 1977).  Accuracy is generally good (Bozzelli and Kebbekus 

1979). With careful technique, precision is adequate, ranging from 5 to 20% (Bozzelli and Kebbekus 

1979; McMurray and Tarr 1978). 

Trace amounts of vinyl chloride in air and water were detected employing GC/ECD after derivatization to 

1,2-dibromochloroethane (Wittisiepe et al. 1990, 1993).  Air samples were taken by drawing a known 

volume directly through an ice-cooled adsorption tube.  Water samples were purged with an inert gas 

before being drawn through the adsorption tube.  The tubes were eluted with carbon disulfide, and the 

vinyl chloride was derivatized with bromine water to form 1,2-dibromochloroethane.  This derivatization 

technique is used for enhancement of sensitivity with GC/ECD.  The derivative was determined by 

capillary GC with ECD.  The detection limits for air and water samples are 50 ng/m3 and 0.4 ng/L 

(0.4 parts per trillion), respectively.  Results from recovery experiments with dosed water indicated that 

accuracy was good. 

Vinyl chloride can be detected in drinking water, groundwater, waste water, and leachate from solid 

waste. Analysis of vinyl chloride is done by purge-and-trap or headspace GC.  The primary analytical 

method is separation by GC combined with MS, ECD, FID, Hall's electrolytic conductivity detector 

(HECD), or another type of halogen specific detector (HSD).  In most methods, vinyl chloride is liberated 

from the liquid matrix by purging with an inert gas and concentrated by trapping on a suitable solid 

sorbent. Vinyl chloride is thermally desorbed and backflushed onto the column of the gas chromatograph 

with an inert gas.  Detection of vinyl chloride is generally achieved using HECD, HSD, or MS (APHA 

1985; EPA 1982d, 1982e; IARC 1978; Reding 1987).  The limit of detection is in the sub-ppb range for 

halogen specific detectors (APHA 1985; EPA 1982d, 1982e) and in the low-ppb range for MS (EPA 
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1982d).  Accuracy is >98% and precision ranges from 11 to 25% for GC/HECD and GC/MS (EPA 

1982d). 

EPA has made improvements in methods for measuring volatile organic chemicals.  The major change is 

the use of smaller sample volumes allowed by increased use of capillary gas chromatographic columns.  

Capillary columns provide better resolution, minimum detection limits, and less column bleed than 

packed columns (Reding 1987). 

Vinyl chloride has been measured in sediment using GC/ECD with sensitivity in the low-ppb range.  

Accuracy and precision data were not provided in the report (Wang et al. 1985).  No information on 

analysis of vinyl chloride in soil was located.  GC/HSD of headspace gases is the EPA-recommended 

method for solid matrices with sensitivity in the sub-ppb range.  Accuracy (101.9%) is good and precision 

(11.4%) is adequate (EPA 1982d).  Vinyl chloride levels in food have been determined using GC/FID.  

GC analysis by headspaces gases is a common method for testing foods, with sensitivity in the low-ppb 

range (IARC 1978). 

7.3 ADEQUACY OF THE DATABASE 

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the 

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether 

adequate information on the adverse health effects of vinyl chloride is available.  Where adequate 

information is not available, ATSDR, in conjunction with NTP, is required to ensure the initiation of a 

program of research designed to determine the adverse health effects (and techniques for developing 

methods to determine such adverse health effects) of vinyl chloride. 

The following categories of possible data needs have been identified by a joint team of scientists from 

ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met would 

reduce the uncertainties of human health assessment.  This definition should not be interpreted to mean 

that all data needs discussed in this section must be filled.  In the future, the identified data needs will be 

evaluated and prioritized, and a substance-specific research agenda will be proposed.  
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7.3.1 Identification of Data Needs 

Methods for Determining Biomarkers of Exposure and Effect.     

Exposure. Methods are available for measuring vinyl chloride and/or its metabolite, thiodiglycolic acid, 

in breath, urine, blood, and tissue (Baretta et al. 1969; Conkle et al. 1975; Draminski and Trojanowska 

1981; Müller et al. 1979; Zuccato et al. 1979).  These methods are sensitive for measuring levels at which 

adverse health effects might occur, and for measuring higher background levels that might be found in 

specific populations known to be exposed to elevated levels of vinyl chloride (e.g., workers in the plastics 

industry and individuals living in the vicinity of hazardous waste sites).  Measurement of urinary 

thiodiglycolic acid can be used as an indicator of vinyl chloride intake as long as individual variability in 

metabolism (due to such factors as liver disease, use of drugs, and alcohol intake) can be accounted for 

(Hefner et al. 1975b; Müller et al. 1979).  Exposure to vinyl chloride at concentrations below 1–5 ppm 

could be masked by background metabolic levels of thiodiglycolic acid within normal limits (Müller et al. 

1979).  Also, the formation of thiodiglycolic acid is not unique to vinyl chloride exposure (Norpoth et al. 

1986; Pettit 1986).  The methods are generally reliable, although increased precision for most methods 

would increase reliability. Background levels for the general population are ill defined (EPA 1985b).  

Further research on the relationship between low-level exposure and levels of vinyl chloride in biological 

media would be helpful in assessing the risks and adverse health effects of chronic, low-level exposure. 

Effect. Existing methods are sensitive for measuring levels of vinyl chloride and its metabolite, 

thiodiglycolic acid, in individuals affected by exposure to very high levels of vinyl chloride (Baretta et al. 

1969; Conkle et al. 1975; Draminski and Trojanowska 1981; Müller et al. 1979; Zuccato et al. 1979).  

Also, methods are available to detect DNA adducts produced by the reaction of vinyl chloride metabolites 

with DNA (Eberle et al. 1989; Young and Santella 1988).  These DNA adducts are specific indicators of 

vinyl chloride's genotoxic potential.  These methods, however, are not sufficiently sensitive to determine 

the genotoxic effects resulting from low-level exposure.  Correlations between levels detected in 

biological tissues and fluids and specific observed effects for lower levels of exposure have not been 

established. Additional research in this area would allow better assessment of existing methods and 

would help in defining areas in which improvements are needed. 

Methods for Determining Parent Compounds and Degradation Products in Environmental 
Media.    Existing methods for determining vinyl chloride in air (Harkov et al. 1983, 1984; Harsch et al. 

1979; Hasanen et al. 1979; IARC 1978; Ives 1975; Krost et al. 1982; McMurry and Tarr 1978; NIOSH 
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1994a; Rasmussen et al. 1977) and water (Ando and Sayato 1984; APHA 1985; Dressman and McFarren 

1978; EPA 1982d, 1982e; IARC 1978; Reding 1987), the media of most concern for human exposure, are 

sensitive, reproducible, and reliable for measuring background levels in the environment.  Research 

investigating the relationship between levels measured in air and water and observed adverse health 

effects could increase our confidence in existing methods and/or indicate where improvements are 

needed. Methods specifically relating to the analysis of vinyl chloride in soils were not located.  EPA 

does, however, have sensitive and reliable methods for determining the concentration of vinyl chloride in 

soil matrices (EPA 1982e), which include contaminated soils. 

7.3.2 Ongoing Studies 

Eltron Research Incorporated (Principal Investigator, Thomas Ross) is developing a direct-reading 

personal monitor for detecting vinyl chloride in workplace air (FEDRIP 2005). 
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The international, national, and state regulations and guidelines regarding vinyl chloride in air, water, and 

other media are summarized in Table 8-1. 

ATSDR has derived three MRL values for vinyl chloride.  An acute-duration inhalation MRL of 0.5 ppm 

was derived for vinyl chloride based on a NOAEL for developmental effects for mice (John et al. 1977, 

1981). An intermediate-duration inhalation MRL of 0.03 ppm was derived for vinyl chloride based on a 

LOAEL of 10 ppm for increased incidences of hepatic centrilobular hypertrophy in rats (Thornton et al. 

2002). A chronic-duration oral MRL of 0.003 mg/kg/day was derived for vinyl chloride based on a 

human equivalent NOAEL of 0.09 mg/kg/day for liver cell polymorphism in rats (Til et al. 1983, 1991).   

EPA (IRIS 2004) has derived an RfD of 0.003 mg/kg/day for vinyl chloride, based on a NOAEL for liver 

cell polymorphism in rats administered vinyl chloride in the diet for a lifetime (Til et al. 1983, 1991). 

EPA (IRIS 2004) has derived an RfC of 0.1 mg/m3 (0.04 ppm) for vinyl chloride, based on route-to-route 

extrapolation (using PBPK modeling) from a NOAEL for liver cell polymorphism in rats administered 

vinyl chloride in the diet for a lifetime (Til et al. 1983, 1991). 

The FDA is responsible for regulating vinyl chloride as an indirect food additive.  With regard to 

components of coatings, paper, and paperboard, the FDA states that when vinyl chloride is copolymerized 

with certain other substances, it is a safe food-contact surface.  The amount of vinyl chloride content 

permitted varies depending on the nature of the polymer and its use (FDA 1994). 
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Table 8-1. Regulations and Guidelines Applicable to Vinyl Chloride 

Agency Description Information Reference 
INTERNATIONAL 
Guidelines: 

IARC Carcinogenicity classification Group 1a IARC 1987 
WHO Drinking water guideline 0.3 µg/Lb WHO 2000 

Air quality guideline (10-6 cancer risk) 1 μg/m3 WHO 2000 
NATIONAL 
Regulations and Guidelines: 
a. Air 

ACGIH TLV (8-hour TWA) 1 ppm ACGIH 2003 
EPA Hazardous air pollutant EPA 2004k 

42USC7412 
Regulated toxic substances pursuant to 10,000 poundsc EPA 2004a 
Section 112(r) of the Clean Air Act and 40CFR68.130 
threshold quantities for accidental release 
prevention 

NIOSH REL (10-hour TWA) Potential occupational NIOSH 2004 
carcinogen 

IDLH No data 
OSHA PEL for general industry OSHA 2004a 

8-hour TWA 1 ppm 29CFR1910.1017 

15-minute TWA 5 ppm 
PEL for construction industry OSHA 2004c 

8-hour TWA 1 ppm 29CFR1926.1117 

15-minute TWA 5 ppm 
PEL for shipyard industry OSHA 2004b 

8-hour TWA 1 ppm 29CFR1915.1017 

15-minute TWA 5 ppm 
b. Water 

Drinking water standards 0.002 mg/L EPA 2004j 
40CFR141.32 

Drinking water standards and health EPA 2004c 
advisories 

1-Day HA for a 10-kg child 3.0 mg/L 
10-Day HA for a 10-kg child 3.0 mg/L 
DWEL 
10-4 Cancer risk 

0.1 mg/L 
0.002 mg/L 

MCL 0.002 mg/L EPA 2004i 
40CFR141.61 

MCLG Zero EPA 2004g 
40CFR141.50 

c. Food 
FDA Bottled water 0.002 mg/L FDA 2003a 

21CFR165.110 
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Table 8-1. Regulations and Guidelines Applicable to Vinyl Chloride 

Agency Description 	 Information Reference 
NATIONAL (cont.) 

FDA Drug products withdrawn or removed from 
the market for reasons of safety or 
effectiveness 
Indirect food additive for use only as a 
component of adhesives 

d. 	Other 
 ACGIH Carcinogenicity classification 

EPA Carcinogenicity classification 
Oral slope factor 

Continuous lifetime exposure during 
adulthood 
Continuous lifetime exposure from 
birth 

Drinking water unit risk 
Continuous lifetime exposure during 
adulthood 
Continuous lifetime exposure from 
birth 

Inhalation unit risk 
Continuous lifetime exposure during 
adulthood 
Continuous lifetime exposure from 
birth 

Hazardous waste identification 

RfC 
RfD 
Superfund; community right-to-know; toxic 
chemical release reporting; effective date 
Superfund; designated as a hazardous 
substance pursuant to Section 307(a) of the 
Clean Water Act, Section 112 of the Clean 
Air Act, and Section 3001 of RCRA 

Reportable quantity 
Unlisted hazardous waste; characteristic 
of toxicity; RCRA waste number 

NTP Carcinogenicity classification 

STATE 
a. 	Air 

California 	 Ambient air quality standard (24-hour 
 
averaging time)g
 

All aerosol drug 
products containing 
vinyl chloride 

A1d 

Group Ae,f 

7.2x10-1 (mg/kg/day)-1 

1.4 (mg/kg/day)-1 

2.1x10-5 (μg/L)-1 

4.2x10-5 (μg/L)-1 

4.4x10-6 (mg/m3)-1 

8.8x10-6 (mg/m3)-1 

U043 

1x10-1 mg/m3 

3x10-3 mg/kg/day 
01/01/1987 

1 pound 
D043 

Known to be a human 
carcinogen 

0.01 ppm 

FDA 2003c 
21CFR216.24 

 FDA 2003b 
21CFR175.105 

 ACGIH 2003 
IRIS 2005 

EPA 2004d 
40CFR261, 
Appendix VIII 

EPA 2004m 
40CFR372.65 

 EPA 2004b 
40CFR302.4 

NTP 2005 

CalEPA 2005 
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Table 8-1. Regulations and Guidelines Applicable to Vinyl Chloride 

Agency Description 	 Information Reference 
STATE (cont.) 
b. 	Water 

California Public health goal 0.05 µg/L CalEPA 2000 
Drinking water guidelines and standards HSDB 2005 

 Arizona 0.015 μg/L 
California 0.5 μg/L 

 Connecticut 2.0 μg/L 
 Florida 1.0 μg/L 

Maine 0.2 μg/L 
 Minnesota 0.2 μg/L 
 New Jersey 2.0 μg/L 
 Wisconsin 0.2 μg/L 
c. 	Food 

No data 
d. 	Other 

No data 

aGroup 1: Carcinogenic to humans. 
bFor substances that are considered to be carcinogenic, the guideline value is the concentration in drinking water 
associated with an upper-bound excess lifetime cancer risk of 10-5 (one additional cancer per 100,000 of the 
population ingesting drinking-water containing the substance at the guideline value for 70 years).  Concentrations 
associated with upper-bound estimated excess lifetime cancer risks of 10-4 and 10-6 can be calculated by multiplying 
and dividing, respectively, the guideline value by 10. 
cVinyl chloride: Mandated for listing by Congress and it is a flammable gas. 
dGroup A1: Confirmed human carcinogen. 
eGroup A: Human carcinogen; according to EPA Risk Assessment Guidelines (EPA 1986). 
fVinyl chloride is a known human carcinogen by the inhalation route of exposure, based on human epidemiological 
data, and by analogy the oral route because of positive animal bioassay data as well as pharmacokinetic data 
allowing dose extrapolation across routes.  Vinyl chloride is also considered highly likely to be carcinogenic by the 
dermal route because it is well absorbed and acts systemically (EPA 1996). 
gThe Air Resources Board has identified vinyl chloride as 'toxic air contaminants' with no threshold level of exposure 
for adverse health effects determined. These actions allow for the implementation of control measures at levels below 
the ambient concentrations specified for these pollutants. 

ACGIH = American Conference of Governmental Industrial Hygienists; CFR = Code of Federal Regulations; 
DWEL = drinking water equivalent level; EPA = Environmental Protection Agency; FDA = Food and Drug 
Administration; HA = Health Advisory; HSDB = Hazardous Substances Data Bank; IARC = International Agency for 
Research on Cancer; IDLH = immediately dangerous to life or health; IRIS = Integrated Risk Information System; 
MCL = maximum contaminant level; MCLG = maximum contaminant level goal; NIOSH = National Institute for 
Occupational Safety and Health; NTP = National Toxicology Program; OSHA = Occupational Safety and Health 
Administration; PEL = permissible exposure limit; RCRA = Resource Conservation and Recovery Act; 
RfC = reference concentration; RfD = reference dose; STEL = short-term exposure limit; TLV = threshold limit values; 
TWA = time-weighted average; USC = United States Codes; WHO = World Health Organization 
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Absorption—The taking up of liquids by solids, or of gases by solids or liquids. 

Acute Exposure—Exposure to a chemical for a duration of 14 days or less, as specified in the 
Toxicological Profiles. 

Adsorption—The adhesion in an extremely thin layer of molecules (as of gases, solutes, or liquids) to the 
surfaces of solid bodies or liquids with which they are in contact. 

Adsorption Coefficient (Koc)—The ratio of the amount of a chemical adsorbed per unit weight of 
organic carbon in the soil or sediment to the concentration of the chemical in solution at equilibrium. 

Adsorption Ratio (Kd)—The amount of a chemical adsorbed by sediment or soil (i.e., the solid phase) 
divided by the amount of chemical in the solution phase, which is in equilibrium with the solid phase, at a 
fixed solid/solution ratio. It is generally expressed in micrograms of chemical sorbed per gram of soil or 
sediment. 

Benchmark Dose (BMD)—Usually defined as the lower confidence limit on the dose that produces a 
specified magnitude of changes in a specified adverse response.  For example, a BMD10 would be the 
dose at the 95% lower confidence limit on a 10% response, and the benchmark response (BMR) would be 
10%.  The BMD is determined by modeling the dose response curve in the region of the dose response 
relationship where biologically observable data are feasible.    

Benchmark Dose Model—A statistical dose-response model applied to either experimental toxicological 
or epidemiological data to calculate a BMD. 

Bioconcentration Factor (BCF)—The quotient of the concentration of a chemical in aquatic organisms 
at a specific time or during a discrete time period of exposure divided by the concentration in the 
surrounding water at the same time or during the same period. 

Biomarkers—Broadly defined as indicators signaling events in biologic systems or samples. They have 
been classified as markers of exposure, markers of effect, and markers of susceptibility. 

Cancer Effect Level (CEL)—The lowest dose of chemical in a study, or group of studies, that produces 
significant increases in the incidence of cancer (or tumors) between the exposed population and its 
appropriate control. 

Carcinogen—A chemical capable of inducing cancer. 

Case-Control Study—A type of epidemiological study that examines the relationship between a 
particular outcome (disease or condition) and a variety of potential causative agents (such as toxic 
chemicals).  In a case-controlled study, a group of people with a specified and well-defined outcome is 
identified and compared to a similar group of people without outcome. 

Case Report—Describes a single individual with a particular disease or exposure.  These may suggest 
some potential topics for scientific research, but are not actual research studies. 
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Case Series—Describes the experience of a small number of individuals with the same disease or 
exposure. These may suggest potential topics for scientific research, but are not actual research studies. 

Ceiling Value—A concentration of a substance that should not be exceeded, even instantaneously. 

Chronic Exposure—Exposure to a chemical for 365 days or more, as specified in the Toxicological 
Profiles. 

Cohort Study—A type of epidemiological study of a specific group or groups of people who have had a 
common insult (e.g., exposure to an agent suspected of causing disease or a common disease) and are 
followed forward from exposure to outcome.  At least one exposed group is compared to one unexposed 
group. 

Cross-sectional Study—A type of epidemiological study of a group or groups of people that examines 
the relationship between exposure and outcome to a chemical or to chemicals at one point in time. 

Data Needs—Substance-specific informational needs that if met would reduce the uncertainties of human 
health assessment. 

Developmental Toxicity—The occurrence of adverse effects on the developing organism that may result 
from exposure to a chemical prior to conception (either parent), during prenatal development, or 
postnatally to the time of sexual maturation.  Adverse developmental effects may be detected at any point 
in the life span of the organism. 

Dose-Response Relationship—The quantitative relationship between the amount of exposure to a 
toxicant and the incidence of the adverse effects. 

Embryotoxicity and Fetotoxicity—Any toxic effect on the conceptus as a result of prenatal exposure to 
a chemical; the distinguishing feature between the two terms is the stage of development during which the 
insult occurs.  The terms, as used here, include malformations and variations, altered growth, and in utero 
death. 

Environmental Protection Agency (EPA) Health Advisory—An estimate of acceptable drinking water 
levels for a chemical substance based on health effects information.  A health advisory is not a legally 
enforceable federal standard, but serves as technical guidance to assist federal, state, and local officials. 

Epidemiology—Refers to the investigation of factors that determine the frequency and distribution of 
disease or other health-related conditions within a defined human population during a specified period.   

Genotoxicity—A specific adverse effect on the genome of living cells that, upon the duplication of 
affected cells, can be expressed as a mutagenic, clastogenic, or carcinogenic event because of specific 
alteration of the molecular structure of the genome. 

Half-life—A measure of rate for the time required to eliminate one half of a quantity of a chemical from 
the body or environmental media. 

Immediately Dangerous to Life or Health (IDLH)—The maximum environmental concentration of a 
contaminant from which one could escape within 30 minutes without any escape-impairing symptoms or 
irreversible health effects. 



269 VINYL CHLORIDE 

10. GLOSSARY 

Immunologic Toxicity—The occurrence of adverse effects on the immune system that may result from 
exposure to environmental agents such as chemicals. 

Immunological Effects—Functional changes in the immune response. 

Incidence—The ratio of individuals in a population who develop a specified condition to the total 
number of individuals in that population who could have developed that condition in a specified time 
period. 

Intermediate Exposure—Exposure to a chemical for a duration of 15–364 days, as specified in the 
Toxicological Profiles. 

In Vitro—Isolated from the living organism and artificially maintained, as in a test tube. 

In Vivo—Occurring within the living organism. 

Lethal Concentration(LO) (LCLO)—The lowest concentration of a chemical in air that has been reported 
to have caused death in humans or animals. 

Lethal Concentration(50) (LC50)—A calculated concentration of a chemical in air to which exposure for 
a specific length of time is expected to cause death in 50% of a defined experimental animal population. 

Lethal Dose(LO) (LDLo)—The lowest dose of a chemical introduced by a route other than inhalation that 
has been reported to have caused death in humans or animals. 

Lethal Dose(50) (LD50)—The dose of a chemical that has been calculated to cause death in 50% of a 
defined experimental animal population. 

Lethal Time(50) (LT50)—A calculated period of time within which a specific concentration of a chemical 
is expected to cause death in 50% of a defined experimental animal population. 

Lowest-Observed-Adverse-Effect Level (LOAEL)—The lowest exposure level of chemical in a study, 
or group of studies, that produces statistically or biologically significant increases in frequency or severity 
of adverse effects between the exposed population and its appropriate control. 

Lymphoreticular Effects—Represent morphological effects involving lymphatic tissues such as the 
lymph nodes, spleen, and thymus. 

Malformations—Permanent structural changes that may adversely affect survival, development, or 
function. 

Minimal Risk Level (MRL)—An estimate of daily human exposure to a hazardous substance that is 
likely to be without an appreciable risk of adverse noncancer health effects over a specified route and 
duration of exposure. 

Modifying Factor (MF)—A value (greater than zero) that is applied to the derivation of a Minimal Risk 
Level (MRL) to reflect additional concerns about the database that are not covered by the uncertainty 
factors. The default value for a MF is 1. 

Morbidity—State of being diseased; morbidity rate is the incidence or prevalence of disease in a specific 
population. 
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Mortality—Death; mortality rate is a measure of the number of deaths in a population during a specified 
interval of time. 

Mutagen—A substance that causes mutations.  A mutation is a change in the DNA sequence of a cell’s 
DNA. Mutations can lead to birth defects, miscarriages, or cancer. 

Necropsy—The gross examination of the organs and tissues of a dead body to determine the cause of 
death or pathological conditions. 

Neurotoxicity—The occurrence of adverse effects on the nervous system following exposure to a 
chemical. 

No-Observed-Adverse-Effect Level (NOAEL)—The dose of a chemical at which there were no 
statistically or biologically significant increases in frequency or severity of adverse effects seen between 
the exposed population and its appropriate control.  Effects may be produced at this dose, but they are not 
considered to be adverse. 

Octanol-Water Partition Coefficient (Kow)—The equilibrium ratio of the concentrations of a chemical 
in n-octanol and water, in dilute solution. 

Odds Ratio (OR)—A means of measuring the association between an exposure (such as toxic substances 
and a disease or condition) that represents the best estimate of relative risk (risk as a ratio of the incidence 
among subjects exposed to a particular risk factor divided by the incidence among subjects who were not 
exposed to the risk factor). An OR of greater than 1 is considered to indicate greater risk of disease in the 
exposed group compared to the unexposed group. 

Organophosphate or Organophosphorus Compound—A phosphorus-containing organic compound 
and especially a pesticide that acts by inhibiting cholinesterase. 

Permissible Exposure Limit (PEL)—An Occupational Safety and Health Administration (OSHA) 
allowable exposure level in workplace air averaged over an 8-hour shift of a 40-hour workweek. 

Pesticide—General classification of chemicals specifically developed and produced for use in the control 
of agricultural and public health pests. 

Pharmacokinetics—The dynamic behavior of a material in the body, used to predict the fate 
(disposition) of an exogenous substance in an organism.  Utilizing computational techniques, it provides 
the means of studying the absorption, distribution, metabolism, and excretion of chemicals by the body. 

Pharmacokinetic Model—A set of equations that can be used to describe the time course of a parent 
chemical or metabolite in an animal system.  There are two types of pharmacokinetic models:  data-based 
and physiologically-based.  A data-based model divides the animal system into a series of compartments, 
which, in general, do not represent real, identifiable anatomic regions of the body, whereas the 
physiologically-based model compartments represent real anatomic regions of the body. 

Physiologically Based Pharmacodynamic (PBPD) Model—A type of physiologically based dose-
response model that quantitatively describes the relationship between target tissue dose and toxic end 
points. These models advance the importance of physiologically based models in that they clearly 
describe the biological effect (response) produced by the system following exposure to an exogenous 
substance. 
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Physiologically Based Pharmacokinetic (PBPK) Model—Comprised of a series of compartments 
representing organs or tissue groups with realistic weights and blood flows.  These models require a 
variety of physiological information:  tissue volumes, blood flow rates to tissues, cardiac output, alveolar 
ventilation rates, and possibly membrane permeabilities.  The models also utilize biochemical 
information, such as air/blood partition coefficients, and metabolic parameters.  PBPK models are also 
called biologically based tissue dosimetry models. 

Prevalence—The number of cases of a disease or condition in a population at one point in time.  

Prospective Study—A type of cohort study in which the pertinent observations are made on events 
occurring after the start of the study.  A group is followed over time. 

q1*—The upper-bound estimate of the low-dose slope of the dose-response curve as determined by the 
multistage procedure.  The q1* can be used to calculate an estimate of carcinogenic potency, the 
incremental excess cancer risk per unit of exposure (usually μg/L for water, mg/kg/day for food, and 
μg/m3 for air). 

Recommended Exposure Limit (REL)—A National Institute for Occupational Safety and Health 
(NIOSH) time-weighted average (TWA) concentration for up to a 10-hour workday during a 40-hour 
workweek. 

Reference Concentration (RfC)—An estimate (with uncertainty spanning perhaps an order of 
magnitude) of a continuous inhalation exposure to the human population (including sensitive subgroups) 
that is likely to be without an appreciable risk of deleterious noncancer health effects during a lifetime.  
The inhalation reference concentration is for continuous inhalation exposures and is appropriately 
expressed in units of mg/m3 or ppm. 

Reference Dose (RfD)—An estimate (with uncertainty spanning perhaps an order of magnitude) of the 
daily exposure of the human population to a potential hazard that is likely to be without risk of deleterious 
effects during a lifetime.  The RfD is operationally derived from the no-observed-adverse-effect level 
(NOAEL, from animal and human studies) by a consistent application of uncertainty factors that reflect 
various types of data used to estimate RfDs and an additional modifying factor, which is based on a 
professional judgment of the entire database on the chemical.  The RfDs are not applicable to 
nonthreshold effects such as cancer. 

Reportable Quantity (RQ)—The quantity of a hazardous substance that is considered reportable under 
the Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA).  Reportable 
quantities are (1) 1 pound or greater or (2) for selected substances, an amount established by regulation 
either under CERCLA or under Section 311 of the Clean Water Act.  Quantities are measured over a 
24-hour period. 

Reproductive Toxicity—The occurrence of adverse effects on the reproductive system that may result 
from exposure to a chemical.  The toxicity may be directed to the reproductive organs and/or the related 
endocrine system.  The manifestation of such toxicity may be noted as alterations in sexual behavior, 
fertility, pregnancy outcomes, or modifications in other functions that are dependent on the integrity of 
this system. 
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Retrospective Study—A type of cohort study based on a group of persons known to have been exposed 
at some time in the past.  Data are collected from routinely recorded events, up to the time the study is 
undertaken. Retrospective studies are limited to causal factors that can be ascertained from existing 
records and/or examining survivors of the cohort. 

Risk—The possibility or chance that some adverse effect will result from a given exposure to a chemical. 

Risk Factor—An aspect of personal behavior or lifestyle, an environmental exposure, or an inborn or 
inherited characteristic that is associated with an increased occurrence of disease or other health-related 
event or condition. 

Risk Ratio—The ratio of the risk among persons with specific risk factors compared to the risk among 
persons without risk factors. A risk ratio greater than 1 indicates greater risk of disease in the exposed 
group compared to the unexposed group. 

Short-Term Exposure Limit (STEL)—The American Conference of Governmental Industrial 
Hygienists (ACGIH) maximum concentration to which workers can be exposed for up to 15 minutes 
continually. No more than four excursions are allowed per day, and there must be at least 60 minutes 
between exposure periods. The daily Threshold Limit Value-Time Weighted Average (TLV-TWA) may 
not be exceeded. 

Standardized Mortality Ratio (SMR)—A ratio of the observed number of deaths and the expected 
number of deaths in a specific standard population. 

Target Organ Toxicity—This term covers a broad range of adverse effects on target organs or 
physiological systems (e.g., renal, cardiovascular) extending from those arising through a single limited 
exposure to those assumed over a lifetime of exposure to a chemical. 

Teratogen—A chemical that causes structural defects that affect the development of an organism. 

Threshold Limit Value (TLV)—An American Conference of Governmental Industrial Hygienists 
(ACGIH) concentration of a substance to which most workers can be exposed without adverse effect.  
The TLV may be expressed as a Time Weighted Average (TWA), as a Short-Term Exposure Limit 
(STEL), or as a ceiling limit (CL). 

Time-Weighted Average (TWA)—An allowable exposure concentration averaged over a normal 8-hour 
workday or 40-hour workweek. 

Toxic Dose(50) (TD50)—A calculated dose of a chemical, introduced by a route other than inhalation, 
which is expected to cause a specific toxic effect in 50% of a defined experimental animal population. 

Toxicokinetic—The absorption, distribution, and elimination of toxic compounds in the living organism. 
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Uncertainty Factor (UF)—A factor used in operationally deriving the Minimal Risk Level (MRL) or 
Reference Dose (RfD) or Reference Concentration (RfC) from experimental data.  UFs are intended to 
account for (1) the variation in sensitivity among the members of the human population, (2) the 
uncertainty in extrapolating animal data to the case of human, (3) the uncertainty in extrapolating from 
data obtained in a study that is of less than lifetime exposure, and (4) the uncertainty in using lowest-
observed-adverse-effect level (LOAEL) data rather than no-observed-adverse-effect level (NOAEL) data. 
A default for each individual UF is 10; if complete certainty in data exists, a value of 1 can be used; 
however, a reduced UF of 3 may be used on a case-by-case basis, 3 being the approximate logarithmic 
average of 10 and 1. 

Xenobiotic—Any chemical that is foreign to the biological system. 
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APPENDIX A.  ATSDR MINIMAL RISK LEVELS AND WORKSHEETS 

The Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) [42 U.S.C. 

9601 et seq.], as amended by the Superfund Amendments and Reauthorization Act (SARA) [Pub. L. 99– 

499], requires that the Agency for Toxic Substances and Disease Registry (ATSDR) develop jointly with 

the U.S. Environmental Protection Agency (EPA), in order of priority, a list of hazardous substances most 

commonly found at facilities on the CERCLA National Priorities List (NPL); prepare toxicological 

profiles for each substance included on the priority list of hazardous substances; and assure the initiation 

of a research program to fill identified data needs associated with the substances. 

The toxicological profiles include an examination, summary, and interpretation of available toxicological 

information and epidemiologic evaluations of a hazardous substance.  During the development of 

toxicological profiles, Minimal Risk Levels (MRLs) are derived when reliable and sufficient data exist to 

identify the target organ(s) of effect or the most sensitive health effect(s) for a specific duration for a 

given route of exposure. An MRL is an estimate of the daily human exposure to a hazardous substance 

that is likely to be without appreciable risk of adverse noncancer health effects over a specified duration 

of exposure. MRLs are based on noncancer health effects only and are not based on a consideration of 

cancer effects.  These substance-specific estimates, which are intended to serve as screening levels, are 

used by ATSDR health assessors to identify contaminants and potential health effects that may be of 

concern at hazardous waste sites.  It is important to note that MRLs are not intended to define clean-up or 

action levels. 

MRLs are derived for hazardous substances using the no-observed-adverse-effect level/uncertainty factor 

approach. They are below levels that might cause adverse health effects in the people most sensitive to 

such chemical-induced effects.  MRLs are derived for acute (1–14 days), intermediate (15–364 days), and 

chronic (365 days and longer) durations and for the oral and inhalation routes of exposure.  Currently, 

MRLs for the dermal route of exposure are not derived because ATSDR has not yet identified a method 

suitable for this route of exposure. MRLs are generally based on the most sensitive chemical-induced end 

point considered to be of relevance to humans.  Serious health effects (such as irreparable damage to the 

liver or kidneys, or birth defects) are not used as a basis for establishing MRLs.  Exposure to a level 

above the MRL does not mean that adverse health effects will occur. 
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MRLs are intended only to serve as a screening tool to help public health professionals decide where to 

look more closely.  They may also be viewed as a mechanism to identify those hazardous waste sites that 

are not expected to cause adverse health effects.  Most MRLs contain a degree of uncertainty because of 

the lack of precise toxicological information on the people who might be most sensitive (e.g., infants, 

elderly, nutritionally or immunologically compromised) to the effects of hazardous substances.  ATSDR 

uses a conservative (i.e., protective) approach to address this uncertainty consistent with the public health 

principle of prevention. Although human data are preferred, MRLs often must be based on animal studies 

because relevant human studies are lacking.  In the absence of evidence to the contrary, ATSDR assumes 

that humans are more sensitive to the effects of hazardous substance than animals and that certain persons 

may be particularly sensitive.  Thus, the resulting MRL may be as much as 100-fold below levels that 

have been shown to be nontoxic in laboratory animals. 

Proposed MRLs undergo a rigorous review process:  Health Effects/MRL Workgroup reviews within the 

Division of Toxicology and Environmental Medicine, expert panel peer reviews, and agency-wide MRL 

Workgroup reviews, with participation from other federal agencies and comments from the public.  They 

are subject to change as new information becomes available concomitant with updating the toxicological 

profiles. Thus, MRLs in the most recent toxicological profiles supersede previously published levels.  

For additional information regarding MRLs, please contact the Division of Toxicology and 

Environmental Medicine, Agency for Toxic Substances and Disease Registry, 1600 Clifton Road NE, 

Mailstop F-32, Atlanta, Georgia 30333. 
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MINIMAL RISK LEVEL (MRL) WORKSHEET 

Chemical Name: Vinyl Chloride 
CAS Number: 75-01-4 
Date:   March 2006 
Profile Status: Final Draft Post-Public Comment 
Route: [X] Inhalation [ ] Oral 
Duration: [X] Acute   [ ] Intermediate  [ ] Chronic 
Graph Key: 33 
Species: Mouse 

Minimal Risk Level: 0.5 [ ] mg/kg/day   [X] ppm 

References: 

John JA, Smith FA, Leong BKJ, et al.  1977.  The effects of maternally inhaled vinyl chloride on 
embryonal and fetal development in mice, rats, and rabbits.  Toxicol Appl Pharmacol 39:497-513. 

John JA, Smith FA, Schwetz BA.  1981.  Vinyl chloride:  Inhalation teratology study in mice, rats, and 
rabbits. Environ Health Perspect 41:171-177. 

Experimental design: CF-1 mice were exposed to vinyl chloride at concentrations of 0, 50, or 500 ppm 
for 7 hours/day on gestational days 6–15 (John et al. 1977, 1981).  Concurrent control groups were used, 
one for each dose level. Control groups were sham-exposed to filtered room air.  Exposure was 
conducted in chambers of 3.7 m3 volume under dynamic conditions.  Animals were observed daily for 
clinical signs, and maternal body weights were determined several times during gestation.  Animals were 
euthanized on gestational day 18 by carbon dioxide inhalation.  Maternal liver weight was determined and 
uterine horns were examined.  Fetuses were weighed, measured (crown-rump length), sexed, and 
subjected to gross and histopathological examinations. 

Effects noted in study and corresponding doses: No adverse maternal or fetal effects were noted at 
50 ppm, with the exception of a slight increase (p<0.05) in crown-rump length that was not observed at 
500 ppm.  The 50-ppm exposure level is considered to be a NOAEL for maternal and developmental 
toxicity.  At the LOAEL of 500 ppm, delayed ossification (p<0.05) was observed.  An increase in 
resorptions at 500 ppm was considered to have been within historical control limits.  Significant changes 
in percentage resorption, litter size, and fetal body weight would not have been observed at 500 ppm if 
comparison had been made to the other control group.  There was frank maternal toxicity at 500 ppm 
(17% death).  The limited number and spacing of dose group precludes the use of benchmark dose 
modeling for determination of the point-of-departure for the MRL. 

Dose and end point used for MRL derivation: 

[X] NOAEL  [ ] LOAEL [  ] benchmark dose 

Uncertainty Factors used in MRL derivation: 

[ ]  10 for use of a LOAEL 
[X]  3 for extrapolation from animals to humans with dosimetric adjustment 
[X]  10 for human variability 
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Was a conversion used from ppm in food or water to a mg/body weight dose? No. 
If so, explain: 

If an inhalation study in animals, list the conversion factors used in determining human equivalent dose: 
The intermittent exposure duration of 7 hours/day was duration-adjusted (NOAELADJ) to continuous 
exposure according to the following equation: 

NOAELADJ = NOAEL (50 ppm) x 7 hours/24 hours per day = 15 ppm. 

Following EPA (1994g) methodology, the human equivalent concentration (NOAELHEC) for an 
extrarespiratory effect produced by a category 3 gas, such as vinyl chloride, is calculated by multiplying 
the duration-adjusted animal NOAEL by the ratio of the blood:gas partition coefficients in animals and 
humans ([Hb/g]A / [Hb/g]H). Since the partition coefficient in mice is greater than that in humans, as seen in 
Table 3-3, a default value of 1 is used for the ratio resulting in a NOAELHEC of 15 ppm.  The acute-
duration inhalation MRL of 0.5 ppm was derived by dividing the NOAELHEC of 15 ppm for 
developmental effects in female CF-1 mice by a factor of 30 (3 for species extrapolation using a 
dosimetric conversion and 10 for human variability). 

Other additional studies or pertinent information which lend support to this MRL: Delayed ossification 
(500 ppm, the lowest concentration tested) was the only developmental effect observed in a rabbit 
developmental study (John et al. 1977/ 1981). 

Agency Contact (Chemical Manager): G. Daniel Todd, Ph.D. 
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MINIMAL RISK LEVEL (MRL) WORKSHEET 

Chemical Name: Vinyl Chloride 
CAS Number: 75-01-4 
Date:   March 2006 
Profile Status: Final Draft Post-Public Comment 
Route: [X] Inhalation [ ] Oral 
Duration: [ ] Acute   [X] Intermediate  [ ] Chronic 
Graph Key: 44 
Species: Rat 

Minimal Risk Level: 0.03 [ ] mg/kg/day  [X] ppm 

Reference: Thornton SR, Schroeder RE, Robison RL, et al.  2002.  Embryo-fetal developmental and 
reproductive toxicology of vinyl chloride in rats.  Toxicol Sci 68:207-219. 

Experimental design: Groups of male and female Sprague-Dawley rats (30/sex/group) were exposed to 
vinyl chloride vapor concentrations of 0, 10, 100, or 1,100 ppm, 6 hours/day for 10 weeks prior to mating 
and during a 3-week mating period.  F0 males were exposed during the gestational period and sacrificed 
following the completion of parturition. F0 females were exposed during gestation and lactation (with the 
exception of a break in exposure from gestation day 21 through postnatal day 4 to allow for delivery of 
litters). All F0 rats were observed twice daily for clinical signs.  Body weights and food consumption 
were monitored.  F1 litters were examined for live and dead pups and on lactation day 4, litters were 
culled to eight pups (equal numbers of male and female pups where possible).  All F0 female rats 
(including those that did not produce offspring) were sacrificed after the F1 rats had been weaned. 
Reproductive tissues, adrenal glands, brain, kidneys, liver, lungs, spleen, thymus, mammary glands, nasal 
tissues, pituitary, and trachea from each of the F0 rats were individually weighed and subjected to 
histopathologic examinations.  At weaning, 15 male and female F1 rats/group were selected for gross and 
microscopic examinations.  Other F1 rats were randomly selected to form groups of 30/sex/group, and 
these F1 rats were subjected to the same treatment as the F0 rats during the production of an F2 generation. 
At weaning, 15 male and female F2 rats/group were subjected to gross and microscopic examinations.  
Sperm parameters were assessed in 15 F0 and 15 F1 male rats of each exposure group. 

Effects noted in study and corresponding doses: Absolute and relative mean liver weights were 
significantly increased at all exposure levels in F0 males and in 100- and 1,100-ppm F1 males.  Slight 
centrilobular hypertrophy, considered to be a minimal adverse effect, was noted in the livers of all 
1,100-ppm male and female F0 and F1 rats, most 100-ppm male and female F0 and F1 rats, and in 2/30 and 
6/30 of the 10-ppm F0 and F1 female rats, respectively (see Table A-1).  No incidences of centrilobular 
hypertrophy were found in any of the control rats.  Compared to an incidence of 0/30 for this lesion in 
controls, the incidence of 6/30 in the 10-ppm F1 female rats exceeded the level of statistical significance 
(p<0.05 according to Fisher’s Exact Test performed by ATSDR). 

Dose and end point used for MRL derivation: 

[ ] NOAEL  [ ] LOAEL  [X]  LEC10 from benchmark dose modeling 

Uncertainty Factors used in MRL derivation: 

[ ]  10 for use of a LOAEL 
[X]  3 for extrapolation from animals to humans with dosimetric adjustment 
[X]  10 for human variability 
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Was a conversion used from ppm in food or water to a mg/body weight dose? No. 
If so, explain: 

If an inhalation study in animals, list the conversion factors used in determining human equivalent dose: 
The incidence data for centrilobular hypertrophy in the male and female F0 and F1 rats exposed to vinyl 
chloride by inhalation, 6 hours/day for 10 weeks prior to mating and during mating, gestation, and 
lactation (Thornton et al. 2002) are shown in Table A-1. 

Table A-1. Incidences of F0 And F1 Male and Female With Centrilobular 
 
Hypertrophy in the Liver Following Inhalation Exposure to Vinyl  
 
Chloride Vapors for 6 Hours/Day for 10 Weeks Prior to Mating  
 

and During Mating and Gestation (Males and Females) and  
 
Lactation (Females) 
 

Exposure concentration (ppm) 
0 10 100 1,100 

F0 males 0/30 0/30 15/30* 30/30* 
F0 females 0/30 2/30 26/30* 30/30* 
F1 males 0/30 0/30 19/30* 30/30* 
F1 females 0/30 6/30* 30/30* 30/30* 

*Statistically significantly (p<0.05) different from controls according to Fisher’s Exact Test performed by ATSDR. 

Source: Thornton et al. (2002) 

All dichotomous models in the Benchmark Dose Software (BMDS version 1.3.2) were fit to the incidence 
data for centrilobular hypertrophy in the liver of the F1 female rats, which had also been exposed via their 
mothers during pre- and post-natal development.  The lower 95% confidence limit (LEC10) of a 10% extra 
risk (EC10) for hepatic centrilobular hypertrophy was selected as the benchmark response for the point of 
departure. The Quantal Quadratic model provided the best fit as assessed by a chi-square goodness-of-fit 
test and the Aikake’s Information Criteria (AIC) (Table A-2).  Therefore, the LEC10 value of 5 ppm, 
derived from the Quantal Quadratic model, was selected as the point of departure for calculating an 
intermediate-duration inhalation MRL (see Table A-2 and Figure A-1). 
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Table A-2. Modeling Results for the Incidence of F1 Female Rats with 
 
Centrilobular Hypertrophy in the Liver Following Inhalation  
 

Exposure to Vinyl Chloride Vapors for 6 Hours/Day for  
 
10 Weeks Prior to Mating and During Mating, 
 
Gestation, and Lactation, and Exposed via  
 

their Mothers During Pre- and 
 
Postnatal Development 
 

EC10 LEC10 
Model (ppm) (ppm) χ2 p-value AIC 
Gammaa 7.78 3.15 1.00 34.02 
Logistic 8.75 6.15 1.00 32.05 
Log-logisticb 9.12 5.22 1.00 34.02 
Multi-stagec 6.35 3.44 undefined 36.02 
Probit 9.11 5.69 1.00 34.02 
Log-probitb 8.56 5.09 1.00 34.02 
Quantal linear 3.03 2.05 0.53 35.28 
Quantal quadratic 6.87 5.08 1.00 32.02 
Weibulla 6.68 3.03 1.00 34.02 

aRestrict power >=1 
bSlope restricted to >1 
cRestrict betas >=0; Degree of polynomial=3 

Source: Thornton et al. (2002) 

Figure A-1. Benchmark Dose Model Results for the Incidence of Female F1 Rats 
 
with Centrilobular Hypertrophy Following Exposure to Vinyl Chloride  
 
by Inhalation, 6 Hours/Day for 10 Weeks Prior to Mating and During  
 

Mating, Gestation, and Lactation, and Exposed Via their Mothers  
 
During Pre- and Postnatal Development 
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The intermittent exposure duration of 6 hours/day was duration-adjusted (LEC10ADJ) to continuous 
exposure according to the following equation: 

LEC10ADJ = LEC10 (5 ppm) x 6 hours/24 hours per day = 1.25 ppm; (rounded to 1.0 ppm). 

Following EPA (1994g) methodology, the human equivalent concentration (LEC10HEC) for an 
extrarespiratory effect produced by a category 3 gas, such as vinyl chloride, is calculated by multiplying 
the animal LEC10ADJ by the ratio of the blood:gas partition coefficients in animals and humans [(Hb/g)A / 
Hb/g)H].  Since the partition coefficient in mice is greater than that in humans, as seen in Table 3-3, a 
default value of 1 is used for the ratio and the animal LEC10ADJ is equivalent to the LEC10HEC. Several 
physiologically-based pharmacokinetic (PBPK) models are available for vinyl chloride; however, none of 
these models included an evaluation of exposure during mating, gestation, or lactation.  Therefore, PBPK 
models could not be used to calculate a LEC10HEC from the Thornton et al. (2002) study.  The 
intermediate-duration inhalation MRL of 0.03 ppm was derived by dividing the LEC10HEC of 1.0 ppm for 
centrilobular hypertrophy in female Sprague-Dawley rats by a factor of 30 (3 for species extrapolation 
using a dosimetric conversion and 10 for human variability). 

Other additional studies or pertinent information which lend support to this MRL: Liver enlargement 
and/or histopathological changes have been noted in a number of intermediate-duration inhalation studies 
in animals (Bi et al. 1985; Lester et al. 1963; Schaffner 1978; Sokal et al. 1980; Torkelson et al. 1961; 
Wisniewska-Knypl et al. 1980).  The studies by Thornton et al. (2002) and Bi et al. (1985) show these 
effects at a somewhat lower dosage.  Additional support comes from a study citing immunostimulation in 
mice at 10 ppm (Sharma and Gehring 1979).   

Agency Contact (Chemical Manager): G. Daniel Todd, Ph.D. 
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MINIMAL RISK LEVEL (MRL) WORKSHEET 

Chemical Name: Vinyl Chloride 
CAS Number: 75-01-4 
Date:   March 2006 
Profile Status: Final Draft Post-Public Comment 
Route: [ ] Inhalation [X] Oral 
Duration: [ ] Acute   [ ] Intermediate   [X] Chronic 
Graph Key: 5 
Species: Rat 

Minimal Risk Level: 0.003 [X] mg/kg/day  [ ] ppm 

References: 

Til HP, Immel HR, Feron VJ. 1983.  Lifespan oral carcinogenicity study of vinyl chloride in rats.  Final 
report. Civo Institutes, TNO.  Report No. V 93.285/291099. 

Til HP, Feron VJ, Immel HR.  1991.  Lifetime (149-week) oral carcinogenicity study of vinyl chloride in 
rats. Food Chem Toxicol 29:713-718. 

Experimental design:  Groups of Wistar rats (100/sex/group in controls and the two lowest exposure 
groups; 50/sex at the highest exposure level) were administered vinyl chloride in the daily diet at intended 
initial dietary concentrations of 0, 0.46, 4.6, or 46 ppm for 149 weeks.  Due to rapid evaporative loss of 
vinyl chloride from the food, liquid vinyl chloride was mixed with polyvinyl chloride granules to produce 
a mixture in which vinyl chloride was effectively encapsulated in polyvinyl chloride granules (Feron et al. 
1975).  The study authors trained the rats to a feeding schedule of 4 hours/day prior to the initiation of 
exposure to vinyl chloride in the diet.  The authors noted that food consumption per hour was fairly 
constant during the 4-hour feeding period.  Loss of vinyl chloride from food during the first hour, the 
second hour, and the final 2 hours was calculated.  Periodic food intake measurements were made for the 
first hour, the second hour, and the final 2 hours.  Based on these measurements, the study authors 
calculated the average oral intake of the combined sexes during the daily 4-hour feeding periods to be 0, 
0.018, 0.17, and 1.7 mg/kg/day for the 0-, 0.49-, 4.49-, and 44.1-ppm groups, respectively (see 
Table A-3). Measurements of vinyl chloride in the feces were made periodically at 1 hour prior to the 
feeding period, the end of the 4-hour feeding period, and 4 and 9 hours later.  The study authors 
considered the vinyl chloride content in the feces to have remained encapsulated in the polyvinyl chloride 
granules and thus not to have been available for absorption from the gastrointestinal tract.  The amount of 
vinyl chloride in the feces was subtracted from the calculated daily oral intake of vinyl chloride to arrive 
at what the study authors termed “actual oral exposure levels” of 0, 0.014, 0.13, and 1.3 mg/kg/day for the 
0-, 0.49-, 4.49-, and 44.1-ppm groups, respectively (see Table A-3).  Results of toxicokinetic assessments 
for vinyl chloride indicate that, following absorption, vinyl chloride and its metabolites are not excreted in 
appreciable amounts in the feces.  Types and incidences of neoplastic and nonneoplastic liver lesions 
were determined at the end of the study. 
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Table A-3. Exposure Levels and Oral Intake Values for Rats Exposed to Vinyl 
 
Chloride in the Diet for 149 Weeks 
 

Mean initial dietary 
level (ppm) 

Oral intake 
(mg/kg/day)a 

Adjusted oral intake 
(mg/kg/day)b 

Estimated absorbed 
dose (mg/kg/day)c 

0 0 0 0 
0.49 0.022 0.018 0.014 
4.49 0.21 0.17 0.13 

44.1 2.1 1.7 1.3 

aAssuming no loss of vinyl chloride by evaporation from the diet. 
 
bOral intake, adjusted for evaporative loss from the diet during the daily 4-hour feeding periods. 
 
cOral intake of vinyl chloride (adjusted for evaporative loss and the amount excreted in the feces, which was 
 
considered to have remained encapsulated in the polyvinyl chloride granules and not to have been available for 
 
absorption). 
 

Source: Til et al. (1983, 1991) 

Effects noted in study and corresponding doses:  The critical nonneoplastic effect was determined to be 
liver cell polymorphism, which was classified by severity (slight, moderate, severe).  The incidences of 
this lesion are listed in Table A-4. 

Table A-4. Incidences of Male and Female Wistar Rats Exhibiting Slight, 
 
Moderate, or Severe Liver Cell Polymorphism Following Daily Oral  
 

Exposure to Vinyl Chloride in the Diet for 149 Weeks 
 

Oral intake (mg/kg/day) 
Males Females 

0 0.018 0.17 1.7 0 0.018 0.17 1.7 
Number of rats 99 99 99 49 98 100 96 49 
examined 
Slight 
Moderate 

27 
4 

23 
4 

26 
7 

19 
10a 

46 
14 

41 
13 

49 
8 

23 
15b 

Severe 1 1 1 3 2 3 4 9c 

aSignificantly different from controls according to Fisher’s exact test (p<0.001). 
bSignificantly different from controls according to Fisher’s exact test (p<0.05). 
cSignificantly different from controls according to Fisher’s exact test (p<0.0001). 

Source: Til et al. (1983, 1991) 

A LOAEL of 1.7 mg/kg/day was identified for statistically significantly increased incidences of liver cell 
polymorphism in male and female rats.  The NOAEL for nonneoplastic liver effects is 0.17 mg/kg/day. 
An increase in the incidence of female rats with many hepatic cysts was also observed at the highest dose 
(1.7 mg/kg/day).  Other histopathologic lesions, described as hepatic foci of cellular alteration, were 
observed at all dose levels in female rats and in high-dose male rats, but were not used to derive an MRL 
because they are considered to be preneoplastic lesions.  MRLs are protective only for non-neoplastic 
effects and do not reflect cancer risk. 

The liver cell polymorphism incidences reported by Til et al. (1983, 1991) were also used as the basis of 
the RfD of 0.003 mg/kg/day for vinyl chloride derived by the U.S. EPA (EPA 2000).  However, EPA 
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used the estimated absorbed dose of 0.13 mg/kg/day as the NOAEL, rather than the adjusted oral intake 
NOAEL of 0.17 mg/kg/day used by ATSDR.  EPA (2000) applied the Clewell et al. (1995) PBPK model 
for vinyl chloride to the low-, mid-, and high-dose groups (estimated absorbed doses of 0.014, 0.13, and 
1.3 mg/kg/day, respectively) to generate dose metrics of 0.3, 3, and 30 mg vinyl chloride metabolites/L 
liver, respectively. The EPA (2000) rationale for using the total amount of metabolite generated divided 
by the volume of liver tissue as the dose metric for liver toxicity included evidence that vinyl chloride-
induced liver toxicity is related to the production of reactive intermediates and that binding to liver 
macromolecules correlates well with total metabolism (Watanabe et al. 1978).  In EPA’s derivation of the 
RfD, it was assumed that all of the metabolism of vinyl chloride occurred in the liver.  EPA (2000) 
simulated a continuous human exposure scenario (ingestion of 1 ppm of vinyl chloride in water or 
0.286 mg/kg/day, assuming consumption of 2 L water/day for a 70-kg person) using the Clewell et al. 
(1995) model, which resulted in a human internal dose metric of 1.01 mg metabolite/L liver.  The ratio of 
the value for the human internal dose metric 1.01 mg metabolite/L liver) to the vinyl chloride intake of 
0.286 mg/kg/day in the simulated human exposure scenario (1.01 ÷ 0.286 = 35.31) was used by EPA 
(2000) to convert from the rat dose metric (3 mg metabolite/L liver) at the NOAEL (0.13 mg/kg/day 
estimated absorbed dose) to a human equivalent dose (i.e., the rat NOAEL of 0.13 mg/kg/day divided by 
35.31 equals a human equivalent dose of 0.09 mg/kg/day).  EPA considered this approach to be adequate 
because vinyl chloride metabolism is linear in the dose range that includes the NOAEL of 0.13 mg/kg/day 
identified in the rat study of Til et al. (1983, 1991). 

EPA (2000) assessed the feasibility of using Benchmark Dose Modeling on incidence data for liver cell 
polymorphism in the study of Til et al. (1983, 1991).  Incidence data for moderate and severe grades of 
liver cell polymorphism were combined for both sexes and summed to produce one control group and 
three exposure groups (moderate + severe incidences of liver cell polymorphism divided by the number of 
treated male and female rats at each dose level; 21/197 controls, 21/199 low-dose, 20/196 mid-dose, and 
37/98 high-dose rats). The resulting incidence data for each dose metric (0.3, 3, and 30 mg metabolite/L 
liver) were subjected to Benchmark Dose modeling in order to statistically identify a threshold response 
for vinyl chloride-induced effects.  The resulting dose metric values are shown in Table A-5. 

Table A-5. LED10 Values Generated from Various Models to Liver Cell 
 
Polymorphism Incidence Data from Oral Exposure of Male and 
 
Female Rats to Vinyl Chloride in the Diet for 149 Weeks in the 
 

Study of Til et al. 1991 
 

Model LED10 (mg/L liver)a p-value 
Weibull (power≥1) 24.0 0.88 
Gammahit 21.4 0.88 
Quantal quadratic 13.8 0.96 
Logistic 12.9 0.47 
Multistage 11.8 0.79 
Probit 11.6 0.44 
Quantal linear 6.5 0.46 
NOAEL 3.00 (0.13 mg/kg/day) 
LOAEL 29.9 (1.3 mg/kg/day) 

aLED10 is the lower 95% confidence limit of a 10% change in numbers exhibiting polymorphism evaluated as 
either moderate or severe.  The NOAEL and LOAEL are shown for comparison. 

Source: EPA (2000) 

EPA (2000) noted that although all models provided adequate fit to the data, the liver cell polymorphism 
appeared to be only a high-dose phenomenon, the LED10 values ranged from 6.5 to 24.01 mg/L liver 
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(nearly a 4-fold range), and all modeled LED10 values were higher than the NOAEL of the study.  EPA 
(2000) argued that there was no biological reason to choose the results of one model over another and that 
the dose-response characteristics present additional uncertainty due to the large gaps between dose levels.  
For these reasons, EPA (2000) chose to use the internal dose metric of 3 mg/L liver, corresponding to the 
rat NOAEL, rather than a benchmark LED10 value, to derive the RfD for vinyl chloride.  EPA (2000) 
applied an uncertainty factor of 30 (3 for extrapolating from animals to humans using a dosimetric 
adjustment and 10 for intrahuman variability) to the HED of 0.09 mg/kg/day. 

Therefore, the RfD = 0.09 mg/kg/day ÷ 30 = 0.003 mg/kg/day.  The chronic-duration oral MRL for vinyl 
chloride is based on the same critical effect as that used by EPA (2000) to derive the RfD for vinyl 
chloride (i.e., the NOAEL for liver cell polymorphism in the oral rat study of Til et al. 1983, 1991).  
However, the point of departure for the chronic-duration oral MRL was the NOAEL of 0.17 mg/kg/day 
(average ingested dose), rather than the estimated absorbed dose of 0.13 mg/kg/day used by EPA (2000), 
based on the assumption that all of the vinyl chloride that remained in the diet (after volatilization) was 
available for absorption. 

In deriving the MRL, the rat NOAEL of 0.17 mg/kg/day was converted to a human equivalent dose using 
the PBPK models described in Clewell et al. (2001) and EPA (2000) to extrapolate from rats to humans.  
Source code and parameter values for running the rat and human models in Advance Continuous 
Simulation Language (ACSL) were transcribed from Appendix C of EPA (2000).  Parameter values used 
in the interspecies extrapolation are presented in Table A-6.  Accuracy of the implementation of the 
model in ACSL (v. 11.8.4) was checked against observations reported in Gehring et al. (1978), also 
reported in Clewell et al. (2001) (results shown in Figure A-2).  The total amount of vinyl chloride 
metabolized in 24 hours per L of liver volume was the rat internal dose metric that was used in 
determining the human dose that would result in an equivalent human dose metric.  One kilogram of liver 
was assumed to have an approximate volume of 1 L.  Exposures in the Til et al. (1983, 1991) rat dietary 
study were simulated as 4-hour oral exposures, for which, the average daily dose was equivalent to the 
NOAEL dose for liver effects (ADD, 0.17 mg/kg/day).  This dose was uniformly distributed over a 
4-hour period (i.e., 0.0425 mg/kg/hour for 4 hours, followed by 16 hours at 0 mg/kg/hour).  Dose metrics 
reflect the cumulative amount of vinyl chloride metabolized over the 24-hour period.  

Table A-6. Parameter Values for Rat and Human Models  

Model 
Parameter Definition Rat Human 
BW Body weight (kg) 0.377 (m) 70 

0.204 (f) 
VLC Liver volume (fraction of body) 0.05 0.026 
VFC Fat volume (fraction of body) 0.12 0.19 
VSC Slowly-perfused  tissue volume (fraction of body) 0.75 0.63 
VRC Rapidly-perfused tissue volume (fraction of body) 0.05 0.064 
QCC Cardiac output (L/hr-kg body weight) 18.0 16.5 
QPC Alveolar ventilation rate (L/hr-kg body weight) 21.0 24.0 
QLC Liver blood flow (fraction of cardiac output) 0.25 0.26 
QFC Fat blood flow (fraction of cardiac output) 0.09 0.05 
QSC Slowly-perfused blood flow (fraction of cardiac output) 0.15 0.19 
QRC Rapidly-perfused blood flow (fraction of cardiac output) 0.51 0.5 
PB Blood:air partition coefficient 2.4 1.16 
PL Liver:blood partition coefficient 0.7 1.45 
PF Fat:blood partition coefficient 10.0 20.7 
PS Slowly-perfused partition coefficient 4.0 0.83 
PR Rapidly-perfused partition coefficient 0.7 1.45 
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Table A-6. Parameter Values for Rat and Human Models  

Model 
Parameter Definition Rat Human 
VMAX1C Maximum rate of oxidative metabolism  4.0 4.0 

(mg/hr-kg body weight) 
VMAX2C Maximum rate of oxidative metabolism  2.0 0.1 

(mg/hour-kg body weight) 
KM1 Michaelis-Menten coefficient for oxidative metabolism 0.1 0.1 

(mg/L) 
KM2 Michaelis-Menten coefficient for oxidative metabolism 10.0 10.0 

(mg/L) 
KCO2C Rate constant for formation of CO2 from oxidative 1.6 1.6 

metabolite (hour-1) 
KGSMC Rate constant for conjugation with GSH (hour-1) 0.13 0.13 
KFEEC Rate constant for conjugation, not with GSH (hour-1) 35.0 35.0 
CGSZ Initial GSH concentration in liver (µmol/L) 5,800 5,800 
KBC Rate constant for GSH catabolism (hour-1) 0.12 0.12 
KS Coefficient controlling resynthesis of GSH (µmol/L) 2,000 2,000 
KZC Zero-order rate constant for resynthesis of GSH (µmol/hour) 28.5 28.5 
Ka Gastrointestinal absorption rate constant (hour-1) 3.0 

Figure A-2. Predicted and Observed Relationship Between Air Exposure 
 
Concentration and Rate Metabolism of Vinyl Chloride in Rats* 
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*Measurements of metabolites (non-volatile 14C in carcass) were made immediately following a 6-hour exposure to 
[14C]vinyl chloride in air.  Circles represent observations (±SD); the line shows the corresponding simulations. 
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The human model was run iteratively, varying the ADD, until the model converged with the internal dose 
estimate shown in row 1 in Table A-7 (rat, male).  The value for the Km1 for oxidative metabolism in 
humans was assumed to be equal to the Km1 value for rats (0.1 mg/L) (EPA 2000).  The human ADD 
was assumed to be uniformly distributed over a 24-hour period.  The resulting HED was 0.09 mg/kg/day 
(see Table A-7).  Additional simulations were performed assuming that the ADD was distributed over a 
12-hour period (to simulate exposure from drinking water or food during the day only). The resulting 
dose metrics were very similar to the 24-hour estimates (data not shown). 

Table A-7. Summary of Internal Dose Predictions and Corresponding Human 
and Rat Equivalent Doses 

BW Km1 ED EF1 EF2 ADD DM 
Species (kg) mg/L (week) (day/week) (hour/day) (mg/kg/day) (mg/L) 
Wistar rat 

Male 0.377 0.1 149 7 4 0.17 3.16 
Female 0.204 0.1 149 7 4 0.17 3.16 

Human 70 0.1 3,640 7 24 0.09 3.16 

ADD = average daily administered dose; BW = body weight; DM = dose metric equals the total amount of 
metabolite formed in 24 hours per L of liver; ED = exposure duration; EF = exposure frequency; Km1 = Michaelis-
Menten constant for oxidative metabolism 

ATSDR accepted the rationale used by EPA (2000) for not using Benchmark Dose modeling results for 
incidences of the critical effect (liver cell polymorphism in the oral rat study of Til et al. 1983, 1991) in 
the risk assessment.  Therefore, the HED of 0.09 mg/kg/day, associated with the rat NOAEL of 
0.17 mg/kg/day (Til et al. 1983, 1991), served as the basis for the chronic-duration oral MRL for vinyl 
chloride. The chronic-duration oral MRL of 0.003 mg/kg/day was derived by dividing the PBPK-
modeled equivalent human NOAEL of 0.09 mg/kg/day for liver cell polymorphisms by a factor of 
30 (3 for species extrapolation using a dosimetric conversion and 10 for human variability). 

Dose and end point used for MRL derivation: 

[X] NOAEL  [ ] LOAEL 

Uncertainty Factors used in MRL derivation: 

[ ]  10 for use of a LOAEL 
[X]    3 for extrapolation from animals to humans using a dose metric conversion 
[X]  10 for human variability 

Was a conversion used from ppm in food or water to a mg/body weight dose? No. 
If so, explain: 

If an inhalation study in animals, list the conversion factors used in determining human equivalent dose: 
N/A 
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Other additional studies or pertinent information which lend support to this MRL: This MRL is 
reinforced by a study by Feron et al. (1981) in which rats were fed diets containing PVC powder.  
Increased areas of cellular alteration (consisting of clear foci, basophilic foci, and eosinophilic foci) were 
observed in the liver of rats at an oral intake of vinyl chloride monomer of 1.8 mg/kg/day. 

Agency Contact (Chemical Manager):  G. Daniel Todd, Ph.D. 
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APPENDIX B.  USER'S GUIDE 

Chapter 1 

Public Health Statement 

This chapter of the profile is a health effects summary written in non-technical language.  Its intended 
audience is the general public, especially people living in the vicinity of a hazardous waste site or 
chemical release.  If the Public Health Statement were removed from the rest of the document, it would 
still communicate to the lay public essential information about the chemical. 

The major headings in the Public Health Statement are useful to find specific topics of concern.  The 
topics are written in a question and answer format.  The answer to each question includes a sentence that 
will direct the reader to chapters in the profile that will provide more information on the given topic. 

Chapter 2 

Relevance to Public Health 

This chapter provides a health effects summary based on evaluations of existing toxicologic, 
epidemiologic, and toxicokinetic information.  This summary is designed to present interpretive, weight-
of-evidence discussions for human health end points by addressing the following questions: 

1.	 What effects are known to occur in humans? 

2. 	 What effects observed in animals are likely to be of concern to humans? 

3. 	 What exposure conditions are likely to be of concern to humans, especially around hazardous 
waste sites? 

The chapter covers end points in the same order that they appear within the Discussion of Health Effects 
by Route of Exposure section, by route (inhalation, oral, and dermal) and within route by effect.  Human 
data are presented first, then animal data.  Both are organized by duration (acute, intermediate, chronic).  
In vitro data and data from parenteral routes (intramuscular, intravenous, subcutaneous, etc.) are also 
considered in this chapter. 

The carcinogenic potential of the profiled substance is qualitatively evaluated, when appropriate, using 
existing toxicokinetic, genotoxic, and carcinogenic data.  ATSDR does not currently assess cancer 
potency or perform cancer risk assessments.  Minimal Risk Levels (MRLs) for noncancer end points (if 
derived) and the end points from which they were derived are indicated and discussed. 

Limitations to existing scientific literature that prevent a satisfactory evaluation of the relevance to public 
health are identified in the Chapter 3 Data Needs section. 

Interpretation of Minimal Risk Levels 

Where sufficient toxicologic information is available, ATSDR has derived MRLs for inhalation and oral 
routes of entry at each duration of exposure (acute, intermediate, and chronic).  These MRLs are not 
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meant to support regulatory action, but to acquaint health professionals with exposure levels at which 
adverse health effects are not expected to occur in humans. 

MRLs should help physicians and public health officials determine the safety of a community living near 
a chemical emission, given the concentration of a contaminant in air or the estimated daily dose in water.  
MRLs are based largely on toxicological studies in animals and on reports of human occupational 
exposure. 

MRL users should be familiar with the toxicologic information on which the number is based.  Chapter 2, 
"Relevance to Public Health," contains basic information known about the substance.  Other sections such 
as Chapter 3 Section 3.9, "Interactions with Other Substances,” and Section 3.10, "Populations that are 
Unusually Susceptible" provide important supplemental information. 

MRL users should also understand the MRL derivation methodology.  MRLs are derived using a 
modified version of the risk assessment methodology that the Environmental Protection Agency (EPA) 
provides (Barnes and Dourson 1988) to determine reference doses (RfDs) for lifetime exposure.   

To derive an MRL, ATSDR generally selects the most sensitive end point which, in its best judgement, 
represents the most sensitive human health effect for a given exposure route and duration.  ATSDR 
cannot make this judgement or derive an MRL unless information (quantitative or qualitative) is available 
for all potential systemic, neurological, and developmental effects.  If this information and reliable 
quantitative data on the chosen end point are available, ATSDR derives an MRL using the most sensitive 
species (when information from multiple species is available) with the highest no-observed-adverse-effect 
level (NOAEL) that does not exceed any adverse effect levels.  When a NOAEL is not available, a 
lowest-observed-adverse-effect level (LOAEL) can be used to derive an MRL, and an uncertainty factor 
(UF) of 10 must be employed.  Additional uncertainty factors of 10 must be used both for human 
variability to protect sensitive subpopulations (people who are most susceptible to the health effects 
caused by the substance) and for interspecies variability (extrapolation from animals to humans).  In 
deriving an MRL, these individual uncertainty factors are multiplied together.  The product is then 
divided into the inhalation concentration or oral dosage selected from the study. Uncertainty factors used 
in developing a substance-specific MRL are provided in the footnotes of the levels of significant exposure 
(LSE) tables. 

Chapter 3 

Health Effects 

Tables and Figures for Levels of Significant Exposure (LSE) 

Tables and figures are used to summarize health effects and illustrate graphically levels of exposure 
associated with those effects.  These levels cover health effects observed at increasing dose 
concentrations and durations, differences in response by species, MRLs to humans for noncancer end 
points, and EPA's estimated range associated with an upper- bound individual lifetime cancer risk of 1 in 
10,000 to 1 in 10,000,000. Use the LSE tables and figures for a quick review of the health effects and to 
locate data for a specific exposure scenario.  The LSE tables and figures should always be used in 
conjunction with the text.  All entries in these tables and figures represent studies that provide reliable, 
quantitative estimates of NOAELs, LOAELs, or Cancer Effect Levels (CELs). 

The legends presented below demonstrate the application of these tables and figures.  Representative 
examples of LSE Table 3-1 and Figure 3-1 are shown.  The numbers in the left column of the legends 
correspond to the numbers in the example table and figure. 
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LEGEND 
See Sample LSE Table 3-1 (page B-6) 

(1) 	 Route of Exposure. One of the first considerations when reviewing the toxicity of a substance 
using these tables and figures should be the relevant and appropriate route of exposure.  Typically 
when sufficient data exist, three LSE tables and two LSE figures are presented in the document.  
The three LSE tables present data on the three principal routes of exposure, i.e., inhalation, oral, 
and dermal (LSE Tables 3-1, 3-2, and 3-3, respectively).  LSE figures are limited to the inhalation 
(LSE Figure 3-1) and oral (LSE Figure 3-2) routes.  Not all substances will have data on each 
route of exposure and will not, therefore, have all five of the tables and figures. 

(2) 	 Three exposure periods—acute (less than 15 days), intermediate (15– Exposure Period. 

364 days), and chronic (365 days or more)—are presented within each relevant route of exposure.  

In this example, an inhalation study of intermediate exposure duration is reported.  For quick 

reference to health effects occurring from a known length of exposure, locate the applicable 

exposure period within the LSE table and figure. 


(3) 	 The major categories of health effects included in LSE tables and figures are Health Effect. 

death, systemic, immunological, neurological, developmental, reproductive, and cancer.  

NOAELs and LOAELs can be reported in the tables and figures for all effects but cancer.  

Systemic effects are further defined in the "System" column of the LSE table (see key number 

18). 


(4) 	 Key to Figure. Each key number in the LSE table links study information to one or more data 
points using the same key number in the corresponding LSE figure.  In this example, the study 
represented by key number 18 has been used to derive a NOAEL and a Less Serious LOAEL 
(also see the two "18r" data points in sample Figure 3-1). 

(5) 	 The test species, whether animal or human, are identified in this column.  Chapter 2,Species. 

"Relevance to Public Health," covers the relevance of animal data to human toxicity and 

Section 3.4, "Toxicokinetics," contains any available information on comparative toxicokinetics.  

Although NOAELs and LOAELs are species specific, the levels are extrapolated to equivalent 

human doses to derive an MRL. 


(6) 	 The duration of the study and the weekly and daily exposure Exposure Frequency/Duration. 

regimens are provided in this column.  This permits comparison of NOAELs and LOAELs from 

different studies. In this case (key number 18), rats were exposed to “Chemical x” via inhalation 

for 6 hours/day, 5 days/week, for 13 weeks.  For a more complete review of the dosing regimen, 

refer to the appropriate sections of the text or the original reference paper (i.e., Nitschke et al. 

1981). 


(7) 	 This column further defines the systemic effects.  These systems include respiratory, System. 
cardiovascular, gastrointestinal, hematological, musculoskeletal, hepatic, renal, and 
dermal/ocular.  "Other" refers to any systemic effect (e.g., a decrease in body weight) not covered 
in these systems.  In the example of key number 18, one systemic effect (respiratory) was 
investigated. 

(8) 	 A NOAEL is the highest exposure level at which no harmful effects were seen in the NOAEL. 

organ system studied.  Key number 18 reports a NOAEL of 3 ppm for the respiratory system, 
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which was used to derive an intermediate exposure, inhalation MRL of 0.005 ppm (see 
footnote "b"). 

(9) 	 A LOAEL is the lowest dose used in the study that caused a harmful health effect. LOAEL. 
LOAELs have been classified into "Less Serious" and "Serious" effects.  These distinctions help 
readers identify the levels of exposure at which adverse health effects first appear and the 
gradation of effects with increasing dose.  A brief description of the specific end point used to 
quantify the adverse effect accompanies the LOAEL.  The respiratory effect reported in key 
number 18 (hyperplasia) is a Less Serious LOAEL of 10 ppm.  MRLs are not derived from 
Serious LOAELs. 

(10)	 Reference. The complete reference citation is given in Chapter 9 of the profile. 

(11)	 CEL. A CEL is the lowest exposure level associated with the onset of carcinogenesis in 
experimental or epidemiologic studies.  CELs are always considered serious effects.  The LSE 
tables and figures do not contain NOAELs for cancer, but the text may report doses not causing 
measurable cancer increases. 

(12)	 Footnotes. Explanations of abbreviations or reference notes for data in the LSE tables are found 
in the footnotes.  Footnote "b" indicates that the NOAEL of 3 ppm in key number 18 was used to 
derive an MRL of 0.005 ppm. 

LEGEND 
See Sample Figure 3-1 (page B-7) 

LSE figures graphically illustrate the data presented in the corresponding LSE tables.  Figures help the 
reader quickly compare health effects according to exposure concentrations for particular exposure 
periods. 

(13)	 Exposure Period. The same exposure periods appear as in the LSE table.  In this example, health 
effects observed within the acute and intermediate exposure periods are illustrated. 

(14) 	 These are the categories of health effects for which reliable quantitative data Health Effect. 

exists. The same health effects appear in the LSE table. 


(15)	 Levels of Exposure. Concentrations or doses for each health effect in the LSE tables are 
graphically displayed in the LSE figures.  Exposure concentration or dose is measured on the log 
scale "y" axis.  Inhalation exposure is reported in mg/m3 or ppm and oral exposure is reported in 
mg/kg/day. 

(16) 	 In this example, the open circle designated 18r identifies a NOAEL critical end point in NOAEL. 
the rat upon which an intermediate inhalation exposure MRL is based.  The key number 18 
corresponds to the entry in the LSE table.  The dashed descending arrow indicates the 
extrapolation from the exposure level of 3 ppm (see entry 18 in the table) to the MRL of 
0.005 ppm (see footnote "b" in the LSE table). 

(17)	 CEL. Key number 38m is one of three studies for which CELs were derived.  The diamond 
symbol refers to a CEL for the test species-mouse.  The number 38 corresponds to the entry in the 
LSE table. 
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(18)	 Estimated Upper-Bound Human Cancer Risk Levels. This is the range associated with the upper-
bound for lifetime cancer risk of 1 in 10,000 to 1 in 10,000,000.  These risk levels are derived 
from the EPA's Human Health Assessment Group's upper-bound estimates of the slope of the 
cancer dose response curve at low dose levels (q1*). 

(19)	 Key to LSE Figure. The Key explains the abbreviations and symbols used in the figure. 
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SAMPLE 
1 →	 Table 3-1. Levels of Significant Exposure to [Chemical x] – Inhalation 

Key to 
figurea 

Exposure 
frequency/ 

Species duration System 
NOAEL 
(ppm) 

LOAEL (effect) 
Less serious 
(ppm) 

Serious (ppm) 
Reference 

→ INTERMEDIATE EXPOSURE 2 

3 

4 

1098765 

→ Systemic ↓	 ↓ ↓ ↓ ↓ ↓ 

18 Rat 13 wk Resp 3b 10 (hyperplasia) 
→	 5 d/wk Nitschke et al. 1981 

6 hr/d 
CHRONIC EXPOSURE 

Cancer 11 

↓ 

38 Rat 18 mo 
5 d/wk 
7 hr/d 

20 (CEL, multiple 
organs) 

Wong et al. 1982 

39 Rat 89–104 wk 
5 d/wk 
6 hr/d 

10 (CEL, lung tumors, 
nasal tumors) 

NTP 1982 

40 Mouse 79–103 wk 
5 d/wk 
6 hr/d 

10 (CEL, lung tumors, 
hemangiosarcomas) 

NTP 1982 

12 →	 
a The number corresponds to entries in Figure 3-1. 
b Used to derive an intermediate inhalation Minimal Risk Level (MRL) of  5x10-3 ppm; dose adjusted for intermittent exposure and divided 
by an uncertainty factor of 100 (10 for extrapolation from animal to humans, 10 for human variability). 
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APPENDIX C.  ACRONYMS, ABBREVIATIONS, AND SYMBOLS 

ACGIH American Conference of Governmental Industrial Hygienists 
ACOEM American College of Occupational and Environmental Medicine 
ADI acceptable daily intake 
ADME absorption, distribution, metabolism, and excretion 
AED atomic emission detection 
AFID alkali flame ionization detector 
AFOSH Air Force Office of Safety and Health 
ALT alanine aminotransferase 
AML acute myeloid leukemia 
AOAC Association of Official Analytical Chemists 
AOEC Association of Occupational and Environmental Clinics 
AP alkaline phosphatase 
APHA American Public Health Association 
AST aspartate aminotransferase 
atm atmosphere 
ATSDR Agency for Toxic Substances and Disease Registry 
AWQC Ambient Water Quality Criteria 
BAT best available technology 
BCF bioconcentration factor 
BEI Biological Exposure Index 
BMD benchmark dose 
BMR benchmark response 
BSC Board of Scientific Counselors 
C centigrade 
CAA Clean Air Act 
CAG Cancer Assessment Group of the U.S. Environmental Protection Agency 
CAS Chemical Abstract Services 
CDC Centers for Disease Control and Prevention 
CEL cancer effect level 
CELDS Computer-Environmental Legislative Data System 
CERCLA Comprehensive Environmental Response, Compensation, and Liability Act 
CFR Code of Federal Regulations 
Ci curie 
CI confidence interval 
CL ceiling limit value 
CLP Contract Laboratory Program 
cm centimeter 
CML chronic myeloid leukemia 
CPSC Consumer Products Safety Commission 
CWA Clean Water Act 
DHEW Department of Health, Education, and Welfare 
DHHS Department of Health and Human Services 
DNA deoxyribonucleic acid 
DOD Department of Defense 
DOE Department of Energy 
DOL Department of Labor 
DOT Department of Transportation 
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DOT/UN/ Department of Transportation/United Nations/ 
NA/IMCO     North America/International Maritime Dangerous Goods Code 

DWEL drinking water exposure level 
ECD electron capture detection 
ECG/EKG electrocardiogram 
EEG electroencephalogram 
EEGL Emergency Exposure Guidance Level 
EPA Environmental Protection Agency 
F Fahrenheit 
F1 first-filial generation 
FAO Food and Agricultural Organization of the United Nations 
FDA Food and Drug Administration 
FEMA Federal Emergency Management Agency 
FIFRA Federal Insecticide, Fungicide, and Rodenticide Act 
FPD flame photometric detection 
fpm feet per minute 
FR Federal Register 
FSH follicle stimulating hormone 
g gram 
GC gas chromatography 
gd gestational day 
GLC gas liquid chromatography 
GPC gel permeation chromatography 
HPLC high-performance liquid chromatography 
HRGC high resolution gas chromatography 
HSDB Hazardous Substance Data Bank  
IARC International Agency for Research on Cancer 
IDLH immediately dangerous to life and health 
ILO International Labor Organization 
IRIS Integrated Risk Information System 
Kd adsorption ratio 
kg kilogram 
kkg metric ton 
Koc organic carbon partition coefficient 
Kow octanol-water partition coefficient 
L liter 
LC liquid chromatography 
LC50 lethal concentration, 50% kill 
LCLo lethal concentration, low 
LD50 lethal dose, 50% kill 
LDLo lethal dose, low 
LDH lactic dehydrogenase 
LH luteinizing hormone 
LOAEL lowest-observed-adverse-effect level 
LSE Levels of Significant Exposure 
LT50 lethal time, 50% kill 
m meter 
MA trans,trans-muconic acid 
MAL maximum allowable level 
mCi millicurie 
MCL maximum contaminant level 
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MCLG maximum contaminant level goal 
MF modifying factor 
MFO mixed function oxidase 
mg milligram 
mL milliliter 
mm millimeter 
mmHg millimeters of mercury 
mmol millimole 
mppcf millions of particles per cubic foot 
MRL Minimal Risk Level 
MS mass spectrometry 
NAAQS National Ambient Air Quality Standard 
NAS National Academy of Science 
NATICH National Air Toxics Information Clearinghouse 
NATO North Atlantic Treaty Organization 
NCE normochromatic erythrocytes 
NCEH National Center for Environmental Health 
NCI National Cancer Institute 
ND not detected 
NFPA National Fire Protection Association 
ng nanogram 
NHANES National Health and Nutrition Examination Survey 
NIEHS National Institute of Environmental Health Sciences 
NIOSH National Institute for Occupational Safety and Health 
NIOSHTIC NIOSH's Computerized Information Retrieval System 
NLM National Library of Medicine 
nm nanometer 
nmol nanomole 
NOAEL no-observed-adverse-effect level 
NOES National Occupational Exposure Survey 
NOHS National Occupational Hazard Survey 
NPD nitrogen phosphorus detection 
NPDES National Pollutant Discharge Elimination System 
NPL National Priorities List 
NR not reported 
NRC National Research Council 
NS not specified 
NSPS New Source Performance Standards 
NTIS National Technical Information Service 
NTP National Toxicology Program 
ODW Office of Drinking Water, EPA 
OERR Office of Emergency and Remedial Response, EPA 
OHM/TADS Oil and Hazardous Materials/Technical Assistance Data System 
OPP Office of Pesticide Programs, EPA 
OPPT Office of Pollution Prevention and Toxics, EPA 
OPPTS Office of Prevention, Pesticides and Toxic Substances, EPA 
OR odds ratio 
OSHA Occupational Safety and Health Administration 
OSW Office of Solid Waste, EPA 
OTS Office of Toxic Substances 
OW Office of Water 
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OWRS Office of Water Regulations and Standards, EPA 
PAH polycyclic aromatic hydrocarbon 
PBPD physiologically based pharmacodynamic  
PBPK physiologically based pharmacokinetic 
PCE polychromatic erythrocytes 
PEL permissible exposure limit 
pg picogram 
PHS Public Health Service 
PID photo ionization detector 
pmol picomole 
PMR proportionate mortality ratio 
ppb parts per billion 
ppm parts per million 
ppt parts per trillion 
PSNS pretreatment standards for new sources 
RBC red blood cell 
REL recommended exposure level/limit 
RfC reference concentration 
RfD reference dose 
RNA ribonucleic acid 
RQ reportable quantity 
RTECS Registry of Toxic Effects of Chemical Substances 
SARA Superfund Amendments and Reauthorization Act 
SCE sister chromatid exchange 
SGOT serum glutamic oxaloacetic transaminase 
SGPT serum glutamic pyruvic transaminase 
SIC standard industrial classification 
SIM selected ion monitoring 
SMCL secondary maximum contaminant level 
SMR standardized mortality ratio 
SNARL suggested no adverse response level 
SPEGL Short-Term Public Emergency Guidance Level 
STEL short term exposure limit 
STORET Storage and Retrieval 
TD50 toxic dose, 50% specific toxic effect 
TLV threshold limit value 
TOC total organic carbon 
TPQ threshold planning quantity 
TRI Toxics Release Inventory 
TSCA Toxic Substances Control Act 
TWA time-weighted average 
UF uncertainty factor 
U.S. United States 
USDA United States Department of Agriculture 
USGS United States Geological Survey 
VOC volatile organic compound 
WBC white blood cell 
WHO World Health Organization 



C-5 VINYL CHLORIDE 

APPENDIX C 

> greater than 
≥ greater than or equal to 
= equal to 
< less than 
≤ less than or equal to 
% percent 
α alpha 
β beta 
γ gamma 
δ delta 
μm micrometer 
μg microgram

* q1 cancer slope factor 
– negative 
+ positive 
(+) weakly positive result 
(–) weakly negative result 
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cardiovascular..........................................................................................................................51, 79, 87, 127, 132, 155 
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erythema ......................................................................................................................................................................87 
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fetus ...................................................................................................................................130, 134, 143, 153, 158, 164 
 
fibrosis ............................................................................................................................. 14, 15, 16, 17, 54, 56, 58, 125 
 
gastrointestinal effects .................................................................................................................................................52 
 
general population ................................................................................................... 4, 13, 135, 138, 182, 203, 209, 220
 
genotoxic .............................................................................................................................25, 100, 140, 152, 161, 220 
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groundwater..................................................................................... 3, 13, 153, 157, 179, 182, 185, 190, 192, 197, 218
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half-life .............................................................................................. 108, 113, 135, 136, 147, 180, 182, 189, 190, 191
 
hematological effects.............................................................................................................................................52, 79 
 
hematopoietic ....................................................................................................................................18, 70, 72, 73, 159 
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IgG...............................................................................................................................................................61, 125, 148 
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immunological effects .................................................................................................................................................62 
 
Kow.....................................................................................................................................................................170, 190 
 
leukemia ........................................................................................................................................................73, 77, 140 
 
lymphatic .................................................................................................................................................18, 72, 73, 159 
 
lymphoreticular......................................................................................................................................................14, 87 
 
melanoma ..............................................................................................................................................................73, 75 
 
menstrual ...............................................................................................................................................................6, 157 
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neoplastic...............................................................................................................................15, 17, 18, 23, 79, 85, 147 
 
neurobehavioral .........................................................................................................................................................128 
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ii XYLENE 

DISCLAIMER 

The use of company or product name(s) is for identification only and does not imply endorsement by the 
Agency for Toxic Substances and Disease Registry. 



iii XYLENE 

UPDATE STATEMENT 


A Toxicological Profile for Xylene, Draft for Public Comment was released in September 2005.  This 
edition supersedes any previously released draft or final profile.   

Toxicological profiles are revised and republished as necessary.  For information regarding the update 
status of previously released profiles, contact ATSDR at: 

Agency for Toxic Substances and Disease Registry

Division of Toxicology and Environmental Medicine/Applied Toxicology Branch 


1600 Clifton Road NE 

Mailstop F-32 


Atlanta, Georgia 30333 
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FOREWORD 

This toxicological profile is prepared in accordance with guidelines developed by the Agency for 
Toxic Substances and Disease Registry (ATSDR) and the Environmental Protection Agency (EPA).  The 
original guidelines were published in the Federal Register on April 17, 1987. Each profile will be revised 
and republished as necessary. 

The ATSDR toxicological profile succinctly characterizes the toxicologic and adverse health 
effects information for the hazardous substance described therein.  Each peer-reviewed profile identifies 
and reviews the key literature that describes a hazardous substance's toxicologic properties.  Other 
pertinent literature is also presented, but is described in less detail than the key studies.  The profile is not 
intended to be an exhaustive document; however, more comprehensive sources of specialty information 
are referenced. 

The focus of the profiles is on health and toxicologic information; therefore, each toxicological 
profile begins with a public health statement that describes, in nontechnical language, a substance's 
relevant toxicological properties. Following the public health statement is information concerning levels 
of significant human exposure and, where known, significant health effects.  The adequacy of information 
to determine a substance's health effects is described in a health effects summary.  Data needs that are of 
significance to protection of public health are identified by ATSDR and EPA.  

Each profile includes the following: 

(A) The examination, summary, and interpretation of available toxicologic information and 
epidemiologic evaluations on a hazardous substance to ascertain the levels of significant 
human exposure for the substance and the associated acute, subacute, and chronic health 
effects; 

(B) A determination of whether adequate information on the health effects of each substance is 
available or in the process of development to determine levels of exposure that present a 
significant risk to human health of acute, subacute, and chronic health effects; and 

(C) Where appropriate, identification of toxicologic testing needed to identify the types or levels 
of exposure that may present significant risk of adverse health effects in humans. 

The principal audiences for the toxicological profiles are health professionals at the Federal, State, 
and local levels; interested private sector organizations and groups; and members of the public.   

This profile reflects ATSDR’s assessment of all relevant toxicologic testing and information that 
has been peer-reviewed. Staff of the Centers for Disease Control and Prevention and other Federal 
scientists have also reviewed the profile. In addition, this profile has been peer-reviewed by a 
nongovernmental panel and is being made available for public review.  Final responsibility for the 
contents and views expressed in this toxicological profile resides with ATSDR. 



 

vi 

The toxicological profiles are developed in response to the Superfund Amendments and 
Reauthorization Act (SARA) of 1986 (Public Law 99-499) which amended the Comprehensive 
Environmental Response, Compensation, and Liability Act of 1980 (CERCLA or Superfund).  This 
public law directed ATSDR to prepare toxicological profiles for hazardous substances most commonly 
found at facilities on the CERCLA National Priorities List and that pose the most significant potential 
threat to human health, as determined by ATSDR and the EPA.  The availability of the revised priority 
list of 275 hazardous substances was announced in the Federal Register on December 7, 2005 (70 FR 
72840). For prior versions of the list of substances, see Federal Register notices dated April 17, 1987 
(52 FR 12866); October 20, 1988 (53 FR 41280); October 26, 1989 (54 FR 43619); October 17, 1990 (55 
FR 42067); October 17, 1991 (56 FR 52166); October 28, 1992 (57 FR 48801);  February 28, 1994 (59 
FR 9486); April 29, 1996 (61 FR 18744); November 17, 1997 (62 FR 61332); October 21, 1999 (64 FR 
56792); October 25, 2001 (66 FR 54014); and  November 7, 2003 (68 FR 63098). Section 104(i)(3) of 
CERCLA, as amended, directs the Administrator of ATSDR to prepare a toxicological profile for each 
substance on the list. 



vii XYLENE 

QUICK REFERENCE FOR HEALTH CARE PROVIDERS 

Toxicological Profiles are a unique compilation of toxicological information on a given hazardous 
substance. Each profile reflects a comprehensive and extensive evaluation, summary, and interpretation 
of available toxicologic and epidemiologic information on a substance.  Health care providers treating 
patients potentially exposed to hazardous substances will find the following information helpful for fast 
answers to often-asked questions. 

Primary Chapters/Sections of Interest 

Chapter 1: Public Health Statement: The Public Health Statement can be a useful tool for educating 
patients about possible exposure to a hazardous substance.  It explains a substance’s relevant 
toxicologic properties in a nontechnical, question-and-answer format, and it includes a review of 
the general health effects observed following exposure. 

Chapter 2: Relevance to Public Health: The Relevance to Public Health Section evaluates, interprets, 
and assesses the significance of toxicity data to human health. 

Chapter 3: Health Effects: Specific health effects of a given hazardous compound are reported by type 
of health effect (death, systemic, immunologic, reproductive), by route of exposure, and by length 
of exposure (acute, intermediate, and chronic).  In addition, both human and animal studies are 
reported in this section. 
NOTE: Not all health effects reported in this section are necessarily observed in the clinical 
setting. Please refer to the Public Health Statement to identify general health effects observed 
following exposure. 

Pediatrics: Four new sections have been added to each Toxicological Profile to address child health 
issues: 
Section 1.6 How Can (Chemical X) Affect Children? 

Section 1.7 How Can Families Reduce the Risk of Exposure to (Chemical X)? 

Section 3.7 Children’s Susceptibility 

Section 6.6 Exposures of Children 


Other Sections of Interest: 
Section 3.8 Biomarkers of Exposure and Effect 
Section 3.11 Methods for Reducing Toxic Effects 

ATSDR Information Center  
Phone:  1-800-CDC-INFO (800-232-4636) or 1-888-232-6348 (TTY)   Fax: (770) 488-4178 
E-mail: cdcinfo@cdc.gov Internet: http://www.atsdr.cdc.gov 

The following additional material can be ordered through the ATSDR Information Center: 

Case Studies in Environmental Medicine: Taking an Exposure History—The importance of taking an 
exposure history and how to conduct one are described, and an example of a thorough exposure 
history is provided.  Other case studies of interest include Reproductive and Developmental 
Hazards; Skin Lesions and Environmental Exposures; Cholinesterase-Inhibiting Pesticide 
Toxicity; and numerous chemical-specific case studies. 

mailto:cdcinfo@cdc.gov
http://www.atsdr.cdc.gov
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Managing Hazardous Materials Incidents is a three-volume set of recommendations for on-scene 
(prehospital) and hospital medical management of patients exposed during a hazardous materials 
incident. Volumes I and II are planning guides to assist first responders and hospital emergency 
department personnel in planning for incidents that involve hazardous materials.  Volume III— 
Medical Management Guidelines for Acute Chemical Exposures—is a guide for health care 
professionals treating patients exposed to hazardous materials. 

Fact Sheets (ToxFAQs) provide answers to frequently asked questions about toxic substances. 

Other Agencies and Organizations 

The National Center for Environmental Health (NCEH) focuses on preventing or controlling disease, 
injury, and disability related to the interactions between people and their environment outside the 
workplace. Contact: NCEH, Mailstop F-29, 4770 Buford Highway, NE, Atlanta, 
GA 30341-3724 • Phone: 770-488-7000 • FAX: 770-488-7015. 

The National Institute for Occupational Safety and Health (NIOSH) conducts research on occupational 
diseases and injuries, responds to requests for assistance by investigating problems of health and 
safety in the workplace, recommends standards to the Occupational Safety and Health 
Administration (OSHA) and the Mine Safety and Health Administration (MSHA), and trains 
professionals in occupational safety and health.  Contact: NIOSH, 200 Independence Avenue, 
SW, Washington, DC 20201 • Phone: 800-356-4674 or NIOSH Technical Information Branch, 
Robert A. Taft Laboratory, Mailstop C-19, 4676 Columbia Parkway, Cincinnati, OH 45226-1998 
• Phone: 800-35-NIOSH. 

The National Institute of Environmental Health Sciences (NIEHS) is the principal federal agency for 
biomedical research on the effects of chemical, physical, and biologic environmental agents on 
human health and well-being.  Contact:  NIEHS, PO Box 12233, 104 T.W. Alexander Drive, 
Research Triangle Park, NC 27709 • Phone: 919-541-3212. 

Referrals 

The Association of Occupational and Environmental Clinics (AOEC) has developed a network of clinics 
in the United States to provide expertise in occupational and environmental issues.  Contact: 
AOEC, 1010 Vermont Avenue, NW, #513, Washington, DC 20005 • Phone:  202-347-4976 
• FAX: 202-347-4950 • e-mail: AOEC@AOEC.ORG • Web Page:  http://www.aoec.org/. 

The American College of Occupational and Environmental Medicine (ACOEM) is an association of 
physicians and other health care providers specializing in the field of occupational and 
environmental medicine.  Contact: ACOEM, 25 Northwest Point Boulevard, Suite 700, Elk 
Grove Village, IL 60007-1030 • Phone:  847-818-1800 • FAX:  847-818-9266. 

mailto:AOEC@AOEC.ORG
http://www.aoec.org/
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CONTRIBUTORS 

CHEMICAL MANAGER(S)/AUTHOR(S): 

Mike Fay, Ph.D. 

John F. Risher, Ph.D. 

Jewell D. Wilson, Ph.D. 

ATSDR, Division of Toxicology and Environmental Medicine, Atlanta, GA 


Margaret Fransen, Ph.D. 

Daniel Plewak, BS. 

Lisa Ingerman, Ph.D., DABT 

Syracuse Research Corporation, North Syracuse, NY 


THE PROFILE HAS UNDERGONE THE FOLLOWING ATSDR INTERNAL REVIEWS: 

1. 	 Health Effects Review.  The Health Effects Review Committee examines the health effects 
chapter of each profile for consistency and accuracy in interpreting health effects and classifying 
end points. 

2.	 Minimal Risk Level Review. The Minimal Risk Level Workgroup considers issues relevant to 
substance-specific Minimal Risk Levels (MRLs), reviews the health effects database of each 
profile, and makes recommendations for derivation of MRLs. 

3. 	 Data Needs Review.  The Applied Toxicology Branch reviews data needs sections to assure 
consistency across profiles and adherence to instructions in the Guidance. 

4. 	 Green Border Review.  Green Border review assures the consistency with ATSDR policy. 
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PEER REVIEW 

A peer review panel was assembled for xylene.  The panel consisted of the following members: 

1. 	 Dr. Bruce Jarnot, Private Consultant, Prince Frederick, Maryland; 

2. 	 Dr. Kannan Krishnan, Professor of Occupational and Environmental Health, University of 
Montreal, Pierrefonds, Canada; and 

3. 	 Dr. Steven Lewis, President, Lewis Environmental Consulting Services, Washington, New 
Jersey. 

These experts collectively have knowledge of xylene's physical and chemical properties, toxicokinetics, 
key health end points, mechanisms of action, human and animal exposure, and quantification of risk to 
humans.  All reviewers were selected in conformity with the conditions for peer review specified in 
Section 104(I)(13) of the Comprehensive Environmental Response, Compensation, and Liability Act, as 
amended. 

Scientists from the Agency for Toxic Substances and Disease Registry (ATSDR) have reviewed the peer 
reviewers' comments and determined which comments will be included in the profile.  A listing of the 
peer reviewers' comments not incorporated in the profile, with a brief explanation of the rationale for their 
exclusion, exists as part of the administrative record for this compound.   

The citation of the peer review panel should not be understood to imply its approval of the profile's final 
content. The responsibility for the content of this profile lies with the ATSDR. 
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1 XYLENE 

1. PUBLIC HEALTH STATEMENT 

This public health statement tells you about xylene and the effects of exposure to it.   

The Environmental Protection Agency (EPA) identifies the most serious hazardous waste sites in 

the nation. These sites are then placed on the National Priorities List (NPL) and are targeted for 

long-term federal clean-up activities.  Xylene has been found in at least 840 of the 1,684 current 

or former NPL sites.  Although the total number of NPL sites evaluated for this substance is not 

known, the possibility exists that the number of sites at which xylene is found may increase in 

the future as more sites are evaluated.  This information is important because these sites may be 

sources of exposure and exposure to this substance may harm you. 

When a substance is released either from a large area, such as an industrial plant, or from a 

container, such as a drum or bottle, it enters the environment. Such a release does not always 

lead to exposure. You can be exposed to a substance only when you come in contact with it.  

You may be exposed by breathing, eating, or drinking the substance, or by skin contact. 

If you are exposed to xylene, many factors will determine whether you will be harmed.  These 

factors include the dose (how much), the duration (how long), and how you come in contact with 

it. You must also consider any other chemicals you are exposed to and your age, sex, diet, 

family traits, lifestyle, and state of health. 

1.1 WHAT IS XYLENE? 

In this report, the terms xylene, xylenes, and total xylenes will be used interchangeably.  There 

are three forms of xylene in which the methyl groups vary on the benzene ring:  meta-xylene, 

ortho-xylene, and para-xylene (m-, o-, and p-xylene). These different forms are referred to as 

isomers.  Drawings of the three different isomers are shown in Chapter 4.  The term total xylenes 

refers to all three isomers of xylene (m-, o-, and p-xylene). Mixed xylene is a mixture of the 

three isomers and usually also contains 6–15% ethylbenzene.  Xylene is also known as xylol or 

dimethylbenzene.  Xylene is primarily a synthetic chemical.  Chemical industries produce xylene 
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from petroleum.  Xylene also occurs naturally in petroleum and coal tar and is formed during 

forest fires, to a small extent.  It is a colorless, flammable liquid with a sweet odor.   

Xylene is one of the top 30 chemicals produced in the United States in terms of volume.  It is 

primarily used as a solvent (a liquid that can dissolve other substances) in the printing, rubber, 

and leather industries. Along with other solvents, xylene is also widely used as a cleaning agent, 

a thinner for paint, and in varnishes. Xylene is used, to a lesser extent, as a material in the 

chemical, plastics, and synthetic fiber industries and as an ingredient in the coating of fabrics and 

papers. Isomers of xylene are used in the manufacture of certain polymers (chemical 

compounds), such as plastics.  Xylene is found in small amounts in airplane fuel and gasoline.   

Xylene evaporates and burns easily.  Xylene does not mix well with water; however, it does mix 

with alcohol and many other chemicals.  Most people begin to smell xylene in air at 0.08– 

3.7 parts of xylene per million parts of air (ppm) and in water at 0.53–1.1 ppm.  Additional 

information regarding chemical and physical properties and use of xylene can be found in 

Chapters 4 and 5. 

1.2 WHAT HAPPENS TO XYLENE WHEN IT ENTERS THE ENVIRONMENT? 

Xylene is a liquid, and it can leak into soil, surface water (creeks, streams, rivers), or 

groundwater. Xylene can enter the environment when it is made, packaged, shipped, or used.  

Most xylene that is accidentally released evaporates into the air, although some is released into 

rivers or lakes. Xylene can also enter soil, water, or air in large amounts after an accidental spill 

or as a result of an environmental leak during storage or burial at a waste site. 

Since xylene evaporates easily, most xylene that gets into soil and water (if not trapped 

underground) is expected to go into the air where it is broken down by sunlight into other less 

harmful chemicals within a couple of days.  For this reason, xylene is rarely found in high 

concentrations in topsoil or surface water (river, creeks) unless there has been a recent spill or 

continuing source of contamination.  Any xylene that does not evaporate quickly from soil or 
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water is broken down by small organisms.  Only very small amounts are taken up by plants, fish, 

and birds. 

Xylene below the soil surface may travel down through the soil and enter underground water 

(groundwater). Xylene may remain in groundwater for several months before it is finally broken 

down by small organisms.  If a large amount of xylene enters soil from an accidental spill, a 

hazardous waste site, or a landfill, it may travel through the soil and contaminate drinking water 

wells. More information on what happens to xylene in the environment can be found in 

Chapters 5 and 6. 

1.3 HOW MIGHT I BE EXPOSED TO XYLENE? 

Xylene is primarily released from industrial sources, in automobile exhaust, and during its use as 

a solvent.  Hazardous waste disposal sites and spills of xylene into the environment are also 

possible sources of exposure. You are most likely to be exposed to xylene by breathing it in 

contaminated air.  Typical levels of xylene measured in outdoor air in the United States range 

from 1 to 30 parts of xylene per billion parts of air (a part per billion [ppb] is one thousandth of a 

part per million [ppm]; one ppm equals 1,000 ppb).  Typical levels of xylene measured in indoor 

air range from 1 to 10 ppb. 

Xylene is sometimes released into water and soil as a result of the use, storage, and transport of 

petroleum products.  Little information exists about the amount of xylene in surface water and 

soil. However, levels of xylene in contaminated groundwater have been reported to be as high as 

10,000 ppb. 

You may be exposed to xylene by drinking or eating xylene-contaminated water or food.  Xylene 

is not commonly found in drinking water.  When it is, the levels of xylene are typically below 

2 ppb. Xylene has been found in many types of foods at levels ranging from 1 to 100 ppb.   

You may also come in contact with xylene from a variety of consumer products, including 

gasoline, paint, varnish, shellac, rust preventives, and cigarette smoke.  Breathing vapors from 



4 XYLENE 

1. PUBLIC HEALTH STATEMENT 

these types of products can expose you to xylene.  In some cases, indoor levels of xylene can be 

higher than outdoor levels, especially in buildings with poor ventilation.  Skin contact with 

products containing xylene, such as solvents, lacquers, paint thinners and removers, and 

pesticides may also expose you to xylene. 

Besides painters and paint industry workers, others who may be exposed to xylene include 

biomedical laboratory workers, distillers of xylene, wood processing plant workers, automobile 

garage workers, metal workers, and furniture refinishers.  Workers who routinely come in 

contact with xylene-containing solvents in the workplace are the population most likely to be 

exposed to high levels of xylene.  Additional information on the potential for human exposure 

can be found in Chapter 6. 

1.4 HOW CAN XYLENE ENTER AND LEAVE MY BODY? 

Xylene is most likely to enter your body when you breathe xylene vapors.  Xylene may also 

enter your body if eat or drink xylene-contaminated food or water.  Less often, xylene enters the 

body through the skin following direct contact.  Xylene is rapidly absorbed by your lungs after 

you breathe air containing it. The amount of xylene retained ranges from 50 to 75% of the 

amount of xylene that you inhale.  Physical exercise increases the amount of xylene absorbed by 

the lungs. Absorption of xylene in the gut after eating food or drinking water containing it is 

both rapid and complete.  Absorption of liquid xylene through the skin also occurs rapidly 

following direct contact with xylene, but absorption of xylene vapor through the skin is only 

about 12% of the amount absorbed by the lungs.  At hazardous waste sites, the most likely ways 

you can be exposed are: breathing xylene vapors, drinking well water contaminated with xylene, 

and direct contact of the skin with xylene. Xylene passes into the blood soon after entering the 

body. 

In people and laboratory animals, xylene is chemically changed, primarily in the liver, into a 

different form that is more water soluble and is rapidly removed from the body in urine.  Some 

unchanged xylene also leaves in the breath from the lungs within a few seconds after xylene is 

absorbed. Small amounts of breakdown products of xylene have appeared in the urine of people 
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as soon as 2 hours after breathing air containing xylene.  Usually, most of the xylene that is taken 

in leaves the body within 18 hours after exposure ends.  About 4–10% of absorbed xylene may 

be stored in fat, which may prolong the time needed for xylene to leave the body.  Additional 

information on how xylene can enter and leave your body can be found in Chapter 3. 

1.5 HOW CAN XYLENE AFFECT MY HEALTH? 

Scientists use many tests to protect the public from harmful effects of toxic chemicals and to find 

ways for treating persons who have been harmed. 

One way to learn whether a chemical will harm people is to determine how the body absorbs, 

uses, and releases the chemical.  For some chemicals, animal testing may be necessary.  Animal 

testing may also help identify health effects such as cancer or birth defects.  Without laboratory 

animals, scientists would lose a basic method for getting information needed to make wise 

decisions that protect public health.  Scientists have the responsibility to treat research animals 

with care and compassion.  Scientists must comply with strict animal care guidelines because 

laws today protect the welfare of research animals. 

Scientists have found that the three forms of xylene have very similar effects on health.  No 

health effects have been noted at the background levels that people are exposed to on a daily 

basis. Short-term exposure of people to high levels of xylene can cause irritation of the skin, 

eyes, nose, and throat; difficulty in breathing; impaired function of the lungs; delayed response to 

a visual stimulus; impaired memory; stomach discomfort; and possible changes in the liver and 

kidneys. Both short- and long-term exposure to high concentrations of xylene can also cause a 

number of effects on the nervous system, such as headaches, lack of muscle coordination, 

dizziness, confusion, and changes in one's sense of balance.  Some people exposed to very high 

levels of xylene for a short period of time have died.  Most of the information on health effects in 

humans exposed for long periods of time is from studies of workers employed in industries that 

make or use xylene.  Those workers were exposed to levels of xylene in air far greater than the 

levels normally encountered by the general population. Many of the effects seen after their 
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exposure to xylene could have been caused by exposure to other chemicals that were in the air 

with xylene. 

Results of studies in animals indicate that large amounts of xylene can cause changes in the liver 

and harmful effects on the kidneys, lungs, heart, and nervous system.  Short-term exposure to 

very high concentrations of xylene causes death in animals, as well as muscular spasms, 

incoordination, hearing loss, changes in behavior, changes in organ weights, and changes in 

enzyme activity.  Animals that were exposed to xylene on their skin had irritation and 

inflammation of the skin.  Long-term exposure of animals to low concentrations of xylene has 

not been well studied, but there is some information that long-term exposure of animals can 

cause harmful effects on the kidney (with oral exposure) or on the nervous system (with 

inhalation exposure). 

Information from animal studies is not adequate to determine whether or not xylene causes 

cancer in humans.  Both the International Agency for Research on Cancer (IARC) and EPA have 

found that there is insufficient information to determine whether or not xylene is carcinogenic 

and consider xylene not classifiable as to its human carcinogenicity. 

Additional information regarding the health effects of xylene can be found in Chapters 2 and 3. 

1.6 HOW CAN XYLENE AFFECT CHILDREN? 

This section discusses potential health effects in humans from exposures during the period from 

conception to maturity at 18 years of age.  

The effects of xylenes have not been studied in children, but it is likely that they would be 

similar to those seen in exposed adults.  Although there is no direct evidence, children may be 

more sensitive to acute inhalation exposure than adults because their narrower airways would be 

more vulnerable if the surrounding tissue became swollen.  (One study suggested that the 

narrower airway in women compared to men could be the reason women had more breathing 

difficulty than men after breathing xylene.) 
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Although there are no conclusive studies in humans, it is possible that exposure of pregnant 

women to high levels of xylene may cause harmful effects to the fetus.  Animal studies showed 

that xylene absorbed by the mother can cross the placenta and reach the fetus.  The unborn 

animals may have reduced body weight and delayed bone mineralization if the level of xylene is 

high enough to be toxic to the mother.  Some animal studies have shown that newborn babies 

that were exposed to xylene during pregnancy have problems after birth with motor coordination 

and the ability to orient themselves in their surroundings.  In general, these developmental effects 

occur at exposure levels much higher than those typically seen in the background environment, 

levels high enough to also harm the mother. 

1.7 	 HOW CAN FAMILIES REDUCE THE RISK OF EXPOSURE TO XYLENE? 

If your doctor finds that you have been exposed to substantial amounts of xylene, ask whether 

your children might also have been exposed.  Your doctor might need to ask your state health 

department to investigate. 

Exposure to xylene as solvents (in paints or gasoline) can be reduced if the products are used 

with adequate ventilation and if they are stored out of the reach of small children.   

Sometimes older children sniff household chemicals in attempt to get high.  Talk with your 

children about the dangers of sniffing xylene. 

If products containing xylene are spilled on the skin, then the excess should be wiped off and the 

area cleaned with soap and water. 

1.8 	 IS THERE A MEDICAL TEST TO DETERMINE WHETHER I HAVE BEEN 
EXPOSED TO XYLENE? 

Medical tests are available to determine if you have been exposed to xylene at higher-than­

normal levels.  After xylene has been absorbed, some of its breakdown products can be measured 

in the urine. However, a urine sample must be provided very soon (within hours) after exposure 
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ends because xylene quickly leaves the body.  These tests may be available in certain doctors' 

offices. Available tests can only indicate exposure to xylene; they cannot be used to predict 

which health effects, if any, will develop. More information about xylene detection can be found 

in Chapters 3 and 7. 

1.9 	 WHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO 
PROTECT HUMAN HEALTH? 

The federal government develops regulations and recommendations to protect public health.  

Regulations can be enforced by law. The EPA, the Occupational Safety and Health 

Administration (OSHA), and the Food and Drug Administration (FDA) are some federal 

agencies that develop regulations for toxic substances.  Recommendations provide valuable 

guidelines to protect public health, but cannot be enforced by law.  The Agency for Toxic 

Substances and Disease Registry (ATSDR) and the National Institute for Occupational Safety 

and Health (NIOSH) are two federal organizations that develop recommendations for toxic 

substances. 

Regulations and recommendations can be expressed as “not-to-exceed” levels, that is, levels of a 

toxic substance in air, water, soil, or food that do not exceed a critical value that is usually based 

on levels that affect animals; they are then adjusted to levels that will help protect humans.  

Sometimes these not-to-exceed levels differ among federal organizations because they used 

different exposure times (an 8-hour workday or a 24-hour day), different animal studies, or other 

factors. 

Recommendations and regulations are also updated periodically as more information becomes 

available. For the most current information, check with the federal agency or organization that 

provides it. Some regulations and recommendations for xylene include the following: 

To protect people from the potential harmful health effects of xylene, EPA regulates xylene in 

the environment.   
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The EPA estimates that, for an adult of average weight who drinks 2 L of water each day for a 

lifetime (70 years), exposure to 7 ppm xylene in drinking water is unlikely to result in harmful 

noncancerous health effects.   

Exposure to 40 ppm xylene in water for 1 or 10 days is unlikely to present a health risk to a small 

child. 

The EPA has set a legally enforceable maximum level of 10  ppm of xylene in water that is 

delivered to any user of a public water system.   

OSHA regulates levels of xylene in the workplace.  The maximum allowable amount of xylene 

in workroom air during an 8-hour workday in a 40-hour workweek is 100 ppm.   

More information on government regulations for xylene can be found in Chapter 8. 

1.10 WHERE CAN I GET MORE INFORMATION? 

If you have any more questions or concerns, please contact your community or state health or 

environmental quality department, or contact ATSDR at the address and phone number below. 

ATSDR can also tell you the location of occupational and environmental health clinics.  These 

clinics specialize in recognizing, evaluating, and treating illnesses that result from exposure to 

hazardous substances. 

Toxicological profiles are also available on-line at www.atsdr.cdc.gov and on CD-ROM.  You 

may request a copy of the ATSDR ToxProfilesTM CD-ROM by calling the toll-free information  
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and technical assistance number at 1-800-CDCINFO (1-800-232-4636), by e-mail at 

cdcinfo@cdc.gov, or by writing to: 

Agency for Toxic Substances and Disease Registry 
  Division of Toxicology and Environmental Medicine 

1600 Clifton Road NE 
  Mailstop F-32 
  Atlanta, GA 30333 
  Fax: 1-770-488-4178 

Organizations for-profit may request copies of final Toxicological Profiles from the following: 

National Technical Information Service (NTIS) 

5285 Port Royal Road 


  Springfield, VA 22161 

  Phone: 1-800-553-6847 or 1-703-605-6000 

  Web site: http://www.ntis.gov/ 


http:cdcinfo@cdc.gov
http://www.ntis.gov/
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2.1 	 BACKGROUND AND ENVIRONMENTAL EXPOSURES TO XYLENE IN THE UNITED 
STATES 

Xylenes (mixtures of ortho-, meta-, and para-isomers) are used as industrial solvents, synthetic 

intermediates, and solvents in commercial products such as paints, coatings, adhesive removers, and paint 

thinners; they are also a component of gasoline.  Xylenes are released to the atmosphere primarily as 

fugitive emissions from industrial sources (e.g., petroleum refineries, chemical plants), in automobile 

exhaust, and through volatilization from their use as solvents.  Discharges into waterways and spills on 

land result primarily from use, storage, and transport of petroleum products and waste disposal. 

When xylene is released to soil or surface water, it is expected to volatilize into the atmosphere where it is 

quickly degraded.  The half-life for xylene in the atmosphere is 8–14 hours.  Any xylene in soil or surface 

water that does not volatilize quickly may undergo biodegradation.  Xylene may also leach into 

groundwater where biodegradation becomes the primary removal process.  Half-lives measured for 

xylene in groundwater range from 25 to 287 days.  Degradation rates in groundwater will vary depending 

on differences in conditions such as temperature, presence of oxygen, and presence of electron acceptors. 

Xylene is primarily detected in air.  Typical xylene concentrations range from 1 to 30 ppb in outdoor air 

and from 1 to 10 ppb in indoor air.  Xylene has been detected in <5% of samples collected during 

groundwater surveys conducted in the United States.  Median xylene concentrations of ≤2 ppb have been 

reported in 406 urban and 2,542 rural drinking water wells or monitoring wells in the United States.  Less 

than 6% of drinking water samples collected during drinking water surveys contained xylene; the mean 

concentrations in positive samples were typically <2 ppb.  Xylene has been detected in all kinds of foods 

(e.g., meat, fruit, dairy, fish, vegetables, grains), with typical concentrations ranging from 1 to 100 ppb. 

Because individual xylene isomers are used in large amounts in industrial settings, people who work at or 

live near these locations may receive a higher exposure to one xylene isomer compared to the other 

isomers.  However, since xylenes are present as a mixture in gasoline and in the solvent components of 

commonly used commercial products (paint, coatings, etc.), exposure of the general population is 

expected to be primarily to xylenes as a mixture, and not to the separate xylene isomers. 

Inhalation appears to be the major route of exposure to xylene, although exposure through the use or 

consumption of groundwater is also likely in areas where there is subsurface gasoline contamination.  
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During exposures to xylene vapor, a small amount of dermal absorption also occurs, ≤2% of the amount 

inhaled. Humans may also be exposed to xylene through smoking, consumption of xylene-contaminated 

foods, and dermal contact with consumer products containing xylene.  Children are expected to be 

exposed to xylene by the same routes as adults.  Since xylene has a low affinity for adsorption onto soil 

and dust particles and a high volatilization rate, the risk of exposure for small children from ingesting soil 

or dust is likely to be low.  The average daily intake of total xylene (sum of o-, m-, and p-xylene intakes) 

for the general population is estimated as 0.3–8.6 μg/kg/day from inhalation exposure and 0.06 μg/kg/day 

from ingestion of drinking water assuming typical low background levels.  Based on a maximal 

concentration of 1.5 mg/L in drinking water, the maximal daily consumption of xylenes from drinking 

water would be 0.04 mg/kg/day.  These exposure levels are below the minimal risk levels (MRLs) 

established for xylenes (see Section 2.3 and Appendix A). 

See Chapter 6 for more detailed information regarding concentrations of xylenes in environmental media. 

2.2 SUMMARY OF HEALTH EFFECTS  

Xylenes, because of their lipophilic properties, are rapidly absorbed by all routes of exposure, rapidly 

distributed throughout the body, and, if not metabolized, quickly eliminated in exhaled air.  In humans, 

absorption has been estimated as >50% through the lungs following inhalation exposure and <50% 

through the gastrointestinal system.  In humans exposed by inhalation, up to 2% of the absorbed dose may 

be absorbed through the skin.  The major pathway for metabolism involves mixed function oxidases in 

the liver, resulting mainly in the formation of isomers of methylhippuric acid that are eliminated in the 

urine and are used as an index of exposure for occupational monitoring.  Background urinary levels of 

methylhippuric acids in nonexposed workers are <2 mg/g creatinine.  Xylenes tend not to accumulate in 

the body, but they may be sequestered briefly in fat tissues due to their lipophilicity; elimination of xylene 

is slower in individuals with a greater percentage of body fat.  The primary effects of xylene exposure 

involve the nervous system by all routes of exposure, the respiratory tract by inhalation exposure, and, at 

higher oral exposure levels, hepatic, renal, and body weight effects.  No adverse health effects have been 

associated with the background levels of xylene to which the general population is typically exposed (see 

Section 2.1). Isomers of xylene have similar toxicokinetic properties and elicit similar toxicological 

effects, with no single isomer consistently exhibiting the greatest potency, depending on the end point.  

This issue is discussed further in the introduction to Section 2.3 and in Section 3.2. 
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Information on the toxicity of xylene in humans comes from case reports, occupational studies, and 

studies on volunteers.  At acute-duration inhalation concentrations as low as 50 ppm, xylenes produce 

irritant effects on the eyes, skin, and mucous membranes; impaired respiratory function; and mild central 

nervous system effects, including headache and dizziness.  Increases in subjective reports of eye irritation, 

sore throat, and neurological effects (anxiety, forgetfulness, inability to concentrate, and a sensation of 

intoxication) were noted following chronic-duration occupational exposure at 14 ppm.  Irritation of the 

eye may occur from contact with xylene vapor or from direct contact with xylene liquid, in which case 

photophobia, redness of the conjunctiva, and partial loss of the conjunctival and corneal epithelia have 

been reported. Slight-to-moderate eye irritation has also been observed in rabbits following direct 

instillation with ≥23 mg/kg mixed xylenes.  With increasing airborne xylene concentrations of 100– 

400 ppm, other neurological effects reported in acutely exposed human subjects include retardation of 

response times and impairments in memory and body balance.  Acute exposure to an estimated 10,000 

ppm xylenes elicited tremors, mental confusion, and depressant effects (narcosis) on the central nervous 

system that caused at least one fatality due to respiratory failure.  All of these effects are related to the 

lipophilic properties of xylenes, which interfere with the integrity of cell membranes and alter neuronal 

function.  In addition to neurological and respiratory effects, an increase in the reporting of nausea was 

noted following controlled exposure to m-xylene at 50 ppm.  Symptoms of nausea and vomiting have also 

been noted in workers exposed to xylene vapors.   

Other effects of xylene exposure involve the liver and kidney in humans and animals and body weight 

effects in laboratory animals.  Hepatic effects (elevated serum transaminases and hepatocellular 

vacuolation) were observed in a limited number of case reports describing effects of acute exposure to an 

estimated 700–10,000 ppm mixed xylene, but were not observed in workers with chronic occupational 

exposure at 14 ppm.  Hepatic effects in laboratory animals exposed orally at ≥750 mg/kg/day or by 

inhalation at ≥300 ppm include increases in liver weight, serum enzyme levels, and cytochrome P-450 

levels, but no histopathology.  However, a number of authors characterized the hepatic effects in animals 

as adaptive rather than adverse.  Information on renal effects (distal renal tubular acidemia and abnormal 

clinical chemistry values) of xylene in acutely exposed humans is confounded by exposure to other 

compounds or uncertainties as to the duration of exposure.  No alterations in renal serum biochemistry 

values were observed in workers exposed to 14 ppm mixed xylene for several years.  Renal effects in 

repeatedly exposed laboratory animals include increases in renal enzyme activity, cytochrome P-450 

content, and increased kidney-to-body-weight ratios following inhalation exposure at 50–2,000 ppm or 

oral exposure and increased chronic nephropathy in rats exposed at ≥750 mg/kg/day.  However, no renal 

effects were observed in rats exposed via inhalation to 810 ppm mixed xylenes for 13 weeks, gavage 
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doses of 1,000 mg/kg/day 5 days/week for 13 weeks, or gavage doses of 800 mg/kg/day to m- or p-xylene 

for 90 consecutive days.  It is not known whether the variability in induction of renal effects from mixed 

xylene is related to variations in the relative amounts of o-xylene or ethylbenzene or variations in the 

strains of rats tested. Decreased body weight gain has been observed in laboratory animals repeatedly 

exposed by inhalation at ≥700 ppm or by oral dosing or at ≥700 mg/kg/day; a 5–8% reduction in body 

weight gain observed in male rats exposed at 500 mg/kg during the last year of a 2-year study is not 

considered biologically significant.  Dermal exposure of humans to xylene causes skin irritation, dryness 

and scaling of the skin, and vasodilation. In addition, one case report demonstrated the possibility that 

contact urticaria can develop after several months of occupational exposure to 100 ppm xylene vapors.  

Dermal effects of m-xylene, o-xylene, or mixed xylenes in laboratory animal studies included skin 

irritation (erythema and edema) at topical doses as low as 2.3 mg/kg and more serious effects (eschar 

formation in some animals and epidermal thickening) at topical doses of ≥114 mg/kg. Rat skin that 

developed moderate erythema after treatment with m- or o-xylene exhibited increases in transepidermal 

water loss and increases in pro-inflammatory cytokines (interleukin 1-alpha and tumor necrosis factor-

alpha). 

Available studies of developmental or reproductive toxicity from occupational exposure to xylenes are 

not definitive because of the small number of subjects and/or concurrent exposure to other chemicals.  In 

general, developmental studies in animals reported adverse fetal effects only at concentrations that caused 

maternal toxicity.  Developmental effects in laboratory animals exposed to ≥350 ppm xylenes by 

inhalation include delayed ossification of the skeleton at maternally toxic concentrations and reduced fetal 

body weight, which is also influenced by maternal body weight effects.  Postnatal neurobehavioral 

deficits (decreased rotarod performance) have been observed in rats gestationally exposed to m-xylene at 

500 ppm.  Oral exposure to 2,060 mg/kg/day of mixed xylene has been associated with cleft plate and 

decreased fetal weight.  Dermal exposure of rats to xylene has been associated with biochemical changes 

in fetal and maternal brain tissue. No reproductive effects were found in rats following inhalation of 

500 ppm xylene before mating and during gestation and lactation.  Histopathological examination 

following intermediate and chronic oral bioassays revealed no adverse effects on the reproductive organs 

of rats and mice dosed with mixed xylene 5 days/week at 800 and 1,000 mg/kg/day, respectively.  

There is no definitive evidence for carcinogenic effects of xylene in humans.  Epidemiological studies 

looking for associations with xylene exposure and specific cancers either reported no cases or a limited 

number of cases exposed to xylene and/or reported concurrent exposure to multiple solvents.  Two-year 

cancer bioassays in rats and mice exposed by oral gavage provided no evidence for carcinogenicity of 
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mixed xylene.  The Department of Health and Human Services (DHHS) has not classified xylene as to its 

carcinogenicity. Both IARC and EPA have determined that xylene is not classifiable as to its 

carcinogenicity in humans, due to inadequate evidence for the carcinogenicity of xylenes in humans and 

animals. 

The following sections discuss the most sensitive effects of exposure to xylenes:  neurological and 

respiratory. These effects, as well as other adverse effects, are discussed in greater detail in Chapter 3. 

Neurological Effects.    The neurotoxicity of xylenes has been examined in short- and long-term 

inhalation studies in humans and animals and acute-duration oral studies in animals and appears to be 

related to the interference of unmetabolized xylene with neuronal membranes.  Mild central nervous 

system effects (subjective symptoms of intoxication, headache, fatigue, and dizziness) have been 

observed following acute-duration exposure of humans to m-xylene at 50 ppm and chronic-duration 

occupational exposure to mixed xylene at 14 ppm.  Results of experimental studies with humans indicate 

that acute inhalation exposure to 100 ppm mixed xylene or 200 ppm m-xylene causes impaired short-term 

memory, impaired reaction time, performance decrements in numerical ability, and alterations in 

equilibrium and body balance.  These experimental studies are supported by case reports and occupational 

studies that described similar neurological effects at higher exposure levels.  Isolated cases of 

unconsciousness, amnesia, brain hemorrhage, and seizures have been associated with accidental acute 

inhalation exposure to unknown concentrations of xylene (estimated in one case as 10,000 ppm). 

Neurological impairment has also been reported in experimental studies with laboratory animals with a 

similar range of concentration-related severities as in humans.  The range of thresholds for specific 

neurological end points suggests that specific neuronal pathways or regions of the central nervous system 

may vary in their vulnerability to xylene exposure.  Studies in animals have shown that mixed xylene and 

individual isomers are neurotoxic at airborne concentrations ranging from 50 to 2,000 ppm.  A decreased 

latency of the paw-lick response was reported in rats exposed to 50 ppm m-xylene for 3 months.  

Decreased motor performance and impaired learning have been reported in rats exposed to concentrations 

between 100 and 3,000 ppm.  Loss of cochlear hair cells and/or hearing deficits have been observed in 

rats exposed by inhalation acutely to ≥1,450 ppm mixed xylene and in rats exposed for 13 weeks to 

900 ppm p-xylene, but not other isomers or 1,000 ppm mixed xylenes.  Changes in the levels of brain 

enzyme activities or neurotransmitters have been noted with acute exposure to 2,000 ppm with m- or 

o-xylenes.  Severe neurotoxicity was observed in rats, mice, and gerbils following acute- or intermediate-

duration inhalation exposure to the various xylene isomers at concentrations in excess of 1,000 ppm.  
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These effects included narcosis, prostration, incoordination, tremors, muscular spasms, and labored 

respiration. All three xylene isomers elicited biphasic response rates in operant behavior studies in mice 

exposed for 30 minutes:  increased responses at ≥1,400 ppm and half-maximal responses at 5,179– 

6,176 ppm.  Motor coordination was impaired at concentrations above 2,000 ppm for the para isomer and 

above 3,000 ppm for the meta and ortho isomers.   

Animal studies have shown that oral exposure to xylenes at high concentrations (single doses of 

≥4,000 mg/kg or repeated dosing at 2,000 mg/kg/day for 2 weeks) may result in nervous system effects 

such as tremors, respiratory depression, weakness, lethargy, unsteadiness, and hyperactivity.  

Hyperactivity was also observed in all mice after oral dosing with 1,000 mg/kg mixed xylene during 

weeks 4–103.  Rats dosed with p-xylene, but not m- or o-xylene at 900 mg/kg/day, 5 days/week for 

2 weeks, experienced significant loss of cochlear hair cells associated with hearing at medium frequencies 

(10–25 kHz). 

Respiratory Effects. Numerous studies in humans identified the respiratory tract as a sensitive target 

of xylenes following short- or long-term inhalation exposure.  Subjective symptoms of nose and throat 

irritation were noted following single exposures to xylene vapor at concentrations between 50 and 

700 ppm, repeated intermediate-duration exposure at 100 ppm, or chronic-duration occupational exposure 

at 14 ppm.  Mild increases in the subjective severity scores for breathing difficulty and small changes in 

measured pulmonary physiology parameters (reduced forced vital capacity) were observed following 

acute-duration exposure to m-xylene at 50 ppm.  Labored breathing with impaired pulmonary function 

was reported following chronic occupational exposure to unspecified concentrations of xylene vapor.  

Severe lung congestion with pulmonary hemorrhages and edema was noted in a worker who died 

following inhalation of paint fumes containing an estimated 10,000 ppm xylene for an undetermined time 

(<18 hours) and in one case of suicide by ingestion of an undetermined amount of xylene.   

Animal data from acute- and intermediate-duration inhalation studies provide supporting evidence for the 

respiratory effects observed in humans following inhalation exposure to xylene.  Respiratory effects noted 

in laboratory animals exposed for a few minutes at concentrations of ≥690 ppm include a 50% reduction 

in respiratory rate, labored breathing, irritation of the upper respiratory tract, pulmonary edema, and 

pulmonary inflammation.  Irritation of the upper respiratory tract induced a reflex pause in the expiratory 

phase of respiration that resulted in an overall reduction in respiratory rate.  Decreased metabolic capacity 

of the lungs was reported to be related to 45–80% decreases in the activities of metabolizing enzymes 

(cytochrome P-450) following acute exposure to mixed xylenes or individual isomers at concentrations 
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between 75 and 2,000 ppm.  The toxicological significance of the reduction in metabolizing enzymes is 

not established, but may be related to the lessened ability to reduce cellular concentrations of xylene. 

2.3 MINIMAL RISK LEVELS (MRLs) 

Estimates of exposure levels posing minimal risk to humans (MRLs) have been made for mixed xylenes.  

An MRL is defined as an estimate of daily human exposure to a substance that is likely to be without an 

appreciable risk of adverse effects (noncarcinogenic) over a specified duration of exposure.  MRLs are 

derived when reliable and sufficient data exist to identify the target organ(s) of effect or the most sensitive 

health effect(s) for a specific duration within a given route of exposure.  MRLs are based on 

noncancerous health effects only and do not consider carcinogenic effects.  MRLs can be derived for 

acute, intermediate, and chronic duration exposures for inhalation and oral routes.  Appropriate 

methodology does not exist to develop MRLs for dermal exposure. 

Although methods have been established to derive these levels (Barnes and Dourson 1988; EPA 1990), 

uncertainties are associated with these techniques.  Furthermore, ATSDR acknowledges additional 

uncertainties inherent in the application of the procedures to derive less than lifetime MRLs.  As an 

example, acute inhalation MRLs may not be protective for health effects that are delayed in development 

or are acquired following repeated acute insults, such as hypersensitivity reactions, asthma, or chronic 

bronchitis. As these kinds of health effects data become available and methods to assess levels of 

significant human exposure improve, these MRLs will be revised. 

Toxicological data from comparative studies demonstrate that, in some cases, the effects and effect levels 

of the three isomers are similar; e.g., body weight findings in the acute oral study by Condie et al. (1988) 

or the alveolar concentration levels associated with anaesthetic effects as described by Fang et al. (1996).  

Other studies have indicated different orders of relative toxicity for the isomers, but there is no consistent 

pattern indicating that a particular isomer is the most potent for all end points, and the differences in 

effect levels among the isomers may be small.  For example, the ortho isomer was most potent in assays 

on operant behavior (Moser et al. 1985) and motor coordination in rats (Korsak et al. 1990) and in a 

developmental toxicity assay in rats in which mixed xylenes had the same effect levels (Saillenfait et al. 

2003).  The para isomer, however, was most potent in a different test for motor performance, the inverted 

screen test (Moser et al. 1985), and in ototoxicity assays in rats (Gagnaire et al. 2001).  Given the lack of 

consistency among the different end points, the most sensitive effect by mixed xylenes or any isomer was 

chosen as the basis for MRL for mixed xylenes and all isomers for that duration and route of exposure. 
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Inhalation MRLs 

•	 An MRL of 2 ppm has been derived for acute-duration inhalation exposure (14 days or less) to 
mixed xylenes 

The database for acute-duration inhalation exposure to xylenes includes a number of studies in humans 

and laboratory animals.  Studies in humans identify neurological and respiratory effects as the most 

sensitive end points for acute-duration inhalation exposure.  Effects observed in humans at 50–690 ppm 

included irritation of the respiratory tract (breathing difficulty, discomfort in nose and throat, reduced 

forced air capacity), neurotoxicity (dizziness, headache, impaired short-term memory, increase in reaction 

times), and eye irritation (Carpenter et al. 1975a; Dudek et al. 1990; Gamberale et al. 1978; Nelson et al. 

1943; NIOSH 1981).  Other neurological effects in humans included altered visual evoked potentials 

following repeated exposure to 200 ppm m-xylene and impaired body balance following a single 4-hour 

exposure at 400 ppm (Savolainen et al. 1984; Seppalainen et al. 1989).   

Acute-duration neurological effects in animals were observed at concentrations of 113 ppm and higher.  

These included transiently decreased operant responses in rats repeatedly exposed to 113 ppm mixed 

xylene (Ghosh et al. 1987), altered responses to electric shock in rats and mice exposed once to 230– 

320 ppm o-xylene (Vodickova et al. 1995), and decreased axonal transport in rats repeatedly exposed to 

800 ppm mixed xylene (Padilla and Lyerly 1989).  Effects related to motor incoordination were observed 

following exposures to mixed xylenes or individual isomers in the range of 1,010–1,982 ppm (Carpenter 

et al. 1975a; De Ceaurriz et al. 1983; Korsak et al. 1988, 1990, 1993).  Sensory-related changes (altered 

visual- or auditory-evoked potentials or hearing losses) occurred at exposures in the range of 1,400– 

1,600 ppm p-xylene (Crofton et al. 1994; Dyer et al. 1988; Pryor et al. 1987; Rebert et al. 1995).  Other 

neurological effects included disturbances in brain catecholamine or dopamine following repeated 

exposure to mixed xylene or individual isomers at 2,000 ppm (Andersson et al. 1981), narcosis in rats at 

≥1,940 ppm (Molnar et al. 1986), and ataxia and seizures in cats exposed to 9,500 ppm mixed xylene 

(Carpenter et al. 1975a). 

The lowest effect levels for other end points affected by acute-duration inhalation exposure in animals 

were higher than the lowest-observed-adverse-effect level (LOAEL) for neurological effects.  Rat 

developmental effects (reduced fetal body weight and delayed ossification) were observed at xylene 

exposures in the range of 350–2,000 ppm (Saillenfait et al. 2003; Ungvary et al. 1980b); maternal body 

weight effects were observed at 700 ppm (Ungvary et al. 1980b).  Acute-duration respiratory effects in 
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animals include decreases in lung surfactant following exposure to mixed xylenes or individual isomers at 

1,000 ppm or higher (Elovaara et al. 1987; Patel et al. 1978; Toftgard and Nilsen 1982) and decreased 

respiratory rates in mice briefly exposed to m- or o-xylene at concentrations of 1,361–2,700 ppm (De 

Ceaurriz et al. 1981; Korsak et al. 1990, 1991, 1993).  Increased mortality has been reported in rodents 

repeatedly exposed to at 700 ppm (Ungvary et al. 1980b) or once to ≥2,010 ppm (Bonnet et al. 1979; 

Cameron et al. 1938; Carpenter et al. 1975a; Harper et al. 1975; Hine and Zuidema 1970). 

Neurological and respiratory effects are selected as co-critical effects of acute-duration inhalation 

exposure since they occurred at the lowest tested exposure level of 50 ppm.  Ernstgard et al. (2002) was 

selected as the principal study for acute-duration inhalation exposure because it provides the lowest 

LOAEL for the co-critical effects.  In this study, 28 men and 28 women were exposed to 0 or 50 ppm 

m-xylene in sessions separated by 2 weeks.  There were difficulties with recruitment for the study; only 

10%/sex out of the original selected group of 1,000/sex agreed to participate and the drop-out rate was 

high (~72%) because of failure to pass the screening medical examination or a change in life 

circumstances.  Strengths of the study include that subjects served as their own controls, exposures were 

controlled (with respect to solvent concentration, duration, temperature, and humidity), results were 

analyzed for statistical significance, and a third exposure condition (150 ppm 2-propanol) resulted in a 

qualitatively different pattern of adverse effects compared to m-xylene exposure.  During exposure (3, 60, 

and 118 minutes from the start of exposure) and post-exposure (140 and 350 minutes from onset), the 

subjects rated the level of perceived discomfort using a visual analogue scale (0–100 mm) in a 

questionnaire with 10 questions.  Pulmonary function measurements were conducted prior to exposure, 

immediately after exposure, and 3 hours post-exposure.  Nasal swelling was assessed by acoustic 

rhinometry before, immediately after, and 3 hours after the end of exposure.  Nasal lavages obtained 

before and 3 hours after the end of exposure were evaluated for markers of inflammation.  Eye blinking 

was measured throughout exposure by electromyography, and color vision was assessed before, 

immediately after, and 3 hours post-exposure.  Compared to air-exposure, exposure to m-xylene at 

50 ppm resulted in small statistically significant increases in the average rating of self-reported symptoms 

for local irritant effects (discomfort in the eyes and nose), other respiratory effects (breathing difficulty in 

both sexes and discomfort in the throat or airways in women), and neurological effects (feeling of 

intoxication in both sexes, and headache, fatigue, and dizziness in men).  All self-reported symptoms 

were characterized as minimal.  Although the subjects were not blinded with respect to the exposure 

conditions, there was only a weak correlation between ratings of smell and ratings of symptoms; the 

authors conclude that it was unlikely that the perceived exposure by itself significantly affected symptom 

ratings. Small statistically significant changes were observed in objective measures of respiratory 
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function in exposed women, but not men, 3 hours after the end of the exposure to m-xylene; forced vital 

capacity was reduced by 2.81% (45-fold more than air exposure) and other parameters dependent on 

forced vital capacity were likewise altered.  The authors indicated that these measured respiratory effects 

in women were of uncertain significance, but could be explained by possible effects of estrogen or the 

narrower airways in women compared to men.  A minimal LOAEL of 50 ppm is identified for 

neurological and respiratory effects in humans exposed to m-xylene.  An uncertainty factor of 30 was 

applied to the LOAEL of 50 ppm (3 for the use of a minimal LOAEL and 10 for human variability).  The 

resulting MRL of 2 ppm is considered to be protective to human health under acute-duration (≤14 days) 

inhalation exposures to mixed xylenes or individual isomers. 

•	 An MRL of 0.6 ppm has been derived for intermediate-duration inhalation exposure (15– 
364 days) to mixed xylenes. 

The database for intermediate-duration inhalation to xylenes includes one controlled-exposure study in 

humans and several animal bioassays.  Effects in humans exposed to 100–150 ppm p-xylene for 1– 

7.5 hours/day, 5 days/week for 4 weeks included increased reporting of subjective symptoms of 

irritation of the nose and throat (NIOSH 1981).  This study found no significant alterations in objective 

measures of neurological function (electroencephalography, tests of motor activity, and cognitive 

performance) and no alterations in pulmonary function in human subjects, but the study was limited in 

that some group sizes were small (n=2).  Animal toxicity bioassays that tested at concentrations below 

100 ppm reported no clinical signs of neurotoxicity or no adverse effects liver enzymes or brain weight 

(Hillefors-Berglund et al. 1995; Jajte et al. 2003; Jenkins et al. 1970).  In a special neurobehavioral 

assay, a LOAEL of 50 ppm was identified for reduced mean latency of the paw-lick response 

(indicative of increased sensitivity to pain) in rats exposed to m-xylene for 3 months (Korsak et al. 

1994). Other neurobehavioral effects (impaired rotarod performance, passive avoidance learning) were 

observed following exposure to 100 ppm m-xylene for 4 weeks to 6 months (Gralewicz and Wiaderna 

2001; Gralewicz et al. 1995; Korsak et al. 1994); some neurological impairment persisted for 5– 

9 weeks after exposure (Gralewicz and Wiaderna 2001).  Other neurological effects included 

distribution of astroglia cells in the brain of Mongolian gerbils exposed to 160 ppm mixed xylene for 

4 months (Rosengren et al. 1986), delayed maxillary ossification and impaired rotarod performance in 

rats gestationally exposed to 200 ppm technical-grade xylene for 6 hours/day (Hass and Jakobsen 

1993), and impaired motor coordination and spatial orientation following gestational exposure at 

500 ppm (Hass et al. 1995, 1997).  Neurological effects at higher concentrations included tremors in 

dogs exposed to 780 ppm o-xylene for 6 hours/day, 5 days/week for 6 weeks (Jenkins et al. 1970), 

alterations in brain neurotransmitters following continuous exposure to 800 ppm mixed xylenes for 
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30 days (Honma et al. 1983), and auditory effects in rats (hearing loss or decreases in auditory 

brainstem responses) following exposure to ≥800 ppm mixed xylenes or 900 ppm p-xylene for 

13 weeks (Gagnaire et al. 2001, 2006; Nylen and Hagman 1994; Pryor et al. 1987). 

Non-neurological effects were observed at higher concentrations.  Cardiovascular effects (increased 

thickness of coronary microvessels) were observed in rats exposed to 230 ppm mixed xylenes 

6 hours/day, 5 days/week for 4 weeks (Morvai et al. 1987).  Hepatic effects (increased liver weight) were 

observed at a LOAEL of 600 ppm in rats discontinuously exposed to mixed xylenes for 4 weeks 

(Toftgard et al. 1981).  In rats exposed gestationally to mixed xylenes or o-xylene, a LOAEL of 500 ppm 

was identified for decreased fetal body weights in the absence of maternal toxicity (Bio/dynamics 1983). 

LOAELs for adult body weight effects were 1,000 ppm or higher (Tatrai et al. 1981).  Increased deaths 

among squirrel monkeys and rats were noted following discontinuous intermediate-duration exposure to 

780 ppm o-xylene (Jenkins et al. 1970), but no systemic effects were noted in rats or dogs exposed to 

810 ppm mixed xylenes (Carpenter et al. 1975a). 

Neurotoxicity is selected as the critical effect of intermediate-duration inhalation exposure to xylenes, 

since it occurs at the lowest effect levels and may persist after exposures cease.  The study by Korsak et 

al. (1994) on m-xylene was selected as the principal study because it provides the lowest LOAEL 

(50 ppm) for the critical effect, neurotoxicity.  In this study, groups of 12–24 male Wistar rats were 

exposed to 0, 50, or 100 ppm m-xylene, 6 hours/day, 5 days/week for 3 months.  Before the study and at 

the end of each month of exposure, rats were evaluated for motor coordination using the rotarod 

performance test.  The level of analgesia was tested at termination in the paw-lick response to hot-plate 

test at 54 °C. An increase in the failure rate on the rotarod performance test was concentration-related 

and statistically significant at 100 ppm, but not at 50 ppm.  Mean latency of the paw-lick response was 

significantly reduced by 28% at 50 ppm compared to controls; this effect is considered minimal.  The rat 

minimal LOAEL of 50 ppm was converted to a human equivalent following the EPA (1994) dosimetric 

equation for an extra-respiratory effect from an inhaled category 3 gas:  LOAELHEC = LOAELADJ × λa/λh, 

where λa and λh are blood:air partition coefficients for rats and humans, respectively.  Reported blood:air 

partition coefficients for m-xylene are 39.9 for male Wistar rats and 26.4 for humans (Sato and Nakajima 

1979).  Since the rat value is higher than the human, the default value of 1 was used for λa/λh (EPA 1994). 

The minimal LOAELHEC is therefore 50 ppm.  An uncertainty factor of 90 was applied to the minimal 

LOAELHEC of 50 ppm (3 for the use of a minimal LOAEL, 3 for extrapolation from animals to humans 

using dosimetric adjustment, and 10 for human variability).  The resulting MRL of 0.6 ppm is considered 
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to be protective to human health under intermediate-duration inhalation exposures to mixed xylenes or 

individual isomers. 

•	 An MRL of 0.05 ppm has been derived for chronic-duration inhalation exposure (>1 year) to 
mixed xylenes. 

The database for chronic-duration inhalation toxicity of xylene contains two studies that provide 

quantitative exposure information.  An occupational study reported a LOAEL of 14 ppm for subjective 

respiratory and neurological effects in workers exposed to mixed xylenes for an average of 7 years 

(Uchida et al. 1993).  This study examined 175 workers (107 men, 68 women) who were exposed to 

mixed xylenes (approximately 50% m-xylene, 30% p-xylene, and 15% o-xylene) during the manufacture 

of boots or rubber-coated wires.  Subjects were selected between 1989 and 1991 from a group of 

994 solvent-exposed workers who were supplied with diffusion samplers for one 8-hour workday; 

exposures were corroborated by measurements of xylene metabolites in urine.  Subjects were evaluated 

for subjective symptoms in a questionnaire and also examined for objective parameters (serum 

biochemistry, hematology, and urinalysis).  The final group of 175 exposed workers included those 

showing at least 70% of their solvent exposure to be from xylene and having completed all tests.  The 

time-weighted average (TWA) (arithmetic mean) for xylenes was 21 ppm for an average of 7 years 

(geometric mean, 14 ppm); one man was exposed to 175 ppm.  Xylenes represented at least 70% of the 

total solvent exposure, other chemicals being 3.4 ppm ethylbenzene (a typical component of commercial 

mixed xylene), 1.2 ppm toluene and rarely, n-hexane.  No subjects were exposed to benzene, and the level 

of toluene exposure was low enough to be insignificant.  The control group included 241 non-exposed 

workers (116 men, 125 women) in the same factories or elsewhere.  Exposed workers showed a 

significant increase in the reporting of subjective symptoms including increased anxiety, forgetfulness, 

inability to concentrate, eye and nasal irritation, and sore throats.  A concentration-relationship was 

reported for eye irritation, sore throat, and floating sensation, the last being indicative of central nervous 

system effect.  There were no alterations in renal or hepatic serum parameters.  This study has a few 

limitations:  the lack of precise information on the duration of exposure and the lack of information as to 

how the workers used xylene on the job.  Reliance on subjective symptoms might be considered a 

limitation of the study, except that these same symptoms were noted in the principal study for acute-

duration inhalation exposure (Ernstgard et al. 2002). 

The only other chronic-duration study was for rats exposed to 1,096 ppm o-xylene 8 hours/day, 

7 days/week for 1 year (Tatrai et al. 1989).  Hepatic changes included increases in liver weight and 

microsomal activity and proliferating endoplasmic reticulum, but no histopathological lesions.  Body 
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weight was reduced by 11% in exposed rats.  Calculation of a chronic-duration inhalation MRL from this 

rat study would not be appropriate since the study did not examine neurological effects, which are the 

most critical end points for inhalation exposure to xylene.   

Respiratory and neurological effects are the co-critical effects of chronic-duration inhalation exposure to 

xylenes since they occurred at the lowest tested concentrations.  The study of Uchida et al. (1993) was 

selected as the principal study for the chronic-duration inhalation MRL since it identified the lowest 

LOAEL of 14 ppm (geometric mean) for the co-critical effects.  The geometric mean was used because it 

provides a better measure of central tendency than the arithmetic mean.  The LOAEL of 14 ppm was 

divided by a total uncertainty factor of 100 (10 for the use of a LOAEL and 10 for human variability) and 

a modifying factor of 3 to account for lack of supporting studies evaluating the chronic neurotoxicity of 

xylene.  The resulting MRL of 0.05 ppm is considered to be protective to human health under chronic-

duration (>1 year) inhalation exposures to mixed xylenes or individual isomers. 

Oral MRLs 

•	 An MRL of 1 mg/kg/day has been derived for acute-duration oral exposure (≤14 days) to mixed 
xylenes.  

Evaluation of the limited database for acute-duration oral exposure to xylenes suggests that neurotoxicity 

represents the most sensitive end point in laboratory animals; no quantitative human data are available.  

Effects observed in acute-duration oral studies in rats included altered visually evoked potentials 

following a single dose of 250 mg/kg p-xylene (Dyer et al. 1988), reduced pulmonary microsomal activity 

following a single dose of 1,000 mg/kg/day p-xylene (Patel et al. 1978), and reduced body weight gain 

following repeated dosing with 1,000 mg/kg/day mixed xylenes or 2,000 mg/kg/day o- or p-xylene 

(Condie et al. 1988; NTP 1986).  Repeated gavage dosing with p-xylene, but not m- or o-xylene, at 

900 mg/kg/day, 5 days/week for 2 weeks, resulted in significant loss of cochlear hair cells associated with 

hearing at midrange frequencies (10–25 kHz) (Gagnaire and Langlais 2005).  Repeated exposure to mixed 

xylenes at 2,000 mg/kg/day, resulted in impaired respiration (shallow and/or labored breathing) in rats 

and mice and increased mortality (NTP 1986).  At 2,060 mg/kg/day, developmental toxicity (cleft palate) 

was observed in mice gestationally exposed to mixed xylenes (Marks et al. 1982).  Serious neurological 

effects (coma, incoordination, prostration, decreased hindleg movement) were observed in rats that 

received single oral gavage doses of ≥4,000 mg/kg mixed xylenes (Muralidhara and Krishnakumari 1980; 

NTP 1986). 
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Neurotoxicity was selected as the critical effect for acute-duration oral exposure to xylene because it was 

observed at the lowest exposure level and demonstrated dose-related increases in severity.  The study by 

Dyer et al. (1988) was selected as the principal study, since it provides the lowest LOAEL for the critical 

effect. In this study, male Long-Evans rats with electrodes implanted for recording of brain visual 

potentials were dosed orally in two different experiments.  In the first experiment, groups of 10–11 rats 

received single doses of p-xylene at doses of 0, 500, 1,000, or 2,000 mg/kg in corn oil and were tested 

75 minutes later for potentials evoked in response to a single flash in 128 trials.  The latencies and 

amplitudes of the P1, N1, P2, N2, P3, and N3 waveforms were determined.  Based on the results of this 

experiment, groups of 14–16 rats were dosed at 0, 125, or 250 mg/kg and tested 45 minutes later to record 

the N3 waveform.  Forty-five minutes after administration of 250 mg/kg, the amplitude of the N3 peak 

was decreased by 47% (statistically significant).  At higher doses (500, 1,000, and 2,000 mg/kg), the 

N3 peak was not observed until 75 minutes after dosing.  Thus, 125 mg/kg is a NOAEL and 

250 mg/kg/day is a LOAEL for suppression of visual evoked brain potentials in rats exposed once to 

p-xylene.  An uncertainty factor of 100 (10 for extrapolation from animals to humans and 10 for human 

variability) was applied to the NOAEL.  The resulting MRL of 1 mg/kg/day is considered to be protective 

to human health under acute-duration oral exposures to mixed xylenes or individual isomers. 

•	 An MRL of 0.4 mg/kg/day has been derived for intermediate-duration oral exposure (≥14 days to 
1 year) to mixed xylenes. 

The intermediate-duration oral toxicity of xylenes has been investigated in several oral gavage bioassays 

in rodents exposed to mixed xylene (Condie et al. 1988; NTP 1986), m-xylene (Elovaara et al. 1989; 

Wolfe 1988a), and p-xylene (Wolfe 1988b). The observed effects include increases in minimal chronic 

nephropathy and 17–37% increases in relative hepatic weight in rats exposed to ≥750 mg/kg/day mixed 

xylene (Condie et al. 1988); 27–46.3% increases in serum transaminase levels in rats exposed to 750– 

1,500 mg/kg/day mixed or m-xylene (Condie et al. 1988; Elovaara et al. 1989; Wolfe 1988a); reduced 

levels of cytochrome P-450 in the lung in rats exposed to 800 mg/kg m-xylene (Elovaara et al. 1989); 15– 

25% decreases in body weight gain in rats exposed to 800–1,000 mg/kg/day mixed, m-, or p-xylene (NTP 

1986; Wolfe 1988a, 1988b); hyperactivity or increased aggressiveness subsequent to dosing with mixed 

xylene in rats at 1,500 mg/kg/day or mice at 1,000 mg/kg/day (Condie et al. 1988; NTP 1986); and 11% 

increased relative spleen weight, 16% increased relative kidney weight, and increased hematological 

effects (mild polycythemia and leukocytosis) in female rats dosed with 1,500 mg/kg/day mixed xylene 

(Condie et al. 1988). No hepatic effects were noted in F344 rats given mixed xylene at doses as high as 

1,000 mg/kg/day or B6C3F1 mice dosed at ≤2,000 mg/kg/day 5 days/week for 13 weeks (NTP 1986) or in 

Sprague-Dawley rats dosed with p-xylene at 800 mg/kg/day for 90 days (Wolfe 1988b).  No renal effects 
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were observed in rats or mice exposed to mixed xylene in studies by NTP (1986) or in rats exposed to 

m- or p-xylene (Wolfe 1988a, 1988b).  The lack of hepatic or renal effects in some studies may be related 

to strain differences, exposure differences (discontinuous vs. continuous), or isomer specificities.   

A limitation of standard intermediate-duration oral bioassays for xylene is that no testing was conducted 

for sensitive neurological effects.  The only overt neurological effect of long-term exposure to xylene was 

hyperactivity noted in all male and female B6C3F1 mice (50/sex/group) immediately after oral gavage 

dosing 5 days/week with 1,000 mg/kg (710 mg/kg/day duration adjusted) mixed xylene (9.1% o-, 60.2% 

m-, and 13.6% p-xylene plus 17% ethylbenzene) in corn oil beginning at week 4 of the 103-week NTP 

(1986) bioassay; hyperactivity was not observed at 500 mg/kg (360 mg/kg/day, duration-adjusted).  

Survival was not significantly affected by treatment with xylene during the first year.  Neurotoxicity 

(hyperactivity) observed during the first year of that study (weeks 4–51) is selected as the critical effect of 

intermediate-duration exposure because it was observed at the lowest LOAEL (710 mg/kg/day, adjusted 

for intermittent exposure).  Selection of neurotoxicity as the critical effect is consistent with other MRLs 

for xylene.  The NTP (1986) study is selected as the principal study for intermediate-duration exposure to 

xylene because it provides the lowest adverse effect level, a LOAEL of 710 mg/kg/day, and a NOAEL of 

500 mg/kg (360 mg/kg/day, duration-adjusted) for the critical effect.  A total uncertainty factor of 

100 (10 for extrapolation from animals to humans, and 10 for human variability) and a modifying factor 

of 10 (for the lack of testing for sensitive neurological end points and lack of developmental and multi­

generational data) were applied to the duration-adjusted NOAEL.  The resulting MRL of 0.4 mg/kg/day is 

considered to be protective to human health under intermediate-duration oral exposures to mixed xylenes 

or individual isomers. 

•	 An MRL of 0.2 mg/kg/day has been derived for chronic-duration oral exposure (≥1 year) to 
mixed xylenes. 

The available animal studies involving chronic-duration oral exposure to xylenes do not clearly identify 

toxic effects other than 5–8% decreases in body weight gain (not biologically significant) and 

unexplained reduced survival in male F344 rats at 500 mg/kg (NTP 1986) and transient hyperactivity 

associated with gavage administration in male and female B6C3F1 mice at 1,000 mg/kg/day (NTP 1986). 

These studies are standard cancer/toxicology bioassays involving administration of mixed xylenes (13.6% 

p-xylene, 60.2% m-xylene, 9.1% o-xylene, and 17% ethylbenzene) by gavage in corn oil to groups of 

50 animals/sex, 5 days/week for 103 weeks (NTP 1986).  Animals were examined twice daily and clinical 

signs were recorded daily for the first 16 months, then once a month thereafter.  Body weights were 

recorded weekly for the first 12 weeks and then once every 4 weeks thereafter.  At termination, all 
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animals were subjected to gross necropsy and histological examinations.  Comprehensive histological 

examination of major tissues and organs revealed no exposure-related increased incidences of 

pathological lesions in rats or mice.   

In the absence of data associating health effects in humans with chronic-duration oral exposure to 

xylenes, the animal bioassays provide a minimal basis for deriving an MRL for humans chronically 

exposed to xylenes.  A NOAEL of 500 mg/kg was identified for hyperactivity in mice, but this was not 

selected as the basis for the chronic-duration MRL because that dose decreased survival in male rats.  

Therefore, the rat NOAEL of 250 mg/kg was selected as the basis of the MRL.  The NOAEL was first 

adjusted for discontinuous exposure (5 days/7 days), resulting in a duration-adjusted NOAEL of 

179 mg/kg/day.  An uncertainty factor of 100 (10 for extrapolation between animals and humans and 

10 for human variability) and a modifying factor of 10 were applied to the duration-adjusted NOAEL to 

account for the lack of testing for sensitive neurological end points (the most sensitive effects in 

inhalation studies and acute oral studies) and lack of developmental and multi-generational data.  The 

resulting chronic-duration oral MRL of 0.2 mg/kg/day is considered to be protective to human health 

under chronic-duration (>1 year) oral exposures to mixed xylenes or individual isomers. 
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3.1 INTRODUCTION 

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and 

other interested individuals and groups with an overall perspective on the toxicology of xylene.  It 

contains descriptions and evaluations of toxicological studies and epidemiological investigations and 

provides conclusions, where possible, on the relevance of toxicity and toxicokinetic data to public health. 

A glossary and list of acronyms, abbreviations, and symbols can be found at the end of this profile. 

Commercial xylene is a mixture of three isomers of xylene (m-, o-, and p-xylene) with <20% ethyl-

benzene. In the following discussion of the health effects of xylene, the effects of both the mixture and 

the individual isomers are presented.  Where possible, the effects of individual isomers will be identified 

and presented separately. 

3.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE  

To help public health professionals and others address the needs of persons living or working near 

hazardous waste sites, the information in this section is organized first by route of exposure (inhalation, 

oral, and dermal) and then by health effect (death, systemic, immunological, neurological, reproductive, 

developmental, genotoxic, and carcinogenic effects).  These data are discussed in terms of three exposure 

periods: acute (14 days or less), intermediate (15–364 days), and chronic (365 days or more). 

Levels of significant exposure for each route and duration are presented in tables and illustrated in 

figures. The points in the figures showing no-observed-adverse-effect levels (NOAELs) or lowest-

observed-adverse-effect levels (LOAELs) reflect the actual doses (levels of exposure) used in the studies. 

LOAELs have been classified into "less serious" or "serious" effects.  "Serious" effects are those that 

evoke failure in a biological system and can lead to morbidity or mortality (e.g., acute respiratory distress 

or death). "Less serious" effects are those that are not expected to cause significant dysfunction or death, 

or those whose significance to the organism is not entirely clear.  ATSDR acknowledges that a 

considerable amount of judgment may be required in establishing whether an end point should be 

classified as a NOAEL, "less serious" LOAEL, or "serious" LOAEL, and that in some cases, there will be 

insufficient data to decide whether the effect is indicative of significant dysfunction.  However, the 

Agency has established guidelines and policies that are used to classify these end points.  ATSDR 
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believes that there is sufficient merit in this approach to warrant an attempt at distinguishing between 

"less serious" and "serious" effects.  The distinction between "less serious" effects and "serious" effects is 

considered to be important because it helps the users of the profiles to identify levels of exposure at which 

major health effects start to appear.  LOAELs or NOAELs should also help in determining whether or not 

the effects vary with dose and/or duration, and place into perspective the possible significance of these 

effects to human health. 

The significance of the exposure levels shown in the Levels of Significant Exposure (LSE) tables and 

figures may differ depending on the user's perspective.  Public health officials and others concerned with 

appropriate actions to take at hazardous waste sites may want information on levels of exposure 

associated with more subtle effects in humans or animals (LOAELs) or exposure levels below which no 

adverse effects (NOAELs) have been observed.  Estimates of levels posing minimal risk to humans 

(Minimal Risk Levels or MRLs) may be of interest to health professionals and citizens alike. 

A change from the last edition of this profile is that a single MRL is derived for each duration (acute, 

intermediate, or chronic) of inhalation or oral exposure that applies equally to mixed xylenes and to the 

individual isomers, rather than having specific MRLs for each chemical entity.  This convention is in 

accordance with occupational exposure levels promulgated by agencies such as ACGIH, NIOSH, and 

OSHA (see Table 8-1) and is supported by several lines of evidence.  The isomers have similar chemical 

properties such as log Kow (see Table 4-2), resulting in similar absorption, distribution, and excretion 

patterns (see Section 3.4 and Table 3-6).  The tissue:air partition coefficients (liver, fat, and muscle) and 

the blood:air partition coefficients, as well as the estimated hemoglobin binding constants, for the three 

isomers of xylene are almost identical or comparable (Adams et al. 2005; Poulin and Krishnan 1996a, 

1996b). The xylene isomers are metabolized by the same enzymes, resulting in an isomer of 

methylhippuric acid as the predominant metabolite in each case (see Section 3.4.3).  In addition, 

physiologically based pharmacokinetic (PBPK) models based on the characteristics of m-xylene have 

been shown to be able to simulate the kinetics of mixed xylenes (Tardif et al. 1993a, 1995).  

Toxicological data from comparative studies, as discussed by EPA (2003), demonstrate that, in some 

cases, the effects and effect levels of the isomers are similar; e.g., body weight findings in the acute oral 

study by Condie et al. (1988) or the alveolar concentration levels associated with anaesthetic effects as 

described by Fang et al. (1996).  Other studies have indicated different orders of relative toxicity for the 

isomers, but there is no consistent pattern indicating that a particular isomer is the most potent for all end 

points, and the differences in effect levels among the isomers may be small.  For example, the ortho 

isomer was most potent in assays on operant behavior (Moser et al. 1985) and motor coordination in rats 
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(Korsak et al. 1990), and in a developmental toxicity assay in rats in which mixed xylenes had the same 

effect levels (Saillenfait et al. 2003).  On the other hand, the para isomer was most potent in a different 

test for motor performance, the inverted screen test (Moser et al. 1985), and in ototoxicity assays in rats 

(Gagnaire and Langlais 2005; Gagnaire et al. 2001). Given the lack of consistency among the different 

end points, the most sensitive effect by mixed xylenes or any isomer was chosen as the basis for the MRL 

for mixed xylenes and all isomers for that duration and route of exposure. 

A User's Guide has been provided at the end of this profile (see Appendix B).  This guide should aid in 

the interpretation of the tables and figures for Levels of Significant Exposure and the MRLs. 

3.2.1 Inhalation Exposure 

3.2.1.1 Death 

One report was located regarding death in humans following acute inhalation exposure to xylene 

(composition unspecified) (Morley et al. 1970).  One of three men died after breathing paint fumes for 

several hours that contained an estimated atmospheric concentration of 10,000 ppm xylene.  Xylene 

comprised 90% of the solvent in the paint (small amounts of toluene were also present), with the total 

solvent comprising 34% of the paint by weight.  An autopsy of the man who died showed severe 

pulmonary congestion, interalveolar hemorrhage, and pulmonary edema; the brain showed hemorrhaging 

and evidence of anoxic damage.  Clinical signs noted in the two exposed men who survived included 

solvent odor of the breath, cyanosis of the extremities, and neurological impairment (temporary 

confusion, amnesia).  Both men recovered completely.  The authors hypothesized that anoxia did not 

contribute to the effects observed in the survivors because the flow of oxygen into the area in which the 

men were working should have been adequate.  The study was inconclusive for evaluating the toxic 

effects of xylene because the subjects were concurrently exposed to other chemicals in the paint.  No 

studies were located regarding mortality in humans after intermediate or chronic inhalation exposure to 

mixed xylene or xylene isomers. 

Acute inhalation LC50 values have been determined in animals for xylene and its isomers (Bonnet et al. 

1979; Carpenter et al. 1975a; Harper et al. 1975; Hine and Zuidema 1970; Ungvary et al. 1980b).  The 

4-hour LC50 value for mixed xylene in rats ranged from 6,350 ppm (Hine and Zuidema 1970) to 

6,700 ppm (Carpenter et al. 1975a).  The 4-hour LC50 value for p-xylene in rats was reported to be 

4,740 ppm (Harper et al. 1975).  In mice, the 6-hour LC50 values for m-, o-, and p-xylene were determined 

to be 5,267, 4,595, and 3,907 ppm, respectively (Bonnet et al. 1979).  These data suggest that p-xylene 
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may be slightly more toxic than the other xylene isomers.  According to the toxicity classification system 

of Hodge and Sterner (1949), these values indicate that mixed xylene and its isomers are slightly toxic by 

acute inhalation. 

Mice appear to be more sensitive than rats to the lethal effects of the m- and o-isomers of xylene 

(Cameron et al. 1938).  While no rats died following a 24-hour exposure to 2,010 ppm m-xylene, 6 of 

10 mice died as a result of a similar exposure.  Similarly, a 24-hour exposure of rats to 3,062 ppm 

o-xylene resulted in a death rate of only 1 in 10, whereas in mice, 4 of 10 died.  It is unclear whether 

differential sensitivities exist for the p-isomer of xylene in mice and rats (Cameron et al. 1938). 

Information regarding lethality following intermediate-duration exposures is limited to the results of a 

single study examining mortality in rats, guinea pigs, monkeys, and dogs following intermittent and 

continuous exposure to o-xylene (Jenkins et al. 1970).  Continuous exposure to 78 ppm o-xylene for 90– 

127 days resulted in the death of only 1 of 15 rats.  Intermittent exposure to 780 ppm o-xylene resulted in 

deaths of 3 of 15 rats; none of the 15 guinea pigs, 3 monkeys, or 2 dogs died.  No data were located 

regarding death following chronic-duration exposure to mixed xylene or its isomers. 

All LC50 values and LOAEL values from each reliable study for death in each species and duration 

category are recorded in Table 3-1 and plotted in Figure 3-1. 

3.2.1.2 Systemic Effects  

No human or animal data were available regarding dermal effects following inhalation exposure to mixed 

xylene or xylene isomers.  The systemic effects observed after inhalation exposure to xylene are discussed 

below. The highest NOAEL value and all LOAEL values from each reliable study for systemic effects in 

each species and duration category are recorded in Table 3-1, and are plotted in Figure 3-1. 

Respiratory Effects.    Self-reported symptoms of respiratory irritation and impaired performance in 

tests of pulmonary function have been observed in studies of volunteers exposed to xylene for short 

periods of time under controlled conditions.  In humans, nose and throat irritation has been reported 

following exposure to mixed xylene at 200 ppm for 3–5 minutes (Nelson et al. 1943), to m-xylene at 

50 ppm for 2 hours (Ernstgard et al. 2002), and to p-xylene at 100 ppm for 1–7.5 hours/day for 5 days 

(NIOSH 1981). However, no increase in reports of nose and throat irritation and no change in respiratory 

rate were seen in a study of subjects exposed to mixed xylene at a concentration of 396 ppm for  
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Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

ACUTE EXPOSURE
Death
1

12

Cameron et al. 1938
ortho

3062 (1/10 died)
3062

Rat
Wistar

24 hr

2

891

Cameron et al. 1938
para

19650 (8/10 died)
19650

Rat
(Wistar)

12 hr

3

143

Carpenter et al. 1975a
mixed

M6700 (LC50)
6700

Rat
Harlan-
Wistar

4 hr

4

39

Harper et al. 1975
para

F4740 (LC50)
4740

Rat
CD

4 hr

5

43

Hine and Zuidema 1970
mixed

M6350 (LC50)
6350

Rat
Long- Evans

4 hr

6

759

Ungvary et al. 1980b
meta

F700 (4/30 died)
700

Rat
CFY

7 d
24 hr/d

7

36

Bonnet et al. 1979
para

F3907 (LC50)
3907

Mouse
SPF-Of1

6 hr

8

37

Bonnet et al. 1979
meta

F5267 (LC50)
5267

Mouse
SPF-Of1

6 hr

9

38

Bonnet et al. 1979
ortho

F4595 (LC50)
4595

Mouse
SPF-Of1

6 hr

10

11

Cameron et al. 1938
ortho

3062 (4/10 died)
3062

Mouse
NS

24 hr

X
Y

L
E

N
E

3
.  H

E
A

L
T

H
 E

F
F

E
C

T
S

3
1
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(continued)Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

11

19

Cameron et al. 1938
para

19650 (9/10 died)
19650

Mouse
NS

12 hr

12

8

Cameron et al. 1938
meta

2010 (6/10 died)
2010

Mouse
NS

24 hr

Systemic
13

77

Carpenter et al. 1975a
mixed

Resp 460
460

690 (throat irritation)
690

Human 0.25 hr

Ocular 230
230

460 (eye irritation)
460

14

883

Ernstgard et al. 2002
meta

Resp 50 (decreased forced vital
capacity; increased
severity score
for throat/airway
discomfort, breathing
difficulty, nose irritation)

50

Human 2 hr

Ocular 50 (slight eye irritation)
50

15

98

Gamberale et al. 1978
mixed

Cardio M299
299

Human 2 or 3 d
70 min/d

16

601

Hastings et al. 1986
mixed

Resp M396
396

Human 30 min

Ocular M396
396

X
Y

L
E

N
E

3
.  H

E
A

L
T

H
 E

F
F

E
C

T
S

3
2
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(continued)Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

17

462

Laine et al. 1993
meta

Resp M200
200

Human 2-6 d
5-5.5 hr/d

Cardio M200
200

Hemato M200
200

18

207

Nelson et al. 1943
mixed

Resp 200 (nose and throat
irritation)

200

Human 3-5 min

Ocular 200 (eye irritation)
200

19

96

NIOSH 1981
para

Resp F100 (nose and throat
irritation)

100

Human 5 d
1-7.5 hr/d

Cardio F100
100

Hemato F100
100

Renal F100
100

Ocular F100 (eye irritation)
100

20

788

Ogata et al. 1970
para

Cardio M100
100

Human 7 hr

21

789

Ogata et al. 1970
meta

Cardio M200
200

Human 7 hr
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(continued)Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

22

754

Seppalainen et al. 1989
meta

Resp M200
200

Human 4 d
3.67 hr/d

Cardio M200
200

23

94

Carpenter et al. 1975a
mixed

Hemato M15000
15000

Rat
Harlan-
Wistar

0.75 hr

24

732

Elovaara 1982
meta

Hepatic M750
750

Rat
Wistar

1 or 2 wk
5 d/wk
6 hr/d

25

583

Elovaara et al. 1987
meta

Resp M75 (decrease in P-450 and
7-ethoxycoumarin
O-deethylase activity)

75

Rat
NS

24 hr

26

772

Patel et al. 1978
para

Resp F1000 (decreased pulmonary
microsomal activity)

1000

Rat
Sprague-
Dawley

4 d
4 hr/d

27

773

Patel et al. 1978
para

Resp F1000 (decreased pulmonary
microsomal activity)

1000

Rat
Sprague-
Dawley

4 hr

28

729

Silverman and Schatz 1991
para

Resp M300 (transiently decreased
surfactant levels)

300

Rat
NS

1, 3, or 5 d
6 hr/d

X
Y

L
E

N
E

3
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Figure

(continued)Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

29

726

Simmons et al. 1991
para

Hepatic M1600
1600

Rat
Fischer- 344

1 or 3 d
6 hr/d

30

745

Toftgard and Nilsen 1982
para

Resp M2000 (decreased cytochrome
P-450)

2000

Rat
Sprague-
Dawley

3 d
6 hr/d

Renal M2000 (decreased relative
kidney weight)

2000

31

746

Toftgard and Nilsen 1982
meta

Resp M2000 (decreased cytochrome
P-450)

2000

Rat
Sprague-
Dawley

3 d
6 hr/d

32

747

Toftgard and Nilsen 1982
ortho

Resp M2000 (decreased cytochrome
P-450)

2000

Rat
Sprague-
Dawley

3 d
6 hr/d

Renal M2000 (decreased relative
kidney weight)

2000

33

748

Toftgard and Nilsen 1982
mixed

Resp M2000 (decreased cytochrome
P-450)

2000

Rat
Sprague-
Dawley

3 d
6 hr/d

34

760

Ungvary et al. 1980b
meta

Hepatic F700
700

Rat
CFY

7 d
24 hr/d
Gd 7-14

Bd Wt F350
350

F700 (16% decrease in body
weight gain)

700
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Figure

(continued)Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

35

761

Ungvary et al. 1980b
ortho

Hepatic F700
700

Rat
CFY

7 d
24 hr/d
Gd 7-14

Bd Wt F700
700

36

762

Ungvary et al. 1980b
para

Hepatic F700
700

Rat
CFY

7 d
24 hr/d
Gd 7-14

Bd Wt F700
700

37

728

Wronska-Nofer et al. 1991
mixed

Hemato 2764
2764

Rat
Wistar

9 d
5 hr/d

38

140

Carpenter et al. 1975a
mixed

Resp M460
460

M1300 (50% decrease in
respiratory rate)

1300

Mouse
Swiss-
Webster

1 min

39

102

De Ceaurriz et al. 1981
ortho

Resp M1467 (50% decrease in
respiratory rate)

1467

Mouse
Swiss Of1

5 min

40

723

Korsak et al. 1988
mixed

Resp M2440 (50% decrease in
respiratory rate)

2440

Mouse 6 min

41

849

Korsak et al. 1990
ortho

Resp M2513 (32% decrease in
respiratory rate)

2513

Mouse
Balb/C

6 min
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Figure

(continued)Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

42

850

Korsak et al. 1990
para

Resp M2626 (transient 46% decrease
in respiratory rate)

2626

Mouse
Balb/C

6 min

43

851

Korsak et al. 1990
meta

Resp M2700 (transient 57% decrease
in respiratory rate)

2700

Mouse
Balb/C

6 min

44

465

Korsak et al. 1993
meta

Resp M1361 (50% decrease in
respiratory rate)

1361

Mouse
Balb/c

once
6 min

45

476

Selgrade et al. 1993
para

Hepatic F1208
1208

Mouse
C3H/H3J

4 d
6 hr/d

Bd Wt F1208
1208

46

774

Patel et al. 1978
para

Resp M1000 (decreased pulmonary
microsomal activity)

1000

Rabbit
New Zealand

2 d
4 hr/d

Neurological
47

756

Carpenter et al. 1975a
mixed

460
460

690 (dizziness)
690

Human 0.25 hr

48
725

Dudek et al. 1990
mixed

M100 (increased reaction time)
100

Human 4 hr
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Figure

(continued)Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

49

884

Ernstgard et al. 2002
meta

b
50 (increased severity

scores for headache,
dizziness in males;
intoxication in males and
females)

50

Human 2 hr
once

50

97

Gamberale et al. 1978
mixed

M299
299

Human 2 d
70 min/d

51

99

Gamberale et al. 1978
mixed

M299 (impairment in reaction
time and short-term
memory after exercising;
not without exercising)

299

Human 1 d
70 min/d

52

602

Hastings et al. 1986
mixed

M396
396

Human 30 min

53

463

Laine et al. 1993
meta

M200
200

Human 2-6 d
5-5.5 hr/d

54

95

NIOSH 1981
para

F100 (dizziness)
100

Human 5 d
1-7.5 hr/d

55

790

Ogata et al. 1970
meta

M200
200

Human 7 hr

56

110

Olson et al. 1985
para

M69
69

Human 4 hr
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a
Key to
Figure

(continued)Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

57

183

Savolainen 1980
meta

M281
281

Human 2 x/dose
1 x/wk
4 hr/x

58

752

Savolainen et al. 1984
meta

M400 (impaired body balance
and reaction times)

400

Human 4 hr

59

753

Seppalainen et al. 1989
meta

M200 (altered visual evoked
potentials)

200

Human 4 d
3.67 hr/d

60

117

Andersson et al. 1981
para

M2000 (increased brain levels of
catecholamine)

2000

Rat
Sprague-
Dawley

3 d
6 hr/d

61

118

Andersson et al. 1981
mixed

M2000 (increased dopamine and
catecholamine in brain)

2000

Rat
Sprague-
Dawley

3 d
6 hr/d

62

119

Andersson et al. 1981
meta

M2000 (increased brain levels of
catecholamine)

2000

Rat
Sprague-
Dawley

3 d
6 hr/d

63

120

Andersson et al. 1981
ortho

M2000 (increased brain levels of
catecholamine)

2000

Rat
Sprague-
Dawley

3 d
6 hr/d
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Figure

(continued)Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

64

757

Carpenter et al. 1975a
mixed

M580
580

M1300 (incoordination)
1300

Rat
NS

4 hr

65

873

Crofton et al. 1994
mixed

M1800 (18-30 dB increased in
mid-range
auditory thresholds)

1800

Rat
(Long- Evans)

5 d
8 hr/d

66

768

Dyer et al. 1988
para

M800
800

M1600 (altered visual evoked
potentials)

1600

Rat
Long- Evans

4 hr

67

78

Ghosh et al. 1987
mixed

M113 (transiently decreased
operant responding)

113

Rat
F344

1 d
3 x/d
2 hr/x

68

79

Ghosh et al. 1987
mixed

M99
99

Rat
F344

5 hr

69

80

Ghosh et al. 1987
mixed

M114 (transiently decreased
operant responding)

114

Rat
F344

3 d
6 hr/d

70

722

Korsak et al. 1988
mixed

M2010
2010

M2870 (impaired rotarod
performance)

2870

Rat
NS

4 hr
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Figure

(continued)Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

71

846

Korsak et al. 1990
ortho

M3000 (impaired rotarod
performance)

3000

Rat 6 hr

72

847

Korsak et al. 1990
para

M3000 (impaired rotarod
performance)

3000

Rat
NS

6 hr

73

848

Korsak et al. 1990
meta

M3000 (impaired rotarod
performance)

3000

Rat 6 hr

74

466

Korsak et al. 1993
meta

M1982 (EC50 for decreased
rotarod performance)

1982

Rat
Wistar
Imp:DAK

once
4 hr

75

103

Molnar et al. 1986
para

M1940 (narcosis)
1940

Rat
NS

4 hr

76
104

Molnar et al. 1986
ortho

M2180 (narcosis)
2180

Rat 4 hr

77
105

Molnar et al. 1986
meta

M2100 (narcosis)
2100

Rat 4 hr

78

501

Padilla and Lyerly 1989
mixed

M800 (decreased axonal
transport)

800

Rat
NS

1.5 wk
5 d/wk
6 hr/d
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Figure

(continued)Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

79

806

Padilla and Lyerly 1989
para

M400
400

M800 (decreased axonal
transport)

800

Rat
NS

1, 3, 8, 13 d
5 d/wk
6 hr/d

80

100

Pryor et al. 1987
mixed

M1700
1700

Rat
NS

4 hr

81

185

Pryor et al. 1987
mixed

M1450 (hearing loss)
1450

Rat
NS

8 hr

82

874

Rebert et al. 1995
mixed

M1700
1700

M2000 (50% decreased
integrated amplitude of
brainstem
auditory evoked
potentials at 16 kHz)

2000

Rat
(Long- Evans)

5 d
8 hr/d

83

888

Vodickova et al. 1995
ortho

M230 (18% inhibition of
electrically evoked
seizure discharge)

230

Rat
(albino)

4 hr
once

84

113

Wimolwattanapun et al. 1987
mixed

M102
102

M192 (decreased
self-stimulation behavior)

192

Rat
F344

2 hr

85

875

Bowen et al. 1998
meta

M250
250

M500 (decreased response
rate for
schedule-controlled
operant behavior)

500

Mouse
(Swiss-
Webster)

5 min
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a
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Figure

(continued)Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

86

116

De Ceaurriz et al. 1983
ortho

M1010 (altered behavior in
swimming test)

1010

Mouse
Swiss Of1

4 hr

87

889

Vodickova et al. 1995
ortho

F320 (11% decreased duration
of response
 to electric shock)

320

Mouse
(albino)

4 hr
once

88

755

Carpenter et al. 1975a
mixed

M9500 (salivation, ataxia,
seizures, anesthesia)

9500

Cat
NS

2 hr

Reproductive
89

6

Balogh et al. 1982
mixed

775 (8% decreased fertility;
increased resorptions)

775

Rat
(CFY)

8 d
24 hr/d
Gd 7-15

Developmental
90

513

Balogh et al. 1982
mixed

775 (postimplantation loss)
775

Rat
(CFY)

8 d
24 hr/d
Gd 7-14

91

876

Hass et al. 1995
mixed

F500 (delayed air righting
reflex, impaired motor
coordination
on Rotarod; impaired
memory in Morris water
maze)

500

Rat
(Wistar)

Gd 7-20
6 hr/d
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(continued)Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

92

877

Hass et al. 1997
mixed

F500 (increased latency in
Morris water maze
persisting to 28 weeks)

500

Rat
(Wistar)

Gd 7-20
6 hr/d

93

57

Rosen et al. 1986
para

F1612
1612

Rat
Sprague-
Dawley

10 d
6 hr/d
Gd 7-16

94

878

Saillenfait et al. 2003
meta

500
500

1000 (6% decrease in fetal
body weight)

1000

Rat
(Sprague-
Dawley)

Gd 6-20
6 hr/d

95

879

Saillenfait et al. 2003
ortho

100
100

500 (5% decrease in fetal
body weight)

500

Rat
(Sprague-
Dawley)

Gd 6-20
6 hr/d

96

880

Saillenfait et al. 2003
para

500
500

1000 (5-6% decrease in fetal
body weight)

1000

Rat
(Sprague-
Dawley)

Gd 6-20
6 hr/d

97

881

Saillenfait et al. 2003
mixed

100
100

500 (4% decrease in fetal
body weight)

500

Rat
(Sprague-
Dawley)

Gd 6-20
6 hr/d

98

899

Ungvary and Tatrai 1985
mixed

F438
438

F784 (increased fetal death
and resorption)

784

Rat
CFY

9 d
24 hr/d
Gd 7-15
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Figure

(continued)Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

99

62

Ungvary et al. 1980b
ortho

35
35

350 (9% decrease in fetal
weight)

350

Rat
CFY

8 d
Gd 7-14
24 hr/d

100

63

Ungvary et al. 1980b
meta

F350
350

F700 (fetal and maternal
weight decreased,
decreased implantation)

700

Rat 8 d
24 hr/d
Gd 7-14

101

64

Ungvary et al. 1980b
para

F350
350

F700 (postimplantation loss)
700

Rat
CFY

8 d
24 hr/d
Gd 7-14

102

66

Ungvary et al. 1981
para

691 (27% decrease in fetal
weight)

691

Rat
CFY

24-48 hr
Gd 9 and 10

INTERMEDIATE EXPOSURE
Death
103

735

Jenkins et al. 1970
ortho

M780 (1/2 died)
780

Monkey
Squirrel

6 wk
5 d/wk
8 hr/d

104

158

Jenkins et al. 1970
ortho

780 (3/12 died)
780

Rat
Sprague-
Dawley Long-
Evans

6 wk
5 d/wk
8 hr/d
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(continued)Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

Systemic
105

187

NIOSH 1981
para

Resp 20
20

M100 (nose and throat
irritation)

100

Human 4 wk
5 d/wk
1-7.5 hr/d
(I)

Cardio M150
150

Hemato M150
150

Renal M150
150

Ocular M20
20

M100 (eye irritation)
100

106

141

Carpenter et al. 1975a
mixed

Resp M810
810

Rat
NS

10 wk
5 d/wk
6 hr/d

Cardio M810
810

Gastro M810
810

Hemato M810
810

Musc/skel M810
810

Hepatic M810
810

Renal M810
810

Endocr M810
810

Bd Wt M810
810

107

24

Elovaara et al. 1980
mixed

Hepatic M300
300

Rat
NS

5, 9, 14, or
18 wk
5 d/wk
6 hr/d

X
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a
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Figure

(continued)Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

108

864

Gagnaire et al. 2001
meta

Bd Wt M1800
1800

Rat
(Sprague-
Dawley)

13 wk
6 d/wk
6 hr/d

109

866

Gagnaire et al. 2001
ortho

Bd Wt M1800
1800

Rat
(Sprague-
Dawley)

13 wk
6 d/wk
6 hr/d

110

868

Gagnaire et al. 2001
para

Bd Wt M1800
1800

Rat
(Sprague-
Dawley)

13 wk
6 d/wk
6 hr/d

111

861

Gralewicz et al. 1995
meta

Bd Wt M1000
1000

Rat
(Wistar)

3 mo
5 d/wk
6 hr/d

112

863

Jajte et al. 2003
meta

Hepatic M92
92

Rat
(Wistar)

5 mo
5 d/wk
5 hr/d

Bd Wt M92
92

113

157

Jenkins et al. 1970
ortho

Resp 78
78

Rat
Sprague-
Dawley Long-
Evans

90-127 d
24 hr/d

Cardio 78
78

Hemato 78
78

Hepatic 78
78

Renal 78
78

X
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(continued)Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

114

159

Jenkins et al. 1970
ortho

Resp 780
780

Rat
Sprague-
Dawley Long-
Evans

6 wk
5 d/wk
8 hr/d

Cardio 780
780

Hemato 780
780

Hepatic 780
780

Renal 780
780

115

467

Korsak et al. 1992
meta

Hemato M1000
1000

Rat
Wistar

3 mo
5 d/wk
6 hr/d

Bd Wt M1000
1000

116

856

Korsak et al. 1994
meta

Hemato M50
50

M100 (19% decreased
erythrocytes;
35% increased
leukocytes)

100

Rat
(Wistar)

3 mo
5 d/wk
6 hr/d

Bd Wt M100
100

117

153

Morvai et al. 1987
mixed

Cardio M230 (increased wall thickness
in coronary
micro-vessels)

230

Rat
CFY

4 wk
5 d/wk
6 hr/d

118

460

Rydzynski et al. 1992
meta

Hepatic M100
100

Rat
Wistar

6 mo
5 d/wk
6 hr/d
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Figure

(continued)Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

119

461

Rydzynski et al. 1992
meta

Hepatic M1000
1000

Rat
Wistar

3 mo
5 d/wk
6 hr/d

120

743

Tatrai et al. 1981
ortho

Hepatic M1096
1096

Rat
CFY

6 mo
7 d/wk
8 hr/d

Bd Wt M1096 (12% decrease in body
weight)

1096

121

92

Toftgard et al. 1981
mixed

Hepatic M600 (11% increase in relative
liver weight)

600

Rat
Sprague-
Dawley

4 wk
5 d/wk
6 hr/d

122

1

Carpenter et al. 1975a
mixed

Resp M810
810

Dog 13 wk
5 d/wk
6 hr/d

Cardio M810
810

Gastro M810
810

Hemato M810
810

Musc/skel M810
810

Hepatic M810
810

Renal M810
810

Endocr M810
810

Neurological
123

172

NIOSH 1981
para

M150
150

Human 4 wk
5 d/wk
1-7.5 hr/d

X
Y

L
E

N
E

3
.  H

E
A

L
T

H
 E

F
F

E
C

T
S

4
9



a
Key to
Figure

(continued)Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

124

168

Jenkins et al. 1970
ortho

M78
78

Monkey
Squirrel

90-127 d
24 hr/d

125

170

Jenkins et al. 1970
ortho

M780
780

Monkey
Squirrel

6 wk
5 d/wk
8 hr/d

126

865

Gagnaire et al. 2001
meta

M1800
1800

Rat
(Sprague-
Dawley)

13 wk
6 d/wk
6 hr/d

127

867

Gagnaire et al. 2001
ortho

M1800
1800

Rat
(Sprague-
Dawley)

13 wk
6 d/wk
6 hr/d

128

869

Gagnaire et al. 2001
para

M450
450

M900 (loss of cochlear hair
cells without functional
hearing loss)

900

M1800 (extensive cochlear hair
cell loss; altered auditory
evoked potentials;
persistent 35-42 dB
hearing loss)

1800

Rat
(Sprague-
Dawley)

13 wk
6 d/wk
6 hr/d

129

906

20% o-xylene, 20%
p-xylene, 40%
m-xylene, 20%
ethylbenzene.

Gagnaire et al. 2006
mixed

M500
500

M1000 (13-19 dB hearing losses
in 2-16 kHz frequencies;
in all rats, significant loss
of outer hair cells of
cochlea)

1000

Rat
(Sprague-
Dawley)

13 wk
6 d/wk
6 hr/d

X
Y

L
E

N
E

3
.  H

E
A

L
T

H
 E

F
F

E
C

T
S
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(continued)Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

130

907

30% o-xylene, 10%
p-xylene, 50%
m-xylene, 10%
ethylbenzene.

Gagnaire et al. 2006
mixed

M500
500

M1000 (in all rats, significant
loss of hair cells in outer
rows of organ of Corti)

1000

Rat
(Sprague-
Dawley)

13 wk
6 d/wk
6 hr/d

131

858

Gralewicz and Wiaderna 2001
meta

M100 (impaired passive and
active avoidance
learning)

100

Rat
(Wistar)

4 wk
5 d/wk
6 hr/d

132

862

Gralewicz et al. 1995
meta

M100 (learning deficit in radial
arm maze test)

100

Rat
(Wistar)

3 mo
5 d/wk
6 hr/d

133

854

Hillefors-Berglund et al. 1995
mixed

M80
80

Rat
(Sprague-
Dawley)

4 wk
5 d/wk
6 hr/d

134

731

Honma et al. 1983
mixed

M800 (decreased acetylcholine
in striatum, increased
glutamine in midbrain,
and norepinephrine in
hypothalmus)

800

Rat
Albino

30 d
24 hr/d

135

468

Korsak et al. 1992
meta

M1000 (decreased rotarod
performance and
spontaneous motor
activity)

1000

Rat
Wistar

3 mo
5 d/wk
6 hr/d

X
Y

L
E

N
E

3
.  H
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L
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 E
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F

E
C

T
S

5
1



a
Key to
Figure

(continued)Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

136

469

Korsak et al. 1992
meta

M100 (decreased rotarod
performance and
spontaneous motor
activity)

100

Rat
Wistar

6 mo
5 d/wk
6 hr/d

137

857

Korsak et al. 1994
meta

c
M50 (decreased latency of

paw-lick response)

50

Rat
(Wistar)

3 mo
5 d/wk
6 hr/d

138

464

Nylen and Hagman 1994
mixed

M1009 (reversible decrease in
auditory brainstem
response)

1009

Rat
Sprague-
Dawley

61 d
7 d/wk
8 hr/d

139

101

Pryor et al. 1987
mixed

M800 (hearing loss)
800

Rat
Fischer- 344

6 wk
7 d/wk
14 hr/d

140

182

Savolainen and Seppalainen
1979
mixed

M300 (decreased membrane
lipids in axon
membranes)

300

Rat
Wistar

18 wk
5 d/wk
6 hr/d

141

174

Savolainen et al. 1979a
mixed

M300 (transient decreases in
preening behavior)

300

Rat
Wistar

18 wk
5 d/wk
6 hr/d

142

111

Rank 1985
meta

F1600 (decreased
alpha-adrenergic binding
in brain)

1600

Mouse
NMRI- BOM

7 wk
5 d/wk
4 hr/d

X
Y

L
E

N
E
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Figure

(continued)Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

143

164

Jenkins et al. 1970
ortho

M78
78

Dog
Beagle

90-127 d
24 hr/d

144

166

Jenkins et al. 1970
ortho

M780 (tremor)
780

Dog
Beagle

6 wk
5 d/wk
8 hr/d

145

106

Rosengren et al. 1986
mixed

160 (regional increases in
DNA and astro-glial
proteins)

160

Gerbil
Mongolian

3 mo
30 d/mo
24 hr/d

Reproductive
146

7

Nylen et al. 1989
mixed

1000
1000

Rat
Sprague-
Dawley

61 d
7 d/wk
18 hr/d

Developmental
147

60

Bio/dynamics 1983
mixed

250
250

F500 (7% decrease in fetal
weight)

500

Rat
CD

166 d
7 d/wk
6 hr/d

X
Y

L
E

N
E
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F
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Figure

(continued)Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

CHRONIC EXPOSURE
Systemic
148

470

Uchida et al. 1993
mixed

Resp M14 (nose and throat
irritation)

14

Human average
7 yr
8 hr/d

Gastro M14 (increased prevalence of
nausea and poor
appetite)

14

Hemato M14
14

Hepatic M14
14

Renal M14
14

Ocular M14 (eye irritation)
14

149

508

Tatrai et al. 1981
ortho

Hepatic M1096
1096

Rat
CFY

1 yr
7 d/wk
8 hr/d

Bd Wt M1096 (12% decrease in body
weight)

1096

X
Y

L
E

N
E

3
.  H

E
A

L
T

H
 E

F
F

E
C

T
S
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a
Key to
Figure

(continued)Table 3-1  Levels of Significant Exposure to Xylene  -  Inhalation

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(ppm)
Less Serious

(ppm)
Serious

(ppm)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

Neurological
150

a The number corresponds to the entries in Figure 3-1.

b Used to derive an acute-duration minimal risk level (MRL) for mixed xylenes based on a minimal LOAEL of 50 ppm for m-xylene in humans; concentration divided by an uncertainty
factor of 30 (3 for use of a minimal LOAEL and 10 for human variability).

c Used to derive an intermediate-duration minimal risk level (MRL) for mixed xylenes based on a minimal LOAEL of 50 ppm for m-xylene in rats; this LOAEL was converted to a
human equivalent concentration using a dosimetric adjustment (EPA 1994).  The human equivalent LOAEL of 50 ppm was divided by an uncertainty factor of 90 (3 for use of a
minimal LOAEL, 3 for extrapolation from animals to humans with dosimetric adjustment, and 10 for human variability).

d Used to derive a chronic-duration minimal risk level (MRL) for mixed xylenes based on a LOAEL of 14 ppm (geometric mean) for mixed xylenes in humans; concentration divided by
an uncertainty factor of 100 (10 for use of a LOAEL and 10 for human variability) and a modifying factor of 3 to account for the lack of supporting studies evaluating the chronic
neurotoxicity of xylene.

Bd Wt = body weight; Cardio = cardiovascular; d = day(s); dB = decibel; EC50 = effective concentration; Endocr = endocrine; F = Female; Gastro = gastrointestinal; Gd = gestational
day,50%; hemato = hematological; hr = hour(s); KHz = kilohertz; LC50 = lethal concentration, 50%; LOAEL = lowest-observed-adverse-effect level; M = male; min = minute(s); mo =
month(s); Musc/skel = musculoskeletal; NOAEL = no-observed-adverse-effect level; Resp = respiratory; x = time(s); wk = week(s); yr = year(s)

471

Uchida et al. 1993
mixed

d
14 (increased prevalence of

anxiety, forgetfulness,
inability to concentrate
and other subjective
symptoms)

14

Human average
7 yr
8 hr/d

X
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Figure 3-1 Levels of Significant Exposure to Xylene - Inhalation (Continued)
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Figure 3-1 Levels of Significant Exposure to Xylene - Inhalation (Continued)
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Figure 3-1 Levels of Significant Exposure to Xylene - Inhalation (Continued)
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Figure 3-1 Levels of Significant Exposure to Xylene - Inhalation (Continued) 
Intermediate (15-364 days) 
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Figure 3-1 Levels of Significant Exposure to Xylene - Inhalation (Continued)

Intermediate (15-364 days)
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Figure 3-1 Levels of Significant Exposure to Xylene - Inhalation (Continued) 
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3. HEALTH EFFECTS 

30 minutes (Hastings et al. 1986).  Slight, but statistically significant increases in the average rating for 

subjective symptoms of respiratory effects were observed following exposure to m-xylene at 50 ppm 

(Ernstgard et al. 2002) for discomfort in the nose in both sexes after 60 and 118 minutes, in discomfort in 

the throat or airways in women after 60 minutes, and in breathing difficulty in men at 118 minutes and 

women at both timepoints.  Small but statistically significant changes in objective tests of pulmonary 

function were reported in women, but not men, measured 3 hours after the end of the 2-hour exposure:  

decreased forced vital capacity (FVC), increased forced expiratory flow at 75% FVC (FEF75), and 

increased ratio of forced expiratory volume in 1 minute (FEV1) to forced vital capacity (FEV1/FVC). 

This study is the basis for the acute-duration inhalation MRL for which respiratory and neurologic 

toxicity are the critical effects.  Chest x-rays obtained from volunteers exposed to a time-weighted­

average (TWA) concentration of 200 ppm m-xylene for 3.67 hours/day for 4 days showed no adverse 

effects on the lungs (Seppalainen et al. 1989).  Also, no effects on pulmonary ventilation volume were 

observed in volunteers exposed to 150 ppm p-xylene for 5 days/week in a 4-week trial (NIOSH 1981). 

At much higher concentrations, however, the lung may be adversely affected.  An autopsy revealed that 

exposure to an estimated 10,000 ppm of xylene produced severe lung congestion with focal intra-alveolar 

hemorrhage and pulmonary edema in one worker who died following exposure to xylene fumes for 

several hours while painting (Morley et al. 1970).  Another worker exposed in the same incident exhibited 

patchy diffuse opacities in radiograms and moist rales in both lungs; a third exposed worker showed no 

evidence of lung effects. Case reports indicate that acute-duration inhalation exposure to mixed xylene 

and p-xylene has been associated with irritation of the nose and throat (Carpenter et al. 1975a; Klaucke et 

al. 1982; Nelson et al. 1943; Nersesian et al. 1985; NIOSH 1981).  A worker at a chemical company who 

was exposed to heated xylene from a pressurized hose experienced throat pain and dyspnea (Narvaez and 

Song 2003). 

Chronic occupational exposure of workers to an unspecified concentration of vapors of mixed xylene has 

also been associated with labored breathing and impaired pulmonary function (Hipolito 1980; Roberts et 

al. 1988).  A significant (p<0.01) increase in the prevalence of nose and throat irritation was reported by 

workers chronically exposed to mixed xylene vapors at a geometric mean TWA concentration of 14 ppm 

(Uchida et al. 1993).  This study is the basis for the chronic-duration inhalation MRL for which 

respiratory and neurological toxicity are the critical effects. 

Adverse respiratory effects noted in rats, mice, and guinea pigs following acute and intermediate 

inhalation exposure to xylene are similar to those observed in humans.  They include decreased 
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respiration, labored breathing, irritation of the respiratory tract, pulmonary edema, pulmonary 

hemorrhage, and pulmonary inflammation (Carpenter et al. 1975a; De Ceaurriz et al. 1981; Furnas and 

Hine 1958; Korsak et al. 1990).  Exposure to concentrations of 2,440 ppm mixed xylene for 6 minutes 

(Korsak et al. 1988) to 1,467 ppm o-xylene for 5 minutes (De Ceaurriz et al. 1981), or to 1,361 ppm 

m-xylene for 6 minutes (Korsak et al. 1993) produced a 50% decrease in respiratory rate in mice.  

Comparison of the individual xylene isomers showed that the irritant effects of m- and o-xylene as 

quantified by measurements of respiratory rate in mice are more pronounced than those of p-xylene, with 

o-xylene having the most prolonged effect (Korsak et al. 1990).  In rats that died as a result of exposure to 

9,900 ppm mixed xylene for 4 hours, atelectasis, hemorrhage, and edema of the lungs were observed 

(Carpenter et al. 1975a).  Biochemical changes detected in the lungs after acute-duration intermittent 

exposure include transiently decreased lung surfactant levels at 300 ppm p-xylene (Silverman and Schatz 

1991) and decreased pulmonary microsomal enzyme activities at 2,000 ppm mixed xylene, 75–2,000 ppm 

m-xylene, 2,000 ppm o-xylene, or 1,000 or 3,400 ppm p-xylene (Day et al. 1992; Elovaara et al. 1980, 

1987; Patel et al. 1978; Silverman and Schatz 1991; Toftgard and Nilsen 1982). The LOAEL of 75 ppm 

for m-xylene was based on decreased P-450 and 7-ethoxycoumarin O-deethylase activities noted in the 

lungs of rats exposed for 24 hours (Elovaara et al. 1987).  The decrease in pulmonary microsomal activity 

by selective inactivation of enzymes can result from damage to lung tissue caused by the toxic metabolite 

of xylene, a methylbenzaldehyde (Carlone and Fouts 1974; Patel et al. 1978; Smith et al. 1982); the 

selective inactivation of enzymes may also result in anoxia.   

No effect on absolute or relative lung weights was observed in male rats intermittently exposed to 

m-xylene at concentrations as high as 100 ppm for 13 weeks (Korsak et al. 1994).  No histopathological 

changes in the lungs were evident in rats, dogs, guinea pigs, or monkeys following intermediate exposure 

for 90–127 days to concentrations of 78 ppm o-xylene on a continuous basis (Jenkins et al. 1970) or 

13 weeks to 810 ppm mixed or 6 weeks to 780 ppm o-xylene, 5 weeks to 300 ppm m-xylene, or for 

5 days to 300 ppm p-xylene on an intermittent basis (Carpenter et al. 1975a; Elovaara et al. 1987; Jenkins 

et al. 1970; Silverman and Schatz 1991). 

No animal studies were located that evaluated the respiratory effects of mixed xylene or single xylene 

isomers following chronic inhalation exposure. 

An acute-duration inhalation MRL of 2 ppm was calculated for mixed xylenes based on a LOAEL for 

neurological and respiratory effects in human subjects exposed to 50 ppm m-xylene for 2 hours 

(Ernstgard et al. 2002; see footnote in Table 3-1).  A chronic-duration inhalation MRL of 0.05 ppm was 
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calculated for mixed xylenes based on a LOAEL of 14 ppm for subjective neurological and respiratory 

symptoms in workers exposed to mixed xylene 8 hours/day, 5 days/week for an average of 7 years 

(Uchida et al. 1993; see footnote in Table 3-1). 

Cardiovascular Effects.    Limited human data are available regarding the cardiovascular effects of 

xylene following inhalation exposure.  Although tachycardia was reported by one of nine persons exposed 

to unidentified levels of xylene as a result of its use in a sealant in a heating duct, no effects on heart rate, 

blood pressure, or cardiac function were noted in humans exposed to ≤299 ppm mixed xylene for an acute 

duration (70 minutes to 7 hours) (Gamberale et al. 1978), 200 ppm m-xylene (Ogata et al. 1970; 

Seppalainen et al. 1989), or 150 ppm p-xylene (NIOSH 1981; Ogata et al. 1970).  Furthermore, two 

survivors exposed to an estimated 10,000 ppm xylene in an industrial accident had normal pulse, blood 

pressure, and heart sounds upon hospitalization.  Chronic occupational exposure to xylene along with 

other chemical agents has resulted in complaints of heart palpitations, chest pain, and an abnormal 

electrocardiogram (ECG) (Hipolito 1980; Kilburn et al. 1985).  However, the contribution of other 

chemical exposures to these effects cannot be eliminated. 

Data regarding cardiovascular effects in animals are limited.  Morphological changes in coronary 

microvessels (increased wall thickness) were noted in rats exposed to 230 ppm xylene (unspecified 

composition) for 4 weeks (Morvai et al. 1987).  Other effects seen in rats inhaling unspecified (lethal) 

concentrations of xylene of unknown composition included ventricular repolarization disturbances and 

occasional arrhythmias; the toxicity of unknown components was not reported (Morvai et al. 1976).  

However, no adverse effects on the heart were observed upon histopathological examination of rats and 

dogs exposed intermittently for 10–13 weeks to mixed xylene at concentrations as high as 810 ppm 

(Carpenter et al. 1975a) or rats, guinea pigs, dogs, or monkeys exposed to o-xylene at 78 ppm on a 

continuous basis for 90–127 days or 780 ppm on an intermittent basis for 6 weeks (Jenkins et al. 1970).  

No effect on absolute or relative heart weights was observed in male rats intermittently exposed to 

m-xylene at concentrations as high as 100 ppm for 13 weeks (Korsak et al. 1994).  No information was 

located regarding cardiovascular effects in animals after chronic exposure to mixed xylene or its 

individual isomers. 

Gastrointestinal Effects.    Symptoms of nausea, vomiting, and gastric discomfort have been noted in 

workers exposed to xylene vapors (concentration unspecified) (Goldie 1960; Hipolito 1980; Klaucke et al. 

1982; Nersesian et al. 1985; Uchida et al. 1993).  These symptoms subsided after cessation of the xylene 

exposure. Anorexia and vomiting were also observed in a patient admitted to the hospital after sniffing 
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paint containing xylene and other unknown substances over a 2-week period in an effort to become 

intoxicated (Martinez et al. 1989) and nausea was more frequently reported in males acutely exposed to 

m-xylene for 2 hours, as compared to controls (Ernstgard et al. 2002). 

Limited data were located regarding gastrointestinal effects in animals.  No lesions were observed in the 

gastrointestinal tract of rats and dogs exposed to concentrations as high as 810 ppm mixed xylene for 

13 weeks (Carpenter et al. 1975a). No studies were located regarding gastrointestinal effects in animals 

after acute or chronic inhalation exposure to mixed xylene or the isomers of xylene. 

Hematological Effects. Human data are limited regarding the effects of xylene on the blood. 

Female volunteers had normal blood counts after exposure to 100 ppm p-xylene for 1–7.5 hours/day for 

5 days (NIOSH 1981).  Hemoglobin content of the blood was unaffected in two workers exposed to an 

estimated 10,000 ppm of mixed xylene in an industrial accident (Morley et al. 1970).  Decreased white 

blood cell counts were observed in two women with chronic occupational exposure to xylene (Hipolito 

1980; Moszczynski and Lisiewicz 1983, 1984a), but exposure to other chemicals cannot be ruled out as 

an alternative explanation for the effects observed. 

Previously, chronic occupational exposure to xylene by inhalation was thought to be associated with a 

variety of hematological effects (NIOSH 1975).  However, exposure in all cases was to solvent mixtures 

known or suspected to contain benzene as well.  Because benzene is an agent known to cause leukemia 

and other blood dyscrasias in humans (Agency for Toxic Substances and Disease Registry 2005), these 

effects cannot be solely attributed to xylene. 

An occupational study in which no benzene exposure was involved (Uchida et al. 1993) found no 

hematological effects (red blood cell, white blood cell and platelet counts, and hemoglobin concentrations 

were unchanged). Workers (175) were exposed to a geometric mean TWA of 14 ppm xylene for an 

average of 7 years, and mixed xylene exposure accounted for 70% or more of the total exposure (Uchida 

et al. 1993). This study suggests that occupational exposure to relatively low concentrations of xylenes 

does not cause hematological effects. 

No effect on erythrocyte fragility was observed in rats exposed to 15,000 ppm mixed xylene for 

45 minutes (Carpenter et al. 1975a).  No adverse hematological effects have been observed in rats 

exposed to 2,764 ppm mixed xylene for 5 hours/day for 9 days (Wronska-Nofer et al. 1991). In rats 

intermittently exposed to 100 ppm m-xylene for 90 days, erythrocyte counts were reduced by 18.5% and 
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leukocyte counts were increased by 35% (Korsak et al. 1994).  Increases in leukocyte count were reported 

in rats and dogs exposed intermittently to 780 ppm o-xylene for 6 weeks (Jenkins et al. 1970), but it is 

unknown whether these increases were statistically significant.  However, no effects on hematological 

parameters were observed in rats or dogs following intermediate-duration intermittent exposure to 

concentrations as high as 810 ppm of mixed xylene (Carpenter et al. 1975a) or in guinea pigs exposed to 

78 ppm o-xylene continuously or 780 ppm o-xylene intermittently (Jenkins et al. 1970) for an 

intermediate duration. 

Musculoskeletal Effects. A 1993 occupational study indicates that workers exposed to xylenes 

(geometric mean TWA 14 ppm) reported reduced grasping power and reduced muscle power in the 

extremities more frequently than the unexposed controls (Uchida et al. 1993).  This effect was a 

neurological effect rather than a direct effect on the muscles.  No additional data were available regarding 

musculoskeletal effects in humans following inhalation exposure to mixed xylene or its individual 

isomers.  Animal data regarding musculoskeletal effects following xylene inhalation are limited but 

provide no indication that xylene produces musculoskeletal effects.  No lesions were observed in the 

skeletal muscle of rats and dogs exposed for an intermediate exposure to concentrations as high as 

810 ppm mixed xylene (Carpenter et al. 1975a).   

Hepatic Effects.    Human data regarding hepatic effects following inhalation of xylene are limited to 

several case and occupational studies (Klaucke et al. 1982; Morley et al. 1970; Uchida et al. 1993); other 

occupational studies involve exposure to other compounds such as toluene (Dolara et al. 1982; Kurppa 

and Husman 1982).  Two of these studies suggest that acute-duration exposure to high levels of xylene 

may result in hepatic toxicity.  Two painters who survived exposure to an estimated 10,000 ppm of xylene 

and several workers who were exposed to an estimated 700 ppm of xylene had transiently elevated serum 

transaminase levels (Klaucke et al. 1982; Morley et al. 1970).  The one painter who died had hepato­

cellular vacuolation following exposure to xylene for 18.5 hours. An occupational study in which 

workers were exposed an average of 7 years to >70% mixed xylenes (geometric mean TWA 14 ppm) 

found no changes in serum biochemistry values that reflect liver function (total bilirubin, aspartate 

aminotransferase, alanine aminotransferase, gamma glutamyl transpeptidase, alkaline phosphatase, and 

leucine aminopeptidase) (Uchida et al. 1993).  This study suggests that low-level occupational exposure 

to xylenes does not result in hepatic effects. 

Animal studies using rats indicate that mixed xylene, m-xylene, o-xylene, or p-xylene generally induce a 

wide variety of hepatic enzymes, as well as increased hepatic cytochrome P-450 content in rats (Elovaara 
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1982; Elovaara et al. 1980; Patel et al. 1979; Savolainen et al. 1978; Selgrade et al. 1993; Toftgard and 

Nilsen 1981, 1982; Toftgard et al. 1981; Ungvary et al. 1980a).  Following acute exposures to mixed 

xylene (Savolainen et al. 1978; Ungvary 1990; Wisniewska-Knypl et al. 1989), m-xylene (Elovaara 1982; 

Ungvary et al. 1980b), o-xylene (Tatrai and Ungvary 1980; Ungvary et al. 1980a), or p-xylene (Patel et al. 

1979; Simmons et al. 1991; Ungvary et al. 1980b), effects have been observed including increased 

relative liver weight (Simmons et al. 1991; Tatrai and Ungvary 1980; Ungvary et al. 1980a, 1980b), 

cytochrome P-450 content (Simmons et al. 1991; Ungvary 1990; Ungvary et al. 1980a; Wisniewska-

Knypl et al. 1989), microsomal protein (Elovaara 1982), microsomal enzyme activity (Elovaara 1982; 

Savolainen et al. 1978; Ungvary 1990; Ungvary et al. 1980a; Wisniewska-Knypl et al. 1989), 

proliferation of the endoplasmic reticulum (Ungvary 1990; Wisniewska-Knypl et al. 1989), and decreased 

hexobarbital sleep time (Ungvary 1990; Ungvary et al. 1980a).  Similar changes were observed in rabbits 

and mice (Ungvary 1990).  Although histopathological examination of livers in most studies showed no 

adverse effects (Elovaara 1982; Simmons et al. 1991; Ungvary et al. 1980b), minor histopathological 

changes suggesting mild hepatic toxicity included decreased glycogen content, dilation of the cisterns of 

the rough endoplasmic reticulum, separation of ribosomes from the membranes, variously shaped 

mitochondria, and increased autophagous bodies (Tatrai and Ungvary 1980; Ungvary 1990).  Also, 

increased serum transaminases were observed following a 4-hour exposure of rats to 1,000 ppm p-xylene 

(Patel et al. 1979). 

Many similar hepatic effects appear after intermediate-duration exposure to mixed xylene or o-xylene.  

They include increased absolute and/or relative hepatic weight in rats (Kyrklund et al. 1987; Tatrai and 

Ungvary 1980; Tatrai et al. 1981; Toftgard et al. 1981; Ungvary 1990; Ungvary et al. 1980a), increased 

cytochrome P-450 (Tatrai et al. 1981; Ungvary 1990; Ungvary et al. 1980a); increased microsomal 

enzyme activity (Elovaara et al. 1980, 1987; Tatrai et al. 1981; Toftgard et al. 1981; Ungvary 1990; 

Ungvary et al. 1980a), proliferation of the smooth and rough endoplasmic reticulum (Rydzynski et al. 

1992; Tatrai and Ungvary 1980; Tatrai et al. 1981; Ungvary 1990) and decreased hexobarbital sleeping 

time because of enhanced metabolism of the drug (Tatrai et al. 1981; Ungvary 1990; Ungvary et al. 

1980a). Similar effects were observed in rabbits and mice (Ungvary 1990).  As in the acute studies, 

several intermediate-duration studies in rats, guinea pigs, monkeys, or dogs, reported no effect on serum 

transaminases (Carpenter et al. 1975a; Tatrai et al. 1981) or hepatic morphology (Carpenter et al. 1975a; 

Jenkins et al. 1970). Ultrastructural examination of livers showed only minor changes:  decreased hepatic 

glycogen in rats (Tatrai and Ungvary 1980; Ungvary 1990; Ungvary et al. 1980b), ultrastructural changes 

in hepatic rough endoplasmic reticulum and mitochondria in rats (Tatrai and Ungvary 1980; Ungvary 

1990), increased autophagous bodies (Tatrai et al. 1981; Ungvary 1990), and changes in the distribution 
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of hepatocellular nuclei in rats (Tatrai and Ungvary 1980).  Some authors have characterized the hepatic 

changes as adaptive rather than adverse (Tatrai and Ungvary 1980; Ungvary 1990).  No effects on hepatic 

microsomal proteins, cytochrome P-450, lipid peroxidation (as indicated by levels of malondialdehyde), 

triglycerides, serum enzymes (AST, ALT, SDH), or absolute or relative liver weights were observed in 

rats exposed to m-xylene at concentrations as high as 100 ppm for 13 weeks (Korsak et al. 1994).  No 

changes in the levels of lipid peroxidation (malondialdehyde levels), glutathione, or glutathione-S­

transferase activity were observed in rats intermittently exposed to 92 ppm m-xylene for 5 months (Jajte 

et al. 2003). 

Increased liver weight and microsomal enzyme activity were reported in a study in which rats were 

exposed to 1,096 ppm o-xylene for 1 year (Tatrai et al. 1981).  Electron microscopic examination of liver 

revealed a proliferation of the endoplasmic reticulum and only very minor effects on mitochondria as 

exemplified by increased numbers of peroxisomes. 

Renal Effects.    Although urinalyses (using a dip-stick technique) of volunteers exposed to p-xylene at 

100 ppm for 5 days or up to 150 ppm in a multi-week exposure paradigm showed no adverse effects on 

the kidneys (NIOSH 1981), limited data from case reports and occupational studies suggest that 

inhalation exposure to solvent mixtures containing xylene may be associated with adverse renal effects in 

humans (Martinez et al. 1989; Morley et al. 1970).  These effects included increased blood urea (Morley 

et al. 1970), distal renal tubular acidemia (Martinez et al. 1989), and decreased urinary clearance of 

endogenous creatinine (Morley et al. 1970).  Other studies that reported increased urinary levels of 

β-glucuronidase (Franchini et al. 1983), or increased urinary excretion of albumin, erythrocytes, and 

leukocytes (Askergren 1981, 1982) are confounded by concurrent exposure to substantial amounts of 

toluene, a known renal toxicant. 

In an occupational study in which the exposure was predominantly to mixed xylenes (geometric mean 

TWA 14 ppm) for an average of 7 years (Uchida et al. 1993), no effects on measures of kidney function 

(serum creatinine or urinalysis for urobilinogen, sugar, protein, and occult bleeding) were noted.  This 

study suggests that low-level occupational exposure to xylenes does not result in kidney effects. 

The renal effects of mixed xylene and o-xylene following inhalation exposure have been evaluated in 

acute and intermediate studies with rats, guinea pigs, dogs, and monkeys (Carpenter et al. 1975a; 

Elovaara 1982; Jenkins et al. 1970; Toftgard and Nilsen 1982).  Effects noted in these studies at xylene 

concentrations of 50–2,000 ppm have included increased renal enzyme activity, increased renal 
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cytochrome P-450 content, and increased kidney-to-body weight ratios (o-xylene-exposed rats) (Elovaara 

1982; Toftgard and Nilsen 1982).  However, histopathologic examination of rats, guinea pigs, dogs, and 

monkeys did not reveal any renal lesions after inhalation of 810 ppm mixed xylene or 78 ppm o-xylene 

for an intermediate period of 13 weeks and 90–127 days, respectively (Carpenter et al. 1975a; Jenkins et 

al. 1970).  No effect on absolute or relative kidney weights was observed in male rats intermittently 

exposed to m-xylene at concentrations as high as 100 ppm for 13 weeks (Korsak et al. 1994). 

No studies were located regarding renal effects following chronic inhalation exposure to mixed xylene or 

its isomers. 

Endocrine Effects.    No human data were available regarding endocrine effects following inhalation 

exposure to mixed xylene or xylene isomers.  Inhalation exposure to 810 ppm mixed xylene for 13 weeks 

produced no adverse adrenal, thyroid, or parathyroid effects in the dog (Carpenter et al. 1975a).  No effect 

on absolute or relative adrenal weights was observed in male rats intermittently exposed to m-xylene at 

concentrations as high as 100 ppm for 13 weeks (Korsak et al. 1994). 

Ocular Effects.    Human data indicate that acute inhalation exposures to 460 ppm mixed xylene and 

100 ppm p-xylene vapors produce mild and transient eye irritation (Carpenter et al. 1975a; Hastings et al. 

1986; Klaucke et al. 1982; Nelson et al. 1943; Nersesian et al. 1985; NIOSH 1981).  This effect is 

probably the result of direct contact of the xylene vapor with the eye and as such is described under 

Ocular Effects in Section 3.2.3.2. 

No animal data were available regarding ocular effects following inhalation exposure to mixed xylenes or 

xylene isomers. 

Body Weight Effects.    No studies were located regarding body weight effects in humans following 

inhalation exposure to mixed xylenes or xylene isomers. 

A number of intermediate-duration intermittent inhalation studies of xylene have examined body weight 

effects in animals (Carpenter et al. 1975a; Gagnaire et al. 2001, 2006; Gralewicz and Wiaderna 2001; 

Jajte et al. 2003; Korsak et al. 1992, 1994; Rosengren et al. 1986; Tatrai et al. 1981).  Except for the study 

by Tatrai et al. (1981) in which a 12% decrease in body weight was observed in rats exposed to 

1,096 ppm o-xylene for 6 months, no significant adverse effects on body weight were noted. 
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Metabolic Effects. Metabolic acidosis was reported in a man who sniffed paint containing xylenes, 

but other solvents in the paint may have contributed to the effect (Martinez et al. 1989).  No data were 

located concerning metabolic effects in animals following inhalation exposure to xylenes. 

3.2.1.3 Immunological and Lymphoreticular Effects  

Limited data were available regarding immunological and lymphoreticular effects of xylene in humans.  

Decreased lymphocytes (Moszczynski and Lisiewicz 1983, 1984a) and decreased serum complement 

(Smolik et al. 1973) have been observed in workers exposed to xylene.  However, no determination can 

be made regarding the association between inhalation of xylene and immunological effects from the 

available human studies, because workers were concurrently exposed to other chemical agents. 

Acute exposure (4 days, 4 hours/day) of mice to 1,208 ppm p-xylene had no effect on natural killer cell 

activity, although mortality from murine cytomegalovirus was increased (Selgrade et al. 1993).  The 

investigators (Selgrade et al. 1993) attributed the enhanced virus susceptibility to increased liver toxicity 

rather than to an effect on the immune system.  Intermittent exposure of rats and dogs to mixed xylenes 

for 10 or 13 weeks at concentrations as high as 810 ppm resulted in no effect on spleen weight (Carpenter 

et al. 1975a). 

3.2.1.4 Neurological Effects 

The neurological effects of xylene in humans following inhalation exposure have been evaluated in a 

number of experimental studies, case reports, and occupational studies.  Results of experimental studies 

with humans indicate that acute inhalation exposure to mixed xylene or m-xylene causes impaired short-

term memory, impaired reaction time, performance decrements in numerical ability, and alterations in 

equilibrium and body balance (Carpenter et al. 1975a; Dudek et al. 1990; Gamberale et al. 1978; 

Riihimaki and Savolainen 1980; Savolainen and Linnavuo 1979; Savolainen and Riihimaki 1981a; 

Savolainen et al. 1979b, 1984, 1985a). 

Dizziness was reported by the majority of subjects exposed to 690 ppm mixed xylene for 15 minutes, but 

in only one of six persons exposed at 460 ppm (Carpenter et al. 1975a).  In objective measures of 

neurological function, exposure to 100 ppm mixed xylene for 4 hours resulted in prolonged reaction time 

(Dudek et al. 1990) and exposure to 299 ppm mixed xylene for 70 minutes during exercise resulted in 

impaired short-term memory and reaction time (Gamberale et al. 1978).  No impairment in performance 

tests was observed in sedentary subjects exposed at 299 ppm for 70 minutes (15 men) (Gamberale et al. 



XYLENE  73 

3. HEALTH EFFECTS 

1978) or at 396 ppm for 30 minutes (10 men) (Hastings et al. 1986).  The difference between the effects 

in the absence and presence of exercise may be due to increased xylene respiratory uptake during 

exercise. 

Slight, but statistically significant, increases in the average rating for subjective symptoms of neurological 

effects were observed following exposure to 50 ppm m-xylene vapor compared to controls (Ernstgard et 

al. 2002).  After 60 and 118 minutes of exposure, severity ratings for feelings of intoxication were 

elevated in men and women, and ratings for headache were elevated in men.  The ratings for dizziness 

were increased in exposed men after 118 minutes of exposure.  (This study was chosen as the basis for the 

acute-duration inhalation MRL, for these subjective neurological effects and changes in objective and 

subjective measures of respiratory function.)  Electroencephalograms obtained from nine men exposed to 

m-xylene at 200 ppm (TWA) for 4 hours showed only minor changes (Seppalainen et al. 1991).  These 

changes were characterized as a slight increase in alpha-wave frequency and percentage early in the 

exposure period and a decrease in exercise-induced increases in theta and delta waves indicating central 

nervous system effects.  Studies using the m-isomer of xylene have also indicated that some tolerance 

may occur during acute exposures.  While exposure to stable concentrations of m-xylene for 7 hours or 

4 hours, twice a week in the range of up to approximately 280 ppm had no effect on body sway, 

coordination, or reaction time (Ogata et al. 1970; Savolainen 1980; Savolainen et al. 1980b), exposure for 

6 hours or 6–9 days to levels fluctuating between 64 and 400 ppm produced impairment in human body 

balance and/or reaction time (Savolainen and Linnavuo 1979; Savolainen and Riihimaki 1981a; 

Savolainen et al. 1979b, 1980a, 1984, 1985a).  A 3-hour exposure of nine male volunteers to m-xylene at 

200 ppm during exercise resulted in a slight but significant (p<0.05) change in the N135 component of a 

pattern visual evoked potential (Seppalainen et al. 1989).  Laine et al. (1993) saw no clear effects on 

visual reaction times or auditive choice reaction times in nine male volunteers exposed to levels of 

m-xylene fluctuating between 135 and 400 ppm (TWA 200 ppm) with or without exercise.  Levels of 

m-xylene fluctuating between 135 and 400 ppm produced a slight decrease in the latency of visual evoked 

potentials (Seppalainen et al. 1989), but no clear effects on visual reaction times or auditory choice 

reaction times (Laine et al. 1993). 

Objective measures of neurological function (electroencephalography, tests of motor activity and 

cognitive performance) in humans are not affected by acute or intermediate, intermittent or continuous 

inhalation exposure to p-xylene for 4 hours or up to 7 hours for 5 days at concentrations ranging from 

69 to 150 ppm (NIOSH 1981; Olson et al. 1985).  Differences in such factors as the xylene isomer, the 

neurological parameter, exposure conditions and concentrations, rapid development of tolerance, and total 



XYLENE  74 

3. HEALTH EFFECTS 

xylene uptake may account for the variability in results.  However, some sex difference in subjective 

reports of central nervous system effects was observed (NIOSH 1981).  Three women exposed to 

p-xylene at 100 ppm for 1–7.5 hours/day, for 5 days, showed no effects on electroencephalograms, 

evoked potentials, or cognitive performance, but frequently reported headache and dizziness as a result of 

exposure (NIOSH 1981). In contrast, four men exposed at concentrations of up to 150 ppm p-xylene 

under the same exposure conditions reported no increase in headaches or dizziness. 

Available case reports and occupational studies together provide suggestive evidence that acute and 

chronic inhalation exposure to xylene or solvent mixtures containing xylene may be associated with 

neurological effects; however, most studies are difficult to evaluate because the exposure conditions 

either have not been well characterized or the subjects may have been exposed to other chemicals in 

addition to xylene. The neurological symptoms observed in these studies include headache, nausea, 

dizziness, difficulty concentrating, impaired memory, slurred speech, ataxia, fatigue, agitation, confusion, 

tremors, labored breathing, and sensitivity to noise (Arthur and Curnock 1982; Goldie 1960; Gupta et al. 

1990; Hipolito 1980; Klaucke et al. 1982; Martinez et al. 1989; Morley et al. 1970; Nersesian et al. 1985; 

Roberts et al. 1988). In several case reports, isolated instances of unconsciousness, amnesia, brain 

hemorrhage, and epileptic seizure have been associated with acute inhalation exposure to solvent mixtures 

containing xylene (Arthur and Curnock 1982; Goldie 1960; Martinez et al. 1989; Morley et al. 1970).  

Long-term occupational exposure (≥10 years) to mixed solvents among spray painters was associated 

with an increase in depression and "loss of interest," but no significant effects on psychological 

performance tests or CAT-scan measures of brain atrophy (Triebig et al. 1992a, 1992b).  Workers 

exposed to mixed solvents for <10–>30 years exhibited significantly reduced conduction velocities in the 

radial and tibial nerves, as well as duration-related increases in symptoms of numbness, cramps, and 

weakness (Jovanovic et al. 2004). Because other chemicals were present with xylenes in many of these 

studies, the effects observed cannot be conclusively attributed to xylene exposure. 

Another occupational study in which xylene exposure was most well defined and represented 70% of the 

solvent exposure (Uchida et al. 1993) reported an increase in subjective symptoms including an increased 

prevalence of anxiety, forgetfulness, inability to concentrate, and dizziness among workers exposed to an 

average TWA concentration of 21 ppm (14 ppm geometric mean) of mixed xylenes for an average of 

7 years.  No objective measures of neurological impairment were tested in this study.  Subjective 

symptoms of neurological and respiratory toxicity in this study were selected as co-critical effects for the 

chronic-duration inhalation MRL. 
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Results of experimental studies with animals also provide evidence that mixed xylene and its isomers are 

neurotoxic following inhalation exposure.  Signs of neurotoxicity observed in rats, mice, dogs, cats, and 

gerbils following acute and intermediate inhalation exposure to the various xylene isomers include 

narcosis, prostration, incoordination, tremors, muscular spasms, labored breathing, behavioral changes, 

hyperreactivity to stimuli, altered visual evoked potentials, elevated auditory thresholds, hearing loss, and 

decreased acetylcholine in midbrain and norepinephrine in hypothalamus (suggestive of effect on motor 

control, sleep, and memory maintenance) (Andersson et al. 1981; Bushnell 1989; Carpenter et al. 1975a; 

De Ceaurriz et al. 1983; Furnas and Hine 1958; Ghosh et al. 1987; Honma et al. 1983; Korsak et al. 1988, 

1990; Kyrklund et al. 1987; Molnar et al. 1986; Pryor et al. 1987; Rank 1985; Rosengren et al. 1986; 

Savolainen and Seppalainen 1979; Savolainen et al. 1978, 1979b; Wimolwattanapun et al. 1987).   

Exposure levels associated with neurological effects in animals are well defined.  A comparative study 

determined that the minimal alveolar concentrations needed to induce anesthesia in rats were similar for 

all three isomers (0.00118, 0.00139, and 0.00151 atm, respectively, for o-, m-, and p-xylene), but only 

p-xylene also induced excitation (strong tremors) (Fang et al. 1996).  Acute exposure to unspecified levels 

of mixed xylene resulted in respiratory paralysis (Morvai et al. 1976), 1,600 ppm p-xylene produced 

hyperactivity (Bushnell 1989), and 1,300 ppm mixed xylene produced incoordination in rats, which did 

not persist after exposure ended; no overt signs of toxicity were noted at 580 ppm (Carpenter et al. 

1975a). All three xylene isomers produced narcosis in rats after 1–4 hours of exposure to concentrations 

of approximately 2,000 ppm (Molnar et al. 1986).  No behavioral signs of xylene intoxication were 

observed in dogs or monkeys exposed continuously to 78 ppm o-xylene for up to 127 days, but dogs 

exposed to 780 ppm o-xylene intermittently for 6 weeks exhibited tremors during exposure (Jenkins et al. 

1970). 

The neurotoxicity of xylenes has been evaluated in neurobehavioral tests on animals exposed by 

inhalation. Mice exposed for 30 minutes by inhalation to any of the isomers exhibited impaired operant 

performance at the same minimal effective concentration, 1,400 ppm, but the median effective 

concentrations varied to a limited degree—5,179 ppm for o-xylene, 5,611 ppm for p-xylene, and 

6,176 ppm for m-xylene (Moser et al. 1985).  The order of potency was different for impairment of motor 

coordination in mice undergoing the inverted screen test, with a minimal effective concentration of 

2,000 ppm for p-xylene and 3,000 ppm for the two other isomers (Moser et al. 1985); the median 

effective concentrations were 2,676, 3,640, and 3,790 ppm, respectively, for p-, o-, and m-xylene.  Acute 

exposures to concentrations inducing behavioral changes in rats and mice ranged from 114 ppm for 

effects of mixed xylene on operant conditioning or self-stimulation behavior (Ghosh et al. 1987; 
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Wimolwattanapun et al. 1987), 500 ppm for reduced response rate in schedule-controlled operant 

behavior in mice exposed to m-xylene (Bowen et al. 1998), to 1,010 ppm for o-xylene-induced 

immobility in a "behavioral despair swimming test" (De Ceaurriz et al. 1983).  Exposure of male rats to 

230 ppm o-xylene for 4 hours shortened the duration of response (extension of hindlimbs) to an applied 

electrical shock by 18.8% (Vodickova et al. 1995); doubling the exposure concentration correspondingly 

doubled the magnitude of the response.  In the same report, exposure of female mice to 320 ppm o-xylene 

for 2 hours shortened the duration of response (velocity of tonic extension, i.e., the reciprocal of the 

latency) was reduced by 11%; unlike rats, exposure at twice the concentration, increased the magnitude of 

the response by a factor of 3.7.  Impaired rotarod performance was observed in rats acutely exposed to 

mixed xylene and the individual xylene isomers at concentrations of ≥3,000 ppm (Korsak et al. 1990).  In 

intermediate-duration inhalation studies with rats, exposure to 100 ppm m-xylene intermittently for 3 or 

6 months or to 1,000 ppm for 3 months showed decreased rotarod performance and decreased 

spontaneous activity (Korsak et al. 1992, 1994).  The effect was greater following the 3-month exposure 

at 1,000 ppm than the 6-month exposure at 100 ppm suggesting that for effects on motor activity, 

concentration is more important than duration of exposure.  The persistence of neurological effects of 

xylene was examined in some studies that evaluated tested animals some weeks after the last exposure.  

Rats intermittently exposed to 100 ppm m-xylene for 4 weeks exhibited impaired passive avoidance 

learning (tested 5 weeks after exposure) and impaired acquisition, but not retention, of the two-way active 

avoidance response (tested 9 weeks after exposure) (Gralewicz and Wiaderna 2001).  Exposure had no 

lasting effect in tests for short-term memory, responsiveness to a thermal stimulus (paw-lick latency), or 

spontaneous activity (open-field test) or the retention of a learned active avoidance response.  

Sensory deficits resulting from xylene exposure have been observed under controlled testing conditions.  

Acute exposure to 1,600 ppm, but not 800 ppm p-xylene depressed the amplitude of visual evoked 

potentials (Dyer et al. 1988).  Hearing deficits have been reported in animals exposed to xylene for acute 

or intermediate durations.  Hearing loss occurred in rats exposed to 1,450 ppm mixed xylene for 8 hours, 

whereas exposure to 1,700 ppm for 4 hours produced no effects on hearing (Pryor et al. 1987) indicating 

that the duration of exposure is important for the observation of ototoxic effects in conditioned avoidance 

tests. In rats acutely exposed to 1,800 ppm mixed xylenes, 18–30 dB hearing losses were observed at 

mid-range frequencies (Crofton et al. 1994).  The amplitude of brainstem auditory evoked potentials was 

reduced by 50% in rats acutely exposed at 2,000 ppm, but not at 1,700 ppm (Rebert et al. 1995).  Hearing 

loss was also evident after exposure for 6 weeks to 800 ppm mixed xylene (Pryor et al. 1987).  In rats 

exposed intermittently to 900 ppm p-xylene for 13 weeks, there was some hair cell loss in the organ of 

Corti, but no effect on auditory neurophysiology (Gagnaire et al. 2001).  At 1,800 ppm, extensive 
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ototoxicity (altered brainstem auditory evoked potentials, measurable hearing loss [deficits of 35–42 dB] 

and significant hair cell loss in the organ of Corti) was observed as early as the fourth week and did not 

improve during an 8-week recovery period; neither o-xylene nor m-xylene were ototoxic in this study. 

All rats exposed for 13 weeks to 1,000 or 2,000 ppm mixed xylenes containing ethylbenzene exhibited 

significant irreversible ototoxicity including hearing deficits and loss of hair cells (Gagnaire et al. 2006).  

Exposures to these mixtures at 250 or 500 ppm resulted in a small loss of hair cells in one of eight rats per 

group, but no effect on auditory thresholds.  According to the authors, ethylbenzene contributes 

significantly to the ototoxicity of technical xylene. 

Changes in neuronal cells and brain biochemistry have been noted in animals following exposure to 

xylenes.  Acute exposure to p-xylene caused decreased axonal transport at concentrations as low as 

800 ppm (Padilla and Lyerly 1989); however, no such decrease was apparent 3 days after exposures had 

ceased. At 1,600 ppm, however, the decrease in axonal transport persisted for 13 days after exposure.  

Acute inhalation of 2,000 ppm mixed xylene produced increased dopamine and/or noradrenaline levels in 

the hypothalamus of rats; no behavioral changes were assessed (Andersson et al. 1981).  Levels of these 

catecholamines in the hypothalamus of rats were also increased following inhalation of 2,000 ppm m-, o-, 

or p-xylene (Andersson et al. 1981).  Brain concentrations of deoxyribonucleic acid (DNA) and/or 

astroglial proteins increased in rats (at 300–320 ppm) and gerbils (at 160 ppm) after intermediate 

continuous exposure of 3–4.5 months to xylene (Rosengren et al. 1986; Savolainen and Seppalainen 

1979). In addition, increased levels of brain enzymes, changes in axon membranes, and behavioral 

changes occurred in rats after exposure to 300 ppm of mixed xylene for 18 weeks (Savolainen and 

Seppalainen 1979; Savolainen et al. 1979a).  Alterations in neurotransmitter levels were observed in some 

brain areas at 800 ppm mixed xylene for 30 days (Honma et al. 1983).  However, no significant long-term 

alterations in fatty acid levels were noted in the brains of rats after intermediate-duration exposure of 

30 or 90 days to 320 ppm mixed xylene (Kyrklund et al. 1987).  At 1,600 ppm m-xylene for 7 weeks, 

decreased α-adrenergic binding compared to the controls was observed in the hypothalamus of exposed 

mice (Rank 1985). No persistent changes in brain weight or weights of the caudate-putamen or 

subcortical limbic areas, or in agonist binding to the dopamine D2 receptor in those regions occurred in 

rats exposed to 80 ppm p-xylene for 4 weeks and examined 5 weeks after the last exposure (Hillefors-

Berglund et al. 1995).   

No animal studies were located regarding neurological effects following chronic inhalation exposure to 

mixed xylene or its isomers. 
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The highest NOAEL values and all LOAEL values for each reliable study for neurological effects in each 

species and duration category are recorded in Table 3-1 and plotted in Figure 3-1.  An acute-duration 

inhalation MRL of 2 ppm was calculated for mixed xylenes based on a LOAEL for subjective 

neurological effects and measured and subjective respiratory effects in human subjects exposed to 50 ppm 

m-xylene for 2 hours (Ernstgard et al. 2002; see footnote in Table 3-1).  An intermediate-duration 

inhalation MRL of 0.6 ppm was calculated for mixed xylenes based on a minimal LOAEL of 50 ppm for 

decreased mean latency of the paw-lick response in rats exposed to m-xylene for 6 hours/day, 

5 days/week for 3 months (Korsak et al. 1994; see footnote in Table 3-1).  A chronic-duration inhalation 

MRL of 0.05 ppm was calculated for mixed xylenes based on a LOAEL of 14 ppm for subjective 

neurological and respiratory symptoms in workers exposed to mixed xylene 8 hours/day, 5 days/week for 

an average of 7 years (Uchida et al. 1993; see footnote in Table 3-1). 

3.2.1.5 Reproductive Effects  

A few occupational studies evaluated reproductive effects in workers exposed to xylenes.  A case-control 

study of spontaneous abortions among Finnish workers for whom there was biomonitoring data for 

exposure to organic solvents found no statistically significant increase in the odds ratio associated with 

exposure to xylene (Lindbohm et al. 1990).  Spontaneous abortions in early pregnancy were significantly 

increased among 37 women exposed to xylene and formalin in pathology or histology laboratories 

(Taskinen et al. 1994).  Although the increased odds ratio (OR=3.1; 95% confidence interval=1.3–7.5) for 

spontaneous abortion was statistically significant for women exposed to xylene at least 3–4 days/week, 

the analysis cannot be considered definitive because of simultaneous exposure to other solvents and 

chemicals.  A cross-sectional study among 1,408 petrochemical workers in China reported an increased 

prevalence of oligomenorrhea among workers exposed to organic solvents, but the contribution of xylene 

cannot be definitively determined as all workers who were exposed to xylene were also exposed to other 

solvents such as benzene, toluene, and styrene (Cho et al. 2001).  

Continuous exposure of CFY rats for 8 days on days 7–14 during pregnancy to 775 ppm mixed xylene 

produced an increased number of resorptions without any maternal toxicity; reduced fertility was also 

observed (Balogh et al. 1982).  However, no adverse reproductive effects were noted following inhalation 

exposure of male and female CD rats to mixed xylene at concentrations as high as 500 ppm during 

premating, mating, pregnancy, and lactation (Bio/dynamics 1983). No effect on absolute or relative 

testicular weights was observed in rats intermittently exposed to m-xylene at concentrations as high as 

100 ppm for 13 weeks (Korsak et al. 1994).  Inhalation exposure of male Sprague-Dawley rats to 
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1,000 ppm mixed xylene for 61 days produced no alterations in testes, accessory glands, or circulating 

male hormone levels (Nylen et al. 1989).  Strain differences may account for the differential response to 

mixed xylene in these studies.  The highest NOAEL and LOAEL values for each reliable study for 

reproductive effects in rat for each duration category are recorded in Table 3-1 and plotted in Figure 3-1. 

3.2.1.6 Developmental Effects 

Although the human data regarding the developmental effects of xylene suggest a possible relationship 

between solvent (unspecified) exposure and developmental toxicity, these data are limited for assessing 

the relationship between inhalation of xylene and developmental effects because the available studies 

involved concurrent exposure to other solvents in addition to xylene in the workplace (Holmberg and 

Nurminen 1980; Kucera 1968; Taskinen et al. 1989; Windham et al. 1991), and because of the small 

number of subjects ranging from 9 to 61 (Taskinen et al. 1989; Windham et al. 1991). 

Both mixed xylene and the individual isomers produce fetotoxic effects in laboratory animals. Effects of 

mixed xylene observed in rats, mice, and rabbits included increased incidences of skeletal variations in 

fetuses, delayed ossification, fetal resorptions, hemorrhages in fetal organs, and decreased fetal body 

weight (Balogh et al. 1982; Bio/dynamics 1983; Hass and Jakobsen 1993; Hudak and Ungvary 1978; 

Litton Bionetics 1978a; Mirkova et al. 1983; Ungvary 1985; Ungvary and Tatrai 1985).  Balogh et al. 

(1982) reported delayed ossification in all exposure levels (53–775 ppm), but as the incidences were 

inversely related to dose, this end point is not included in LSE Table 3-1.  The levels at which these 

effects were observed depended upon the composition and concentration of mixed xylene, the time of 

exposure, and the choice of strain and test species used.  In addition, animals in a number of studies were 

exposed 24 hours/day (Balogh et al. 1982; Hudak and Ungvary 1978; Ungvary 1985; Ungvary and Tatrai 

1985), whereas animals in other studies (Bio/dynamics 1983; Hass and Jakobsen 1993; Litton Bionetics 

1978a; Mirkova et al. 1983) were exposed 6 hours/day.  The study conducted by Litton Bionetics (1978a) 

used a formulation of mixed xylene with a comparatively high percentage (36%) of ethylbenzene.  

Developmental effects were reported following maternal exposure to concentrations as low as 12 ppm 

mixed xylene in rats (Mirkova et al. 1983), but the health of the test animals may have been compromised 

due to poor animal husbandry.  This is suggested by the relatively low conception rates and the high 

incidence of fetal hemorrhages seen in the controls.  Maternal toxicity was observed at 775 ppm in the 

study by Balogh et al. (1982) and at 138 ppm in the study by Ungvary (1985); however, no maternal 

toxicity occurred at exposure levels of 100–400 ppm in the studies by Bio/dynamics (1983), Hass and 

Jacobsen (1993), Hudak and Ungvary (1978), and Litton Bionetics (1978a).  Insufficient evidence was 
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presented to determine whether maternal toxicity occurred in the studies by Mirkova et al. (1983) and 

Ungvary and Tatrai (1985).  Many of the studies (Balogh et al. 1982; Bio/dynamics 1983; Hudak and 

Ungvary 1978; Mirkova et al. 1983; Ungvary 1985; Ungvary and Tatrai 1985) had limitations that made 

them difficult to assess (e.g., unknown composition of xylene and insufficient number of doses to form a 

dose-response relationship; lack of detail with regard to both methods and data obtained).  Furthermore, 

several of these studies (Balogh et al. 1982; Ungvary and Tatrai 1985; Ungvary et al. 1980b) reported the 

incidence of fetal effects, such as delayed skeletal ossification and extra ribs, on the basis of total fetuses 

per exposure group, but not on a per-litter basis.  Without litter-specific results, it is not possible to adjust 

for possible covariance with litter size, as reported by Litton Bionetics (1978a).  Given the uncertainty of 

the significance of these effects, increases in the incidences of delayed ossification or skeletal variants 

were not used to establish NOAELs or LOAELs unless litter-specific data were provided.  Based on the 

reliable data in these reports (fetal weight, fetal death, implantation losses), developmental toxicity in rats 

occurred at concentrations of ≥350 ppm; these effects are noted in Table 3-1. 

A number of studies reported neurobehavioral deficits in rats resulting from exposure to xylene during 

gestation. ATSDR considers these effects to be serious.  Hass and Jakobsen (1993) reported decreased 

rotarod performance in 1- and 2-day-old rat pups exposed to 200 ppm mixed xylenes 6 hours/day on 

gestation days 4–20.  Female offspring of rats exposed to 500 ppm mixed xylenes for 6 hours/day on 

gestation days 7–20 showed significant reductions in absolute brain weight after weaning and 

neurobehavioral deficits (delayed air righting reflex, nonsignificant trends for reduced motor coordination 

in the Rotarod test, and increased latencies in the Morris water maze test) (Hass et al. 1995).  Hass et al. 

(1995) suggested that the delayed air righting reflex and impaired spatial navigation in the water maze 

(locating a re-situated platform) may have been related to ototoxicity, since both tasks involve the 

vestibular system and cochlear hair cells.  The latency in locating a moved platform was significantly 

increased in the first learning trial by exposed offspring tested at week 28, but was not significantly 

different from controls at 55 weeks (Hass et al. 1997).  

Inhalation of o- or p-xylene at concentrations similar to those at which mixed xylene caused fetal toxicity, 

produced decreased fetal weight, skeletal retardation, and post-implantation loss in rats, mice, and rabbits 

following maternal acute exposure during gestation days 7–14/15 (Ungvary and Tatrai 1985; Ungvary et 

al. 1980b, 1981); no maternal toxicity was observed.  A NOAEL value of 1,612 ppm p-xylene for 

developmental effects was determined from one study with rats (Rosen et al. 1986).  The large variation 

in concentrations of xylene producing developmental effects and those producing no developmental 

effects may be influenced by a number of factors (e.g., strain and species of animal, purity of xylene, 
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method of exposure, exposure pattern and duration, etc.).  For example, Rosen et al. (1986) exposed 

animals for 6 hours/day, whereas animals were exposed 24 hours/day in studies by Ungvary and Tatrai 

(1985) and Ungvary et al. (1980b, 1981).  No information on maternal toxicity was available for the 

studies by Ungvary and Tatrai (1985) or Ungvary et al. (1981); however, in the studies by Rosen et al. 

(1986) and Ungvary et al. (1980b), signs of maternal toxicity in rats following inhalation of the isomers 

included decreased weight gain, decreased food consumption, and increased liver-to-body weight ratios.  

m-Xylene was the only isomer that resulted in lasting maternal growth inhibition or maternal mortality 

(Ungvary et al. 1980b).  Thus, it is difficult to determine from these studies whether mixed xylenes are 

selectively toxic to the fetus or the observed developmental toxicity was secondary to maternal toxicity.  

As mentioned above, retardation in skeletal growth or variations, in the absence of litter-specific data, 

were not used to determine NOAELs or LOAELs for exposure to specific isomers of xylene (Ungvary et 

al. 1980b). 

Results of a well-documented comparative standard developmental toxicity assay in rats exposed for 

6 hours/day on gestational days 6–20, suggest that developmental toxicities of m- and p-xylene are 

secondary to maternal toxicity (Saillenfait et al. 2003).  Statistically significant maternal effects (reduced 

‘corrected weight gain’—body weight gain exclusive of gravid uterus weight) and fetal toxicity (reduced 

fetal weight) occurred at exposures of ≥1,000 ppm, but not 500 ppm for these two isomers.  Both m- and 

p-xylene at 2,000 ppm induced significant increases in delayed ossification, a skeletal variation related to 

retarded growth, although the affected bones were different for the two isomers. Dams exposed at 

≥1,000 ppm to o-xylene or mixed xylenes showed similar effects, although the reduced corrected weight 

gain for mixed xylenes was only significant for gestational days 6–13. However, both o-xylene and 

mixed xylene caused significantly reduced fetal body weights at 500 ppm, the maternal NOAEL.  

Exposure to mixed xylenes did not elicit any developmental structural anomalies at concentrations as high 

as 2,000 ppm, whereas o-xylene elicited increases in the percent of fetuses per litter with skeletal 

variations (incomplete ossification) at 2,000 ppm and in the percent of fetuses with any variation at 

1,000 ppm.  This assay did not include testing for postnatal neurobehavioral effects. 

The highest NOAEL value and all LOAEL values from each reliable study for developmental effects in 

each species and duration category are recorded in Table 3-1 and plotted in Figure 3-1. 
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3.2.1.7 Cancer 

Human data regarding cancer are limited to three occupational studies and one population-based study. 

Two studies examined the cancer and leukemia risks among solvent-exposed workers and suggested a 

possible relationship between coal-based xylene exposure and leukemia (Arp et al. 1983; Wilcosky et al. 

1984).  Both contain limitations (e.g., small number of subjects ranging from 9 to 85 male workers, no 

exposure concentrations, unknown composition of xylene) that preclude a definitive conclusion regarding 

inhalation of xylene and cancer.  A retrospective cohort mortality study evaluated 14,457 workers at an 

aircraft maintenance facility, 108 of whom had been exposed to xylene (Spirtas et al. 1991; Stewart et al. 

1991).  In this study, evaluations of deaths from multiple myeloma or non-Hodgkin’s lymphoma revealed 

no cases among xylene-exposed workers, representing 1,837 and 444 person-years of exposure, for men 

and women, respectively (Spirtas et al. 1991; Stewart et al. 1991).  A population-based case-control study 

that estimated job-related exposure to xylene reported limited evidence of increased risks for cancers of 

the colon and rectum following high exposure to xylene (Gerin et al. 1998).  The authors indicated that 

the marginally significant excesses in rectal cancer in xylene-exposed workers may have been due to the 

confounding effect of exposure to styrene or another material associated with styrene exposure.  

Limitations of this study included a lack of information on exposure concentrations and the composition 

of xylene, a small number of cases, and the fact that most of the xylene-exposed workers were also 

exposed to toluene and benzene. 

No studies were located regarding cancer in animals exposed via inhalation to mixed xylene or xylene 

isomers. 

3.2.2 Oral Exposure  

3.2.2.1 Death 

Death in humans following accidental or intentional ingestion of xylene was reported by Abu Al Ragheb 

et al. (1986).  Levels of xylene found in blood and gastric and duodenal contents were 110, 8,800, and 

33,000 mg/L, respectively, indicating ingestion of a large, but undetermined, quantity of xylene.  Death 

was attributed to respiratory failure secondary to depression of the respiratory center in the brain. 

Mortality was observed in laboratory animals following the ingestion of mixed xylene or isomers of 

xylene.  Reported acute oral LD50 values in rats for mixed xylene range from 3,523 mg/kg when 

administered in corn oil (NTP 1986) to 8,600 mg/kg when administered undiluted (Hine and Zuidema 
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1970).  It appears that the absorption of xylene was enhanced by corn oil due to its greater lipophilicity. 

The acute oral LD50 values for mixed xylene administered in corn oil to male and female mice were 

5,627 and 5,251 mg/kg, respectively (NTP 1986).  The acute oral LD50 for m-xylene (neat) in rats was 

6,661 mg/kg (Smyth et al. 1962).  According to a study by Gerarde (1959), m-xylene may be slightly less 

toxic than the other two isomers, since a single oral dose of 4,320 mg/kg of m-xylene resulted in death in 

3/10 rats, whereas 4,400 mg/kg of o-xylene or 4,305 mg/kg of p-xylene produced death in 7/10 and 

6/10 rats, respectively.  In acute-duration repeated-dose gavage studies, mortality was observed in 8 of 

10 rats given 2,000 mg/kg mixed xylene and 10 of 10 mice given 4,000 mg/kg mixed xylene in corn oil 

for 14 days (NTP 1986) and in 2 females from a group of 10 male and 10 female rats that received 

2,000 mg/kg/day p-xylene for 10 days (Condie et al. 1988). 

Survival was significantly lowered in male rats exposed to mixed xylene 5 days/week at chronic oral 

doses of 500 mg/kg but not at 250 mg/kg (NTP 1986); females were not affected.  Although mortality 

appeared to be dose related in the treated rats, many of the early deaths were related to an error in gavage 

methodology; non-accidental deaths occurred with an incidence of 22% in controls, 32% at 

250 mg/kg/day, and 38% at 500 mg/kg/day. 

All LD50 values and LOAEL values from each reliable study for death in each species and duration 

category are recorded in Table 3-2 and plotted in Figure 3-2. 

3.2.2.2 Systemic Effects  

The systemic effects observed after oral exposure to xylene are discussed below.  The highest NOAEL 

value and all LOAEL values from each reliable study for systemic effects in each species and duration 

category are recorded in Table 3-2 and plotted in Figure 3-2. 

Respiratory Effects. Limited information was located regarding respiratory effects in humans 

following oral exposure to mixed xylene or xylene isomers.  Postmortem examination of a man who 

committed suicide by ingesting xylene showed pulmonary congestion and edema (Abu Al Ragheb et al. 

1986). Death resulted from centrally mediated respiratory depression. 

A single oral dose of 4,000 mg/kg in mice or daily oral dosing of rats and mice by gavage with mixed 

xylene for 14 days at 2,000 mg/kg/day resulted in shallow and labored breathing immediately after 

dosing, but no compound-related effects were observed in the lungs at necropsy (NTP 1986). Mice given  
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Table 3-2  Levels of Significant Exposure to Xylene  -  Oral

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(mg/kg/day)
Less Serious

(mg/kg/day)
Serious
(mg/kg/day)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

ACUTE EXPOSURE
Death
1

504

Condie et al. 1988
para

F2000 (2/20 died)
2000

Rat
Sprague-
Dawley

10 d
1 x/d
(GO)

2

25

Gerarde 1959
para

4305 (6/10 rats died)
4305

Rat
NS

once
(GO)

3

26

Gerarde 1959
ortho

4400 (7/10 died)
4400

Rat
NS

once
(GO)

4

27

Gerarde 1959
meta

4320 (3/10 died)
4320

Rat
NS

once
(GO)

5

44

Hine and Zuidema 1970
mixed

M8640 (LD50)
8640

Rat
Long- Evans

once
(G)

6

93

Muralidhara and Krishnakumari
1980
mixed

F5950 (4/6 died)
5950

Rat
Albino-Wistar
CFT

once
(GO)

7

3

NTP 1986
mixed

2000 (8/10 died)
2000

Rat
F344/N

14 d
1 x/d
(GO)

8

35

NTP 1986
mixed

M3523 (LD50)
3523

Rat
F344/N

once
(GO)

9

47

Smyth et al. 1962
meta

M6661 (LD50)
6661

Rat
Carworth-
Wistar

once
(G)

X
Y

L
E

N
E

3
.  H

E
A

L
T

H
 E

F
F

E
C

T
S

8
4
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(continued)Table 3-2  Levels of Significant Exposure to Xylene  -  Oral

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(mg/kg/day)
Less Serious

(mg/kg/day)
Serious
(mg/kg/day)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

10

34

NTP 1986
mixed

M5627 (LD50)
5627

b
F5251 (LD50)

5251

Mouse
B6C3F1

once
(GO)

11

4

NTP 1986
mixed

4000 (10/10 died)
4000

Mouse
B6C3F1

14 d
1 x/d
(GO)

Systemic
12

503

Condie et al. 1988
meta

Hemato 2000
2000

Rat
Sprague-
Dawley

10 d
1 x/d
(GO)

Renal 2000
2000

Bd Wt 2000
2000

13

505

Condie et al. 1988
para

Hemato 2000
2000

Rat
Sprague-
Dawley

10
1 x/d
(GO)

Renal 2000
2000

Bd Wt 1000
1000

M2000 (13% decrease in body
weight)

2000

14

506

Condie et al. 1988
ortho

Hemato 2000
2000

Rat
Sprague-
Dawley

10 d
1 x/d
(GO)

Renal 2000
2000

Bd Wt 1000
1000

M2000 (14% decrease in body
weight)

2000

X
Y

L
E

N
E

3
.  H

E
A

L
T

H
 E

F
F

E
C

T
S

8
5
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(continued)Table 3-2  Levels of Significant Exposure to Xylene  -  Oral

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(mg/kg/day)
Less Serious

(mg/kg/day)
Serious
(mg/kg/day)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

15

766

Dyer et al. 1988
para

Other M1000
1000

M2000 (mild hypothermia)
2000

Rat
Long- Evans

once
(GO)

16

780

NTP 1986
mixed

Resp 1000
1000

2000 (shallow and labored
breathing)

2000

Rat
F344/N

14 d
1 x/d
(GO)

Bd Wt 500
500

M1000 (18% decrease in body
weight gain in males)

1000

17

771

Patel et al. 1978
para

Resp F1000 (decreased pulmonary
microsomal activity)

1000

Rat
Sprague-
Dawley

once
(GO)

18

781

NTP 1986
mixed

Resp 1000
1000

2000 (shallow breathing)
2000

Mouse
B6C3F1

14 d
1 x/d
(GO)

Bd Wt 2000
2000

Immuno/ Lymphoret
19

742

Condie et al. 1988
para

1000
1000

2000 (11% decrease in relative
thymus weight)

2000

Rat
Sprague-
Dawley

10 d
1 x/d
(GO)

Neurological
20

767

Dyer et al. 1988
para

c
M125

125

M250 (suppressed visual
evoked potentials)

250

Rat
Long- Evans

once
(GO)

X
Y

L
E

N
E

3
.  H

E
A

L
T

H
 E

F
F

E
C

T
S

8
6
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(continued)Table 3-2  Levels of Significant Exposure to Xylene  -  Oral

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(mg/kg/day)
Less Serious

(mg/kg/day)
Serious
(mg/kg/day)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

21

902

Gagnaire and Langlais 2005
meta

M900
900

Rat
(Sprague-
Dawley)

2 wk
5 d/wk
1 x/d
(GO)

22

903

Gagnaire and Langlais 2005
para

M900 (partial loss of outer hair
cells in cochlea
responsive to medium
frequencies: 10-25 kHz)

900

Rat
(Sprague-
Dawley)

2 wk
5 d/wk
1 x/d
(GO)

23

904

Gagnaire and Langlais 2005
ortho

M900
900

Rat
(Sprague-
Dawley)

2 wk
5 d/wk
1 x/d
(GO)

24

785

Muralidhara and Krishnakumari
1980
mixed

F5950 (coma)
5950

Rat
Albino- Wistar

once
(GO)

25

782

NTP 1986
mixed

4000 (decreased hindleg
movement,
incoordination,
prostration)

4000

Rat
F344/N

once
(GO)

26

136

NTP 1986
mixed

2000 (weakness, lethargy,
unsteadiness, tremors,
and partial paralysis)

2000

Mouse
B6C3F1

1 x/d
5 d/wk
13 wk
(GO)

X
Y

L
E

N
E

3
.  H

E
A

L
T

H
 E

F
F

E
C

T
S

8
7
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(continued)Table 3-2  Levels of Significant Exposure to Xylene  -  Oral

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(mg/kg/day)
Less Serious

(mg/kg/day)
Serious
(mg/kg/day)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

Developmental
27

69

Marks et al. 1982
mixed

F1030
1030

F2060 (cleft palate)
2060

Mouse
CD-1

10 d
Gd 6-15
3 x/d
(GO)

28

525

Seidenberg et al. 1986
meta

F2000
2000

Mouse
ICR/SIM

5 d
1 x/d
Gd 8-12
(GO)

INTERMEDIATE EXPOSURE
Systemic
29

507

Condie et al. 1988
mixed

Hemato F750
750

F1500 (mild polycythemia and
leukocytosis; increased
spleen weight)

1500

Rat
Sprague-
Dawley

90 d
1 x/d
(GO)

Hepatic 150
150

750 (14% increase in serum
alanine aminotransferase
in females, 14-17%
increase in relative liver
weight in both sexes)

750

Renal F150
150

F750 (minimal chronic
nephropathy in 6/10
females)

750

Bd Wt 1500
1500
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(continued)Table 3-2  Levels of Significant Exposure to Xylene  -  Oral

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(mg/kg/day)
Less Serious

(mg/kg/day)
Serious
(mg/kg/day)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

30

701

Elovaara et al. 1989
meta

Resp M800 (decreased cytochrome
P-450)

800

Rat
NS

3.5 wk
5 d/wk
1 x/d
(GO)

Hepatic M800 (increased plasma SGPT
and relative
liver weight)

800

31

133

NTP 1986
mixed

Resp 1000
1000

Rat
F344/N

13 wk
5 d/wk
1 x/d
(GO)

Cardio 1000
1000

Gastro 1000
1000

Hemato 1000
1000

Musc/skel 1000
1000

Hepatic 1000
1000

Renal 1000
1000

Ocular 1000
1000

Bd Wt M500
500

M1000 (15% decrease in body
weight gain)

1000
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(continued)Table 3-2  Levels of Significant Exposure to Xylene  -  Oral

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(mg/kg/day)
Less Serious

(mg/kg/day)
Serious
(mg/kg/day)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

32

195

Wolfe 1988a
meta

Resp 800
800

Rat
Sprague-
Dawley

13 wk
7 d/wk
1 x/d
(GO)

Cardio 800
800

Gastro 800
800

Hemato 800
800

Musc/skel 800
800

Hepatic F800
800

M800 (37% increased serum
alanine
aminotransferase)

800

Renal 800
800

Dermal 800
800

Ocular 800
800

Bd Wt M200
200

M800 (body weight gain
decreased by 15%)

800
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(continued)Table 3-2  Levels of Significant Exposure to Xylene  -  Oral

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(mg/kg/day)
Less Serious

(mg/kg/day)
Serious
(mg/kg/day)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

33

193

Wolfe 1988b
para

Resp 800
800

Rat
Sprague-
Dawley

13 wk
7 d/wk
1 x/d
(GO)

Cardio 800
800

Gastro 800
800

Hemato 800
800

Musc/skel 800
800

Hepatic 800
800

Renal 800
800

Dermal 800
800

Ocular 800
800

Bd Wt 800 (
800

34

2

NTP 1986
mixed

Cardio 2000
2000

Mouse
B6C3F1

13 wk
5 d/wk
1 x/d
(GO)

Gastro 2000
2000

Hemato 2000
2000

Musc/skel 2000
2000

Hepatic 2000
2000

Renal 2000
2000

Ocular 2000
2000

Bd Wt 2000
2000

X
Y
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E

N
E
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(continued)Table 3-2  Levels of Significant Exposure to Xylene  -  Oral

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(mg/kg/day)
Less Serious

(mg/kg/day)
Serious
(mg/kg/day)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

Neurological
35

741

Condie et al. 1988
mixed

M750
750

M1500 (increased
aggressiveness)

1500

Rat
Sprague-
Dawley

90 d
1 x/d
(GO)

36

130

NTP 1986
mixed

1000
1000

Rat
F344/N

13 wk
5 d/wk
1 x/d
(GO)

37

191

Wolfe 1988a
meta

800
800

Rat
Sprague-
Dawley

13 wk
7 d/wk
1 x/d
(GO)

38

190

Wolfe 1988b
para

800
800

Rat
Sprague-
Dawley

13 wk
7 d/wk
1 x/d
(GO)

39

150

NTP 1986
mixed

d
500

500

1000 (hyperactivity weeks
4-52)

1000

Mouse
B6C3F1

103 wk
5 d/wk
1x/d
(GO)

Reproductive
40

132

NTP 1986
mixed

1000
1000

Rat
F344/N

13 wk
5 d/wk
1 x/d
(GO)

41

192

Wolfe 1988a
meta

800
800

Rat
Sprague-
Dawley

13 wk
7 d/wk
1 x/d
(GO)
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(continued)Table 3-2  Levels of Significant Exposure to Xylene  -  Oral

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(mg/kg/day)
Less Serious

(mg/kg/day)
Serious
(mg/kg/day)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

42

194

Wolfe 1988b
para

800
800

Rat
Sprague-
Dawley

13 wk
7 d/wk
1 x/d
(GO)

43

135

NTP 1986
mixed

2000
2000

Mouse
B6C3F1

13 wk
5 d/wk
1 x/d
(GO)

CHRONIC EXPOSURE
Death
44

145

NTP 1986
mixed

M500 (survival decreased by
16%)

500

Rat
F344/N

103 wk
5 d/wk
1 x/d
(GO)
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(continued)Table 3-2  Levels of Significant Exposure to Xylene  -  Oral

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(mg/kg/day)
Less Serious

(mg/kg/day)
Serious
(mg/kg/day)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

Systemic
45

148

NTP 1986
mixed

Resp 500
500

Rat
F344/N

103 wk
5 d/wk
1 x/d
(GO)

Cardio 500
500

Gastro 500
500

Hemato 500
500

Musc/skel 500
500

Hepatic 500
500

Renal 500
500

Dermal 500
500

Ocular 500
500

Bd Wt 250
250

M500 (body weight decreased
5-8% after week 59)

500

X
Y

L
E

N
E
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(continued)Table 3-2  Levels of Significant Exposure to Xylene  -  Oral

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(mg/kg/day)
Less Serious

(mg/kg/day)
Serious
(mg/kg/day)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

46

152

NTP 1986
mixed

Resp 1000
1000

Mouse
B6C3F1

103 wk
5 d/wk
1 x/d
(GO)

Cardio 1000
1000

Gastro 1000
1000

Hemato 1000
1000

Musc/skel 1000
1000

Hepatic 1000
1000

Renal 1000
1000

Dermal 1000
1000

Ocular 1000
1000

Bd Wt 1000
1000

Neurological
47

146

NTP 1986
mixed

e
500

500

Rat
F344/N

103 wk
5 d/wk
1 x/d
(GO)

Reproductive
48

147

NTP 1986
mixed

500
500

Rat
F344/N

103 wk
5 d/wk
1 x/d
(GO)
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Figure

(continued)Table 3-2  Levels of Significant Exposure to Xylene  -  Oral

Species
(Strain)

LOAEL

CommentsSystem
NOAEL

(mg/kg/day)
Less Serious

(mg/kg/day)
Serious
(mg/kg/day)

Reference
Chemical Form

Exposure/
Duration/

Frequency
(Route)

49

a The number corresponds to the entries in Figure 3-2.

b Differences in levels of health effects and cancer effects between male and females are not indicated in Figure 3-2. Where such differences exist, only the levels of effect for the
most sensitive gender are presented.

c Used to derive an acute-duration minimal risk level (MRL) for mixed xylenes based on a NOAEL of 125 mg/kg/day p-xylene.  The NOAEL was divided by an uncertainty factor of
100 (10 for extrapolation from animals to humans and 10 for human variability).

d Used to derive an intermediate-duration minimal risk level (MRL) for mixed xylenes based on a NOAEL of 500 mg/kg and a LOAEL of 1000 mg/kg for mice exposed to mixed
xylenes 5 days/week.  The NOAEL was adjusted for intermittent exposure (5 days/7 days) and divided by an uncertainty factor of 100 (10 for extrapolation from animals to humans
and 10 for human variability) and a modifying factor of 10 to account for the lack of testing for sensitive neurological endpoints and lack of developmental and multi-generational data.

e Used to derive a chronic-duration minimal risk level (MRL) for mixed xylenes based on a NOAEL of 250 mg/kg in rats exposed to mixed xylenes 5 days/week.  At 500 mg/kg, a
decrease in survival was observed, thus the next lowest dose was selected as the basis of the MRL.  The NOAEL of 250 mg/kg/ was adjusted for intermittent exposure (5 days/7
days) and divided by an uncertainty factor of 100 (10 for extrapolation from animals to humans and 10 for human variability) and a modifying factor of 10 to account for the lack of
testing for sensitive neurological endpoints and lack of developmental and multi-generational data.

Bd Wt = body weight; Cardio = cardiovascular; d = day(s); F = Female; Gastro = gastrointestinal; Gd = gestational day; hemato = hematological; LD50 = lethal dose, 50% kill; LOAEL
= lowest-observed-adverse-effect level; M = male; Musc/skel = musculoskeletal; NOAEL = no-observed-adverse-effect level; Resp = respiratory; SGPT = serum glutamic pyruvic
transaminase; x = time(s); wk = week(s)
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XYLENE  102 

3. HEALTH EFFECTS 

daily oral doses of 2,000 mg/kg/day, 5 days/week, for 13 weeks exhibited similar effects 15–60 minutes 

after dosing (NTP 1986). Histopathological examination of the lungs and mainstem bronchi of rats and 

mice administered mixed xylene 5 days/week at doses as high as 1,000 mg/kg in rats and 2,000 mg/kg in 

mice for 13 weeks or 500 mg/kg in rats and 1,000 mg/kg in mice for up to 2 years revealed no adverse 

effects (NTP 1986).  Gross and histopathological examination of rats administered m- or p-xylene for 

13 weeks at doses as high as 800 mg/kg/day revealed no treatment-related effects (Wolfe 1988a, 1988b).   

Decreased pulmonary microsomal enzyme activity was observed in rats after a single oral dose of 

1,000 mg/kg of p-xylene (Patel et al. 1978) and decreased pulmonary cytochrome P-450 content were 

observed in rats after gavage dosing with 800 mg/kg/day, 5 days/week, for 3 weeks (Elovaara et al. 1989), 

suggesting some direct toxicity of xylene in the lungs.  Selective inactivation of enzymes can result in 

damage to tissue caused by the toxic metabolite of xylene, a methylbenzaldehyde (Carlone and Fouts 

1974; Patel et al. 1978; Smith et al. 1982).  The formation of the methylbenzaldehydes has not been 

confirmed in humans. 

Cardiovascular Effects.    Limited information was located regarding cardiovascular effects in 

humans following oral exposure to mixed xylene or its isomers.  Postmortem examination showed no 

adverse effects on the heart or coronary arteries of a man who committed suicide by ingesting a large but 

unknown quantity of xylene (Abu Al Ragheb et al. 1986).  No adverse cardiovascular effects were noted 

following histopathological examination of the heart in rats and mice exposed 5 days/week to mixed 

xylene at ≈63–2,000 mg/kg for 13 or 103 weeks (NTP 1986).  No treatment-related effects were noted 

upon gross or histopathological examination of the heart in rats administered m- or p-xylene at doses as 

high as 800 mg/kg/day for 13 weeks (Wolfe 1988a, 1988b).   

Gastrointestinal Effects.    No superficial erosions, deep ulcerations, or other lesions were observed 

during postmortem examination of the gastric mucosa of a person who died following ingestion of a 

"large quantity" of xylene (Abu Al Ragheb et al. 1986).  Histopathological examination of rats 

administered doses 5 days/week as high as 1,000 mg/kg of mixed xylene and mice administered doses as 

high as 2,000 mg/kg of mixed xylene for 13 weeks or in rats and mice administered doses as high as 

500 and 1,000 mg/kg, respectively, for 2 years revealed no adverse effects on the stomach, small 

intestine, or colon (NTP 1986).  Administration of p-xylene up to 800 mg/kg/day for 13 weeks also had 

no significant effect on gastrointestinal organs of rats (Wolfe 1988a, 1988b). 
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3. HEALTH EFFECTS 

Hematological Effects.    No studies were located regarding hematological effects in humans 

following oral exposure to mixed xylene or xylene isomers.  Exposure of rats to 2,000 mg/kg/day 

p-xylene for 10 days resulted in no effects detectable in routine hematological analysis (Condie et al. 

1988).  Exposure to o- and m-xylene at 2,000 mg/kg/day for 10 days produced a decrease in the spleen 

weight of male rats (Condie et al. 1988); however, hematological analyses in these rats were normal.  

Mild polycythemia and leukocytosis in both male and female rats and an increase in spleen weight in 

females were observed in rats exposed to 1,500 mg/kg/day mixed xylene for 90 days (Condie et al. 1988). 

No effects were observed upon histopathological examination of the bone marrow following exposure to 

800 mg/kg/day of p-xylene in rats and mice (Wolfe 1988a), or on administration 5 days/week of 

1,000 mg/kg mixed xylene in rats for 13 weeks (NTP 1986), 2,000 mg/kg mixed xylene in mice for 

13 weeks (NTP 1986), or 500 mg/kg mixed xylene in rats and 1,000 mg/kg in mice for 2 years (NTP 

1986). 

Musculoskeletal Effects.    No studies were located regarding musculoskeletal effects in humans 

following oral exposure to mixed xylene or xylene isomers.  In two animal bioassays, no musculoskeletal 

effects were observed in rats and mice upon histopathological examination of the femur, sternebrae, or 

vertebrae following intermediate or chronic exposure 5 days/week to mixed xylene up to 2,000 mg/kg for 

mice and 1,000 mg/kg for rats for 13 weeks and 1,000 mg/kg for mice or 500 mg/kg for rats for 

103 weeks (NTP 1986).  No adverse effects were observed in the sternum (with marrow), thigh 

musculature, or femur upon histopathological examination of rats administered m- or p-xylene at doses up 

to 800 mg/kg/day for 13 weeks (Wolfe 1988a, 1988b). 

Hepatic Effects.    No studies were located regarding hepatic effects in humans following oral exposure 

to mixed xylene or xylene isomers.  In general, studies in animals have shown mild changes in the liver in 

response to oral exposure to mixed xylene.  These changes included increased activity of liver enzymes 

and ultrastructural changes indicative of increased metabolic activity, but no evidence of 

histopathological changes in the liver tissue (Ungvary 1990).  In acute and intermediate studies with rats, 

oral exposure to mixed xylene (Condie et al. 1988; Ungvary 1990) and its isomers (Condie et al. 1988; 

Elovaara et al. 1989; Pyykko 1980) has been associated with hepatic enzyme induction and increased 

hepatic weight. In the study by Condie et al. (1988), acute exposure to p-xylene at 250 mg/kg/day and 

m- and o-xylene at 1,000 mg/kg/day for 10 days caused increases in liver weight.  Administration of 

doses of 1,060 mg/kg/day of all three xylene isomers for 3 days also produced increased cytochrome 

b5 content and increased activities of liver enzymes in rats (Pyykko 1980), with the different isomers 

showing different enzyme induction potencies. Increased liver weight was observed with m- and 
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o-xylene, but not p-xylene, and increased cytochrome P-450 was observed only with m-xylene. 

Administration of mixed xylene to rats for 90 days caused 13.8–27% increases in relative liver weight 

ratios at doses between 750 and 1,500 mg/kg/day (Condie et al. 1988); a statistically significant 5.7% 

increase in relative liver weight in male rats at 150 mg/kg/day is not biologically significant. No 

treatment-related histopathological changes were observed in the liver, but mild increases in serum 

transaminases were observed at 750 mg/kg/day.  Similar increases in serum alanine aminotransferase 

were observed following ingestion of 800 mg/kg/day of m-xylene for 3 or 13 weeks (Elovaara et al. 1989; 

Wolfe 1988a).  No effects were noted upon histopathological examination of the liver of rats and mice 

that were administered mixed xylene 5 days/week for a chronic or intermediate period of time with doses 

as high as 2,000 mg/kg for mice; 1,000 mg/kg for rats for 13 weeks; and 1,000 mg/kg for mice and 

500 mg/kg for rats for 103 weeks (NTP 1986).  Administration of doses as high as 800 mg/kg/day of 

p-xylene in rats for 13 weeks produced no adverse hepatic effects (Wolfe 1988b). 

Renal Effects.    No studies were located regarding renal effects in humans following oral exposure to 

mixed xylene or xylene isomers.  Data are available for renal effects in laboratory animals following 

acute-duration exposure to individual isomers, but not to mixed xylene (Condie et al. 1988; Pyykko 

1980).  At 1,060 mg/kg/day for 3 days, increases in kidney weight were observed with m-xylene and 

increases in microsomal enzyme content and activity were observed with all three isomers (Pyykko 

1980).  No effects on urine parameters were noted after a 10-day exposure to 2,000 mg/kg/day of any of 

the isomers (Condie et al. 1988).  The majority of studies using mixed xylene or its isomers for 

intermediate or chronic durations also showed no adverse effects on the kidneys.  The only toxic change 

observed was increased hyaline droplet change in males (not relevant to humans) and increased early 

chronic nephropathy in females at 150–1,500 mg/kg/day mixed xylene for 90 days; the incidence in 

females at 150 mg/kg/day was not statistically significant.  Although urine from these rats were normal 

(Condie et al. 1988), continued hyaline droplet accumulation can result in cell damage.  Increased relative 

kidney weight was also observed in male rats given mixed xylene at 750 mg/kg/day and in female rats at 

1,500 mg/kg/day for 90 days (Condie et al. 1988).  Similarly, increased kidney weight and microsomal 

enzyme activity were observed in rats exposed to 800 mg/kg/day of m-xylene, 5 days/week, for 3 weeks 

(Elovaara et al. 1989).  Increased relative kidney weight was also observed in male rats administered 

800 mg m-xylene/kg/day for 13 weeks (Wolfe 1988a, 1988b).  Histopathology of the kidneys and urinary 

bladder were normal.  Also, no adverse effects were noted upon histopathological examination of the 

kidneys of rats and mice following intermediate or chronic exposure 5 days/week to doses of mixed 

xylene as high as 2,000 mg/kg (for 13 weeks in mice) and 1,000 mg/kg (for 103 weeks in mice) (NTP 

1986). 
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Endocrine Effects.    No studies were located regarding endocrine effects in humans or animals 

following oral exposure to mixed xylene or xylene isomers. 

Dermal Effects.    No studies were located regarding dermal effects in humans following oral exposure 

to mixed xylene or xylene isomers.  Limited information was located regarding dermal effects in animals.  

No adverse effects were noted during microscopic examination of the skin of rats and mice administered 

mixed xylene 5 days/week at doses as high as 2,000 mg/kg in mice and 1,000 mg/kg for rats for an 

intermediate (13 weeks) period of time or as high as 1,000 mg/kg for mice and 500 mg/kg for rats for a 

chronic (103 weeks) period of time (NTP 1986).  The skin of rats administered doses as high as 

800 mg/kg/day of m- or p-xylene for 13 weeks appeared normal upon histopathological examination 

(Wolfe 1988a, 1988b). 

Ocular Effects.    No studies were located regarding ocular effects in humans following oral exposure 

to mixed xylenes or xylene isomers.  Histopathological examination of the eyes of rats and mice orally 

exposed to mixed xylenes (NTP 1986) or to m- or p-xylene (Wolfe 1988a, 1988b) for 13 or 103 weeks 

showed no effects. No additional data regarding ocular effects in animals following oral exposure to 

xylenes were available. 

Body Weight Effects.    Effects on body weight were observed in several acute studies of the effects of 

mixed xylene and its isomers (Condie et al. 1988; NTP 1986; Pyykko 1980).  Exposure to m-, o-, and 

p-xylene for 3 days resulted in weight losses of between 2.5 and 3 times that observed in control rats 

(Pyykko 1980). A 14-day exposure of rats and mice to mixed xylene resulted in an 18% decrease in body 

weight gain in male rats at 1,000 mg/kg/day and an 89% decrease in bodyweight gain in male mice at 

2,000 mg/kg/day (NTP 1986).  Body weights of male rats given 2,000 mg/kg/day o- or p-xylene, but not 

m-xylene, for 10 days showed 14% and 13% decreases, respectively, relative to controls (Condie et al. 

1988).  No significant body weight changes were observed in male or female rats dosed daily with 

≤1,500 mg/kg/day mixed xylenes for 13 weeks (Condie et al. 1988), but a 16% decrease was noted in 

female mice dosed 5 days/week for 13 weeks at 2,000 mg/kg (NTP 1986).  Body weights were decreased 

by 25% in males (with reduced food consumption) and by 15.5% in females (with normal food 

consumption) treated by daily oral gavage with 800 mg m-xylene/kg/day for 13 weeks (Wolfe 1988a).  In 

a parallel study with p-xylene, body weights were reduced by 21% in males and by 11% in females 

treated at 800 mg/kg/day, although food consumption was significantly higher than controls (Wolfe 

1988b).  Body weight in male rats at 1,000 mg/kg and in female mice at 2,000 mg/kg mixed xylene were 
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decreased 15% and 16%, respectively, in a 13-week study (NTP 1986).  After week 59 in a 2-year study, 

mean body weights were reduced by 5–8% in male rats exposed by oral gavage 5 days/week to 

500 mg/kg mixed xylenes, but this change is not biologically significant (NTP 1986).  No body weight 

effects were observed in female rats exposed at doses as high as 500 mg/kg or in mice exposed at doses as 

high as 1,000 mg/kg/day (NTP 1986). 

3.2.2.3 Immunological and Lymphoreticular Effects  

No studies were located regarding immunological or lymphoreticular effects in humans after oral 

exposure to mixed xylene or xylene isomers.  The only information suggesting a possible toxic effect of 

mixed xylene or its isomers on the immune system was a decrease in spleen and thymus weight observed 

in rats exposed for 10 days to 2,000 mg/kg/day p-xylene (Condie et al. 1988).  Organ weight changes 

were not accompanied by histopathological changes. 

The NOAEL and LOAEL values for immunological effects of p-xylene in rats are recorded in 

Table 3-2 and plotted in Figure 3-2. 

3.2.2.4 Neurological Effects 

Information concerning possible neurological effects associated with the ingestion of xylene is limited.  

Xylene produced a coma that persisted for more than 26 hours in a person who accidentally ingested an 

unknown amount (Recchia et al. 1985).  The composition of the xylene was also unknown. 

Clinical signs consistent with central nervous system toxicity have been observed in rats and mice 

following oral exposure to mixed xylene.  A single oral dose of 4,000 mg/kg caused incoordination, 

prostration, decreased hindleg movement, and hunched posture in rats and tremors, prostration, and/or 

slowed breathing in mice (NTP 1986).  In 13-week gavage assays in rats, neurotoxic signs included 

hyperactivity, convulsions, salivation, and epistaxis following exposure to 800 mg/kg/day m- or p-xylene 

(Wolfe 1988a, 1988b) and increased aggression following exposure to 1,500 mg/kg/day mixed xylenes 

(Condie et al. 1988).  Clinical signs observed in mice in the hour after gavage dosing with mixed xylenes 

included weakness, lethargy, unsteadiness, tremors, and partial paralysis of hindlimbs at 2,000 mg/kg in a 

13-week assay and hyperactivity at 1,000 mg/kg beginning week 4 in 13-week and 2-year assays (NTP 

1986). Mild sedation at 2,000 mg/kg and increases in latency of several peaks in flash-evoked potentials 

at doses of 250 mg/kg and higher were observed following single doses of p-xylene; no effect was seen at 



XYLENE  107 

3. HEALTH EFFECTS 

125 mg/kg/day (Dyer et al. 1988).  This NOAEL was used to derive an MRL of 1 mg/kg/day for acute 

oral exposure to mixed xylenes or individual xylene isomers.   

Histological damage to the outer hair cells of the organ of Corti provided evidence of ototoxicity in rats 

exposed by oral gavage to p-xylene, but not m- or o-xylene, at a dose of 900 mg/kg/day, 5 days/week for 

2 weeks (Gagnaire and Langlais 2005).  The losses of hair cells occurred in the area of the cochlea 

responsive to medium frequencies (10–25 kHz).  No histopathology of the brain or spinal cord was 

observed in rats or mice administered mixed xylenes 5 days/week at doses as high as 1,000 mg/kg (rats) 

or 2,000 mg/kg/day (mice) for 13 weeks or 1,000 mg/kg for 2 years (NTP 1986).  Similarly, no 

neurohistopathology was observed in rats administered doses of m- or p-xylene as high as 800 mg/kg/day 

for 13 weeks, although the brain-to-body weight ratio was increased in males dosed with 800 mg/kg/day 

of m-xylene (Wolfe 1988a, 1988b). 

An acute-duration oral MRL of 1 mg/kg/day for mixed xylenes or individual isomers was calculated 

based on a NOAEL of 125 mg/kg and a LOAEL of 250 mg/kg for altered visual evoked brain potentials 

in male Long-Evans rats given single gavage doses of p-xylene (Dyer et al. 1988; NTP 1986) as described 

in the footnote in Table 3-2.  An intermediate-duration oral MRL of 0.4 mg/kg/day for mixed xylenes or 

individual isomers was calculated based on a NOAEL of 500 mg/kg and a LOAEL of 1,000 mg/kg for 

hyperactivity in male and female B6C3F1 mice dosed with mixed xylenes by gavage 5 days/week for 4– 

51 weeks (NTP 1986) as described in the footnote in Table 3-2. 

The highest NOAEL value and all LOAEL values from each reliable study for neurological effects in rats 

and mice and for each exposure duration are recorded in Table 3-2 and plotted in Figure 3-2. 

3.2.2.5 Reproductive Effects  

No studies were located regarding reproductive effects in humans following oral exposure to mixed 

xylene or individual isomers. 

No studies in animals directly examining reproductive function following oral administration of mixed 

xylene or its isomers were located; however, histological examination of rats and mice administered 

mixed xylene 5 days/week at doses as high as 1,000 mg/kg in rats and 2,000 mg/kg in mice for 13 weeks 

revealed no adverse effects on the prostate/testes (male), ovaries/uterus, or mammary glands (female) 

(NTP 1986). The reproductive system organs of rats administered doses of m- or p-xylene as high as 



XYLENE  108 

3. HEALTH EFFECTS 

800 mg/kg/day appeared comparable to controls after 13 weeks of treatment (Wolfe 1988a, 1988b).  In 

chronic studies, no adverse histopathological changes were observed in the reproductive organs in rats at 

doses as high as 500 mg/kg and in mice at doses as high as 1,000 mg/kg administered 5 days/week for 

103 weeks (NTP 1986). The highest NOAEL value from each reliable study for reproductive effects are 

recorded in Table 3-2 and plotted in Figure 3-2. 

3.2.2.6 Developmental Effects 

No studies were located regarding developmental effects in humans following oral exposure to mixed 

xylene or xylene isomers. 

Significantly increased incidences of cleft palate and decreased fetal body weight were reported following 

maternal oral exposure during gestation days 6–15 to doses of 2,060 mg/kg/day mixed xylene in mice 

(Marks et al. 1982).  Mixed xylene was also toxic to the dams, producing 31.5% mortality at 

3,100 mg/kg/day.  It is unclear whether the observation of cleft palate in this study is associated with 

maternal toxicity or a predisposition of mice under stress to give birth to offspring with this birth defect.  

In a teratology screening study, 2,000 mg/kg/day of m-xylene produced no evidence of fetal toxicity in 

mice (Seidenberg et al. 1986).  Given the limited amount of animal data, no conclusion can be made 

regarding the relationship between oral exposure of xylene and adverse developmental effects.  The 

highest NOAEL value and all LOAEL values from each reliable study for developmental effects are 

recorded in Table 3-2 and plotted in Figure 3-2. 

3.2.2.7 Cancer 

No data were located regarding cancer in humans following oral exposure to mixed xylene or xylene 

isomers. 

The carcinogenicity of mixed xylene following oral exposure has been evaluated in chronic studies with 

rats and mice; however, no animal studies were available on the carcinogenic effects of m-, o-, or 

p-xylene following oral exposure.  Results of the chronic oral studies with mixed xylene have been 

negative (NTP 1986) or equivocal (Maltoni et al. 1983, 1985).  In a chronic bioassay, rats and mice of 

both sexes received mixed xylene by gavage at 0, 250, or 500 mg/kg and 0, 500, or 1,000 mg/kg, 

respectively, 5 days/week for 103 weeks.  The interpretation of the results of the NTP bioassay was 

compromised by the large number of gavage-related deaths early in the study in the high-dose male rats.  

In the other chronic study (Maltoni et al. 1983, 1985), male and female rats were fed xylene (unspecified) 
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by gavage at 0 or 500 mg/kg, 4–5 days/week for 104 weeks.  The Maltoni studies were weakened because 

of methodological flaws such as failure to report site-specific neoplasia, insufficient toxicity data, and 

absence of statistical analyses.  Therefore, given the limited data, no definitive conclusion can be made 

regarding the carcinogenicity of mixed xylene in animals following oral exposure. 

3.2.3 Dermal Exposure  

In addition to studies that have directly examined the health effects of dermal exposure to xylene, a 

number of reports of health effects resulting from occupational exposure to xylene have been included in 

this section. Dermal contact with xylene is likely in many occupational situations, and absorption of 

xylene has been demonstrated in humans (Engstrom et al. 1977; Riihimaki 1979b; Riihimaki and Pfaffli 

1978).  The results of the occupational studies must be interpreted with caution, however, because of 

coexposure to other compounds. 

3.2.3.1 Death 

No reports of death in humans following dermal exposure to xylene were located.  Limited animal data 

suggest that mixed xylene and m-xylene can cause death when applied dermally (Hine and Zuidema 

1970; Smyth et al. 1962). The acute dermal LD50 in rabbits has been determined to be 3,228 mg/kg/day 

for m-xylene and >114 mg/kg/day for mixed xylene for 4 hours or more (Hine and Zuidema 1970; Smyth 

et al. 1962). 

The LD50 value for death in rabbits as a result of acute-duration exposure to m-xylene is recorded in 

Table 3-3. 

3.2.3.2 Systemic Effects  

No studies were located regarding musculoskeletal, endocrine, or body weight effects in humans or 

animals following dermal exposure to mixed xylenes or xylene isomers.  The systemic effects that were 

observed after dermal exposure to xylene are discussed below.  All LOAEL values from each reliable 

study for systemic effects in each species and duration category are recorded in Table 3-3. 

Respiratory Effects. Case reports of dryness of the throat (Goldie 1960) in painters and decreased 

pulmonary function and dyspnea in histology technicians with chronic exposure to xylene (Hipolito 1980) 

have been published. It is likely that these effects represent direct effects of xylene or other solvents on  
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ACUTE EXPOSURE 
Death 

Hall 
Mouse once 

System NOAEL Less Serious 

LOAEL 

57 
mg/kg 

Serious 

(8/120 died) 

Reference 
Chemical Form 

Pound and Withers 1963 
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meta 
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5 x/d Dermal 66 
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5-fold increase in 
pro-inflammatory 
cytokine TNF-alpha) 

ortho 

Ahaghotu et al. 2005; Singh 
2006 
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5 fractions of 13.2 mg. 

(hairless) 
Rat 1 hr Dermal 199 M 

mg 
(2-fold higher 
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Chatterjee et al. 2005 
meta 

Occlusive exposure. 

X
Y

L
E

N
E

3
.  H

E
A

L
T

H
 E

F
F

E
C

T
S

1
1
0



909

mg/day

909

886
mg/kg

886

887
µg/kg

887

808
mg/kg

808

73 mg/kg/day

73

787
mg

787

Table 3-3 Levels of Significant Exposure to Xylene - Dermal	 (continued) 

Exposure/ LOAEL 
Duration/ 

Species Frequency Reference 
(Strain) (Route) System NOAEL Less Serious	 Serious Chemical Form Comments 

X
Y

L
E

N
E

Rat

(hairless)


Rat

(Fischer- 344)


Mouse

(BALB/c)


Mouse

Hall


Gn Pig

Dunkin

Hartley


Rabbit

NS


4 d 
5 x/d Dermal 64.8 M 

mg/day 
(2-fold increase in 
transepidermal water 
loss, 22% reduced wate 
content, moderate 
erythema, 5.7-fold 
increase in 
pro-inflammatory 
TNF-alpha) 

1 hr 
once Dermal 1200 M 

mg/kg 
(separation of epidermis 
and dermis) 

once Dermal 3136 F 
µg/kg 

(skin edema) 

once Dermal 57 
mg/kg 

(edema, irritation, 
scaliness of skin) 

3 d 
3 x/d Dermal 2.3 F 

mg/kg/day 
(skin irritation) 

once Ocular 87 
mg

(mild irritation of eyes) 

Chatterjee et al. 2005	 Unocclusive dermal 
meta	 exposure. 64.8 mg/day 

delivered in 5 fractions 
of 12.96 mg. 

Gunasekar et al. 2003 
meta 

Iyadomi et al. 2000 
meta 

Pound and Withers 1963 
mixed 

Anderson et al. 1986 
mixed 

Consumer Product Testing 0.1 mL/eye. 
1976 
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3
.  H

E
A

L
T

H
 E

F
F

E
C

T
S

1
1
1



82 mg/kg
82

mg

88 mg

88

900 mg

900

75 mg

75

76
mg/kg

76

Table 3-3 Levels of Significant Exposure to Xylene - Dermal (continued) 

Exposure/ LOAEL 
Duration/ 

Species Frequency Reference 
(Strain) (Route) System NOAEL Less Serious Serious Chemical Form Comments 

X
Y

L
E

N
E

New Zealand 
white 

Rabbit once Dermal 

Ocular 87 M 
mg 

(moderately irritating to 
the conjunctiva) 

114 M 
mg/kg 

(moderate to severe skin 
irritation) 

Hine and Zuidema 1970 
mixed 

0.1 mL/eye; 0.5 mL to 
skin. 

New Zealand 
white 

Rabbit once Ocular 87 M 
mg 

(eye irritation) 
Hine and Zuidema 1970 
mixed 

0.1 mL/eye. 

(New 
Zealand) 

Rabbit once Ocular 87 
mg 

(minimal eye irritation) 
Kennah et al. 1989 
mixed 

0.1 mL/eye. 

New Zealand 
albino 

Rabbit once Ocular 432 
mg 

(eye irritation) 
Smyth et al. 1962 
meta 

0.5 mL/eye. 

Albino 
Rabbit once Dermal 2.3 

mg/kg 
(skin irritation) 

Smyth et al. 1962 
meta 
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d = day(s); F = Female; hr = hour(s); LD50 = lethal dose, 50% kill;LOAEL = lowest-observed-adverse-effect level; M = male; NOAEL = no-observed-adverse-effect level; TNF = tumor 
necrosis factor; x = time(s) 

1
1
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the respiratory tissues and they are discussed in more detail in Section 3.2.1.2.  No studies were located 

regarding respiratory effects in animals following dermal exposure to mixed xylene or xylene isomers, 

although some of the inhalation studies also involved exposure via dermal route as well. 

Cardiovascular Effects.    Cases of flushing, chest pains, and palpitations in histology technicians 

have been reported (Hipolito 1980). These studies also involved exposure via inhalation route.  It is 

unclear whether these effects are directly attributable to xylene exposure because of possible exposure to 

other chemicals.  No studies were located regarding cardiovascular effects in animals after dermal 

exposure to mixed xylene or xylene isomers. 

Gastrointestinal Effects.    Gastric discomfort in painters (Goldie 1960) and nausea in histology 

technicians (1980) have been reported; these studies also involved exposure via inhalation route.  

However, other chemicals in the workplace may have contributed to these effects.  No studies were 

located regarding gastrointestinal effects in animals following dermal exposure to mixed xylene or xylene 

isomers. 

Hematological Effects. Decreased white blood cell count has been observed in histology technicians 

(Hipolito 1980) and in workers with occupational exposure to benzene, toluene, and xylene (Moszczynski 

and Lisiewicz 1983, 1984a); these studies also involved exposure via inhalation route.  However, 

chemicals other than xylene may have caused these decreases.  No studies were located regarding 

hematological effects in animals following dermal exposure to mixed xylene or xylene isomers. 

Hepatic Effects.    When compared with unexposed controls, workers with occupational exposure via 

dermal and inhalation routes to toluene, xylene, and pigments had significantly increased urinary 

D-glucaric acid content in the urine indicating hepatic microsomal enzyme induction (Dolara et al. 1982).  

Serum antipyrine half-life was increased, suggesting possible hepatotoxicity.  No effect on serum 

aminotransferases was observed in workers exposed to a mixture of solvents (Kurppa and Husman 1982).  

These studies also involved exposure via inhalation route.  These studies are limited in that multiple 

chemical exposures occurred and the effects observed cannot be directly attributed to xylene.  No studies 

were located regarding hepatic effects in animals following dermal exposure to mixed xylene or xylene 

isomers. 

Renal Effects. Occupational exposure to a mixture of mainly xylene and toluene resulted in elevated 

albumin, erythrocytes, and leukocytes in the urine (Askergren 1981, 1982). In addition, increased 
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β-glucuronidase was observed in the urine of painters (Franchini et al. 1983).  However, these studies are 

limited in that the effects observed may be attributable to exposure to toluene, which is a known renal 

toxicant, and that inhalation as well as dermal exposure could have occurred.  No studies were located 

regarding renal effects in animals following dermal exposure to mixed xylene or xylene isomers. 

Dermal Effects.    Acute dermal exposure of human subjects to undiluted m-xylene in hand immersion 

studies has been associated with transient skin erythema (irritation), vasodilation of the skin, and dryness 

and scaling of the skin (Engstrom et al. 1977; Riihimaki 1979b).  Urticaria was reported in a female 

cytology worker exposed predominantly to xylene vapors (Palmer and Rycroft 1993).  Because this 

response probably had an immunological component, it is discussed further in the Immunological and 

Lymphoreticular Effects section. 

Mild-to-severe skin irritation was noted in rabbits, guinea pigs, and mice treated topically with mixed 

xylene (2.3–114 mg/kg/day), m-xylene (65–199 mg/day) or o-xylene (66 mg/day) in acute studies 

(Ahaghotu et al. 2005, isomer identified in personal communication by Singh 2006; Anderson et al. 1986; 

Chatterjee et al. 2005; Consumer Products Testing 1976; Food and Drug Research Labs 1976a; Hine and 

Zuidema 1970; Pound and Withers 1963; Smyth et al. 1962).  The extent of the irritation appeared to 

increase with duration of exposure; the most severe dermal irritation ratings were obtained in the longest 

exposures of 10-days (Hine and Zuidema 1970).  Application of 0.250 mL (1,200 mg/kg) of m-xylene to 

the skin of rats for 1 hour resulted in a significant increase in oxidative species and DNA fragmentation 

(increased low-molecular-weight DNA) within 2 hours (Gunasekar et al. 2003; Rogers et al. 2001).  

Treatment with m- or o-xylene increased levels of inducible nitric oxide synthetase and tumor necrosis 

factor-alpha (TNF-alpha), a pro-inflammatory cytokine, in skin, as well as plasma levels of interleukin-1­

alpha (IL-1alpha) (Ahaghotu et al. 2005; Chatterjee et al. 2005; Gunasekar et al. 2003).  Dermal swelling 

following application of 69 mg m-xylene to the ear of mice resulted in significant increases in the 

thickness of the ear as measured 0.5–25 hours after application (Iyadomi et al. 2000); peak thickness was 

observed 6 hours after treatment.  Histopathological effects of exposure to m- or o-xylene included 

swelling and disruption of the stratum corneum, granulocyte infiltration of the epidermis, and separation 

of the epidermis and dermis, with evidence of local inflammation (accumulation of mast cells, plasma 

cells) (Ahaghotu et al. 2005; Chatterjee et al. 2005; Gunasekar et al. 2003).  Impairment of skin function 

was evident in the increase in transepidermal water loss in hairless rats following occlusive exposure (199 

mg for 1 hour) or unocclusive exposure (64.8 mg/day in 5 divided daily fractions over 4 days) to 

m-xylene or unocclusive exposure (66 mg/day in 5 divided doses, for 4 days) to o-xylene and the 

reduction in skin moisture content observed in rats treated unocclusively as above with m-xylene 
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(Ahaghotu et al. 2005; Chatterjee et al. 2005).  Moderate-to-marked irritation and moderate necrosis were 

observed in rabbits with a 2–4-week dermal exposure to undiluted xylene (Wolf et al. 1956). No chronic 

animal studies evaluating the dermal effects of xylene were located. 

Ocular Effects.    There are a few case reports in humans describing the effects of direct contact of the 

eye with heated xylene from a pressurized hose in one case or with paint containing xylene as the solvent 

in two cases (Ansari 1997; Narvaez and Song 2003).  Both kinds of exposures resulted in photophobia, 

redness of the conjunctiva, and partial loss of the conjunctival and corneal epithelia.  The effects in the 

two men exposed to paint were characterized as equivalent to grade II chemical burns and, with medical 

therapy, largely reversed after about a week (Ansari 1997).  The other case also experienced 

subconjunctival hemorrhage, more extensive loss of the corneal epithelium, and xylene keratopathy 

(melting of the corneal stroma), the latter of which persisted to 4 weeks following the initial injury 

(Narvaez and Song 2003).  It is possible combined thermal, physical, and chemical injury increased the 

severity of ocular effects in this case.  

Several studies in humans have reported on ocular effects of exposure to xylene vapor.  In the controlled 

exposure situations, eye irritation was reported at concentrations of mixed xylene as low as 200 ppm for 

3–5 minutes (Nelson et al. 1943) and of p-xylene as low as 100 ppm for 1–7.5 hours/day for 5 days 

(NIOSH 1981). Case reports have also demonstrated transient eye irritation in humans exposed to vapors 

of mixed xylene or p-xylene (Carpenter et al. 1975a; Hastings et al. 1986; Klaucke et al. 1982; Nelson et 

al. 1943; Nersesian et al. 1985; NIOSH 1981).  Eye irritation was more frequently reported by workers 

exposed to mixed xylene (geometric mean TWA 14 ppm) than by the controls (Uchida et al. 1993). 

Instillation of 0.1 mL (87 mg) of mixed xylene or 0.5 mL (432 mg) of m-xylene into the eyes of rabbits 

resulted in slight-to-moderate eye irritation (Consumer Products Testing 1976; Hine and Zuidema 1970; 

Kennah et al. 1989; Smyth et al. 1962).  No corneal effects were observed in these studies. 

3.2.3.3 Immunological and Lymphoreticular Effects  

Limited data were located regarding immunological and lymphoreticular effects in humans following 

dermal exposure to xylene.  Occupational exposure to benzene, toluene, and xylene resulted in decreased 

serum complement (Smolik et al. 1973) and in decreased lymphocytes, but there was no effect on 

lymphocyte reactions when stimulated with phytohemagglutinin (Moszczynski and Lisiewicz 1983, 

1984a). Interpretation of these studies is limited in that chemicals other than xylene may have accounted 
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for the effects observed. Exposures via inhalation and dermal routes also may have occurred.  Contact 

urticaria was reported in a female cytology worker exposed for several months predominantly to 

<100 ppm xylene vapors (Palmer and Rycroft 1993).  A closed patch test resulting in severe erythema and 

wealing provides evidence that the effect was a result of direct contact of xylene vapor with the skin and 

suggests that the reaction was immunological. 

No studies were located regarding immunological or lymphoreticular effects in animals after dermal 

exposure to mixed xylene or xylene isomers. 

3.2.3.4 Neurological Effects 

Occupational exposure to xylene has been reported to result in headache, dizziness, malaise, a feeling of 

drunkenness, irritability, fine tremor, dysphasia, hyperreflexia, and/or impaired concentration and 

memory (Goldie 1960; Hipolito 1980; Kilburn et al. 1985; Roberts et al. 1988).  These studies are limited, 

however, because other chemical exposures in the workplace may have been responsible for the effects 

observed and that exposures via inhalation and dermal routes may have occurred.   

As described in a brief report, pregnant rats dermally exposed to xylene (form not specified) at 

2,000 mg/kg/day throughout gestation showed a statistically significant 27% reduction, compared to 

controls, in motor activity in an open field test, suggesting a neurotoxic effect of xylene (Mirkova et al. 

1979). In this study, dosing at 200 or 2,000 mg/kg/day reduced brain cholinesterase activities in dams by 

35–38% compared to controls; fetal brain cholinesterase was also reported to be ‘inhibited’ at those doses.  

The report did not discuss whether any measures were taken to prevent ingestion of the test material. 

3.2.3.5 Reproductive Effects  

No studies were located regarding reproductive effects in humans or animals after dermal exposure to 

mixed xylene or xylene isomers. 

3.2.3.6 Developmental Effects 

The human data regarding the developmental effects of xylene suggest a possible relationship between 

occupational solvent exposure and developmental toxicity (Holmberg and Nurminen 1980; Kucera 1968; 

Taskinen et al. 1989; Windham et al. 1991).  However, these data are limited for assessing the 

relationship between dermal exposure to xylene and developmental effects because the available studies 
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involved concurrent exposure to other chemical agents in addition to xylene in the workplace (Holmberg 

and Nurminen 1980; Kucera 1968; Taskinen et al. 1989; Windham et al. 1991), because few subjects 

were tested (Taskinen et al. 1989; Windham et al. 1991), and because it is extremely difficult to have a 

pure dermal exposure since such exposure in the absence of respiratory protection is accompanied by 

inhalation exposure.   

As described in a brief report, dermal exposure of pregnant rats to doses as low as 200 mg/kg/day of 

xylene (unspecified concentration and isomer) throughout gestation produced decreases in enzyme 

activity (cholinesterase, cytochrome oxidase) in fetal and maternal brain tissue (Mirkova et al. 1979).   

3.2.3.7 Cancer 

Studies of workers occupationally exposed to solvents have examined the cancer and leukemia risks and 

suggest a possible relationship between coal-based xylene exposure and leukemia (Arp et al. 1983; 

Wilcosky et al. 1984).  Both contain limitations (e.g., small number of subjects, no exposure 

concentrations, unknown composition of xylene and possible exposure to benzene and other chemicals) 

that preclude a definitive conclusion regarding dermal exposure to xylene and cancer; development of 

these studies probably also involved exposure via inhalation.   

Limited information was located regarding the carcinogenicity of dermal exposure to xylene in animals 

(Berenblum 1941; Pound 1970; Pound and Withers 1963).  Application of xylene (concentration, purity, 

and amount unspecified) to the skin for 25 weeks resulted in no increase in skin tumors, and did not 

potentiate the number of skin tumors produced by benz[a]pyrene (Berenblum 1941).  However, two 

studies showed that a single xylene pretreatment slightly enhanced the number of tumors produced by a 

combination of ultraviolet light irradiation (initiation) and croton oil (promotion) (Pound 1970) or 

urethane (initiation) and croton oil (promotion) (Pound and Withers 1963). These findings suggest that 

xylene may be a promoter for skin cancer and might also act as initiator or cocarcinogen.  These studies 

are limited in that tumors other than skin tumors were not assessed and untreated controls were not used.  

Furthermore, it is not known whether the xylene was analyzed for the presence of other aromatic 

hydrocarbons such as benzene that are known to be tumorigenic. 

3.3 GENOTOXICITY  

The preponderance of data from testing in vivo (Table 3-4) and in vitro (Table 3-5) indicates that xylenes 

are not mutagenic and do not induce chromosomal anomalies.  A few studies indicate that DNA  
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Table 3-4. Genotoxicity of Xylene In Vivo 

Species (test 
system) End point 

Exposure route; 
dose Results Reference Isomer 

Mammalian cells: 
 Human peripheral 

lymphocytes 

 Human peripheral 
lymphocytes 

 Human peripheral 
lymphocytes 

 Mouse reticulocytes Chromosomal 

Sister chromatid 
exchange and 
chromosomal 
abberations 
Sister chromatid 
exchange 

Sister chromatid 
exchange 

 Rat (Fischer 344) 
skin 
Rat bone marrow 

Rat bone marrow 

Mouse bone marrow 
polychromatic-
erythrocyte assay 
(micro-nucleus test) 

 Rat sperm-head 
morphology assay 

– = negative result 
+ = positive result 

aberrations or 
Micronuclei 
formation 
DNA damage 

Chromosomal 
aberrations 

Chromosomal 
aberrations 

Micronuclei 
formation 

Sperm-head 
abnormalities 

Inhalation 
(occupational 
exposure) 

Inhalation 
(occupational 
exposure) 
Inhalation (three 
exposures; 
40 ppm, 
7 hours/day) 
Oral (single 
exposure); 
≤1,000 mg/kg 

Dermal (250 µL; 
1 hour) 
Intraperitoneal 
(single exposure) 

Intraperitoneal 
(five exposures) 

Intraperitoneal 
(two exposures 
at ≤650 mg/kg) 

Intraperitoneal 
(two exposures 
at 435 mg/kg) 

–	 Haglund et al. 
1980 

–	 Pap and Varga 
1987 

–	 Richer et al. 
1993 

– 	 Feldt 1986 

+ 	 Rogers et al. 
2001 

–	 Litton Bionetics 
1978b 

–	 Litton Bionetics 
1978b 

–	 Mohtashami­
pur et al. 1985 

–	 Washington et 
al. 1983 

Not reported 

Mixed xylene 

Mixed xylene 

Mixed xylene 

m-Xylene 

Mixed xylene 
(11.4% 
o-xylene, 0.3% 
p-xylene, 36.1% 
ethylbenzene) 
Mixed xylene 
(0.3% p-xylene, 
36.1% ethyl-
benzene) 
m-Xylene, 
o-xylene, 
p-xylene 

o-Xylene 
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Table 3-5. Genotoxicity of Xylene In Vitro 

Results 
With Without 

Species (test system) End point activation activation Reference Isomer 
Prokaryotic organisms: 

Salmonella typhimurium 
TA97, TA98, TA100, TA1535/ 
plate incorporation assay 
S. typhimurium TA98, TA100, 
TA1535, TA1537/plate 
incorporation assay 
S. typhimurium TA98, TA100, 
UTH8414, UTH8413/plate 
incorporation assay 
S. typhimurium TA98, TA100, 
TA1535, TA1537, TA1538/ 
plate incorporation assay 
S. typhimurium TA98, TA100, 
TA1535, TA1537/spot and 
plate incorporation assays 
S. typhimurium TA98, TA100, 
TA1535, TA1537, TA1538/ 
suspension and plate 
incorporation assays 
S. typhimurium TA98, TA100, 
TA1535, TA1537, TA1538/ 
plate incorporation assay 
S. typhimurium TA1535/ 

pSK1002 (umuC-lacZ gene 

expression) 

Escherichia coli WP2uvrA/ 

plate incorporation assay 

E. coli WP2 (λ) (Ionii, sulA1, 
trpE65, uvrA155, IamB+), 
microscreen prophage-
induction assay 
E. coli WP2, WP2uvrA, WP67, 
CM611, WP100, 
W3110polA+, p3478pola-/ 
DNA repair microsuspension 
assay 
Bacillus subtilis H17, 

M45/modified rec assay 


Eukaryotic organisms: 
Saccharomyces cerevisiae 
D4/suspension and plate 

incorporation assays 


Reverse – – NTP 1986 Mixed 
Mutation xylene 

Reverse – – Haworth et al. m-Xylene; 
Mutation 1983 o-xylene; 

p-xylene 
Reverse – – Connor et al. m-Xylene; 
Mutation 1985 o-xylene; 

p-xylene 
Reverse – – Bos et al. 1981 m-Xylene; 
Mutation o-xylene; 

p-xylene 
Reverse – – Florin et al. 1980 m-Xylene; 
Mutation p-xylene 

Reverse – – Litton Bionetics Mixed 
Mutation 1978b xylene 

Reverse – – Shimizu et al. p-Xylene 
Mutation 1985 

SOS induction – – 	Nakamura et al. Mixed 
1987 xylene 

Mutation – – Shimizu et al. p-Xylene 
1985 

Mutation – – DeMarini et al. Mixed 
1991 xylene 

DNA damage – – McCarroll et al. Not reported 
1981b (technical 

grade) 

DNA damage – – McCarroll et al. Not reported 
1981a (technical 

grade) 

Mitotic gene – – Litton Bionetics Mixed 
conversion 1978b xylene 
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Table 3-5. Genotoxicity of Xylene In Vitro 

Species (test system) End point 

Results 
With 
activation 

Without 
activation Reference Isomer 

Mammalian cells: 
Cultured mouse lymphoma 
cells (L5178Y, TK+/-)  
Cultured human lymphocytes 

Cultured human lymphocytes 

Cultured human lymphocytes 

Cultured Chinese hamster 

ovary cells 


Cultured Syrian hamster 

embryo cells-Simian 

adenovirus SA7 


Forward – – Litton Bionetics Mixed 
mutation 1978b xylene 
Sister chromatid Not tested – Gerner-Smidt Not reported 
exchange and and Friedrich 
chromosomal 1978 
aberrations 
Sister chromatid Not tested – Richer et al. Mixed 
exchange 1993 xylene 
DNA-damage Not tested +T Morrozzi et al. Mixed 
(comet assay) 1999 xylene 
Sister chromatid – – Anderson et al. Mixed 
exchange and 1990 xylene 
chromosomal 
aberrations 
Enhanced viral – Casto 1981 Mixed 
transformation xylene 

– = negative result;  +T = damage associated with cytotoxcity (14% viability) 
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fragmentation may occur if cells are exposed to levels that cause cytotoxicity, presumably related to the 

activity of nucleases within dying cells. 

Limited human data are available regarding the genotoxic effects of mixed xylene following inhalation 

exposure. No inhalation studies were located regarding the genotoxicity of m-, o-, or p-xylene in humans 

and animals.  Results of studies by Pap and Varga (1987) and Richer et al. (1993) suggest that inhalation 

exposure of humans to mixed xylene is not associated with the induction of sister chromatid exchanges or 

chromosomal aberrations in peripheral lymphocytes.  Results of other investigations were also negative 

for chromosomal aberrations in humans or rats exposed by inhalation to xylene; however, as the isomeric 

composition of the xylene in these studies was not reported (Haglund et al. 1980; Zhong et al. 1980), it is 

difficult to assess the contribution of the individual isomers of xylene.  The rat study was limited by the 

lack of details regarding exposure concentrations and duration of exposure.   

No studies were located regarding genotoxic effects in humans after oral exposure to mixed xylene or 

xylene isomers.  No chromosomal aberrations or change in the incidence of micronuclei were observed in 

reticulocytes isolated from mice receiving oral doses of xylenes as high as 1,000 mg/kg within a 24-hour 

period (Feldt 1986). 

No studies were located regarding genotoxic effects in humans after dermal exposure to mixed xylene or 

xylene isomers.  A significant increase in lower molecular weight genomic DNA was detected in the skin 

of rats that received a dermal application of 250 μL (1,200 mg/kg) m-xylene for 1 hour (Rogers et al. 

2001). Electrophoretic patterns indicative of DNA fragmentation appeared 2 hours after exposure ended 

and coincided with the significant increase in oxidative species in skin cells.  Although the level of 

oxidative species subsequently was reduced—the authors speculate as a result of endogenous antioxidant 

activity—lower molecular weight DNA levels remained significantly elevated at 4 and 6 hours after 

exposure. DNA fragmentation coincided with histopathological evidence of skin irritation, inflammation, 

and separation of the epidermis and dermis (Gunasekar et al. 2003). 

The absence of genotoxic effects following parenteral in vivo exposure to xylene has been reported in the 

bone marrow chromosomal aberration test with rats (Litton Bionetics 1978b), the bone marrow 

micronucleus test with mice (Mohtashamipur et al. 1985), and the sperm morphology test with rats 

(Washington et al. 1983). 
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Mixed xylene, and the individual xylene isomers, have been tested for genotoxicity in a variety of short-

term in vitro assays.  Results of standard mutagenicity assays indicate that mixed xylene and xylene 

isomers are not mutagenic in bacteria, yeast, or mammalian cells (Bos et al. 1981; Connor et al. 1985; 

DeMarini et al. 1991; Florin et al. 1980; Haworth et al. 1983; Litton Bionetics 1978b; McCarroll et al. 

1981a, 1981b; NTP 1986; Shimizu et al. 1985).  Mixed xylenes did not induce umu gene expression, part 

of the SOS response to DNA damage, in Salmonella typhimurium TA1535/pSK1002 (Nakamura et al. 

1987).  Mixed xylene did not induce chromosomal anomalies (chromosomal aberrations or sister 

chromatid exchanges) in cultured mammalian cells (Anderson et al. 1990; Gerner-Smidt and Friedrich 

1978; Richer et al. 1993). Increased DNA damage in human lymphocytes exposed to a single 

concentration of mixed xylene (5 μM) was associated with reduced cell viability (14% of controls) and 

likely caused by nuclease activity in the dying cells (Morozzi et al. 1999).  Mixed xylenes did not enhance 

the adenovirus transformation of hamster embryo cells (Casto 1981). 

No mutagenic activity was demonstrated for any of the various metabolites of xylene in bacterial test 

systems.  S. typhimurium strains TA98, TA100, TA1535, TA1537, and TA1538, with and without S9 

metabolic activation, have been used to test the mutagenic activity of p-xylenol (Epler et al. 1979; Florin 

et al. 1980; Hejtmankova et al. 1979; Pool and Lin 1982), m-xylenol (Epler et al. 1979; Florin et al. 

1980), and o-methylbenzyl alcohol (Bos et al. 1981). 2,4-Dimethylphenol has been evaluated in a gene 

reversion assay with Escherichia coli strain Sd-4-73 (Szybalski 1958). 

In summary, genotoxicity studies on mixed xylene and the individual isomers of xylene have provided 

consistently negative results in a variety of in vitro and in vivo assays and test systems (bacteria, yeast, 

insects, cultured mammalian cells, mice, rats, and humans).  Thus, there is sufficient evidence to conclude 

that mixed xylene, m-xylene, o-xylene, and p-xylene are nonmutagenic.  Xylenes may cause DNA 

fragmentation at cytotoxic concentrations because of nucleases released from lysosomes in moribund 

cells. There is also limited evidence from bacterial test systems that suggests that xylene metabolites, 

specifically m-xylenol, p-xylenol, 2,4-dimethylphenol, and o-methylbenzyl alcohol, are also 

nonmutagenic. 

3.4 TOXICOKINETICS 

Studies in humans and animals have shown that xylenes are well absorbed by the inhalation and oral 

routes. Approximately 60% of inspired xylene is retained and approximately 90% of ingested xylene is 

absorbed. Absorption of xylene also occurs by the dermal route, but to a much lesser extent than by the 
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inhalation and oral routes especially following exposure to xylene vapor.  Following absorption, xylene is 

rapidly distributed throughout the body by way of the systemic circulation.  In the blood, xylene is 

primarily bound to serum proteins.  Xylene accumulates primarily in adipose tissue.  All three isomers of 

xylene are primarily metabolized by oxidation of a methyl group and conjugation with glycine to yield the 

methylhippuric acid.  In humans exposed to xylene, >90% of the absorbed xylene is excreted in the urine 

as the methylhippuric acid.  Aromatic hydroxylation of xylene to xylenol occurs to only a limited extent 

in humans.  Less than 2% of an absorbed dose is excreted in the urine as xylenol.  Other minor 

metabolites found in urine include methylbenzyl alcohol and glucuronic acid conjugates of the oxidized 

xylene.  Metabolism in animals is qualitatively similar, but glucuronide conjugates make up a larger 

proportion of the urinary excretion products (see Figures 3-3 and 3-4).  In addition, methylbenzaldehyde 

(the product of the action of alcohol dehydrogenase on methylbenzyl alcohol) has been detected in 

animals, where it may exert toxic effects, but its presence has not been confirmed in humans.  In humans, 

about 95% of the absorbed xylene is excreted in the urine, with about 5% excreted unchanged in the 

exhaled air. Elimination from most tissue compartments is rapid, with slower elimination from muscle 

and adipose tissue. 

3.4.1 Absorption 

3.4.1.1 Inhalation Exposure 

Xylenes are very soluble in blood and are therefore absorbed easily into the systemic circulation during 

inhalation exposure (Astrand 1982).  Evidence for absorption of xylene by humans following inhalation 

exposure is provided by the observation that urine metabolites increase in proportion to exposure (Inoue 

et al. 1993; Jonai and Sato 1988; Kawai et al. 1991; Ogata et al. 1970; Riihimaki and Pfaffli 1978; 

Riihimaki et al. 1979b; Sedivec and Flek 1976b; Senczuk and Orlowski 1978; Wallen et al. 1985) and in 

proportion to increased ventilatory rates during exercise (Astrand 1982; Astrand et al. 1978; Bergert and 

Nestler 1991; Engstrom and Bjurstrom 1978; Riihimaki and Savolainen 1980; Riihimaki et al. 1979b).  

Absorption of the retained isomers appears to be similar, regardless of exposure duration or dose.  The 

alveolar air concentrations of xylenes in male volunteers exposed at rest to 100 ppm mixed xylenes for 

70 minutes reached equilibrium within 10 minutes (Gamberale et al. 1978). 

Many authors have measured the retention of xylene in the lungs following inhalation exposure.  It is this 

retained xylene that is available for absorption into the systemic circulation.  In experimental studies with 

human subjects, retention of the various isomers was similar following inhalation of m-, o-, or p-xylene, 

and averaged 63.6% (Sedivec and Flek 1976b).  Other authors have estimated that between 49.8 and 
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72.8% of inhaled xylene is retained (David et al. 1979; Ogata et al. 1970; Riihimaki and Pfaffli 1978; 

Riihimaki and Savolainen 1980; Wallen et al. 1985).  Pulmonary retention does not appear to differ on the 

basis of sex (Senczuk and Orlowski 1978).  However, one study reported that uptake of m-xylene during a 

2-hour exposure at 200 mg/m3 was slightly higher in women than in men (Ernstgard et al. 2003).  The 

enhanced pulmonary ventilation and cardiac output associated with physical exertion can increase the 

amount of xylene retained and subsequently absorbed into the body (Astrand et al. 1978; Riihimaki et al. 

1979b).  The study by Astrand et al. (1978) suggests that retention efficiency decreases as exposure 

duration increases. 

In pregnant mice, approximately 30% of an administered inhalation dose of 600 ppm p-xylene was 

absorbed following a 10-minute exposure period (Ghantous and Danielsson 1986).  Absorption was not 

quantified in other animal studies, but absorption can be inferred from the observed effects on pulmonary 

microsomal enzymes and the appearance of methylhippuric acid in the urine following inhalation of 

xylene (Carlsson 1981; David et al. 1979; Elovaara 1982; Elovaara et al. 1987; Patel et al. 1978). 

3.4.1.2 Oral Exposure  

Limited information is available on the absorption of xylene in humans and animals following ingestion.  

Excretion of urinary metabolites indicated that absorption had occurred following oral doses of either 

40 or 80 mg/kg of o-xylene or m-xylene in humans (Ogata et al. 1979).  Although absorption was not 

fully quantified, recovery of specific metabolites demonstrated that at least 34% of o-xylene and 53% of 

m-xylene had been absorbed from the administered doses of 40 mg/kg. 

Measurement of urinary metabolites in rats over 24 hours demonstrated almost complete absorption (87– 

92%) following oral gavage dosing with 1.8 g m-xylene, or 1.74 g o- or p-xylene (Bray et al. 1949). 

Experiments in which 0.15 mL of radiolabelled m-xylene (0.27 mg/kg) was administered by oral gavage 

in 5% aqueous gum acacia to male and female rats indicated that absorption was rapid (Turkall et al. 

1992); peak blood levels of radioactivity were observed within 20 minutes.  The half-life of absorption of 

m-xylene was twice as fast in females than in males, although the total amount absorbed over 24 hours— 

the area under the curve (AUC) for plasma radioactivity—was the same in both sexes (about 0.2% of the 

initial dose/mL/hour). When m-xylene was first adsorbed to 0.5 g of a sandy soil before mixing with the 

vehicle and gavage administration, the absorption half-life was twice as long in female rats but unaffected 

in males (Turkall et al. 1992); adsorption to clay soil did not produce a biologically significant difference 
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from m-xylene administered alone.  Adsorption to sandy soil doubled the peak blood levels of 

radioactivity and increased the plasma AUC by 75% in female rats, but had no such effects in males. 

3.4.1.3 Dermal Exposure  

Results of experimental studies with humans indicate that m-xylene is absorbed following dermal 

exposure; however, the extent of penetration and absorption of m-xylene through skin is not nearly as 

great as that resulting from inhalation (Engstrom et al. 1977; Riihimaki 1979b; Riihimaki and Pfaffli 

1978).  Dermal absorption may occur via exposure to m-xylene vapors, as well as through direct dermal 

contact with the solvent (Dutkiewicz and Tyras 1968; Engstrom et al. 1977; Kezic et al. 2000; Loizou et 

al. 1999; Riihimaki 1979b; Riihimaki and Pfaffli 1978).  Absorption of m-xylene through the skin was 

measured at a maximal permeation rate, occurring between 15 and 25 minutes at a flux of 

46 nmol/cm2/minute (Kezic et al. 2001).  In humans, the estimated absorption rate following immersion 

of both hands in m-xylene for 15 minutes was approximately 2 μg/cm2/minute (Engstrom et al. 1977).  

Another study measured a rate of absorption of 75–160 μg/cm2/minute when xylene was applied to 

forearm skin (Dutkiewicz and Tyras 1968).  Absorption of m-xylene vapor through the skin has been 

estimated at between 0.1 and 2% of the inhaled dose (Kezic et al. 2000; Loizou et al. 1999; Riihimaki and 

Pfaffli 1978).  Dermal permeability constants averaging 0.25 cm/hour were calculated from exposure of 

subjects to 600 ppm m-xylene for 3.5 hours (McDougal et al. 1990; Riihimaki and Pfaffli 1978).  In 

human subjects exposed to 6770 ppm m-xylene vapor on the hand and forearm the average flux through 

the skin was 0.091 mg/L/hour for a 20-minute exposure, falling to 0.061 mg/L/hour for a 180-minute 

exposure (Kezic et al. 2004). Simultaneously, the maximal flux into the blood was 0.034 mg/L/hour after 

20 minutes, rising to 0.063 mg/L/hour after a 180-minute exposure.  Maximum permeation rates of 

m-xylene vapor were achieved within 90 minutes (Kezic et al. 2004).  Dermal absorption of m-xylene 

following topical administration or exposure to vapor was 3 times greater in subjects with atopic 

dermatitis compared to normal subjects (Engstrom et al. 1977; Riihimaki and Pfaffli 1978).  

Limited information is available regarding the absorption of xylene following dermal exposure in 

animals.  Permeability of rat skin to m-xylene was estimated from blood levels obtained during dermal 

exposure to liquid m-xylene (Morgan et al. 1991; Skowronski et al. 1990) or m-xylene vapors (McDougal 

et al. 1990). Peak blood levels of m-xylene were reached within 2 hours of topical application from 

sealed dermal enclosures in rats and slowly declined during the 24-hour observation period (Morgan et al. 

1991); an average of 562 mg (0.65 mL) was absorbed across a 3.1 cm2 area of skin (1% of total surface 

area) from the initial volume of 2 mL over 24 hours.  The total amount absorbed was reduced when 
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m-xylene was administered in aqueous solution (Morgan et al. 1991).  Dermal permeability constants 

calculated for rats exposed to 5,000 ppm m-xylene averaged 0.723 cm/hour, about 3 times greater than 

those calculated for humans (McDougal et al. 1990); the flux was calculated as 0.0151 mg/cm2/hour. 

Skin:air partition values for a series of solvents including m-xylene correlated well with permeability 

constants (McDougal et al. 1990), but not with octanol-water partition coefficients.  m-Xylene adsorbed 

on sandy soil or clay soils showed lower peak absorption than for m-xylene alone and clay soil 

significantly prolonged the absorption half-life, but the total amount absorbed over an unspecified period 

was unchanged (Abdel-Rahman et al. 1993; Skowronski et al. 1990).   

Dermal penetration rates of xylene have been estimated using excised skin of rats exposed to liquid or 

vapor. The absorption of o-xylene by excised abdominal skin from rats increased with the time of contact 

(Tsuruta 1982); the penetration rate was estimated to be 0.006 mg/cm2/hour. The flux of o-xylene 

through the dorsal skin of hairless rats was measured as 0.22 mg/cm2/hour (Ahaghotu et al. 2005).  The 

skin:air partition coefficient for m-xylene was found to be 50.4±1.7 using rat skin in vitro exposed to 

203 ppm m-xylene vapor (Mattie et al. 1994); the concentration of m-xylene in the skin reached 

equilibrium in 2 hours.  Dermal absorption studies using excised skin are not directly comparable to in 

vivo studies because of the lack of an intact blood supply, but diffusion through the skin appears to be the 

limiting factor rather than removal from the skin by the blood (McDougal et al. 1990). 

3.4.2 Distribution  

Results of experiments to derive tissue:air partition coefficients for xylene indicate that the isomers are 

expected to have similar distributions in the body (Table 3-6).  Factors influencing the distribution of 

xylene in blood are discussed in Section 3.5.1. 

3.4.2.1 Inhalation Exposure 

In human subjects exposed by inhalation to ≤44 ppm deuterium-labeled xylene isomers for 2 hours, peak 

blood xylene concentrations were highest exactly at the end of exposure and then declined (Adams et al. 

2005).  Absorbed xylene in venous blood was distributed in cells (12%) and serum (88%), with about 9% 

of the total amount in blood associated with protein-free serum (Riihimaki et al. 1979b).  Following 

systemic circulation, xylene is distributed primarily to adipose tissue.  Estimates of the amount of xylene 

accumulated in human adipose tissue range from 4 to 10% of the absorbed dose (Astrand 1982; Engstrom 

and Bjurstrom 1978; Riihimaki et al. 1979b).  It has been suggested that following prolonged  
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Table 3-6. Partition Coefficients for Xylenes 

Partition coefficienta 

Reference Species m-Xylene o-Xylene 
Blood:Air 

p-Xylene 

Gargas et al. 1989 
Kaneko et al. 1991a 
Kumarathasan et al. 
1998 
Thrall et al. 2002c 

Rat (male F-344) 
Rat (male Wistar) 
Rat (male 
Sprague-Dawley) 
Rat 

46±1.5 
39.9±7.18b

40.3±1.4 

44.3±2.0 
NR 
NR 

37.8 

41.3±3.5 
NR 
37.0±0.4 

Sato and Nakajima 
1979 

Human 26.4±0.9b 31.1±2.3b 37.6±3.5b 

Pierce et al. 1996 
Thrall et al. 2002c

Human 
 Human 

31.9±0.45 35.2±0.45 
34.0 

39.0±0.70 

Fat:Air 
Gargas et al. 1989 Rat (male F-344) 1,859±93 1,877±132 1,748±65 

Kaneko et al. 1991a 
Pierce et al. 1996 

Rat (male Wistar) 
Rat (male F-344) 

2,050±459b

2,325±194 
NR 
2,930±260 

NR 
NR 

Kumarathasan et al. 
1998 

Rat (male 
Sprague-Dawley) 

1,970±34 NR 1,863±37 

Pierce et al. 1996 Human 1,919±53 2,460±63 
Liver:Air 

2,019±102 

Gargas et al. 1989 Rat (male F-344) 90.9±4.4 108±7 90.0±4.3 

Kaneko et al. 1991a 
Kumarathasan et al. 
1998 

Rat (male Wistar) 
Rat (male 
Sprague-Dawley) 

79.9±9.42b

66.8±6.6 
NR 
NR 

Muscle:Air 

NR 
62.1±5.0 

Gargas et al. 1989 Rat (male F-344) 41.9±5.7 51.5±6.7 38.4±4.1 

Kaneko et al. 1991a 
Kumarathasan et al. 
1998 

Rat (male Wistar) 
Rat (male 
Sprague-Dawley) 

79.7±20.2b

41.3±0.1 
NR 
NR 

Milk:Air 

NR 
43.21±3.4 

Fisher et al. 1997 Human 133±54.58 for o-, m-, p-xylenes 

aMean ± standard error unless otherwise noted 
bMean ± standard deviation 
cAs reported in Thrall and Woodcock 2003 

NR = not reported 



XYLENE  128 

3. HEALTH EFFECTS 

occupational exposure to xylene, significant amounts of the solvent could accumulate in adipose tissue 

(Astrand 1982; Engstrom and Bjurstrom 1978). 

Studies in mice (Bergman 1983; Ghantous and Danielsson 1986) and rats (Carlsson 1981; Ito et al. 2002) 

indicate that the distribution of m- or p-xylene and their metabolites is characterized by high uptake in 

lipid-rich tissues, such as brain and fat. High uptake also occurs in well-perfused organs, such as the liver 

and kidney.  Using low-temperature (cryogenic) whole-body autoradiography of male mice exposed by 

inhalation to 14C-labeled m-xylene for 10 minutes, Bergman (1983) observed a high level of 

unmetabolized m-xylene (volatile radioactivity) in body fat, bone marrow, white matter of the brain, 

spinal cord, spinal nerves, liver, and kidney immediately after exposure.  High levels of metabolites 

(nonvolatile radioactivity) were present in the blood, liver, lung, kidney, and adrenal medulla.  

Unmetabolized m-xylene persisted in the central nervous system and spinal nerves for up to 1 hour post-

exposure, whereas a considerable amount persisted in body fat at 4–8 hours after exposure.  Metabolites 

were detectable post-exposure in the adrenal medulla for 0.5 hours, in the liver for 2 hours, in the kidney 

for up to 8 hours, in bile for 2–8 hours, in the intestinal lumen for up to 24 hours, and in the nasal mucosa 

and bronchi for 2–24 hours.  No radioactivity was detectable by 48 hours.  In male Sprague-Dawley rats 

exposed to 2,000 ppm m-xylene vapor 4 hours/day for 5 consecutive days, m-xylene concentrations were 

measured in tissues by gas chromatography (Ito et al. 2002).  The highest concentrations of m-xylene 

were observed in peri-intestinal fat and subcutaneous fat, whereas concentrations more than 40 times 

lower were detected in lung, spleen, testis, heart, kidney, liver, and psoas muscle.  In the brain subdivided 

into four parts, the concentration of m-xylene was 3–6 times lower than in subcutaneous fat.  The uneven 

distribution of inhaled m-xylene in the brain was associated with changes in GABAA receptor binding 

(discussed in Section 3.5.2). 

According to an intermediate-duration animal study, the level of xylene stored in body fat may decrease 

as exposure continues due to an increase in metabolic rate possibly by inducing its own metabolism 

(Savolainen et al. 1979a).  Levels of m-xylene in perirenal fat of rats exposed to 300 ppm technical xylene 

decreased from 67.6 to 36.6 μg/g tissue as exposure duration increased from 5 to 18 weeks (Savolainen et 

al. 1979a). 

p-Xylene and o-xylene have been shown to readily cross the placenta and were distributed in amniotic 

fluid and embryonic and fetal tissues (Ghantous and Danielsson 1986; Ungvary et al. 1980b).  The level 

detected in fetal tissues (brain, liver, lung, and kidney), which are low in lipids, was only 2% of that 
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detected in the maternal brain tissue, which contains large amounts of lipids (Ghantous and Danielsson 

1986).  Also, higher levels were detected in fetal tissues than in amniotic fluid (Ungvary et al. 1980b). 

3.4.2.2 Oral Exposure  

No studies were located regarding distribution in humans following oral exposure to mixed xylene or 

xylene isomers.  In rats administered m-xylene by gavage, fat contained the highest tissue concentration 

of radioactivity; approximately 0.3% of the administered dose was found per gram of fat in females and 

0.1% per gram of fat in males (Turkall et al. 1992). 

3.4.2.3 Dermal Exposure  

No studies were located regarding distribution of xylene in humans following dermal exposure to mixed 

xylene or individual isomers.  Extremely limited information was located regarding distribution in 

animals following dermal absorption. After topical administration, m-xylene was rapidly detectable in 

plasma, reaching peak concentrations in about 2 hours (Skowronski et al. 1990).  About 0.003% of the 

initial dose was detected per gram of subcutaneous fat 48 hours after exposure.   

3.4.3 Metabolism 

The biotransformation of xylene in humans proceeds primarily by the oxidation of a side-chain methyl 

group by microsomal enzymes (mixed function oxidases) in the liver to yield toluic acids (methylbenzoic 

acids). These toluic acids conjugate with glycine to form toluic acids (methylhippuric acids) that are 

excreted into the urine (Astrand et al. 1978; Norstrom et al. 1989; Ogata et al. 1970, 1979; Riihimaki et al. 

1979a; Sedivec and Flek 1976b; Senczuk and Orlowski 1978).  This metabolic pathway accounts for 

almost all of the absorbed dose of xylene, regardless of the isomer, route of administration, administered 

dose, or duration of exposure.  Minor metabolic pathways that account for <10% of the absorbed dose 

include the elimination of unchanged compound in the exhaled breath and in the urine, and the urinary 

elimination of methylbenzyl alcohols, o-toluylglucuronides (o-toluic acid glucuronide), xylene 

mercapturic acid (Norstrom et al. 1988), and xylenols (dimethylphenols).  Dimethylphenylmercapturic 

acid (DPMA) was detected in only 9 out of 27 samples of exposed workers and occurred at a ratio of only 

0.0003% compared to the main metabolite, methylhippuric acid (Gonzalez-Reche et al. 2003).  The 

metabolism of the various xylene isomers in humans is presented in Figure 3-3. 
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Figure 3-3. Metabolic Scheme for Xylenes—Humans 
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 In physiologically based pharmacokinetic (PBPK) modeling of blood concentration data from male 

subjects exposed by inhalation to 0–44 ppm of deuterium-labeled xylene isomers for 2 hours, the rate of 

hepatic metabolism was held constant scaled to body weight (Adams et al. 2005).  Simulations revealed 

that apparent systemic clearance of isomers sometimes exceeded that predicted by the hepatic blood flow 

parameter, suggesting that extrahepatic tissues could play a significant role in xylene metabolism in 

certain individuals.   

The metabolism of xylene in animals is qualitatively similar to that of humans, though quantitative 

differences do exist (Bakke and Scheline 1970; Bray et al. 1949; Ogata et al. 1979; Sugihara and Ogata 

1978; van Doorn et al. 1980).  The metabolism of the various isomers in animals is presented in 

Figure 3-4.  The major quantitative difference between animals and humans occurs in the metabolism of 

the metabolic intermediate methylbenzoic acid (toluic acid).  In rats given m-, o-, or p-xylene by 

intraperitoneal injection, 10–56.6% of the administered dose of o-xylene was excreted in the urine as 

o-toluylglucuronide, whereas approximately 1% of the administered doses of m- and p-xylene was 

metabolized to the appropriate toluylglucuronide (Ogata et al. 1979; van Doorn et al. 1980). The amounts 

of m-methylhippuric acid and p-methylhippuric acid excreted in the urine accounted for 49–63 and 64– 

75% of the administered dose, respectively (Ogata et al. 1979; Sugihara and Ogata 1978).  Similar results 

were seen in rats administered m-xylene by gavage (Turkall et al. 1992).  In studies with rabbits, 60% of 

an administered o-xylene dose, 81% of an m-xylene dose, and 88% of a p-xylene dose were excreted in 

the urine as methylhippuric acids (Bray et al. 1949). Minor quantities of methylbenzyl alcohols and 

xylenols have also been detected in the urine of experimental animals administered xylene isomers 

(Bakke and Scheline 1970; Ogata et al. 1979; Turkall et al. 1992; van Doorn et al. 1980).  In a study of 

metabolites formed by aromatic hydroxylation, rats administered 100 mg/kg doses of xylene isomers 

eliminated 0.1% of a dose of o-xylene in the urine as 3,4-xylenol and 0.03% as 2,3-xylenol, 0.9% of a 

dose of m-xylene as 2,4-xylenol, and 1% of a dose of p-xylene as 2,5-xylenol (Bakke and Scheline 1970); 

A trace of the methylbenzyl alcohol was also detected in the urine of rats given o- and m-xylene, but not 

in rats given p-xylene.  In rats administered m-xylene by the dermal route, the major metabolite in the 

urine over a 24-hour period was identified as methylhippuric acid (82.3%), with xylenol comprising 7.2% 

and unchanged m-xylene comprising 3.8% of the urinary products (Skowronski et al. 1990).  In rats given 

m-xylene adsorbed onto sandy soil, the proportion of xylenol present in the urine over the first 12 hours of 

excretion was significantly increased. 

Studies in animals have also shown that the metabolism of xylene may be influenced by prior exposures 

to xylene (Elovaara et al. 1989).  Pretreatment of rats with m-xylene increased the percentage of  
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Figure 3-4. Metabolic Scheme for Xylenes—Animals 
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methylhippuric acid and thioethers in the urine by approximately 10%.  A toxic metabolite of xylene in 

rats and rabbits appears to be methylbenzaldehyde (tolualdehyde) (Carlone and Fouts 1974; Patel et al. 

1978; Smith et al. 1982).  It is formed by the action of alcohol dehydrogenase on methylbenzyl alcohol in 

lung and liver tissues (Elovaara et al. 1987); the presence of methylbenzaldehyde has not been confirmed 

in humans.  Lung tissue can be damaged by this intermediate because of its selective inactivation of 

enzymes involved in microsomal electron transport (mixed function oxidases, cytochrome P-450) 

(Elovaara et al. 1987).   

The differences in xylene metabolism observed between humans and animals may, in part, be explained 

by differences in the size of the doses given to humans and animals in experimental studies (David et 

al. 1979; Ogata et al. 1979; van Doorn et al. 1980).  The formation of glucuronic acid derivatives may be 

an emergency mechanism that is activated when the organism can no longer conjugate all acids with 

glycine (Ogata et al. 1979; Sedivec and Flek 1976b; van Doorn et al. 1980).  Humans dosed with 

19 mg/kg xylene excreted only methylhippuric acids in the urine, whereas rabbits exposed to 600 mg/kg 

excreted both methylhippuric acids and derivatives of glucuronic acid (Sedivec and Flek 1976b).  The 

second-phase conjugation of the main oxidized intermediate (methylbenzoic acid with glycine to form 

methylhippuric acid) may be the rate-limiting step in humans.  The maximum rate of glycine mobilization 

limits the rate of conjugation to a level below 200 μmol/minute (Riihimaki et al. 1979a, 1979b).  If this 

limit is approached, other elimination pathways may be activated, such as conjugation with glucuronic 

acid or aromatic hydroxylation to form xylenols.  The capacity of the first-phase oxidation reaction, 

encompassing both side-chain and aromatic oxidation, is not known.  Aromatic oxidation of xylene could 

possibly produce toxic intermediates and phenolic end-metabolites (Riihimaki et al. 1979b); however, this 

is a minor metabolic pathway. 

Using a low-temperature (cryogenic), whole-body autoradiography technique for mice exposed by 

inhalation to radiolabeled m-xylene for 10 minutes, Bergman (1983) observed high levels of metabolites 

(non-volatile radioactivity) in the blood, liver, lung, kidney, and adrenal medulla immediately after 

exposure. Metabolites were detectable post-exposure in the adrenal medulla for 0.5 hours, in the liver for 

2 hours, in the kidney for up to 8 hours, in bile for 2–8 hours, in the intestinal lumen for up to 24 hours, 

and in the nasal mucosa and bronchi for 2–24 hours. No radioactivity was detectable 48 hours after 

exposure, indicating that there was no significant binding of xylene metabolites to tissue macromolecules. 
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3.4.4 Elimination and Excretion 

3.4.4.1 Inhalation Exposure 

In humans, about 95% of absorbed xylene is biotransformed and excreted as urinary metabolites, almost 

exclusively as methylhippuric acids; the remaining 5% is eliminated unchanged in the exhaled breath 

(Astrand et al. 1978; Ogata et al. 1979; Pellizzari et al. 1992; Riihimaki et al. 1979b; Sedivec and Flek 

1976b; Senczuk and Orlowski 1978).  Less than 0.005% of the absorbed dose of xylene isomers is 

eliminated unchanged in the urine, and <2% is eliminated as xylenols (Sedivec and Flek 1976b).  The 

excretion of methylhippuric acids is rapid and a significant amount is detected in the urine within 2 hours 

of exposure. The amount of methylhippuric acid increases with time.  Differences in the amount of the 

metabolites excreted depend on the interpersonal differences in lung ventilation and retention, not on the 

isomer of xylene (Sedivec and Flek 1976b). 

There appear to be at least two distinct phases of elimination, a relatively rapid one (half-life, 1 hour) and 

a slower one (half-life, 20 hours).  These phases of elimination are consistent with the distribution of 

xylene into three main tissue compartments; the rapid and slower elimination phases correspond to 

elimination from the muscles and the adipose tissue, respectively, whereas the elimination of xylene from 

the parenchymal organs is so rapid that the available studies could not monitor it (Ogata et al. 1970; 

Riihimaki et al. 1979a, 1979b).  It is also possible that the renal excretion of the most common xylene 

metabolite, methylhippuric acid, takes place via the tubular active secretion mechanism of organic acids.  

Renal excretion is not a rate-limiting step in the elimination of absorbed xylene under normal 

physiological conditions (Riihimaki et al. 1979b).  Physiologically based pharmacokinetic modeling 

suggests that the urinary excretion of m-methylhippuric acid following m-xylene exposure of humans is 

linear at concentrations up to 500 ppm, and that elimination of m-methylhippuric acid is slower in 

individuals with a greater percentage of body fat (e.g., women) (Kaneko et al. 1991a, 1991b). Systemic 

clearance rates in male subjects following inhalation of ≤44 ppm deuterium-labeled xylene isomers for 

2 hours ranged between 116 and 129 L/hour (Adams et al. 2005).  The terminal half-life averaged 

34 hours for all three isomers among all subjects, but varied widely among individuals from 12 to 

108 hours. 

Volunteers acutely exposed by inhalation to 100 or 200 ppm m-xylene for 7 hours excreted 54 and 61%, 

respectively, of the administered dose by 18 hours after exposure ended (Ogata et al. 1970). Following 

intermittent acute exposure of men and women to 23, 69, or 138 ppm m-xylene, excretion of 

m-methylhippuric acid peaked 6–8 hours after exposure began.  It decreased rapidly, regardless of 



XYLENE  135 

3. HEALTH EFFECTS 

exposure level or sex, after exposure had ended.  Almost no xylene or m-methylhippuric was detected 

24 hours later (Senczuk and Orlowski 1978).  Following exposure to 200 mg/m3 m-xylene for 2 hours, 

small differences in elimination were noted between genders (Ernstgard et al. 2003).  Women excreted 

31% more (AUC) unmetabolized m-xylene in exhaled air than men, whereas men excreted 37% more 

(AUC) m-methylhippuric acid in urine than women. 

Exercise increased the amount of xylene absorbed and thus increased the amount of m-methylhippuric 

acid and 2,4-xylenol eliminated in the urine of men exposed to m-xylene (Riihimaki et al. 1979b).  No 

evidence of saturation of metabolism of xylene was observed at exposures as high as 200 ppm (Riihimaki 

et al. 1979b). The excretion of m-methylhippuric acid appeared to correspond very closely to the 

estimated xylene uptake and expired xylene represented about 4–5% of the absorbed xylene in all 

exposure groups (Riihimaki et al. 1979b).  Urinary excretion of methylhippuric acid correlated well with 

exposure (Kawai et al. 1992; Lapare et al. 1993; Skender et al. 1993), and based on a study of workers 

occupationally exposed to mixed xylenes (geometric mean TWA 14 ppm), Inoue et al. (1993) estimated a 

slope of 13 mg methylhippuric acid/L/ppm (11.1 mg/g creatinine/ppm) for all three isomers.  A sex-

related difference in the urinary excretion of methylhippuric acids was not observed (Inoue et al. 1993). 

A few studies have evaluated the kinetics of elimination of the metabolites of xylene following inhalation 

exposure of experimental animals. The primary urinary metabolite is methylhippuric acid (David et al. 

1979).  A dose-relationship in the urinary elimination of m-methylhippuric acid in rats was observed 

immediately after exposure to 50 or 500 ppm m-xylene for 6 hours (Kaneko et al. 2000).  Another study 

found the increase of urinary elimination of methylhippuric acid metabolites to be linear in rats exposed 

for 5 hours to mixed xylene between 75 and 150 ppm, but non-linear between exposures at 150 and 

225 ppm (Tardif et al. 1992).  Concomitantly, there were non-linear increases in the amount of xylene 

excreted unchanged in exhaled air, indicating possible saturation of metabolism at 225 ppm.   

Using a low-temperature (cryogenic), whole-body autoradiography technique for mice exposed by 

inhalation to radiolabeled m-xylene for 10 minutes, Bergman (1983) observed elimination of metabolites 

(non-volatile radioactivity) in bile and feces.  Clearance of metabolites was completed in the adrenal 

medulla by 0.5 hours, in the liver after a little over 2 hours, in the kidney after 8 hours, in bile after 

8 hours, in the intestinal lumen after 24 hours, and in the nasal mucosa and bronchi after 24 hours.  No 

radioactivity was detectable 48 hours after exposure. 
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3.4.4.2 Oral Exposure  

Limited information is available on the elimination of the metabolites of xylene following ingestion in 

humans.  In an unspecified number of male volunteers given oral doses of 40 mg/kg/day of o-xylene or 

m-xylene, the molar (mol) excretion ratios (total excretion [mol] in urine during appropriate interval/dose 

administered [mol] x 100[%]) for o-methylhippuric acid and m-methylhippuric acid were 33.1 and 53.1, 

respectively (Ogata et al. 1979).  More of the m-xylene is eliminated as methylhippuric acid than the 

ortho derivative for o-xylene. The molar excretion ratio for o-toluic acid glucuronide (o-toluyl­

glucuronide) was 1.0 in men given o-xylene as an oral dose of 40 mg/kg/day.  The amounts of 

o-methylhippuric acid (o-toluic acid) and of o-toluic acid glucuronide excreted in the urine attained 

maximal levels in 3–6 hours of exposure, while that of m-methylhippuric acid attained peak levels in 1– 

3 hours (Ogata et al. 1979). These results indicate that the major elimination pathway of o-xylene is the 

formation of o-methylhippuric acid in humans.  The formation of o-toluic acid glucuronide is a minor 

pathway for the elimination of o-toluic acid, but would be available in the event of saturation of the major 

pathway. 

Excretion of radioactivity by rats following an oral dose of m-xylene showed most excretion occurred in 

the urine during the first 12 hours after dosing (50–59% of the dose), with a total of 96.2% eliminated in 

urine in males and 73.7% in urine in females over 48 hours (Turkall et al. 1992).  Approximately 8 and 

22% of the total dose was excreted in exhaled air by males and females, respectively, during the first 

12 hours.  m-Methylhippuric acid comprised 67–75% of the urinary radioactivity, with xylenol 

comprising 2–18%, and unchanged xylene comprising approximately 1%.  When m-xylene adsorbed onto 

sandy soil matrix was administered, the excretion of radioactivity in urine and exhaled air in female rats 

was significantly decreased compared to m-xylene during the first 12 hours (Turkall et al. 1992).  In 

males given xylene in a sandy or clay soil matrix, the excretion of radioactivity was increased in exhaled 

air during the first 12 hours.  In a study of aromatic hydroxylation products of xylene metabolism, rats 

administered 100 mg/kg doses of xylene isomers eliminated 1% or less of the administered dose as 

xylenols in the urine, along with trace amounts of methylbenzyl alcohols for o- and m-xylene only (Bakke 

and Scheline 1970). 

3.4.4.3 Dermal Exposure  

The elimination of m-xylene has been studied in human subjects exposed dermally either to liquid or to 

vapor. The elimination of liquid m-xylene absorbed dermally in humans following a 15-minute exposure 

was through the exhaled breath and urine (Engstrom et al. 1977; Riihimaki and Pfaffli 1978).  Elimination 
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in the exhaled breath followed a two-phase elimination curve with a rapid half-life of 1 hour and a longer 

half-life of 10 hours.  In human subjects who immersed both hands in m-xylene for 15 minutes, the rate of 

excretion of m-methylhippuric acid was approximately 50 μmol/hour at 2 hours and 2 μmol/hour 3 hours 

later (Riihimaki 1979b).  In male subjects whose hand and forearm were exposed dermally to 6,770 ppm 

m-xylene vapor for up to 3 hours, elimination of xylene in the exhaled breath was detected within 

10 minutes and continued up to several hours after the exposure ended (Kezic et al. 2004). 

In rats receiving a dermal application of 15 mg of radiolabeled m-xylene per cm2, elimination over 

48 hours was primarily in unmetabolized expired air (61.9% of the initial dose), with 42.7% excreted as 

metabolites in the urine and 0.1% in feces (Skowronski et al. 1990).  The majority of the excretion in 

expired air occurred within the first 12 hours, with excretion in the urine occurring primarily during the 

first 24 hours; fecal excretion was detected the second day.  If m-xylene was applied to the skin in the 

form of a sandy soil matrix, the excretion was similar to that seen with m-xylene alone, but if the 

m-xylene was applied adsorbed onto clay soil matrix, approximately equal amounts were excreted in 

exhaled air and in the urine (46 and 53%, respectively). 

3.4.4.4 Other Routes of Exposure 

Limited information was available on the elimination of xylene metabolites in rats following 

intraperitoneal injection (Ogata et al. 1979; Sugihara and Ogata 1978; van Doorn et al. 1980).  The 

urinary metabolites of xylene are similar regardless of route of exposure; however, the amounts of the 

various metabolites differ.  The elimination profile of xylene isomers is related more to absorption than it 

is with dose or duration of exposure.  In rats, 49–62.6% of various doses of m-xylene or 64–75% of 

various doses of p-xylene were excreted in the urine as m-methylhippuric acid or p-methylhippuric acid, 

respectively (Sugihara and Ogata 1978).  Urinary excretion of o-toluic acid glucuronide and 

o-methylhippuric acid accounted for 57 and 16%, respectively, of single intraperitoneal dose of 1,240 mg 

o-xylene/kg give to rats (Ogata et al. 1979).  The amount of o-toluic acid glucuronide and 

o-methylhippuric acid excreted reached a maximum 8–24 hours after dosing.  Mercapturic acid 

derivatives were present in the urine of rats following an intraperitoneal dose of m-, o-, or p-xylene 

(Tanaka et al. 1990; van Doorn et al. 1980).  The percentages ranged from 0.6% (p-xylene) to 10–29% 

(o-xylene). 
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3.4.5 Physiologically Based Pharmacokinetic (PBPK)/Pharmacodynamic (PD) Models  

Physiologically based pharmacokinetic (PBPK) models use mathematical descriptions of the uptake and 

disposition of chemical substances to quantitatively describe the relationships among critical biological 

processes (Krishnan et al. 1994).  PBPK models are also called biologically based tissue dosimetry 

models.  PBPK models are increasingly used in risk assessments, primarily to predict the concentration of 

potentially toxic moieties of a chemical that will be delivered to any given target tissue following various 

combinations of route, dose level, and test species (Clewell and Andersen 1985).  Physiologically based 

pharmacodynamic (PBPD) models use mathematical descriptions of the dose-response function to 

quantitatively describe the relationship between target tissue dose and toxic end points.   

PBPK/PD models refine our understanding of complex quantitative dose behaviors by helping to 

delineate and characterize the relationships between: (1) the external/exposure concentration and target 

tissue dose of the toxic moiety, and (2) the target tissue dose and observed responses (Andersen and 

Krishnan 1994; Andersen et al. 1987). These models are biologically and mechanistically based and can 

be used to extrapolate the pharmacokinetic behavior of chemical substances from high to low dose, from 

route to route, between species, and between subpopulations within a species.  The biological basis of 

PBPK models results in more meaningful extrapolations than those generated with the more conventional 

use of uncertainty factors. 

The PBPK model for a chemical substance is developed in four interconnected steps:  (1) model 

representation, (2) model parameterization, (3) model simulation, and (4) model validation (Krishnan and 

Andersen 1994).  In the early 1990s, validated PBPK models were developed for a number of 

toxicologically important chemical substances, both volatile and nonvolatile (Krishnan and Andersen 

1994; Leung 1993).  PBPK models for a particular substance require estimates of the chemical substance-

specific physicochemical parameters, and species-specific physiological and biological parameters.  The 

numerical estimates of these model parameters are incorporated within a set of differential and algebraic 

equations that describe the pharmacokinetic processes.  Solving these differential and algebraic equations 

provides the predictions of tissue dose.  Computers then provide process simulations based on these 

solutions. 

The structure and mathematical expressions used in PBPK models significantly simplify the true 

complexities of biological systems.  If the uptake and disposition of the chemical substance(s) are 

adequately described, however, this simplification is desirable because data are often unavailable for 
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many biological processes.  A simplified scheme reduces the magnitude of cumulative uncertainty.  The 

adequacy of the model is, therefore, of great importance, and model validation is essential to the use of 

PBPK models in risk assessment. 

PBPK models improve the pharmacokinetic extrapolations used in risk assessments that identify the 

maximal (i.e., the safe) levels for human exposure to chemical substances (Andersen and Krishnan 1994).  

PBPK models provide a scientifically sound means to predict the target tissue dose of chemicals in 

humans who are exposed to environmental levels (for example, levels that might occur at hazardous waste 

sites) based on the results of studies where doses were higher or were administered in different species.  

Figure 3-5 shows a conceptualized representation of a PBPK model. 

If PBPK models for xylene exist, the overall results and individual models are discussed in this section in 

terms of their use in risk assessment, tissue dosimetry, and dose, route, and species extrapolations. 

Kaneko et al. (1991a) Inhalation Exposure Model 

Kaneko et al. (1991a) developed a PBPK model for inhalation of m-xylene by rats and humans, based on 

the trichloroethylene model of Endoh et al. (1989).  The model simulates concentrations of m-xylene in 

seven modeled tissue compartments and the amount of metabolites formed (Figure 3-6 and Table 3-7). 

Description of the Model.    The model consists of compartments for lung (lung arterial blood and 

one-third of the tidal volume), liver, fat (adipose tissues and yellow bone marrow), slowly-perfused 

tissues (red bone marrow), richly-perfused tissues (brain, heart, kidneys and glandular tissues), muscle 

(muscle and skin), and gastrointestinal tract (portal system excluding the liver), plus an arteriovenous 

shunt. Model parameters included tissue volumes and blood flows, calculated for each compartment 

based on values by Davis and Mapleson (1981), and several values that were determined experimentally 

for adult male Wistar rats:  partition coefficients, metabolic constants (Vmax and Km), and the rate constant 

for urinary excretion of m-methyl hippuric acid.  The concentration flowing out of a given compartment 

(in venous blood) was set as equilibrated with the concentration in that compartment.  All metabolism of 

m-xylene was assumed to occur in the liver and was expressed as a Michaelis-Menten process.  The 

metabolism of m-xylene considered only the main pathway, (i.e., the conversion to m-toluic acid, which is 

conjugated to glycine and excreted in the urine as m-methylhippuric acid); the pathway from m-xylene to 

coefficients for rat blood, lung, brain, heart, kidney, testis, intestine, spleen, liver, fat, and muscle were 

determined by vial equilibration, and tissue/blood values were calculated by dividing the tissue/air  
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Figure 3-5. Conceptual Representation of a Physiologically Based 

Pharmacokinetic (PBPK) Model for a  


Hypothetical Chemical Substance 
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Note: This is a conceptual representation of a physiologically based pharmacokinetic (PBPK) model for a 
hypothetical chemical substance.  The chemical substance is shown to be absorbed via the skin, by inhalation, or by 
ingestion, metabolized in the liver, and excreted in the urine or by exhalation. 

Source: adapted from Krishnan and Andersen 1994 
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Figure 3-6. PBPK Model for Inhaled m-Xylene 
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Table 3-7. Human Parameters Used in the PBPK Inhalation Model for m-Xylene 

Tissue volume (percent body weight) 
Lung calculateda

 Richly perfused 3 
 Slowly perfused 8.5 

Muscle 41.5 
Fat 21.1 

 Gastrointestinal tract 1.9 
Liver 2.3 

Cardiac output (L/minute) 0.296 (bw)0.7 

Blood flow (percent cardiac output) 
Lung 100 

 Richly perfused 37.9 
 Slowly perfused 6.3 

Muscle 11.4 
Fat 5.3 

 Gastrointestinal tract 17.1 
Liver 6.9 
Shunt 15.1 

Air flow 
Alveolar ventilation (L/hour)b 0.296 (bw)0.7 

Partition coefficients 
 Lung:blood 4.09 
 Richly perfused:blood 4.42 
 Slowly perfused:blood 2.01 
 Muscle:blood 3.01 

Fat:blood 77.8 
 Gastrointestinal tract:blood 4.67 
 Liver:blood 3.02 

Blood:air 26.4 
Metabolic constants 

Vmax 
c (mmol/minute) 

Km 
d (mmol/L) 

Kex 
d (per minute) 

Vmax1 = 1.394x10-3(bw)0.7

Km1 = 0.033 
0.012 

Vmax2 = 1.115x10-2(bw)0.7

Km2 = 0.330 

Source: Adapted from Kaneko et al. (1991a) 

aLung volume = functional residual capacity + one third tidal volume + (volume arterial blood x blood:air partition 

coefficient + volume of lung tissue x lung:air partition coefficient. 

bSet equal to cardiac output. 

cRat Vmax and Km were determined experimentally for two different exposure concentrations.  Rat Vmax1


(0.6 x 10-3 mmol/minute) and Vmax2 (4.8 x 10-3 mmol/minute) values were corrected for body surface area (body 

weight)0.7. 

dSet equal to experimentally determined rat value. 


bw = body weight 
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coefficient by the blood/air coefficient.  The richly perfused coefficient was set equal to that of the liver.  

Human coefficients were calculated as the rat tissue/air partition coefficients divided by the human 

blood/air coefficient reported by Sato and Nakajima (1979).  Metabolic rate constants were 

experimentally determined for high and low concentrations.  For the human model, cardiac output and 

metabolic rate constants were estimated from rat values using a (body weight)0.70 scalar, but the rat Km 

was used directly.  Simulations were performed for a 70-kg man inhaling 100 ppm m-xylene for 6 hours 

as reported by Riihimaki et al. (1979b).  The blood concentration was set equivalent to the concentration 

flowing out of the richly-perfused compartment. 

Validation of the Model.    The model parameters were optimized against the human data of Riihimaki 

et al. (1979b).  Comparisons of model simulations against data from studies other than those used in 

model development were not presented. 

Additional Predictions.    Kaneko et al. (1991b) used the model to evaluate the relationship of external 

and internal doses of m-xylene and determine the effects of body weight, body fat content, sex, and 

physical activity on blood concentrations and urinary excretion of metabolite.  Several different exposure 

scenarios were simulated:  continuous exposure of a 70-kg male to 50 ppm for 8 hours, intermittent 

exposure of a 70-kg male to 100 ppm for 1 hour 4 times at 1-hour intervals, continuous exposure of a 

70-kg male for 8 hours to various concentrations between 0 and 4,000 ppm.  In the simulation, larger 

bodies absorbed more m-xylene, and excreted more metabolite, but there was no significant change in 

blood concentration. Increased physical activity increased both the blood concentration of m-xylene and 

the rate of urinary excretion of metabolite.  The concentration of m-xylene in the blood during exposure 

was lower in women than in men, but was higher in women 10 hours after exposure.  The rate of urinary 

excretion of metabolite was lower in women both during and after exposure. 

Adams et al. (2005) Inhalation Exposure Model 

Adams et al. (2005) developed a PBPK model for inhalation of deuterium-labeled xylene isomers in 

humans, using biomonitoring data (isomer levels in blood and exhaled air) to quantify the kinetics of each 

isomer in adult Caucasian men.  The model simulates concentrations in six modeled tissue compartments 

and assumes systematic clearance of xylenes by metabolism primarily in the liver, but also in the lung.   

Description of the Model.    The model consists of compartments for lung blood, adipose tissue, 

slowly perfused tissue, rapidly perfused tissue, and liver.  The model used subject-specific values for 
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body weight, adipose tissue fraction, and exposure concentration.  Cardiac output and all blood flows 

were scaled to (body weight)0.74 .  Published values were used for fractional tissue compartment volumes, 

fractional blood flows, tissue/blood partition coefficients, and hepatic metabolic constants.  Alveolar 

ventilation, blood flows, and blood/air partition coefficients were assigned as Bayesian parameters to be 

optimized during model fitting.  As xylene was assumed to diffuse rapidly into tissues, the transfer of 

xylene from arterial blood to tissues was assumed to be flow-limited.  Changes in the amount of xylenes 

in nonmetabolizing tissues, in the metabolizing hepatic compartment, and the mass balance of xylene in 

the lung (including a metabolic component varying from 0 to 25% of hepatic metabolism) were defined 

by a series of simultaneous differential equations.  Extrahepatic metabolism was indicated when the 

apparent systematic clearance of xylenes exceeded hepatic blood flow.    

Validation of the Model.    The model parameters were optimized against human data collected by the 

investigators (Adams et al. 2005).  Twenty-seven male Caucasian volunteers were exposed at rest to 

atmospheres containing 0–40 ppm each of 2H10-meta-, 2H10-ortho-, and 2H10-para-xylene for 2 hours 

through a gated mouthpiece.  Eight subjects experienced replicate exposures (at a minimal 2-week 

interval), bringing the total number of exposures to 37.  Inhaled and exhaled breath concentrations of 

deuterium-labeled isomers were measured continuously during exposure.  Doses were estimated for all 

subjects as the product of exposure concentration, exposure duration, and model-fitted subject-specific 

alveolar ventilation rates. Blood concentrations of isomers were measured in 1 venous blood sample 

collected before exposure and in 15–20 samples collected at the end of exposure for 4 days; collection 

frequency was every 15 minutes for the first several hours to every 12 hours after day 1.  Model-fitted 

values for systemic clearance, terminal half-lives, and blood:air partition coefficients were similar to 

values reported by other investigators (Pierce et al. 1996; Sato 1988; Wallen et al. 1985).  Subjects 

exposed during multiple sessions showed significant intra-individual variability in respiratory and blood 

physiology parameters as well as metabolism rates.  The study authors suggested that differences in diet, 

alcohol consumption, and stress could affect variation in these parameters.  

Thrall and Woodstock (2003) Dermal Exposure Model 

Thrall and Woodstock (2003) adapted a PBPK model for binary inhalation exposures to toluene and 

m-xylene by Tardif et al. (1993a) to construct a PBPK model for dermal exposures to o-xylene in rats and 

humans (Table 3-8 and Figure 3-7). 

http:weight)0.74
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Table 3-8. Rat and Human Parameters Used in the PBPK Dermal Model for 
o-Xylene 

Rat Human 
Body weight (kg) 0.2–0.25 83.9, 48.5, 80.7 
Tissue volume (percent body weight) 

Liver 4 4 
Fat 8 30.7, 22.3, 26.4 

 Richly perfused 5 5 
 Slowly perfused 64 Variable 
 Total skin 10 10 

Cardiac output (L/hour) 5.4 348 
Blood flow (percent cardiac output) 

Liver 25 25 
Fat 5 6 

 Richly perfused 51 49 
 Slowly perfused 15 15 
 Total skin 5 5 

Air flow 
Alveolar ventilation (L/hour) 5.4 348 

Partition coefficients 
Saline:air 2.6 2.6 
Blood:air 37.8 34.0 

 Liver:blood 3.4 3.8 
Fat:blood 55.7 61.9 

 Muscle:blood 2.0 2.2 
Skin:air 65.4 65.4 

Metabolic constants 
Vmax (mg/kg/hour) 8.4 8.4 
Km (mg/L) 0.2 0.2 

Source: Adapted from Thrall and Woodstock (2003) 
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Figure 3-7. PBPK Model to Describe Dermal Absorption of o-Xylene 
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Description of the Model.    The model consists of compartments for lung, blood, richly perfused 

tissues, slowly perfused tissues, skin, fat, and liver.  The skin compartment represents exposed skin, 

whereas nonexposed skin is incorporated into the slowly perfused compartment.  Total skin volume (10% 

of body weight) was assumed to receive 5% of the total cardiac output.  The volume and blood flow for 

exposed skin were calculated according to the methods of Jepson and McDougal (1997).  Model 

parameters were as presented in Table 3-8.  Metabolism was assumed to occur in the liver.  Dermal 

exposure was simulated by relating the rate of change in the concentration of xylene in the skin 

compartment to the rate of penetration through the skin (the flux) and the rate of delivery because of 

blood flow and the arterial concentration (the perfusion) (Thrall et al. 2000).  The model also considered 

the amount of xylene lost through evaporation from nonoccluded skin.  The kinetics of dermal absorption 

was determined empirically in experiments in rats and humans based on the appearance of xylene in 

exhaled air. A total of 400 μg of o-xylene in aqueous solution (0.02%) was applied to the skin of rats 

under an occlusive covering for 4 hours.  Human subjects submerged their lower legs into a hydrotherapy 

tub containing 500 μg/L o-xylene (a concentration 400 times lower than for rats) for 10–30 minutes and 

were monitored unexposed for an additional 30 minutes.  An algorithm was used to vary the skin 

permeability coefficient to achieve an optimal fit to the time course data for each subject and then 

averaged. The calculated skin permeability rate constants of 0.058±0.009 cm/hour for rat and 

0.005±0.001 cm/hour for human adequately described the respective individual dermal exposure data 

sets. Both species rapidly absorbed aqueous xylene through the skin as shown by the chemical’s 

appearance in exhaled air within a few seconds of exposure.   

Validation of the Model.    The dermal PBPK model was used to simulate the exhaled breath data 

from experiments in humans dermally exposed for 3 minutes to undiluted m-xylene (Kezic et al. 2001).  

The calculated skin permeability coefficient was identical to the average value of 0.005 cm/hour derived 

by Thrall and Woodstock (2003).  Simulation of blood concentration data from F344 rats dermally 

exposed to saturated m-xylene for 24 hours (Morgan et al. 1991) resulted in a calculated skin permeability 

coefficient of 0.0727 cm/hour, which was in the range of values determined by Thrall and Woodstock 

(2003). 

Fisher et al. (1997) Lactational Model for Inhalation Exposure 

Fisher et al. (1997) adapted the PBPK model of Ramsey and Andersen (1984) to create a lactational 

model for maternal occupational exposure to volatile organic solvents, including o-, m-, and p-xylenes 

(Table 3-9 and Figure 3-8). 
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Table 3-9. Human Parameters Used in the PBPK Lactational Model for 
o-, m-, p-Xylene 

Human 
Body weight (kg) 60 
Tissue volume (percent body weight) 

Liver 1.5 
Fat 25 

 Richly perfused 10 
 Slowly perfused 54 
 Milk (mL) 10–125 

Cardiac output (L/hour) 15 x body weight0.74 

Blood flow (percent cardiac output) 
Liver 29 
Fat 10 

 Richly perfused 35 
 Slowly perfused 19 

Milk 7 

Air flow 
Alveolar ventilation (L/hour) 24 x body weight0.74 

Milk compartment 
Rate of ingestion of breast milk by nursing infant (per hour) 20 
Rate of breast milk production at 1.5–3.0 months lactation (L/hour) 0.06 

Partition coefficients 
 Liver:blood 2.14 

Fat:blood 41.28 
Milk:blood 2.98 

 Richly perfused:blood 2.14 
 Slowly perfused:blood 0.97 
Metabolic constants 

Vmax 
a Not reported 

Km
a Not reported 

Source: Adapted from Fisher et al. (1997) 
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Figure 3-8. PBPK Model for Lactational Exposure to Volatile Organic Compounds 
(Including o-, m-, p-Xylenes) Following Maternal Occupational Inhalation 
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Description of the Model.  In addition to the standard compartments for lung, richly- and slowly-

perfused tissues, fat, and lung (the site of metabolism), the model contained a milk compartment.  Milk 

production was described as a zero-order process at 0.06 L/hour.  Milk letdown from nursing (infant 

nursing rate) was described as a first order process (20/hour).  The milk volume in mammary tissue was 

0.125 L before nursing and 0.010 L at the end of nursing.  The equation describing the rate of change in 

the amount of chemical ingested by the nursing infant included terms for the chemical concentration in 

milk, the amount of milk in the mammary tissue lumen, the infant nursing rate, and a switch to turn on or 

off nursing over 24 hours.  Integration of this equation provided the cumulative amount of chemical 

ingested by a nursing infant in 24 hours.  Partition coefficients for blood:air and milk:air were 

experimentally derived to calculate the milk:blood partition coefficient (Table 3-9).  The human 

tissue:blood coefficient for xylenes was calculated by dividing the rat tissue:air coefficients of Gargas et 

al. (1989) by the human blood:air coefficient.  The published paper did not report the constants (Vmax and 

Km) used to describe the rate of metabolism of xylenes in humans, so it appears that the authors may have 

assumed zero metabolism for xylenes. 

The lactational model was used to simulate lactational transfer of xylenes following maternal exposure for 

8 hours at the threshold limit value (TLV) of 100 ppm.  The model predicted that approximately 1–2% of 

inhaled xylenes would be transferred to milk and that the daily intake for a 10 kg infant would be 

6.59 mg.  

Interaction Models 

In addition to those described above, a number of PBPK models have been developed for exposures to 

xylene in the presence of other chemicals.  Tardif et al. (1993a, 1995) first developed a PBPK model for 

inhalation exposures to binary mixtures of m-xylene and toluene in the rat and later adapted the model for 

humans.  The models based on parameters for m-xylene were found to adequately simulate the kinetics of 

mixed xylenes as well.  A later model was developed for inhalation of a ternary mixture of alkyl benzenes 

(m-xylene, toluene, and ethylbenzene) in rats and humans (Tardif et al. 1997).  Haddad et al. (2000) 

validated a PBPK model for inhalation of mixtures of benzene, toluene, ethyl benzene, and m-xylene 

(BTEX), with the addition of a model for dichloromethane.  Kaneko et al. (1995) modeled the effect of 

phenobarbital pretreatment with exposure to m-xylene orally or intraperitoneally at the same doses or by 

inhalation. The interactions between xylene and the other chemicals are presented in Section 3.9. 
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MacDonald et al. (2002) used PBPK modeling to estimate central nervous system effects following 

exposure to a time-weighted-average 100 ppm of m-xylene for 8 hours.  The model incorporated the 

inhalation PBPK model for m-xylene by Kaneko et al. (1991a) and a model for ingested ethanol by Derr 

(1993).  Other components included a competitive enxyme (CYP2E1) inhibition model for the two 

chemicals, as well as a population PBPK simulation model derived from statistical distributions of the 

PBPK model parameters with Monte Carlo sampling. Finally, since central nervous system effects were 

assumed to be dependent on blood levels of m-xylene, a pharmacodynamic (PD) threshold model was 

included for peak venous concentrations of m-xylene.  The deterministic PBPK model for m-xylene was 

validated against available human data (Loizou et al. 1999; Riihimaki et al. 1982b).  The population 

PBPK-PD model for m-xylene was run to establish the population distribution for peak venous blood 

m-xylene concentrations (CV,max) following exposure at the U.K. occupational exposure standard of 

100 ppm over 8 hours and for a 4-hour exposure at 200 ppm that elicited central nervous system 

disturbances in healthy volunteers (Savolainen et al. 1985a).  The corresponding 80th percentile on the 

CV,max cumulative frequency distribution, 20.35 μmol/L, was selected as the pharmacokinetic/ 

pharmcodynamic threshold for central nervous system depression elicited by exposure to m-xylene.  

Simulations were also reported for blood levels of ethanol alone, combined m-xylene and ethanol, and 

population PBPK-PD modeling for the combined exposure scenario.  In the model simulations, increasing 

exposure to ethanol increased the probability of central nervous system effects from exposure to 

m-xylene. 

PBPK modeling has been employed to assess possible toxicological interactions between chemicals, such 

as inhalation exposure to m-xylene and methylchloroform (Tardif and Charest-Tardif 1999). 

Haddad et al. (2001) developed a PBPK modeling-based risk assessment approach for mixtures of volatile 

chemicals that would incorporate pharmacokinetic interactions, such as changes in hepatic metabolism, 

among components of the mixture. 

Model Applications 

In deriving a chronic-duration inhalation reference concentration (RfC) for xylenes, the EPA (2003) 

examined the application of the inhalation PBPK models for m-xylene developed by Tardif and 

colleagues (Haddad et al. 1999; Tardif et al. 1991, 1992, 1993a, 1993b, 1995) to extrapolate rat exposure 

levels from the intermediate-duration inhalation study by Korsak et al. (1994) to human equivalent 

exposure levels. Using a time-weighted-average steady-state concentration of m-xylene in blood as the 
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internal dose surrogate, it was found that model-predicted human equivalent concentrations (46.5 mg/m3) 

were similar, although not identical, to human equivalent concentrations (39 mg/m3) calculated from rat 

experimental exposure levels using the 1994 EPA default cross-species dosimetric equations (EPA 2003).  

EPA (2003) noted that, as neurobehavioral effects were the targets in the study by Korsak et al. (1994), 

the brain concentration of xylene would have been a more optimal dose surrogate, but the model did not 

include such a compartment. 

 

Pelekis et al. (2001) used the PBPK models of Tardif et al. (1993a, 1995) to examine possible differences 

between children and adults with respect to estimated blood and tissue doses following inhalation 

exposure to xylene.  The model simulations incorporated published physiological parameters for a 10-kg 

1-year-old child and high and low values for adults.  The simulations revealed that the parameters having 

a significant effect on within-species variability of tissue and blood doses following inhalation exposures 

were the body weight, ventilation rate, fraction of cardiac output flowing to the liver, blood:air partition 

coefficient, and hepatic extraction ratio. 

 

Jang and Droz (1997) used PBPK modeling to evaluate possible ethnic differences in metabolism in 

individuals exposed by inhalation to 100 ppm m-xylene for 6 hours (Jang et al. 1997).  No significant 

differences were noted between six Caucasians and six Asians in metabolic clearance of methylhippuric 

acid.  

 

3.5   MECHANISMS OF ACTION  
 

3.5.1   Pharmacokinetic Mechanisms  
 

Absorption.    The isomers of xylene are expected to have similar absorption behavior because of their 

relatively small molecular size and similar chemical properties.  Penetration of xylenes is rapid by all 

routes of exposure because of the lipophilic nature of the chemicals, as indicated by the log Kow values 

(see Table 4-2).  The similar blood-air partition coefficients for the xylene isomers also reflect the 

expected similarities in absorption from inhaled air through the lung (Table 3-6).  PBPK modeling of 

human data revealed little inter-subject variability with respect to blood:air partition coefficients (Adams 

et al. 2005). 

 

Distribution.    Distribution of xylenes is rapid throughout the body although their water solubility is 

low (Table 4-2).  Xylenes, because of their lipophilic properties, are readily distributed to fat and tissues 

rich in cell membranes, such as the brain.  The lipophilic nature of xylenes is generally responsible for 
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their penetration across the placenta to fetal tissues and for distribution into milk (Fisher et al. 1997).  

Distribution of xylenes is a simple diffusion process.  As shown by PBPK modeling, the factors affecting 

tissue and blood distributions of inhaled xylenes include the body weight (since several physiological 

parameters are scaled to body weight), ventilation rate, fraction of cardiac output flowing to the liver, 

blood:air partition coefficient, and hepatic extraction ratio (Pelekis et al. 2001). In addition, hepatic blood 

flow can be significantly affected by changes in posture, exercise, and thermal stress (Adams et al. 2005).  

All of these factors may contribute to intra- and inter-individual variations in tissue distributions of 

xylenes (Adams et al. 2005; Pelekis et al. 2001). 

In developing a tissue composition-based algorithm for predicting tissue:air partition coefficients for 

volatile organic compounds, including isomers of xylene, Poulin and Krishnan (1996a, 1996b) uncovered 

an anomaly regarding blood compared to other tissues.  The algorithm was based on tissue composition 

with respect to water and total lipid content by weight, and phospholipids and neutral lipids as fractions of 

total lipids. For liver, muscle, and adipose tissue, the algorithm, which used the solubilities of chemicals 

in water, neutral lipid, and phospholipid, predicted tissue:air partition coefficients that were similar to 

values in the published literature (ratios of predicted vs experimental between 0.93 and 1.57 for xylene 

isomers on average).  For blood, however, the algorithm seriously underpredicted the partition 

coefficients of hydrophobic organic compounds, for xylenes by a factor of 5, indicating that solubility 

characteristics alone could not account for partitioning.  Poulin and Krishnan (1996b) suggested that 

retention of hydrophobic organic compounds in blood was partly the result of reversible binding to 

hydrophobic holes in hemoglobin molecules.  Association constants (Ka) of 1,512, 1,853, and 1,609 per 

mole were calculated for reversible binding to hemoglobin by o-, m-, and p-xylene, respectively (Poulin 

and Krishnan 1996b).  

In PBPK modeling of data from humans exposed by inhalation, fitted values for partitioning between 

blood and slowly perfused tissues exhibited significant inter-individual variability, ranging from 0.68 to 

13.78 for m-xylene (mean 3.05±3.77), 0.65–17.44 for o-xylene (mean 2.88±3.37), and 0.55–12.27 for 

p-xylene (2.25±2.58) (Adams et al. 2005).  The basis for this variability is not understood. 

Metabolism.    Phase I metabolism of xylenes is primarily by the oxidation of side-chain methyl groups 

by mixed function oxidases in the liver, forming methylbenzoic (toluic) acids.  Phase II metabolism is 

primarily through conjugation with glycine, which is rate limiting in humans (Riihimaki et al. 1979a, 

1979b).  In the absence of glycine, minor pathways are employed, such as conjugation with glucuronic 

acid or aromatic hydroxylation to form xylenols.  In humans, hepatic microsomal CYP2E1 is the primary 
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enzyme involved with the metabolism of xylenes to methylbenzylalcohols, the dominant pathway leading 

to the formation of methylhippuric acid isomers (Tassaneeyakul et al. 1996); human CYP1A2 causes the 

ring hydroxylation of m-xylene to form 2,4-dimethylphenol. 

Inter-individual variations in rates of metabolism of xylenes may be affected by lifestyle differences.  

Treatment with ethanol prior to xylene exposure increases rates of xylene metabolism by the liver, 

presumably by inducing hepatic microsomal enzymes (Tardif et al. 1994; Wisniewska-Knypl et al. 1989). 

Excretion. The lipophilic properties of unmetabolized xylene are responsible for the diffusion out of 

the lungs into exhaled breath.  The water solubility of conjugated metabolites of xylene is responsible for 

their transported out of the body in urine.  As estimated by PBPK modeling of human data, systemic 

clearance of m-xylene (fitted average of 131 L/hour) proceeds more rapidly than for o-xylene 

(116 L/hour) or p-xylene (119 L/hour) (Adams et al. 2005). 

3.5.2 Mechanisms of Toxicity 

The lipophilic effects of xylenes, which dissolve lipid membranes, is responsible for the irritant effects on 

eyes, mucous membranes and skin (Riihimaki 1979b).  In addition, the lipophilicity of xylenes is 

responsible for their narcotic and anaesthetic properties, which are similar for the three isomers (Fang et 

al. 1996).  The para isomer differs in also eliciting excitation reactions in rats (Fang et al. 1996).  The 

mechanism of anesthetics in general is not well understood, but probably relates to intercalation of the 

chemical into neuronal cell membranes, changing membrane properties that affect transmission of nerve 

impulses (Desi et al. 1967; EPA 1985a; Gerarde 1959; Savolainen and Pfaffli 1980; Tahti 1992).  The 

mechanism could be either by a disruption of the lipid environment in which membrane proteins function 

or by direct interaction with the hydrophobic/hydrophilic conformation of proteins in the neuronal 

membrane.  A statistically significant 28% increase in binding (fmol/mg tissue) of radiolabeled t-butyl­

bicyclophosphorothionate, a ligand to the picrotoxin/convulsant binding stite of GABAA receptors, was 

observed in the molecular layer of the cerebellum of rats exposed by inhalation to m-xylene at a high 

concentration (Ito et al. 2002). The results of this study suggest that the high concentration of m-xylene in 

the cerebellum (see Section 3.2.2.1) increased GABA release and/or enhanced GABAA receptor function, 

consequently increasing GABAA receptor binding activity.  The increased inhibitory effect of GABAergic 

neurotransmission in the cerebellum is consistent with the adverse effect of m-xylene on motor 

coordination (Ito et al. 2002).    
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Changes in levels of various neurotransmitters and lipid composition have been observed in several brain 

areas following acute- and intermediate-duration exposure to xylene (Andersson et al. 1981; Honma et al. 

1983; Savolainen and Seppalainen 1979).  It is unclear whether these represent direct effects of xylene or 

are secondary changes resulting from nonspecific central nervous system depression.  Some authors have 

also suggested that metabolic intermediates, such as arene oxides or methylbenzaldehyde, may be 

responsible for the toxic effects of xylene (Savolainen and Pfaffli 1980).  Oxidation of xylene to these 

intermediates by microsomal enzyme systems may occur within brain cells (Savolainen and Pfaffli 1980). 

Acute-duration oral or intermediate-duration inhalation exposures to high concentrations of p-xylene, but 

not the other isomers, results in death of cochlear hair cells and hearing loss in rats (Gagnaire and 

Langlais 2005; Gagnaire et al. 2001).  The reason for the isomer-specificity of the effect is not known, but 

Gagnaire and Langlais (2005) have indicated that ototoxicity from exposure to aromatic solvents is 

generally associated with structural constraints:  the presence of a single short side chain on the benzene 

ring. They imply that the meta- and ortho- placements of a second short side chain in xylene interfere 

with ototoxic potency, whereas the para- position does not.  Direct effects of xylene on the brain may be 

responsible for degraded performance of rats in tests of motor coordination, but the precise brain areas 

affected have not been identified (Gralewicz and Wiaderna 2001; Gralewicz et al. 1995; Korsak et al. 

1990, 1992, 1993, 1994). 

Inhibition of pulmonary microsomal enzymes has been observed by several investigators (Elovaara et al. 

1987; Foy and Schatz 2004; Foy et al. 1996; Park et al. 1994; Patel et al. 1978; Silverman and Schatz 

1991; Smith et al. 1982; Stickney et al. 1989).  The exact mechanism of the enzyme inhibition is 

unknown but has been attributed to the formation of a toxic reactive metabolite (such as methylbenzal­

dehyde) that binds directly to microsomal protein and inactivates the microsomal enzymes (Patel et al. 

1978; Smith et al. 1982). Direct effects on microsomal membrane fluidity and/or lipid content do not 

appear to be involved (Stickney et al. 1989).  Inhalation exposure to m-xylene for 6 hours caused a 

condensation-dependent reduction in cytochromes CYP 2B1, 2E1, and 4B1 in the lung and 2B1 and 2E1 

in the nasal mucosa (Vaidyanathan et al. 2003). 

The cytotoxicity of m-xylene has been associated with reductions in cellular antioxidant status (Coleman 

et al. 2003). In rat dermal fibroblasts cultured in a collagen matrix (dermal equivalents), exposure to 

m-xylene caused duration- and concentration-related reductions in viability, endogenous catalase activity, 

and endogenous thiol levels (thiols detected with 5,5-dithiobis[2-nitrobenzoic acid], DTNB).  

Supplementation with the antioxidant N-acetylcysteine, a hydroxyl radical scavenger as well as a 
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precursor to glutathione, increased survival of cultured fibroblasts exposed to m-xylene.  These results 

suggest that hydroxyl radicals may play a role in xylene-induced cytotoxicity.  

The mechanism for xylene's toxic effects on the kidneys is also unknown, but may be related to formation 

of reactive metabolites and subsequent irritation or direct membrane fluidization (EPA 1985a).  Support 

for the former idea is provided in several experiments using porcine proximal tubular cells (LLC-PK1, an 

established cell line) cultured in the presence of p-xylene (Al-Ghamdi et al. 2003a, 2003b, 2004).  

Treatment for up to 48 hours with 5 mM p-xylene reduced cell viability, increased the activity of 

CYP2E1, and increased the release of malondialdehyde (indicative of lipid peroxidation), but did not 

cause an increase in DNA fragmentation (Al-Ghamdi et al. 2003a).  Disulfuram, an inhibitor of CYP2E1, 

reduced the activity of this enzyme, as well as the release of malondialdehyde occurring from treatment 

with p-xylene.  Experiments using a free radical scavenger (catalase) also counteracted the effect of 

p-xylene.  These experiments suggest that renal toxicity of p-xylene may be related to its metabolism by 

CYP2E1, which generates the production of oxidative intermediates and subsequent necrosis; the authors 

suggest that this mechanism would be relevant to acute high-level exposures to xylene.  Results of 

additional experiments with LLC-PK1 cells treated for 96 hours with 1 mM p-xylene suggested that 

nephrotoxicity from xylene may involve induction of apoptosis through the activation of mitochondrial 

caspase-9 and caspase-3 (Al-Ghamdi et al. 2003b, 2004); typical features of apoptosis, DNA 

fragmentation and upregulation of Bax protein compared to Bcl-2 protein (increasing the ratio of 

Bax/Bcl-2), were observed with xylene treatment.  In humans exposed to solvent mixtures containing 

xylene and a substantial proportion of toluene, a number of effects were noted (lysozymuria and increased 

urinary excretion of beta-glucuronidase, albumen, erythrocytes and leukocytes) that are attributable to 

renal injury (Askergren, 1982; Franchini et al. 1983).  However, these effects are likely caused by 

toluene, which is a known renal toxicant. 

Developmental toxicity of m- and p-xylenes in standard animal bioassays is largely related to maternal 

toxicity (Saillenfait et al. 2003).  Effects on fetal body weight and delay of skeletal ossification are both 

growth related and impaired by compound-induced reductions in maternal body weight.  The reason that 

fetal body weight effects occur at doses lower than the maternal LOAEL for o-xylene and mixed xylenes 

is not known. The fact that mixed xylenes did not elicit the skeletal variants or delayed ossification seen 

with the individual isomers at the same concentration suggests that the effects of the isomers are not 

additive. Thus, it is possible that there may be isomer-specific targets relating to skeletal development, as 

indicated by the slightly different pattern of effects; for example, the incidence of incomplete ossification 
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in thoracic vertebral centra was significantly elevated in fetuses exposed to m-xylene, but not the other 

isomers. 

 

The mechanism of neurobehavioral deficits observed in rats exposed gestationally following maternal 

inhalation to m-xylene is not known (Hass and Jakobsen 1993; Hass et al. 1995, 1997).  Toxicity to 

vestibular structures involved with balance or hippocampal neurons involved with sensory processing 

have been suggested as targets associated with impaired motor coordination and spatial navigation 

following xylene exposure (Hass et al. 1997). 

 

Xylenes have not been shown to be mutagenic in short-term bioassays, but DNA degradation was 

reported in the skin of rats exposed dermally to m-xylene (Rogers et al. 2001).  Penetration of liquid 

xylene may impair the integrity of cell membranes, resulting in release of nucleases from membrane-

bound lysosomal stores and concomitant fragmentation of DNA.  This process appears to be associated 

with cell death.   

 

3.5.3   Animal-to-Human Extrapolations  
 

In general, toxic effects of xylenes observed in humans, such as depression of the central nervous system 

and irritant effects, are also observed in animals.  These similarities are to be expected given that they are 

a consequence of the chemical properties of unmetabolized xylenes and are not likely to be affected by 

minor species differences in cell type.  Toxicokinetic processes, including metabolic pathways for 

xylenes, are similar in animals and humans, but would be limited by physiological differences in 

respiration.  EPA (1994) has provided guidance for extrapolating from inhalation exposure in animals to 

human equivalent exposure levels in humans.  PBPK models (see Section 3.4.5) have been employed to 

estimate human equivalent exposures for toxicity in exposed rats. 

 

3.6   TOXICITIES MEDIATED THROUGH THE NEUROENDOCRINE AXIS  
 

Recently, attention has focused on the potential hazardous effects of certain chemicals on the endocrine 

system because of the ability of these chemicals to mimic or block endogenous hormones.  Chemicals 

with this type of activity are most commonly referred to as endocrine disruptors.  However, appropriate 

terminology to describe such effects remains controversial.  The terminology endocrine disruptors, 

initially used by Thomas and Colborn (1992), was also used in 1996 when Congress mandated the EPA to 

develop a screening program for “...certain substances [which] may have an effect produced by a 

naturally occurring estrogen, or other such endocrine effect[s]...”.  To meet this mandate, EPA convened a 
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panel called the Endocrine Disruptors Screening and Testing Advisory Committee (EDSTAC), and in 

1998, the EDSTAC completed its deliberations and made recommendations to EPA concerning endocrine 

disruptors.  In 1999, the National Academy of Sciences released a report that referred to these same types 

of chemicals as hormonally active agents.  The terminology endocrine modulators has also been used to 

convey the fact that effects caused by such chemicals may not necessarily be adverse.  Many scientists 

agree that chemicals with the ability to disrupt or modulate the endocrine system are a potential threat to 

the health of humans, aquatic animals, and wildlife.  However, others think that endocrine-active 

chemicals do not pose a significant health risk, particularly in view of the fact that hormone mimics exist 

in the natural environment.  Examples of natural hormone mimics are the isoflavinoid phytoestrogens 

(Adlercreutz 1995; Livingston 1978; Mayr et al. 1992).  These chemicals are derived from plants and are 

similar in structure and action to endogenous estrogen.  Although the public health significance and 

descriptive terminology of substances capable of affecting the endocrine system remains controversial, 

scientists agree that these chemicals may affect the synthesis, secretion, transport, binding, action, or 

elimination of natural hormones in the body responsible for maintaining homeostasis, reproduction, 

development, and/or behavior (EPA 1997b).  Stated differently, such compounds may cause toxicities that 

are mediated through the neuroendocrine axis.  As a result, these chemicals may play a role in altering, 

for example, metabolic, sexual, immune, and neurobehavioral function.  Such chemicals are also thought 

to be involved in inducing breast, testicular, and prostate cancers, as well as endometriosis (Berger 1994; 

Giwercman et al. 1993; Hoel et al. 1992). 

 

No in vivo or in vitro studies were located regarding endocrine disruption in human and/or animals after 

exposure to mixed xylenes or individual isomers of xylene.  Evidence for endocrine effects has not been 

seen in studies on reproductive, developmental, or chronic toxicity of xylenes. 

 

3.7   CHILDREN’S SUSCEPTIBILITY  
 

This section discusses potential health effects from exposures during the period from conception to 

maturity at 18 years of age in humans, when most biological systems will have fully developed.  Potential 

effects on offspring resulting from exposures of parental germ cells are considered, as well as any indirect 

effects on the fetus and neonate resulting from maternal exposure during gestation and lactation.  

Relevant animal and in vitro models are also discussed. 
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Children are not small adults.  They differ from adults in their exposures and may differ in their 

susceptibility to hazardous chemicals.  Children’s unique physiology and behavior can influence the 

extent of their exposure.  Exposures of children are discussed in Section 6.6, Exposures of Children. 

Children sometimes differ from adults in their susceptibility to hazardous chemicals, but whether there is 

a difference depends on the chemical (Guzelian et al. 1992; NRC 1993).  Children may be more or less 

susceptible than adults to health effects, and the relationship may change with developmental age 

(Guzelian et al. 1992; NRC 1993).  Vulnerability often depends on developmental stage.  There are 

critical periods of structural and functional development during both prenatal and postnatal life, and a 

particular structure or function will be most sensitive to disruption during its critical period(s).  Damage 

may not be evident until a later stage of development.  There are often differences in pharmacokinetics 

and metabolism between children and adults.  For example, absorption may be different in neonates 

because of the immaturity of their gastrointestinal tract and their larger skin surface area in proportion to 

body weight (Morselli et al. 1980; NRC 1993); the gastrointestinal absorption of lead is greatest in infants 

and young children (Ziegler et al. 1978).  Distribution of xenobiotics may be different; for example, 

infants have a larger proportion of their bodies as extracellular water, and their brains and livers are 

proportionately larger (Altman and Dittmer 1974; Fomon 1966; Fomon et al. 1982; Owen and Brozek 

1966; Widdowson and Dickerson 1964).  The infant also has an immature blood-brain barrier (Adinolfi 

1985; Johanson 1980) and probably an immature blood-testis barrier (Setchell and Waites 1975).  Many 

xenobiotic metabolizing enzymes have distinctive developmental patterns.  At various stages of growth 

and development, levels of particular enzymes may be higher or lower than those of adults, and 

sometimes unique enzymes may exist at particular developmental stages (Komori et al. 1990; Leeder and 

Kearns 1997; NRC 1993; Vieira et al. 1996).  Whether differences in xenobiotic metabolism make the 

child more or less susceptible also depends on whether the relevant enzymes are involved in activation of 

the parent compound to its toxic form or in detoxification.  There may also be differences in excretion, 

particularly in newborns who all have a low glomerular filtration rate and have not developed efficient 

tubular secretion and resorption capacities (Altman and Dittmer 1974; NRC 1993; West et al. 1948).  

Children and adults may differ in their capacity to repair damage from chemical insults.  Children also 

have a longer remaining lifetime in which to express damage from chemicals; this potential is particularly 

relevant to cancer. 

Certain characteristics of the developing human may increase exposure or susceptibility, whereas others 

may decrease susceptibility to the same chemical.  For example, although infants breathe more air per 

kilogram of body weight than adults breathe, this difference might be somewhat counterbalanced by their 
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alveoli being less developed, which results in a disproportionately smaller surface area for alveolar 

absorption (NRC 1993). 

No data are available regarding the effects of exposure to xylenes in children, but it is expected that 

children would experience the same effects as exposed adults.  In controlled acute inhalation experiments 

on m-xylene, one reason offered for the greater impairment in respiratory function (reduced forced vital 

capacity) in exposed women to compared to exposed men was that the airways in women are narrower 

and therefore more sensitive to swelling (Ernstgard et al. 2002).  On this basis, it is likely that children 

exposed to xylenes by inhalation would be more sensitive to respiratory impairment than exposed adults. 

A few epidemiological studies on laboratory workers suggested that maternal exposure to xylenes might 

increase the frequency of spontaneous abortion, but the validity of the association is confounded by 

simultaneous exposure to other chemicals (Lindbohm et al. 1990; Taskinen et al. 1994). 

The lipophilic properties of xylenes suggest that the absorption and distribution in children are likely to 

be similar to those of adults.  PBPK modeling estimated that about 1–2% of xylene absorbed from 

maternal occupational inhalation exposure at 100 ppm would be transferred to breast milk (Fisher et al. 

1997). The daily intake of xylene by a 10-kg nursing infant under this scenario was estimated to be 

6.59 mg.  Studies in mice have demonstrated that xylene absorbed by pregnant females is transferred to 

the fetus, but that uptake by fetal tissues was lower than in maternal tissues (Ghantous and Danielsson 

1986). The most reliable developmental toxicity assay in rats exposed by inhalation indicated that 

fetotoxicity (reduced fetal weight and delayed ossification, a skeletal variation that is affected by impaired 

growth) from maternal exposure to m- and p-xylene only occurs at maternally toxic exposure levels 

(Saillenfait et al. 2003); exposure to o-xylene or mixed xylenes resulted in fetal body weight effects at 

concentrations below the LOAEL for maternal effects.  The pattern of skeletal variations (i.e., the bones 

affected) was slightly different for each isomer and no serious malformations were observed at 

concentrations as high as 2,000 ppm.  No significant increase in skeletal variations was noted for 

gestational exposure to mixed xylenes, suggesting that the effect of the isomers was not additive 

(Saillenfait et al. 2003).  Other developmental inhalation studies reported skeletal variations and delayed 

ossification at lower concentrations, but the results were not considered for determining NOAEL or 

LOAEL values because fetal effects were not reported on a per-litter basis and little information on 

maternal toxicity was provided (see Section 3.2.1.6). Fetal toxicity in oral rodent studies occurred at 

relatively high doses near the maternal effect level (Marks et al. 1982).  A potentially serious 

developmental effect of xylene is impaired neurobehavioral function, which has been observed in rats 
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gestationally exposed at a level (500 ppm) that was not toxic to dams (Hass and Jakobson 1995; Hass et 

al. 1997).  In these studies, motor coordination was impaired and deficiencies in a water maze test for 

spatial navigation persisted to postnatal week 28 in the offspring of exposed dams.  These results suggest 

that in humans, excess maternal exposure to xylene might result in postnatal neurobehavioral deficits 

even if no overt structural anomalies occurred. 

The main phase I metabolizing enzyme for xylene, CYP2E1, is present in the fetus and in children.  The 

presence of CYP2E1 facilitates the elimination of xylene from the body. Total fetal liver CYP content is 

a relatively constant 30% of the adult level from the end of the first trimester of gestation up to 1 year of 

age (EPA 2001b). mRNA for CYP2E1 has been detected in human first-trimester placentas (Hakkola and 

Saarinen 1996).  Low levels of CYP2E1 protein have been detected in human fetal brain as early as 

gestational day 46, substantially increasing around day 50 (Boutelet-Bochan et al. 1997; Brzezinski et al. 

1999). In the fetal liver, CYP2E1 protein was not detectable at 10 weeks of gestation, but was present at 

16 weeks (Carpenter et al. 1996).  Additionally, there is some evidence that maternal alcohol consumption 

induces placental CYP2E1 in humans (Rasheed et al. 1997).  Hepatic levels of CYP2E1 mRNA increase 

significantly during the first 24 hours after birth, largely resulting from demethylation that allows 

transcription to proceed (Vieira et al. 1996).  Major accumulations of CYP2E1 occur between 1 and 

3 months of age and values comparable to those of adults are achieved sometime between 1 and 10 years 

of age (EPA 2001b; Vieira et al. 1996).  Thus, elimination of xylene metabolites in exposed children 

would be expected to be similar to exposed adults. 

Aside from the model described above (and in Section 3.4.5) for lactational transfer to nursing infants by 

Fisher et al. (1997), no PBPK models have been developed for children or for fetuses or pregnant women 

exposed to xylenes. 

Ginsberg et al. (2004) considered developmental and pharmacokinetic differences between adults and 

children that could impact risk assessments of children exposed to toxicants.  The higher inhalation rate 

per respiratory surface area in children compared to adults might result in an apparent higher dose to the 

lungs in children for the first several years compared to adults exposed to xylene at the same atmospheric 

concentration. As the stratum corneum of the epidermis is well-developed in newborn infants, dermal 

absorption of xylene by newborns would be generally expected to be similar to adults.  The one exception 

is for the infants born prematurely, in which the stratum corneum attains a normal thickness only by the 

second postnatal week.  The relatively larger ratio of liver weight to body weight in children, especially 

during the first 2 years postnatally, and the lower body lipid content for the first 3 months postnatally, 
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compared to adults, would suggest that retention of absorbed xylene is lower and systemic clearance of 

absorbed xylene is faster in young children than in adults.  These factors are countered by the possibly 

lower rates of metabolism of xylenes during the first two postnatal months (see above).  The larger brain 

weight to body weight ratios in children, especially during the first two postnatal years, suggests that 

proportionally more xylene may be delivered to the brain of children, rendering them more vulnerable to 

the neurotoxic effects of xylene than similarly exposed adults.  No compound-specific experimental data 

are available to confirm these suppositions regarding the exposure of children to xylenes.  

3.8 BIOMARKERS OF EXPOSURE AND EFFECT 

Biomarkers are broadly defined as indicators signaling events in biologic systems or samples. They have 

been classified as markers of exposure, markers of effect, and markers of susceptibility (NAS/NRC 

1989). 

Due to a nascent understanding of the use and interpretation of biomarkers, implementation of biomarkers 

as tools of exposure in the general population is very limited.  A biomarker of exposure is a xenobiotic 

substance or its metabolite(s) or the product of an interaction between a xenobiotic agent and some target 

molecule(s) or cell(s) that is measured within a compartment of an organism (NAS/NRC 1989).  The 

preferred biomarkers of exposure are generally the substance itself, substance-specific metabolites in 

readily obtainable body fluid(s), or excreta.  However, several factors can confound the use and 

interpretation of biomarkers of exposure.  The body burden of a substance may be the result of exposures 

from more than one source.  The substance being measured may be a metabolite of another xenobiotic 

substance (e.g., high urinary levels of phenol can result from exposure to several different aromatic 

compounds).  Depending on the properties of the substance (e.g., biologic half-life) and environmental 

conditions (e.g., duration and route of exposure), the substance and all of its metabolites may have left the 

body by the time samples can be taken.  It may be difficult to identify individuals exposed to hazardous 

substances that are commonly found in body tissues and fluids (e.g., essential mineral nutrients such as 

copper, zinc, and selenium).  Biomarkers of exposure to xylene are discussed in Section 3.8.1. 

Biomarkers of effect are defined as any measurable biochemical, physiologic, or other alteration within an 

organism that, depending on magnitude, can be recognized as an established or potential health 

impairment or disease (NAS/NRC 1989).  This definition encompasses biochemical or cellular signals of 

tissue dysfunction (e.g., increased liver enzyme activity or pathologic changes in female genital epithelial 

cells), as well as physiologic signs of dysfunction such as increased blood pressure or decreased lung 
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capacity.  Note that these markers are not often substance specific.  They also may not be directly 

adverse, but can indicate potential health impairment (e.g., DNA adducts).  Biomarkers of effects caused 

by xylene are discussed in Section 3.8.2. 

A biomarker of susceptibility is an indicator of an inherent or acquired limitation of an organism's ability 

to respond to the challenge of exposure to a specific xenobiotic substance.  It can be an intrinsic genetic or 

other characteristic or a preexisting disease that results in an increase in absorbed dose, a decrease in the 

biologically effective dose, or a target tissue response.  If biomarkers of susceptibility exist, they are 

discussed in Section 3.10, Populations That Are Unusually Susceptible. 

3.8.1 Biomarkers Used to Identify or Quantify Exposure to Xylene 

Xylene levels in the blood and levels of its metabolite, methylhippuric acid, in the urine are the primary 

markers used to detect exposure to xylene.  Xylene is very soluble in the blood and is readily absorbed 

into the circulation during exposure (Astrand 1982).  Measurement of blood levels of xylene is limited by 

the rapid metabolism of xylene.  Moreover, there are no data on background concentrations of xylene in 

blood or urine.  Xylene and xylene isomers have been detected at concentrations of up to 400 nM in urine 

of workers exposed to xylene at geometric mean concentration of 1.9 ppm with a maximum concentration 

of 27.3 ppm (Takeuchi et al. 2002).  Xylenes are metabolized almost exclusively to methylhippuric acids 

in humans.  Detection of methylhippuric acid in the urine is the most widely used indicator of xylene 

exposure (ACGIH 1986). A strong association has been shown between urinary methylhippuric acid 

concentrations and exposure to xylene (Daniell et al. 1992; Jonai and Sato 1988; Kawai et al. 1991); 

during an 8-hour workshift, a concentration of 57.8 mg/L of methylhippuric acid isomers (i.e., all isomers 

combined) was found to correlate with exposure to 3.8 ppm (geometric mean concentration) of total 

xylenes (Kawai et al. 1991).  In a study of Chinese men and women occupationally exposed to mixed 

xylenes, Inoue et al. (1993) estimated that 13 mg of methylhippuric acid would be excreted in a liter of 

urine for each ppm of xylene exposure (or 11.1 mg/g creatinine/ppm).  This relationship was true for both 

men and women as well as for mixed and individual isomers.  Within 2 hours of an inhalation exposure, 

methylhippuric acid may be detected in the urine (Sedivec and Flek 1976b).  The excretion of 

methylhippuric acid is complete within 1 or 2 days of exposure to xylene, limiting the utility of this 

biomarker to the detection of only very recent exposures.  With chronic exposure to xylene, the 

metabolism is enhanced, further limiting the time following exposure that xylene levels may be measured 

in the blood (Savolainen et al. 1979a).  Since the methylhippuric acid background levels in persons not 

exposed to xylenes are very low, methylhippuric acids are specific markers for xylenes, except for 
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exposure to alkyl toluenes in which the number of carbon atoms in the alkyl group is odd.  A minor 

metabolite of xylene, N-acetyl-S-xylyl cysteine (a trioether), may also be detected in the urine (Tanaka et 

al. 1990; van Doorn et al. 1980); however, it is at such low levels in the urine during experimental 

exposures that it is ineffective as a biomarker (Norstrom et al. 1988).  For additional information on the 

kinetics of xylene absorption, distribution, metabolism, or excretion, see Section 3-4. 

3.8.2 Biomarkers Used to Characterize Effects Caused by Xylene 

The following changes are potential biomarkers of effect for xylenes; however, none of the changes are 

unique to xylene exposure.  Xylenes have been observed to enhance the activity of a variety of 

microsomal enzymes and increase hepatic cytochrome P-450 content (Elovaara 1982; Elovaara et al. 

1980; Patel et al. 1979; Savolainen et al. 1978; Tatrai et al. 1981; Toftgard and Nilsen 1981, 1982; 

Toftgard et al. 1981). Scores consistent with memory impairment and decreased reaction time have been 

observed using standard intelligence tests and measures of reaction time (Gamberale et al. 1978; 

Riihimaki and Savolainen 1980; Savolainen and Riihimaki 1981a; Savolainen et al. 1979b, 1984, 1985a).  

These effects are likely to be elicited by any solvent that has anaesthetic properties.  Erythema of the skin 

is a biomarker of dermal exposure to xylene, but this is a common reaction to compounds with irritant 

properties (Ahaghotu et al. 2005; Anderson et al. 1986; Chatterjee et al. 2005; Hine and Zuidema 1970; 

Pound and Withers 1963; Smyth et al. 1962).  Increases in blood levels of interleukin 1-alpha, as 

demonstrated in rats, may represent a biomarker of inflammatory processes in skin following dermal 

exposure to xylene, but might apply to any chemical that elicits dermal irritation (Ahaghotu et al. 2005; 

Chatterjee et al. 2005). 

3.9 INTERACTIONS WITH OTHER CHEMICALS  

The interaction of xylene with alcohol, drugs (aspirin, phenobarbitol), and various solvents (1,1,1-tri­

chlorethane, benzene, toluene, ethylbenzene, methyl ethyl ketone) has been evaluated in experimental 

studies with humans and animals.  Xylene has a high potential to interact with numerous substances 

because the isomers induce microsomal enzymes in the liver (Blanchard and Morris 1994; Liira et al. 

1991), while microsomal enzymes in the lungs are inhibited by xylene exposure (Blanchard and Morris 

1994; Elovaara et al. 1987; Patel et al. 1978; Silverman and Schatz 1991; Toftgard and Nilsen 1982).  

Which enzymes will be affected is isomer dependent.  For example, m-xylene is a more potent inducer of 

P-450 2B enzymes than p-xylene (Backes et al. 1993).  The isomer differences, as well as organ 

differences in effects on xenobiotic metabolizing enzymes, make it difficult to predict the interaction of 

xylene with other substances. 
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The effects from combined exposure to xylene and ethanol have been studied most extensively because of 

the reasonable expectancy that some workers will consume alcoholic beverages and subsequently might 

be exposed to xylene occupationally by inhalation.  Results of studies with humans and animals indicate 

that metabolic interaction between xylene and ethanol occurs.  Co-administered ethanol appears to inhibit 

the metabolism of xylene, probably by competition for mixed function oxidases, resulting in elevated 

blood levels of xylene and decreased excretion of methylhippuric acid (Elovaara et al. 1980; Riihimaki et 

al. 1982a, 1982b; Romer et al. 1986; Savolainen 1980; Savolainen et al. 1978, 1979b, 1980b).  A kinetic 

study in rats (Kaneko et al. 1993) suggests that ethanol inhibition of xylene metabolism occurs only at 

high airborne concentrations (500 ppm).  Paradoxically, ethanol pretreatment has a synergistic effect on 

metabolism of xylene as a result of the induction of microsomal enzymes in the liver (Wisniewska-Knypl 

et al. 1989). Ethanol pretreatment (137 g taken orally) enhanced the metabolism of m-xylene in human 

subjects exposed at 400 ppm, but had no effect at 100 ppm (Tardif et al. 1994).  This would enhance the 

metabolic capacity of the liver and modify biological effects of other chemicals that are either detoxified 

or converted to toxic metabolites by the microsomal enzymes.  In summary, it cannot be stated with 

certainty whether alcohol and xylene would interact to produce synergistic or antagonistic effects in 

humans and animals because there are reasons why both would occur.  MacDonald et al. (2002) used 

PBPK modeling to evaluate the likelihood of central nervous system effects in people exposed to a time-

weighted-average concentration of 100 ppm m-xylene for 8 hours and also exposed to ethanol.  In the 

model simulations, increasing exposure to ethanol increased the probability of central nervous system 

effects from exposure to m-xylene.  Combined exposure to m-xylene and ethanol increased lipid 

peroxidation in the rat liver (Jajte et al. 2003). 

Kaneko et al. (1995) modeled the effect of phenobarbital pretreatment (80 mg/kg/day for 3 days) with 

exposure to m-xylene orally or intraperitoneally at 8.6 or 86.4 mg/kg or by inhalation for 6 hours at 40 or 

400 ppm.  Phenobarbital treatment increased the metabolism of inhaled m-xylene at 400 ppm.  This was 

related to a decrease in xylene blood concentrations and increased urinary excretion.  Phenobarbital had 

no significant effect on metabolism of ingested xylene.  The metabolism of m-xylene was not affected by 

coexposure to n-butyl alcohol in rats exposed by inhalation for 7 hours to 100 ppm of each chemical 

(Swiercz et al. 1995).  

Combined exposure to ethanol and xylene results in macrocytosis and decreased erythrocyte membrane 

fluidity (Wronska-Nofer et al. 1991).  These effects were not observed when either chemical was 
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administered alone.  It is unclear whether this interaction is pharmacological or pharmacokinetic in 

nature. 

Acute inhalation exposure to a mixture of toluene and xylene resulted in more-than-additive respiratory 

and central nervous system toxicity (Korsak et al. 1988, 1992).  Elevated blood levels of xylene and 

toluene and decreased excretion of the major metabolites of xylene and toluene in the urine (Tardif et al. 

1992) suggest mutual metabolic inhibition.  However, simultaneous exposures in humans indicate that a 

threshold exists for this interaction (Tardif et al. 1991).  No increase in blood levels of these substances 

was observed during combined exposures to 50 ppm toluene and 40 ppm xylene over 3 consecutive days, 

whereas increases in blood levels and levels in exhaled air were observed during a combined 4-hour 

exposure to 95 ppm toluene and 80 ppm xylene.  Thus, combined exposures at below threshold level are 

unlikely to produce greater than additive toxicity (Tardif et al. 1991).  Physiologically based toxicokinetic 

modeling studies using rat data suggests that the interaction between toluene and xylene is competitive, 

with toluene a more potent inhibitor of xylene metabolism than xylene is of toluene metabolism (Tardif et 

al. 1993a, 1993b, 1995).  PBPK modeling studies of ternary mixtures predicted that humans exposed to 

permissible levels for the mixture (33 ppm m-xylene, 17 ppm toluene, and 33 ppm ethylbenzene), would 

not exhibit biologically significant metabolic inhibition of the components (Tardif et al. 1997).  In these 

ternary simulations, after 0.5–8 hours of exposure, the concentration of xylene in alveolar air was slightly, 

but significantly higher than expected compared to exposure of xylene alone; the blood concentration of 

xylene following exposure to the ternary mixture was slightly elevated in venous blood after 5.5–8 hours 

of exposure. Studies in rats exposed to binary or ternary mixtures (m-xylene and toluene with or without 

ethylbenzene) at component concentrations of 100 or 200 ppm demonstrated that the kinetics of 

metabolism was less affected by metabolic interactions when metabolism was near saturation (Tardif et 

al. 1996). 

Exposure to xylene combined with benzene or ethylbenzene may also produce mutual inhibition of the 

metabolism of both solvents (Engstrom et al. 1984; Nakajima and Sato 1979b).  Ethylbenzene is found in 

commercial xylene.  In contrast, ethyl acetate exposure in combination with exposure to m-xylene caused 

a reduction in blood xylene levels (Freundt et al. 1989). 

Combined exposures to m-xylene and methyl ethyl ketone (2-butanone) produced a synergistic induction 

of microsomal enzymes in rats (Liira et al. 1991), but in humans, inhibited the metabolism of m-xylene to 

methylhippuric acid, resulting in corresponding increases in levels of xylene in blood and fat (Liira et al. 

1988, 1991).  While the side-chain oxidation of xylene to methylhippuric acid was inhibited, an increase 
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in ring oxidation (xylenol production) was observed (Liira et al. 1991), indicating that the inhibition was 

specific to a particular oxidation reaction.  Thus, it is not known as to whether 2-butanone and m-xylene 

would interact to produce additive or antagonist effects in humans and animals. 

Inhalation of m-xylene following pretreatment with phenobarbital was associated with both increased 

pulmonary retention of m-xylene and increased urinary excretion of m-methylbenzoic acid (David et al. 

1979).  Combined inhalation of 1,1,1-trichloroethane (methylchloroform) and m-xylene had no effect on 

the metabolism of m-xylene, as indicated by blood concentrations of the parent compound and urinary 

concentrations of m-methylhippuric acid (Tardif and Charest-Tardif 1999).  Surprisingly, inhalation of 

m-xylene and 1,1,1-trichloroethane has been associated with slight improvements in certain 

psychophysiological parameters, including reaction time and equilibrium in humans as compared with 

pre-exposure measurements (Savolainen et al. 1982a, 1982b), and impairment in others such as visual 

evoked potentials and equilibrium (Savolainen et al. 1982a; Seppalainen et al. 1983).  Also, a protective 

effect of xylene on n-hexane-induced testicular atrophy and peripheral nerve effects were observed when 

rats were exposed to n-hexane and xylene simultaneously (Nylen and Hagman 1994; Nylen et al. 1989), 

although combined exposure to xylene and n-hexane increased loss of auditory sensitivity (Nylen and 

Hagman 1994; Nylen 1996).  Bromobenzene, which requires metabolic activation, showed greater 

toxicity to the liver in p-xylene exposed rats, while lung toxicity was not affected (Day et al. 1992). 

Following concurrent exposure to 100 ppm m-xylene and 1,500 mg aspirin orally in human subjects, the 

urinary excretion of metabolites conjugated to glycine (m-methylhippuric acid and salicyluric acid, 

respectively) was reduced by 50% for both compounds (Campbell et al. 1988).  The authors speculate that 

the cause was competition for the enzymes involved in conjugation with glycine (acyl-CoA synthetase 

and glycine N-acylase), resulting in saturation of the conjugation pathway for both chemicals (Campbell 

et al. 1988). Administration of aspirin to pregnant rats during inhalation exposure to xylene caused 

greater-than-additive potentiation of maternal and fetal toxic effects (Ungvary 1985).  This was postulated 

to be due to the interference with metabolism of aspirin by xylene and vice versa. 

Oral exposure to a relatively high dose of sodium benzoate, a food additive, 3 hours before intraperitoneal 

injection of o-xylene altered the metabolism of o-xylene in rats (Moriwaki et al. 2005).  Pre-treatment 

with sodium benzoate (more than twice the amount of o-xylene on a molar basis) reduced the excretion of 

o-methylhippuric acid but increased the excretion of o-toluic acid conjugates and unmodified o-xylene in 

urine. These changes were attributed to competition for the enzymes involved in glycine conjugation 

(benzoyl-Coenzyme A synthetase and benzoyl-CoA:glycine N-acyltransferase).    
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Exposure to xylene has been shown to inhibit several microsomal enzymes in the lung (Blanchard and 

Morris 1994; Elovaara et al. 1987; Patel et al. 1978; Silverman and Schatz 1991; Toftgard and Nilsen 

1982). m-Xylene administered intraperitoneally or exposure to o-xylene by inhalation altered the 

pulmonary microsomal metabolism of benzo[a]pyrene in rats, resulting in inhibition of its detoxification 

and increased production of toxic, mutagenic metabolites (bay region diols) (Park and Schatz 1999; 

Stickney et al. 1991).  One study suggested that xylene acts as a promotor or cocarcinogen for the 

induction of skin tumors in mice, but the purity of the tested material was not reported (Pound 1970).  If 

verified, these findings could be relevant in combined human exposures to xylene and polyaromatic 

hydrocarbons present in cigarette smoke and combustion emissions and especially to petrochemical 

workers who could be exposed to xylene, crude oils (promotor), and ultraviolet light (initiator). 

Dilution in polyethylene glycol 600 (PEG 600) increased the severity of eye irritation elicited by xylene 

and other aromatic compounds in rabbits compared to the undiluted compounds (Kennah et al. 1989).  

Undiluted xylene (not specified but presumed to be mixed isomers) elicited only minimal eye irritation 

whereas dilutions in PEG 600 resulted in slight or moderate irritation (3–5-fold increases in Draize 

scores); similar increases were observed with toluene and styrene.  Because other diluents (cellosolve 

acetate or methyl isobutyl ketone) did not have the same effect, the study authors proposed that the 

aromatic compounds interacted with PEG 600 to form a more potent ocular irritant.  

In addition to interacting with other chemicals, exposure to xylene at high concentrations has also been 

shown to increase the effects of a virus.  Acute exposure of mice to 1,208 ppm (but not 595 ppm) 

p-xylene (4 days, 4 hours/day) increased the mortality resulting from the murine cytomegalovirus 

(Selgrade et al. 1993).  This effect was a result of potentiation of the liver damage cause by the virus 

rather than an immunological effect. 

3.10 POPULATIONS THAT ARE UNUSUALLY SUSCEPTIBLE 

A susceptible population will exhibit a different or enhanced response to xylene than will most persons 

exposed to the same level of xylene in the environment.  Reasons may include genetic makeup, age, 

health and nutritional status, and exposure to other toxic substances (e.g., cigarette smoke).  These 

parameters result in reduced detoxification or excretion of xylene, or compromised function of organs 

affected by xylene.  Populations who are at greater risk due to their unusually high exposure to xylene are 

discussed in Section 6.7, Populations with Potentially High Exposures. 
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Available data indicate that subsets of the human population may be unusually susceptible to the toxic 

effects of xylene.  Pregnant women, fetuses, and very young children may be at greater risk of adverse 

health effects from xylene exposure than the population in general (Barlow and Sullivan 1982; Holmberg 

and Nurminen 1980; Hudak and Ungvary 1978; Kucera 1968; Marks et al. 1982; Mirkova et al. 1983; 

Ungvary et al. 1980b, 1981).  Although no human studies were located indicating maternal or fetal 

toxicity following mixed xylene exposure, animal studies that involved exposure to m-xylene and aspirin 

or xylene alone suggest there may be a relationship between exposure to the agents and developmental 

effects (Hudak and Ungvary 1978; Marks et al. 1982; Ungvary 1985; Ungvary et al. 1980b, 1981).  In 

summary, although it is not clear how toxic xylene might be to fetuses and infants, for safety's sake 

caution is urged. The ability of fetuses and very young children to metabolize certain xenobiotics, 

including possibly xylene, is reduced because of their immature enzyme detoxification systems 

(Calabrese 1978). Thus, for pregnant women exposed to xylene, ingestion of aspirin is likely to 

potentiate adverse effects of xylene in both the mother and the offspring. 

People with subclinical and clinical epilepsy are at increased risk of seizures if exposed to xylene because 

of its excitatory central nervous system effects (Arthur and Curnock 1982; Goldie 1960; Riihimaki and 

Hanninen 1987).  It has also been demonstrated in human (Goldie 1960; Riihimaki et al. 1982a; 

Savolainen 1980; Savolainen et al. 1978, 1980b) and animal studies (Elovaara et al. 1980; Savolainen et 

al. 1979b) that alcohol consumption potentiates xylene toxicity.  Some people appear particularly 

susceptible to the interaction and may develop dizziness, nausea, and dermal flush (Riihimaki et al. 

1982b; Savolainen et al. 1980b). 

People with clinical or subclinical renal, hepatic, or cardiac disease may be more susceptible to the effects 

of xylene.  Evidence from occupational and case studies indicates that exposure to high levels of xylene 

might cause renal impairment and some hepatic effects, as well as cardiac manifestations, including 

tachycardia and ECG abnormalities (Goldie 1960; Hipolito 1980; Morley et al. 1970; NIOSH 1975; Von 

Burg 1982). However, exposure to xylene in these studies was confounded with exposure to other 

chemical agents. 

Limited human data suggest that people with respiratory diseases, such as asthma, could potentially be at 

risk with regard to the adverse effects of xylene following inhalation exposure (Hipolito 1980; Morley et 

al. 1970). 
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3.11 METHODS FOR REDUCING TOXIC EFFECTS  

This section will describe clinical practice and research concerning methods for reducing toxic effects of 

exposure to xylene.  However, because some of the treatments discussed may be experimental and 

unproven, this section should not be used as a guide for treatment of exposures to xylene.  When specific 

exposures have occurred, poison control centers and medical toxicologists should be consulted for 

medical advice. The following texts provide specific information about treatment following exposures to 

xylene:   

Ellenhorn MJ, Barceloux DG, eds.  1988.  Medical toxicology:  Diagnosis and treatment of human 
poisoning.  New York, NY:  Elsevier, 1422-1426, 1730-1731. 

IPCS. 1992.  Xylene.  Poisons information.  Monograph 565.  International Programme on Chemical 
Safety.  http://www.inchem.org/documents/pims/chemical/xylene.htm.  April 7, 2005. 

3.11.1 Reducing Peak Absorption Following Exposure  

General recommendations reported for reducing absorption following acute high-dose exposure to xylene 

include removal of the patient from the source of exposure to fresh air and decontamination of the skin 

with mild soap and water (Bronstein and Currance 1988; Ellenhorn and Barceloux 1988; Goldfrank et al. 

1990; Stutz and Janusz 1988).  When the eyes have been involved, copious rinsing with tepid water or 

normal saline has been used for decontamination (Bronstein and Currance 1988; Stutz and Janusz 1988). 

Strategies for reducing xylene absorption following ingestion are limited because light petroleum 

products such as xylene cause severe aspiration pneumonitis (Ellenhorn and Barceloux 1988; IPCS 1992). 

Gastric lavage is the preferred method recommended for emptying the stomach contents, as long as a 

cuffed endotracheal tube is used to limit the possibility of aspiration (Goldfrank et al. 1990). Induction of 

emesis (vomiting) with syrup of ipecac is generally not recommended, especially in pediatric cases 

(Goldfrank et al. 1990); emesis is contraindicated if unprovoked emesis has already occurred or if the 

patient is not alert or has an impaired gag reflex (Ellenhorn and Barceloux 1988; Goldfrank et al. 1990).  

The only circumstances in which emesis is recommended are when very large quantities have been 

ingested, such as in a suicide attempt (Ellenhorn and Barceloux 1988; Goldfrank et al. 1990), or another 

highly toxic substance has been ingested together with xylene (Goldfrank et al. 1990).  In summary, 

gastric lavage is recommended to reduce xylene absorption from the gastrointestinal tract only when one 

is certain that aspiration is not likely to occur.  

http://www.inchem.org/documents/pims/chemical/xylene.htm
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Although the use of activated charcoal and/or cathartics to limit intestinal absorption is recommended in 

some treatment protocols (Stutz and Janusz 1988), their use has been reported to be equivocal (Ellenhorn 

and Barceloux 1988).  No studies have shown that activated charcoal is effective in adsorbing petroleum 

distillates or that cathartics are effective in speeding excretion (Goldfrank et al. 1990).  Furthermore, 

because of low viscosity, oil-based cathartics may increase aspiration pneumonitis and absorption 

(Goldfrank et al. 1990). 

3.11.2 Reducing Body Burden  

In acute exposure situations, most xylene absorbed by the body is excreted in the urine or exhaled air 

within a day after exposure (see Section 3.4.4).  However, charcoal hemoperfusion has been used to speed 

the removal of xylene from the body and to reverse its acute toxicity (Recchia et al. 1985).  Sevcik et al. 

(1992) also used hemoperfusion and hemodialysis in an attempt to speed removal of xylene.  Whether the 

relative gain from these treatment methods is worth the potential risks of invasive treatment remains to be 

established. A small percentage of absorbed xylene is retained in body fat.  It has been suggested that 

over a prolonged period of exposure, significant amounts of xylene could accumulate in adipose tissue 

(Astrand 1982; Engstrom and Bjurstrom 1978).  However, xylene has been shown to induce its own 

metabolism with the result that greater amounts of metabolites are excreted and less is available for 

storage (Elovaara et al. 1989; Savolainen et al. 1979a).  No information was located regarding methods 

for reducing adipose stores of xylene; removal of xylene from adipose tissue is slow, limited by the 

lipophilic nature of the chemical and the poor vascular perfusion of adipose tissue (Riihimaki et al. 

1979b).  Use of agents known to induce microsomal enzyme activity is a possible experimental method 

for enhancing excretion of xylene released from adipose stores by increasing the gradient of diffusion. 

3.11.3 Interfering with the Mechanism of Action for Toxic Effects  

No information was located on established therapies designed to interfere with the mechanism of action 

of xylene.  However, some speculation is possible regarding areas for future research in this regard.  For 

example, the central nervous system toxicity of xylene is believed to be similar to that produced by other 

nonspecific central nervous system depressants (Desi et al. 1967; EPA 1985a; Gerarde 1959; Savolainen 

and Pfaffli 1980; Tahti 1992).  If circulating xylene levels could be reduced, then the central nervous 

system toxicity may likewise be reduced (see Section 3.11.2).   

Since the exact metabolite responsible for the pulmonary toxicity of xylene has not been identified, it is 

difficult to speculate on steps to avert its synthesis or speed its excretion.  In animals, selective 
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inactivation of enzymes can result in damage to tissue caused by the toxic metabolite of xylene, 

methylbenzaldehyde.  This effect has not been confirmed in humans.  Decreased pulmonary microsomal 

enzyme activity was seen in rats administered a single dose or repeated doses of p-xylene for 3 weeks 

(Elovaara et al. 1989; Patel et al. 1978). However, the inhibition of pulmonary microsomal enzymes 

decreases to some extent with continued exposure to xylene (Silverman and Schatz 1991); this may 

indicate that xylene-induced activation of metabolizing enzymes and thereby acceleration of its own 

metabolism (Elovaara et al. 1989) may be limiting the production of the toxic metabolite.   

At least one in vitro study indicated that cytotoxicity caused by m-xylene is associated with reductions in 

cellular antioxidants and that supplementation with N-acetylcysteine partially ameliorates these effects 

(Coleman et al. 2003).  N-acetylcysteine has been employed as a therapeutic antagonist for 

acetaminophen poisoning, but its effectiveness for reducing toxicity of xylenes in vivo has not been 

assessed.  

The available information on the mechanisms of renal and fetotoxicity is insufficient to allow speculation 

on potential means for blocking these effects.   

3.12 ADEQUACY OF THE DATABASE 

Section 104(I)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the 

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether 

adequate information on the health effects of xylene is available.  Where adequate information is not 

available, ATSDR, in conjunction with the National Toxicology Program (NTP), is required to assure the 

initiation of a program of research designed to determine the health effects (and techniques for developing 

methods to determine such health effects) of xylene. 

The following categories of possible data needs have been identified by a joint team of scientists from 

ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met would 

reduce the uncertainties of human health assessment.  This definition should not be interpreted to mean 

that all data needs discussed in this section must be filled.  In the future, the identified data needs will be 

evaluated and prioritized, and a substance-specific research agenda will be proposed. 
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3.12.1 Existing Information on Health Effects of Xylene 

The existing data on health effects of inhalation, oral, and dermal exposure of humans and animals to 

xylene are summarized in Figure 3-9.  The purpose of this figure is to illustrate the existing information 

concerning the health effects of xylene.  Each dot in the figure indicates that one or more studies provide 

information associated with that particular effect.  The dot does not necessarily imply anything about the 

quality of the study or studies, nor should missing information in this figure be interpreted as a “data 

need”. A data need, as defined in ATSDR’s Decision Guide for Identifying Substance-Specific Data 

Needs Related to Toxicological Profiles (Agency for Toxic Substances and Disease Registry 1989), is 

substance-specific information necessary to conduct comprehensive public health assessments.  

Generally, ATSDR defines a data gap more broadly as any substance-specific information missing from 

the scientific literature. 

People may be exposed to xylene at hazardous waste sites by inhalation of contaminated air, drinking 

contaminated water, or dermal contact with contaminated water or subsurface soils and sediments.  

Volatilization of xylene from surface water and soil occurs rapidly; therefore, inhalation is the most likely 

route of exposure to xylene at these sites.  The human health effects of xylene by inhalation exposure 

have been studied to the greatest extent.  There is little information available regarding health effects in 

humans following oral or dermal exposure to xylene. The bulk of the information on health effects in 

humans associated with dermal exposure comes from reports of occupational exposures, which are likely 

to be combined inhalation and dermal exposures.  As noted above, ingestion of xylene may be of concern 

because of the potential for xylene to contaminate sources of drinking water (groundwater) and certain 

soils. Dermal exposure to xylene is of concern not only because of potential workplace exposures, but 

also because members of the general public are potentially exposed to xylene contained in paints, glues, 

and other household products.  As noted above, dermal exposure to soils and water contaminated with 

xylene at waste sites could also occur. 

Human fatalities following both inhalation and ingestion of xylene have been reported in the literature.  

Acute inhalation exposure of humans to xylene has resulted in hepatic and cardiovascular effects as well 

as neurologic effects. Very limited data regarding the systemic health effects of intermediate-duration 

human exposure to xylene were located in the literature.  Also, very limited human carcinogenicity data 

were reported in the literature.  Very little information is available on the chronic systemic, immunologic, 

developmental, reproductive, and genotoxic health effects of xylene exposure in humans.  Interpretation 

of the large number of human studies examining the health effects of inhaled xylene vapor is difficult  
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Figure 3-9. Existing Information on Health Effects of Total Xylenes 
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because of study design limitations, such as inadequate characterization of exposure and concurrent 

exposure to other solvents such as toluene and benzene. 

Studies conducted on experimental animals have been fairly extensive (Figure 3-9) and have focused on 

the adverse health effects following inhalation and oral exposure to xylene.  Data are comprehensive on 

neurological and systemic effects.  There are several developmental studies in animals, although most 

have limitations.  Limited information exists on the carcinogenicity of mixed xylenes.  A large number of 

studies on the genotoxicity of xylene are available, with the majority reporting negative results. 

3.12.2 Identification of Data Needs 

Acute-Duration Exposure.    There are acute exposure data in humans and/or animals that indicate 

that the central nervous system (Andersson et al. 1981; Arthur and Curnock 1982; Bushnell 1989; 

Carpenter et al. 1975a; De Ceaurriz et al. 1983; Dudek et al. 1990; Dyer et al. 1988; Ernstgard et al. 2002; 

Furnas and Hine 1958; Gamberale et al. 1978; Ghosh et al. 1987; Klaucke et al. 1982; Korsak et al. 1988; 

Martinez et al. 1989; Molnar et al. 1986; Morley et al. 1970; Muralidhara and Krishnakumari 1980; 

Nersesian et al. 1985; NIOSH 1981; NTP 1986; Padilla and Lyerly 1989; Pryor et al. 1987; Savolainen 

and Linnavuo 1979; Savolainen et al. 1978, 1979b, 1984, 1985a; Seppalainen et al. 1989; 

Wimolwattanapun et al. 1987) and possibly the developing fetus (Balogh et al. 1982; Hudak and Ungvary 

1978; Marks et al. 1982; Ungvary 1985; Ungvary and Tatrai 1985; Ungvary et al. 1980b, 1981) are the 

major targets of acute xylene toxicity by the inhalation and oral routes.  Limited information is available 

on the nervous system effects of dermal exposure to xylenes (Goldie 1960; Hipolito 1980; Kilburn et al. 

1985; Roberts et al. 1988).  Death has been observed to occur as a result of exposure by inhalation, oral, 

and dermal exposure, and lethal and nonlethal levels of total xylenes have been determined (Abu Al 

Ragheb et al. 1986; Bonnet et al. 1979; Cameron et al. 1938; Carpenter et al. 1975a; Condie et al. 1988; 

Dyer et al. 1988; Furnas and Hine 1958; Gerarde 1959; Harper et al. 1975; Hine and Zuidema 1970; 

Morley et al. 1970; Muralidhara and Krishnakumari 1980; NTP 1986; Pound and Withers 1963; Smyth et 

al. 1962; Ungvary et al. 1980b; Wolf et al. 1956).  Acute studies have demonstrated that xylene is 

irritating to the skin and eyes (Anderson et al. 1986; Carpenter et al. 1975a; Consumer Products Testing 

1976; De Ceaurriz et al. 1981; Engstrom et al. 1977; Ernstgard et al. 2002; Food and Drug Research Labs 

1976a; Hine and Zuidema 1970; Klaucke et al. 1982; Nelson et al. 1943; Nersesian et al. 1985; NIOSH 

1981; Pound and Withers 1963; Riihimaki 1979b; Smyth et al. 1962; Wolf et al. 1956).  Inhalation of 

xylenes has also been shown to cause irritation of the respiratory tract and dyspnea (Carpenter et al. 
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1975a; De Ceaurriz et al. 1981; Ernstgard et al. 2002; Furnas and Hine 1958; Klaucke et al. 1982; Korsak 

et al. 1988; Morvai et al. 1976; Nelson et al. 1943; Nersesian et al. 1985; NIOSH 1981). 

Data were sufficient to determine an acute-duration inhalation MRL for mixed xylenes based on increased 

respiratory effects (slight irritation and impaired lung function) and subjective neurological symptoms 

(headache, dizziness, feeling of intoxication) in humans exposed to m-xylene (Ernstgard et al. 2002).  The 

acute oral MRL for mixed xylenes is based on a NOAEL for neurological effects in rats exposed to 

p-xylene (Dyer et al. 1988).  Additional information on the effects observed after acute dermal exposure 

is needed due to the likelihood that acute duration skin contact with xylenes could occur in the home, 

workplace, and possibly at hazardous waste sites.  Pharmacokinetic data and toxicity data indicate that 

xylene is absorbed through the skin (Dutkiewicz and Tyras 1968; Engstrom et al. 1977; Kezic et al. 2001; 

McDougal et al. 1990; Morgan et al. 1991; Riihimaki 1979b; Riihimaki and Pfaffli 1978; Skowronski et 

al. 1990), although the relative absorption by this route is difficult to ascertain because of the rapid 

evaporation of xylenes from the skin.  A PBPK model has been developed for dermal exposure (Thrall 

and Woodstock 2003).  Additional acute-duration inhalation and oral studies clarifying which nervous 

system effects are the most sensitive are needed to provide critical, reliable guidance values for acute 

exposure. 

Intermediate-Duration Exposure.    Intermediate-duration inhalation, oral, and dermal studies have 

identified the central nervous system (Condie et al. 1988; Goldie 1960; Honma et al. 1983; Jenkins et al. 

1970; NTP 1986; Pryor et al. 1987; Rank 1985; Savolainen and Seppalainen 1979; Savolainen et al. 

1979a), liver (Condie et al. 1988; Elovaara et al. 1989; Ungvary 1990), kidneys (Condie et al. 1988), and 

possibly the developing fetus (Bio/dynamics 1983; Mirkova et al. 1979, 1983; Taskinen et al. 1989) as the 

primary targets of intermediate-duration xylene exposure.  Very few studies were located that examined 

the effects associated with intermediate-duration dermal exposure to xylenes (Mirkova et al. 1979; Wolf 

et al. 1956). Pharmacokinetic data indicate that absorption of xylenes occurs through the skin; however, 

it is difficult to determine whether similar end points would be expected after repeated dermal exposure to 

xylenes.  Human skin may be repeatedly exposed to xylene as a result of occupational and home use.  

Repeated exposure of the skin to contaminated media at hazardous waste sites may also occur.  Therefore, 

a well-designed and well-conducted intermediate-duration dermal study may help to better characterize 

the potential health hazards associated with repeated dermal exposure to xylenes.   

An intermediate-duration inhalation MRL was derived based on a NOAEL for decreased rotarod 

performance in rats discontinuously exposed to m-xylene for 3 months (Korsak et al. 1994).  Data were 
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sufficient to determine an intermediate-duration oral MRL for mixed xylenes based on a LOAEL for 

hyperactivity in animals (Condie et al. 1988).  Deficiencies of the intermediate-duration oral toxicity 

database include the lack of testing for neurobehavioral effects, which appear to be the most sensitive end 

points in acute-duration oral toxicity studies, and lack of developmental and multi-generational data.  

Additional intermediate-duration oral studies that identify a NOAEL and LOAEL for sensitive 

neurobehavioral effects are needed to provide reliable guidance values for intermediate-duration 

exposure. 

Chronic-Duration Exposure and Cancer.    Few human (Arp et al. 1983; Askergren 1981, 1982; 

Askergren et al. 1981b, 1981c; Brasington and Thorpe-Swenson 1991; Dolara et al. 1982; Franchini et al. 

1983; Gupta et al. 1990; Hipolito 1980; Holmberg and Nurminen 1980; Kilburn et al. 1985; Kucera 1968; 

Kurppa and Husman 1982; Moszczynski and Lisiewicz 1983, 1984a; Roberts et al. 1988; Smolik et al. 

1973; Triebig et al. 1992a, 1992b; Uchida et al. 1993; Wilcosky et al. 1984) or animal studies (Tatrai et 

al. 1981; Maltoni et al. 1983, 1985; NTP 1986) were available regarding the health effects associated with 

chronic exposure to xylenes.  The central nervous system (Gupta et al. 1990; Hipolito 1980; NTP 1986; 

Roberts et al. 1988) and the kidney (Askergren 1981, 1982; Askergren et al. 1981b, 1981c; Franchini et 

al. 1983) appear to be the primary targets of chronic xylene exposure.  However, the study by Uchida et 

al. (1993) suggests that in healthy individuals, kidney effects are unlikely to occur at concentrations 

below those that cause neurological effects and eye and respiratory tract irritation.  A chronic-duration 

inhalation MRL was derived based on the subjective neurological and respiratory effects noted in the 

Uchida et al. (1993) study.  It is not clear if the effects noted in this study were a result of exposure at the 

TWA (14 ppm) or a result of short-term exposure at higher concentrations.  Studies that focus on 

neurological effects with different exposure scenarios resulting in the same TWA may help to distinguish 

between effects caused by transient exposure to higher concentrations and those caused by stable low-

level exposure. A chronic-duration oral MRL was calculated based on a NOAEL for decreased body 

weight at a dose that reduced survival in rats exposed to mixed xylenes for 2 years (NTP 1986).  No 

specific target organ was identified in this study and there is uncertainty as to the NOAEL because there 

is no information on sensitive neurobehavioral effects.  No chronic dermal studies of xylenes were 

identified. Since the inhalation and oral routes of exposure are the most important for individuals living 

near hazardous waste sites or in occupational settings, additional inhalation and oral studies are needed to 

provide critical, reliable guidance values for chronic exposure to xylenes. 

Few epidemiological studies were available regarding the development of cancer in humans following 

inhalation, oral, or dermal exposure to mixed xylene or xylene isomers (Arp et al. 1983; Wilcosky et al. 
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1984). Several oral carcinogenicity bioassays involving lifetime exposure have been conducted with 

mixed xylene in rats and mice (Maltoni et al. 1983, 1985; NTP 1986); however, all of these bioassays 

contained limitations that preclude a definitive conclusion regarding the carcinogenicity of xylene.  

Several dermal studies are available in which xylene (unspecified isomeric content) was evaluated for its 

ability to enhance tumor induction by tumor-initiating and tumor-promoting agents (Berenblum 1941; 

Pound 1970; Pound and Withers 1963); however, these studies are less than lifetime and have often 

involved exposures to more than one chemical agent.  No animal cancer bioassays involving inhalation 

exposure to mixed xylene or isomers of xylene have been conducted.  Because the issue of the potential 

carcinogenicity of xylenes has not been resolved, additional bioassays are needed.  Chronic inhalation 

exposure to low levels is needed in these studies because chronic exposure by this route may be 

encountered in the workplace, home, or in the vicinity of hazardous waste sites. 

Genotoxicity.    Limited data are available regarding the genotoxicity of inhalation of xylenes in 

humans (Haglund et al. 1980; Pap and Varga 1987; Richer et al. 1993).  No data are available regarding 

the potential genotoxicity of xylenes in humans following oral or dermal exposure.  Animal studies 

examining the genotoxicity of inhalation (Zhong et al. 1980) or oral (Feldt 1986) exposure to xylenes 

have been almost uniformly negative.  The only positive assay was for DNA fragmentation in skin of rats 

exposed dermally (Rogers et al. 2001); this effect appears to be related to cell death.  Also, a variety of in 

vitro assays (Anderson et al. 1990; Bos et al. 1981; Connor et al. 1985; DeMarini et al. 1991; Epler et al. 

1979; Florin et al. 1980; Gerner-Smidt and Friedrich 1978; Haworth et al. 1983; Hejtmankova et al. 1979; 

Litton Bionetics 1978b; McCarroll et al. 1981a, 1981b; NTP 1986; Pool and Lin 1982; Richer et al. 1993; 

Shimizu et al. 1985) produced negative results.  Because of the large number of negative studies that 

exist, additional in vivo or in vitro assays of the genotoxicity potential of xylenes are not needed.  

Reproductive Toxicity.    One epidemiological study suggested that paternal exposure to xylenes in 

the workplace may increase the likelihood of abortions; however, this study was limited by the size of the 

sample population (Taskinen et al. 1989).  Only one animal inhalation study has been conducted to test 

the potential reproductive toxicity of mixed xylene (Bio/dynamics 1983).  No studies of reproductive 

function have been conducted on either mixed xylene or the individual xylene isomers in animals 

following exposure via oral or dermal routes.  Histopathological examination of reproductive organs of 

rats and mice following intermediate (NTP 1986; Wolfe 1988a, 1988b) and chronic (NTP 1986) oral 

bioassays revealed no adverse effects; however, given the high potential for human exposure to xylene 

and its isomers and their ability to cross the placenta (Ghantous and Danielsson 1986; Ungvary et al. 

1980b), additional studies in animals and epidemiological studies in humans are needed to assess more 
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fully the reproductive toxicity of xylene and its isomers.  A multi-generation reproductive toxicity study 

in animals is needed, possibly combined with a study examining developmental neurotoxicity end points. 

Developmental Toxicity.    Congenital defects of the central nervous system in children whose 

mothers were exposed occupationally to mixed xylene vapors were reported in two case studies 

(Holmberg and Nurminen 1980; Kucera 1968).  However, the studies have many limitations, and no 

conclusion can be made.  Animal inhalation, oral, and dermal studies have provided some information on 

the developmental effects of xylene and its isomers (Balogh et al. 1982; Bio/dynamics 1983; Hudak and 

Ungvary 1978; Litton Bionetics 1978a; Marks et al. 1982; Mirkova et al. 1979, 1983; Rosen et al. 1986; 

Seidenberg et al. 1986; Ungvary 1985; Ungvary and Tatrai 1985; Ungvary et al. 1980b, 1981); however, 

the quality of many of these studies precludes drawing conclusions.  An inhalation developmental study 

in rats evaluated all three isomers and mixed xylenes using standard contemporary protocols, and found 

all tested xylenes could produce developmental toxicity (Saillenfait et al. 2003). Ingestion of aspirin by 

pregnant rats exposed to xylene have been shown to potentiate adverse maternal and fetal effects 

(Ungvary 1985). The most critical developmental studies in animals relate to neurobehavioral deficits 

observed in offspring following inhalation exposure of dams to xylenes, since these effects persist for 

months (Hass and Jakobsen 1993, 1995; Hass et al. 1997).  No developmental neurobehavioral studies of 

xylenes have been conducted in animals exposed orally.  Such studies are needed to better assess the 

potential of developmental toxicity and dose-response relationships associated with oral exposure to 

xylene.  More information is needed on the mechanism of xylene-induced developmental toxicity, 

particularly of the developing nervous system, because this appears to be a sensitive target of xylene 

exposure. Such a study could be combined with a multi-generational reproductive toxicity study. 

Immunotoxicity.    Several occupational studies have been conducted to evaluate the immunological 

effects of xylene (Moszczynski and Lisiewicz 1983, 1984a; Smolik et al. 1973); however, workers in 

these studies were exposed to other chemical agents in addition to xylene.  No animal studies involving 

exposure by any route have been conducted to examine directly the immunotoxicity of mixed xylene or 

the xylene isomers, although a decrease in thymus weight was observed in one oral study (Condie et al. 

1988).  Inhalation exposure studies in animals employing only xylene or its isomers may remove 

uncertainties about the immunotoxicity potential of xylene.  One case report indicates that dermal 

sensitization to xylene is possible (Palmer and Rycroft 1993).  Dermal sensitization tests would provide 

additional information on whether an allergic response to xylene is likely, since the potential for skin 

contact by humans occurs in occupational settings and in soil and water at hazardous waste sites. 
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Neurotoxicity.    Human and animal studies regarding neurologic effects have been conducted 

following inhalation, oral, and dermal exposures to xylene (Andersson et al. 1981; Carpenter et al. 1975a; 

Condie et al. 1988; Dyer et al. 1988; Ernstgard et al. 2002; Gagnaire and Langlais 2005; Gagnaire et al. 

2001, 2006; Gamberale et al. 1978; Gralewicz and Wiaderna 2001; Gralewicz et al. 1995; Klaucke et al. 

1982; Korsak et al. 1990, 1991, 1992, 1993, 1994; Morley et al. 1970; NIOSH 1981; NTP 1986; Nylen 

and Hagman 1994; Ogata et al. 1970; Savolainen et al. 1984, 1985a; Wolfe 1988a, 1988b) (see Sections 

3.2.1.4 and 3.2.2.4 for additional data).  Data from such studies indicate that xylene adversely affects the 

nervous system; all inhalation MRLs and the acute oral MRL are based, at least in part, on neurological 

effects of xylene.  The majority of studies in humans and animals concentrated on the neurobehavioral 

effects of xylene.  Further studies attempting to elucidate the mechanism of action of xylenes on the 

nervous system are needed to increase understanding of the neurotoxic effects produced by high 

concentrations of xylenes.  An occupational study of workers exposed to low concentrations of mixed 

solvents including xylenes for 10–44 years found no significant effects on CAT-scan measures of brain 

atrophy (Triebig et al. 1992a), but specific information on xylene is not available.  Additional well-

conducted studies in animals on the histopathologic changes of the central nervous system following 

intermediate or chronic exposure are needed to provide useful information on permanent structural 

alterations induced by xylene.  More epidemiological and/or animal data are needed to better assess 

sensitive neurological end points (subjective effects, behavior, performance) for intermediate and chronic 

exposures by both inhalation and oral routes.  The priorities in descending order of need are chronic oral 

> intermediate oral = chronic inhalation > intermediate inhalation. 

Epidemiological and Human Dosimetry Studies.    Limited epidemiological studies (Arp et al. 

1983; Askergren 1981, 1982; Askergren et al. 1981b, 1981c; Dolara et al. 1982; Franchini et al. 1983; 

Gupta et al. 1990; Holmberg and Nurminen 1980; Kilburn et al. 1985; Kucera 1968; Kurppa and Husman 

1982; Moszczynski and Lisiewicz 1983, 1984a; Smolik et al. 1973; Taskinen et al. 1989; Uchida et al. 

1993; Wilcosky et al. 1984) and no human dosimetry studies on any of the xylenes have been conducted.  

Much of the available information on the effects of xylene in humans comes from case reports (Abu Al 

Ragheb et al. 1986; Arthur and Curnock 1982; Brasington and Thorpe-Swenson 1991; Goldie 1960; 

Hipolito 1980; Klaucke et al. 1982; Martinez et al. 1989; Morley et al. 1970; Nersesian et al. 1985; 

Roberts et al. 1988) and occupational studies in which subjects were exposed to other chemical agents in 

addition to xylene (Arp et al. 1983; Askergren 1981, 1982; Askergren et al. 1981b, 1981c; Dolara et al. 

1982; Franchini et al. 1983; Gupta et al. 1990; Holmberg and Nurminen 1980; Jovanovic et al. 2004; 

Kilburn et al. 1985; Kucera 1968; Kurppa and Husman 1982; Moszczynski and Lisiewicz 1983, 1984a; 

Smolik et al. 1973; Taskinen et al. 1989; Uchida et al. 1993; Wilcosky et al. 1984).  The best 
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characterization of exposure, verified with urinary metabolite measurements, was conducted in the 

occupational study by Uchida et al. (1993); subjects were exposed to 70% xylene with little involvement 

of other chemicals, besides ethylbenzene, a component of mixed xylene.  Many of the case reports and 

occupational studies were also limited because exposure conditions were not well characterized.  

Additional well-designed and well-controlled epidemiological studies of people living near waste sites or 

industries using xylene, or occupational studies in which xylene exposure conditions are better 

characterized, may be useful to better describe potential neurotoxic effects and their dose-response 

relationships. Epidemiological studies examining the nervous system, reproductive outcome, and renal 

effects associated with xylene exposure would be particularly useful since these have been shown to be 

sensitive end points. 

Human Sensory Studies on Oral Exposure.    A sensory study is needed using human subjects on 

the detection of taste and smell thresholds for drinking water containing mixed xylenes.  This data need is 

prompted by the observation that the guidance values for xylene (0.6–1 mg/kg/day) translated to typical 

daily water consumption (2 L/day) are only slightly below the maximum solubility of xylene in water 

(~145 mg/L).  Information on the detectability of xylene at maximum solubility would be a useful rule of 

thumb for public health communications.  This information might allow individuals to rule out water 

contamination at levels of concern in many situations. 

Biomarkers of Exposure and Effect.     

Exposure.  Methods are available for determining xylene and its metabolite, methylhippuric acid, in 

biological tissues and fluids (Daniell et al. 1992; Jonai and Sato 1988; Kawai et al. 1991; Sedivec and 

Flek 1976b).  These biomarkers of exposure are specific for xylene exposure and are sufficient for 

determining recent exposure to xylenes but are incapable of distinguishing short-term from intermediate- 

and chronic-duration exposures.  It would be useful to determine if a biomarker of longer-term exposure 

could be derived, although it is not known whether one could be found. 

Effect. No specific biomarkers of effects have been identified for xylenes.  Xylenes have been 

demonstrated to cause a number of adverse health effects including central nervous system depression 

(Gamberale et al. 1978; Riihimaki and Savolainen 1980; Savolainen and Linnavuo 1979; Savolainen and 

Riihimaki 1981b; Savolainen et al. 1979b, 1984, 1985a).  A number of neurological and cognitive 

function tests exist and have been used to identify central nervous system changes produced by xylenes.  

However, until the mechanism for nervous system disruption is identified, it is unlikely that a specific test 
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could predict xylene-specific intoxication.  Similarly, xylene treatment of the skin elicits increases in pro-

inflammatory cytokines in blood (interleukin 1-alpha) and skin (tumor necrosis factor-alpha) (Ahaghotu 

et al. 2005; Chatterjee et al. 2005; Gunasekar et al. 2003), but these responses are not specific to xylene 

exposure.  Assessment of hepatic enzyme induction is difficult without obtaining liver tissue.  

Demonstration of enhanced metabolism of substances by the microsomal enzyme system could be 

interpreted as microsomal induction; however, a large number of substances other than xylenes also 

induce enhanced enzyme activity.  Renal impairment also has been associated with high levels of xylene 

exposure.  Increased excretion of albumin, leukocytes, and erythrocytes demonstrates kidney damage of 

the type ascribed to xylene exposure, but these effects are not specific for xylenes.  However, limited data 

are available associating levels of xylene in human tissues and fluids with adverse health effects.  

Available human studies have focused on the blood concentrations of m-xylene associated with central 

nervous system effects.  Additional animal studies evaluating the association between xylene (or xylene 

metabolite) levels in other human tissues or fluids and adverse health effects are needed. 

 

Absorption, Distribution, Metabolism, and Excretion.    The absorption, metabolism, and 

excretion of xylenes following inhalation, oral, and dermal exposures in humans and/or animals have 

been well characterized (Astrand 1982; Engstrom et al. 1977; Inoue et al. 1993; Jonai and Sato 1988; 

Kawai et al. 1991; Kezic et al. 2001; Ogata et al. 1970, 1979; Riihimaki 1979b; Riihimaki and Pfaffli 

1978; Riihimaki et al. 1979a, 1979b; Skowronski et al. 1990).  The distribution of xylene has been well 

characterized in animals and identified to a small extent in humans.  The database for absorption, 

distribution, and excretion of xylene isomers in humans and/or animals after inhalation exposure is most 

extensive.  The database for oral and dermal exposures is not as extensive but has been well described.  

Differences in the rate of metabolism of xylenes after short-term or chronic exposure have been 

identified.  Differences in the toxicokinetics of xylene seen when exposure occurs with xylene adsorbed 

to sandy or clay soil have also been examined.  Dermal penetration and resulting doses of xylene could be 

better characterized.   

 

Although a number of route-specific PBPK models are available, a model is needed that would enable 

route-to-route extrapolation from intermediate- or chronic-duration inhalation data for oral exposure.  

Such a model would help address uncertainties in existing oral exposure data resulting from experimental 

bolus delivery to animals.  Since environmental oral exposures involve consumption of contaminated 

drinking water during the course of a day, toxicity values based on bolus dosing would tend to 

overestimate risk. 
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Comparative Toxicokinetics.    The target organs and adverse health effects of xylenes are similar 

across species. Toxicokinetic studies have been performed in humans, rats, mice, rabbits, and monkeys 

(Adams et al. 2005; Astrand et al. 1978; Bakke and Scheline 1970; Bray et al. 1949; Ogata et al. 1979; 

Patel et al. 1978; Smith et al. 1982; Sugihara and Ogata 1978; van Doorn et al. 1980).  There is reasonable 

correlation between the end points examined in these studies.  The metabolism of m- and p-xylenes is 

similar in rats and humans.  However, a difference in the metabolism of o-xylene in rats and in humans 

exists. Whereas o-xylene is almost exclusively metabolized to o-methylhippuric acid in humans, 10–56% 

of o-xylene is also conjugated by glucuronide and glutathione in rats.  Toxic metabolic intermediates of 

xylene such as benzaldehyde found in rats have not been found in humans.  Additional studies are needed 

to determine whether other differences exist in the metabolism of xylenes among species.  Although 

Inoue et al. (1993) did not observe a sex-related difference in excretion in men and women occupationally 

exposed to xylenes, sex-related differences in the toxicokinetics of xylene have been identified in animals.  

Additional studies concerning sex/genetic factors controlling xylene metabolism in humans might by 

useful. 

Methods for Reducing Toxic Effects.    Current methods used for reducing toxic effects of xylenes 

after acute exposures concentrate on decreasing absorption (HSDB 2007).  Additional research on 

speeding excretion of xylene and reducing its concentration at its target organs are needed.  As future 

research identifies the mechanisms underlying the toxic effects of xylenes, additional methods may be 

developed for combating the effects of xylene at the molecular level.   

Children’s Susceptibility.    Data needs relating to both prenatal and childhood exposures, and 

developmental effects expressed either prenatally or during childhood, are discussed in detail in the 

Developmental Toxicity subsection above.  There are no studies examining health effects in children 

exposed to xylenes, but the effects are likely to be the same as those observed in exposed adults.  As 

mentioned in the Developmental Toxicity and Neurotoxicity subsections, there is a need for more data on 

neurological (neurobehavioral) effects of xylenes in laboratory animals.  Studies in rats indicated that 

inhalation exposure to xylenes during gestation can affect neurobehavioral performance of offspring 

(Hass and Jakobson 1995; Hass et al. 1997).  Studies in laboratory animals exposed by the oral route 

could identify dose-response relationships for neurological effects that would help in the assessment of 

health risks for children exposed to drinking water containing xylene. 

There is currently insufficient age-specific information relevant to the absorption, distribution, 

metabolism, and elimination of xylenes in children. Although the absorption and distribution of xylenes 
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are driven by their lipophilic properties and diffusion, and the main metabolizing enzyme (CYP2E1) is 

available at adult levels in children by year 1 (Vieira et al. 1996), not enough information is available for 

children <1 year old.  No data are available relative to the possible contribution of other microsomal 

enzymes to xylene metabolism in young animals.  The elimination of xylene and its metabolites from the 

body is relatively rapid and expected to be similar in children and adults.  However, the balance between 

factors tending to facilitate xylene clearance in children (lower body fat content, larger liver-to-body 

weight ratio) and factors tending to slow clearance (immaturity of enzyme systems) is not well 

understood. Data are especially needed to compare pulmonary metabolism of xylenes to hepatic 

metabolism, since the contribution of pulmonary metabolism may be significant for inhalation exposures 

(Adams et al. 2005).  These suggestions are consistent with the recommendations of the peer consultation 

meeting of the Voluntary Children’s Chemical Evaluation Program (VCCEP 2006).  PBPK modeling 

studies indicate that xylenes can be excreted into breast milk (Fisher et al. 1997), but no PBPK models 

have been developed for children, fetuses, or pregnant women exposed to xylenes.  Placental transfer of 

xylenes has been demonstrated in mice, but uptake by fetal tissues was lower than in maternal tissues 

(Ghantous and Danielsson 1986).  Elimination of xylene and its metabolites is so rapid that there does not 

seem to be a need for pediatric-specific methods to reduce peak absorption. 

Child health data needs relating to exposure are discussed in Section 6.8.1, Identification of Data Needs:  

Exposures of Children. 

3.12.3 Ongoing Studies 

The Federal Research in Progress database (FEDRIP 2006) listed research by Dr. Karla Thrall on the 

assessment of human exposure to volatile organic chemicals, including xylene, at Superfund sites.  The 

study, which is supported by the National Institute of Environmental Health Sciences, is intended to 

extend existing PBPK models to describe uptake kinetics and brain dosimetry following exposure.  The 

results of this research program are intended to improve the extrapolation from animal studies to relevant 

human exposure situations and to develop biomarkers of susceptibility and response in potentially 

exposed populations.  Dr. Steven Dewey is developing methods for quantifying exposure of fetal 

macaques after administration of positron-labeled inhalants such as C11toluene to the macaque mother.  

This research, sponsored by the National Institute on Drug Abuse, could be useful in the future for 

evaluating fetal and postnatal behavioral deficits resulting from maternal exposure to such inhalants. 
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4.1 CHEMICAL IDENTITY  

Information regarding the chemical identity of m-, o-, and p-xylene and mixed xylene is located in 

Table 4-1. Commercial or mixed xylene generally contains about 40–65% m-xylene and up to 20% each 

of o-xylene, p-xylene, and ethylbenzene (Fishbein 1985). 

4.2 PHYSICAL AND CHEMICAL PROPERTIES  

Information regarding the physical and chemical properties of m-, o-, and p-xylene and mixed xylene is 

located in Table 4-2. 
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Table 4-1. Chemical Identity of m-Xylene, o-Xylene, p-Xylene, and Mixed Xylenea 

Characteristics Mixed xylene m-Xylene o-Xylene p-Xylene 
Synonyms/trade 
names 

Dimethylbenzene; 
xylol; benzene, 

1,3-Dimethyl­
benzenec; benzene, 

1,2-Dimethyl­
benzenec; benzene, 

1,4-Dimethyl­
benzenec; 

dimethyl-; ksylen 1-3-dimethyl-; m-di­ 1,2-dimethyl-; o-di­ benzene, 1,4-di­
(Polish); xiloli 
(Italian); xylenen 
(Dutch); xylole 
(German); methyl 
tolueneb; Violet 3b 

methylbenzene; 
m-methyltoluene; 
1,3-xylene; m-xylolc; 
meta-xylenec 

methylbenzene; 
o-methyltolueneb; 
1,2-xylene; o-xylolc; 
ortho-xylenec 

methyl-; p-di­
methylbenzene; 
p-methyltoluene; 
1,4-xylene; 
p-xylolc; 
para-xylenec 

Chemical formula C8H10  C8H10  C8H10  C8H10 

Chemical structure CH3 
CH3 CH3 

CH3 

CH3 

CH3 
CH3 CH3 

Identification numbers: 
 CAS registry 1330-20-7 108-38-3 95-47-6 106-42-3 
 NIOSH RTECS ZE2100000d ZE2275000d ZE2450000d ZE2625000d

 EPA hazardous U239; F003 U239; F003 U239; F003 U239; F003 
waste 

 DOT/UN/NA/IMCO UN 1307; UN 1307; IMCO3.2; UN 1307; IMCO3.2; UN 1307; 
shipping IMCO3.2; IMCO3.3 IMCO3.3 IMCO3.2; 

IMCO3.3 IMCO3.3 
HSDB 4500 135 134 136 
NCI C55232 No data No data No data 
STCC 49 093 50 49 093 50 49 093 50 49 093 51 

aAll information obtained from HSDB 2007 except where noted. 
bLewis 2000 
cNIOSH 2005 
dRTECS 2007 

CAS = Chemical Abstracts Services; DOT/UN/NA/IMCO = Department of Transportation/United Nations/North 
America/Intergovernmental Maritime Dangerous Goods Code; EPA = Environmental Protection Agency; 
HSDB = Hazardous Substances Data Bank; NCI = National Cancer Institute; NIOSH = National Institute for 
Occupational Safety and Health; RTECS = Registry of Toxic Effects of Chemical Substances; STCC = Standard 
Transport Commodity Code 
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Table 4-2. Physical and Chemical Properties of m-Xylene, o-Xylene, p-Xylene, and

Mixed Xylenea


Property 
Molecular weight 
Color 

Mixed xylene
106.16b

Clearc

 m-Xylene
 106.16b

 Colorlessc

 o-Xylene
 106.16b

 Colorlessc

 p-Xylene 
106.16b 

 Colorlessc 

Physical state 
Melting point 
Boiling point 
Density at 20 °C/4 °C 

Liquidc

No data 
137–140 °Cb

0.864 g/cm3e

 Liquidc

-47.8 °Cd

 139.1 °Cd

 0.864 g/cm3e

 Liquidc

 -25.2 °Cd

 144.5 °Cd

 0.880 g/cm3e

 Liquidc 

 13.2 °Cd 

 138.4 °Cd 

 0.8611 g/cm3e 

Odor Sweet Sweet Sweet Sweet 
Odor threshold: 

Water No data No data No data No data 
Air 0.0045 mg/L 

(1.0 ppm)g 
0.05 ppmf 0.05 ppmf 0.05 ppmf 

Solubility: 
Water at 25 °C 106 mg/Li 161 mg/Lj 178 mg/Lj 162 mg/Lj 

Organic solvent(s) Miscible with alcohol 
and etherb 

Miscible with 
alcohol, ether, and 
other solventsb 

Miscible with 
alcohol and 
etherb 

Soluble in alcohol, 
ether, and other 
organic solventsb 

Partition coefficients: 
 Log Kow

 Log Koc

Vapor pressure 

 No data 3.2k

 No data 2.22l

6.72 mmHg at 21°C e 8.29 mmHg at 
25 °Cm 

3.12k

 2.11l

6.61 mmHg at 
25 °Cn 

3.15k

 2.31l 

8.84 mm Hg at 25 °Cm 

Henry's law constant No data 7.18x10-3 atm­
m3/molj 

5.18x10-3 atm­
m3/molj 

6.90x10-3 atm-m3/molo 

Autoignition 
temperature 
Flashpoint 

464 °C (867 °F) 

29 °C (CC)b

527 °C 

 27 °C (CC)b

463 °C 

 32 °C (CC)b

528 °C 

 27 °C (CC)b 

Flammability limits No data 1.1B7.0% 1.0–7.0% 1.1–7.0% 
NFPA Flammability 
Classification 

3p  3p  3p  3p 

NFPA Reactivity 
Classification 

0q  0q  0q  0q 
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Table 4-2. Physical and Chemical Properties of m-Xylene, o-Xylene, p-Xylene, and

Mixed Xylenea


Property Mixed xylene  m-Xylene  o-Xylene  p-Xylene 
Air conversion factorsr 1 ppm = 4.34 mg/m3l 1 ppm = 1 ppm = 1 ppm = 4.34 mg/m3l; 

4.34 mg/m3s; 4.34 mg/m3l; 1 ppm = 4.41 mg/m3t; 
1 ppm = 1 ppm = 1 mg/m3 = 0.23 ppmt 

4.41 mg/m3t; 4.41 mg/m3t; 
1 mg/m3 = 1 mg/m3 = 
0.23ppms 0.23 ppmt 

aAll information obtained from HSDB 2007 unless otherwise noted. 
bO’Neil et al. 2001 
cLewis 1997 
dLide 2005 
eLewis 2001 
fCHRIS 1999 
gCarpenter et al. 1975a 
hGerarde 1959 
iYalkowsky and He 1992 
jSanemasa et al. 1982 
kHansch et al. 1995 
lAbdul et al. 1987 
mChao et al. 1983 
nAIChE 1996 
oFoster et al. 1994 
pClassified by the NFPA as a liquid that can be ignited under almost all normal temperature conditions. 
qClassified by the NFPA as a liquid that is normally stable even under fire exposure conditions and that is not reactive 
with water. 
rIn air, ppb is a volume-to-volume ratio for vapor-phase compounds like xylenes.  When air monitoring data are 
reported in terms of ppb or ppm, it is understood that this is equivalent to ppbv or ppmv (parts per billion or parts per 
million volume-to-volume ratio). 
sSandmeyer 1981 
tVerschueren 2001 

CC = closed cup; NFPA = National Fire Protection Association; TOC = tag open cup 
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5.1 PRODUCTION 

U.S. manufacturers had an estimated annual production capacity of 18 billion pounds of mixed xylene in 

2006 (SRI 2006). This figure is based on maximum plant production volumes.  Table 5-1 lists producers 

of mixed xylene and their estimated annual capacities.  In 1990 and 1991, U.S. production of xylene 

totaled 6.2 and 6.1 billion pounds, respectively (Reisch 1992).  These figures represent the total amount of 

mixed xylene actually produced by U.S. manufacturers based on data from trade associations and industry 

sources. The production of mixed xylene during the year 1995 was reported to be 9.5 billion pounds 

(Cannella 1998). According to data collected under the Toxic Substances Control Act Inventory Update 

Rule, the total production volume of mixed xylene reported by U.S. manufacturers has remained above 

1 billion pounds during each reporting year (1986, 1990, 1994, 1998, and 2002) (EPA 2002a). 

Table 5-2 summarizes the number of facilities in each state that manufactured or processed mixed xylene 

in 2004, the ranges of maximum amounts on site, if reported, and the activities and uses as reported in the 

Toxics Release Inventory (TRI) (TRI04 2006).  The data listed in this table should be used with caution 

since only certain types of facilities are required to report.  This is not an exhaustive list. 

The 2006 estimated U.S. annual production capacities of o- and p-xylene were 1 and 11 billion pounds, 

respectively (SRI 2006).  These figures are based on maximum plant production volumes.  Table 5-1 lists 

producers of o- and p-xylene and their estimated annual capacities.  Production capacity data for m-xylene 

were not reported. 

According to estimates, over 943 million and 5.2 billion pounds of o- and p-xylene, respectively, were 

produced in the United States in 1990 (Reisch 1992; USITC 1991).  The production volumes of o-xylene 

reported by United States manufacturers during 1986, 1990, 1994, 1998, and 2002 were within the ranges 

of >500 million pounds–1 billion pounds, >1 billion pounds, >500 million pounds–1 billion pounds, 

>1 billion pounds, and >500 million pounds–1 billion pounds, respectively (EPA 2002a).  The ranges of 

production volumes reported during these years have remained unchanged for both m-xylene (>100– 

500 million pounds) and p-xylene (>1 billion pounds). 

It is not clear whether there is any relationship between the amounts of xylene isomers produced at an 

individual facility and the total amount of mixed xylenes produced at the same facility.  Sources reporting 

production and capacity data do not specify whether companies that report amounts of both mixed  
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Table 5-1. Producers of Xylene and Estimated Annual Capacitiesa 

Annual capacity (millions of pounds) 
Producers Location(s) Mixed xylene m-Xylene o-Xylene p-Xylene 
BP America, Inc. Texas City, Texas 2,215 NR — 2,693 
 Whiting, Indiana 1,735 — — — 
 Decatur, Alabama — — — 2,420 
Chevron Phillips Pascagoula, Mississippi 1,025 — — 1,001 
Chemical Company LP 
Olefins and Polyolefins 
Business Unit 
Chevron Phillips Guayama, Puerto Rico 639 — 150 727 
Chemical Puerto Rico 
Core Inc. 
CITGO Petroleum Corpus Christi, Texas 538 — — — 
Corporation 
ConocoPhillips Alliance, Louisiana 432 — — — 
Refining, Marketing & 
Transportation Division 
 Sweeny, Texas 1,049 — — — 
ExxonMobil Chemical Baytown, Texas 1,710 — 280 1,316 
Company 
 Beaumont, Texas 705 — — 606 
 Chalmette, Louisiana 505 — 150 419 
Flint Hills Resources Corpus Christi, Texas 397 NR 397 1,322 
L.P. 

Corpus Christi, Texas 1,677 — — — 
HOVENSA, L.L.C. St. Croix, Virgin Islands 833 — — — 
Lyondell-Citgo Refining, Houston, Texas 765 — — 399 
LP 
Marathon Petroleum Catlettsburg, Kentucky 183 — — — 
LLC 
 Texas City, Texas 73 — — — 
Shell Chemical Deer Park, Texas 355 — — — 
Company 
Sunoco, Inc. Marcus Hook, Pennsylvania 187 — — — 
 Toledo, Ohio 377 — — — 

Westville, New Jersey 441 — — 
Total Petrochemicals Port Arthur, Texas 855 — — — 
USA, Inc. 
Valero Energy Corpus Christi, Texas 500 — — — 
Corporation 

Corpus Christi, Texas 652 — — — 

Three Rivers, Texas 361 — — — 


Totals 18,209 NR 976 10,903 


aDerived from SRI 2006 

— = not produced; NR = the xylene was produced, but the amount was not reported 
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Table 5-2. Facilities that Produce, Process, or Use Xylene (Mixed) 

Minimum Maximum 
Number of amount on site amount on site 

Statea facilities in poundsb in poundsb Activities and usesc 

AK 26 10,000 499,999,999 1, 2, 3, 4, 5, 7, 8, 9, 10, 11, 12 
AL 181 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
AR 97 0 9,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
AS 2 1,000 9,999,999 9, 11 
AZ 64 0 9,999,999 1, 2, 3, 4, 5, 7, 8, 9, 10, 11, 12, 13 
CA 307 0 999,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
CO 65 100 49,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
CT 73 0 49,999,999 1, 2, 3, 4, 6, 7, 8, 9, 10, 11, 12, 13 
DE 29 0 99,999,999 1, 2, 3, 5, 6, 7, 8, 9, 10, 11, 12, 13 
FL 99 0 999,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 
GA 140 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
GU 4 1,000,000 9,999,999 2, 3, 4, 7, 9, 12, 13 
HI 20 100 49,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 13, 14 
IA 121 0 49,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
ID 21 100 9,999,999 1, 2, 3, 4, 5, 7, 8, 9, 10, 11, 12 
IL 255 0 10,000,000,000 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
IN 234 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
KS 158 0 999,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
KY 135 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
LA 253 0 999,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
MA 95 0 49,999,999 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
MD 69 0 49,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
ME 30 100 49,999,999 2, 3, 4, 6, 7, 8, 9, 10, 11, 12 
MI 289 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
MN 117 0 99,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
MO 147 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 
MP 6 100 999,999 2, 3, 4, 7, 9 
MS 135 0 49,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
MT 32 100 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
NC 140 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
ND 26 100 49,999,999 1, 2, 3, 4, 6, 7, 8, 9, 10, 11, 12 
NE 67 0 9,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
NH 41 0 999,999 2, 3, 6, 7, 8, 9, 10, 11, 12, 13 
NJ 199 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
NM 35 100 9,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
NV 27 100 9,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 
NY 161 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
OH 300 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
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Table 5-2. Facilities that Produce, Process, or Use Xylene (Mixed) 

Minimum Maximum 
Number of amount on site amount on site 

Statea facilities in poundsb in poundsb Activities and usesc 

OK 107 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
OR 73 0 49,999,999 1, 2, 3, 4, 5, 7, 8, 9, 10, 11, 12, 13 
PA 224 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
PR 89 0 10,000,000,000 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
RI 48 0 49,999,999 1, 2, 3, 4, 6, 7, 8, 9, 10, 11, 12 
SC 100 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
SD 35 0 99,999,999 2, 3, 7, 8, 10, 11, 12 
TN 166 0 99,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
TX 535 0 10,000,000,000 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
UT 87 0 49,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
VA 125 0 99,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
VI 11 100,000 10,000,000,000 1, 2, 3, 4, 5, 6, 7, 8, 9, 12 
VT 12 100 999,999 5, 7, 10, 11, 12 
WA 121 0 10,000,000,000 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
WI 170 0 99,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
WV 85 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
WY 42 100 49,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 

aPost office state abbreviations used 
bAmounts on site reported by facilities in each state 
cActivities/Uses: 
1. Produce 
2. Import 
3. Onsite use/processing 
4. Sale/Distribution 
5. Byproduct 

6. Impurity 
7. Reactant 
8. Formulation Component 
9. Article Component 
10. Repackaging 

11. Chemical Processing Aid 
12. Manufacturing Aid  
13. Ancillary/Other Uses 
14. Process Impurity 

Source: TRI04 2006 (Data are from 2004) 
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xylenes and the individual isomers have separated the amounts of the isomers from the mixed xylenes (in 

which case, they would be counting these amounts twice) or whether they are reporting total amounts of 

mixed xylenes and xylene isomers separately that are finished and ready for use. 

Tables 5-3, 5-4, and 5-5 list the U.S. facilities that manufacture or process m-, o-, and p-xylene, 

respectively, with their corresponding location, range of amounts on site, and activities and uses.  This 

information is based on the release data reported to the TRI for 2004 (TRI04 2006).  The data listed in 

these tables should be used with caution since only certain types of facilities are required to report and the 

actual figures may be higher. 

Mixed xylene consists of a mixture of ethylbenzene and the m-, o-, and p-isomers of xylene; m-xylene 

predominates.  In addition to ethylbenzene, mixed xylene may contain nonxylene hydrocarbons, such as 

benzene, toluene, trimethylbenzene, phenol, thiophene, and pyridine; the combined volume of these 

nonxylene hydrocarbons is only a fraction of a percentage point of the composition of mixed xylene 

(Gerarde 1960; Riihimaki and Hanninen 1987; Sandmeyer 1981). Current formulations of mixed xylene 

are relatively free (<0.001%) of benzene contamination (Gosselin et al. 1984; Riihimaki and Hanninen 

1987).  The exact composition of mixed xylene depends on the manufacturing method used.  Currently, 

nearly all mixed xylene is produced as a catalytic reformate of petroleum and consists of approximately 

44% m-xylene, 20% o-xylene, 20% p-xylene, and 15% ethylbenzene (HSDB 2007; NIOSH 1975).  

Mixed xylene may also be manufactured from coal tar, yielding a mixture of approximately 45–70% 

m-xylene, 23% p-xylene, 10–15% o-xylene, and 6–10% ethylbenzene (HSDB 2007).  Other production 

processes include gasoline pyrolysis and disproportionation of toluene, both of which produce a mixture 

free of ethylbenzene, and recovery from coke-oven light oil (HSDB 2007; NIOSH 1975; Ransley 1984). 

The xylene isomers are produced from mixed xylene.  m-Xylene is obtained from mixed xylene via 

crystallization to remove p-xylene and fractionation to remove o-xylene and ethylbenzene, or via 

complexing with hydrofluoric acid and boron trifluoride (HSDB 2007).  o-Xylene is isolated from mixed 

xylene via distillation but can also be produced by the isomerization of m-xylene (HSDB 2007).  

p-Xylene is derived from mixed xylene by crystallization, solvent extraction, or adsorption (HSDB 2007; 

Lewis 2001). 
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Table 5-3. Facilities that Produce, Process, or Use m-Xylene 

Minimum Maximum 
Number of amount on site amount on site 

Statea facilities in poundsb in poundsb Activities and usesc 

AL 16 1,000 499,999,999 1, 2, 3, 4, 5, 6, 7, 10, 11, 12, 13 
AR 10 100 9,999,999 7, 8, 9, 11, 12 
AZ 2 10,000 99,999 10, 12 
CA 35 0 99,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
CO 1 1,000,000 9,999,999 1, 4 
CT 2 10,000 99,999 10 
DE 1 10,000 99,999 7, 12 
FL 7 1,000 9,999,999 2, 3, 10, 11, 12 
GA 7 100 999,999 1, 4, 7, 10, 11, 13 
GU 2 0 9,999 9 
HI 7 1,000,000 9,999,999 1, 2, 5, 7, 10, 12, 13, 14 
IA 8 100 99,999 8, 9, 10, 11, 12 
IL 21 100 49,999,999 1, 2, 3, 5, 6, 7, 9, 11, 12 
IN 7 100 9,999,999 6, 7, 8, 11, 12 
KS 10 100 999,999 5, 6, 7, 9, 10, 12 
KY 9 1,000 99,999 1, 4, 5, 10, 11, 12 
LA 17 1,000 49,999,999 1, 2, 3, 4, 5, 6, 7, 9, 12, 13, 14 
MA 2 0 99,999 2, 3, 7, 10 
MD 2 10,000 99,999 3, 4, 5, 11 
MI 5 100 99,999 7, 8, 10, 11, 12 
MN 3 1,000 99,999 7, 10 
MO 10 1,000 999,999 2, 7, 9, 10, 11, 12 
MS 21 1,000 99,999,999 1, 2, 3, 4, 5, 6, 7, 10, 11, 12, 13, 14 
MT 1 10,000 99,999 2, 4 
NC 9 0 999,999 1, 3, 5, 6, 7, 8, 10, 12 
NE 9 100 999,999 2, 3, 7, 11, 12 
NH 3 0 99,999 7, 11, 12 
NJ 10 1,000 49,999,999 2, 3, 6, 7, 10, 11, 12 
NM 6 100,000 9,999,999 1, 2, 3, 4, 7, 9, 12 
NV 1 100,000 999,999 9 
NY 8 0 99,999 2, 3, 6, 7, 9, 10, 11 
OH 7 1,000 999,999 6, 7, 8, 9, 10, 11, 12 
OK 3 1,000 9,999,999 4, 7, 9, 12 
OR 3 1,000 99,999 7, 10, 12 
PA 20 100 49,999,999 1, 3, 4, 5, 7, 8, 9, 10, 11, 12, 13 
PR 18 1,000 10,000,000,000 1, 2, 3, 4, 5, 6, 7, 9, 10, 12, 13 
SC 9 1,000 999,999 6, 7, 10, 11, 12 
TN 20 100 49,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
TX 71 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
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Table 5-3. Facilities that Produce, Process, or Use m-Xylene 

Minimum Maximum 
Number of amount on site amount on site 

Statea facilities in poundsb in poundsb Activities and usesc 

UT 5 1,000 9,999,999 1, 4, 9, 10 
VA 6 1,000 9,999,999 1, 2, 4, 9, 10, 11, 12 
WA 1 100 999 12 
WI 6 0 99,999 6, 7, 8, 10, 11, 12, 13 
WV 3 10,000 9,999,999 1, 4, 6, 7, 8 

aPost office state abbreviations used 
bAmounts on site reported by facilities in each state 
cActivities/Uses: 
1. Produce 
2. Import 
3. Onsite use/processing 
4. Sale/Distribution 
5. Byproduct 

6. Impurity 
7. Reactant 
8. Formulation Component 
9. Article Component 
10. Repackaging 

11. Chemical Processing Aid 
12. Manufacturing Aid  
13. Ancillary/Other Uses 
14. Process Impurity 

Source: TRI04 2006 (Data are from 2004) 
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Table 5-4. Facilities that Produce, Process, or Use o-Xylene 

Minimum Maximum 
Number of amount on site amount on site 

Statea facilities in poundsb in poundsb Activities and usesc 

AL 25 0 99,999,999 1, 2, 3, 4, 5, 6, 7, 10, 11, 12, 13 
AR 9 0 9,999,999 2, 3, 7, 9, 10, 12 
AZ 3 1,000 99,999 3, 7, 10, 12 
CA 46 0 99,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 13 
CO 2 10,000 9,999,999 1, 4, 12 
CT 4 0 999,999 7, 10, 11, 12 
DE 2 100,000 999,999 7, 10, 11 
FL 2 1,000 9,999,999 7, 12 
GA 15 0 999,999 7, 10, 11, 12 
GU 2 0 9,999 9 
HI 7 1,000,000 9,999,999 1, 2, 5, 7, 10, 12, 13, 14 
IA 7 0 99,999 8, 10, 11, 12 
IL 19 0 49,999,999 2, 3, 6, 7, 10, 11, 12 
IN 5 100 99,999 7, 10, 11, 12 
KS 11 1,000 9,999,999 1, 2, 3, 4, 6, 7, 9, 10, 12 
KY 1 10,000 99,999 10 
LA 24 0 10,000,000,000 1, 2, 3, 4, 5, 6, 7, 9, 10, 11, 12, 13 
MA 6 0 99,999 2, 3, 7, 9, 10, 12 
MD 3 1,000 99,999 2, 3, 4, 5, 6, 10, 11 
MI 7 0 99,999 1, 5, 6, 7, 9, 10, 11, 12, 13 
MN 1 0 99 2, 3, 12 
MO 14 0 49,999,999 2, 3, 6, 7, 9, 10, 12 
MS 17 1,000 99,999,999 1, 2, 3, 4, 5, 6, 7, 10, 12, 13, 14 
MT 1 10,000 99,999 2, 4 
NC 12 0 999,999 1, 2, 3, 5, 7, 10, 11, 12, 13 
NE 8 100 99,999 2, 3, 7, 11, 12 
NH 2 0 99 11, 12 
NJ 24 0 99,999,999 2, 3, 4, 6, 7, 9, 10, 11, 12 
NM 2 100,000 9,999,999 1, 2, 3, 4, 7, 12 
NY 6 0 99,999 2, 3, 9, 10, 11, 12 
OH 11 0 99,999 2, 3, 7, 8, 9, 10, 11, 12 
OK 1 0 0 7, 10, 12 
PA 26 0 9,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
PR 25 1,000 10,000,000,000 1, 2, 3, 4, 5, 6, 7, 10, 11, 12, 13 
RI 4 10,000 999,999 7, 10, 12 
SC 10 1,000 9,999,999 6, 10, 11, 12, 14 
TN 22 0 49,999,999 1, 2, 3, 4, 5, 7, 8, 9, 10, 11, 12, 13 
TX 76 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
UT 5 10,000 9,999,999 1, 3, 4, 9 
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Table 5-4. Facilities that Produce, Process, or Use o-Xylene 

Minimum Maximum 
Number of amount on site amount on site 

Statea facilities in poundsb in poundsb Activities and usesc 

VA 2 10,000 9,999,999 1, 2, 4, 9, 12 
WA 4 100 9,999,999 6, 7, 8, 12, 13 
WI 6 1,000 999,999 10, 12 
WV 7 100 9,999,999 1, 2, 3, 4, 6, 7, 8, 10 

aPost office state abbreviations used 
bAmounts on site reported by facilities in each state 
cActivities/Uses: 
1. Produce 
2. Import 
3. Onsite use/processing 
4. Sale/Distribution 
5. Byproduct 

6. Impurity 
7. Reactant 
8. Formulation Component 
9. Article Component 
10. Repackaging 

11. Chemical Processing Aid 
12. Manufacturing Aid  
13. Ancillary/Other Uses 
14. Process Impurity 

Source: TRI04 2006 (Data are from 2004) 
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Table 5-5. Facilities that Produce, Process, or Use p-Xylene 

Minimum Maximum 
Number of amount on site amount on site 

Statea facilities in poundsb in poundsb Activities and usesc 

AL 14 1,000 499,999,999 1, 2, 3, 4, 5, 6, 7, 11, 12, 13 
AR 6 1,000 9,999,999 7, 9, 10 
AZ 1 10,000 99,999 12 
CA 33 0 49,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 13 
CO 2 100,000 9,999,999 1, 4 
DE 1 10,000 99,999 7, 12 
FL 1 1,000 9,999 10 
GA 6 100 99,999 2, 3, 7, 10, 11, 12 
HI 7 1,000,000 9,999,999 1, 2, 5, 7, 10, 12, 13, 14 
IA 6 0 99,999 8, 10, 11 
IL 7 0 999,999 1, 6, 7, 10, 11, 13 
IN 1 10,000 99,999 7 
KS 4 1,000 99,999 7, 10, 12 
KY 1 1,000 9,999 12 
LA 11 0 49,999,999 1, 3, 4, 6, 7, 13 
MA 3 1,000 99,999 7, 9, 10 
MD 1 10,000 99,999 3, 4, 5 
MI 2 1,000 99,999 7, 9 
MN 1 1,000 9,999 11 
MO 2 1,000 9,999 10, 12 
MS 9 1,000 99,999,999 1, 2, 3, 4, 5, 7, 12, 13, 14 
MT 1 10,000 99,999 2, 4 
NC 12 0 499,999,999 1, 2, 3, 5, 6, 9, 10 
NE 9 100 99,999 2, 3, 7, 11, 12 
NH 1 0 99 12 
NJ 6 100 9,999,999 3, 6, 7, 9, 10, 11, 12 
NM 2 100,000 999,999 1, 2, 3, 4, 7, 12 
NY 7 100 999,999 6, 7, 9, 10, 11 
OH 2 1,000 99,999 8, 11, 12 
PA 17 100 49,999,999 1, 3, 4, 5, 7, 8, 9, 12, 13 
PR 10 10,000 10,000,000,000 1, 2, 3, 4, 6, 10 
SC 6 10,000 499,999,999 6, 12, 14 
TN 20 0 49,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 
TX 61 0 499,999,999 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 
UT 5 10,000 9,999,999 1, 3, 4, 9, 10 
VA 1 1,000,000 9,999,999 1, 4, 12 
VI 6 100,000 10,000,000,000 1, 2, 3, 4, 6, 7 
WA 1 100 999 12 
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Table 5-5. Facilities that Produce, Process, or Use p-Xylene 

Minimum Maximum 
Number of amount on site amount on site 

Statea facilities in poundsb in poundsb Activities and usesc 

WI 4 1,000 99,999 7, 11, 12 
WV 5 1,000 9,999,999 1, 4, 6, 7, 8, 10 

aPost office state abbreviations used 
bAmounts on site reported by facilities in each state 
cActivities/Uses: 
1. Produce 
2. Import 
3. Onsite use/processing 
4. Sale/Distribution 
5. Byproduct 

6. Impurity 
7. Reactant 
8. Formulation Component 
9. Article Component 
10. Repackaging 

11. Chemical Processing Aid 
12. Manufacturing Aid  
13. Ancillary/Other Uses 
14. Process Impurity 

Source: TRI04 2006 (Data are from 2004) 
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5.2 IMPORT/EXPORT 

Available import and export data for mixed, o-, m-, and p-xylene are shown in Table 5-6.  Amounts of 

U.S. imports and exports reported for mixed xylenes appear to be independent of the amounts reported for 

the individual xylene isomers.  U.S. imports and exports of total xylenes during 2005 were approximately 

1.3 billion liters and 280 million liters, respectively (USDOC 2005). 

5.3 USE 

Approximately 70% of mixed xylene is used in the production of ethylbenzene and the m-, o-, and 

p-isomers. The remaining mixed xylene is used as a solvent, in products such as paints and coatings, or 

blended into gasoline (Fishbein 1988; HSDB 2007; NCI 1985; Riihimaki and Hanninen 1987). 

The xylene isomers are used primarily for internal industrial operations as solvents and intermediates in 

synthetic reactions.  m-Xylene is a chemical intermediate in the production of isophthalic acid and 

isophthalonitrile; isophthalic acid, in turn, is used in the manufacture of polyesters.  o-Xylene is a 

chemical intermediate in the synthesis of phthalic anhydride (for plasticizers), phthalonitrile, 

4,4-(trifluoro-1-(trifluoromethyl) ethylidene) diphthalic anhydride (for polyimide polymers), o-toluic 

acid, vitamins, and pharmaceuticals.  p-Xylene is a chemical intermediate for the synthesis of dimethyl 

terephthalate, terephthalic acid (for polyesters), dimethyl tetrachloroterephthalate, vitamins, and 

pharmaceuticals.  Both o-xylene and p-xylene are used as components of insecticides (HSDB 2007; 

Lewis 2001). 

5.4 DISPOSAL 

Various methods of incineration are used in the disposal of xylene isomers, such as fluidized bed rotary 

kiln and liquid injection incinerator methods (EPA 1981a; HSDB 2007).  The addition of a more 

flammable solvent has been suggested to make the process easier (HSDB 2007). 

Criteria for the disposal of xylenes are currently subject to significant revision.  Under the Resource 

Conservation and Recovery Act, waste product, off-specification batches, and spill residues of xylenes 

>1,000 pounds are subject to handling, reporting, and recordkeeping requirements.  This applies also to 

spent xylene solvents and still bottoms from the refining of these solvents (EPA 1980b, 1981b). 
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Table 5-6. U.S. Import and Export Data on Xylenesa

 Import Export 
Year Mixed o-Xylene m-Xylene p-Xylene Mixed o-Xylene m-Xylene p-Xylene Reference 
1986 284 3 NA 141 NA NA NA NA HSDB 2007 
1995 713 47 6 343 713 90 37 713 Canella 1998 
2000 1,302b 3 51 189 141c 50 NA 152 USDOC 2005 
2005 1,303b 0 11 0 263c 10 NA 12 USDOC 2005 

aValues reported in millions of liters 

bReported as "Other Xylenes NESOI" 

cReported as "Other Xylenes NESOI (except o- or p-Xylene)"


NA = data not available 
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6.1 OVERVIEW 

Xylene has been identified in at least 840 of the 1,684 hazardous waste sites that have been proposed for 

inclusion on the EPA National Priorities List (NPL) (HazDat 2006).  However, the number of sites 

evaluated for xylene is not known.  The frequency of these sites can be seen in Figure 6-1. Of these sites, 

835 are located within the United States, 2 are located in the Commonwealth of Puerto Rico (not shown), 

1 is located in Guam (not shown), and 2 are located on the Virgin Islands (not shown). 

Xylenes are released to the atmosphere primarily as fugitive emissions from industrial sources (e.g., 

petroleum refineries, chemical plants), in automobile exhaust, and through volatilization from their use as 

solvents. Discharges into waterways and spills on land result primarily from use, storage, and transport of 

petroleum products and waste disposal.  When xylenes are released to soil or surface water, they are 

expected to volatilize into the atmosphere.  However, based on the mobility of these substances in soil, 

xylenes may also leach into groundwater, where they may persist for several months. 

Xylene is rapidly transformed in the troposphere where photooxidation by hydroxyl radicals is the 

dominant process.  Xylene is stable to hydrolysis and oxidation in the aquatic environment, but is 

expected to undergo biodegradation.  However, based on the volatility of xylene, biotransformation of 

this substance in surface waters is not expected to compete with its evaporation into the air.  Xylene is 

also expected to volatilize from soil surfaces.  Biodegradation is an important process in subsurface soils 

and groundwater where volatilization is hindered.  Xylene is not expected to adsorb strongly to soil; 

however, soil adsorption increases as organic matter content increases.  Xylene has been found to 

bioaccumulate to very modest levels (e.g., bioconcentration factors of <100), and food-chain 

biomagnification has not been observed. 

As is expected based on the partitioning and environmental fate of xylenes, these substances are primarily 

detected in air. Typical xylene concentrations range from 1 to 30 ppb in outdoor air and from 1 to 10 ppb 

in indoor air (see note at the end of Table 4-2). According to groundwater surveys conducted in the 

United States, xylenes are generally detected in <5% of groundwater samples.  However, xylene 

concentrations in contaminated groundwater have been reported as high as 10,000 ppb.  Little data are 

available reporting the concentrations of xylene in soil or surface water.  Less than 6% of drinking water 

samples collected during U.S. drinking water surveys contained xylenes.  Mean concentrations in positive 
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samples were typically <2 ppb.  Xylene has been detected in a variety of foods with typical 

concentrations ranging from 1 to 100 ppb. 

Because individual xylene isomers are used in large amounts in industrial settings, people who work at or 

live near these locations may receive a higher exposure to one xylene isomer compared to the other 

isomers.  However, since xylenes are present as a mixture in gasoline and in the solvent components of 

commonly used commercial products (paint, etc.), exposure of the general population is expected to be 

primarily to xylenes as a mixture, and not to the separate xylene isomers.  

Xylene or its metabolites have been detected in human urine, blood, and expired air samples among 

members of the general population.  Human exposure to xylene is believed to occur via inhalation of 

indoor and workplace air, inhalation of automobile exhaust, ingestion of contaminated drinking water, 

smoking, and inhalation and dermal absorption of solvents containing xylene. 

When analyzing biological and environmental samples for xylene, it is difficult to separate the m- and 

p-isomers. Therefore, the concentrations of these two isomers are typically reported together as a sum 

(m-/p-xylene). 

6.2 RELEASES TO THE ENVIRONMENT 

The Toxics Release Inventory (TRI) data should be used with caution because only certain types of 

facilities are required to report (EPA 2005g). This is not an exhaustive list.  Manufacturing and 

processing facilities are required to report information to the TRI only if they employ 10 or more full-time 

employees; if their facility is included in Standard Industrial Classification (SIC) Codes 10 (except 1011, 

1081, and 1094), 12 (except 1241), 20–39, 4911 (limited to facilities that combust coal and/or oil for the 

purpose of generating electricity for distribution in commerce), 4931 (limited to facilities that combust 

coal and/or oil for the purpose of generating electricity for distribution in commerce), 4939 (limited to 

facilities that combust coal and/or oil for the purpose of generating electricity for distribution in 

commerce), 4953 (limited to facilities regulated under RCRA Subtitle C, 42 U.S.C. section 6921 et seq.), 

5169, 5171, and 7389 (limited S.C. section 6921 et seq.), 5169, 5171, and 7389 (limited to facilities 

primarily engaged in solvents recovery services on a contract or fee basis); and if their facility produces, 

imports, or processes ≥25,000 pounds of any TRI chemical or otherwise uses >10,000 pounds of a TRI 

chemical in a calendar year (EPA 2005g). 
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6.2.1 Air 

Estimated releases of mixed xylenes, m-xylene, o-xylene, and p-xylene to the atmosphere were 

34.8 million pounds (16,000 metric tons), 0.5 million pounds (240 metric tons), 0.6 million pounds 

(290 metric tons), and 1.4 million pounds (640 metric tons), respectively, to the atmosphere from 2,794, 

58, 67, and 39 domestic manufacturing and processing facilities, respectively, in 2004.  These releases 

accounted for about 91, 93, 95, and 98% of the estimated total environmental releases of mixed xylenes, 

m-xylene, o-xylene, and p-xylene, respectively, from facilities required to report to the TRI (TRI04 2006).  

These releases are summarized in Tables 6 1, 6-2, 6-3, and 6-4, respectively. 

Xylene has been identified in air samples collected at 143 of the 840 NPL hazardous waste sites where it 

was detected in some environmental media (HazDat 2006). 

Most annual releases of xylene are refinery losses into the atmosphere during the production, 

transportation, and processing of petroleum.  Other significant sources of xylene emissions are from the 

use of solvents, as a component of automobile exhaust gases, evaporation of gasoline into the air during 

its transportation and distribution, and releases from the chemical industry (Merian and Zander 1982).  

Based on vapor pressures of 6–8 mm Hg (AIChE 1996; Chao et al. 1983; Lewis 2000), volatilization 

from soil or surface water is also expected to be an important pathway for xylenes to enter the 

atmosphere.  

Releases of xylenes are associated with outgassing from landfills where disposal of industrial, hazardous, 

and mixed municipal wastes occur.  In Finland during 1989–1990, all three xylene isomers were detected 

in gases released from closed municipal landfills at average concentrations of 0.86, 3.6, and 1.2 mg/m3 

(0.20, 0.83, and 0.28 ppm) for the o-, m-, and p-isomers, respectively (Assmuth and Kalevi 1992).  

Concentrations of all of the xylene isomers in off-gases from an active landfill were 30–35 times higher.  

In 1987–1988, air emissions of mixed xylene from facilities in the Houston, Texas, ship channel 

industrial area were 551 tons per year (LaGrone 1991).  The emissions resulted in an ambient 

concentration in this area of 1.6 parts per billion volume (ppbv).  The mean concentrations of o-xylene 

and m-/p-xylene in landfill gas from the Fresh Kills Municipal Solid-waste Landfill in New York City 

(Staten Island) were 2.17 and 5.97 ppmv, respectively (Eklund et al. 1998).   

Eitzer (1995) measured volatile organic compound (VOC) emissions at eight municipal solid waste 

compositing facilities.  Respective mean p-xylene and m-/o-xylene concentrations were 1 and 2 μg/m3 



XYLENE 207 

6. POTENTIAL FOR HUMAN EXPOSURE 

Table 6-1. Releases to the Environment from Facilities that Produce, Process, or 

Use Xylene (Mixed)a


Reported amounts released in pounds per yearb 

Total release 

Statec RFd Aire Waterf UIg Landh Otheri On-sitej Off-sitek 
On- and 
off-site 

AK 10 22,415 41 0 820 0 23,268 7 23,275 
AL 76 2,051,596 190 50 27,628 12,182 2,078,986 12,660 2,091,646 
AR 35 571,748 46 0 74 0 571,794 74 571,868 
AZ 27 87,092 0 0 5,901 768 87,097 6,664 93,761 
CA 155 504,919 266 204 28,895 8,789 529,014 14,059 543,074 
CO 19 70,584 0 0 10 479 70,584 489 71,073 
CT 20 18,978 3 0 3 6,759 18,981 6,762 25,743 
DE 9 93,557 0 0 51 0 93,557 51 93,608 
FL 67 457,196 29 0 1 549 457,225 550 457,775 
GA 67 1,070,406 252 0 589 755 1,071,198 805 1,072,003 
GU 3 4,407 1 0 0 1,417 4,408 1,417 5,825 
HI 11 25,708 43 0 1,710 2,795 25,758 4,498 30,256 
IA 62 883,083 0 0 0 0 883,083 0 883,083 
ID 4 39,534 No data 0 0 0 39,534 0 39,534 
IL 134 1,287,226 296 0 6,483 6,504 1,288,763 11,746 1,300,509 
IN 165 2,964,117 469 0 11,642 2,469 2,973,971 4,726 2,978,698 
KS 52 773,525 146 293 1,033 50 774,006 1,041 775,047 
KY 82 1,159,382 484 0 138,771 25,662 1,160,156 164,143 1,324,299 
LA 80 1,096,942 710 27,957 13,236 7,374 1,127,021 19,199 1,146,219 
MA 43 68,132 152 0 139 24,187 68,284 24,326 92,610 
MD 23 102,410 266 0 139 250 102,677 388 103,065 
ME 8 14,187 80 0 0 1,820 14,266 1,820 16,086 
MI 137 2,768,110 27 0 49,160 155,142 2,777,445 194,994 2,972,439 
MN 45 655,287 30 0 597 70 655,354 630 655,984 
MO 77 1,797,940 0 0 510 1,748 1,797,940 2,258 1,800,198 
MP 2 587 0 0 0 10 587 10 597 
MS 47 1,056,657 50 0 1,826 0 1,058,407 126 1,058,533 
MT 8 41,341 5 0 75 5,600 41,357 5,664 47,021 
NC 62 609,558 0 0 558 4,296 609,558 4,854 614,412 
ND 5 60,533 1 4 13 0 60,534 17 60,551 
NE 19 231,469 No data 0 26,437 510 231,469 26,947 258,416 
NH 6 32,052 No data 0 0 500 32,052 500 32,552 
NJ 77 262,906 1,454 0 20,425 6,810 270,720 20,876 291,596 
NM 13 71,564 5 25 230 5,468 71,824 5,468 77,292 
NV 9 3,149 No data 0 902,695 0 905,844 0 905,844 
NY 76 278,303 366 0 1,492 7,499 278,675 8,985 287,660 
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Table 6-1. Releases to the Environment from Facilities that Produce, Process, or 

Use Xylene (Mixed)a


Reported amounts released in pounds per yearb 

Total release 

Statec RFd Aire Waterf UIg Landh Otheri On-sitej Off-sitek 
On- and 
off-site 

OH 184 2,367,513 90 2,114 226,194 7,205 2,370,589 232,528 2,603,117 
OK 37 471,134 47 109 560 50 471,566 333 471,899 
OR 25 252,626 1,001 0 1,038 20,770 254,416 21,019 275,435 
PA 147 1,080,111 725 0 11,167 18,372 1,080,857 29,517 1,110,375 
PR 16 45,826 2 0 0 6 45,828 6 45,834 
RI 9 8,395 6 0 0 7,305 8,401 7,305 15,706 
SC 40 1,028,025 627 0 3,172 14,124 1,029,472 16,476 1,045,948 
SD 16 399,993 No data 0 0 0 399,993 0 399,993 
TN 86 1,918,718 80 0 1,137 9,962 1,918,799 11,098 1,929,897 
TX 271 3,517,712 18,881 1,098,590 27,896 75,766 4,517,614 221,231 4,738,845 
UT 23 135,919 1,000 0 1,051 2,141 137,169 2,942 140,111 
VA 58 886,351 255 0 575 5 886,856 330 887,185 
VI 3 49,114 0 0 1,089 0 49,114 1,089 50,203 
VT 1 1,880 No data 0 0 0 1,880 0 1,880 
WA 30 175,968 4 0 596 137 176,299 405 176,705 
WI 80 830,359 5 0 25,478 1,665 855,764 1,743 857,507 
WV 25 396,903 418 0 4,524 65 397,321 4,589 401,910 
WY 8 25,986 0 0 69 0 26,055 0 26,055 
Total 2,794 34,829,134 28,554 1,129,345 1,545,689 448,034 36,883,391 1,097,365 37,980,757 

aThe TRI data should be used with caution since only certain types of facilities are required to report.  This is not an 

exhaustive list.  Data are rounded to nearest whole number.

bData in TRI are maximum amounts released by each facility.

cPost office state abbreviations are used. 

dNumber of reporting facilities.

eThe sum of fugitive and point source releases are included in releases to air by a given facility. 

fSurface water discharges, waste water treatment-(metals only), and publicly owned treatment works (POTWs) (metal 

and metal compounds). 

gClass I wells, Class II-V wells, and underground injection. 

hResource Conservation and Recovery Act (RCRA) subtitle C landfills; other on-site landfills, land treatment, surface 

impoundments, other land disposal, other landfills. 

iStorage only, solidification/stabilization (metals only), other off-site management, transfers to waste broker for 

disposal, unknown 

jThe sum of all releases of the chemical to air, land, water, and underground injection wells. 

kTotal amount of chemical transferred off-site, including to POTWs. 


RF = reporting facilities; UI = underground injection 

Source: TRI04 2006 (Data are from 2004) 
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Table 6-2. Releases to the Environment from Facilities that Produce, Process, or 

Use m-Xylenea


Reported amounts released in pounds per yearb 

Total release 
Statec RFd Aire Waterf UIg Landh Otheri On-sitej Off-sitek On- and off-site 
AL 1 201,000 22,000 0 250 0 223,250 0 223,250 
AR 1 1,137 No data 0 5 0 1,137 5 1,142 
CA 1 0 No data No data 0 No data No data 0 0 
FL 1 4,505 No data 0 0 0 4,505 0 4,505 
GA 4 38,421 No data 0 0 0 38,421 0 38,421 
IA 3 14,891 No data 0 0 0 14,891 0 14,891 
IL 2 6,271 4 0 173 0 6,276 173 6,449 
IN 4 2,835 No data 0 0 0 2,835 0 2,835 
KS 1 39,870 No data 0 0 0 39,870 0 39,870 
KY 2 2,535 No data 0 0 0 2,535 0 2,535 
LA 2 1,463 0 0 213 0 1,463 213 1,676 
MO 1 933 0 0 0 0 933 0 933 
MS 1 30,100 25 0 1,006 0 30,126 1,005 31,131 
NE 2 11,265 No data 0 0 0 11,265 0 11,265 
NJ 1 0 No data No data 0 No data No data 0 0 
NM 2 190 No data 0 0 0 190 0 190 
NY 1 920 No data 0 0 0 920 0 920 
OK 1 500 1 0 0 0 501 0 501 
PA 1 0 No data No data 0 No data No data 0 0 
PR 1 11,530 0 0 0 0 11,530 0 11,530 
SC 2 33,508 No data 0 0 0 33,508 0 33,508 
TN 1 500 No data 0 0 0 500 0 500 
TX 21 118,647 2,149 10,190 2,569 1,397 132,711 2,242 134,953 
UT 1 0 No data No data 0 No data No data 0 0 
Total 58 521,021 24,180 10,190 4,216 1,397 557,366 3,638 561,004 
aThe TRI data should be used with caution since only certain types of facilities are required to report.  This is not an 

exhaustive list.  Data are rounded to nearest whole number.

bData in TRI are maximum amounts released by each facility.

cPost office state abbreviations are used. 

dNumber of reporting facilities.

eThe sum of fugitive and point source releases are included in releases to air by a given facility. 

fSurface water discharges, waste water treatment-(metals only), and publicly owned treatment works (POTWs) (metal 

and metal compounds). 

gClass I wells, Class II-V wells, and underground injection. 

hResource Conservation and Recovery Act (RCRA) subtitle C landfills; other on-site landfills, land treatment, surface 

impoundments, other land disposal, other landfills. 

iStorage only, solidification/stabilization (metals only), other off-site management, transfers to waste broker for 

disposal, unknown 

jThe sum of all releases of the chemical to air, land, water, and underground injection wells. 

kTotal amount of chemical transferred off-site, including to POTWs. 


RF = reporting facilities; UI = underground injection 

Source: TRI04 2006 (Data are from 2004) 
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Table 6-3. Releases to the Environment from Facilities that Produce, Process, or 

Use o-Xylenea


Reported amounts released in pounds per yearb 

Total release 

Statec RFd Aire Waterf UIg Landh Otheri On-sitej Off-sitek 
On- and 
off-site 

AL 4 224,186 9,500 0 252 0 233,938 0 233,938 
AR 2 29,007 0 82 5 0 29,089 5 29,094 
CA 2 114 0 0 0 0 114 0 114 
FL 1 0 No data 0 0 No data No data 0 0 
GA 4 598 No data 0 3 0 598 3 601 
IA 2 2,247 No data 0 0 0 2,247 0 2,247 
IL 3 110,203 4 0 0 0 110,207 0 110,207 
IN 1 424 No data 0 0 0 424 0 424 
KS 2 17,966 No data 0 0 0 17,966 0 17,966 
KY 1 0 No data 0 0 No data No data 0 0 
LA 2 2,739 0 0 2 0 2,739 2 2,741 
MD 1 0 No data 0 0 0 0 0 0 
MO 2 5,161 5 0 5 0 5,171 0 5,171 
MS 1 16,400 25 0 503 0 16,425 503 16,928 
NC 2 3,383 18 0 0 0 3,401 0 3,401 
ND 1 0 No data 0 0 No data No data 0 0 
NE 2 1,144 No data 0 0 0 1,144 0 1,144 
NJ 3 509 No data 0 0 0 509 0 509 
NY 2 45,231 No data 0 0 0 45,231 0 45,231 
PA 2 0 No data 0 0 No data No data 0 0 
PR 2 4,658 0 0 0 0 4,658 0 4,658 
SC 1 12 No data 0 0 0 12 0 12 
TN 2 16,509 No data 0 0 0 16,509 0 16,509 
TX 20 162,940 1 25,174 1,096 614 189,107 718 189,825 
UT 1 0 No data 0 0 No data No data 0 0 
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Table 6-3. Releases to the Environment from Facilities that Produce, Process, or 

Use o-Xylenea


Reported amounts released in pounds per yearb 

Total release 

Statec RFd Aire Waterf UIg Landh Otheri On-sitej Off-sitek 
On- and 
off-site 

WI 1 1,452 0 0 0 0 1,452 0 1,452 
Total 67 644,883 9,553 25,256 1,866 614 680,941 1,231 682,172 

aThe TRI data should be used with caution since only certain types of facilities are required to report.  This is not an 

exhaustive list.  Data are rounded to nearest whole number.

bData in TRI are maximum amounts released by each facility.

cPost office state abbreviations are used. 

dNumber of reporting facilities.

eThe sum of fugitive and point source releases are included in releases to air by a given facility. 

fSurface water discharges, waste water treatment-(metals only), and publicly owned treatment works (POTWs) (metal 

and metal compounds). 

gClass I wells, Class II-V wells, and underground injection. 

hResource Conservation and Recovery Act (RCRA) subtitle C landfills; other on-site landfills, land treatment, surface 

impoundments, other land disposal, other landfills. 

iStorage only, solidification/stabilization (metals only), other off-site management, transfers to waste broker for 

disposal, unknown 

jThe sum of all releases of the chemical to air, land, water, and underground injection wells. 

kTotal amount of chemical transferred off-site, including to POTWs. 


RF = reporting facilities; UI = underground injection 

Source: TRI04 2006 (Data are from 2004) 
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Table 6-4. Releases to the Environment from Facilities that Produce, Process, or 

Use p-Xylenea


Reported amounts released in pounds per yearb 

Total release 
Statec RFd Aire Waterf UIg Landh On-sitej Off-sitek On- and off-site 
AL 1 380,000 360 0 4,150 380,610 3,900 384,510 
AR 2 354 0 0 5 354 5 359 
CA 1 12,862 No data 0 0 12,862 0 12,862 
GA 1 11,410 No data 0 0 11,410 0 11,410 
IA 2 487 No data 0 0 487 0 487 
IN 1 2,496 No data 0 0 2,496 0 2,496 
KS 1 8,284 No data 0 0 8,284 0 8,284 
KY 1 0 No data No data 0 No data 0 0 
LA 1 0 No data 0 0 0 0 0 
MS 1 123,000 25 0 503 123,025 503 123,528 
NC 3 1,032 No data 0 0 1,032 0 1,032 
NE 1 423,442 268 0 2,550 423,710 2,550 426,260 
PA 1 0 No data No data 0 No data 0 0 
PR 1 18,338 0 0 0 18,338 0 18,338 
SC 3 276,970 0 0 0 276,970 0 276,970 
TN 2 24,482 No data 0 0 24,482 0 24,482 
TX 15 136,545 2,144 10,539 1,724 150,479 473 150,952 
UT 1 0 No data No data 0 No data 0 0 
Total 39 1,419,702 2,797 10,539 8,932 1,434,539 7,431 1,441,970 

aThe TRI data should be used with caution since only certain types of facilities are required to report.  This is not an 

exhaustive list.  Data are rounded to nearest whole number.

bData in TRI are maximum amounts released by each facility.

cPost office state abbreviations are used. 

dNumber of reporting facilities.

eThe sum of fugitive and point source releases are included in releases to air by a given facility. 

fSurface water discharges, waste water treatment-(metals only), and publicly owned treatment works (POTWs) (metal 

and metal compounds). 

gClass I wells, Class II-V wells, and underground injection. 

hResource Conservation and Recovery Act (RCRA) subtitle C landfills; other on-site landfills, land treatment, surface 

impoundments, other land disposal, other landfills. 

iStorage only, solidification/stabilization (metals only), other off-site management, transfers to waste broker for 

disposal, unknown 

jThe sum of all releases of the chemical to air, land, water, and underground injection wells. 

kTotal amount of chemical transferred off-site, including to POTWs. 


RF = reporting facilities; UI = underground injection 

Source: TRI04 2006 (Data are from 2004) 
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(0.23 and 0.46 ppb) in background air; 910 and 2,600 μg/m3 (209 and 600 ppb) in tipping air; 1,600 and 

3,700 μg/m3 (370 and 850 ppb) in shredder air; 110 and 250 μg/m3 (25 and 58 ppb) in indoor air; 250 and 

420 μg/m3 (56 and 97 ppb) in digester air; 250 and 520 μg/m3 (58 and 120 ppb) in fresh compost air; 

76 and 86 μg/m3 (18 and 20 ppb) in mid-aged compost air; 31 and 55 μg/m3 (7.1 and 13 ppb) in old 

compost air; and 4 and 6 μg/m3 (0.92 and 1.4 ppb) in curing compost air.   

The mean concentration of xylene in the post combustion region of a German incineration plant (prior to 

any emission reduction) was 7.881 μg/m3 (1.816 ppb) (Zimmermann et al. 2001).  Jay and Stieglitz 

(1995) reported xylene concentrations of 7.77 and 1.79 μg/m3 (1.79 and 0.412 ppb) in the emissions of a 

municipal waste incineration plant at an unspecified location in Germany.  Schauer et al. (2001) reported 

emissions of o-xylene and m-/p-xylene during pine wood burning of 18.1 and 60.0 mg per kg of wood 

burned, respectively. 

o-Xylene was identified in the volatile emissions of a waste water treatment plant in Broward County, 

Florida with an emission rate of approximately 16 mg/s (1,400 g/day) (Tansel and Eyma 1999).  The 

volatile emissions of xylenes measured in five municipal waste water treatment plants in Ontario, Canada 

were 770, 129, 213, 408, and 0.16 g/day (Quigley and Corsi 1995).  The volatile emissions of total 

xylenes from four publicly owned treatment works servicing the Los Angeles, California area were 3,683, 

215, 294, and 72 kg/year (Mayer et al. 1994) 

Xylenes have been detected among other VOCs in the emissions of newly built homes (Hodgson et al. 

2000; Zabiegala et al. 1999).  The geometric mean (range) concentrations of m-/p-xylene in the indoor air 

of four manufactured houses and seven site built houses in the eastern and southeastern United States 

were 1.0 ppb (0.5–2.7 ppb) and 3.9 ppb (1.4–11.5 ppb), respectively (Hodgson et al. 2000).  The 

geometric mean (range) emission rates of m-/p-xylene from these houses were 3.2 μg/m2-hour (<1.5– 

9.1 μg/m2-hour) and 9.5 μg/m2-hour (<4.1–24.2 μg/m2-hour), respectively.  Brown et al. (1994) reported 

weighted average geometric mean and 98th percentile m-/p-xylene concentrations of 280 and 2,700 μg/m3 

(65 and 620 ppb), respectively, in seven new dwellings, 25 and 240 μg/m3 (5.8 and 55 ppb), respectively, 

in four new office buildings, and 9 and 85 μg/m3 (2 and 20 ppb), respectively, in one new school building.  

The concentration of m-/p-xylene in volatiles released from a tufted textile floor covering with styrene-

butadiene rubber backing ranged from 85.1 to 155 ng/L (19.6–35.7 ppt) (Sollinger et al. 1994). 

o-Xylene and m-/p-xylene emission rates from diesel-powered medium duty trucks have been measured 

as 830 and 2,330 μg/km (0.83 and 2.33 mg/km), respectively (Schauer et al. 1999).  Schauer et al. (2002) 



XYLENE  214 
 

6.  POTENTIAL FOR HUMAN EXPOSURE 
 
 

 
 
 
 
 

reported tailpipe o-xylene and m-/p-xylene emission rates of 5,410 and 14,300 μg/km (5.41 and 

14.3 mg/km), respectively, for catalyst-equipped gasoline-powered vehicles and 562,000 and 

1,720,000 μg/km (562 and 1,720 mg/km), respectively, for noncatalyst-equipped gasoline-powered 

vehicles.  Mean o-xylene and m-/p-xylene tail pipe emission rates from cars that use a catalyst were 

0.0042–0.0110 and 0.0054–0.0270 g/km (4.2–11 and 5.4–27 mg/km), respectively, compared to mean 

emission rates of 0.0330 and 0.0868 g/km (33 and 86.8 mg/km), respectively, from a car that did not use a 

catalyst (Chan et al. 1995).  These authors reported mean o-xylene and tail pipe emission rates of 

approximately 0.010 g/km (10 mg/km) from noncatalyst motorcycle engines and 0.016 g/km (37 mg/km) 

from a catalyst motorcycle engine.  Mean m-/p-xylene tail pipe emission rates were approximately 

0.028 g/km (28 mg/km) from the noncatalyst motorcycle engines and 0.037 g/km (37 mg/km) from the 

catalyst motorcycle engine.  Gabele (1997) reported that o-xylene and m-/p-xylene made up 1.58 and 

4.55%, respectively, of total organic emissions in the exhaust of 10 four-stroke lawnmower engines. 

 

o-Xylene and m-/p-xylene emission values measured in the Craeybeckx tunnel in Antwerp, Belgium were 

0.148 and 0.307 g/kg carbon, respectively, under highway conditions and 0.216 and 0.442 g/kg carbon, 

respectively, under congested conditions (De Fré et al. 1994).  Average concentrations in the tunnel air 

were 17 μg/m3 (3.9 ppb) for o-xylene and 34 μg/m3 (7.8 ppb) for m-/p-xylene, compared to background 

concentrations of 1.0 μg/m3 (0.23 ppb) for o-xylene and 2.4 μg/m3 (0.55 ppb) for m-/p-xylene.  The 

authors estimated total yearly vehicle emissions in Belgium of 824 metric tons/year (1.82 million 

pounds/year) for o-xylene and 1,690 metric tons/year (3.72 million pounds/year) for m-/p-xylene based on 

the congested traffic emissions data.  Vehicle emission rates measured in the Los Angeles roadway tunnel 

in 1993 were 200 mg/L of consumed fuel for o-xylene and 557 mg/L of consumed fuel for m-/p-xylene 

(Fraser et al. 1998b).  Lawryk and Weisel (1996) measured mean o-xylene and m-/p-xylene in vehicle 

concentrations of 20.7 and 52.9 μg/m3 (4.77 and 12.2 ppb), respectively, in the Lincoln Tunnel and 

12.5 and 31.4 μg/m3 (2.88 and 7.47 ppb), respectively, on the New Jersey Turnpike.   

 

6.2.2   Water  
 

Estimated releases of mixed xylenes, m-xylene, o-xylene, and p-xylene to surface water were 

29,000 pounds (13 metric tons), 24,000 pounds (11 metric tons), 10,000 pounds (4.3 metric tons), and 

3,000 pounds (1.3 metric tons), respectively, to the atmosphere from 2,794, 58, 67, and 39 domestic 

manufacturing and processing facilities, respectively, in 2004.  These releases accounted for <0.1, 4.3, 

1.4, and <0.1% of the estimated total environmental releases of mixed xylenes, m-xylene, o-xylene, and 
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p-xylene, respectively, from facilities required to report to the TRI (TRI04 2006).  These releases are 

summarized in Tables 6-1, 6-2, 6-3, and 6-4.  

Xylene has been identified in groundwater and surface water samples collected at 556 and 150 of the 

840 NPL hazardous waste sites, respectively, where it was detected (HazDat 2006).   

Xylenes may be introduced into groundwater by fuel oil, gasoline, or solvent spills, infiltration of polluted 

surface waters, leaking underground petroleum storage tanks, or leaching from disposed wastes (Giger 

and Schaffner 1981). 

The mean concentrations of xylenes in three groundwater monitoring wells at a Shell Oil service station 

site in San Diego, California were 0.39, 1.23, and 19.35 mg/L (ppm) (Odermatt 1994).  Groundwater 

extract from an oil spill site in northern Virginia contained xylene at a concentration of 2.8 ppm 

(Mushrush et al. 1994).   

A total xylene concentration (concentration includes ethylbenzene) of 1.2 ppb was detected in effluent 

from containment ponds in the containment area of an oil spill that accumulated along the banks of the 

Atigun River, Alaska (Lysyj et al. 1980).  Treated effluents from offshore oil drilling platforms in the 

Gulf of Mexico contained an average concentration of 0.3 mg/L (ppm) (concentration includes 

ethylbenzene) (Lysyj et al. 1980). 

The mean influent concentrations of o-xylene and m-/p-xylene upstream of the Metropolitan Wastewater 

Treatment Plant of St. Paul, Minnesota were 4.09 and 9.03 μg/L (ppb), respectively, in grab samples and 

4.04 and 2.64 μg/L (ppb), respectively, in composite samples (Balogh et al. 1998).  Final effluent from a 

Los Angeles County waste-water treatment plant, sampled between November 1980 and August 1981, 

contained o-xylene and p-xylene at concentrations of 40 and 30 μg/L (ppb), respectively (Gossett et 

al. 1983). 

All three xylenes have been detected in the leachate from landfills at concentrations ranging from 10 to 

4,400 μg/L (ppb) for hazardous waste landfills and from 3.7 to 38 μg/L (ppb) for domestic landfills (Först 

et al. 1989a, 1989b).  Roy (1994) reported a concentration range of 2.5–320 μg/L (ppb) for xylenes in 

municipal landfill leachate.  The concentration of xylenes detected in 6 of 13 landfills sampled in 

Minnesota ranged from 1.3 to 950 μg/L (ppb) (Roy 1994).  The concentration of o-xylene and 

m-/p-xylene in groundwater samples collected at the Orange County Landfill in central Florida range 
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from 0.04 to 38.78 μg/L (ppb) and from 0.10 to 3.18 μg/L (ppb), respectively (Chen and Zolteck 1995).  

The concentration of o-xylene and m-/p-xylene in surface water samples at this site ranged from 0.07 to 

0.09 μg/L (ppb) and from 0.07 to 0.10 μg/L (ppb), respectively. 

Xylenes are also released to waterways through the use of gasoline powered outboard boat engines 

(Gabele 2000; Juttner 1994).  The rates of release of o-xylene and m-/p-xylene to water by an unleaded 

gasoline powered four-stroke outboard motor were 3.7 and 7.1 mg/minute, respectively (Juttner 1994). 

The aqueous emission rates of xylenes from a two-stroke outboard engine and a four-stroke outboard 

engine range from 0.27 to 0.86 g/kW-hour (0.075–0.24 kg/kJ) and from 0.07 to 0.09 g/kW-hour (0.019– 

0.025 kg/kJ), respectively (Gabele 2000). 

6.2.3 Soil 

Estimated releases of mixed xylenes, m-xylene, o-xylene, and p-xylene to soil were 1.5 million pounds 

(700 metric tons), 4,200 pounds (1.9 metric tons), 2,900 pounds (1.3 metric tons), and 8,900 pounds 

(4.0 metric tons), respectively, to the atmosphere from 2,794, 58, 67, and 39 domestic manufacturing and 

processing facilities, respectively in 2004.  These releases accounted for 4, 0.8, 0.4, and 0.6% of the 

estimated total environmental releases of mixed xylenes, m-xylene, o-xylene, and p-xylene, respectively, 

from facilities required to report to the TRI (TRI04 2006).   

An additional 1.1 million pounds (510 metric tons) of mixed xylenes, 10,000 pounds (4.6 metric tons) of 

m-xylene, 25,000 pounds (11.4 metric tons) of o-xylene, and 11,000 (4.8 metric tons) of p-xylene, 

constituting about 3, 1.8, 3.7, and 0.7%, respectively of the total environmental emissions, were released 

via underground injection (TRI04 2006). These releases are summarized in Tables 6-1, 6-2, 6-3, and 6-4. 

Xylene has been identified in soil and sediment samples collected at 469 and 139 of the 840 NPL 

hazardous waste sites, respectively, where it was detected (HazDat 2006).   

No quantitative information was available in the literature regarding total releases of xylene to soil.  

Atmospheric xylene may reach soils either by wet deposition by precipitation or through dry deposition of 

material adsorbed to particulate matter in air.  Xylene may also reach soils from the introduction of man-

made wastes (e.g., landfills) or as a result of accidental releases (e.g., spills). 
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Xylene was detected in only 4 out of 30 sediment samples collected adjacent to combined sewer overflow 

outfalls along the lower Passaic River in New Jersey at concentrations of 15, 7, 6, and 5 μg/kg (ppb) 

(Iannuzzi et al. 1997). 

6.3 ENVIRONMENTAL FATE 

The environmental fate (transport, partitioning, transformation, and degradation) is expected to be similar 

for each of the xylene isomers based on the similarities of their physical and chemical properties.  

6.3.1 Transport and Partitioning 

Based on Henry’s law constants of 0.005–0.007 atm-m3/mol (Foster et al. 1994; Sanemasa et al. 1982), 

volatilization is expected to be the dominant transport mechanism for xylenes in surface water.  The half-

life associated with the volatilization of o-xylene from surface waters at a depth of 1 meter is reported to 

be 5.6 hours (Mackay and Leinonen 1975).  This value will vary in accordance with turbulence and water 

depth. Once xylenes enter the atmosphere, they undergo rapid photooxidation such that washout and 

long-range atmospheric transport are not expected to be important processes. 

Soil organic carbon sorption coefficient (Koc) values ranging from 25.4 to 540 indicate that xylenes are 

mobile in soil and will not adsorb strongly to organic matter, although adsorption does increase with 

increasing organic matter (Green et al. 1981; Kango and Quinn 1989; Nathwani and Phillips 1977; Seip et 

al. 1986; Swann et al. 1983).  Based on the Henry’s law constants and vapor pressures (6.6–8.8 mm Hg) 

(AIChE 1996; Chao et al. 1983; Lewis 2000), xylenes that are released to soil are expected to volatilize if 

near the surface. However, the mobility of xylenes in soil indicates that these substances may also leach 

into groundwater, especially when volatilization is hindered as is the case with underground releases from 

gasoline storage tanks. 

When xylene was spilled at an application depth of 7.2 cm (2.9 inches) or less on loam-textured soil at 

moisture contents ranging from 0.15 to 0.26 kg/kg, 1–4% volatilized, 0.5–35% leached, 50–85% 

degraded, and 6–12% remained after about 80 days in the soil (Aurelius and Brown 1987).  Most of the 

observed volatilization occurred immediately after application.  A greater percentage of xylene initially 

evaporated when it was applied to the wet soil compared to the dry soil.  However, after the initial 

retention in the dry soil, there was less moisture to entrap the subsurface soil and prevent it from later 

volatilizing or degrading. The xylene that remained in the wet soil after the initial evaporation was then 

blocked by the moisture and was less able to volatilize or degrade.  Therefore, xylene is expected to 
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evaporate more rapidly when spilled onto wet soil than when spilled onto dry soil; however, removal is 

expected to be more complete in the dry soil after the initial retention period.   

Xylene moves through unsaturated (drier) soil faster than water and other polar solvents (Amoozegar et 

al. 1986; Barbee and Brown 1986).  For example, diffusion coefficients of approximately 0.02 and 

0.005 cm2/second were measured in dry and wet (12–15%) cores taken from the first natural barriers at 

the Los Alamos National Laboratory chemical waste site (Fuentes et al. 1991).  Additional field data 

suggesting that concentrated organics may leach 10–1,000 times faster than water in unsaturated soil were 

provided by Griffin et al. (1984).  This increased conductivity is probably due to cracks in the soil through 

which the organics move rapidly (Aurelius and Brown 1987). 

Measured log octanol-water partition coefficient (log Kow) values are 2.77, 3.15, and 3.20 for o-, p-, and 

m-xylene, respectively (Chiou et al. 1982; Gherini et al. 1989).  The rapid oxidation of xylene isomers to 

their corresponding polar metabolites seems to preclude bioconcentration in higher animal systems and, 

therefore, bioaccumulation up the food chain is unlikely (NRC 1980).  Bioconcentration factors (BCFs) 

for o-, m-, and p-xylenes have been estimated to be 45, 105, and 95, respectively (EPA 1985a).  

Bioconcentration of xylene has been observed in shrimp (Pandalus platyceros) (Sanborn and Malins 

1980), manila clams (Tapes semidecussata) (Nunes and Benville 1979), and eels (Anguilla japonica) 

(Ogata and Miyake 1978).  A bioconcentration factor of 6 has been reported for tissue uptake in clams 

throughout an 8-day exposure to o-, m-, and p-xylenes (Nunes and Benville 1979), and bioconcentration 

factors of 21.4, 23.6, and 23.6 have been reported for eels exposed to 50 ppm of o-, m-, and p-xylenes, 

respectively (Ogata and Miyake 1978).  Tissue levels reached a steady state after 10 days.  The green alga 

Selenastrum capricornutum has bioconcentration factors of 257, 251, and 218 for p-, m-, and o-xylenes, 

respectively (Herman et al. 1991).  Bioconcentration has been predicted for all isomers of xylene because 

of their tendency to partition into the octanol phase of the octanol-water system (EPA 1978). Scientists 

generally regard BCFs below 20 as indicative of little or no bioconcentration, 20–100 as equivocal, and 

<1,000 as indicative of modest bioconcentration. 

6.3.2 Transformation and Degradation  

6.3.2.1 Air 

Xylene is transformed in the atmosphere by photooxidation.  Based on experimental reaction rate 

constants of 13.7x10-12–23.6x10-12 cm3/molecule-sec (Atkinson 1989; Kwok and Atkinson 1995), the 

calculated half-life of xylenes in air is 8–14 hours using a hydroxyl radical concentration of 
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5.00x105 molecules/cm3 and a 12-hour day (Atkinson 1990).  The transformation of xylene by reaction 

with hydroxyl radicals prevails over that of reaction with ozone (half-life 3–78 years) and nitrate radicals 

(half-life 80–220 days) (Atkinson and Carter 1984; Atkinson et al. 1982, 1984, 1991; ECETOC 1986; 

Fox et al. 1984; Mill 1980; Roberts et al. 1984).  Direct photolysis is not expected because xylene does 

not significantly absorb light at wavelengths >290 nm (Jori et al. 1986).  Major photodegradation 

products formed by the cleavage of the aromatic ring in the presence of nitric oxide are:  o-tolualdehyde, 

methylglyoxal, 4-nitro-o-xylene, and 2,3-dimethylphenol for o-xylene; 2,6-dimethylphenol, 

2,4-dimethylphenol, methylglyoxal, and m-tolualdehyde for m-xylene; and p-tolualdehyde and 

2,5-dimethylphenol for p-xylene (Atkinson et al. 1991; Gery et al. 1987).  Glyoxal and methylglyoxal 

may form approximately 30–50% of the photooxidation products (Tuazon et al. 1986).  o-Xylene also 

forms formaldehyde, acetaldehyde, biacetyl nitrate, and peroxyacetylnitrate (Bandow and Washida 1985; 

Darnall et al. 1979; Shepson et al. 1984; Takagi et al. 1980).  The products of photoreaction with 

hydroxyl radicals are ultimately degraded to carbon dioxide and water after absorption in the hydrosphere 

(Guisti et al. 1974). 

 

6.3.2.2   Water  
 

The primary removal process for xylene in surface water is expected to be volatilization.  Xylenes are not 

expected to undergo hydrolysis, and biodegradation is not fast enough to be a competing process 

(Rathbun 1998).  However, biodegradation is expected to an important removal process for xylenes in 

groundwater since volatilization is hindered under these conditions (Rathbun 1998). 

 

Data describing the degradation of xylenes in surface waters are limited.  The first-order degradation-rate 

coefficients for o-xylene and m-/p-xylene in a strip-pit pond formed as a result of coal-mining operations 

were 3.6 and 6.5 day-1, respectively, after amendment with nutrients (Bouwer 1989; Rathbun 1998).  

These rate coefficients correspond to half-lives of approximately 4.6 and 2.6 hours, respectively.  Clapp et 

al. (1994) observed the biodegradation of priority pollutants in waste water treated in both an activated 

sludge reactor and a biological aerated filter reactor.  Influent concentrations were 1.929 μg/L (ppb) for 

o-xylene and 5.53 μg/L (ppb) for m-/p-xylene, while effluent and percent removal concentrations were 

<1.2 μg/L (ppb) and >38%, respectively, for o-xylene and <1.2 μg/L (ppb) and >78%, respectively, for 

m-/p-xylene in both types of reactors.   

 

The majority of xylene biodegradation studies have examined the fate of this substance in groundwater.  

During a field experiment conducted at Base Borden in Ontario, Canada, xylenes were degraded to 50% 
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of initial concentrations (1,080–1,290 μg/L (ppb)) in a shallow sand aquifer in approximately 20–40 days 

(Barker 1987).  The authors reported similar results in aerobic laboratory biodegradation tests.  

Biodegradation of xylenes is expected to be slower under anaerobic conditions.  The aerobic 

biodegradation half-lives of o-, m-, and p-xylene in an unconfined, uncontaminated aquifer after injection 

with 100% PS6 gasoline were 116, 70, and 100 days, respectively (API 1994).  The gasoline was injected 

above a landfill leachate zone.  Although biodegradation of petroleum hydrocarbons (including xylene) 

spilled in northern Alaska was observed, the authors concluded that this process is likely to be limited by 

a short annual thaw season (Braddock and McCarthy 1996).  

 

The half-life of xylenes measured in groundwater from an anaerobic aquifer in Seal Beach, California was 

approximately 25 days (Beller et al. 1995).  Xylene degradation metabolites observed by these authors 

included the methylated homologs of benzylsuccinic acid, benzylfumaric acid, and E-phenylitaconate 

(Beller 2000; Beller et al. 1995).  o-Xylene was anaerobically degraded by approximately 75–100% 

30 days in groundwater after it was injected into contaminated aquifers (Reusser et al. 2002).  Detection 

of methylbenzylsuccinic acid in the same wells following injection was additional evidence of xylene 

biodegradation.  Between 92 and 95% of xylene released from a gasoline spill at an underground storage 

tank site was degraded over a distance of 80 m from the spill location (Kao and Wang 2001).  The major 

removal process was biodegradation under iron-reducing conditions.  Thierrin et al. (1995) measured a 

half-life of 125–170 days for xylenes under anoxic groundwater conditions.  The first-order anaerobic 

biodegradation rate constants for o-, m-, and p-xylene were 0.028–0.11, 0.026–0.10, and 0.017–

0.067 week-1 (corrected for dilution), respectively, in an underground gasoline storage tank spill plume at 

the Sleeping Bear Dunes National Lakeshore in Michigan.  These rate constants correspond to half-lives 

of 7–25 weeks for o-xylene, 7–27 weeks for m-xylene, and 10–41 weeks for p-xylene (Wilson et al. 

1994).  Hunt et al. (1997) did not observe anaerobic biodegradation of xylenes at Sleeping Bear Dunes 

National Lakeshore and reported that this process may be hindered by the presence of acetate and other 

non-BTEX organic carbon.  These authors did observe anaerobic biodegradation of xylenes in 

groundwater at a site near Rocky Point, North Carolina.  Weidemeier et al. (1995a) concluded that BTEX 

was biodegraded both aerobically and anaerobically at two U.S. air force bases (AFB) (Hill AFB and 

Patrick AFB) with sulfite reduction being the primary removal mechanism at Hill AFB and 

methanogenesis being the primary removal mechanism at Patrick AFB.  Greater than 99% of xylene at 

the Hill AFB site was degraded after traveling 305 m downgradient from the contamination source.  Only 

38% of xylene (34% o-xylene, 60% m-xylene, and 21% p-xylene) at the Patrick AFB site was degraded 

after traveling 98 m downgradient from the contamination source.  Differences in the degradation rates 
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and half-lives reported in these studies are most likely due to differences in study conditions such as 

temperature, presence of oxygen, and presence of electron acceptors.  

6.3.2.3 Sediment and Soil 

If xylene is released to soil, the dominant removal process is expected to be volatilization.  However, in 

situations where volatilization is hindered, biodegradation is expected to be an important fate process. 

o-Xylene in vials containing unsaturated soil was biodegraded within 5 days after a lag period of 10 days 

(English and Loehr 1991).  However, subsequent additions of o-xylene to the soil were degraded without 

a lag period. The half-life after the sixth addition to the soil was less than 3 hours.  o- and p-Xylene 

applied to a soil microcosm at 3 μL/g (2.6 mg/g) were aerobically degraded in less than 25 days (Tsao et 

al. 1998).  CO2 production measured during the experiment ranged from approximately 35–65%.  

p-Xylene, at an initial concentration of 45 ppm, was completely degraded in natural potting soil 

microcosm in less than 27 days at 20 °C (Eriksson et al. 1999).  It was not degraded at 6 °C. 

Elshahed et al. (2001) reported that xylenes were degraded anaerobically in an aquifer microflora 

laboratory test under sulfate-reducing conditions, but not under methanogenic conditions.  m-Xylene was 

completely degraded in less than 25 days under sulfate-reducing conditions.  The authors proposed that 

the successive metabolites involved in the ultimate anaerobic degradation of xylenes are methylbenzyl­

succinic acid, toluic acid, phthalic acid, and benzoic acid (finally degraded to carbon dioxide). 

The first-order biodegradation rate constants for xylene calculated from data collected at a gasoline spill 

site in Beaufort, South Carolina ranged from 0.10 to 0.31 d-1 near the water table (Lahvis et al. 1999). 

These rates correspond to half-lives of 2–7 days.  Sovik et al. (2002) calculated first-order biodegradation 

rate constants of 0.1–0.11 d-1 for xylene applied to a lysimeter trench at the Gardermoen delta north of 

Oslo, Norway. These rates correspond to half-lives of 6–7 days. 

Total VOCs (including xylene) added to sewage sludge-amended fields were reduced to a concentration 

similar to that in control fields within 36 days in a plowed plot and within 8 days in a pasture plot (Wilson 

and Jones 1996; Wilson et al. 1997).  The half-lives calculated for o-xylene and m-/p-xylene were 7.6 and 

5.8 days, respectively, in the plowed plot and 0.7 and 0.3 days, respectively, in the pasture plot.  During a 

laboratory soil study conducted by these authors, 92.6% of the total VOC concentration was lost after 

65 days from an unsterilized treatment compared to 88.1% loss from a sterilized treatment.  This indicates 
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that abiotic factors, such as volatilization, are primarily responsible for this degradation, with 

biodegradation accounting for approximately 5% of the loss. 

6.4 LEVELS MONITORED OR ESTIMATED IN THE ENVIRONMENT  

Reliable evaluation of the potential for human exposure to xylene depends in part on the reliability of 

supporting analytical data from environmental samples and biological specimens.  Concentrations of 

xylene in unpolluted atmospheres and in pristine surface waters are often so low as to be near the limits of 

current analytical methods.  In reviewing data on xylene levels monitored or estimated in the 

environment, it should also be noted that the amount of chemical identified analytically is not necessarily 

equivalent to the amount that is bioavailable.  The analytical methods available for monitoring xylene in a 

variety of environmental media are detailed in Chapter 7. 

6.4.1 Air 

Since one of the largest sources of xylene release into the atmosphere is auto emissions, atmospheric 

concentrations are related to urbanization.  Ambient air concentrations of xylene in industrial and urban 

areas of the United States have been reported to range from 0.003 to 0.38 mg/m3 (1–88 ppb) (Merian and 

Zander 1982).  Median o-xylene concentrations calculated from a compilation of atmospheric data on 

organic chemicals were 0.41 μg/m3 (0.094 ppb) in rural/remote areas (114 observations), 5.2 μg/m3 

(1.2 ppb) in urban/suburban areas (1,885 observations), and 3.5 μg/m3 (0.81 ppb) in source-dominated 

areas (183 observations) (EPA 1983).  The median concentrations for the combined m- and p-isomers 

were 0.38 μg/m3 (0.088 ppb) in rural/remote areas (115 observations), 12 μg/m3 (2.8 ppb) in 

urban/suburban areas (1,911 observations), and 7.4 μg/m3 (1.7 ppb) in source-dominated areas 

(186 observations) (EPA 1983). Air samples in highly industrialized areas of Illinois (Chicago and East 

St. Louis) between 1986 and 1990 had mean concentrations of 3.9–16 μg/m3 (0.90–3.7 ppb) (for m- and 

p-xylene combined) and 2.9–3.3 μg/m3 (0.67–0.76 ppb) (for o-xylene and styrene combined).  Levels in 

rural areas of Illinois were 1.2 μg/m3 (0.28 ppb) (for m- and p-xylene combined) and 1.1 μg/m3 (0.25 ppb) 

(for o-xylene and styrene combined).  Paints (including automobile paint), chemical plants, and vehicle 

exhaust were the major sources of these chemicals (Sweet and Vermette 1992).  Concentrations of 

xylenes measured in outdoor air at various locations are listed in Table 6-5.  Based on these data, typical 

xylene concentrations in outdoor air range from 1 to 30 ppb. 

Air samples collected at 12 cities around the United States between 1979 and 1984 contained average 

concentrations of 1.0–10.2 ppb for m-/p-xylene and 0.3–4.2 ppb for o-xylene (Singh et al. 1985).  In 
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Table 6-5. Xylene Concentrations in Outdoor Air 

Type of Concentration (ppb) 

Location value o-Xylene m-/p-Xylene Total xylenesa Reference 

Urban  
 Urban/suburban Median 1.2 2.8 4 EPA 1983 

United States 
 Industrial/Urban Range — — 1–88b Merian and Zander 

United States 1982 
 Urban 12 U.S. Mean 0.3–4.2 1.0–10.2 — Singh et al. 1985 

cities 
39 U.S. cities Range 0.9–79 1.3–338 7.2c EPA 1989 
39 U.S. cities Median 8.0 20.0 28.0 Mohamed et al. 2002 
9 major U.S. cities Median 0.3–3.1 0.7–8.6 — Mohamed et al. 2002 
Chicago, East St. Mean 0.67–0.76d 0.9–3.7 — Sweet and Vermette 
Louis 1992 
Los Angeles Range 4–13 11–45 — Grosjean and Fung 

1984 
Las Vegas Range 0–1.1 0–0.46 — Tran et al. 2000 
Phoenix Mean 1.07 2.92 3.99 Zielinska et al. 1998 
Tucson Mean 0.46 1.21 1.67 Zielinska et al. 1998 
Columbus, Ohio Mean 0.31 0.82 1.1 Spicer et al. 1996 

Rural  
 Rural Median 0.094 0.088 0.18 EPA 1983 

United States 
 Rural Illinois Mean 0.25d 0.28 0.53d Sweet and Vermette 

1992 
Rural Arizona Mean 0.30, 0.43 0.82, 1.13 1.12, 1.56 Zielinska et al. 1998 

Mixed Locations 
25 sites in Mean 0.18 1.18e 1.36 Pratt et al. 2000 
Minnesota 
Southern Mean 1.7 4.5 6.2 Fraser et al. 2000 
California 

 Approximately Median 0.51 1.96e 0.51 EPA 1993; Kelly et al. 
100 U.S. locations 1994 

Remote 
Remote Arizona Mean 0.02 0.03 0.05 Zielinska et al. 1998 

 North Atlantic Mean 0.003 0.0068e 0.0098 Eichmann et al. 1979
 Indian Ocean Mean 0.00021 0.00028e 0.00049 Eichmann et al. 1980 

Pacific Ocean Range 0.01–0.77 <0.05–0.31 — Greenberg and 
Zimmerman 1984 
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Table 6-5. Xylene Concentrations in Outdoor Air 

Location 
 Brazilian 

Rainforest 

Type of 
value 
Range 

o-Xylene 
— 

Concentration (ppb) 
m-/p-Xylene Total xylenesa Reference 
— <0.05–0.12b Greenberg and 

Zimmerman 1984 

aUnless otherwise indicated, total xylene concentrations listed here are the sum of the o-xylene and m-/p-xylene 
concentrations. 
bRange of total xylenes reported in source 
cMedian total xylenes concentration reported in source
dIncludes styrene 
eSum of m- and p-xylene concentrations (reported separately in source) 
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1981, atmospheric concentrations of m-/p-xylene and o-xylene, measured at a downtown Los Angeles 

location, were 11–45 and 4–13 ppbv, respectively (Grosjean and Fung 1984).  Between 1984 and 1986, 

ambient air monitoring was conducted in 39 cities nationwide.  All three isomers of xylene were detected 

in all cities at a median concentration of 7.2 ppb (range, 1.3–338 ppb for m-/p-xylene and 0.9–79 ppb for 

o-xylene) (EPA 1989).  In 1990, o-xylene was measured at 4.2–6.9 μg/m3 (0.97–1.6 ppb) in ambient 

outdoor air in Atlanta, Georgia (EPA 1991a). 

o-Xylene and m-/p-xylene were detected in ambient air at Las Vegas, Nevada at concentrations of 0– 

4.6 and 0–2.0 μg/m3 (0–1.1 and 0–0.46 ppb), respectively (Tran et al. 2000).  Trost et al. (1997) reported 

urban air concentrations of o-xylene and m-/p-xylene of 0.5 and 1.2 ppbv, respectively, in Boston, 

Massachusetts, 0.5 and 0.9 ppbv, respectively, in Chicago, Illinois, 1.1 and 2.9 ppbv, respectively, in Los 

Angeles, California, and 18 and 38 ppbv, respectively, in Houston, Texas.  Mean concentrations of 

o-xylene and m-/p-xylene were 1.07 and 2.92 ppbv, respectively, in urban air from Phoenix, Arizona, 

0.46 and 1.21 ppbv, respectively, in urban air from Tucson, Arizona, 0.30 and 0.82 ppbv, respectively, in 

rural air from Payson, Arizona, 0.43 and 1.13 ppbv, respectively, in rural air from Casa Grande, Arizona, 

and 0.02 and 0.03 ppbv, respectively in remote mountain top air near Hillside, Arizona (Zielinska et al. 

1998).  The mean (maximum) concentrations of o-xylene and m-/p-xylene in 142 air samples collected in 

the Columbus, Ohio area were 0.31 ppb (1.22 ppb) and 0.82 ppb (3.88 ppb), respectively (Spicer et al. 

1996).  Concentrations of xylenes in snow samples collected in Denver, Colorado during February, 1995 

were <10, 86, 47, 32, and 38 ng/L (Bruce and McMahon 1996).  Mohamed et al. (2002) reported median 

o-xylene and m-/p-xylene concentrations of 8.0 and 20.0 ppb, respectively, measured in the air of 39 U.S. 

cities. Median o-xylene and m-/p-xylene concentrations reported for nine major U.S. cities were 0.3– 

3.1 and 0.7–8.6 ppb, respectively.   

The mean and median concentrations of xylenes in air samples collected at 25 sites across Minnesota were 

0.79 and 0.5 μg/m3 (0.18 and 0.12 ppb), respectively, for o-xylene, 2.94 and 1.87 μg/m3 (0.686 and 0.43 ppb), 

respectively, for m-xylene, and 2.11 and 1.36 μg/m3 (0.49 and 0.31 ppb), respectively, for p-xylene (Pratt et 

al. 2000).  The observed ambient mean concentrations of o-xylene and m-/p-xylene in Southern California 

based on data from Los Angeles, Azusa, and Claremont, California were 7.3 and 19.6 μg/m3 (1.7 and 

4.5 ppb), respectively (Fraser et al. 2000).  EPA (1993) and Kelly et al. (1994) reported the ambient air 

concentrations of o-, m-, and p-xylene that were measured in 104, 98, and 102 U.S. locations, respectively. 

Median concentrations were 2.2 μg/m3 (0.51 ppb) in 8,542 samples for o-xylene, 4.2 μg/m3 (0.97 ppb) in 

8,431 samples for m-xylene, and 4.3 μg/m3 (0.99 ppb) in 3,597 samples for p-xylene. 
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Mean concentrations of o-xylene and m-/p-xylene measured in vehicle tunnels were 61.79 and 148.04 ppb 

carbon, respectively, in the Caldecott tunnel of San Francisco, California, 17 and 34 μg/m3 (3.9 and 

7.8 ppb), respectively, in the Craeybeckx tunnel in Antwerp, Belgium, 39.6 and 69.8 μg/m3 (9.12 and 

16.1 ppb), respectively, in the Zefun tunnel of Taipei, Taiwan, and 74.4 and 104.0 μg/m3 (17.1 and 

24.0 ppb) respectively, in the Lishin motorcycle tunnel of Taipei, Taiwan (De Fré et al. 1994; Hsieh et al. 

1999; Zielinska and Fung 1994). 

 

Mean in-vehicle concentrations of o-xylene and m-/p-xylene reported by Leung and Harrison (1999) for 

several locations in the United States were 2.5 and 2.7 ppb, respectively, in Birmingham, Alabama, 

1.7 and 4.8 ppb, respectively, during the winter in Boston, Massachusetts, 2.6 and 7.1 ppb, respectively, 

during the summer in Raleigh, North Carolina, and 2.1 and 5.5 ppb, respectively, during the winter in 

New Jersey.  The mean and range of xylene concentrations measured in the cabins of automobiles with 

gasoline engines in Germany were 6.2 and 1.4–22.6 μg/m3 (1.4 and 0.3–5.2 ppb), respectively, for 

o-xylene and 19.1 and 3.9–66.3 μg/m3 (4.4 and 0.9–15 ppb), respectively, for m-/p-xylene (Ilgen et al. 

2001c).  The mean and range of xylene concentrations in the cabins of automobiles with diesel engines 

were 2.7 and 1.0–5.9 μg/m3 (0.6 and 0.2–1.4 ppb), respectively, for o-xylene and 7.9 and 3.2–15.2 μg/m3 

(1.8 and 0.7–3.5 ppb), respectively, for m-/p-xylene.  Mean in-vehicle concentrations during suburban 

New Jersey-New York City commutes were 10.1 μg/m3 (2.33 ppb) for o-xylene and 22.5 μg/m3 

(5.18 ppb) for m-/p-xylene with high ventilation and 14.5 μg/m3 (3.34 ppb) for o-xylene and 34.6 μg/m3 

(7.97 ppb) for m-/p-xylene with low ventilation.  The mean (range) xylene concentration measured in the 

air inside patrol cars was 4.5 ppb (1.4–12.1 ppb) compared to a concentration of 1.0 ppb (0.04–2.4 ppb) in 

air at an ambient site and 1.0 ppb (0.4–1.9 ppb) in roadside air (Riediker et al. 2003). 

 

Chan et al. (1994) reported the concentrations of VOCs that commuters were exposed to in Taipei, 

Taiwan during the spring of 1992.  The mean, median, and maximum concentrations of o-xylene were 95, 

90, and 265 μg/m3 (22, 21, and 61 ppb), respectively, in the bus, 161, 140, and 405 μg/m3 (37, 32, and 

93 ppb), respectively, in the car, and 244, 225, and 467 μg/m3 (56, 52, and 108 ppb), respectively, on a 

motorcycle.  The mean, median, and maximum concentrations of m-/p-xylene were 149, 141, and 

480 μg/m3 (34, 32, and 111 ppb), respectively, in the bus, 240, 212, and 479 μg/m3 (55, 49, and 110 ppb), 

respectively, in the car, and 362, 350, and 698 μg/m3 (83, 81, and 161 ppb), respectively, on a motorcycle. 

 

Jo and Choi (1996) reported higher concentrations of xylenes in urban vehicles compared to suburban 

vehicles during commutes in Korea.  Mean, median, and maximum concentrations of o-xylene were 22.8, 

17.7, and 90.1 μg/m3 (5.2, 4.1, and 21 ppb), respectively, in urban automobiles and 16.6, 12.4 and 
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65.6 μg/m3 (3.8, 2.9, and 15 ppb), respectively, in urban buses.  Mean, median, and maximum 

concentrations of m-/p-xylene were 28.9, 23.2, and 82.7 μg/m3 (6.7, 5.3, and 19 ppb), respectively, in 

urban automobiles and 23.1, 16.3, and 64.3 μg/m3 (5.3, 3.8, and 15 ppb), respectively, in urban buses.  

Mean, median, and maximum concentrations of o-xylene were 13.1, 11.0, and 33.9 μg/m3 (3.0, 2.5, and 

7.8 ppb), respectively, in suburban automobiles and 9.5, 7.5, and 36.4 μg/m3 (2.2, 1.7, and 8.4 ppb), 

respectively, in suburban buses.  Mean, median, and maximum concentrations of m-/p-xylene were 18.6, 

14.9, and 47.0 μg/m3 (4.3, 3.4, and 11 ppb), respectively, in suburban automobiles and 12.5, 9.8, and 

34.2 μg/m3 (2.9, 2.3, and 7.9 ppb), respectively, in urban buses. 

Xylene has also been detected in remote locations.  Average background levels of o-, m-, and p-xylene, 

measured over the North Atlantic in 1977, were 13, 21, and 9.2 ng/m3 (0.003, 0.0048, and 0.002 ppb), 

respectively (Eichmann et al. 1979).  Similar measurements over the Indian Ocean gave average 

concentrations of 0.9, 1.1, and 0.15 ng/m3 (0.21, 0.25, and 0.03 ppt), respectively (Eichmann et al. 1980), 

while over the Pacific Ocean, concentrations ranged from below the detection limit (0.05 ppbv) to 

0.31 ppbv for m- and p-xylene and from 0.01 to 0.77 ppbv for o-xylene (Greenberg and Zimmerman 

1984).  All three xylene isomers were detected in the air of the Brazilian rainforest in 1979–1980, at 

concentrations ranging from below the detection limit (0.05 ppbv) to 0.12 ppbv (Greenberg and 

Zimmerman 1984).  The concentrations of o-xylene and the combination of m- and p-xylene measured in 

Antarctic snow collected near the coast of the Ross Sea ranged from 1 to 80 ng/L and from 8 to 198 ng/L, 

respectively (Desideri et al. 1994, 1998).  It is unlikely that xylenes were carried to these locations by 

long-range atmospheric transport since the half-life of these substances in air is 8–14 hours.  One 

explanation given for the presence of xylenes in the remote oceanic locations was that they were being 

released in marine aerosols from contaminated ocean water (Desideri et al. 1994, 1998; Eichmann et al. 

1979, 1980).  However, sources of this marine contamination were not identified. 

Recent studies have indicated that xylene is also a common but low contaminant of indoor air both at 

home and in the workplace.  Xylene concentrations measured in indoor air are listed in Table 6-6.  Based 

on these data, the concentrations of xylene in indoor air typically range from 1 to 10 ppb. 

Concentrations of m- and p-xylene measured in homes at 15 locations in the United States ranged from 

10 to 47 μg/m3 (2.3–10.8 ppb) (Seifert and Abraham 1982).  Similar results were reported during a 1981 

study of the correlation between breath concentration and personal and outdoor air concentrations of 

350 New Jersey residents (Wallace et al. 1986).  The weighted median indoor air concentrations of 

o-xylene and the combined m- and p-xylene isomers were 4.9 and 14 μg/m3 (1.1 and 3.2 ppb), 
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Table 6-6. Xylene Concentrations in Indoor Air 

Concentration (ppb) 
Type of m-/p- Total 

Location value o-Xylene Xylene xylenesa Reference 
U.S. Locations 

15 homes Range — 2.3–10.8 — Seifert and Abraham 
1982 

Homes of 350 New Jersey Median 1.1 3.2 4.3 Wallace et al. 1986 
residents 
Homes of 36 students in Kinney et al. 2002 
New York City


Summer Mean 0.52 1.48 2.0 


Winter (30 students) Mean 0.77 2.40 3.2 

Library of Congress in Mean 0.7 1.7b 2.4 b NIOSH 1990a 

Washington, DC 

50 “normal” houses Median 0.41 1.3b 1.71b Kostiainen 1995 


7 “sick” houses Median 0.77 2.2b 2.97b Kostiainen 1995 


 “Sick” building Range 0.99–1.6 2.8–5.1 — Weschler et al. 1990 
Office buildings in United Shields et al. 1996 
States 

50 telecommunications Geometric 0.65c 0.99 1.64c


offices mean 

9 data centers Geometric 1.1c 1.5 2.6c


mean 

11 administrative Geometric 0.81c 1.11 1.92c


offices mean 

Canadian homes 	 Fellin and Otson 1994 
 Winter (185 homes) Mean 0.94 3.72d 4.66 

Spring (178 homes) Mean 1.59 4.73d 6.32 
 Summer (197 homes) Mean 0.70 2.43d 3.13 

Fall (194 homes) Mean 1.89 8.10d 9.99 
U.K. Indoor locations 	 Kim et al. 2001 
 64 homes Mean 0.44 1.64d 2.08 
 12 offices Mean 0.41 1.08d 1.49 

6 restaurants, 6 pubs Mean 1.4, 1.6 5.1, 5.7d 6.5, 7.3 
8 department stores, Mean 0.81, 1.4, 2.81, 4.9, 3.62, 6.3, 
6 cinemas, 3 perfume 0.55 1.91d 2.46 

shops 


 6 libraries Mean 0.76 2.81d 3.57 


 8 labs Mean 0.18 0.58d 0.76 
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Table 6-6. Xylene Concentrations in Indoor Air 

Concentration (ppb) 
Type of m-/p- Total 

Location value o-Xylene Xylene xylenesa Reference 

German homes Ilgen et al. 2001 
 Rural homes (summer) Mean 0.16 0.744 0.904 
 Rural homes (winter) Mean 0.36 1.1 1.46 

Urban homes (summer) Mean 0.36 1.09 1.45 
Urban homes (winter) Mean 0.64 1.91 2.55 

aUnless otherwise indicated, total xylene concentrations listed here are the sum of the o-xylene and m-/p-xylene 

concentrations. 

bDoes not include m-xylene concentration because it was not reported in the source. 

cIncludes styrene 

dSum of m- and p-xylene concentrations (reported separately in source) 
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respectively. Breath concentrations showed significant correlation with personal air concentrations but 

only weak correlation with outdoor air concentrations.  Concentrations in indoor air were usually higher 

than in outdoor air, indicating that the source of the xylene was building materials or household products 

(e.g., cleaning agents) (Wallace et al. 1986, 1987b). However, in areas where heavy automotive traffic 

has increased outdoor xylene concentrations, ventilating homes by leaving windows open may actually 

result in additional increases in indoor xylene levels (Hung and Liao 1991).  That indoor sources of 

xylene contribute significantly to the levels of these chemicals in interior spaces was also demonstrated in 

an indoor air monitoring study conducted in February and March 1989 on the premises of the Library of 

Congress in Washington, DC.  p-Xylene and o-xylene were present at mean levels of 7.2 μg/m3 (1.7 ppb) 

and 3.2 μg/m3 (0.7 ppb) in indoor air and 3.2 μg/m3 (0.7 ppb) and 1.2 μg/m3 (0.3 ppb) in outdoor air, 

respectively (NIOSH 1990a). 

Analysis of a building with "sick building syndrome" in the summer of 1987 showed significant 

differences in the concentrations of xylenes in indoor and outdoor air.  Combined m- and p-xylene 

concentrations were 12–22 μg/m3 (2.8–5.1 ppb) and 3.9 μg/m3 (0.9 ppb) for indoor and outdoor air, 

respectively, while o-xylene concentrations were 4.3–6.8 μg/m3 (0.99–1.6 ppb) for indoor air and 

2.8 μg/m3 (0.64 ppb) for outdoor air.  Higher levels of the xylenes were detected during autumn for indoor 

but not outdoor samples.  Potential sources were tobacco smoke and other consumer products including 

carpet adhesive (Weschler et al. 1990).  Kostianen (1995) measured the concentrations of VOCs in the 

indoor air of 50 “normal” houses and 38 “sick” houses.  Median concentrations of o-xylene and p-xylene 

in the “normal” houses were 1.8 and 5.77 μg/m3 (0.41 and 1.3 ppb), respectively. Concentrations were 

only provided for 7 of the 38 “sick” houses.  o-Xylene concentrations in these houses ranged from 1.74 to 

1,100 μg/m3 (0.40–253 ppb) with median and geometric mean values of 3.35 and 8.74 μg/m3 (0.77 and 

2.01 ppb), respectively.  p-Xylene concentrations ranged from 5.46 to 2,240 μg/m3 (1.26–516 ppb) with 

median and geometric mean values of 9.53 and 23.9 μg/m3 (2.20 and 5.51 ppb), respectively. 

Ilgen et al. (2001b) measured geometric mean o-xylene and m-/p-xylene concentrations of 0.68 and 

3.23 μg/m3 (0.16 and 0.744 ppb), respectively, in German rural homes and 1.56 and 4.74 μg/m3 (0.36 and 

1.09 ppb), respectively, in German urban homes during the summer.  Winter o-xylene and m-/p-xylene 

concentrations were 1.57 and 4.97 μg/m3 (0.36 and 1.1 ppb), respectively, in the rural homes, and 

2.78 and 8.27 μg/m3 (0.64 and 1.91 ppb), respectively, in the urban homes. 

Fellin and Otson (1994) measured seasonal indoor air concentrations of VOCs in Canadian homes during 

1991.  The mean concentrations of o-, m-, and p-xylene were 4.09, 11.21, and 4.96 μg/m3 (0.94, 2.58, and 
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1.14 ppb), respectively, in 185 homes during the winter, 6.89, 13.17, and 7.38 μg/m3 (1.59, 3.03, and 

1.70 ppb), respectively, in 178 homes during the spring, 3.03, 6.81, and 3.73 μg/m3 (0.698, 1.57, and 

0.86 ppb), respectively, in 197 homes during the summer, and 8.19, 26.03, and 9.12 μg/m3 (1.89, 6.00, 

and 2.10 ppb), respectively, in 194 homes during the fall. 

Graham et al. (2004) studied the effect of vehicle emission infiltration from an attached garage on the 

concentrations of VOCs in house air. The median levels of xylenes measured in 15 Canadian homes 

before and after running a warm vehicle in the garage during the afternoon were 18 and 34.5 ng/L, 

respectively. Median levels in these houses before and after running the vehicles following a cold start in 

the morning were 22.1 and 47.8 ng/L, respectively.  Median concentrations of xylenes measured in the 

garage were 274 ng/L after running the vehicles in the afternoon and 1,001 ng/L after running the vehicles 

in the morning. 

The mean concentrations of o-xylene and m-/p-xylene were 1.52 and 4.46 μg/m3 (0.350 and 1.03 ppb), 

respectively, in the home outdoor air and 3.36 and 10.4 μg/m3 (0.774 and 2.40 ppb), respectively, in the 

home indoor air of 36 students from west central Harlem in New York City during the winter (Kinney et 

al. 2002).  o-Xylene and m-/p-xylene concentrations during the summer were 2.00 and 5.77 μg/m3 

(0.461 and 1.33 ppb) respectively, in the home outdoor air and 2.27 and 6.44 μg/m3 (0.523 and 1.48 ppb), 

respectively, in the home indoor air of 30 students from this area.  Mean o-xylene and m-/p-xylene 

concentrations measured in the personal air of the students were 2.24 and 6.71 μg/m3 (0.516 and 

1.55 ppb), respectively, during the winter and 3.93 and 10.9 μg/m3 (0.906 and 2.51 ppb), respectively, 

during the summer. 

Jo et al. (2003) did not observe a large difference in xylene indoor air concentrations at high apartment 

floors compared to the air at low floors.  In contrast, the concentrations of other chemicals such as methyl 

tertiary butyl ether, toluene, and benzene were higher in the air at the lower floors.  Median o-xylene and 

m-/p-xylene concentrations were 4.6 and 13.1 μg/m3 (1.1 and 3.02 ppb), respectively, in air from low 

floors compared to 4.8 and 14.2 μg/m3 (1.1 and 3.27 ppb), respectively, in air from high floors.  The type 

of ventilation used in the apartment buildings was not indicated. 

Ilgen et al. (2001b) reported that xylene concentrations in the indoor air of homes dramatically increased 

after redecoration, painting, and varnishing.  Elevated o-xylene and m-/p-xylene levels attributed to these 

activities ranged from 11.2 to 103.8 μg/m3 (2.6–23.9 ppb) and from 28.5 to 352.4 μg/m3 (6.6–81 ppb), 

respectively, compared to normal levels ranging from 0.7 to 1.4 μg/m3 (0.16–0.32 ppb) and from 2.6 to 
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5.9 μg/m3 (0.60–1.4 ppb), respectively.  Leung and Harrison (1998) reported xylene concentrations 

measured in various microenvironments.  Values were highest in the painted room and traffic tunnel 

microenvironments with mean o-xylene concentrations of 9.0 and 5.1 ppb, respectively, and mean 

m-/p-xylene concentrations of 24.6 and 22.7 ppb, respectively. 

In the United Kingdom, Kim et al. (2001) measured xylene concentrations in the air of 64 homes, 

12 offices, 6 restaurants, 6 pubs, 8 department stores, 6 cinemas, 3 perfume shops, 6 libraries, and 8 labs.  

Mean concentrations at these locations were 0.8–6.9 μg/m3 (0.18–1.6 ppb) for o-xylene, 1.9–18.3 μg/m3 

(0.44–4.2 ppb) for m-xylene, and 0.6–6.5 μg/m3 (0.14–1.5 ppb) for p-xylene.  Mean concentrations 

reported for each location are listed in Table 6-6. These authors also measured xylene in the air of 

12 train stations, 12 coach stations, 12 trafficked roads, 18 trains, 18 busses, and 35 cars.  Xylene levels 

were highest in the cars, with mean concentrations of 54.2, 127.2, and 52.5 μg/m3 (12.4, 29.3, and 

12.1 ppb) for o-, m-, and p-xylene, respectively.  Mean concentrations at the other locations were 3.5– 

13.2 μg/m3 (0.81–3 ppb) for o-xylene, 10.1–32.3 μg/m3 (2.3–7.4 ppb) for m-xylene, and 3.5–11.6 μg/m3 

(0.81–2.7 ppb) for p-xylene. 

Shields et al. (1996) measured the VOC concentrations in the air of 70 outdoor locations, 50 telecom­

munications offices, 11 administrative offices, and 9 data centers throughout the United States.  The 

geometric mean concentrations of m-/p-xylene at these locations were 2.7, 4.3, 4.6, and 6.7 μg/m3 (0.62, 

0.99, 1.1, and 1.5 ppb), respectively. The geometric mean concentrations of o-xylene (reported in 

combination with styrene) at these locations were 1.4, 2.8, 3.5, and 4.8 μg/m3 (0.32, 0.65, 0.81, and 

1.1 ppb) respectively.  The concentration of o-xylene and m-/p-xylene measured in the air of three 

photocopy centers ranged from 0.5 to 16.8 ppb and from 0.7 to 9.4 ppb, respectively (Stefaniak et al. 

2000).  The concentrations of xylene in 22 air samples collected from nonproduction departments of 

6 pulp, paper, and paper product mills ranged from <1 to 82 ppm with mean and median concentrations of 

23 and 17 ppm, respectively (Teschke et al. 1999). 

6.4.2 Water 

Limited monitoring data are available on ambient concentrations of xylenes in surface waters. In view of 

the rapid volatilization of xylenes, their presence in surface waters is unlikely to be significant.  Surface 

waters generally contain average xylene concentrations of <1 ppb total xylenes except in areas where 

there are fuel processing activities, such as petroleum refining (ECETOC 1986; Otson et al. 1982b; Sauer 
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et al. 1978). Typical surface water concentrations range from not detected to 2 μg/L (ppb) (Otson et al. 

1982b; Sauer et al. 1978). 

According to 1999–2005 nationwide U.S monitoring data from the STORET database, mixed xylenes 

were detected in 1,252 out of 9,189 water samples with a median (range) concentration of 5.5 μg/L (ppb) 

(0.05–75,000 μg/L [ppb]) (EPA 2005h). o-Xylene was detected in 414 out of 3,623 STORET water 

samples with a median (range) concentration of 0.32 μg/L (ppb) (0.001–2,400 μg/L [ppb]).  m-Xylene 

was detected in 76 out of 532 STORET water samples with a median (range) concentration of 0.5 μg/L 

(ppb) (0.02–2.18 μg/L [ppb]).  p-Xylene was detected in 73 out of 526 STORET water samples with a 

median (range) concentration of 0.5 μg/L (ppb) (0.01–2 μg/L [ppb]).  m-/p-Xylene was detected in 

358 out of 3,147 STORET water samples with a median (range) concentration of 0.53 μg/L (ppb) (0.004– 

4,300 μg/L [ppb]). 

The concentrations of o-xylene measured in estuarine water from Humber, Tyne, Wear, and Tweed, 

United Kingdom were all <10 ng/L (ppt); however, o-xylene was detected at Tees, United Kingdom at 

concentrations up to 1,340 ng/L (ppt) (Dewulf and Van Langenhove 1997).  This high concentration of 

o-xylene was attributed to the use of this isomer as an intermediate in the production of phthalic 

anhydride.  Concentrations of o-xylene and the combination of m- and p-xylene in estuarine water from 

Sheldt, Netherlands/Belgium were 21.0 and 23.0 ng/L (ppt), respectively.  Mixed xylenes have been 

detected in estuarine water from Brazos, United States at concentrations ranging from 1 to 56 ng/L (ppt). 

Xylenes have been detected in beach, bay, shelf sea, and coastal waters in locations around the world.  

o-Xylene concentrations were 1.8–42 ng/L (ppt) at Vineyard Sound, United States, 210 ng/L (ppt) at La 

Pineda, Spain, 0.3–10.1 ng/L (ppt) at the Gulf of Mexico, 4.0 ng/L (ppt) at Vilanova/Sitges, Spain, 

6.1 ng/L (ppt) at Barcelona, Spain, <1–13 ng/L (ppt) at the Campeche Shelf, <10–35 ng/L (ppt) at the 

North Sea, and 9.8–11.9 ng/L (ppt) at the Belgian Continental Shelf. The concentrations of m-/p-xylene 

at these locations were 2.5–66, 34, 27–24.4, 72, 15, 22–59, <10–50, and 11.0–15.1 ng/L (ppt), 

respectively. The concentration of o-xylene was <10 ng/L (ppt) in water samples from five coastal 

locations in the United Kingdom. 

Xylenes were detected in stormwater samples collected from basins around the state of North Carolina at 

mean, median, and maximum concentrations of 0.15, 0.08, and 2.37 μg/L (ppb), respectively, for 

o-xylene and 0.14, 0.09, and 1.62 μg/L (ppb), respectively, for m-/p-xylene (Borden et al. 2002).  

Concentrations of detected xylene in 592 stormwater samples from 16 cities and metropolitan areas across 
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the United States ranged from 0.2 to 15 μg/L (ppb) with a median concentration of 0.4 μg/L (ppb) 

(percent detected not reported) (Delzer et al. 1997). 

Data on the occurrence of xylene in public drinking water supplies are available from several federal, 

regional, and state surveys (EPA 1985a).  In most cases, <6% of the groundwater and surface water 

systems sampled contained detectable levels of xylenes (EPA 1985a).  Typical xylene concentrations (all 

isomers) ranged from 0.2 to 9.9 μg/L (ppb) with mean concentrations of <2 μg/L (ppb) (EPA 1985a; 

Keith et al. 1976; Williams et al. 1982).  The Unregulated Contaminant Information System (URCIS) 

database round 1 contains public water system contaminant data for a 24-state cross-section (EPA 2001a).  

o-Xylene was detected in 2.41% of 1,450 surface water public water systems and 1.69% of 12,638 

groundwater public water systems.  m-Xylene was detected in 2.12% of 1,276 surface water public water 

systems and 1.47% of 10,145 groundwater public water systems. p-Xylene was detected in 2.36% of 

1,230 surface water public water systems and 1.49% of 8,956 groundwater public water systems.  Total 

xylenes were detected in 10.75% of 670 surface water public water systems and 2.51% of 8,841 

groundwater public water systems.  The 99th percentile concentrations of o-, m-, p-, and total xylenes for 

the round 1 data were <5.0, <4.0, <5.0, and 0.6 μg/L (ppb), respectively.  The California EPA Office of 

Drinking Water quality-monitoring database contains drinking water contaminant data for both surface 

water and groundwater sources throughout the state of California (Storm 1994).  According to these data, 

xylene has been detected in 23 out of 11,589 California public drinking water sources (0.2%) with mean 

and median detected concentrations of 22.91 and 3.80 μg/L (ppb), respectively. 

The migration of petroleum products from leaking underground storage tanks and pipelines poses a 

groundwater contamination problem.  Gasoline-contaminated groundwater in Los Angeles contained 

levels of xylenes as high as 153 μg/L (ppb) (Karlson and Frankenberger 1989).  Contaminated 

groundwater from a New Jersey industrial site contained xylenes at a concentration of 3.68 mg/L (ppm) 

(Adey et al. 1996). 

The concentration of o-xylene in groundwater collected from a sampling well at a crude oil spill site in 

north central Minnesota was 269 μg/L (ppb) (Eganhouse et al. 1996).  The concentrations of total xylenes 

detected in the leachate plume of a closed landfill in Norman, Oklahoma were 0–1 μg/L (ppb) 

(Eganhouse et al. 2001).  The concentration of xylenes measured in groundwater from a hydrocarbon-

contaminated site in Southern California was 1,010 μg/L (ppb) (Kent and Spycher 1994).  The 

concentrations of m-xylene and the combination of o- and p-xylene measured at the Biscayne Aquifer 

Superfund site study area were 20 and 23 μg/L (ppb), respectively (Canter and Sabatini 1994). 
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Seventeen out of 338 water samples collected from four sites in Iowa using drain tiles, observations wells, 

or lysimeters contained xylene with a mean concentration of 3.0 μg/L (ppb) and a maximum 

concentration of 5 μg/L (ppb) (Wang et al. 1995).  Xylenes were detected above a minimum detection 

limit of 0.2 μg/L (ppb) in approximately 15% of groundwater samples collected from 30 wells located 

throughout the Denver, Colorado area with a maximum concentration of 33 μg/L (ppb) (Bruce and 

McMahon 1996). During the National Water Quality Assessment Program of the U.S. Geological 

Survey, mixed xylenes were detected above a reporting level of 0.2 μg/L (ppb) in 2.2% (9 of 406) of 

urban wells with median and maximum detected concentrations of approximately 2 and 50 μg/L (ppb), 

respectively (Kolpin et al. 1997; Squillace et al. 1999).  Mixed xylenes were detected above 0.2 μg/L 

(ppb) in 0.9% (23 of 2,542) of rural wells with median and maximum detected concentrations of 

approximately 0.5 and 200 μg/L (ppb), respectively.  Concentrations of xylenes measured in groundwater 

are listed in Table 6-7. 

Concentrations of o-xylene and the combination of m- and p-xylene in Antarctic pack ice located at the 

coast of the Ross Sea range from 10 to 20 ng/L (ppt) and from 29 to 54 ng/L (ppt), respectively (Desideri 

et al. 1998). 

6.4.3 Sediment and Soil 

Although several investigators (Aurelius and Brown 1987; Barbee and Brown 1986; Griffin et al. 1984) 

refer to leaching of xylene from waste disposal sites as a source of xylene levels in groundwater samples, 

little data are available on actual measurements of xylene in soil.  The rapid volatilization of this chemical 

makes its presence in surface soils unlikely.  According to 1999–2005 nationwide U.S. monitoring data 

from the STORET database, mixed xylene was detected in 90 out of 528 soil samples with a median 

(range) concentration of 0.038 mg/kg (0.001–190 mg/kg) (EPA 2005h). 

The concentrations of o-xylene and m-/p-xylene ranged from <0.05 to 3.2 ng/g (ppb) (mean 0.89 ng/g 

[ppb]) and from 0.08 to 5.2 ng/g (ppb) (mean 1.4 ng/g [ppb]) in sediment samples collected from seven 

rivers and a port located in the Niigata Perfecture, Japan (Kawata et al. 1997).  The concentration of 

xylenes measured in an aquifer matrix from a hydrocarbon-contaminated site in Southern California was 

5,300 μg/kg (ppb), respectively (Kent and Spycher 1994).  According to 1999–2005 nationwide U.S. 

monitoring data from the STORET database, mixed xylene was detected in 14 out of 165 sediment 

samples with a median (range) concentration of 0.087 mg/kg (0.001–41 mg/kg) (EPA 2005h). 
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Table 6-7. Xylene Concentrations in Groundwatera 

Percent Positive concentration (ppb) 
Location detected Mean Median Maximum Reference 
General surveys 

4 sites in Iowa 5 3.0 — 10,000 Wang et al. 1995 
30 wells around 15 — — 33 Bruce and McMahon 1996 
Denver, Colorado 
406 urban U.S. wells 2.2 — 2.0 50 Squllace et al. 1999 
2,542 rural U.S. wells 0.9 — 0.5 200 Squllace et al. 1999 

Individual contaminated 
sites 

Los Angeles site — — — 153 Karlson and 
(gasoline Frankenberger 1989 
contamination) 
New Jersey industrial — 3,680b — — Adey et al. 1996 
site 
Minnesota crude oil — 269c — — Eganhouse et al. 1996 
spill site 
Leachate from closed — — — 1 Eganhouse et al. 2001 
Oklahoma landfill 

 Southern California — 1,010b — — Kent and Spycher 1994 
site 

 Biscayne Aquifer — 43d — — Canter and Sabatini 1994 
Superfund site 

aReported in sources as concentrations of xylene unless otherwise specified 

bValue reported by source as single concentration of xylenes at that site  

cValue reported by source as single concentration of o-xylene at that site (m- and p-xylene not reported)

dValue is the sum of reported single o- and p-xylene concentrations at that site (m-xylene not reported) 
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6.4.4 Other Environmental Media 

Xylene has been detected in cigarette smoke, consumer products, and some foods.  The gas phase 

delivery of p-xylene in ultra-low tar delivery cigarette smoke ranges from <0.01 to 8 μg/cigarette, while 

the ranges for m- and o-xylene are <0.01–20 and <0.005–10 μg/cigarette, respectively (Higgins et al. 

1983).  Data were not located for regular strength or unfiltered cigarettes.  The 1,095 household products 

surveyed by the Consumer Product Safety Commission (Fishbein 1985) contained an average of 9.5% 

mixed xylene.  The largest number of products containing mixed xylene were household aerosols and 

paints, varnishes, shellac, and rust preventatives.  The concentrations of o-xylene measured in interior 

alkyd primer and three interior alkyd enamel paints were 1.39, 4.91, 5.48, and 6.92 mg/g (1,390, 4,910, 

5,480, and 6,920 ppm) (Fortmann et al. 1998).  The concentrations of p-xylene in these paints were 0.23, 

0.73, 1.45, and 1.36 mg/g (230, 730, 1,450, and 1,360 ppm). 

Xylene has been detected in distillates of rainbow trout and in carp tissue samples from three rivers not 

known to be contaminated (Hiatt 1983).  The estimated tissue concentrations of m- and p-xylene in 

rainbow trout and carp were 0.05 and 0.12 mg/kg (ppm), respectively (Hiatt 1983). 

Eggs, whether stored or used fresh, contained detectable levels of all three xylene isomers when 

scrambled (Matiella and Hsieh 1991).  The polystyrene packing case in which some of the eggs had been 

stored also contained detectable levels of the xylene.  Actual concentrations of o-, m-, and p-xylene were 

4.0, 7.0, and 3.0 ng/g (ppb), respectively, in supermarket eggs packed in polystyrene, 3.0. 8.0, and 

2.7 ng/g (ppb), respectively, in fresh eggs not stored, and 2.0, 3.0, and 1.3 ng/g (ppb), respectively, in 

fresh eggs stored in polystyrene for 2 weeks. 

o-Xylene was detected above 3.72 ppb in 32 of 234 table-ready food items analyzed during a Total Diet 

Study conducted by the FDA with an average concentration of 8.15 ppb (range 3.72–23.5 ppb) (Heikes et 

al. 1995).  m-/p-Xylene was detected in 64 out of the 234 food items with an average concentration of 

64 ppb (range 6.20–114 ppb).  The concentrations of o-xylene in sandwich cookies, margarine, butter, and 

cake doughnuts measured during this study were 6.31, 21.7, 12.5, and 23.5 ppb, respectively.  The 

concentrations of m- and p-xylene together in these foods were 12.9, 114, 54.8, and 35.0 ppb, 

respectively. 

The mean and range of m-/p-xylene concentrations were 0.24 and 0.01–0.75 ng/mL, respectively, in 

19 whole milk samples, 0.08 and 0.02–0.33 ng/mL, respectively, in eight 2% milk samples, and 0.27 and 
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0.01–0.56 ng/mL, respectively, in five 1% milk samples collected in Las Vegas, Nevada (Hiatt and Pia 

2004).  The mean and range of o-xylene concentrations were 0.18 and 0.01–0.62 ng/mL, respectively, in 

the whole milk samples, 0.08 and 0.02–0.29 ng/mL, respectively, in the 2% milk samples, and 0.21 and 

0.01–0.40 ng/mL, respectively, in the 1% milk samples. 

Both o- and m-xylene were detected in the aroma concentrates of cured beef (Ramarathnam et al. 1991) as 

well as in the volatile fraction of raw beef (King et al. 1993).  Only o-xylene was detected in cured 

chicken. None of the xylene isomers were detected in the uncured meat samples.  o-, m-, and p-Xylene 

have been detected in the headspace of frankfurter sausages at unspecified concentrations (Chevance and 

Farmer 1999).  Ho et al. (1983) identified o-xylene as a volatile flavor compound in fried bacon.  

o-Xylene has also been identified in the volatiles of fried chicken (Tang et al. 1983).  Wu and Liou (1992) 

measured reported o-, m-, and p-xylene concentrations of 1.85, 0.99, and 0.72 ppb, respectively, in duck 

meat, 14.91, 4.29, and 5.97 ppb, respectively, in duck fat, 1.90, 9.61, and 10.64 ppb, respectively, in 

Cantonese style roasted duck, and 10.29, 18.09, and 21.23 ppb, respectively, in Cantonese style duck 

gravy. 

The concentrations of o-, m-, and p-xylene were measured to be 132 ng/g (ppb), not detected, and 

79.4 ng/g (ppb), respectively, in Korean anchovy; 102 ng/g (ppb), 378 ng/g (ppb), and not detected, 

respectively in Korean big eyed herring; not detected, 124 ng/g (ppb), and not detected, respectively, in 

Korean hair tail viscera; and 58.6, 99.9, and 39.0 ng/g (ppb), respectively in Korean Shrimp pastes (Cha 

and Cadwallader 1995).  Chung (1999) reported measured o-, m-, and p-xylene concentrations of 31.4, 

53.8, and 36.0 μg/kg (ppb), respectively, in the leg meat of crabs (C. feriatus), 23.6, 40.1, and 2.8 μg/kg 

(ppb), respectively, in the body meat of the crabs, and 199.7, 329.4, and 234.6 μg/kg (ppb), respectively, 

in the carapace meat of the crabs.  Misharina and Golovnya (1992) also detected xylenes among the 

volatile components of shrimp and crabmeat.  o- and m-Xylene have been identified in the volatiles of 

cooked mussels (Leguen et al. 2000). 

Xylene (unspecified isomers) has been identified as a volatile component of Beaufort cheese from the 

French Alps (Dumont and Adda 1978).  o-, m-, and p-Xylene have been identified as volatile components 

of Idaho Russet Burbank baked potatoes, chickpea (Cicer arietinum L.) seed, and peaches (Coleman et al. 

1981, Rembold et al. 1989, Takeoka et al. 1988).  o-Xylene was detected in dry beans, split peas, and 

lentils at mean concentrations of 9 ppb (0–25 ppb), 8 ppb, and 3 ppb, respectively (Lovegren et al. 1979). 

Jenkins et al. (2004) found little difference in the mean concentrations of total xylenes in hazelnuts that 

had been previously treated with xylene compared to control hazelnuts that had not been treated (0.65– 
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1.43 ng/g [ppb] compared to 1.49 ng/g [ppb]).  o-, m-, and p-xylene have all been detected in the volatiles 

of roasted filberts (Kinlin et al. 1972). The concentration of p-xylene in three apricots and two plums 

ranged from not detected to 2 μg/kg (ppb) while concentrations of this substance ranged from not detected 

to 9 μg/kg (ppb) in their interspecific hybrid progeny (Gomez et al. 1993). 

6.5 GENERAL POPULATION AND OCCUPATIONAL EXPOSURE  

Because individual xylene isomers are used in large amounts in industrial settings, people who work at or 

live near these locations may receive a higher exposure to one xylene isomer compared to the other 

isomers.  However, since xylenes are present as a mixture in gasoline and in the solvent components of 

commonly used commercial products (paint, coatings, etc.), exposure of the general population is 

expected to be primarily to xylenes as a mixture, and not to the separate xylene isomers.  

The California Total Exposure Assessment Methodology (TEAM) Study conducted in 1984 in Los 

Angeles County (an urban area) and Contra Costa County (a rural area) monitored volatile organic 

compounds in ambient (outdoor) air, personal air, and breath samples for 188 people (Wallace et al. 

1988).  (Personal air is defined as air samples which were collected using a sampling vest worn by the 

participant with the pump and collection cartridge placed close to the breathing level.)  In Los Angeles, 

all three xylene isomers were detected in each air type; higher levels were measured during the winter for 

all air types and all xylene isomers compared with summer levels. Average concentrations (in μg/m3 

[ppb]) are listed in Table 6-8. 

Smoking was determined to be the major determinant for the presence of xylene in breath and personal 

air, with concentrations in the breath of smokers more than double those of nonsmokers.  Auto-related 

situations, such as pumping gasoline and exposure to exhaust, as well as type of employment also 

contributed significantly to increased concentrations of xylene in breath and personal air (Wallace et al. 

1988).  A second TEAM study in 1987, of the same Los Angeles families, showed similar trends in 

relative concentrations of xylene in personal, indoor, and outdoor air (Wallace et al. 1991).  Again, 

outdoor concentrations were lower than indoor concentrations which, in turn, were lower than personal air 

samples.  Mean xylene concentrations (in μg/m3 [ppb]) are listed in Table 6-9. 

Studies by Ashley et al. (1995) and Wallace et al. (1987a) supported the argument that xylene exposure is 

greater for individuals who smoke cigarettes.  The reported mean (median) concentrations of o-xylene 

and m-/p-xylene were 0.13 ng/mL (0.086 ng/mL) and 0.41 ng/mL (0.19 ng/mL), respectively, in the blood  
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Table 6-8. Average Personal Air, Outdoor Air, and Breath Concentrations 

Measured During the 1984 TEAM Study


Location 
Los Angeles 
(February)

Sample type 
Personal air 

 Outdoor air 
Breath 

m-/p-Xylene (ppb) 
28 (6.5) 
24 (5.5) 

3.5 (0.8) 

o-Xylene (ppb) 
13 (3.0) 
11 (2.5) 
1.0 (0.2) 

Los Angeles 
(June)

Personal air 
 Outdoor air 

Breath 

24 (5.5) 
9.4 (2.2) 
2.8 (0.6) 

7.2 (1.7) 
2.7 (0.6) 
0.7 (0.2) 

Contra Costa 
(June)

Personal air 
 Outdoor air 

Breath 

11 (2.5) 
2.2 (0.5) 
2.5 (0.6) 

4.4 (1.0) 
0.7 (0.2) 
0.6 (0.1) 

TEAM Study = The California Total Exposure Assessment Methodology Study 

Source: Wallace et al. 1988 
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Table 6-9. Average Personal Air, Indoor Air, Outdoor Air, and Breath 

Concentrations from the 1987 TEAM Study


Date Sample type m-/p-Xylene (ppb) o-Xylene (ppb) 
February Personal air 43 (9.9) 16 (3.7) 

Indoor 30 (6.9) 12 (2.8) 
 Outdoor 18 (4.2) 6.5 (1.5) 

Breath (median value) 2.5 (0.6) 0.8 (0.2) 

July Personal air 27 (6.2) 9.2 (2.1) 
Indoor 12 (2.8) 4.3 (1.0) 

 Outdoor 7.4 (1.7) 2.8 (0.6) 
Breath (median value) 0.7 (0.2) 0.25 (0.1) 

TEAM Study = The California Total Exposure Assessment Methodology Study 

Source: Wallace et al. 1991 
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of 126 nonsmokers and 0.18 ng/mL (0.14 ng/mL) and 0.53 mg/mL (0.42 mg/mL), respectively, in the 

blood of 42 smokers (Ashley et al. 1995).  The unweighted geometric mean concentrations of o-xylene 

and m-/p-xylene were 1.55 and 5.5 μg/m3, respectively, in the breath of 200 smokers in New Jersey and 

California compared to 0.8 and 2.1 μg/m3, respectively, in the breath of 322 nonsmokers from these 

locations (Wallace et al. 1987a). The unweighted geometric mean daytime personal air exposures of 

o-xylene and m-/p-xylene were 7.8 and 22 μg/m3, respectively, for the smokers and 6.5 and 16 μg/m3, 

respectively, for the nonsmokers.  The weighted geometric mean overnight indoor air concentrations of 

o- and m-/p-xylene were 5.5 and 14.9 μg/m3, respectively, in the homes of the smokers and 4.9 μg/m3 and 

13.4 μg/m3, respectively, in the homes of the nonsmokers.  Heavner et al. (1995, 1996), however, came to 

a different conclusion, reporting that there was no significant difference between xylene exposure in 

smoking and nonsmoking homes.  Median exposures reported for o-, m-, and p-xylene were 1.51, 3.61, 

and 1.11 μg day/m3, respectively, at the homes of 15 smokers and 1.63, 3.22, and 1.12 μg day/m3, 

respectively, at the homes of 35 nonsmokers.  It should be noted, however, that Heavner et al. (1995, 

1996) studied a relatively small subject population (49 subjects) compared to Ashley et al. (1995) 

(168 subjects) and Wallace et al. (1987a) (522 subjects). 

Individuals are expected to be exposed to xylenes by breathing the air inside homes and buildings since 

these substances are commonly found in indoor air.  Exposure may also arise from ingestion of 

contaminated drinking water.  Common activities identified with increased potential exposure include 

pumping gasoline, visiting service stations, traveling in a car, painting, scale model building, pesticide 

use, and smoking (Wallace et al. 1986, 1987b). 

Blood levels of o-xylene and m-/p-xylene were 0.080 and 0.32 μg/L, respectively, in 86 commuters from 

Mexico City, 0.082 and 0.24 μg/L, respectively, in 14 commuters from Stamford, Connecticut, 0.20 and 

0.44 μg/L, respectively, in 26 commuters from Fairbanks, Alaska, 0.045 and 0.14 μg/L, respectively, in 

19 commuters from Albany, New York, and 0.094 and 0.16 μg/L, respectively (Lemire et al. 2004). 

Jo and Moon (1999) studied the exposure of South Korean housewives who live near roadside service 

stations to VOCs. For housewives who lived within 30 m of a service station, mean o-, m-, and p-xylene 

concentrations were 9.8, 7.0, and 12.7 μg/m3 (2.3, 1.6, and 2.9 ppb), respectively, in indoor air, 6.0, 4.1, 

and 8.8 μg/m3 (1.4, 0.9, and 2.0 ppb), respectively, in outdoor air, and 3.3, 3.4, and 2.4 μg/m3 (0.8, 0.8, 

and 0.6 ppb), respectively, in breath samples.  For housewives who lived 60–100 m from a service 

station, mean o-, m-, and p-xylene concentrations were 12.2, 8.5, and 15.5 μg/m3 (2.8, 2.0, and 3.6 ppb), 

respectively, in indoor air, 3.7, 2.3, and 5.7 μg/m3 (0.9, 0.5, and 1.3 ppb), respectively, in outdoor air, and 
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4.1, 4.0, and 3.2 μg/m3 (0.9, 0.9, and 0.7 ppb), respectively, in breath samples.  The mean and range of 

concentration of xylenes that 25 individuals were exposed to while riding or operating an open sleigh 

snowmobile were 2.00 and <0.05–13.0 mg/m3 (0.5 and <0.1–3.0 ppb), respectively (Eriksson et al. 2003). 

Of 237 consumer products tested for m-xylene and 221 products tested for o- and p-xylene, 101 products 

contained m-xylene and 93 products contained o- and p-xylene at concentrations >0.1% weight (EPA 

1991b; Sack et al. 1992). The concentrations and percentage of positive detects are listed in Table 6-10. 

Based on the estimates of EPA (1983) of median atmospheric concentrations of (see Section 6.4.1) and 

assuming inhalation of 23 m3/day by a 70-kg adult, the daily o-xylene intakes from air for adults exposed 

to the median levels in rural, urban, and source-dominated areas would be 0.0001, 0.0017, and 

0.0012 mg/kg/day, respectively.  The median m- and p-xylene intakes would be 0.0001, 0.0039, and 

0.0024 mg/kg/day, respectively (EPA 1985a).  Assuming a typical ambient air xylene concentration of 

4.0 ppb, the average daily intake of xylene from air is estimated to be 353 μg (HSDB 2007). 

General population exposure to xylene can also occur through dermal contact with the many consumer 

products containing xylene, including cleaning solvents, insecticides, lacquers, paint thinners and 

removers, and pesticides (EPA 1985a; Fishbein 1985; Gleason et al. 1969).  Dermal absorption is 

reported to be minor following exposure to xylene vapor but may be significant following contact with 

the liquid (EPA 1985a).  The percutaneous absorption rate of m-xylene in humans is approximately 

2 μg/cm2/minute through the skin of the hands (Engstrom et al. 1977). 

Assuming a maximum concentration of total xylenes (m-, o-, and p-xylene) (1.5 mg/L) and a daily intake 

of 2 L of drinking water, the adult maximum daily intake for total xylenes through consumption of 

drinking water is estimated to be 3 mg/day or 0.04 mg/kg/day (EPA 1985a). 

Mean and median concentrations of o-xylene detected in 711 blood samples from participants in the Third 

National Health and Nutrition Examination Survey (NHANES III) were 0.14 and 0.11 ppb, respectively 

(Ashley et al. 1994, 1996). m- and p-Xylene were detected together in 649 blood samples with mean and 

median concentrations of 0.37 and 0.19 ppb, respectively.  o- and p-Xylene blood levels of 0.094 and 

0.16 μg/L (ppb), respectively, were reported for the nonsmoking subset (546 individuals) of participants 

in NHANES III (Lemire et al. 2004). 
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Table 6-10. Concentrations of Xylene in Consumer Products 

m-Xylene o-/p-Xylene 

Product Percent detected 
Concentration of 
xylene Percent detected 

Concentration of 
xylene 

Automotive 
products 
Household 

26.7 

33.3 

10.6 

1.4 

10.0 

0.0 

31.0 

0.0 
cleaners, polishers 
Paint-related 
products 
Fabric and leather 

60.3 

0.0 

4.2 

0.0 

58.2 

33.3 

2.8 

0.1 
treatments 
Oils, greases, and 
lubricants 

9.3 0.2 11.9 0.2 

Adhesive-related 
products 

9.1 0.2 9.1 0.2 

Source: Sack et al. 1992 
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The mean and range of xylene concentrations measured in whole blood specimens collected from 

250 hospital patients were 5.2 and 0.5–160 ppm (5,200 and 500–160,000 ppb), respectively (Antoine et 

al. 1986).  Mean and median concentrations of m-xylene measured in blood samples of 25 individuals 

living in Italy (including both smokers and non smokers) were 719 and 457 ng/L (0.719 and 0.457 ppb), 

respectively (Perbellini et al. 2002).  Mean and median m-xylene concentrations in the urine of these 

individuals were 106 and 96 ng/L (0.106 and 0.096 ppb), respectively.  The mean and range of xylene 

concentrations in the blood of the occupants of approximately 57 rural homes in northern Germany were 

229 and 71–1,113 ng/L (0.229 and 0.071–1.113 ppb), respectively, with corresponding indoor air 

concentrations of 9.29 and 3.64–54.64 ng/L (2.1 and 0.8–12.5 ppb) (Ilgen et al. 2001a).  The mean and 

range of xylene concentrations in the blood of the occupants of approximately 57 urban homes in northern 

Germany were 262 and 89–1,301 ng/L (0.262 and 0.089–1.301 ppb), respectively, with corresponding 

indoor air concentrations of 9.29 and 1.84–87.79 ng/L (2.1 and 0.4–20.2 ppb), respectively. 

Xylenes were detected in eight milk samples collected from mothers at hospitals in Bayonne, New Jersey; 

Jersey City, New Jersey; Pittsburgh, Pennsylvania; Baton Rouge, Louisiana; and Charleston, West 

Virginia (EPA 1980a). Concentrations in these samples were not reported. 

Occupational exposure to mixed xylenes may occur during their production as well as their end use as 

industrial solvents.  Occupational exposures result from inhalation or dermal exposure and are usually 

associated with process, storage, or fugitive emissions at petroleum chemical, paint, and plastics plants 

(Bratveit et al. 2004; Fishbein 1985, 1988).  Average daily intake of xylenes from individual occupational 

exposure sources has not been estimated.  Results of a study of solvent exposures in 1981 involving 

eighty-nine workers in seven plants of three companies applying paints and glues, primarily by spraying, 

showed that most solvent spraying activities surveyed showed only low-to-moderate exposures to xylene 

relative to the TLV in the presence of ordinary general room ventilation (Whitehead et al. 1984).  The 

TWA concentrations of xylene for high-aromatic spraying in booths (3.5 ppm), solvent wiping (0.7 ppm), 

and paint mixing (3.7 ppm) were well below the TLV for xylene (100 ppm) (Whitehead et al. 1984). 

The ranges of concentrations of o-xylene and m-/p-xylene were 65–1,900 μg/m3 (15–440 ppb) and 180– 

5,800 μg/m3 (41–1,300 ppb), respectively, in the personal air of 24 service station attendants, 2.0– 

44 μg/m3 (0.5–10 ppb) and 71–120 μg/m3 (16–28 ppb), respectively, in the personal air of 6 street 

vendors, and 16–28 μg/m3 (3.7–6.5 ppb) and 44–80 μg/m3 (10–18 ppb), respectively, in the personal air 

of 7 office workers in Mexico City during their work shifts (Romieu et al. 1999).  Mean (range) 

concentrations of o-xylene and m-/p-xylene in the blood of the service station attendants were 0.39 (0.16– 
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1.2 μg/L) and 1.4 (0.50–4.7) μg/L (ppb), respectively, at the beginning of the work shift and 0.45 (0.15–

6.3) and 1.3 (0.36–16) μg/L (ppb), respectively, at the end of the work shift.  Mean (range) concentrations 

of o-xylene and m-/p-xylene in the blood of the street vendors were 0.18 (0.13–0.30) and 0.75 (0.41–1.1) 

μg/L (ppb), respectively, at the beginning of the work shift and 0.15 (0.083–0.20) and 0.53 (0.25–0.70) 

μg/L (ppb), respectively, at the end of the work shift.  Mean (range) concentrations of o-xylene and 

m-/p-xylene in the blood of the street vendors were 0.15 (0.081–0.31) and 0.55 (0.37–0.81) μg/L (ppb), 

respectively, at the beginning of the work shift and 0.10 (0.073–0.21) and 0.39 (0.19–0.73) μg/L (ppb), 

respectively, at the end of the work shift.   

 

The ranges of concentrations of xylenes detected in the perimeter air, pump air, and breathing zone air 

were <0.001–0.066 ppm (<1.0–66 ppb) at two full service stations in New Jersey, 0.001–0.014 ppm (1.0–

4.0 ppb) at three self-serve service stations in New York, and <0.001–0.281 ppm (<1.0–281 ppb) at five 

self-serve service stations in Connecticut (API 1994). 

 

The American Petroleum Institute (API 1995) studied the exposure of service station attendants and 

mechanics to fuel components at six stations in New York, three stations in Minnesota, four stations in 

Arizona, and three stations in Oregon in 1994.  During the wintertime, xylene was detected above 0.01–

0.30 ppm in only 1 of the 59 short-term exposure cases involving attendants.  It was not detected above 

the detection limit (0.01–0.03 ppm) in 51 long-term exposure cases involving attendants.  Xylene was 

detected above 0.09–0.15 ppm in 7 of 44 short term winter exposure cases involving mechanics with a 

median (range) concentration of 1 ppm (1–6.4 ppm).  It was detected above 0.01–0.02 ppm in 3 out of 

44 long-term exposure cases involving mechanics with a median (range) concentration of 1 ppm (1–

2.2 ppm).  During the summertime, xylene was detected above 0.09–0.16 ppm in 44 of the 60 short-term 

exposure cases involving attendants with a median (range) concentration of 0.15 ppm (0.09–7.70 ppm).  It 

was detected above 0.01–0.06 ppm in 52 out of 54 long-term exposure cases involving attendants with a 

median (range) concentration of 0.05 ppm (0.01–0.83 ppm).  Xylene was detected above 0.08–0.16 ppm 

in 18 of 44 short term summer exposure cases involving mechanics with a median (range) concentration 

of 0.15 ppm (0.08–30.0 ppm).  It was detected above 0.01–0.02 ppm in 35 out of 42 long-term exposure 

cases involving mechanics with a median (range) concentration of 0.1 ppm (0.01–1.60 ppm). 

 

During a study of exposure to gasoline components during loading and delivery, the mean exposure of 

tanker drivers to xylene was measured to be 0.8–4 mg/m3 (Hakkola and Saarinen 1996).  
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The mean (median, range) concentrations of xylene in the blood of thirteen workers occupied in the 

production of paints containing xylene and 10 workers occupied in paint spraying were 380 μg/L 

(403 μg/L, 63–715 μg/L) and 130 μg/L (74 μg/L, 49–308 μg/L), respectively, after an 8-hour work shift 

(Kramer et al. 1999).  The mean (median, range) concentrations of xylene in the air during the shifts were 

29 μg/L (30 μg/L, 5–58 μg/L) for the production workers and 8 μg/L (7 μg/L, 3–21 μg/L) for the spraying 

workers. The mean (median, range) concentrations of the methylhippuric acid metabolites in urine were 

1,221 mg/L (1,168 mg/L, 194–2,333 mg/L) for the production workers and 485 mg/L (397 mg/L, 65– 

1,633 mg/L) for the spraying workers.  Moen and Hollund (2000) measured xylene concentrations 

ranging from 0.2 to 0.8 ppm in the air of six car painting garages.  Vincent et al. (1994) reported that the 

mean (range) concentrations of xylenes in personal air during painting operations in an aeronautical 

workshop were 30.9 mg/m3 (14.3–46.5 mg/m3) after day 1, 87.0 mg/m3 (38.7–160.0 mg/m3) after day 2, 

and 122.2 mg/m3 (68.3–167.0 mg/m3) after day 3. 

o-Xylene and m-/p-xylene concentrations in the inhaled air were 5.3 and 15.9 μg/m3, respectively, in the 

inhaled air of individuals who spent less than 3 hours/day in workshops and warehouses compared to 

30.4 and 114 μg/m3, respectively, for individuals who spent more than 3 hours/day in these places 

(Hoffmann et al. 2000).  The concentrations of o-xylene and m-/p-xylene were 5.4 and 16.2 μg/m3, 

respectively, in the inhaled air of individuals who work where no paints or lacquers are used, 12.7 and 

38.4 μg/m3, respectively, in the inhaled air of individuals who work where paints or lacquers are used 

occasionally, and 41.8 and 171 μg/m3, respectively, in the inhaled air of individuals who work where 

paints or lacquers are used frequently. 

Holz et al. (1995) reported that exposure of workers at a styrene plant to air concentrations of 6.0– 

44.1 μg/m3 for o-xylene and 5.6–64.0 μg/m3 for m- and p-xylene together did not result in increased 

breath concentrations compared to non-exposed individuals.  o-Xylene and m- and p-xylene 

concentrations were 3.4 and 3.7 μg/m3, respectively, in the breath of exposed workers after their shift 

compared to 3.5 and 4.0 μg/m3, respectively, in the breath of non-exposed controls.  The differences in 

mean concentrations of the metabolites o-methyl hippuric acid and m- and p-methyl hippuric acid 

together in the urine of workers before their shift to mean concentrations in their urine after their shift 

were 0.6 and 8.1 mg/g creatinine, respectively, for the exposed workers and 0.2 and 2 mg/g creatinine, 

respectively, for the non-exposed controls. 

Pedersen and Higgins (1995) reported the vapor concentrations of xylenes that individuals were exposed 

to while taking part in various activities.  Measured vapor concentrations of xylenes were 10.83 ppm 
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during varnishing and sealing household wooden doors, 0.92 ppm during activity in a paint mixing booth, 

0.069 ppm during automotive break and rotor cleaning, 0.04 ppm during emptying/cleaning a fuel oil 

holding tank, 0.21 ppm during activity in a printing shop, 1.680 ppm during cleaning firearms, 2.264 ppm 

during refinishing furniture, and below the detection limit (not specified) during activity in a beauty salon, 

application of hairspray, activities in an autorepair shop, and activity in a traffic sign painting shop.  The 

concentrations of xylenes measured in various work areas were 0.124 ppm in a paint booth mixing room, 

1.100 ppm in a household remodeling bathroom, 0.102 ppm in a household paint stripping room, and 

below the detection limit (not specified) in a wooden door staining room, a traffic sign painting room, and 

a traffic sign stripping room. 

The average concentrations of xylene vapors that 60 material handling personnel and 51 laboratory 

personnel were exposed to while working at treatment, storage, and disposal facilities were 1.61 and 

0.16 ppm, respectively (Pedersen and Higgins 1995).  The average work area vapor concentration at these 

facilities was 0.47 ppm. 

The concentrations of xylene in the exhaled breath of shipyard workers commonly exposed to organic 

solvents ranged from <1 to 10.6 ppm (Katsuyama et al. 1998).  The mean (range) concentrations of the 

metabolite methylhippuric acid in the urine of these workers were 0.09 g/g creatinine (0.02–0.40 g/g 

creatinine) before their work shift and 0.22 g/g creatinine (0.02–1.41 g/g creatinine) after their work shift. 

The mean concentrations of o-xylene and m-/p-xylene in the breath of four dry cleaning workers ranged 

from 4.5 to 9.0 and from 7.6 to 17.7 μg/m3 (1.0–2.1 and 1.8–4.1 ppb), respectively compared to mean 

concentrations of 3.7 and 6.5 μg/m3 (0.9 and 1.5 ppb), respectively, in the breath of their housewives (Jo 

and Kim 2001).  Mean air concentrations measured inside different dry cleaning stores ranged from 

16.6 to 85.2 μg/m3 (3.8–19.6 ppb) for o-xylene and from 33.8 to 161 μg/m3 (7.8–37.0 ppb) for 

m-/p-xylene. 

The National Occupational Exposure Survey (NOES), conducted by NIOSH from 1980 to 1983, indicated 

that 1,106,789 workers, including 211,806 women, in 74,063 plants were potentially exposed to mixed 

xylene in the workplace in 1980 (NIOSH 1990c).  An estimated 5,596 workers (including 1,314 women) 

in 331 plants, 16,863 workers (including 1,194 women) in 1,610 plants, and 1,160 workers (including 

545 women) in 178 plants were potentially exposed to o-, m-, and p-xylene, respectively.  The largest 

numbers of workers exposed to mixed xylene were employed in the machinery (except electrical), special 

trade contractors, fabricated metal products, and health services industries (as assemblers, janitors, 
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cleaners, painting and paint-spraying machine operators, and automobile mechanics).  The largest 

numbers of workers exposed to o-xylene were employed in the chemical and allied products industry (as 

machine operators [not specified], chemical technicians, production inspectors, checkers, and examiners).  

The largest numbers of workers exposed to m-xylene were employed in the electric, gas, and sanitary 

services and business services industries (as electrical power installers and repairers, supervisors, 

plumbers, pipe fitters, steam fitters, order clerks, and chemists [except biochemists]).  The largest 

numbers of exposed workers exposed to p-xylene were employed in the health services industries (as 

clinical laboratory technologists and technicians).  These estimates were derived from observations of the 

actual use of mixed xylene and the individual xylene isomers and the use of trade name products known 

to contain xylene (see Table 6-11 for percentage breakdown). 

The NOES database does not contain information on the frequency, level, or duration of exposure of 

workers to any of the chemicals listed therein. The survey only provides estimates of workers potentially 

exposed to the chemicals. 

6.6 EXPOSURES OF CHILDREN  

This section focuses on exposures from conception to maturity at 18 years in humans.  Differences from 

adults in susceptibility to hazardous substances are discussed in Section 3.7, Children’s Susceptibility. 

Children are not small adults.  A child’s exposure may differ from an adult’s exposure in many ways. 

Children drink more fluids, eat more food, breathe more air per kilogram of body weight, and have a 

larger skin surface in proportion to their body volume.  A child’s diet often differs from that of adults.  

The developing human’s source of nutrition changes with age:  from placental nourishment to breast milk 

or formula to the diet of older children who eat more of certain types of foods than adults.  A child’s 

behavior and lifestyle also influence exposure.  Children crawl on the floor, put things in their mouths, 

sometimes eat inappropriate things (such as dirt or paint chips), and spend more time outdoors.  Children 

also are closer to the ground, and they do not use the judgment of adults to avoid hazards (NRC 1993). 

Children are expected to be exposed to xylenes by the same routes that affect adults.  Since xylenes have 

a low affinity for adsorption onto soil and dust particles and a high volatilization rate, the risk of exposure 

for small children from ingesting soil or dust is likely to be low. 
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Table 6-11. Percentage Breakdown of NIOSH Occupational Exposure Estimates 
from the NOES Databasea 

NOES

Chemical Actualb Trade name 
o-Xylene 96% 4% 
m-Xylene 23% 77% 
p-Xylene 75% 25% 
Total xylenes 19% 81% 

aDerived from NIOSH 1976, 1990c 

bActual observations are surveyor observations in which the surveyor observed the use of the specific agent. 


NIOSH = National Institute for Occupational Safety and Health; NOES = National Occupational Exposure Survey 
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During the Minnesota Children’s Pesticide Exposure Study (MCPES), xylene was detected in personal, 

indoor, and outdoor air samples collected from households with children (Adgate et al. 2004a).  During 

the School Health Initiative:  Environment, Learning, Disease (SHIELD) study, the concentrations of 

xylene were measured in the outdoor home air, indoor school air, indoor home air, and personal air of 

113 children from two inner-city schools in Minneapolis, Minnesota (Adgate et al. 2004b).  Mean and 

median exposure concentrations reported in these studies were below 7 μg/cm3 for both m-/p- and 

o-xylene.  The data are listed in Table 6-12. 

Sexton et al. (2006) analyzed blood samples collected from 43 inner-city children 3–6 years of age living 

in Minneapolis, Minnesota.  Mean, minimum, and maximum concentrations in 50 blood samples were 

0.32, 0.09, and 1.40, ng/mL, respectively, for m-/p-xylene and 0.06, 0.02, and 0.22 ng/mL, respectively, 

for o-xylene. 

During a study of the exposure of Danish children to benzene, toluene, and xylenes, the median 

concentration of xylenes was 18 μg/m3 (4.1 ppb) in front door air samplers and 17 μg/m3 (3.9 ppb) in 

personal air samplers of 56 children living in Copenhagen.  Median concentrations for 40 Danish children 

living in rural areas were 2.6 μg/m3 (0.6 ppb) in front door air samplers and 13 μg/m3 (3.0 ppb) in 

personal air samplers (Raaschou-Nielsen et al. 1997).  The authors concluded that riding in cars and 

activities involving exposure to gasoline vapors were factors contributing to the exposure of these 

children to xylenes. 

Minoia et al. (1996) studied the exposure of school children living in three Italian towns with 

50,000 inhabitants or less (Treviglio-Lombardy; Poggibonsi-Tuscany and Valenza-Piedmont) to xylenes.  

Mean indoor air concentrations within the children’s homes in these three towns were 18.5, 24.1, and 

11.7 μg/m3 (4.3, 5.6, and 2.7 ppb), respectively, which correspond to mean inhaled doses of 92.5, 120.5, 

and 58.5 μg/day, respectively.  Mean personal air concentrations (referred to as “indoor + outdoor”) for 

children living in Treviglio, Poggibonsi, and Valenza were 20.2, 21.2, and 12.7 μg/m3 (4.7, 4.9, and 

2.9 ppb), respectively, which correspond to inhaled doses of 101.0, 106.0, and 63.5 μg/day, respectively.  

Mean concentrations of xylene measured in urine samples were 316 ng/L for 144 children living in 

Treviglio, 112 ng/L for 96 children living in Poggibonsi, and 123 ng/L for 139 children living in Valenza.  
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Table 6-12. Personal, Indoor, and Outdoor Air Exposures of Inner-city Children in 

Minneapolis, Minnesota to Xylenesa


Study Type of sample Number of samplesb m/p-Xylene (μg/m3)c o-Xylene (μg/m3)d 

MCPESe 

Personal 73 6.3 2.5 

Home Indoor 101c 5.1 2.2 

Home Outdoor 100c 0.5 1.5 
SHIELDf

 Winter 

School outdoor 8 2.3 0.8 

School indoor 39 2.3 0.8 

Personal 93 3.7 1.2 

Home indoor 93 3.5 1.1 
Spring 

School outdoor 10 2 0.7 

School indoor 47 1.2 0.4 

Personal 88 3.3 1.1 

Home indoor 88 2.9 1 

aData are from Adgate et al. 2004a, 2004b. 

bXylene isomers were detected in 100% of all samples unless otherwise specified. 

cm/p-Xylene was detected above 0.5 μg/m3 in 99% of the home outdoor samples.  
do-Xylene was detected above 0.3 μg/m3 in 98% of the home indoor and home outdoor samples. 
eValues reported for MCPES are mean concentrations.   
fValues reported for SHIELD are median concentrations. 

MCPES = Minnesota Children’s Pesticide Exposure Study; SHIELD = School Health Initiative:  Environment, 
Learning, Disease 
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6.7 POPULATIONS WITH POTENTIALLY HIGH EXPOSURES  

Among persons not occupationally exposed to xylenes, the highest exposure levels result from smoking 

and from contact with consumer products containing xylene (Wallace et al. 1988, 1991).  Populations 

living near chemical waste sites where xylene is improperly stored are also likely to be at risk of increased 

exposure to xylene vapors via inhalation or dermal contact. 

Workers in certain occupational groups appear to have the greatest potential for exposure to high 

concentrations of xylenes.  Based on the available case reports of xylene toxicity in humans, painters (or 

paint industry workers) and laboratory workers appear to be most frequently affected (EPA 1985a).  In 

general, workers involved in the distillation and purification of xylene or employed in industries using 

xylene as a raw material (e.g., gasoline component) may be at higher risk of exposure (EPA 1985a).  The 

use of xylene in improperly ventilated areas is often the cause for toxic levels of exposure, and increased 

exposures or breath concentrations have been observed for wood processing plant workers, gas station 

employees, metal workers, and furniture refinishers. 

6.8 ADEQUACY OF THE DATABASE 

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the 

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether 

adequate information on the health effects of xylene is available.  Where adequate information is not 

available, ATSDR, in conjunction with NTP, is required to assure the initiation of a program of research 

designed to determine the health effects (and techniques for developing methods to determine such health 

effects) of xylene. 

The following categories of possible data needs have been identified by a joint team of scientists from 

ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met would 

reduce the uncertainties of human health assessment.  This definition should not be interpreted to mean 

that all data needs discussed in this section must be filled.  In the future, the identified data needs will be 

evaluated and prioritized, and a substance-specific research agenda will be proposed.  
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6.8.1 Identification of Data Needs 

Physical and Chemical Properties.    The physical and chemical properties of xylene have been well 

studied, and reliable information is available.  On this basis, further studies of the physical-chemical 

properties of xylene are not essential at the present time. 

Production, Import/Export, Use, Release, and Disposal.    According to the Emergency 

Planning and Community Right-to-Know Act of 1986, 42 U.S.C. Section 11023, industries are required 

to submit substance release and off-site transfer information to the EPA.  The TRI, which contains this 

information for 2004, became available in May of 2006.  This database is updated yearly and should 

provide a list of industrial production facilities and emissions. 

Potential for human exposure to xylene is expected to be quite high based on the high volume of 

production and the widespread domestic and industrial uses of xylene. 

Recent estimates of xylene production capacity indicate that over 18 billion pounds of mixed xylene and 

over 13 billion pounds of xylene isomers may be produced in the United States each year (SRI 2006).  

Further information on the amounts of xylenes used in various products would be helpful in estimating 

human exposure to xylenes from consumer products. 

Xylenes are widely used in industry as solvents and as precursors of other products (i.e., polyester).  Data 

describing releases of xylenes to the environment (TRI04 2006) and the presence of xylenes in gasoline, 

paint products, insecticides, and cigarette smoke have been well documented (Wallace et al. 1991).  

Information on the occurrence of xylenes in food are available and have been included. 

Because of its widespread use and release into the environment, xylene has been distributed to most 

environmental media.  It has been detected in air (Wallace et al. 1991), surface water, sediments (Otson 

et al. 1982b), drinking water (EPA 1985a), and aquatic organisms (Hiatt 1983).  Very little data are 

available that report actual levels of xylenes in soil.  Information on the most recent distribution of xylene 

are needed to estimate exposure. 

Incineration is the primary method for disposal of xylene, although information on the disposal methods 

is not detailed (HSDB 2007).  Information on the amount of xylene disposed of by incineration as well as 
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the amount of xylene disposed of or abandoned at hazardous waste sites is important for estimating the 

potential human exposure.  Criteria for the disposal of xylenes are currently subject to frequent revision. 

Environmental Fate. The environmental fate of xylene has been well studied.  Volatilization of 

xylene is the dominant fate process.  Xylene released to surface water primarily volatilizes (Mackay and 

Leinonen 1975).  Xylene also adsorbs to soils and sediments and leaches into groundwater (Gherini et al. 

1989). Photooxidation appears to be the most important transformation process in the atmosphere and in 

surface soils (Anderson et al. 1991; Jori et al. 1986).  Biodegradation is likely to be the only significant 

degradation process for xylene in subsurface soils and aquatic systems (EPA 1984a, 1985a; Haigler et al. 

1992).  Additional data on the partitioning of xylene released to soil and on longevity and the rates of 

biotransformation in soils and sediments, are important to further define potential pathways of human 

exposure. 

Bioavailability from Environmental Media.    Xylene is absorbed during inhalation (Morley et al. 

1970), oral (Abu Al Ragheb et al. 1986; Ogata et al. 1979), and dermal contact (Riihimaki and Pfaffli 

1978; Skowronski et al. 1990).  Approximately 50% of the xylene that is inhaled is absorbed into the 

body (Riihimaki and Savolainen 1980; Wallen et al. 1985), while 90% of ingested xylene is absorbed 

(Bray et al. 1949).  However, limited information was found in the available literature regarding the 

bioavailability of xylene from contaminated media such as soil (Turkall et al. 1992) and sediments to 

which the xylene is sorbed or from contaminated surface waters.  This information is needed to estimate 

human exposure from contaminated environmental media. 

Food Chain Bioaccumulation.    Xylenes are bioconcentrated in aquatic organisms to a limited extent 

(Nunes and Benville 1979; Ogata and Miyake 1978).  The degree of concentration is believed to be 

limited by the rapid metabolism and excretion of xylene from some aquatic species.  However, additional 

data on the bioconcentration of xylene by aquatic organisms from contaminated surface waters and 

sediments would be useful.  No information was found in the literature regarding the bioconcentration of 

xylene in plants or biomagnification of xylene among food chain trophic levels.  Although 

bioconcentration has been predicted for all isomers of xylene because of their tendency to partition into 

the octanol phase of the octanol-water system, the rapid oxidation of xylene during metabolism seems to 

preclude bioconcentration in higher animal systems.  Thus, biomagnification is not expected to be 

important for xylene.  However, data on the bioaccumulation of xylene in commercially important fish 

and shellfish are needed since consumption of contaminated fish and shellfish may be a potential source 

of human exposure. 
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Exposure Levels in Environmental Media. Reliable monitoring data for the levels of xylene in 

contaminated media at hazardous waste sites are needed so that the information obtained on levels of 

xylene in the environment can be used in combination with the known body burden of xylene to assess 

the potential risk of adverse health effects in populations living in the vicinity of hazardous waste sites. 

Levels of xylene in air and groundwater have been determined (Kolpin et al. 1997; Squillace et al. 1999; 

EPA 1991a; Wallace et al. 1991).  However, there are limited monitoring data on xylene levels in soil and 

surface waters (EPA 1985a).  More monitoring data are needed to better characterize ambient 

concentrations of xylene in soils and surface water, particularly in the vicinity of hazardous waste sites 

and petroleum refineries. 

The available data allow characterization of human exposure to xylene from most exposure pathways, 

particularly air (Wallace et al. 1988, 1991).  Estimates of human intake of xylene from contaminated air 

and drinking water have been made based on background levels that have been recorded. 

Exposure Levels in Humans. Xylene has been detected in human blood, urine, and exhaled breath.  

However, exposure associated with living or working near hazardous waste sites and refineries has not 

been assessed.  The most important human exposure sources, workplace and ambient air, are well 

understood (Fishbein 1985, 1988; Wallace et al. 1988, 1991).  Additional monitoring programs involving 

analysis of human breath or urine are needed to assess the magnitude of exposures and in estimating the 

average daily dose associated with various sources, particularly for populations in the vicinity of 

hazardous waste sites. 

Several sectors of the work force have the greatest levels of exposure to xylene.  Total xylene exposure 

has been found to be greatest among those employed in the machinery (except electrical), special trade 

contracting, fabricated metal products, and health services industries (as assemblers, janitors and cleaners, 

painting and paint-spraying machine operators, and automobile mechanics) (EPA 1985a).  More current 

information on occupational exposure are needed. 

This information is necessary for assessing the need to conduct health studies on these populations. 

Exposures of Children. Little data are available regarding exposures of children to xylene.  Two 

foreign studies and three studies conducted in the United States have been located.  The U.S. studies focus 
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primarily on children living in Minnesota.  Additional data reporting the exposures of children living in 

other areas of the United States to xylenes would be helpful. 

 

Child health data needs relating to susceptibility are discussed in Section 3.12.2, Identification of Data 

Needs:  Children’s Susceptibility. 

 

Exposure Registries.    No exposure registries for xylene were located.  This substance is not 

currently one of the compounds for which a sub-registry has been established in the National Exposure 

Registry.  The substance will be considered in the future when chemical selection is made for sub-

registries to be established.  The information that is amassed in the National Exposure Registry facilitates 

the epidemiological research needed to assess adverse health outcomes that may be related to exposure to 

this substance. 

 

6.8.2   Ongoing Studies  
 

The Federal Research in Progress (FEDRIP 2006) database and the Federal Research and Development 

(FED R&D 2005) database provide additional information obtainable from a few ongoing studies that 

may fill in some of the data needs identified in Section 6.8.1.  These studies are summarized below. 

 

As part of the Third National Health and Nutrition Evaluation Survey (NHANES III), the Environmental 

Health Laboratory Sciences Division of the National Center for Environmental Health, Centers for 

Disease Control and Prevention, will be analyzing human blood samples for xylene and other volatile 

organic compounds.  These data will give an indication of the frequency of occurrence and background 

levels of these compounds in the general population. 

 

Kate Scow (University of California Davis) is studying the relationship between microbial communities 

and the anaerobic biodegradation of contaminant mixtures in aquifer groundwater.  Chemicals of focus 

will include toluene and xylene.  This study will include both microcosm and field studies. 

 

T.Y. Sylva and C.M. Kinoshita (University of Hawaii) is studying the application of bioremediation to 

hydrocarbon contaminated soils.  Laboratory soil biodegradation studies will be performed on organic 

compounds commonly found in petroleum products (including xylene). 
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Alfred Spormann (Stanford University) is studying the microbial degradation of aromatic hydrocarbons 

under anaerobic conditions. Anaerobic biodegradation studies on BTEX compounds will be examined to 

gain additional knowledge of microbial metabolism and for evaluating and enhancing intrinsic 

bioremediation. 
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The purpose of this chapter is to describe the analytical methods that are available for detecting,  

measuring, and/or monitoring xylene, its metabolites, and other biomarkers of exposure and effect to 

xylene.  The intent is not to provide an exhaustive list of analytical methods.  Rather, the intention is to 

identify well-established methods that are used as the standard methods of analysis.  Many of the 

analytical methods used for environmental samples are the methods approved by federal agencies and 

organizations such as EPA and the National Institute for Occupational Safety and Health (NIOSH).  Other 

methods presented in this chapter are those that are approved by groups such as the Association of 

Official Analytical Chemists (AOAC) and the American Public Health Association (APHA).  

Additionally, analytical methods are included that modify previously used methods to obtain lower 

detection limits and/or to improve accuracy and precision. 

The analytical methods used to quantify xylene in biological and environmental samples are summarized 

below. Table 7-1 lists the applicable analytical methods used for determining xylene in biological fluids 

and tissues. Table 7-2 lists the methods used for determining xylene in environmental samples. 

7.1 BIOLOGICAL MATERIALS  

Extensive commercial, industrial, and domestic use of volatile organic chemicals such as xylene virtually 

assures that the general population will be exposed to this class of chemicals to some extent.  The 

determination of trace amounts of xylene in biological tissues and fluids has been restricted to only a 

limited number of analytical methods.  These include gas chromatography coupled with mass 

spectrometry (GC/MS), gas chromatography coupled with hydrogen flame ionization detection (GC/FID), 

and high-performance liquid chromatography (HPLC). 

Xylene can be detected at parts-per-trillion (ppt) levels in whole human blood using a purge and trap 

apparatus followed by GC/MS; however, this method does not distinguish between m- and p-xylene 

(Ashley et al. 1992).  Antifoam agents are frequently used, although a method has been developed that 

does not require this additive (Cramer et al. 1988).  The use of a dynamic headspace purge at room 

temperature reduces the absolute recoveries of the late eluting compounds.  An advantage of this GC/MS 

technique is that it can be used in conjunction with selected ion monitoring to obtain better sensitivity of 

target compounds (such as NPL Pollutants) at ppt levels (Cramer et al. 1988). 
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Table 7-1. Analytical Methods for Determining Xylene in Biological Materials 

Sample Analytical Sample Percent 
matrix Preparation method method detection limit recovery Reference 
Human Adsorb directly to Amberlite GC/FID No data 77B98 Norstrom 
blood XAD 2 resin; extract with (m-xylene) and 

carbon disulfide Scheepers 
1990 

Human Purge and trap sample on GC/MS 1 ng/mL No data Cramer et 
blood Tenax TA trap (m-xylene) al. 1988 
Human Purge and trap sample on GC/MS 5.2 ng/mL No data Antoine et 
blood sorbent al. 1986 

0.019 ng/mL No data Ashley et al. 
(m-, p-xylene); 1992 
0.035 ng/mL 
(o-xylene) 

Tissues and Saturate sample with sodium GC/FID 0.05 mg/100 g No data Bellanca et 
body fluids chloride and seal in a vial; and (m-, p-xylene); al. 1982 

inject into gas chromatograph GC/MS 0.01 mg/100 g 
(o-xylene)  

Urine Derivatize or methylate GC/FID <0.25 g/L 110.7 (m-MHA)  de Carvalho 
sample with HCl and et al. 1991 
methanol; cool; extract with 
chloroform 

Urine Extract sample with THA-OH; GC/FID 1 ng (o-, p-, 94.2 (o-MHA); Kataoka et 
alkylate with isopropyl m-MHA) 96.0 (m-MHA); al. 1991 
bromide; wash with silver 97.6 (p-MHA) 
sulfate; dry; redissolve in ethyl 
acetate 

Urine Adsorb to filter paper; extract HPLC 4 ng (o-MHA 99B99.9 Astier 1992 
with methanol; dilute with and m-MHA) (o-MHA); 
mobile phase or water 97.2B99.9 

(m-MHA) 
Urine Adsorb to Sep-Pack C18 HPLC 10 μg/mL 94.7B96.1 Tanaka et 

cartridge; elute with methanol (xyl-m) (xyl-m) al. 1990 
Urine Acidify with H2SO4; extract HPLC 0.1 μmol (o-, p-, 91 (o-MHA);  Tardif et al. 

with methyl-t-butyl ether; m-MHA) 107 (m-MHA); 1989 
concentrate 113 (p-MHA) 

Urine Acidify with HCl, saturate with HPLC/ UV 0.2 mg/mL 98 NIOSH 1994 
sodium chloride; extract with (methyl hippuric (Method 
ethyl acetate; dry and acid; method 8301) 
redissolve in distilled water does not 

distinguish 
between p- and 
m- isomers) 

Urine Acidify sample and extract GC/FID 5 mg/L 81.5 (o-MHA); Caperos 
with ethyl acetate and 82.2 (m-MHA); and 
methylating solution 84.8 (p-MHA) Fernandez 

1977 
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Table 7-1. Analytical Methods for Determining Xylene in Biological Materials 

Sample Analytical Sample Percent 
matrix Preparation method method detection limit recovery Reference 
Urine Adjust pH of sample to 2.0; GC/FID No data 98 (m-MHA) Engstrom et 

extract with ethylacetate al. 1976 
Urine Acidify sample with HCl and GC/FID No data 88.7B95 Morin et al. 

extract with ethylacetate; add (m-MHA); 1981 
methanol to ethylacetate 79.3B82 
extract; methylate extract with (p-MHA) 
diazomethane in diethyl ether 
solution 

Urine Acidify sample HPLC No data CV=4.8 Astier 1992 
Urine Acidify sample with HCl; HPLC 0.1 mg/mL No data Poggi et al. 

extract with n butyl (m-MHA) 1982 
chloride:isopropanol (9:1) 

Urine Adjust pH of sample to 2.0; HPLC 0.02 μg/sample No data Sugihara 
extract with methyl ethyl (m-MHA); and Ogata 
ketone; add phenacyl bromide 0.02 μg/sample 1978 
solution to extract and heat (p-MHA) 

Urine  Add sample specimen to HPLC 6 mg/L (o-MHA); 102 (o-MHA); Ogata and 
methanol; centrifuge 8 mg/L 102.4 (m-MHA); Taguchi 

(m-MHA); 99.5 (p-MHA) 1987 
8 mg/L (p-MHA) 

Urine Acidify sample; extract with TLC 6 μg/mL 100 (m-MHA) Bieniek and 
chloroform and concentrate (m-MHA) Wilczok 

1981 
Exhaled Trap sample on charcoal GC/FID 0.06 ppm 90 Glaser and 
breath cloth; desorb with carbon (m-xylene) Arnold 1989; 

disulfide Glaser et al. 
1990 

Exhaled Sorb to Tenax TA tube; GC/FID 0.03 ppm 60 (m-xylene) Glaser et al. 
breath thermally purge 1990 
Exhaled Sorb to Tenax GC tube; dry; GC/MS 0.50 μg/m3 No data Pellizzari et 
breath thermally desorb al. 1988 
Whole body Kill mice and inject with GC/FID No data 86 (m-xylene) Tsuruta and 
(mice) solvent sample; homogenize Iwasaki 

sample in liquid nitrogen; 1984 
evaporate liquid nitrogen and 
extract with carbon disulfide 

Fish Freeze sample; homogenize GC/MS No data No data Hiatt 1983 
in liquid nitrogen; vacuum equipped 
distillation with fused-

silica 
capillary 
column 

CV = coefficient of variation; GC/FID = gas chromatography/flame ionization detector; GC/MS = gas 
chromatography/mass spectrometry; HCl = hydrochloric acid; HPLC = high performance liquid chromatography; 
H2SO4 = sulfuric acid; MHA = methylhippuric acid; THA-OH = tetrahexyl ammonium hydroxide; TLC = thin-layer 
chromatography; UV = ultra violet; xyl-m = N acetyl-s-xylyl-L-cysteine 
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Table 7-2. Analytical Methods for Determining Xylene in Environmental Samples 

Sample Analytical Sample 
matrix Preparation method method detection limit Percent recovery Reference 
Air Collect sample on porous GC/FID 0.1 ppm No data Brown 1988b 

polymer adsorbent; 
thermally desorb 

Air Sorption to a tube GC/MS 4.0 ng/tube 93B103 (o-xylene); Chan et al. 
containing Tenax, (5B50-L air 90.8 (p-, m-xylene) 1990 
Ambersorb XE 340, and sample) 
charcoal; thermally desorb 

Air Draw sample through GC/PID 0.3 ppb No data Hester and 
copper tubing with a Meyer 1979 
diaphragm pump 

Air Absorption on Tenax GC GC/MS No data No data Hampton et al. 
air sampler 1982 

Air Collect on coconut shell GC/FID 2.6 mg No data NIOSH 1994 
charcoal personal sampler; (Method 1501) 
desorb with carbon 
disulfide 

Air Pump air sample through GC/FID <0.05 ppm 51B86 (o-xylene); Brown 1988a; 
charcoal tubes; extract (o-xylene); 51B86 (p-xylene) Otson et al. 
charcoal with carbon <0.05 ppm 1983 
disulfide (p-xylene) 

Air Collect sample in Tedlar GC/FID No data No data Lonneman et 
bags by means of an al. 1974 
automated sequential large 
air sampler 

Air GC/FIDCollect air on activated 1 μg/μL 92B100 Esposito and 
charcoal; desorb with 
carbon disulfide; shake with 

LC/UV No data 92B104 Jacobs 1977 

75% H2SO4 

Air Collect sample in GC­ 1.3 pg/sample No data Nutmagul et al. 
pressurized stainless steel FID/PID (o-xylene) 1983 
cannister 

Air Collect sample in a GC­ <1 ppm No data Pleil et al. 1988 
pressurized cannister FID/ELCD 

and 
GC/MS 

Air Collect sample on silica GC No data >99% Whitman and 
gel; extract with isopropyl Johnston 1964 
benzene 

Drinking Purge and trap on sorbent GC/FID <1 μg/L 75 (o-xylene); 87 Otson and 
water (o-xylene); (m-xylene) Williams 1982 

<1 μg/L 
(m-xylene) 
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Table 7-2. Analytical Methods for Determining Xylene in Environmental Samples 

Sample Analytical Sample 
matrix Preparation method method detection limit Percent recovery Reference 
Drinking Extract sample in hexane GC/FID 2 μg/L 80B96 (o-xylene); Otson and 
water (o-xylene); 80B83 (m-xylene); Williams 1981 

2 μg/L 78B85 (p-xylene) 
(m-xylene); 
2 μg/L 
(p-xylene) 

Water Purge and trap; methyl- GC/MS 0.06 μg/L 94 (o-xylene); NEMI 2005 
silicone-coated packing is (o-xylene); 94 (m-xylene); (EPA Method 
recommended; desorb 0.03 μg/L 97 (p-xylene) 524.2) 
thermally (m-xylene); 

0.06 μg/L 
(p-xylene) 

Water Purge and trap; desorb GC/MS 0.24 μg/L 94 (o-xylene) NEMI 2005 
thermally (o-xylene); 100 (m-xylene) (ASTM D5790) 

0.48 μg/L 100 (p-xylene) 
(m-xylene); 
0.48 μg/L 
(p-xylene) 

Water Purge and trap; desorb GC/MS 0.03 μg/L 106 (o-xylene) NEMI 2005 
thermally (o-xylene) (Standard 

Methods 
6200B) 

Water Purge and trap; desorb GC/ELCD 0.02 μg/L 68 (o-xylene) NEMI 2005 
thermally (o-xylene) (Standard 

Methods 
6200C) 

Ground- Solid-phase microextration GC/FID 1 μg/L No data Arthur et al. 
water (methyl-silicone fiber 1992 

coated with methyl-silicone 
film) 

Water Purge and trap; methyl- GC­ 0.01B0.05 μg/L 90 (o-xylene) APHA 1992 
silicone-coated packing is PC/PID 90 (m-xylene) (equivalent to 
recommended; desorb 85 (p-xylene) EPA Method 
thermally 503.1) 

Water Purge and trap; methyl- GC­ 0.02 μg/L 99 (o-xylene) NEMI 2005 
silicone-coated packing is CC/PID (o-xylene); 100 (m-xylene) (EPA Method 
recommended; desorb 0.01 μg/L 99 (p-xylene) 502.2) 
thermally (m-xylene); 

0.01 μg/L 
(p-xylene) 

Soil Extract sample with GC No data No data Anderson et al. 
methanol; centrifuge 1991 
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Table 7-2. Analytical Methods for Determining Xylene in Environmental Samples 

Sample 
matrix Preparation method 

Analytical 
method 

Sample 
detection limit Percent recovery Reference 

Sediment 
(clay) 

Shake sample with water; 
purge and trap on Porapak 
N cartridges; elute with 
MeOH 

GC 
ECD/PID 
GC/ELCD  

7 ng/g; 
1 ng/g 

70B77 (p-xylene); 
68B79 (o-xylene) 
No data 

Amin and 
Narang 1985 

Various Direct injection, purge and 
trap, or vacuum distillation 

GC/PID 0.02 μg/L 
(o-xylene); 
0.01 μg/L 
(m-xylene); 
0.01 μg/L 
(p-xylene) 

99 (o-xylene) 
100 (m-xylene) 
99 (p-xylene) 

NEMI 2005 
(EPA Method 
8021B) 

Various Direct injection, purge and 
trap, or vacuum distillation 

GC/ELCD No data No data NEMI 2005 
(EPA Method 
8021B) 

Various Purge and trap, azeotropic 
distillation, vacuum 
distillation, head space, or 
direct injection 

GC/MS NA 106 (o-xylene) 
106 (m-xylene) 
97 (p-xylene) 

NEMI 2005 
(EPA Method 
8260B) 

Waste Extract waste with hexane GC/MS No data No data Austern et al. 
1975 

Waste  Add sample to a small 
volume of ethanol and 

GC/FID No data No data Austern et al. 
1975 

dilute with water or raw 
wastewater; adjust the pH; 
extract with Freon-TF 

CC = capillary column; ELCD = electron capture detector; FID = flame ionization detector; GC = gas 
chromatography; H2SO4 = sulfuric acid; MeOH = methanol; MS = mass spectrometry; LC = liquid chromatography; 
PC = packed column; PID = photoionization detector; UV = ultraviolet spectrometry 
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To overcome the low recoveries obtained with the purge and trap method, another extraction procedure is 

recommended that uses Amberlite XAD-2 adsorbent resin present in the blood collection tube when the 

sampling takes place.  This method dispenses with the readsorption of the hydrocarbon from the sampling 

tube to the polymer and gives recoveries of 77–98% (Norstrom and Scheepers 1990). 

The use of GC/FID followed by a combination of packed and open tubular capillary GC and GC/MS to 

detect and quantify the isomers of xylene in human tissues and fluids has been reported in the literature.  

Brain, liver, lung, kidney, and blood samples of individuals who died following occupational exposure to 

several organic solvents were analyzed using a combination of capillary columns (Bellanca et al. 1982).  

The sensitivity and resolution of the isomers of xylene were increased, and detection limits of 0.05 mg, 

0.05 mg, and 0.01 mg per 100 grams of sample were obtained for m-, o-, and p-xylene, respectively 

(Bellanca et al. 1982).  Despite this increased resolving power, adequate separation of m- and p-xylene 

was unattainable. 

Exposure to xylene may also be indicated by its presence in exhaled breath.  Xylene in mainstream breath 

may be determined by exhaling through a charcoal cloth (Glaser and Arnold 1989); xylene in sidestream 

breath is trapped using a two-stage Tenax TA sorbent sampler (Glaser et al. 1990) or a Tenax GC 

cartridge (Pellizzari et al. 1988).  The Tenax cartridge is dried over calcium sulfate, and then the xylene is 

thermally desorbed for GC/MS.  Correlations with carbon dioxide measurements were 90 and 60% for 

mainstream and sidestream breath, respectively (Glaser et al. 1990), with a quantification limit of 

400 μg/m3 of m-xylene for a 50-L sample (Glaser and Arnold 1989).  The detection limit (LOD) was 

0.50 μg/m3 with a quantification limit 5 times the LOD for a 15-L breath sample (Pellizzari et al. 1988). 

In addition to direct measurement of xylene in biological tissues and fluids, it is also possible to 

determine the concentration of its metabolites in biological fluids.  A simple, sensitive, and specific 

automated HPLC technique was developed for direct and simultaneous quantification of o-, m-, and 

p-methylhippuric acids, the metabolites of o-, m-, and p-xylene, respectively (Ogata and Taguchi 1987; 

Sugihara and Ogata 1978; Tardif et al. 1989).  A possible disadvantage of the HPLC technique is that at 

low concentrations (<0.6 mg/L) in urine, these methylhippuric acids may not be distinguishable from 

similar compounds.  However, addition of a mobile phase, consisting of mixture of acetonitrile and 1% 

phosphoric acid, has been used to distinguish between xylene metabolites and other solvents such as 

benzene and toluene in the urine (Astier 1992).  Use of methanol as a solvent for the urine obviates the 

need for the customary ethylether extraction step and allows direct urine injection for HPLC (Ogata and 

Taguchi 1988).  N-Acetyl-S-xylyl-L-cysteine, a mercapturic acid, is also a urinary metabolite of xylene 
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that may be detected by direct HPLC (Tanaka et al. 1990).  The HPLC method recommended by NIOSH 

(1994) does not distinguish between p- and m-methylhippuric acids. 

Other techniques that have been successful in quantitatively determining urinary concentrations of 

metabolites of xylene include GC/FID, GC/MS, and thin layer chromatography (TLC).  GC/FID and 

GC/MS offer the possibility of excellent analytical sensitivity and specificity for urinary metabolites of 

xylene (Caperos and Fernandez 1977; de Carvalho et al. 1991; Engstrom et al. 1976; Kataoka et al. 1991; 

Kira 1977; Morin et al. 1981; Poggi et al. 1982).  However, most GC analytical methods require the 

urinary metabolites to be chemically transformed into methyl esters or trimethyl silyl derivatives using 

ethylacetate or diazomethane.  This transformation, however, is problematic and may subsequently cause 

low reproducibility (Caperos and Fernandez 1977; Engstrom et al. 1976; Morin et al. 1981; Poggi et al. 

1982).  The methylhippuric acid metabolites of the xylene isomers may be distinguished using an 

extractive alkylation procedure followed by capillary GC analysis (Kataoka et al. 1991).  An extraction 

method using less toxic reagents (hydrochloric acid with methanol) has been developed (de Carvalho et 

al. 1991). 

A simple and highly reproducible TLC method has been developed for the detection and separation of m-

or p-methylhippuric acid in the urine of individuals exposed to a mixture of volatile organic solvents 

(Bieniek and Wilczok 1981).  However, the authors noted that this analytical technique is time 

consuming.  Furthermore, the developing agent used in this technique (p-dimethylamine benzaldehyde in 

acetic acid) has the disadvantage that it is irritating to the eyes and mucous membranes.  The sensitivity of 

this method was reported to be 6 μg hippuric acid per 1 mL urine with a recovery of 100%. 

When measuring hippuric acids in the urine of workers exposed to xylenes, NIOSH (1994) recommends 

that a complete spot voiding sample be collected at the end of the shift after 2 days of exposure.  As a 

preservative, a few crystals of thymol should be added to the sample.  It should be stored at 4 °C if 

analysis is within 1 week.  The sample should remain stable for 2 months if it is stored at -20 °C. 

7.2 ENVIRONMENTAL SAMPLES 

A gas chromatograph equipped with an appropriate detector is the basic analytical instrument used for 

determining environmental levels of xylene.  Precautions in the isolation, collection, and storage of 

xylene in environmental media are necessary to prevent loss of the volatile xylene compounds to the air. 
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The most common method for detecting aromatic hydrocarbons in air is the adsorption of the vapors to 

either activated charcoal with extraction using carbon disulfide or adsorption to a polymer adsorbent, such 

as Tenax GC, with thermal desorption.  Each method is then followed by injection of the desorbed sample 

into a gas chromatograph equipped with FID (Brown 1988a, 1988b; NIOSH 1994).  The activated 

charcoal method requires a 12-L air sample, while the polymer adsorbent uses a smaller 5-L sample for 

determination of the xylene in the sub-parts-per-million range.  A GC/MS method has also been 

developed which uses an adsorbent tube with layers of Tenax, Amberlite, and charcoal (Chan et al. 1990).  

The use of a molecular sieve to remove water vapor prior to adsorption has been recommended to 

increase recovery of the hydrocarbons (Whitman and Johnston 1964).  A computer-controlled, high-speed 

GC system has been developed for rapid analysis of volatiles in air (and other media with appropriate 

vapor generation).  The system combines an electrically heated cold-trap inlet (with a vacuum 

backflushing device on the GC) with a conventional FID.  The advantage of the system is that a complete 

analysis cycle requires only 10 seconds to detect p-xylene at a level of 13.4 ppb (Rankin and Sacks 1991). 

 

A differential optical absorption spectrophotometer has also been used to monitor o-xylene in air; this 

method gives a correlation coefficient of approximately 0.66 when compared with standard GC methods 

(EPA 1991a).  

 

An automated gas chromatograph with photoionization detector (GC/PID) has been developed by Hester 

and Meyer (1979) to identify gas-phase hydrocarbons (including xylene) for complex systems such as 

vehicle exhaust gas.  The GC/PID method allows for measurement of sub-parts-per-billion level 

concentrations of air contaminants and does not require trapping or freeze-concentration of samples 

before analysis.  These latter preconcentration steps are usually necessary because of the limited 

sensitivity of FID techniques commonly used in the analysis of environmental samples.  A limitation of 

the GC/PID technique is that m- and p-xylene are detected but not well separated.  GC/PID in tandem 

with FID was used to obtain a more sensitive method to determine xylene levels in the air.  A detection 

limit of 1.3x10-12 g of o-xylene per sample was achieved (Nutmagul et al. 1983). 

 

A purge and trap gas chromatographic method involving photoionization detection has been developed by 

EPA to analyze volatiles in water (APHA 1992; NEMI 2005).  A confirmatory analysis by a second 

analytical column or by GC/MS is advised by EPA.  The purge and trap gas chromatographic method can 

detect the isomers of xylene and has a detection limit for o-, m-, and p-xylene of 0.2 ppb (Otson and 

Williams 1981, 1982; Saunders et al. 1975).  A purge and trap method using GC/MS has also been used 

to detect xylene in waste water (Koe and Tan 1990). 
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Emissions of volatile organic compounds from surface waters, including ponds at hazardous waste 

treatment facilities, may be directly measured by the use of enclosure methods (such as a flux chamber or 

surface impoundment simulator connected to collection canisters) followed by GC with the effluent split 

between FID and an electron capture detector.  Emission rates of 0.5 mg/minute/m2 could be measured 

using the surface impoundment simulator with a precision of 3% relative standard deviation (Gholson et 

al. 1991). 

GC using both electron capture detection (ECD) and PID has been employed to determine xylene levels 

in sediment samples (Amin and Narang 1985).  The authors indicated that their method involved transfer 

of samples between containers, and a considerable loss of volatile compounds was obtained. 

A procedure has been developed to characterize volatile xylene compounds from fish samples by GC/MS 

using a fused-silica capillary column (FSCC) and vacuum distillation (Hiatt 1983).  The FSCC provides a 

more attractive approach than packed columns for chromatographic analysis of volatile aromatic organic 

compounds.  An FSCC can be heated to a higher temperature (350 °C) than that recommended for packed 

column, thereby improving the resolution (in ppb levels) of compounds and reducing column retention 

times. A physical limitation for compounds that can be detected, however, is that the vapor pressure of 

the compound must be >0.78 torr (≈50 °C) in the sample chamber (Hiatt 1983). 

7.3 ADEQUACY OF THE DATABASE 

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the 

Administrator of EPA and agencies and programs of the Public Health Service) to assess whether 

adequate information on the health effects of xylene is available.  Where adequate information is not 

available, ATSDR, in conjunction with NTP, is required to assure the initiation of a program of research 

designed to determine the health effects (and techniques for developing methods to determine such health 

effects) of xylene.  

The following categories of possible data needs have been identified by a joint team of scientists from 

ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met would 

reduce the uncertainties of human health assessment.  This definition should not be interpreted to mean 

that all data needs discussed in this section must be filled.  In the future, the identified data needs will be 

evaluated and prioritized, and a substance-specific research agenda will be proposed.  
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7.3.1 Identification of Data Needs 

Methods for Determining Biomarkers of Exposure and Effect. 

Exposure. The methods for determining xylene levels in blood and tissue samples and exhaled breath, 

GC/MS or GC/FID, have sufficient sensitivity to measure xylene levels associated with background 

levels of exposure as well as xylene levels at which biological effects occur.  GC/MS has been employed 

to detect o-xylene at ppm levels in the blood (Ashley et al. 1992; Cramer et al. 1988).  However, 

development of a GC/MS method that incorporates a less rigorously heated purge would be useful.  

Heated purges currently used in GC/MS have the disadvantage of reducing the absolute recoveries of 

volatile organic solvents. Better resolution and sensitivity are achievable with the application of a 

capillary GC/MS column and selection of an appropriate detector or detector combination as an 

alternative to the packed column approach currently in use.  Also, there is a growing need for analytical 

methods to efficiently separate and quantify trace levels of the isomers of xylene in biological media. 

Analytical methods are also available to detect and quantify the xylene metabolites present in the urine 

which have been correlated with exposure levels (Kawai et al. 1991; Ogata et al. 1979).  These methods, 

HPLC (Astier 1992) and GC (coupled with MS or FID) (de Carvalho et al. 1991; Kataoka et al. 1991; 

Poggi et al. 1982), have been well characterized with respect to their precision, accuracy, reliability, and 

specificity and have sufficient sensitivity to measure xylene metabolite levels associated with biological 

effects. However, these methods may not be sensitive enough to measure metabolite levels associated 

with background exposure levels. 

Currently, no methods are available to quantitatively correlate monitored levels of xylene in tissues with 

exposure levels or toxic effects in humans, although simultaneous measurement of xylene in exhaled 

breath and ambient air may prove instrumental in indicating exposure, particularly in the workplace 

(Glaser et al. 1990). These methods would provide the ability to evaluate possible health effects in 

humans resulting from exposure to xylene. 

Effect. No specific biomarkers of effect have been clearly associated with xylene exposure.  Some 

biological parameters such as hepatic microsomal enzyme activities and central nervous system activity 

have been tentatively linked with xylene exposure.  However, insufficient data exist to adequately assess 

the analytical methods associated with measurement of these potential biomarkers. 
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Methods for Determining Parent Compounds and Degradation Products in Environmental 
Media. Methods for determining xylene and its degradation products in environmental media would 

help to identify contaminated areas and to determine whether the levels at contaminated sites constitute a 

concern for human health.  Standardized methods are available to detect xylene in air (Brown 1988a, 

1988b; Chan et al. 1990; Rankin and Sacks 1991), waste water (Koe and Tan 1990), drinking water 

(Otson and Williams 1981, 1982), fish (Hiatt 1983), and clay sediments (Amin and Narang 1985).  There 

is growing need for simultaneously achieving lower (less than ppb) detection limits, separating the m- and 

p-isomers of xylene, and obtaining an adequate sample recovery.  Such methods would provide useful 

information for assessing the biological effects of exposure to xylene and for delineating dose-response 

relationships. A combination of capillary gas chromatography coupled to a multi-detector system, 

nuclear magnetic resonance (NMR) spectroscopy, and infra-red (IR) spectroscopy would be useful to 

accurately identify and measure the isomers of xylene in complex environmental systems. 

7.3.2 Ongoing Studies 

The Environmental Health Laboratory Sciences Division of the National Center for Environmental 

Health, Centers for Disease Control and Prevention, is developing methods for the analysis of xylene and 

other volatile organic compounds in blood.  These methods use purge and trap methodology, high-

resolution gas chromatography, and magnetic sector mass spectrometry, which give detection limits in the 

low parts per trillion (ppt) range.  

No other ongoing studies concerning the identification of xylene in biological materials or environmental 

samples were identified. 
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The international and national regulations and guidelines regarding xylenes in air, water, and other media 

are summarized in Table 8-1.   

ATSDR has derived inhalation and oral MRLs that apply to mixed xylenes and the individual isomers.  

An acute-duration inhalation MRL of 2 ppm is based on a minimal LOAEL of 50 ppm (217 mg/m3) for 

mild objective and subjective respiratory effects and subjective neurological effects in subjects exposed to 

m-xylene vapor for 2 hours (Ernstgard et al. 2002); an uncertainty factor of 30 was applied to the minimal 

LOAEL. An intermediate-duration inhalation MRL of 0.6 ppm is based on a minimal LOAEL of 50 ppm 

(217 mg/m3) for a small decrease in the latency of the paw-lick response in male rats exposed to m-xylene 

vapor 6 hours/day, 5 days/week for 3 months (Korsak et al. 1992); an uncertainty factor of 90 was applied 

to the human equivalent minimal LOAEL.  A chronic-duration inhalation MRL of 0.05 ppm is based on a 

LOAEL of 14 ppm (geometric mean) for mild subjective respiratory and neurological symptoms in 

workers exposed to 70% xylene 8 hours/day, 5 days/week for 1–7 years (Uchida et al. 1993); an 

uncertainty factor of 100 and modifying factor of 3 was applied to the LOAEL.  An acute-duration oral 

MRL of 1 mg/kg/day is based on a NOAEL of 125 mg/kg and a LOAEL of 250 mg/kg for alteration of 

visual evoked brain potentials in rats exposed to p-xylene for 45 minutes (Dyer et al. 1988); an 

uncertainty factor of 100 was applied to the NOAEL.  An intermediate-duration oral MRL of 

0.4 mg/kg/day is based on a NOAEL of 500 mg/kg/day (duration-adjusted, 360 mg/kg/day) and a LOAEL 

of 1,000 mg/kg/day (duration-adjusted, 710 mg/kg/day) for hyperactivity in mice immediately after oral 

gavage dosing with mixed xylene (plus 17% ethylbenzene) 5 days/week during weeks 4–51 of a 2-year 

study (NTP 1986); an uncertainty factor of 100 was applied to the duration-adjusted NOAEL.  In 

addition, a modifying factor of 10 was applied to account for the lack of testing for sensitive neurological 

effects and lack of developmental and multi-generational data.  A chronic-duration oral MRL of 

0.2 mg/kg/day is based on a NOAEL of 250 mg/kg/day (duration-adjusted, 179 mg/kg/day) for the lack of 

any overt neurological toxicity or systemic toxicity in rats that received oral gavage doses of mixed 

xylene (plus 17% ethylbenzene) 5 days/week for 2 years (NTP 1986); an uncertainty factor of 100 was 

applied to the duration-adjusted NOAEL of 179 mg/kg/day.  In addition, a modifying factor of 10 was 

applied for the lack of testing for sensitive neurological end points and lack of developmental and multi­

generational data. Specific details about the MRL derivations are in Appendix A. 

EPA (IRIS 2005) has derived an inhalation reference concentration (RfC) for mixed xylenes of 0.1 mg/m3 

(0.02 ppm) based on a NOAEL of 50 ppm (217 mg/m3) and a LOAEL of 100 ppm (434 mg/m3) for 
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Table 8-1. Regulations and Guidelines Applicable to Xylenes 

Agency Description 	 Information Reference 
INTERNATIONAL 
Guidelines: 

IARC Carcinogenicity classification Group 3a IARC 2004 
WHO Air quality guidelines No data WHO 2000 

Drinking water quality guidelines 0.5 mg/Lb WHO 2004 
NATIONAL 
Regulations and Guidelines: 
a. 	Air 

ACGIH TLV (TWA) 435 mg/m3 ACGIH 2004 
STEL 655 mg/m3 

EPA Hazardous air pollutant (isomers and Yes EPA 2004b 
mixture) 42 USC 7412

 NAS/NRC 	 AEGL-1c EPA 2007 

10, 30, and 60 minutes, 4 and 8 hours 130 ppm 


AEGL-2c 

10 minutes 2500 ppmd 

30 minutes 1300 ppmd 

60 minutes 920 ppmd 

4 hours 500 ppm 
8 hours 400 ppm 

AEGL-3c 

10 minutes 7,200 ppme 

30 minutes 3,600 ppmd 

60 minutes 2,500 ppmd 

4 hours 1,300 ppmd 

8 hours 1,000 ppmd 

NIOSH 	 REL (15-minute ceiling limit) 435 mg/m3 NIOSH 2005


IDLH 3,906 mg/m3


STEL 655 mg/m3


OSHA 	 PEL (8-hour TWA) for general industry 435 mg/m3 OSHA 2005c 
29 CFR 1910.1000 

PEL (8-hour TWA) for construction 435 mg/m3 OSHA 2005b 
industry 	 29 CFR 1926.55 
PEL (8-hour TWA) for shipyard industry 435 mg/m3 OSHA 2005a 

29 CFR 1915.1000 
b. 	Water 

EPA Designated as hazardous substances in Yes EPA 2005b 
accordance with Section 311(b)(2)(A) of 40 CFR 116.4 
the Clean Water Act 
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Agency 

Table 8-1. Regulations and Guidelines Applicable to Xylenes 

Description Information Reference 
NATIONAL (cont)
 EPA Drinking water standards and health 

advisories 
1-day HA (10-kg child) 
10-day HA (10-kg child) 
DWEL 

National primary drinking water 
standards (total xylenes) 

MCLG 
MCL 

Reportable quantities of hazardous 
substances designated pursuant to 
Section 311 of the Clean Water Act 

c. 	Food 
EPA Exemption from the requirement of a 

tolerance 
Xylenes applied as an emulsion 

Maximum residue of xylenes in potable 
water system/return flows of treated 
irrigation water into receiving rivers 
and streams 

FDA Bottled drinking water 

d. 	Other 
 ACGIH Carcinogenicity classification 

Biological exposure indices 
Methylhippuric acids in urine (end of 
shift) 


EPA Carcinogenicity classification 


Inhalation unit risk 
Oral slope factor 

RfC 
RfD 

40 mg/L 
40 mg/L 
7.0 mg/L 

10 mg/L 
10 mg/L 
100 pounds 

Initial concentration not 
to exceed 750 ppm 
10 ppm 

10 mg/L 

A4f 

1.5 g/g creatinine 

Data are inadequate for 
an assessment of the 
carcinogenic potential 
Not applicable 
Not applicable 
0.1 mg/m3

0.2 mg/kg/day 

EPA 2004a 

EPA 2002b 

EPA 2005c 
40 CFR 117.3 

EPA 2005f 
40 CFR 180.1025 

FDA 2006 
21 CFR 165.110 

ACGIH 2004

IRIS 2005 
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Agency 

Table 8-1. Regulations and Guidelines Applicable to Xylenes 

Description Information Reference 
NATIONAL (cont) 

EPA Superfund, emergency planning, and 
community right-to-know 

Designated CERCLA hazardous EPA 2005d 
substance 40 CFR 302.4 

  Reportable quantity 
Xylenes and p-xylenes 100 pounds 
m-Xylenes and o-xylenes 1,000 pounds 

Effective date of toxic chemical release 01/01/87 EPA 2005e 
reporting 40 CFR 372.65 

NTP Carcinogenicity classification No data NTP 2005 

aGroup 3: Not classifiable as to carcinogenicity to humans 

bConcentrations of the substance at or below the health-based guideline value may affect the appearance, taste, or 

odor of the water, leading to consumer complaints. 

cAEGL-1 is the airborne concentration of a substance above which it is predicted that the general population, 

including susceptible individuals, could experience notable discomfort, irritation, or certain asymptomatic nonsensory

effects. AEGL-2 is the airborne concentration of a substance above which it is predicted that the general population, 

including susceptible individuals, could experience irreversible or other serious, long-lasting adverse health effects or 

an impaired ability to escape.  AEGL-3 is the airborne concentration of a substance above which it is predicted that 

the general population, including susceptible individuals, could experience life-threatening health effects or death. 

dValues denoted as having safety considerations against the hazard of explosion; the Lower Explosive Limit 

(LEL)=9,000 ppm and each value should be >10% LEL. Safety considerations against the hazard(s) of explosion(s) 

must be taken into account. 

eExtreme safety considerations against the hazard(s) of explosion(s) must be taken into account. 

fA4:  Not classifiable as a human carcinogen 


ACGIH = American Conference of Governmental Industrial Hygienists; AEGL = acute exposure guideline level; 
CERCLA = Comprehensive Environmetnal Response, Compensation, and Liability Act; CFR = Code of Federal 
Regulations; DWEL = drinking water equivalent level; EPA = Environmental Protection Agency; FDA = Food and 
Drug Administration; HA = health advisory; IARC = International Agency for Research on Cancer; IDLH = immediately 
dangerous to life or health; IRIS = Integrated Risk Informatin System; MCL = maximum contaminant level; 
MCLG = maximum contaminant level goal; NAS/NRC = National Academy of Sciences/National Research Council; 
NIOSH = National Institute for Occupational Safety and Health; NTP = National Toxicology Program; 
OSHA = Occupational Safety and Health Administration; PEL = permissible exposure limit; REL = recommended 
exposure limit; RfC = inhalation reference concentration; RfD = oral reference dose; STEL = short-term exposure 
limit; TLV = threshold limit values; TWA = time-weighted average; USC = United States Code; WHO = World Health 
Organization 



XYLENE  275 

8. REGULATIONS AND ADVISORIES 

impaired motor coordination (decreased rotarod performance) in male rats exposed to m-xylene vapor 

6 hours/day, 5 days/week for 3 months (Korsak et al. 1992); an uncertainty factor of 300 was applied to 

the NOAEL.  EPA (IRIS 2005) has derived an oral reference dose (RfD) for mixed xylenes of 

0.2 mg/kg/day, based on a NOAEL of 250 mg/kg/day and a LOAEL of 500 mg/kg/day for dose-related 

decrease in body weight and increase in mortality in male rats treated by oral gavage 5 days/week for 

2 years (NTP 1986); an uncertainty factor of 1,000 was applied to the NOAEL.  
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Absorption—The taking up of liquids by solids, or of gases by solids or liquids. 

Acute Exposure—Exposure to a chemical for a duration of 14 days or less, as specified in the 
Toxicological Profiles. 

Adsorption—The adhesion in an extremely thin layer of molecules (as of gases, solutes, or liquids) to the 
surfaces of solid bodies or liquids with which they are in contact. 

Adsorption Coefficient (Koc)—The ratio of the amount of a chemical adsorbed per unit weight of 
organic carbon in the soil or sediment to the concentration of the chemical in solution at equilibrium. 

Adsorption Ratio (Kd)—The amount of a chemical adsorbed by sediment or soil (i.e., the solid phase) 
divided by the amount of chemical in the solution phase, which is in equilibrium with the solid phase, at a 
fixed solid/solution ratio. It is generally expressed in micrograms of chemical sorbed per gram of soil or 
sediment. 

Benchmark Dose (BMD)—Usually defined as the lower confidence limit on the dose that produces a 
specified magnitude of changes in a specified adverse response.  For example, a BMD10 would be the 
dose at the 95% lower confidence limit on a 10% response, and the benchmark response (BMR) would be 
10%.  The BMD is determined by modeling the dose response curve in the region of the dose response 
relationship where biologically observable data are feasible.    

Benchmark Dose Model—A statistical dose-response model applied to either experimental toxicological 
or epidemiological data to calculate a BMD. 

Bioconcentration Factor (BCF)—The quotient of the concentration of a chemical in aquatic organisms 
at a specific time or during a discrete time period of exposure divided by the concentration in the 
surrounding water at the same time or during the same period. 

Biomarkers—Broadly defined as indicators signaling events in biologic systems or samples. They have 
been classified as markers of exposure, markers of effect, and markers of susceptibility. 

Cancer Effect Level (CEL)—The lowest dose of chemical in a study, or group of studies, that produces 
significant increases in the incidence of cancer (or tumors) between the exposed population and its 
appropriate control. 

Carcinogen—A chemical capable of inducing cancer. 

Case-Control Study—A type of epidemiological study that examines the relationship between a 
particular outcome (disease or condition) and a variety of potential causative agents (such as toxic 
chemicals).  In a case-controlled study, a group of people with a specified and well-defined outcome is 
identified and compared to a similar group of people without outcome. 

Case Report—Describes a single individual with a particular disease or exposure.  These may suggest 
some potential topics for scientific research, but are not actual research studies. 

Case Series—Describes the experience of a small number of individuals with the same disease or 
exposure. These may suggest potential topics for scientific research, but are not actual research studies. 
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Ceiling Value—A concentration of a substance that should not be exceeded, even instantaneously. 

Chronic Exposure—Exposure to a chemical for 365 days or more, as specified in the Toxicological 
Profiles. 

Cohort Study—A type of epidemiological study of a specific group or groups of people who have had a 
common insult (e.g., exposure to an agent suspected of causing disease or a common disease) and are 
followed forward from exposure to outcome.  At least one exposed group is compared to one unexposed 
group. 

Cross-sectional Study—A type of epidemiological study of a group or groups of people that examines 
the relationship between exposure and outcome to a chemical or to chemicals at one point in time. 

Data Needs—Substance-specific informational needs that if met would reduce the uncertainties of human 
health assessment. 

Developmental Toxicity—The occurrence of adverse effects on the developing organism that may result 
from exposure to a chemical prior to conception (either parent), during prenatal development, or 
postnatally to the time of sexual maturation.  Adverse developmental effects may be detected at any point 
in the life span of the organism. 

Dose-Response Relationship—The quantitative relationship between the amount of exposure to a 
toxicant and the incidence of the adverse effects. 

Embryotoxicity and Fetotoxicity—Any toxic effect on the conceptus as a result of prenatal exposure to 
a chemical; the distinguishing feature between the two terms is the stage of development during which the 
insult occurs.  The terms, as used here, include malformations and variations, altered growth, and in utero 
death. 

Environmental Protection Agency (EPA) Health Advisory—An estimate of acceptable drinking water 
levels for a chemical substance based on health effects information.  A health advisory is not a legally 
enforceable federal standard, but serves as technical guidance to assist federal, state, and local officials. 

Epidemiology—Refers to the investigation of factors that determine the frequency and distribution of 
disease or other health-related conditions within a defined human population during a specified period.   

Genotoxicity—A specific adverse effect on the genome of living cells that, upon the duplication of 
affected cells, can be expressed as a mutagenic, clastogenic, or carcinogenic event because of specific 
alteration of the molecular structure of the genome. 

Half-life—A measure of rate for the time required to eliminate one half of a quantity of a chemical from 
the body or environmental media. 

Immediately Dangerous to Life or Health (IDLH)—The maximum environmental concentration of a 
contaminant from which one could escape within 30 minutes without any escape-impairing symptoms or 
irreversible health effects. 

Immunologic Toxicity—The occurrence of adverse effects on the immune system that may result from 
exposure to environmental agents such as chemicals. 
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Immunological Effects—Functional changes in the immune response. 

Incidence—The ratio of individuals in a population who develop a specified condition to the total 
number of individuals in that population who could have developed that condition in a specified time 
period. 

Intermediate Exposure—Exposure to a chemical for a duration of 15–364 days, as specified in the 
Toxicological Profiles. 

In Vitro—Isolated from the living organism and artificially maintained, as in a test tube. 

In Vivo—Occurring within the living organism. 

Lethal Concentration(LO) (LCLO)—The lowest concentration of a chemical in air that has been reported 
to have caused death in humans or animals. 

Lethal Concentration(50) (LC50)—A calculated concentration of a chemical in air to which exposure for 
a specific length of time is expected to cause death in 50% of a defined experimental animal population. 

Lethal Dose(LO) (LDLo)—The lowest dose of a chemical introduced by a route other than inhalation that 
has been reported to have caused death in humans or animals. 

Lethal Dose(50) (LD50)—The dose of a chemical that has been calculated to cause death in 50% of a 
defined experimental animal population. 

Lethal Time(50) (LT50)—A calculated period of time within which a specific concentration of a chemical 
is expected to cause death in 50% of a defined experimental animal population. 

Lowest-Observed-Adverse-Effect Level (LOAEL)—The lowest exposure level of chemical in a study, 
or group of studies, that produces statistically or biologically significant increases in frequency or severity 
of adverse effects between the exposed population and its appropriate control. 

Lymphoreticular Effects—Represent morphological effects involving lymphatic tissues such as the 
lymph nodes, spleen, and thymus. 

Malformations—Permanent structural changes that may adversely affect survival, development, or 
function. 

Minimal Risk Level (MRL)—An estimate of daily human exposure to a hazardous substance that is 
likely to be without an appreciable risk of adverse noncancer health effects over a specified route and 
duration of exposure. 

Modifying Factor (MF)—A value (greater than zero) that is applied to the derivation of a Minimal Risk 
Level (MRL) to reflect additional concerns about the database that are not covered by the uncertainty 
factors. The default value for a MF is 1. 

Morbidity—State of being diseased; morbidity rate is the incidence or prevalence of disease in a specific 
population. 

Mortality—Death; mortality rate is a measure of the number of deaths in a population during a specified 
interval of time. 
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Mutagen—A substance that causes mutations.  A mutation is a change in the DNA sequence of a cell’s 
DNA. Mutations can lead to birth defects, miscarriages, or cancer. 

Necropsy—The gross examination of the organs and tissues of a dead body to determine the cause of 
death or pathological conditions. 

Neurotoxicity—The occurrence of adverse effects on the nervous system following exposure to a 
chemical. 

No-Observed-Adverse-Effect Level (NOAEL)—The dose of a chemical at which there were no 
statistically or biologically significant increases in frequency or severity of adverse effects seen between 
the exposed population and its appropriate control.  Effects may be produced at this dose, but they are not 
considered to be adverse. 

Octanol-Water Partition Coefficient (Kow)—The equilibrium ratio of the concentrations of a chemical 
in n-octanol and water, in dilute solution. 

Odds Ratio (OR)—A means of measuring the association between an exposure (such as toxic substances 
and a disease or condition) that represents the best estimate of relative risk (risk as a ratio of the incidence 
among subjects exposed to a particular risk factor divided by the incidence among subjects who were not 
exposed to the risk factor). An OR of greater than 1 is considered to indicate greater risk of disease in the 
exposed group compared to the unexposed group. 

Organophosphate or Organophosphorus Compound—A phosphorus-containing organic compound 
and especially a pesticide that acts by inhibiting cholinesterase. 

Permissible Exposure Limit (PEL)—An Occupational Safety and Health Administration (OSHA) 
allowable exposure level in workplace air averaged over an 8-hour shift of a 40-hour workweek. 

Pesticide—General classification of chemicals specifically developed and produced for use in the control 
of agricultural and public health pests. 

Pharmacokinetics—The dynamic behavior of a material in the body, used to predict the fate 
(disposition) of an exogenous substance in an organism.  Utilizing computational techniques, it provides 
the means of studying the absorption, distribution, metabolism, and excretion of chemicals by the body. 

Pharmacokinetic Model—A set of equations that can be used to describe the time course of a parent 
chemical or metabolite in an animal system.  There are two types of pharmacokinetic models:  data-based 
and physiologically-based.  A data-based model divides the animal system into a series of compartments, 
which, in general, do not represent real, identifiable anatomic regions of the body, whereas the 
physiologically-based model compartments represent real anatomic regions of the body. 

Physiologically Based Pharmacodynamic (PBPD) Model—A type of physiologically based dose-
response model that quantitatively describes the relationship between target tissue dose and toxic end 
points. These models advance the importance of physiologically based models in that they clearly 
describe the biological effect (response) produced by the system following exposure to an exogenous 
substance. 

Physiologically Based Pharmacokinetic (PBPK) Model—Comprised of a series of compartments 
representing organs or tissue groups with realistic weights and blood flows.  These models require a 
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variety of physiological information:  tissue volumes, blood flow rates to tissues, cardiac output, alveolar 
ventilation rates, and possibly membrane permeabilities.  The models also utilize biochemical 
information, such as air/blood partition coefficients, and metabolic parameters.  PBPK models are also 
called biologically based tissue dosimetry models. 

Prevalence—The number of cases of a disease or condition in a population at one point in time.  

Prospective Study—A type of cohort study in which the pertinent observations are made on events 
occurring after the start of the study.  A group is followed over time. 

q1*—The upper-bound estimate of the low-dose slope of the dose-response curve as determined by the 
multistage procedure.  The q1* can be used to calculate an estimate of carcinogenic potency, the 
incremental excess cancer risk per unit of exposure (usually μg/L for water, mg/kg/day for food, and 
μg/m3 for air). 

Recommended Exposure Limit (REL)—A National Institute for Occupational Safety and Health 
(NIOSH) time-weighted average (TWA) concentration for up to a 10-hour workday during a 40-hour 
workweek. 

Reference Concentration (RfC)—An estimate (with uncertainty spanning perhaps an order of 
magnitude) of a continuous inhalation exposure to the human population (including sensitive subgroups) 
that is likely to be without an appreciable risk of deleterious noncancer health effects during a lifetime.  
The inhalation reference concentration is for continuous inhalation exposures and is appropriately 
expressed in units of mg/m3 or ppm. 

Reference Dose (RfD)—An estimate (with uncertainty spanning perhaps an order of magnitude) of the 
daily exposure of the human population to a potential hazard that is likely to be without risk of deleterious 
effects during a lifetime.  The RfD is operationally derived from the no-observed-adverse-effect level 
(NOAEL, from animal and human studies) by a consistent application of uncertainty factors that reflect 
various types of data used to estimate RfDs and an additional modifying factor, which is based on a 
professional judgment of the entire database on the chemical.  The RfDs are not applicable to 
nonthreshold effects such as cancer. 

Reportable Quantity (RQ)—The quantity of a hazardous substance that is considered reportable under 
the Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA).  Reportable 
quantities are (1) 1 pound or greater or (2) for selected substances, an amount established by regulation 
either under CERCLA or under Section 311 of the Clean Water Act.  Quantities are measured over a 
24-hour period. 

Reproductive Toxicity—The occurrence of adverse effects on the reproductive system that may result 
from exposure to a chemical.  The toxicity may be directed to the reproductive organs and/or the related 
endocrine system.  The manifestation of such toxicity may be noted as alterations in sexual behavior, 
fertility, pregnancy outcomes, or modifications in other functions that are dependent on the integrity of 
this system. 

Retrospective Study—A type of cohort study based on a group of persons known to have been exposed 
at some time in the past.  Data are collected from routinely recorded events, up to the time the study is 
undertaken. Retrospective studies are limited to causal factors that can be ascertained from existing 
records and/or examining survivors of the cohort. 

Risk—The possibility or chance that some adverse effect will result from a given exposure to a chemical. 
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Risk Factor—An aspect of personal behavior or lifestyle, an environmental exposure, or an inborn or 
inherited characteristic that is associated with an increased occurrence of disease or other health-related 
event or condition. 

Risk Ratio—The ratio of the risk among persons with specific risk factors compared to the risk among 
persons without risk factors. A risk ratio greater than 1 indicates greater risk of disease in the exposed 
group compared to the unexposed group. 

Short-Term Exposure Limit (STEL)—The American Conference of Governmental Industrial 
Hygienists (ACGIH) maximum concentration to which workers can be exposed for up to 15 minutes 
continually. No more than four excursions are allowed per day, and there must be at least 60 minutes 
between exposure periods. The daily Threshold Limit Value-Time Weighted Average (TLV-TWA) may 
not be exceeded. 

Standardized Mortality Ratio (SMR)—A ratio of the observed number of deaths and the expected 
number of deaths in a specific standard population. 

Target Organ Toxicity—This term covers a broad range of adverse effects on target organs or 
physiological systems (e.g., renal, cardiovascular) extending from those arising through a single limited 
exposure to those assumed over a lifetime of exposure to a chemical. 

Teratogen—A chemical that causes structural defects that affect the development of an organism. 

Threshold Limit Value (TLV)—An American Conference of Governmental Industrial Hygienists 
(ACGIH) concentration of a substance to which most workers can be exposed without adverse effect.  
The TLV may be expressed as a Time Weighted Average (TWA), as a Short-Term Exposure Limit 
(STEL), or as a ceiling limit (CL). 

Time-Weighted Average (TWA)—An allowable exposure concentration averaged over a normal 8-hour 
workday or 40-hour workweek. 

Toxic Dose(50) (TD50)—A calculated dose of a chemical, introduced by a route other than inhalation, 
which is expected to cause a specific toxic effect in 50% of a defined experimental animal population. 

Toxicokinetic—The absorption, distribution, and elimination of toxic compounds in the living organism. 

Uncertainty Factor (UF)—A factor used in operationally deriving the Minimal Risk Level (MRL) or 
Reference Dose (RfD) or Reference Concentration (RfC) from experimental data.  UFs are intended to 
account for (1) the variation in sensitivity among the members of the human population, (2) the 
uncertainty in extrapolating animal data to the case of human, (3) the uncertainty in extrapolating from 
data obtained in a study that is of less than lifetime exposure, and (4) the uncertainty in using lowest-
observed-adverse-effect level (LOAEL) data rather than no-observed-adverse-effect level (NOAEL) data. 
A default for each individual UF is 10; if complete certainty in data exists, a value of 1 can be used; 
however, a reduced UF of 3 may be used on a case-by-case basis, 3 being the approximate logarithmic 
average of 10 and 1. 

Xenobiotic—Any chemical that is foreign to the biological system. 
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The Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) [42 U.S.C. 

9601 et seq.], as amended by the Superfund Amendments and Reauthorization Act (SARA) [Pub. L. 99– 

499], requires that the Agency for Toxic Substances and Disease Registry (ATSDR) develop jointly with 

the U.S. Environmental Protection Agency (EPA), in order of priority, a list of hazardous substances most 

commonly found at facilities on the CERCLA National Priorities List (NPL); prepare toxicological 

profiles for each substance included on the priority list of hazardous substances; and assure the initiation 

of a research program to fill identified data needs associated with the substances. 

The toxicological profiles include an examination, summary, and interpretation of available toxicological 

information and epidemiologic evaluations of a hazardous substance.  During the development of 

toxicological profiles, Minimal Risk Levels (MRLs) are derived when reliable and sufficient data exist to 

identify the target organ(s) of effect or the most sensitive health effect(s) for a specific duration for a 

given route of exposure. An MRL is an estimate of the daily human exposure to a hazardous substance 

that is likely to be without appreciable risk of adverse noncancer health effects over a specified duration 

of exposure. MRLs are based on noncancer health effects only and are not based on a consideration of 

cancer effects.  These substance-specific estimates, which are intended to serve as screening levels, are 

used by ATSDR health assessors to identify contaminants and potential health effects that may be of 

concern at hazardous waste sites.  It is important to note that MRLs are not intended to define clean-up or 

action levels. 

MRLs are derived for hazardous substances using the no-observed-adverse-effect level/uncertainty factor 

approach. They are below levels that might cause adverse health effects in the people most sensitive to 

such chemical-induced effects.  MRLs are derived for acute (1–14 days), intermediate (15–364 days), and 

chronic (365 days and longer) durations and for the oral and inhalation routes of exposure.  Currently, 

MRLs for the dermal route of exposure are not derived because ATSDR has not yet identified a method 

suitable for this route of exposure. MRLs are generally based on the most sensitive chemical-induced end 

point considered to be of relevance to humans.  Serious health effects (such as irreparable damage to the 

liver or kidneys, or birth defects) are not used as a basis for establishing MRLs.  Exposure to a level 

above the MRL does not mean that adverse health effects will occur. 

MRLs are intended only to serve as a screening tool to help public health professionals decide where to 

look more closely.  They may also be viewed as a mechanism to identify those hazardous waste sites that 
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are not expected to cause adverse health effects.  Most MRLs contain a degree of uncertainty because of 

the lack of precise toxicological information on the people who might be most sensitive (e.g., infants, 

elderly, nutritionally or immunologically compromised) to the effects of hazardous substances.  ATSDR 

uses a conservative (i.e., protective) approach to address this uncertainty consistent with the public health 

principle of prevention. Although human data are preferred, MRLs often must be based on animal studies 

because relevant human studies are lacking.  In the absence of evidence to the contrary, ATSDR assumes 

that humans are more sensitive to the effects of hazardous substance than animals and that certain persons 

may be particularly sensitive.  Thus, the resulting MRL may be as much as 100-fold below levels that 

have been shown to be nontoxic in laboratory animals. 

Proposed MRLs undergo a rigorous review process:  Health Effects/MRL Workgroup reviews within the 

Division of Toxicology and Environmental Medicine, expert panel peer reviews, and agency-wide MRL 

Workgroup reviews, with participation from other federal agencies and comments from the public.  They 

are subject to change as new information becomes available concomitant with updating the toxicological 

profiles. Thus, MRLs in the most recent toxicological profiles supersede previously published levels.  

For additional information regarding MRLs, please contact the Division of Toxicology and 

Environmental Medicine, Agency for Toxic Substances and Disease Registry, 1600 Clifton Road NE, 

Mailstop F-32, Atlanta, Georgia 30333. 
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MINIMAL RISK LEVEL (MRL) WORKSHEET 

Chemical Name: Xylenes (mixed xylenes, ortho-, meta-, and para-xylenes) 
CAS Numbers: 1330-20-7, 95-47-6, 108-38-3, 106-42-3 
Date:   August 2007 
Profile Status: Final 
Route: [X] Inhalation  [ ] Oral 
Duration: [X] Acute   [ ] Intermediate  [ ] Chronic 
Graph Key: 49 
Species: Human 

Minimal Risk Level: 2 [ ] mg/kg/day [X] ppm 
[Note: A single acute-duration inhalation MRL has been derived based on data for m-xylene that applies 
to mixed xylenes and all of the individual isomers.  The justification for deriving a common value is that 
the isomers have similar toxicokinetic properties and elicit similar toxicological effects, with no isomer 
consistently exhibiting the greatest potency, depending on the end point.  Further discussion of this 
rationale is presented in Section 3.2.] 

Reference: Ernstgard L, Gullstrand E, Lof A, et al. 2002.  Are women more sensitive than men to 
2-propanol and m-xylene vapors?  Occup Environ Med 59:759-767. 

Experimental design: Fifty-six healthy volunteers (28 per sex) between the ages of 20 and 49 years were 
exposed to 50 ppm (200 mg/m3) m-xylene, clean air (controls), or 150 ppm 2-propanol in a dynamic 
exposure chamber for 2 hours.  Each subject experienced the three treatments.  Sessions were separated 
by intervals of 2 weeks.  The experiment was initially designed to be balanced with two men and two 
women exposed on each occasion with all six possible orders of treatment represented.  (Schedule 
changes by the volunteers resulted in imbalances in treatment orders, but ANOVA analysis indicated that 
the imbalance had no significant effect on the results.)  Subjects rated the level of perceived discomfort 
using a visual analog scale (0–100 mm) in a questionnaire with 10 questions during exposure (3, 60, and 
118 minutes from the start of exposure), and post-exposure (140 and 350 minutes from onset).  Items 
included discomfort in eyes, nose, throat, or airways; breathing difficulty; solvent smell; headache; 
fatigue; nausea; dizziness; and feeling of intoxication.  Pulmonary function measurements were 
conducted via spirometer prior to exposure, immediately after exposure, and 3 hours post-exposure.  
These included vital capacity (VC), forced vital capacity (FVC), forced expiratory volume in one second 
(FEV1), peak expiratory flow (PEF), and forced expiratory flow in 25, 50, or 75% of FVC (FEF25, FEF50, 
FEF75).  Nasal swelling was assessed by acoustic rhinometry before, immediately after, and 3 hours after 
the end of exposure.  Nasal lavages obtained before and 3 hours after the end of exposure were evaluated 
for markers of inflammation (lysozyme, albumin, myeloperoxidase, and eosinophilic cationic protein).  
Eye blinking was measured throughout exposure by electromyography and color vision was assessed 
before, immediately after, and 3 hours post-exposure. 

Effect noted in study and corresponding doses: Statistically significant increases, compared to air-
exposure, in the average rating of self-reported symptoms resulting from exposure to m-xylene at 50 ppm 
were observed for discomfort in the eyes and nose, detection of solvent smell, and feeling of intoxication 
in both sexes after 60 and 118 minutes, in discomfort in the throat or airways in women after 60 minutes, 
in breathing difficulty and nausea in men at 118 minutes and women at both timepoints, in headache and 
fatigue in men at both timepoints, and in dizziness in men at 118 minutes.  All of the statistically 
significant increases in the subjective ratings were minimal except for detection of solvent smell, which 
was moderate. 
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Statistically significant minimal changes, compared to air-exposure, were observed in objective measures 
of respiratory function (percent change from pre-exposure measurements) in women, but not men, 3 hours 
after the end of the exposure to m-xylene:  FVC reduced by 2.81% (compared to reduced by 0.06% for air 
exposure, p<0.01), FEV1/FVC increased by 1.09% (compared to decreased by 0.34% for air exposure, 
p<0.03), and FEF75 increased by 3.32% (compared to decreased by 5.53% for air exposure, p<0.04). No 
statistically significant change was observed immediately after exposure.  Irrespective of exposure 
condition, there were diurnal changes in lung function (FVC and FEV1) that were more pronounced in 
women than in men.  There were no solvent-related changes in nasal volume or cross-sectional area, but 
ANOVA revealed a sex-dependent decrease in nasal volume over time (greater in women) irrespective of 
exposure condition.  Exposure to m-xylene did not induce significant adverse changes in other 
parameters.  

Dose and end point used for MRL derivation: 

[ ] NOAEL   [X] LOAEL 

The minimal LOAEL of 50 ppm m-xylene is for slight respiratory effects (reduced forced vital capacity, 
increased discomfort in throat and airways in females, and breathing difficulty in both sexes) and 
subjective symptoms of neurotoxicity (headache, dizziness, a feeling of intoxication).  The LOAEL is 
minimal because the magnitude of the changes was small.  The data were not suitable for benchmark dose 
analysis because a single exposure level was tested. 

Uncertainty Factors used in MRL derivation: 30 

[X]   3 for use of a minimal LOAEL 

[ ] 10 for extrapolation from animals to humans 

[X] 10 for human variability 

Was a conversion factor used from ppm in food or water to a mg/body weight dose?  Not applicable. 

If an inhalation study in animals, list conversion factors used in determining human equivalent dose: 
Not applicable. 

Was a conversion used from intermittent to continuous exposure? Not applicable. 

Other additional studies or pertinent information that lend support to this MRL: The database for acute-
duration inhalation exposure to xylenes includes a number of studies in humans and laboratory animals.  
Studies in humans identify neurological and respiratory effects as the most sensitive end points for acute-
duration inhalation exposure.  Effects observed in humans at 50–690 ppm included irritation of the 
respiratory tract (breathing difficulty, discomfort in nose and throat, reduced forced air capacity), 
neurotoxicity (dizziness, headache, impaired short-term memory, increase in reaction times), and eye 
irritation (Carpenter et al. 1975a; Dudek et al. 1990; Gamberale et al. 1978; Nelson et al. 1943; NIOSH 
1981).  Other neurological effects in humans included altered visual evoked potentials following repeated 
exposure to 200 ppm m-xylene and impaired body balance following a single 4-hour exposure at 400 ppm 
(Savolainen et al. 1984; Seppalainen et al. 1989).   

Acute-duration neurological effects in animals were observed at concentrations of 113 ppm and higher.  
These included transiently decreased operant responses in rats repeatedly exposed to 113 ppm mixed 
xylene (Ghosh et al. 1987), altered responses to electric shock in rats and mice exposed once to 230– 
320 ppm o-xylene (Vodickova et al. 1995), and decreased axonal transport in rats repeatedly exposed to 
800 ppm mixed xylene (Padilla and Lyerly 1989).  Effects related to motor incoordination were observed 



XYLENE A-5 

APPENDIX A 

following exposures to mixed xylenes or individual isomers in the range of 1,010–1,982 ppm (Carpenter 
et al. 1975a; De Ceaurriz et al. 1983; Korsak et al. 1988, 1990, 1993).  Sensory-related changes (altered 
visual- or auditory-evoked potentials or hearing losses) occurred at exposures in the range of 1,400– 
1,600 ppm p-xylene (Crofton et al. 1994; Dyer et al. 1988; Pryor et al. 1987; Rebert et al. 1995).  Other 
neurological effects included disturbances in brain catecholamine or dopamine following repeated 
exposure to mixed xylene or individual isomers at 2,000 ppm (Andersson et al. 1981), narcosis in rats at 
≥1,940 ppm (Molnar et al. 1986), and ataxia and seizures in cats exposed to 9,500 ppm mixed xylene 
(Carpenter et al. 1975a). 

The lowest effect levels for other end points affected by acute-duration inhalation exposure in animals 
were higher than the lowest LOAEL for sensitive end points in humans.  Rat developmental effects 
(reduced fetal body weight and delayed ossification) were observed at xylene exposures in the range of 
350–2000 ppm (Saillenfait et al. 2003; Ungvary et al. 1980b); maternal body weight effects were 
observed at 700 ppm (Ungvary et al. 1980b).  Acute-duration respiratory effects in animals include 
decreases in lung surfactant following exposure to mixed xylenes or individual isomers at 1,000 ppm or 
higher (Elovaara et al. 1987; Patel et al. 1978; Toftgard and Nilsen 1982) and decreased respiratory rates 
in mice briefly exposed to m- or o-xylene at concentrations of 1,361–2,700 ppm (De Ceaurriz et al. 1981; 
Korsak et al. 1990, 1991, 1993).  Increased mortality has been reported in rodents repeatedly exposed to 
at 700 ppm (Ungvary et al. 1980b) or once to ≥2,010 ppm (Bonnet et al. 1979; Cameron et al. 1938; 
Carpenter et al. 1975a; Harper et al. 1975; Hine and Zuidema 1970).   

Respiratory and neurological effects are selected as co-critical effects of acute-duration inhalation 
exposure since they occurred at the lowest tested exposure level of 50 ppm.  Ernstgard et al. (2002) was 
selected as the principal study for acute-duration inhalation exposure because it provides the lowest 
LOAEL for the co-critical effects.    

Agency Contacts (Chemical Managers): Mike Fay, Ph.D.; John F. Risher, Ph.D.; Jewell D. Wilson, 
Ph.D. 
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MINIMAL RISK LEVEL (MRL) WORKSHEET 

Chemical Name: Xylenes (mixed xylenes, ortho-, meta-, and para-xylenes) 
CAS Number: 1330-20-7, 95-47-6, 108-38-3, 106-42-3 
Date:   August 2007 
Profile Status: Final 
Route: [X] Inhalation  [ ] Oral 
Duration: [ ] Acute   [X] Intermediate  [ ] Chronic 
Graph Key: 137 
Species: Rat 

Minimal Risk Level: 0.6 [ ] mg/kg/day  [X] ppm 
[Note: A single intermediate-duration inhalation MRL has been derived based on data for m-xylene that 
applies to mixed xylenes and all of the individual isomers.  The justification for deriving a common value 
is that the isomers have similar toxicokinetic properties and elicit similar toxicological effects, with no 
isomer consistently exhibiting the greatest potency, depending on the end point.  Further discussion of 
this rationale is presented in Section 3.2.] 

Reference: Korsak Z, Wisniewska-Knypl J, Swiercz R.  1994.  Toxic effects of subchronic combined 
exposure to n-butyl alcohol and m-xylene in rats.  Int J Occup Med Environ Health 7:155-166. 

Experimental design: Groups of 12–24 male Wistar rats were exposed to m-xylene at 0, 50, or 100 ppm, 
for 6 hours/day, 5 days/week for 3 months.  Before the start of the study and at the end of each month of 
exposure, rats were examined for motor coordination (rotarod performance).  The level of analgesia was 
tested at termination in the paw-lick response to hot-plate test at 54 °C. 

Effect noted in study and corresponding doses: A dose-related increase in the failure rate on the rotarod 
performance test was observed.  The change at 100 ppm was significantly different (p≤0.05) from 
controls. There was no change in severity over time.  Increased sensitivity to pain was indicated by a 
significant decrease (p≤0.05) compared to controls in the latency of the paw-lick response at 50 and 
100 ppm:  12.2±3.1, 8.7±3.8, and 8.6±2.7 seconds, respectively, for control, 50, and 100 ppm.  The 
50 ppm concentration of m-xylene is a LOAEL and serves at the basis for the intermediate inhalation 
MRL for xylenes. 

Dose and end point used for MRL derivation: 

[ ] NOAEL   [X] LOAEL 

The low concentration of 50 ppm was a minimal LOAEL for a statistically significant decrease in the 
mean latency of the paw-lick response.  The LOAEL is considered minimal because the effect was subtle, 
differing from the control by <29%, and did not significantly increase in severity with dose.  The data 
were not suitable for benchmark dose analysis because the response was essentially a plateau. 

Uncertainty Factors used in MRL derivation: 90 

[X ]  3 for use of a minimal LOAEL 
[X]  3 for extrapolation from animals to humans using dosimetric adjustment 
[X]  10 for human variability 

Was a conversion factor used from ppm in food or water to a mg/body weight dose?  Not applicable. 
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If an inhalation study in animals, list conversion factors used in determining human equivalent dose: The 
minimal rat LOAEL was converted to a human equivalent following the EPA (1994) dosimetric equation 
for an extra-respiratory effect from an inhaled category 3 gas:  minimal LOAEL(HEC) = minimal rat 
LOAEL × λa/λh, where λa and λh are blood:air partition coefficients for rats and humans, respectively. 
Reported blood:air partition coefficients for m-xylene are 39.9 for Wistar rats and 26.4 for humans (Sato 
and Nakajima 1979).  Since the rat value is higher than the human, the default value of 1 was used for 
λa/λh (EPA 1994). The minimal LOAELHEC is therefore 50 ppm. 

Was a conversion used from intermittent to continuous exposure? No.  The rapid clearance of xylene 
from the body does not justify such a conversion. 

Other additional studies or pertinent information that lend support to this MRL: The database for 
intermediate-duration inhalation to xylenes includes one controlled-exposure study in humans and several 
animal bioassays.  Effects in humans exposed to 100–150 ppm p-xylene 1–7.5 hours/day, 5 days/week for 
4 weeks included increased reporting of subjective symptoms of irritation of the nose and throat (NIOSH 
1981).  This study found no significant alterations in objective measures of neurological function 
(electroencephalography, tests of motor activity, and cognitive performance) and no alterations in 
pulmonary function in human subjects, but the study was limited in that some group sizes were small 
(n=2). Animal toxicity bioassays that tested at concentrations below 100 ppm reported no clinical signs 
of neurotoxicity or no adverse effects on brain weight (Hillefors-Berglund et al. 1995; Jenkins et al. 
1970). In a special neurobehavioral assay, a LOAEL of 50 ppm was identified for decreased latency of 
the paw-lick response in rats exposed to m-xylene for 3 months (Korsak et al. 1994); impaired rotarod 
performance was noted in this study at 100 ppm, but not at 50 ppm.  Other intermediate-duration studies 
also reported neurobehavioral effects (impaired rotarod performance, passive avoidance learning) 
following exposure to 100 ppm m-xylene for 4 weeks to 6 months (Gralewicz and Wiaderna 2001; 
Gralewicz et al. 1995; Korsak et al. 1994); some neurological impairment persisted for 5–9 weeks after 
exposure (Gralewicz and Wiaderna 2001).  Other effects included distribution of astroglia cells in the 
brain of Mongolian gerbils exposed to 160 ppm mixed xylene for 4 months (Rosengren et al. 1986), 
delayed maxillary ossification and impaired rotarod performance in rats gestationally exposed to 200 ppm 
technical-grade xylene for 6 hours/day (Hass and Jakobsen 1993), and impaired motor coordination and 
spatial orientation following gestational exposure at 500 ppm (Hass et al. 1995, 1997).  Neurological 
effects at higher concentrations included tremors in dogs exposed to 780 ppm o-xylene for 6 hours/day, 
5 days/week for 6 weeks (Jenkins et al. 1970), alterations in brain neurotransmitters following continuous 
exposure to 800 ppm mixed xylenes for 30 days (Honma et al. 1983), and auditory effects in rats (mid­
range hearing loss, death of hair cells of the Cochlea, or decreases in auditory brainstem responses) 
following exposure to ≥800 ppm mixed xylenes or 900 ppm p-xylene for 13 weeks (Gagnaire et al. 2001; 
Nylen and Hagman 1994; Pryor et al. 1987). 

Non-neurological effects were observed at higher concentrations.  Cardiovascular effects (increased 
thickness of coronary microvessels) were observed in rats exposed to 230 ppm mixed xylenes 
6 hours/day, 5 days/week for 4 weeks (Morvai et al. 1987).  Hepatic effects (increased liver weight) were 
observed at a LOAEL of 600 ppm in rats discontinuously exposed to mixed xylenes for 4 weeks 
(Toftgard et al. 1981).  In rats exposed gestationally to mixed xylenes or o-xylene, a LOAEL of 500 ppm 
was identified for decreased fetal body weights in the absence of maternal toxicity (Bio/dynamics 1983). 
LOAELs for adult body weight effects were 1,000 ppm or higher (Tatrai et al. 1981).  Increased deaths 
among squirrel monkeys and rats were noted following discontinuous intermediate-duration exposure to 
780 ppm o-xylene (Jenkins et al. 1970), but no systemic effects were noted in rats or dogs exposed to 810 
ppm mixed xylenes (Carpenter et al. 1975a).   

Agency Contacts (Chemical Managers): Mike Fay, Ph.D.; John F. Risher, Ph.D.; Jewell D. Wilson, 
Ph.D. 
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MINIMAL RISK LEVEL (MRL) WORKSHEET 

Chemical Name: Xylenes (mixed xylenes, ortho-, meta-, and para-xylenes) 
CAS Number: 1330-20-7, 95-47-6, 108-38-3, 106-42-3 
Date:   August 2007 
Profile Status: Final 
Route: [X] Inhalation  [ ] Oral 
Duration: [ ] Acute   [ ] Intermediate   [X] Chronic 
Graph Key: 150 
Species: Human 

Minimal Risk Level: 0.05  [ ] mg/kg/day  [X] ppm 
[Note: A single chronic-duration inhalation MRL has been derived based on data for mixed xylene that 
applies to mixed xylenes and all of the individual isomers.  The justification for deriving a common value 
is that the isomers have similar toxicokinetic properties and elicit similar toxicological effects, with no 
isomer consistently exhibiting the greatest potency, depending on the end point.  Further discussion of 
this rationale is presented in Section 3.2.] 

Reference: Uchida Y, Nakatsuka H, Ukai H, et al. 1993.  Symptoms and signs in workers exposed 
predominantly to xylenes.  Int Arch Occup Environ Health 64:597-605. 

Experimental design: 175 workers (107 men, 68 women) were exposed to mixed xylenes in Chinese 
factories during the production of rubber boots or plastic coated wire, or in printing work.  Two hundred 
forty-one nonexposed workers (116 men, 125 women) were recruited from the same or other factories as 
a comparison population. Exposures, measured with a diffusive sampler, indicated that xylenes 
accounted for >70% total exposure, with m-xylene accounting for 50% of the xylene exposure, followed 
by p- and o-xylenes.  Toluene exposure and ethylbenzene exposure were about 1 and 3 ppm, respectively, 
with no benzene exposure.  Subjects were evaluated for subjective symptoms in a questionnaire and also 
examined for objective parameters (serum biochemistry, hematology, and urinalysis).  Exposures were 
corroborated by measurements of xylene metabolites in urine.   

Effect noted in study and corresponding doses: The TWA (arithmetical mean) for xylenes was 21 ppm 
for an average of 7 years (geometric mean 14 ppm).  One man was exposed to 175 ppm.  Subjective 
symptoms included increased prevalence of anxiety, forgetfulness, inability to concentrate, eye and nasal 
irritation, dizziness, and sore throats.  Exposure and urinary metabolites are further described in Inoue et 
al. (1993).  The findings of hematology (red blood cell, platelet and white blood cell counts, hemoglobin), 
serum biochemistry (total protein, albumin, aspartate aminotransferase, alanine aminotranferase gamma-
GTP, alkaline phosphatase, leucine aminopeptidase, lactate dehydrogenase, amylase, BUN, creatinine), 
and urinalysis were normal, indicating no liver or kidney effects.  The geometric mean of 14 ppm, a 
LOAEL for subjective effects, is used as the basis of the chronic-duration MRL.  

Dose and end point used for MRL derivation: 

[ ] NOAEL   [X] LOAEL 

The LOAEL of 14 ppm, the TWA geometric mean, was for subjective symptoms of neurotoxicity 
(anxiety, forgetfulness, floating sensation) and respiratory toxicity (nasal irritation and sore throat) and 
eye irritation.  The geometric mean was chosen over the arithmetical mean because it is a better 
representation of central tendency.  The data were not suitable for benchmark dose analysis because a 
single average exposure level was reported. 
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Uncertainty Factors used in MRL derivation: 
 
 [X]  10 for use of a LOAEL 
 [  ]   10 for extrapolation from animals to humans 
 [X]  10 for human variability 
 
Modifying Factors used in MRL derivation: 
 

[X]  3 to account for the lack of supporting studies evaluating the chronic neurotoxicity of xylene.   
 
Was a conversion factor used from ppm in food or water to a mg/body weight dose?  No. 
 
If an inhalation study in animals, list conversion factors used in determining human equivalent dose:  Not 
applicable. 
 
Was a conversion used from intermittent to continuous exposure?  No.  The rapid clearance of xylene 
from the body does not justify such a conversion. 
 
Other additional studies or pertinent information that lend support to this MRL:  Although no other 
chronic-duration inhalation data are available for humans, the database for shorter duration exposures 
supports the findings of Uchida et al. (1993).  Neurotoxicity (dizziness, headache, impaired short-term 
memory, increased reaction times), irritation of the respiratory tract (breathing difficulty, discomfort in 
nose and throat, reduced forced air capacity), and eye irritation have been reported in humans acutely 
exposed to ≥50 ppm m-xylene or mixed xylenes or ≥100 ppm p-xylene (Carpenter et al. 1975a; Dudek et 
al. 1990; Ernstgard et al. 2002; Gamberale et al. 1978; Nelson et al. 1943; NIOSH 1981).  Repeated 
intermediate-duration exposure to ≥100 ppm p-xylene also increased the reporting of subjective 
symptoms for irritation of the nose and throat (NIOSH 1981).  
 
Studies in animals also confirm that the nervous system is a sensitive target of inhalation exposure to 
xylene; respiratory function has not been assessed in animals at low concentrations.  The most sensitive 
effects observed in acute-duration studies involved impaired neurological performance (operant 
responses) in rats exposed to 113 ppm mixed xylenes (Ghosh et al. 1987) and altered responses to electric 
shock in rats and mice exposed to 230–320 ppm o-xylene (Vodickova et al. 1995).  The most sensitive 
effects in intermediate-duration studies were for increased sensitivity to pain in rats exposed to 50 ppm 
m-xylene (Korsak et al. 1994) and impairments in rotarod performance and passive avoidance learning in 
rats exposed to ≥100 ppm m-xylene (Gralewicz and Wiaderna 2001; Gralewicz et al. 1995; Korsak et al. 
1994).  In addition, rats exposed during gestation to ≥160 ppm mixed xylene exhibited neurological 
impairments after birth (degraded rotarod performance, motor coordination, and spatial orientation) (Hass 
and Jakobsen 1993; Hass et al. 1995; Hass et al. 1997).  Conversely, the most sensitive non-neurological 
effects in inhalation assays in animals were developmental effects in rats acutely-exposed at 350 ppm 
(Ungvary et al. 1980b) and cardiovascular effects in rats exposed for an intermediate duration at 230 ppm 
(Morvai et al. 1987).  
 
Acute exposure of volunteers to 50 ppm xylene and 50 ppm toluene appeared to reduce the neurological 
effects of xylenes (Dudek et al. 1990).  Therefore, it is unlikely that the low concentration of toluene 
(1 ppm) reported in the Uchida et al. (1993) contributed to the observed effects. 
 
The only other chronic-duration inhalation study was for rats exposed to 1,096 ppm o-xylene 8 hours/day, 
7 days/week for 1 year (Tatrai et al. 1981).  Hepatic changes included increases in liver weight and 
microsomal activity and proliferating endoplasmic reticulum, but no histopathological lesions.  Body 
weight was reduced by 11% in exposed rats.  Calculation of a chronic-duration inhalation MRL from this 
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rat study would not be appropriate since the study did not examine neurological effects, which are the 
most critical end points for inhalation exposure to xylene.   

Agency Contacts (Chemical Managers): Mike Fay, Ph.D.; John F. Risher, Ph.D.; Jewell D. Wilson, 
Ph.D. 
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MINIMAL RISK LEVEL (MRL) WORKSHEET 

Chemical Name: Xylenes (mixed xylenes, ortho-, meta-, and para-xylenes) 
CAS Number: 1330-20-7, 95-47-6, 108-38-3, 106-42-3 
Date:   August 2007 
Profile Status: Final 
Route: [ ] Inhalation  [X] Oral 
Duration: [X] Acute   [ ] Intermediate  [ ] Chronic 
Graph Key: 20 
Species: Rat 

Minimal Risk Level: 1 [X] mg/kg/day  [ ] ppm 
[Note: A single acute-duration oral MRL has been derived based on data for p-xylene that applies to 
mixed xylenes and all of the individual isomers.  The justification for deriving a common value is that the 
isomers have similar toxicokinetic properties and elicit similar toxicological effects, with no isomer 
consistently exhibiting the greatest potency, depending on the end point.  Further discussion of this 
rationale is presented in Section 3.2.] 

Reference: Dyer RS, Bercegeay MS, Mayo LM.  1988. Acute exposures to p-xylene and toluene alter 
visual information processing. Neurotoxicol Teratol 10:147-153. 

Experimental design: Male Long-Evans rats had electrodes implanted in their skulls and were allowed to 
recover from surgery for 1 week prior to exposure and testing for visual processing.  Two different 
experiments were conducted.  p-Xylene (99.8% pure) was diluted in corn oil and administered by gavage 
at 1 mL/kg.  Groups of 10–11 rats received single doses of p-xylene at doses of 0, 500, 1,000, or 
2,000 mg/kg in corn oil and were tested 75 minutes later.  Based on the results of this experiment, groups 
of 14–16 rats were dosed at 0, 125, or 250 mg/kg and tested 45 minutes later.  The eyes of exposed rats 
were treated with topical atropine (1% in saline) 10 minutes prior to visual testing, which took place in a 
rectangular box with three mirrored sides.  A trial consisted of the response to a single strobe-generated 
flash. Trials were presented at 0.3 Hz and a total of 128 trials were averaged for each flash-evoked 
potential. The latencies and amplitudes of the P1, N1, P2, N2, P3, and N3 waveforms were determined in 
the first experiment and the N3 waveform measured in the second experiment.  

Effect noted in study and corresponding doses: Forty-five minutes after administration of 250 mg/kg, the 
amplitude of the N3 peak was decreased by 47% (statistically significant).  At higher doses (500, 1,000, 
and 2,000 mg/kg), the N3 peak was not observed until 75 minutes after dosing.  At 2,000 mg/kg, mild 
sedation and hypothermia (1 °C) were observed.  Increased latencies were observed for the P1, N1, and 
P2 peaks, but this effect was attributed to the hypothermia.  Effects on the N3 amplitude were still 
apparent 8 hours post dosing.  By 16 hours post dosing, recovery was complete.  Amphetamines (0.6, 1.2, 
or 2.5 mg/kg) produced effects on the N3 amplitude similar to p-xylene. The study authors suggested that 
the effects of xylene may be secondary to changes in arousal or excitability.  No effects were noted at 
125 mg/kg/day, and this NOAEL serves as the basis for the acute oral MRL for xylenes.   

Dose and end point used for MRL derivation: 

[X] NOAEL  [ ] LOAEL 

The NOAEL of 125 mg/kg/day was for alteration of visual evoked potentials.  The data were not suitable 
for benchmark dose analysis because the responses at 250 mg/kg/day (reduction in N3 peak amplitude) 
and ≥500 mg/kg/day (delay in N3 peak appearance) were not comparable. 
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Uncertainty Factors used in MRL derivation: 

[ ]  10 for use of a LOAEL 
[X]  10 for extrapolation from animals to humans 
[X]  10 for human variability 

Was a conversion factor used from ppm in food or water to a mg/body weight dose? No. 

If an inhalation study in animals, list conversion factors used in determining human equivalent dose: Not 
applicable. 

Was a conversion used from intermittent to continuous exposure? Not applicable. 

Other additional studies or pertinent information that lend support to this MRL: Evaluation of the limited 
database for acute-duration oral exposure to xylenes suggests that neurotoxicity represents the most 
sensitive end point in laboratory animals; no quantitative human data are available.  Effects observed in 
acute-duration, single-dose oral studies included altered visually evoked potentials in rats receiving 
250 mg/kg p-xylene (Dyer et al. 1988) and reduced pulmonary microsomal activity in rats receiving 
1,000 mg/kg p-xylene (Patel et al. 1978).  In rats exposed 5 days/week for 2 weeks, a significant loss of 
Cochlear hair cells responsible for detecting midrange frequencies was observed following gavage dosing 
with 900 mg/kg/day p-xylene but not m- or o-xylene (Gagnaire and Langlais 2005).  Reduced body 
weight gain was observed in rats following repeated dosing for 13 weeks with 1,000 mg/kg mixed 
xylenes or 2,000 mg/kg/day o- or p-xylene (Condie et al. 1988; NTP 1986).  Repeated exposure to mixed 
xylenes at 2,000 mg/kg/day resulted in impaired respiration (shallow and/or labored breathing) in rats and 
mice and increased mortality (NTP 1986).  At 2,060 mg/kg/day, developmental toxicity (cleft palate) was 
observed in mice gestationally exposed to mixed xylenes (Marks et al. 1982). Serious neurological 
effects (coma, incoordination, prostration, decreased hindleg movement) were observed in rats that 
received single oral gavage doses of ≥4,000 mg/kg mixed xylenes (Muralidhara and Krishnakumari 1980; 
NTP 1986). 

The database for inhalation studies on xylene supports neurotoxicity as the sensitive target following 
short- or long-term exposure.  Neurotoxicity was manifest as self-reported symptoms of headache, 
dizziness, and a feeling of intoxication in human subjects acutely-exposed to 50 ppm m-xylene (Ernstgard 
et al. 2002) and decreased operant responses in rats exposed to 113 ppm mixed xylene (Ghosh et al. 
1987).  Conversely, the most sensitive non-neurological effects in animals were developmental effects in 
rats exposed at 350 ppm (Ungvary et al. 1980b). 

Neurotoxicity was selected as the critical effect for acute-duration oral exposure to xylene because it was 
observed at the lowest exposure level and demonstrated dose-related increases in severity.  The study by 
Dyer et al. (1988) was selected as the principal study, since it provides the lowest LOAEL for the critical 
effect. 

Agency Contacts (Chemical Managers): Mike Fay, Ph.D.; John F. Risher, Ph.D.; Jewell D. Wilson, 
Ph.D. 
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MINIMAL RISK LEVEL (MRL) WORKSHEET 

Chemical Name: Xylenes (mixed xylenes, ortho-, meta-, and para-xylenes) 
CAS Number: 1330-20-7, 95-47-6, 108-38-3, 106-42-3 
Date:   August 2007 
Profile Status: Final 
Route: [ ] Inhalation  [X] Oral 
Duration: [ ] Acute   [X] Intermediate  [ ] Chronic 
Graph Key: 39 
Species: Mouse 

Minimal Risk Level: 0.4 [X] mg/kg/day  [ ] ppm 
[Note: A single intermediate-duration oral MRL has been derived based on data for mixed xylenes that 
applies to mixed xylenes and all of the individual isomers.  The justification for deriving a common value 
is that the isomers have similar toxicokinetic properties and elicit similar toxicological effects, with no 
isomer consistently exhibiting the greatest potency, depending on the end point.  Further discussion of 
this rationale is presented in Section 3.2.] 

Reference: NTP. 1986.  National Toxicology Program technical report on the toxicology and 
carcinogenesis studies of xylenes (mixed) (60% m-xylene, 14% p-xylene, 9% o-xylene, and 17% 
ethylbenzene) (CAS No. 1330-20-7) in F344/N rats and B6C3F1 mice (gavage studies).  Research 
Triangle Park, NC: U.S. Department of Health and Human Services, Public Health Service, National 
Institutes of Health, National Toxicology Program.  NTP TR 327.  NIH Publication No. 87-2583. 

Experimental design: B6C3F1 mice (50/sex/dose) were administered 500 or 1,000 mg/kg/day mixed 
xylenes (9.1% o-, 60.2% m-, and 13.6% p-xylene, and 17% ethylbenzene) in corn oil by gavage, 
5 days/week for 103 weeks.  Mice were observed twice daily for mortality and clinical signs; clinical 
signs were recorded daily for 16 months and monthly thereafter.  Body weights were recorded weekly for 
the first 12 weeks and once a month thereafter.  Animals in a moribund condition and those surviving to 
103 weeks were sacrificed humanely. All animals were subjected to gross necropsy at termination; all 
gross lesions and a full range of tissues in each animal were examined for histopathology. 

Effect noted in study and corresponding doses: There were no significant treatment-related effects of 
mixed xylene on body weight, survival, or the incidence of neoplastic or non-neoplastic lesions in mice 
receiving doses as high as 1,000 mg/kg/day, 5 days/week for 104 weeks.  The only effect of treatment 
with mixed xylenes was hyperactivity in high-dose male and female mice, consistently observed during 
the half-hour period following administration in weeks 4–103.  Hyperactivity observed from week 4 to 
week 51 is considered an overt neurological effect of intermediate-duration exposure to mixed xylene. 

Dose and end point used for MRL derivation: 

[X] NOAEL  [ ] LOAEL 

The NOAEL of 500 mg/kg/day for hyperactivity in male and female mice was adjusted for intermittent 
exposure (5 days/7 days), resulting in a duration-adjusted NOAEL of 360 mg/kg/day.  The data were not 
suitable for benchmark dose analysis because the incidence of hyperactivity at the LOAEL was 100% and 
provides no information as to the shape of the low end of dose-response curve. 
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Uncertainty Factors used in MRL derivation: 

[ ]   10 for use of a LOAEL 
[X]  10 for extrapolation from animals to humans 
[X]  10 for human variability 

Modifying Factor used in MRL derivation: 

[X ] 10 for the lack of testing for sensitive neurological end points and lack of developmental 
and multi-generational data. 

Was a conversion factor used from ppm in food or water to a mg/body weight dose? No. 

If an inhalation study in animals, list conversion factors used in determining human equivalent dose: Not 
applicable. 

Was a conversion used from intermittent to continuous exposure? Yes.  The mouse NOAEL of 
500 mg/kg was multiplied by 5 days/7 days, resulting in a duration-adjusted mouse NOAEL of 
360 mg/kg/day. 

Other additional studies or pertinent information that lend support to this MRL: The intermediate-
duration oral toxicity of xylenes has been investigated in several oral gavage bioassays in rodents exposed 
to mixed xylene (Condie et al. 1988; NTP 1986), m-xylene (Elovaara et al. 1989; Wolfe 1988a), and 
p-xylene (Wolfe 1988b).  The observed effects include increases in minimal chronic nephropathy and– 
17–37% increases in relative hepatic weight in rats exposed to ≥750 mg/kg/day mixed xylene (Condie et 
al. 1988); 27–46.3% increases in serum transaminase levels in rats exposed to 750–1,500 mg/kg/day 
mixed or m-xylene (Condie et al. 1988; Elovaara et al. 1989; Wolfe 1988a); reduced levels of cytochrome 
P-450 in the lung in rats exposed to 800 mg/kg/day m-xylene (Elovaara et al. 1989); 15–25% decreases in 
body weight gain in rats exposed to 800–1,000 mg/kg/day mixed, m-, or p-xylene (NTP 1986; Wolfe 
1988a, 1988b); hyperactivity or increased aggressiveness subsequent to dosing with mixed xylene in rats 
at 1,500 mg/kg/day or mice at 1,000 mg/kg/day (Condie et al. 1988; NTP 1986); and 11% increased 
relative spleen weight, 16% increased relative kidney weight, and increased hematological effects (mild 
polycythemia and leukocytosis) in female rats dosed with 1,500 mg/kg/day mixed xylene (Condie et al. 
1988). No hepatic effects were noted in F344 rats given mixed xylene at doses as high as 
1,000 mg/kg/day or B6C3F1 mice dosed at ≤2,000 mg/kg/day 5 days/week for 13 weeks (NTP 1986) or in 
Sprague-Dawley rats dosed with p-xylene at 800 mg/kg/day for 90 days (Wolfe 1988b).  No renal effects 
were observed in rats or mice exposed to mixed xylene in studies by NTP (1986) or in rats exposed to 
m- or p-xylene (Wolfe 1988a, 1988b).  The lack of hepatic or renal effects in some studies may be related 
to strain differences, exposure differences (discontinuous vs. continuous), or isomer specificities.   

A limitation of standard intermediate-duration oral bioassays for xylene is that no testing was conducted 
for sensitive neurological effects.  The only overt neurological effect of long-term exposure to xylene was 
hyperactivity noted in male and female mice immediately after dosing with 1,000 mg/kg (710 mg/kg/day, 
duration adjusted) mixed xylene beginning at week 4 of the 2-year NTP (1986) bioassay; hyperactivity 
was not observed at 500 mg/kg (360 mg/kg/day, duration adjusted).  Neurotoxicity (hyperactivity) 
observed during the first year of that study (week 4–51) is selected as the critical effect of intermediate-
duration exposure because it was observed at the lowest LOAEL (710 mg/kg/day, duration-adjusted).   

Selection of neurotoxicity as the critical effect is consistent with the inhalation-exposure database.  The 
most sensitive effects from inhalation exposure to xylenes were neurotoxicity:  for the acute duration, 
self-reported symptoms of headache, dizziness, and feeling of intoxication in human subjects exposed to 
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50 ppm m-xylene (Ernstgard et al. 2002); for the intermediate duration, increased sensitivity to pain in 
rats exposed to 50 ppm m-xylene (Korsak et al. 1994); and for the chronic duration, increased reporting of 
symptoms of anxiety, forgetfulness, and a floating sensation in workers exposed to 14 ppm mixed xylene 
(Uchida et al. 1993).  The most sensitive acute inhalation effect in animals was impairment of operant 
responses observed following exposure to ≥113 ppm m-xylene (Ghosh et al. 1987).  Conversely, the most 
sensitive LOAELs for non-neurological effects in inhalation studies were for developmental effects in rats 
following acute exposure at ≥350 ppm (Ungvary et al. 1980b) or for cardiovascular effects in rats 
following intermediate exposure at ≥230 ppm (Morvai et al. 1987).   

The NTP (1986) study is selected as the principal study for intermediate-duration exposure to xylene 
because it provides the lowest adverse effect level, a LOAEL of 710 mg/kg/day, and a NOAEL of 
500 mg/kg (360 mg/kg/day, duration adjusted) for the critical effect. 

Agency Contacts (Chemical Managers): Mike Fay, Ph.D.; John F. Risher, Ph.D.; Jewell D. Wilson, 
Ph.D. 
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MINIMAL RISK LEVEL (MRL) WORKSHEET 

Chemical Name: Xylenes (mixed xylenes, ortho-, meta-, and para-xylenes) 
CAS Number: 1330-20-7, 95-47-6, 108-38-3, 106-42-3 
Date:   August 2007 
Profile Status: Final 
Route: [ ] Inhalation  [X] Oral 
Duration: [ ] Acute   [ ] Intermediate   [X] Chronic 
Graph Key: 47 
Species: Rat 

Minimal Risk Level: 0.2 [X] mg/kg/day  [ ] ppm 
[Note:  A single chronic-duration oral MRL has been derived based on data for mixed xylenes that applies 
to mixed xylenes and all of the individual isomers.  The justification for deriving a common value is that 
the isomers have similar toxicokinetic properties and elicit similar toxicological effects, with no isomer 
consistently exhibiting the greatest potency, depending on the end point.  Further discussion of this 
rationale is presented in Section 3.2.] 

Reference: NTP. 1986.  National Toxicology Program technical report on the toxicology and 
carcinogenesis studies of xylenes (mixed) (60% m-xylene, 14% p-xylene, 9% o-xylene, and 17% 
ethylbenzene) (CAS No. 1330-20-7) in F344/N rats and B6C3F1 mice (gavage studies).  Research 
Triangle Park, NC: U.S. Department of Health and Human Services, Public Health Service, National 
Institutes of Health, National Toxicology Program.  NTP TR 327.  NIH Publication No. 87-2583.  

Experimental design: F344/N rats (50/sex/dose) were administered 250 or 500 mg/kg/day mixed xylenes 
(9.1% o-, 60.2% m-, and 13.6% p-xylene, and 17% ethylbenzene) in corn oil by gavage, 5 days/week for 
103 weeks. Rats were observed twice daily for mortality and clinical signs; clinical signs were recorded 
daily for 16 months and monthly thereafter.  Body weights were recorded weekly for the first 12 weeks 
and once a month thereafter.  Animals in a moribund condition and those surviving to 103 weeks were 
sacrificed humanely.  All animals were subjected to gross necropsy at termination; all gross lesions and a 
full range of tissues in each animal were examined for histopathology. 

Effect noted in study and corresponding doses: No adverse effects were noted in male or female rats 
treated at the low dose of 250 mg/kg/day.  At 500 mg/kg, body weights were 5–8% lower in male rats 
after week 59, but the differences from controls were not biologically significant.  In addition, survival at 
termination was significantly lower compared to controls in male rats treated at 500 mg/kg/day. No other 
treatment-related non-neoplastic or neoplastic effects were observed in male or female rats.  

Dose and end point used for MRL derivation: 

[X] NOAEL  [ ] LOAEL 

The MRL is based on a NOAEL of 250 mg/kg.  Although no histopathology was observed in any organ, 
including the nervous system, in rats exposed to 500 mg/kg, this dose was not used as the basis for MRL 
derivation because survival was decreased in male rats at this dose level.  Therefore, the next lowest dose 
level was used as the basis for the MRL.  The NOAEL of 250 mg/kg was adjusted for intermittent 
exposure (5 days/7 days), resulting in a duration-adjusted NOAEL of 179 mg/kg/day.  The data were not 
suitable for benchmark dose analysis because of the lack of measurable adverse effects aside from 
lethality. 



XYLENE A-17 

APPENDIX A 

Uncertainty Factors used in MRL derivation: 

[ ]   10 for use of a LOAEL 
[X]  10 for extrapolation from animals to humans 
[X]  10 for human variability 

Modifying Factor used in MRL derivation: 

[X]   10 for the lack of testing for sensitive neurological end points and lack of developmental and 
multi-generational data. 

Was a conversion factor used from ppm in food or water to a mg/body weight dose? No. 

If an inhalation study in animals, list conversion factors used in determining human equivalent dose: Not 
applicable. 

Was a conversion used from intermittent to continuous exposure? Yes. The NOAEL of 250 mg/kg/day 
was multiplied by 5 days/7 days, resulting in a duration-adjusted NOAEL of 179 mg/kg/day. 

Other additional studies or pertinent information that lend support to this MRL: In the absence of data 
associating health effects in humans with chronic-duration oral exposure to xylenes, the animal bioassays 
provide a minimal basis for deriving an MRL for humans chronically exposed to xylenes.  The parallel 
NTP (1986) oral gavage study in B6C3F1 mice reported no significant treatment-related effects of mixed 
xylene on body weight, survival, or the incidence of neoplastic or non-neoplastic lesions in mice 
receiving doses as high as 1,000 mg/kg/day, 5 days/week for 104 weeks.  The only effect of treatment 
with mixed xylenes was hyperactivity in high-dose male and female mice, consistently observed during 
the half-hour period following administration in weeks 4–103. 

Histopathology in specific target organs was not observed in rats or mice exposed to mixed xylene for 
2 years (NTP 1986).  Limitations of these studies include the lack of organ weight data, and the lack of 
hematology, urinalysis, or clinical chemistry data that might identify target organs for xylene.  The lack of 
neurobehavioral analysis is also a deficiency, given that neurotoxicity was the most sensitive effect 
following acute-, intermediate-, or chronic-duration inhalation exposure, as well as acute-duration oral 
exposure to xylenes (Dyer et al. 1988; Ernstgard et al. 2002; Korsak et al. 1994; Uchida et al. 1993).  The 
sensitive neurotoxic effects in animals were revealed by specialized neurobehavioral or neurophysio­
logical tests and would not be apparent in standard toxicity assays. 

Agency Contacts (Chemical Managers): Mike Fay, Ph.D.; John F. Risher, Ph.D.; Jewell D. Wilson, 
Ph.D. 
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APPENDIX B.  USER'S GUIDE 

Chapter 1 

Public Health Statement 

This chapter of the profile is a health effects summary written in non-technical language.  Its intended 
audience is the general public, especially people living in the vicinity of a hazardous waste site or 
chemical release.  If the Public Health Statement were removed from the rest of the document, it would 
still communicate to the lay public essential information about the chemical. 

The major headings in the Public Health Statement are useful to find specific topics of concern.  The 
topics are written in a question and answer format.  The answer to each question includes a sentence that 
will direct the reader to chapters in the profile that will provide more information on the given topic. 

Chapter 2 

Relevance to Public Health 

This chapter provides a health effects summary based on evaluations of existing toxicologic, 
epidemiologic, and toxicokinetic information.  This summary is designed to present interpretive, weight-
of-evidence discussions for human health end points by addressing the following questions: 

1.	 What effects are known to occur in humans? 

2. 	 What effects observed in animals are likely to be of concern to humans? 

3. 	 What exposure conditions are likely to be of concern to humans, especially around hazardous 
waste sites? 

The chapter covers end points in the same order that they appear within the Discussion of Health Effects 
by Route of Exposure section, by route (inhalation, oral, and dermal) and within route by effect.  Human 
data are presented first, then animal data.  Both are organized by duration (acute, intermediate, chronic).  
In vitro data and data from parenteral routes (intramuscular, intravenous, subcutaneous, etc.) are also 
considered in this chapter. 

The carcinogenic potential of the profiled substance is qualitatively evaluated, when appropriate, using 
existing toxicokinetic, genotoxic, and carcinogenic data.  ATSDR does not currently assess cancer 
potency or perform cancer risk assessments.  Minimal Risk Levels (MRLs) for noncancer end points (if 
derived) and the end points from which they were derived are indicated and discussed. 

Limitations to existing scientific literature that prevent a satisfactory evaluation of the relevance to public 
health are identified in the Chapter 3 Data Needs section. 

Interpretation of Minimal Risk Levels 

Where sufficient toxicologic information is available, ATSDR has derived MRLs for inhalation and oral 
routes of entry at each duration of exposure (acute, intermediate, and chronic).  These MRLs are not 
meant to support regulatory action, but to acquaint health professionals with exposure levels at which 
adverse health effects are not expected to occur in humans. 
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MRLs should help physicians and public health officials determine the safety of a community living near 
a chemical emission, given the concentration of a contaminant in air or the estimated daily dose in water.  
MRLs are based largely on toxicological studies in animals and on reports of human occupational 
exposure. 

MRL users should be familiar with the toxicologic information on which the number is based.  Chapter 2, 
"Relevance to Public Health," contains basic information known about the substance.  Other sections such 
as Chapter 3 Section 3.9, "Interactions with Other Substances,” and Section 3.10, "Populations that are 
Unusually Susceptible" provide important supplemental information. 

MRL users should also understand the MRL derivation methodology.  MRLs are derived using a 
modified version of the risk assessment methodology that the Environmental Protection Agency (EPA) 
provides (Barnes and Dourson 1988) to determine reference doses (RfDs) for lifetime exposure.   

To derive an MRL, ATSDR generally selects the most sensitive end point which, in its best judgement, 
represents the most sensitive human health effect for a given exposure route and duration.  ATSDR 
cannot make this judgement or derive an MRL unless information (quantitative or qualitative) is available 
for all potential systemic, neurological, and developmental effects.  If this information and reliable 
quantitative data on the chosen end point are available, ATSDR derives an MRL using the most sensitive 
species (when information from multiple species is available) with the highest no-observed-adverse-effect 
level (NOAEL) that does not exceed any adverse effect levels.  When a NOAEL is not available, a 
lowest-observed-adverse-effect level (LOAEL) can be used to derive an MRL, and an uncertainty factor 
(UF) of 10 must be employed.  Additional uncertainty factors of 10 must be used both for human 
variability to protect sensitive subpopulations (people who are most susceptible to the health effects 
caused by the substance) and for interspecies variability (extrapolation from animals to humans).  In 
deriving an MRL, these individual uncertainty factors are multiplied together.  The product is then 
divided into the inhalation concentration or oral dosage selected from the study. Uncertainty factors used 
in developing a substance-specific MRL are provided in the footnotes of the levels of significant exposure 
(LSE) tables. 

Chapter 3 

Health Effects 

Tables and Figures for Levels of Significant Exposure (LSE) 

Tables and figures are used to summarize health effects and illustrate graphically levels of exposure 
associated with those effects.  These levels cover health effects observed at increasing dose 
concentrations and durations, differences in response by species, MRLs to humans for noncancer end 
points, and EPA's estimated range associated with an upper- bound individual lifetime cancer risk of 1 in 
10,000 to 1 in 10,000,000. Use the LSE tables and figures for a quick review of the health effects and to 
locate data for a specific exposure scenario.  The LSE tables and figures should always be used in 
conjunction with the text.  All entries in these tables and figures represent studies that provide reliable, 
quantitative estimates of NOAELs, LOAELs, or Cancer Effect Levels (CELs). 

The legends presented below demonstrate the application of these tables and figures.  Representative 
examples of LSE Table 3-1 and Figure 3-1 are shown.  The numbers in the left column of the legends 
correspond to the numbers in the example table and figure. 
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LEGEND 
See Sample LSE Table 3-1 (page B-6) 

(1) 	 Route of Exposure. One of the first considerations when reviewing the toxicity of a substance 
using these tables and figures should be the relevant and appropriate route of exposure.  Typically 
when sufficient data exist, three LSE tables and two LSE figures are presented in the document.  
The three LSE tables present data on the three principal routes of exposure, i.e., inhalation, oral, 
and dermal (LSE Tables 3-1, 3-2, and 3-3, respectively).  LSE figures are limited to the inhalation 
(LSE Figure 3-1) and oral (LSE Figure 3-2) routes.  Not all substances will have data on each 
route of exposure and will not, therefore, have all five of the tables and figures. 

(2) 	Exposure Period. Three exposure periods—acute (less than 15 days), intermediate (15– 
364 days), and chronic (365 days or more)—are presented within each relevant route of exposure.  
In this example, an inhalation study of intermediate exposure duration is reported.  For quick 
reference to health effects occurring from a known length of exposure, locate the applicable 
exposure period within the LSE table and figure. 

(3) 	Health Effect. The major categories of health effects included in LSE tables and figures are 
death, systemic, immunological, neurological, developmental, reproductive, and cancer.  
NOAELs and LOAELs can be reported in the tables and figures for all effects but cancer.  
Systemic effects are further defined in the "System" column of the LSE table (see key number 
18). 

(4) 	 Key to Figure. Each key number in the LSE table links study information to one or more data 
points using the same key number in the corresponding LSE figure.  In this example, the study 
represented by key number 18 has been used to derive a NOAEL and a Less Serious LOAEL 
(also see the two "18r" data points in sample Figure 3-1). 

(5) 	Species. The test species, whether animal or human, are identified in this column.  Chapter 2, 
"Relevance to Public Health," covers the relevance of animal data to human toxicity and 
Section 3.4, "Toxicokinetics," contains any available information on comparative toxicokinetics.  
Although NOAELs and LOAELs are species specific, the levels are extrapolated to equivalent 
human doses to derive an MRL. 

(6) 	Exposure Frequency/Duration. The duration of the study and the weekly and daily exposure 
regimens are provided in this column.  This permits comparison of NOAELs and LOAELs from 
different studies. In this case (key number 18), rats were exposed to “Chemical x” via inhalation 
for 6 hours/day, 5 days/week, for 13 weeks.  For a more complete review of the dosing regimen, 
refer to the appropriate sections of the text or the original reference paper (i.e., Nitschke et al. 
1981). 

(7) 	System. This column further defines the systemic effects.  These systems include respiratory, 
cardiovascular, gastrointestinal, hematological, musculoskeletal, hepatic, renal, and 
dermal/ocular.  "Other" refers to any systemic effect (e.g., a decrease in body weight) not covered 
in these systems.  In the example of key number 18, one systemic effect (respiratory) was 
investigated. 

(8) 	NOAEL. A NOAEL is the highest exposure level at which no harmful effects were seen in the 
organ system studied.  Key number 18 reports a NOAEL of 3 ppm for the respiratory system, 
which was used to derive an intermediate exposure, inhalation MRL of 0.005 ppm (see 
footnote "b"). 
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(9) 	LOAEL. A LOAEL is the lowest dose used in the study that caused a harmful health effect. 
LOAELs have been classified into "Less Serious" and "Serious" effects.  These distinctions help 
readers identify the levels of exposure at which adverse health effects first appear and the 
gradation of effects with increasing dose.  A brief description of the specific end point used to 
quantify the adverse effect accompanies the LOAEL.  The respiratory effect reported in key 
number 18 (hyperplasia) is a Less Serious LOAEL of 10 ppm.  MRLs are not derived from 
Serious LOAELs. 

(10)	 Reference. The complete reference citation is given in Chapter 9 of the profile. 

(11)	 CEL. A CEL is the lowest exposure level associated with the onset of carcinogenesis in 
experimental or epidemiologic studies.  CELs are always considered serious effects.  The LSE 
tables and figures do not contain NOAELs for cancer, but the text may report doses not causing 
measurable cancer increases. 

(12)	 Footnotes. Explanations of abbreviations or reference notes for data in the LSE tables are found 
in the footnotes.  Footnote "b" indicates that the NOAEL of 3 ppm in key number 18 was used to 
derive an MRL of 0.005 ppm. 

LEGEND 
See Sample Figure 3-1 (page B-7) 

LSE figures graphically illustrate the data presented in the corresponding LSE tables.  Figures help the 
reader quickly compare health effects according to exposure concentrations for particular exposure 
periods. 

(13)	 Exposure Period. The same exposure periods appear as in the LSE table.  In this example, health 
effects observed within the acute and intermediate exposure periods are illustrated. 

(14) 	Health Effect. These are the categories of health effects for which reliable quantitative data 
exists. The same health effects appear in the LSE table. 

(15)	 Levels of Exposure. Concentrations or doses for each health effect in the LSE tables are 
graphically displayed in the LSE figures.  Exposure concentration or dose is measured on the log 
scale "y" axis.  Inhalation exposure is reported in mg/m3 or ppm and oral exposure is reported in 
mg/kg/day. 

(16) 	NOAEL. In this example, the open circle designated 18r identifies a NOAEL critical end point in 
the rat upon which an intermediate inhalation exposure MRL is based.  The key number 18 
corresponds to the entry in the LSE table.  The dashed descending arrow indicates the 
extrapolation from the exposure level of 3 ppm (see entry 18 in the table) to the MRL of 
0.005 ppm (see footnote "b" in the LSE table). 

(17)	 CEL. Key number 38m is one of three studies for which CELs were derived.  The diamond 
symbol refers to a CEL for the test species-mouse.  The number 38 corresponds to the entry in the 
LSE table. 
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(18)	 Estimated Upper-Bound Human Cancer Risk Levels. This is the range associated with the upper-
bound for lifetime cancer risk of 1 in 10,000 to 1 in 10,000,000.  These risk levels are derived 
from the EPA's Human Health Assessment Group's upper-bound estimates of the slope of the 
cancer dose response curve at low dose levels (q1*). 

(19)	 Key to LSE Figure. The Key explains the abbreviations and symbols used in the figure. 



SAMPLE 
1 →	 Table 3-1. Levels of Significant Exposure to [Chemical x] – Inhalation 

Key to 
figurea 

Exposure 
frequency/ 
durationSpecies System 

NOAEL 
(ppm) 

LOAEL (effect) 
Less serious 
(ppm) 

Serious (ppm) 
Reference 

→ INTERMEDIATE EXPOSURE 2 

3 

4 

1098765 

→ Systemic ↓ ↓ ↓ ↓ ↓ ↓ 

→ 
13 wk 
5 d/wk 
6 hr/d 

Rat18 

CHRONIC EXPOSURE 

Resp 3b 10 (hyperplasia) 
Nitschke et al. 1981 

Cancer 

↓ 

38 

39 

40 

Rat 

Rat 

Mouse 

18 mo 
5 d/wk 
7 hr/d 

89–104 wk 
5 d/wk 
6 hr/d 

79–103 wk 
5 d/wk 
6 hr/d 

20 

10 

10 

(CEL, multiple 
organs) 

(CEL, lung tumors, 
nasal tumors) 

(CEL, lung tumors, 
hemangiosarcomas) 

Wong et al. 1982 

NTP 1982 

NTP 1982 

11 

12 →	
a The number corresponds to entries in Figure 3-1. 
b Used to derive an intermediate inhalation Minimal Risk Level (MRL) of  5x10-3 ppm; dose adjusted for intermittent exposure and divided 
by an uncertainty factor of 100 (10 for extrapolation from animal to humans, 10 for human variability). 
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APPENDIX C.  ACRONYMS, ABBREVIATIONS, AND SYMBOLS 


ACGIH American Conference of Governmental Industrial Hygienists 
ACOEM American College of Occupational and Environmental Medicine 
ADI acceptable daily intake 
ADME absorption, distribution, metabolism, and excretion 
AED atomic emission detection 
AFID alkali flame ionization detector 
AFOSH Air Force Office of Safety and Health 
ALT alanine aminotransferase 
AML acute myeloid leukemia 
AOAC Association of Official Analytical Chemists 
AOEC Association of Occupational and Environmental Clinics 
AP alkaline phosphatase 
APHA American Public Health Association 
AST aspartate aminotransferase 
atm atmosphere 
ATSDR Agency for Toxic Substances and Disease Registry 
AWQC Ambient Water Quality Criteria 
BAT best available technology 
BCF bioconcentration factor 
BEI Biological Exposure Index 
BMD benchmark dose 
BMR benchmark response 
BSC Board of Scientific Counselors 
C centigrade 
CAA Clean Air Act 
CAG Cancer Assessment Group of the U.S. Environmental Protection Agency 
CAS Chemical Abstract Services 
CDC Centers for Disease Control and Prevention 
CEL cancer effect level 
CELDS Computer-Environmental Legislative Data System 
CERCLA Comprehensive Environmental Response, Compensation, and Liability Act 
CFR Code of Federal Regulations 
Ci curie 
CI confidence interval 
CL ceiling limit value 
CLP Contract Laboratory Program 
cm centimeter 
CML chronic myeloid leukemia 
CPSC Consumer Products Safety Commission 
CWA Clean Water Act 
DHEW Department of Health, Education, and Welfare 
DHHS Department of Health and Human Services 
DNA deoxyribonucleic acid 
DOD Department of Defense 
DOE Department of Energy 
DOL Department of Labor 
DOT Department of Transportation 
DOT/UN/ Department of Transportation/United Nations/ 

NA/IMCO     North America/Intergovernmental Maritime Dangerous Goods Code 



XYLENE C-2 

APPENDIX C 

DWEL drinking water exposure level 
ECD electron capture detection 
ECG/EKG electrocardiogram 
EEG electroencephalogram 
EEGL Emergency Exposure Guidance Level 
EPA Environmental Protection Agency 
F Fahrenheit 
F1 first-filial generation 
FAO Food and Agricultural Organization of the United Nations 
FDA Food and Drug Administration 
FEMA Federal Emergency Management Agency 
FIFRA Federal Insecticide, Fungicide, and Rodenticide Act 
FPD flame photometric detection 
fpm feet per minute 
FR Federal Register 
FSH follicle stimulating hormone 
g gram 
GC gas chromatography 
gd gestational day 
GLC gas liquid chromatography 
GPC gel permeation chromatography 
HPLC high-performance liquid chromatography 
HRGC high resolution gas chromatography 
HSDB Hazardous Substance Data Bank  
IARC International Agency for Research on Cancer 
IDLH immediately dangerous to life and health 
ILO International Labor Organization 
IRIS Integrated Risk Information System 
Kd adsorption ratio 
kg kilogram 
kkg metric ton 
Koc organic carbon partition coefficient 
Kow octanol-water partition coefficient 
L liter 
LC liquid chromatography 
LC50 lethal concentration, 50% kill 
LCLo lethal concentration, low 
LD50 lethal dose, 50% kill 
LDLo lethal dose, low 
LDH lactic dehydrogenase 
LH luteinizing hormone 
LOAEL lowest-observed-adverse-effect level 
LSE Levels of Significant Exposure 
LT50 lethal time, 50% kill 
m meter 
MA trans,trans-muconic acid 
MAL maximum allowable level 
mCi millicurie 
MCL maximum contaminant level 
MCLG maximum contaminant level goal 
MF modifying factor 
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MFO mixed function oxidase 
mg milligram 
mL milliliter 
mm millimeter 
mmHg millimeters of mercury 
mmol millimole 
mppcf millions of particles per cubic foot 
MRL Minimal Risk Level 
MS mass spectrometry 
NAAQS National Ambient Air Quality Standard 
NAS National Academy of Science 
NATICH National Air Toxics Information Clearinghouse 
NATO North Atlantic Treaty Organization 
NCE normochromatic erythrocytes 
NCEH National Center for Environmental Health 
NCI National Cancer Institute 
ND not detected 
NFPA National Fire Protection Association 
ng nanogram 
NHANES National Health and Nutrition Examination Survey 
NIEHS National Institute of Environmental Health Sciences 
NIOSH National Institute for Occupational Safety and Health 
NIOSHTIC NIOSH's Computerized Information Retrieval System 
NLM National Library of Medicine 
nm nanometer 
nmol nanomole 
NOAEL no-observed-adverse-effect level 
NOES National Occupational Exposure Survey 
NOHS National Occupational Hazard Survey 
NPD nitrogen phosphorus detection 
NPDES National Pollutant Discharge Elimination System 
NPL National Priorities List 
NR not reported 
NRC National Research Council 
NS not specified 
NSPS New Source Performance Standards 
NTIS National Technical Information Service 
NTP National Toxicology Program 
ODW Office of Drinking Water, EPA 
OERR Office of Emergency and Remedial Response, EPA 
OHM/TADS Oil and Hazardous Materials/Technical Assistance Data System 
OPP Office of Pesticide Programs, EPA 
OPPT Office of Pollution Prevention and Toxics, EPA 
OPPTS Office of Prevention, Pesticides and Toxic Substances, EPA 
OR odds ratio 
OSHA Occupational Safety and Health Administration 
OSW Office of Solid Waste, EPA 
OTS Office of Toxic Substances 
OW Office of Water 
OWRS Office of Water Regulations and Standards, EPA 
PAH polycyclic aromatic hydrocarbon 
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PBPD physiologically based pharmacodynamic  
PBPK physiologically based pharmacokinetic 
PCE polychromatic erythrocytes 
PEL permissible exposure limit 
pg picogram 
PHS Public Health Service 
PID photo ionization detector 
pmol picomole 
PMR proportionate mortality ratio 
ppb parts per billion 
ppm parts per million 
ppt parts per trillion 
PSNS pretreatment standards for new sources 
RBC red blood cell 
REL recommended exposure level/limit 
RfC reference concentration 
RfD reference dose 
RNA ribonucleic acid 
RQ reportable quantity 
RTECS Registry of Toxic Effects of Chemical Substances 
SARA Superfund Amendments and Reauthorization Act 
SCE sister chromatid exchange 
SGOT serum glutamic oxaloacetic transaminase 
SGPT serum glutamic pyruvic transaminase 
SIC standard industrial classification 
SIM selected ion monitoring 
SMCL secondary maximum contaminant level 
SMR standardized mortality ratio 
SNARL suggested no adverse response level 
SPEGL Short-Term Public Emergency Guidance Level 
STEL short term exposure limit 
STORET Storage and Retrieval 
TD50 toxic dose, 50% specific toxic effect 
TLV threshold limit value 
TOC total organic carbon 
TPQ threshold planning quantity 
TRI Toxics Release Inventory 
TSCA Toxic Substances Control Act 
TWA time-weighted average 
UF uncertainty factor 
U.S. United States 
USDA United States Department of Agriculture 
USGS United States Geological Survey 
VOC volatile organic compound 
WBC white blood cell 
WHO World Health Organization 
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> greater than 
≥ greater than or equal to 
= equal to 
< less than 
≤ less than or equal to 
% percent 
α alpha 
β beta 
γ gamma 
δ delta 
μm micrometer 
μg microgram

* q1 cancer slope factor 
– negative 
+ positive 
(+) weakly positive result 
(–) weakly negative result 
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absorbed dose...................................................................................................... 12, 123, 126, 129, 134, 163

acetylcholine ............................................................................................................................................... 75 

adipose tissue .................................................................................... 123, 126, 128, 134, 139, 143, 153, 171 

adsorbed .................................................................................................... 124, 126, 131, 136, 137, 182, 216 

adsorption.................................................................................................... 12, 124, 193, 203, 217, 249, 267 

aerobic....................................................................................................................................................... 220 

alanine aminotransferase (see ALT) ................................................................................................... 68, 104 

ALT (see alanine aminotransferase) ........................................................................................................... 70 

ambient air ........................................................................................................................ 225, 243, 256, 269 

anaerobic ........................................................................................................................... 220, 221, 257, 258 

aspartate aminotransferase (see AST)......................................................................................................... 68 

AST (see aspartate aminotransferase)......................................................................................................... 70 

bioaccumulation................................................................................................................................ 218, 255 

bioavailability ........................................................................................................................................... 255 

bioconcentration factor ..................................................................................................................... 203, 218 

biodegradation..................................................................................... 11, 203, 219, 220, 221, 222, 257, 258 

biomarker .................................................................................................. 162, 163, 164, 181, 184, 259, 269 

blood cell count................................................................................................................................... 67, 113 

body weight effects ............................................................... 12, 13, 14, 18, 21, 71, 105, 106, 109, 156, 160 

breast milk......................................................................................................................... 148, 160, 184, 249 

cancer ...................................................................................................... 5, 6, 14, 25, 82, 108, 117, 159, 177 

carcinogen ................................................................................................................................................. 274 

carcinogenic ................................................................................................................ 6, 14, 17, 27, 108, 273 

carcinogenicity........................................................................................ 6, 14, 108, 117, 173, 175, 178, 274 

cardiovascular ..................................................................................................................... 66, 102, 113, 173 

cardiovascular effects.......................................................................................................... 66, 102, 113, 173 

cholinesterase.................................................................................................................................... 116, 117 

chromosomal aberrations .......................................................................................................... 120, 121, 122

clearance ..................................................................................... 70, 131, 134, 143, 144, 152, 154, 162, 184

cognitive function ..................................................................................................................................... 181 

death........................................................................................ 6, 27, 29, 30, 80, 83, 109, 155, 157, 178, 274 

deoxyribonucleic acid (see DNA)............................................................................................................... 77 

dermal effects.............................................................................................................................. 30, 105, 115 

developmental effects ................................................................... 7, 18, 79, 80, 81, 108, 116, 169, 179, 183 

DNA (see deoxyribonucleic acid)....................... 77, 114, 117, 118, 119, 120, 121, 122, 156, 157, 163, 178 

dopamine............................................................................................................................................... 18, 77 

endocrine..................................................................................................................... 71, 105, 109, 157, 158 

endocrine effects ......................................................................................................................... 71, 105, 158 

erythema...................................................................................................................................... 14, 114, 116 

fetal tissue ......................................................................................................................... 128, 153, 160, 184 

fetus................................................................................................................. 7, 81, 158, 160, 161, 175, 176 

gastrointestinal effects .......................................................................................................... 66, 67, 102, 113 

general population............................................................................. 5, 11, 12, 162, 205, 239, 257, 259, 274

genotoxic..................................................................................................................................... 27, 121, 173 

genotoxicity....................................................................................................................... 121, 122, 175, 178 

groundwater ................................................ 2, 3, 11, 173, 203, 215, 217, 219, 220, 234, 235, 255, 256, 257 

half-life................................................................ 11, 113, 124, 126, 134, 137, 162, 217, 218, 220, 221, 227 

hematological effects ............................................................................................................ 24, 67, 103, 113 
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hepatic effects ................................................................................................... 13, 24, 68, 69, 103, 113, 169

hydrolysis.......................................................................................................................................... 203, 219 

hydroxyl radical ........................................................................................................................ 155, 203, 218 

immune system ................................................................................................................................... 72, 106 

immunological ...................................................................................... 27, 72, 106, 114, 115, 116, 168, 179 

immunological effects................................................................................................................. 72, 106, 179 

Kow ...................................................................................................................................... 28, 152, 187, 218 

LD50............................................................................................................................................... 82, 83, 109 

leukemia........................................................................................................................................ 67, 82, 117 

lymphoreticular ................................................................................................................... 72, 106, 115, 116 

metabolic effects ......................................................................................................................................... 72 

micronuclei ............................................................................................................................................... 121 

milk ................................................................................................................................... 150, 153, 237, 245 

musculoskeletal effects ....................................................................................................................... 68, 103 

neurobehavioral................................................... 14, 20, 75, 80, 81, 152, 157, 158, 160, 177, 179, 180, 183 

neurological effects ............................................................ 13, 15, 18, 19, 20, 21, 22, 23, 25, 72, 73, 74, 75,  


76, 77, 78, 106, 107, 116, 176, 177, 180, 183, 271 

neurotransmitter .......................................................................................................................................... 77 

non-Hodgkin’s lymphoma .......................................................................................................................... 82 

norepinephrine ............................................................................................................................................ 75 

nuclear....................................................................................................................................................... 270 

octanol-water partition coefficient .................................................................................................... 126, 218 

ocular effects............................................................................................................................... 71, 105, 115 

odds ratio..................................................................................................................................................... 78 

partition coefficients ............................................................................. 21, 28, 126, 139, 143, 144, 152, 153 

pharmacodynamic ............................................................................................................................. 138, 151 

pharmacokinetic.................................................................. 28, 131, 134, 138, 139, 140, 151, 159, 161, 166 

photolysis .................................................................................................................................................. 219 

placenta ................................................................................................................................. 7, 128, 153, 178 

rate constant ...................................................................................................... 139, 143, 147, 218, 220, 221

renal effects............................................................................................... 13, 24, 70, 71, 104, 113, 114, 181 

reproductive effects....................................................................................................... 14, 78, 107, 108, 116 

respiratory effects................................................ 13, 16, 18, 19, 30, 64, 65, 78, 83, 109, 113, 176, 177, 271 

retention .............................................................................................. 76, 123, 134, 153, 162, 167, 217, 268 

salivation ................................................................................................................................................... 106 

sequestered.................................................................................................................................................. 12 

solubility ........................................................................................................................... 152, 153, 154, 181 

systemic effects............................................................................................................... 21, 30, 83, 109, 175

thyroid......................................................................................................................................................... 71 

toxicokinetic.................................................................................................................. 12, 27, 166, 182, 183 

tremors ........................................................................................................................ 13, 16, 20, 74, 75, 106 

tumors ............................................................................................................................................... 117, 168 

vapor pressure ........................................................................................................................... 206, 217, 268 

volatility .................................................................................................................................................... 203 

volatilization ................................................................. 11, 12, 203, 206, 217, 219, 221, 222, 232, 235, 249 







