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Abstract

Introduction: Polychlorinated biphenyls (PCBs) are persis-
tent, lipophilic contaminants that are known to increase
risk of a number of human diseases. Although ingestion of
animal fats is a major route of exposure, there is increas-
ing evidence that inhalation of vapor-phase PCBs is also
important and may be as or even more important than
ingestion under some circumstances.

Methods: The evidence that inhalation of PCBs may
cause cancer, heart disease, hypertension, and diabetes is
reviewed and presented in this report.

Results: PCBs are known human carcinogens. A husband
and wife, occupationally required to ‘smell’ PCB-contain-
ing oils, both developed thyroid cancer, malignant mela-
noma/severely melanocytic dysplastic nevus (a precursor
to malignant melanoma) and the husband, a non-smoker,
developed and died of lung cancer. The serum of both
had highly elevated concentrations of lower chlorinated,
volatile PCB congeners. In other studies, residents living
near PCB-containing hazardous waste sites, and thus
breathing PCB-contaminated air, have elevated rates of
hospitalization for cardiovascular disease, hypertension,
diabetes and reduced cognitive performance, whereas
other studies in defined populations show that there is an
elevated risk of all of these diseases in individuals with
elevated serum PCBs.

Conclusions: These results are consistent with the conclu-
sion that inhaled PCBs can increase risk of cancer, car-
diovascular disease, hypertension, diabetes and reduce
cognitive function.
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Introduction

Polychlorinated biphenyls (PCBs) were manufactured
in many countries from the late 1920s until they were
found to be persistent and toxic in the late 1970s, when
their manufacture and use was stopped in most devel-
oped countries. It is reported, however, that they are still
being manufactured in North Korea, and even in the US,
many transformers and capacitors that are still being used
contain PCBs.

PCBs consist of mixtures of up to 209 individual con-
geners, which vary depending on how many chlorines are
on the biphenyl rings and where they are located on the
molecule. Figure 1 shows the PCB molecule and the con-
vention for identifying different congeners based on the
location of chlorines. PCBs were manufactured in many
countries as commercial mixtures through the chlorina-
tion of biphenyl with anhydrous chlorine in the presence
of a catalyst, usually iron. The duration of the reaction
determined the average degree of chlorination. In the US,
almost all PCBs were manufactured by Monsanto, who
sold commercial mixtures under the trade name ‘Aroclor’.
Aroclor 1242 was 42% chlorine by weight, whereas Aroclor
1260 was 60% chlorine. However, all commercial products
contained a variety of PCB congeners, with the exception
of Aroclor 1271, which was pure PCB 209 that contained
chlorine groups at all 10 sites.

Most widely used commercial PCB mixtures are oils,
and the greater the degree of chlorination, the more
viscous the oil. They had many useful purposes. However,
they had major uses in capacitors and light ballasts given
because they are relatively nonflammable and noncon-
ductive. They were widely used as hydraulic fluids, as sol-
vents for paints or caulking, in carbonless copy paper, and
in other products requiring a lipophilic solvent.

Although all PCB congeners have some common prop-
erties, they also have significant differences in physical
properties and routes of exposure to humans. In general,
PCBs have low water solubility and volatility. However,
those congeners containing fewer chlorines are more
water soluble and more volatile than those with more
chlorines (1, 2). Table 1 (3) shows vapor pressure, water
soluhility, log octanol/water partition coefficient (log K ),
and approximate evaporation rates as a function of the
number of chlorines on the PCB molecule.
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Figure 1: The structure of PCBs. There can be any number of
chlorines around the biphenyl ring between one and ten.

The convention for labelling the position is shown by the numbers,
where the 2 and 6 positions are ortho, the 3 and 5 positions are
meta, and the 4 position is para. The prime sign distinguishes in
which ring the chlorines are located.

Table 1: Physical characteristics of PCBs by homologue groups at
25°.

PCB Vapor Water Log octanol/ Evaporation
homologue  pressure, solubility, Water rate,
group Pa g/m? coefficient g/m3/h
Monochloro 1.1 4.0 4.7 0.25
Dichloro 0.24 1.6 5.1 0.065
Tetrachloro 0.012 0.26 5.9 4.2%x1073
Hexachloro 5.8x107* 0.038 6.7 2.5x10*
Octachloro 2.8x10~° 5.5x107* 7.5 1.5x107°
Decachloro 1.4x10°¢ 7.6x107* 8.3 8.5x1077

Data from Ref (3).

Even commercial mixtures with primarily highly chlo-
rinated congeners contain lower chlorinated congeners at
low concentrations. Figure 2 shows the congener pattern
of Aroclor 1260 (60% chlorine by weight) and that of PCBs
in the vapor phase, resulting from blowing air over the
commercial mixture. Clearly, even this highly chlorinated
mixture contains lower chlorinated PCBs that volatize.
There is also some volatilization of moderately chlorin-
ated congeners, but the overall profile in the vapor phase
shifts markedly to the left, indicating that lower chlorin-
ated congeners are more volatile.

PCBs can volatilize from a variety of sources, includ-
ing commercial mixtures, water, landfills, and commer-
cial products. As lower chlorinated PCBs are more water
soluble and more volatile (Table 1) they will selectively
dissolve in water and then move from a soluble aqueous
phase into the air. PCBs evaporate along with the water
(4, 5), and this process is very temperature dependent (6).
Volatile loss of PCBs from Lake Superior was calculated to
be about 1900 kg per year (7). Outdoor air concentrations
of PCBs near New Bedford Harbor, a highly contaminated
body of water, ranged from 0.4 to 53 ng/m? (8); these are
significantly higher than those at a comparison site. PCB
fluxes to air along the contaminated Hudson River ranged
from 0.5 to 13 ug/m?/day (9).
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The greater water solubility of lower chlorinated PCBs
has implications for drinking water quality. The majority
of the higher chlorinated congeners will be bound to par-
ticulates in water and then removed by standard drinking
water treatments. However, those that are dissolved are
more difficult to remove and may be an important route
of human exposure, especially if contaminated surface
water is used for municipal drinking water.

PCBs will also volatilize from contaminated soils and
sediments. As from water, the PCBs volatize with water,
and dry sediments lose fewer PCBs to the air as compared
with wet sediments or soils (4). PCBs can also volatil-
ize from landfills, depending upon how tightly they are
covered (10). Hermanson et al. (11) studied air PCB concen-
trations near a Monsanto landfill in Anniston, Alabama,
the site of a PCB synthesis factory, and compared results
to those from a nearby site that had superficial soil PCB
contamination. They found less dependence on surface
temperature for PCB release to air from the landfill, and
suggested that most of the sources of PCBs from the land-
fill site were materials buried within the landfill.

In addition to the differences in physical properties,
congeners have both differences in rates of metabolism in
the human body and major differences in mechanisms of
action and health effects in humans. PCBs, like most chlo-
rinated compounds, are poorly metabolized and are thus
persistent. In general the half-life increases with number
of chlorines but other factors like location of the chlorines
around the ring also influence rates of metabolism. The
half-lives in humans of several individual PCB congeners
are shown in Table 2 (12). Ortho chlorine substitution
usually increases the half-life relative to that of a PCB with
the same number of chlorines but with none in the ortho
position (13).

Many of the volatile mono-, di-, and tri-chloro conge-
ners are metabolized within hours in rats (14). Hu et al.
(15) found that labeled PCB 11 (3,3’-dichloro biphenyl) had
a half-life of 12 h in male rats. Although human metabo-
lism is generally not as rapid as in rodents, it is sufficiently
rapid such that lower chlorinated congeners are rarely
found at significant concentrations in human blood. Long
half-life makes it convenient to determine the exposure of
a person to PCBs in the past, but there is often the assump-
tion that long half-life is indicative of greater health effect.
This assumption is not necessary correct. This is because
even those congeners that are more rapidly metabolized
may have significant toxicity, especially if there is pro-
longed exposure, as would be the case if they were inhaled
on a daily basis.

The major metabolism of PCBs is through cytochrome
P450s in the liver and other organs (13). This results in
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Figure 2: The congener patterns in Aroclor 1260 liquid (top) and the congener pattern seen when passing air over the liquid and collecting

and analyzing the vapor-phase PCBs.

Peaks are shown in the order they elute from the column. The numbers above the peaks identify individual congeners or groups of conge-

ners. Those peaks to the left have fewer chlorines.

Table 2: Half-lives of single PCB congeners in the human adult
body.

PCB PCB structure Half-life,
number years
28 2,4,4’ Trichlorobiphenyl 5.5
52 2,2’,5,5" Tetrachlorobiphenyl 2.6
105 2,3,3’4,4” Pentachlorobiphenyl 5.2
118 2,3’4,4’,5 Pentachlorobiphenyl 9.3
138 2,2',3,4,4’,5" Hexahlorobiphenyl 10.8
153 2,2°,4,4",5,5" Hexachlorobiphenyl 14.4
170 2,2°,3,3%,4,4’,5 Heptachlororbiphenyl 15.5
180 2,2,3,4,4’,5,5" Heptachlorobiphenyl 11.5

Data from Ref (4).

introduction of oxygen onto the molecule, which then
allows for further metabolism by other transferases. Many
of the hydroxylated or methyl sulfonated metabolites are
somewhat persistent and have biologic activity (16). The

position of the chlorines around the PCB molecule influ-
ences the rate of metabolism (17). This is why different
PCB congeners with the same number of chlorines have
different half-lives, as shown in Table 2. In addition, differ-
ent congeners are targets of different P450s. Many studies
have focused on PCB congeners that have dioxin-like
activity as well as those that bind to the aryl hydrocarbon
receptor, induce P4501A and then induce many different
genes (18). Other congeners induce different P450s and
many genes, but with a different pattern (19). To make
matters even more complex, the profile of genes that are
induced may vary from one tissue to another (20). Many of
the adverse health effects reported in humans are likely a
consequence of different patterns of gene induction.
Despite the more rapid metabolism of lower chlorinated
PCBs, evidence for inhalation exposure can be obtained
from serum samples. Our group has studied PCB exposure
in a Native American population for many years. Many older
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adults have a pattern of congeners dominated by a few
highly chlorinated and persistent congeners like PCBs 138,
153, 170, and 180. However, we have been able to identify a
pattern of lower chlorinated PCBs in the serum of younger
Mohawks, which matched closely to the pattern of the PCB
profile in air over a contaminated site (21) Figure 3. The
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pattern could not be observed clearly in older individuals
because serum levels increase with age and the PCBs from
ingestion obscure those more readily metabolized PCBs.
Herrick et al. (22) measured serum PCB levels in teach-
ers working in a school that had elevated PCBs in indoor
air, and found significantly higher concentrations of lower
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Figure 3: Congener compositions of (A) End-member (EM)-1 as determined by polytopic vector analysis (PVA) of serum PCB congener data
for 702 adult Mohawks, (B) air sampled above “Contaminant Cove” at the western boundary of Akwesasne in summer 1993, (C) native
commercial A1248 liquid, and (D) serum from the subject with the highest proportion (46.2%) of EM-1. For profiles not generated in the
authors’ laboratory (i.e., B), the same congener elution order as that in the other samples is presented to facilitate comparisons. Differ-
ences in congener coelutions between samples are indicated by brackets; congeners analyzed in the authors’ laboratory but not by others
are shown in italics. For brevity, CB 138 is listed alone although it coelutes with CBs 163 and 164 for all samples. In addition, CB 32 coelutes
with CBs 11, 12, and 13 for the sample shown in (B). Reprinted from DeCaprio et al.? with permission from Elsevier B.V.
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chlorinated congeners (PCBs 6-74) than those found in
unexposed teachers. Meyer et al. (23) obtained serum PCB
measurements from 134 residents of a flat with high con-
centrations of PCBs in the indoor air, and compared levels
to those of 139 unexposed persons. Levels of 27 congeners,
especially lower chlorinated congeners, were found to be
four times higher in the serum of the exposed individuals.
The goal of this paper is to review the evidence that
the inhalation of PCBs can lead to adverse health effects
in humans. The paper will focus on a few specific diseases
for which evidence exists to support the conclusion that
inhalation is an important route of exposure. The problem
is that most scientists who are investigating health effects
of PCBs use serum PCB concentration as their exposure
assessment measure. Given that most of the more volatile
congeners are rapidly metabolized, they are not present
in high concentrations in serum samples and, thus, they
are usually not considered. However, the typical source of
inhaled PCBs is indoor air in homes, schools and offices,
places where people spend many hours a day. Under these
circumstances, people may be more or less continuously
exposed and affected by the lower chlorinated congeners.

Cancer

PCBs have been identified as Group 1, known human car-
cinogens, by the International Agency for Research on
Cancer (24). The specific cancer with the strongest evi-
dence is malignant melanoma. There are, however, many
of types of cancer for which strong associations with
serum PCB levels have been found (25). However, there is
little direct evidence for cancer in humans resulting from
inhalation exposure to PCBs.

Until the recent IARC identification of all PCBs being
carcinogenic, there was a widespread belief that only
dioxin-like PCBs had carcinogenic activity. This is despite
clear evidence presented by van der Plas et al. (26). They
reported that majority (about 80%) of the tumor-promot-
ing activity of PCBs can be found the in 2-4 ortho-substi-
tuted congener groups, which have little or no dioxin-like
activity. Sandal et al. (27) compared the genotoxic activi-
ties of PCB 52 (2,2,5,5'tetrachloro biphenyl, a non-dioxin-
like congener) and PCB 77 (3,3’,4,4" tetrachlorobiphenyl,
a dioxin-like congener) on cultured human lymphocytes.
They found that both congeners caused DNA damage as
monitored by the comet assay, but that PCB 52 is signifi-
cantly more potent. Both PCB 9 (2,5 dichlorobiphenyl) (28)
and PCB 11 (29) generate reactive oxygen species, known
to be a risk factor for cell damage and death. Ludewig
et al. (30) found that PCB 3 (4-monochlorobiphenyl) and/
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or its metabolites increase mutations in rat liver. Tan
et al. (31) found that PCBs 8 (2,4 dichlorobiphenyl), 28,
47 (2,2'4,4'-tetrachlorobiphenyl), and 52 are cytotoxic to
both neurons and thymocytes, but the dioxin-like con-
geners PCBs 77, 80 (3,3',5,5-tetrachlorobiphenyl) and 81
(3,4,4',5-tetrachlorobiphenyl) are not. Although not all of
these effects are necessarily directly related to cancer, they
clearly demonstrate toxicity of lower chlorinated, non-
dioxin-like congeners.

Case study

Company X was an analytic services laboratory that pro-
vided analysis of fluids from electric transformers. Up
until 1977, when their manufacture and new use was
outlawed by the US Environmental Protection Agency
(EPA) due to their persistence and toxicity, most electric
transformers were filled with commercial mixtures of
PCBs. However, old transformers that have not been ser-
viced still contain PCBs. Now EPA requires that the fluid
from transformers being serviced or discarded be tested
to determine whether PCBs are present; if they are, then
the EPA requires that the fluid be removed and the trans-
former cleaned and filled with a non-toxic substitute. All
PCB-containing fluids at concentrations <50 ppm are to
be treated as hazardous waste, and rules have been estab-
lished to regulate disposal of oils containing PCBs at con-
centrations between 2 and 50 ppm.

JM, a relatively dark-skinned Hispanic, was employed
by company X between 1994 and 2003 as a laboratory
technician. His job was to analyze 100-150 transformer
oil samples per day to determine whether they contained
PCBs. It was known that 10%-20% of those samples
would have PCBs at concentrations ranging from 50 to 499
ppm, and another 10% would have even higher concen-
trations, some being 100% commercial PCBs. JM was told
to smell the fluid to determine whether or not it contained
high concentrations of PCBs. PCBs have a subtle but dis-
tinctive odor. The reason for smelling the fluids before
analyzing them was that running a sample with a high
PCB concentration in the gas chromatograph would result
in contamination that would then take time to wash out.
Thus, if samples with high concentrations could be identi-
fied before being run, they could be serially diluted to the
point that they would not require extra time to be taken to
wash out the gas chromatograph.

JM was born in 1967 and did not smoke nor drink to
excess. His medical history was unremarkable except for
hypertension, and elevated LDL with a slightly low HDL.
On December 14, 2001 he was found to have a greatly
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reduced thyroid stimulating hormone (TSH) level, and
highly elevated thyroxine (T4) level. On February 28, 2003
he was treated with radioactive I, which resulted in a
decrease in his TSH level. On March 3, 2003 a large pap-
illary thyroid carcinoma was removed in a subtotal thy-
roidectomy. The tumor surrounded the vagus nerve and it
was difficult to remove. On August 26, 2003 he was found
to still have an abnormally elevated uptake of I, which
was suggestive of recurrent disease. Although he contin-
ued to work at company X after his surgery, he was no
longer required to analyze for PCBs. In March, 2011 JM had
a malignant melanoma removed from his back. In March,
2013 JM was diagnosed with lung cancer, which on biopsy,
proved to be a poorly differentiated adenocarcinoma, not
a metastasis from the melanoma. JM died later in 2013
with massive hemorrhagic brain metastases.

GM, wife of JM, was born in 1968 and hired by company
X in 1996. Her job was to dump oils that were in the GC
sampling vials that had been analyzed into 55 gallon
drums, separating those with and without high concentra-
tions of PCBs, and ensure that any liquids containing PCBs
were not allowed down the drain. She also was required to
wash the glassware. She worked in a 50 sq ft room with a
hood and waste basin but without windows or air condi-
tioning, and was told to keep the door closed. When the
oils were to be dumped, she was told to sniff each sample
in order to determine which 55 gallon drum the material
should be placed in. If it smelled like PCBs, it would go into
one drum, but if not then it should go into the other. The
glassware contaminated with PCBs was to be washed with
toluene and acetone, followed by soap and water. She was
never provided with a lab coat, gloves, or a mask.

GM was also diagnosed with thyroid cancer in May of
2003, after which she stopped working at company X. She
had a total thyroidectomy in July, 2003. She completed a
course of 100 mC *'I on September, 2003. She had some
abnormal uptake of the isotope on August 26, 2003, but
there was no evidence of recurrent disease by March,
2004. In 2011, she was diagnosed with a compound mel-
anocytic dysplastic nevus, a highly dangerous mole that
is a precursor to melanoma. This was removed. She also
had abnormal liver function tests, perhaps a fatty liver,
diabetes, and hypertension. She does not drink and does
not have hepatitis.

Serum samples were obtained in the late summer and
fall of 2005 for measurement of PCBs, and analysis was
done by ERGO Forschungsgesellschaft mbH in Hamburg,
Germany. The results for six PCB congeners are shown in
Table 3.

There are several remarkable findings in this tragic
story. For two persons who are not blood relatives to
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Table 3: PCB concentrations (ug/kg or ppb wet weight) in serum
samples from JM and GM.

PCB M GM
congener

28 1.82 3.47
52 1.22 1.60
101 nd 0.33
138 nd 0.22
153 0.17 0.23
180 0.16 0.44
Sum 3.37 6.28

nd, not detected.

both develop two relatively rare cancers of the same
type (thyroid and melanoma) by chance is extraordinar-
ily unlikely. Malignant melanoma is the cancer for which
there is the strongest evidence for causation by PCBs. This
is reflected in the recent report from the International
Agency for Research on Cancer, which declared PCBs to
be Group 1, known human carcinogen, based primarily of
occupational studies (24). Although the route of occupa-
tional exposure is uncertain in these reports, inhalation is
certainly a major component.

Thyroid cancer has been reported in rats exposed to
commercial PCB mixtures (32, 33). An elevation in lung
cancer has been reported in one occupational cohort after
control for other factors (34). Animal studies have shown
that exposure of mice to Kanechlor-400 (a Japanese PCB
product) resulted in various kinds of lung neoplasms (35).
JM was a non-smoker living in an area where radon is not
a major problem, and it is likely that his lung cancer was
also a consequence of inhaling PCBs.

The pattern of PCB congeners found in the serum
sample is striking. In the general population, PCB 153, 138,
and 180 are found at much higher concentrations than
PCBs 28 and 52. However because PCBs 28 and 52 have
fewer chlorines, are much more volatile. In the 2003-04
NHANES, mean concentrations of PCB 28 in adults over 20
was 0.031 and the 95th percentile was 0.067 ppb. For PCB
52, the mean concentration was 0.016 and the 95th per-
centile was 0.043 ppb. Hence, the concentrations of both
congeners are two orders of magnitude higher in both JM
and GM. For PCB 153, the levels in both JM and GM are
within the background concentrations found among the
individuals in the 2003-2004 NHANES (mean, 0.148 ppb,
95th percentile, 0.671 ppb). This pattern of PCBs in serum
alone is convincing evidence that the major route of expo-
sure for both JM and GM was inhalation of volatile PCBs.

There is other evidence consistent with the con-
clusion that lower chlorinated, more volatile PCBs are
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carcinogenic. Although those congeners with fewer
chlorines are more rapidly metabolized, they generate
hydroxylated and other metabolic progeny that exhibit
genotoxicity (36) and oxidative stress (29). Maddox et al.
(37) demonstrated a non-significant two-fold increase
in spontaneous mutations induced by PCB 3 (4 mono-
chloro biphenyl) and 4-OH-PCB 3 in rat lung. Xie et al. (38)
showed that PCB 3 is converted to quinones which are very
efficient in inducing gene mutations and chromosomal
breaks.

Studies using hospitalization
diagnoses to assess diseases from
inhalation of PCBs

My colleagues and I have performed a series of studies
using New York State (NYS) hospitalization data to
examine residences near hazardous waste sites containing
identified chemicals, particularly PCBs. In NYS, the dis-
eases diagnosed in every patient admitted as an inpatient
to a state-regulated hospital (all except federal hospitals
like Veterans’ Administration and Indian Health Services)
must be reported to the Department of Health upon dis-
charge. The data available to us include sex, age, race,
method of payment and zip code of residence, as well as
up to 15 different disease diagnoses. The data are limited
in that we do not know names or street addresses, and do
not have any information about personal habits. We do
have access to behavioral characteristics by county from
the Behavioral Risk Factor Surveillance System (BRFSS),
and we have information on median household income
and population density by zip code from the US Census.
We have matched rates of hospitalization for specific dis-
eases to residence in zip codes that either contain or do not
contain a hazardous waste site. The Department of Envi-
ronmental Conservation lists 814 such sites in NYS and
identifies those containing PCBs. Our hypothesis behind
these studies is that living near a PCB-contaminated site
increases exposure, and that such exposure must be pri-
marily by inhalation. There is no reason to assume that
dietary exposure would be different depending upon
where you live, and it is unlikely that most people are
going to have significant dermal exposure.

There are some important limitations in ecologic
studies of this sort, particularly with regards socioeco-
nomic status (SES). Poverty is well known to be an impor-
tant risk for disease, but we adjust for this the best we
can using the BRFSS, which provides some information
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on personal habits in the locale and census data, from
which we can obtain median household income in the
zip code. The exposure assessment is also very limited,
being only the zip code of residence. We cannot distin-
guish multiple hospitalizations by one person from those
of different individuals. However, despite these limita-
tions, there are some other major strengths. For example,
there are 2.5 million hospitalizations each year in NYS,
and we have data from 1993 through 2008. We have used
results of these studies to generate hypotheses, which we
then tested in smaller populations wherein we have better
exposure assessment.

Cardiovascular disease

Sergeev and Carpenter (39) examined rates of hospitaliza-
tion for coronary heart disease and myocardial infarction
in NYS residents living in a zip code wherein a PCB haz-
ardous waste site was located, and compared these rates
with those living in a zip code without any hazardous
waste site after adjustment for age, sex, race, income, and
health insurance coverage. They found an odds ratio (OR)
of 1.15 (95% confidence interval=1.03-1.29) for coronary
heart disease and an OR of 1.20 (1.03-1.39) for myocardial
infarction. They then examined a sub-set of the PCB zip
codes, that being those along the 200 miles of the contam-
inated Hudson River. Average income is higher in these zip
codes, and BRFSS data show more exercise, less smoking,
and greater consumption of fruits and vegetables in these
counties than in the rest of NYS. Despite living a healthier
life style, the ORs for coronary heart disease and myocar-
dial infarction in these zip codes were 1.36 (1.19-1.56) and
OR=1.39 (1.19-1.63), respectively. Thus, living in a zip code
containing a PCB hazardous waste site (either a landfill
or a contaminated body of water) is associated with an
increased risk of coronary heart disease and myocardial
infarction, and this is unlikely due to inadequate adjust-
ment for socio-economic status because the elevations in
ORs are even higher along the Hudson.

Strokes (‘brain attacks’) are closely related to myo-
cardial infarctions (‘heart attacks’). Shcherbatykh et al.
(40) used the same hospitalization records for stroke.
They found significant elevations for ischemic stroke for
individuals living in PCB-contaminated zip code (OR=1.17,
1.04-1.39) and a slightly greater elevation for individuals
living along the Hudson River (OR=1.20, 1.10-1.32) as com-
pared with zip codes without any hazardous waste site.

The above ecologic studies support the hypothesis
that exposure to PCBs increases the risk of cardiovascu-
lar disease. In order to test this hypothesis, we performed
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studies in two PCB-exposed populations where we have
measured serum PCB concentrations. We suspect that the
route of exposure for those individuals living near PCB
hazardous waste sites is inhalation of lower chlorine con-
geners which are not very persistent. Hence, it is not clear
whether the associations seen with measurement of total
serum PCBs will give exactly the same results.

Goncharov et al. (41) determined self-reported rates
of cardiovascular disease among the Mohawks at Akwe-
sasne, a Native American group living at the US-Canadian
border, in relation to measured serum PCBs and serum
lipids. They found significantly elevated risk of self-
reported cardiovascular disease, but found this to be an
indirect effect via an elevation in serum cholesterol and tri-
glycerides. Aminov et al. (42) investigated these same rela-
tionships in 575 residents of Anniston, Alabama who live
near the Monsanto plant that manufactured PCBs. They
also found that increased total serum PCB concentrations
was significantly associated with elevated concentrations
of total cholesterol and triglycerides, but found no effect
on HDL or LDL cholesterol. Thus, there is a clear associa-
tion between elevation in serum lipids, a major risk factor
for cardiovascular disease, and more highly chlorinated
PCBs, whereas the ecologic results support the conclusion
that the lower chlorinated congeners are also important.
At present, the relative importance of lower and higher
chlorinated congeners on cardiovascular disease remains
to be fully determined. Hennig et al. (43) have demon-
strated pro-inflammatory changes induced by PCBs on
endothelial cells, which may combine with elevations in
serum lipids to increase the risk of cardiovascular disease.
Ha et al. (44) have reported that there is a dose-dependent
relationship between serum PCB concentrations and car-
diovascular disease using data from the National Health
and Nutrition Examination Survey (NHANES).

Hypertension

Hypertension is not usually considered to be an environ-
mental disease. However, using the hospitalization data
set, Huang et al. (45) reported a significantly elevated
OR=1.19 (1.09-1.31) for hospitalization diagnosis of hyper-
tension among individuals living in a zip code with a PCB
hazardous waste site. They also found elevated hospitali-
zation for hypertension (OR=1.14; 1.05-1.23) for residents
living along the Hudson River.

We have determined the associations between serum
PCB levels and blood pressure in 351 residents of Annis-
ton who were not on anti-hypertensive medication. Three
measurements of blood pressure were taken in individuals
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where serum PCBs levels had been measured. We found
striking associations between rates of hypertension and
serum PCB concentrations (46). After adjustment was age,
sex, BMI, serum lipids, smoking and exercise the OR for
lowest to highest tertile of PCB concentration was 4.09
(1.3-12.7) for clinical hypertension and 5.28 (1.0-25.8) for
both systolic and diastolic hypertension. Even within the
normotensive range of blood pressure, there were sig-
nificant associations with total PCB concentration (47).
Serum PCB concentration showed a stronger association
than any other factor but age, including BMI, total lipids,
sex, race, smoking, and exercise. Associations between
serum PCBs and hypertension have also been reported
using NHANES data (48, 49).

Diabetes

Kouznetsova et al. (50) analyzed NYS hospitalization data
for adult inpatient admissions for diabetes in relation to
residence in a zip code containing a PCB-contaminated
waste site. Living in a PCB-contaminated zip code was
associated with a 23% elevated chance of hospitalization
for diabetes as compared with rates for individuals living
in a zip code that did not contain a hazardous waste site
(OR=1.23; 1.15-1.32), after adjustment for age, race, sex,
median household income, and urban/rural residence.
Living along the Hudson River was associated with an
even greater elevation (OR=1.36; 1.25-1.42). As with the
above diseases, the most likely exposure must have come
from inhalation.

We have examined rates of physician-diagnosed
diabetes in relation to serum PCB concentrations in the
Mohawk population at Akwesasne. In a preliminary
study, Codru et al. (51) reported that after adjustment for
sex, age, BMI and smoking, individuals in the top tertile
PCB concentration had a significant 3.9-fold elevated risk
of diabetes (95% CI=1.5-10.6). Only two individual con-
geners were reported, PCBs 74 (2,4,4’,5-tetrachlorobiphe-
nyl) and 153. When adjusted for all other contaminants in
addition to the factors listed above, only PCB 74 showed
a significant association. We have followed-up on this
study (52) with a more complete single congener analysis
and with adjustment for all other contaminants but the
one under investigation. These results indicate that the
only significant association with diabetes is with non- or
mono-ortho PCB congeners that do not have dioxin-like
activity. This is an important observation because these
are the lower-chlorinated, volatile congeners. This pro-
vides strong support for the hypothesis developed from
the hospitalization studies (50), which concluded that
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the association between diabetes and living near a PCB-
contaminated site is secondary to inhalation of lower
chlorinated PCBs.

Discussion and conclusions

These results are consistent with the conclusion that inha-
lation of PCBs is not only an important route of exposure,
but that it can also result in serious disease. PCB exposure
is well documented to increase the risk of the diseases
reviewed here, namely, cancer, cardiovascular disease,
hypertension and diabetes, based on documentation that
incidence of these diseases increased with serum concen-
trations of PCBs. However, the majority of the PCBs found
in serum are the more persistent congeners, often with
half-lives of a decade or more. These are the congeners
found in the higher chlorinated commercial mixtures, and
are the ones commonly found in animal fats, which is an
important route of exposure to humans. From the point
of view of research, the persistence of these higher chlo-
rinated congeners is helpful for establishing associations
because a blood sample will provide information about
PCB exposure after many years have passed.

This review has focused on only four diseases, chosen
because of at least some evidence for elevated risk coming
from inhalation exposure. However, these are certainly not
the only diseases for which exposure to PCBs is known to
increase risk. PCBs are known to cause deficits in learning
and memory (53, 54), and there is evidence from animal
studies indicating that lowered chlorinated congeners
are more neurotoxic than more highly chlorinated con-
geners (55). Fitzgerald et al. (56) reported decrements of
verbal learning and an increase in depressive symptoms
in adults living near the contaminated Hudson River, but
serum concentrations are not significantly different from
those in a comparison population (57). This finding is con-
sistent with inhalation of lower chlorinated, more rapidly
metabolized PCBs as the critical factor. PCBs are struc-
turally somewhat similar to T4, and exposure has been
shown to suppress thyroid function (58). PCBs also alter
sex hormone function, with many congeners and hydroxy-
lated metabolites having estrogenic activity (59). Elevated
PCB exposure results in earlier puberty in girls (60) and a
reduction in testosterone levels in men and boys (61, 62).
PCBs suppress the immune system, leading to increased
respiratory infections in children (63, 64) and elevations
in cases of asthma (64, 65). PCB exposure to mothers is
associated with lower birth weight of infants (66, 67). The
relative role of inhalation of lower chlorinated PCBs, to
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date, has not been studied with regards these diseases
and effects.

The PCB congeners that volatilize easily are less
highly chlorinated, and most of them are much more
rapidly metabolized in the human body. Some, like PCBs
28 and 52, are somewhat more persistent than others,
and are frequently found at low concentrations in human
serum, although the majority of those congeners with four
of fewer chlorines are often not present at detectable con-
centrations. However, just because they are more rapidly
metabolized and do not accumulate does not mean that
they do not have adverse health effects. This is particularly
the case if the concentrations of these lower chlorinated
congeners in air are significant in places where people
spend long periods of time (e.g., at home, school, or work).
Under these circumstances exposure can be almost con-
tinuous, but would not be reflected in high levels of PCBs.
Although the specific mechanisms whereby serum PCBs
cause neurotoxicity are still uncertain, animal studies
have shown that PCB, like lead, are effective in reducing
long-term potentiation, an electrophysiologic marker of
learning and memory (68).

The most extreme demonstration of the hazards of
inhalation of PCBs is the cases of JM and GM, workers
occupationally instructed to inhale PCB vapors. Both
developed multiple cancers of the same type, and JM died
of cancer. Their serum contained elevated concentrations
of the lower chlorinated, more volatile PCBs, and only
background concentrations of more highly chlorinated
congeners that are less volatile.

The ecologic studies showing elevations of cardio-
vascular disease, hypertension, and diabetes in relation
to residences near PCB-contaminated waste sites strongly
suggest that inhalation is the route of exposure. However,
there are significant limitations to ecologic studies, and
they must be viewed as being hypothesis generating.
Therefore, we have performed other investigations in
defined populations where we have good exposure assess-
ment (albeit with the limitations discussed above for lower
chlorinated congeners), as well as access to medical and
clinical chemistry information. These studies confirm the
hypothesis that PCB exposure is associated with elevated
risks of all three diseases. Thus, these studies provide
support for the conclusion that inhalation of PCBs is the
major cause of the elevated rates of hospitalization.

The implications of these studies are significant for
several reasons. First, these results suggest that living near
a PCB-contaminated waste site poses risk to health, and by
extrapolation this applies also to attending a school with
elevated PCBs in the air due to PCB-containing light bal-
lasts or caulk (69-73), working in a contaminated building



10 —— Carpenter: Health effects of PCBs

(74, 75), working as a fireman around certain house fires
(76), and living downwind of sewage sludge drying plants
(77). Lower chlorinated PCBs are found in current retail
paints, and would be expected to volatilize into room air
(78). Urban areas are likely to have more hot spots with
higher concentrations than in rural areas, as has been
demonstrated in Chicago and Cleveland (79). Thus, many
people are being unknowingly exposed to these sources
via inhalation. Scientists from the USEPA have recently
published a report calling for greater evaluation of health
risks from inhaled PCBs (80).

PCBs are dangerous chemicals, but the danger is
not restricted to dioxin-like congeners or persistent con-
geners. These findings reinforce the conclusion that it is
imperative to find ways of removing these contaminants
from the environment. Furthermore, it is important that
risk assessment methodologies no longer rely only on
measurement of serum PCB levels and their associations
with various diseases, but rather consider air concentra-
tions and the evidence that even low concentrations of
PCBs in air constitute an important route of exposure and
disease, especially if the exposure is prolonged.

References

1. Hansen LG. The ortho side of PCBs: occurrence and disposition.
Boston, MA: Kluwer Academic Publishers, 1999.

2. Carpenter DO, Welfinger-Smith G. The Hudson River: a case
study of PCB contamination. In: Selendy JM, editor. Water and
sanitation-related diseases and the environment: challenges,
interventions and preventive measures. Hoboken, NJ: Wiley-
Blackwell, 2011:303-27.

3. Erickson MD. Introduction: PCB properties, uses, occurrence, and
regulatory history. In: Robertson LW, Hansen LG, editors. PCBs:
recent advances in environmental toxicology and health effects.
Lexington, Kentucky: The University Press of Kentucky, 2001:xi—xxx.

4. Chiarenzelli ), Scrudato R, Arnold G, Wunderlich M, Rafferty D.
Volatilization of polychlorinated biphenyls from sediment during
drying at ambient conditions. Chemosphere 1996;33:899-911.

5. Chiarenzelli J, Scrudato RJ, Wunderlich ML. Volatile loss of
PCB aroclors from subaqueous sand. Environ Sci Technol
1997;31:597-602.

6. Chiarenzelli J, Bush B, Casey A, Barnard E, Smith B, et al. Defin-
ing the sources of airborne polychlorinated biphenyls: evidence
for the influence of microbially dechlorinated congeners from
river sediment? Can ] Fish Aquat Sci 2000;57:86-94.

7. Jeremiason D, Hornbuckle KC, Eisenreich SJ. PCBs in Lake Supe-
rior, 1978-1992: decreases in water concentrations reflect loss
by volatilization. Environ Sci Technol 1994;28:903-14.

8. Vorhees DJ, Cullen AC, Altshul LM. Exposure to polychlorinated
biphenyls in residential indoor air and outdoor air near a super-
fund site. Environ Sci Technol 1997;31:3612-8.

9. Sandy AL, Guo J, Miskewitz R}, McGillis WR, Rodenburg LA. Fluxes
of polychlorinated biphenyls volatilizing from the Hudson River,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

DE GRUYTER

New York measured using micrometeorological approaches.
Environ Sci Technol 2012;46:885-91.

Bremle G, Larsson P. PCB in the air during landfilling of a con-
taminated lake sediment. Atmos Environ 1998;32:1011-9.
Hermanson MH, Scholten CA, Compher K. Variable air tem-
perature response of gas-phase atmospheric polychlorinated
biphenyls near a former manufacturing facility. Environ Sci
Technol 2003;37:4038-42.

Ritter R, Scheringer M, MacLeod M, Moeckel C, Jones KC,

et al. Intrinsic human elimination half-lives of polychlorinated
biphenyls derived from the temporal evolution of cross-sectional
biomonitoring data from the United Kingdom. Environ Health
Perspect 2011;119:225-31.

James MO. Polychlorinated biphenyls: metabolism and
metabolites. In: Robertson LW, Hansen LG, editors. PCBs:
recent advances in environmental toxicology and health effects.
Lexington, KY: The University Press of Kentucky, 2001:35-46.
Hu X, Adamcakova-Dodd A, Lehmler H-J, Hu D, Kania-Korwell

I, et al. Time course of congener uptake and elimination

in rats after short-term inhalation exposure to an airborne
polychlorinated biphenyl (PCB) mixture. Environ Sci Technol
2010;44:6893-900.

Hu X, Adamcakova-Dodd A, Thorne PS. The fate of inhaled
%4C-labeled PCB11 and its metabolites in vivo. Environ Int
2004;63:92-100.

Letcher RJ, Klasson-Wehler E, Bergman A. Methyl sulfone and
hydroxylated metabolites of polychlorinated biphenyls. In:
Paasivirta J, editor. The handbook of environmental chemistry
Vol. 3 PartK. Berlin Heidelberg: Springer Verlag, 2000.
Matthews HB, Tuey DB. The effect of chlorine position on the
distribution and excretion of four hexachlorobiphenylisomers.
Toxicol Appl Pharmacol 1980;53:377-88.

Johnson CD, Balagurunatham Y, Tadesse MG, Falahatpisheh
MH, Brun M, et al. Unraveling gene-gene interactions regulated
by ligands of the aryl hydrocarbon receptor. Environ Health
Perspect 2004;112:403-12.

Vezina CM, Walker NJ, Olson JR. Subchronic exposure to TCDD,
PeCDF, PCB126, and PCB153: effect on hepatic gene expression.
Environ Health Perspect 2004;112:1636-44.

Maier MSV, Legare ME, Hanneman WH. The aryl hydrocarbon
receptor agonist 3,3%,4,4’,5-pentachlorobiphenylinduces
distinct patterns of gene expression between hepatoma and
glioma cells: chromatin remodeling as a mechanism for selec-
tive effects. NeuroToxicology 2007;28:594-612.

DeCaprio AP, Johnson GW, Tarbell AM, Carpenter DO, Chiarenzelli
JR, et al. Polychlorinated biphenyls (PCB) ecposure assessment by
multivariate statistical analysis of serum congener profiles in an
adult Native American population. Environ Res 2005;98:284-302.
Herrick RF, Meeker D, Altshul L. Serum PCB and congener pro-
files among teachers in PCB-containing schools: a pilot study.
BMC Environ Health 2011;10: 56. Available at: http://www.
ehjournal.net/content/10/1/56.

Meyer HW, Frederiksen M, Goen T, Ebbehgj NE, Gunnarsen

L, et al. Plasma polychlorinated biphenyls in residents of 91
PCB-contaminated and 108 non-contaminated dwellings — an
exposure study. Int ) Hyg Environ Health 2013;216:755-62.
Lauby-Sectretan B, Loomis D, Grosse Y, Grosse Y, El Ghissassi
F, et al. Carcinogenicity of polychlorinated biphenyls and poly-
brominated biphenyls. Lancet Oncol 2013;14:287. doi: 10.1016/
S1470-2045(13)70104-9.



DE GRUYTER

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Carpenter DO. Polychlorinated biphenyls (PCBs): routes of
exposure and effects on human health. Rev Environ Health
2006;21:1-24.

van der Plas SA, Sundberg H, van den Berg H, Scheu G, Wester
P, et al. Contribution of planar (0-1 ortho) and nonplanar (2-4
ortho) fractions of aroclor 1260 to the induction of altered
hepatic foci in female Sprague-Dawley rats. Toxicol Appl
Pharmacol 2000;169:255-68.

Sandal S, Yilmaz B, Carpenter DO. Genotoxic effects of PCB 52
and PCB 77 on cultured human peripheral lymphocytes. Muta-
tion Res 2008;654:88-92.

Yilmaz B, Sandal S, Carpenter DO. PCB 9 exposure induces
endothelial cell death while increasing intracellular calcium and
ROS levels. Environ Toxicol 2010;27:185-91.

Zhu Y, Mapuskar KA, Marek RF, Xu W, Lehmler HJ, et al. A new
player in environmentally induces oxidative stress: polychlorin-
ated biphenyl congener, 3,3’-dichlorobiphenyl (PCB11). Toxicol
Sci 2013;136:39-50.

Ludewig G, Lehmann L, Esch H, Robertson LW. Metabolic activa-
tion of PCBs to carcinogens in vivo — a review. Environ Toxicol
Pharmacol 2008;25:241-6.

TanY, Chen C-H, Lawrence D, Carpenter DO. Ortho-substituted
PCBs kill cells by altering membrane structure. Toxicol Sci
2004;80:54-9.

Mayes BA, McConnell EE, Neal BH, Brunner M}, Hamilton SB,

et al. Comparative carcinogenicity in Sprague-Dawley rats of the
polychlorinated biphenyl mixtures Aroclors 1016, 1242, 1254,
and 1260. Toxicol Sci 1998;41:62-76.

Vansell NR, Muppidi JR, Habeebu SM, Klaassen CD. Promotion
of thyroid tumors in rats by pregnenolone-16a-carbonitrile
(PCN) and polychlorinated biphenyl (PCB). Toxicol Sci
2004;81:50-9.

Greenland S, Salvan A, Wegman DH, Hallock MF, Smith T). A
case-control study of cancer mortality at a transformer-assem-
bly facility. Int Arch Occup Environ Health 1994;66:49-54.
NakanishiY, Bai F, Takayama K, Pei XH, Inoue K, et al. Effect of
PCBs on mouse lung tumorigenesis induced by 1-nitorpyrene: a
preliminary report. Fukuoka igaku zasshi=Kukuoka acta medica
1999;90:231-7.

Robertson LW, Ludewig G. Polychlorinated biphenyl (PCB) car-
cinogenicity with special emphasis on airborne PCBs. Gefahrst
Reinhalt Luft 2011;71:25-32.

Maddox C, Wang B, Kirby PA, Wang K, Ludewig G. Mutagen-
icity of 3-methylcholantrene, PCB3, and 4-OH-PCB3 in the

lung of transgenic BigBlue® rats. Environ Toxicol Pharmacol
2008;25:260-6.

Xie W, Wang K, Robertson LW, Ludewig G. Investigation of
mechanism(s) of DNA damage induced by 4-monochlorobiphe-
nyl (PCB3) metabolites. Environ Int 2010;36:950-61.

Sergeev AV, Carpenter DO. Hospitalization rates for coronary
heart disease in relation to residence near areas contaminated
with persistent organic pollutants and other pollutants. Environ
Health Perspect 2005;113:756-61.

Shcherbatykh I, Huang X, Lessner L, Carpenter DO. Hazard-
ous waste sites and stroke in New York State. BMC Environ
Health 2005;4:18. Available at: http://www.jstor.org/sta-
ble/4133069.

Goncharov A, Haase RF, Santiago-Rivera A, Morse G; Akwesasne
Task Force on the Environment, McCaffrey R, et al. High serum
PCBs are associated with elevation of serum lipids and cardio-

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

Carpenter: Health effects of PCBs == 11

vascular disease in a Native American population. Environ Res
2008;106:226-39.

Aminov Z, Haase RF, Pavuk M, Carpenter DO, Anniston Environ-
mental Health Research Consortium. Analysis of the effects of
exposure to polychlorinated biphenyls and chlorinated pesti-
cides on serum lipid levels in residents of Anniston, Alabama.
BMC Environ Health 2013;12:108. Available at: http://www.
ehjournal.net/content/12/1/108.

Hennig B, Meerarani P, Slim R, Toborek M, Daugherty A, et al.
Proinflammatory properties of coplanar PCBs: in vitro and in
vivo evidence. Toxicol Appl Pharmacol 2002;181:174-83.

Ha M-H, Lee D-H, Jacobs DR Jr. Association between serum con-
centrations of persistent organic pollutants and self-reported
cardiovascular disease prevalence: results from the national
health and nutrition examination survey, 1999-2002. Environ
Health Perspect 2007;115:1204-9.

Huang X, Lessner L, Carpenter DO. Exposure to persistent
organic pollutants and hypertensive disease. Environ Res
2006;102:101-6.

Goncharov A, Bloom M, Pavuk M, Birman |, Carpenter DO.
Blood pressure and hypertension in relation to levels of serum
polychlorinated biphenyls in residents of Anniston, Alabama. |
Hypertens 2010;28:2053-60.

Goncharov A, Pavuk M, Foushee HR, Carpenter DO. Blood pres-
sure in relation to concentrations of PCB congeners and chlorin-
ated pesticides. Environ Health Perspect 2011;119:319-25.
Everett CJ, Mainous AG lll, Frithsen IL, Player MS, Matheson EM.
Association of polychlorinated biphenyls with hypertension

in the 1999-2002 national health and nutrition examination
survey. Environ Res 2008;108:94-7.

Ha M-H, Lee D-H, Son H-K, Park S-K, Jacobs DR Jr. Association
between serum concentrations of persistent organic pollutants
and prevalence of newly diagnosed hypertention: results from
the national health and nutrition examination survey 1999-
2002. ) Hum Hypertens 2009;23:274-86.

Kouznetsova M, Huang X, Jing M, Lessner L, Carpenter DO.
Increased rate of hospitalization for diabetes and residential
proximity of hazardous waste sites. Environ Health Perspect
2007;115:75-9.

Codru N, Schymura MJ, Negoita S; The Akwesasne Task Force
on the Environment, Rej R, Carpenter DO. Diabetes in relation
to serum levels of polychlorinated biphenyls and chlorinated
pesticides in adult Native Americans. Environ Health Perspect
2007;115:1442-7.

Aminov Z, Haase R, Rej R, Schymura M), Santiago-Rivera A, et al.
Low chlorinated, non-dioxin-like polychlorinated biphenyls are
strongly associated with elevated prevalence of diabetes in a
Native American population. Submitted.

Newman J, Aucompaugh AG, Schell LM, Denham M, DeCaprio AP,
et al. PCBs and cognitive functioning of Mohawk adolescents.
Neurotoxicol Teratol 2006;28:439-45.

Haase RF, McCaffrey RJ, Santiago-Rivera AL, Morse GS, Tarbell A.
Evidence of an age-related threshold effect of polychlorinated
biphenyls (PCBs) on neuropsychological functioning in a Native
American population. Environ Res 2009;109:73-85.

Seegal RF. Neurochemical effects of polychlorinated biphe-
nyls: a selective review of the current state of knowledge. In:
Robertson LW, Hansen LG, editors. PCBs: recent advances in
environmental toxicology and health effects. Lexington, KY: The
University Press of Kentucky, 2001:241-55.



12

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

= (Carpenter: Health effects of PCBs

Fitzgerald EF, Belanger EE, Gomez MI, Cayo M, McCaffrey RJ,

et al. Polychlorinated biphenyl exposure and neuropsychologi-
cal status among older residents of upper Hudson River com-
munities. Environ Health Perspect 2008;116:209-15.

Fitzgerald EF, Belanger EE, Gomez MI, Wilson LR, Belanger EE,
et al. Environmental exposures to polychlorinated biphenyls
(PCBs) among older residents of upper Hudson River communi-
ties. Environ Res 2007;104:352-60.

Schell LM, Gallo MV, Denham M, Ravenscroft J, DeCaprio

AP. Relationship of thyroid hormone levels to levels of poly-
chlorinated biphenyls, lead, p,p’-DDE, and other toxicants

in Akwesasne Mohawk youth. Environ Health Perspect
2008;116:806-13.

DeCastro BR, Korrick SA, Spengler D, Soto AM. Estrogenic activ-
ity of polychlorinated biphenyls present in human tissue and
the environment. Environ Sci Technol 2006;40:2819-25.

Schell LM, Gallo MV. Relationships of putative endocrine disrup-
tors to human sexual maturation and thyroid activity in youth.
Physiol Behav 2010;99:246.

Goncharov A, Rej R, Negoita S, Schymura M, Santiago-Rivera A,
et al. Lower serum testosterone associated with elevated poly-
chlorinated biphenyl concentrations in Native American men.
Environ Health Perspect 2009;117:1454-60.

Schell LM, Gallo MV, Deane GD, Nelder KR, DeCaprio AP, et al.
Relationships of polychlorinated biphenyls and dichlorodi-
phenyldichloroethylene (p,p’-DDE) with testosterone levels in
adolescent males. Environ Health Perspect 2014;122:

304-9.

Dallaire F, Dewailly E, Vézina C, Muckle G, Weber JP, et al. Effect
of prenatal exposure to polychlorinated biphenyls on incidence
of acute respiratory infections in preschool Inuit children.
Environ Health Perspect 2006;114:1301-5.

Ma J, Kouznetsova M, Lessner L, Carpenter DO. Asthma and
infectious respiratory disease in children — correlation to
residence near hazardous waste sites. Paediatr Respirat Rev
2007;8:292-8.

Hansen S, Strgm M, Olsen SF, Maslova E, Rantakokko P, et al.
Maternal concentrations of persistent organochlorine pollutants
and the risk of asthma in offspring: results from a prospec-
tive cohort with 20 years of follow-up. Environ Health Perspect
2014;122:93-9.

Baibergenova A, Kudyakov R, Zdeb M, Carpenter DO. Low birth
weight and residential proximity to PCB-contaminated waste
sites. Environ Health Perspect 2003;111:1352-7.

Govarts E, Nieuwenhuijsen M, Schoeters G, Ballester F, Bloemen
K, et al. Birth weight and prenatal exposure to polychlorinated

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

DE GRUYTER

biphenyls (PCBs) and dichlorodiphenyldichloroethylene (DDE):
a meta-analysis within 12 European birth cohorts. Environ
Health Perspect 2012;120:162-70.

Carpenter DO, Hussain RJ, Berger DF, Lombardo JP, Park H-Y.
Electrophysiologic and behavioral effects of perinatal and acute
exposure of rats to lead and polychlorinated biphenyls. Environ
Health Perspect 2002;110:377-86.

Gabrio T, Piechotowski I, Wallenhorst T, Klett M, Cott L, et al.
PCB-blood levels in teachers, working in PCB-contaminated
schools. Chemosphere 2000;40:1055-62.

Schwenk M, Gabrio T, Papke O, Wallenhorst T. Human bio-
monitoring of polychlorinated biphenyls and polychlorinated
dibenzodioxins and dibenzofurans in teachers working in a
PCB-contaminated school. Chemosphere 2002;47:229-33.
Johansson N, Hanberg A, Wingfors H, Tysklind M. PCB in build-
ing sealant is influencing PCB levels in blood of residents.
Organohalogen Compounds 2003;63:381-4.

Herrick RF, McClean MD, Meeker JD, Baxter LK, Weymouth GA.
An unrecognized source of PCB contamination in schools and
other buildings. Environ Health Perspect 2004;112:1051-3.
Kohler M, Tremp J, Zennegg M, Seiler C, Minder-Kohler S, et al.
Joint sealants: an overlooked diffuse source of polychlorinated
biphenyls in buildings. Environ Sci Technol 2005;39:1967-73.
Wingfors H, Seldén Al, Nilsson C, Haglund P. Identification of
markers for PCB exposure in plasma from Swedish construc-
tion workers removing old elastic sealants. Am Occup Hyg
2006;50:65-73.

Broding HC, Schettgen T, Goen T, Angerer ], Drexler H. Develop-
ment and verification of a toxicokinetic model of polychlorinated
biphenyl elimination in persons working in a contaminated
building. Chemosphere 2007;68:1427-34.

Ruokojarvi P, Marjaleena M, Ruuskanen ). Toxic chlorinated

and polyaromatic hydrocarbons in simulated house fires.
Chemosphere 2000;41:825-8.

Hsu Y-K, Holsen TM, Hopke PK. Locating and quantifying PCB
sources in Chicago: receptor modeling and field sampling.
Environ Sci Technol 2003;37:681-90.

Hu D, Hornbuckle KC. Inadvertent polychlorinated biphenyls in
commercial paint pigments. Environ Sci Technol 2010;44:2822-7.
Persoon C, Peters TM, Kumar N, Hornbuckle KC. Spatial distribu-
tion of airborne polychlorinated biphenyls in Cleveland, OH and
Chicago, IL. Environ Sci Technol 2010;44:2797-802.

Lehmann GM, Christensen K, Maddaloni M, Philips L). Evalu-
ating health risks from inhaled polychlorinated biphenyls:
research needs for addressing uncertainty. Environ Health
Perspect 2015;123:109-13.



