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EXECUTIVE SUMMARY .

Reliable’ -quantitative - risk- estimates of the -well recognized associdtion . between.
occupaﬁohal exposuie fo hexavalenit chrominm cbmpouiids 4nd lung cancer have been
unavailable until very recenﬂy, precludmg the establishinent of sclennﬁcally based -
workplace and the envuonmental exposure lmnts Further, the risks of lung cancer
among employe&c of more modern productzon usmg low-hme or no-hme processmg
methods, combined with more stringent industrial hygiene controls, have not previously
been evaluated in an adequately large study population, largely because studies have

focused on the employees of single plants.

This report presents the results of an epidemiological mortality study of the combined
employees of four modern chromium chemical production facilities, including two plants
in Germany and two in the United States. All employees (n= 1518) included in the study
worked one year or more in plants using low- or no-lime chrominm production processes.
Such a selection of the study cohort eliminates employees of high lime production
processes, and prior to many inﬂusu'ial hygiene improvements implemented in more-
recent decades. Each cohort member was followed for vital status as of December 31,
1998, the end of the study follow-up period. A total of 157 deaths (10.3% of the total

study group) were identified, and for 33 (2.2%) vital status could not be ascertained. For

-.—_all decedents, cause. of death information was sought from several sources, mainly death

certificates.

IHF29022
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Individual exposure estu:nat& were derived using a job exposure matrix, or JEM, .
which all personal industrial hygiene data are pooled by job category and calendar year. "
for each individual working in the same job categories. Because urinalysis data were the
best available exposure indicators for a majority of the study cohort, air monitoring data
for the remaining employees (i.c., two U.S. plants) were converted to urine equivalents
for the exposure analyses. A total of nearly 20,000 exposure measures were available
and incorporated into the exposure assessment. Estimates of peak exposure values were
also derived for each cobort member to determine whether peak exposure might predict
lung cancer risk better than simple cumulative exposure. For both cumulative and peak
exposure indicators, analyses were conducted accounting for various lengths of possible

disease latency.

Standardized mortaljty ratios (SMR) and 93% confidence intervals (CI) were calculated

for specific caunses of death and for all canses combined. Overall mortality experience for

the cohort was somewhat lower than expected (SMR = 0.94; 95% CI: 0.80—1.10) based

on appropriate United States and German reference rates. Note, however, that for 14

decedents we were unable to determine specific cause of death. Mortality due to -
ischemic heart disease was considerably decreased in this cohort (SMR = 0.63; 95%CI:

0.40— 0.95), based on 23 observed and 36 expected deaths, using national reference rates.

For no specific category of cause of death was the SMR meaningfully increased except
..for_cancers . of the respiratory. system_(SMR. = 1.59; 95%Cl;_1.04 —2.33), and more . = _
specifically for cancers of the lung (SMR = 1.66; 95%CL 1.08—2.46), based on 25

observed and 15 expected cases using national reference rates.

2
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TS B e L B R

Using state mortality ‘rates (North Carolind and Texds for the United States -facilities,"

respectivély, and North: Rhitie-Westphalia for both Germat' facilities), the all-causes of -

death SMR: fell t6 0:88'(95% CL: 0.75—1.03), snd the'lung ¢ancer SMR fell to 1.35 (95%:
CL: 0.87-1.99). - This-décredse reflects‘the fact that for the states in which plants were

located, mortality ratés™for all Gatises anid for lung’ cancers were generally higher than

national rates, resultifg in sinallér SMR valués, -

Stratifying lung cancer deaths by varions indicators of exposure (cumulative and peak)
generated relatively consistent resulfs: ‘SMRs for the highest exposure category were
generally elevated, suggesting roughly a doubling of risk (and 95% CIs approximately
1.0 to 3.0), based on state reference rates. With stratification, though, numbers of

observed deaths in’ éach category diminished, and the resulting SMR estimates became

less precise (reflected in ‘the' wider confiderice intervals). Analyses lagging both -

cumulative and peak exposure-indicators generated similar SMRs — with highest values
associated with the highest exposure categories - but again with less statistical precision.

We evaluated reldtionships “aniong -cuthulative’ exposure, peak exposure, age, and
smoking status using logistic régression modeling. Generally, we found increased odds

of lung cancer death for the Higher exposure groups, relative to the low exposure group.

~-—-.This_pattern persisted in models adjusted for age and smoking status, suggesting an

independent role of higher versus lower chromium exposure on lung cancer death.

IHF29024
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Consistent with other recent studies aftempting to quantitatively assess occupational
chromium exposurs and lung cancer, this study demonstrates 2 modest overall increase in
risk among exposed cohort members, largely limited to those in the highest exposure.

categories (i.e., 2200 pg/L-years, or peak score > 24).

’The last several years have witnessed growing interest in the possible health effects of
chromiurn compounds at lower exposure levels. The United States Environmental
Protection Agency (EPA) has @My ‘indicated its intentions to issue a new ruling
concerning chromium. Current EPA guidelines indicate a unit risk for inhalation of
hexavalent chromium of 1.2 x 10' per mg/m>! This estimate was generated from
Mancuso’s” study of a pre-change cohort, that used a single industrial hygiene area
_survey® to estimate exposures. The EPA cites several uncertainties in using the Mancuso
data,) and others have criticized the study for its methodological limitations and

assumptions.*’

This report describes the methods and resuits of a multi-center, international
epidemiological mortality study of chromium chemical production employees of four
relatively modern plants. This study adds to a limited but very recent body of scientific

studies of occupational exposure to chromium compounds that attempts to quantitatively

characterize chromium chemical exposure and subsequently quantify the risks associated

with these exposures. As with the other recent studies, this study is intended to help fil

the critical gap in the published literature on which a scientifically sound risk assessment

for hexavalent chromium may be based. Though all of these recent studies, including the

4
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present. otte, suffer fréim methodological: limitations (éspecially sample size and'data on-™ = -
potentially . confounding factors ‘such ‘as- smoking), they- represent - the- best - available -
scientific: evidence-of ‘the -relationship between chiromium' exposure and human lung -

cancer risk.

.
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5i»; Rt
L g
. - -
H R i

IHF29026

e 0
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INTRODUCTION

21  Literatare Review

 Chromjum is a complex metal that has a wide rabge of applications including the

formation of alloys, particularly stainless steel; corrosion-resistant plating on other
metals; and the manufacture of a range of chromium chemicals. Chromium and ifs -
compounds are used in many ways, such as providing color for paints, preventing decay,
resisting soiling, preserving wood, inhibi@ corrosion, and -tanning leather.®’
Chromium is a transition metal that ex?sts principally in the trivalent (+3) and hexavalent
(+6) oxidation states. Metallic chromium (valence 0) and compcunds of other valence
states also found in industry, such as 42, +4, and +5, are of less importance in industrial
exposures. Divalent chromium oxidizes fo the trivalent state, and most tetravalent and
pentavalent states are gnstable intermediates of chemical production not associated with
any known human health risks.” There are few commercially important compounds with
these valence states (e.g., chromium dioxide, a tetravalent compound used as a magnetic
pigment). Although the metallic and divalent forms can cause dermal sensitization, they

are absorbed minimally upon inhalation with no evidence of adverse effects® Only

" trivalent and bexavalent compounds have been-associated: with-adverse-heaith effectsy --- -

bowever, there is growing evidence that only the hexavalent forms of chromium may be

carcinogenic.’

IHF29027
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2.1.1 EXPOSURE AND HEALTH EFFECTS

Route of exposure and solubility, in addition to valence state, are important factors in
determining health isk associated with occupational exposure to chromium and ifs
compounds. 81! - Qociipationsl exposutes occur through mhalatlon, mg&stlon, or
dermal contact; howevér; inhalation® of hexavalent chromium compounds is beheved to

be the exposure of greatwt Garcinnogénic potehtial®

2.1.1a Trivalent Chromium

Trivalent. compounds ‘are- abs‘o"r'bed’dpéf)rly through” inbalation o dermal coﬁtact, are
generally-considered insolublé at physiological pH’s,"® and corisequently, have a much
lower level of toxicity-than the hexavalent forms.”*'®!" Also; occupational exposure to
the trivalent forms likely fovnd in industry is considered less hazardous because they are
inhibited from crossing cell méimbranes.” i 1990, the Intemational Agency for Research

on Cancer® reported that thet¢was  “inadéquate ‘evidence” in humans or experimental

animals for the carcinogeénicity of chromium () compounds.® Widely cited reports

published by Mancuso; first il 1975 and again in 1997, claimed to demonstrate that both
hexavalent and trivalent forms of chromium were associated with increased lung canw
risk 22 However, these conclusions have'been criticized, as the investigator was unable
to differentiate exposures to thedifferent forms of chromium, and exposure to hexavalent

and trivalent forms are comelated, making it impossible to separate the effects of

- _each.4.5.lo ) ) ) )

) — e e
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2.1.1b Hexavalent Chromiun:
Hexavalent compounds are more ofter: associated with adverse health effects, mainly
dermatological conditions, nasal septum itritation and occasionally perforation, and
respiratory effects including cancers. The highest occupational exposures to Cr(VI)
occur commonly through the chromate compounds untilized during chreznate production,
stainless steel welding, chrome pigment manufacture, chrome plating, and spray painting

using paints containing hexavalent chromium comounds.5'

Occupational exposure to hexa@em chromium occurs primarily through dermal contact
and inhalation. Ingestion of Cr(VI) compounds is not a major pathway for absorption in
typical industrial settings, as these compounds are reduced readily to Cr{IIl) by gastric -
secretions, with only 1 to 25% absorption,” although corrosive injury 1o gastrointestinal
mucosa is possible if large amoimts are ingested due to the formation of chromic acid in
the stomach.® Several forms of Cr(VI) are easily absorbed through the skin; acute effects
range from dermatitis, to skin lesions and ulcerations.”® Inhalation - of Cr(VI) dusts and
mists has been linked with upper airway irritation and pulmonary sensitization, and nasal

lesions and ulcerations.™®

2.1.1c Solubility and Carcinogenicity
Though somewhat controversial, hexavalent chromium alone, and not trivalent or
‘metallic chromium, has been linked with cancer,*%'® specifically lung and sinonasal

cancer.*!"*  All hexavalent compounds may not be equally carcinogenic; evidence

suggests that a compound’s solubility in tissue fluids may determine its role, if any, in

IHF29029
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carcinogenesis.”® Slightly or moderately soluble compounds such as calcium and zific
chromate may pose the.greatest sisk for pulmonary-cancer’. because they are retained
longer in lungs, which.increases the risk of a protracted release of Cr(VI) to- pulmonary
tissue.”. Highly soluble, hexavalent;.chromium compounds. are absorbed quickly and
cleared from the body through the hloodstream after undergoing rapid reduction to Cr(fIl)

(which does not .cross, cell. membranes);. 2. process generally believed to limit the-

carcinogenicity of these compounds, 'especialiy.at lower concentrations.” This view was'
challenged in a recent review that suggested that soluble compounds, as well as other
hexavalent compounds,: can-induce. cancer .at- various sites including the respiratory
tract. 1, However, the review and its conclusions have been sharply criticized."
Nevertheless, all -hexavalent- chromium compounds are currently classified as
carcinogenic by the IARCS.. . . -. . '

"‘l-'i Es

2.1.2 TOXiCOLOGY.AND KINETICS .. = - -

Tm;ﬁmaymmaimc&Qngmamgmaqismenmmmmyumu4 Though
hexavalent chromium . readily ,transits cell' membranes, several airway defense
mechainisms exist, resulting in reduction to Cr(III) and/or elimination of Cr(VI) particles
before reaching alveoli.'*'*'¢ Macrophage reduction sequesters chromium particles and
eventually results in the expectoration or ingestion of Cr-bearing macrophages. Direct

reduction to Cr(IIl) occurs.in bronchial epithelial lining fluids, further limiting the

- .amount .of Cr{VI) that reaches alveoli.’'* Reduction also occurs at the bronchial tree

and peripheral lung parenchyma cells.” Hexavalent chromium that escapes these

defenses is released into the bloodstream, where it readily transits and accumulates in red

IHF29030
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blood cells as it is reduced to Cr(Ill)."* Experiments have indicated that Cr(V1) loses its

mutagenicity m this process; evidence cited as explanation for Cr(VI)’s apparent lack of
carcinogenicity at sites beyond the respiratory tract. The human body’s capacity to
reduce and detoxify hexavalent chromium suggests a threshold mechanism; it may be that
Cr (VI) is carcinogenic only when the dose overwhelms the body’s reduction

capacity.’"""6

Hexavalent chromium has been described as a “Trojan horse™: gaining entry to target
cells as Cr(V1), then quickly reducing to Cr(IIT) within the cell. ™** It is Cr(LII), the stable
~ reduced form that canmot readily transit cell membranes itself, and possibly the

intermediate forms Cr(IV) and Cr(V), that are likely responsible for the chromosomal

damage potentially leading to carcinogenesis.**'*'" Further, the intracellular site of

reduction is another factor in carcinogenic potential; the hazard may be higher if

reduction occurs in close proximity to DNA.™

2.1.3 BIOMARKERS

Biologic monitoring of workers exposed to chromium is considered useful, and may
involve analysis of urine, blood or blood components.”*'® Because water soluble Cr(VI)
is readily reduced extracellularly to Cr(III) then excreted rapidly in the urine, urinalysis
comparing beginning and end of shift samples is a useful practical indicator of recent
exposure'® and is one of the BEI (biological exposure index) measures proposed by the
American Conference of Governmental Industrial Hygienists.?’ A second BEI for Cr(VI)

is based on the urinary chromium level measured at the end of the work week?
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However, urinary: chromium. levels dctually réflect total ‘¢hromium éxposure, mcludmg :4
dietary, environmental, afid occﬁphﬁonél‘ exposures to Cr(III); and are influenced by other’
factors such.as recéntrand past-exposure 1o ‘chromium.”?* Also problematic are thie
difficulties in obtaining-aturate 4ndl> presise labératory measurements, and specimen
collection.and storage issues. Samplé contamination énd]b}boér laboratory t'echﬁique are |
noted as particular problems with past monitoring, and remain concerns of any
monitoring program.”® Therefore, though useful for monitoring employees® occupational
exposures, urinalysis cannot différéntiate occupational ‘chromium exposure level from
other sources, or indicate chromium oxidation state of exposures. It is bélié\re&, however,
that urinary ¢hromium reasonably reflects substantial occupational exposures.

Erythrocyte analysis has been proposed as ‘an additional biomarker of exposure to
Cr(VI).!® This method is attrattive because erythrocyte chromium levels reflect Cr(VI)
exposure, as Cr(III) cannot transit cell membranes. Some believe that this measure may

be a better indicator than urinalysis of the body burden of Cr(VI), because it accounts for

the extracellular reduction and detoxification processes.®'®

2.1.4 INDUSTRIAL PROCESS FOR CHROMIUM CHEMICALS

Since the early production.days of the 1800s, chromium manufacturing processes have

undergone several important changes. The first step in the production of chromium
—._chemicals is the formation:of sodium chromate from chromite ore, which is comprised

principally of trivalent chrome oxide. Chromite ore is ground and reacted with an

alkaline sodium salt at high temperatures in the presence of oxygen to convert the
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chromium to the hexavalent form. Subsequently, the chromium is-extracted with water to
convert it to water soluble hexavalent sodium chromate.”. The original process included
the use of lime, or a similar calcivm-containing material, added at high levels to control
the reaction and optimize the extraction. In the high-lime kiln processes (greater than
0.5:1 lime to ore), soluble calcium chromate compounds were present. in' the dusts to
which workers were exposed.? By the late 1950s and early 1960s, the association of this
exposure with human respiratory cancers, and the demonstrated animal carcinogenicity of
hexavalent chromium, led the industry to develop methods of reducing the calcium-
chromium compounds in dust and residue, principally by eliminaﬁng,' or dramatically
reducing, the lime in the process®”? Recognizing the potential health bazards of
hexavalent chromium also led to major improvements in industrial hygiene and exposure

control.

In the no-lime process, the ground ore is reacted with an alkali and an internally derived
diluent. The flit, or roast, leaving the kilns is quenched in water, producing slury. Prior
to filtration, the resulting slurry is subjected to pH adjustment to separate the aqueous
sodium chromate. This sohution is usually acidified with sulfuric acid (or electrolytically) -
producing sodium dichromate and sodium sulfate. Following filtration, a2 concentrated
sodium. dichromate solution is made by evaporation and crystallization of the sodium
sulfate. The concentrated sodium dichromate solution is the raw material for all

hexavalent and trivalent chrom_ium chemigals,?!

12
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2.1.5 EPIDEMIOLOGICAL STUDIES OF CHROMATE PROBUCTION FACILITIES * ' -

Numerous- case. reports-and “epidentiological " sttidies - have ‘éxamined ‘the ‘effects of

chromate . production- exposurés-‘on- workers health; however, reports ‘quantitatively
estimating-individual hexavalent éxposiré levels, &t least util vefy receitly, have been
scarce. 2. Case reports:as far back as 1890 and 1911 have linked cancer with chromate
production.®'® . Though :limg ¢éncer “was* réported most often, casés of nasal and
gastrointestinal cancer were also Gited: 10252 .

Ser g

2.1.5a Pre-change Studies '~ = -

The first epidemiclogicat study of expdsed workers from seven U.S. chromate plants was
pubiished in 1948 suggesting that cliromium chemié;l workers were twenty times more
likely than unexposed individuals to contract hng cancer.? This initial report was
followed by a succession of invesﬁgaﬁons that clearly linked chromate exposure to lung
cancer > 2237, . Several réviews have been published, including one by IARC?® that
concluded that Cr(VI) was carcinogenic to humaiis. ‘
Markedly elevated relative ‘risks (calculated for the IARC report) of respiratory system
cancer were reported for early cohorts of workefs employed in the 1930s to the 1950s,
when the high-lime process was-the only method employed, and during which period

exposure was not well controlled. For example, several studies of slightly overlapping

- ._cohorts from U.S. plants showed consistently elevated relative risks:* 20.7 for respiratory

system cancer based on 42 cases,”’ 14.3 and 80.0 for respiratory system cancer

(excluding larynx) in white and non-white populations based on 10 and 16 cases,
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respectively,:':"'29 and 9.4 for respiratory cancer, including maxillary sinus based on 69

cas 88.30'3 1

Elevated risks for cancer at other sites were also reported, though less often. An excess
risk of cancer of the digestive system was reported for two studi‘as_:‘fnz.o based on 13
cases” and 1.5 based on 16 cases. ' A five-fold excess of cancer of the oral region was
found for the Machle and Gregorius™ cohort, based on only three cases. Though not

without limitations, these studies of early, highly exposed workers provided unequivocal

evidence of a major health risk to chromium workers.

Later studies of production industry cohorts that span time periods corresponding to

process changes and industrial hygiene improvements also reported consistently elevated
risks.***3* Overall, relative risk estimates for these mixed cohorts reflect a substantial
reduction of risk of lung cancer:*'° 2.0 based on 59 cases employed 1945—1974;435 24
based on 116 cases employed 1948-77;* 2.1 based on 51 cases employed 1934-79;° and
2.2 based on 14 cases employed 1948-35.3" However, a study of a Japanese cohort*®
reported a higher risk estimate of 9.2 for respiratory cancer (lung and sinonasal cancer)
based on 31 cases employed 1918-78. Digestive system or stomach cancer risks were not
elevated in the three studies that assessed these outcomes.5>>*%*® However, nasal/sinus
cancer nsk was elevated in two studies: estimated relative risks 7.1 based on 2 cases **

and 4.2 based on 6 cases.>
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1

2.1.5b Posschidings Sgidies 77 15 45nb

Several later studies attempted to assess the effect of plant improvements and process

changes on lung cancer risk by identifying pre- and post-change sub-cohorts.?! 33533

While the results wereéncouragmg l "’éhdh"suggestedﬂ sgested a teduction of hung cancer risk-in post- -
change cohorts, théy weré dot- condlusive because nome fully allowed for the typical
latency period of 20-25 years: ““Thesé ‘studics ‘were limited further by relatively small

cohorts, the absence “of *qiidfititative ' exposure data,” and the sbsemce of data on
confounding ficiors such ‘s’ smoking (see 2.1.5¢ for a discussion on this potential

confounder).

Investigation of a U.S. chromate plant built in the early 1970s with the low-lime process
design provided further preliminary evidence 'of a reduction in luing cancer risk due to
industrial hygiene mprovements anid process changes.? ‘No incréased risk of lang cancer

mortality was reported ‘and, thiough this ‘study benefited from a quantitative exposure

assessment and evaluation of potential confounders such as smoking, it too suffered from

an inadequate follow-up périod. "~

A recent update of the Baltimore, MD cohort initially studied by Hayes et al*’ also
provided the methodological improvements of an extensive exposure asse;ssment and use
of smoking data in multivariate analysw23 This update restricted the cohort to ~thoée
. hired after the first of two.new facilities opened in 1950, through the company closing in
1985.2 The new facilities, a mill, roast, and bichromate plant, constructed 1950-51, and

a chromic acid and special products plant, opened in 1960, were designed to improve
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process technique and environmental control of exposure to chromium bearing dusts.™
The minimum follow-up was 18 years, and three-quarters of the cohort had at least 22
years of follow-up, which m&ed in 1992. Interestingly, an almost two-fold excess of
lung cancer mortality was reported for this post-1950 cohort (SMR 1.80; 95% CI: 1.49-
2.14); though further analyses indicated that the excess risk was substantial at the two
highest cumulative Cr(VI) exposure levels only ¢ 0.009 mg CrO;/m3-y§axs). No excess

nasal or digestive system cancers were found.

Unfortunately, this recent report did not evaluate separately lung cancer risk for those
who worked exclusively in the new facilities, though the seco;xd new facility opened in
1960. The number of employees employed exclusively in these new facilities was also
not provided; however, the earlier report by Hayes et al*’ indicated 509 employees had
initial hire dates between 1960 and 1974. Additionally, the Gibb cohort included many
very short-term employees; over half worked less than six months, and 42 % worked less

than 90 days.

Most recently, Luippold and colleagues reported on the mortality experience of a newly-
k defined cohort of 482 chromate chemical production workers from the same plant studied
::;:U y Mancuso > In contrast with Mancuso’s cohort, which was defined as production
” workers employed between 1930 and 1937, Luippold’s cohort consisted of a non-
overlapping group of employees hired on or afier 1940 wntil the plant’s closing i 1972,
and followed for mortality through 1997. Also, unlike Mancuso’s study, Luippold’s

study drew upon data from 20 separate industrial hygiene surveys identified over several
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decades of the plant’s opéfation 'to*detérmine individual exposure estimates: Stratified . -

SMR analyses revealéd no ¢lear elevitioni:in ‘risk for the first three of five exposure -

groups, but substantialfy"elevated tisk- estimates for the two highiest'exposure: groups

(SMR=3.65; 95% CI: 2.08—5.92 for 1:05f0 <2.70 mp/m’-years and SMR=4.63; 95% CI:
2.83—7.16 for 2:70- t6* £97:80 mg/i’years). - By 1950 &' humber of produétion
improvemerits were implémérited ind by 1960; thie Painesville plarit had started to reduce

the amount of lime added to the roast mix. Additional SMR analyses stratified by year of -

hire showed that lung cancer risk for the 146 employees hired during or after 1960 was
essentially as expected: SMR=0.92 (95% CL 0.34 —2.01). Although representing mostly

high-lime chromate ‘production” employees, this study provided some indication of a -

threshold effect based "on -quantified- estimates- of ‘hexavalent chromium exposure,
although a linear model conild not be ruled out. -

? - - -,
PR P

2.1.5c Smoking
The role of smoking has largely been ignored in most studies to date, primarily because
smoking data have been unavailable. However, incomplete data indicated that smoking
levels were probably’ quite high for many cohorts. Furthermore, the evidence that is
available suggests that the effect of smoking on the Cr(VI) ~ lung cancer relationship is
144041

complex. Urinary chromitim levels tend to be higher in smokers than non-smokers.

Explanations range from ¢ontaminated cigarettes,*® increased retention of particulates in

the bronchial tree, to stimulation of the Cr(VI) reduction.mechanism in smokers.".

Interestingly, there is also evidence that the reduction and detoxification of Cr(VI) by

pulmonary alveolar macrophages may be enhanced in smokers and ex-smokers.**2** An
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K -

interaction between Cr(VI) and smoking is a distinct possibility, and an issue that
remains to be unraveled.” Some evidence suggests that there may be a less than additive
effect between Cr(VI) and éigmette smoke at certain steps in the carcinogenesis

process,™ perhaps related to the enhanced reductive capacity of smokers’ airways.

2.1.5d Research Needs ' '

It is tempting to attribute the apﬁ,arem; reduction of cancer risks suggested by most of the
later epidemiological studies to improved workplace cond,i‘ﬁons and reduced exposure to
Cr(VD) compounds. Despite the improvements cited for'ﬂ1e three inore recent studies, the
effects of methodological limitations remain unclear, particularly the effects of
inadequate latency periods for post-change cohorts, and low staustlml power (and
resulting imprecision of relative risk estimates) due to small cohort s1z&s. Also, recent
toxicokenetic evidence seems to provide provocative clues for exploration of non-linear

dose-response effects.

22  Previous Studies of the Cohorts Participating in this Investigation

2.2.1 PLANT HISTORIES AND DATA SOURCES

Four chromate production plants participated in the current investigation: two Bayer AG
plants in Leverkusen (LEV) and Uerdingen (UER), Germany; an Elementis plant in
Corpus Christi (CC), Texas, USA; and an Occidental Chemical Corpo;ation plant in
Castle Hayne (CH), North Carolina, USA. A fifth plant in the United Kingdom
(Elementis plant at Eaglescliffe) was included in the original study protocol, but was

unable to participate. All four. participating plants converted to ﬁo-lime, or were built to
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use low-lime processes. Process changeovet 6 no-lime occutred at the two Bayer plants’

and the Elementis Corpis Chiistt' siféi while- Occidérifal Cheinical Corporation built the:
Castle Hayne plant with ‘a low-ime désign. * All “plants’ contimuoiisly -mplemerited:
industrial hygien iffiprovements to lisiit Hoxavalent clirorniizm éxposure; teflected in the
very low exposure levels recorded in all facilities in the most recent production years.
The Corpus Christi and Castle Hayne plants are still in operation, the Uerdingen plant
closed in 1992, and the T.everkiisen plasit closed i 1999, All'of the plants have been
studied previously, but the results of the study Of the Corpus Chyisti facility were not

PN PR S
. 1 T .Jy N

published. =
222 LEVERKUSEN COHORT, BAVER, AG L

Originallir a h%gh—ﬁxﬁe fadility, the Ieverkusen ’pl'ant converted to a no-lime process in
1958. The modification completion date officially was set at January 1, 1958, although
complete changeover probably oc.zcuued sometime after that date. The plant stopped
production and closed by early 1999, with remaining employees assigned to other
production areas in Leverkusen. Several prior cohort studies have been conducted on one

or more German facilities, including the Leverkusen plant.*>*%4

From the most recent foliow-up of these studies the study cohort included all 695 male
chromate Qorkers (mostly ‘German nétionality) active on Jan 1, 1948 or later at the
. ..Leverkusen dichromate plaﬁi The cohort also included former chromate workers at the
other Bayer plant in Uerdingen who were active on January 1, 1948 or living retirees on

January 1, 1948. All Leverkusen cohort members had to be employed for at least one
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year at the dichromate plant and were followed until December 31, 1988. Separate

analyses were conducted for three sub-cohorts, defined by time period of first exposure

(two pre-change and one post-change group).

The post-change cohort includt_ad all employees first employed after 1957 for at least one
year (n=416; 4,908 j)erson—yem). Compared to the North Rhine-Westphalia region, the -
post-1957 cohort had an SMR of 1.01 (95% CI: 0.56—1.67) for all malignant neoplasms

(15 deaths) and an SMR of 1.45 (95% CI: 0.62—2.86) for bronchial carcinoma (eight
deaths). The SMR for all canses of death combined was not reported for this group alone

(49 deaths and 22 withtthwnvMstatus),butanSl\rfRofO&?fromallcauses
combined was reported for the entire Leverkusen cohort, including the pre-change .
groups. These post-change results must be considered preliminary because the majority

of the group had not had sufficient follow-up to allow for the latency period typical for
lung cancer. Former employees of this facility are under continued voluntary medical

surveillance.

The database for this previous cobort study was constructed from the central Medical
Department's data bank and persommel data maintained by each plant. These records
included time spent m the dichromate production area by maintenance workers, engineers
and others assigned to multiple production areas. Several exposure zones were identified
within the plant, and air chromivm and individual urinary chromium values were
recorded from 1977 to 1990. ‘However, these exposure data were not used in the data

analysis because workers were rotated through all plant areas, making estimation of
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individual - exposure ‘levels 'difficult> Vital ‘status ‘was .determined. from- medical or
personnél records, or from thie localpopulation registries. Best-available cause of death
information was obtained from hospital, surgical and general practitioner reports obtained.
by plant physicians to ascertain the possibility of a work-related illness or cause of death

(for workers compensation puiposes).” T Gérmany, individual cause of death information

is difficult to obtain, 4s'déath certificates are not public documents. Though there may be -
a greater proportion of deattis for the. German plants without known cause of death, the -

information that is obtained: from the Varidus ‘sources is likely to be more detailed and

possibly more accurate than death from death certificates alone.

Data on smoking habits were available but not used in the previous analyses because of
lack of information on smoking habits in earlier years.. However, smoking information
was reported 10 -be available for 82% (341/416) of post-change. workers, and of these,
73% (250) were curréint smiokeis-at the time of their last medical examination. Of the
eight bronchial carcinoma deaths, six were among smokers and the remaining two were
of unknown smoking status. Using a survey of the general population in West Germany
that showed that 52% of inales between '40-64 years of age were smokers, the authors
estimated that the cohort would be expected to have an 35% increase in lung cancer risk

due to smoking alone, although no increase in lung cancer risk was observed.

2.2.3 'UERDINGEN COHORT, BAYER, AG
The Uerdingen facility was converted from a high-lime to a no-lime process during the

early 1960s. Though the modification completion date officially was set at January 1,
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1964, the changeover process is known to have continued past that date. 'I‘lus was the
second plant investigated in the previous studies mentioned a_bqve.zz',”_;‘“_ From the most
recent follow-up of these sh;_tdies,n the total Uerdingen cohort included 722 male
chromate workers (mostly German nationality) with the same inclusion criteria and

follow-up period as the Leverkusen cohort (see a.bove).‘

The employee database, similar to that of the Leverkusen plap;,}was constructed from the
central Medical Department's (iata bank and planf: persomgel data, Exposure data were
not used in the analyses for the reasons described above for the Leverkusen cohort. Vital
status and cause of death determination also were identical_ to the procedures described
above. Data on smoking habits were not used in the analysis because, thox_;gh Qo;nplete
for the post-change workers, this information was not available for §1% of the pre-
change group. However, similar to the Leverkusen cohort, a high proportion _(72%) of
the total Uerdingen cohort had a history of smoking. As with the Leverkusen co,h_ort,u
separate analyses were conducted for three sub-cohorts, defined by time period of first
exposure (two pre-change and one post-change group).

The post-change cohort included all employees first employed after 1963 for at least one
year and followed through 1988 (n=262; 2,659 person-years). Compared to the North
Rhine-Westphalian reference mortality rates, the post-l 963 cobort had an SMR of 0.51
(95% CI: 0.07—1.73) for all malignant neoplasms (two observed deaths) and an SMR of
0.69 (95% CI: 0.01—3.62) for bronchial carcinoma (one observed death). The all-cause

SMR was not reported for this group alone (eight total deaths and 12 with unknown vital
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status), but an SMR of T:05" frbm"all cduses combined was reported for thé'entire”
Uerdingen coliort.” ~ The \élﬁiioté’ﬁigé*cl&é%é‘lédgéd"ﬁﬁt' the ‘follow-up period was not-
sufficiently long’ for many’ workers - this group.. Most sections of the Uerdingen
dichromate plant were' ciésed by i end of 1992, ‘st the remisining séctions closed by

1995. Former employees are currently under voluntary medical surveillance.

224 CORPUS CHRISTY COHORT, EX EMENTIS, USA (FORMERLY AMERICAN CHROME) °

The Corpus Cfmsu(TX)plant, formerly a high-lime facility, currently uses a no-lime
process. The high-lime process was uséd from 1962 uhtil 1980, and the conversion to a
no-lime process was made shortly after the plant was ‘acquired by American Chrome in
1980. Applied Epidemiology, Inc. conducted an epidemiological mortality study and
employee survey of this facility in 1995 (unpublished data). An employee database was
designed and structured using ProQuest;'a PC- based informiation management systern for
epidemiological stadiés (SoftWherd, Inc, Goshen, MA and Applied Epidemiology, Inc.,
Amherst, MA). This datibase inclided detailed employee information obtained from a

- questionnaire on medical history, smoking history, caffeine and alcohol use, exercise °

habits,~ respiratory protection use, and exposures to other hazards. As of the énd of the -
follow-up period (1994), 202 of the 351 current and former employees (58%) responded
to the questionnaire. 'Daﬁb:g'raphic, and complete work history data were collected on all
employees from personnel fecords. Death certificates ‘were obtained for 23 of the 27

decedents (including 22 males) identified from company records. No exposure data were

collected for this study.

23

j IHF29044
[lm




MULTI-PLANT CHROMATE COHORT MORTALITY STUDY

An internal report (Applied Epidemiology, Inc., unpublished data, 1995) summarized
employee mortality experience from the time American Chrome and Chemicals acquired
the facility (October 15, 1979) through November 30, 1994. The cohort included 382
workers (4,293 person-years), and mortality analyses were restricted to 310 (3,549
person-years) males (including white, black and Hispanic males). Compared to the Texas
white male population, the SMR was 0.64 (90% CI: 0.44—0.92)" for all causes (22
deaths), the SMR was 1.24 (90% CI: 0.70—2.05) for malignant neoplasms (11 deaths),
and the SMR was 1.67 (90% CI: 0.72—3.29) for respiratory cancers (six deaths). The
analysis included both pre- and post-change workers, and the results must be considered
preliminary because approximately half of the cohort did-not have sufficient follow-up to,

allow for a minimal latency peribd for lung cancer.

22.5 CASTLE HAYNE COHORT, OCCIDENTAL CHEMICAL CORPORATION -

The Castle Hayne (NC) plant was built with the low-lime process design and opened in
1971. The plant produces dichromate solution, sodium dichromate crystal and chromium
trioxide flake. The plant was engineered to minimize chromium exposure, and to replace

two former high-lime process facilities in Painesville, OH and Kearny, NJ, USA.

Pastides et al*** conducted a retrospective cohort study of the plant as the first step of an
ongoing ‘surveillance program. The cohort was comprised of all employees (n=398)

. working at least one year between the plant opening on September 4, 1971 and December

! Note that 90% confidence intervals were reported, which are typically used for exploratory analyses.

These will have narrower ranges compared with 95% confidence intervals.
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31, 1989, and inchaded 45 workets.(722 person-years) who had transferred from.one.of .

the older facilities (Painesville ormKeamy-plants). .- A detailed employee database was.
designed and structured using an.early version-of ProQuest. . This. database included
detailed employee questionnaire information’ on medical history, smoking history, plant
work history, previons:work: history;.and exposure to other hazards. - Of the 381 living
cohort members,; 289 completed either. the: questionnaire .or telephone interview. For
deceased employees (n=17) and non-respondents (n=92), job histories were reconstructed
from plant personnel: files. - Information: on smoking habits was obtained from other

employees for deceased employees.  .Most .deaths were identified through company

records: Additional searchés were conducted using the National Death Index (NDI) of -

the U.S. National Center for Health Statistics (NCHS), North Carolina death certificate
searches, and the Death Master File (DMF) of the Social Security Administration (SSA).
Analyses were limited to white male employees (n=311).

Compared to local North Carolina counties, SMRs were 0.72 (90% CI: 0.45—1.10)” for
all causes (16 observed:deaths), 1.25 (90% CI:-0.54—2.46) for all malignant neoplasms
(six deaths), and 0.97 (90% CI: 0.17—3.06): for respiratory canocxs'(two deaths). The
reported SMRs combined the employees previously employed at one of the older high-
lime facilities with those employed only at the Castle Hayne plant. However, further
analysis indicated that'the sub-cohort of employees who had transferred from previous

chromate producing plants.had an elevated respiratory cancer risk (based on two cases,

2 Note again that 90% confidence intervals were reported, which will have narrower ranges compared with

95% confidence intervals.
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one of which had 31 years employment at the older plant). Both respn-atory cancers |
occurred among smokers. 'l'he relatively short follow-up fo_r many in the cohort am} the i
small study sample size limit the interpretation of the results.

' 1

This smdfbeneﬁted from an extensive exposure assessment. More than 5,000 industrial
hygiene personal air monitoring results were obtained for the period February 1§74 to
April 1989. In addition, more'ihan 1,500 area air samples were avaﬂab}e from 1971
through 1979. Using work history records, about 100 job titles were identified and
grouped into 22 discrete exposure areas. Industrial hygiene data were then sorted into the
cells of a matrix deﬁngd by these 22 work areas over each calendar year. Meam
within cells were summarized using geometric means. Individual work bistories were
used to link individuals to exposure scores, and subsequently to classify individ‘ualsbas
having bigh, medium or low. cumulative exposure estimates. Because of jt‘t}e small
number of lung cancer deaths observed, no dose-response analyses were possible.
However, 2 logistic regression model showed that risk of malignant neqp]asm (all sites,
not limited to respiratory eance;s) increased with exposure prior to Castle Hayne (odds
fatio=1.22; 90% CI: 1.03—1.45), older age (OR=1.77; 90% CL 1.06—2.95), and ever
smoked (OR=1.78; 90% CI: 0.45—7.01), but not with a cumulative exposure indicator

(further reduced to high/low), with OR=0.5 (90% CI: 0.13—2.02).

23  Rationale for a Study Combining these Cohorts
Although the published literature demonstrates a consistent association between

hexavalent chromate exposure and respiratory cancer, the change to no-lime or low-lime
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processes ‘in the ‘thromium chernicals adustry combied With nproved ptoduction

methods and indistrial hygiene i:racncesrenders this exténsive literature unrepresentative

of current exposure conditions. Stidying the moden chromium chemical industry offers

opportunities for filling this gap in the scientific literature, but most facilities have been
madequate for stand-alone analyses of lung ‘cancér nsk 'associated ‘with chromium
exposure, pnmarily due o relauvely small exposed employee populations Fm'ther, prior
to this pomt in time, madequate tirhe has passed sincé conversion to (or construction of)
low-lime or no-hme procsses to ‘Be able ‘to detect any remammg hmg cancer risk
assomated thh lower exposure. For theee substanual reasons, a combined study of
employees "ﬁ.-‘éﬁ several sxmxlar production ‘facil‘itiec was undertaken, with better
statxstlcalpowerthan any stady ofa 'singIe plant mght provide. Though still modest in
size, the comibined cohort of employees of four facﬂmes enhanced the ability to derive

meaningfual and useful rtsults

The primary goal of this study was to evaluate the possible cancer mortality risks
associated with héxavalent’ chrommm exposure in the post-change environment,
increasing statistical power “for the study by combmmg employees from four separate but

similar facilities. Specific objectives included the following:

e To construct job exposure matrices (JEMs) for each plant using standardized
methodology and terminolog& across plants; to compare and evaluate

differences between plants; to validate JEMs using other data sources

including expert evaluation;
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e To calculate individual exposure estimates by linking individual work
histories to the appropriate JEMs;

e To conduct standardized mortality ratio (SMR) amalyses -and calculate all
cause and cause—speqiﬁc SMRs for all plants combined, using appropriate
national and regional reference rates; -

» To conduct multivariable analyses of lung cancers to evaluate risk, accounting

for exposure to hexavalent chromium, smoking status, and age. :
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METHODS  ~» .:«bs,  goahdl ¢ e

3.1  CohortEpumerdtion i 904 5 L Sl

Employees: of eachof the’ four participating chromium ‘chémical production plants have

been included in previous epidemiological studies.. From these cohorts, the post-change

employees were extrictéd-to forin the' cose of 4 combined eohort for this study (Table 1).

This multi-plant cohort #as 'expanded*farther to itictude all ‘employees hired since the

previous studies, as well as any employees who had been excluded from previous studies

because they had not completed one year of employment prior to the end of the previous

studies. Excluded from this study weére all employees who worked at any time in the
older, chromium production facilities as well as employees with less than one year total
employment in the modern plants. Very short-term employees are more difficult to trace,
often have different baseline disease risks from long-term employees, and are less likely
to have .had occupational exposures that meaningfully influence their ultimate cause of

death. Therefore their exclusion enhances the focus of the study on the most relevant

employees and long-term exposures.

The enumeration of the German sub-cohorts was based on the databases generated for the
previous study (through December 31, 1988). Existing medical databases, mainly for
purposes of~ medical surveillance of chromate-exposed employees, and an employee
database for. the Uerdingen plant, constructed for other purposes than meciical
surveillance, were used to identify persons hired afier the end of follow-up for the last

study. Employees with a history of pre-change exposure or with less than one year of
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employment in the plant were excluded. Completeness of the cohort was verified by -
i

comparing the cohort listing with shift-books of the plant (Leverkusen) or existing yearly
summaries of medical examinations of the plant employees (Uetdmgen) During the
process of cohort enumeration, all demographic mfom'lauon was venﬁed. In both plants,
only male emi:loyew who worked in the chromate facilities w&e included. ﬁearly all

were German nationals, although a few were from other European countries.

For each of the U.S. plants, e:ustxng study da:abases \allso ;ewed as the prima?y sources of
data. Plant personnel records at each of the plants were used to identify all employees
who were hired since 1989anq 1994atﬂ1eCasﬂeHayneandCorpusChﬁsﬁplapts, .. o
respectively, and to verify the completeness of the existing study databases. Both of the
U.S. plants included female employees in the cohort. Approximatel‘_ybone-third of the
Corpus Christi employees were Hlspamc and nearly 20% of the Castlg_Haynq employees

were black.

3.2 Work History

3.2.1 GERMANPLANTS -

Using various data sources including the medical records of each ergployee, we
reconstructed detailed employment histories for each cohort member of the German
plants. Between 1985 and 1986, the Industrial Hygiene () Department at Bayer
conducted a workplace survey and determined exposure areas and exposure levelé. This
survey identified 15 and 24 work area/job function groupings at Uerdingen and

Leverkusen, respectively. These categories were used to reconstruct the individual work
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'U/“

histories and o link each’ employee ‘to the proper ‘Work aréd"over the entire penod of
employmient iix the plant. Alth6ugh ‘this approach will zissigﬁ the same exposure values to* °
employees with the same Work histories, théir actual md1v1dua1 exposm'esare likely to -

differ due to dlfferenoes iz;dxvidual work practw&s, X ty to process ‘emissions, and

o

' 3
Wi R (:-

mdmdual charactenstlcs R
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Employees in the production areas at the Uerdingen plant worked in rotational shifts,
making it 1mpossible to asszgn 1nd;inaxélé toa smgle work area at any pomt in time.
Producuon employew changed speclﬁc work areas and tasks weeldy' these employew,
howevex, could be clearly assigned to larger work areas or task groups defined by the TH
department to reﬂect the ﬂow of work. Within these broader categones, total working

time was appomoned (accorchng to number 'of areas involved in the rotations) across the

related specific areas. This categonzat:on then allowed assignment of “composite”

exposure estimates to rotation workers. Non-production employees (e.g., employees

working in the fill stations, dispatch or plant workshops) usually worked a day shift, and

changes in work areas or tasks for these employees were rare.

Employees at the Leverkusen piaht were ot assigned to specific work areas or tasks but
were allocated to jobs dependingon actual need. Most employees, however, remained in
one of the buildmgsthat compnsed the chromate plant. During routine semi-annual
medical examinations, the pnmary jobs and task of the employee were recorded. We
used this information to determine where each employee worked over the period of time

since the previoﬁs examination. Changes in work areas recorded in the medical records
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were verified against information recorded in shift books, including approximate date of

job changes.

For the Leverkusen plant information collected during the medical examination included .
the proportion of time spent by maintenance workers, engineers and others in the
dichromate plant (if they were assigned to areas other than the dichromate phnt}. This
information was less complete at Uerdingen, and was reported. only occasionally for

maintenance workers, engineers and others assigned pari-time to the dichromate plant.

32.2 U.S.PLANTS
. For the U.S. plants, job tasks and work area assignments were determined using plant

personnel records. For Castle Hayne employees, a survey, conducted in person and via - -
telephone for the previous cohort study, served as the primary source for work . history
data for those who worked before 1990. The primary souwrce for all-employees hired
since 1990, and a secondary source for the older. employees was a printout of an earlier
computerized database of plant personnel. Information from this database was
incomplete for the earliest years of the plant. When job assigaments and tasks conflicted
from the two sources, data from the personal interview were used. For some employees
data gaps existed, and it is possible that errors resulted from the process used to
adjudicéte conflicts in the plant data; however, plant personnel assisted with the decision-

making process in order to derive the best possible resolution.
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3.3  ExposureData:; i -5 .o iuiz ol 3
3.3.1 PERSONAL AIR MONITORING DATA s
Personal air monitoring samples were collected at all plants, although relatively few

samples were-available forthe:German plants (less than 300 samples each), and only for. -
the most recent years (Table:2).:::Personal air measuremeénts were conducted for the first -

time by thé Industrial Hygiené Departrirents at Uerdmgen and Leverkusen during 1985
and 1986, as mandated by new-legal regulations. The samnpling strategy was dictated by
these legal regulationsthat.specified that an-initial work place analysis include the
determination of exposure areas and exposure concentrations, and when personal
protective equipment was wormn, sampling pumps were to be turned off. Presumably this
was done to better simulate actual exposure rather than what 1s normally measured —

potential exposure. ~Control: measurements were taken, usually once-per year. For -

Leverkusen, the sampling results.-were provided directly by the Industrial Hygiene
Dq;artment‘while. the data. for* Uerdingen; were extracted and derived from the original
sampling protocols.and analytical result reports. :+ . -

Cay

Personal air sampling was conducted at Corpus Christi and Castle Hayne over most years
of the study; however, there were several years when no personal air sampling was
conducted at Corpus Christi (1982, 1985-1987, 1989) or at Castle Hayne (1971-1973,
1993-1994, very few samples during 1997-1998). Otherwise, more than 5,200 industrial
hygiene personal air-monitoring results' were obtained for the perit::d February 1974 to
April 1989 (Table 2) at the Castle Hayne plant, while approximately 230.samples were

obtained for the later years.
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From approximately 1981 to 1985, personal air sampling was conducted twice yearly for
each job title at the Corpus Christi plant. Both total chromium and hexavalent chromium
were smpld .Duxing the early 1990’s, the sampling strategy changed so that every
person with potential chromium exposure was sampled once per year and every job was
sampled once per quarter year. In January 1995, the Corpus Christi plant initiated a
strategy of random sampling of personnel. Each job title was assigned seven random
dates and each job was sampled seven times over 17 months. : All personnel who were
assigned. to administration, labqratoxy or techmical jobs, and/or were engineers,
producﬁon supervisors or maintenance supervisors were excluded from personal air -

sampling. Overall, over 1200 personal air monitoring results were available.

The personal air sampling strategy at Castle Hayne for the years 1974 to 1978 was to

collect a sample from each employee every eight to ten weeks, though records indicate

that sampling did not occur that frequently for most employees. After 1978, sampling -

was based on the NIOSH recommended exposure limit (REL) and the plant action level,

which determined the amount and type of follow-up sampling. Generally, each employee -
was sampled at least once per year, or more often if there were engineering problems or

unusually high chromium levels in a particular area of the plant.*

3.3.2 AREA AIR MONITORING DATA
In contrast to the few personal air monitoring measurements available for Leverkusen and

Uerdingen, stationary area air measurements were available over a longer time and were
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more abundant. Though area air measurements had been conducted in the German plants
since the arly yers el e iy bl sice 1973 a Levemmd 1978 at
Uerdingen (Table ‘2). " For' the ‘Léverkusen’ p’lant, mére than 3 400 area mmurmnents
were taken by the idustrial Hygiene Department and analyzed in the morgamc analyuc )
laboratory of thé company- The* ‘sampf&s Weére usually taken monthly and mostly at 18
distinct locations; and the repotied restiis, availabié in paper form as typed lists, were
adjusted fof voluthe, i irdssitfe arid teriperatire. For the Uerdingen plant, about 1,160
atea measureinents were availablé fom hand-writtén fists. There were t‘;vo different
measurement series. The firt series included measurements for éigl;t to 12 locations in
the plant for the years 1978 fo'1988. The second séries included meaéurex;lents for 25
locations for the yéais 1985 to 1990. All ‘measurements were conducted by plant
personal and analyzed in the plapt laboratory. No information about the measurement
strategy or details ‘'of thé mieasurements was available. " The Indusmal Hygiene
Department of Uerdingen ékptessed concern dbout the quahty of the m&sm'ements and
the validity of the fesiits because personnel conducting the sampling were not adequately
qualified and the teasurément process was not standardized. |
Over 1500 area air samples were available for the period 1971 to 1979 at the Castle
Hayne plant. Most were short-terin ceiling samples, and no data were found for 1973.
Results of area sampling conducted 1979-1989 were not available becanse those data,
existing in paper format only, were not abstracted for the first study, as the amount of
personal air samples available for that time period was considered sufficient. These area

data obtained from 1979-1989, as well as some additional area sampling data from 1990
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and 1991, were not used for the current study becauée of the greater amount of personal

air monitoring data available.

During the 1980°s, area air monitoring for hexavalent chromium was conducted quarterly
for 23 locations at the Corpus Christi plant. The sample runs lasted 300 minutes. During

the 1990’s, plant personnel schednled 18 monitoring stations to be sampled once every '

quarter, while the remaining five areas, with very low expected exposures, were sampled

once every 17 months. .

3.3.3 BIOMONITORING DATA

Urinary, whole blood and serum analysis data were available for both Leverkusen and

Uerdingen (Table 2). These data were collected during the routine medical examinations

of the employees. More than 5,400 urinalysis results for Uerdingen employees and

almost 7,000 for Leverkusen employees were available over the follow-up. Fewer blood
sémples were available than urinary samples, and in more reoent years only: from 1969 to
1971 and since 1983 at the Leverkusen plant and since 1972 at the Uerdingen plant.
‘Serum analyses were first conducted during the mid-1980’s in both plants. '

All biomonitoring dzwa for the Uerdingen plant were extracted from the employees’
medical records. Biomonitoring data for Leverkusen cobort members were pmﬁded from
the Institute for Biomonitoring of the Bayer Leverkusen AG for the years since the late
'1970’3. The data for the earlier years were extracted from the employees’ medical

records. Usually no biomonitoring data were available for maintenance workers who
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were aSSlgnedfpm.tmg 1p . the . dichromate, plant and part-time to other ‘plants at
LT K N O S L 2 , .

Leverkusen. At Uerdingen, biomonitoring data were available for all cohortmembers.”

No biomonitoring data were available at the U.S. plants.: * " ™
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34 : Smoling Habifs . ..c e wnie s B ,‘

Data on smoking habits. were not-used m the previous analyses of the two German plants
because of lack of information on smoking habits in earlier years. During the most recent
decades, however, information on smoking habits was collected during routine medical
examination. Smoking status information was available for approximately’ 90% of
employees hired after 1957 at Leverknsen and nearly all employees hired after 1963 at
Uerdmgen. Although the data were. not complete for all employees, information
collected included smoking.status, age. began smoking, number of cigarettes or cigars
smokgd per égy, grams, of pipe tobacco smoked per week and the year the employee quit
smoking. Some of tlus information was obtained from the database of the earlier study.
Each study subject’s medical record was checked to verify this information as well as
obtain smoking information for study subjects who. were hired since.the end of the

previous study.

For the Corpus Christi plant, data on smoking habits were obtained from a questionnaire
sent in 1993 to current and former employees, of whom 202 (of 351 total) f&sponded,
including a large proportion of retirees. Additional smoking information was provided

from plant personnel who conducted pulmonary function and audiometry screenings. In
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the latter case, smoking information was generally. available only as ever smoked or

never smoked.

For the Castle Hayne plant, data on smoking habits were obtained-in 1989 for the first
study from a selﬂ-admipisﬁered questionnaire for active and most former employees, or a
telephone interview for former employees ‘who did not respond to the initial request. Of
381 total cohort members, 289 responded. For the current. study, company medical
records provided smoking information for employees hired since conclusion of the first
study. For deceased employees, information on smoking hablts was obtained from other

employees at the plant who were likely to know their colleagues’ smoking habits.

35  Data Acquisition and Database Construction

A database of study cohort members was constructed using the ProQuest modular -
database system (SoftWhere, Inc., Goshen, Massachusetts, USA, and Applied
Epidemiology, Inc., Amherst, MA, USA). Several modules were constructed and -
designed to contain distinct types of data, such as smoking data, mortality data, exposure
data, and job history data. Each record in a module was linked to a demographics module
record for that study subject. For the German plants, medical department staff or other
authorized persons linked all study data for each employee and removed all personal
identifiers before sending the data to AEI for inclusion in the datsbase. The
anonymization of the data assures confidentiality; only the plants hold the key to

employee identities. Personal -identifiers for the Us. plants were included in the study
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database, as these were fideded 16> conduct ‘vital status’ searches and o obtain mortality

information.

3.6, . ExposureAssessmeéntOveiview =

The. goal..of re:exposure ‘sssessiert was 19 derive dne or fore estimates of each
employee’s exposiire t¢-hexavalént Ehromivm.’ Estitntes were based nec&ssaril:y on data
oomi:ile.d from:-various :seiitces; 45 ‘nd single source or type of exposure data was
available at all four-plants; or ot the ‘enfire study penod Further, estunates were based
on the compiled exposure data relevant to” groups of in&iﬁdﬁals, as ixob so&ce ot" data—
single or combined could provide adequate estimates of exposure for each individual in
the study. The general approach selected was to construct job exposure matrices (JEMs)
using existing industrial hygiene data.* JEMs are simply matrices Wée axes are
typically exposure.dreas and caléndar périods. ' In this case, the exposure areaswere
based on homogenous exposute groups (HEGs), ‘Woik areas having exposure potential
discrete from others andivviﬂlin@hiéh' all'employees would be expected to have similar
exposure, and the -calenddr period represents one year. Industriél hygiene measures
obtained for. each HEG and-time period in the JEM (i.e., JEM cells) were summarized to
obtain an 'average exposure level for-that specific time period and location. Because
exposure data are usually not normally distributed, but strongly skewed, exposure
measures within' cells-of the JEM were summarized by calculating geometric means.
Each employee’s exposure to-héxavalent chromium was then estimated by linking
individual employee work histories (i-e., the amount of time each employee spent in each

of the HEGsS) to these sumnmary measures in the JEMSs.
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Exposure assessment was conducted to- characterize exposure over time using two
measures: cumulative exposure and peak exposure indicator score. Cumulative exposure

. was measured as the sum of thqgeometric mean exposure over the years in' chromium-

exposed work areas. Peak exposure was measured by the sum. of peak exposure ranks in

chromium-exposed work areas. These measures are described in greater detail below.

3.6.1 IDENTIFICATION OF HOMOGENOUS EXPOSURE GROUPS

Where possil;le, homogeneous exposure groups were identified using existing exposure
.groups defined in earlier studies. This grouping was supplemented with information
obtained from industrial hygienists and other knowledgeable personnel at-each plant to
derive a manageable number of exposure areas with discrete job tasks and therefore
potentially discrete exposure levels. /Ol?emﬁonal areas of each plant often formed the
basis for identifying these exposure areas where jobs and tasks bad similar exposure
levels and similar opportunities for exposure within an area, but had exposures-different
from any other area. These homogenous exposure areas are summarized in Table 3. All

job titles and tasks from the work histories were identified and linked to the

corresponding exposure area.

The surveys conducted in 1985 and 1986 by the Industrial Hygiene Departments at
Leverkusen and Uerdingen identified 24 and 15 homogenous exposure groups,
respectively, that existed during some period of plant operation within the study period.

All job titles were mapped to these exposure areas, based on extensive consultations with
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medical personne] at each plant. Using work history records at Castle Hayne, about 100
job titles were identified and-similarly mapped to 22 discrete ékposure areas. The Corpus
Christi plant had hundreds ofijob titles, buit ost of these reflécted administrative changes
in title withont changesin-work tasks:&s with the othés plants, these all were mapped to
one of 17, discrete exposureareas. -« <6 T S o

S ST AT AR L I
3.6.2 VERIFICATION AND STANDARDIZATION OF AR MONITORING DATA
At Corpus Christi chromium measuréments’ were reported as ‘chromic acid (CrOs) in
carlier years and .as. hexavalent -chforhium in later years. The Castle Hayne 'plant '
alternated between the two reporting conventions (CrO; and Cr(VID)) during the early
years, and, similar.to.Corpus Christi, reported results as hexavalent chromium in later
years. Data from-all locations wére standardized to hexavalent chromium in pgfm® unit
values. Because’ personal-dir foniforing satples should be collected over full-shift
durations, or at least-close to full-shifi durations to be feprésentaﬁve of daily exposure,
we excluded from the’ exposure assessment all samples of less than four hours duration.
All personal air monitoring 'sam'pﬁs at the Corpus Christi plant were full-shift samples;
however, 69 out of about 5500 personal sir samples at Castle Hayne were less than four
hours (i.e., less than 50% of an eight-hour shift) and therefore excluded from the analysis.
For both of these plants, data below the level of detection (LOD) were substituted by the
midpoint between the LOD and zero (i.e., LOD/2).

Although personal air samples were available at all plants, the German plants provided
very few, and only for years beginning with 1986. Instead of personal air sampling, the '
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German plants relied primarily on biomonitoring data, especially chromium in t;dne and
blood, for individual exposure surveillance. In contrast, the two U.S. plants relied on
relatively extensive air monitoring data, and had no biomonitoring data.

3.6.3 VERIF!CATIQN AND STANDARDIZATION OF URINARY CHROMIUM DATA

The urinary data posed two cﬁaﬂeng&e; First, urinary measurements for some years were
reporfed as creatinine-adjusted values while urinary measurements for other years either
weré corrected for specific gravi‘ty or were not corrected for hydration. Cotrection for
hydration is important because urinary concentration is influenced by the amount of
fluids an employec consumes, and various techniques have been used historically:
Creatinine adjustment became popular under the belief that bumans excrete arelaﬁvel&
constant quannty of creatinine in their urine despite urinary volume (which is partlya
function of hydration). However, more recently, it has been demonstrated that despite
fairly constant excretion rates within individuals, there is substantial variability between
individuals in the amount of creatinine excreted, and exposure may be systematically
ﬁnder or over esumated for some. For &is reason creatinine adjustment has grown out of
favor. Nevertheless, bydration remains an important issue in the interpretation of -

urinalysis results.

Second, many employees had multiple measurements of urinary data over very short
periods of time. These possibly reflect the medical monitoring of employees following
known or suspected overexposure, possibly related to spills or other upset conditions. If

so, these measurements would not constitute routine, independent exposure estimates.
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On the other. hand, ;they:-do. describe+ réal ‘exposire opporhm:ty and should be

Syt ‘.»- ‘

incorporated, jn someway:in the exposure assessment.
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3.6.3a Creatinine-Adjusted versus Specific Gravity

For Leverkusen, measurements of: chromivmn céricentrations in urine were évﬁhbie from (
1958 t0 1979 expresséas pgL. “ Frord 1980 to '1992“‘iﬁina£y"chfoini1nx§ éoncentraﬁons
were. available expressed 45| pgfg Gieatinine ' only. From 1992 to 1998 chmnnum

concentrations ‘appesr ‘to ‘have’ been’ analyzed and reported as both pg/L and pg/g

creatinine:. We perfOrmed a simp]e analysrs of the 1 341 paxred sample data (1992-1998)
to consider whether' an appropriate oonverswn factor could be denved.' Although a
proportional relationship was observed, no consistent conversion factor could be imputed.
The ratio-of creatinine to uriné ranged from 0.25 to 1.68. As a result, we elected to use
the data in the umits reported, rather than transform a'eaumne-adjusted values to urine
measurements or uifiie’ values {6' crmhmne-adjusted measurements Bayer Medical
personnel reported that the two theasurements were considered interchangeable for their
purposes, whick ‘was- to* oomitor ‘relative changes over time in individual employee
urinary chromiuth” Gonéefitrations. ’We‘gu'bsei;rxenﬂy used measurements expressed as
pg/L until 1979 (although it is not known if these were adjusted for specific gravity) and
as creatinine-adjusted values from 1980 to 1998.

Urine measurements reported in pg/L and adjusted for specific gravity were available for

Uerdingen from 1964 to 1995. Creatinine adjustments apparently were not performed on
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samples analyzed at the Uerdingen plant (Dr. med Steinmann-Steiner Haldenstedt,

personal communication, October 15, 2001).

3.6.3b Repeated Measurements of Urinary Data . N
Bayer medical depamnent personnel routmely collected urine .samples from each
employee at the two plants during sem:—annual medical examinations, After accidents,
spills or other upset conditions, medical protocol specified that additional urine samples
were to be collected. As a result, multiple repeated measurements existed for many
employees, but these samples were not necessarily identified as samples collected
following upset conditions. To avoid using multiple measures representing upset
condidons, thereby giving inappropriate weight to these measures, we applied a simple -
criterion to identify which urine samples constituted a series of repeated measurements.
We assumed that multiple urine samples collected during any 30-day period indicated
that an accident, spill or upset condition had occurred. To identify all possible measures
associated with such a sifuation, we identified the earliest measurement in the series and
evaluated each subsequent measurement until a 30-day period passed without a urine
sample for the individual. For Leverkusen, we identified 622 series of two to five
measurements. These occurred among a total of 120 individuals, and generated a total of
1309 samples. For ﬁerdingen, we idenﬁﬁed 64 series of two to ten measures among 52
individuals, representing a total of 174 samples. The initial urine sample after the
exposure event could not be identified in many instances because only month and-year of
sample were reported, and therefore several results would be associated with the same

reporting date. For each of the series of measures associated with apparent upset
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conditions, we chosé oily’ ilie sihgle inghestlmnary rifiafy chromium value to represmtA of the
event in the calculation of a mean exposure value, andd:smrded the remammg values,

3.6.4 CONSTRUCTION OF JOB EXPOSURE MATRICES (JEMS)
A job exposiie fatix {TEM) whs“deVeioped fof each ‘plant, as each facility had a
different #rfay of Homogenéous exposuregroups (;lf‘aﬁé '3). Each cell represented one
calendsr Year anid oridexjsrs ards dt-fhe respective plat.” Becausé of the different
types of personal exposuré data available ffor the German and U.S. plants (urine and sir
samples, respectively), the JEMs for the Gefind plants were based on urinalysis results
while thiosé for the U:S, plarits were based on air monitoring results. This difference
required commensuration of the measures (described i;elow) so that exposure estimates
would be reasonably compdrable regardless of source of exposure data. |

Two types of JEMs weie coristructed for each plant: average exposure concentration and
peak exposure index. ‘The two types of mistrices differed according to the method used to
summarize the mionitoring results’ data in’éach cell. While average concentratioﬁ is the
most frequently used suthmary meastre, it can mask true differences between exposure
areas by ignoring the ‘variability of exposure data obtained within areas. For example,
two areas with identical ‘average exposure concentrations may differ drastically with
respect to the range of exposure valués recorded in each: one area may have consistently
moderate levels, wheréas the ottier may have generally low levels with occasional high-
level periods (or peaks).” To determine whether this occurs, and if so whether it is

associated with risk, both measures can be applied and results compared. For the average
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exposure concenfration, the geometric mean of all values in & ngen cell was, calculated.
For the peak exposure mdex, the values in each cell were evaluated for the presence of .'
measurements (air or urine) exceeding a specified (grb:tranlyﬂehosen). yg{ue, and a peak
index score was generated that accounts for the relative frequency and _magﬁtude of peak
measurements. In either type of JEM, exposure values for mdmdual oohqﬁ memba's
were derived by summing the exposure valueé (concentrations or peak seores) associated
with each work area/year cell, weighted by the amount of tit_ne worked m that area. “

The construction of both types.of job exposure. matrices involved several steps:
evaluating and removing, if neewsary, data outliers; rankmg exposure areas to determine
the areas of greatest interest (e.g., areas more intensively monitored, areas with highest
‘exposures); collapsing exposure aras that were not substantially different with respect to
average exposures, due to very low exposure concentrations; a.nd'stabﬂ_«i'zmg' sparse cells

and filling empty cells.

3.6.4a Remove Outliers -

Exposure values that were so high that they were deemed implausible in the opi#iop of an
industrial hygiene expert or plant personnel were removed from the datal;ase. Qutliers
may be obtained if the sample collection medium is contaminated with chromium,.or asa

result of a calculation error.> Next, we examined the distribution of exposure values for

3 There were five such values: an area air measurement of 33,250.6 pg/m’ atOorpusChnsn,zman
measurements of 1915 pg/m’® and 0.0 pg/m’ atLeverlmsen,andanareaammeasmementof102492ug/m

and a urine value of 1660 pg/L at Uerdingen.
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each exposire area by vear. “Sevéral “distributional” outliers, ‘or cutliers that wete
consdeably Wighs T 5 s et v, i Sbsved. Thésé o
outliers, however were oenmdexed pIausible exposuree and thereforé Were included in -

. e e
LR

the calculatmn of summary exposure estlmates. o

Siiler . ', . I P
JEFTRS W T L PE oalts

3.6.4b RankE@osure Areas OveraII
For each homogenous exposure group 1denuﬁed at each plant, we calculated an’

arithmetic mean and a geometric mean based on all years to identify the areas over time
that experienced the highest exposivs on average. We then used fhe geometric and
anﬂ:metlcmean Véluee, separately, to rank thé areas from highest to lowest average
exposure. These rankings, whether based on the géomietric mean values or arithmetic
mean vailuee,' "Wexe similisr 'f.'e'r'neérl}eﬁ'of the exposure areas. We further used these
averages over all yearsto determine what differences in average exposure, if any, could

be discerned between exposure areas.

Because our primary goal in the cumulative exposure assessment was to communicate

“typlcal” values in dlstn‘buuons that were skewed, we chose the geometric mean as a

summary measure

3.6.4c Collapse Exposure Areas
Exposure data in each cell (representing calendar year and exposure area) were
summarized using the geomeitric mean of the samples. For the U.S. plants, there were a

number of HEGs identified with minimal exposures. When the geometric mean over all
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years was 1 pg/m® or lower, indicating consistently minimal exposure, homogenous
exposure groups were collapsed into a single exposure area, designated as “low.”
Collapsing reduced the number of small or empty cells. Eleven of 17 homogenous
exposure groups met this criterion and were collapsed into a single low exposure area at
Corpus Christi. At the Castle Hayne plant, 17 homogenous exposure groups were
collapsed into a single low exposure area. ' For each U.S. plaat,.a total of six exposure

areas remained.

Because the geometric mean for all exposure areas at the German plants was greater than
one pg/L, an arbitrarily selected cut point for collapsing data, no exposure areas at the

German plants were combined into a single low exposure area.

3.6.4d Stabilize Sparse Cells and Fill Empty Céells for Average Concentration JEM

Even after collapsing exposure areas, sparse cells, containing only one or two samples,
and empty cells, remained. We evaluated several methods to fill empty cells and stabilize
sparse cells. These included i:oo]ing cells across time periods and exposure groups;
interpolating from adjacent cells with larger numbers of observations; estimating
exposure for unknown jobs or areas based on the ratio of exposures in similar jobs or
exposure areas in another plant; weighting short-term personal monitoring samples, if
available, by time to produoe~a full shift TWA; and using professional judgment ‘to
estimate exposure. Based on several factors, but mainly the availability of reasonable

numbers of exposure measurements across most exposure areas and calendar periods, we
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chose to fill. gaps. and. stabilize: exposure:estimates by generating -a  running, average
algotithmn. : .. ixisriesn 2mr wuaw an lealy L s a

LN P

R e R T L O L S
A geometric mean for each vell in the matrix was calculated as follows. For the first year
of each work area-in the:JEM, data-were added to the. data for the following year, and 2
geomefric mean was ‘computed based on'the two years of data... For the second year and
all subsequent years, data for each exposure area/year cell were added to the previous
year and the successive year, and a geometric mean was computed based on three years
of data, provided that the previous year and successive -year contained a minimum_ of
three exposure. values: - For exposure area. /year §e11s with fewer than three exposure
values, the algorithm found the nearest cell with at least three measurements and summed
all data from these “anchor” cells (i.e., cells with at least three measurements) and all
cells between to. calenlate: a.geometric mean for ﬂlat exposure area/year. The rationale
for calculating the three.year moving average for. each cell, and not, for example, cells
with fewer than three values only, was based on the small sample size overall. That is,
even cells with greater.than three.observations still had relatively few samples. This
approach to imputation: filled sparse-or .vacant cells, based on the nearest years’
information, and effectively reduced the variability over time, as well as filled gaps and
reduced the reliance upon. small: numbers of observations occurring in any exposure
area/year cell. The proportion of imputed values ranged from fewer than 30% (one area
in Leverkusen required no .imputation) to about 45%, and tended to be greater for earlier
years (except for the Castle Hayne plant, where no industrial hygiene measurements were

recorded in 1993 and 1994) and for areas with lowq average exposures.
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3.6.4e Stabilize Sparse Cells and Fill Empty Cells for Peak Levels JEM
The peak levels JEM was used to calculate a peak exposure indicator score. We

identified all samples that were greater than or eqdal'to 40 pg/L chromivum in urine

(German samples) or greater than or equal to 50 pg/m’® hexavalent chromium in air (U.S.

plants). We considered these samples to be representative of. peak. exposures. These

exposures equal, or exceed, the threshold limit value of ().Oshmg\/m3 for l_aexavalent )

chromium® and/or are roughly equivalent to a biological exposure index of 30 pg/g
creatinine for urinary chromium. We summed all “peak” measmemeﬁts that occurred
within each cell (exposure area and year) and assigned a rank score based on the sum of
peak measurements for any cell with three or more samples (Table 4)." We assigned rank
scores (2,3,4) based on cut-points that approximated the less than 50%, 50 to 90®, and
greater than 90" percentiles of the distribution for the sum of peak values. Zeroes were
assigned to all years where exposure was measured but. no. peak measurements were
observed. Because we did not want to assume that peak exposures did not occur in years
when exposure was not measured (or in work areas with no measures), we filled empty
cells by calculating an average peak level based on the peak level assigned to the anchor
célls (i.e., cells with three or more samples) and inclusive of peak leveis for cells with
one or two samples. Consequently, some peak level scores were represented by

fractional numbers.
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3.6.5 COMMENSURATION OF URINARY AND AIR DATA

Personal air data were very sparsé for the Gerfian plants and urine'samplés Were never
taken at the U.S. plants.” Becavis tirine data were available over all years of the study for”

the Germans and pérsonal air monffonngdata were available only for more recent years,

we elected to sumimitizé {he dverage ‘air conbenitrations in 'US. plants in terms of urine

Y ‘?. ¥ T datam ':.4-_ e “ep . . o . - " -
concentréition equivalents for use in the JEMs.""We chose to conivert air data to urine data

because uriné dati were abiindarit relative to personal air data, and because urine data are’

presumably 4 better meastiré 6f dose. ' Dose represents the actual amount of toxin
entering the body and réaching the targét organ (lungs), whereas exposure reflects the
amo'unt"of toxin present in the enivironment. This makes the urinary data appropriate for
epidemiological ‘assessment of the relationship between an -indicator of dose and the

occurrence of g cancer.

After reviewing'the published medical-literature on urinalysis and air monitoring data,
including alternatives for staridaidizing urinalyses using specific gravity or creatinine
adjustments, we conducted exteisive statistical analyses on the data available from the
two Bayer facilities for tlie' years whére both air and urine samples were collected. The
statistical analyses included crude comparisons of all urine samples and all air samples
for years in which both existed (Table 5). In addition, ratios of urine measurements to
personal air measurements were calculated by exposure area and year, but these ratios
proved unstable due to very small numbers of personal air samples. Additional analyses

compared air and urine samples for study subjects matching on same month and year
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(o=25 for Leverkusen and n=0 for Uerdingen). A. consistent relationship between air and

urine did not emerge from these analyses.

Our search for an alternative to an empirically derived conversion factor resulted in an -
exposure equivalent for carcinogenic substances (EKA) published by the Deutsche
Forschungsgemeinschaft.*® This factor was used to convert air data-for the U.S. plants to
urinary equivalents (Table 6). Although the EKA is based on data from at least one of .
the German plants in the current study, we considered this conversion factor a reasonable
alternative because it is the only one available in the literature that pertains to chronic
exposure scenarios. This conversion factor (0.77) was slightly smaller than the overall
ratio of urine data to air data that we calculated for each plant (0.92 for Uerdingen and
0.85 for Leverkusen). Ultimately we chose to use this published value rather than our
own derived value(s) mainly because the agreement, or correlation between the air and
urinary values in our data was very poor, and the estimates we derived were not very:
different from this published value. Clearly, much more work is needed to clarify the
relationship between air and urinary measures of chromium. This relationship is, and
will remain, an important issue, as the American Conference of Governmental Industrial
Hygienists (ACGIH) in the Uni-ted States recently published its intention to establish a

biological exposure index (BEI) for urinary chromium.

3.6.6 ESTIMATION OF LEVEL OF EXPOSURE
Exposure estim.awe for each employee were calculated by linking individual job history

information to the exposure summary measurement in the job exposure matrices. The
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use of JEMSs assumies-that’ each-employee-working in. a-specific exposure-area (based.on -
HEGS) at any time during a given year was similarly exposed at the level estimated:in the -

respective cell in the JEM. Due-to limitations in the available exposure data, however,

individual variability cannot validlybe docomented. Therefore, employees with the same -

employment history-will by 'definition havé the same estimated exposure, although it is
likely that their actual exposure:differed dune to- individiial work practices, proximity to
process emissions; and-differencés i uptake and ihetaboligui: On the:other hand; use of
the JEM allows the estirnation of individual exposure estimates based on the averages
contained in- the JEM, -and provides a reasonsble quantitative basis for contrasting risk
across different employment histories. - Quantitative exposure estimates were derived

using cumulative concentration as well as cumulative peak exposure scores.

3.7  Vital Status aiid Cause of Death Aseer"tainment' '
3.7.1 GERMANPLANTS" -1+ o ..
Vital status was determined from medical and/or personnel records, or from the local

population registry. - In" the United States, cause -of death information, although

oonj_:‘ldenﬁal, is relatively easy-to obtain for bona fide research purposes. In contrast,
cause of death information is very difficult to obtain in Germany, and therefore available
data from several sources must be pieced together. Data sources for determining cause of
death among the German subcobiort included death certificates provided to plants to

determine whether cause of death was work-relatéd; letters from community health

departments to plant physicians indicating causes of death as listed on the death

certificate; clinical reports from treating physicians and hospitals where the death -
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occurred; autopsy reports; clinical reports and letters from the freating physician, that
included diagnosis and medical history and that were dated earlier than the date of death;
and medical certificates, sometimes including histology and pathology results. Because
of the difficulties in obtaining cause of death information in Germany, a specific cause of

death could not be determined for 14 of the decedents.*

Cause of death information was obtained from death certificates when possible, or best
available information when a death certificate was not available. Professional nosologists
coded cause of death, regardless of the source or year of death, according to the ninth

revision of the International Classification of Diseases (ICD-9).

3.7.2 U.S.PLANTS
Data sources from each company were used initially to determine vital status'for’as many
cohort members as possible. These sources included lists of individuals lcnown to have

died since the previous studies, as well as rosters of cohort members (active or retired)

known to be alive.

For the U.S. plants subcohort, searches of the National Death Index (NDI) and the Social
Security Administration’s (SSA) Vital Status Service database were also conducted to
identify.decedents. The latter search also provided the umique feature of identifying

cohort members believed to be living, based on several SSA data sources. We obtained

* The investigators received additional canse of death data more than one year after the request to the
German officials was filed, but after the stdy database was closed for statistical analysis.
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canse of ‘death information from e NDI-Plué ‘for deaths that occutred between the

establishirient of the Natidtal Death- fudéx in- the ‘Uited States in' 1979 and the most °

recent yéat for which ddath'data were available, 1998.: We identified deaths prior to 1979

from plant records’ drid ﬁ'omﬂxeSocxatSectm itity database search, and obtained death

certificates for these deaths directly from the' state’oFfices of vital stafistics where the
deaths occurred. Cause of death was coded accordmg to the 9 revision of the
Intemanonal ‘Classifitatiéh of Dissiises. > "~ R .

38  Statistical Analysiss '
3.8.1 STANDARDIZED MORTALITY RATIO(SMR) ANALYSES

Person-years at risk began accruing one year after the date of first exposure to chromium.

The earliest date for person-years to begin accruing was one year after the following

process changeovér” dates: ~ Jénusry 1, 1958 for Leverkusen; January 1, 1964 for

Uerdingen; September ‘4, “1971 for ‘Castle ‘Hayne; and October 15, 1979 for Corpus

Christi. Person-years were accrued for all cohort inembers until date of death or until the -

end of the study follow-up period, December 31, 1998. Person-years were censored as of

the date last known to be alive for those who were lost to follow-up.

Standardized mortality ratic (SMR) analyses were performed for all categories of death
combined ;nd for all specific categories for which at least two deaths were observed or
for which at least two deaths were expected. SMRs compare of the number of deaths
actually observed in the cohort to the number of deaths expected in the cohort if mortality

rates from some general “reference” population were applied. To derive the expected
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number of deaths for any age-, sex-, and race-specific group, the appropriate reference
rate is multiplied by the number of person-years at risk observed in the corresponding

category for the cohort.

More detailed analyses were conducted incorporating a number of occupational variables,
such as duration of employment, time since first exposure, cumulative exposure, and
peak exposure indicator score. In addition, SMR analyses were conducted in which
exposures were lagged in a time-dependent manner by 10 years and 20 years. Lagging of
exposure is an analytic technique for which each person-year at risk is evaluated’at the
exposure level associated with some earlier time period, in this case 10 and 20 years
earlier. In effect, this method is a latency analysis that discounts the most recent years of
exposure prior to death on the basis that they are not relevant to development of the
cancer of interest, which is likely already io have been initiated by the time of these
exposures. Because different diseases have different minimum latency periods, this
method is disease-specific. For lung cancer, one generally expects that 2 minimum of 10
or 20 years from initial exposure is necessary for the underlying cancer to manifest,

thoﬁgh actual latency may be as long as 30 to 40 years.

3.8.1a Reference Rates

Referenc;,e rates by specific cause of death for each country and state were 6btained from
public sources. We obtained mortality rates for 92 causes of death from the National
Institute of Occupational Safety and Health (NIOSH) for the states of North Carolina and

Texas. We obtained mortality counts by specific cause of death and population counts
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for the entire German population and calcnlated mortality rates for 63 causes of death for

all years. between. 968 .20d 1998 inclusive. | Though individual cause of death
information and death certificates are difficult to obtain in'Gelmany, gtqqpflqvei data
such as cause-specific mortality rates are publicly available. We calculated mortality
rates in S-year age, (1519, 20-24,25.29, ete) and calendr intervals (1955-1959, 1960-
1964, 1965-69, etc) to correspond as closely as possible with NIOSH mortality rates. In
addition, we obtained mortality and population cpugt; for lung cancer, all cancers apd all
causes combined for North Rhine-Westphalia for the years between 1979 aud 1998 and
calculated mortality rates as d@m@béd.above., Although we qbt,ained‘othel; mortality
counts for. North R,bine-W&stphAﬁa? these counts were readily available for broader
categories of death than the NIOSH categories and only for the years since 1979. In
addition, the counts were available for 10-year age intervals only. For the entire German
population, we used mortality rates for the years 1968 and 1969 combined for mortality
rates for the earliest calendar, intervals (1955-1959, 1960-1964, 1965-1969). For the
North Rhine-Westphalia referent population, we used the mortality rates for 1980 to 1984
and applied them to all earlier five-year calendar intervals.

All mortality rates from Germany were based on the three-digit rubric of the international
classification of diseases (ICD). Because some categories of death used in NIOSH rates
were based on the four-digit. rubric of the ICD, we constructed German categories that
were as concordant as_possible with the NIOSH categories; however, some small

differences remain (see Appendix).
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All SMR analyses were conducted usmg ProSMR (SoﬁWhere, Inc., Goshen, .
Massachusetts and Applied Epidemiology, Inc, Amherst, Massachusetts) ProSMR i
incorporates reference rate data from multiple locauons s:multaneously, weagbtmg each
person-year observed with the appropriate reference tate by lowatzon, gender, age, race
and calendar year. The results obtamed thh regional refcrence rates were contrasted
with those obtained with national reference rates to detammc to what extent the observed
results were sensitive to choice of reference rates. Regional rates often provide the best

comparison, especially for causes of death with strong geographical variability.

3.82 MULTIVARIABLE ANALYSES

Multivariable regression analyses represent powerful statistical tools for examining
complex relationships. Advaﬁtages of multivariable analyses include the possibility of
examining the simultaneous contributions of multiple predictor variables to an outcome
of interest. Unlike SMR analyses, multivariable analyses draw comparisons among
subgroups of the study population, such as groups defined by category of cumulstive
exposure, without invoking a population-based referent. While these analytical
techniques benefit from an efficiency of fitting mathematical models to the data, they are
also sensitive to small sample sizes and especially small numbers of outcomes (i.e., lung

cancer deaths).

With this analysis in mind, several logistic regression models were developed to evaluate
lung cancer risk associated with chromium exposure. Logistic regression was used to

derive estimates of relative risk (i.c., odds ratios) of intermediate and high levels of
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y NG

exposure, relauve to low exposure, ad]ustmg for the potenual eﬂ'eets of age and smokmg

..‘b

The best avaﬂable data. en smokmg for each cohoxt member were evaluated to ‘determine

NSNS

whether the eohort member ever smoked or never smoked Analyses were also

ff

eonducted in wh:ch the lasi 10 years of exposure was tnmcated, as a means of

apprommaung analyses takmg mto accmmt a ten-year latency These analysw were

condueted usmg Staia.‘" o
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RESULTS

4.1  Description of Cohort

The total study cohort numbered 1,518 employees, after excluding 173. short-term
employees identified as having less than one year employment, and 993 .employees
4identiﬁed as having worked previously in plants using high lime processes. An
additional 166 were excluded from the Uerdingen subcohort because they had a history
of employment in other plants-with possible Cr(VI) exposure. Only three potential cohort

members were excluded due to missing key data (date of birth or date of hire) (Table 7). -

Several differences among the subcohorts were documented, and these differences tended
to align according to country: the members of the two German subcoborts were different
on several indicators from those of the two U.S. subcohorts. For example, although the
overall cohort was predominantly ﬁﬂe (94%), all German cohort members were men,
and the percentage of female employees at the U.S. plants was 12% at Castle Hayne and
25% at Corpus Christi (Table 8). The German cohorts almost completely consisted of
employees of German nationality; however, we could not completely verify the
nationality of all cohort members in the Leverkusen subcohort. In the U.S. subcohorts,
approximately 17% ‘of Castle Hayne employees were black and approximately 37% of

Corpus Christi workers were Hispanic.

The employees from the German subcohorts also were older than those from the U.S.

subcohorts; approximately half of the cohort members of the German plants were born
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before 1940. For the U.S. plants, 16% of the cohort members were born before 1940 at .

Castle Hayne and only 2% were born before 1940 at Corpus Christi (Table 8).

Overall, 57% of the cohort Teported that.they were current ‘or former smokers, but the
proportion of ‘ever and never smokersvaried by subcohort. Although the proportion of
ever smokers was simiilar for Léveikiisen; Uerdingen and Castle Hayne, the two German
plants had the highest/prévalence: Smoking status was not known for 9% of the cohort,
The proportion of employees 'Wlid.se‘ smoking status was unknown was highest at Corpus

Christi (19%) (Table 8):

Although the Geninan Subcohorts were older on average than the U.S. subcohorts, the
average duration of exposure was $imilar across all plants, ranging from about eight years

at the Corpus Christi plant'to 127yéar“sat the Castle Hayne plant (Table 9). Average time.

since first exposure was only 10 years for Cprpus Christi, but substantially longer for the
other subcohorts: 16 years- for Leveikusen, 19 years for Uerdingen, and 20 years for
Castle Hayne. Age at first €xposure was also greatest for the German plants, roughly 38
years old, versus 29 and 31 years'old for the Castle Hayne and Corpus Christi subcohorts,

respectively.

42  Exposure Assessment
Plant-wide indicators of chromiwm exposure (indicated by geometric mean urinary values
for the German plants and geometric mean air concentrations for the U.S. plants) varied

substantially by location and time period. Although aggregate measures of exposure
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depend on the proportion of samples included from different areas with high or low

~

levels, they do provide a general basis for comparison. In general, exposures appeared to
be higher in earlier years of operation, with general reductions over time. Exposures in
the German plants were consistently higher than ih the U.S. plants, where average

exposures were extremely low (Figures 1 —5).

Mean urinary chromium values decreased over the years of the study for Uerdingen
'(Figure 1) and Leverkusen (Figure 2). Thus, the urinary chromiur_n values were highest
in the earliest years of the stody. Leverkusen experienced a spike in average urine values

in 1968. Average urine values at the Uerdingen plant peaked in 1966.

Average personal air concentrations of hexavalent chromium remained well below 1.5
pg/m’ for most years at both Corpus Christi (Figure 3) and Castle Hayne (Figure 4). Due
to the introduction of a chromic acid con:;pacﬁng process that ‘v"ras later discontinued at
Corpus Chnsu, average personal air concentranons of hexavalent cbrommm more than
doubied in 1994 and 1995, compared to earlier years at the piant_. There were several
years during the 1980°s when exposure data were 'nlot collected at thg Comm Christi
plant. The highest personal air concentrations at the Castle Hayne plant were measured
in 1990 and 1992. In conirast, average personal air concentrations were higher at
Leverkasen and Uerdingen for most years (Figure 5).

At Uerdingen, the three exposure groups with the highest average urine valm over all

years were Saturation (Figure 6), ADC/KDC production (Figure 7) and Shipping (Figure
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8). The exposure group it the “lowest average "urine vahm over all years was

Haetye g W

Electricians (Fxgure g).:

Employees assigned 6 Kiln 1 (F1gure 10) at Leverkusen produced the htghest urine
values, followed by Maintenance Workers & Foremm (Flgure 1 1) and Sulfate Separauon
and Dzymg (Fxgure 12). Very hrgh urinalysis results recorded among Kiln 1 employees
and Mamtenance Workezs and Foremen in 1968 probably mﬂuenwd the spike seen in the
plant wide mean value that year The lowest exposure group was Lab Technicians
(Figure '13), although urine samplés were not collected during the 1960°s and early
1970’ and were based-on sample sizes of fewer than 3 for 1959-1961 and 1974,

The work aress with the highest average perso;ial air samphng values at Corpus Christi
(Figures 14 to 16) and Castle Hayne (Figarés 18 to 20) were generally below 10 pg/m’
for most years. Somie areas did rcporth1gher air concen(ratxons most notably Shipping
(Figure 14) at Corpus Chnstx durmg 1994 and 1995, when exposures were lngh plant
wide. Data for the DCS Kﬂn work area (Flgure 15) at Corpus Christi are available since
1987, when the DCS Kiln was ooniﬂ:issioned. The combined low exposure areas were
below 1 |_|.g/m'3 over all ymrs at Corpus Christi (Figure 17) and most years at Castle

Hayne (Figure 21).

43  Mortality Analysis
Vital status was successfully determined for 98% of the total cohort (Table 10). Follow-

up was most complete for Corpus Christi, Castle Hayne and Uerdingen. Vital status
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could not be determined for approximately 5% of the Leverkusen subcohort. Through
December 31, 1998, the cohort accrued 24,589 person-years, during which'a total of 157
deaths (10% of the cohort) were identified. Specific cause of death could not be
determined for 14 decedents (9% of all deaths), all German employees. As expected due
to the older average age, a higher percentage of employees of the German plants were
deceased (12% for Uerdingen and 16% for Leverkusen, respectively) than at the
American plants (5% for Castle Hayne and 3% for Corpus Christi).

Mortality from all causes combined was 6% lower than the referent populations (Texas
and North Carolina mortality rates for the Corpus Christi and Castle Hayne subcohorts,
respectively, and German mortality rates for Uerdingen and Leverkusen) (Table 11). - -
Mortality from all heart disease was 20% lower than the referent population, and
ischemic heart disease mortality exhibited a considerable deficit of 37% (SMR=0.63;
95% CI: 040-0.95). Mortality from cerebrovascular discase was similar to that

experienced by state and German populations.

Mortality from all cancers combined showed a slight excess of 15% (Table 11).
However, this increase was mainly due to an excess of mortality from trachea, bronchus

and lung cancer (SMR=1.66; 95% CI: 1.08-2.46), based on 25 deaths (15 expected).

SMRs for all causes combined, all cancers, all respiratory cancers as well as trachea, lung
and bronchus cancers specifically were also computed using North Rhine-Westphalia
mortality rates for the German subcohorts (Table 12). Mortality from all causes
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combined was 12% lower for the cohart (SMR=0.88). Mortality from all cancers was 5%

higher (SMR=1.05).and.hng,cancer, mortality was 37% higher (SMR=1.37)., These. .
differences in the SMRs using: state rates suggest that mortality rates for hung cancer are
higher in, North. Rhing-Westphalia, than in. Germany: as;a whole. Because we were.

primarily interested in:whetber.cobort members experienced greater risks of lung cancers
than in the general population, regardless of-regional variability in 5a°kgr°l!!¥d risk, we
used North Rhine-Westphalia, Texas and North Carolina rates in all subsequent stratified
SMR analyses, |

As qualitative indicators of exposure, duration of exposure (defined as time employed in
a job with potential for exposure), time since first exposure and age at first exposure were
evaluated. separately as predictors of lung cancer mortality. - Although SMRs for lung

cancer were lowest among the. group with the shortest duration of exposiwre and highest

among the group with longest: duration of .exposure, there was na consistent trend: the '

SMRs were 0.77, 1.91, 1.18 and 2.38, respectively (Table 13). Mortality from lung
cancer showed no pattern with time since first exposure: the excess was greatest among
those with 1 to 9 years since ﬁrst exposure (SMR=1.72) and those with 20 to 29 years
since first exposure (SMR=1.60). . Similarly, no clear trend with age at first exposure
could be discemed; however, most observed and expected cases ocourred in the stratum
of those 35 .years or older at first exposure, and results were imprecise due to the loss of

statistical precision associated with-very small numbers in each stratum.
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The SMR analyses stratified by levels of the quantitative exposure measures ‘gqnerated .
smm@nmmmuxmwmmm.Amm@Mhmmgﬁu@g@mggm@@ymwwm !
for employees with a cumulative exposure of 200 upg/L-years Cr(VI) or more
(SMR=2.09; 95% CI: 1.08-3.65), based on 12,ob:sery_éd\ and 5.7 expected (Table 14). For
exposures less than 200 pg/L~years Cr(VI), however, there was no apparent increase in
risk for'any specific category or combined categories (total of 13 observed and 12.5

expected).

The analysis of peak exposure score showed an increase in SMRs for the two highest
categories of peak exposure score: the SMRs were 1.59 (95% CIL: 0.84-2.71) for scores
of 5 to 23.9 and SMR =1.97 (95% CI: 0.94-3.62) for scores of 24 or more (Table 14).
Only one observed death was included in the two lowest peak exposure categories, when
about 3.8 were expected. This suggests that those employed in work areas unlikely to

experience peak exposures were not at any increased risk of lung cancer.

A second analysis of peak exposure scores demonstrated an increased risk for the
category with the highest score (SMR=1.84; 95% CI: 1.12-2.84) and no increases among
categories with lower scores. The two lowest categories again had only one observed
lung cancer death with only 2.4 expected under this classification sc'heme. For the three
lowest peak score categories, however, four lung cancer deaths were observed thh 64

expected.
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A laggéd atalysis SF Gikitisive exposi showed that te Tung caneer SMR did ot

increase Wk expodire Wis Thsked 10 Jeirs, bit rose'1d 2.74 (95% €1 0.75-7.03) i the

highest “exposiire: group Wiieh éxposurc was Tagged 20 years (Table 15). “On the other

x 9

=3

e B e e L B s e Sl e e f G e e .
hand, with increasing category of latency, the humber of obsérved deaths decreased from

12, with fib Tagging OF &postived, to'8'lb 4, Tespéctively: Reshlts were similar across lag

intervals; as indicated by point-eSiifates that fell Withiti the 95% confidence intervals.
The imprecise estimates for the higher exposure categories, as indicated by wider
confidence intervals, demonstrates that very few study subjects had opportunity to accrue
exposure $or 20 ‘yédrs 6t “Thore befors the end of the stidy.” Oftier " categories of

cumulative’éxposure were similar regardless of lagging period.-

The lagged analysis of peak exposure'score showed increasing SMRs for lung cancer
mortality for-those With péak scores of § to 23.9, and the gréatest excess was seen with
the 20-years lag (SMR=2:067 95% CI 0!84-4.30) (Table i5). For the highest peak
exposure score category, SMRs increased slightly when exposure was lagged by 10
| years, but fell off due to’a 1ack of observéd dnd expected deaths (1 and 0.8, respectively)
when exposure wis lagged by 20 years.

45  Logistic Regression-Analysis

Because thefe were no lung cancer deaths among women, we did not include gender in
any logistic regression analyses. A preliminary evaluation of the combined relationship
of cumulative chromium exposure and peak exposure score was restricted to 1472 cohort

members for whom a peak exposure indicator score could be assigned. Among this
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.0, 24 lung cancer deaths occurred. Cumulative exposure and peak exposure
sator score were highly correlated (Table 16 and Figure 22) and low values for both
- sures predominated. Cumulative exposure and peak exposure showed a similar
-zlation among the lung cancer deaths (Figure 22), although the deaths are not
. centrated among the low exposure levels. We combined the two measures into a .
-mary exposure measure as follows: low exposure, if peak exposure indicator score
. than 1 and cumulative exposure less than 40 pg/L-years; intermediate exposure, if
- k exposure indicator score is at least 1 and less than 24 and cumulative exposure is at
.t 40 and less than 200 pg/L-yea'rs; and high exposure, if peak exposure indicator

. reis 24 or greater and cumulative exposure is 200 pg/L-years or greater.

" ‘he analysis, the high exposure group experienced increased odds of lung cancer death
afive to the low exposure group (OR=42.5; 95% CI: 5.4 — 337.1). The wide
fidence interval reflects the imprecision due to the small numbers of events (1, 13,
i 10 in the low, intermediate and high exposure groups, respectively). Due to one lung
. ~cer death in the referent group (the lowest summary exposure category), results of the

'/ iitional analyses are too imprecise and therefore are not presented.

. tead, we conducted logistic regression analyses based on cumulative exposure alone:
o exp;)sme, if cumulative exposure less than 40 pg/l ~years; intermediate exposure, if
-osure is at least 40 and lesg than 200 pg/L-years; and high exposure, if cumulative
osure is 200 pg/L-years or greater. In the crude analysis, the intermediate and the

1 exposure group had increased odds of ung cancer death relative to the low exposure
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group (OR=4.9; 95%:CI*‘1.5*~16.0¢ and OR%20.2; 95%:CI: 6.2 <-65.4; respectively) -

(Table 17). Becanse'there'were no deathis anong thosé first exposed before 25 years and

only one death among°iliosé first exposed beiwéen 25 and 34 years, further age-related.
analysis was possiblé for’ onlyﬂxose 35 years or older"at the time'‘of first'exposure-
(OR=10.2; 95% CI:'%:7 — 37 Ffor high éxposure relative to low éxposure).

Among smokers, the Hisk'6f ltifig cancér déath ‘was-elevated among the intermediate and
high exposure groips' rélativé to low- exposire (OR5.3; 95% CL 1.4 — 19.7 and-
OR=18.7; 95% CI: 5.0=70.6). Although odds ratios for the high exposure group were
both attenuated among the -oldest age group and smokers, they remained substantially
greater than one, suggesting a poésible independent role of high chromium exposure on
lung cancer death.-

V.

Because recent chromium :€xposure may not be biologically relevant to the development .

of lung cancer,.we conducted an;a_nalysis that truncated cumnulative exposure 10 years
prior to the end.of follow-up for.each cohort member. .The crude odds ratios showed
increased odds of lung cancer death among the intermediate exposure group (OR=7.0;
95% CIL: 2.1 ~22.9) and the high exposure group (OR=16.1; 95 %CL: 4.6 — 55.8), relative
to the low exposure--group (Table 17). Among smokers, intermediate cumulative
exposure and high cumulative exposure were each associated with increased risk of lung
cancer death (OR=7.0; 95% 1.8 —26.8 and OR=16.9; 95% CI: 4.3 — 66.9, respecti;rely)

relative to the low exposure group. Risk was increased for the oldest category of age at
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first exposure for the intermediate exposure group (OR=4.1,95% CI: 1.1 — 15.5) and for '
the high exposure group (OR=9.5; 95% CI: 2.4 - 37.6).

A logistic regression model wasﬁtted for 1,378 gohoﬁ members who had complete data -3
on smoking (Table 18). Controllmg fg!{ age35 years or older at first exposure and ever <%
smoker, .the odds of lung cancer death were opn,si‘de;'ablyv e]evatg@ among the high ---=

exposure group relative to low exposure group (OR=8.0; 95% CL:2.4- 27.1). e

.A second logistic regression model was fitted for cumulative exposure among 1273 =i
cohort members who were first exposed at least 10 years bgfore the end of follow-up. -
Intermediate and high cumulative exposure, adjusted for 35 years or older age at first -
exposure and smoking, were cach associated with an increased risk of hing cancer . ,:

(OR=3.4; 95% CI: 1.0~ 11.6 and OR=T.7; 95% CI: 2.1 — 27.6, respectively). .

We also performed a hierarchical analysis to investigate the possibility of an indeéendent
risk associated with a peak exposure. For this analysis, we restricted the cohort to the. A
German population for the following reasons: 1) 22 of the 25 lung cancer deaths
occurred among the German population; 2) cumulative exposures were highest at the
German plants (Figure 23); and 3) unique to the German population, individual urinary
data weré available to assess the occurrence of a peak exposure. For this imalysis, a
chromium-in-urine sample of >40 pg/L (arbitrarily selected) indicated an omw ofa

peak exposure. Peak exposure was then parameterized as a dichotomous variable: ever

Gl
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\ .~ NP :

peak exposure versus never peék expOsure wzth 264 sub_;ects with at Tleast one urinalysis

result suggesting a peak exposure.

In the crude analysls, 2 thodal that moluded oechrrence of ofie or mote ‘pedk exposutes in
addition to cumilative exposure did ot indicate 4n sdditional risk of death beyond the
model that fit cumulanve exposure ‘alone (OR—T 6: 95% CI: 2.9 19.7). Rather, the risk
attn'buted to cumulahvc exposure was reduced and atiributed to the peak exposure term
{peak exposure OR=2.2; 95% CI: 0.7 — 7.6, cumulative exposure OR=4.9; 95% CI: 1.6 —
15.0), suggesting that these measures are highly correlated. In the analysis controlling for
smoking hiéic;fj'(evc;rj, the result was similar. As stated previously, conitrolling for age at
first exposure was ‘hotffoésible becatse all l;mg cancer deaths occurred among those 35
years or ‘older at first exposure. ‘The models presented in Table 19 show that high
cumulative exposure is assodisted’ with increased risk of Tung cancer death among the
German subcohorts and the risk is unchanged after controlling for smoking (OR=6.7;

95% CL: 2.5-179).
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DISCUSSION

Few studies have been conducted on employees who have worked in the manufacture of
chromium chemicals using low-lime or no-lime processes and with enhanced industrial
hygiene controls. This study updated vital status through December 31, 1998 for 1,518
employees who worked for at least one year at one of four chromium chemical
manufacturing facilities located in Germany and the United States. The study cohort is
restricted to employees who have ne prior experience working in a high lime process;
three of the facilities had converted from a high-lime to a no-lime process and one was
built to use the low-lime process. This restriction resuited in greatly reduced mumbers,
increasing the need to aggregate employees from several facilities to achieve adequate
statistical power to address the main research questions. All four plants had been studied
previously, but each of these studies included employees exposed to high lime processes,.
and each were limited by an inadequate follow-up period.that did not allow for a
sufficiently long latency interval for lung cancer. Although the follow-up for the current
study is substantially longer and has adequate latency to detect work-related cancers, the
risk period may continue beyond the study period. For this study, mean time since first
exposure was less than 20 years, and the average latency for lung cancer may be greater

than 20 yeeu's.48

Cause of death was determined for 143 cohort members (91% of the decedents) who died
since January 1, 1958 (Leverkusen), January 1, 1964 (Uerdingen), January 1, 1971

(Castle Hayne) or October 1, 1980 (Corpus Christi). In the United States, cause of death
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information is readily available for legitimate research purposes, and officially.coded

cause of death information is available electronically from the National Center for Health

Statistics, National Death Tfidex (NDI) on ‘all deaths beginning in 1979, . Because-of the

NDI and ‘other national searchitools available: for tracking study cohort. members, vital

status of afl but-one ‘individud} Was ascértdiried, and-for all identified decedents cause of
death could be deterthined:-Tr contrast, canse of death information is difficult to obtain in

Germany ‘due 1 Taws séverely restriciing actess'to death certificates, and the routine.
destruction of official death certificates after 110 years of the death. These restrictions
partially explain why ‘we weré unable to determine cause for several German deaths. For
most of the deaths, reliable alternative sources of cause of death information had to be
used, mainly’ letters provided by employees’ primary physicians to occupational
phﬁcims at'the plants. These letters were generally requested and supplied to document
whether of not the causes of 'death'\were -work-related, .and consequently whether or not
decedents’ families wete éntitled to compensation. - This system of documenting cause of
death is remarkably complete;: probably because next-of-kin are motivated fo release
death certificates because of the potential compensation. Relative to usual reporting of
cause of death on death Gértificates, ‘this fnformation is likely to be more detailed and

‘possibly more accurate. -

Overall, mortality patterns for chromium chemical workers in Germany and the United
States were similar to-mortality patteras seen in their respective general populations.
Slight deficits in mortality for all causes combined and all heart disease suggest that a

healthy worker effect may exist. . The healthy worker effect is a type of selection bias
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frequently seen in occupational mortality stndies when mortality for a healﬂair working -.
population compares favorably to the general population that includes people who are !
unable to remain employed due to ill health.

Despite the slightly favorable overall. mortality and moriality from heart diseases,
mortality from lung cancer was increased. Given this modest excess of lung cancer, the
data were explored further to determine whether and to what extent the excess might be
related to chromium exposure, The general approach used to assess exposure-relatedness
was to estimate SMRs stratified by various exposure indicators, including two .
quantitative metrics: cumulative urinary concentrations and cumulative peak exposm'e‘ o
scores. The quantitative exposure indicators were also assessed further using
multivariable analyses that took into account other important risk factors for lung cancer

such as smoking and age.

5.1 Exposure Assessment

Because exposure to hexavalent chromium is not uniform across time and production
areéas, a detailed exposure assessment was undertaken.- This assessment allowed
derivation of individual-specific estimates of exposure that in turn were assessed as

correlates or predictors of lung cancer risk.

In general, exposure levels appeared higher at the German plants than the U.S. plants, and
tended to decrease over time. These measurements were not comparable directly,

however, because exposure ievels for the German plants were reported using urinary
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chromium levels’ whilé ‘exposure:Tlevels at-the ‘U.S. plants: were.reported ‘using air

concentrations: of heéxavalent: chfomium: from "personal air sampling. measurements. -
Biomonitoring has not been conducted at the U.S. plants.” A comparison of personal air

monitoring data for the four plants since 1986 (when personal air sampling was first
conducted at the German'plants) Showed higher plant-wide" average exposure levels for
the German plants (Figure 5); excépt for the years 1994.and 1995 when exposure levels
spiked at the Corpus Christi pléntydhe o & fiew process for compacting chromic acid.
These high exposurés proved difficult to Control and-this process was subsequently
discontinued. - Exposures received: durmg these more recent years, however, were
unlikely to impact mortality results through 1998. |

Urinary chrominm- measuréments have some limitations as well. Due to the reduction of
Cr(VI) in the blood and other fissues, urinaty chromium is detected as Cr(I.5%
Therefore, increased urinary levels of chromium may reflect increased exposure to
Cr(VY) or to Cr(Ill). Chromium (III) is an essential nutrient required for metabolism of
carbohydrates and lipids:- Beet -consumption increases urinary chromium levels.® In
addition, smokers miay excreté higher concentrations of urinary chromium,'**! due to
either enhanced retention of particulates“in the lung and bronchus or stimulation of
Cr(VI) reduction, leading to a subsequent increase in urinary chromium.'*
52  Lung Cancer Mortality -
Despite the complexities of estimating individual exposure to hexavalent chromium, we

identified an increase in lung cancer mortality among those with the highest cumulative
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exposure. Figure 24is a graphwal presentation of the 25 lung cancer cases, showing the
date of hire (and presumably earliest exposure), date of separation (end of exposure) and
date of death for each, according to cumulative exposure level. For 11 of the 12 lung
cancer decedents with cumulative exposure of 200 pug/L-years or more, at least 15 years
had passed between first cxpoéure and death, and for more than half there was at least 20
years latency. Though no firm conclusion may be drawn from these data, it does suggest
that these cases plausibly may be work-related. The SMR was 2.09 (95% CI: 1.08 —
3.65) for cohort members with cumulative urinary chromium concentrations of 200 pg/L~
yéars or more, based on 12 deaths. i’*‘or cumulative concentrations less than 200 pg/L-
- years, however, there was no excess mortality from lung cancer. Figure 23 shows for the
13 lung cancer deaths with lower cumulative exposure, seven occurred within 15 years of
first exposure, suggesting that the relationship with work exposures is less plausible.
Regardless of the method used to characterize hexavalent exposure, similar results were
obtained, with slightly stronger and more precise estimates derived when using the

quantitative exposure indicators, and when taking some latent period into account.

Because there were 13 hung cancer deaths in the highest cumulative exposure category of
2200 pg/L-years, it was possible to further subdivide this category into 200 — 299.9 and
>300 pg/L-years, to see whether the excess risk tended to be evenly distributed across
exposuré estimates or more associated with the highest cumulative exposures (which
ranged up to more than 500 pg/L-years). The two resulting SMR estimates were 1.85
(95% CI: 0.68 — 4.04) and 2.39 (95% CI: 0.87 ~ 5.20), but because of the smaller number

of expected deaths in each stratum, the precision of these estimates was poorer.
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The SMRs were-elevated for-cohortsimembers who bad. worked from five:to nine, 10 to
19, and 20 years’ o' more, but thefe was no’ eless patiern of - increasing mortality with
increasing duration of employment; Twenty-three of the:25 lunig cancer: deaths occurred
among those who were 35 years pszldenat ‘hire.This: result largely reflects the older age
at first exposure.{mean: approximately 38" years). in the- German plants .compared to
average age at: first ‘exposuré :of 29 years for Corpus. Christi and 31 years for Castle
Haype. Very few cohost. members were exposed to chromium at ages less than 25 years
0ld as indicated by the very small number of expected deaths (0.13) for this age group.
In contrast to the U.S. plants, wf:ic_h produced chromium.chemicals only, production at
the Izverknsgn and , Uerdingen plants was not limited to chromium. Many other
chemicals were produced at these facilities and employees at the chromium plant often
worked. elsewhere at the plant first. .In fact, policy. at the German plants required that, to
minimize risks.associated "tq.«qhz_.‘omim .exposures, only men over 35 years could be
assigned to the chromium plant.. Because,the age at first. exposure to chromium was
higher among the Germans, we examined plant work and medical history records of the
hmg cancer. decedents;to determine.if prir exposure to other known lung carcinogens,
most notably asbestos, was _@ilgely ‘among:the German employees. We found no evidence

of occupational exposure to other agents known to cause lung cancer.

Lung cancer mortality was increased for peak exposure scores of five or higher: the

SMR was 1.59 based on 13 deaths for scores of five to 23.9 and the SMR was 1.97 based

on 10 deaths for scores equal to or exceeding 24. Among the hing cancer decedents,
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however, cumulative exposure and peak exposure indicator score were co;relatéd. Of the
12 lung cancer deaths that occun-ed among thqse mth cumulative nrmary chromium !
values of 200 pg/m® or more, 10 occun'ed among those _With a peak expésm‘e score of 24
or more. Consequently, teasiﬁg apart effects due to bmm;lgﬁve exposure versus effects
due to peak exposure was diﬁcuit. In an attempt to separate these, we generated logistic
regression models that incmpqrated terms for both cmﬂulaﬁve and peak exposure. F@
these results, it was clear that both parameters are likely to contribute to risk. However,
due to small total numbers of lung cancer deaths, and the cprrelation between cumulative
and peéi( exposures, the relative contribution of é& to the risk of lung cancer cannot be
validly determined. The logistic regression analyses, taking smoking into account,
suggested that smoking was nc;t strongly confounding the modeled exposure-lung cancer

relationship.

Our SMR results may suggest a threshold eﬁ’ec; for chrommm(VI)-mduced fung
carcinogenesis; however, the lack of é clear increased risk ;at lowe1; exposure éategmies
may be due to lower statistical power in these categories, indicated by the wide
confidence intervals. De Flora' reported that Cr(VI) is reduced to Cr(I) in the
epithelial-lining fluids, pulmonary alveolar macrophages, ﬁronchial tree and peripheral
lung parenchyma cells of the respiratory tract. Chromium (VI) exposure levels mﬁst be
high enough to overwhelm the body’s defense mechanisms which may lead to the
development of lung cancer. This theory suggests that a necessary ﬁwhold le'vel must
be reached before the reduction-activation and/or reduétion-detoxiﬁcaﬁon mechanisms

are overwhelmed. A study of Cr(VD) exposures that occurred at a Painesville, OH

-
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chromate produc’uon plant that used 2 Ingh-hme process reported ‘increased mortality
among employees exposed to Cr(VI) at levels of approx:mately 1 mg/m years or }ngher
(SMR—3 65, 95% CL 2085, 92) forCr(VI) > 1.05 to < 2.70 mg/m3 and (SMR—-463

95% cr 3 83 7 16) for Cr(vrj zz 70 to< 27 so mg/m3-yeers Lung cancer mortahty

UH .::»L,r RS LR i

for the three lowest exposure categones (all less 'than 1 mg/m -yems) showed no

mearungﬁ:l excess. i
o B TRt L A
Our logrsuc regrws:on resulis also showed the greatest relatxve nsk for the ]ugh exposure
category; however, nsk among the mtermedxate exposm'e group ‘was skghﬂy elevated,
when controlhng for age and smokmg status. When laggmg exposure, the intermediate
exposure group had a re]atwe nsk estnnate roughly half that of the high exposure group,
indicating a more linear relationship. Unfortunately, the different logistic models are not
adequately stable to suggest a dose-response relauonshlp Furthermore, the exposure
categones in the Ioglsuc regressxon are not deﬁned ina ume-dependent fnshmn, as in the
SMR results. A]ﬂ:ough the avmlable number of lung cancer cases may not be adequate to
generate stable results nsk assoclated imth ume-dependent exposure measures can be
evaluated usmg a Cox proportzona] hazards analysrs Such results in theory would be

directly comparable to the SMR results

In a recently released study of a hrgh-hme chromate producuon facility, Gibb et al?
reported a two-fold excess of lung cancer mortahty (SMR=1.80; 95% CI: 1.49 —2.14)
among employees of two Balﬁmore, MD facilities. The first plant opened in 1950 and

the second in 1960, and both were designed to improve process techniques and
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environmental control of exposure to chromium bearing dusts. The SMRs were
moderately elevated for the two highest exposure levels: SMR=1.57 (95% CI: 1.07 —
2.20) for exposures of 0.009 to 0.0769 CrO*/m’-yrs, and SMR=2.24 (95% CI: 1.60 —
3.03) for exposures of 0.077 to 5.25 CrO*/m’-yrs. These expostre levels correspond to

Cr(VI) levels of approximately 5 to 40 pg/m® and 40 to over 2700 pg/m’, respectively.

The two lower exposure levels showed no important increased risk of lung cancer, again .

sugéesﬁng a possible threshold.

Although our study did not find any excess of lung cancer among those with less than
200 pg/l-years —urinary chromium in the SMR analyses, substantial differences in risk
by quantitative exposure level can be .expected across studies, or within studies under
different exposure assessment approaches. Because none of the recent studies presenting
risk estimates by quantitative exposure categories had actual individual exposure
measures, exposure was estimated based on job.exposure matrices (JEMs). In the
Luippold study, the JEM assimilated industrial hygiene data from 20 plant wide surveys
describing over 800 airborne concentrations of speciated Cr(VI); for most years of the
study period no industrial hygiene measurements were available* In the Gibb study, the
JEM was based on approximately 70,000 area and personal air samples of hexavalent
chromium over the e-ntire study period, however a large proportion of the employees had

very short duration of employment.” Given the numerous assumptions necessary to

construct individual exposure estimates, all of which are ultimately ecological averages

(i.e., based oun-aggregate data from groups of individuals); -differences-in risk -would-be---------
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expected everi-if the underlying felationship bétween exposure and lung cancer risk were
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53  Stregths of this Study " 7
This study benefited from the multi-site désign that provided a reasonably large cohort of
post-change chromium chemical ‘workers, along “with -the cdrresponding “increase in

statistical power generally lacking in previous studies of post-changé cohorts. Another’

strength was the additional years of follow-up. Over 40% of this post-change cohort was
followed for at least 20 yeats, sufﬁaently allowing for the typical latency period for lung
cancer. Long-ferm follow-up varied among the individual plants: 60%, 42%, and 38% of
Castle Hayne, Uerdingen, and Leverkusen employees, respectively, had 20 or more years
of follow-up. - Because the changeover did not:occur at thie Corpus Christi plant until

1980, the maximum: follow=up possible for these employees was 18 years. Also, becanse

the average latency for lung-cancer may be-longer than 20 years, and for some individuals
as long as 40 years, the future mortality experience. of this cohort could shed additional
light on the actual risks associated with post-change chromium exposures.

Although not comprehensive, and certainly not standardized across facilities and over

time, substantial industrial-hygiene data were available to derive quantitative exposure

estimates. Relatively large numbers of samples were taken at each facility in nearly all

study years, and for most work areas. At a minimum, these data made possible
identification at an individual level for each year of employment, whether an employee

was likely to have worked in an area of substantial potential exposure. To a lesser extent,
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the data could identify aveas in which peak exposures were moré likely - to .occur,
Therefore, despite the limitations, the exposure data incorporated into -our- analysis of ‘
hing cancer risk may be among the best available today for risk estimation and risk

4

assessment purposes.

Other strengths of the study inciude a number of methodological attributes, especially the .
- simultaneous vse of multiple referent groups in the SMR analyses, where each person-
year observed is weighted by the appropriate age- gender- and geographical location-
specific reference rate to obtain the most valid expected numbers. Additionally, the time-
dependent evaluation of exposure indicators is important, but rarely used even in recent
occupational mortality studies. Finally, we were able to obtain and incorporate basic
smoking information as a potential confounding variabl€, on a large majority of the
cohort. Gibb et al 2 also controlled for smoking status in their analysis, and similar to
our results, found that smoking was not a strong confounder. Therefore, the absence of
smoking history for some workers probably did not affect the results or interpretation of
this study.
54 Limitations of this Study
Personal air monitoring data were not available for the Castle Hayne plant for the first
three years of operation (1971-1973), nor for 1993 and 1994, and were sparse after 1996.
—Similarly, personal air monitoring data were not available for the Corpus Christi plant for
the years 1983 to 1985 and 1989. Nevertheless, anecdotal reports from the first study of

the Castle Hayne plant® indicated that exposures during those early years might have
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been high relative'fo-Tateryéars’\die’ to‘many engineering problems encountered ‘in

R ]

bringing the plant int& opera ﬁ&ﬂ.iz.im;frl R T St s

Cazsl R SR

VOWTORIAAE e o MR L
We are reasonably certain that employees at the U.S. plants were not exposed to other
known lung carcinogens while working at the plants. In addition to chromium products,

however, the German- plarits prodaced 'other themicals.”” Because German employees

were rotated through 'varion¥ produiction ateas, employeés may have Sustsined exposure

to other lung carcinogens. ‘We examined medical and work history records for the lung
" cancer decedents at the Gefihan pl'anf's to evaluate whether exposures incurred before or
after assignment to the chromium plants included any known lung carcinogens, such as
asbestos, cadmium, nickel, and ‘coke oven fumes.” There was no apparent evidence of
such exposures, although the possibility cannot be completely ruled out.

55  Future Research Direetion -~ <~ "

The data obtained t6 eonéuict this-€xposute assessment and mortality analysis represent a
valuable resource not easily obtained elsewhere. Once a cohort is defined and all
exposure data obtained and structured, updating of cohort mortality becomes

straightforward. Beyond continued mortality surveillance, however, this database could

provide many more clies regarding the relationships between chromium air concentration -

and chromium urinary concentratioti, and between air and blood, and urine and blood
concentrations. These issues are becoming increasingly relevant as biological exposure
indices have been proposed, and relevant to the interests of proper employee exposure

surveillance.

8
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More directly related to the results presented herein, additional analyses of the data may
help to elucidate the possibility of a threshold for Cr(VI) induced lung cancer risk.
Future data may be especially useﬁzl in estimating a threshold as the number of available
lung cancer deaths increases over time (inevitable with increasing age of the cohort).

However, further work is needed in defining peak exposures and evaluating their

contribution to lung cancer risk, either alone or in combination with other exposure

indicators. As the toxicology.and pathology of chromium-induced cancers is better
understood, these epidemiological data may prove helpful in supporting or refuting

various hypotheses.

5.6  Conclusions

Lung cancer risk among the study population was moderately elevated, mainly due to an
elevation among those in the highest categories of cumulative and peak chromium
exposure indicators. Based on SMR analyses, no excess of lung cancer deaths is detected
among cohort members with less than of 200 pg/L-years cumulative urinary exposure.
While logistic regression results also stiggested a substantial risk aésociated with the
highest exposure category, controlling for age and smoking status, a modest elevation in
risk was seen for the intermediate exposure category. Additional analyses will be needed
to clariﬂ whether the difference was related to the non-time dependent expo-sm'e
assessment used in the logistic regression. The logistic regression analyses additionally
demonstrated that smoking was associated with a six-fold risk of lung cancer, but did not

materially confound the independent association between chromium exposure and lung
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cancer. Whether exposure to hexavalent chromium is characterized as cumulative, peak,

or some combination. of these- indicators, risk was substantially elevated in the highest. -

categories.. - However,. dueito. the strong - cofrelation between cumulative and -peak.

exposure estimates 'on, an-individual:level, the relative .contribution of each cannot: be
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Table 1: Previously studied cohorts included in the combined analysis

: All cauges Respiratory cancer
Plant/Company  Location Study period  Inclusion Cohort Person- Obs SMR Obs SMR  Reference
criterion years
Leverkusen, North Rhine-  Jen, 1,1958tc Worked 416men 4,908 49 Not 8 145 Korallus et al., 1993
Bayer, AG Westphalia, Dec. 31,1988 21 year reported
GERMANY
Uerdingen, North Rhine-  Jan. 1,1964to0 Worked 262men 2,659 8 Not i 0.69 Korallus et al., 1993
Bayer, AG Westphalia, Dec.31,1988  >1 year reported
GERMANY .
Castle Hayne, North Sept. 4,1971  Worked 398men 4,483 16 0.72 2 0.97 Pastides et al,, 1994
Occidental Carolina, USA  to Dec. 31, 2 lyear and
Chemical 1989 women
Corpus Christi,  Texas, USA Oct. 15,1979 Worked 310men 3,549 22 0.64 6 1.67 ‘Applied Epidemiology,
Elementis, USA to Nov. 30, 21 day . Inc., 1995
1994
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Table 2: Types of industrial hygiene data, number of samples, and years for which data are available by plant

Leverkusen Uerdingen Castle Hayne Corpus Christi
TH measure No. samples Years No samples Years No samples Years No. samples Years
Personal air 252 1985—1998 215 19861994 5461 1974—1992 1,249 1980—-1982
1995—1998 1986—1988
1980—1998
Area air 3,422 19731998 1,161 1978—1995 1,555 1971—1972 1,656 1980—1998
) 1974—1979
1990—1991
Urine 6,940 1958—-1998 5,402 1964—-1995 - - - -
Blood 3,036 1969—1971 ¢ 4,792 19721995 - - - -
1983—1998 ,
Serum ' 2,782 1984—1998 2,200 1985—1995 - - - -
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Table 3: Homogenous exposure groups identified for each plant

Plant . Homogenous exposure group
Leverkusen Ball mills, Material mixing, Control room in building U17, lenl
‘ Kilns 2 & 3, Filtration, Residue drying/recycle, Residue reduction, .
Vanadium separation, Pressure acidify/soda production, Final ‘
acid/evap, Sulfate separation & drying, NDC crystallization &
drying, Shipping, Foremen & supervisors, Lab technicians, -
Maintenance workers & foremen, Plant managers/office
workers/engineers, Entire building U17 .

Uerdingen Kilns, Saturation, ADC/KDC production, KCA production, -
Shipping, Laboratory, Clothing handout, DCH shop, Elecmolans,
Supervisors/administrators _

Castle Hayne Ore handling, Ball mills, R/M mix, Recycle, Kilns, Quench, Boilers,
Neutralization, Acid/Evap, Chromic acid, CA packer, Crystal :
packing, Warehouse, Storeroom, Tank farm, Waste freatment,
Laboratory, Administration/Technical, Maintenance,
Utility/plantwide, Production supervisors, Engineers

Corpus Christi Ball mills/material mixing, DCS hearth, Filtration, DCS kiln,
Residue treatment, Acid/evap, Chrome oxide, Chromic acid,
Chrome hydrate, Shipping, Administration, Laboratory/technical,
Utilities, Engineers, Maintenance, General services, Production

supervisors
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Table 4: Assignment of peak exposure ranks. - I B .' : -

Peak rank Sum of peak measurements  Sum of peak measurements  Perceatile of distribution of
(pg/L chromium inutine) _ (pg/m’® chromium in air) sum of peak measurements

0 No peak measurements No peak measurements ' Excluded
1 Not used Not used . Not used
2 40—99 50—124 \ 0—-~50"
3 100—199 125624 . ~50%—~90*
4 =200 =625 ~50™—100%
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Table 5: Arithmetic means, variances and the ratio of the means.for German plants for
years whcre personal air momtonng samplw and unne samples were avaﬂable .

T
"',‘ni"i‘ LRGN . % ALA "‘i AT

7 - JiUerdingen: o Leverkusen
:J:L':z“ma_"‘:::.‘.‘ R 2829 .

Urinesampl&s, n ‘
Meao, pg/LCr - .0 812 .7 - 630 ° ..
Variance T EEAREN 21823 - -
Air samples, n 215 256
Mean, pg/m’® Cr (VI) 8.83 8.04
Variance 942 91 270.96

Ratio of means 0.92 0.85

R
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Table 6: Relationship between CrOs concentrations in workplace air and excretion of Cr
in urine and conversion factor based on ratio of urine to air

Air CrO; mg/m’ Air pg/m’ * . Cr-urine (ug/L) . Ratio of urine to air
(CxQ;3/ 1.92 x 1000) Sampling: end of
exposure
0.03 15.63 12 0.77
0.05 26.04 - 20 ) 0.77
0.08 41.67 30 0.72
0.10 52.08 40 0.77
96
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Table 7: Exclusnonsﬁ-omthedatabasebyplant T M A e

I s, A LRSS
Plant
o enigy e CastlE Hayne " Corpus Chiristi ~ ~ " Leverkusen' . - Uerdingen -
Total in database 589, e 2rine- 426 oy .85 966
Exclusions: i - i - g - : -
M:ssmgdateofb:rth I- w0 N ]
Missing date of hire »» 2 - 0 -0 0
Beganworkmgaﬂar 0 i 1 .0 . 0
study eiid date e e e L .
Contract worker 1 0 0 0
Unexposed trainee 1 0 0 0
Worked less than ] year 108 33 4 28
Previous high lime 46 205 278 464
exposure
Worked in other plants 0 0 0 166*
with possibie Cr(V]) .
exposure ’
Total in study analysis 430 187 593 308

*Employed i plants other than the Dichromate plant and included in the database for regular medical
examination
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Table 8: Descriptive statistics for the cohort

e

Leverkusen Uerdingen Castle Hayne Corpus Christi
Variable z % n % 2 % .n %
Gender .
Male 593 100.0 308 100.0 379 88.1 140 749
Female ] 0.0 0 ' o0 51 11.6 47 25.1
Race/Ethnicity
White/Caucasian 593 100.0 306 994 349 812 108 578
Black - - 74 172 8 43
Hispanic ~ - 4 0.9 70 374
Agian - — 0 0.0 1 0.5
Native American - - 3 0.7 0
Non-European 0 0.0 2 0.6 - - - -
Year of birth . .
1900-1909 8 13 0 0.0 1 02 0 0.0
1910-1919 41 6.9 2 0.6 4 09 0 0.0
1920-1929 132 223 55 179 13 30 g 0.0
1930-1939 147 248 92 299 49 114 3 1.6
1940-1949 83 14.0 90 202 145 337 34 182
1950-1959 76 12.8 a7 153 166 38.6 75 40.1
1960-1969 50 84 21 6.8 50 116 63 337
1970-1979 56 94 1 0.3 2 0.5 12 6.4
Smoking status .
Ever smoked 381 642 208 67.5 242 563 30 16.0
Never smoked 150 253 96 312 149 347 122 652
Unknown status 62 10.5 4 13 39 9.1 35 18.7
98
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Table 9: Duration of exposure and time since first exposure by plant L

P ”(n=5§3) ’ (n==308) (n=430) (o=187)
Dmanonofexposum e E . SR
Mean = L 9.2”.;,, o llQ . 124 78
SD i U 63 S 66,7 95 5.1
Range "' 1.0-40.7 " 1.0-294 " 1.0-279 1.0-179

Time since first . it ! e

exposure o oo - ’
Mean ’ e 164" 19.1 20.1 10.1
'SD’ ‘ 99’ 82 7.7 5.0
Range 0 10-409 2.0-349 14-2838 1.0-179

Age at first exposure : s
Mezn 384 377 289 313
SD 10.6 . 62 83 | 74 )
Range _ 14.6~ 60.5 19.2 - 53.1 ~ 17.4-629 19.9-53.5

v S .i'\
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Table 10: Vital status for study subjects as of Decembgr 31,1992 -

ﬁerdingm ‘ ~Casﬂe &we

Corpus Clist .

TotalCoﬁozt -

Leverkusen
N P-YRS N P-YRS N P-YRS N P-YRS N P-YRS
Vital status (%) (%) (%) ) - () (%) (%) (%) (%) (%)
Alive 472 71,5035 ’ 267 4,863.6 407 17,8697 182 16625 1328 21,8993
(79.6) (824) -(86.7) (87.3) (94.7) (96.0) (973) (97.3) (87.5) (89.1)
Dead 92 1,524.2 38 705.3 22 3270 5 46.1 157 2,600.6
(155 (67 (123) (126) .3) “.0 .7 2.7) (10.3) (10.6)
Unknown 29 822 3 6.7 1 04 0 0.0 33 89.2
49 Q9 (1.0) {0.1) 0.2) {0.0) (0.0) (0.0) 2.2) ©.4)
Total 593 9,1099 308 5573.7 430 8,197.0 187 1;708.6 1518 24,5892
(100.0) (100.0) (100.0) (100.0) (100.0) (100.0) (100.0) (100.0) 'QO0.0) (100.0)
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Table 11: Observed and expectéd-deaths, SMRs and 95% confidence intervals using -
state rates (US plants) and German nat:onal rates (Gennan plants) as refetent populatlon

(24,590 person-years) ) PR ik » L
Cause of death ot «E’rObsetvedi-‘ . Ewgge‘ctéd SMR Tl QS%CI -
Allcauses |, , N .157% _ 167.27. . 084 080110
Allcamgers =~ ) P 56 . A4t 115 087149
Oral cavity & pharymx "~ '~ " 2 V7 205 098 ' -0.12-3.52
Digestive organs 3 Y3 S 1621 .0.68 0.34—1.21
Stomach’ . 2 ¢ 406 . 049 - 0.06—1.78
Intestine, except rectum ‘4 3.76 1.06 ¢ 029272
Rectum. " . 2 1.96 1.02 0.12-3.68
" Pancreas " . o 2 249 0.80 0.10—2.90
‘Respiratory system - s 26 16.36 -1.59 -1.04—2.33
.. Trachea, bronchus & lung .25 15.02 .1.66 1.08—2.46
" Prostate PR L3 298 "1.01 021295
Kidpey, bladder & other urinary organs - - 4 333 120 0.33—3.07
Lymphatic & hematopoietic tissue 3 332 0.90 0.19--2.64
Unspecified sites 4 2.89 138 0.38—3.54
Diabetes mellitus 0 2.62 (] -
Alcobolism 1 2.02 049 0.01—2.76
Diseases of the heart 39 49.31 0.79 0.56—1.08
Ischemic heart disease 23 36.34 0.63 0.40—0.95
Other diseases of the circulatory system 16 16.04 1.00 0.57—1.62
. Cerebrovascular disease 9 10.79 0.83 038—1.58
Diseases of the respiratory system 4 926 043 0.12—1.11
Diseases of the digestive system 7 ¢ 11.84 0.59 0.24—122
Accidents 5 7.01 0.71 0.23—1.67
Suicide 3 524 0.57 0.12—1.67
*Includes 14 with unknown cause of death
|
!
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Table 12: Observed and expected deaths, SMRs and 95% confidence intervals using
state rates (US plants) and North Rhine-Westphalia rates (German plants) as referent ‘

population ‘ o
Canse of death Observed _Expected  SMR 95% Cl
All canses . 157% 178.83 0.88 0.75—1.03
All cancers 56 . 53.28 1.05 0.79—137
Respiratory cancer 1 26 19.90 1.31 0.85—1.91
Trachea, bronchus & lung cancer 25 18.22 1.37 0.89—2.03
*ncindes 14 with unknown cause of death
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Variable . ... et e s e arn e e . Exp.. .SMR . .. 95%CI
Dumtzonofexposur.e S KL SE - C e 1
1-4years’ ,'; 389 0.77 0.16—2.25
5-9years = - b "4.19 1.91 0.82—3.77 .
10~ l9years L e °1 - 846 1.18 057217
20yea:sotmore S PIMA L 168238 . 0.65-—6.10
Time since first exposure
1 -9 years 6 348 1.72 0.63—3.75
10 - 19 years 8 751 1.06 0.46—2.10
20~ 29 years 9 5.63 1.60 0.73—3.04
. 30 years or more 2 1.60 1.25 0.15—4.52
Age at first exposure
<25 years 0 0.13 - -
2534 years 2 1.18 1.69 0.20—e6.11
35 years or older 23 16.91 1.36 0.86—2.04
i
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Table 14: Observed and expected deaths, SMR's and 95% conﬁdence mtervals for lung
cancer stratxﬁed

Exposure Obs Exp SMR 95% CI
Cr in urine (pg/L)
0-~-39.9 4 297 135 0.37—346 -
40-99.9 4 4.20 095 0.26—2.44
100-199.9 5 530 094 .- 031—2.20
=200 12 5.72 209 1.08—3.65
Peak exposure score (3 levels)
0-09 1 1.12 0.89 0.02—4.96
1-49 0 272 0 -
5-239 13 8.19 1.59 0.84—2.71
224 ) 10 5.08 - 1.97 0.94-—3.62
Peak exposure score (2 levels)
0-09 1 1.06 0.94 0.02—-526
1-49 0 133 0 -
5-23.9 3 3.84 0.78 0.16—2.28
=24 20 10.88 1.84 1.12—2.84
104
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Table 15: Lagged analyms of cmnulatlve  £Xposure. 2 and peak exposure score.

ER X ORI 4 .
No lag 10-year lag ) 20-year lag - -
Obs SMR 95% Ct Obs  SMR 95% CI Obs _ SMR 95% CI _

e R

Crin prine (ug/L- SOUUREL S SRR A R .o .
m) s
0--399 T4 135 ﬂ‘* 037—346-. 9 134 0.62—2.56 17 131 0.76—2.10
40-999 .. 4 095:2.026—244.: 3 078 0.16—228 2 1.01  0.12--3.65.
100-1999 ..-..5 094+:0.31—-220: 5 1.3} 0.43-—-3.07 2 1.1¢  0.13--3.96
=200 - 12 209:-108-365:.. 8 205 083—404 4 274 075703

Pezk exposure

0-09 1 0.89 002—4.96 6 1.300 048284 15 132 0742138
1-49 - 0 0 FE 0 0 - 1 060 0.02—3.36
5-28.9" » 13 1.59 0 84—-2 71 :> 11 161 0.80—2.88 7 209 084430
224 10 197 0.94—3.62 7 221 0.89—4.55 1 131 0.03—7.28
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MULTI-PLANT CHROMATE COHORT MORTALITY STUDY

Table 16: Distribution of study subjects and lung cancer deaths accordmg to peak ,
exposure indicator score and cumulauve exposure - .

Peak exposure score
: ) 0-09 -1-49 o 5-239 ’ 24+ . “TOTAL
Cumulativ = Study - LC Smdy ILC Stdy LC Smdy 1C Swmdy LC
e exposure subject "death subject death subject death  subject death subject | death
s s

8 8 .S s .S S S
T B =/ I 7 R 50 o3 4
40—999 33 o 6 o0 157 4 0 0 251 4
100— 0 0 I 0. 11 4 .3 o 181 4
199.9 '
200+ ) 0 1 0o 2 32 o4 10 17 12
TOTAL 371 1 303 0

660 13 138 10 1472 24
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Table 17: Study-subjects; hirig eancér dcathis; odds'ratios (OR) 4nd 95% confidence " -
intervals (CI) according to cumulative exposure*-aiid ‘¢camulative expostre trincated 10--
years earlier than end of follow-up** four plants oL E e e

e Cumulahveacposm'c* “os Cumulauveexposmemmdl()years
Lo SRS e W T m-berﬂmendofﬁllow-up**
Exposure, byage or ”“Stady “ULC RS A v shdy  LCC »
smoking status. .- sulnects deatbs OR- 95%(31 Subjeéts deaﬂ:s - OR - .. 95% Cl
Low v _~'855 L4 " Ref ',’, _‘ 890, 4 Ref -
Intermediate 304 ‘9 49 L5~ 16.0 286 9 70 . 21-229
High ) 106 10 20.2 62~654 97 7 161 4.6-558
35 years or older at . -
firstexpaosure .- - o S N .
Low exposure 268 3 Ref - 326 3 Ref -
Intermediate 309 9 26 0.7-9.7 236 9 4.1 1.1-155
High exposure 88 10 102 27-37.7 80 7 9.5 24-376
Never smoked
Low exposure 369 1 Ref - 368 1 Ref -
Intermediate 118 0 Undef 88 1 42 03-675
High exposure 28 1 13.2 0.8~ 25 0 Undef
2164
Ever smoked
Low exposure 486 3 Ref - 522 3 Ref -
Intermediate 276 9 53 14-197 198 8 7.0 1.8-26.8
High exposure 78 9 18.7  5.0-70.6 72 7 169 43-66.9
Ref'= referent
Undef = undefined
*1=1378, 23 lung cancer deaths
*¥n=1293, 20 lung cancer deaths
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Table 18: Summary exposure and cumulative exposure, trancated 10 years before the
end of follow-up, odds ratios (OR) and 95% confidence intervals (CI) for lung cancer
deaths at four plants: crude and adjusted for age at first expostre, ever smoked and both

age at first exposure and history of smoking

Crude * Adjusted for:
~ Ageat fast - Ageat first exposure
exposure 2 35 Eversmoked ° 235 and ever smoked
. years .
Variable OR 95% CiI OR 95% C1 OR 95% CI OR -95% CI
Cummlative®
Low Ref - Ref - Ref - Ref -
Intermediate 4.9 15160 23 0.7-7.6 42 13-138 20 0.6-6.9
High 202 62-654 88 26-299 168 52-550 80 24-27.1
Age at first 228 3.0~1698 118 15-942 - - 114 14-90.1
exposure = .
35 years
Ever smoked 6.4 15-27.6 - - 43 1.1-206 4.7 1.1-203
Truncated
exposure®¥
Low Ref - Ref - Ref - Ref -
Intermediate 7.0 2.1-229 36 L1-122 63 19-206 34 1.0-116
High 16.1 4.6-55.8 83 23-298 136 39-477 17 21-276
Age at first 187 25-1399 9.1 1.1-732 - - 8.6 1.1-68.5
exposure 2 ) .
35 years
Ever smoked 5.5 13-23.7 - - 4.1 09-180 39 09-172
Ref=referent .

*Cumnlative exposure, smoking, age (N=1378, 23 hing cancer deaths)

**Cumnulative exposure truncated 10 years before end of follow-up (N=1273, 20 lung

cancer deaths)

Low exposure = cummlative exposure < 40 pg/m®

Intermediate exposure = cumulative exposure 40 <200pg/m
High exposure = cumulative exposure 2 200 pg/m’
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Table 19: Hierarchical.exposure models of cumulative high exposure'and addition of "
ever peak exposure:, crude  and adjusted odds ratios and 95% confidence intervals for -

lung cancer deaths;, Germar suhcohorts(684vw1thcompletedata, l&hmg cancerdeatbs) o
1 predictor © 2predictors 2pred1cmrs .. - JSpredictors.- - -

OumorSmoke T <G Peak Cnm+Smohe Cum+Peak+Smoke
Variable 95% CI OR ° 95%CI  ~OR: +.95% ClL OR 95% CI
High exposure - 63 2.6 182 ~33cch2~112 = 6.7 n25-179 3.8  12-115
+ Ever peak - 36009121 =s 3.0 09-113
Smoking 69 . 09lsag T e e §52667 62, 0.8-477

Gr aresd )
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MULTI-PLANT CHROMATE COHORT MORTALITY STUDY

Figure 1: Geometric mean over time for Uerdingen plant
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Figure 2: Geometric mean over time for Levetlusen plant
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MULTI-PLANT CHROMATE COHORT MORTALITY STUDY

Figure 3: Geometric mean over time for Corpus Christi plant
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Figure 4: Geometric mean over time for Castle Hayne plant
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Figure 5: Plantwide geometric means (raw data) from personal air sampling
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Figure 7: ADC/KDC production - Uerdingen
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Figure 6: Saturation - Uerdingen
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Figure 7: ADC/KDC production - Uerdingen
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Figure 8: Shipping — Uerdingen
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Figure 9: Electricians ~ Uerdingen
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Figure 10: Kiln 1 - Leverkusen
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Figure 11: Maintenance Workers & Foremen - Leverkusen
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Figure 12: Sulfate Separation & Drying - Leverkusen
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Figure 13: Lab Technicians - Leverkusen

50 4

—0—-Geometrlc méan (raw) - -.
o Geomelric mean (running average)

45 -

o lll'lllI"'I"|lllll’ll'l".'ll'llllll
L b D " A D D b & O | " o &
e@a"é’é"é‘\”\@é‘@*@*@*@*@*@é‘”@@@

Year

122

evT6CdHI



MULTI-PLANT CHROMATE COHORT MORTALITY STUDY

Figure 14: Shipping ~ Corpus Christi

129.6

‘—O—Geometric mean (raw)
1= Geometric mean (running average) i+ - - -

25'1
20.
t5 4
g
E
10 4
5.
# 0-
H =
.
N
©
e
>
IS
[ ]

e\

1980 1981 1982 l983 1984 1085 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998
Year

123



MULTI-PLANT CHROMATE COHORT MORTALITY STUDY

GYT6C4HI

25

20

15 4

pe/

10 -

Rigure 15: DCS Kiln ~ Corpus Christi

" —&— Geometric mean (raw) i

= ==~ Geomelric mean (running average) !

4111

[

1 . 1 L)

1980 1981 1982 1983 1984 1985 1986 1087 1988 1980 1000 1991 1992 1993 1994 1995 1996 1997 1998

Year

124



A s RNttt

9 T6C4HI

MULTI-PLANT CHROMATE COHORT MORTALITY STUDY

Figure 16: DCS Hearth - Corpus Christi
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Figure 17: Combined low exposure areas (GM < 1 pg/m? over all years) — Corpus Christi
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Figure 18: Crystal Packing — Castle Hayne
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Pigure 20: Chromic Acid — Castle Hayne
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Figure 21: Combined low exposure areas — Castle Hayne
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Figure 22: Scatterplot of peak versus cumulative exposure, cohort (n=1472)
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Figure 23: Box and whisker plot of distribution of cumulative exposure by plant
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Figuré 24: Year of hiré, separation and death for 25 lung cancér cases
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APPENDIX '
ICD-9 Codes ICD-9 Codes
No. | MAJOR / Minor Category of Death NIOSH rates German rates
1979-present 1979-present
Major_01 | TUBERCULOSIS
1 | Respiratory Tuberculosis 010-012 001-139
2 | Other Tuberculosis 013-018
Major_02
3 | MNof Lip 140 140
4 | MN of Tongue 141 141
5 | MN of Other Parts of Buccal Cavity 142-145 142-145
6 | MN of Pharynx 146-149 146-149
Major_03 | MN OF DIGESTIVE ORGANS AND PERITONEUM
7 { MN of Esophagus 150 150
8 | MN of Stomach 151 15t
9 | MN of Intestine Except Rectum 152-153 152, 153
10 { MN of Rectum 154 154
11 | MN of Biliary Passages, Liver, and Gall Bladder 155.0,155.1, 156 | 155
12 | MN of Liver, not Specified 155.2 156
I3 | MN of Pancreas 157 157
14 | MN of Peritoneum and Other and Unspecified of Digestive Organs 158, 159 158, 159
Major_04 | MN OF RESPIRATORY SYSTEM
t5 | MN of Larynx 161 161
16 | MN of Trachea, Bronchus and Lung 162 162
17 | MN of Other Parts of Respiratory System 160, 163-165 160, 163-165
Major_05 | MN OF BREAST
18 | MN of Breast ‘ 174-175 Unused
Major_06 | MN OF FEMALE GENITAL ORGANS
19 | MN of Cervix Uteri 180 Unused
20 | MN of Other and Unspecified Parts of Uterus 179, 181, 182 Unused
21 | MN of Ovary, Fallopian Tube, and Broad Ligament 183 Unused
22 | MN of Other Female Genital Organs 184 Unused
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250

Major_07 | MN OF MALE GENITAL ORGANS

23 | MN of Prostate 185 185

24 | MN of Other Male Genital Organs 186, 187 186, 187
Major_08 | MN OF URINARY ORGANS

25 | MN of Kidney ‘ ‘ 189.0-189.2 189

26 | MN of Bladder and Urinary Organs 188, 189.3-182.9 188
Major_09 | MN OF OTHER AND UNSPECIFIED SITES

27 | MN of Skin ) 172, 173 172,173 .

28 | MN of Eye 190 190

29 | MN of Brain and Other Pasts of Nervous System 191, 192 191, 192

30 | MN of Thyroid Gland : 193 193. .

31 | MN of Bone N 170 " 1170

32 | MN of Connective Tissue and Soft Tissue 1) 171

33 | MN of Other and Unspecified Sites (Minor Category) 194-199 194-199 -
Major_10 | NEOPLASMS OF LYMPHATIC AND HEMATOPOIETIC TISSUE

34 | Lymphosarcoma and Reticulosarcoma 200 200

35 | Hodgin's Disease 201 201

36 | Leukemia and Alenkemia 204-208 204-208

37 { Other Neoplasms of Lymphatic and Hematopoietic Tissue 202, 203 202, 203
Major_{1 | BENIGN AND USPECIFIED NATURE NEOPLASMS

38 | Benign Neoplasms of the Eye, Brain, and Other Parts of Nervous System 1 224,225 210-239

39 | Neoplasms of Unspecified Nature of Eye, Brain and Other Patts of Nervous System g;g—%ﬂ;’lg, ‘ Unused

. b .6~ 9. . .
40 | Other Benign and Unspecified Nature Neoplasms 210-223, 226- Unused
237.4,238.0-239.5,
239.8-239.9

Major_12 | DXABETES MELLITUS

41 | Diabetes Mellitus 250
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Major_13 | DISEASES OF THE BLOOD AND BLOOD FORMING ORGANS
- 42 | Pemicious Anemia ' 281.0, 281.9 280-289
43 | Anemias of Other and Unspecified Type 280, 281.1-281.8, | Unused
282-285
44 | Coagulation Defects, Purpura and Other Hemorrhagic Conditions 286,287 Unused |
45 | All Other Disease of Blood Formlng Organs 288, 289 Uniséd
Major_ 14 | MENTAL, PSYCHONEUROTIC AND PERSONALITY DISORDERS '
46 | Alcoholism 303 . 303
47 | Other Mental Disorders 290-302, 304-319::. | 200-302, 304~
: . s 319 n3.-
Major_I5 DISEASES OF THE NERVOUS SYSTEM AND SENSE ORGANS :
48 | Multiple Sclerosis: @ - . E 340 : Unused: 3
49 | Other Diseases ofthe Nervous System and Sense Organs 320-337, 341-389 | 320-389
Major_16 | DISEASESOFTHEHEART = . . .. - .. oo $. 2
50 | Rheumatic Heart Discase, Includmg.Fever - 390-398 '390-398 i
51 | Ischemic Heart Disease . - 410414 41045%57 7|
52 | Chronic Disease of Endocardium 2 - Unused. .. .
53 | Other Myocardial Degeneration 429.0,429,1 Unuged
54 } Hypertension with Heart Disease 402,404 401-405
55 | Other Diseases of the Heart 420-423,425-428," { 420-429
- PR 429.2_429‘9 e e ' e s
Major_17 | OTHER DISEASES OF THE CIRCULATORY SYSTEM e
56 | Hypertension without Heart Disease 401, 403, 405 Umlsed '
57 | Cerebrovascular Disease 430-438 430-438
58 | Diseases of the Arteries, Veins & Pulmonary Circulation 415-417, 440-459 :ggai 17, 440-
Major_{8 | DISEASES OF THE RESPIRATORY SYSTEM .
59 | Acute Respiratory Infections Except Influenza and Pricumonia 460-466 460-466-
60 | Influenza a8 487
61 | Pneumonia (except newborn) 480-486 480-486
62 | Chronic and Unspecified Bronchitis 490, 491 490,491 .
63 | Emphysema 492 492
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Asthma

453

493
65 { Pneumoconioses and Other Respiratory Diseases 470-478,494-519 | 470-478, 494-
519
Major_19 { DISEASES OF THE DIGESTIVE S§YSTEM
66 | Diseases of the Stomach and Duodenum 531-537 530-537
67 | Herhia and Intestinal Obstruction 550-553, 560 5|50-553, 560
68 | Cirrhosis of the Liver 571 571
69 | Other Diseases of the Digestive System 520-530, 540-543, | 520-529, 538-
555-558, 562-570, | 345, 555-558,
572-579 561-570, 572-
379
Major_20 | DISEASES OF THE GENITOURINARY SYSTEM ;
70 | Acute Glomerulonephritis Nephrotic Syndrome and Acute Renal Failure 580,581, 584 580-580
71 | Chronic and Unspecified Nephritis and Renal Failure and Other Renal Solerosis 582, 583, 585-587 §90-608
72 | Infection of Kidney 590 Unused -
73 | Caleuli of Urinary System 592, 594 - | Unused
74 | Hypetp|asia of Prostate 600 Unuged
75 | Other Diseases of Male Genital Organs 601-608 Unused
76 | Diseases of the Breast 610,611 Unused ‘
77 { Diseases of the Female Genital Organs 614-629 oo~ | Unused. 7
78 | Other Genitourinary System Diseases 588, 589, 591, 593, | Unused
: 595-599 ' : :
Major_21 | DISEASES OF THE SKIN AND SUBCUTANEOQUS TISSUE
79 | Infections of the Skin and Suboutaneous Tissue 680-686 | 680-709
80 | Other Diseases of the Skin and Subcutaneous Tissue 690-709 :
Major_22 :
81 | Arthuitis and Spondylitis 711-716,720, 721 | 710-739
82 | Osteomyelitis and Periostitis 730 o Unused
83 | Other Diseases of MS System 710, 717-119, 722- | Unused
. 729, 731-739






