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Aims: To assess mortality in 1997 among 493 former workers of a US chromate production plant
employed for at least one year between 1940 and 1972.
Methods: Cohort members were followed for mortality to 31 December 1997. Standardised mortality
ratios (SMRs) were calculated for selected cause specific categories of death including lung cancer.
Lung cancer mortality was investigated further by calculation of SMRs stratified by year of hire, dura-
tion of employment, time since hire, and categories of cumulative exposure to Cr(VI).
Results: Including 51 deaths due to lung cancer, 303 deaths occurred. SMRs were significantly
increased for all causes combined (SMR = 129), all cancers combined (SMR = 155), and lung cancer
(SMR = 241). A trend test showed a strong relation between lung cancer mortality and cumulative hex-
avalent exposure. Lung cancer mortality was increased for the highest cumulative exposure categories
(>1.05 to <2.70 mg/m3-years, SMR = 365; >2.70 to 23 mg/m3-years, SMR = 463), but not for the
first three exposure groups. Significantly increased SMRs were also found for year of hire before 1960,
20 or more years of exposed employment, and latency of 20 or more years.
Conclusions: The finding of an increased risk of lung cancer mortality associated with Cr(VI) exposure
is consistent with previous reports. Stratified analysis of lung cancer mortality by cumulative exposure
suggests a possible threshold effect, as risk is significantly increased only at exposure levels over 1.05
mg/m3-years. Though a threshold is consistent with published toxicological evidence, this finding must
be interpreted cautiously because the data are also consistent with a linear dose response.

Occupational exposure to hexavalent chromium

(Cr(VI)) compounds has been associated with a

number of adverse health effects, most notably nasal

irritation/perforation and lung cancer. Epidemiological studies

have associated exposure in the chromate production industry

with lung cancer for more than 50 years.1–7 Cr(VI) has also

been recognised to pose an inhalation cancer hazard in the

chromate pigment production,8 chrome plating,9 and

ferrochrome10 industries.11 Workers in chromate production

plants have been exposed to a variety of Cr(VI) chemicals,

typically including exposures to sparingly soluble calcium

chromates, soluble mono- and dichromates, and chromic acid.

All Cr(VI) compounds are classified as human carcinogens by

the International Agency for Research on Cancer (IARC),11 the

National Institute of Occupational Safety and Health

(NIOSH),12 and the American Conference of Governmental

Industrial Hygienists.13 However, the sparingly soluble calcium

chromate compounds, produced historically in chromate pro-

duction plants using “high lime” processes, are considered to

pose the greatest potential cancer hazard, based on intrabron-

chial implantation studies14 and epidemiological evidence.11 15

Despite the available evidence of the carcinogenicity of

Cr(VI), most epidemiological studies to date have not

adequately characterised exposures to allow for quantitative

risk assessment. Mancuso2 3 quantified exposures to total and

soluble chromium and used these measures to estimate expo-

sures to trivalent and hexavalent chromium, but these

Main messages

• Many occupational studies have linked Cr(VI) exposure
with lung cancer, but very few studies have quantified
exposure to Cr(VI).

• The current study used quantitative measures of cumulative
exposure to Cr(VI) and calculated SMRs, referenced to
standard populations, and thus represents substantial
improvements compared to previous studies of this
chromate production plant.

• Lung cancer mortality was significantly increased for the
two highest cumulative exposures categories only (>1.05
mg/m3-years), suggesting the possibility of a threshold
effect. This conclusion should be considered cautiously
because a linear dose-response model is compatible with
the data.

• Lung cancer mortality was not significantly increased for
workers first exposed after 1960 when the plant started to
use a lower lime mix in their process, generating less expo-
sure to calcium chromate compounds, and improved indus-
trial hygiene lowering Cr(VI) airborne exposures.

• These data provide an excellent opportunity for improved
cancer risk assessment from chronic exposures as the cohort
provides lung cancer mortality data for a reasonably stable,
long term workforce.
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Abbreviations: CI, confidence interval; DMF, Death Master File; ICD,
International Classification of Diseases; NDI-Plus, National Death Index
Plus; NIOSH, National Institute for Occupational Safety and Health;
SMR, standardised mortality ratio; SSN, social security number

Policy implications

• Regulatory agencies are currently reviewing available
scientific studies of airborne Cr(VI) exposure and lung can-
cer for risk assessment and possible establishment of new
exposure limits. This paper should be of direct interest and
utility to these organisations.

• These data suggest that a threshold model for lung cancer
might be valid and are consistent with toxicological and
kinetic evidence for a threshold mechanism.
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estimates were subject to a number of assumptions and have
been criticised.15–17 The recent study by Gibb and colleagues7

assesses mortality stratified by cumulative exposure to Cr(VI)
and reports results amenable to quantitative risk assessment
and dose-response modelling. However, the study includes a
very large fraction of short term workers, with more than half
of the cohort working less than six months, and 40% working
less than 90 days. Additionally, SMRs are presented by quartile
of exposure, resulting in few data points from which to
understand the dose-response relation for lung cancer.

This report describes the results of a retrospective cohort
study of former employees of the chromate production plant
in Painesville, Ohio that was studied previously by
Mancuso.2 3 The current study identifies and follows a
non-overlapping and more recent cohort of employees. The
plant studied in the current analysis also used a “high lime”
production process, but reduced the amount of lime added to
the roast mix starting in the 1950s. The mortality data from
this study have been combined with a quantitative exposure
reconstruction to quantify the relation between cumulative
exposure and lung cancer. The current analysis reflects
considerable improvements over the Mancuso studies,2 3

including a more robust exposure analysis and a mortality
assessment referenced to standard comparison populations.

The study objectives were to ascertain vital status,
determine cause of death for identified decedents, and
conduct mortality analysis using SMRs. SMRs were calculated
for overall lung cancer mortality, and stratified by year of hire,
duration of employment, time since hire, and categories of
cumulative exposure to Cr(VI). All available historical
exposure data were considered and, if appropriate, incorpo-
rated into a quantitative exposure assessment.

METHODS
The study cohort
Company records provided demographic and work history

data that were used to identify a total of 1034 former workers

potentially eligible for study. The following inclusion criteria

were used to derive the study cohort: employed in the Paines-

ville chromate production plant for at least one year beginning

in 1940 or later, and did not work in any of the other facilities

owned by the same company that used or produced Cr(VI).

Exceptions were made for workers who subsequently worked

at the plant in North Carolina because quantitative estimates

of cumulative exposure were available for those employees.

These inclusion criteria were established to ensure that Cr(VI)

exposures to the study cohort would be estimated reliably for

each worker.
Of 1034 potentially eligible employees initially identified,

493 met all of these criteria. Employees with exposure at other
chromate plants were excluded (n = 6) because exposure data
for those plants were not available. Similarly, workers
employed before 1940 were excluded (n = 189) because no
exposure data for these workers could be located, and the his-
torical company files for workers of this time period were
sparse. The identified employees who started in the 1930s are
believed to be only a fraction of the workforce for that time,
and represent only those still employed at the plant in the
1940s. Workers employed for less than one year were excluded
(n = 328) because data regarding work history for these
workers were very limited, and we reasoned that their
exposures were too brief to have a major impact on cause of
death. Furthermore, very short term workers may have differ-
ent risk profiles than longer term workers, particularly
concerning lifestyle factors such as nutrition, smoking, etc, as
well as other occupational exposures. Of the 493 qualified for
inclusion, 10 workers were missing valid dates of birth and
could not be included in the SMR analyses. Another worker
had implausible dates of birth and hire and was excluded.
Thus, analysis results based on 482 employees are presented
below.

Only limited information on other potential confounders

such as smoking histories, or other occupational exposures

was available, and was not used in the analysis. Smoking data

were available on only 35% of the cohort. Most data regarding

smoking was taken from annual surveys administered to all

employees from 1960 to 1965 wherein employees were asked

about current smoking status (yes/no). In a small percentage

of cases, smoking status (smoker/non-smoker) was noted on

the employee’s medical file. Of the 35% for which smoking

status records could be identified, approximately 78% were

current smokers (answered yes on the survey at least once or

were identified as a smoker on medical files). Information on

race was also limited, and available primarily from death cer-

tificates.

Exposure assessment
The exposure assessment was based on over 800 air sampling

measurements from 21 industrial hygiene surveys describing

airborne concentrations of speciated Cr(VI), encompassing

the years 1943 to 1971. A job-exposure matrix was constructed

for 22 exposure areas for each month of plant operation from

January 1940 to April 1972, when the plant closed. Gaps in the

matrix—months between exposure surveys—were filled by

computing from area sampling data the arithmetic mean con-

centration, averaged by exposure area, over three time periods

(1940–49, 1950–64, 1965–71). These time periods were deter-

mined to coincide with process modifications at the plant that

generally lowered worker exposures. Details of the methods

describing the exposure assessment are planned for future

publication.

Cumulative exposure categories (mg/m3-years) were

formed in a time dependent manner using individual employ-

ment histories mapped to the job exposure matrix, so that

each increment of person-years was assigned to the exposure

category to which a death would be assigned should it have

occurred at that time. The exposure reconstruction was

conducted by researchers blinded to the vital status of the

workers. Cut points for the five cumulative exposure

groupings used in analysis were established to allow approxi-

mately equal numbers of expected respiratory cancer deaths

in each category. Selection of cut points in this manner

preserves the weighting of the population under study.

Furthermore, it maximises stability for each estimate testing

the null hypothesis of no deviation from the expected. Though

trivalent chromium was also known to be present in the

workplace, no exposure data for trivalent chromium were

identified in the historical files.

Vital status searches
Several sources were used to ascertain the vital status of each

member of the cohort, including the following:

• Company records, including death certificates

• Death certificates acquired from state offices of vital statis-

tics

• Credit bureau database

• Social Security Administration’s Death Master File (DMF)

• National Death Index Plus (NDI-Plus)

• Epidemiological Vital Status System of the Social Security

Administration.

The last source also identified workers believed to be alive,

based on several Social Security Administration data sources.

Additionally, lists of former workers compiled earlier but not

used by Mancuso, provided alternate sources of demographic,

work history, and mortality data.

Cause of death coding
For each identified decedent, the underlying cause of death

was acquired from NDI-Plus search results, the death
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certificate, or both. The NDI database includes deaths reported

since 1979. Death certificates were obtained from state offices

of vital statistics and from company records, and were used to

confirm the identity of the decedent, to provide missing data

(for example, missing social security number (SSN)), and/or

to obtain cause of death for pre-1979 deaths. For all death cer-

tificates obtained which did not have a corresponding

NDI-Plus underlying cause of death code, the cause of death

was coded to the four digit rubric of the ninth revision of the

International Classification of Diseases (ICD-9).18 Rules used

to classify the underlying cause of death were the same as

those defined by the National Center for Health Statistics.19

Cause of death remains unknown for two cohort members

deceased before 1979 because death certificates could not be

located. For five decedents, the only source of cause of death

information was the data compiled by Mancuso, which was

recoded from the seventh to the ninth revision of the ICD for

inclusion in the analyses. None of these five cohort members

died of lung cancer.

Mortality analysis
The cohort was followed for mortality from 1 January 1941 to

31 December 1997. Person-years at risk (follow up) for each

cohort member began one year after first exposure, and

continued until the end of the study period, date of death, or

date of truncation for those lost to follow up, whichever came

first. Forty seven employees (10%) were coded as having

unknown vital status as of the end of the study, and their fol-

low up periods were truncated as of the date each was last

known alive. For 43 workers, this was the date of separation

from the chromate plant; the other four had substantial follow

up that ended in 1997, just short of the end of the study

period.

SMRs and 95% confidence intervals (CIs) were calculated

for selected causes of death, including lung cancer, as well as

all causes combined using reference rates for white males.

Women comprised a very small portion of the cohort (n = 4),

and race was known to be white for 94% (241 of 257) of

decedents for whom we obtained a death certificate. SMR

analyses were conducted using ProSMR, a life table analysis
module of the ProQuest database system (SoftWhere, Inc.,

Goshen, Massachusetts, USA and Applied Epidemiology, Inc.,

Amherst, Massachusetts, USA) and for cumulative exposure

using EPICURE (Hirosoft International Corporation, Seattle,

Washington, USA). The SAS system20 was also used for

selected analyses.

SMRs were calculated based on two different reference

populations: the US population as a whole, and the population

of the state of Ohio, where the chromate plant was located.

Mortality rates for both Ohio and the United States for the

years 1960 to 1994 were acquired from the NIOSH using CDC

Wonder software for microcomputers.21 For the calendar peri-

ods before 1960, US mortality rates were obtained directly

from NIOSH (Kyle Steenland, PhD, personal communication),

while Ohio rates for 1960–64 were used for the pre-1960 years

because state rates were not readily available. The effect of this

should be minimal, however, as less than one fourth of all

person-years and only 6% (19 of 303) of all deaths occurred

prior to 1960. We used 1990 to 1994 rates for the post-1994

rates, again because neither US nor Ohio rates were available

for these years. Use of Ohio reference rates minimises bias that

may occur from regional differences in mortality, which reflect

environmental and lifestyle factors such as diet, smoking

prevalence, and other factors.

In addition, lung cancer SMRs stratified separately by year

of hire, duration of exposure, time since first exposure, and

cumulative exposure group were calculated. Person-years

were allocated to categories of cumulative exposure, duration

of exposure, and time since first exposure in a time dependent

manner. Thus, workers may contribute person-years to several

exposure categories in the same analysis. A Poisson trend test

for monotonic dose-response relation in the stratified SMRs

was performed.22

RESULTS
Employee characteristics
Table 1 summarises the available demographic and employ-

ment history data. All but four of the workers were male.

Table 1 Characteristics of Painesville, Ohio chromate production workers (n=482)
and subset dead from lung cancer (n=51)

Study cohort Workers dead from lung cancer

n % n %

Year of birth
1877–1899 27 6 0 0
1900–1909 54 11 7 14
1910–1919 149 31 23 45
1920–1929 172 35 17 33
1930–1939 62 13 4 8
1940–1959 18 4 0 0

Year first exposed
1940–1944 90 19 18 35
1945–1949 106 22 12 24
1950–1954 87 18 12 24
1955–1959 53 11 3 6
1960–1964 78 16 4 8
1965–1972 68 14 2 4

Length of employment (y)
1–4 217 45 11 21
5–9 110 23 9 18
10–19 76 16 9 18
20–32 79 16 22 43

Mean (SD) Range Mean (SD) Range

Cumulative hexavalent exposure
(mg/m3-y) 1.58 (2.5) 0.003–23 3.28 (4.59) 0.06–23
Age at hire (y) 34.1 (11.0) 16.2–66.8 30.9 (9.6) 18.0–60.1
Length of follow up (y) 30.4 (14.4) 1.2–58.4 31.6 (11.8) 7.2–52.1

Lung cancer mortality among chromate production workers 453

www.occenvmed.com

 on M
ay 26, 2023 by guest. P

rotected by copyright.
http://oem

.bm
j.com

/
O

ccup E
nviron M

ed: first published as 10.1136/oem
.60.6.451 on 1 June 2003. D

ow
nloaded from

 

http://oem.bmj.com/


Almost half of the cohort was born before 1920, with 17%

born before 1910. Age at hire averaged 34 years. Forty one per

cent started working at the chromate plant during the 1940s,

and 59% started before 1955.

Forty five per cent of employees worked less than five years

in exposed jobs, and 16% worked 20 years or more. This meas-

ure of occupational tenure does not include time spent in

unexposed jobs. Length of follow up averaged 30 years, and

ranged from 1 to 58 years. The average age at death for the 303

decedents was 66 years. Follow up for the 482 employees in the

analysis totaled 14 048 person-years.

Exposure characteristics
Table 1 presents cumulative exposure data. The average cumu-

lative exposure was 1.58 mg/m3-y, and ranged from 0.003 to 23

mg/m3-y (table 1). Of the 482 cohort members included in

analyses, 60% (290/482) accumulated an estimated exposure

of 1.00 mg/m3-y or less (data not shown).

Vital status and cause of death
Based on all data sources, 62% (303/492) of the study cohort

were identified as deceased as of 31 December 1997. Because

cause of death could not be determined for two decedents they

were included in the all cause analysis, but could not be

included in any of the cause specific analyses. Cancer deaths

comprised 30% (n = 90) of known causes, with 57% (n = 51)

of these identified as lung cancer.

Characteristics of employees deceased from lung
cancer
Table 1 contains summary statistics for the 51 cohort members

who died of lung cancer. Nearly 60% of employees that died of

lung cancer were born before 1920. For this group, the average

age at the start of employment in the chromate plant was

approximately 31 years. Thirty five percent (n = 18) started

working at the plant between 1940 and 1944, and 82% started

before 1955. Only 21% worked one to five years (12–60

months), but 43% worked 20 years or more (240 months). The

average age at death for this group was 62 years. Cumulative

exposure averaged 3.28 mg/m3-y for lung cancer decedents, in

contrast to 1.55 mg/m3-y for the cohort as a whole.

Mortality results
Table 2 presents overall SMR results and 95% CIs for selected

causes of death based on both Ohio and US mortality rates.

Additional SMRs referencing Ohio rates were calculated for

lung cancer deaths stratified separately by year of hire,

duration of employment, time since first exposure, and cumu-

lative exposure (see table 3).

Mortality from all causes showed a statistically significant

excess of 29% (SMR = 129, 95% CI 115 to 144; table 2), based

on Ohio mortality rates. Results using United States rates were

similar, but the SMRs tended to be slightly higher, suggesting
that Ohio mortality rates were higher for white males during
this period. Mortality from all cancers also showed a

statistically significant excess (SMR = 155, 95% CI 125 to

191). While much of the excess mortality can be attributed to

excess cancers, there was also an approximately 20% excess of

non-cancer deaths (results not shown). Mortality from heart

diseases and other circulatory system diseases were slightly

increased (SMR = 113, 95% CI 93 to 136; and SMR = 143, 95%

CI 96 to 204, respectively) based on Ohio reference rates. These

results show the lack of a healthy worker effect in this cohort

and suggest that the overall health of the study cohort was less

favourable than typical working populations or the overall

general population.

When all non-respiratory system cancer mortality was

examined, no excess risk was found, based on 37 observed and

35.7 expected deaths (SMR = 104, 95% CI 73 to 143). As seen

in table 2, the 51 deaths from lung cancer represent over twice

the expected number (21.2) for the cohort, resulting in an

SMR of 241 (95% CI 180 to 317). There were no deaths due to

laryngeal cancer. There were two deaths from cancer of other

parts of the respiratory system (specifically, the pleura,

unspecified and the maxillary sinus) with only 0.2 expected.

Stratified lung cancer SMRs
Increased lung cancer SMRs were also seen for employees

hired during the first two decades of follow up (table 3).

Employees hired between 1940 and 1949 showed the highest

excess of lung cancer deaths (SMR = 326, 95% CI 220 to 465)

based on 30 observed and 9.2 expected deaths. Those hired

1950 to 1959 showed a similar excess based on 15 observed

and 5.5 expected deaths (SMR = 275, 95% CI 154 to 454). The

last stratum showed that lung cancer mortality for those hired

between 1960 and 1971 was essentially as expected (6

observed and 6.5 expected deaths). For this group, follow up

ranged from 27 to 38 years, and cumulative exposure averaged

0.30 mg/m3-y. In contrast, average cumulative exposure was

1.00 mg/m3-y for employees hired 1950 to 1959, and 2.96

mg/m3-y for those hired 1940 to 1949.

SMRs varied by categories of employment duration (table

3). Although the point estimates were increased for each stra-

tum, a dramatically increased SMR of 497 (95% CI 328 to 723)

was generated for employees working 20 or more years. Lung

cancer SMRs stratified by time since first exposure are also

presented in table 3. Again, although increased point

estimates were evident for every stratum, the highest and sta-

tistically significant estimates occurred at 20 years or more

since first exposure. This finding is consistent with the known

long latency period for lung cancer, as 44 (86%) of the 51 lung

cancer deaths occurred 20 or more years after initial exposure.

Table 3 also presents SMRs for lung cancer, stratified by five

cumulative exposure groups, using Ohio reference rates. It was

Table 2 Overall mortality results for Painesville, Ohio chromate production workers, selected causes of death, follow up
1940–1997 (n=482, 14048 person-years)

Cause of death (ICD-9 codes) Obs

Ohio reference rates US reference rates

Exp SMR 95% CI Exp SMR 95% CI

All causes (001–999) 303 235.0 129 115 to 144 225.6 134 120 to 150
All cancers (140–205) 90 57.9 155 125 to 191 54.3 166 133 to 204
Cancers of the respiratory system (160–165) 53 22.2 239 179 to 313 20.0 266 199 to 347

Larynx (161) 0 0.8 n/a – 0.7 n/a –
Trachea/bronchus/lung (162) 51 21.2 241 180 to 317 19.0 268 200 to 352
Other parts of respiratory system (160, 163–165) 2 0.2 941 114 to 3397 0.2 989 120 to 3574

Non-respiratory system cancers 37 35.7 104 73 to 143 34.3 108 76 to 148
Diseases of the heart 109 96.4 113 93 to 136 90.0 121 99 to 146
Other circulatory system diseases 30 21.0 143 96 to 204 19.9 151 102 to 216
Unknown causes of death 2 n/a n/a – n/a n/a –
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expected that United States rates would generate similar

results, with slightly higher SMRs. The Poisson test for trend

indicated a positive exposure-response relation between lung

cancer mortality and cumulative hexavalent exposure catego-

ries (p = 0.00002). However, examination of the cumulative

exposure categories shows that 36 of the 51 (71%) lung cancer

deaths occurred among workers in the two highest exposure

categories (that is, 1.05 mg/m3-y or higher). SMRs were statis-

tically significantly increased for these two categories (SMR =

365, 95% CI 208 to 592; and SMR = 463, 95% CI 283 to 716,

respectively). Only 15 lung cancer deaths occurred among

workers in the three lowest exposure categories, resulting in

estimates with wide confidence intervals. The results for the

lowest three exposure categories, with less than 1.05 mg/m3-y,

indicated that lung cancer mortality was not significantly dif-

ferent from that of the reference population.

DISCUSSION
The current mortality study benefits from an exposure assess-

ment that represents a clear improvement over previous stud-

ies of chromate chemical production workers from the

chromate plant in Painesville, Ohio2 3 and other locations. The

Mancuso studies of this chromate plant provide the basis for

the current inhalation cancer dose-response assessment used

by the Environmental Protection Agency to evaluate the risk

from environmental Cr(VI) exposures.23 Several methodologi-

cal and study design features differentiate the current study

from previous investigations of this plant.2 3 The Mancuso

cohort was comprised of workers hired from 1931 to 1937, yet

characterisation of exposure was based on a single industrial

hygiene area survey conducted 12–18 years later in 1949.24

That survey did not quantify Cr(VI); rather, only total and

soluble chromium were reported from which the Cr(VI) frac-

tion was estimated. Furthermore, the survey is believed to

underestimate total chromium exposures for the years prior to

1949.24 25

The current exposure reconstruction utilised multiple area

surveys, conducted from 1943 to 1971, to quantify exposure

and used data that were speciated for Cr(VI). A further

distinction is that this cohort of workers employed after 1939

did not overlap with the Mancuso cohort of workers employed

between 1931 and 1937. A criticism of the previous studies is

that the investigator did not assess lung cancer mortality rela-
tive to a standard comparison population.16 In this report we
presented SMRs based on both US and Ohio reference popu-
lations, for selected causes of death including lung cancer.

The finding of a twofold excess of lung cancer among this
cohort is consistent with previous studies of chromium work-
ers exposed in plants using a high lime production process.
Korallus and colleagues5 found an increased SMR for lung
cancer of 227 (95% CI 178 to 285), while Davies and
colleagues4reported an SMR of 197 (175 observed, 88.97
expected) for cohorts working in plants using a high lime pro-
duction process, similar to that used at the Painesville plant.
Another finding consistent with these two studies is that
workers who started at the Painesville plant after the switch to
a lower lime mix in 1960 have not, to date, experienced an
excess of lung cancer mortality (6 observed, 6.5 expected,
table 3).

We found a statistically significant excess of mortality from
all cancers, which can be attributed primarily to the excess
due to lung cancer. We did not detect a healthy worker effect
(that is, the tendency for working populations to experience
lower mortality rates than the general population) in this
cohort (see table 2), which suggests that the cohort’s overall
health was less favourable than that of the population of Ohio,
or the USA as a whole. However, the healthy worker effect is
not usually reflected in cancer mortality and tends to diminish
with increasing length of follow up, therefore a strong healthy
worker effect would not be expected in this cohort. Further
investigation of other non-cancer outcomes, such as heart and
circulatory disease mortality were analysed for this cohort.
Evidence of deficits in these particular diseases is often asso-
ciated with the healthy worker effect. For diseases of the heart,
the category with the largest number of deaths (n = 109, 36%
of all deaths), the SMR was slightly increased (SMR = 113,
95% CI 93 to 136) but not statistically significant. Similarly,
deaths due to circulatory system diseases were increased
(SMR = 143, 95% CI 96 to 204), based on 30 deaths (10% of all
deaths). Combined, these results suggest that this occupa-
tional cohort experienced below average health most likely
related to smoking and may also include factors such as diet,
physical activity and other lifestyle indicators.

Furthermore, the limited smoking data available for this
study suggests that a high proportion of employees smoked.

Table 3 Stratified lung cancer mortality results for Painesville, Ohio chromate production workers, follow up 1940 to
1997, Ohio white male reference rates (n=482, 14048 person-years)

Stratification variable Employees* Person-years Obs Exp SMR 95% CI Trend†

Year of hire 0.005
1940–1949 196 6598 30 9.2 326 220 to 465
1950–1959 140 3897 15 5.5 275 154 to 454
1960–1971 146 3553 6 6.5 92 34 to 201

Duration of employment (y)* 0.0001
1–4 482 5311 9 6.6 137 62 to 260
5–9 314 3576 8 5.0 160 69 to 314
10–19 201 2970 7 4.1 169 68 to 349
20–32 106 2191 27 5.4 497 328 to 723

Time since first exposure (y)* 0.12
0–9 482 4064 2 1.5 131 16 to 473
10–19 430 4015 5 3.7 136 44 to 317
20–29 366 3104 16 5.8 277 158 to 449
30 or more 257 2865 28 10.2 275 183 to 398

Cumulative hexavalent exposure, mg/m3-y‡ 0.00002
0.00–0.19 2952 3 4.5 67 14 to 196
0.20–0.48 2369 8 4.4 184 79 to 362
0.49–1.04 3077 4 4.4 91 25 to 234
1.05–2.69 3220 16 4.4 365 208 to 592
2.70–23 2482 20 4.3 463 283 to 716

*The number of employees in the analyses for Duration of employment and Time since first exposure represent the number contributing person-years to
each stratum. The time dependent method of person-years accumulation means that all employees contribute person-years to the lowest stratum, while
fewer contribute to each successive higher stratum.
†p values from two sided Poisson trend test for an effect of exposure.
‡Person-years for the cumulative exposure strata total 14100, due to use of a different application for this analysis.
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Unfortunately, the smoking data for this cohort were not suf-
ficiently complete for use in the analysis as only 35% of the
study cohort was represented. The available data were from
annual surveys administered to all employees during the years
1960 to 1965 only. Employees were asked about current
smoking status and responses indicated that a high pro-
portion, approximately 78%, were current smokers (answered
yes on the survey at least once). Though not reported, the pro-
portion of ever smokers would be even higher. Additionally,
the proportion of self reported smokers was similar in each
cumulative exposure group, and ranged from 73% to 86%. It is
likely that the survey results are representative of the entire
cohort, and our finding of a lack of a healthy worker effect in
this cohort could be linked to the high level of smoking. It is
unlikely, however, that confounding by smoking could drive
the dose-response pattern observed.

Examination of lung cancer mortality by year of hire in this
study indicated that 45 of the 51 deaths (88%) occurred in
workers hired prior to 1960 (table 3), while 30 (59%) of these
occurred in workers hired 1940 to 1950. A trend of decreasing
risk was evident, with no excess mortality detected among
those hired after 1960. Strata cut points for analysis were
selected to coincide approximately with process changes
implemented at the plant. In 1950 the plant was renovated
(shifting of some operations from one building to another)
and upgraded with new equipment.24 A process change was
implemented starting in 1964 that created a closed system
through which the roast was discharged directly from the
kilns to the main leaching area. The lack of an increase in lung
cancer risk seen in the last stratum, hire dates 1960 to 1971, is
interesting as the follow up period for these workers was
adequate to detect an excess risk, and may reflect a lower risk
due to reductions in the Cr(VI) exposures or the conversion to
a lower lime process.

The analyses stratified by duration of employment and time
since first exposure indicate a consistency of results among
those employed the longest and with the longest elapsed time
since first exposure. The latter suggests a latency period of
approximately 20–35 years, which is compatible with other
research.2 5 6 15

Stratified analysis of lung cancer mortality showed a trend
of increasing mortality with higher cumulative exposure levels
(table 3). To evaluate a possible dose-response, a linear model
was evaluated using a χ2 test. This test showed no significant
departure from linearity (χ2 goodness of fit of linear model,
p = 0.23), indicating that a linear model may be compatible
with the data. However, these SMRs are also consistent with a
threshold effect, as the risk increased substantially at cumula-
tive exposure levels above 1.05 mg/m3-y (60% of the exposed
cohort). This conclusion should be considered cautiously
given the small number of lung cancer deaths observed, espe-
cially in the lower exposure categories.

Recently, Gibb and colleagues7 reported SMRs by four
cumulative exposure levels for a cohort of chromate produc-
tion workers working 1950 to 1974 at a US plant in Baltimore,
Maryland. Exposures ranged from no exposure to a maximum
of 2.73 mg Cr(VI)/m3-y (converted from the reported 5.25 mg
CrO3/m

3-y). Though the overall SMR for lung cancer was
significantly increased as compared to the standardised US
reference population (SMR = 180, 95% CI 149 to 214), the
stratified analysis yielded statistically significantly increased
SMRs for the two highest cumulative exposure categories only
(>0.0046 mgCr(VI)/m3-y, converted). Interestingly, in general,
cumulative exposures to Cr(VI) among the Baltimore cohort
were notably lower than those of the Painesville cohort, and
the entire Painesville cohort falls in and above the highest
exposure quartile reported for the Baltimore cohort. The low-
est level of exposure which resulted in a statistically
significant risk for the total Baltimore cohort was the third
quartile, with a mean exposure level of 0.016 mg Cr(VI)/m3-y
(converted from presented units of 0.030 mg CrO3/m

3-y). This

cumulative exposure level is far below the level at which a sig-

nificant risk was observed among the Painesville cohort (1.05

mg/m3-y).

Comparison of our results with the Baltimore cohort study

may be difficult for several reasons. Although the Baltimore

cohort is considerably larger than this Painesville cohort (2357

versus 492 workers, respectively), very short term workers

were included in the Baltimore cohort, including some that

were reported to have no exposure. More than half of the Bal-

timore cohort worked less than six months, and 990 workers

(42%) worked less than 90 days. In fact, only 589 (25%)

worked two or more years. In contrast, over half (54%) of the

cohort from the Painesville plant worked six or more years in

the plant. Unlike the Baltimore study, Painesville employees

with less than one year of employment were excluded from

the current study. Lifestyle factors may differ considerably for

short term employees, and other (unmeasured) occupational

exposures may be more likely to exist. Short term workers

may have different risk profiles than longer term workers.

Overall, the Painesville cohort represents a more stable, longer

term workforce and provides data that may be used to better

characterise long term (chronic) exposures to Cr(VI).

Several limitations must be considered in interpreting the

current results. Although the exposure assessment represents

a major improvement in methodology, it is not without limita-

tions, including the absence of personal monitoring data,

sparse industrial hygiene area measures in the 1940s, and

gaps in work history for some cohort members. Use of cumu-

lative exposure may obscure effects involving intensity and

duration, as well as temporal sequencing, because it incorpo-

rates all these factors into an absolute amount of exposure.26

Further, reconstructing an employee cohort of a closed

facility of a company that is no longer in existence presented

difficulties, and data gaps still exist for some cohort members.

A total of 10 (2%) employees were missing date of birth at the

close of the study, while another had implausible dates, and

could not be included in the SMR analyses. A valid SSN was

not found for 48 of the 493 employees eligible for the study

(10%), and seven of these workers were missing both SSN and

date of birth. Vital status was unknown for 47 of the 482

(10%) workers in the cohort, and person years at risk were

censored substantially for 43 of these workers (that is, most

were censored in the 1950s and 1960s, as of their date of sepa-

ration from the company). Most of those censored had insuf-

ficient data for key fields (usually SSN) which limited the vital

status searches that could be completed for these workers.

Additionally, some of those lost to follow up likely represent

pre-1979 deaths which are more difficult to trace. Information

on potential confounders, such as smoking was also limited,

and precluded our ability to assess their effects.

Cr(VI) has long been known to cause lung cancer and, as

expected, this report supplies yet more evidence. However,

there has been considerable uncertainty regarding the

dose-response relation between Cr(VI) and lung cancer. Of the

very few studies that have characterised exposure, this epide-

miological study is the first to suggest that the data could be

consistent with a threshold effect between Cr(VI) exposure (a

surrogate for dose) and lung cancer. The biological basis for a

threshold effect rests on the capacity of the lung to reduce

Cr(VI) to the non-carcinogenic trivalent state.27 28 This finding

must be interpreted cautiously given the limitations described

above, as well as the significant linear trend of the

dose-response. Nonetheless, these findings provide important

evidence in the process of elucidating the dose-response rela-

tion between Cr(VI) and lung cancer.
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