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Abstract
Objective—To update the mortality
experience of a cohort of 8508 workers
with potential exposure to acrylamide at
three plants in the United States from
1984–94.
Methods—Analyses of standardised mor-
tality ratios (SMR) with national and local
rates and relative risk (RR) regression
modelling were performed to assess site
specific cancer risks by demographic and
work history factors, and exposure indica-
tors for acrylamide and muriatic acid.
Results—For the 1925–94 study period,
excess and deficit overall mortality risks
were found for cancer sites of interest:
brain and other central nervous system
(CNS) (SMR 0.65, 95% confidence interval
(95% CI) 0.36 to 1.09), thyroid gland (SMR
2.11, 95% CI 0.44 to 6.17), testis and other
male genital organs (SMR 0.28, 95% CI
0.01 to 1.59), and cancer of the respiratory
system (SMR 1.10, 95% CI 0.99 to 1.22);
however, none was significant or associ-
ated with exposure to acrylamide. A
previously reported excess mortality risk
of cancer of the respiratory system at one
plant remained increased among workers
with potential exposure to muriatic acid
(RR 1.50, 95% CI 0.86 to 2.59), but was only
slightly increased among workers exposed
or unexposed to acrylamide. In an ex-
ploratory exposure-response analysis of
rectal, oesophageal, pancreatic, and kid-
ney cancer, we found increased SMRs for
some categories of exposure to acryla-
mide, but little evidence of an exposure-
response relation. A significant 2.26-fold
risk (95% CI 1.03 to 4.29) was found for
pancreatic cancer among workers with
cumulative exposure to acrylamide >0.30
mg/m3.years; however, no consistent
exposure-response relations were de-
tected with the exposure measures consid-
ered when RR regression models were
adjusted for time since first exposure to
acrylamide.
Conclusion—The contribution of 1115 ad-
ditional deaths and nearly 60 000 person-
years over the 11 year follow up period
corroborate the original cohort study
findings of little evidence for a causal
relation between exposure to acrylamide
and mortality from any cancer sites,
including those of initial interest. This is
the most definitive study of the human
carcinogenic potential of exposure to
acrylamide conducted to date.
(Occup Environ Med 1999;56:181–190)

Keywords: acrylamide; muriatic acid; cohort mortality
study

In 1989, Collins et al1 reported the mortality
experience of 8854 workers with potential
exposure to acrylamide, a substance widely
used in the manufacture of water soluble poly-
mers used for water treating, paper mining, and
sugar processing, at four Cytec Industries (for-
merly the chemical division of American
Cyanamid Company), in three United States
plants (Fortier, LA; Kalamazoo, MI; and
Warners, NJ), and a plant in Botlek, The Neth-
erlands. The original acrylamide study was
prompted by animal studies that suggested
acrylamide’s carcinogenic potential based on
an increased incidence of cancers of the brain
and central nervous system (CNS), thyroid
gland, other endocrine glands, and reproduc-
tive organs,2 3 and by limited epidemiological
data. Sobel et al4 in a small cohort mortality
study of 371 workers exposed to acrylamide,
reported 11 observed cancer deaths versus 7.9
expected due to excess cancers of the digestive
tract and respiratory system among workers
exposed to organic dyes. Among workers not
exposed to organic dyes, four cancer deaths
were observed versus 6.5 expected.

The original acrylamide study found no sig-
nificant excesses in total or cause specific mor-
tality between 1925 and 1983 in the four
plants. An exposure-response analysis of 2293
workers with exposure to acrylamide showed
no trend of increased risk of mortality from
several cancer sites. A significant excess in res-
piratory cancer (SMR 1.31, p < 0.05) was
found at the Warners factory, which was largely
confined to two groups: men who worked in
the muriatic acid operations (n=11 deaths)
between 1925 to 1956, and men hired between
1940 to 1949 who had worked less than 1 year
in various departments (n=52 deaths). The
investigators, including two of the current
authors (GMM and LJL) concluded that the
results did not support the hypothesis that
acrylamide is a human carcinogen.1

An extended and updated investigation was
undertaken to examine the acrylamide cohort
mortality experience from malignant neo-
plasms relative to exposure to acrylamide, and
to investigate the apparent cluster of respira-
tory cancers at the Warners factory with
emphasis on exposure to muriatic acid. We
report here the results of an 11 year follow up
(1984–94) of the original acrylamide cohort.

Methods
STUDY POPULATION

The original acrylamide cohort included 8854
male employees with full time work experience
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at any of the four study plants between 1 Janu-
ary 1925 and 31 January 1973. In the current
update, we did not include the 346 workers
from the Botlek plant because the follow up
was incomplete at the time of analysis. For the
United States plants, company records were
reviewed to update the work histories and the
exposures to acrylamide and muriatic acid of
study members actively employed at the end of
1983. The United States study cohort includes
8508 workers.

Table 1 shows selected characteristics of the
United States study population by plant. The
Warners factory is the oldest and largest plant
in the study contributing 84% of the total study
members and person-years. About half of the
cohort was hired before 1950 and employed at
the Warners or Kalamazoo plants, and about
half were short term workers (defined as <1
year of employment). Most of the cohort
members in each plant are white. Because of
incomplete data, tobacco smoking history had
limited use as a covariable in the original
exposure-response analysis and now.

COHORT TRACING

The vital status of the United States study
members was determined as of 31 December
1994 with Cytec personnel and pension files
and based on a two stage tracing protocol that
uses several conventional tracing sources,
including the Social Security Administration
and the National Death Index.5 Consistent
with our protocol, all people who died after the
1994 follow up period or who were traced and
not identified as deceased during the study
period were assumed to be alive as of the study
end date. Those with unknown vital status were
untraceable due to missing Social Security
numbers, a methodological limitation of the
original study due mostly to Warners employ-
ees who started work before the establishment
of Social Security. Death certificates were
obtained from the corresponding state health
department, and to conform with the original
study, were coded by a nosologist to the under-
lying cause of death with the 8th revision rules
of the international classification of diseases
(ICD-8).

Table 2 shows the plant specific vital status of
the United States study population at the end
of 1994. A total of 3282 deaths as identified
through 1994, an increase of 1115 deaths from
the original 1983 follow up of the United States
plants. People lost to follow up decreased from
513 (6%) in the original study to 426 (5%).
Death certificates were obtained for 3111
(95%) of all deaths.

EXPOSURE ESTIMATES

Acrylamide
The general methods of the quantitative
estimates of exposure to acrylamide detailed by
Collins et al1 considered a worker as exposed to
acrylamide if his cumulative exposure value is
>0.001 mg/m3.years, the approximate equival-
ent exposure of a 1 day average concentration
to the current permissible exposure limit of
0.3 mg/m3. From the individual worker job
histories and the job and time specific exposure
estimates, three time dependent summary
measures of exposure to acrylamide, were
computed for each worker:
x Duration of exposure=the sum of the days

spent in jobs with non-zero exposure to acryla-
mide (y)
x Cumulative exposure=the product of the

number of days in each job and the estimated
average daily exposure to acrylamide, summed
across all jobs (mg/m3.y)
x Average intensity of exposure=the ratio of

cumulative to duration (mg/m3)
Exposure estimates for the 1984–94 period

were assigned with the 1983 exposures to acry-
lamide developed in the original study. Few
employees in the follow up period would have
potential exposure to acrylamide, as the Warn-
ers plant stopped acrylamide operations in
1985 and any extrapolation error would be
small with minimal impact on our findings.
This conservative operating assumption was
also supported by a review of industrial hygiene
monitoring data and by plant personnel,
including one coauthor (LJL), knowledgeable

Table 1 Characteristics of study plants and population used in 1994 update

Characteristics Fortier Kalamazoo Warners All plants

Plant start up date 1951 1930 1917 —
AMD production dates 1966 present 1967 present 1954-85 —
Total subjects: 1295 60 7153 8508

White men 1172 57 6013 7242
Non-white men 123 3 1140 1266

Year of birth:
< 1900 1 5 633 639
1900-19 197 15 2602 2814
1920-39 724 17 2908 3649
>1940 373 23 1010 1406

Year of hire (entry into study):
1925-39 0 5 1584 1589
1940-49 0 12 2471 2483
1950-59 730 17 1566 2313
1960-73 565 26 1532 2123

Duration of employment (y):
< 1 230 6 3932 4168
1-4.9 285 12 1537 1834
5-9.9 133 3 434 570
10-19.9 248 8 453 709
>20 399 31 797 1227

Person-years (1925-94):
Total 40592 1884 245255 287731
Unexposed to AMD 21320 726 201781 223827
Exposed to AMD* 19272 1158 43474 63904

0.001-0.029 ( mg/m3.y) 6710 328 6274 13312
0.03-0.29 11850 632 12296 24778
>0.30 712 198 24904 25814

Person-years (1950-94):
Total 40592 1778 214615 256985
Unexposed to AMD 21320 644 174467 196431
Exposed to AMD* 19272 1134 40148 60554

0.001-0.029 ( mg/m3.y) 6710 328 6248 13286
0.03-0.29 11850 608 11991 24449
>0.30 712 198 21909 22819

Tobacco smoking:
Never smoker 196 4 421 621
Ever smoker 550 25 1558 2133
Unknown 549 31 5174 5754

*Person-years refer to follow up time not exposure time. Person-years among unexposed workers
includes follow up time of workers before their first exposure to AMD (started employment in an
unexposed job).

Table 2 Vital status of study population by plant: follow up to the end of 1994

Vital status Fortier Kalamazoo Warners All plants

Alive: 987 36 3777 4800
Assumed 582 19 2861 3462
Confirmed 405 17 916 1338

Dead: 288 24 2970 3282
Death certificate (%) 280 (97) 24 (100) 2807 (95) 3111 (95)
No death certificate 8 0 163 171

Unknown (%) 20 (2) 0 (0) 406 (6) 426 (5)
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of acrylamide processes during the follow up
period.

Muriatic acid
Muriatic acid production operated only at the
Warners plant between 1922 and 1937;
between 1937 and 1956 muriatic acid exposure
was restricted to trans-shipment and repackag-
ing. Duration of exposure was the only
muriatic acid exposure measure computed as
only a qualitative estimate was assessed (pres-
ence or absence of potential exposure for each
job).

Table 3 shows selected summary statistics
for the three measures of exposure to acryla-
mide computed for all workers in the 1994
acrylamide cohort and for duration of exposure
to muratic acid at Warners. For all workers
combined, 60 554 (24%) of the total person-
years are associated with exposure to acryla-
mide (table 1). The values of each exposure
measure are generally small, consistent with
the observation in table 1 that nearly half of the
study members were short term workers. For
example, at Warners, the mean intensity of
exposure to acrylamide was 0.115 and the
mean duration of exposure to muratic acid was
only 0.08 years.

Exposure to acrylamide varied, as each of the
domestic plants produced or used acrylamide
diVerently. Acrylamide is produced in two
forms, wet acrylamide in aqueous solution, and
dry acrylamide that can be in either a powder
or a solid pellet. The Warners plant produced
both forms of acrylamide. The Fortier factory
manufactured wet acrylamide monomer. Both

plants used wet and dry acrylamide in the for-
mulation of other products. Kalamazoo used
only wet acrylamide. Potential exposure may
have occurred during monomer and polymer
production from inhalation of dry powder,
acrylamide monomer, or aerosols of acryla-
mide solution and dermal absorption of the
acrylamide monomer and solutions.

STATISTICAL ANALYSES

Descriptive analysis of SMRs
We examined the total and cause specific mor-
tality experiences of the United States acryla-
mide cohort from 1 January 1925 to 31
December 1994. Cohort analyses were per-
formed with a modified life table procedure
from the occupational cohort mortality pro-
gramme (OCMAP).6–8 Person-years at risk
contributed by each study member were jointly
classified by plant, race, age group, calendar
time, duration of employment (DOE), and the
time since first employment (TSFE). Person-
year counts began at the date of hire and con-
tinued until date of death or the end of the
1994 study period. For workers lost to follow
up, person-year counts stopped at the last date
of known vital status, which was always the date
of the end of employment.

We computed expected numbers of deaths
by multiplying average annual race, age, and
time specific standard population death rates
by the person-years at risk in the corresponding
race age time intervals. To coincide with
update periods, 1980–4 rates were applied to
1980–3 person-years and 1985–9 rates were
applied to 1984–9 person-years. As in the
original study, expected numbers of deaths for
the United States plants were computed with
the total United States male population as the
standard population. United States male death
rates covering the 1925–89 observation period
were obtained from the cohort analysis soft-
ware developed by Monson.9 For the 1990–4
period, corresponding United States rates were
obtained for comparable categories from the
mortality and population data system (MPDS)
maintained at the University of Pittsburgh.10

As an enhancement to the original study, we
computed expected numbers of deaths based
on MPDS rates for the male populations of the
counties surrounding the factory (for Warners-
Middlesex and Union Counties, NJ) or the
local county in which the subcohort largely
resides (for Fortier-JeVerson Parish, LA; for
Kalamazoo-Kalamazoo County, MI). Due to
limitations of the MPDS data, expected
numbers of cancer deaths were limited to the
period 1950–94; non-cancer deaths were lim-
ited to 1960–94 (with 1962–4 rates applied to
1960–4 person-years). MPDS rates were used
only for those cause of death categories defined
by identical or nearly identical ICD codes in
the Monson and MPDS rate files. Because
local death rates usually provide the most valid
external mortality comparisons (as they help to
adjust for the social, cultural, and economic
factors related to disease), all but the aggregate
analysis were based exclusively on local rates.
Moreover, because the counties involved repre-

Table 3 Summary statistics for exposure measures to AMD and muriatic acid by plant,
all workers, 1925-94

Exposure indicator* Fortier Kalamazoo Warners All plants

Acrylamide:
Duration of exposure (y):

Minimum 0 0 0 0
25th percentile 0 0 0 0
Median 0 2.62 0 0
75 th percentile 5.40 15.58 0 0
Maximum 34.62 41.67 40.99 41.67
Mean 4.16 7.62 1.20 1.69
SD 7.25 9.68 4.79 5.42
CoeYcient of variation 174.3 127.1 400.5 319.9

Average intensity of exposure (mg/m3):
Minimum 0 0 0 0
25 th percentile 0 0 0 0
Median 0 0.003 0 0
75 th percentile 0.010 0.008 0 0
Maximum 0.055 0.124 2.200 2.200
Mean 0.007 0.009 0.115 0.098
SD 0.011 0.019 0.364 0.336
CoeYcient of variation 157.2 201.8 315.8 342.7

Cumulative exposure (mg/m3.y)
Minimum 0 0 0 0
25 th percentile 0 0 0 0
Median 0 0.02 0 0
75 th percentile 0.06 0.08 0 0
Maximum 0.81 0.72 32.31 32.31
Mean 0.04 0.08 0.29 0.25
SD 0.08 0.15 1.34 1.23
CoeYcient of variation 190.7 180.8 458.3 487.6

Muriatic acid;
Duration of exposure (y):

Minimum 0
25 th percentile 0
Median 0
75 th percentile 0
Maximum 26.53
Mean 0.08
SD 1.02
CoeYcient of variation 1256.4

*Computed from date of hire to earliest of date of ending work, death, or 31 December 1994.
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sent large population areas, the local rates are
measured with good precision.

Mortality excesses and deficits were expressed
as standardised mortality ratios (SMRs) along
with their 95% confidence intervals (95% CIs).
The SMRs were computed for subgroups of the
cohort defined by plant, race, follow up period,
calendar period, year of hire, duration of
employment, and the time since first employ-
ment. The SMRs were also computed for
selected causes of death for the measures of
exposure categories of acrylamide and muriatic
acid with and without exposure lagging.8 11

Here, person-year counts in the unexposed
baseline categories include the observation time
of workers before their first exposure. The
significance of SMRs was assessed with Poisson
probabilities. All tests were done at the 0.05 sig-
nificance level and no adjustment was made for
multiple comparisons.

Relative risk regression analysis
Relative risk regression modelling was used to
investigate the dependence of the internal
cohort rates (modelled as time to death) for
selected cancer sites on combinations of the
categorical acrylamide or muriatic acid expo-
sure measures, with adjustment for potential
confounding factors. Study data from the
entire 1925–94 period were modelled. For each
cancer site examined, risk sets were explicitly
constructed from the cohort data file with age
as the primary time dimension, with the RISK-
SET program module in OCMAP-PLUS.8 To
adjust for year of birth (cohort) eVects, risk sets
were caliper matched on year of birth. The time

dependent exposures were evaluated for each
person at each event time they were at risk.

Multiplicative relative risk (RR) models of
the form ë(t) = ë0 (t) exp{x(t)â} were fitted to
the internal cohort rates. Mathematical details
of the models are given elsewhere.12–14 The
conditional logistic regression program in
EGRET15 was used to estimate â from the
explicitly constructed risk sets. Categorised
forms of the covariates were considered to par-
allel the descriptive SMR analysis of mortality
relative to exposure. The demographic and
exposure variables were first considered uni-
variately as categorical variables to identify
patterns of univariate associations with the
outcome and sparse data problems. Possible
exposure-disease associations were then evalu-
ated with a forward stepwise approach to adjust
for possible confounders. EVect modification
was assessed as far as possible.

The significance of each main eVect (ex-
pressed as a global p value) and interaction was
assessed with a likelihood ratio statistic. For the
quantitative exposure variables that had a
monotonic pattern in the parameter estimates,
a test for linear trend was conducted (ex-
pressed as a trend p value). All tests were done
at the 0.05 significance level with no adjust-
ment made for multiple comparisons.

Results
GENERAL MORTALITY BY STUDY PERIOD

Table 4 presents SMRs by cause and study
period for the combined 1994 United States
acrylamide cohort (some findings for the
1925–83 period diVer slightly from those

Table 4 Observed deaths and SMRs for selected causes by follow up period, all workers, national comparisons

Cause of death (ICDA–8)†

1925–83 1984–94 1925–94

Obs SMR 95% CI Obs SMR 95% CI Obs SMR 95% CI

All causes (000–999): 2167 0.91** 0.87 to 0.95 1115 0.76** 0.72 to 0.81 3282 0.85** 0.82 to 0.88
All malignant neoplasms (140–209) 496 1.06 0.96 to 1.15 357 0.89* 0.80 to 0.99 853 0.98 0.92 to 1.05
Buccal cavity and pharynx (140–149) 13 0.83 0.44 to 1.42 8 0.96 0.41 to 1.89 21 0.88 0.54 to 1.34
Digestive organs and peritoneum (150–159) 141 1.07 0.90 to 1.26 85 0.89 0.71 to 1.10 226 0.99 0.87 to 1.13

Oesophagus (150) 16 1.15 0.66 to 1.87 15 1.30 0.73 to 2.14 31 1.22 0.83 to 1.73
Stomach (151) 35 1.34 0.94 to 1.87 12 0.95 0.49 to 1.66 47 1.22 0.89 to 1.62
Large intestine (153) 38 0.94 0.67 to 1.29 28 0.78 0.52 to 1.13 66 0.87 0.67 to 1.10
Rectum (154) 16 1.20 0.69 to 1.95 8 1.26 0.55 to 2.49 24 1.22 0.78 to 1.82
Liver (155, 156) 5 0.51 0.16 to 1.20 5 0.58 0.19 to 1.35 10 0.55 0.26 to 1.00
Pancreas (157) 27 1.09 0.72 to 1.59 17 0.91 0.53 to 1.46 44 1.01 0.74 to 1.36

Respiratory system (160–163) 202 1.25** 1.08 to 1.44 139 0.94 0.79 to 1.11 341 1.10 0.99 to 1.22
Larynx (161) 8 1.10 0.48 to 2.18 6 1.25 0.46 to 2.71 14 1.16 0.63 to 1.95
Lung (162, 163) 194 1.27** 1.10 to 1.46 133 0.94 0.78 to 1.11 327 1.11 0.99 to 1.24

Bone (170) 2 0.88 0.11 to 3.18 0 — 0.00 to 6.19 2 0.70 0.08 to 2.52
Skin (172, 173) 4 0.48 0.13 to 1.23 6 0.89 0.33 to 1.93 10 0.66 0.31 to 1.22
Prostate (185) 29 0.96 0.64 to 1.38 38 0.82 0.58 to 1.13 67 0.88 0.68 to 1.11
Testis and other male genital organs (186, 187) 0 — 0.00 to 1.23 1 1.92 0.05 to 10.70 1 0.28 0.01 to 1.59
Bladder (188) 13 1.06 0.56 to 1.81 14 1.38 0.75 to 2.31 27 1.20 0.79 to 1.75
Kidney (189) 12 1.06 0.55 to 1.86 10 1.11 0.53 to 2.04 22 1.08 0.68 to 1.64
Brain and other central nervous system (191, 192) 5 0.36* 0.12 to 0.85 9 1.15 0.53 to 2.19 14 0.65 0.36 to 1.09
Thyroid gland (193) 2 2.32 0.28 to 8.37 1 1.80 0.04 to 10.01 3 2.11 0.44 to 6.17
All lymphopoietic tissue (200–209) 39 0.88 0.62 to 1.20 21 0.60* 0.37 to 0.92 60 0.76* 0.58 to 0.97

Lymphosarcoma and reticulosarcoma (200) 6 0.70 0.26 to 1.53 0 — 0.00 to 2.35 6 0.59 0.22 to 1.29
Hodgkin‘s disease (201) 8 1.39 0.60 to 2.74 0 — 0.00 to 4.04 8 1.20 0.52 to 2.37
Leukaemia and aleukaemia (204–207) 14 0.78 0.43 to 1.31 9 0.68 0.31 to 1.29 23 0.74 0.47 to 1.10
Other lymphatic tissue (202, 203, 208) 11 0.92 0.46 to 1.66 11 0.65 0.32 to 1.16 22 0.76 0.48 to 1.16

Benign neoplasms (210–239) 8 1.24 0.54 to 2.44 2 0.60 0.07 to 2.15 10 1.02 0.49 to 1.87
Diabetes mellitus (250) 26 0.77 0.50 to 1.12 15 0.53** 0.30 to 0.87 41 0.66** 0.47 to 0.89
Diseases of the circulatory system (390–458) 1019 0.90** 0.85 to 0.96 434 0.61** 0.56 to 0.67 1453 0.79** 0.75 to 0.83
Non-malignant respiratory disease (460–519) 105 0.75** 0.62 to 0.91 74 0.53** 0.42 to 0.67 179 0.64** 0.55 to 0.74
Cirrhosis of the liver (571) 68 1.08 0.84 to 1.37 12 0.54* 0.28 to 0.94 80 0.94 0.74 to 1.17
All external causes of death (800–998) 199 0.70** 0.61 to 0.81 43 0.65** 0.47 to 0.87 242 0.69** 0.61 to 0.79
Unknown causes (999.9) 101 70 171

People (n) 8508 5942 8508
Person-years 228816 58916 287731

*p<0.05; ** p<0.01.
†Monson life table programme ICD–8 categories, labels, and codes for US plants for 1925–89; corresponding MPDS rates for 1990–4.
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reported by Collins et al1 due to the cohort data
revisions noted above). During the 1984–94
update period there were 1115 deaths, yielding
a significant (p<0.01) 24% overall deficit in
total mortality compared with the general
United States population. For the overall
1925–94 study period, there was a significant
(p<0.01) 15% deficit in total mortality based
on 3282 observed deaths and 287 731 person-
years.

The SMRs for all malignant neoplasms
combined and for many cancer site specific
categories also decreased in the 1984–94
update period. In particular, cancer of the res-
piratory system decreased from a significant
(p<0.01) 25% excess in mortality for the
1925–83 period to a 6% deficit (based on 139
cancer of the respiratory system deaths),
resulting in a non-significant 10% excess for
the combined 1925–94 study period. Most of
the deaths from cancer of the respiratory
system were due to lung cancer.

For the other cancer sites of initial interest in
the combined study period (table 4), we found
deficits in deaths for cancer of the brain and
other parts of the CNS (SMR 0.65, 95% CI
0.36 to 1.09) and cancer of the testis and other
male genital organs (SMR 0.28, 95% CI 0.01
to 1.59). A non-significant excess in cancer of
the thyroid gland was based on three deaths
(SMR 2.11, 95% CI 0.44 to 6.17). The SMR
for thyroid cancer decreased to 1.80 in the
1984–94 update period. Most of the non-
malignant cause of death categories shown in
table 4 showed deficits in deaths for the update
and combined study periods and many deficits
were significant (p<0.05). The SMRs for some
cancer site specific categories increased in the
update period; however, none of the resulting
excesses in the update or combined study peri-
ods was significant.

Although not shown here, SMR analyses by
race, period, year of employment and duration
of employment were essentially unremarkable

for the initial cancer sites and the other cause of
death categories examined in table 4.

GENERAL MORTALITY BY PLANT

Table 5 shows the 1950–94 cancer mortality
experience of workers from each United States
plant compared with the local male populations.
Restricting the observation period excluded only
12 cancer deaths, all from the Warners plant.
Shown are the cancer site categories of initial
interest (brain and other parts of the CNS, thy-
roid and other endocrine glands, and testis and
other male genital organs) or sites with at least
20 observed deaths across the three plants. For
certain categories (thyroid and other endocrine
glands), the observed number of deaths diVers
between tables 4 and 5 due to the slight
variations in the ICD codes used in the MPDS
and Monson rates.

Table 5 shows that 736 (88%) of the
observed cancer deaths occurred at Warners
(SMR 0.91, 95% CI 0.84-.97), whereas only
six occurred at Kalamazoo (SMR 1.03, 95%
CI 0.38 to 2.24). None of the plants show sig-
nificant excess in mortality at any specific can-
cer site. Among the initial sites, non-significant
excesses in deaths occurred at Fortier for brain
and other parts of the CNS (SMR 1.80, 95%
CI 0.59 to 4.21) and thyroid and other
endocrine glands at Fortier (SMR 3.93, 95%
CI 0.10 to 21.91), and at Warners (SMR 2.17,
95% CI 0.71 to 5.07). The two deaths from
cancer of the testis and other male genital
organs occurred at Warners resulting in a 19%
deficit (SMR 0.81, 95% CI 0.10 to 2.91).

CANCER MORTALITY BY EXPOSURE TO

ACRYLAMIDE

Table 6 depicts the 1950–94 cancer mortality
experience of all United States workers
compared with those with exposure to acryla-
mide for the selected cancer sites examined in
table 5. Consistent with original study results,
we found deficits compared with local county

Table 5 Observed deaths and SMRs for selected cancer sites by plant, US workers, 1950–94, local county comparison

Cause of death (ICDA– 8)†

Fortier Kalamazoo Warners

Obs SMR 95%CI Obs SMR 95% CI Obs SMR 95% CI

All malignant neoplasms (140–209) 99 0.93 0.76 to 1.14 6 1.03 0.38 to 2.24 736 0.91** 0.84 to 0.97
Buccal cavity and pharynx (140–149) 4 1.32 0.36 to 3.39 0 — 0.00 to 24.72 17 0.75 0.44 to 1.20
Digestive organs and peritoneum (150–159) 23 1.04 0.66 to 1.56 0 — 0.00 to 2.49 198 0.83** 0.72 to 0.96

Oesophagus (150) 4 1.41 0.38 to 3.61 0 — 0.00 to 33.01 27 1.00 0.66 to 1.45
Stomach (151) 4 1.37 0.37 to 3.56 0 — 0.00 to 11.91 40 0.89 0.63 to 1.21
Large intestine (153) 8 1.01 0.44 to 1.99 0 — 0.00 to 8.11 58 0.69** 0.52 to 0.89
Rectum (154) 1 0.58 0.01 to 3.22 0 — 0.00 to 20.91 21 0.93 0.58 to 1.42
Pancreas (157) 6 1.36 0.50 to 2.96 0 — 0.00 to 12.58 38 0.94 0.66 to 1.28

Respiratory system (160–163) 36 0.78 0.55 to 1.08 4 1.95 0.53 to 4.99 298 1.11 0.98 to 1.24
Bronchus, trachea, lung (162)‡ 34 0.77 0.54 to 1.08 4 2.02 0.55 to 5.16 284 1.11 0.99 to 1.25

Prostate (185) 3 0.52 0.11 to 1.52 1 1.86 0.04 to 10.34 63 0.85 0.66 to 1.09
Testis and other male genital organs (172.5,

173.5, 186, 187)‡ 0 — 0.00 to 10.88 0 — 0.00 to 129.95 2 0.81 0.10 to 2.91
Bladder and other urinary organs (188, 189.9)‡ 2 1.08 0.13 to 3.89 0 — 0.00 to 19.71 25 1.02 0.66 to 1.50
Kidney (189.0, 189.1,189.2)‡ 3 0.98 0.20 to 2.87 1 6.95 0.17 to 38.70 18 0.89 0.53 to 1.41
Central nervous system (191,192) 5 1.80 0.59 to 4.21 0 — 0.00 to 22.57 9 0.49* 0.22 to 0.93
Thyroid gland and other endocrine glands (193,

194)‡ 1 3.93 0.10 to 21.91 0 — 0.00 to 291.70 5 2.17 0.71 to 5.07
All lymphatic and haematopoietic tissue

(200–209) 11 1.30 0.65 to 2.32 0 — 0.00 to 5.96 46 0.66** 0.48 to 0.88
Leukaemia and aleukaemia (204–207) 2 0.63 0.08 to 2.27 0 — 0.00 to 17.75 21 0.80 0.50 to 1.23
Other lymphopoietic tissue (202, 203, 208,
209)‡ 8 2.31 0.99 to 4.54 0 — 0.00 to 13.68 14 0.50* 0.28 to 0.85

*p<0.05l; **p<0.01.
†MPDS ICD–8 categories, labels and codes for US plants.
‡MPDS ICD codes diVer from corresponding Monson codes.
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cancer mortality among both exposed and
unexposed workers for all cancers combined
and many specific cancer sites, including brain
and other parts of the CNS, and testis and
other male genital organs. Although the origi-
nal study reported a significant (p<0.05) 31%
excess for cancer of the respiratory system
among unexposed workers (and 14% among
those exposed), we now found that up to the
end of 1994 only slight non-significant 7% and
4% excesses for cancer of the respiratory
system among the unexposed and exposed
groups, respectively. These decreased SMRs
follow from the overall reduction in mortality
from cancer of the respiratory system during
the 1984–94 follow up period noted in table 4.
For the initial site, cancer of thyroid and other
endocrine glands, a non-significant increased
mortality risk was found among both unex-
posed (SMR 1.91, 95% CI 0.52 to 4.88) and

exposed (SMR 4.27, 95% CI 0.52 to 15.42)
workers.

EXPLORATORY EXPOSURE-RESPONSE ANALYSIS OF

SMRS

Four cancer sites—rectum, oesophagus, pan-
creas, and kidney—were selected for more
detailed exploratory exposure-response analy-
ses based on a >20% excesses in mortality in
exposed workers and deficits in unexposed
workers (table 6); none of these excesses was
significant. Table 7 shows observed deaths and
SMRs based on local rates (1950–94) for the
four cancer sites by duration of employment,
the time since first employment, and the three
exposure measures, duration of exposure to
acrylamide, intensity of exposure to acryla-
mide, and cumulative exposure to acrylamide.
The exposure categories for cumulative expo-

Table 6 Observed deaths and SMRs for selected cancer sites by exposure to acrylamide, US workers, 1950–94, local
county comparison

Cause of death (ICDA–8)†

Unexposed (<0.001 mg/m3.y) Exposed (>0.001 mg/m3.y)

Obs SMR 95% CI Obs SMR 95% CI

All malignant neoplasms (140–209) 681 0.89** 0.83 to 0.96 160 0.98 0.83 to 1.14
Buccal cavity and pharynx (140–149) 18 0.85 0.50 to 1.34 3 0.65 0.13 to 1.89
Digestive organs and peritoneum (150–159) 177 0.81** 0.70 to 0.94 44 1.03 0.75 to 1.38

Oesophagus (150) 24 0.96 0.61 to 1.42 7 1.41 0.57 to 2.90
Stomach (151) 39 0.95 0.68 to 1.30 5 0.69 0.22 to 1.60
Large intestine (153) 55 0.72* 0.54 to 0.93 11 0.71 0.36 to 1.28
Rectum (154) 17 0.82 0.48 to 1.32 5 1.33 0.43 to 3.09
Pancreas (157) 30 0.80 0.54 to 1.14 14 1.79 0.98 to 3.01

Respiratory system (160 to 163) 276 1.07 0.95 to 1.20 62 1.04 0.79 to 1.33
Bronchus, trachea, lung (162) 260 1.07 0.94 to 1.20 62 1.09 0.84 to 1.40

Prostate (185) 60 0.88 0.67 to 1.14 7 0.58 0.23 to 1.19
Testis and other male genital organs (172.5, 173.5, 186,

187) 2 0.86 0.10 to 3.10 0 — 0.00 to 7.09
Bladder and urinary organs (188, 189.9) 22 0.98 0.61 to 1.48 5 1.19 0.39 to 2.77
Kidney (189.0, 189.1,189.2) 16 0.84 0.48 to 1.37 6 1.36 0.50 to 2.96
Central nervous system (191, 192) 11 0.64 0.32 to 1.14 3 0.74 0.15 to 2.15
Thyroid gland and other endocrine glands (193, 194) 4 1.91 0.52 to 4.88 2 4.27 0.52 to 15.42
All lymphatic and haematopoietic tissue (200–209) 43 0.67** 0.48 to 0.90 14 0.98 0.54 to 1.64

Leukaemia and alaeukaemia (204–207) 17 0.70 0.41 to 1.12 6 1.15 0.42 to 2.51
Other lymphopoietic tissue (202, 203, 208, 209) 16 0.63 0.36 to 1.02 6 1.00 0.37 to 2.18

People (n) 7532 2004
Person–years 202409 54576

*p<0.05; **p<0.01.
†MPDS ICD–8, labels, and codes for US plants.

Table 7 Observed deaths and SMRs for selected cancer sites by duration of employment, time since first employment, and measures of exposure to
acrylamide, all US workers, 1950–94, local county comparisons

Oesophagus Rectum Pancreas Kidney

Obs SMR 95% CI Obs SMR 95% CI Obs SMR 95% CI Obs SMR 95% CI

Duration of employment (y):
< 1 12 0.84 0.43 to 1.46 5 0.51 0.16 to 1.18 17 0.87 0.51 to 1.39 8 0.79 0.34 to 1.55
1–14 9 0.95 0.43 to 1.80 12 1.37 0.71 to 2.39 15 0.95 0.53 to 1.57 7 0.86 0.35 to 1.78
>15 10 1.60 0.77 to 2.94 5 0.86 0.28 to 2.02 12 1.19 0.61 to 2.08 7 1.36 0.55 to 2.79

Time since first employment (y):
< 20 3 0.69 0.14 to 2.01 3 0.71 0.15 to 2.07 4 0.66 0.18 to 1.68 2 0.58 0.01 to 2.09
20–9 6 0.80 0.29 to 1.73 5 0.85 0.28 to 1.98 11 1.08 0.54 to 1.92 3 0.54 0.11 to 1.58
>30 22 1.21 0.76 to 1.83 14 0.98 0.53 to 1.64 29 1.00 0.67 to 1.44 17 1.18 0.69 to 1.89

Duration of exposure (y):
Unexposed 24 0.96 0.61 to 1.42 17 0.82 0.48 to 1.32 30 0.80 0.54 to 1.14 16 0.84 0.48 to 1.37
0.001–4.999 4 1.63 0.45 to 4.18 3 1.92 0.40 to 5.61 5 1.46 0.47 to 3.41 2 0.99 0.12 to 3.59
5–19 3 1.80 0.37 to 5.26 1 0.71 0.02 to 3.96 5 1.79 0.58 to 4.17 3 1.88 0.39 to 5.48
>20 0 — 0.00 to 4.10 1 1.20 0.03 to 6.70 4 2.42 0.66 to 6.19 1 1.18 0.03 to 6.56

Cumulative exposure (mg/m3.y):
<.001 24 0.96 0.61 to 1.42 17 0.82 0.48 to 1.32 30 0.80 0.54 to 1.14 16 0.84 0.48 to 1.37
0.001–0.029 2 2.58 0.31 to 9.30 1 2.31 0.06 to 12.88 3 2.77 0.57 to 8.09 1 1.45 0.04 to 8.08
0.03–0.29 3 1.70 0.35 to 4.97 2 1.73 0.21 to 6.23 2 0.73 0.09 to 2.64 2 1.17 0.14 to 4.23
>0.30 2 0.82 0.10 to 2.98 2 0.92 0.11 to 3.31 9 2.26* 1.03 to 4.29 3 1.49 0.31 to 4.35

Mean intensity of exposure (mg/m3):
Unexposed 24 0.96 0.61 to 1.42 17 0.82 0.48 to 1.32 30 0.80 0.54 to 1.14 16 0.84 0.48 to 1.37

0.001–0.019 2 1.37 0.17 to 4.95 2 2.12 0.26 to 7.65 4 1.69 0.46 to 4.32 1 0.66 0.02 to 3.66
0.02–0.29 3 1.53 0.32 to 4.47 0 — 0.00 to 2.03 5 1.50 0.49 to 3.49 3 1.71 0.35 to 5.01
>0.30 2 1.26 0.15 to 4.53 3 2.89 0.60 to 8.43 5 2.31 0.75 to 5.40 2 1.68 0.20 to 6.08

*p<0.05.
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sure to acrylamide are those used in the origi-
nal study.1 To help discern trends in SMRs,
categories for the other variables were chosen
to most evenly distribute the numbers of
observed deaths simultaneously across the
cancer sites examined.

For duration of exposure and time since first
exposure to acrylamide, SMRs are generally
smallest in the lowest categories. The SMRs for
oesophageal cancer increased monotonically
with increasing values of both duration of
exposure and time since first exposure to acry-
lamide. Table 7 shows no consistent evidence
of an increased risk for cancer mortality associ-
ated with exposure to acrylamide, except for
pancreatic cancer, where we found a significant
(p<0.05) 2.26-fold risk (95% CI 1.03 to 4.29)
in mortality among workers with a cumulative
exposure to acrylamide of >0.30 mg/m3.years.
Although a monotonically increasing risk with
duration of exposure to acrylamide was found,
none was found with cumulative exposure to
acrylamide. An increased, non-significant
2.77-fold risk (95% CI 0.51 to 8.09) among
workers was detected in the lowest cumulative
exposure category. Lagged cumulative expo-
sure to acrylamide (not shown) for periods of
5, 10, and 20 years produced a similar pattern
of findings as noted in table 7.

RISK OF CANCER OF THE RESPIRATORY SYSTEM

RELATIVE TO EXPOSURE TO ACRYLAMIDE AND

MURIATIC ACID

We fitted RR regression models for cancer of
the respiratory system with the subset of the
cohort that had potential exposure to muriatic
acid (Warners plant workers hired before
1957). All models were based on 276 cases of
cancer of the respiratory system (16 exposed to
muriatic acid) and 5923 controls, and were
adjusted for age and calendar time. In the uni-
variate models, only smoking (characterised as:
never, ever, unknown) was a significant predic-
tor of cancer of the respiratory system risk with
RRs of 1.00, 8.72, 7.34, respectively. None of
the variables considered, including the cat-
egorical muriatic acid or exposure to acryla-
mides, was a significant predictor of risk of
cancer of the respiratory system. Workers
exposed to muriatic acid had a non-significant
1.50-fold (95% CI 0.86 to 2.59) risk of cancer
of the respiratory system compared with work-
ers unexposed to muriatic acid. Models that
included an exposure variable representing the
joint eVects of muriatic acid and exposure to
acrylamide had no significant RRs or
heterogeneity in risks of cancer of the respira-
tory system across the joint eVects considered
(results not shown).

Table 8 Summary of relative risk regression analysis for cancer of the pancreas, US plants, 1925–94

Variable Category Deaths

US plants (44 cases, 10261 non-cases)

Risk ratio 95% CI Global test (df) Test for trend* (df)

Univariate models†
Race White 39 1.00

0.105 (1) p=0.746 —Non-white 5 0.86 0.34 to 2.20
Year of hire 1925–39 10 1.00

0.405 (3) p=0.939 —

1940–49 18 1.09 0.48 to 2.49
1950–59 12 1.10 0.44 to 2.78
1960–73 4 1.59 0.40 to 6.36

Duration of employment (y) <1 17 1.00

0.738 (2) p=0.692 —
1–14 15 1.11 0.55 to 2.24
>15 12 1.39 0.66 to 2.96

Time since first employment (y) <20 4 1.00

0.378 (2) p=0.828 —
20– 29 11 1.48 0.38 to 5.73
>30 29 1.28 0.32 to 5.15

Smoking‡ Never 0 1.00

3.79 (2) p=0.145 —
Ever 12 4.96 0.82 to infinity
Unknown 32 3.59 0.64 to infinity

Time since first exposure (y) < 20 34 1.00

4.58 (2) p=0.101 4.22 (1) p=0.040
20–29 5 2.19 0.84 to 5.73
>30 5 2.54 0.95 to 6.80

Duration of exposure (y) <0.001 30 1.00

4.161 (3) p=0.245 3.91 (1) p=0.048

0.001–<5 5 1.73 0.64 to 4.60
5–19 5 2.01 0.78 to 5.23
>20 4 2.37 0.82 to 6.82

Cumulative exposure (mg/m3.y) <0.001 30 1.00

7.69 (3) p=0.053 —

0.001–<0.03 3 3.14 0.92 to 10.71
0.03–<0.30 2 0.77 0.18 to 3.26
>0.30 9 2.63* 1.23 to 5.60

Mean intemsity of exposure (mg/m3) <0.001 30 1.00

4.74 (3) p=0.192 —

0.001–0.02 4 1.77 0.61 to 5.12
0.02–<0.30 5 1.67 0.64 to 4.34
>0.30 5 2.86* 1.08 to 7.56

Bivariable models:¶
Cumulative exposure (mg/m3.y) <0.001 30 1.00

3.77 (3) p=0.287 —

0.001–<0.03 3 2.51 0.63 to 9.92
0.03–<0.30 2 0.57 0.11 to 2.99
>0.30 9 1.75 0.48 to 6.39

Mean intemsity of exposure (mg/m3) <0.001 30 1.00

1.18 (3) p=0.759 —

0.001–<0.02 4 1.27 0.34 to 4.78
0.02–<0.30 5 1.05 0.26 to 4.18
>0.30 5 1.94 0.52 to 7.22

*p <.05. †Trend tests performed only on exposure variables exhibiting a monotonic increase or decrease in parameter estimates.‡Risk sets matched on exact age and
year of birth. §LogXact used to model smoking due to sparse data problems. ¶Risk sets matched on exact age and year of birth, models adjusted for time since first
exposure to acrylamide.
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EXPLORATORY RR REGRESSION ANALYSIS

Table 8 shows the RR regression models relat-
ing internal cohort rates for pancreatic cancer
to the potential confounding variables of inter-
est and the categorical measures of exposure to
acrylamide. The number of deaths observed,
the estimated RR (95% CI), and the global test
(of main eVect) p value and a trend test p value,
if warranted (monotonic increasing or decreas-
ing pattern of exposure estimates) are shown
for each category of the variables considered.
The category used as baseline always has an
RR value of 1.0; individual RRs are significant
if their 95% CIs do not contain 1.0. All models
are based on 44 cases and 10 261 controls and
adjusted for age and calendar time.

The top section of table 8 shows that none
of the potential confounding variables consid-
ered is a significant predictor of risk of pancre-
atic cancer. Smoking history and time since
first exposure to acrylamide had relatively low
global test p values (0.145 and 0.101, respec-
tively) and RRs >2.0 in the non-baseline
categories. Due to sparse data, the model for
smoking history was fitted with the exact con-
ditional (stratified) logistic regression program
LogXact.16 Time since first exposure to
acrylamide had a significant (p=0.040) posi-
tive monotonic trend in the parameter esti-
mates.

The univariate models of the three measures
of exposure to acrylamide show a pattern of
RRs qualitatively similar to the pattern of
SMRs in table 7. The RRs are generally larger
than the corresponding SMRs, due to the 20%
deficit in risk of pancreatic cancer among
workers in the lowest exposure categories
(table 7) that serves as the baseline for the RR
models. Table 8 shows that duration of
exposure to acrylamide has a significant
(p=0.048) monotonic increase in the param-
eter estimates with increasing duration of
exposure to acrylamide. Table 8 also shows that
cumulative exposure to acrylamide is a predic-
tor of pancreatic cancer risk of borderline
significance (p=0.053), although the increase
in RRs with increasing exposure to acrylamide
is not monotonic. The RRs for the highest
exposure categories of both cumulative expo-
sure to acrylamide and intensity of exposure to
acrylamide are significant (p<0.05).

The bottom of table 8 shows models for
cumulative exposure to acrylamide and inten-
sity of exposure to acrylamide, adjusted for the
time since first exposure to acrylamide. Be-
cause of the sparse data for smoking history
(zero non-smoking cases), models adjusted for
smoking history would not converge. The
adjusted models show a pattern of RRs
qualitatively similar to their univariate counter-
parts; however, RRs are uniformly lower,
suggesting positive confounding by time since
first exposure to acrylamide. Cumulative expo-
sure to acrylamide is no longer a significant
predictor of pancreatic cancer in the adjusted
models, and the RRs for the highest exposure
categories of both cumulative exposure to
acrylamide and intensity of exposure to acryla-
mide are no longer significant. Lagged analyses
(5, 10, and 20 years) with other categories of

cumulative exposure to acrylamide produced a
pattern of RRs for cumulative exposure to
acrylamide qualitatively similar to those shown
in table 8.

Discussion and conclusions
The overall mortality patterns found in the 11
year follow up period indicated a significant
reduced mortality risk from all causes com-
bined and all cancer sites combined. A similar
pattern was noted for the entire 1925–94 study
period. This favourable mortality pattern is
probably influenced in part by the healthy
worker eVect, a relative absence of deleterious
health risks relative to employment, and the
eVects of continuing employment with its
many benefits—such as improved health care
and quality of life.

For the 1925–94 study period, we found no
significant overall risk or plant specific risk for
the cancer sites of initial interest: cancer of the
brain and other parts of the CNS, thyroid and
other endocrine glands, testis and other male
genital organs, and cancer of the respiratory
system. However, among the workers exposed
to acrylamide, except for cancer of the respira-
tory system, the few observed deaths for the
sites of initial interest resulted in low statistical
power to detect important excesses and
precluded a detailed examination of exposure-
response.

Although not significant, we found increased
SMRs for cancer of the thyroid gland (and the
larger category, thyroid gland and other endo-
crine glands) among several cohort subgroups,
including a fourfold risk among workers
exposed to acrylamide and a twofold risk
among unexposed workers. This pattern, based
on six cases, with a decreasing SMR across the
update periods does not support a causal
association between exposure to acrylamide
and cancer of the thyroid and suggests that
other unmeasured occupational or non-
occupational factors may be involved with
these excesses. Additional cohort follow up will
help to elucidate these possibilities.

An examination of the cluster of suspected
cases of cancer of the respiratory system among
Warners employees1 identified an additional
five cases of cancer of the respiratory system
among workers with potential exposure to
muriatic acid before 1957. Although there is
some suggestion that employees with exposure
to muriatic acid with and without exposure to
acrylamide are at increased risk of cancer of the
respiratory system, the limited number of
observed deaths (n=16) and incomplete data
on smoking history preclude definitive conclu-
sions. Our modelling of cancer of the respira-
tory system risk showed no evidence of a joint
eVect of muriatic acid and exposure to acryla-
mide.

In an exploratory exposure-response analysis
of SMRs, we found a non-significant monot-
onically increased risk of pancreatic cancer
relative to duration of exposure to acrylamide.
No increased risk pattern was found for either
cumulative exposure or intensity of exposure to
acrylamide, although a significant 2.26-fold
risk was found among workers in the highest
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category of cumulative exposure to acrylamide
(>0.30 mg/m3.years). All 14 cases of pancre-
atic cancer exposed to acrylamide were born
before 1939 and hired before 1966. No
consistent pattern was readily apparent when
individual work history records were exam-
ined. A non-significantly increased risk of pan-
creatic cancer was found in the original study
among workers exposed to acrylamide, but
there was no trend with increasing exposure.1

Modelling results showed a pattern of RRs
qualitatively similar to those found in the SMR
analysis and suggested potential confounding
with time since first exposure to acrylamide
and with a history of smoking. Smoking is the
most consistent risk factor for pancreatic
cancer, associated with a greater than twofold
increased risk.17 In models adjusted for time
since first exposure to acrylamide, we found
less evidence of an exposure-response relation
for cumulative exposure and intensity of expo-
sure to acrylamide; RRs for these measures
decreased to non-significant levels suggesting
that this variable acted as a positive confound-
ing factor. Although our inclusion of time since
first exposure to acrylamide as a co-factor in
models with cumulative exposure to acryla-
mide and intensity of exposure to acrylamide is
statistically appropriate and biologically rel-
evant, some bias may have resulted in the mod-
els for cumulative exposure to acrylamide due
to the collinearity between the two time
dependent factors.

Given the absence of a significant absolute
risk, the weak evidence for an exposure-
response relation and the inability to consider
smoking adequately, as a potential confound-
ing factor, our findings for cancer of the
pancreas should be interpreted with caution, in
the context of an exploratory analysis to gener-
ate hypotheses. This is supported by a recent
review by Anderson et al who concluded that
an occupational aetiology was probably unim-
portant, given the breadth of workplace experi-
ences examined with few positive findings.17

Additional follow up may elucidate whether the
association is spurious or warrants further
examination. Among the other cancer sites
examined in the exploratory analysis (oesoph-
agus, rectum, and kidney), we found increased
SMRs for some categories of exposure to acry-
lamide, but little evidence of an exposure-
response relation.

Nearly half of the cohort were short term
workers, a characteristic not presented in the
original study findings. About 50% of the acry-
lamide cohort worked >1 year and only 1936
(23%) worked >10 years. Consequently, most
of the cohort had minimal potential for
exposure to acrylamide or were exposed to low
levels. Contrary to many other occupational
cohort studies, short term workers did not
show a diVerential mortality pattern often
associated with increased mortality for both
malignant and non-malignant diseases. The
long duration of follow up in this study may
have mitigated the mortality influence of short
term workers.

The limitations of our acrylamide study—
namely a large proportion of short term

workers—skewed distribution of person-years
with respect to duration of exposure, low expo-
sures, and incomplete smoking data, are found
in many occupational cohort studies. As such,
many studies restrict cohort entry to long term
employees. Had short term employees been
excluded in the 1994 update, valuable data
would have been lost—for example, the cancer
of the respiratory system cluster. Potential
selection bias from workers lost to follow up
may be operating, but the eVects would be
minimal due to the small percentage of workers
involved. Because we did not adjust p values for
multiple comparisons, some of our significant
SMRs and RRs may be simply chance
occurrences.

Our study also has low statistical power to
detect excess risks for many cancer sites of ini-
tial interest, especially in the subgroup analy-
ses. For example, for the combined 1925–94
study period, our study has the following power
to detect twofold or greater risks in mortality
(at the 5% one sided significance level): cancer
of the brain and other parts of the CNS (0.25),
thyroid gland (0.18), and testis and other male
genital organs (0.41). On the other hand, the
corresponding power to detect cancer of the
respiratory system of 0.87 is excellent. Al-
though power is not relevant for the excess of
pancreatic cancer identified in the exploratory
analysis, a future study of this size would have
a power of nearly 100% to detect a twofold or
greater excess.

By comparison, our acrylamide study has
many methodological strengths that include:
large cohort size; long observation period; good
death certificate ascertainment for the United
States plants; suYcient statistical power to
detect meaningful excesses for many categories
of cause of death; ample duration of exposure
(many years of acrylamide production); quan-
titative measures of exposure to acrylamide
and the use of local county comparison rates
and robust modelling of internal cohort rates, a
methodological improvement on the original
1989 report.

In summary, this study has many strengths
and is the most definitive study of the human
carcinogenic potential of exposure to acryla-
mide conducted to date. The contribution of
1115 additional deaths and nearly 60 000
person-years over the 11 year follow up
corroborate the original cohort study
findings—namely, little evidence of a causal
relation between exposure to acrylamide and
mortality from any cancer sites, including those
of initial interest. An increased risk of mortality
from cancer of the respiratory system, noted in
the original study, decreased considerably in
the update period and remains only slightly
increased among workers exposed and unex-
posed to acrylamide. Additional follow up of
the cohort may elucidate whether the excess of
thyroid cancer and the association found
between exposure to acrylamide and pancre-
atic cancer in an exploratory analysis are spuri-
ous or warrant further examination.
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