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Abstract
Objectives—To examine if the occurrence
of diVerent cancers was increased among
rubber workers, as the highest known
exposures of humans to nitrosamines have
occurred in the rubber industry.
Methods—A cohort of 8933 rubber work-
ers (hired after 1 January 1950, still active
or retired on 1 January 1981 and employed
for at least 1 year in one of five study fac-
tories) was followed up for mortality from
1 January 1981 to 31 December 1991. Work
histories were reconstructed with rou-
tinely documented cost centre codes,
which allowed identification by employ-
ment in specific work areas. For each cost
centre code time and factory specific,
semi-quantitative exposures to nitro-
samines (three levels: low, medium, high)
and other compounds were estimated by
industrial hygienists. Rate ratios for me-
dium (RRm) and high (RRh) exposures and
95% confidence intervals (95% CIs) were
calculated with Cox’s proportional haz-
ards models with the low exposure as ref-
erence.
Results—Exposure to nitrosamines was
significantly associated with an increased
mortality from cancers of the oesophagus
(13 deaths: RRm 1.7, 95% CI 0.3 to 10.3; RRh

7.3, 95% CI 1.9 to 27.8) and of the oral cav-
ity and pharynx (17 deaths: RRm 0.8, 95%
CI 0.2 to 4.1; RRh 3.9, 95% CI 1.4 to 11.1). A
non-significant trend of increasing mor-
tality with exposure to higher concentra-
tions of nitrosamines was found for
mortality from cancer of the prostate (26
deaths: RRm 1.4, 95% CI 0.5 to 3.8; RRh 2.2,
95% CI 0.9 to 5.6), and the brain (six
deaths: RRm 3.9, 95% CI 0.3 to 42.6; RRh

6.0, 95% CI 0.6 to 57.6). No association was
found between exposure to nitrosamines
and cancer of the stomach (RRm 0.8, 95%
CI 0.4 to 1.8; RRh 1.2, 95% CI 0.5 to 2.5) or
lung (RRm 1.0, 95% CI 0.6 to 1.5; RRh 1.0,
95% CI 0.7 to 1.6).
Conclusions—Exposure to high concen-
trations of nitrosamines is associated with
increased mortality from cancers of the
oesophagus, oral cavity, and pharynx, but
not with increased mortality from cancers
of the stomach or lung.
(Occup Environ Med 2000;57:180–187)
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In 1956 Magee and Barnes1 showed the carci-
nogenic potential of nitrosodimethylamine
(NDMA) in rats. Since then about 90% of the
300 tested nitrosamines have shown potent
carcinogenic eVects in experimental studies2 in
at least 39 diVerent species3 and many diVerent
organs.4 Predominant sites of tumour induc-
tion in animals include oral cavity, oesophagus,
stomach, urinary bladder, and brain.2 5 Dose-
response studies in animals have indicated “no
eVect levels” for specific nitrosamines—such as
NDMA and nitrosodiethylamine (NDEA)—
which correspond to dietary concentrations as
low as 1 ppm.6 7 No animal species has been
found to be resistant and experimental data
provide little evidence that humans are resist-
ant to the carcinogenic eVect of nitrosamines.5

Nitrosamines are ubiquitous in the human
environment and have been detected in food
items, including cured meat, bacon, fish, and
beer, in cosmetics, drugs, and in the front pas-
senger areas of new cars.8–12 High non-
occupational exposures of humans result from
the consumption of smokeless or burned
tobacco.5 10 11 13

Evidence directly linking exposure to nitro-
samines and cancer in humans, however, has
been diYcult to establish because exposures in
the human environment often occurred to low
concentrations of nitrosamines and complex
mixtures. Therefore only two specific
N-nitroso compounds, NDMA and NDEA,
have been classified by the International
Agency for Research on Cancer (IARC) as
“probably carcinogenic to humans”.14

The highest concentrations of nitrosamines
in the human environment have been
measured in the rubber industry.15–17 However,
exposure conditions in this industry are
complex and despite a long history of epide-
miological investigations of carcinogenic risks
in this industry18 19 no previous study has
specifically investigated exposure to nitro-
samines.

We have conducted a large historic cohort
study in the German rubber industry.20–22 This
is the first report on cancer risks associated
with occupational exposure in the rubber
industry focusing particularly on nitrosamines.

Methods
The cohort definition and follow up have pre-
viously been described20 and are only briefly
summarised here. The originally defined co-
hort included all male German blue collar
workers who were employed for at least 1 year
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in any one of five study factories and who were
alive and actively employed or retired on 1
January 1981 (n=11 663). This originally
defined cohort was then restricted to all work-
ers who were hired on or after 1 January 1950
(n=8933) to focus on potential risks of working
conditions in the more recent rubber industry
and to reduce the potential for a healthy worker
survivor eVect. Furthermore, due to uncertain-
ties about changes of production processes and
factory structures during and after the second
world war, it was necessary to limit exposure
assessment to the time from 1950 onwards.
Follow up of individual cohort members
started on 1 January 1981 but not before com-
pletion of 1 year of employment, and ended at
death, or the end of the follow up period, 31
December 1991. Follow up of individual
cohort members ended also at the age of 85
years, because the reported causes of death on
the death certificate of very old people may be
less valid and the specific causes less likely to be
related to occupation. Health insurance data
and personnel files of the participating facto-
ries as well as German population registries
were used to determine the vital status of
cohort members at the end of the observation
period. In the case of deceased cohort mem-
bers, death certificates were requested from
community health departments. The underly-
ing causes of death as reported on death
certificates were coded by professional nosolo-
gists from the State Institute of Statistics of
North-Rhine-Westphalia according to the
ninth revision of the International classification
of diseases, injuries, and deaths (ICD-9).23

Individual work histories within the rubber
companies were reconstructed with routinely
documented cost centre codes (Kostenstellen).21

These were originally generated for accounting
purposes, but allow identification of employ-
ment in specific work areas in the respective
periods. As environmental monitoring of nitro-
samines was not performed before 1979,
retrospective semiquantitative estimates of ex-
posure were necessary. Together with industrial

hygienists from the rubber factories involved
and external experts a scheme for categorising
exposure was developed (table 1).16 24 25

The categorisation scheme and the exposure
assessment for nitrosamines was based on evi-
dence from a hazard survey in the early 1980s
that included several of the factories involved in
this epidemiological study. The highest nitro-
samine concentrations were detected in curing
and vulcanisation: 1060 µg/m3 of NDMA and
4700 µg/m3 of N-nitrosomorpholin.16 Compre-
hensive nitrosamine measurements in all facto-
ries were performed soon after that survey.
Information on changes of production proc-
esses and introduction of improved technical
safety equipment within diVerent tasks was
used to estimate exposure back through time.

Most of the nitrosamines detected in the air
of rubber factories are formed during vulcani-
sation. N-nitrosodiphenylamine (NDPhA),
which was used as a retarder until early 1980,26

has shown only limited carcinogenic eVects in
animals.27 However, it was found to serve as a
potent transnitrosating agent28 thereby increas-
ing exposure to total nitrosamines by an order
of magnitude.16 Also, salt bath curing resulted
in some of the highest concentrations of
nitrosamines,6 16 29 except when peroxide accel-
erators were used instead of amine
derivatives.16 Medium concentrations of nitro-
samines were detected in vulcanisation and
subsequent production steps in production
lines where neither NDPhA nor salt bath
curing with peroxides was used. In production
processes before vulcanisation—such as raw
material handling, weighing and mixing, ex-
truding and calendering, and component
building—in general, only relatively low nitro-
samine concentrations were detected. We
assessed exposure to total nitrosamines be-
cause animal studies indicated linear additive
carcinogenicity for exposure to low concentra-
tions of diVerent nitrosamines,30 and because
assessment of exposure to specific nitrosamines
would not have been possible. On the basis of
our categorisation scheme, industrial hygien-

Table 1 Results of hazards survey* and categories for assessment of exposure to nitrosamines†

Work area Nitrosamine‡
Concentration
in air (µg/m3)*

Exposure
category†

Salt bath curing (except for salt bath curing with only peroxide
accelerators)

NDMA 1–130 High
NMOR 0.1–13

Vulcanisation and subsequent production stages with use of NDPhA‡:
Tube vulcanisation NDMA 15–140
Injection moulding NDMA 40–90

NMOR 120–380
Tube and tyre warehouse NDMA 4–20

Same production stages (as above) without use of NDPhA‡: Medium
Tube vulcanisation NDMA 1–4.5
Tube and tyre warehouse NDMA 1–4.5

Other hot processes starting with vulcanisation:
Tyre vulcanisation NDMA 0.1–2

NMOR 0.1–17
Injection moulding: soles of shoe NDMA 0.2–3.5

Work areas before vulcanisation: Low
Raw material handling, weighing, and mixing NDMA 0.1–0.9

NMOR 0.1–2
Milling, extruding, calendering NDMA 0.1–2

NMOR 0.1–9
Assembly and building NDMA 0.1–1

NMOR 0.5–3

*Adapted from tables I–V. 16

†According to workshop with B Spiegelhalder, H Kromhout, R Vermeulen, K Norpoth, members of the Berufsgenossenschaft and
industrial hygienists and occupational physicians of the rubber factories involved.
‡NDPhA=N-nitrosodiphenylamine; NDMA=N-nitrosodimethylamine; NMOR=N-nitrosomorpholine.
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ists of the factories estimated calendar time and
factory specific exposure—that is, airborne
concentrations, for each cost centre code, inde-
pendently of individual cohort members. This
information was then linked on the basis of cost
centre codes with the occupational histories of
cohort members within the rubber industry.
The retrospective exposure assessment was
based on judgements of the industrial hygien-
ists. The following cut oV points served to clas-
sify exposure to nitrosamines: for the high
exposure category nitrosamine concentrations
were assumed to be >15 µg/m3. The current
technical limit value of 2.5 µg/m3 for nitro-
samine exposure for specific operations in the
German rubber industry31 served as upper
boundary for the low exposure category.

DATA ANALYSIS

For exposure specific analyses cohort members
were classified into initially determined expo-
sure categories. Within exposure category 1,
high exposure for each variable included work-
ers who had been employed for at least 1 year
in cost centre codes with high exposures, and
low exposure included workers who had been
employed for <1 year at medium or high expo-
sures. Otherwise workers were included in the
medium exposure category. Within exposure
category 2 (the more extreme category) the cut
oV points were 10 years for high exposure and
0.5 years for low, respectively. Exposure was
treated as time dependent variable—that is,
risk sets were formed whenever a death from a
cancer of interest occurred in the cohort—and
an exposure category was assigned to the index
case and the corresponding risk set according
to the current exposure status. Exposure was
further lagged by 10 years to account for
latency. Lagging was performed so that a work-
er’s current person-years at risk was assigned to
the exposure concentration reached 10 years
earlier.32

Hazard rate ratios (RRs) and 95% confi-
dence intervals (95% CIs) for exposure to nit-
rosamines were calculated with low exposure as
the reference. The SAS procedure PROC
PHREG. 6.12 was used to calculate time
dependent and age (time marker) adjusted
RRs. Trend tests were performed with expo-
sure scores (low=0, medium=1, high=2) as
covariates in the proportional hazards model.
All analyses were restricted to cohort members
with complete time dependent exposure infor-
mation in the respective model.33

Results
The distribution of cohort members by age
group and employment is given in table 2. At
the beginning of follow up, overall 6875 cohort
members were actively employed in the rubber
industry and 2058 were retired. At the end of
follow up vital status was unknown for 31 of
8933 cohort members (0.3%) and cause of
death was unknown for 42 of 1521 deceased
cohort members (2.8%). Complete occupa-
tional histories on the basis of cost centre codes
as well as calendar time and factory specific
exposure assessment for these cost centre
codes was available for 94.8% of the cohort

members (table 3). Distribution of workers by
exposure to nitrosamines by date of hire and by
the two exposure categories is shown in table 3.
With exposure category 1, about 25% of the
cohort members were exposed to high and
25% to medium nitrosamine concentrations.
With exposure category 2, about 20% of the
cohort members were assigned to high and
40% to medium nitrosamine concentrations.
With both exposure categories there was a
trend of decreasing nitrosamine exposure by
date of hire.

Mortality from all causes and all cancers
increased slightly with exposure to higher con-
centrations of nitrosamines (table 4). Tests for
trend and associations with exposure to high
concentrations of nitrosamines were significant
for cancer of the oesophagus, and cancers of
the lip, oral cavity, and pharynx. The compari-
son of results between exposure categories 1
and 2 show that the observed risks were higher
when exposure category 2 was used. The
results for the subgroups of cancer of the oral
cavity versus cancer of the pharynx show
slightly higher risks for cancer of the pharynx.
However, overall the eVect estimates for the
two subgroups did not diVer substantially and
any diVerence may be due to chance. One
death from pharyngeal cancer was excluded
from analyses, because we had no information
on cost centre code and potential exposures for
the first 14 months of employment in the rub-
ber industry in the early 1960s. According to
the exposure assessment, he was not exposed to
nitrosamines during his subsequent employ-
ment in the rubber industry.

Table 2 Distribution of cohort members (n=8933) by age
and employment (retired n=2058, active n=6875) at
beginning of follow up

Age

Active Retired Overall

n % n % n %

<39 1772 25.8 6 0.3 1778 19.9
40–49 2702 39.3 44 2.1 2746 30.7
50–59 2349 34.2 322 15.6 2671 29.9
>60 52 0.8 1686 81.9 1738 19.4
Overall 6875 100 2058 100 8933 100

Table 3 Distribution of cohort members (n=8933) by
categories of exposure to nitrosamines and date of hire

Date of start
of employment

Exposure category 1 Exposure category 2

n % n %

1950–9:
High 1363 30.6 945 21.2
Medium 1176 26.4 1645 36.9
Low 1683 37.8 1629 36.6
Missing 231 5.2 234 5.3

1960–9:
High 899 28.4 586 18.5
Medium 787 24.8 1145 36.1
Low 1359 42.9 1312 41.4
Missing 123 3.9 125 3.9

1970–80:
High 189 14.4 36 2.7
Medium 274 20.9 477 36.4
Low 738 56.3 714 54.4
Missing 111 8.5 85 6.5

Overall:
High 2451 27.4 1567 17.5
Medium 2237 25.0 3267 36.6
Low 3780 42.3 3655 40.9
Missing 465 5.2 444 5.0
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We also found an exposure-response rela-
tion, although not significant, and similar for
both exposure categories between exposure to
nitrosamines and mortality from prostate can-
cer. For two cases of prostate cancer exposure
information was missing for the first work
period of 7 and 9 years in the late 1950s. Both
workers were exposed to low concentrations of
nitrosamines in subsequent jobs in the rubber
industry. For brain cancer a non-significant
exposure-response relation was found, which
was more pronounced for exposure category 1.
However, the findings for brain cancer were
based on only six cases.

Exposure to nitrosamines was not associated
with mortality from lung and stomach cancer
and these eVect estimates did not change sub-
stantially after adjustment for exposure to
asbestos, talc, and carbon black. For seven
cases (4.5%) of lung cancer no exposure infor-
mation was available for their first employment
period, which was mostly in the late 1950s and
early 1960s and lasted 2–21 years. Subse-
quently these workers were not exposed to nit-
rosamines; however, two of the seven were
exposed to asbestos, talc, and carbon black.

Discussion
The highest documented exposures of humans
to nitrosamines have occurred in the rubber
industry. On the basis of our earlier analyses by
work area among this cohort of rubber
workers22 we had speculated that nitrosamines
may have played a part in the excess risk of
cancers of the pharynx, oesophagus, and
urinary bladder. This is the first study to inves-
tigate occupational exposure to nitrosamines
and cancer risks among workers in the rubber
industry.

This cohort was restricted to workers who
were alive and active or retired on 1 January
1981. This may have led to a cohort of
survivors and may thus have resulted in under-
estimation of the true risk associated with
exposure to nitrosamines. By contrast, if more
heavily exposed workers or those ill with cancer
stayed, and less exposed or mostly the healthy
workers moved on, this cohort definition may
have resulted in overestimation of the true risk.
However, the restriction of the cohort to work-
ers who were employed after 1 January 1950
resulted in a more homogenous cohort and
reduced the potential for a healthy worker sur-
vivor eVect. Furthermore, the small excess risks
found for all cause and all cancer mortality
may, at least in part, be explained by excess
mortality from diseases associated with expo-
sure to nitrosamines. Therefore, these results
argue against a strong healthy worker survivor
eVect as well as against a substantial overesti-
mation of risks.

The assessment of exposure to nitrosamines
was carried out by industrial hygienists who
were familiar with the factories. This assess-
ment was based on retrospective estimates of
exposure for all cost centre codes according to
the categorisation scheme, independently of
individual workers. Nevertheless, it is likely
that some misclassification of exposure oc-
curred. Outcomes of the study were assessed
on the basis of death certificates which were
coded by professional nosologists. Therefore
the potential misclassification would be an
independent and non-diVerential misclassifica-
tion process of exposure and the observed
eVect estimates would be biased toward the
null value.34 35 Due to random variation, the
empirical misclassification then probably re-

Table 4 Exposure to nitrosamines and cancer mortality among male workers (n=8933) in the rubber industry

Cancer ICD-9 Deaths

Exposure category 1*

Wald
÷2 for
trend‡

Exposure category 2†

Wald ÷2

for
trend‡

Medium High Medium High

RR 95% CI RR 95% CI RR 95% CI RR 95% CI

All causes¶ 000–999 1429 1.2 1.1 to 1.4 1.3 1.1 to 1.4 4.73 1.2 1.0 to 1.5 1.4 1.0 to 1.8 13.92
All cancers** 140–208 444 1.2 0.9 to 1.5 1.3 1.1 to 1.7 5.67 1.2 1.0 to 1.5 1.4 1.0 to 1.8 5.25
Cancer:

Lip, oral cavity,
pharynx††

140–149 17 0.8 0.2 to 4.1 3.9 1.4 to 11.1 6.18 3.6 1.1 to 11.7 5.1 1.2 to 20.6 6.24

Oral cavity 141,143–145 7 0.9 0.1 to 8.6 2.9 0.6 to 14.4 1.38 3.4 0.6 to 18.8 2.9 0.3 to 33.3 1,46
Pharynx†† 146–149 9 0.8 0.1 to 7.9 4.1 1.0 to 17.2 3.54 3.8 0.7 to 19.9 4.7 0.6 to 33.5 2.99
Oesophagus 150 13 1.7 0.3 to 10.3 7.3 1.9 to 27.8 9.45 2.7 0.7 to 11.5 9.1 2.1 to 38.8 9.53
Stomach§ 151 44 0.8 0.4 to 1.8 1.2 0.5 to 2.5 0.20 0.9 0.5 to 1.8 1.2 0.5 to 3.2 0.06
Colon 153 21 0.4 0.1 to 1.7 1.5 0.6 to 3.8 0.25 0.6 0.2 to 1.8 1.5 0.5 to 4.7 0.03
Rectum 154 19 0.8 0.2 to 2.3 0.6 0.2 to 2.3 0.61 0.8 0.3 to 2.2 0.8 0.2 to 3.9 0.15
Liver, gall
bladder

155–156 9 0.9 0.2 to 4.5 1.1 0.2 to 5.7 0.00 0.9 0.2 to 3.8 1.0 0.1 to 8.3 0.01

Pancreas 157 15 0.7 0.2 to 2.7 0.5 0.1 to 2.4 0.83 0.9 0.3 to 2.6 0.5 0.1 to 4.4 0.33
Larynx 161 8 0.4 0.0 to 3.1 0.4 0.0 to 3.0 1.30 0.5 0.1 to 2.3 0.0 — 1.98
Lung§‡‡ 162 147 1.0 0.6 to 1.5 1.0 0.7 to 1.6 0.02 1.0 0.7 to 1.5 1.1 0.6 to 1.8 0.14
Prostate¶¶ 185 26 1.4 0.5 to 3.8 2.2 0.9 to 5.6 2.42 1.6 0.7 to 3.7 2.1 0.7 to 6.2 1.89
Bladder 188 21 1.1 0.4 to 3.3 1.5 0.5 to 4.2 0.53 1.2 0.5 to 3.0 1.3 0.4 to 5.0 0.20
Kidney 189 10 1.2 0.3 to 4.7 0.4 0.0 to 3.5 0.46 1.0 0.3 to 3.6 0.0 — 0.71
Brain, CNS 191–192 6 3.9 0.3 to 42.6 6.0 0.6 to 57.6 2.63 5.1 0.6 to 45.6 3.5 0.2 to 56.2 1.26
Lymphoma 200–203 14 2.0 0.7 to 6.2 0.3 0.0 to 2.8 0.24 2.0 0.7 to 5.9 0.0 — 0.04
Leukaemia†† 204–208 20 1.3 0.5 to 3.6 1.2 0.4 to 3.5 0.12 1.3 0.5 to 3.4 0.8 0.2 to 3.5 0.0

*Category 1: high=>1 year in high exposure; low=<1 year in medium and high exposure (combined).
†Category 2: high=>10 years in high exposure; low=< 0.5 year in medium and high exposure (combined).
‡Values >3.84 correspond to p values (two tailed) <0.05, values >2.72 correspond to p values <0.1.
§HRR adjusted for exposure to asbestos, talc, and carbon black.
¶46 Cases with incomplete exposure data excluded from analyses.
**11 Cases with incomplete exposure data excluded from analyses.
††1 Case with incomplete exposure data excluded from analyses.
†7 Cases with incomplete exposure data excluded from analyses.
¶¶2 Cases with incomplete exposure data excluded from analyses.
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sults in underestimation of the association.36 37

Therefore, with positive findings, preoccupa-
tion with non-diVerential misclassification is
rarely warranted.38 However, as we investigated
the association between nitrosamine exposure
and several cancer sites we cannot be sure that
the associations found were not due to chance.

Our results show significant excess risks of
lip, oral, and pharyngeal cancers among work-
ers who were exposed to high concentrations of
nitrosamines. Increased risks of mortality from
oral and pharyngeal cancer among rubber
workers also have been reported from occupa-
tional surveillance data in Great Britain,39 and
from cohort40–43 and case-control studies44; only
two cohort studies found no increased risk.45 46

However, none of these studies provided risk
estimates for exposure to nitrosamines.

In non-occupational studies, frequent con-
sumption of foods containing nitrosamines,
especially NDMA, has been related to an
increased risk of oral cancer in a case-control
study.47 Furthermore, several reviews con-
cluded that exposure to high concentrations of
tobacco specific nitrosamines among snuV
dippers48 49 is associated with oral cancer49–51

and an increased risk of nasopharyngeal carci-
noma has been related to the consumption of
Cantonese style salted fish,52 where high
concentrations of NDMA have been identified
as major carcinogens.9 53

In experimental animal studies induction of
oral and pharyngeal cancer has been found by
administration of non-tobacco specific
nitrosamines.14 Furthermore, it has been
shown in non-human primates that systemic
administration of low doses of NDMA may
result in DNA adducts in the oral mucosa.54

The observed exposure-response relation
and the strong association between high expo-
sure to nitrosamines and mortality from
oesophageal cancer support a causal role of
nitrosamine exposure and oesophageal cancer.
Significant excess risks of oesophageal cancer
have also been found in the British rubber
industry42 43 and among vulcanisation workers
potentially exposed to high concentrations of
nitrosamines.55 Other studies among rubber
workers, however, provided only limited evi-
dence of an excess mortality from oesophageal
cancer.22 56

Substantial occupational exposure to nitro-
samines, especially NDELA, may also have
occurred among workers exposed to synthetic
metal working fluids.57–59 DNA strand breaks
were related to exposure to NDELA among
those workers,60 and in a large cohort study of
workers exposed to metal working fluids,
significant excess risks for oesophageal cancer
were found among workers exposed to
nitrosamines.61

Further support for an association between
exposure to nitrosamines and oesophageal
cancer is derived from studies of dietary intake
of nitrosamine contaminated food among
populations at high risk of oesophageal cancer
in China62 63 and a population based case-
control study in the United States.47

In several animal species it has been shown
that the oesophagus is one of the most common

sites for tumour induction by nitrosamines.64 65

Systemic application of low doses of NDMA
resulted in O6 methylguanine DNA adducts in
oesophageal tissue of non-human primates,54

and nitrosamine metabolism has been shown
to be similar in rat and human oesophagus.66–68

Higher concentrations of O6 methylguanine
were extracted from DNA of patients with
oesophageal cancer from a high risk area in
China compared with those from European
patients.69 70 Furthermore, it has been shown
that cytochromes P-450 3A4, and 2E1 are
involved in activation of NDMA in human
oesophageal tissue,71 and that nitrosamines can
induce cancer in human oesophageal
epithelium.62

Environmental causes for prostatic cancer
remain largely unknown72 and our results of a
non-significant, moderate exposure-response
relation between exposure to nitrosamines and
mortality from prostatic cancer may oVer a new
hypothesis. The prostate is not a typical target
organ of nitrosamine induced cancer in labora-
tory studies. However, two research groups
have established rat models for induction of
prostatic cancer by systemic application of spe-
cific nitrosamines.73–76 Among rubber workers
excess risks of prostatic cancer have been
reported repeatedly among workers in mainte-
nance and general service.22 77–79 In all of these
jobs workers may have been exposed to
nitrosamines through metal working fluids, and
exposure to metal working fluids has been
related to prostatic cancer among a cohort of
automobile workers.80 However, in this study
an association was found especially for straight
oil metal working fluids, and not for synthetic
oil metal working fluids, which had been most
heavily contaminated by nitrosamines.

Since the first epidemiological evidence of an
increased risk of brain tumours among rubber
workers in 194981 several cohort,41 46 78 82–88 and
case-control studies89–91 have reported excess
risks of brain tumours. However, other studies
among rubber workers42 92–95 failed to support
these findings. Nitrosamides are considered to
be some of the most potent experimental
carcinogens to induce brain tumours and
therefore a role for nitrosamines, which, unlike
nitrosamides, require metabolic activation,64

has been hypothesised.96 Moreover, in vivo
activation of NDMA and formation of DNA
adducts in brain tissue of primates has been
shown recently.54 Our results are the first to
describe an association between exposure to
high concentrations of nitrosamines and brain
cancer.

It is unlikely that these findings are con-
founded by other known risk factors, such as
ionising radiation, serious head injuries, or
other occupational exposures. However, the
lack of precision of our eVect estimates is a
serious limitation.

In experimental animal studies tumour
induction by nitrosamines has been shown in
several additional organs, preferentially stom-
ach, colon, liver, pancreas, and lung.14 64 How-
ever, with the exception of stomach cancer, the
epidemiological evidence for these other can-
cer sites is weak.5 9 97–100 Our results do not sup-
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port an association between exposure to nitro-
samines and mortality from stomach or lung
cancer. We have discussed previously that the
increased risk of stomach cancer among rubber
workers was mostly found in work areas with
relatively low exposure to nitrosamines.22 101 In
a large ecological study there was an associ-
ation of nitrosoproline excretion with oesopha-
geal cancer, but not with stomach cancer.102

Furthermore, it has been shown that compared
with oesophageal mucosa the stomach of the
rat poorly activates nitrosamines.68 An associ-
ation of lung cancer with dietary intake of nit-
rosamines was found in a case-control study in
Uruguay,103 but not with exposure to nitro-
samines among workers exposed to metal
working fluids.104

Asbestos has been discussed as a potential
occupational risk factor for oral, pharyn-
geal,105 106 and oesophageal107 cancers and
exposure to asbestos may have occurred in the
rubber industry. However overall evidence is
weak, and in our cohort none of the cases of
oral, pharyngeal, or oesophageal cancer ex-
posed to high concentrations of nitrosamines
had been exposed to high concentrations of
asbestos.

Sporadic reports suggested an association
between exposure to high concentrations of
polycylic aromatic hydrocarbons (PAHs) and
cancers of the oesophagus,108 109 oral cavity, and
pharynx.109 110 Exposure to PAHs may have
occurred in the rubber industry through
aromatic oils or carbon black.111 However,
exposure to PAHs in our cohort members was
low compared with other industries, and
conventional carcinogenic PAHs are not suY-
ciently volatile to be released into the air in
notable quantities during rubber processing.17

Tobacco smoking and alcohol drinking are
strong risk factors for upper aero-digestive
cancers.112–117 Currently, we have no data to
assess potential confounding by these indi-
vidual risk factors in our study. However, our
results are based on internal comparisons and
we have no indication that the prevalence of
smoking or alcohol drinking was related to job
assignment or exposure to nitrosamines. Fur-
thermore, other smoking related cancers—for
example, lung cancer—alcohol related causes
of death—for example, alcohol-associated liver
cirrhosis or injury and poisoning (data not
shown)—and diseases associated with smoking
and alcohol—for example, laryngeal cancer—
were inversely associated or not associated with
exposure to nitrosamines.

It has been hypothesised that the carcinogenic
eVect of alcohol may be mediated by increased
exposure of internal organs to nitrosamines.54 In
animal experiments co-exposure to ethanol
reduced blood clearance and increased urinary
excretion of NDMA in primates,118 increased
nitrosamine derived alkylation of oesophageal
DNA in rats119 and primates,54 and increased
induction of oesophageal tumours by nitro-
samines in rats.120 121

Conclusions
Overall, the pattern of excess cancer mortality
associated with exposure to nitrosamines is

compatible with data from animal experiments.
Our results and other recently published
epidemiological studies support an association
between exposure to nitrosamines and cancers
of the oesophagus, oral cavity, and pharynx. It
is unlikely that confounding by smoking and
alcohol can explain entirely our findings.
Interpretation of the eVect estimates found for
nitrosamine exposure and brain cancer is ham-
pered by non-significant results on the basis of
a small number of deaths. The prostate is not a
typical target organ for nitrosamine induced
carcinogenicity. However, some animal data
support our findings, which may oVer a new
aetiological hypothesis for prostate cancer.
Finally, our results do not support an associ-
ation between exposure to high concentrations
of nitrosamines and mortality from lung or
stomach cancer.
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