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Key messages

What is already known about this subject?
 ► Employment in the rubber industry has been 
concluded to cause cancer by the International 
Agency for Research in Cancer.

What are the new findings?
 ► This paper updates exposure-response 
associations between cancer mortality and 
specific occupational exposures in the rubber 
industry for 49 years of follow-up and nearly 
complete mortality.

 ► Exposure-response associations were found for 
N-nitrosamines exposure and mortality from 
cancers of the bladder, stomach, oesophagus, 
leukaemia, multiple myeloma, prostate, 
pancreas and liver), and for rubber dust 
exposure and the lung.

 ► Elevated risks for cancer mortality without 
exposure-response patterns were also found for 
occupational exposures to rubber dust, rubber 
fumes and nitrosamines.

 ► Occupational exposure in the rubber industry 
was not found to be associated with laryngeal 
cancer.

How might this impact on policy or clinical 
practice in the foreseeable future?

 ► Results from this study contributed to the 
evidence of elevated cancer mortality risks from 
occupational exposures in the rubber industry 
by further clarifying the relationship between 
each carcinogen and cancer.

AbsTrACT
Objectives to quantitatively evaluate exposure-
response associations between occupational exposures 
to rubber dust, fumes and n-nitrosamines and cancer 
mortality in the UK rubber industry.
Methods competing risk survival analyses were used 
to examine cancer mortality risk in a cohort of 36 441 
males aged 35+ years employed in the British rubber 
industry in 1967, followed up to 2015 (94% mortality). 
exposure measurements are based on a population-
specific quantitative job-exposure matrix for rubber dust, 
rubber fumes and n-nitrosamines from the eU-eXaSrUB 
project.
results exposure (lifetime cumulative (lce))-response 
associations were found for n-nitrosomorphiline and 
all cancers (subdistribution Hr (SHr) 1.48, 95% ci 1.39 
to 1.57) and cancers of the bladder, stomach, multiple 
myeloma, oesophagus, prostate and pancreas, as well 
as for n-nitrosodimethylamine and all cancers (SHr 
2.08, 95% ci 1.96 to 2.21) and cancers of the bladder, 
stomach, leukaemia, multiple myeloma, prostate and 
liver. lce to the n-nitrosamines sum were associated 
with increased risks from all cancers (SHr 1.89, 95% ci 
1.78 to 2.01) and cancers of the lung, non-Hodgkin’s 
lymphoma and brain. lce to rubber dust and fumes are 
associated with increased mortality from all cancers 
(rubber dust SHr 1.67, 95% ci 1.58 to 1.78; rubber 
fumes SHr 1.91, 95% ci 1.80 to 2.03) and cancers 
of the bladder, lung, stomach, leukaemia, multiple 
myeloma, non-Hodgkin’s lymphoma, oesophagus, 
prostate, pancreas and liver.
Conclusions consistent with previous studies, 
n-nitrosamines exposures are associated with mortality 
from cancers of the bladder, lung, stomach, leukaemia, 
multiple myeloma, oesophagus, prostate, pancreas and 
liver. the long follow-up with nearly complete mortality 
enabled estimations of lifetime cancer mortality risk from 
occupational exposures in the rubber industry.

InTrOduCTIOn
Employment in the rubber industry has been 
concluded to cause cancer by the International 
Agency for Research in Cancer (IARC). In particular, 
cancers of the bladder, lung, stomach, leukaemia 
and malignant lymphoma are designated as having 
sufficient evidence for excess incidence and/or 
mortality among workers in the rubber industry.1 

Important carcinogenic exposures encountered in 
this industry are N-nitrosamines, rubber (process) 
dust, rubber fumes, polycyclic aromatic hydro-
carbons including phthalates, aromatic amines 
including β-naphthylamine and solvents including 
benzene, among others.2

Exposures vary throughout the rubber manufac-
turing process. Rubber dust tends to have highest 
exposure in the beginning of the production process, 
particularly in handling raw materials. Rubber 
fumes (measured as the cyclohexane soluble fraction 
of rubber dust) and N-nitrosamines are generated 
during the heating and curing processes. Due to 
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the complexity of exposure patterns and the numerous chemi-
cals used in the rubber production process, disentangling expo-
sure-response associations between specific suspected carcinogens 
and cancer risk in this industry remains difficult. Excess mortality 
from bladder cancer among rubber workers, particularly those 
employed before 1950, has been documented in multiple 
studies.2–6 Nevertheless, others found this association only for 
higher exposures to aromatic amines and not rubber dust.7 An 
exposure-response relationship between rubber dust and asbestos 
with lung cancer mortality was observed in Germany,8 but not 
in Poland.7 While some studies suggested possible associations 
between lung cancer mortality and N-nitrosamines exposure,9 
others did not.8 10 11 Excess risk of stomach cancer has been found 
among workers early in the production line and in curing where 
rubber fumes exposure is highest, as well as those exposed to 
talc.1 Nevertheless, stomach cancer mortality was not associated 
with higher levels of inhalable aerosols7 or N-nitrosamines.8 10 11 
Increased risk for leukaemia was associated with benzene and 
butadiene exposures,1 12 but mortality from leukaemia and other 
malignant lymphomas were not associated with inhalable aero-
sols among male rubber factory workers.7

IARC further reported limited, insufficient or inconsistent 
evidence for associations between rubber dust, rubber fumes and 
nitrosamines and several cancers.1 Oesophageal cancer mortality 
was found to have an exposure-response relationship with N-ni-
trosamines exposure.8 Non-statistically significant increases in 
brain and prostate cancer mortality were observed with higher 
exposures to N-nitrosamines.8 No evidence of associations 
between prostate and brain cancer mortality with rubber dust 
were found in the Polish industry.7 The relationship between 
pancreatic cancer and occupational exposure is unclear; small 
increased risks of incidence and mortality have been docu-
mented13–15 but not consistently.7 16 Laryngeal cancer mortality 
was found in excess in the highest exposure categories of rubber 
dust in Germany,11 but not in Poland.7 Evidence of an expo-
sure-response association between liver cancer mortality and 
rubber dust was not statistically significant, possibly due to a low 
number of deaths.7 Possible explanations for these discrepancies 
may lie in differences in the industry and chemicals used across 
countries and time periods. Further difficulties include measure-
ment error in the assessment of personal exposures over long 
periods of time.1

Previous studies in the British rubber industry have found 
similar trends of excess mortality or incidence of cancers of the 
bladder, particularly before 1949 due to exposures to 1-naph-
thylamine and 2-naphthylamine,3 lung due to exposures to 
rubber fumes5 and stomach as associated with rubber dust.5 
Nevertheless, measurements of exposures to carcinogenic agents 
were only indirectly assessed through employment characteris-
tics such as job title and work hours.

The current study aims to assess the specific association 
between cancer mortality and cumulative occupational expo-
sures to rubber dust, rubber fumes and N-nitrosamines with 
follow-up of 49 years and a 94% mortality rate.

MATerIAls And MeTHOds
Population
We used data from a cohort of male UK rubber factory workers 
aged 35 years or older as of 1 February 1967 (n=36 443 from 
381 factories) followed up for mortality to December 2015. 
The median employment start year was 1954 (mean=1951.8, 
IQR 1946–1961). The cohort was set up by the predecessor to 
UK Health and Safety Executive.4 5 17

exposure assessment
Exposure assessment was based on estimates from the EU-EX-
ASRUB database of measurements of compounds in rubber 
factories in Europe.18 Linear mixed effects models with random 
factory intercepts were used to estimate average exposure in each 
year between 1915 and 2000 and build a job-exposure matrix for 
rubber dusts, rubber fumes and N-nitrosamines.19 N-nitrosamines 
included in this study are N-nitrosodimethylamine (NDMA) and 
N-nitrosomorpholine (NMor) and N-nitrosamines sum score 
(NSS), a sum of NDMA, NMor, N-nitrosodibutylamine (NDBA), 
N-nitrosodiethylamine and N-nitrosopiperidine. Because only job 
information in 1967 was available, the primary analyses assumed 
all subjects remained in the same factory department (ie, not neces-
sarily in the same job) throughout their careers and were employed 
until retirement at age 70, death or emigration. Lifetime cumulative 
exposures (LCE) to rubber dust, rubber fumes and N-nitrosamines 
were calculated for each worker based on the assumed number of 
years worked and department. Sensitivity analyses using different 
backcasting assumptions of constant average exposure level from 
the first year of available measurement were shown to have only 
minimal impact on individual cumulative exposure estimates (data 
not shown).

statistical methods
To examine the probability of dying from specific causes in a 
cohort with nearly complete mortality (94.1%), competing risk 
survival analysis was used to model time to death either from 
specific cancers, a competing event (death by another cause) or 
censored due to attrition (such as through emigration). Following 
the method by Fine and Gray,20 the current model is specified as:

 
λ∗k

(
t
)
= lim

∆t→0
P
(
t≤T<t+∆t, D=k|T≥t∪

{
T<t,D̸=k

})
∆t   

where  λ
∗
k

(
t
)
  is the subdistribution hazard20 of cause k at time 

t, T is time of the first observed event and D is a random variable 
denoting type of event occurring. Subjects who experienced a 
competing event before the event of interest remain in the risk 
set and are weighted using the inverse probability of censoring 
weighting approach.21 22 This is in contrast to a standard Cox 
proportional hazard approach which would consider deaths from 
competing risks to be censored and would be removed from the 
risk set. Censoring competing events violates the assumption that 
censoring occurred at random and is independent from the risk 
of dying from the cause of death of interest, leading to a biased 
Kaplan-Meier estimator.23 Furthermore, within the context of 
competing risks, the interpretation of HRs from a standard Cox 
proportional hazard approach changes to the hazards of dying if 
no other deaths occurred,21 which is untenable in a cohort with 
94.1% mortality rate. Subdistribution HRs (SHRs) are estimated 
using stcrreg in Stata V.1524 and comparable in interpretation to 
proportional HRs in Cox models.25

Cumulative exposure was divided into four quartiles and as 
a continuous metric to assess linearity of the exposure-response 
association. Outcomes are mortality from cancers previously 
associated with the rubber industry1: all cancers, cancers of the 
bladder, lung, stomach, multiple myeloma, leukaemia, larynx, 
oesophagus, prostate, non-Hodgkin’s lymphoma, pancreas, 
brain, liver and in situ, benign or unknown behaviour neoplasms.

Analyses were adjusted for birth year and LCE (in quar-
tiles) to rubber dust, rubber fumes or N-nitrosamines. Because 
the baseline mean age of the sample is 50.1 years and median 
ages at death from cancer among males are between ages 
60 and 75 years26, or 10 and 25 years after the baseline, and a 
lag or latency period between exposure and cancer development 
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has been reported elsewhere,27–31 the analyses used 15-year lags, 
approximately around the midpoint of median cancer deaths.26 
Analyses without lags for multiple myeloma, non-Hodgkin’s 
lymphoma and leukaemia deaths were tested and found lower 
effect sizes but similar directions and p values to lagged analyses.

Sensitivity analyses were conducted with alternative simulated 
employment durations based on information on employment 
durations from another, partly overlapping, cohort of British 
rubber factory workers.4 5 32 Ten simulated employment durations 
for each worker were generated from log-normal distributions 
(mean=2.355, SD=0.470) that for the whole sample had similar 
characteristics to this cohort; the 47th percentile of the distribu-
tion have 10 years of employment and 88th percentile have 18 or 
more years. Log-normal distributions were chosen over other func-
tional forms because they provided the best fit to these parame-
ters. Lifetime cumulative exposures were subsequently recalculated 
and competing risk survival analyses were performed for each of 
the 10 simulated employment durations to allow for assessment 
of the variability in the SHRs for the LCEs. Sensitivity analyses 
were conducted for all cancers and cancers of the bladder, lung, 
stomach, myeloma and leukaemia. Results of the primary analyses 
were mostly supported by the sensitivity analyses, including for all 
malignant neoplasms for all agents.

resulTs
The cohort included 36 441 male workers in the UK rubber 
industry followed from 1967 to 2015 with 880 794 person years 
of time at risk and under observation. International Statistical 
Classification of Diseases and Related Health Problems codes and 
number of deaths are provided in OSM. We describe risk patterns 
as absence of exposure-response, linear (in log-space) exposure-re-
sponse (increasing risk in quartiles (Q) 1–4), plateauing expo-
sure-response (increasing risk in Q1–3, but plateau or reduction 
in Q4), and increased risk without an exposure-response pattern. 
Bladder cancer mortality represented 4.7% of all cancer deaths 
(n=417). The primary analyses (tables 1–2) showed a linear expo-
sure-response relationship for NDMA (SHRs up to 2.82 (Q4) and 
NMor (SHRs up to 2.59 (Q4), plateauing exposure-response for 
NSS (SHRs up to 2.19 (Q3)) and increased risks without expo-
sure-response pattern for rubber dust (SHRs up to 2.56 (Q4)). 
Sensitivity analyses (online suplementary materials) supported the 
primary analyses for all exposures. However, results for Q2 were 
not fully supported by the sensitivity analyses for NDMA where 
SHRs ranged from 1.14 (95% CI 0.85 to 1.52) to 1.56 (95% CI 
1.18 to 2.06), and for NSS, where SHRs ranged from 1.26 (95% CI 
0.95 to 1.68) to 1.51 (95% CI 1.15 to 1.99). Lung cancer mortality 
comprised the largest proportion of cancer deaths in the cohort 
at 37.1% (n=3377). A linear exposure-response relationship was 
found for exposures to rubber dust (SHRs up to 1.44 (Q4)). Sensi-
tivity analyses supported this exposure-response pattern where Q4 
SHRs ranged from 1.21 (95% CI 1.10 to 1.33) to 1.27 (95% CI 
1.15 to 1.39), which is within the 95% CI of the primary anal-
ysis (1.31 to 1.58). Increased risks were found for NDMA expo-
sure (SHRs up to 1.70 (Q4)). Plateauing exposure-response was 
observed for rubber fumes (SHRs up to 1.55 (Q3)), NSS (SHRs 
up to 1.60 (Q3)) and NMor (SHRs 1.19 (Q2 and Q3)). Sensitivity 
analyses support the exposure-response patterns observed for the 
primary analyses (OSM). Other differences between SHRs in the 
sensitivity and primary analyses were minimal with the largest 
difference found was for NDMA Q4 where primary analysis 
SHR=1.70 (95% CI: 1.41 to 2.10) and sensitivity analyses SHRs 
range from 1.40 (95% CI 1.27 to 1.54) to 1.46 (95% CI 1.32 to 
1.60).

For stomach cancer mortality (n=768, 8.4% of all cancer 
deaths), a linear exposure-response relationship was found for 
exposures to NDMA (SHRs up to 1.72 (Q4)) and NMor (SHRs 
up to 1.49 (Q4)). However, this exposure-response relation-
ship was not supported by the sensitivity analyses. Rather, only 
elevated SHRs for Q3 (NDMA, NMor) and Q4 (NMor) were 
consistently found across the simulations. Increased risks were 
observed for rubber dust (SHR up to 1.78 Q3)), rubber fumes 
(SHRs up to 1.75 (Q3)) and NSS (SHRs up to 1.78 (Q3)). This 
was supported by the sensitivity analyses.

A linear exposure-response association was found for leukaemia 
mortality (n=195, 2.1% of all cancer deaths) and NDMA exposures 
(p for trend <0.001) (SHRs up to 3.47 (Q4)). Plateauing expo-
sure-response were found for rubber dust (SHRs up to 2.42 (Q3)) 
and NSS (SHRs up to 3.08 (Q3)). Increased risks were found for 
rubber fumes (SHRs up to 2.10 (Q3 and Q4)) and NMor (SHRs up 
to 1.96 (Q4)). Sensitivity analyses results show consistently elevated 
and statistically significant SHRs for Q3 for NSS and Q4 for rubber 
dust, rubber fumes and NMor.

A linear exposure-response relationship was found for 
multiple myeloma mortality (n=462, 5.1% of all cancer 
mortality) with exposures to NDMA (SHRs up to 2.81 (Q4), 
p for linear trend <0.01) and NMor (SHRs up to 1.82 (Q4), p 
for linear trend <0.01). Sensitivity analyses support this pattern. 
Plateauing exposure-response was found for rubber fumes 
(SHRs up to 2.12 (Q3), p=0.04 for trend) and NSS (SHRs up 
to 2.35 (Q3), p=0.02 for trend). Increased risks were found for 
rubber dust (SHRs up to 1.99 (Q4)). Sensitivity analyses support 
the patterns for NSS and rubber fumes exposures and partially 
support NMor (Q4) and rubber dust (Q3 and Q4).

Increased risks for non-Hodgkin's lymphoma mortality 
(n=141, 1.5% of all cancer mortality) were observed for rubber 
dust (SHR up to 1.68 (Q3)), rubber fumes (SHRs up to 2.27 
(Q3)), NSS (SHRs up to 2.24 (Q3)), NDMA (SHRs up to 2.26 
(Q4)) and NMor (SHRs up to 1.58 (Q3)).

A linear exposure-response relationship for oesophageal 
cancer mortality (n=333, 3.7% of all cancer deaths) as found 
for NMor (SHRs up to 2.25 (Q4), p<0.001 for trend) and 
plateauing exposure-response relationship was found for rubber 
fumes (SHRs up to 2.55 (Q3)). Increased risks were found for 
rubber dust (SHRs up to 2.26 (Q3)), NSS (SHRs up to 2.42 
(Q3)) and NDMA (SHRs up to 3.04 (Q4)).

Linear exposure-response relationships between prostate 
cancer mortality (n=885, 9.7% of all cancer deaths) and expo-
sures to NDMA (SHRs up to 5.36 (Q4)) and NMor (SHRs up 
to 2.71 (Q4)) were found. Plateauing exposure-response were 
found for rubber fumes (SHRs up to 4.03 (Q3)) and NSS (SHRs 
up to 3.75 (Q3)). Increased risks were found for rubber dust 
(SHRs up to 3.37 (Q3)).

Results for laryngeal cancer mortality (n=62, 0.7% of all 
cancer deaths) show elevated SHRs for all exposures, but did 
not achieve statistical significance, except for NSS (Q3).

Results for brain cancer mortality (n=106, 1.2% of all cancer 
deaths) show plateauing exposure-response relationships for 
NMor (SHRs up to 3.16 (Q3)), elevated SHRs in Q3 for rubber 
dust (SHR 2.22) and Q4s for NSS (SHR 1.75) and NDMA (SHR 
2.50).

A linear exposure-response relationship was found for pancre-
atic cancer mortality (n=328, 3.6% of all cancer deaths) and 
NMor (SHRs up to 1.96 (Q4)). Plateauing exposure-response 
relationship was found for rubber fumes (SHRs up to 2.48 (Q3)) 
and increased risks without a trend were found for rubber dust 
(SHRs up to 2.00 (Q3)), NDMA (SHRs up to 2.60 (Q4)) and 
NSS (SHRs up to 2.20 (Q2)).

https://dx.doi.org/10.1136/oemed-2018-105181
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A linear exposure-response relationship between liver cancer 
mortality (n=122, 1.3% of all cancer deaths) and exposures 
to NDMA (SHRs up to 2.86 (Q4)) were observed. Plateauing 
exposure-response was found for NMor exposure (SHRs up to 
1.91 (Q3)). Increased risks were found for rubber dust (SHRs up 
to 3.40 (Q4)), rubber fumes (SHRs up to 3.35 (Q3)) and NSS 
(SHRs up to 3.20 (Q3)).

dIsCussIOn
This study examined cancer mortality risks associated with occu-
pational exposures to rubber dust, rubber fumes and nitrosa-
mines in a large occupational cohort of UK rubber manufacturing 
workers with 49 years of follow-up (880 794 person years). We 
found increased risks associated with cumulative exposures to 
rubber dust, rubber fumes and N-nitrosamines, which can be 
attributed to the unique combination of very long follow-up of 
the cohort, 94% mortality and selection of the exposures based 
on prior knowledge on carcinogenicity.1

Linear exposure-response relationships were found for 
cumulative exposure to NDMA (bladder, stomach, leukaemia, 
multiple myeloma, prostate, liver), NMor (bladder, stomach, 
multiple myeloma, oesophagus, prostate, pancreas) and 
rubber dust (lung). Plateauing exposure-response relationships 
were found for rubber dust (leukaemia), rubber fumes (lung, 
leukaemia, multiple myeloma, oesophagus, prostate, pancreas), 
NSS (bladder, lung, leukaemia, multiple myeloma, prostate) and 
NMor (lung, brain, liver). Increased risks were found for rubber 
dust (bladder, stomach, multiple myeloma, non-Hodgkin’s 
lymphoma, oesophagus, prostate, pancreas, brain, liver), rubber 
fumes (bladder, stomach, leukaemia, non-Hodgkin’s lymphoma, 
liver), NSS (stomach, non-Hodgkin’s lymphoma, brain, liver), 
NDMA (lung, non-Hodgkin’s’ lymphoma, oesophagus, brain, 
pancreas) and NMor (leukaemia, non-Hodgkin’s lymphoma). 
Occupational exposures were not associated with laryngeal 
cancer mortality.

Exposure-response associations between occupational expo-
sures to nitrosamines and mortality from oesophageal and pros-
tate cancers have been reported previously.8 11 We additionally 
observed increased stomach cancer risks with NDMA and NMor, 
in contrast to several studies8 11 and consistent with others.10 33

Although this study found exposure-response associations 
between lung cancer mortality and occupational exposure to 
rubber dust and elevated risks associated with rubber fumes, 
NSS, NDMA and NMor, several previous studies did not 
observe associations between lung cancer mortality and N-nitro-
samine exposure8 10 11 and others found inconsistent evidence on 
associations with rubber dust.7 8 It is possible that these results 
are capturing effects of smoking on lung cancer mortality rather 
than occupational exposures because individual smoking histo-
ries were unavailable. To obtain some indication of the possible 
confounding effect of smoking in this cohort, we used a statistical 
external adjustment method.34 External Monte Carlo analyses 
based on information on smoking prevalence, ex-smokers and 
never smokers from a cohort of rubber industry entrants after 
198218 indicated that mean bias is only 1.6% compared with the 
general population. To achieve as much as 10% (attenuating) 
bias internally, 12%–14% more smokers and 12%–14% fewer 
never smokers would have to be present in Q4 compared with 
Q1 (data not shown), which seems unlikely; suggesting that 
confounding by smoking in this cohort was likely not a signifi-
cant confounding factor.

There are several strengths to this study. First, the 49-year 
follow-up period constitutes the longest in cohort studies of 

rubber workers in the UK. With a nearly entirely deceased 
cohort, these analyses provide the most precise and complete 
lifetime risks from exposures encountered in the rubber manu-
facturing industry. Second, instead of qualitative information 
on jobs, exposure assessments from a quantitative job-exposure 
matrix19 based on historic exposure measurements previously 
collated in the EXASRUB database18 were used.

Aside from these strengths, several limitations exist in this 
study. Information regarding individual employment histories 
were unavailable before 1967 and during the follow-up period. 
As such, the main analysis assumed continuous employment 
until retirement at age 70, emigration or death. To address 
this limitation, we conducted sensitivity analyses with varying 
employment durations, which supported the main results of this 
study in all but a few instances. Differences observed between 
the results of the main analyses and the sensitivity analyses 
imply that results for low incidence cancers such as leukaemia 
(n=195) are more sensitive than high-incidence cancers such as 
lung cancer (n=3377) to the length of occupational exposure to 
each agent, which is further dependent on employment dura-
tion. Second, we assumed a 15-year lag between exposure and 
clinical manifestation of the cancer. However, these lags are not 
uniform across all cancers and are generally somewhat shorter 
for bloodborne cancers.35 Nonetheless, as an overall approxima-
tion 15 years seems appropriate. Third, although some cancers 
are less fatal than others and this study used underlying cause 
of death from the death certificate without any cancer inci-
dence data, some cancers may have been undercounted and 
comparison to cancer mortality in the general population would 
yield lower rates. However, results for selected cancers from 
SMR analyses of the same data33 showed either higher cancer 
mortality or no difference from the general population. Fourth, 
information on important confounders such as smoking and 
other lifestyle factors were unavailable, although additional 
simulations indicated smoking was unlikely to be a significant 
confounding factor. Fifth, the cohort was subject to selection 
effects at recruitment because workers had to survive until age 35 
to be included in the cohort. Sixth, the JEM provides estimates 
of average exposure for workers which introduces measurement 
error in individual assessments. However, group-based exposure 
assessment generally leads to Berkson-type rather than clas-
sical measurement error, which results in attenuation of expo-
sure-response associations rather than biased results.36 Finally, 
cross-contamination between departments could not rule out the 
need for multipollutant models, but given the high correlations 
between exposures this requires different and complex statistical 
modelling, with currently unknown validity in this context.

COnClusIOns
In summary, we examined the exposure-response association 
between occupational exposures to rubber dust, rubber fumes and 
nitrosamines with cancer mortality in a cohort of 36 441 UK rubber 
factory workers with a follow-up from 1967 to 2015. Consistent 
with previous studies, N-nitrosamines exposures in the rubber 
industry, were associated with mortality from cancers of the bladder, 
lung, stomach, leukaemia, multiple myeloma, oesophagus, prostate, 
pancreas and liver. We also found linear exposure-response asso-
ciations where the highest exposures to NMor more than double 
the risks for mortality from cancers of the bladder, oesophagus and 
prostate, similarly to the highest exposures of NDMA and cancers 
of the bladder, leukaemia, multiple myeloma, prostate, liver. Linear 
exposure-response relationships resulting in modest increased risks 
were also found for exposures to NMor and cancers of the stomach, 
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multiple myeloma and pancreas and NDMA with cancers of the 
stomach. Furthermore, exposures to rubber dust and rubber fumes 
were found to be associated with higher risks for these cancers as 
well. Results from this study contribute to the evidence of elevated 
cancer mortality risks from occupational exposures in the rubber 
industry by further clarifying the relationship between each carcin-
ogen and cancer with implications for the industry today where 
occupational exposures to N-nitrosamines continues to persist, 
although at greatly reduced levels compared with several decades 
ago.

Acknowledgements the authors would like to thank Professors richard Morris 
and Margaret May for statistical advice. the authors would also like to thank staff 
at the Health and Safety executive, the University of Manchester and the institute of 
Occupational Medicine for computerising thousands of study cards. 

Contributors FdV and DMMce conceived of the study. FdV, DMMce, aD, rMa 
and JWc obtained funding. FdV, DMMce, Pr, aD and WM worked on coding of data 
not in digital format. MH conducted the statistical analyses and wrote the first draft 
version of the manuscript. all authors contributed to interpretation of the results and 
commented on the various iterations of the manuscript. all authors approved the 
final version. 

Funding this study was funded by cancer research UK (c29425/a16521). 
additional funding for tracing of the cohort was provided by the UK Health and 
Safety executive (PrJ787).

disclaimer the views expressed are those of the author(s) and not necessarily 
those of the cancer research UK or UK Health and Safety executive.

Competing interests none declared.

Patient consent for publication not required.

ethics approval the study obtained clearances from an nHS ethics committee 
(ref: 13/nW/0543), the Health research authority’s confidentiality advisory group 
(ref: cag 5-08(d)/2013), the Office for national Statistics and nHS Digital’s Data 
access advisory group (now independent group advising on the release of Data, 
ref: nic-323309-l2g9t). 

Provenance and peer review not commissioned; externally peer reviewed.

data sharing statement Use of these data was granted by the nHS ethics 
committee, the Health research authority’s confidentiality advisory group, the 
Office for national Statistics and nHS Digital’s Data access advisory group (now 
independent group advising on the release of Data) for the specific purpose of this 
study only.

Open access this is an open access article distributed in accordance with the 
creative commons attribution 4.0 Unported (cc BY 4.0) license, which permits 
others to copy, redistribute, remix, transform and build upon this work for any 
purpose, provided the original work is properly cited, a link to the licence is given, 
and indication of whether changes were made. See: https:// creativecommons. org/ 
licenses/ by/ 4. 0/.

reFerenCes
 1 iarc Working group. Chemical Agents and Related Occupations IARC Monographs of 

the Evaluation of Carcinogenic Risks to Humans. lyon, France: iarc, 2012.
 2 Kogevinas M, Sala M, Boffetta P, et al. cancer risk in the rubber industry: a review of 

the recent epidemiological evidence. Occup Environ Med 1998;55:1–12.
 3 caSe ra, Hosker Me, McDOnalD DB, et al. tumours of the urinary bladder in 

workmen engaged in the manufacture and use of certain dyestuff intermediates in 
the British chemical industry. i. the role of aniline, benzidine, alpha-naphthylamine, 
and beta-naphthylamine. Br J Ind Med 1954;11:75–104.

 4 Sorahan t, Parkes Hg, Veys ca, et al. cancer mortality in the British rubber industry: 
1946-80. Br J Ind Med 1986;43:363–73.

 5 Sorahan t, Parkes Hg, Veys ca, et al. Mortality in the British rubber industry 1946-85. 
Br J Ind Med 1989;46:1–10.

 6 Delzell e, Monson rr. Mortality among rubber workers: Viii. industrial products 
workers. Am J Ind Med 1984;6:273–9.

 7 de Vocht F, Sobala W, Wilczynska U, et al. cancer mortality and occupational exposure 
to aromatic amines and inhalable aerosols in rubber tire manufacturing in Poland. 
Cancer Epidemiol 2009;33:94–102.

 8 Straif K, Keil U, taeger D, et al. exposure to nitrosamines, carbon black, asbestos, and 
talc and mortality from stomach, lung, and laryngeal cancer in a cohort of rubber 
workers. Am J Epidemiol 2000;152:297–306.

 9 li K, Yu S. economic status, smoking, occupational exposure to rubber, and lung 
cancer: a case-cohort study. J Environ Sci Health C Environ Carcinog Ecotoxicol Rev 
2002;20:21–8.

 10 Straif K, chambless l, Weiland SK, et al. Occupational risk factors for mortality from 
stomach and lung cancer among rubber workers: an analysis using internal controls 
and refined exposure assessment. Int J Epidemiol 1999;28:1037–43.

 11 Straif K, Weiland SK, Bungers M, et al. exposure to high concentrations of 
nitrosamines and cancer mortality among a cohort of rubber workers. Occup Environ 
Med 2000;57:180–7.

 12 cheng H, Sathiakumar n, graff J, et al. 1,3-Butadiene and leukemia among synthetic 
rubber industry workers: exposure-response relationships. Chem Biol Interact 
2007;166:15–24.

 13 andreotti g, Silverman Dt. Occupational risk factors and pancreatic cancer: a review 
of recent findings. Mol Carcinog 2012;51:98–108.

 14 Delzell e, Monson rr. Mortality among rubber workers: iX. curing workers. Am J Ind 
Med 1985;8:537–44.

 15 li K, Yu S. a nested case-control study on risk of pancreatic cancer among workers in 
the rubber industry. Pancreas 2002;24:417–8.

 16 Fritschi l, Benke g, risch Ha, et al. Occupational exposure to n-nitrosamines and 
pesticides and risk of pancreatic cancer. Occup Environ Med 2015;72:678–83.

 17 Dost a, Straughan J, Sorahan t. a cohort mortality and cancer incidence survey of 
recent entrants (1982-91) to the UK rubber industry: findings for 1983-2004. Occup 
Med 2007;57:186–90.

 18 De Vocht F, Straif K, Szeszenia-Dabrowska n, et al. a database of exposures in 
the rubber manufacturing industry: design and quality control. Ann Occup Hyg 
2005;49:691–701.

 19 Hidajat M, Mcelvenny DM, Mueller W, et al. Job-exposure matrix for historical 
exposures to rubber dust, rubber fumes and n-nitrosamines in the British rubber 
industry. Occup Environ Med 2019;76:259–67.

 20 Fine JP, gray rJ. a proportional hazards model for the subdistribution of a competing 
risk. J Am Stat Assoc 1999;94:496–509.

 21 Haller B, Schmidt g, Ulm K. applying competing risks regression models: an overview. 
Lifetime Data Anal 2013;19:33–58.

 22 robins JM, rotnitzky a. Recovery of information and adjustment for dependent 
censoring using surrogate markers AIDS epidemiology: Springer, 1992:297–331.

 23 Putter H, Fiocco M, geskus rB. tutorial in biostatistics: competing risks and multi-
state models. Stat Med 2007;26:2389–430.

 24 Statacorp. Stata 15 Base Reference Manual. college Station, tX: Stata Press, 2017.
 25 ingle S, Margaret M, Uebel K, et al. Outcomes in patients waiting for antiretroviral 

treatment in the Free State Province, South Africa: prospective linkage study. . london, 
england: aiDS, 2010:24. 2717.

 26 cancer research UK. cancer mortality by age. http://www. cancerresearchuk. org/ 
health- professional/ cancer- statistics/ mortality/ age (accessed Mar 2018).

 27 checkoway H, Pearce n, Hickey JlS, et al. latency analysis in occupational 
epidemiology. Arch Environ Health 1990;45:95–100.

 28 Hodgson Jt, Mcelvenny DM, Darnton aJ, et al. the expected burden of mesothelioma 
mortality in great Britain from 2002 to 2050. Br J Cancer 2005;92:587–93.

 29 langholz B, thomas D, Xiang a, et al. latency analysis in epidemiologic studies of 
occupational exposures: application to the colorado Plateau uranium miners cohort. 
Am J Ind Med 1999;35:246–56.

 30 richardson DB, cole Sr, chu H, et al. lagging exposure information in cumulative 
exposure-response analyses. Am J Epidemiol 2011;174:1416–22.

 31 Salvan a, Stayner l, Steenland K, et al. Selecting an exposure lag period. Epidemiology 
1995;6:387–90.

 32 Sorahan t, Hamilton l, Jackson Jr. a further cohort study of workers employed at a 
factory manufacturing chemicals for the rubber industry, with special reference to the 
chemicals 2-mercaptobenzothiazole (MBt), aniline, phenyl-beta-naphthylamine and 
o-toluidine. Occup Environ Med 2000;57:106–15.

 33 Mcelvenny D, Mueller W, ritchie P, et al. cohort study of workers in the British 
rubber industry: mortality follow-up extended to 49 years. Occup Environ Med 
2018;75:848–55.

 34 Steenland K, greenland S. Monte carlo sensitivity analysis and Bayesian analysis of 
smoking as an unmeasured confounder in a study of silica and lung cancer. Am J 
Epidemiol 2004;160:384–92.

 35 nadler Dl, Zurbenko ig. estimating cancer latency times using a weibull model. Adv 
Epidemiol 2014;2014:1–8.

 36 Burstyn i, de Vocht F, Kim H-M, et al. Bayesian correction for measurement error 
following group-based exposure assessment in a case-referent study. Occup Environ 
Med 2011;68:a44.

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1136/oem.55.1.1
http://dx.doi.org/10.1136/oem.11.2.75
http://dx.doi.org/10.1136/oem.43.6.363
http://dx.doi.org/10.1136/oem.46.1.1
http://dx.doi.org/10.1002/ajim.4700060405
http://dx.doi.org/10.1016/j.canep.2009.06.013
http://dx.doi.org/10.1093/aje/152.4.297
http://dx.doi.org/10.1081/GNC-120003926
http://dx.doi.org/10.1093/ije/28.6.1037
http://dx.doi.org/10.1136/oem.57.3.180
http://dx.doi.org/10.1136/oem.57.3.180
http://dx.doi.org/10.1016/j.cbi.2006.10.004
http://dx.doi.org/10.1002/mc.20779
http://dx.doi.org/10.1002/ajim.4700080605
http://dx.doi.org/10.1002/ajim.4700080605
http://dx.doi.org/10.1097/00006676-200205000-00016
http://dx.doi.org/10.1136/oemed-2014-102522
http://dx.doi.org/10.1093/occmed/kql171
http://dx.doi.org/10.1093/occmed/kql171
http://dx.doi.org/10.1093/annhyg/mei035
http://dx.doi.org/10.1136/oemed-2018-105182
http://dx.doi.org/10.1080/01621459.1999.10474144
http://dx.doi.org/10.1007/s10985-012-9230-8
http://dx.doi.org/10.1002/sim.2712
http://www.cancerresearchuk.org/health-professional/cancer-statistics/mortality/age
http://www.cancerresearchuk.org/health-professional/cancer-statistics/mortality/age
http://dx.doi.org/10.1080/00039896.1990.9935932
http://dx.doi.org/10.1038/sj.bjc.6602307
http://dx.doi.org/10.1002/(SICI)1097-0274(199903)35:3<246::AID-AJIM4>3.0.CO;2-6
http://dx.doi.org/10.1093/aje/kwr260
http://dx.doi.org/10.1097/00001648-199507000-00010
http://dx.doi.org/10.1136/oem.57.2.106
http://dx.doi.org/10.1093/aje/kwh211
http://dx.doi.org/10.1093/aje/kwh211
http://dx.doi.org/10.1155/2014/746769
http://dx.doi.org/10.1155/2014/746769
http://dx.doi.org/10.1136/oemed-2011-100382.145
http://dx.doi.org/10.1136/oemed-2011-100382.145

	Lifetime exposure to rubber dusts, fumes and N-nitrosamines and cancer mortality in a cohort of British rubber workers with 49 years follow-up
	Abstract
	Introduction
	Materials and methods
	Population
	Exposure assessment
	Statistical methods

	Results
	Discussion
	Conclusions
	References


