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ARTICLE INFO ABSTRACT
Keywords: Background: Recent and comprehensive estimates for the number of new cancer cases in France attributable to
Occupation occupational exposures are lacking.
Carcinogen Objectives: To estimate the number of new cancer cases attributable to occupational exposures, using a newly
lC:Il’:er developed methodology and the most recent data, for a comprehensive set of occupational carcinogens in France
18] .
in 2015.
C tive risk t/attributabl
frzrcrlf;;: ive risk assessment/attributable Methods: Surveys among employees, the national labor force data, a cohort of agricultural workers, national

monitoring of workers exposed to ionizing radiation and job-exposure matrix in France were used. The number
and proportion of new cancer cases attributable to established occupational carcinogens (Group 1) was esti-
mated using estimation of lifetime exposure and risk estimates from cohort studies. Cancer data were obtained
from the French Cancer Registries Network.

Results: In France in 2015, an estimated 7905 new cancer cases, 7336 among men and 569 among women, were
attributable to occupational exposures, representing 2.3% of all new cancer cases (3.9% and 0.4% among men
and women respectively). Among men and women, lung cancer was impacted the most, followed by mesothe-
lioma and bladder cancer in men, and by mesothelioma and ovary in women. These cancers contributed to 89%
of the total cancers attributable to occupational carcinogens in men, and to 80% in women. The main con-
tributing occupational agent was asbestos among men (45%) and women (60%).

Conclusions: Currently, occupational exposures contribute to a substantial burden of cancer in France. Enhanced
monitoring and implementation of protective labor policies could potentially prevent a large proportion of these
cancers.
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C. Marant Micallef et al.

1. Introduction

Occupational exposures to certain chemical, physical, biological
agents and occupational circumstances (e.g. rubber manufacturing in-
dustry) are well established risk factors for the development of cancer
(Pearce et al., 2015; Siemiatycki et al., 2004). However, still today we
observe a large number of carcinogenic agents across various occupa-
tional settings. Therefore, up-to-date data on the prevalence of exposure
to occupational carcinogens and the cancer cases attributable to these
agents are vital information for policy makers for the formulation,
prioritization and implementation of targeted prevention strategies to
improve working conditions by reducing exposure and ultimately re-
duce the cancers attributable to these carcinogens (Rushton et al.,
2007).

Previous studies have estimated that approximately 3%-14% and
0%-2% of all new cancer cases among men and women respectively are
attributable to occupational exposures in high-income countries
(Boffetta et al., 2010; Driscoll et al., 2005; Fritschi and Driscoll, 2006;
Nurminen and Karjalainen, 2001; Rushton et al., 2010; Steenland et al.,
2003). In France 2.3% and 0.3% of all new cancer cases in 2000 among
men and women respectively were attributable to occupational ex-
posures; however, this estimate was based on cross-sectional prevalence
estimates of exposure from the mid-1990s, and included only selected
occupational agents (Boffetta et al., 2010). Furthermore, the most re-
cent estimates from the French National Public Health Agency in 2012,
which adjusted for changes in the prevalence of exposure over time,
were limited to four Group 1 exposures (asbestos, benzene, tri-
chloroethylene and silica dust) (Gilg Soit Ilg et al., 2016).

Accordingly, the objective of this study was to estimate the number
of new cancer cases in France in 2015 attributable to historical ex-
posure to occupational carcinogens with sufficient evidence of a causal
relationship with cancer risk in humans (Group 1, as classified by the
International Agency for Research on Cancer (IARC)), adjusting for
changes in exposure over time. A secondary analysis provides similar
estimates, including all Group 1 and 2A occupational carcinogens and
cancer sites pairs with at least limited evidence of a causal relationship.

2. Material and methods

Data on the prevalence of occupational exposures and the relative
risk (RR) of developing cancer for people ever exposed to occupational
agents compared to those never exposed were combined to estimate the
Population-Attributable Fraction (PAF) (Shield et al., 2016). Subse-
quently, the number of new cancer cases attributable to occupational
exposures was estimated by applying the PAFs to the estimated new
cancer cases in France in 2015.

2.1. Exposures and cancers included

We considered occupational agents classified as carcinogenic
(Group 1 of IARC Monographs) or probably carcinogenic to humans
(Group 2A of IARC Monographs). To account for differences in the level
of evidence across exposure/cancer site pairs, the main analysis in-
cluded only Group 1 occupational agent and cancer site pairs with
sufficient evidence of a causal relationship as determined by the IARC
Monographs program volumes 1 to 114 (International Agency for
Research on Cancer, 2017; Pearce et al. 2015), whereas the secondary
analysis included all Group 1 and Group 2A occupational agent and
cancer site pairs with at least limited evidence of a causal relationship.
Furthermore, only those occupational exposures which were relevant
for France, where exposure data were available, and where an RR es-
timate was available were included in the study (Marant Micallef et al.,
2018). Based on these criteria, 25 agents were included in the main
analysis, with these agents causally related to the development of 23
cancer sites, representing 44 occupational agent and cancer site pairs
(see Figure S1) (Marant Micallef et al., 2018). Furthermore, the
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secondary analysis included 34 agents which were causally related to
23 cancers, representing 73 occupational agent and cancer site pairs.

2.2. Estimation of the proportion of the population ever exposed to
occupational carcinogens

We used multiple sources of occupational exposure data in order to
derive the most comprehensive data which are outlined in Table 1.
Briefly, we used the French national survey on occupational exposures
among 50,000 employees (SUMER), the French CAREX estimates, the
national labor force survey, a French agricultural cohort (AGRICAN),
the national monitoring system for workers exposed to ionizing radia-
tion (SISERI), and the Matgéné program combining lifetime self-re-
ported job history of a representative sample of 10,000 French persons
with a French-specific job-exposure matrix (JEM).

Solid cancers have been reported to have a distinct latency time as
compared to hematological and lymphatic malignancies. Therefore, the
risk exposure period (REP), i.e. the time-period during which exposure
to occupational carcinogens are considered to have contributed to
cancer incidence in 2015, was assumed to be from 1995 to 2015 for
hematological cancers (short REP), and from 1965 to 2005 for solid
cancers (long REP). This corresponds to a latency time of 0-20 years for
the first, and of 10-50 years for the latter (Rushton et al., 2010).

2.2.1. Estimation of the prevalence of the ever exposed population over the
short exposure period

To estimate the prevalence of exposure to occupational agents over
the short REP, cross-sectional prevalence of exposure from the
AGRICAN (Leveque-Morlais et al., 2015), SUMER (Arnaudo et al.,
2006), CAREX (Vincent et al., 1999) and national labor force survey
databases (Direction des statistiques démographiques et sociales 2016)
were applied to the 2015 French population data by age and sex
(Institut national de la statistique et des études économiques 2015). For
the agents that were included in the Matgéné program (Fevotte et al.,
2011), we used the 2007 prevalences of exposure as provided from this
database, applied to the 2015 French population. Finally, to assess
cumulative exposure to ionizing radiation over the short REP by sex, we
simulated a cohort of workers over 1995-2015, using population data
combined with the number of workers exposed and their average an-
nual exposure dose reported annually from 1996 to 2015 (Institut de
Radioprotection et de Stireté Nucléaire, 2015) (See note S1 detailing the
method to assess cumulative occupational exposure to ionizing radia-
tion).

2.2.2. Estimation of the prevalence of the ever exposed population over the
long exposure period

Similarly, several methods were used to estimate the prevalence of
exposure over the long REP. The prevalence of ever exposed to pesti-
cides over the long REP was directly obtained from the AGRICAN da-
tabase (Leveque-Morlais et al., 2015). This was then applied to the
number of farmers in France, based on the national labor force survey,
to determine the proportion of the French population ever occupa-
tionally exposed to pesticides. The cumulative prevalence of exposure
to ionizing radiation was assessed over the long REP using the same
cohort simulation as for the short REP, but over the period 1965-2005
(see note S1 detailing the method to assess cumulative occupational
exposure to ionizing radiation). The same method was used to estimate
prevalence of shift workers over the long REP. Finally, for the re-
maining carcinogens, to take into account the exposure changes over
time, the agents were categorized into three groups: (i) agents which
have been used with no change since 1965, (ii) agents very little used
after 2000 (e.g. asbestos, benzene), and (iii) agents where there has
been a moderate decrease in use since 1965 (Table S1 of supplemental
material). Based on these categories, age- and sex-specific adjustment
factors were applied to the cross-sectional exposure prevalence for
these agents obtained from the SUMER, CAREX and the national labor
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Table 1
Data sources for exposure to occupational carcinogens.
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Data source Description/Data available

Occupational exposures Dates

SUMER surveys (Arnaudo et al., 2006)
agents

Random sample of 50,000 salaried workers/Prevalence of exposure to

Polycyclic aromatic hydrocarbons 1994
1,3-Butadiene
Bis(chloromethyl)ether

Beryllium and compounds

Aromatic amines 2003
Arsenic and inorganic arsenic
compounds

Asbestos

Benzene

Cadmium compounds

Chromium (VI) compounds
Dichloromethane

Engine exhaust, diesel

Ethylene oxide

Formaldehyde

Nickel compounds

Polychlorinated biphenyls

Wood dust

Cobalt metal with tungsten carbide
Lead compounds, inorganic

Silica dust

Trichloroethylene

Perchlorethylene

CAREX database (Vincent et al., 1999)

Based on active population data: estimation of numbers of workers

Acid mists, strong inorganic 1990-1993

exposed by sector/Numbers of salaried workers exposed to agents

National labour force survey (Direction des
statistiques démographiques et sociales
2016)

occupation or sector in 2007

Representative survey of people aged =15/Numbers of workers by

Iron and steel founding 2007
Rubber manufacturing industry

Art glass, glass containers and

pressed ware (manufacture of)

Painter

Hairdresser or barber

Shiftwork that involves circadian

disruption

AGRICAN study, (Leveque-Morlais et al., 2015)
pesticides

French cohort of 180,000 farmers/Lifetime exposure to selected

Lindane 2005
Diazinon

Malathion

SISERI database, (Institut de Radioprotection et
de Siireté Nucléaire, 2015)
Annual reports on occupational exposure
to ionizing radiation in France

Exhaustive collection of individual radiation doses received by
workers exposed to ionizing radiation/Number of workers and mean
radiation dose received for monitored workers

Tonizing radiation 1996 to 2015

Matgéné program (Fevotte et al., 2011)

exposure

Job history of 10,000 representative French persons, combined with a
job-exposure matrix/Cross-sectional and lifetime prevalence of

Asbestos

Benzene

Silica dust
Trichloroethylene
Perchlorethylene
Dichloromethane
Leather dust

2007

force surveys (see Tables S1 for the detailed categories and corre-
sponding adjustment factors), i.e. we multiplied the cross-sectional
prevalences by the adjustment factors to get the prevalence over the
long exposure period. The adjustment factors were developed based on
lifetime estimates of occupational exposures from the Matgéné program
(Fevotte et al., 2011) as compared to the cross-sectional prevalences
from the SUMER survey (Arnaudo et al., 2006) for the agents which
were ascertained in both surveys. It was assumed that these adjustment
factors accounted for all factors that may influence the difference be-
tween cross-sectional prevalence estimates and estimates over the long
REP, including exposures changes over time. For the agents ascertained
in both surveys, the actual age and sex-specific ratios between the two
existing estimates were used to estimate the prevalences of exposure
over the long REP.

24

2.3. Relative risk estimates

RR estimates of developing cancer for people ever exposed to the
agent compared to people never exposed were obtained from meta-
analyses, large cohorts or pooled occupational studies matching French
exposure data in terms of exposure levels (see the review by Marant
Micallef and colleagues explaining the rationale for the selection of the
RRs used (Marant Micallef et al., 2018). In cases where RR estimates
were only reported for stratified levels of exposures, a fixed effects
meta-analysis was performed to pool the RRs estimates (Fleiss, 1993),
as this method was applicable even in the absence of exposure pre-
valence. The RR estimates related to ionizing radiation were derived
from the BEIRVII dose-risk models (National Research Council, 2006),
based on the average years of exposure and cumulated doses for
workers exposed to ionizing radiation.
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2.4. Estimation of the Population-Attributable Fraction

The PAFs for cancers attributable to occupational agents were es-
timated using two methods. The PAF for the proportion of new me-
sothelioma cases attributable to asbestos was derived directly from the
National Mesothelioma Surveillance Program: this program included a
case-control study which was used to estimate this PAF using the
Mantel-Haenszel estimation (Lacourt et al., 2014). We used the PAF
associated with occupational exposures to asbestos only, not to para-
occupational exposures, i.e. exposures occurring indirectly from occu-
pational exposures (for instance, living with relatives occupationally
exposed to asbestos). In all other cases, the PAFs for new cancer cases
due to a particular occupational exposure were estimated using the
method proposed by Levin (Levin, 1953) (see Formula 1). Specifically,
this latter method combines data on the proportion of the population
ever exposed to occupational carcinogens (P) and the corresponding RR
estimates (Marant Micallef et al., 2018).

pap— PRR-1)

" 1+P(RR-1) @

In cases where there were multiple occupational exposures that
influenced the risk of a cancer type, the exposure prevalence and/or the
PAFs were adjusted. Firstly, in cases where exposure to occupational
circumstances (e.g. working in a certain profession) and to an occu-
pational agent overlapped, the agent exposure prevalence was calcu-
lated excluding workers with such similarly exposed profession. As an
example, in the calculation of the PAF for bladder cancer, exposure as a
hairdresser was subtracted from the estimation of the exposure to
aromatic amines (See Table S2 for a list of overlapping situational and
chemical exposures). Secondly, in cases where multiple exposures in-
creased the risk of a specific cancer, the combined PAF (PAF;) was
estimated using the exposure-specific PAFs (PAF;) assuming in-
dependence between risk factors and assuming the RRs were multi-
plicative (see Formula 2).

n
PAF; =1- [] - PAR)

i=1

@

2.5. Cancer data

The projected number of new cancer cases by age, sex, and cancer
type (ICD-10) in France in 2015 were estimated using 2013 age, sex,
and cancer type specific incident rates obtained from the French Cancer
Registries Network (FRANCIM) (Santé Publique France, 2017). These
incident rates were then applied to 2015 population data to estimate
the number of new cancer cases in 2015 (Institut national de la statis-
tique et des études économiques 2015).

3. Results

3.1. Prevalence of French population ever exposed to occupational
carcinogens during the REP

In general, the prevalence of being ever exposed to occupational
carcinogenic agents over the REP in France in 2015 was higher among
men than among women (see Table 2 for the prevalence of exposure to
occupational carcinogens). Over the REP relevant for solid cancers
(1965-2005), the prevalence of ever exposure among men ranged from
23.5% for exposure to asbestos to 0.03% for exposure to bischlor-
omethylether. Among women, the highest estimated prevalence of ever
exposure over the REP was observed for shift work (6.3%), which is
classified as 2A, to 0.01% for exposures to bischloromethylether, io-
nizing radiation, rubber manufacturing industry and poly-
chlorobiphenyls. Furthermore, over the REP relevant for hematological
cancers, the prevalence of ever exposure among men ranged from 1.3%

25
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Table 2
Prevalences of exposure (%) by occupational carcinogen over short and long
risk exposure periods.

Occupational exposure Prevalence (%) Prevalence (%)

1995-2015 1965-2005
Men Women Men Women

Group 1 agents

1,3-butadiene 0.19 0.08 0.97 0.22
Acid mists, strong inorganic 2.53 1.02
Aromatic amines 1.94 0.91
Arsenic 1.11 0.12
Asbestos 23.54 247
Benzene 1.26 0.04 7.26 0.84
Beryllium and beryllium compounds 0.24 0.09
Bis(chloromethyl)ether 0.03 0.01
Cadmium and cadmium compounds 1.25 0.26
Chromium (vi) compounds 5.51 0.45
Engine exhaust, diesel 6.93 0.53
Ethylene oxide 0.06 0.04 0.37 0.10
Formaldehyde 0.69 1.30 3.69 4.13
Ionizing radiation 0.73 0.60 0.58 0.48
Iron and steel founding 0.81 0.02
Leather dust 0.60 1.30
Lindane 0.57 0.01 1.13 0.04
Nickel compounds 3.87 0.74
Polycyclic aromatic hydrocarbons 4.10 0.62
Painters 6.09 0.14
Polychlorinated biphenyls 0.08 0.01 0.47 0.01
Rubber manufacturing industry 0.81 0.01
Silica dust, crystalline 1416 0.97
Trichloroethylene 0.30 0.02 7.57 0.97
Wood dust 14.27 0.83
Group 2A agents

Art glass manufacture 0.40 0.12
Cobalt metal with tungsten carbide 1.81 0.03
Diazinon 0.71 0.02 1.10 0.03
Dichloromethane (methylene chloride) 0.13 0.08 1.15 0.31
Hairdressers 1.67 2.84
Lead compounds, inorganic 5.96 0.73
Malathion 0.76 0.02 1.13 0.03
Shift work involving circadian disruption 6.34
Perchloroethylene 0.34 0.58

for benzene to 0.06% for ethylene oxyde, while among women, it
ranged from 1.3% for formaldehyde to 0.01% for lindane and poly-
chlorobiphenyls.

3.2. Cancer cases attributable to occupational carcinogens and population
attributable fraction by cancer sites

Of the 346,000 new cancer cases in France in 2015, occupational
exposures led to 7905 new cancer cases, representing 2.3% of all new
cancer cases (for occupational agent and cancer site pairs with suffi-
cient evidence of a causal relationship; see Table 3). Men were dis-
proportionately affected, with 7336 new cancers cases (3.9% of all
cases) that can be attributable to occupational exposures as compared
to 569 new cancer cases (0.4% of all new cancer cases) among women.
However, the major cancer types that can be associated to occupational
agents were similar in both sexes: the most common cancers caused by
occupational agents were lung cancers (5621 in men and 294 in
women) and mesothelioma (652 in men and 133 in women). In men,
bladder (299) and larynx (252) cancers were the following, whereas
ovary (62) was the following in women.

The PAF of cancer caused by occupational exposure also varied by
cancer site. Mesothelioma was the cancer site which was impacted the
most by occupational exposures to asbestos among both men
(PAF = 83.1%) and women (PAF = 41.7%). After mesothelioma, nasal
cavity (PAF = 32.9%), nasopharyngeal (PAF = 19.9%) and lung
(PAF = 19.3%) cancers were the sites most impacted by occupational
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Table 3

The number of new cancer cases and population attributable fraction (PAF) in France in 2015 attributable to exposure to occupational carcinogenic agents, by cancer

site.”
Cancer (ICD10) Men Women Total

Number of attributable cases PAF (%) Number of attributable cases PAF (%) Number of attributable cases PAF (%)

Nasopharynx (C11, C14) 55 19.9 4 5.4 59 17.0
Nasal cavity (C30.0) 173 32.9 19 7.9 193 25.0
Larynx (C32) 252 8.3 9 2.3 261 7.6
Lung (C33-34) 5621 19.3 294 2.6 5916 14.6
Skin melanoma (C43) 3 0.1 0 0.0 3 0.02
Mesothelioma (C45) 652 83.1 133 41.7 785 71.1
Ovary (C56) - - 62 1.3 62 0.02
Kidney (C64-65) 190 2.4 13 0.3 202 1.7
Bladder (C67) 299 2.9 5 0.2 304 2.4
Radio-inducible solid cancers” 8 <0.1 3 <0.1 11 <0.1
Non-Hodgkin Lymphoma (C82-83) 28 0.3 0 0.0 28 0.2
Leukemia (C91-96) 55 0.7 27 0.7 82 0.7
All cancers 7336 3.9 569 0.4 7905 2.3

@ These results are for carcinogenic agents (IARC Monograph Group 1) where there is sufficient evidence of a causal relationship between exposure and the

development of cancer in humans.

> The radio-inducible solid cancers are cancers of salivary glands (C07-08), esophagus (C15), stomach (C16), colon-rectum (C18-20), liver (C22), pancreas (C25),
lung (C33-34), breast (C50), ovary (C56), prostate (C61), kidney (C64-66), bladder (C67), nervous central system (C70-72), thyroid (C73).

agents among men. Similarly, although at different level among women
nasal cavity (PAF = 7.9%), nasopharyngeal (PAF = 5.4%) and lung
(PAF = 2.6%) cancers were the sites most impacted by occupational
agents (Table 3).

3.3. Population attributable fraction and cancer cases attributable to
occupational carcinogens by agents

The number of new cancer cases attributable to occupational agents
varied between agents (see Fig. 1 and Table 4). Among both men and
women, asbestos exposure caused the largest number of cancer cases
(3489 cases in men and 344 in women). In men, asbestos was followed
by Chromium VI (1133 cases), working as a painter (780 cases) and
silica (429 cases). In women, asbestos was followed to a much lesser
extent by Chromium VI (42 cases), nickel compounds (40 cases), and
beryllium (26 cases).

3.4. Secondary analysis

If analyses were extended to exposure/cancer site pairs where there
is limited evidence of a causal relationship, then 12,314 new cancer
cases, representing 3.5% of all new cancer cases, were estimated to be

Men

Acidmists, 134___Wo°99USb 112 others, 120

Beryllium, 178 _— =
Trichlorethylene, -
190
Diesel, 398 _
Nickel, 412 _ Silica, 429 Asbestos, 3,489

Painters, 780

Chromium VI,
1,133

attributable to occupational agents in France in 2015 (Table S3 of
Supplemental material). As also observed in the main analysis, the
occupational exposures disproportionately affected men, with 10,814
new cancer cases among men, representing 5.7% of all new cancer cases
among men, and 1500 new cancer cases among women, representing
1.0% of all new cancer cases among women. The inclusion of two ex-
posures/cancer site pairs associated with limited evidence of a causal
association in humans had a noticeable impact on the number of at-
tributable cases: exposure to asbestos added 758 attributable colorectal
cancer cases in men and 70 in women; and exposure to shift work in
women added 669 breast cancer cases (Table S4 of Supplemental ma-
terial).

4. Discussion

This study presents the first, most comprehensive, estimation for
France of the number of new cancer cases attributable to occupational
exposures that accounts for the evolution of the exposure over time.
Specifically, this study estimated that 7900 new cancer cases, re-
presenting approximately 2.3% of all new cancer cases (3.9% among
males and 0.4% among women), were attributable to occupational
exposures. When extending the analysis to exposure/cancer site pairs

Women

Rubberindustry, 1 Others, 44

Diesel, 12 11 '

\‘\,
Trichlorethylene,
13

Silica, 15—

Formaldehyde, _
23

Asbestos, 344

Beryllium, 26 A

Nickel, 40 _

ChromiumVI,42 _

Fig. 1. Agents' contribution to the total number of cancer cases attributable to occupational exposures by sex in France in 2015 (including only agents and cancer

sites with sufficient evidence of a causal association in humans).

26
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Table 4
Estimated number of cases (N) and fraction of cancers cases (PAF) attributable to occupational exposures, by exposure.”
Agents (Group 1) Cancer sites (ICD-10) Men Women Total
N PAF (%) N PAF (%) N PAF (%)
1,3-Butadiene Leukemias (all) (C91-96) 18 0.4 6 0,2 24 0.3
Asbestos Larynx (C32) 123 4.1 <5 0.4 125 3.6
Lung (C33-34) 2715 9.3 147 1.3 2862 7.1
Pleural mesothelioma (C45) 652 83.1 133 41.7 785 71.1
Ovary (C56) 62 1.3 62 1.3
Acid mists Larynx (C32) 134 4.4 8 1.8 142 4.1
Aromatic amines Bladder (C67) 5 0.05 0 0 <10 0.04
Arsenic Lung (C33-34) 56 0.2 0 0 56 0.1
Benzene Acute myeloid leukemia (C92.0) 24 1.6 <5 0.05 25 0.9
Beryllium Lung (C33-34) 178 0.6 26 0.2 203 0.5
Bischloromethylether Lung (C33-34) 60 0.2 6 0.05 66 0.2
Cadmium Lung (C33-34) 69 0.2 6 0.05 75 0.2
Chromium VI Lung (C33-34) 1133 3.9 42 0.4 1175 2.9
Diesel engine exhaust Lung (C33-34) 398 1.4 12 0.1 410 1.0
Formaldehyde Nasopharynx (C11) 11 3.9 <5 4.4 14 4.0
Leukemias (all) (C91-96) 13 0.3 20 0.5 33 0.4
Ionizing radiation Radio-inducible leukemias (C91-96, excl. C91.1) <1 0.01 <1 0.003 <1 < 0.01
Radio-inducible solid cancers” 8 0.006 <5 0.003 11 < 0.01
Iron and steel founding Lung (C33-34) 70 0.2 <5 0.005 71 0.2
Leather dust Nasal cavity (C30.0) <5 0.6 5 2.2 <10 1.1
Lindane Non-Hodgkin lymphoma (C82-85, C96) 28 0.3 0 0.0 28 0.2
Nickel Nasal cavity (C30.0) 121 23.0 13 5.4 134 17.4
Lung (C33-34) 291 1.0 27 0.2 318 0.8
Painters Lung (C33-34) 607 2.1 6 0.05 613 1.5
Bladder (C67) 173 1.7 <5 0.04 174 1.4
Polycyclic aromatic hydrocarbons Lung (C33-34) 14 0.05 <5 0.01 15 0.04
Bladder (C67) 83 0.8 <5 0.1 86 0.7
Polychlorobiphenyls Skin melanoma (C43) <5 0.05 0 0.0 <5 0.02
Rubber industry Lung (C33-34) 54 0.2 10 0.08 63 0.2
Bladder (C67) 41 0.4 <5 0.05 42 0.3
Silica Lung (C33-34) 429 1.5 15 0.1 444 1.1
Trichlorethylene Kidney (C64-65) 190 2.4 13 0.3 202 1.7
Wood dust Nasopharynx (C11) 46 16.7 <5 1.2 47 13.5
Nasal cavity (C30.0) 66 12.5 <5 0.5 67 8.7

@ These results are for carcinogenic agents (IARC Monograph Group 1) where there is sufficient evidence of a causal relationship between exposure and the

development of cancer in humans.

Y The radio-inducible solid cancers are cancers of salivary glands (C07-08), esophagus (C15), stomach (C16), colon-rectum (C18-20), liver (C22), pancreas (C25),
lung (C33-34), breast (C50), ovary (C56), prostate (C61), kidney (C64-66), bladder (C67), nervous central system (C70-72), thyroid (C73).

with the limited level of evidence of a causal relationship, an estimated
12,300 new cancer cases, representing 3.5% of all new cancer cases
(5.7% among males and 1.0% among women), were attributable to
occupational exposures.

We found that lung cancers were by far the leading type of cancer
among men and women attributable to occupational exposure. Among
the main agents related to lung cancers in France, some are still present
in the working environment (Chromium VI, silica, diesel engine ex-
haust) (Vinck and Memmi, 2015). Many occupational carcinogens in-
cluding Chromium VI, silica or diesel engine exhaust have been sug-
gested to have common exposure route through the respiratory system
(Delva et al., 2016; Field and Withers, 2012). Therefore, monitoring of
air contaminant concentrations and reduction of exposure in various
working environments (Institut National Du Cancer, 2013; World
Health Organization, 2013) could prevent a large number of new lung
cancer cases and lead to a decrease in occupational related cancers.

4.1. Comparison to other studies

The percentage of all new cancer cases attributable to occupational
exposures estimated by this study was higher than that estimated by a
previous study for France in 2000, where 1.6% of all new cancer cases
were attributable to occupational exposures (2.7% among males and
0.3% among women) (Boffetta et al., 2010). In both studies the largest
numbers of new cancer cases were observed for the same cancer sites
(i.e., lung cancer in both males and females, followed by mesothelioma
and bladder cancers in men). The current study estimated the number
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of new cancer cases attributable to a wider range of occupational ex-
posures (and also additional cancer sites associated with these ex-
posures), which might explain part of the differences in the estimates.
Differences in data sources used, as well as the method to estimate the
prevalence of exposure may be other sources of discrepancies. Fur-
thermore, the findings of the current study were similar to the recent
estimates of the French National Public Health Agency for 2012 (for the
four common agents reported in both studies) (Gilg Soit Ilg et al.,
2016).

In other countries the percentage of new cancer cases attributable to
occupational agents have ranged from 3% to 14% among men and from
0% to 2% of all new cancer cases among women (Boffetta et al., 2010;
Driscoll et al., 2005; Fritschi and Driscoll, 2006; Nurminen and
Karjalainen, 2001; Purdue et al., 2015; Rushton et al., 2010). However,
direct comparisons between this study and other previous studies are
complicated due to differences in the occupational agents and agent/
cancer site pairs included, the RR estimates and the methodologies used
(Purdue et al., 2015), as well as in the exposure prevalences. A study in
the UK in 2010 used a similar methodology to this current study and
resulted in similar estimates. Specifically, in the UK in 2010, 4.0% of all
new cancer cases, 5.7% among men, and 2.2% among women, were
attributable to occupational agents (including pairs with sufficient and
limited evidence of a causal association with cancer in humans). Ad-
ditionally, similar major contributors to the attributable number of
cases (asbestos, silica, work as a painter in men, shift work in women)
were observed between the current study and those estimated for the
UK in 2010 (Rushton et al., 2010).
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4.2. Limitations

The estimates of this study are impacted by limitations in the
measurements and estimation of exposure to occupational agents, in the
estimation of cancer incidence, and in the availability of RR estimates.

As no detailed cancer incidence data were available for year 2015,
we used 2013 incidence rates applied to 2015 population to estimate
2015 cancer incidence. Depending on the cancer sites, that may either
over- or under-estimate the number of attributable cases for 2015.
However, it shouldn't change the conclusion of this work, as cancer
incidence is not assumed to have substantially changed between 2013
and 2015.

Data on the exposure to certain important carcinogens in the French
population were not available. Specifically, it was not possible to esti-
mate the number of new cancer cases in France attributable to solar
radiation, tobacco smoke in the working environment, or dioxins
(Marant Micallef et al., 2018). Additionally, exposure to pesticides was
assessed using the AGRICAN database, which includes only farmers, but
not other workers potentially exposed to pesticides, such as gardeners.
The AGRICAN study also does not assess exposure to glyphosate, de-
spite its wide usage in France (Woodburn, 2000). Consequently, our
study may underestimate the overall exposure to carcinogens in the
French occupational setting. However, to date, glyphosate and the
other considered pesticides (except lindane), are associated with can-
cers with only limited evidence in humans, so this missing data should
not impact greatly our main analysis (IARC Monographs, 2017). Fur-
thermore, to take into account historical changes in exposure pre-
valences, agents were classified into three large categories. Conse-
quently, the corresponding adjustment factors may not be appropriate
for each agent within categories, which may lead to some over- or
under-estimation of the prevalence of exposure over the long REP. For
example, that may explain the high estimated prevalence of exposure to
chromium VI in men over the long REP.

Another limitation in this study relates to the risk estimates used.
Firstly, for most of the exposures, we used a single risk estimate (of the
ever exposed as compared to never exposed), which does not consider
different levels of exposure to occupational carcinogens. However, RRs
were frequently reported in the literature by percentiles of exposure
distribution, and do not necessarily correspond to the categories of
occupational exposure in France. As such this may lead to an over- or
under-estimation depending on the distribution of exposure to specific
agents in France. For agents with a dramatic decrease in exposure levels
over the REP such as beryllium and chromium VI, we might have
overestimated the PAF in this study. Conversely, to assess the exposure
to ionizing radiation and the corresponding relative risk estimates, we
used observed average annual exposure doses and a risk model ac-
counting for age and for the exposure dose, which lowers the un-
certainty of the estimation for ionizing radiation compared to other
exposures.

Furthermore, the RR estimates for some occupational exposures
have a large degree of uncertainty. In particular, the RR for the re-
lationship between shift work and breast cancer remains controversial.
A recent meta-analysis of cohort studies reported a RR of 0.99
(95%CI = 0.95 to 1.03) for the effect of shift work on breast cancer
(Travis et al., 2016). Yet others have argued that different definitions of
shift work across the cohorts and imprecise exposure assessment may
have hampered pooling of RRs and might bias the result (Knutsson,
2004). In our secondary analysis, including shift work increased the
number of cases caused by occupational exposures among women of
669 cases (Table S4 of the Supplemental material).

Lastly, there is limited evidence with which to ascertain whether
there is a causal relationship between certain occupational exposures
and the risk of developing cancer in humans (Pearce et al., 2015;
Purdue et al., 2015; Rushton et al., 2007). Because of this, we per-
formed two distinguished analyses, one including only pairs with suf-
ficient evidence of a causal relationship in humans, and the other one
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including both pairs with sufficient or limited evidence in humans.
5. Conclusions

Occupational exposures continue to contribute to a substantial
number of new cancer cases in France, with many of these carcinogens
still currently present in French workplaces. Our study shows that data
on occupational carcinogens, in particular over lifetime, are sparse,
highlighting the importance of improved monitoring systems or
methods to provide better estimate for lifetime exposure of occupa-
tional carcinogens. Furthermore, our results largely reflect historical
exposure to occupational carcinogenic agents, and do not reflect the
burden caused by current exposures. Projection of future cancer burden
attributable to current occupational exposures to carcinogens would be
of great interest, as recently performed in Australia or in the United
Kingdom (Carey et al., 2017; Hutchings and Rushton, 2011).

In combination with costs (such as health care and lost productivity)
(Hanly and Sharp, 2014) and the years of life lost due to premature
mortality and disability (Soerjomataram et al., 2012), our results can
provide an evidence base for the formulation, prioritization and im-
plementation of labor policies aimed at improved occupational condi-
tions and ultimately reduce the overall burden of cancers in France.
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