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A B S T R A C T

Background: Previous studies on occupational exposures in parents and cancer risks in their children support a
link between solvents and paints with childhood leukaemia. Few studies have focused specifically on benzene.
Objectives: To examine whether parental occupational exposure to benzene is associated with an increased
cancer risk in a census-based cohort of children.
Methods: From a census-based cohort study in Switzerland, we included children aged< 16 years at national
censuses (1990, 2000). We retrieved parental occupations reported at census and assessed exposure to benzene
using a job exposure matrix. We identified incident cancer cases through record linkage with the Swiss
Childhood Cancer Registry. We fitted Cox proportional-hazards models to assess associations between exposures
and the following outcomes: any cancer, leukaemia, acute lymphoid leukaemia (ALL), acute myeloid leukaemia
(AML), lymphoma, non-Hodgkin lymphoma, central nervous system (CNS) tumours, and glioma. We adjusted
models for a range of socio-economic, perinatal and environmental factors.
Results: Analyses of maternal (paternal) exposure were based on 9.0 (13.2) million person years at risk and
included 1004 (1520) cases of cancer, of which 285 (438) had leukaemia, 186 (281) lymphoma, 227 (339) a CNS
tumour. Maternal exposure was associated with an increased risk of childhood leukaemia (hazard ratio 1.73,
95% CI 1.12–2.67) and ALL (1.88, 1.16–3.04). We found little evidence of an association for other outcomes or
for paternal exposure. Adjusting for potential confounders did not materially affect the results.
Conclusions: This nationwide cohort study suggests an increased risk of leukaemia among children whose mo-
thers were exposed to benzene at work.

1. Introduction

Cancer is rare in childhood and the extent to which risks are de-
termined by environmental risk factors is uncertain. It has been sug-
gested that parents' occupational exposure to mutagenic substances,
such as benzene, may increase the risk of cancer in their offspring (Colt
and Blair, 1998; Pyatt and Hays, 2010). Proposed causal pathways in-
clude genetic alterations in parental germ cells, particularly of the fa-
ther's sperm (Anderson et al., 2000), trans‑placental exposure of the

fetus during pregnancy (Anderson et al., 2000; Badham et al., 2010), or
postnatal exposure of the child to substances brought home from the
workplace (Colt and Blair, 1998). Benzene has been widely used as a
solvent in paints and adhesives in the past. In occupationally exposed
adults, it causes acute myeloid leukaemia (AML) and possibly other
blood cancers including acute lymphoid leukaemia (ALL), chronic
lymphoid leukaemia, multiple myeloma and non-Hodgkin lymphoma
(Chiu and Hou, 2015; IARC, 2012; Vlaanderen et al., 2011, 2012). The
major source of benzene exposure in children is ambient air pollution
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(Duarte-Davidson et al., 2001). Benzene concentrations tend to be
higher indoors where children spend most of their time, particularly if a
family member smokes (Duarte-Davidson et al., 2001; Wallace, 1996).
Maternal intake of benzene, for instance from occupational exposure,
can be transmitted to children prenatally through transplacental mi-
gration or in infancy through breastfeeding. Cord blood has been found
to contain benzene in similar quantities as maternal blood (Dowty et al.,
1976) and benzene has been found in breastmilk (Fabietti et al., 2004).

Numerous studies have investigated associations between parental
occupational exposures and childhood cancers including leukaemia,
ALL, and central nervous system (CNS) tumours. A review of studies up
to 1997 supports increased risks associated with benzene-related oc-
cupational exposures such as exposure to paints, solvents or exhaust
fumes both for childhood leukaemia and CNS tumours (Colt and Blair,
1998). For childhood leukaemia, the majority of more recent studies
have also reported increased risks associated with benzene-related oc-
cupational exposures, either for paternal (Feychting et al., 2001;
Metayer et al., 2016; Miligi et al., 2013; Reid et al., 2011) or maternal
exposure (Infante-Rivard et al., 2005; McKinney et al., 2008; Miligi
et al., 2013; Reid et al., 2011; Schuz et al., 2000; Shu et al., 1999).
However, two large recent studies (Bailey et al., 2014; Keegan et al.,
2012), including a study of the Childhood Leukaemia International
Consortium (CLIC) focusing on parental occupational exposure to paint
(Bailey et al., 2014), found no evidence of an association. Most previous

studies looked at broad occupational or substance groups while only a
minority considered exposure to benzene specifically. Results from
studies that have specifically investigated occupational exposure to
benzene also tend to support a link with childhood leukaemia, parti-
cularly for maternal exposure (Carlos-Wallace et al., 2016). Since the
review by Colt and Blair, increased risks in children of parents with
benzene related occupational exposures have also been reported for
CNS tumours (Ali et al., 2004; Cordier et al., 1997; Cordier et al., 2001;
Keegan et al., 2013; McKean-Cowdin et al., 1998; Peters et al., 2014;
Peters et al., 2013), lymphoma (Mutanen and Hemminki, 2001), and
non-Hodgkin lymphoma (McKinney et al., 2008; Miligi et al., 2013).

Various methodological issues make it difficult to draw firm con-
clusions from this research. Most previous studies were case-control
studies susceptible to selection bias. For example, if controls with low
socioeconomic status - and thus higher risk of exposure - are less likely
to participate while cases are likely to participate regardless of socio-
economic status, the estimated association between exposure and out-
come will be biased upward (Mezei et al., 2006). To our knowledge,
only two previous studies were cohort studies (Feychting et al., 2001;
Mutanen and Hemminki, 2001) and none of these specifically in-
vestigated maternal occupational exposure to benzene. Studies relying
on self-reported exposure to specific substances are susceptible to recall
bias (Schuz et al., 2003). Furthermore, most previous studies in-
vestigated a wide range of broad occupational or exposure groups in an

Fig. 1. Flow-chart of included parent-child pairs.
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exploratory manner, without corrections for multiple testing.
We investigated the association between parents' occupational ex-

posure to benzene and cancer in their offspring in a nation-wide census-
based cohort study in Switzerland. The study is based entirely on near-
complete routine data and is thus free of participation bias. We in-
vestigated multiple diagnostic categories including all cancers, leu-
kaemia, ALL, AML, lymphoma, non-Hodgkin lymphoma, CNS tumours
and glioma. To minimize multiple testing issues, we focused exclusively
on exposure to benzene. We assessed exposure for occupations reported
at census using a custom-made job exposure matrix (JEM).

2. Material and methods

2.1. Population

We included children from the Swiss National Cohort (SNC) study, a
research platform that probabilistically links individual records from
various national datasets including censuses and datasets on mortality,
migration, and births (Bopp et al., 2009; Spoerri et al., 2010). The co-
hort consists of all individuals registered in national censuses in 1990
and 2000. Children enter the cohort on the date of the first census they
are recorded in (1990 or 2000) and are followed-up to emigration,
death or the end of 2008. Participation in the census was mandatory,
resulting in a coverage of 98.6% in 2000 (Bundesamt für Statistik,
2005). The census questionnaires addressed a wide range of demo-
graphic and socioeconomic information including occupation and the
number and birth years of children. All household members had to
report their position within the household.

We included children from the SNC if they were aged 0–15 years at
census, if their mother or father could be identified, and if the identified
parent(s) reported an occupation (Fig. 1). We identified parents by
linking adults reporting to have children with matching children living
in the same household.

We identified primary cancers diagnosed in included children
through probabilistic record linkage with the Swiss Childhood Cancer
Registry (SCCR). We included cases diagnosed in Switzerland during
the study period 1990–2008 at age 0–15 years. Linkage variables in-
cluded sex, date of birth, parental dates of birth, geocoded residence at
census, municipality of residence at census and at birth, and nation-
ality. The SCCR is a population based registry that records diagnoses of
cancers made in Switzerland in children and adolescents aged
≤20 years. For the age group 0-15 years, completeness of case ascer-
tainment was 91% since 1985 and ≥95% since 1995 (Schindler et al.,
2015). Ethics approval for this study was granted by the Ethics Com-
mittee of the Canton of Bern to the SCCR in July 2014 (KEK-BE: 166/
2014).

2.2. Outcomes

The SCCR classifies cancer diagnoses according to the third edition
of the International Classification of Childhood Cancer (ICCC-3)
(Michel et al., 2007; Michel et al., 2008; Steliarova-Foucher et al.,
2005). We investigated the following outcomes: all cancers (all ICCC-3
diagnostic groups), leukaemia (ICCC-3 main group I), acute lymphoid
leukaemia (ALL) (group Ia), acute myeloid leukaemia (AML) (group Ib),
lymphoma (main group II), non-Hodgkin lymphoma (group IIb and IIc),
CNS tumours (main group III; this also includes tumours of non-ma-
lignant or uncertain behaviour) and gliomas (groups IIIa, IIIb, or IIId)
(Steliarova-Foucher et al., 2005).

2.3. Assessing occupational exposure to benzene

We used a novel job exposure matrix (BEN-JEM) based on the
International Classification of Occupations 1988 (ISCO-88) to assess
parental occupational exposure to benzene. We used the occupations
reported by parents in the earliest census that the child was recorded in.

Persons not belonging to the paid labour force (e.g. homemakers, stu-
dents or pensioners) are grouped under a single category, which we
refer to here as “not economically active”.

BEN-JEM is based on expert assessment by one of the authors (RV)
and estimates for each ISCO-88 job-code the proportion of workers
exposed (P) in a given job category and the mean level of exposure (L,
expressed in parts per million) among the exposed by time period
(1960–84, 1985–94, 1995–97, 1998–2000). The BEN-JEM was devel-
oped for application in general population studies, and given that
specific occupational exposures are relatively rare, exposure assessment
was designed to be more specific than sensitive.

For the purpose of these analyses, we assigned the product of the
proportion of workers exposed and the level of exposure (p × L) to the
ISCO-88 job-codes. Exposure at the 2000 census was based on averaged
values (of p × L) for the time periods 1995–97 and 1998–2000. The
period 1985–94 was used for exposure at the 1990 census. Occupations
held at childrens' first census may have already been held earlier when
exposure levels were higher. For this reason, we also assessed exposures
(for reported occupations) using the time period corresponding to
10 years before the census: values (p × L) from period 1985–94 for the
2000 census and from 1960–84 for the 1990 census.

2.4. Potential confounders

We used a directed acyclic graph to guide our selection of potential
confounders to be considered in analyses (Supplemental material Fig.
S1). We obtained data on educational level of the household reference
person (compulsory, upper secondary, or tertiary education) and
crowding (number of persons per household in tertiles) from census
records. Data on birth order (1st, 2nd, 3rd or later), and birth weight
(tertiles) were available from birth records. Geocoded place of re-
sidence at census was available from the SNC and additionally allowed
us to obtain the following data: the Swiss neighborhood index of socio-
economic position (Swiss-SEP) (Panczak et al., 2012), distance to
nearest highway (< 100, 100–250, 250–500, ≥500 m) (Spycher et al.,
2015a), distance to nearest petroleum refinery (< 1, 1–2, ≥2 km),
distance to nearest petrol station (< 100, 100–250, ≥250 m), distance
to nearest motor vehicle service station (< 100, 100–250, ≥250 m);
dose rate of ionizing background radiation including terrestrial gamma
and cosmic radiation (< 100, 100–150, 150–200, ≥250 nSv/h)
(Spycher et al., 2015b), distance to nearest power line of 220 or 380 kV
(< 100, 100–250,≥250 m), and estimated strength of electromagnetic
field from radio and TV transmitters (< 0.05, 0.05–0.2, ≥2 V/m)
(Hauri et al., 2014).

2.5. Statistical analyses

Our main analyses included only children whose parent(s) reported
an ISCO-88 coded occupation. In sensitivity analyses, we additionally
included children of not economically active parents assigning them the
exposure level of zero. We ran separate analyses for paternal and ma-
ternal exposure.

We used Cox proportional hazards regression with age as the un-
derlying time scale to compare the risk of childhood cancer across
different exposure categories. Follow-up time began at entry into the
cohort and ended at cancer diagnosis, emigration, death, the child's 16th

birthday, or the end of the study period (31 December 2008), which-
ever occurred first. The exposure variable showed a left skewed dis-
tribution. We categorized the exposure as 0 (unexposed), > 0–2,>
2–10, and from there on in steps of 10. Percentiles corresponding to
these values are reported in Table 1.

We adjusted for potential confounders in three steps. Initially,
models were adjusted for sex, year of birth (5-year categories), and first
census (1990, 2000) (minimally adjusted models). We adjusted for first
census because exposure levels dropped considerably between these
two census time points. Any factors potentially leading to different

B.D. Spycher et al. Environment International 108 (2017) 84–91

86



incidence rates among children entering a decade later, including, for
example, secular trends in incidence or registration coverage, might
thus confound the association of interest. Next, we added all other
potential confounders except birth order and birth weight (partially
adjusted models). In a final step, we added birth order and birth weight
(fully adjusted models). The reason for this was that perinatal in-
formation was only available for children linked to a matching birth
record. This linkage excluded children aged> 10 years at census (due
to poor linkage success) and children born abroad. There was thus a
considerable proportion of missing values in birth order and birth
weight in analyses of maternal (46%) and paternal exposure (41%).

In sensitivity analyses, we first additionally included children of not
economically active parents. Exposure in this group is difficult to assess
and is likely to originate from shared environments with the children
(e.g. benzene concentrations in homes). We therefore did not include
these children in the main analysis. However, one could argue that
exposure levels are well below those of occupational exposure and that
these children should be included as unexposed. Second, we included
only children born in Switzerland because, for these children, parental
occupations at census are more likely to correspond to occupations held
before birth of the child and prenatal exposure may be more relevant
than postnatal exposure. Furthermore, BEN-JEM may not be appro-
priate for occupations in the countries that immigrants come from.
Third, we included only children linked to a birth record to assess
whether any changes in effect estimates due to inclusion of birth order
and birth weight as potential confounders were due to restriction to this
sample rather than to confounding. Lastly, we restricted analyses to

children aged 0–4 years at the first census, i.e. the time point of ex-
posure assessment. For this subgroup, the likelihood that assessed ex-
posure reflects the parent's occupational exposure during pregnancy
and infancy is higher.

3. Results

3.1. Characteristics of included population

Of the 2,129,264 children in the SNC who were aged< 16 years at
the time of entry into the cohort, we were able to identify the mothers
of 2,029,315 (95.3%) and the fathers of 1,890,658 (88.8%) children
(Fig. 1). More mothers than fathers reported not being economically
active. After excluding children of these parents and parents with no
reported or uncertain occupation and children diagnosed with cancer
prior to entry into the cohort, we included 1,138,826 (53.5% of all
children) and 1,664,801 children (78.2%) in the main analyses of ma-
ternal and paternal exposure respectively (Fig. 1). We identified 1,004
diagnoses of cancer (285 leukaemia, 227 CNS tumours) during 9.0
million person years of follow-up (median follow-up time 8.1 years) of
children included for analyses of maternal exposure. The corresponding
number for paternal exposure was 1479 cancer diagnoses (438 leu-
kaemia, 339 CNS tumours) during 13.2 million person years of follow-
up (median 8.1 years). We provide a more detailed description of the
time to event data of included children stratified by age at entry and
census in the Supplemental material Table S1.

Compared to children excluded from main analyses, included

Table 1
Characteristics of children included in main analyses.

Characteristics Included for maternal exposure Included for paternal exposure Excluded from main analysesa

Total 1,138,826 (100.0) 1,664,801 (100.0) 305,908 (100.0)
Sex
Female 557,008 (48.9) 811,882 (48.8) 147,588 (48.2)

Age at entry into cohort (time of exposure assessment)
0–4 years 407,021 (35.7) 637,619 (38.3) 112,039 (36.6)
5–9 years 410,524 (36.0) 614,591 (36.9) 130,037 (42.5)
10–15 years 321,281 (28.2) 412,591 (24.8) 63,832 (20.9)

Educational level of household reference person
Compulsory education or less 189,324 (16.6) 263,216 (15.8) 85,727 (28.0)
Upper secondary level education 599,170 (52.6) 861,097 (51.7) 102,309 (33.4)
Tertiary level education 344,912 (30.3) 531,705 (31.9) 50,450 (16.5)
Not known 5420 (0.5) 8783 (0.5) 67,422 (22.0)

Number of persons per room (tertiles)
< 0.81 442,673 (38.9) 581,433 (34.9) 110,624 (36.2)
0.81–1.00 432,030 (37.9) 643,743 (38.7) 80,422 (26.3)
> 1.00 264,123 (23.2) 439,625 (26.4) 114,862 (37.5)

Neighbourhood socioeconomic position (quintiles, low to high)
Q1 286,167 (25.1) 432,596 (26.0) 102,392 (33.5)
Q2 231,376 (20.3) 341,450 (20.5) 62,728 (20.5)
Q3 219,063 (19.2) 316,828 (19.0) 50,778 (16.6)
Q4 210,523 (18.5) 300,043 (18.0) 40,546 (13.3)
Q5 182,130 (16.0) 258,645 (15.5) 30,242 (9.9)
Missing 9567 (0.8) 15,239 (0.9) 19,222 (6.3)

Degree of urbanisation
Urban centers 274,800 (24.1) 362,634 (21.8) 96,798 (31.6)
Peri-urban 534,589 (46.9) 769,986 (46.3) 128,458 (42.0)
Rural 329,437 (28.9) 532,181 (32.0) 80,652 (26.4)

Parental occupational exposure to benzeneb

none 1,071,893 (94.1) 1,430,246 (85.9) N.A.
> 0–2 61,851 (5.4) 193,407 (11.6) N.A.
> 2–10 4561 (0.4) 25,799 (1.5) N.A.
> 10 521 (0.0) 15,349 (0.9) N.A.

N.A. not available.
Data represent number of children and column percentages (in parenthesis). Children included in main analyses of maternal and paternal exposure partially overlap: 980,271 children are
included in both. P-values from χ2-tests for differences between included and excluded children are< 0.001 for all characteristics except for sex and paternal exposure (P = 0.055).

a Children not included in main analyses (neither maternal nor paternal exposure) because parents were not identified, because benzene exposure could not be assessed for identified
parents (occupation not reported or uncertain, or not economically active), or because they were diagnosed with cancer before entry into the cohort (Fig. 1). In sensitivity analyses, we
classified not economically active parents (e.g. house-makers, students and pensioners) as unexposed allowing to additionally include 114,638 (37.5%) of these children.

b Product of the proportion of workers exposed and the level of exposure [ppm] (at time of census) based on a job exposure matrix (BEN-JEM) and occupation at census.
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children tended to come from households with less crowding and
higher educational level, and to live in neighbourhoods of higher socio-
economic position and not in city centers (Table 1). Occupational ex-
posure to benzene was more common among fathers than among mo-
thers (Table 1). The most common occupations among exposed mothers
and fathers are listed in Tables S2 and S3 of the Supplemental material.

3.2. Maternal exposure to benzene and childhood cancer

Children of exposed mothers had a greater risk of developing leu-
kaemia, particularly ALL (Table 2). In minimally adjusted models, the
hazard ratio (HR) comparing children of exposed to those of unexposed
mothers was 1.73 (95% CI: 1.12–2.67). The HR remained unchanged
after adjustment for all potential confounders except birth order and
birth weight (partially adjusted models) but increased to 2.31
(1.43–3.73) in the fully adjusted model. Effect estimates were smaller
when using exposure 10 years prior to census; however, there was a
tendency for higher leukaemia risks with increasing exposure levels in
that analysis (Supplemental material Table S4). We found little evi-
dence of an association with maternal exposure for the group of all
cancers, lymphoma, or CNS tumours.

3.3. Paternal exposure to benzene and childhood cancer

We found no evidence of association between paternal occupational
exposure to benzene and the risk of childhood cancer (Table 3, Sup-
plemental material Table S4). IRRs for exposure categories varied
around one in both directions and confidence intervals included one.

3.4. Sensitivity analyses

Including children of not economically active parents as unexposed
increased the sample size for maternal and paternal exposure by
354,521 and 31,544 children respectively. The results from these ana-
lyses were virtually identical to those of our main analyses
(Supplemental material Table S5). When restricting analyses to children
born in Switzerland, the observed association between maternal ben-
zene exposure and childhood leukaemia was stronger (HR 1.93, 95% CI
1.25–2.98) (Supplemental material Table S6). The association became

even stronger when including only children linked to a birth record and
when including only children aged 0–4 years at the first census
(Supplemental Material Tables S7 and S8 respectively).

4. Discussion

4.1. Main findings

This nationwide census-based cohort study found an increased risk
of leukaemia among children of mothers who were occupationally ex-
posed to benzene at the time of census. The association was strongest
among children born in Switzerland and remained unaffected when
adjusting for a range of socio-economic factors and residential ex-
posures. We found no evidence of an increased risk for other childhood
cancers associated with maternal benzene exposure. Neither did we find
evidence of increased risks among children whose fathers were exposed
to benzene at work.

4.2. Embedding in literature

The findings of our cohort study are in line with recent reviews of
studies on the risk of childhood leukaemia and parental exposure to
benzene (Carlos-Wallace et al., 2016; Zhou et al., 2014). In their review
and meta-analyses, which included mostly case-control studies, Carlos-
Wallace and colleagues reported stronger associations for maternal
(summary relative risk for highest vs. lowest exposure category: 1.96,
95% CI: 1.39–2.78) compared to paternal exposure (1.23, 1.07–1.41)
(Carlos-Wallace et al., 2016). They included studies investigating ex-
posure to benzene at work or from household products, however most
included studies were on occupational exposure. When comparing
different periods of exposure, effects were stronger for maternal ex-
posure during pregnancy (2.06, 1.51–2.81) than for preconceptional
exposure (1.32, 0.84–2.08). Regarding postnatal exposure, the authors
only report a summary estimate for any parental exposure (1.51,
0.99–2.30), giving priority to maternal exposure when both were re-
ported. This is comparable with the HR found in our study for leu-
kaemia (1.73, 1.12–2.67). In a similar meta-analysis, Zhou and collea-
gues found increased risks for ALL in children of mothers exposed to
solvents (summary odds ratio: 1.25, 95% CI: 1.09–1.45), petroleum

Table 2
Association between maternal occupational exposurea to benzene and childhood cancer.

Outcome Exposure category Casesb IR per 100,000 PY Minimally adjusted modelc HR (95%
CI)

Partially adjusted modeld HR (95%
CI)

Fully adjusted modele HR (95%
CI)

Any cancer None 946 11.13 1.00 1.00 1.00
> 0 58 11.89 1.15 (0.88, 1.51) 1.17 (0.89, 1.54) 1.20 (0.87, 1.66)

Leukaemia None 262 3.08 1.00 1.00 1.00
> 0 23 4.72 1.73 (1.12, 2.67) 1.73 (1.11, 2.69) 2.31 (1.43, 3.73)

ALL None 205 2.41 1.00 1.00 1.00
> 0 19 3.90 1.88 (1.16, 3.04) 1.92 (1.18, 3.13) 2.63 (1.58, 4.38)

AML None 44 0.52 1.00 1.00 1.00
> 0 3 0.62 1.19 (0.36–3.87) 1.05 (0.32–3.48) 0.65 (0.09–4.88)

Lymphoma None 178 2.09 1.00 1.00 1.00
> 0 8 1.64 0.75 (0.37, 1.53) 0.79 (0.39, 1.62) 0.42 (0.13, 1.34)

NHL None 102 1.20 1.00 1.00 1.00
> 0 3 0.62 0.51 (0.16–1.62) 0.55 (0.17–1.76) 0.27 (0.04–1.96)

CNS tumours None 220 2.59 1.00 1.00 1.00
> 0 7 1.44 0.67 (0.31, 1.43) 0.67 (0.31, 1.43) 0.40 (0.13, 1.26)

Glioma None 133 1.57 1.00 1.00 1.00
> 0 3 0.62 0.52 (0.16, 1.65) 0.53 (0.16, 1.68) 0.22 (0.03, 1.60)

Abbreviations: ALL acute lymphoblastic leukaemia, AML acute myeloid leukaemia, CNS central nervous system, HR hazard ratio, IR incidence rate, PY person years, NHL non-Hodgkin
lymphoma.

a Product of the proportion of workers exposed and the level of exposure [ppm] (10 years prior to census) based on a job exposure matrix (BEN-JEM) and occupation at census.
b Number of cases in the minimally adjusted model. The total number of cases (any cancer) was 1004, 1000, and 773 in the minimally, partially and fully adjusted models respectively.
c Adjusted for sex, year of birth, and census (1990, 2000).
d Additionally (to c) adjusted for education, crowding, neighbourhood socioeconomic position, background ionizing radiation, and electromagnetic fields from radio and TV trans-

mitters, and distance to nearest highway, petroleum refinery, petrol station, and motor vehicle service station.
e Additionally (to d) adjusted for birth order and birth weight (only includes children born in Switzerland and linked to a birth record).
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products (1.42, 1.10–1.84), and paints (1.23, 1.02–1.47) (Zhou et al.,
2014).

Three recent case-control studies not included in the mentioned
reviews reported mixed findings (Bailey et al., 2014; Keegan et al.,
2012; Metayer et al., 2016). A large case-control study from the UK
looking at a wide range of paternal occupational exposures (33 ex-
posure groups) found a negative association between childhood leu-
kaemia and exposure to exhaust fumes (Keegan et al., 2012). A pooled
analysis of 13 case-control studies participating in the Childhood Leu-
kaemia International Consortium (CLIC) found no evidence of an in-
creased risk of childhood leukaemia associated with occupational ex-
posure to paint, neither for paternal nor maternal exposure (Bailey
et al., 2014). A recent study from California found an increased risk of
childhood leukaemia associated with paternal exposure to organic
solvents and benzene, but only for Latino fathers (Metayer et al., 2016).
No evidence of association was found for maternal exposure.

Regarding childhood cancers other than leukaemia, increased risks
have been reported for CNS tumours in relation to maternal occupa-
tional exposure to solvents (Cordier et al., 1997), petroleum products
(McKean-Cowdin et al., 1998), diesel exhaust (Peters et al., 2013), and
working in the printing (Cordier et al., 2001) or textile industry (Ali
et al., 2004), and to paternal occupational exposure to solvents (Keegan
et al., 2013; Peters et al., 2014), paints (Colt and Blair, 1998; Feychting
et al., 2001), and motor vehicle exhaust (Cordier et al., 1997; Cordier
et al., 2001; Peters et al., 2013). Similarly, positive associations have
been reported for childhood lymphoma and paternal occupation in the
shoe and leather industry (Mutanen and Hemminki, 2001), non-
Hodgkin lymphoma and maternal occupational exposure to solvents
(McKinney et al., 2008), and non-Hodgkin lymphoma and paternal
exposure to oxygenated solvents and petrol exhaust (Miligi et al.,
2013). Our study does not support a causative role of benzene for these

cancer types.

4.3. Strengths and limitations

A distinguishing feature of our study is that it is a nation-wide co-
hort study based entirely on routine data. We obtained information on
occupations from national censuses, participation in which was com-
pulsory. We assessed outcomes using a population-based cancer registry
of high coverage. We thus minimized the risk of selection bias and of
differential misclassification of exposure. We cannot however exclude
selection bias since the included children, i.e. those with available in-
formation on parental occupational exposure, tended to be of higher
socioeconomic status. This would only have biased our results if in-
clusion in the analysis were simultaneously associated with the out-
come. Indeed, the proportion of children linked to a cancer diagnosis
was slightly higher among included children than among excluded
children (data not shown), probably because the record linkage was
more successful for children living in the same household with their
parents – a condition for assessing parental occupational exposure and
thus an inclusion criterion of the study. Overall, this would have led to
an under-representation of exposed cases and thus to an under-esti-
mation rather than to an over-estimation of any true effects. Our study
was also able to adjust for numerous potential confounders including
other environmental exposures and socio-economic position. However,
because our study relied entirely on routine data, we could not adjust
behavioural factors. We thus cannot exclude residual confounding for
instance by parental smoking. Furthermore, our study specifically fo-
cused on exposure to benzene using a JEM developed for the Western
world. Thus, in contrast to most previous studies which investigated
numerous occupational exposures and suffered from multiple testing
issues, our study was a confirmatory study regarding occupational

Table 3
Association between paternal occupational exposurea to benzene and childhood cancer.

Outcome Exposure category Casesb IR per 100,000 PY Minimally adjusted modelc HR (95%
CI)

Partially adjusted modeld HR (95%
CI)

Fully adjusted modele HR (95%
CI)

Any Cancer none 1265 11.23 1.00 1.00 1.00
> 0–2 173 10.81 1.00 (0.85, 1.18) 1.02 (0.86, 1.20) 1.03 (0.85, 1.25)
> 2 41 12.13 1.12 (0.82, 1.54) 1.14 (0.83, 1.56) 1.21 (0.85, 1.73)

Leukaemia none 380 3.37 1.00 1.00 1.00
> 0–2 49 3.06 0.97 (0.71, 1.32) 0.96 (0.70, 1.32) 0.99 (0.69, 1.42)
> 2 9 2.66 0.84 (0.43, 1.63) 0.82 (0.42, 1.61) 1.00 (0.49, 2.04)

ALL none 297 2.64 1.00 1.00 1.00
> 0–2 38 2.37 0.97 (0.68, 1.38) 0.98 (0.68, 1.39) 1.05 (0.71, 1.55)
> 2 6 1.78 0.72 (0.32, 1.64) 0.73 (0.32, 1.64) 0.79 (0.32, 1.94)

AML none 55 0.49 1.00 1.00 1.00
> 0–2 10 0.62 1.25 (0.62–2.53) 1.18 (0.58–2.39) 1.14 (0.45–2.86)
> 2 3 0.89 1.77 (0.55–5.77) 1.59 (0.49–5.18) 2.66 (0.79–9.00)

Lymphoma none 235 2.09 1.00 1.00 1.00
> 0–2 37 2.31 1.08 (0.76, 1.55) 1.11 (0.77, 1.60) 1.26 (0.83, 1.91)
> 2 9 2.66 1.25 (0.64, 2.45) 1.27 (0.65, 2.50) 1.25 (0.55, 2.86)

NHL none 127 1.13 1.00 1.00 1.00
> 0–2 19 1.19 1.04 (0.63–1.71) 1.06 (0.64–1.77) 1.03 (0.57–1.87)
> 2 7 2.07 1.81 (0.83–3.91) 1.85 (0.85–4.02) 1.45 (0.52–4.01)

CNS tumours none 300 2.66 1.00 1.00 1.00
> 0–2 32 2.00 0.89 (0.61, 1.30) 0.94 (0.64, 1.39) 0.89 (0.57, 1.40)
> 2 7 2.07 0.92 (0.43, 1.96) 0.98 (0.46, 2.09) 1.34 (0.62, 2.87)

Glioma none 170 1.51 1.00 1.00 1.00
> 0–2 21 1.31 1.09 (0.68, 1.77) 1.13 (0.69, 1.83) 1.14 (0.66, 1.99)
> 2 4 1.18 0.98 (0.36, 2.68) 1.04 (0.38, 2.83) 1.41 (0.51, 3.90)

Abbreviations: ALL acute lymphoblastic leukaemia, AML acute myeloid leukaemia, CNS central nervous system, HR hazard ratio, IR incidence rate, PY person years, NHL non-Hodgkin
lymphoma.

a Product of the proportion of workers exposed and the level of exposure [ppm] (at time of census) based on a job exposure matrix (BEN-JEM) and occupation at census.
b Number of cases in the minimally adjusted model. The total number of cases (any cancer) was 1479, 1469, and 1196 in the minimally, partially and fully adjusted models

respectively.
c Adjusted for sex, year of birth, and census (1990, 2000).
d Additionally (to c) adjusted for education, crowding, neighbourhood socioeconomic position, background ionizing radiation, and electromagnetic fields from radio and TV trans-

mitters, and distance to nearest highway, petroleum refinery, petrol station, and motor vehicle service station.
e Additionally (to d) adjusted for birth order and birth weight (only includes children born in Switzerland and linked with birth registry data).
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exposure to benzene. Also, the JEM took into account reductions of
workplace exposure during the past decades.

Our study assessed exposure postnatally at a fixed calendar time
point (census date) rather than at a given age. This resulted in a wide
variation in the age of exposure assessment. In contrast to many other
studies, we had no information on prenatal exposures and could not
compare different exposure periods. We assessed cancer incidence
through record linkage between the SNC and the SCCR. Linkage errors
and incomplete linkage (some SCCR cases could not be linked) are
likely to have resulted in some misclassification of outcomes. Individual
exposures may also have been misclassified as they were assessed based
on estimates of mean exposure levels and proportion of exposed
workers in a given job category. Previous bias analyses have shown that
such aggregation of exposure level and probability can bias estimates of
exposure outcome relationships and that the direction and magnitude
of bias are difficult to predict (Burstyn et al., 2012). Furthermore, we
cannot rule out uncontrolled confounding by other workplace ex-
posures that are associated with benzene exposure (Greenland et al.,
2016).

4.4. Interpretation

A causal interpretation of the observed association between ma-
ternal occupational exposure to benzene and childhood leukaemia is
plausible. Benzene can cause haematological cancers and we observed
the association only for leukaemia. We found no evidence that the as-
sociation might be due to confounding and, though we cannot exclude
misclassification bias, the risk of selection bias was greatly reduced
compared to most earlier studies. Furthermore, we found an apparent
dose response when using the higher exposure levels prevailing
10 years earlier. Lastly, our findings are in line with the overall evi-
dence from previous studies.

For several reasons, the observed association may be due to ex-
posure during pregnancy rather than to postnatal exposure. First,
benzene can cross the placenta and this exposure route could explain
why the observed association was limited to maternal exposure. With
the exception of breastfeeding (breast milk can contain solvents), other
routes by which postnatal workplace exposure is transmitted to chil-
dren would apply to both paternal and maternal exposure. However,
although paternal exposure was more common and on average higher,
it was not associated with an increased childhood leukaemia risk.
Second, effects of maternal exposure were strongest in a subgroup of
children who could be linked to a birth record or were younger than
5 years at assessment of maternal occupation (Supplemental material
Tables S7 and S8). The former analysis also showed that the increase in
HR observed in the main analyses after adjusting for birth order and
birth weight (Table 2), was due to restricting the sample to those linked
to a birth record rather than to confounding by birth weight or birth
order (the sample must be restricted accordingly when these variables
are included). For children linked to a birth record or who were young
at the time of census, mothers' jobs held at census may have been same
as those during pregnancy. Third, this interpretation is consistent with
previous research, which tended to show stronger effects for maternal
than paternal exposure and strongest effects for maternal exposure
during pregnancy (Carlos-Wallace et al., 2016).

Assuming that the observed association was causal, the population
attributable risk was small and is likely to be smaller today due to even
lower exposure levels. In our cohort, about 3% of the childhood leu-
kaemia cases would have been caused by maternal occupational ex-
posure to benzene, assuming a relative risk of 1.7 and an exposure
prevalence of 4.5% (not economically active mothers included as un-
exposed).

5. Conclusions

Our study adds new evidence suggesting that maternal occupational

exposure to benzene is associated with an increased risk of childhood
leukaemia. The distinguishing features of our study include a nation-
wide cohort design, the sole reliance on routine data, and the specific
focus on exposure to benzene. This makes it unlikely that the same
observation made in previous case-control studies was due to selection
or recall bias, which are common in these studies, or to chance findings
as a consequence of testing numerous occupational exposures. A plau-
sible explanation for our findings is that maternal exposure to benzene
during pregnancy can initiate leukaemia in the developing child.
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