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(i) Petroleum distribution workers 

The pooled analysis of updated case-control 
studies nested within three occupational 
cohorts of petroleum distribution workers from 
Australia, Canada, and the United Kingdom 
exposed to low concentrations of benzene 
included 28 cases of CML ( characterized by 
the presence of the Philadelphia chromosome, 
a specific genetic abnormality in chromosome 
22) and 30 cases of MPD (Schnatter et al., 2012). 
Matched controls included 122 and 124 men for 
CML and MPD, respectively. For CML, compared 
with the lowest tertile, the odds ratio for cumula­
tive exposure was 5.04 (95% CI, 1.45-17.50) in the 
second tertile (exposure of 0.34-2.93 ppm-years) 
and 2.20 (95% CI, 0.63-7.68) in the highest tertile 
(P for trend, 0.02). No clear indication of the 
existence of a monotonic dose-response rela­
tionship emerged when incorporating the addi­
tional exposure metrics considered in the study 
(see Section 2.1.l(b)(i)). 

For MPD, odds ratios for cumulative expo­
sure were 1.28 (95% CI, 0.47-3.98) in the second 
tertile and 1.79 (95% CI, 0.68-4.74) in the upper 
tertile; the trend was not significant (P for 
trend, 0.49). No strong relationship was shown 
with any other metrics for the whole exposure 
period. After restricting the exposure window 
to 2-20 years before diagnosis, statistically or 
borderline significant dose-response trends were 
found for cumulative exposure, dermal expo­
sure, maximum intensity, and average intensity. 
An odds ratio of 3.81 (95% CI, 1.36-10.70) was 
reported for peak exposure, based on 18 cases 
ever exposed to more than 3 ppm for 1 year or 
more (Schnatter et al., 2012; Glass et al., 2014). 
[This study was the first to examine CML and 
MPD as separate entities. The Working Group 
noted that exposure to benzene was relatively low 
in these cohorts.] 
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(ii) Chinese workers 

The incidence of CML in the NCI-CAPM 
cohort of Chinese workers was non-signifi­
cantly elevated in exposed workers compared 
with non-exposed workers (13 exposed cases; 
OR, 2.5; 95% CI, 0.8-10.7) (Linet et al., 2015). 
Results for mortality were almost identical (not 
reported). [No dose-response relationship was 
reported, because workers were simply classified 
as exposed or unexposed to benzene.] 

2.1.2 General-population studies 

See Table 2.2 
General-population studies of leukaemia in 

adults and exposure to benzene were also reviewed 
in IARC Monographs Volume lO0F, reporting the 
following for ANLL: "In one case-control study 
an increased risk for childhood ANLL was found 
for maternal self-reported occupational expo­
sure to benzene (Shu et al., 1988; see Table 2.1, 
available at: http://publications.iarc.fr/123). 
One case-control study of childhood cancer in 
Denmark did not find an association of esti­
mates of environmental benzene exposure from 
air pollution with an increased risk for ANLL 
(Raaschou-Nielsen et al., 2001)." Regarding 
CML, Volume lO0F reported: "Case-control 
studies have shown inconsistent results, with 
both increased risks (exposure for> 15 years was 
associated with an OR of 5.0 (1.8-13.9; Adegoke 
et al., 2003)) and no increase in risk (Bjork et al., 
2001) reported (see Table 2.6, available at: http:U 
publications.iarc.fr /123 )". 

For the current evaluation, the Working 
Group included all general-population cohort 
studies and case-control studies published in 
2009 or later that examined the relationship 
between benzene exposure (assessed quantita­
tively or qualitatively) and AML or CML. Studies 
were excluded if they did not specifically address 
benzene exposure, but instead used other indi­
cators of traffic-related air pollution (Raaschou­
Nielsen et al., 2016) or residential proximity to 
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Table 2.2 General-population studies of exposure to benzene and leukaemia in adults 

Reference, 
location, 
follow-up/ 
enrolment 
period, study 
design 

Kaufman et_al. 
(2009) 
Bangkok, 
Thailand 
1997-2003 
Case-control 

Wong et al. 
(2010a) 
Shanghai 
2003-2007 
Case-control 

Population size, 
description, exposure 
assessment method 

Cases: 87 incident cases at 
Siriraj Hospital, Bangkok 
Controls: 756 initially age­
and sex-matched hospital 
patients with diagnoses 
"considered generally 
unrelated to the exposures 
of interest" 
Exposure assessment 
method: 
questionnaire 
Cases: 722 newly diagnosed 
AML cases in 29 hospitals; 
response 94.6% 
Controls: 1444 patients 
without malignant diseases 
and without diseases 
of the lymphatic and 
haematopoietic system 
admitted to the same 
hospital as the individually 
matched case (2 controls 
per case); response 99.0% 
Exposure assessment 
method: 
expert judgement; exposure 
classification carried out 
on a job-by-job basis (jobs 
identified by questionnaire) 
by an expert committee 
(blind for case-control 
status) 

Organ site 

Leukaemia 
(AML) 

Leukaemia 
(AML) 

Exposure 
category or level 

Ever exposed 
Unexposed 
Exposed 

Exposed 
cases/ 
deaths 

81 

6 

Benzene exposure (yr) 
Never (reference) 644 

Ever 
:', 10 

> 10 to< 20 
> 20 

78 
43 

21 
14 

Benzene exposure (mg/m3) 

Group 1: < 1 40 
Group 2: 1-10 20 
Groups 3, 4: » 10 18 
Period of first exposure 
1940-1959 8 
1960-1979 22 

1980-1999 36 
after 2000 12 

Risk estimate 
(95% CI) 

1.0 
4.9 (1.4-17.0) 

1.00 
1.43 (1.05-1.93) 
1.99 (1.29-3.07) 

1.44 (0.82-2.51) 
0.74 (0.39-1.39) 

1.18 (0.79-1.76) 
1.63 (0.90-2.94) 
2.05 (1.05-3.98) 

1.33 (0.54-3.26) 
0.97 (0.57-1.62) 
1.57 (1.00-2.46) 
4.18 (1.56-11.15) 

Trend test P value, 0084 (length of exposed job); 
0.01 (maximum exposure) 

Covariates controlled 

Age, sex, income, 
use of cellphones, 
occupational and 
nonoccupational 
pesticide exposure, 
pesticides used near 
the home, working 
with powerlines, 
living near powerlines 

Age, sex, hospital 

Comments 

Strengths: high response 
(100%) 
Limitations: small study; 
self-reported ever/never 
exposure; potentially 
substantial selection and/ 
or recall bias 

Funding: Benzene Health 
Effects Consortium 
Strengths: large study; 
complete occupational 
histories with expert 
assessment 
Limitations: hospital­
based study including 
potential for selection 
bias; expert assessment 
of benzene exposure 
based on self-reported 
questionnaire data 
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Reference, 
location, 
follow-up/ 
enrolment 
period, study 
design 

Saberi 
Hosnijeh et al. 
(2013) 
23 centres in 
10 European 
countries 
1992-2000 
Cohort 

Talibov et al. 
(2014) 
Finland, 
Iceland, 
Norway, 
Sweden 
1961-2005 
Nested case­
control 

Population size, 
description, exposure 
assessment method 

241 465 men and 
women aged 35-70 yr 
at recruitment, with no 
prevalent cancer 
Exposure assessment 
method: 
expert judgement; 
occupational exposures 
of high-risk occupations 
estimated by linking them 
to a general-population 
JEM originally developed 
for another study; exposure 
to benzene classified as 
"high", "low", and "no 
exposure" based on job 
code; 113 cases of AML, but 
not specified by exposure 
Cases: 15 332 incident cases 
Controls: 76 660 randomly 
selected among cohort 
members who were alive 
and free from AML on 
the date of diagnosis of 
the matched index case 
(5 controls per case) 
Exposure assessment 
method: 
other; NOCCA JEM based 
on FINJEM; quantitative 
assessment (ppm-yr) 

Organ site 

Leukaemia 
(AML) 

Leukaemia 
(CML) 

NHL 
(CLL) 

Leukaemia 
(AML) 

Exposure 
category or level 

No exposure 
Low exposure 
High exposure 

Exposed 
cases/ 
deaths 

NR 
NR 
NR 

Trend test P value, 0.28 
No exposure NR 
Low exposure NR 
High exposure NR 
Trend test P value, 0.30 

No exposure NR 
Low exposure NR 
High exposure NR 
Trend test P value, 0.37 

Cumulative exposure (ppm-yr) 
50th and 90th NR 
percentiles: 
unexposed 
s; 3.7 430 
3.7-13.6 310 

> 13.6 68 
Trend test P value, 0.33 

Risk estimate 
(95% CI) 

1.00 
1.06 (0.63-1.81) 
1.52 (0.78-2.98) 

1.00 
1.00 (0.45-2.22) 
1.97 (0.75-5.19) 

1.00 
1.11 (0.78-1.58) 
0.56 (0.27-1.14) 

1.00 

1.02 (0.84-1.24) 
0.88 (0.71-1.11) 
0.80 (0.56-1.15) 

Covariates controlled Comments 

Sex, smoking status, 
alcohol intake, age at 
recruitment, country 

Sex, smoking status, 
alcohol intake, age at 
recruitment, country 

Sex, smoking status, 
alcohol intake, age at 
recruitment, country 

Year of birth, sex, 
country 

Strengths: large cohort 
with long follow-up; 
detailed information on 
confounders 
Limitations: lack of 
occupational histories 
in large number of 
participants; different 
procedures to identify 
cases; exposure 
classification not very 
detailed 

The study was funded by 
Doctoral Programs in 
Public Health (DPPH)/ 
Academy of Finland 
Strengths: verylarge 
nested study; selection 
bias improbable 
Limitations: exposure 
classification by JEM 
relatively unprecise; 
"cross-sectional" 
information on jobs held 
(based on census records); 
no adjustment for 
smoking or genetic factors 

AML, acute myeloid leukaemia; CI, confidence interval; CLL, chronic lymphocytic leukaemia; CML, chronic myeloid leukaemia; FINJEM, Finnish job-exposure matrix; 
JEM, job-exposure matrix; NHL, non-Hodgkin lymphoma; NOCCA, Nordic Occupational Cancer Study; NR, not reported; ppm, parts per million; yr, year(s) 
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gasoline plume (Talbott et al., 2011), or if they 
only combined benzene exposure with exposure 
to other solvents (Poynter et al., 2017), even if the 
text explicitly referred to "benzene exposure". 

Since 2009, one new cohort study in the 
general population (European Prospective 
Investigation into Cancer and Nutrition study 
by Saberi Hosnijeh et al., 2013), one nested case­
control study in the Nordic Occupational Cancer 
Study cohort (Talibov et al., 2014), and two new 
case-control studies (Kaufman et al., 2009; Wong 
et al., 2010a) have investigated the relationship 
between occupational benzene exposure and 
adult leukaemia. 

A large cohort study with 241 465 partic­
ipants covering 23 centres in 10 European 
countries (Denmark, France, Germany, Greece, 
Italy, the Netherlands, Norway, Spain, Sweden, 
and the United Kingdom) identified 113 AML 
cases by either population cancer registries, 
health insurance records, pathology registries, 
or active contact with study subjects or next of 
kin (Saberi Hosnijeh et al., 2013). Occupational 
exposure to benzene was assessed through a 
general-population JEM based on self-reported 
occupations of high risk. Exposure to benzene 
was classified as either "no exposure", "low expo­
sure", or "high exposure". In the high-exposure 
category, the hazard ratio for AML was 1.52 (95% 
CI, 0.78-2.98; P for trend, 0.28). The same study 
reported on CML (46 cases in total) and found an 
increased hazard ratio of 1.97 in the high-expo­
sure group (95% CI, 0.75-5.19; P for trend, 0.37). 
[The strengths of this study included its large size, 
its long follow-up, and the detailed information 
about confounders. The limitations included the 
lack of complete occupational histories in large 
numbers of participants, different procedures for 
case identification, and the lack of specificity in 
the exposure classification.] 

Talibov et al. (2014) conducted a very large 
case-control study nested within the Nordic 
Occupational Cancer Study cohort. The study in 
Finland, Iceland, Norway, and Sweden comprised 

Benzene 

15 332 AML cases and 76 660 control subjects. 
The authors did not find an association between 
occupational benzene exposure, as assessed by a 
JEM, and AML. With occupational unexposed 
workers as a reference, the hazard ratios of those 
exposed to benzene at 3.7 or less, 3.7-13.6, and 
more than 13.6 ppm-years was 1.02 (95% CI, 
0.84-1.24), 0.88 (95% CI, 0.71-1.11), and 0.80 (95% 
CI, 0.56-1.15), respectively (P for trend, 0.33). 
[The strengths of this study included its very large 
size and its nested design, making selection bias 
improbable. The limitations included incomplete 
work histories for many participants and the 
imprecise exposure classification by JEM.] 

In a hospital-based case-control study in 
Shanghai, China, Wong et al. (2010a) compared 
722 newly diagnosed AML cases with 1444 
control subjects without malignant diseases or 
diseases of the lymphatic and haematopoietic 
system. The authors found a monotonic expo­
sure-response relationship between maximum 
occupational benzene exposure and AML 
(P for trend, 0.01). The odds ratios were 1.18 (95% 
CI, 0.79-1.76), 1.63 (95% CI, 0.90-2.94), and 
2.05 (95% CI, 1.05-3.98) for maximum expo­
sure to benzene at less than 1, 1-10, and more 
than 10 mg/m3, respectively. Individuals with a 
first diagnosis after the year 2000 had a higher 
risk than individuals with an earlier date of first 
diagnosis. [The strengths of this study included 
its large size, as well as complete occupational 
history with job-specific questions, and expert 
assessment of exposures. The limitations included 
the potential for selection bias as a consequence 
of the hospital-based control selection.] 

In a small hospital-based case-control study 
in Bangkok, Thailand, 87 AML cases were 
compared with 756 patients of the same hospital 
(Kaufman et al., 2009). For self-reported occu­
pational benzene exposure, an elevated odds 
ratio of 4.9 (95% CI, 1.4-17.0) was found. [The 
high response rate was a strength of this study. 
Limitations included the potential for selec­
tion and recall bias as a consequence of the 
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hospital-based control selection and the use of 
self-reported benzene exposure (ever vs never).] 

2.2 Adult lymphoma 

This section presents the Working Group's 
review of studies of NHL and HL in adults. 
Because most of the available studies did not 
group the entities now included within NHL 
according to the current WHO classification 
(Swerdlow et al., 2017), the disease entities 
presented here are those used in the original 
publications. For occupational cohort studies, 
which were more numerous, data are presented 
for total NHL as defined in the original studies 
and MM when separate risk data were reported 
(in the same subsection), for CLL, for ALL, and 
for HL. 

2.2.1 Occupational cohort studies 

(a) Non-Hodgkin lymphoma and multiple 
myeloma 

Twenty-one studies on the association 
between NHL, including MM, and expo­
sure to benzene in occupational cohorts were 
included in !ARC Monographs Volume lO0F 
(see Table 2.9, available at: http:llpublications. 
iarc.fr/123). The purpose of the current update 
is to establish whether new studies contribute 
to the causal assessment of the overall evidence. 
Several articles on adult lymphomas included in 
!ARC Monographs Volume lO0F or published 
later were excluded by the Working Group either 
because the exposure assessment was consid­
ered inadequate to determine whether workers 
were exposed to benzene (Guberan & Raymond, 
1985; Cuzick & De Stavola, 1988; La Vecchia 
et al., 1989; Blair et al., 1993; Walker et al., 1993; 
Lagorio et al., 1994; Satin et al., 1996; Lynge 
et al., 1997; Anttila et al., 1998; Gerin et al., 1998; 
Lundberg & Milatou-Smith, 1998; Divine et al., 
1999b; Persson & Fredrikson, 1999; Mao et al., 
2000; Wong et al., 2001a, h; Sorahan et al., 2002; 
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Kauppinen et al., 2003; Xu et al., 2003; Dryver 
et al., 2004; Huebner et al., 2004; Punjindasup 
et al., 2015), or because these were either meth­
odological articles or focused on mechanisms 
(Vineis et al., 2007; Barry et al., 2011; Faisandier 
et al., 2011). 

Studies in occupational cohorts published 
after the compilation of !ARC Monographs 
Volume lO0F that are included for evaluation 
here are those published by Koh et al. (2011, 
2014), Collins et al. (2015). Linet et al. (2015). 
and Stenehjem et al. (2015). These studies are 
summarized in Table 2.3. 

Most studies reported a small number of NHL 
cases as a result of exposure to benzene, usually 
less than 20, and generally presented mortality as 
an outcome, leading to low sensitivity of ascer­
tainment for NHL. The exceptions are the studies 
by Hayes et al. (1997), Nilsson et al. 0998), Glass 
et al. (2003). Sorahan et al. (2005). Kirkeleit et al. 
(2008), Koh et al. (2011, 2014), Linet et al. (2015). 
and Stenehiem et al. (2015). which identified inci-. 
dent cases. To broadly characterize the available 
studies, exposure contexts included a variety of 
manufacturing processes including the petro­
leum industry, chemical plants, or others, as 
well as different exposure assessment methods 
(see Section 1.4.1 on Occupational exposure). 
Among the studies published before the previous 
evaluation in !ARC Monographs Volume lO0F, 
the current Working Group considered those 
with high-quality exposure assessment, case 
ascertainment, and follow-up, as well as a large 
sample size and adjustment for confounders, to 
be the most informative. None of the studies 
in the previous Monograph fulfilled all these 
criteria. All the studies considered in the evalu­
ation are described below (chronologically), but 
only studies published after !ARC Monographs 
Volume lO0F are included in Table 2.3. 

Wong {1987a) studied male workers from 
seven chemical plants in the USA, where jobs 
were classified based on past quantitative 
measurements. An apparent dose-response 
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Table 2.3 Occupational cohort studies of exposure to benzene and lymphoma in adults 

Reference, Population size, Organ site Exposure Exposed Risk estimate Covariates Comments 
location, description, exposure category or level cases/ (95%CI) controlled 
enrolment/ assessment method deaths 
follow-up 
period, study 
design 

Collins et al. 2266 chemical industry NHL: ICD- Cumulative exposure (ppm-yr) Age, race, sex Third update of the Dow 
(2015) workers exposed to 10 (codes > 30 yr latency 12 1.02 (0.53-1.78) Chemical plant retrospective 
USA benzene as solvent and raw C82-C85.9) 0-3.9 6 1.23 (0.45-2.69) cohort 
1940-2009 material 

4-24.9 6 1.10 (0.41-2.40) 
Strengths: extensive benzene 

Cohort Exposure assessment exposure monitoring; complete 
method: 2:: 25 3 0.58 (0.12-1.69) work history information; 
quantitative measurements; Trend test P value, 0.26 periodic medical examination 
job-specific exposure Hodgkin Cumulative exposure (ppm-yr) Age, race, sex at workplace; long and 
estimated from lymphoma: > 30 years latency 1 1.32 (0.03-7.36) complete follow-up 
measurements taken from ICD-10 0-3.9 0 0 (0-5.28) Limitations: small cohort; 
1944 to the late 1970s (code C81) 

4-24.9 2 2.63 (0.32-9.51) 
mortality data (based on 
death certificates) for a period 

2:: 25 0 0 (0-4.85) over which diagnosis and 
Trend test P value, 0.35 classification were uncertain 

Linet et al. 35 804 benzene-exposed Multiple Exposed/unexposed Sex, age, Strengths: very large cohort; 
(2015) workers in 672 factories myeloma: Mortality 1 0.10 (0.01-1.00) calendar year few losses to follow-up; 
China (spray and brush painting, ICD-9 (code Incidence 1 0.12 (0.01-0.96) long follow-up (28 yr); very 
1972- rubber, chemical, 203) careful ascertainment of 
1987/1972-1999 shoemaking, and other) NHL: ICD- Exposed/unexposed Sex, age, haematolymphopoietic 
Cohort Exposure assessment 9 (codes Mortality 31 4.0 (1.6-13.4) calendar year malignancies 

method: 200,202) Incidence 30 3.9 (1.5-13.2) Limitations: no quantitative 
records; factory and job 

NHL (CLL): Exposed/unexposed Sex, age, 
assessment of exposure; wide 

title-specific information range of industrial processes 
on the use of benzene- ICD-9 Incidence 2 NR calendar year included; coexposures vary 
containing materials (codes 204.1, and were not addressed in the 
formed the basis for 204.2) analyses; very small numbers 
determining benzene- Leukaemia Exposed/unexposed Sex, age, for CLL (zero unexposed cases) 
exposed or unexposed jobs; (ALL): Incidence 8 4.5 (0.8-83.9) calendar year 

no quantitative assessment ICD-9 (code 
C204.0) 
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Table 2.3 (continued) °' n 
Reference, Population size, Organ site Exposure Exposed Risk estimate Covariates Comments 

~ 
0 

location, description, exposure category or level cases/ (95%CI) controlled z 
enrolment/ assessment method deaths 0 
follow-up 

G) 
:::0 

period, study ► 

design ""C 
I 

Koh et al. (2011} 8866 male workers in NHL Subgroups of workers (exposure-based) in the Age, calendar Strengths: incidence data 
l./l 

I 
Korea refinery/petrochemical petrochemical complex period Limitations: small number of ..... 
1960-2007 complex in Korea Manufacturing 2 0.70 (0.08-2.52) cases; exposure assessment Iv 

0 
Cohort producing benzene or using workers based on job title 

benzene as a raw material 
Exposure assessment 
method: 
other; job title 

Koh et al. (2014} 14 698 male workers NHL: ICD- Maintenance 3 1.83 (0.38-5.34) Age Limitations: very small number 
Korea registered in a regional 10 (codes workers, of cases 
2002-2007 petrochemical plant C82-C85) incidence 
(2002-2005 for maintenance workers NHL: ICD- Maintenance 2 1.24 (0.15-4.47) Age 
incidence) union 10 (codes workers, 
Cohort Exposure assessment 

method: 
C82-C85) mortality 

none; job title 

Stenehjem et al. 24 917 male petroleum NHL (B-cell Exposed/unexposed Age, benzene Nested case-cohort study 
(2015} workers; offshore oil lymphoma): Exposed 61 1.49 (0.90-2.48) exposure based on an updated cohort of 
Norway industry workers for at least ICD-10 Trend test P value, 0.245 from other Norwegian offshore workers 
1965- 20 d during 1965-1999, (codes C82- work, ever Strengths: prospective case-
1999/1999-2011 extracted from a cohort C91) daily smoker cohort design; data from 
Cohort who responded to a survey Multiple Exposed/unexposed Age, benzene Norway cancer registry ensure 

conducted with postal myeloma: Exposed 13 1.64 (0.55-4.89) exposure a high degree of completeness; 
questionnaires ICD-10 Trend test P value, 0.024 from other independent exposure 
Exposure assessment (code C90.0) work, ever estimates developed for this 
method: daily smoker cohort; analyses adjusted for 
quantitative measurements; NHL (CLL): Cumulative exposure tertile (ppm-yr) Age, benzene some confounders 
a JEM was developed using ICD-10 Tl (< 0.001-0.037) 4 6.23 (0.71-54.00) exposure Limitations: potential recall 
monitoring data and job- (codes T2 (> 0.037-0.123) 2 3.08 (0.28-34.00) from other bias for distant occupations 
specific information, giving C83.0, work, ever (non-differential); individual 
semiquantitative estimates; C91.l) 

T3 (0.124-0.948) 5 6.74 (0.75-60.00) 
daily smoker differences in exposure within 

JEM scores then translated Trend test P value, 0.212 each occupational group could 
into corresponding ppm not be taken into account 
values 
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Table 2.3 (continued) 

Reference, 
location, 
enrolment/ 
follow-up 
period, study 
design 

Collins et al. 
(2015) 
USA 
1940-2009 
Cohort 

Population size, 
description, exposure 
assessment method 

2266 workers exposed to 
benzene at a chemical plant 
Exposure assessment 
method: 
quantitative measurements; 
job titles were assigned to 
exposure categories by an 
industrial hygienist, based 
on IH measurements (JEM) 

Organ site 

Leukaemia: 
ICD-10 
(codes C91-
C95) 

Leukaemia 
(myeloid): 
ICD-10 
(code C92) 

Leukaemia 
(AML): 
ICD-10 
(code C92.0) 

Leukaemia 
(lymphoid): 
ICD-10 
(code C91) 

Exposure 
category or level 

Exposed Risk estimate 
cases/ (95% CI) 
deaths 

Cumulative exposure (ppm-yr) 
0-3.9 3 0.60 (0.12-1.76) 
4.0-24.9 7 1.23 (0.49-2.53) 
;,: 25 10 1.72 (0.86-3.17) 
Trend test P value, 0.15 

Cumulative exposure (ppm-yr) 
0-3.9 0 0 (0-1.79) 
4.0-24.9 4 1. 78 (0.48-4.54) 
;,: 25 4 1.93 (0.53-4.94) 
Trend test P value, 0.24 
Cumulative exposure (ppm-yr) 
0-3.9 0 0 (0-2 .50) 
4.0-24.9 3 1.87 (0.39-5.47) 
;,: 25 2 1.39 (0.17-5.03) 
Trend test P value, 0.88 

Cumulative exposure (ppm-yr) 
0-3.9 1 0.78 (0.02-4.36) 
4.0-24.9 1 0.68 (0.02-3.78) 
;,: 25 2 1.31 (0.16-4.72) 
Trend test P value, 0.53 

Covariates 
controlled 

NR 

NR 

NR 

NR 

Comments 

Third update of the Dow 
Chemical plant retrospective 
cohort; one death for MDS, 
and it was in the high-exposure 
group (SMR 25.05; 95% CI: 
0.63-139.58) 
Strengths: extensive benzene 
exposure monitoring; complete 
work history information; 
periodic medical examination 
at workplace; long and 
complete follow-up 
Limitations: mortality study 
based on death certificates; 
no evaluation of possible 
confounders 
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00 Table 2.3 (continued) 

Reference, 
location, 
enrolment/ 
follow-up 
period, study 
design 

Schnatter et aL 
(2012) 
Australia, 
Canada, UK 
1981-2006 
(Australia), 
1964-1994 
(Canada), 1950-
2005 (UK) 
Nested case­
control 

Population size, 
description, exposure 
assessment method 

Cases: 370 diagnoses based 
on incidence and mortality 
data (hospital records, 
cancer registries, death 
certificates) 
Controls: 1587; 5 age­
matched (Australia) or 4 
age- and company-matched 
(Canada and UK) controls 
selected using incidence 
density-based sampling 
Exposure assessment 
method: 
quantitative measurements; 
conducted at the job/ 
worksite/era level, based on 
routinely collected industry 
exposure measurements; 
work history was collected 
from company records 
(Canada and UK) or 
through interview 
and company records 
(Australia) 

Organ site 

NHL (CLL) 

Exposure 
category or level 

Exposed Risk estimate 
cases/ (95% CI) 
deaths 

Cumulative exposure (ppm-yr) 
!5: 0.348 24 
0.348-2.93 32 

> 2.93 24 
Trend test P value, 0.9 

1.00 
1.49 (0.81-2.76) 
1.05 (0.56-1.98) 

Covariates 
controlled 

NR 

Comments 

Exposures are relatively low; 
based on limited data, smoking 
was unlikely to be a confounder 
Strengths: large study 
size; review of diagnosis 
by haematopathologists; 
reassessment of exposure 
across the three studies 
Limitations: Smoking data 
were incomplete 

ALL, acute lymphoblastic/lymphocytic leukaemia; AML, acute myeloid leukaemia; CI, confidence interval; CLL, chronic lymphocytic leukaemia; !CD, International Statistical 
Classification of Diseases and Related Health Problems; IH, industrial hygiene; JEM, job-exposure matrix; MDS, myelodysplastic syndrome; NHL, non-Hodgkin lymphoma; NR, not 
reported; ppm, parts per million; 
SMR, standardized mortality ratio; yr, year(s) 
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relationship between NHL and cumulative 
exposure to benzene was observed, with a rela­
tive risk of 3.7 (P value, < 0.04) for continuous 
or intermittent benzene exposure, and one of 3.8 
(P value, < 0.04) for continuous benzene expo­
sure compared with no exposure. [The Working 
Group noted the very small number of subjects in 
this study and that 95% confidence intervals were 
not reported.] Wong & Raabe (1997) conducted 
a nested case-control study on MM in gasoline 
distribution workers (17 MM deaths among the 
exposed). Total hydrocarbon concentrations in 
air were used as a surrogate measure of exposure 
to benzene. P values for trend were 0.06 for expo­
sure duration, 0.77 for cumulative exposure to 
total, and 0.08 for peak exposure. [The Working 
Group considered the use of indirect estimates of 
exposure to benzene and the very small number 
of MM deaths to be strong limitations of this 
study.] 

Schnatter et al. (1996) and Glass et al. (2003) 
both report on NHL and MM or NHL/MM, and 
were later included in a pooled analysis (Schnatter 
et al., 2012). Schnatter et al. (1996) conducted a 
nested case-control study of petroleum distribu­
tion workers in Canada where benzene exposure 
was quantitatively assessed and standardized 
mortality ratios were reported. Eight deaths from 
NHL were observed, and exposure-response 
analyses based on these showed no consistent 
pattern. Similarly, the study found non-signifi­
cant standardized mortality ratios for MM based 
on seven deaths only (Schnatter et al., 1996). [The 
Working Group noted the adjustment for several 
potential confounders, but the very small sample 
size of the study.] Glass et al. (2003) conducted 
a nested case-control study in the petroleum 
industry in Australia, and did not observe a 
relationship between cumulative exposure to 
benzene and NHL/MM. 

Consonni et al. (1999) report on a cohort 
of 1583 male oil refinery workers employed 
during 1949-1982 and followed up to May 1991. 
Comparing exposed with non-exposed workers, 

Benzene 

a standardized mortality ratio of 2.12 (95% 
CI, 0.68-4.95) was found based on 5 exposed 
NHL cases. The excess risk was significantly 
increased among workers with 15 years or more 
of employment, and 30 years or more since first 
employment. 

Using a JEM based on air sampling data, 
Rinsky et al. (2002) assessed quantitative expo­
sure to benzene for a cohort of workers manu­
facturing Pliofilm in the USA; the number of 
NHL or MM cases was very limited, however 
(5 for each, based on death certificates). The 
standardized mortality ratio for white males 
was 1.00 (95% CI, 0.32-2.33) for NHL and 2.12 
(95% CI, 0.69-4.96) for MM (reference group 
unexposed). [The Working Group noted that 
exposure-response for NHL was not modelled 
because of the small numbers of cases.] Using the 
same Pliofilm cohort reported by Rinsky et al. 
(2002), Wong (1995) focused specifically on MM. 
Results were reported in terms oflevels of cumu­
lative exposure, and no increased mortality risk 
was observed. [The Working Group noted that 
results were based on extremely small numbers; 
4 MM cases in total were categorized across four 
exposure strata.] 

Collins et al. (2003) reported on NHL and 
MM in a small study with long follow-up (from 
1940 to 1997) at a single chemical plant that was 
studied previously by Bond et al. (1986). The study 
was based on individual exposure measurements, 
and no increased risks for NHL mortality were 
observed (25 exposed cases in total). An increased 
standardized mortality ratio was reported for 
MM, but with a dose-response relationship that 
did not reach statistical significance (reference 
group unexposed). [The Working Group noted 
the generally low exposure levels ranging from 
less than 1 ppm-years to 632 ppm-years, but with 
a median of 3 ppm-years.] 

Sorahan et al. (2005) reported on a cohort 
of workers considered occupationally exposed 
to benzene based on records of the Factory 
Inspectorate in the United Kingdom. A total of 
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15 NHL deaths (SMR, 0.94; 95% CI, 0.53-1.56) 
and 24 incident NHL cases (standardized inci­
dence ratio (SIR), 1.00; 95% CI, 0.64-1.49) 
occurred in the exposed workers compared with 
the unexposed. Additionally, based on 8 incident 
cases and six deaths, the same study found no 
increased risk of MM. [The Working Group noted 
the small numbers for MM and that the exposure 
assessment was limited, although exposure levels 
were historically high.] 

Kirkeleit et al. (2008) reported on a large 
cohort of more than 27 000 offshore petroleum 
workers in Norway (see Section 2.1.l(b)(iv) for 
further details). Compared with the reference 
unexposed group, the overall relative risk was 
1.01 for incident NHL (95% CI, 0.58-1.75) and 
2.49 for incident MM (95% CI, 1.21-5.13). [This 
study overlaps partially with Stenehjem et al. 
(2015), described below. No quantitative assess­
ment of benzene exposure was available.] 

Several new studies reporting pertinent 
data for NHL or MM and benzene exposure in 
occupational settings have been published since 
the previous IARC Monographs Volume lO0F 
(Table 2.3). 

Stenehjem et al. (2015) studied 61 NHL inci­
dent cases. Overall, compared with a reference 
unexposed group, there was a slight excess of 
NHL cases among the exposed subjects (RR, 1.49; 
95% CI, 0.9-2.48), and a stronger but not statis­
tically significant association with specific histo­
logical type. No P trend was observed for NHL 
(P trend of 0.245 based on tertiles of exposure). 
The incidence of MM (13 exposed cases) was 
increased among exposed workers (RR, 1.64; 95% 
CI, 0.55-4.89), and a significant dose-response 
relationship with exposure tertiles was found (P 
for trend, 0.024). [The Working Group noted the 
very low levels of exposure in these workers: the 
upper values of average intensity and cumulative 
exposure were estimated to be 0.040 ppm and 
0.948 ppm-years, respectively.] 

Linet et al. (2015) updated the study by Hayes 
et al. (1997) that was based on 35 804 male and 
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female workers exposed to benzene in 672 facto­
ries in China, with a long follow-up (28 years) 
and good case ascertainment. This study did not 
assess benzene exposure quantitatively. A total 
of 31 NHL deaths (RR, 4.0; 95% CI, 1.6-13.4) 
and 30 incident cases (RR, 3.9; 95% CI, 1.5-13.2) 
were reported. Only one death and 1 incident 
case of MM were recorded. [The Working Group 
considered this a strong study due to the robust 
case ascertainment and long follow-up.] Data 
on exposure-response relationships in the same 
cohort were reported earlier by Hayes et al. (1996) 
(see IARC Monographs Volume lO0F, Table 2.9, 
available at: http:llpublications.iarc.fr/123). The 
relative risk of mortality from NHL for those 
exposed to benzene for more than 10 years, 
compared with a reference unexposed group, was 
4.2 (95% CI, 1.1-15.9) based on 11 exposed cases. 
A non-monotonic dose-response relationship 
was observed with average (P for trend, 0.04) and 
cumulative (P for trend, 0.02) benzene exposure. 

Collins et al. (2015) updated a cohort study 
previously reported by Bloemen et al. (2004) on 
mortality among 2266 chemical workers in the 
USA. Controlled for age, sex, and gender, the 
standardized mortality ratio for NHL observed in 
workers with more than 30 years latency (n = 12) 
was 1.02 (95% CI, 0.53-1.78). [The Working 
Group noted the robust exposure assessment but 
very small numbers, particularly in analyses by 
cumulative exposure.] 

(b) Chronic lymphocytic leukaemia 

The data on the association between CLL 
and exposure to benzene that were available at 
the time (until 2009) were reviewed in IARC 
Monographs Volume lO0F and described as 
follows: "Several cohort studies in the petro­
leum industry [ subsequently included in a 
pooled analysis by Schnatter et al. (2012)1 
showed mixed results, with some non-signifi­
cantly increased risks reported and other studies 
showing no association (see Table 2.7, available 
at http:llpublications.iarc.fr/123). In a nested 
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case-control study in the Australian petroleum 
industry an increasing risk for CLL was detected 
with increasing exposure to benzene over a rela­
tively small range of ppm-years, but the increase 
was not significant (Glass et al., 2003). Similarly, 
in a nested case-control study within a cohort 
of French gas and electrical utility workers, a 
non-significant increase in risk with increasing 
years of benzene exposure was detected 
(Guenel et al., 2002). Some evidence of risk with 
increasing benzene exposure was also found in 
a cohort study among petroleum workers in the 
United Kingdom, but the trends were not clear 
and interpretation is difficult as white- and blue­
collar workers were mixed in the analysis and 
interactions may have been present (Rushton & 
Romaniuk, 1997)". 

The current Working Group reviewed these 
studies and determined that several did not meet 
the criteria established for inclusion (see Section 
2.1.l(a)) (McCraw et al., 1985; Satin et al., 1996; 
Lynge et al., 1997; Divine et al., 1999b; Divine & 
Hartman, 2000; Wong et al., 2001a; Lewis et al., 
2003; Bloemen et al., 2004; Huebner et al., 2004). 
One study reviewed previously was superseded 
by later updates (Glass et al., 2003). 

Three of the five occupational cohort studies 
published after !ARC Monographs Volume lO0F 
and described in Section 2.2.l(b) (petroleum 
distribution workers in Australia, Canada, and 
the United Kingdom; Chinese workers; and 
Norwegian offshore oil workers) presented data 
on CLL and benzene exposure (Table 2.3), as 
described in the following sections. 

(i) Petroleum distribution workers in Australia, 
Canada, and the United Kingdom 

Exposure to benzene was compared between 
80 cases of CLL and 345 matched controls in 
the pooled analysis of updated case-control 
studies nested in occupational cohorts of petro­
leum distribution workers (Schnatter et al., 
2012; Rushton et al., 2014). When compared 
with subjects in the lowest exposure tertile of 

Benzene 

cumulative exposure (< 0.348 ppm-years), the 
odds ratio of CLL was more elevated in the inter­
mediate exposure tertile (0.348-2.93 ppm-years; 
OR, 1.49; 95% CI, 0.81-2.76; 32 cases) than in 
the highest exposure tertile (> 2.93 ppm-years; 
OR, 1.05; 95% CI, 0.56-1.98; 24 cases). No clear 
indication of an association was shown with the 
other exposure metrics reported in this study 
(see Section 2.1.l(b)). No dose-response relation­
ship was observed for CLL, except with duration 
of employment (P for spline, < 0.03). Refinery 
workers (mainly from the Australian study) 
showed a higher risk of CLL compared with 
subjects who had never worked as a refinery oper­
ator or craftsman (RR, 1.99; 95% CI, 0.87-4.57). 

(ii) Chinese workers exposed to benzene 

The large NCI-CAPM cohort of Chinese 
workers included only two CLL cases among the 
workers exposed to benzene and none among the 
unexposed; no relative risk could be computed 
(Linet et al., 2015). 

(iii) Norwegian offshore oil workers 

In the nested case-cohort study on Norwegian 
offshore oil industry workers, 12 cases of CLL 
were compared with 1661 reference workers from 
the same cohort (Stenehjem et al., 2015). A five­
fold hazard ratio of CLL for workers ever versus 
never exposed to benzene was reported (HR, 5.4; 
95% CI, 0.7-41.0). The risk estimates for cumu­
lative exposure were substantially higher in the 
exposed subjects with respect to the unexposed 
(HR in the upper tertile, 6.74; 95% CI, 0.75-60.00; 
5 cases), but no exposure-response relationship 
was found (P for trend, 0.212). Hazard ratios 
were consistently elevated when considering 
all the other metrics reported in the study (see 
Section 2.1.l(b)), although the highest risks were 
often in the intermediate tertiles of exposure 
(e.g. the HR for the middle tertile of average 
peak exposure was 6.66; 95% CI, 1.32-34.00; 
6 exposed cases) and no statistically significant 
dose-response trend was observed for any of the 
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metrics. [The Working Group noted that expo­
sure levels in the study were generally low.] 

(c) Acute lymphocytic leukaemia 

ALL is a rare cancer in adults, and this 
makes it difficult to study its association with 
exposure to benzene. The maximum number of 
exposed cases in the studies included in !ARC 
Monographs Volume lO0F was 8 (IARC, 2012a; 
Table 2.3, available at: http://publications.iarc. 
fr/123). The evidence for the association between 
ALL in adults and benzene exposure that was 
available at the time of the previous evaluation 
was described as follows: "In multiple cohorts 
there was a non-significantly increased risk 
for ALL, but the numbers of cases were small 
(Rushton, 1993; Wong et al., 1993; Satin et al., 
1996; Yin et al., 1996a; Divine et al., 1999b; Guenel 
et al., 2002; Lewis et al., 2003; Gun et al., 2006; 
Kirkeleit et al., 2008)". 

The Working Group reviewed these studies 
and determined that most (Rushton, 1993; Satin 
et al., 1996; Divine et al., 1999b; Lewis et al., 
2003; Gun et al., 2006) did not meet the criteria 
for inclusion (see Section 2.1.l(a)) in the current 
evaluation. 

The Working Group identified one earlier 
study that met the inclusion criteria, but had 
not been reviewed in !ARC Monographs Volume 
lO0F: Sorahan et al. (2005). In this study, which 
was conducted in the United Kingdom, no cases 
of ALL were observed (0.83 expected) in a cohort 
of 5514 male and female workers exposed to 
benzene. 

Only one new study with pertinent data 
for adult ALL and benzene exposure has been 
published since the previous IARC review. 
Eight cases of incident ALL were ascertained 
in the NCI-CAPM cohort of Chinese workers 
among those who held jobs entailing exposure 
to benzene, and one among the unexposed (Linet 
et al., 2015). An elevated relative risk for incidence 
of 4.5 (95% CI, 0.8-83.9) was found. Formal 
statistical significance was reached in the "all 
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lymphoid leukaemia" group (9th International 
Statistical Classification of Diseases and Related 
Health Problems (ICD-9), code 204), that is, 
after the addition of 2 cases of CLL among the 
exposed (RR, 5.4; 95% CI, 1.0-99.3) based on 
a total of 10 cases. A dose-response evaluation 
was not conducted, because benzene exposure 
assessment was limited to a categorization of 
ever versus never exposed. 

Among the included studies (except Sorahan 
et al., 2005, which had no ALL cases), the risk 
estimates for ALL as a result of benzene exposure 
ranged from 0.8 to 4.5, and all the 95% confi­
dence intervals included the null. 

(d) Hodgkin lymphoma 

The evidence for HL was reviewed in !ARC 
Monographs Volume lO0F. At that time the 
Working Group noted that the data on HL in 
studies of cohorts exposed to benzene were 
sparse, with most studies having very small 
numbers of cases and reporting no association 
(see Table 2.13, available at: http:llpublications. 
iarc.fr/123). The evidence from these studies was 
judged to be inadequate. 

With the exception of the study by Collins 
et al. (2015) (described in Section 2.1.l(b) and 
summarized in Table 2.3), which found no asso­
ciation between HL mortality and cumulative 
exposure to benzene based on only 2 cases of 
HL, no additional data have been reported on 
the association between HL and exposure to 
benzene. 

2.2.2 General-population studies 

This review included all published, peer­
reviewed epidemiological studies reporting a 
risk estimate for the association between expo­
sure to benzene and NHL, CLL, DLBCL, folli­
cular lymphoma, HCL, MM, ALL, or HL in 
study populations enrolled from the population 
at large, distinct from industry-based cohorts. 
Relevant studies by Clavel et al. {1996), Orsi et al. 
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(2010), and Wong et al. (2010b) were not included 
in !ARC Monographs Volume lO0F but have 
been added to this chapter, in addition to Bassig 
et al. (2015) (all summarized in Table 2.4). One 
study by Jiao et al. (2012) on a gene-environment 
interaction with a BRCA2 variant was excluded 
as it did not report overall risks for benzene 
exposure. All the studies were of a case-control 
design, with the exception of a cohort study from 
Shanghai (Bassig et al., 2015). The case-control 
studies were a mixture of hospital-based and 
population-based designs. The quality of the 
population controls varied extensively; studies 
conducted within the USA were often based 
on random digit dialling (Wang et al., 2009) 
or driving licence rosters (Kato et al., 2005), 
often obtaining low response rates. All studies 
included newly diagnosed incident cases, usually 
with a re-examination of diagnoses. Histological 
reviews were performed in the studies by Scherr 
et al. (1992), Fritschi et al. (2005), and Miligi 
et al. (2006) (see !ARC Monographs Volume lO0F, 
Table 2.10, for details of studies included, avail­
able at: http:llpublications.iarc.fr/123). Exposure 
contexts for the studies reviewed here mainly 
included occupational exposure of the subjects. 
The assessment of benzene exposure ranged 
from a self-report ascertained by questionnaire 
[which the Working Group did not deem to be 
of sufficient quality for assessing exposure to 
benzene] to expert judgement based on quanti­
tative measurements in factories (Bassig et al., 
2015), although most studies used a JEM (see 
Section 1.3 and Section 1.6 for further informa­
tion). The studies judged most informative by 
the Working Group were those that scored high 
for exposure assessment features, with a large 
sample size and high-quality design (including 
a histological review of cases and high response 
rates). Several studies were excluded due to small 
sample size (Linet et al., 1987; Kato et al., 2005; 
Ruckart et al., 2013) or because the exposure 
assessment was very limited (Micheli et al., 2014). 

Benzene 

Clavel et al. (1996) found no association 
between exposure to benzene and HCL [currently 
classified as a subtype of NHL]. Exposure assess­
ment was based on a JEM. [The Working Group 
noted that the response rate was low among 
controls, at around only 57%.] 

The large European multicentre Epilymph 
study (Cocco et al., 2010), which included popu­
lation- and/or hospital-based controls depending 
on the areas and used a JEM to assess benzene 
exposure, was previously included in !ARC 
Monographs Volume lO0F. Cocco et al. (2010) 
found no association between exposure to 
benzene and NHL, DLBCL, follicular lymphoma, 
or MM; a positive association between CLL and 
benzene exposure was observed, but there was 
no evidence of a dose-response relationship 
(OR of exposed versus never exposed to benzene 
isolated from other organic solvents, 1.8; 95% CI, 
l.0-3.2; P for trend, 0.14). [The Working Group 
noted that the response rate was low in the popu­
lation controls, at around only 52%. An earlier 
study by Seidler et al. (2007), which was already 
included in the Epilymph analysis, reported no 
association with NHL.] 

Fritschi et al. (2005) found no associa­
tion between NHL and exposure to benzene 
in a population-based study in Australia that 
included 68 exposed cases. Exposure to benzene 
was assessed by a JEM. [The Working Group 
noted the relatively low response rate among the 
population-based controls, at around only 61%.] 

Miligi et al. (2006) describe a well-conducted 
population-based study on more than 1400 NHL 
cases and 1500 controls from the general popul­
ation, with high response rates of 79%. Cases were 
examined by a panel of pathologists. Exposure 
assessment was based on detailed question­
naires, expert judgement, and a JEM (with assess­
ment of probability and intensity of exposure). 
Positive associations were found for medium 
and high benzene exposure versus very low and 
low benzene exposure (OR, 1.6; 95% Cl; 1.0-2.4) 
based on 58 cases, as well as a non-significant 
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~ Table 2.4 Epidemiological studies of exposure to benzene and adult lymphoma in the general population 

Reference, location, 
enrolment/follow­
up period, study 
design 

Bassig et al. (2015) 
China (Shanghai) 
1996-2000/until 
2009 
Cohort 

Clave! et al. {1996) 
France 
1980-1990 
Case-control 

Population size, 
description, exposure 
assessment method 

73 087 women only, aged 
40-70 yr; Shanghai Women's 
Study (population-based), 
with 92.7% response rate 
Exposure assessment 
method: 
quantitative measurements; 
JEM that combined 
benzene measurements in 
factories (since 1954) plus 
questionnaire data and other 
information; probability 
and intensity of exposure 
assigned 
Cases: 226 hairy cell 
leukaemia patients recruited 
in 18 French hospitals; 
only living cases included 
(60% of 368 eligible) 
Controls: 425 hospital­
based, matched to cases by 
sex, birth date, admission 
date, residence; mainly 
from orthopaedic and 
rheumatology departments; 
response rate, 57% 
Exposure assessment 
method: 
expert judgement; JEM that 
assessed a score for ppm 
of exposure to benzene; 
exposure blindly assigned to 
cases and controls 

Organ 
site 

NHL 

NHL 
(HCL) 

Exposure Exposed Risk estimate 
category or cases/ (95% CI) 
level deaths 

Cumulative exposure (mg/m3)-yr) 
Unexposed 78 1.00 
(reference) 

Ever exposed 24 1.86 (1.17-2.96) 
Tertile 1: s; 35.2 3 0.92 (0.29-2.94) 

Tertile 2: 9 2.20 (1.10-4.41) 
35.21-102.4 

Tertile 3: 12 2.16 (1.17-4.00) 
> 102.4 
Trend test P value, 0.006 for duration, 0.005 for 
cumulative exposure 

Unexposed 189 1.0 
Cumulative benzene exposure (ppm-yr) 
< 1 (score) 15 0.7 (0.4-1.3) 
1-5 (score) 10 0.7 (0.3-1.4) 
<:! 5 7 0.5 (0.2-1.2) 

Covariates Comments 
controlled 

Ever smoking, Strengths: highly 
alcohol intake, representative of the general 
BMI, education, female population in 
age Shanghai; accurate data on 

exposure; accurate data from 
cancer registry on incident 
cancers (very low losses to 
follow-up) 
Limitations: only 24 NHL 
among the exposed 

Matching Strengths: large series of 
variables rare tumour; good exposure 
age and sex, assessment 
smoking status, Limitations: low response rate 
residence, among controls; only living 
admission date cases (prevalent) included, 

meaning potential source of 
bias 
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Table 2.4 (continued) 

Reference, location, 
enrolment/follow­
up period, study 
design 

Orsi et al. (2010) 
France 
2000-2004 
Case-control 

Population size, 
description, exposure 
assessment method 

Cases: 244 NHL, 87 HD, 
56 MM; hospital-based, men 
only (aged 20-75 yr); incident 
cases; response rate, 95% 
Controls: 456 mainly 
from orthopaedic and 
rheumatology departments, 
residing in hospital 
catchment area; matched 
by age, sex, centre; cancers 
excluded, as well as diseases 
related to occupation, 
alcohol, or smoking; 
response rate, 91.2% 
Exposure assessment 
method: 
expert judgement; job­
specific questionnaires 
evaluated by chemical 
engineer; experts derived 
ppm estimates from 
previously published 
intensity measurement 
campaigns 

Organ 
site 

NHL 

Exposure 
category or 
level 

All benzene, 
exposed vs 
unexposed 
Benzene 
> I ppm-yr 
Pure benzene 
Pure benzene, 
definite 
exposure 
Latency 30 yr, 
pure benzene 
High intensity 
of exposure 
Same, diffuse 
large cell 
lymphoma 

Exposed 
cases/ 
deaths 

Risk estimate 
(95% CI) 

94 LO (0.7-1.5) 

70 1.4 (0.9-2.1) 

6 3.0 (0.8-11.2) 
5 3.4 (0.8-15.0) 

5 5.5 (1.0-30.7) 

4 2.6 (0.6-11.2) 

4 7.2 (1.6-33.2) 

Covariates 
controlled 

Age, centre, 
socioeconomic 
status 

Comments 

Strengths: good exposure 
assessment by expert; very 
high response rate 
Limitations: hospital-based 
study 
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°' Table 2.4 (continued) 

Reference, location, 
enrolment/follow­
up period, study 
design 

Wong et al. {2010b) 
Shanghai 
2003-2008 
Case-control 

Population size, 
description, exposure 
assessment method 

Cases: 649 hospital-based 
from 25 hospitals; response 
rate, 76% 
Controls: 1298 hospital-
based controls matched by 
age and sex, with exclusion of 
blood malignancies; response 
rate, NR 
Exposure assessment 
method: 
expert judgement; exposure 
assessment conducted by 
experts by estimating ppm of 
ex_p_osure 

Organ 
site 

NHL 

Exposure 
category or 
level 

Exposed 
cases/ 
deaths 

Maximum exposure to benzene 

Risk estimate 
(95% CI) 

Score 1 32 1.14 (0.73-1.78) 
Score 2 9 0.75 (0.35-1.64) 
Score 3-4 9 1.21 (0.53-2.76) 
Trend test P value, 0.76 for maximum exposure, 
0.80 for duration of exposure 

Covariates 
controlled 

Age, sex, 
hospital 

Comments 

Limitations: hospital-based 
study 

BMI, body mass index; CI, confidence interval; HCL, hairy cell leukaemia; HD, Hodgkin disease; JEM, job-exposure matrix; MM, multiple myeloma; NHL, non-Hodgkin lymphoma; 
NR, not reported; ppm, parts per million; vs, versus; yr, year(s) 
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threefold increased risk for exposure duration 
of more than 15 years (OR, 2.9; 95% CI, 0.9-9.0) 
based on 14 cases. 

In a hospital-based case-control study of 
men only with very high response rates (83%) 
conducted in France, Orsi et al. (2010) reported 
no increased NHL risk with exposure to benzene 
compared with no exposure (OR, 1.0; 95% CI, 
0.7-1.5), and a positive association for those 
exposed to "pure benzene" (OR, 3.0; 95% CI, 
0.8-11.2) based on 6 exposed cases. No asso­
ciations were observed for HL and MM. [The 
Working Group noted an unclear choice of 
controls and the small numbers for the different 
exposure metrics, for example, "pure benzene".] 

A population-based case-control study in the 
Boston metropolitan area by Scherr et al. {1992), 
with high response rates of 80% and including a 
review of pathological material (slides), found no 
significant association with NHL in ever versus 
never exposed cases (OR, 1.2; 95% CI, 0.5-2.6). 
[The Working Group noted the potential for 
information bias due to the use of self-reported 
exposure via questionnaires, as well as the small 
sample size.] 

In a population-based case-control study 
of women aged 21-84 years, Wang et al. (2009) 
used a JEM (with assessment of probability and 
intensity of exposure) to report slightly elevated, 
non-statistically significant risks for NHL in the 
group exposed to medium to high concentrations 
of benzene, particularly for specific histological 
types (P for trend, 0.04 for DLBCL, 0.08 for CLL, 
and 0.18 for follicular lymphoma). [The Working 
Group noted generally low response rates.] 

A hospital-based study by Wong et al. (2010b), 
including 649 cases and 1298 matched controls, 
found no association between NHL and benzene 
exposure assessed by experts based on job ques­
tionnaires, and a significant association for folli­
cular lymphoma (based on 7 cases only). 

A population-based cohort study conducted 
after the publication of !ARC Monographs 
Volume lO0F evaluated the association between 

Benzene 

benzene exposure and NHL: Bassig et al. (2015) 
followed up 73 087 women in the Shanghai 
general population for NHL incidence through 
the Cancer Registry, and used a quantitative 
JEM based on actual benzene measurements 
(with assessment of probability and intensity of 
exposure to benzene). Response rates were very 
high (93%). The overall hazard ratio for the ever 
exposed versus the unexposed group was 1.86 
(95% CI, 1.17-2.96) based on 24 exposed cases, and 
an exposure-response relationship was reported 
with both duration of exposure to benzene (P for 
trend, < 0.006) as well as cumulative exposure 
(P for trend, < 0.005). A case-control study in 
Italy showed evidence of a dose-response rela­
tionship between exposure to benzene for a 
duration of more than 15 years and CLL (P for 
trend, 0.05) (Costantini et al., 2008). 

In a case-control study in residents in 
Shanghai (532 cases and 502 controls from 
the general population), a significant 3.9-fold 
increased risk for ALL was reported for the 
group with 15 years or more of self-reported 
occupational exposure to benzene, based on 5 
exposed cases in this category (Adegoke et al., 
2003); no association was observed in another 
study in the USA, with only 3 cases in the highest 
exposure group (see !ARC Monographs Volume 
lO0F, Table 2.4, available at: http:Upublications. 
iarc.fr / 123). 

2.3 Childhood cancer 

Age-specific incidence rates for several types 
of childhood cancer peak at ages < 5 years, indi­
cating that risk factors exist in the early life envi­
ronment or might be inherited. Few risk factors 
have been identified, with the exception of 
ionizing radiation and chemotherapy, meaning 
that the majority of cases are unexplained. 

It is known that benzene causes AML/ ANLL 
in adults. Positive associations have also been 
observed between exposure to benzene and ALL, 
CLL, MM, and NHL (IARC, 2012a). Leukaemia 
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is the most common type of childhood cancer, 
leading to the hypothesis that benzene could 
also cause leukaemia in children. Benzene often 
occurs as part of mixed exposures, such as in utero 
in pregnant women who smoke, or from second­
hand smoke and traffic exhaust in ambient air. 
Studies of childhood cancers have used various 
indicators of such mixtures, for example, traffic 
(von Behren et al., 2008; Amigou et al., 2011), 
petrol stations, and automotive repair garages 
near the residence (Steffen et al., 2004; Brosselin 
et al., 2009). Studies of parental occupational 
exposures and childhood cancer have also used 
indicators for mixed exposure which may include 
benzene, such as "solvent use" (van Steensel-Moll 
et al., 1985; Carlos-Wallace et al., 2016). [The 
Working Group is aware of these studies but 
decided to review only those specifically assessing 
exposure to benzene. The Working Group noted 
that, even in studies where benzene is specifically 
assessed, benzene is often one of many correlated 
air pollutants; confounding from such correlated 
air pollutants can rarely be excluded.] 

Ecological studies have compared incidence 
rates of childhood leukaemia (Whitworth et al., 
2008; Senkayi et al., 2014) and tumours of the 
central nervous system (CNS) (Danysh et al., 
2015) with benzene levels assessed at census 
tracts or county level. These studies were not 
reviewed by the current Working Group because 
of the usual limitations of the ecological design 
for causal inference. 

The Working Group reviewed a series of case­
control studies that quantified ambient benzene 
levels, either assessed at the exact address or 
as a mean for the area where childhood cancer 
cases and controls lived. A case-control study 
that assessed exposure by measuring a benzene 
metabolite in urine from childhood cases and 
controls (Jiang et al., 2016) was also reviewed. 
One additional case-control study (Ruckart et al., 
2013) was not reviewed, because the informa­
tion that could be extracted was limited because 
the study included only 13 verified childhood 

138 

cases of cancer of the haematopoietic system 
(11 leukaemia and 2 NHL) and because exposure 
to benzene was not quantified. Another case­
control study that investigated the distance from 
the residence to industries emitting benzene was 
not reviewed because benzene concentrations 
were not quantified (Garcia-Perez et al., 2015). 

The Working Group also reviewed a series of 
case-control studies and two cohort studies that 
compared the occupational exposure to benzene 
of the parents of childhood cancer cases and 
controls. Table 2.5 includes only relevant studies 
of cancer sites with sufficient or limited evidence 
that were either not included in, or published 
after, IARC Monographs Volume lO0F (IARC, 
2012a). 

2.3.7 Childhood exposure to benzene in 
outdoor air 

Four case-control studies assessed benzene 
concentrations at the exact address(es) where 
childhood cancer cases and controls lived (see 
Table 2.5). 

In a population-based study included in 
IARC Monographs Volume lO0F, Raaschou­
Nielsen et al. (2001) identified 1989 cases (age, 
0-14 years) of leukaemia, lymphoma, and 
tumours of the CNS in the Danish Cancer 
Registry, and selected 5506 controls at random 
among the whole Danish childhood population 
using the Danish Population Registry. Controls 
were matched to cases by sex, age, and calendar 
time. The residential history of each child was 
traced from 9 months before birth to the time 
of diagnosis. Benzene exposure was calculated 
from a dispersion model based on traffic and the 
configuration of the street and buildings at the 
address. The analyses adjusted for urban devel­
opment, geographical region, type of residence, 
low-frequency electromagnetic fields (power 
lines and transformer stations), mother's age, 
and birth order. For exposure to benzene during 
childhood between the 90th and 99th percentile 
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Table 2.5 Epidemiological studies of exposure to benzene and childhood leukaemia in the general population 

Reference, 
location, 
enrolment/ 
follow-up 
period, study 
design 

Crosignani et al. 
(2004) 
Province of 
Varese, Italy 
1978-1997 
Case-control 

Population size, Organ site 
description, exposure 
assessment method 

Cases: 120 from cancer 
registry 
Controls: 480 
population-based 
from Health Service 
Archives 
Exposure 
assessment method: 
other; modelled 
concentration of 
benzene outside the 
residence at time of 
diagnosis 

Leukaemia: 
ICD-9 (codes 
204.0-208.9), 
lymphoid 
leukaemia, 
myeloid 
leukaemia, 
monocytic 
leukaemia, 
other 
specified and 
unspecified 
leukaemia 

Exposure 
category or 
level 

Exposed 
cases/ 
deaths 

Risk estimate 
(95% CI) 

Benzene concentration (µg/m 3) 

< 0.1 88 1.0 
0.1-10 25 1.5 (0.9-2.5) 
> 10 7 3.9 (1.4-11.3) 
Trend test P value, 0.005 

Covariates controlled 

Sex, age, SES of 
municipality 

Comments 

Incidence, ages 0-14 yr 
Strengths: population­
based; exposure model 
Limitations: small 
number of cases; only 
address at diagnosis; 
non-differential 
misclassification of 
exposure 
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Reference, 
location, 
enrolment/ 
follow-up 
period, study 
design 

Vinceti et al. 
(2012) 
Emilia-Romagna 
region, northern 
Italy 
1998-2009 
Case-control 

Population size, 
description, exposure 
assessment method 

Cases: 83 from cancer 
registry 
Controls: 332 
population-based 
from Health Service 
Archives 
Exposure assessment 
method: other; 
CALINE4 dispersion 
model estimating 
exposure to benzene 
from road traffic; 
based on address 
at diagnosis; 
exposure categories 
are approximate 
quartiles of annual 
average benzene 
concentrations 

Organ site 

Leukaemia: 
acute 
leukaemia 

Leukaemia 
(ALL) 

Leukaemia 
(AML) 

Exposure 
category or 
level 

Exposed 
cases/ 
deaths 

Risk estimate 
(95% CI) 

Benzene concentration (µg/m 3) 

< 0.10 16 1.0 
0.10 to < 0.25 18 0.8 (0.5-2.6) 
0.25 to < 0.50 17 1.1 (0.5-2.6) 
~ 0.50 32 1.7 (0.8-3.6) 

OR per 64 0.97 (0.49-1.93) 
1 µg/m 3 

increase in 
average 
benzene 
concentration 
and with 
a 10 µg/m 3 

increase in 
average PM10 

concentration 
OR per 19 1.92 (0.64-5.78) 
1 µg/m 3 

increase in 
average 
benzene 
concentration 
and with 
a 10 µg/m 3 

increase in 
average PM10 

concentration 

Covariates controlled 

Sex,age,province 
of residence, PM10 

concentration 

Sex,age,province 
of residence, PM10 

concentration 

Sex,age,province 
of residence, PM10 

concentration 

Comments 

Incidence within 
previous 0-14 yr; 
validation of dispersion 
model reported; 
linear trends were not 
statistically significant; 
stronger and statistically 
significant associations 
with AML for children 
< 5 yr (OR, 5.46; 95% CI, 
1.12-26.51; 11 cases) 
Strengths: population­
based, exposure model 
Limitations: small 
number of cases; 
only address at 
diagnosis; limited 
confounder adjustment; 
non-differential 
misclassification of 
exposure 
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Table 2.5 (continued) 

Reference, 
location, 
enrolment/ 
follow-up 
period, study 
design 

Houotetal. 
(2015) 
Ile-de-France, 
France 
2002-2007 
Case-control 

Heck et al. (2014) 
California, USA 
1990-2007 
Case-control 

Population size, Organ site 
description, exposure 
assessment method 

Cases: 517 from cancer 
registry 
Controls: 6147 
population-based, 
from tax databases 
Exposure 
assessment method: 
records; modelled 
concentration of 
benzene outside the 
residence at time of 
diagnosis 
Cases: 66 ALL and 
41 AML from cancer 
registry 
Controls: 2627 for 
ALL and 17 299 for 
AML, randomly 
from population 
with California birth 
certificates 
Exposure assessment 
method: other; air 
toxics measured at 
monitoring station 
nearest to home 
address at time of birth 
(ALL, $ 2 km; AML, 
$6km) 

Leukaemia 
(ALL) 

Leukaemia 
(AML) 

Leukaemia 
(ALL) 

Leukaemia 
(AML) 

Exposure 
category or 
level 

Exposed 
cases/ 
deaths 

Risk estimate 
(95% CI) 

Benzene concentration (µg/m 3) 

< 1.3 215 1.0 
<! 1.3 210 0.9 (0.7-1.0) 
Benzene concentration (µg/m 3) 
< 1.3 33 1.0 
<! 1.3 59 1.6 (1.0-2.4) 

OR per IQR increase in benzene concentration 
(1.2 ppb) during pregnancy 
1st trimester 66 0.85 (0.58-1.26) 
2nd trimester 66 1.16 (0.80-1.67) 
3rd trimester 66 1.50 (1.08-2.09) 
Entire 66 1.44 (0.84-2.48) 
pregnancy 
1st year of life 61 1.23 (0.62-2.43) 
OR per IQR increase in benzene concentration 
(1.2 ppb) during pregnancy 

1st trimester 41 
2nd trimester 
3rd trimester 
Entire 
pregnancy 

41 
41 
41 

1.13 (0.64-2.01) 
1.30 (0.74-2.28) 
1.75 (1.04-2 .93) 
1.94 (0.89-4.19) 

1st year of life 25 2.61 (0.97-6.99) 

Covariates controlled 

Age 

Age 

Year of birth, mother's 
birth place, parity, 
neighbourhood SES, 
mother's race/ethnicity 

See above 

Comments 

Incidence within 
previous 0-14 yr 
Strengths: population­
based; exposure model 
Limitations: small 
number of AML 
cases; only address 
at diagnosis; limited 
confounder adjustment; 
non-differential 
misclassification of 
exposure 
Incidence within 
previous 0-5 yr; 
exploratory study of 22 
air toxics 
Strengths: population­
based; monitoring-based 
exposure assessment 
Limitations: small 
number of cases; no 
address history; multiple 
testing; non-differential 
misclassification of 
exposure 
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Reference, 
location, 
enrolment/ 
follow-up 
period, study 
design 

Janitz et al. 
(2017) 
Oklahoma, USA 
1997-2012 
Case-control 

Population size, 
description, exposure 
assessment method 

Cases: acute 
leukaemia, 307; ALL, 
228; AML, 79; cancer 
registry 
Controls: 1013 
population with 
Oklahoma birth 
certificates 
Exposure assessment 
method: other; USEPA 
National Air Toxics 
Assessment database 
modelled benzene 
2005 concentration of 
the census tract where 
living at time of birth; 
exposure level cut-
points were based on 
quartiles of benzene 
concentration (µg/m 3) 
among controls 

Organ site 

Leukaemia: 
ALL and 
AML 
combined 

Leukaemia 
(ALL): 
childhood 
ALL 

Leukaemia 
(AML): 
childhood 
AML 

Exposure 
category or 
level 

Exposed 
cases/ 
deaths 

Risk estimate 
(95% CI) 

Benzene concentration (µg/m 3) 

0.11 to< 0.39 73 1.00 
0.39 to < 0.67 71 1.06 (0.71-1.58) 
0.67 to < 0.91 77 1.21 (0.79-1.87) 
0.91-2.03 86 1.28 (0.83-1.97) 

Benzene concentration (µg/m 3) 

0.11 to < 0.39 NR 1.00 
0.39 to < 0.67 NR 0.91 (0.58-1.44) 

0.67 to < 0.91 NR 1.07 (0.66-1.76) 
0.91-2.03 NR 1.06 (0.65-1.74) 

Benzene concentration (µg/m 3) 
0.11 to< 0.39 NR 1.00 
0.39 to < 0.67 NR 1.60 (0.67-3.82) 

0.67 to < 0.91 NR 1.92 (0.77-4.74) 
0.91-2.03 NR 2.42 (0.98-5.96) 

Covariates controlled 

Week of birth, race/ 
ethnicity, age at 
diagnosis, sex, birth 
order, electromagnetic 
fields, urbanization, 
maternal education, 
smoking during 
pregnancy 
Week of birth, race/ 
ethnicity, age at 
diagnosis, sex, birth 
order, electromagnetic 
fields, urbanization, 
maternal education, 
smoking during 
pregnancy 
Week of birth, race/ 
ethnicity, age at 
diagnosis, sex, birth 
order, electromagnetic 
fields, urbanization, 
maternal education, 
smoking during 
pregnancy 

Comments 

Incidence within 
previous 0-19 yr; an 
alternative exposure 
categorization showed 
substantially lower ORs 
in association with the 
very highest exposures 
(above 95th percentile, 
1.33-2.03 µg/m 3) 
Strengths: population-
based exposure model 
Limitations: small 
number of cases; no 
address history; exposure 
assessment for only 
1 yr, non-differential 
misclassification of 
exposure 
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Table 2.5 (continued) 

Reference, 
location, 
enrolment/ 
follow-up 
period, study 
design 

Spycher et al. 
(2017) 
Switzerland 
1990 or 2000/ 
until end of 2008 
Cohort 

Population size, Organ site 
description, exposure 
assessment method 

1 664 801 children 
aged < 16 yr 
Exposure assessment 
method: other; census 
data on parental 
occupation and JEM 
(based on ISCO-88) to 
categorize potential for 
benzene exposure 

Leukaemia 
(ALL) 

Leukaemia 
(AML) 

Exposure 
category or 
level 

Exposed 
cases/ 
deaths 

Risk estimate 
(95% CI) 

Maternal occupational exposure 
Ever exposed 19 1.92 (1.18-3.13) 
Maternal occupational exposure 
Ever exposed 3 1.05 (0.32-3.48) 

Covariates controlled 

Sex; year of birth; 
census; education; 
household crowding; 
neighbourhood 
SES; background 
ionizing radiation and 
electromagnetic fields 
from radio and TV 
transmitters; distance 
to nearest highway, 
petroleum refinery, 
petrol station, motor 
vehicle service station 

Comments 

No associations with 
AML or ALL and 
paternal exposure were 
observed 
Strengths: population­
based study with data 
on incidence; models 
adjusted for a range of 
socioeconomic, perinatal, 
and environmental 
factors; accurate and 
complete outcome 
ascertainment 
Limitations: no 
adjustment for maternal 
smoking; small number 
of exposed AML cases 

ALL, acute lymphoblastic/lymphocytic leukaemia; AML, acute myeloid leukaemia; CALINE4, California Line Source Dispersion model, version 4; CI, confidence interval; 
ICD, International Statistical Classification of Diseases and Related Health Problems; IQR, interquartile range; ISCO, International Standard Classification of Occupations; JEM, job­
exposure matrix; NR, not reported; OR, odds ratio; PM, particulate matter; ppb, parts per billion; SES, socioeconomic status; USEPA, United States Environmental Protection Agency; 
yr, year(s) 
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of the distribution of exposure, or above the 99th 
percentile compared with below the 50th percen­
tile, the respective adjusted relative risks were 
0.9 (95% CI, 0.6-1.5) and 0.4 (95% CI, 0.1-1.6) 
for leukaemia, 1.1 (95% CI, 0.7-1.8) and 0.6 
(95% CI, 0.2-1.7) for tumours of the CNS, and 
0.8 (95% CI, 0.4-1.8) and 0.4 (95% CI, 0.1-2.0) 
for lymphomas. The results also indicated no 
associations between benzene concentrations 
at the address(es) during pregnancy and cancer 
risk, although the group exposed to the second­
highest levels of benzene was associated with 
a relative risk for lymphomas of 2.2 (95% CI, 
1.2-3.9). This higher risk for lymphomas in asso­
ciation with benzene concentrations during preg­
nancy was restricted to HL; based on 19 exposed 
cases, a relative risk of 4.3 (95% CI, 1.5-12.4) was 
observed in association with exposure above the 
90th percentile compared with below the 50th 
percentile (see !ARC Monographs Volume lOOF, 
Table 2.14, available at: http:Upublications.iarc. 
fr/123). [The strengths of this study included the 
population-based design, the large sample size, 
the assessment of cumulative exposure over all 
addresses during pregnancy and childhood, and 
the objective, model-based exposure assessment 
method. However, the study was limited by the 
non-differential misclassification of exposure.] 

A small study of leukaemia incidence was 
undertaken in Varese, Italy (Crosignani et al., 
2004). A total of 120 incident cases were identified 
from the population-based Lombardy Cancer 
Registry, and 480 population controls, matched 
to cases by age and sex, were selected from the 
population-based Health Service Archives. 
Benzene concentration at the address at diag­
nosis was calculated on the basis of traffic density 
on surrounding roads and distances from the 
home address to roads with heavy traffic. When 
comparing children exposed to high concen­
trations of benzene (estimated annual average, 
benzene at> 10 µg/m3) with children not exposed 
to road traffic emissions (estimated annual 
average, benzene at< 0.1 µg/m3), the relative risk 

144 

was 3.9 (95% CI, 1.4-11.3) based on 7 exposed 
cases, and 4.3 (95% CI, 1.5-12.6) after adjustment 
for socioeconomic status of the municipality. 
There was a trend across the three exposure cate­
gories (P for trend, < 0.005). [The strengths of 
the study included the population-based design 
and the objective, model-based, exposure assess­
ment method. The limitations included the small 
number of cases, the use of only the address at 
diagnosis for exposure assessment, and the 
non-differential misclassification of exposure.] 

In the Emilia-Romagna region, northern 
Italy, Vinceti et al. (2012) identified 83 incident 
cases of acute leukaemia among children (age, 
0-14 years) in the population-based Italian 
Association of Paediatric Haematology and 
Oncology cancer registry. A total of 332 popu­
lation controls, individually matched to cases 
by sex, year of birth, and province of residence 
during the diagnosis year, were selected. Traffic­
related benzene and PM10 (particulate matter of 
diameter ~ 10 µm) concentrations were estim­
ated by the California Line Source Dispersion 
model, version 4 ( CALINE4), at the address at 
time of diagnosis. Modelled benzene concentra­
tions were validated against those measured at 
fixed-site monitoring stations, showing a correl­
ation coefficient of 0.43 (95% CI, -0.48-0.89) 
for annual mean values. The odds ratio for 
acute leukaemia was 1.7 (95% CI, 0.8-3.6) for 
the highest (~ 0.50 µg/m3) compared with the 
lowest(< 0.10 µg/m3) category of benzene expo­
sure, after adjustment for PM10• Linear analyses 
adjusted for PM10 showed odds ratios of 0.97 
(95% CI, 0.49-1.93; 64 cases) and 1.92 (95% CI, 
0.64-5.78; 19 cases) for ALL and AML, respec­
tively, in association with a 1 µg/m3 increase in 
average benzene concentration. Restricting the 
linear analyses to children diagnosed when aged 
0-4 years yielded odds ratios of 1.95 (95% CI, 
0.58-6.50; 27 cases) and 5.46 (95% CI, 1.12-26.51; 
11 cases) for ALL and AML, respectively. [A 
strength of this study was the population-based 
design and the objective exposure assessment by 
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use of a validated exposure model, although the 
correlation between calculated and measured 
benzene was relatively low. Limitations included 
the small sample size resulting in wide confi­
dence intervals, the use of only the address at the 
time of diagnosis for exposure assessment, and 
non-differential misclassification of exposure.] 

Houot et al. (2015) estimated benzene concen­
trations at the addresses at the time of diagnosis 
of 517 incident acute leukaemia cases (age, 
0-14 years) and 6147 controlchildren living in the 
Ile-de-France region in France. Cases were iden­
tified from the National Registry of Childhood 
Haematopoietic Malignancies, and control 
children were selected from a population-based 
tax database. The benzene modelling took into 
account contributions from both urban back­
ground pollution and local traffic. The subjects 
were classified on the basis of the benzene 
exposure estimate at their home being either 
less than 1.3 µg/m 3 (median exposure for the 
controls) or 1.3 µg/m 3 or more. When comparing 
the two groups, the odds ratio for ALL was 0.9 
(95% CI, 0.7-1.0; based on 210 exposed cases) 
and for AML was 1.6 (95% CI, 1.0-2.4; P < 0.05, 
based on 59 exposed cases). The analyses were 
adjusted for age. [Strengths included the popu­
lation-based design and the objective, model­
based exposure assessment method. Limitations 
included the limited adjustment for potential 
confounders, the use of only the address at the 
time of diagnosis for exposure assessment, the 
non-differential misclassification of exposure, 
and the limited contrast in the analysis of expo­
sures to above versus below the median.] 

A series of studies from California, USA, 
studied the association between a wide range of 
air toxics (including benzene) measured at 39 
different sites and different types of childhood 
cancers. Cases (age, 0-5 years) were identified 
from the California Cancer Registry, and popu­
lation controls were selected randomly from 
the California birth records. Birth addresses 
of cases and control children were allocated to 
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1 of the 39 monitoring stations if the address was 
within a certain distance, and the measured air 
toxic concentration was averaged over certain 
time periods; both the distance and the time 
period differed between the studies. Odds ratios 
were calculated for one interquartile range 
(IQR) increase in benzene concentration, corre­
sponding to 1.2 ppb (3.8 µg/m 3) . Heck et al. 
(2013) compared benzene concentrations during 
pregnancy for 74 neuroblastoma cases and 13 115 
control children, and observed an odds ratio 
of 1.36 (95% CI, 0.82-2.25) per IQR increase 
of benzene concentration after adjustment for 
year of birth, maternal race/ethnicity, maternal 
age, and method of payment for prenatal care. 
Shrestha et al. (2014) studied 337 cases ofWilms 
tumour and 96 514 control children, and found 
an odds ratio of 1.07 (95% CI, 0.84-1.36) per IQR 
of benzene concentration during pregnancy 
after adjustment for birth year, maternal age, 
maternal race/ethnicity, parity, and census­
based socioeconomic status. Heck et al. (2014) 
included 66 cases of ALL and 41 cases of AML, 
and found odds ratios of 1.44 (95% CI, 0.84-2.48) 
for ALL and 1.94 (95% CI, 0.89-4.19) for AML per 
IQR increase of benzene concentration during 
the entire pregnancy. Results were adjusted for 
year of birth, maternal race/ethnicity, mother's 
birthplace, parity, and neighbourhood socio­
economic status. Exposure during the third 
trimester was associated with statistically signif­
icant odds ratios. Odds ratios in association with 
benzene concentration during the first year of 
life were similar to those reported for exposure 
during pregnancy. Heck et al. (2015) included 
88 retinoblastoma cases and 25 144 control chil­
dren, and found a significant odds ratio of 1.67 
(95% CI, 1.06-2.64) per IQR increase of benzene 
concentration during pregnancy after adjust­
ment for year of birth, maternal race and birth­
place, paternal age, and method of payment for 
prenatal care. Von Ehrenstein et al. (2016) inves­
tigated the risk for tumours of the CNS based 
on 168 cases and 27 199 control children; odds 
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ratios of 2.14 (95% CI, 1.12-4.06; 38 cases) for 
primitive neuroectodermal tumour, 0.82 (95% 
CI, 0.36-1.87; 30 cases) for medulloblastoma, 
and 0.83 (95% CI, 0.53-1.29; 100 cases) for astro­
cytoma per IQR increase of benzene concentra­
tion during pregnancy were reported. Results 
were adjusted for year of birth, maternal race/ 
ethnicity, maternal age, birthplace, and educa­
tion. [The strengths of these studies included 
the population-based design and the objective, 
monitoring-based exposure assessment method. 
Limitations included the small sample sizes, the 
assessment of exposure at only one address, the 
non-differential misclassification of exposure, 
and the explorative nature including analyses of 
many pollutants. Not adjusting for smoking at 
home, and especially maternal smoking during 
pregnancy, were other common limitations of 
many studies. The results for neuroblastoma and 
retinoblastoma appear to be generating, rather 
than testing, hypotheses.] 

Symanski et al. (2016) identified 1248 cases 
(age, 0-4 years) of ALL from the Texas Cancer 
Registry and selected 12 172 population-based 
control children from birth certificates. The 
address at birth was used to allocate each child 
to a census tract. Concentrations of benzene, 
1,3-butadiene and polycyclic organic matter 
at census tract level were extracted from the 
United States Environmental Protection Agency 
National-Scale Air Toxics Assessment (NATA), 
which provided modelled concentrations for 
years 1996, 1999, 2002, and 2005; each address 
was allocated to an exposure quartile for the 
year closest in time. The statistical models 
adjusted for time of birth, census tract (random 
effect), maternal age, infant birth weight, sex, 
and maternal race/ethnicity, and reported odds 
ratios of 1.19 (95% CI, 1.00-1.41), 1.16 (95% CI, 
0.98-1.38), and 1.17 (95% CI, 0.98-1.39) for the 
second, third, and fourth exposure quartiles 
compared with the first. Models including both 
benzene and 1,3-butadiene showed associations 
between childhood cancer and exposure to 
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1,3-butadiene, but not to benzene. [The Working 
Group noted that it is difficult to disentangle the 
effect of correlated pollutants. The strengths of 
this study included: the population-based design; 
the large sample size; the objective, model-based 
exposure assessment method; and the mutual 
adjustment for other air pollutants. Limitations 
included the lack of information about address 
history and non-differential misclassification of 
exposure. Further, the transformation of abso­
lute exposure concentrations into quartiles based 
on 4 different years makes a quantitative inter­
pretation of the results difficult: for example, the 
third exposure quartile for benzene in 1996 has 
a lower range of benzene levels than the second 
exposure quartile in 1999.] 

Janitz et al. (2017) studied benzene and acute 
leukaemia including 228 cases of ALL and 79 
of AML (age, 0-19 years) from the Oklahoma 
Central Cancer Registry, USA. A total of 28% of 
identified cases were excluded, however, because 
they could not be linked to birth certificates. 
Population controls (n = 1013) were selected 
from birth certificates, matched by week of birth. 
Address at birth was allocated to the census 
tract, and benzene concentrations for 2005 for 
each census tract were extracted from the NATA 
database. Children were divided into quartiles of 
exposure and, in a secondary analysis, the cut-off 
point at the 40th (0.53 µg/m3), 60th (0.78 µg/m3), 
and 95th (1.33 µg/m3) percentiles were used to 
form exposure categories. The results indicated 
no association between benzene and ALL, with 
an odds ratio for the highest quartile compared 
with the lowest of 1.06 (95% CI, 0.65-1.74) and 
that for above the 95th percentile compared with 
below the 40th percentile being 0.67 (95% CI, 
0.28-1.62). In contrast, the two corresponding 
odds ratios for AML were 2.42 (95% CI, 0.98-5.96) 
and 1.58 (95% CI, 0.53-4.69), with an indication 
of an exposure-response relationship over quar­
tiles but not over the alternative exposure catego­
rization. The analyses adjusted for time of birth, 
race/ethnicity, age at diagnosis, sex, birth order, 
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exposure to electromagnetic fields, urbanization, 
and maternal education and smoking during 
pregnancy. [The strengths included the popu­
lation-based design and the objective, model­
based exposure assessment method. Limitations 
included the limited sample size, the lack of 
information about address history, the exposure 
assessment being based on only 1 year, and the 
non-differential misclassification of exposure. 
The Working Group noted the exclusion of cases 
that could not be linked to a birth certificate as a 
potential source of selection bias.] 

Jiang et al. (2016) measured the benzene 
metabolite trans,trans-muconic acid (t,t-MA) in 
urine samples from 71 cases of ALL identified 
at the Shenzhen Children's Hospital, China, and 
from those of 142 control children selected from 
the orthopaedics section and matched to cases 
by sex and age. A higher proportion was above 
the detection limit among cases compared with 
controls, and higher t,t-MA concentration was 
associated with an increased risk (OR, 1.09; 95% 
CI, 1.00-1.19). [The Working Group noted that 
the related exposure contrast was not reported 
in the article. Other limitations included: the 
risk for reverse causation because urine was 
collected after the ALL diagnosis; a lack of trans­
lation between concentrations of t,t-MA in urine 
(which only reflect exposure during the few hours 
before urine collection) and exposure to benzene, 
meaning that the use of t,t-MA in this context 
did not provide a good context for exposure to 
benzene and the validity of this exposure assess­
ment method is low (see Section 1.3); and the 
non-differential misclassification of exposure.] 

2.3.2 Parental occupational exposure to 
benzene 

Nine case-control and two cohort studies 
assessed the occupational exposure to benzene 
of parents of childhood cancer cases and 
controls. In 8 of the 11 studies, the exposure 
assessment was based on information about 
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parental occupation, industry, or exposure 
collected by interviews with parents after their 
child received a diagnosis of cancer. Three other 
studies used information from birth certificates 
(Shaw et al., 1984) or census data (Feychting 
et al., 2001; Spycher et al., 2017), which could 
not be influenced differently by parents of cases 
and controls. Exposure was assessed in two (yes/ 
no) or three (e.g. no/possible/probable) catego­
ries either by parents themselves or by experts 
or JEM, but was never quantified. [The Working 
Group noted that the interview-based exposure 
assessment in 8 of the 11 studies implied a risk for 
recall and interviewer bias. Differential partici­
pation among parents of cases and controls may 
also have biased the results. Other general limi­
tations were the low numbers of exposed parents, 
leading to imprecise risk estimates, and the lack 
of quantification of benzene exposure. For these 
reasons, the Working Group gave little weight to 
this group of studies when evaluating benzene as 
a potential cause of childhood cancer.] 

The results from the 11 studies are incon­
sistent. Shaw et al. (1984) used information about 
job from birth certificates in a case-control study 
in California, USA, and reported no difference 
in childhood leukaemia risk between case and 
control groups for paternal occupation with 
potential for benzene exposure. In a cohort study 
in Sweden, Feychting et al. (2001) reported no 
association between parental job (2-26 months 
before the child's birth, obtained from census 
data) with the potential for benzene exposure 
(possible and probable exposure combined) 
and the risk for leukaemia (RR, 1.23; 95% CI, 
0.39-3.85; 3 cases) or tumours of the CNS (RR, 
0.91; 95% CI, 0.23-3.70; 2 cases) in their chil­
dren. The risk of leukaemia in children younger 
than 5 years was 2.0 (95% CI, 0.6-6.3) based on 
3 exposed cases [although benzene exposure was 
too rare for a meaningful analysis]. 

In a nationwide cohort study in Switzerland, 
Spycher et al. (2017) used census data about 
parental occupation and a JEM to categorize 
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potential for benzene exposure (Table 2.5). In 
association with maternal exposure to benzene, 
the study showed a hazard ratio for ALL of 1.92 
(95% CI, 1.18-3.13; 19 exposed cases) using 
the partially adjusted model and 2.63 (95% CI, 
1.58-4.38) using the fully adjusted model, which 
included 14 variables but not maternal smoking. 
No association between maternal exposure to 
benzene and risk for AML (3 exposed cases only), 
lymphoma, NHL, tumours of the CNS, or glioma 
(Table 2.5) was found. The study also found no 
association between paternal benzene exposure 
and risk for ALL or AML, although an increased 
non-significant risk was observed for AML (HR, 
2.66; 95% CI, 0.79-9.00; 3 exposed cases in the 
upper exposure category). [The Working Group 
considered this study to be informative because 
of: the lack of potential for participation, recall, 
or interviewer bias; the objective assessment of 
benzene exposure using a JEM; the proper adjust­
ment for potential confounders; and the greater 
number of cases with exposed parents compared 
with most other studies. No adjustment was 
made for parental smoking, however, and there 
was potential for exposure misclassification.] 

Among the eight case-control studies with 
subjective (interview-based) information about 
benzene exposure, three found statistically 
significant associations, two found increased 
odds ratios without statistical significance, and 
three found no association. 

Shu et al. (1988) (see Table 2.4 in !ARC 
Monographs Volume lO0F, available at: http:ll 
publications.iarc.fr/123) investigated parental 
exposures in relation to childhood leukaemia 
in Shanghai and found an association between 
maternal exposure during pregnancy and risk 
for ANLL (OR, 4.0; 95% CI, 1.8-9.3; 11 cases) but 
not for ALL (OR, 1.3; 95% CI, 0.5-3.0; 8 cases). 

McKinney et al. (1991), evaluated in !ARC 
Monographs Volume lO0F, investigated the asso­
ciations between parental exposure to benzene 
and risk for leukaemia and NHL (combined) 
in north England; statistically significant 
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associations with paternal preconceptional 
exposure (OR, 5.8; 95% CI, 1.7-26.4; 12 cases) 
and with maternal preconceptional exposure 
(OR, 4.0; 95% CI, 0.3-118.0; 2 cases) were found. 

Castro-Timenez & Orozco-Vargas (2011) 
investigated parental benzene exposure and risk 
for ALL in Columbia, and reported unadjusted 
odds ratios of 3.0 (95% CI, 1.3-7.1) and 1.6 (95% 
CI, 0.8-3.1) in association with maternal and 
paternal exposure, respectively, before concep­
tion, and an unadjusted odds ratio of 1.9 (95% CI, 
0.8-4.2) in association with maternal exposure 
during pregnancy. After adjustment for maternal 
age, parental preconception smoking status, and 
maternal socioeconomic status during preg­
nancy, odds ratios of 5.50 (95% CI, 1.38-21.92) 
and 11.65 (95% CI, 2.98-45.59) were observed for 
exposure to benzene by mother only and by both 
parents, respectively. 

Feingold et al. (1992) investigated childhood 
cancer in Denver, Colorado, USA, and reported 
odds ratios in association with paternal occupa­
tional benzene exposure during the year before 
the child's birth of 0.7 (95% CI, 0.1-3.1) for 
tumours of the CNS and 1.6 (95% CI, 0.5-5.8) for 
ALL. Peters et al. (2014) investigated childhood 
tumours of the brain in Australia, and reported 
odds ratios of 2.4 (95% CI, 0.2-25.7) and 2.7 (95% 
CI, 0.9-7.9) in association with maternal expo­
sure in the year before birth and paternal expo­
sure in the year before conception. 

Kaletsch et al. (1997) studied childhood 
leukaemia and lymphoma in Germany, and 
found no association with parental occupational 
exposure to benzene. 

Shu et al. (1999) investigated parental occu­
pational exposures and risk of ALL in offspring 
(see Table 2.4 in !ARC Monographs Volume lO0F, 
available at: http:llpublications.iarc.fr/123). The 
authors reported odds ratios of 0.7 (95% CI, 
0.3-1.8), 0.5 (95% CI, 0.1-1.6), and 0.6 (95% CI, 
0.2-1.6) for maternal exposure to benzene before 
conception, during pregnancy, and after birth, 
respectively. Corresponding odds ratios for 
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paternal occupational exposure to benzene were 
1.2 (95% CI, 0.8-1.2), 1.0 (95% CI, 0.6-1.7), and 
1.2 (95% CI, 0.7-1.9). 

Infante-Rivard et al. (2005) studied child­
hood ALL in Canada and reported an odds 
ratio of 0.8 (95% CI, 0.2-3.1) in association with 
maternal benzene exposure during the 2 years 
before birth, and one of 1.4 (95% CI, 0.3-6.3) 
in association with maternal exposure during 
pregnancy. 

[Treating all leukaemias as a single entity is 
a limitation of several of the preceding studies, 
given the evidence of etiological heterogeneity.] 

2.4 Other cancers 

This section describes epidemiological studies 
on benzene exposure and cancer in adults in sites 
other than in the lymphohaematopoietic system. 
The tables (Table 2.6 and Table 2.7) include only 
relevant studies of cancer sites with sufficient or 
limited evidence that either were not included in 
IARC Monographs Volume lO0F (IARC, 2012a) 
or were published later. 

2.4.1 Occupational cohort studies 

Several occupational cohort studies have 
reported results for multiple solid tumour sites. 
Some earlier studies were updated for specific 
outcomes, most often leukaemia or lymphomas, 
but results for other cancers were not reported in 
the updates. 

The Working Group included occupational 
cohort studies that reported risk estimates 
specifically for benzene, based on either indi­
vidual estimates of exposure or identification 
of subcohorts exposed to benzene. Studies 
were excluded if they did not meet these inclu­
sion criteria (Guberan & Raymond, 1985; .Q.agg 
et al., 1992; Rushton, 1993; Schnatter et al., 1993; 
Tsai et al., 1993, 1996, 2003; Walker et al., 1993; 
Honda et al., 1995; Collingwood et al., 1996; Fu 
et al., 1996; Satin et al., 1996; Jarvholm et al., 
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1997; Lynge et al., 1997; Lundberg & Milatou­
Smith, 1998; Pukkala, 1998; Consonni et al., 
1999; Divine et al., 1999a, h; Wong et al., 2001a, 
h; Sorahan et al., 2002; Kauppinen et al., 2003; 
Lewis et al., 2003; Huebner et al., 2004; Gun et al., 
2006; Bonneterre et al., 2012), were superseded 
by updates (Ott et al., 1978), presented results 
only for excessively broad outcome groupings, 
or had very small study populations (Decoufle 
et al., 1983). 

Studies publicly available at the time were 
reviewed in IARC Monographs Volume lO0F, 
and a new search of the literature for this review 
identified a few additional studies in occupa­
tional cohorts. The following studies available 
at the time of the previous IARC review are 
included in the current evaluation: Tsai et al. 
(1983), Wilcosky et al. (1984), Bond et al. (1986), 
Wong (1987a, b), Wong et al. (1993), Greenland 
et al. (1994), Hayes et al. (1996), Bulbulyan et al. 
(1999), and Sorahan et al. (2005). A brief descrip­
tion of these cohorts is provided in the following 
section. 

(a) Description of occupational cohorts 

Bond et al. (1986) studied mortality among 
956 workers from a chemicals production plant 
in Michigan, USA, exposed to benzene (see 
Section 2.1.1). Industrial hygiene data were 
used to weight jobs as incurring very low, low, 
moderate, or high levels of exposure, a repre­
sentative time-weighted average exposure value 
was assigned to each level, and cumulative 
dose indices were calculated for each worker by 
summing daily time-weighted average values over 
the work history. Exposure-response analyses 
were made both including and excluding workers 
who were exposed to arsenic, asbestos, or high 
levels of vinyl chloride. Updated results for this 
cohort were reported by Collins et al. (2015) (see 
Section 2.1.l(b)), but data were not provided for 
all cancer sites. 

Bulbulyan et al. (1999) reported cancer 
mortality among women in the Russian printing 
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Table 2.6 Occupational cohort studies of exposure to benzene and cancer of the lung 0 

Reference, Population size, description, Organ site Exposure Exposed Risk estimate Covariates Comments ~ 
0 

location, exposure assessment method category or cases/ (95%CI) controlled z 
enrolment/ level deaths 0 
follow-up G) 

:::0 
period, study ► 
design ""C 

I 
Linet et al. (2015) 74 827 benzene-exposed Lung: Exposed 351 1.5 (1.2-1.9) Sex, Supersedes Yin et al. {1996a). l./l 

I 
China, 12 cities and 35 504 unexposed ICD-9 attained Hayes et al. {1996): lag of 2 yr ..... 
1972-1987/1972- Chinese workers; spray (code 162) age, for HLD and 10 yr for all other Iv 

0 
1999 and brush painting attained outcomes; MDS RR mortality, 
Cohort (coatings), rubber, chemical calendar infinity (LS-infinity), n = 7; 

(including pharmaceutical year incidence, infinity (1.9-
manufacturing), shoemaking, infinity), n = 8 
and other (including printing Strengths: large sample size, 
and insulation) industries 28-yr follow-up 
Exposure assessment method: Limitations: exposure 
records; workers dichotomized dichotomized to exposed/ 
(benzene exposed/unexposed) unexposed only (no further 
based on job titles and factory classification); wide range of 
records on use of benzene- industrial processes included; 
containing materials coexposures vary and were not 

addressed in the analyses 
Koh et al. (2014) 14 698 male workers registered Lung: SMRexposed 9 0.68 (0.31-1.29) Age Strengths: good coverage of 
Republic of Korea in a regional petrochemical ICD-10 target population 
2002-2007 plant maintenance workers (codes Limitations: short follow-up 
Cohort union 2002-2007 C33-34) time; no quantitative exposure 

Exposure assessment method: Lung: SIR exposed 5 0.73 (0.24-1.71) Age assessment; occupational 
none; benzene-exposed ICD-10 histories and specific tasks not 
workers (codes available; tobacco exposure 

C33-34) history not available 

Koh et al. (2011) 8866 male workers at Lung All workers 5 0.35 (0.11-0.83) Age and Strengths: the first 
Republic of Korea seven petrochemical plants (mortality) Manufacturing 3 0.31 (0.06-0.91) calendar investigation of cancer risk 
1992-2007 producing or using benzene workers period of workers in a refinery/ 
follow-up (16 yr) Exposure assessment method: Office workers 2 0.44 (0.05-1.95) petrochemical complex in the 
Cohort none; classified by job 

Lung All workers 8 0.60 (0.26-1.17) Age and 
Republic of Korea; data from 

(incidence) Manufacturing 2 0.22 (0.03-0.78) calendar 
cancer registry; ICD-10 coding 
Limitations: no control for 

workers period 
smoking; short follow-up; 

Office workers 6 1.42 (0.52-3.09) small number of cases; healthy 
worker effect 
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Table 2.6 (continued) 

Reference, 
location, 
enrolment/ 
follow-up 
period, study 
design 

Collins et al. 
(2015) 
USA 
1940-2009 
Cohort 

Population size, description, 
exposure assessment method 

2266 workers exposed to 
benzene at a chemical plant 
Exposure assessment method: 
quantitative measurements; 
job titles were assigned to 
exposure categories by an 
industrial hygienist, based on 
IH measurements (JEM) 

Organ site 

Lung: 
ICD-10 
(codes 
C33-C34) 

Exposure 
category or 
level 

Ever exposed 
0-3.9 ppm-yr 

Exposed 
cases/ 
deaths 
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Risk estimate 
(95%CI) 

1.05 (0.89-1.24) 

Covariates 
controlled 

Age, race, 
sex 

Comments 

Third update of the Dow 
Chemical plant retrospective 
cohort 
Strengths: extensive benzene 
exposure monitoring; complete 
work history information; 
periodic medical examination 
at workplace; long and 
complete follow-up 
Limitations: mortality study 
based on death certificates 

CI, confidence interval; HLD, haematopoietic, lymphoproliferative, and related disorders; !CD, International Statistical Classification of Diseases and Related Health Problems; 
IH, industrial hygiene; JEM, job-exposure matrix; MDS, myelodysplastic syndrome; ppm, parts per million; RR, relative risk; SIR, standard incidence ratio; SMR, standardized 
mortality ratio; yr, year(s) 

0:, 
(I) 
::J 

~ 
::J 
(I) 
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I\,.) Table 2.7 Epidemiological studies of exposure to benzene and cancer at other sites in adults in the general population 

Reference, Population size, description, Organ site Exposure Exposed Risk estimate Covariates Comments 
location, exposure assessment method category or cases/ (95% CI) controlled 
enrolment/ level deaths 
follow-up 
period, study 
design 

Bove et al. {2014) 309 901 marine and naval Lung: Camp 216 0.81 (0.71-0.93) Age, sex, race, rank, Despite the possible 
USA (California) personnel who began service trachea, Pendleton education healthy veteran effect bias, 
1975-1985/1979- during 1975-1985 and were bronchus, (referent, elevations in SMR were 
2008 stationed anytime during and lung; non- observed in the exposed 
Cohort this period in one of two ICD-9 contaminated camp 

camps, one of them having (code 162) water) Strengths: large cohorts; 
contaminated drinking-water Camp 237 0.92 (0.80-1.04) low loss to follow-up 
and the other not Lejeune Limitations: exposure 
Exposure assessment method: (exposure to misclassification; for 
records; monthly average contaminated a mortality endpoint 
estimates of contaminant drinking- a longer follow-up is 
concentrations in drinking- water) necessary; 97% of the 
water, published in peer- Camp Lejeune cohort was 
reviewed agency record; of age < 55 yr and < 6% 
each individual was assigned had died by the end of the 
estimated exposure based on study 
residence 

Yuan et al. {2014) Cases: 82 men, lifelong non- Lung Quartiles ofSPMA (metabolite of benzene) Age at baseline, Strengths: active follow-
China, Shanghai smokers aged 45-64 yr at 1st quartile 17 1.00 neighbourhood up with annual in-person 
1986-1989 enrolment (ref) of residence at interviews; after 22 yr loss 
Nested case- Controls: 83 members of 2nd quartile 18 1.03 (0.39-2.69) enrolment, years of follow-up low (only 5%); 
control the Shanghai Cohort study 

3rd quartile 19 1.10 (0.44-2.78) 
of sample storage, urinary cotinine was also 

without cancer, non-smokers urinary cotinine quantified to confirm non-
and alive at the time of cancer 4th quartile 20 1.57 (0.65-3.80) level smoking status 
diagnosis of the case; matched Trend test P value, 0.31 Limitations: relatively 
by age at enrolment (±2 yr), Lung Tertiles of SPMA Age at baseline, small sample size; 26% of 
year, month of urine sample (SCC) 1st tertile NR 1.00 neighbourhood cases not histologically 
collection (±1 month), and (ref) of residence at confirmed; small number 
neighbourhood of residence at 2nd tertile NR 1.97 (0.31-12.65) enrolment, years of cases of sec (n = 16); 
recruitment 

3rd tertile NR 5.76 (1.11-28.96) of sample storage, urinary samples were only 
Exposure assessment method: urinary cotinine collected at baseline 
other; levels of urinary Trend test P value, 0.023 level 
PAH and VOCs (SPMA 
for benzene) prospectively 
analysed 

)> 
::0 n 
~ 
0 z 
0 
G) 
::0 
)> 
""C 
I 
l./l 

I ..... 
Iv 
0 
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Table 2.7 (continued) 

Reference, 
location, 
enrolment/ 
follow-up 
period, study 
design 

Villeneuve et al. 
(2014) 
Toronto, Canada 
1997-2002 
Case-control 

Population size, description, 
exposure assessment method 

Cases: 445 incident cases 
of cancer of the trachea, 
bronchus, or lung; men and 
women aged 20-84 yr; non­
smokers were oversampled 
(35%); recruited from four 
tertiary-care hospitals in 
Toronto 
Controls: 948 (425 population 
and 523 hospital); one control 
series was population-
based (from tax assessment 
files), the other control 
series was recruited from 
a nonspecialized family 
medicine clinic 
Exposure assessment method: 
other; land-use regression 
models linked to residential 
addresses; questionnaire on 
exposures 

Organ site Exposure 
category or 
level 

Exposed Risk estimate 
cases/ (95% CI) 
deaths 

Lung: 
trachea, 
bronchus, 
and lung; 
ICD-9 
(code 162) 

Lung: 
trachea, 
bronchus, 
and lung; 
ICD-9 
(code 162) 

IQR increase in time-weighted average 
benzene concentration 
IQR increase 
(0.15 µg/m 3) 

NR 1.84 (1.26-2.68) 

Residential benzene exposure, 10 yr before 
interview 
IQR increase 
(0.15 µg/m 3) 

NR 1.58 (1.15-2.16) 

Covariates 
controlled 

Controls frequency­
matched to cases 
by ethnicity, 
age, sex, pack-
years of smoking 
(continuous variable, 
summed over pipe, 
cigar, and cigarette 
use), exposure 
to second-hand 
smoke, BMI, family 
history of cancer, 
neighbourhood 
measures of 
unemployment, 
median family 
income 

Comments 

The exposure profile 
among hospital controls 
would be expected to 
be higher than that in 
population controls 
(because of residential 
location of the hospital) 
Strengths: good exposure 
assessment including 
smoking history 
Limitations: low 
participation rate of 
population controls (59%) 
and lung cancer cases 
(62%) 

BMI, body mass index; CI, confidence interval; ICD, International Statistical Classification of Diseases and Related Health Problems; IQR, interquartile range; NR, not reported; 
PAH, polycyclic aromatic hydrocarbon; SCC, squamous cell cancer; SMR, standardized mortality ratio; SPMA, S-phenylmercapturic acid; VOCs, volatile organic compounds; yr, year(s) 

0:, 
(I) 
::J 

~ 
::J 
(I) 
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industry; the occupation of bookbinding was 
known to have used benzene until 1958. [The 
Working Group noted that many women in 
the bookbinding group probably did not work 
during the time when benzene was used.] 

Greenland et al. (1994) followed up 1821 
male workers at a transformer assembly facility 
from 1969 to 1984. Interviews with long-term 
employees were used to develop JEMs for seven 
types of exposure, including benzene, classified 
as none, indirect (nearby), or direct. [The notable 
limitations of this study included work history 
records not being available for many (34%) of the 
workers, so the size of the underlying cohort was 
unknown.] 

Hayes et al. 0 996) examined mortality among 
a cohort of Chinese workers from multiple indus­
tries, of whom 74 828 were exposed to benzene 
and 35 805 were unexposed. The study provided 
relative risk estimates and assessed trends across 
several cumulative exposure categories (0, < 10, 
10-39, 40-99, 100-400, and> 400 ppm-years) for 
a subset of outcomes. 

A total of 5514 workers from 233 facilities 
in the United Kingdom who were judged by 
their employers to be exposed to benzene were 
followed up for cancer incidence {1971-2001) and 
mortality (1968-2002) by Sorahan et al. (2005). 
No exposure assessment was included in the 
analyses because air sampling data were from 
1966/1967 and only available from 130 of the 
facilities. [The study was retained by the Working 
Group as each cohort member was reported as 
exposed. Some under-ascertainment in the inci­
dence component of the study was reported.] 

Tsai et al. {1983) reportedon454male benzene 
workers ever employed at a refinery in Texas, 
USA. Exposure evaluation used 1973-1982 air 
sampling data to determine which employees 
worked in benzene areas and for what duration. 

Wilcosky et al. (1984) examined 6678 active 
and retired rubber industry workers from Akron, 
Ohio, USA. The study assigned worker exposures 
based on employment in a process area where a 
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specific solvent was authorized for use, but the 
authors acknowledged that the solvents may not 
have been used in some of the areas. 

Wong (1987a, .b) reported on a study of 4602 
workers exposed to benzene and 3074 unex­
posed workers in seven chemical plants in the 
USA. Wong O987a) reported results for exposure 
characterized as intermittent or continuous. A 
companion paper presented results for this same 
population by cumulative exposure category 
for select outcomes, in which Mantel-Haenszel 
extension x2 trend test results were given (Wong, 
1987b). 

Wong et al. (1993) reported data for a cohort 
of gasoline distribution workers in the USA, 9026 
of whom were based on land and 9109 who oper­
ated on marine vessels between 1946 and 1985, 
who were followed up for mortality outcomes 
until 1989. The exposure assessment for this 
study developed metrics for cumulative and peak 
exposures to total hydrocarbons as a surrogate 
for benzene exposure to components of gasoline. 

Many of these cohort studies had limita­
tions. In some of the occupational settings, all 
or subsets of workers had potential exposure to 
other substances such as asbestos, dust, other 
solvents, and industrial chemicals. Bond et al. 
0986) addressed some of these additional expo­
sure types in the analysis, in this case by removing 
workers exposed to arsenic, asbestos, or high 
levels of vinyl chloride. None of these studies 
adjusted for covariates other than demographic 
factors. The studies were also inconsistent in 
addressing latency; some presented results by 
time since first exposed or employed. 

Of the more recent studies included in this 
evaluation, Stenehjem et al. (2017) prospectively 
followed up a cohort of 24 917 offshore petro­
leum workers in Norway (see Section 2.2.l(b)) for 
13.5 years for incident cases of cancer, including 
cancer of the skin (melanoma and squamous cell 
carcinoma of the forearm and hand). An update 
of a cohort of Chinese workers from multiple 
industries (see Section 2.2.l(b)) (Linet et al., 
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2015) provided rate ratios comparing outcomes 
between ever- and never-exposed workers. Koh 
et al. (2014) followed up 14 698 temporary main­
tenance workers in a refinery/petrochemical 
complex in the Republic of Korea for mortality 
from 2002 to 2007 and for incidence from 
2002 to 2005; the workers' exposure to benzene 
was characterized by Chung et al. (2010). [The 
Working Group noted the short follow-up time 
as a limitation of this study.] Koh et al. (2011) also 
examined cancer mortality during 1992-2007 
and incidence during 1997-2005 among 8866 
male workers in units of a refinery/petrochemical 
complex in the Republic of Korea that produced 
or used benzene. Results were given separately 
for production, maintenance, laboratory, and 
office workers, but the authors were not able to 
quantify exposures because they lacked adequate 
job history and exposure records. 

(b) Cancer sites reviewed in /ARC Monographs 
Volume 100F 

(i) Cancer of the lung 

The evidence from occupational cohort 
studies of an association between exposure to 
benzene and cancer of the lung that was available 
at the time of publication of !ARC Monographs 
Volume lO0F was judged to be inadequate. 
Cohort studies available at that time, with infor­
mation on potential or estimated benzene expo­
sure and cancer of the lung, are described in 
Table 2.15 of Volume lO0F (available at: http:// 
publications.iarc.fr/123). 

Bond et al. {1986) reported that among 956 
chemical manufacturing plant workers in the 
USA, who had been employed for 1 month 
or longer during 1938-1978 and followed 
up through 1982, overall mortality from 
cancer of the lung was not increased (SMR, 
0.99; 95% CI, 0.59-1.57; 18 deaths). Among 
cumulative exposure categories, an excess risk 
(SMR, 2.04; 5 deaths) was observed for the 
category of 500-599 ppm-months, while no 
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excess risk was observed for the categories of 
0-499 ppm-months (SMR, 0.62; 6 deaths) and 
1000 ppm-months or more (SMR, 0.49; 2 deaths) 
[95% Cis were not reported]. In an update of 
this cohort (see Table 2.6), Collins et al. (2015) 
reported that among 2266 United States chem­
ical manufacturing plant workers beginning 
employment during 1940-1982 and followed up 
through 2009, no excess risk of cancer of the lung 
(including lung, trachea, and bronchus; ICD-10, 
codes C33-C34) was observed (SMR, 1.05; 95% 
CI, 0.89-1.24; 146 deaths). 

Collins et al. (2003) reported that among 
4417 chemical manufacturing hourly workers 
in Illinois, USA, who began employment during 
1940-1977 and were followed up through 1997, 
a 60% excess risk of cancer of the lung was 
observed among those with cumulative exposure 
to benzene at more than 6 ppm-years (SMR, 1.6; 
95% CI, 1.2-2.1; based on 55 deaths). There was a 
monotonic trend in standardized mortality ratios 
across cumulative exposure groups exposed to 
benzene at less than 1 ppm-years (SMR, 1.1; 95% 
CI, 0.7-1.5), 1-6 ppm-years (SMR, 1.3; 95% CI, 
1.0-1.8), and more than 6 ppm-years (SMR, 1.6; 
95% CI, 1.2-2.1), although the reference group 
also presented an elevated risk for cancer of the 
lung (SMR, 1.3; 95% CI, 1.1-1.5). 

Sorahan et al. (2005) reported that among 5514 
workers exposed to benzene in 233 factories in 
the United Kingdom during 1966/1967 or earlier, 
followed up for mortality during 1968-2002, 
there was a significant increase in mortality from 
cancer of the lung (SMR, 1.21; 95% CI, 1.07-1.35; 
based on 294 deaths) and in incidence of cancer 
of the lung (SIR, 1.19; 95% CI, 1.06-1.34; based on 
293 cases). There was no clear evidence of hetero­
geneity by type of industry, despite exposure of 
some of these workers to other carcinogens such 
as asbestos and polycyclic aromatic amines. [The 
Working Group noted that some of the deaths 
coded to cancer of the lung may actually have 
been due to mesothelioma. Some cancer cases 
may have been missed or misclassified.] 
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Wong (1987a, .b) reported a standardized mor­
tality ratio of 1.12 (95% CI, 0.90-1.39; n = 86), 
but no exposure-response relation was observed. 
Among land-based gasoline distribution and 
marine distribution workers, Wong et al. (1993) 
reported standardized mortality ratios of 0.66 
(95% CI, 0.57-0.77; n = 165) and 1.07 (95% CI, 
0.94-1.21; n = 208), respectively. 

The Working Group identified several other 
pertinent studies that were available at the time, 
but not included in the previous review (see 
Table 2.6). Tsai et al. (1983) reported a standard­
ized mortality ratio of 0.52 (95% CI, 0.06-1.86; 
n = 2) in a study of refinery workers. Greenland 
et al. (1994) observed an odds ratio of 0.58 (95% 
CI, 0.31-1.07) when directly comparing exposed 
transformer repair workers with their indirectly 
exposed or unexposed counterparts. Bulbulyan 
et al. (1999) reported a standardized mortality 
ratio of0.7 (95% CI, 0.1-2.0; n = 3) among female 
bookbinders. 

Additional data were available for several 
more recent studies. Linet et al. (2015) (see 
Section 2.1.l(b) for details) updated data on 
cancer among Chinese workers exposed to 
benzene, studied previously by Hayes et al. 
(1996). Workers exposed to benzene demon­
strated a significant excess of mortality from 
cancer of the lung (RR, 1.5; 95% CI, 1.2-1.9; 
n = 351). The highest relative risk for mortality 
from cancer of the lung was for workers in the 
rubber and coatings industries. Relative risks for 
death from cancer of the lung were significantly 
elevated and of the same magnitude in the early 
(1972-1987) and later (1988-1999) follow-up 
periods. All analyses were stratified according 
to sex, attained age, and attained calendar year. 
[The Working Group noted that there was no 
control for potential confounding by smoking 
or other occupational exposures. However, the 
authors noted that associations were similar in 
women and men, although the prevalence of 
smoking is generally much lower among Chinese 
women.] Hayes et al. (1996) and Yin et al. (1996b) 

156 

previously reported data for this cohort. Mortality 
from cancer of the lung (also including trachea 
and bronchus; ICD-9, code 162) was in excess in 
the cohort overall (RR, 1.4; 95% CI, 1.0-2.0) due 
to men (RR, 1.5; 95% CI, 1.0-2.2; 109 cases) but 
not women (RR, 1.0; 95% CI, 0.4-2.9; 16 cases), 
and it was increased among workers with greater 
estimated cumulative benzene exposure (RR, 1.7 
for those with 2:: 400 ppm-years exposure vs no 
exposure; P value for trend, 0.01). 

Koh et al. (2011) reported on a study of cancer 
mortality and incidence among petrochemical 
workers at plants producing or using benzene; 
no excess in cancer of the lung mortality (SMR, 
0.31; 95% CI, 0.06-0.91) or incidence (SIR, 0.22; 
95% CI, 0.03-0.78) was reported in manufac­
turing workers. [The Working Group noted the 
presence of a healthy worker effect and the short 
follow-up time.] 

Koh et al. (2014) reported on a study of cancer 
mortality and incidence among temporary 
maintenance workers at a refinery/petrochem­
ical complex in the Republic of Korea; no excess 
in cancer of the lung mortality (SMR, 0.68; 95% 
CI, 0.31-1.29) or incidence (SIR, 0.73; 95% CI, 
0.24-1.71) was observed. 

(ii) Cancer of the kidney 

The evidence available on the association 
between occupational exposure to benzene and 
cancer of the kidney was reviewed in !ARC 
Monographs Volume lO0F, and judged to be inad­
equate at that time; pertinent occupational cohort 
studies reviewed in Volume lO0F are described 
in Table 2.17 (available at: http:llpublications. 
iarc.fr/123). The results of these studies generally 
do not show a consistent association, although 
several studies did report elevated but not statis­
tically significant risks for cancer of the kidney 
(Wong, 1987a, h; Tsai et al., 1993; Sorahan et al., 
2005). 

Wong et al. (1993) reported on a nested 
case-control study of United States land-based 
or marine petroleum distribution workers for 
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exposure to gasoline containing 2-3% benzene 
(Wong et al., 1999); several quantitative indices of 
gasoline exposure (duration of exposure, cumu­
lative exposure, frequency of peak exposure, age 
at first exposure, and year of first exposure) were 
used for analysis, but an excess mortality risk was 
not found for cancer of the kidney. [The Working 
Group noted potential exposure misclassifica­
tion and a healthy worker effect.] 

Wong O 987a, .b) observed a standardized mor­
tality ratio of0.85 (95% CI, 0.27-1.98; n = 5), and 
did not observe any association between level 
of exposure and increased risk of cancer of the 
kidney: no cases were reported in the highest 
cumulative exposure category. 

An odds ratio of 4.29 (95% CI, 1.33-13.8) for 
death from cancer of the kidney was reported 
for transformer manufacturing facility workers 
directly exposed to benzene compared with 
workers who were unexposed or indirectly 
exposed (Greenland et al., 1994). 

Bulbulyan et al. 0999) reported a standard­
ized mortality ratio of 1.9 (95% CI, 0.4-5.6; n = 3) 
among female bookbinders exposed to benzene. 

Collins et al. (2015) reported no excess of 
death from cancer of the kidney (SMR, 0.78; 95% 
CI, 0.34-1.55; n = 8). 

(c) Other cancer sites 

Data for other cancer sites were not reviewed 
in detail in !ARC Monographs Volume lO0F. The 
key findings of pertinent studies that reported 
data for several additional types of cancer are 
reported in the following sections. 

(i) Cancers of the nasal cavity, pharynx, 
larynx, and other respiratory sites 

Several studies have reported data on other 
cancers of the respiratory tract, including the 
nasal cavity, buccal cavity, pharynx, and larynx 
(Tsai et al., 1983; Wong, 1987b; Greenland et al., 
1994; Hayes et al., 1996; Bulbulyan et al., 1999; 
Sorahan et al., 2005; Koh et al., 2011, 2014; 
Linet et al., 2015). Results were based on small 
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numbers of cases or deaths and were gener­
ally close to expectation. Two studies reported 
increased, albeit non-significant, relative risks 
for cancer of the nasopharynx. Among tempo­
rary maintenance workers at a refinery/petro­
chemical complex in the Republic of Korea, 
excess mortality (SMR, 5.88; 95% CI, 1.21-17.2; 
based on 3 deaths) and incidence (SIR, 8.33; 95% 
CI, 1.72-24.50; based on 3 cases) of cancer of the 
nasopharynx were reported. The relative risk 
of death from cancer of the nasopharynx was 
also elevated (RR, 1.9; 95% CI, 0.9-4.3; n = 29) 
in the Chinese cohort of workers exposed to 
benzene (Linet et al., 2015), although there was 
no evidence of a trend with cumulative benzene 
exposure (Hayes et al., 1996). 

(ii) Cancer of the oesophagus 

Chinese worker cohorts reported a P value 
for trend of 0.09 for the association between 
mortality from cancer of the oesophagus and 
cumulative exposure to benzene (Hayes et al., 
1996). An elevated risk (RR, 1.6; 95% CI, 1.0-2.5; 
70 exposed deaths) was reported when comparing 
workers exposed to benzene with unexposed 
workers in an updated analysis of the Chinese 
worker cohort (Linet et al., 2015). Greenland 
et al. 0994) reported an odds ratio of 1.23 (95% 
CI, 0.26-5.72) for mortality from cancer of the 
oesophagus among directly exposed workers 
compared with indirectly exposed or unexposed 
workers. Bulbulyan et al. 0999) observed an 
increase in female bookbinders (SMR, 4.1; 95% 
CI, 1.0-10.4; n = 4). Wong O987a) observed no 
excess mortality from cancer of the oesophagus 
in workers continuously exposed to benzene, and 
no dose-response relationship was detected for 
the four deaths observed (Wong, 1987b). Sorahan 
et al. (2005) reported incidence and mortality 
results that were not statistically significant and 
were near or below expectation. Koh et al. (2014) 
observed a standardized mortality ratio of 0.51 
(95% CI, 0.01-2.85; n = 1) and no incident cases. 
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(iii) Cancer of the stomach 

The results from most studies of cancer of the 
stomach are generally at or below expectation. 
Hayes et al. (1996) reported a P value for trend of 
0.63 for the association between mortality from 
cancer of the stomach and cumulative benzene 
exposure. Greenland et al. {1994) observed an 
odds ratio of 0.32 (95% CI, 0.04-2.42) for directly 
exposed workers compared with indirectly 
exposed or unexposed workers. A cancer of the 
stomach mortality deficit was reported by Wong 
(1987a) for workers exposed to benzene (SMR, 
0.43; 95% CI, 0.16-0.94; n = 6). Tsai et al. {1983) 
reported a non-significantly elevated standard­
ized mortality ratio of 2.32 for men working 
1 year or more in areas exposed to benzene, based 
on a single case. Sorahan et al. (2005) reported 
a standardized mortality ratio of 1.06 (95% CI, 
0.80-1.37; n = 57) and a similar standardized 
incidence ratio. Bulbulyan et al. (1999) reported 
a significantly elevated mortality from cancer of 
the stomach among press operators (SMR, 2.2; 
95% CI, 1.0-4.2; n = 9) but no elevation among 
bookbinders (SMR, 1.0; 95% CI, 0.5-1.8; n = 12). 
Wilcosky et al. (1984) reported an odds ratio 
of 1.3 (based on 12 exposed cases) comparing 
male workers with potential cumulative benzene 
exposure of more than 1 year with those with no 
benzene exposure. Linet et al. (2015) reported no 
excess risk (RR, 1.0; 95% CI, 0.8-1.3; 211 exposed 
deaths) for mortality from cancer of the stomach 
when comparing exposed workers with those not 
exposed. Koh et al. (2014) reported a standard­
ized mortality ratio of 0.83 (95% CI, 0.41-1.48; 
n = 11) and a standardized incidence ratio of0.99 
(95% CI, 0.56-1.64; n = 15). Koh et al. (2011) found 
significant deficits of mortality from cancer of 
the stomach in all workers (SMR, 0.24; 95% CI, 
0.06-0.60; n = 4) and in manufacturing workers 
(SMR, 0.25; 95% CI, 0.05-0.74; 3 cases), as well 
as in all-cause mortality and all-cancer mortality 
among all workers and manufacturing workers. 
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(iv) Cancers of the colon, rectum, and anus 

A study of the Chinese worker cohort 
reported no evidence (P for trend, 0.91) of an 
exposure-response relationship between expo­
sure to benzene and cancers of the colon and 
rectum (Hayes et al., 1996). In the update of 
that study, Linet et al. (2015) observed a relative 
risk of 1.5 (95% CI, 1.0-2.3; 79 exposed deaths) 
for cancers of the colon and rectum. Greenland 
et al. {1994) reported deficits in odds ratios for 
mortality from cancers of the colon (OR, 0.74; 
95% CI, 0.33-1.66) and rectum (OR, 0.85; 95% 
CI, 0.29-2.47) in directly exposed workers 
compared with those who were indirectly or not 
exposed. Wong {1987a) reported a standardized 
mortality ratio of 1.08 (95% CI, 0.52-1.98; n = 10) 
in continuously exposed workers; no significant 
exposure-response relationships for cancer of 
the colon were reported (Wong, 1987b). Sorahan 
et al. (2005) reported a deficit for mortality 
(SMR, 0.81; 95% CI, 0.57-1.11; 38 cases) from 
and incidence (SIR, 0.86; 95% CI, 0.65-1.10; 
60 cases) of cancer of the colon. However, for 
cancer of the rectum increased risks for mortality 
(SMR, 1.05; 95% CI, 0.71-1.48; n = 31) and inci­
dence (SIR, 1.13; 95% CI, 0.86-1.45; n = 61) were 
reported. Among women exposed to benzene 
while employed as bookbinders, Bulbulyan et al. 
{1999) reported standardized mortality ratios 
of 1.3 (95% CI, 0.6-2.6; n = 8) for cancer of the 
colon and 1.3 (95% CI, 0.4-3.1; n = 5) for cancer 
of the rectum. Tsai et al. (1993) reported a stand­
ardized mortality ratio for cancer of the colon of 
0.94 (95% CI, 0.60-1.40; n = 24). For cancers of 
the intestine and anus, Koh et al. (2014) reported 
a standardized mortality ratio of 0.33 (95% CI, 
0.04-1.20; n = 2) and a standardized incidence 
ratio of 0.91 (95% CI, 0.37-1.88; n = 7) among 
temporary maintenance workers. Koh et al. 
(2011) reported a standardized mortality ratio of 
0.49 (95% CI, 0.06-1. 78; n = 2) for cancers of the 
colon and anus among manufacturing workers. 
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(v) Cancers of the liver and biliary tract 

When analysing mortality from cancers 
of the liver and gall bladder among Chinese 
workers by cumulative benzene exposure, no 
notable exposure-response relationships or 
elevations in exposed versus unexposed workers 
were observed by Hayes et al. (1996) (P for trend, 
0.16). Linet et al. (2015) reported a relative risk 
for cancers of the liver, gallbladder, and bile duct 
of 1.2 (95% CI, 0.9-1.4; 286 exposed deaths) in 
the updated study of Chinese benzene workers. 
Greenland et al. (1994) reported a non-signifi­
cant odds ratio of 2. 76 (95% CI, 0.68-11.20; n = 9) 
for cancers of the liver, gallbladder, and biliary 
tract combined among workers directly exposed 
to benzene compared with their unexposed or 
indirectly exposed counterparts. Elevations in 
mortality (SMR, 1.54; 95% CI, 0.74-2.84; n = 10) 
and morbidity (SIR, 1.31; 95% CI, 0.57-2.59; 
n = 8) from cancer of the liver were reported 
by Sorahan et al. (2005); regarding cancer of 
the gallbladder, the same study reported defi­
cits in mortality (SMR, 0.60; 95% CI, 0.08-2.26; 
two deaths) and morbidity (SIR, 0.66; 95% CI, 
0.14-1.92; three deaths). Bulbulyan et al. (1999) 
reported 1 observed death from liver cancer, 
compared with 1.2 cases expected in book­
binders. Wong (1987b) reported no excess risk 
or exposure-response trends among chemical 
workers in the USA. Koh et al. (2014) reported 
a standardized mortality ratio of 0.82 (95% CI, 
0.51-1.25; n = 21) and a standardized incidence 
ratio of 1.07 (95% CI, 0.58-1.79; n = 14) for cancer 
of the liver. Koh et al. (2011) reported a standard­
ized mortality ratio of 0.64 (95% CI, 0.34-1.09; 
n = 13) for cancers of the liver and biliary tract 
among manufacturing workers. 

(vi) Cancer of the prostate 

Greenland et al. (1994) reported an odds ratio 
of 1.02 (95% CI, 0.49-2.12) for directly exposed 
workers compared with indirectly exposed or 
unexposed workers. No associations were seen 
by Wong (1987a) (SMR, 0.93; 95% CI, 0.34-2.03; 
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6 deaths) or Wilcosky et al. (1984) (OR, 0.73; 
11 deaths; CI not reported). Sorahan et al. (2005) 
reported a standardized mortality ratio of 0.94 
(95% CI, 0.70-1.24; n = 50) and a standard­
ized incidence ratio of 1.10 (95% CI, 0.91-1.32; 
n = 121). Koh et al. (2014) reported a standardized 
mortality ratio of 2.51 (95% CI, 0.06-14.00; n = 1) 
and a standardized incidence ratio of 1.20 (95% 
CI, 0.03-6.71; n = 1). Koh et al. (2011) observed 
no deaths from cancer of the prostate in manu­
facturing workers. 

(vii) Cancer of the bladder 

No association between exposure to benzene 
and cancer of the bladder was seen by Greenland 
et al. (1994) or Wong (1987a). Sorahan et al. (2005) 
reported a standardized mortality ratio of 1.00 
(95% CI, 0.66-1.46; 27 cases) and a standardized 
incidence ratio of 1.04 (95% CI, 0.81-1.31; 
69 cases). Bulbulyan et al. (1999) observed 1 death 
from cancer of the bladder in bookbinders, 
where 0.5 was expected. Among press opera­
tors, standardized mortality ratio was 12.5 (95% 
CI, 1.5-45.1; n = 2). Linet et al. (2015) reported 
a relative risk for cancer of the bladder for 
exposed versus unexposed workers of 0.9 (95% 
CI, 0.4-2.2; 18 exposed deaths). Koh et al. (2011) 
observed no deaths from cancer of the bladder. 

(viii) Cancer of the skin 

Bond et al. (1986) found four deaths from 
cancer of the skin, all in the lowest exposure cate­
gory (0-499 ppm-months). The overall standard­
ized mortality ratio for cancer of the skin was 
4.41 unlagged and 6.22 with a 15-year lag. Wong 
(1987a) observed a non-significant deficit in 
workers continuously exposed to benzene, with 
the single exposed case (of3 cases in total) occur­
ring in the lowest exposure category (Wong, 
1987b ). For all cancers of the skin, Koh et al. (2014) 
reported a standardized mortality ratio of 5.05 
(95% CI, 0.13-28.20; n = 1) and no incident cases. 
No deaths from cancer of the skin were observed 
by Koh et al. (2011) in manufacturing workers. 
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For non-melanoma cancer of the skin, Sorahan 
et al. (2005) reported one observed death (SMR, 
0.55; 95% CI, 0.01-3.05). Stenehjem et al. (2017) 
reported an adjusted odds ratio of 3.51 (95% CI, 
0.45-27.00; n = 6) for squamous cell carcinoma 
of the forearm and hand after adjustment for age, 
sunburn frequency, and education. 

For malignant melanoma, Sorahan et al. 
(2005) reported a standardized mortality ratio of 
0.81 (95% CI, 0.22-2.06; n = 4) and a standard­
ized incidence ratio of 1.21 (95% CI, 0.64-2.07; 
n = 13). Among women potentially exposed to 
benzene, Bulbulyan et al. (1999) reported an 
elevated risk (SMR, 8.7; 95% CI, 1.1-31.3; n = 2) 
among press operators and no melanoma deaths 
among bookbinders. In offshore petroleum 
workers, Stenehjem et al. (2017) reported an 
odds ratio for benzene exposure of 2.43 (95% CI, 
0.30-20.00; n = 5) for melanomas of the forearm 
and hand after adjustment for age, sunburn 
frequency, and education. [The Working Group 
noted that adjustment for sunburn was not a 
good proxy for adjusting for occupational expo­
sure to ultraviolet radiation. There may also have 
been potential confounding as a result of other 
co-exposures.] 

(ix) Cancers of the brain and central nervous 
system 

Wong O987a) reported an increased mortality 
from cancer of the CNS (ICD-8, code 191-912) 
for workers continuously exposed to benzene 
(SMR, 1.54; 95% CI, 0.56-3.35; n = 6), with no 
linear trend by cumulative exposure (Wong, 
1987b) or overall elevation for the three exposure 
categories. 

An odds ratio of 2.11 (95% CI, 0.66-6.73; 
n = 16) was reported for transformer assembly 
workers directly exposed to benzene compared 
with those indirectly exposed or unexposed 
(Greenland et al., 1994). These results include 
both malignant and unspecified tumours of the 
brain. 
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An exposure-response analysis for the 
Chinese cohort (Hayes et al., 1996) saw no trend 
(P for trend, 0.48), but did find an elevation in 
the highest exposure category (RR, 2.3; five 
deaths) with deficits in two intermediate expo­
sure categories. In an update of the study, Linet 
et al. (2015) reported a relative risk of 0.8 (95% 
CI, 0.4-1.6; 18 exposed deaths) for benign and 
malignant tumours of the brain for any exposure 
to benzene. 

For cancers of the brain and spine, Koh et al. 
(2014) reported a standardized mortality ratio of 
1.21 (95% CI, 0.15-4.36; n = 2) and a standard­
ized incidence ratio of 2.36 (95% CI, 0.29-8.52; 
n = 2). Koh et al. (2011) observed no deaths from 
neurological cancers in manufacturing workers. 
Collins et al. (2015) reported a standardized 
mortality ratio of 1.01 (95% CI, 0.48-1.86; 
10 deaths) for cancer of the CNS among chemical 
production workers. 

Several older studies provided only summary 
standardized mortality ratio results for these 
cancers. Bulbulyan et al. (1999) reported a stand­
ardized mortality ratio of 2.6 (95% CI, 0.5-4.6; 
n = 3) for cancers of the brain and nervous system 
among women employed as bookbinders. Tsai 
et al. 0983) included benign neoplasms of the 
brain and other parts of the nervous system, and 
neoplasms of an unspecified nature of the eye, 
brain, and other parts of the nervous system, and 
reported a standardized mortality ratio of 3.23 
(95% CI, 0.04-17.95; n = l) among men employed 
as refinery workers. Sorahan et al. (2005) reported 
non-significant increases in mortality (SMR, 
1.05; 95% CI, 0.60-1.70; n = 16) and morbidity 
(SIR, 1.16; 95% CI, 0.68-1.83; n = 18) for malig­
nant neoplasms of the brain and other parts of 
the nervous system. 

(x) Cancer of the pancreas 

A study of male chemical workers observed a 
standardized mortality ratio below expectation 
(Wong 1987a) and no exposure-response asso­
ciation between exposure to benzene and cancer 
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of the pancreas (Wong, 1987b). Greenland et al. 
(1994) reported an odds ratio of 0.58 (95% CI, 
0.18-1.93; n = 33) when comparing transformer 
assembly workers who had been directly exposed 
to benzene with those indirectly exposed or unex­
posed. Elevated risks for mortality (SMR, 1.21; 
95% CI, 0.85-1.68; n = 36) and incidence (SIR, 
1.29; 95% CI, 0.90-1.79; n = 36) were observed 
by Sorahan et al. (2005). Bulbulyan et al. 0999) 
reported a standardized mortality ratio of 1.1 
(95% CI, 0.2-3.3; n = 3) in female bookbinders and 
one of 2.0 (95% CI, 0.3-7.4; n = 2) among female 
press operators potentially exposed to benzene. 
Koh et al. (2014) observed a standardized 
mortality ratio of0.57 (95% CI, 0.07-2.07; n = 2) 
and a standardized incidence ratio of 1.41 (95% 
CI, 0.17-5.09; n = 2) in temporary maintenance 
workers in a refinery/petrochemical complex in 
the Republic of Korea. For refinery/petrochem­
ical facility manufacturing workers, Koh et al. 
(2011) reported a standardized mortality ratio of 
1.21 (95% CI, 0.25-3.52; n = 3) for cancer of the 
pancreas. Linet et al. (2015) reported a relative 
risk of 1.7 (95% CI, 1.0-3.1; 45 exposed deaths) 
for the Chinese benzene worker cohort. 

(xi) Additional cancers 

Cancers assessed by less than four studies 
each include the following malignancies: other 
urinary and genitourinary (Sorahan et al., 2005); 
other endocrine (Sorahan et al., 2005); small 
intestine (Sorahan et al., 2005); testis (Sorahan 
et al., 2005); ovary (Bulbulyan et al., 1999, 
Sorahan et al., 2005); uterine corpus (Bulbulyan 
et al., 1999; Sorahan et al., 2005; Linet et al., 2015); 
uterine cervix (Bulbulyan et al., 1999; Sorahan 
et al., 2005); thyroid (Sorahan et al., 2005); pleural 
cancer and mesothelioma (Sorahan et al., 2005); 
breast (Bulbulyan et al., 1999; Sorahan et al., 
2005; Linet et al., 2015); bone (Wong, 1987a, h; 
Sorahan et al., 2005); lip (Sorahan et al., 2005); 
and tongue (Sorahan et al., 2005; Koh et al., 2014). 
Small numbers of cases or deaths were observed 
for most of these sites. Exceptions included: 
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a standardized mortality ratio of 2.9 (95% CI, 
l.5-5.0; n = 12) for cancer of the ovary among 
bookbinders (Bulbulyan et al., 1999); a relative 
risk of 2.6 (95% CI, 0.9-10.9; n = 19) for death 
from cancer of the uterus; and a relative risk of 
1.2 (95% CI, 0.6-2.5; n = 32) for death from cancer 
of the breast among Chinese workers exposed to 
benzene (Linet et al., 2015). 

2.4.2 General-population studies 

(a) Cancer of the lung 

One cohort study of environmental exposure 
and three case-control studies examined cancer 
of the lung in relation to indicators of exposure 
to benzene (Table 2.7). 

Bove et al. (2014) reported on cancer of the 
lung in the cohort study of United States mili­
tary personnel exposed to contaminated drink­
ing-water. No quantitative estimate of benzene or 
other agents was derived. There was an elevated 
hazard ratio (adjusted for sex, race, rank, and 
education, but not for smoking) for cancer of 
the lung among the personnel exposed to drink­
ing-water contaminated with solvents, including 
benzene (HR, 1.16; 95% CI, 0.96-1.40; 10-year 
lag time), where the elevation was due entirely 
to those with higher cumulative exposures. The 
standardized mortality ratio was 0.92 (95% CI, 
0.80-1.04; 237 deaths), and most people in the 
cohort were younger than 55 years at the end of 
follow-up. 

A case-control study in Montreal reviewed in 
!ARC Monographs Volume lO0F showed no asso­
ciation between exposure to benzene and overall 
cancer of the lung (n = 857) or for histological 
subtypes (see Table 2.16, available at: http:// 
publications.iarc.fr/123). Covariates adjusted for 
in the study included cumulative smoking index, 
and exposure to arsenic, asbestos, chromium VI, 
nickel, crystalline silica, beryllium, cadmium, 
and polycyclic aromatic hydrocarbons (Gerin 
et al., 1998). 
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Villeneuve et al. (2014) reported on a case­
control study of 445 incident cases of cancer 
of the lung, trachea, and bronchus, and 948 
hospital- and population-based controls in 
Toronto (1997-2002). Exposure to ambient vola­
tile organic compounds, including benzene, 
from outdoor air pollution was assessed using 
land-use regression models and residential 
history data. The investigators collected infor­
mation on confounders including tobacco use 
and exposure to cigarette smoke. An interquar­
tile range increase in estimated time-weighted 
average benzene exposure across previous resi­
dences was associated with cancer of the lung 
only when using population-based controls (OR, 
1.84; 95% CI, 1.26-2.68). Associations were also 
positive when using exposure 10 years before 
interview (OR, 1.58; 95% CI, 1.15-2.16) or at the 
time of interview (OR, 1.51; 95% CI, 1.13-2.01), 
but smaller in magnitude. 

Yuan et al. (2014) reported on a nested case­
control study of 82 cases of cancer of the lung 
and 83 controls among lifelong non-smoking 
Chinese men in the Shanghai Cohort Study, 
aged 45-64 years at enrolment. Prospective 
urine samples were taken and levels of urinary 
metabolites of polycyclic aromatic hydrocarbons 
and volatile organic compounds were exam­
ined for an association with risk of cancer of the 
lung. None of the metabolites of volatile organic 
compounds were associated with overall risk of 
cancer of the lung. However, elevated urinary 
S-phenylmercapturic acid (SPMA, a metabolite 
of benzene) was associated with an increased risk 
of squamous cell carcinoma of the lung (16 cases); 
odds ratios for the second and third tertiles of 
SPMA were 1.97 (95% CI, 0.31-12.65) and 5.76 
(95% CI, 1.11-28.96), respectively. Overall, there 
was a monotonic but non-significant trend in 
odds ratios across quartiles of SPMA (ORs, 
1.00, 1.03, 1.10, and 1.57; P for trend, 0.31). [The 
Working Group noted that the study size was 
small and, although specific to benzene, SPMA 
was measured at a single point in time and is not 
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a good proxy for occupational benzene exposure 
(half-life, 9.1 hours). Results also appear to be 
sensitive to the grouping of the exposure data.] 

(b) Cancer of the kidney 

In the previous review of the evidence for 
associations between exposure to benzene and 
cancer of the kidney, IARC Monographs Volume 
lOOF identified two case-control studies in the 
general population. In the first study, conducted 
in Germany, an association was found between 
exposure to benzene and an increased risk for 
cancer of the kidney (specifically, renal cell carci­
noma; Pesch et al.. 2000). The study included 
935 incident cases and 4298 controls interviewed 
between 1991 and 1995, with exposure estimated 
according to occupational history and a JEM. 
Results indicated that employment durations 
exceeding the 90th percentile (classified as "very 
long exposures") in the chemical, rubber, and 
printing industries were associated with renal 
cell carcinoma. Substantial exposure to organic 
solvents was a significant risk factor for both men 
and women. In the second study in Montreal, 
Canada, benzene exposure levels were low 
for most exposed subjects, and there was little 
evidence of an association between medium and 
high levels of exposure and risk of cancer of the 
kidney (OR, 1.3; 95% CI, 0.7-2.4; n = 12) (Gerin 
et al.. 1998). The evidence available at the time 
was judged to be inadequate. 

Subsequently, Bove et al. (2014) reported on a 
cohort study of United States marine (n = 154 932) 
and naval (n = 154 969) personnel who began 
service during 1975-1985 and were stationed at 
two United States military bases. Drinking-water 
systems in Camp Lejeune, North Carolina, were 
contaminated with solvents, and drinking-water 
in Camp Pendleton, South Carolina, was uncon­
taminated. Although the study population was an 
occupational group, the exposure of interest was 
environmental; the agents of primary concern 
were perchloroethylene and trichloroethylene in 
drinking-water. Benzene was also a contaminant, 
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with monthly average concentrations above the 
current United States maximum contaminant 
levels for 63 months. Personnel in Camp Lejeune 
had an elevated mortality for cancer of the 
kidney (HR, 1.35; 95% CI, 0.84-2.16) and, within 
the cohort, a monotonic categorical cumulative 
exposure trend was observed for cancer of the 
kidney and total contaminants. A risk estimate 
for the association between benzene exposure 
and mortality from cancer of the kidney was not 
reported. Less than 6% of the cohort had died, 
but a risk estimate for the association between 
benzene exposure and cancer of the kidney was 
not reported. 

(c) Additional cancers 

Several studies of associations between 
various cancers and environmental exposures to 
benzene have been published recently. 

Bove et al. (2014) reported no excess mortality 
from cancer of the oral cavity or larynx among 
marine and naval personnel exposed to contam­
inated drinking-water. 

Garcia et al. (2015) reported on a cohort study 
of 112 378 participants in the California Teachers 
Study, including 5676 women diagnosed with 
cancer of the breast. Modelled annual average air 
concentrations of 24 mammary gland carcinogen 
pollutants were derived from the NATA database; 
the mean benzene concentration was 1.40 µg/m 3• 

There was little evidence for a trend in the hazard 
of breast cancer overall with estimated benzene 
concentration (P value for trend, 0.38). Analyses 
restricted to tumours that were both estro­
gen-receptor and progesterone-receptor negative 
(704 cases) suggested increased risk of cancer 
of the breast with exposure to benzene, with a 
hazard ratio for the highest quintile of benzene 
concentration of 1.45 (95% CI, 1.15-1.83; P for 
trend, 0.016). Confining the analysis to never 
smokers did not weaken the association. 

Cigarette smoking is the most important 
environmental factor for cancer of the pancreas. 
Among smokers, 90% of benzene exposure comes 
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from smoking (National Cancer Institute, 2015). 
Antwi et al. (2015) reported on a case-control 
study based at the Mayo Clinic in Minnesota 
on environmental exposures and risk of cancer 
of the pancreas; the study included 2092 cases 
and 2316 hospital-based matched controls from 
primary care clinics with self-reported expo­
sure in the form of questionnaire responses. 
Self-reported regular exposure to benzene was 
associated with cancer of the pancreas, adjusted 
for age, sex, smoking, diabetes, body mass index, 
and education (OR, 1.70; 95% CI, 1.23-2.35). 
[The Working Group noted that significant risks 
associated with regular exposure to asbestos 
(OR, 1.54; 95% CI, 1.23-1.92) and chlorinated 
hydrocarbons (OR, 1.63; 95% CI, 1.32-2.02) were 
reported. Exposure assessment in the study was 
limited by self-reported exposure to benzene.] 

2.5 Quantitative data 

Following the recommendation of an 
Advisory Group on quantitative risk charac­
terization (IARC, 2014), the Working Group 
carried out meta-analyses and meta-regression 
analyses of quantitative associations between 
occupational benzene exposure and several 
cancers of the haematopoietic tissues. These 
analyses update and extend those published 
earlier by Vlaanderen et al. (2010, 2011, 2012). 
The association between occupational benzene 
exposure and the development of AML and CLL 
was estimated in meta-analyses. Meta-regression 
analyses investigating the slope and shape of 
exposure-disease functions were conducted for 
AML. Studies were selected for inclusion in these 
analyses using the criteria applied throughout 
this section; the analytical approach was similar 
to that previously reported by Vlaanderen et al. 
(2010, 2011). 
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2.5.1 Data extraction 

Risk ratios, odds ratios, and standardized 
mortality or incidence ratios were extracted from 
published studies. The term "relative risk" will 
be used to refer to these measures of association 
collectively. Where both mortality and incidence 
data were reported, the incidence data were used 
for analysis. 

For the meta-regression analyses, only rela­
tive risk estimates reported for cumulative 
exposure to benzene (expressed in ppm-years or 
ppm-months) were used. 

2.5.2 Statistical analysis 

(a) Meta-analysis 

Random-effects meta-analyses were per­
formed to pool relative risks for AML and CLL. 
To allow the inclusion of studies without quan­
titative exposure estimates, only relative risks 
for "any occupational benzene exposure" versus 
"background benzene exposure" were used in the 
meta-analysis. For those studies which included 
exposure estimates, relative risks for categories 
of exposure were pooled either by summing 
observed and expected cases for studies that 
reported standardized mortality ratios, or by 
conducting a within-study random-effects 
meta-analysis of the non-reference exposure 
groups for studies which reported relative risks 
or odds ratios. 

(b) Meta-regression 

The data extracted for use in meta-regression 
analysis were relative risk estimates for catego­
ries of cumulative benzene exposure. Each expo­
sure category relative risk was assigned a specific 
cumulative exposure value for the purpose of 
regression analysis, defined as the mid-point of 
the exposure category. If an open-ended expo­
sure category was reported for the highest expo­
sure group, then the Working Group assigned it 
an exposure value equal to the reported lower 
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limit for that exposure category plus one half 
the width of the previous exposure category. 
The variance of each relative risk was estimated 
using the reported confidence intervals under 
the assumption of Wald-type bounds. As risk 
estimates of a study based on a common internal 
reference group will be correlated, the covar­
iance between different risk estimates within a 
study were estimated. For studies that reported 
standardized mortality ratios, covariance was 
not estimated. 

Meta-regression analyses were performed 
on the natural logarithm of the reported rela­
tive risk estimates, fitting a linear model as 
well as natural spline models with knots at the 
20th, 50th, and 80th percentiles of the benzene 
exposure distribution. All statistical analyses 
were performed using the MIXED and IML 
procedures in SAS 9.4; the meta-analysis was 
conducted using the "metafor" package in R, 
version 3.1.2 (Viechtbauer, 2010). 

2.5.3 Results 

(a) Meta-analysis 

Results of the meta-analysis of selected 
studies on adult AML and CLL are shown in 
Fig 2.1, stratified by outcome assessment (inci­
dence, mortality, and both combined). 

(b) Meta-regression 

Visual examination of the natural spline 
of the cumulative benzene exposure and AML 
function, including six occupational cohort 
studies, strongly supported a linear model, as did 
a statistical comparison of the linear and spline 
models with respect to goodness of model fit . 
Subsequent meta-regression analysis focused on 
results for the linear model, presented in Fig. 2.2. 

The sensitivity of the exposure-response 
trend to a single influential study was assessed 
by refitting the model upon exclusion of one 
study at a time (Table 2.8). These results indicate 
that the exposure-response estimate is robust for 
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Fig. 2.1 Forest plots of (A) AML and (B) CLL stratified by type of outcome (incidence or mortality) 
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Fig. 2.2 Meta-regression model of cumulative benzene exposure and AML, including fitted curve 
and confidence bands 
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Table 2.8 Sensitivity analyses of the linear function of cumulative exposure to benzene (ppm-yr) 
and AML by sequential exclusion of individual cohort studies 

Studies 

All studies 

Excluding Stenehjem et al. (2015) 

Excluding Collins et al. (2015) 

Excluding Schnatter et al. (2012) 

Excluding Hayes et al. (1997) 

Excluding Collins et al. (2003) 

Excluding Wong 0995) 

AML, acute myeloid leukaemia; ppm, parts per million; yr, year(s) 
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Intercept 

0.38 (0.20) 

0.34 (0.20) 

0.40 (0.22) 

0.50 (0.25) 

0.36 (0.21) 

0.28 (0.23) 

0.45 (0.21) 

Slope (/100) 

0.84 (0.11) 

0.85 (0.11) 

0.84 (0.11) 

0.81 (0.11) 

0.86 (0.11) 

0.86 (0.11) 

0.59 (0.40) 
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the exclusion of all individual studies, with the 
exception of Wong 0995) (reanalysis of Pliofilm 
manufacturing plants in Ohio), which leads to an 
overall lower estimated association (0.59 vs 0.85). 
The Stenehjem et al. (2015) study, which seems 
to indicate higher risks at low levels of exposure, 
and the Wong (1995) study were particularly 
influential on the exposure-response function 
due to the high exposure estimates. The observed 
instability in the derivation of the meta-expo­
sure-response association underscores some 
uncertainty in these results. 
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