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ARTICLE INFO ABSTRACT

Keywords: Background: Benzene is a solvent that has played a significant role in various industries and applications over

Ce“t_ral nervous system time, but its use declined due to its carcinogenic nature. Classified as a human carcinogen since 1979, benzene

malignant exposure is linked to leukemia and possibly other cancers. The global rise of nervous system cancers urges

occupational factors . AP . o . . . N .

b investigation into the possible role of benzene. Our aim is to investigate this association through a systematic
enzene . . . .

CNS review and meta-analysis of occupational cohort and case-control studies.

Methods: We registered our study protocol and followed established guidelines (Registration No.
CRD42022379720). A systematic search across databases yielded 36 independent cohort and case-control
studies. We conducted a random-effects meta-analysis of relative risks (RR) for nervous system cancers. Ana-
lyses were stratified based on various factors such as region, study design, and exposure level. Publication bias
was evaluated using a funnel plot and Egger test.

Results: Our meta-analysis indicates an association between benzene exposure and risk of overall nervous system
cancers (RR = 1.21, 95 % confidence interval [CI] = 1.05-1.38). Stratified analyses showed an association with
glioma (RR = 3.88, 95 % CI = 1.33-11.31, N risk estimates=2). Publication bias was detected (p = 0.01).
Conclusion: Our study found an association between occupational benzene exposure and increased risks of ner-
vous system cancers, which however cannot be interpreted as causal. While these findings highlight the need for
stringent safety measures, they also reveal gaps in literature. Further research is essential to address these
limitations and deepen our understanding of benzene’s health implications.

1. Introduction

Benzene is an organic chemical categorized as hydrocarbon. It is
used primarily as a solvent within the chemical and pharmaceutical
industries, in the manufacture of products such as rubber, lubricants,
dyes, detergents, and pesticides.) It is also present in unleaded gasoline
and other oil-derived combustibles [1]. The production of benzene oc-
curs through both natural and artificial processes. This chemical natu-
rally occurs in crude oil, which stands as the principal source of
contemporary benzene production. In the past, benzene served as metal
degreaser, an organic material solvent, a foundational substance in the
chemical and pharmaceutical sectors (including the production of

rubber, lubricants, dyes, detergents, and pesticides), and an additive for
unleaded gasoline. However, its use significantly declined due to its
widely publicized carcinogenic properties, as reported by the Interna-
tional Agency for Research on Cancer (IARC) in 1982. Presently, ben-
zene is primarily employed in the production of organic chemicals,
including manufacturing of styrene, phenol, and other chemicals in
Europe, and of ethylbenzene in the United States.

Since 1979, benzene has been classified as a human carcinogen
(TARC group 1) due to compelling evidence of its association with leu-
kemia. This classification was reaffirmed in 2009, specifically concern-
ing acute myeloid leukemia and acute non-lymphocytic leukemia.
Additionally, positive links with acute lymphocytic leukemia, chronic

Abbreviations: ASR, Age-Standardized Rate; CNS, Central nervous system; IARC, International Agency for Research on Cancer; HNCs, Head and neck cancers; HR,
Hazard ratio; OR, Odds ratio; RR, Risk ratio, rate ratio; SMR, Standardized mortality ratio; SIR, Standardized incidence ratio; ATSDR, The Agency for Toxic Sub-

stances and Disease Registry.
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lymphocytic leukemia, multiple myeloma, and non-Hodgkin lymphoma
were found. In the most recent IARC evaluation in 2018, benzene’s
carcinogenicity was once again confirmed, based on substantial evi-
dence of its carcinogenicity in humans, experiments on animals, and
strong mechanistic evidence [2].Studies have also reported an associa-
tion between benzene and solid tumors such as kidney and bladder
cancer [3], colorectal cancer [4], head and neck cancer [5], and as well
as breast cancer [6].

According to the Global Cancer Observatory (GLOBOCAN) 2022
estimates, brain and central nervous system cancers (absolute number:
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321 731) constitute a significant portion of the global disease burden,
ranking 19th among the most common malignancies (1.7 % of all can-
cers) with Age-Standardized Rate (ASR) per 100,000: 3.5, and 12th
among the leading causes of cancer-related fatalities (absolute number:
248 500) (2.6 % of all cancers) with ASR per 100.000: 2.6 [7]. Over the
last three decades, there has been an observed increase in the incidence
and mortality rates of brain cancer in most regions globally, affecting
both sexes and various age groups, particularly in high-income regiones
[8].

Previous studies have examined the association between benzene
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Fig. 1. Selection of studies for inclusion in the review and meta-analysis.
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exposure and nervous system cancers with conflicting results [9-12].
Our objective is to carry out a systematic review and meta-analysis
including occupational cohort and case-control studies to assess the
association between exposure to benzene and the incidence and mor-
tality of nervous system cancers while considering potential effect
modifiers such as sex, country, and more.

2. Methods

2.1. Data sources, search strategy, selection criteria and quality
assessment

Our study protocol was registered in the PROSPERO database
(Registration No. CRD42022379720); we followed the COSMOS-E and
PRISMA-statement (supplementary table 1 a, b) to conduct and report
this systematic review and meta-analysis [13,14].

Fig. 1 shows the flow diagram of the literature search and study se-
lection process. First, we included all studies which were mentioned in
the most recent IARC Monograph [2] on benzene exposure published in
2018. Next, we conducted a search in the MEDLINE (PubMed), SCOPUS,
and EMBASE (Ovid) database without any restrictions on the year of
publication. If there were any duplicates between the IARC references
and other databases after the list of studies was extracted, we simply
eliminated them before extracting the data. Two authors (MSS and MB)
performed independently the search in online database. Searches were
undertaken in December 2022 for English, French, Italian, German, and
Spanish -language cohort and case control peer-reviewed publications
published on the association of occupational exposure to benzene and
risk (incidence and mortality) of any type of solid cancer. We conducted
an updated literature search in March 2024. Our meta-analysis results
on different solid cancers, reported elsewhere, examined associations
between benzene exposure and several types of cancer, including kidney
and bladder cancer [3], colorectal cancer [94, head and neck cancer [5],
and breast cancer [6]. However, this report focuses exclusively on ner-
vous system cancers.

The search strategy was designed using MeSH terms like (("neo-
plasms"[Title/Abstract] OR "carcinoma"[Title/Abstract] OR "cancer"[-
Title/Abstract] OR "malignant"[Title/Abstract]) AND ("benzene"[All
Fields] OR "benzol"[All Fields] OR ('cyclohexa-1"[All Fields] OR "3 5
triene"[All Fields]) OR "5-cyclohexatriene"[All Fields]) OR "cyclo-
hexatriene"[All Fields]). (The complete search string is reported in
Supplementary Table 2).

Four reviewers (MSS, MB, DSh, and VD) independently reviewed the
list of titles, abstracts, and full text of paper. If multiple reports were
based on the same database, we included only the most informative
report, typically based on the most recent update. We included cohort-
studies, nested case-control analysis, of workers employed in in-
dustries and occupations in which benzene represents a major source of
exposure. These include petroleum industry (all phases: extraction,
refining, distribution, gas station), shoemakers, paint production and
painters, chemical industry, rubber industry, printing, laboratory
workers. We excluded studies of workers mainly exposed to other car-
cinogens: PAH (incl. diesel, coke oven, aluminum production, fire-
fighting), silica, butadiene etc. We included community-based case-
control studies if they reported results on benzene (not on job/industry
of employment). Studies involving animals, blood, tissue, genetics or
other biomarkers, and studies without full text were excluded from our
study. Also, we excluded study types other than cohort and case control
design such letters, ecological studies, case reports. Studies on non-solid
tumors including leukemia, lymphoma or myeloma were excluded.

The data extraction file was completed by four reviewers (MSS, MB,
DSh, and VD) independently based on the full text of potentially relevant
articles. It contained author’s name, year of publication, title, type of
study, country, sample size, job title, period of employment, outcome,
type of controls, type of cancer (including topography and histology),
effect size measures, including relative risks (HRs/RRs/ SMRs) for
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cohort studies related to cancer incidence or mortality and odds ratios
(ORs) for case-control studies which primarily reported the incidence of
cancer and their 95 % CI. Also, we extracted the results for subgroups by
sex, different doses, and duration of exposure. If RR or CI were not re-
ported, we calculated them from the row data if possible, using the
number of events in exposed group, number of non-events in exposed
group, number of events in unexposed group, and number of non-events
in unexposed group.

The quality and susceptibility to bias of each study were evaluated
using a modified version of Newcastle-Ottawa Scale (NOS) for case-
control (9 items) and cohort studies (10 items) by four independent
reviewers (MSS, MB, DSh, and VD) [15] supplementary table 3). Studies
which scored < 7.5 corresponded to low quality and those which scored
> 7.5. were considered of high quality. During the process of all steps if
there were any major discrepancies, a fifth author (PB) intervened.

2.2. Examination of the association between benzene exposure and
nervous system cancers

We aimed to examine the association between exposure to benzene
and the occurrence of nervous system cancers (combination of the terms
of brain, other central nervous system (CNS), spine) in this report. Our
focus was solely on studies that provided effect size measurements and
the corresponding 95 % confidence intervals (CIs) for nervous system
cancers incidence or mortality. All analyses were carried out using
STATA version 14.0 (Stata, College Station, TX, USA). We conducted a
series of meta-analyses using a random effects model and assessed het-
erogeneity among studies through the Q statistics and the I-square test,
which were based on variations across studies rather than within studies
[16,17]. Additionally, we performed stratified analyses based on
geographic region (Europe, North America, others including Asia, Latin
America, and Australia), study design (cohort and case control), quality
score (low and high quality), outcome (incidence and mortality), years
of publication (<2000 and >2000), job title (oil industry, chemical in-
dustry, other industries, benzene exposure in various industries, and
mixed), sex (male, female). We created two new variables including
exposure level (low, medium, high) and duration (short, long) to
conduct a sub-analysis of the level and duration of exposure by calcu-
lating the average dose (ppm/month or year) and duration (year) for
each category. Then, we conducted a random-effects meta-analysis to
compare each category across the various studies. (Refer to Supple-
mentary Tables 4 and 5 for details from each individual study’s results.)
We evaluated publication bias using visual inspection of a funnel plot,
contour-enhanced funnel plots, and the Egger test [18,19]. Finally, a
sensitivity analysis (e.g. through removing one study at time) was per-
formed to identify potential outliers and influential studies.

3. Results

Our review and meta-analysis included a total of 36 studies [30-65],
comprising 30 independent cohort studies and 6 case-control studies, for
a total of 90 distinct risk estimates across different types of cancer,
outcome, dose, duration and other factors (Fig. 1; Table 1). Two studies
[49,62] was excluded from meta-analysis because of insufficient data.

The analysis revealed an association between occupational exposure
to benzene and the risk of nervous system cancers (RR =1.21, 95 % CI =
1.05-1.38; 12 = 40.2 %, p-het = 0.01, N risk estimates=35) with a sig-
nificant heterogeneity between studies (Fig. 2).sub analysis by type of
tumor reported more association between glioma (RR = 3.88, 95 % CI =
1.33-11.31, N risk estimates=2) and those report total different type of
tumors together (RR = 1.28, 95 % CI = 1.06-1.54, N risk estimates=14)
compared to only brain cancer not otherwise specified (RR =1.16, 95 %
CI = 0.97-1.38, N risk estimates=18) or meningioma type (RR = 0.63,
95 % CI = 0.34-1.17, based on a single study), with heterogeneity
p = 0.02 (Table 2). Based on the Egger test and funnel plot examination,
publication bias could not be excluded for nervous system cancers
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Table 1

Characteristics of the studies included in the review and meta-analysis.
First authors, Number Country Sex Type of Industry Outcome Cancer type Variables adjusted Quality
year of of study for in the analysis assessment
publication subjects other than age and score

calendar period

Beall et al., 2001 12 cases, USA Both Case Oil industry Incidence Glioma Race and sex 7
119 control
controls
Bond et al., 1986 956 USA Both Cohort Mixed Mortality Brain and - 7
other nervous
systems
Bonneterre et al., 2742 France Both Cohort Chemical Incidence Brain - 8
2012 industry
Bonzini etal., 2019 5112 Italy Male Cohort Oil industry Mortality Brain - 8
Bulbulyan et al., 3473 Russia Female Cohort Other Mortality Brain, nervous - 8
1999 industries system
Collingwood et al., 17924 USA Both Cohort Mixed Mortality Brain - 8
1996 [
Collins et al., 2003 4417 USA Both Cohort Chemical Mortality CNS - 7.5
industry
Collins et al., 2015 2266 USA Both Cohort Chemical Mortality CNS - 8
industry
Consonni et al., 1583 Italy Male Cohort Oil industry Mortality Brain - 8
1999
Greenland e al, 1821(512 USA Male Case Other Mortality Brain - 6
1994 cases) Control industries
Guberan et al., 1168 Switzerland Male Cohort Other Mortality, Brain - 8
1985 industries Incidence
Gun et al., 2006 16547 Australia Male Cohort Oil industry Mortality, brain and - 9
Incidence nervous
system
Gustavsson et al., 2533 Sweden Female Cohort Chemical Incidence Brain - 8
2017 industry
Hayes et al., 1996 74828 China Both Cohort Benzene Mortality Brain and Sex 8
exposure in other CNS
various
industries
Honda et al., 1995 9796 USA Male Case Oil industry Mortality Brain and CNS - 8
Control
Ireland et al., 1997 4172 USA Male Cohort Benzene Mortality CNS - 8
exposure
across
multiple
industries
Jarvholm et al., 4319 Sweden Male Cohort Oil industry Incidence Brain - 8
1997
Kauppinen et al., 4722 Finland Both Finnish Chemical Incidence Brain and - 8
2003 cohort industry nervous
system
Koh et al., 2011 8866 Korea Male Cohort Oil industry Mortality, Nervous - 7.5
incidence system
Koh et al., 2014 14698 Korea Male Cohort Oil industry Mortality, Brain and - 6
Incidence spine
Lagorio et al., 1994 2665 Italy Male, Cohort Oil industry Mortality Nervous - 7
Female system
Lewis et al., 2003 25292 Canada Male, Cohort Oil industry Mortality, Brain, CNS - 8
Female Incidence excluded
brain
Linet et al., 2015 73789 China Both Cohort Benzene Mortality Brain - 8
exposure in
various
industries
Lynge et al., 1997 18969 European Male, Cohort Oil industry Incidence Brain - 7
countries Female
McLean et al., 2014 1906 Australia, Male, Case Mixed Incidence Meningioma Education 7
cases, Canada, France, Female, control
5565 Germany, Israel, Both
controls New Zealand And
The Uk
Pan et al., 2005 1009 Canada Male, Case Benzene Incidence Brain Province of residence, 8
cases, Female, control exposure in sex, education, alcohol
5039 Both various consumption, smoking
controls industries pack-years, total
energy intake
Pukkala E, 1998 9454 Finland Both Cohort Oil industry Incidence Brain - 7

(continued on next page)
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Table 1 (continued)

First authors, Number Country Sex Type of Industry Outcome Cancer type Variables adjusted Quality
year of of study for in the analysis assessment
publication subjects other than age and score

calendar period

Rodvall etal.,, 1996 192 cases, Sweden Both Case Chemical Incidence Glioma Population density and 6
343 control industry social class
controls
Rushton et al., 34781 UK Male Cohort Oil industry Mortality Brain Region 7
1980
Satin et al., 1996 17844 USA Both Cohort 0Oil industry Mortality CNS - 7
Sorahan et al., 5514 UK Both Cohort Benzene Mortality, Brain - 8
2005 exposure in Incidence
various
industries
Swaen et al., 2005 311 Netherlands Male Cohort Chemical Mortality Brain 8
industry
Szeszenia- 6978 Poland Male Cohort Other Mortality Brain - 6
Dabrowska et al., industries
1991
Tsai et al., 1983 454 USA Male Cohort Oil industry Mortality Brain - 7
Wong et al., 1987 3536 USA Male Cohort Chemical Mortality Brain and CNS  Race 8
industry
Wongsrichanalai 9484 USA Male Cohort Oil industry Incidence CNS - 8
et al., 1989

Guberan et al., 1985 and Koh et al., 2011 are with missing or insufficient data related to brain cancer, so they were not included in the summary table and forest plot.

Year of %
First author name Publication RR (95% CI) Weight
Rushton et al 1980 — 0.80(0.58, 1.11) 569
Tsai et al 1983 < 3.23(0.15,68.42) 0.19
Bond et al 1986 - - 0.58 (0.03, 10.50) 0.21
Wong et al 1987 —tp—— 1.55(0.78,3.10) 266
Wongsrichanalai et al 1989 —0-:- 0.89(0.55,1.43) 4.19
Szeszenia-Dabrowska et al 1991 —_—— 1.27(0.60,2.70) 2.35
Greenland et al 1994 —-:—+— 2.11(0.66,6.74) 1.18
Lagorio et al 1994 ——— 223(1.14,437) 276
Honda et al 1995 — 0.86 (0.55,1.34) 4.47
Rodvall et al 1996 : . p— 550 (1.41,21.45) 0.89
Satin et al 1996 - 1.18(0.85,163) 572
Collingwood et al 1996 —4-{— 0.96 (0.47,1.96) 2.55
Hayes et al 1996 Tréo— 1.50 (0.91,2.49) 3.91
Jarvholm et al 1997 --:0— 1.36 (0.89,2.09) 464
Lynge et al 1997 a 0.98 (0.76, 1.26) 6.59
Ireland et al 1997 —_— 1.20(0.48,3.00) 1.75
Pukkala E 1998 —t. 1.08 (0.67,1.74) 4.18
Bulbulyan et al 1999 - 260(0.86,7.89) 128
Consonni et al 1999 —-f—+— 2.08(0.77,560) 1.55
Beall et al 2001 r—t 2.20(0.39, 12.44) 0.57
Lewis et al 2003 :——+— 4.03 (1.30,12.45) 1.24
Lewis et al 2003 1.09 (0.64,1.84) 374
Kauppinen et al 2003 + 0.71(0.32,1.59) 212
Collins et al 2003 --I+— 1.60(0.85,3.01) 3.00
Sorahan et al 2005 ——— 1.05(0.62,1.77) 3.79
Swaen et al 2005 : —_—— 6.34 (2.61,15.42) 1.84
Pan et al 2005 ——— 149(1.04,214) 529
Gun et al 2006 1.08 (0.71,1.64) 473
Bonneterre et al 2012 —e - 0.97(0.36,262) 153
McLean et al 2014 — 0.63(0.34,1.17) 3.06
Koh et al 2014 24 1.21(0.22,6.52) 061
Linet et al 2015 — 0.80 (0.40, 1.60) 2.65
Collins et al 2015 -—DJI-— 1.01(0.51,199) 274
Gustavsson et al 2017 —_— 0.77 (0.38,1.57) 257
Bonzini etal 2019 - 1.47(0.87,2.49) 374
Overall, DL (I" = 40.2%, p = 0.008) Q 1.21 (1.05, 1.38) 100.00

| T I | T T

125 25 5 1 2 4 8
NOTE: Weights are from random-effects model

Fig. 2. Forest plot (random-effects model) of results on the association between benzene exposure and nervous system cancers.
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Table 2
Results of the metanalyses for nervous system cancers by region, study design,
quality score, outcome, year of publication, sex, dose, duration and industry.

Characteristic N risk RR, 95 % CI P
estimates heterogeneity
Region
North America 15 1.20, 1.03-1.40 0.99
Europe 15 1.23, 0.96-1.57
Others (Asian countries, 5 1.21, 0.90-1.62
Australia)
Study design
Case control 6 1.31, 0.79-2.13 0.75
Cohort 29 1.20, 1.04-1.38
Quality score
Low quality (<=7.5) 16 1.19, 0.97-1.44 0.81
High quality (>7.5) 19 1.23,1.01-1.49
Outcome 0.10
Incidence 20 1.08, 0.95-1.23
Mortality 24 1.30, 1.09-1.55
Years of publication
< 2000 19 1.18,1.01-1.38 0.84
> =2000 16 1.22, 0.96-1.55
Sex
Men 20 1.24,1.03-1.49 0.83
Women 7 1.08, 0.57-2.04
Both 20 1.16, 0.99-1.37
“Dose category
Low(<100 ppm/years) 3 1.49, 0.82-2.69 0.47
Medium (100-500 ppm/ 4 1.32, 0.54-3.25
years)
High (>500 ppm/years) 4 2.32,1.27-4.24
“Duration
Short (<15 years) 4 1.39, 0.95-2.04 0.83
Long (>15 years) 4 1.30, 0.74-2.26
Industry
Oil industry 16 1.13,0.97-1.31 0.13
Chemical industry 1.50, 0.91-2.48
Other industries 3 1.69, 0.98-2.94
Benzene exposure in 5 1.28,1.01-1.61
various industries
Mixed 3 0.75, 0.47-1.19
Brain tumor subsites
Overall nervous system 14 1.28, 1.06-1.54 0.02
Brain 18 1.16,0.97-1.38
Glioma 2 3.88,1.33-11.31
Meningioma 1 0.63,0.34-1.17

" Detailed information on exposure level and duration of studies reported in
supplementary tables 4 and 5. The categories are based on the means of level or
duration of exposure between different studies.

(p = 0.01) (Fig. 3, supplementary Figure 1).

Table 2 displays the findings of stratified analyses based on specific
characteristics. The stratified analysis for outcome revealed a relative
risk (RR) of 1.30 with a 95 % confidence interval (CI) of 1.09-1.55 for
mortality studies, compared to incidence studies (RR=1.08, 95 %
CI=0.95-1.23) without evidence of heterogeneity (p = 0.10). Moreover,
we observed an RR of 1.20 with a 95 % CI of 1.03-1.40 for studies
conducted in North America compared to the European countries
(RR=1.23, 95 %CI=0.96-1.57), and other regions (RR=1.21,95 %
CI=0.90-1.62), (p = 0.99). No heterogeneity was observed according to
the year of publication (p = 0.84). Cohort studies showed an RR of 1.20
with a 95 % CI of 1.04-1.38 (p = 0.75) compared to case-control studies
(RR=1.31, 95 %CI=0.79-2.13). Analyses based on quality score showed
strong association with high quality group of studies (RR=1.23, 95 %
CI=1.01-1.49) compared to the low quality studies (p = 0.81).Stratifi-
cation by sex revealed no heterogeneity (p = 0.83), and stratification
analysis by industry type showed a slightly stronger association in
studies combined benzene exposure across various industries (RR=1.28,
95 %CI=1.01-1.61)) than in other industries, but the difference was not
significant (p = 0.13).

Further analyses stratified by duration (p = 0.84) revealed no trend.
Regarding levels of exposure, we discovered a stronger association with
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high-level exposure, with an RR of 2.32 and a 95 % CI of 1.27-4.24).
However, the trend was not statistically significant (p = 0.47) (Table 2).

IN LEAVE-ONE-OUT SENSITIVITY ANALYSES, POOLED EFFECT ESTIMATES RANGED FROM
1.15 To 1.22 FOR NERVOUS SYSTEM CANCERs (Supplementary Figure 2) INDI-
CATING THAT NO SINGLE STUDY HAD A SUBSTANTIAL INFLUENCE ON THE POOLED ESTIMATE.

4. Discussion

Our meta-analysis stands as the first systematic investigation into the
association between benzene exposure and the incidence and mortality
of nervous system cancers. Benzene, a well-established carcinogen, has
been extensively studied in relation to various cancers, with its carci-
nogenic properties widely recognized and affirmed by the International
Agency for Research on Cancer (IARC) [2]. While benzene’s association
with leukemia has been documented, our study sought to explore the
less-established link between benzene exposure and nervous system
cancers and our results support the association between occupational
benzene exposure and risk of nervous system cancers.

It is known that benzene can damage blood cells and DNA, which
makes it a hematotoxic and genotoxic compound [20,21]. Even though
the search results don’t directly address the link between occupational
benzene exposure and brain cancer [22,23], the hematotoxic and gen-
otoxic effects of benzene observed in animal studies support the bio-
logical plausibility of this association. According to animal studies,
exposure to benzene can cause chromosome and chromatid aberrations,
sister chromatid exchanges, and other genetic damage. This genetic
damage has the potential to cause the development of different cancer
types, including brain cancer [24-26]. Nevertheless, the profile in-
dicates that conducting further animal studies would be beneficial in
assessing the potential neurological consequences of benzene exposure
[26]. Furthermore, according to the Agency for Toxic Substances and
Disease Registry (ATSDR) profile on BTEX chemicals, including ben-
zene, it is stated that all of these chemicals have the potential to cause
neurological damage. This indicates that benzene, along with other
chemicals in this category, has the ability to impact the nervous system
[27-29].

Our analysis of 36 studies revealed an association between occupa-
tional exposure to benzene and risk of brain and nervous system cancers
in overall (RR = 1.21, 95 % CI = 1.05-1.38). However, when we con-
ducted a stratified analysis by different types of cancers, we found a
more relevant association with glioma, although the number of reported
cases was limited (n = 2). While the risk at high doses was significant,
we did not observe any trends, and more definitive conclusions will
require future studies. The stratified analyses conducted in our study
aimed to explore potential variations in the benzene-nervous system
cancers association across different factors. Stratification by geographic
region, study design, quality score, outcome (incidence vs. mortality),
years of publication, job title, sex did not reveal significant differences.
This suggests that the observed association is relatively consistent across
diverse settings and populations, reinforcing the robustness of our
findings.

Aside from benzene exposure, several risk factors—both occupa-
tional and non-occupational—can influence the association with ner-
vous system tumors. Radiation exposure from medical treatments,
family history, age, sex, and exposure to certain chemicals such as
pesticides, and petroleum products should be considered for risk esti-
mates [66,67]. However, most studies included in our review utilized a
cohort design (n = 29), which often does not account for these potential
confounders in their analytic models. According to supplementary table
2, only seven studies reported adjusted relative risks, primarily focusing
on sex and age, while neglecting other significant factors related to
nervous system tumors. Therefore, future research should explore these
associations in greater detail.

It is crucial to acknowledge the potential limitations of our study. We
observed significant heterogeneity among studies concerning nervous
system cancers (p = 0.008). This variability may be due to differences in
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Fig. 3. Funnel plot of results on the association between benzene exposure and nervous system cancers. Slope value:1.13, 95 %CI= 0.22-2.04, p = 0.01.

tumor location and morphology, which requires further investigation to
identify the sources of variability across studies. Additionally, there is
limited information regarding the histological types of nervous system
cancers, and some evidence suggests that there is considerable hetero-
geneity among different histological types [68,69], which could affect
the results. Another concern is the combination of central (brain) and
peripheral nervous system tumors in several studies.

Moreover, we cannot rule out the possibility of publication bias
(p = 0.01), indicating that studies reporting positive associations may
be more likely to be published, potentially skewing the overall esti-
mates. However, the contour-enhanced funnel plot suggests that we are
likely missing a few smaller studies that are located in both the signifi-
cant and nonsignificant areas of the plot. Typically, under conditions of
publication bias, we would expect to see missing smaller studies only in
the nonsignificant regions. Therefore, the asymmetry observed in our
funnel plot may be attributed to other factors, such as heterogeneity,
rather than publication bias (supplementary figure 1)

It is also noteworthy that of the 36 studies included in the meta-
analysis, only six provided estimates for female participants. This
limited representation of female participants in the analyzed studies
highlights a significant gap in the existing literature.

In conclusion, our meta-analysis provides compelling evidence sup-
porting an association between occupational exposure to benzene and
an increased risk of nervous system cancers. These findings underline
the importance of stringent occupational safety measures and regulatory
practices to minimize benzene exposure in various industries. Further
research, particularly addressing potential sources of heterogeneity
among studies concerning brain and central nervous system cancers,
will contribute to a more comprehensive understanding of the health
risks associated with benzene exposure.
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