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Abstract: Background: In this study, the annual leukemia mortality rate is estimated by occupational
groups potentially exposed to benzene in Brazil and compared to non-exposed workers by sex.
Methods: Data were extracted from the Mortality Information System and the National Institute
of Geography and Statistics from 2006 to 2011. Occupational groups exposed to benzene were
defined by using the Finnish Job-Exposure Matrix, FINJEM. Results: We found 21,049 leukemia
deaths in 1917 in occupational groups potentially exposed to benzene, corresponding to an annual
average mortality rate of 4.5/100,000, higher than the estimate for non-exposed workers: 2.6/100,000,
corresponding to a Mortality rate ratio MRR = 1.7. Each benzene-exposed occupational group had
increased leukemia mortality, and printers and occupations in graphics presented the highest MRR
(2.7), followed by laboratory assistants (MRR = 2.6), laundry workers, chemists, and upholsterers,
each of these occupational groups presenting MRR = 2.3. Conclusions: Benzene shows the need for
better enforcement of protective norms against this known carcinogen. Our results support the need
for better enforcement of protective norms to reduce benzene exposure.
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1. Introduction

Neoplasia is a major cause of death in the world. In 2013, from a total of 8.2 million
neoplasia-related deaths, approximately 265,000 were leukemia cases. Leukemia mortality
was estimated at 4.8/100,000 in countries with stable economies, higher than the 3.5/100,000
estimate reported for developing countries [1]. One major occupational-related cause of
leukemia is benzene exposure. Findings from a retrospective follow-up study carried out
in China showed that, among benzene-exposed workers, the leukemia mortality rate was
14/100,000 person-years, much higher than in the unexposed group (2/100,000 person-
years). Although the estimation of mortality rates for specific trades was limited by the
small numbers, results suggest that workers from the painting industry had the highest
leukemia mortality rate (15.9/100,000 person-years) [2]. This study was expanded, and the
new data analysis showed a borderline mortality rate ratio (MRR) for the association of
all types of neoplasia and benzene-exposed workers (MRR = 1.2; 95% Confidence Interval,
CI: 1.0-1.5) and for leukemia limited to males (MRR = 2.1; 95% CI: 1.0-5.3). For both sexes,
benzene exposure was associated with deaths from all combined hematolymphoprolif-
erative cancers (MRR = 2.6; 95% CI: 1.5-5.0) and leukemia (MRR = 2.6; 95% CI: 1.3-5.7),
particularly the acute myelogenous type (MRR = 3.1; 95% CI: 1.2-10.7) [3]. Subsequently,
data from this study for the period 1972 to 1999 were analyzed and showed MMR = 2.8;
95% CI: 1.6-5.5 [4]. In contrast, researchers from the Dow Chemical Company [5] analyzed
industry data combined with death certificates and did not find evidence that benzene
exposure correlates with leukemia deaths. This finding was interpreted as a result of the
availability of and access to better health care leading to increased life expectancy and
declining mortality rates or the healthy worker effect.
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Benzene is not the only risk factor for leukemia, which opens the question of how many
leukemia deaths can be attributable to benzene exposure. In the US, using an estimated
relative risk of 2.0 and 4.0, the attributable fractions of leukemia deaths to benzene (AFLB)
were 0.8% and 2.0%, respectively [6], both higher than Great Britain’s estimate of 0.14% [7].
There are sex differences in the AFLB, with men having a higher AFBL (0.7%) compared to
women (0.2%) [8], which is a common pattern: male-prevailing occupations present higher
levels of exposure.

In Brazil, the age-adjusted leukemia mortality rate was estimated at 2.7/100,000
in 1980 and 2.5/100,000 in 1995 for the general population [9]. No occupation or trade-
specific estimates were found. A recent study estimated the number of workers potentially
exposed to benzene by occupational groups based on the Finnish National Job-Exposure
Matrix (FINJEM) after matching their codes to those of the Brazilian Classification of
Occupations [10]. In the present study, we used these data and death records to estimate
the average annual leukemia mortality rate among benzene-exposed and non-exposed
groups by each potentially exposed occupational group. In addition, we estimated the
corresponding number of leukemia cases attributable to this exposure.

2. Materials and Methods

This is a mortality study carried out with data from Brazil’s Mortality Information
System (SIM). Leukemia comprises all deaths coded C90.0 through C95.9 in the Inter-
national Classification of Diseases, 10th Revision (ICD-10). The distribution of workers
by occupational group is provided by the Brazilian Institute of Geography and Statistics
(IBGE), regardless of the type of job contract, i.e., formally registered or having informal
jobs. Based on this occupational distribution and on FINJEM [11], the number of workers
potentially exposed to benzene at the workplace was estimated [10] and then utilized to
calculate leukemia mortality rates for each occupational group. Because of changes in
the occupational coding system, the study time was limited to the period 2006 to 2011.
Furthermore, because latency time may vary from 0 to 20 years and the study focuses on
work-related exposure to benzene, the population was limited to individuals aged 18 years
or older.

Leukemia cases correspond to the underlying cause registered in death certificates
of all leukemia types and myelodysplastic syndromes, analyzed through the six ICD-10
groups: C90, multiple myeloma, and malignant plasma cell neoplasms; C91, lymphoid
leukemia; C92, myeloid leukemia; C93, monocytic leukemia; C94, other leukemias of
specified cell type; and C95, leukemia of unspecified cell type. In Brazil, occupations
have been registered in death certificates through codes of the Brazilian Classification
of Occupations-2002 (CBO-2002), based on the International Standard Classification of
Occupations (ISCO-8812), since 2006 [12]. In the present study, the FINJEM occupational
groups were utilized, which enabled the use of the estimated number of benzene-exposed
workers in Brazil [10]: (1) Chemists; (2) Laboratory assistants; (3) Service station attendants;
(4) Upholsterers; (5) Leather cutters for footwear; (6) Shoe sewers; (7) Lasters and sole fitters,
not elsewhere classified (nec); (8) Footwear workers, nec; (9) Machine and engine mechan-
ics; (10) Painters, lacquerers and floor layers; (11) Printers; (12) Occupations in graphics,
(13) Distillers; (14) Cookers, furnacemen (chemical processes); (15) Refinery/occupations in
chemical industry; (16) Rubber product workers; (17) Laundry workers. According to FIN-
JEM, workers from these occupational groups are potentially exposed to benzene because
the Finish available workplace measurements were equal to or higher than 0.1/ppm on
average over one year [11]. Cases from the remaining occupational groups were considered
free of work-related benzene exposure. The descriptive variables were sex and age groups
analyzed in quintiles: 18-39, 40-53, 54—-64, and 65 years or over.

Analysis

Leukemia cases were described according to types and socio-demographic variables.
The average leukemia yearly mortality rate was estimated by dividing the total number of
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leukemia deaths during the study time by the sum of the estimated number of workers
for each calendar year. To prevent underestimation of mortality rates, leukemia cases with
missing occupations were distributed proportionally across the occupational groups of
the cases that had valid occupation registers. The population attributable fraction (PAF)
to occupational benzene exposure of leukemia deaths was estimated using the Levin
equation [13]: PAF =P x (MRR — 1)/[P x (MRR — 1) + 1], where P is the prevalence of
occupational exposure to benzene in Brazil, and MRR is the ratio of leukemia mortality
(exposed to non-exposed). As all cases were analyzed, statistical tests were not used. The
analysis was carried out using the software SAS 9.2. The study protocol was registered
in the Brazilian National Research Ethics System and approved by the Internal Review
Committee of the Institute of Collective Health, Federal University of Bahia (Protocol
No. 17268313.8.0000.5030).

3. Results

There were 21,049 leukemia deaths registered during the study time. Valid occupations
were registered in only 7888 records (37.5%), of which 5449 were male (69.1%), and 2439
were female cases (30.9%). Of the 7888 records, 718 (9.1%) were from the potentially
occupational benzene exposure group, and 7170 (90.9%) were from the non-exposed group.
Table 1 shows that occupationally benzene-exposed cases were more likely to be male,
younger, and have a myeloid leukemia diagnosis as the underlying cause of death compared
to the non-exposed group. The proportion of cases increases as calendar time increases,
regardless of benzene exposure. For both males and females, the distribution of leukemia
deaths by type did not show major differences across occupational benzene exposure
groups, except for myeloid leukemia, which is more common in the exposed group (Table 2).

Table 1. Characteristics of leukemia deaths with valid occupation registers (n = 7888) by potentially
occupational benzene exposure. Brazil, 2006-2011.

Potentially Occupational Benzene Exposure

Total
Variables Exposed Non-Exposed
N =718 100.0% N =7170 100.0% N =7888 100.0%

Sex

Men 564 78.6 4885 68.1 5449 69.0

Women 154 214 2285 319 2439 31.0
Age groups

18-39 176 245 1.406 19.6 1.582 20.1

40-53 145 20.2 1.482 20.7 1.627 20.6

54-64 149 20.8 1.444 20.1 1.593 20.2

65 or older 248 34.5 2.838 39.6 3.086 39.1
Calendar year

2006 75 10.4 926 12.9 1001 12.7

2007 109 15.2 1046 14.6 1155 14.6

2008 117 16.3 1235 17.2 1352 17.1

2009 136 18.9 1185 16.5 1321 16.8

2010 146 20.3 1339 18.7 1485 18.8

2011 135 18.8 1439 20.1 1574 20.0
Leukemias and myelodysplastic syndrome types

C90 Multiple myeloma/plasma cell

malignant neoplasms 5 0.7 38 0.5 43 0.5

C91 Lymphoid leukemia 130 18.1 1341 18.7 1471 18.7

C92 Myeloid leukemia 512 71.3 4997 60.7 5509 69.8

C93 Monocytic leukemia 7 1.0 55 0.8 62 0.8

C94 Other leukemias/specified cell type 12 1.7 80 1.1 92 1.2

C95 Leukemia of unspecified cell type 52 72 659 9.2 711 9.0
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Table 2. Leukemia deaths by potentially occupational benzene exposure according to sex. Brazil,
2006-2011.

Potentially Occupational Benzene Exposure

Total
Sex/Leukemia Types Exposed Non-Exposed
N =718 100.0% N =7170 100.0% N =7888 100.0%
Men
leukemias and myelodysplastic syndrome types 564 100.0 4885 100.0 5449 100.0
C90 Multiple myeloma/plasma cell malignant neoplasms 4 0.7 25 0.5 29 0.5
C91 Lymphoid leukemia 104 18.4 998 204 1102 20.2
C92 Myeloid leukemia 395 70.0 3313 67.8 3708 68.1
C93 Monocytic leukemia 5 0.9 37 0.8 42 0.8
C94 Other leukemias/specified cell type 12 2.3 54 1.1 66 12
C95 Leukemia of unspecified cell type 44 7.8 458 9.4 502 9.2
Women
leukemias and myelodysplastic syndrome types 154 100.0 2285 100.0 2439 100.0
C90 Multiple myeloma/plasma cell malignant neoplasms 1 0.6 13 0.6 14 0.6
C91 Lymphoid leukemia 26 16.9 343 15.0 369 15.1
C92 Myeloid leukemia 117 76.0 1684 73.7 1801 73.8
C93 Monocytic leukemia 2 1.3 18 0.8 20 0.8
C94 Other leukemias/specified cell type 0 - 26 1.1 26 1.1
C95 Leukemia of unspecified cell type 8 5.2 201 8.8 209 8.6

Based on all leukemia cases (n = 21,049), the average annual crude mortality rate
(LMR—leukemia mortality rate) was 2.7/100,000 workers, calculated based on the total
number of cases, providing that those with missing occupations were proportionally allo-
cated to each occupational group. In the potentially exposed group, LMR was 4.5/100,000,
higher than the 2.6/100,000 estimate calculated for the non-exposed group, with a crude
leukemia mortality rate ratio (LMRR) of 1.7 (Figure 1). The highest LMR (6.9/100,000 work-
ers) was estimated for printers and occupations in graphics, followed by laboratory assis-
tants (6.7/100,000), laundry workers (6.1/100,000), chemists and upholsters (6.0/100,000),
and painters, lacquerers, and floor layers (5.1/100,000), among others. LMRR estimates
show that LMR is higher in each exposed occupational group compared to the non-exposed
group (Figure 1). Overall, LMR for males (2.9/100,000) was slightly higher than LMR
for females (2.5/100,000), LMRR = 1.2 (Table 3). In each occupational group, men have
higher LMR than women, except for laundry workers. In addition, among male workers,
the risk of leukemia death was 5.0/100,000, higher for upholsterers (8.5/100,000), printers
and occupations in graphics (8.2/100,000), and chemists (7.9/100,000). For women, the
overall LMR estimate was 3.2/100,000. However, unlike men, the highest LMR among
female workers was obtained for laundry workers (6.7/100,000), laboratory assistants
(6.5/100,000), painters, lacquerers, and floor layers (4.1/100,000). All LMRRs for women
workers were smaller than the corresponding ones for men (Table 3).

Table 3. Average annual crude leukemia mortality rate (LMR) and ratios (LMRR) by occupation, sex,
and potentially occupational benzene exposure. Brazil, 2006-2011.

Occupational Groups/Potentially Occupational

Benzene Exposure

Men Women

Average Annual Crude  Crude Mortality = Average Annual Crude  Crude Mortality

Mortality/100,000 Rate Ratio Mortality/100,000 Rate Ratio
Overall 2.9 2.5
Potentially occupational benzene exposure
Non-exposed 2.7 (ref.) 1.0 2.5 (ref.) 1.0
Exposed 5.0 19 3.2 13
Chemists 79 2.9 13 0.5
Laboratory assistants 6.7 2.5 6.5 2.6
Service station attendants 3.7 14 1.9 0.8
Upholsterers 8.5 3.1 3.7 15

Leather cutters for footwear 6.0 2.2 3.0 1.2
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Table 3. Cont.

. . . Men Women
Occupational Groups/Potentially Occupational - -
Benzene Exposure Average Annual Crude  Crude Mortality = Average Annual Crude  Crude Mortality

Mortality/100,000 Rate Ratio Mortality/100,000 Rate Ratio

Machine and engine mechanics 48 1.8 3.0 12

Painters, lacquerers, and floor layers 5.1 1.9 4.1 1.6

Printers and occupations in graphics 8.2 3.0 1,7 0.7

Refinery/distillers and chemical industry 3.8 14 3.1 12

Rubber product workers 3.0 1.1 - -

Laundry workers 5.6 21 6.7 0.8

All leukemias 2.7
_ Non-exposed (reference) 1 2.6
g
E Exposed 1.7 4.5
ks
%‘ Printers and occupations in graphics 2 6.9
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§ Laboratory assistants 7 6 6.7
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] Upholsters o] 6.0
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5 B Painters, lacquers and floor layers 20 51
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% Refineries/ distillers and chemical industry 14 3.6
9 _ 5 LMRR
o) Service station attendants 13 3.4
Rubber product workers 11 28
0 2 4 6 8

Crude and Average rates mortality attributable to occupational benzene

Figure 1. Average annual crude leukemia mortality rate (LMR) and ratios (LMRR) by occupation and

potentially occupational benzene exposure. Brazil, 2006-2011.

The population attributable fraction (PAF) of leukemia deaths to occupational benzene
exposure was 6.2%, which corresponded to 118 attributable cases out of 1917 expected cases
among all workers. Males had higher PAF and attributable deaths (6.2%, n = 108) compared
to women (PAF = 0.5%, n = 10). PAF estimates were small, except for machine and engine
mechanics: 69 leukemia cases (PAF = 6.6%) were likely to be caused by occupational

benzene exposure (Figure 2).
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Potentially occupational benzene-

Ovwerall 118;6.2%
Service station attendants 7:18.8%
Laboratory assistants §;11.2%
Leather cutters for footwear 7:9.6%
Chemists 4:8.4%
Printers and occupations in graphics 5,7.8%

Machine and engine mechanics 69;6.0%

exp osed groups

Painters, lacquerers and floor layers 9:4.6%
Laundry workers 1:3.9%
Upholsterers 3.3.8%
Refinery/ distillers and chemical industry 5:3.5%

Rubber product workers 0:0.5%

0% 5% 10% 15% 20%

Death and Fraction attributable to occupational benzene exposure (%)

Figure 2. Leukemia attributable fraction to potentially occupational benzene exposure (%) and
corresponding number of attributable deaths. Brazil, 2006-2011.

4. Discussion

Our findings showed that the workers who died from leukemia due to occupational
exposure to benzene were more likely to be male and young and that the underlying
cause of death was myeloid leukemia. Workers potentially exposed to benzene had a
higher LMR compared to the non-exposed, independently of their occupational group and
sex. This confirms evidence of benzene’s carcinogenicity, particularly for leukemia. The
impact of occupational benzene exposure was greater among men, who had a higher PAF
compared to women; consequently, a larger number of preventable leukemia cases was
found among men.

The predominance of young males aged 39 years or younger in leukemia death cases
was reported by Demian et al. [14], who showed that working males are relatively young
compared to the general population. This is suggestive of low latency time, given that the
legally established age for labor onset is 18 years. Therefore, for a 20-year maximum latency,
exposed workers in the age group 18-39 years have an increased risk of benzene-related
occupational leukemia death [15]. Males prevail in industrial trades and industry-related
occupations, and it is known that they endure long-standing chemical exposures, such as
that of benzene, among other work-related risk factors [16]. However, the higher occurrence
of the disease in men does not allow us to draw conclusions regarding the influence of sex
on risk. One possible hypothesis is that women may have jobs in which benzene exposure
is lower [17]. In Brazil, norms for workers” protection and actions against benzene exposure
at the workplace are poorly enforced [18]. It should be noted that apprentices can enter
the labor market at the age of 15, but only in non-dangerous occupations; however, this
might not be adopted in remote or poor areas. Several initiatives were carried out, such
as surveillance by the institutions responsible for the protection of health and work in the
occupational and environmental spheres, regulations, the valorization of the participation
of workers in risk prevention actions, intervention in territory with exposure, campaigns,
information, and risk communication on the carcinogenicity of benzene [19].

The most common type of underlying cause of death recorded was myeloid leukemia,
which comprises approximately 70.0% of all cases among benzene-exposed workers. Our
results also showed that in each occupational group with potential benzene exposure,
LMR was higher compared to the non-exposed category, regardless of leukemia type.
This is consistent with the conclusions of the IARC Monograph 100 F [20], which states
that there is sufficient evidence of benzene’s carcinogenicity for acute myeloid leukemia
and acute non-lymphocytic leukemia. In addition, several studies have found positive
associations between benzene and acute and chronic lymphocytic leukemia, non-Hodgkin
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lymphoma, and multiple myeloma. Benzene metabolites generate multiple genotoxic

effects in hematopoietic stem cells, causing chromosomal abnormalities reported among

cases of cancer in hematopoietic tissues. In addition, leucopenia and chromosomal damage—
early markers of hematopoietic cancer—have been found in workers exposed to benzene.

Our findings were clearer for myeloid leukemia, presumably because of the larger number

of cases.

The high number of deaths from acute myeloid leukemia corroborates the findings of
other studies [21,22]. Regarding all leukemias, we showed that the group with the highest
LMR was the printers and graphics one, which was different from Linet’s findings [4].
However, our classification of occupational groups was different from that of the Linet study.
Analyzing all chemical groups together, including chemical manufacturing, petroleum
refining, and marketing and distribution of benzene-exposed chemicals, the number of
leukemia deaths in this large group would be higher than in the other occupational groups,
according to the investigations carried out in China [4] and the United States [23]. As well
as bringing together all the chemical groups of chemical manufacturing, petroleum refining,
marketing, and distribution of benzene-exposed chemicals, leukemia will be higher in these
workers than in others, according to observations from the investigations in China [4] and
the United States [23]. Therefore, when all the chemical occupational groups are analyzed
together, mortality due to leukemia is even higher.

In our study, males had a higher LMR compared to women in all the analyzed occupa-
tional groups except for laundry workers. Occupational benzene exposures are common in
petroleum [24,25], rubber [26,27], shoes [17], laundry [28], printing, and gas retail trades [29],
among others where males prevail. Similarly, high levels of benzene exposure have been
reported for occupational groups related to industrial operation and maintenance [18]. The
benzene risk trends reported in these studies agree with our findings.

The PAF estimated for males and females was higher in our study compared to data
from England, Finland, and the United States of America, when the relative risk was
assumed to be 2.0 [6]. The number of female leukemia deaths was small or non-existent in
some occupational groups, which made it impossible to estimate the attributable fraction
of each occupational group.

Other factors that can affect the estimation of PAF in workers are the proportion of
exposed workers and the uncertainty regarding the exposure magnitude. To correct this
error, adjustments concerning workers’ turnover and work shifts [30,31] have been made,
especially for exposure to carcinogens that have a long latency period. Some occupations of
groups of workers potentially exposed to benzene are usually identified by the characteris-
tics of intense turnover, like service station attendants and work shifts, especially in the
chemical and petrochemical industry. However, it was not possible to adjust for turnover in
the present study, as we could not find national turnover estimates by occupation groups,
only by economic trades [32].

The study period was limited to 2006-2011 because, in 2006, CBO-2002 became the
occupation classification standard. Additionally, other operational changes were imple-
mented in death certificates and in the SIM due to the large underreporting of occupation
in death certificates, which reached 40% in 2013 [33].

Conclusions based on the data of our study must be viewed with caution due to
uncertainties and limitations, which derive mainly from missing occupation and from
possible misdiagnosis or underreporting of deaths due to leukemia. This is particularly
worrying when we take three factors into account: the complexity of the leukemia diagnosis,
the difficulties in accessing health services, and the quality of the health information record.
Occupation, the variable employed to recognize groups of workers potentially exposed
to benzene, was not registered in a high number of records. Despite the adjustments that
were made, which presumably reduced this problem, the number of deaths may be higher
in each one of the groups of interest.

The main limitation of this study refers to possible errors regarding inconsistency in
the workers’ data due to differences between the Classification of Occupation in Domicile,
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COD, CBO, and Demographic Census classifications compared to FINJEM, which pre-
vented us from drawing a direct correspondence between the occupations’ codes. However,
to overcome this problem, specialists were asked to evaluate the nominal correspondence
between the COD and FINJEM classifications and the CBO 2002 classification. Errors of
inconsistency in the workers” data based on COD were identified in some occupational
groups, and, in these cases, an adjustment was made using data from the occupational
groups corresponding to the Demographic Census branches of economic activities. In
addition, we found inconsistencies in the identification of the subgroup Retail Trade Shoe-
makers, which composes the category of Leather Cutters for Footwear, whose codification
was the same for 58 retail trade occupations. In this situation, the variable was treated as
missing data.

Another limitation of this approach was the lack of available data about the prevalence
of benzene exposure. Consequently, it is likely that the utilization of the parameters of
the FINJEM database to estimate prevalence contributed to underestimating the results.
Occupational exposure to benzene can be higher than the one estimated for these workers
based on FINJEM, as the exposure may encompass other occupational groups that are
not listed in FINJEM’s original group of exposed workers, like taxi drivers, firefighters,
and traffic guards, among others. Furthermore, other occupations whose exposures were
below 0.1 ppm and were not selected for the exposed groups in Finland may have higher
exposures in Brazil.

The results of the present study refer to severe cases of leukemia that led to death.
During the study period, there was a worldwide reduction in mortality from leukemia
deriving from significant improvements in treatment, which contributed to an increase
in the survival of individuals [1]. Therefore, the number of deaths from severe leukemia
cases reported here is significant and can be even higher if we consider the large number
of death certificates in which the occupation variable was not registered and the frequent
codification problems in conformity with CBO in the SIM.

As for the magnitude of the exposure and the occurrence of leukemia among the
exposed workers, a restriction occurred because only mortality data were used. In addition,
leukemia deaths belong to a heterogeneous group with distinct survival periods due to
variability according to type and subtype, stage of the diagnosis, prognosis, evolution,
and age [34]. Another issue is the use of PAF, which has been criticized by researchers
who discuss its methodological limitations. Boffeta [35], for example, argues that, for
environmental carcinogenesis, the estimation of this measure depends on the magnitude of
cancer due to a certain exposure and the estimated frequency of this exposure. Therefore,
errors can occur due to the polarization or confounding effect on the direction of the
association force and on the frequency or level of exposure, and these, in turn, can affect the
corresponding estimate of the attributable risk. Another limitation is related to the difficulty
in calculating the effect of each factor separately, which does not allow one to determine its
impact on PAF. However, despite the uncertainty regarding the interval between factors,
this can hardly justify differences in the order of magnitude.

Despite these limitations, this study presents advances in the production of original
national estimates of mortality from leukemia related to occupational exposure to benzene
in Brazil. Thus, it contributes to the world’s effort to produce estimates of the burden of
neoplasia attributable to occupational factors 7,14. In Brazil, the magnitude of occupational
exposure related to mortality from leukemia is still insufficiently recognized as an important
factor in general mortality. Its prioritization may influence the conduction of population-
based studies and raise awareness concerning the importance of registering occupations in
the appropriate field in information systems. Consequently, it can improve the quality of the
data collected in national studies, which is essential to the production of reliable estimates.

In the present study, the utilization of the occupation title as a variable indicating
exposure was an important methodological definition to estimate potential exposures to
benzene and cases of attributable leukemia in workers. Its advantages are related mainly
to the identification of risk groups and to the possibility of drawing comparisons with
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other studies, as the occupation title is widely used in epidemiological studies, and its
international standardization enables the establishment of correspondence. In addition, its
application reduces the classification bias and provides information to subsidize preventive
actions and monitor exposures by occupational group, as such exposures can be perfectly
related to branches of economic activities.

From this perspective, the results of this study show evidence of excess mortality from
leukemia among workers potentially exposed to benzene when compared to the other
workers in the population. Therefore, our results support the surveillance of occupational
neoplasia, considering occupational determinants, risk groups, and measures to prevent
and monitor leukemia caused by occupational exposure to benzene.

As these types of leukemia are, to a large extent, preventable, the study results repre-
sent, especially to public health managers, an important source of information that enables
them to know the burden attributed to benzene exposure, to guide planning actions to
reduce risk factors and to monitor prevention strategies targeted at workers’ health. Es-
pecially concerning strategies to reduce the occurrence of deaths from leukemia caused
by benzene exposure, the PAF enables us to estimate how many cases would not have
occurred if the exposure had been eliminated.

The potential for application of such analyses has guided countries in the establishment
of legal norms to control benzene exposure, either environmental or occupational, and the
surveillance of potentially exposed workers.

5. Conclusions

This study showed evidence of excess mortality from leukemia among workers, that
chronic exposure to benzene. Benzene shows the need for better enforcement of protective
norms against this known carcinogen. Our results support the need for better enforcement
of protective norms to reduce benzene exposure.

Funding: This research was funded by CNPq, doctoral scholarship 2011-2012, and Research Award
to Vilma Santana (Proc. No. 309099/2015-3); Health Ministry, Workers” Health General Coordination
Office, through the Collaborative Center for Workers” Health Surveillance of the Institute of Collective
Health, Federal University of Bahia.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article. Additionally, the data which
support the findings of our study are publicly available datasets from the Instituto Brasileiro de
Geografia e Estatistica (IBGE) and Sistema de Informagao sobre Mortalidade (SIM).

Acknowledgments: This study is based on the first author’s doctoral dissertation in Public
Health/Epidemiology, Institute of Collective Health, Federal University of Bahia.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fitzmaurice, C.; Dicker, D.; Pain, A.; Hamavid, H.; Moradi-Lakeh, M.; MacIntyre, M.E; Allen, C.; Hansen, G.; Woodbrook, R.;
Wolfe, C.; et al. The Global Burden of Cancer 2013. JAMA Oncol. 2015, 1, 505. [CrossRef] [PubMed]

2. Yin, S.N.; Li, G.L.; Tain, ED.; Fu, Z.L; Jin, C.; Chen, Y.J.; Luo, S.J.; Ye, PZ.; Zhang, ].Z.; Wang, G.C. Leukemia in benzene workers:
A retrospective cohort study. Br. J. Ind. Med. 1987, 44, 124-128.

3. Yin, S.N.; Hayes, R.B,; Linet, M.S.; Li, G.L.; Dosemeci, M.; Travis, L.B.; Zhang, Z.N.; Li, D.G.; Chow, W.H.; Wacholder, S; et al. An
expanded cohort study of cancer among benzene-exposed workers in China. Benzene Study Group. Environ. Health Perspect.
1996, 104, 1339-1341. [CrossRef] [PubMed]

4. Linet, M.S;; Yin, S.N.; Gilbert, E.S.; Dores, G.M.; Hayes, R.B.; Vermeulen, R.; Tian, H.Y.; Lan, Q.; Portengen, L.; Ji, B.T.; et al. A
retrospective cohort study of cause-specific mortality and incidence of hematopoietic malignancies in Chinese benzene-exposed
workers. Int. J. Cancer 2015, 137, 2184-2197. [CrossRef] [PubMed]

5. Collins, J.J.; Anteau, S.E.; Swaen, G.M.H.; Bodner, K.M.; Bodnar, C.M. Lymphatic and Hematopoietic Cancers Among Benzene-

Exposed Workers. J. Occup. Environ. Med. 2015, 57, 159-163. [CrossRef]


https://doi.org/10.1001/jamaoncol.2015.0735
https://www.ncbi.nlm.nih.gov/pubmed/26181261
https://doi.org/10.1289/ehp.961041339
https://www.ncbi.nlm.nih.gov/pubmed/9118917
https://doi.org/10.1002/ijc.29591
https://www.ncbi.nlm.nih.gov/pubmed/25944549
https://doi.org/10.1097/JOM.0000000000000324

Int. |. Environ. Res. Public Health 2023, 20, 6314 10 of 11

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Steenland, K.; Burnett, C.; Lalich, N.; Ward, E.; Hurrell, J. Dying for work: The magnitude of US mortality from selected causes of
death associated with occupation. Am. J. Ind. Med. 2003, 43, 461-482. [CrossRef]

Rushton, L.; Brown, T.P; Cherrie, J.; Fortunato, L.; Van Tongeren, M.; Hutchings, S.J. How much does benzene contribute to the
overall burden of cancer due to occupation? Chem. Biol. Interact. 2010, 184, 290-292. [CrossRef]

Nurminen, M.; Karjalainen, A. Epidemiologic estimate of the proportion of fatalities related to occupational factors in Finland.
Scand. J. Work Environ. Health 2001, 27, 161-213. [CrossRef]

Wiinsch, F.V.; Moncau, J.E.C. Mortalidade por cancer no Brasil 1980-1995: Padrdes regionais e tendéncias temporais. Rev. Assoc.
Med. Bras. 2002, 48, 250-257. [CrossRef] [PubMed]

Corréa, M.J.M.; Santana, V.S. Exposicao ocupacional ao benzeno no Brasil: Estimativas baseadas em uma matriz de exposi¢ao ocu-
pacional. Cad. Saiide Piiblica 2016, 32, e00129415. Available online: https://www.scielo.br/j/csp/a/wSK4ZbLz48nybk]xNDkTw4
D/?lang=pt# (accessed on 5 March 2017). [CrossRef]

Kauppinen, T. Finnish occupational exposure databases. Appl. Occup. Environ. Hyg. 2001, 16, 154-158. [CrossRef] [PubMed]
International Labour Organization. International Standard Classification of Occupations, ISCO-88. Available online: http:
/ /www.ilo.org/public/english /bureau/stat/isco/isco88/ (accessed on 27 February 2017).

Levin, M. The occurrence of lung cancer in an. Acta Unio Int. Contra Cancrum. 1953, 9, 865-872.

Demian, C.; Martin, C.J. Is this man’s cancer related to his occupation? J. Occup. Environ. Med. 2013, 55, 112-114. [CrossRef]
[PubMed]

Rushton, L.; Hutchings, S.; Brown, T. The burden of cancer at work: Estimation as the first step to prevention. Occup. Environ.
Med. 2008, 65, 789-800. [CrossRef] [PubMed]

Rinsky, R.A.; Hornung, R.W.; Silver, S.R.; Tseng, C.Y. Benzene exposure and hematopoietic mortality: A long-term epidemiologic
risk assessment. Am. J. Ind. Med. 2002, 42, 474-480. [CrossRef]

Seniori, C.A.; Quinn, M.; Consonni, D.; Zappa, M. Exposure to benzene and risk of leukemia among shoe factory workers. Scand.
J. Work. Environ. Health 2003, 29, 51-59. [CrossRef]

Mendes, M.; Machado, J.M.H.; Durand, A.; Costa-Amaral, 1.C.; Valente, D.; Gongalves, E.S.; Arcuri, A.S.A.; Trevisan, E.A;
Sarcinelli, PN.; Larentis, A.L.; et al. Normas ocupacionais do benzeno: Uma abordagem sobre o risco e exposi¢ao nos postos de
revenda de combustiveis. Rev. Bras. Saude Ocup. 2017, 42 (Suppl. 1), e3s. [CrossRef]

Moura-Correa, M.].; Larentis, A.L. Exposi¢ao ao benzeno no trabalho e seus efeitos a satide. Rev. Bras. Saude Ocup. 2017, 42
(Suppl. 1), el4s. [CrossRef]

International Agency for Research on Cancer (IARC). Chemical Agents and Related Occupations; International Agency for Research
on Cancer (IARC): Lyon, France, 2012.

Schnatter, A.R.; Rosamilia, K.; Wojcik, N.C. Review of the literature on benzene exposure and leukemia subtypes. Chem. Biol.
Interact. 2005, 153154, 9-21. [CrossRef]

Kirkeleit, J.; Riise, T.; Bratveit, M.; Moen, B.E. Increased risk of acute myelogenous leukemia and multiple myeloma in a historical
cohort of upstream petroleum workers exposed to crude oil. Cancer Causes Control 2008, 19, 13-23. [CrossRef]

Collins, J.J.; Ireland, B.; Buckley, C.E,; Shepperly, D. Lymphohaematopoeitic cancer mortality among workers with benzene
exposure. Occup. Environ. Med. 2003, 60, 676-679. [CrossRef] [PubMed]

Sorahan, T. Mortality of UK oil refinery and petroleum distribution workers, 1951-2003. Occup. Med. 2007, 57, 177-185. [CrossRef]
[PubMed]

Glass, D.C.; Gray, C.N.; Jolley, D.J.; Gibbons, C.; Sim, M.R; Fritschi, L.; Adams, G.G; Bisby, J.A.; Manuell, R. Leukemia Risk
Associated With Low-Level Benzene Exposure. Epidemiology 2003, 14, 569-577. [CrossRef] [PubMed]

Alder, N. Meta-Analysis of Mortality and Cancer Incidence among Workers in the Synthetic Rubber-Producing Industry. Am. J.
Epidemiol. 2006, 164, 405-420. [CrossRef]

Rhomberg, L.; Goodman, J.; Tao, G.; Zu, K.; Chandalia, J.; Williams, P.R.D.; Allen, B. Evaluation of Acute Nonlymphocytic
Leukemia and Its Subtypes With Updated Benzene Exposure and Mortality Estimates: A Lifetable Analysis of the Pliofilm Cohort.
J. Occup. Environ. Med. 2016, 58, 414—420. [CrossRef]

Travier, N.; Gridley, G.; De Roos, A.].; Plato, N.; Moradi, T.; Boffetta, P. Cancer incidence of dry cleaning, laundry and ironing
workers. Scand. |. Work Environ. Health 2002, 28, 341-348. [CrossRef]

SSorahan, T.; Kinlen, L.J.; Doll, R. Cancer risks in a historical UK cohort of benzene exposed workers. Occup. Med. 2005,
62,231-236.

Nelson, D.I.; Concha-Barrientos, M.; Driscoll, T.; Steenland, K.; Fingerhut, M.; Punnett, L.; Priiss-Usttin, A.; Leigh, J.; Corvalan,
C. The global burden of selected occupational diseases and injury risks: Methodology and summary. Am. J. Ind. Med. 2005, 48,
400-418. [CrossRef]

Concha-Barrientos, M.; Nelson, D.L; Driscoll, T.; Steenland, N.K.; Punnett, L.; Fingerhut, M.A.; Priiss-Ustiin, A.; Leigh, J.;
Tak, S.W.; Corvalan, C. Selected occupational risk factors. In Comparative Quantification of Health Risks: Global and Regional Burden
of Disease Attributable to Selected Major Risk Factors, 1st ed.; Ezzati, M., Lopez, A.D., Rodgers, A., Murray, C.J.L., Eds.; World Health
Organization: Geneva, Switzerland, 2004; Volume 2, pp. 1651-1801.

Pochmann, M. O trabalho na crise econémica no Brasil: Primeiros sinais. Estud. Av. 2009, 23, 41-52. [CrossRef]


https://doi.org/10.1002/ajim.10216
https://doi.org/10.1016/j.cbi.2009.11.007
https://doi.org/10.5271/sjweh.605
https://doi.org/10.1590/S0104-42302002000300040
https://www.ncbi.nlm.nih.gov/pubmed/12353111
https://www.scielo.br/j/csp/a/wSK4ZbLz48nybkJxNDkTw4D/?lang=pt#
https://www.scielo.br/j/csp/a/wSK4ZbLz48nybkJxNDkTw4D/?lang=pt#
https://doi.org/10.1590/0102-311x00129415
https://doi.org/10.1080/104732201460253
https://www.ncbi.nlm.nih.gov/pubmed/11217703
http://www.ilo.org/public/english/bureau/stat/isco/isco88/
http://www.ilo.org/public/english/bureau/stat/isco/isco88/
https://doi.org/10.1097/JOM.0b013e3181e5a4ce
https://www.ncbi.nlm.nih.gov/pubmed/23291954
https://doi.org/10.1136/oem.2007.037002
https://www.ncbi.nlm.nih.gov/pubmed/18079154
https://doi.org/10.1002/ajim.10138
https://doi.org/10.5271/sjweh.704
https://doi.org/10.1590/2317-6369000127515
https://doi.org/10.1590/2317-6369ed0000117
https://doi.org/10.1016/j.cbi.2005.03.039
https://doi.org/10.1007/s10552-007-9065-x
https://doi.org/10.1136/oem.60.9.676
https://www.ncbi.nlm.nih.gov/pubmed/12937190
https://doi.org/10.1093/occmed/kql168
https://www.ncbi.nlm.nih.gov/pubmed/17244595
https://doi.org/10.1097/01.ede.0000082001.05563.e0
https://www.ncbi.nlm.nih.gov/pubmed/14501272
https://doi.org/10.1093/aje/kwj252
https://doi.org/10.1097/JOM.0000000000000689
https://doi.org/10.5271/sjweh.684
https://doi.org/10.1002/ajim.20211
https://doi.org/10.1590/S0103-40142009000200004

Int. |. Environ. Res. Public Health 2023, 20, 6314 11 of 11

33.

34.

35.

Ferreira-de-Sousa, EN.; Santana, V.S. Mortalidade por acidentes de trabalho entre trabalhadores da agropecudria no Brasil,
2000-2010. Cad. Satide Piiblica 2016, 32, e€00071914. Available online: http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0
102-311X2016000400711&Ing=pt&nrm=iso&tlng=en (accessed on 5 March 2017). [CrossRef]

De Angelis, R.; Sant, M.; Coleman, M.P,; Francisci, S.; Baili, P.; Pierannunzio, D.; Trama, A.; Visser, O.; Brenner, H.; Ardanaz, E.
Cancer survival in Europe 1999-2007 by country and age: Results of EUROCARE-5—A population-based study. Lancet Oncol.
2014, 15, 23-34. [CrossRef] [PubMed]

Boffetta, P.; McLaughlin, ].K.; La Vecchia, C. Reply: “Environment” in cancer causation and etiological fraction: Limitations and
ambiguities. Carcinogenesis 2008, 29, 1850. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0102-311X2016000400711&lng=pt&nrm=iso&tlng=en
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0102-311X2016000400711&lng=pt&nrm=iso&tlng=en
https://doi.org/10.1590/0102-311X00071914
https://doi.org/10.1016/S1470-2045(13)70546-1
https://www.ncbi.nlm.nih.gov/pubmed/24314615
https://doi.org/10.1093/carcin/bgn005
https://www.ncbi.nlm.nih.gov/pubmed/18310094

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

