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Abstract

Background—Although childhood cancer is a leading cause of childhood mortality in the US,
evidence regarding the etiology is lacking. The goal of this study was to evaluate the association
between benzene, a known carcinogen, and childhood acute leukemia.

Methods—We conducted a case-control study including cases diagnosed with acute leukemia
between 1997 and 2012 (n=307) from the Oklahoma Central Cancer Registry and controls
matched on week of birth from birth certificates (n=1,013). We used conditional logistic regression
to evaluate the association between benzene, measured with the 2005 National-Scale Air Toxics
Assessment (NATA) at census tract of the birth residence, and childhood acute leukemia.

Results—We observed no differences in benzene exposure overall between cases and controls.
However, when stratified by year of birth, cases born from 2005-2010 had a three—fold increased
unadjusted odds of elevated exposure compared to controls born in this same time period (4t
Quartile OR: 3.53, 95% ClI: 1.35, 9.27). Furthermore, the estimates for children with acute
myeloid leukemia (AML) were stronger than those with acute lymphoid leukemia, though not
statistically significant.

Conclusions—While we did not observe an association between benzene and childhood
leukemia overall, our results suggest that acute leukemia is associated with increased benzene
exposure among more recent births, and children with AML may have increased benzene exposure
at birth. Using the NATA estimates allowed us to assess a specific pollutant at the census tract
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level, providing an advantage over monitor or point source data. Our study, however, cannot rule
out the possibility that benzene may be a marker of other traffic-related exposures and temporal
misclassification may explain the lack of an association among earlier births.
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1. Introduction

As a leading cause of childhood mortality, childhood cancer is an important health concern
in the US (Heron, 2013). However, evidence regarding the etiology is lacking despite
numerous studies (Belson et al., 2007; Ries et al., 1999). One environmental risk factor of
recent interest is ambient air pollution. According to the International Agency for Research
on Cancer (IARC), ambient air pollution has been classified as carcinogenic to humans
(International Agency for Research on Cancer, 2013). Furthermore, IARC has classified
diesel engine exhaust as carcinogenic and motor vehicle exhaust as possibly carcinogenic
(Benbrahim-Tallaa et al., 2012). As the primary pollutant of concern in engine exhaust,
benzene has been classified as a known carcinogen in adult acute myeloid leukemia (AML)
(International Agency for Research on Cancer, 1982). The minimal risk level established by
the Environmental Protection Agency (EPA) for benzene is 0.009 parts per million (ppm)
(28.71 pg/m3) for acute exposure lasting less than 15 days and 0.003 ppm (9.57 pg/m?3) for
chronic exposure of =365 days (Department of Health and Human Services, 2007).

Important sources of exposure to benzene are occupational exposure, gasoline stations, auto-
repair shops, traffic, and cigarette smoking (Department of Health and Human Services,
2007). In occupational settings, benzene exposure was higher than that of the general
population, with health effects generally observed above 79.8 pg/m3 (Khalade et al., 2010;
Rushton and Romaniuk, 1997). Benzene is also produced through drilling for oil and natural
gas, by burning of oil and coal, and by oil and gas refineries (Department of Health and
Human Services, 2007; Esswein et al., 2014; McKenzie et al., 2012; United States
Environmental Protection Agency, 2015). While Oklahoma is a fairly rural state with an
estimated 3.9 million people in 2016 and 34% of the population residing in rural areas, it is
the third largest oil and gas producing state in the US (U.S. Energy Information
Administration, 2016; United States Census Bureau, 2017a; United States Census Bureau,
2017b).

The biologic mechanism of benzene as a cause of leukemia, the most common form of
childhood cancer, is not well understood. However, it is believed to occur through similar
mechanisms as chemotherapy-induced AML, which is a result of chromosomal
abnormalities and/or translocations secondary to previous chemotherapy treatments
(Pedersen-Bjergaard et al., 2008). Benzene is metabolized primarily by the lungs and liver,
but secondary metabolism occurs in the bone marrow, where blood cells are formed.
Furthermore, benzene-induced chromosomal alterations are similar to those observed in
AML cells (Department of Health and Human Services, 2007; McHale et al., 2012).
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There have been few studies focusing specifically on benzene and childhood leukemia.
However, studies to date have reported conflicting results for childhood leukemia overall
(Crosignani et al., 2004; Garcia-Perez et al., 2015; Raaschou-Nielsen et al., 2001; Vinceti et
al., 2012; Whitworth et al., 2008). Garcia-Perez et al. (2015) observed an association
between residence <2.5 kilometers of an industrial facility releasing benzene and childhood
leukemia in Spain (OR: 1.5, 95% CI: 1.1, 2.1). In a study using the EPA's National-Scale Air
Toxics Assessment (NATA) estimates to measure benzene, Whitworth et al.(2008) reported
an increased rate of leukemia among census tracts with benzene levels >2.36 pug/m3
compared to <1.28 pg/m3 in their ecologic study (Rate Ratio: 1.4, 95% Confidence Interval
[CI]: 1.1, 1.8). Crosignani et al. (2004) reported a relative risk of 3.9 (95% CI: 1.4, 11.3)
among those exposed to air concentrations of benzene >10 pg/m3 compared to <0.1 pg/m?3.
Among children less than 5 years of age, Vinceti et al. (2012) reported a 2.7 times higher
income-adjusted odds of leukemia for each 10-fold increase in exposure to benzene when
measured continuously in ug/m3 (95% CI: 1.1, 6.9). However, Raaschou-Nielsen et al.
(2001) observed no association between benzene and leukemia in their case-control study,
with rate ratio estimates near unity. In addition, previous studies suggest a stronger
relationship between benzene and AML, with limited evidence of a relationship with acute
lymphoid leukemia (ALL) (Heck et al., 2014; Houot et al., 2015; Symanski et al., 2016;
Vinceti et al., 2012; Whitworth et al., 2008).

While dispersion models were used in previous studies of benzene and childhood acute
leukemia, they primarily estimated benzene and other air pollutants along roadways
(Crosignani et al., 2004; Raaschou-Nielsen et al., 2001; Vinceti et al., 2012). Our study aims
to improve upon previous exposure assessments by using the NATA estimates, which take
multiple sources of benzene exposure into account in addition to traffic, applying estimates
to all census tracts. The NATA estimates also incorporated activity and microenvironment
data to estimate exposures in addition to ambient concentration of benzene. The goal of this
study was to determine if children in Oklahoma with acute leukemia had a higher odds of
exposure to benzene than children without acute leukemia.

2. Materials and Methods

2.1 Study Design and Data Sources

We conducted a case-control study to compare children with acute leukemia from the
Oklahoma Central Cancer Registry (OCCR) (n=360) with controls identified through birth
certificate records matched on week of birth to cases (n=1,440). We linked the OCCR to
birth certificates using Registry Plus™ Link Plus software v. 2.0 (CDC, Atlanta, GA), with
72% of leukemia cases linking to a birth certificate record. Details of the study design were
published previously in an analysis of traffic-related air pollution and childhood leukemia
and will be presented in brief (Janitz et al., 2016). Cases were diagnosed with leukemia prior
to age 20 and during the years 1997-2012. Because we were unable to geocode all birth
residences, our dataset available for analysis included 307 cases and 1,013 controls. We
obtained data on cases related to their cancer diagnosis from OCCR and data on covariates
related to birth, including residence, from birth certificates for all children included in the
study. We used the 2014 TIGER/Line files (based on the 2010 U.S. Census) in ArcGIS
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(ESRI ®, Redlands, CA), using the North American Datum of 1983 as the geographic
coordinate system, to geocode cases and controls. For those with rural routes or addresses
unable to be geocoded in ArcGIS, we used the Melissa Data® service. We were unable to
geocode children with Highway Contract (HC) Boxes or Post Office (PO) Boxes as no
physical address was available. Institutional Review Board approval was obtained from both
the University of Oklahoma Health Sciences Center and the Oklahoma State Department of
Health.

We obtained data on benzene from the EPA's 2005 NATA, which estimated the average
concentration of air toxics for the US at the census tract level to provide State/Local/Tribal
agencies' directions for prioritization and research in order to better understand the health
effects of pollution (United States Environmental Protection Agency, 2013). NATA models
were based on data from various sources including state and local air toxics inventories,
existing databases related to the EPA air toxics regulatory programs, and the TRI. Estimates
from mobile sources, including motor vehicles, non-road engines, and equipment, were also
incorporated into the models. Activity, fuel, and vehicle data were obtained from local, state,
and federal agencies. Emissions estimates were obtained using emission factors of pollutants
and sources of emissions included point (i.e., factory, ship, smokestack), and non-point (i.e.,
area pollution from small or ubiquitous sources such as dry cleaners) stationary sources, on-
road (i.e., cars, trucks, buses) and non-road (i.e., airplanes, trains, lawnmowers) mobile
sources, derived background from natural sources, and secondary formation and decay of air
toxics from the Community Multiscale Air Quality Model from 2005 (ICF International,
2011).

More specifically, the 2005 NATA used the Assessment System for Population Exposure
Nationwide (ASPEN) model and the Human Exposure Model-3 (HEM) American
Meteorological Society — U.S. EPA Regulatory Model (AERMOD) Version to determine
benzene estimates (ICF International, 2011; United States Environmental Protection Agency,
2011). ASPEN was used to model non-point sources at the census tract level using data from
2005 and census data from 2000. HEM was used to model point, on-road mobile, and non-
road mobile emissions sources at the census block level along with dispersion and human
exposure, using population data from both the 2000 and 2010 US Census.

To determine population exposure to benzene at the census tract level, the EPA used the
Hazardous Air Pollutant Exposure Model (HAPEM). The estimates were calculated using
ambient concentrations of air toxics, population data from the 2000 U.S. Census, population
activity data, and microenvironmental data. Activity data were obtained from the
Consolidated Human Activity Database (CHAD), where a sample of the population was
surveyed in order to track activity levels in indoor and outdoor microenvironments.

These model-based assessments were conducted approximately every three to six years
beginning in 1990. We used the assessment from 2005 as it incorporated the most advanced
models available at the time this study was conducted. The EPA does not recommend
combining assessments due to differing methodologies (United States Environmental
Protection Agency, 2011).
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2.2 Statistical Analysis

To evaluate the association between benzene and acute leukemia, we used conditional
logistic regression to account for the matching variable of week of birth. We classified
benzene into quartiles based on the distribution among controls since the logit was not linear
for benzene. In a secondary analysis, we fitted a locally weighted scatterplot smoothing
(LOESS) curve of the predicted log odds of a case by benzene resulting in additional
exposure cutpoints at the 40th percentile (0.53 pg/m?3), the 60th percentile (0.78 pg/m3), and
the 95th percentile (1.33 pug/m?3).

To evaluate confounding, we used a directed acyclic graph including the variables of race/
ethnicity, age at diagnosis, gender, birth order, exposure to electromagnetic fields,
urbanization, and maternal variables of education, age, and smoking during pregnancy,
which was analyzed using DAGitty (Textor et al., 2011). The minimally sufficient set of
confounding variables included urbanization, maternal education, and maternal tobacco use
during pregnancy. We used backwards selection to quantitatively evaluate whether covariates
changed the odds ratio (OR) >20% after removal from the model. Because tobacco use was
only collected from 1991 forward, we evaluated confounding among children born from
1991-2010 and observed <10% change in the OR. Therefore, we analyzed the association
between benzene and acute leukemia without tobacco as a confounder using all available
data. Furthermore, because it was not clear whether urbanization may be a possible
surrogate for socioeconomic status (SES) (Tselios, 2013) or benzene exposure, we evaluated
models with and without urbanization as a potential confounder. Using a test for interaction,
we evaluated effect modification of the association between benzene and leukemia by
urbanization and other covariates.

To evaluate potential biases and limitations of the data, we conducted a series of sensitivity
analyses. We explored whether the association between benzene exposure and leukemia
differed by leukemia type. In addition, we stratified our analyses by age at diagnosis/index
age and compared benzene exposure among cases who did and did not move between birth
and cancer diagnosis to evaluate potential residential mobility. We also stratified by year of
birth to assess temporal misclassification of benzene. To further evaluate the impact of
potential misclassification related to using 2005 NATA data for children born in earlier
years, we conducted a sensitivity analysis of children born from 1979 to 1996 and compared
the results of our analysis using the 1996 NATA to the 2005 NATA. We also assessed for
selection bias due to lack of geocoding for 316 children (n=53 [14.7%] cases and n=263
[18.3%] controls). We used the child's ZIP code (available for all but two children) to
determine the census block with the highest population within the ZIP code and assigned
benzene based on the appropriate census tract. To evaluate leukemia cases who were born in
Oklahoma but did not link to a birth certificate, we compared cancer-related covariates with
those of cases who linked using a Chi-Square Test, including type of cancer, year of birth,
year of diagnosis, and age at diagnosis.

To identify observations that did not fit the conditional logistic regression model well, we
calculated Pearson and Deviance residual measures and observed no poorly fit observations
(all residual values <5). We used an alpha of 0.05 to define significance and SAS v. 9.4
(Cary, NC) for all statistical analyses.
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In Oklahoma, the average exposure concentration of benzene for all census tracts in the state
(0.58 ug/m3) (average population size of 1530 people per census tract) was lower than that
of the US (0.95 pg/m?3). Oklahoma was ranked 39t lowest out of 53 states, territories, and
Washington, DC, with Washington, DC (1.88 pg/m?3), New York (1.85 pg/m?3), and Colorado
(1.49 pug/m3) having the highest total exposure concentration levels. Descriptively, several
areas in central and northeastern Oklahoma had higher levels of benzene exposure (Figure
1). TRI sites, nine of which were oil refineries, were located in the Tulsa and Oklahoma City
metropolitan areas and in both northern and southern Oklahoma (United States
Environmental Protection Agency, 2015). While these sites were near the areas of highest
benzene exposure, they did not correspond directly to the NATA estimates, especially in
southern Oklahoma.

A higher percentage of cases were male and Hispanic compared to controls, but a lower
percentage of cases were African American (Table 1). ALL was the most common type of
acute leukemia among cases (74.3%), with precursor cell leukemias being the most common
subtype of lymphoid leukemia (97.4%). Approximately half of all cases were diagnosed
with leukemia prior to age five years (48.5%).

We observed no differences in benzene exposure between cases and controls in the bivariate
analysis or after adjusting for the confounding factors of urbanization and maternal
education (Table 2). In our evaluation of benzene exposure using cutpoints informed by the
LOESS curve, benzene was again not associated with acute leukemia. While adjusting for
urbanization and maternal education resulted in an OR further from the null, removal of
these variables changed the OR <20%.

In the analysis evaluating associations by leukemia type, the estimates for children with
AML were stronger than those with ALL, though all of the confidence intervals contained
the null value (Table 3). The point estimates suggest a potential dose-response relationship
with AML, with the odds of exposure to the 4™ quartile of benzene, relative to the lowest
quartile, (OR: 2.42, 95% CI: 0.98, 5.96) approaching statistical significance among cases
compared to controls after adjustment for urbanization and maternal education. In this
model, removal of urbanization changed the OR >20%. Although we observed no significant
differences when evaluating benzene and acute leukemia by age at diagnosis/index age,
cases diagnosed between birth and 4 years of age had elevated ORs among those exposed to
the 4t quartile compared to controls (Table 4). Among cases, 58.3% of children diagnosed
between ages 0 and 4 years changed residence between birth and the date of cancer
diagnosis, whereas 86.1% diagnosed from ages 15-19 years changed residence. We also
observed a lower percentage of high benzene exposure based on quartiles among cases who
did not change residence (21.7%) compared to those who moved between birth and cancer
diagnosis (26.1%).

When stratified by year of birth, cases born from 2005-2010 had a three—fold increased
unadjusted odds of elevated exposure compared to controls born in this same time period
(Table 5). After adjusting for both urbanization and maternal education, the odds of
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exposure increased for the third and fourth quartiles of benzene, but the confidence intervals
were wider compared to the unadjusted estimates. In our sensitivity analysis comparing
results of children born from 1979 to 1996 using both the 1996 and 2005 NATA estimates,
we observed little change in the results (1996 NATA unadjusted 4t quartile OR: 0.81, 95%
Cl: 0.43, 1.51; 2005 NATA unadjusted 4™ quartile OR: 0.78, 95% CI: 0.41, 1.49). Results
were also similar after adjusting for urbanization and maternal education (data not shown).

We observed no meaningful differences in the results in our sensitivity analysis including all
cases (n=360) and all but two controls (n=1,438) compared to our primary analyses
excluding those who did not geocode (n=1,320) (data not shown). Furthermore, in our
analyses comparing cases who did and did not link to birth records, we observed no
differences between the two groups among cancer-related covariates of type of leukemia
(p=0.93), year of birth (p=0.18), year of diagnosis (p=0.24), and age at diagnosis (p=0.58).

4. Discussion

Although we observed no significant differences between cases and controls regarding
benzene exposure, the ORs among children with AML were increased compared to controls.
While our results suggested a potential dose-response relationship between benzene and
AML based on the analysis of quartiles, this was not confirmed in our analysis using the
cutpoints identified through LOESS curves. Although there were few observations in the
higher levels of benzene exposure, we observed elevated ORs for both methods of
classification. Previous studies have used varying methods to classify exposure to benzene
(Crosignani et al., 2004; Raaschou-Nielsen et al., 2001; Vinceti et al., 2012; Whitworth et
al., 2008). Thus, we conducted our analysis using a common method of classifying by
quartiles and additionally determined cutpoints based on the LOESS curve.

Consistent with our findings, Whitworth et al. (2008) observed a potential dose-response
relationship between benzene and AML in their ecologic study, which was only significantly
elevated in the fourth quartile of benzene exposure (>2.36 pg/m3) (AML RR: 2.0, 95% Cl:
1.0, 4.0) after adjusting for age, sex, race/ethnicity, and SES. Additionally, Vinceti et al.
(2012) observed a stronger association between benzene and AML (OR: 5.5, 95% CI: 1.1,
26.5) compared to ALL (OR: 2.0, 95% CI: 0.6, 6.5) for every 10-fold increase in benzene,
but only among children under five years of age after adjustment for coarse particulate
matter (PM10). Houot et al. (2015) observed a positive association between benzene and
AML among those exposed to benzene concentrations 1.3 pg/m3 and =309 meters of road
within 150 meters of the child's residence (OR: 2.2, 95% ClI: 1.1, 4.7) after adjustment for
age. Furthermore when restricted to children under one year of age, Heck et al. (2014)
observed an elevated association between one interquartile range increase in benzene and
AML after adjustment for confounding factors including SES (OR: 2.6, 95% CI: 1.0, 7.0).
The authors also observed significantly elevated associations with both AML (Adjusted OR:
1.8, 95% CI: 1.0, 2.9) and ALL (Adjusted OR: 1.5, 95% CI: 1.1, 2.1) during the third
trimester of pregnancy (Heck et al., 2014).

In addition, two recent meta-analyses focused on air pollution and childhood leukemia
observed an elevated summary OR for children with AML. Filippini et al. (2015) observed a
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summary OR of 2.3 for benzene and AML (95% ClI: 1.1, 4.8), but no association with ALL
(OR: 1.1, 95% CI: 0.7, 1.8). However, Carlos-Wallace et al. (2015) observed an elevated
summary OR for both AML (OR: 2.1, 95% ClI: 1.3, 3.2) and ALL (OR: 1.5, 95% CI: 1.1,
2.1) among studies that evaluated traffic density, traffic-related air pollution, or residential
proximity to gas stations, excluding occupational or household product exposures. Filippini
et al. (2015) reported summary results for the association between benzene and childhood
leukemia whereas Carlos-Wallace et al. (2015) included multiple measures of traffic-related
air pollution, which may partially explain the difference in the results for ALL. Furthermore,
the meta-analysis by Carlos-Wallace et al. (2015) included studies with self-reported
residential proximity to gas stations (Brosselin et al., 2009; Steffen et al., 2004), which may
have biased the summary OR (Heinrich et al., 2005; Kuehni et al., 2006; Piro et al., 2008).

After adjustment for urbanization, the estimates for benzene and acute leukemia were larger
than the unadjusted estimates. While there was little change in the OR after adjustment for
urbanization in our sensitivity analysis with the entire dataset, we continued to observe an
increased OR when restricting to children with AML. This increase was in contrast to other
studies adjusting for urbanization as a confounder, which either observed no difference from
the unadjusted model or a reduced OR after adjustment (Raaschou-Nielsen et al., 2001;
Weng et al., 2009). We expected adjustment for urbanization to reduce the OR since it was
positively associated with benzene and the levels of benzene were higher in urban than rural
census tracts. However, an alternative explanation may be that urbanization functioned as a
surrogate for traffic, indicating a stronger association among benzene sources other than
traffic.

Because all of the cases and controls were not geocoded, we were concerned with potential
selection bias in our study, with controls being less likely to geocode than cases (Janitz et al.,
2016). Results from our sensitivity analysis including nearly all children available for the
study (n=1,798) were similar to the results for the geocoded dataset (n=1,320),
demonstrating that selection bias is unlikely to explain our results. However, we may have
overestimated exposure to benzene by assigning the child to the census block with the
highest population when they may have actually resided in a more rural census block.
Depending on whether misclassification was differential, this may result in either an over or
underestimate of the true OR.

In our study, we measured exposure at birth as a surrogate for maternal exposure during
pregnancy. This assumption is only appropriate if the mother did not change residence
during pregnancy and may not represent exposure during childhood. However, it is unclear
when the relevant window of exposure occurs for childhood cancer. Chromosomal changes
associated with childhood leukemia have been observed in blood spots collected at birth,
indicating that at least one of the two or more genetic “hits,” as described by Knudson (2001)
occurred in utero (Wiemels et al., 1999; Wiemels et al., 2002). According to Smith (2010),
environmental exposures, including benzene, could have occurred before birth and may be a
result of parental exposure. While an estimated 13% to 30% of mothers change residence
during pregnancy and up to two-thirds of children change residence between birth and
cancer diagnosis (Chen et al., 2010; Lupo et al., 2010; Reynolds et al., 2001; Urayama et al.,
2009), several studies have indicated minimal changes in exposure status, with kappa values
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of 0.69 to 0.99, when comparing exposure to ambient air pollution between the residence of
the mother during the prenatal period and that listed on the birth certificate from case-control
studies on congenital anomalies (Chen et al., 2010; Lupo et al., 2010). To estimate the
potential impact of residential mobility in our study, we stratified by age at diagnosis/index
age for controls. Younger children may have reduced residential mobility compared to older
children, which we observed among cases and is supported by a stronger, though non-
significant, association among children under 5 years of age. Although we were able to
compare benzene exposure among cases who did and did not change residence between
birth and cancer diagnosis, we had no information on controls with which to conduct a
sensitivity analysis using the residence at diagnosis/index age. Studies with detailed data on
residential mobility patterns are needed to explore the relevant windows of exposure and
whether this occurs around the time of conception, in utero, or after birth.

Measurement of benzene biomarkers can be measured through breath, urine, and serum.
While biomarkers are often measured in occupational studies, measurement is limited to
recent exposures (Department of Health and Human Services, 2007). Although the NATA
estimates were not a direct individual measure of benzene, they had several advantages over
using monitor or TRI data, including adjustments for dispersion of the pollutants,
meteorological variables, activity data and areas/sources of exposure. Collecting this type of
information on individuals would not be feasible in a population-based study. In addition,
NATA estimates incorporated many sources of benzene exposure, in addition to traffic.
Because of the many factors that must be incorporated to accurately measure benzene
exposure of the population, a comprehensive model, such as NATA, provided an
improvement over models only estimating traffic-related benzene. However, NATA applied
the same benzene levels to an entire census tract which may not reflect the actual exposure
of all those residing in that census tract. Although the NATA estimates account for
commuting between census tracts, the activity patterns of individual participants may vary.
Using ecologic exposure data could result in misclassification, potentially biasing the results
away or towards the null depending on the person's actual exposure.

By using a single year of benzene estimates, there was a risk for temporal misclassification.
Births in this study ranged from 1979 to 2010 and benzene estimates from 2005 may not
represent the exposure of those born in 1979. Ambient benzene levels have decreased
approximately 56% from 1994-2002 in the US (Fortin et al., 2005). However, when
comparing children born from 1979 to 1996 using both the 1996 and 2005 NATA estimates,
we observed no meaningful difference in results. Among children born between 2005 and
2010, cases had a significantly higher odds of exposure to benzene than controls. While we
expected a stronger association with benzene in children born in more distant years, children
born during 2005-2010 may have less misclassification of exposure compared to children
born prior to 2005. This suggests the potential association between benzene and leukemia
may have been attenuated in our study by bias resulting from exposure misclassification,
regardless of the NATA estimates used. However, it is unclear why there was no association
among those born from 2000-2004.

Using birth certificate data as our source of covariates is a limitation of this study. While
birth certificates may be a reliable source for some variables, the reliability for maternal
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tobacco use during pregnancy is reported to be poor and vary by education status (Vinikoor
et al., 2010). However, Oklahoma updated the birth certificate in 2009 which improved
measurement of smoking status. Prior to the update, smoking was classified as present or
absent any time during pregnancy, whereas after the update smoking was assessed before
pregnancy and by trimester. Although this improvement will be beneficial to future studies
using birth certificate data, self-report of smoking status during pregnancy remains
problematic due to the stigma of smoking during pregnancy.

5. Conclusions

Based on the reviewed literature, benzene has the strongest evidence of a relationship with
acute leukemia compared to other components of motor vehicle exhaust. However, studies
have not established whether one specific pollutant or a combination of pollutants is
responsible for the association between air pollution and leukemia. Therefore, consideration
of other markers of traffic, such as NO, and road density, are important in understanding this
relationship. In addition, improved measurement of benzene exposure at the individual level
through adjustment for exposure misclassification from validation studies is necessary in
future studies (Raaschou-Nielsen et al., 2001). While we did not observe statistically
significant associations between benzene and leukemia, it is important to continue evaluating
the effects in areas with higher exposure concentrations along with other potential health
effects of benzene exposure.
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Highlights
. Benzene is a suspected, but uncertain, risk factor for childhood acute
leukemia.
. Enhanced benzene estimates account for activity and multiple sources of
exposure.
. Potential dose-response relation revealed for benzene and acute myeloid
leukemia.
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Legend
@ Toxic Release Inventory Sites - Benzene

——— Oklahoma Freeways
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Fig 1.

Digstribution of benzene in Oklahoma using 2005 NATA estimates and locations of Toxic
Release Inventory (TRI) sites. Source: Benzene levels were obtained from the 2005
National-level Air Toxics Assessment from the US EPA. Toxic Release Inventory sites were
obtained from the US EPA in 2015. Oklahoma Freeways were obtained from the National
Transportation Atlas Databases for the United States published by the Federal Highway
Administration.
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