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Abstract

Background—While many studies have evaluated the association between acute childhood
leukemia and environmental factors, knowledge is limited. Ambient air pollution has been
classified as a Group 1 carcinogen, but studies have not established whether traffic-related air
pollution is associated with leukemia. The goal of our study was to determine if children with
acute leukemia had higher odds of exposure to traffic-related air pollution at birth compared to
controls.

Methods—We conducted a case-control study using the Oklahoma Central Cancer Registry to
identify cases of acute leukemia in children diagnosed before 20 years of age between 1997 and
2012 (n=307). Controls were selected from birth certificates and matched to cases on week of birth
(n=1,013). Using a novel satellite-based land-use regression model of nitrogen dioxide (NO>) and
estimating road density based on the 2010 US Census, we evaluated the association between
traffic-related air pollution and childhood leukemia using conditional logistic regression.

Results—The odds of exposure to the fourth quartile of NO, (11.19-19.89 ppb) were similar in
cases compared to controls after adjustment for maternal education (OR: 1.08, 95% CI: 0.75,
1.55). These estimates were stronger among children with acute myeloid leukemia (AML) than
acute lymphoid leukemia, with a positive association observed among urban children with AML
(41 quartile odds ratio: 5.25, 95% confidence interval: 1.09, 25.26). While we observed no
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significant association with road density, male cases had an elevated odds of exposure to roads at
500 m from the birth residence compared to controls (OR: 1.39, 95% CI: 0.93, 2.10), which was
slightly attenuated at 750 m.

Conclusions—Although we observed no association overall between NO» or road density, this
was the first study to observe an elevated odds of exposure to NO, among children with AML
compared to controls suggesting further exploration of traffic-related air pollution and AML is
warranted.
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1. Introduction

Acute leukemia is the most common type of childhood cancer, accounting for approximately
26% of all childhood cancers (United States Department of Health and Human Services et
al. 2016). Many studies have evaluated the association between acute childhood leukemia
and various environmental factors, with conflicting results (Belson et al. 2007; Smith et al.
1999). One environmental exposure of interest is air pollution, a component of which is
motor vehicle emissions. According to the International Agency for Research on Cancer,
ambient air pollution has been classified as a Group 1 carcinogen (International Agency for
Research on Cancer 2013).

Although studies have used different methodologies to measure nitrogen dioxide (NO5) at
different time points of exposure, several have detected a positive association between NO,
and childhood leukemia (Amigou et al. 2011; Badaloni et al. 2013; Feychting et al. 1998;
Ghosh et al. 2013; Raaschou-Nielsen et al. 2001; Weng et al. 2008). Studies occurred in
varying regions of the world, with associations observed at different levels of NO, exposure
ranging from 6.5 parts per billion (ppb) to 42.6 ppb (Amigou et al. 2011; Ghosh et al. 2013;
Weng et al. 2008). In addition to NO», investigators have also evaluated other traffic-related
measures to assess the relationship with leukemia and any childhood cancer with mixed
results (Abdul Rahman et al. 2008; Amigou et al. 2011; Badaloni et al. 2013; Crosignani et
al. 2004; Harrison et al. 1999; Heck et al. 2013; Langholz et al. 2002; Nordlinder and
Jarvholm 1997; Pearson et al. 2000; Raaschou-Nielsen et al. 2001; Reynolds et al. 2001;
Reynolds et al. 2002; Reynolds et al. 2004; Savitz and Feingold 1989; Spycher et al. 2015;
Steffen et al. 2004; Von Behren et al. 2008). Of the seven studies that measured exposure to
main roads or gas stations within 50 meters (m) to 500 m of the residence, five observed
positive associations with leukemia (Abdul Rahman et al. 2008; Amigou et al. 2011;
Harrison et al. 1999; Spycher et al. 2015; Steffen et al. 2004), while Badaloni et al. (2013)
and Houot et al. (2015) observed no association.

Studies have not established whether a specific pollutant, such as benzene, or the
combination of pollutants from traffic is carcinogenic. Therefore, it is important to evaluate
exposure to traffic as a source of complex chemical mixtures in relation to childhood
leukemia in addition to specific pollutants. NO5 is considered a good indicator of traffic
exposure and is commonly used to measure traffic density (Beckerman et al. 2008). As one
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of the six criteria pollutants established by the Clean Air Act, the Environmental Protection
Agency (EPA) set the National Ambient Air Quality Standard of NO, at a one-hour limit of
100 ppb and an annual average limit of 53 ppb (United States Environmental Protection
Agency 2011). Although many dispersion models exist to estimate NO,, Novotny et al.
(2011) developed a novel method of estimating NO» using satellite-based estimates in
combination with ground-level estimates in a land-use regression (LUR) model for the entire
United States, resulting in spatially precise estimates. This model accounts for NO, from
multiple sources, although variables in the LUR model are specifically related to traffic.

Our study incorporated a novel method of estimating NO, for the contiguous United States
using a satellite-based LUR model at the census block level, which we compared with a
standard individual-level measure of road density. Only one other study has incorporated
satellite-based methods to estimate NO5 in Italy (Badaloni et al. 2013). While the authors
observed no association with childhood leukemia, others have detected a positive association
with NO, estimated from traffic or monitoring stations, indicating the importance of further
evaluating this methodology in the US. The goal of our study was to determine if children
with acute leukemia had higher odds of exposure to traffic-related air pollution, measured
through NO, and road density, compared to controls.

2. Methods

2.1. Study Design and Data Sources

To evaluate the association between traffic-related air pollution and acute leukemia, we
conducted a case-control study using the Oklahoma Central Cancer Registry (OCCR) as our
source for acute leukemia cases (n=360) diagnosed between 1997 and 2012 prior to the age
of 20 years. Controls were selected from birth certificate records and matched to cases on
week of birth (n=1,440). We initially matched controls to cases in a 4:1 ratio, but because
some addresses failed to geocode, 307 cases and 1,013 controls were available for analysis
resulting in a ratio of approximately 3.3:1. Data on covariates, including address, were
obtained from the birth certificate records for all children and data related to the leukemia
diagnosis were obtained from OCCR. To determine urbanization of the child’s residence, we
used the 2000 US Census, which classified census blocks as urban or rural. We obtained IRB
approval from the University of Oklahoma Health Sciences Center and the Oklahoma State
Department of Health.

2.2. Measurement of the Outcome

We included children diagnosed with acute leukemia under 20 years of age between the
years of 1997 and 2012 in Oklahoma. To define acute leukemia, we included children with
International Classification of Diseases of Oncology, Third Edition histology codes for both
acute lymphoid leukemia (ALL) (9820, 9823, 9826, 9827, 9831-9837, 9940, 9948) and
acute myeloid leukemia (AML) (9840, 9861, 9866, 9867, 9870-9874, 9891, 9895-9897,
9910, 9920, 9931) as classified by the International Classification of Childhood Cancers,
Third edition (Steliarova-Foucher et al. 2005). We linked acute leukemia cases to birth
certificates using Registry Plus™ Link Plus software v. 2.0 (CDC, Atlanta, GA). To link the
databases we used name and date of birth since a unique identifier was not available,
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resulting in 72% of leukemia cases linking to birth records. Because we matched controls to
cases on week of birth, all children born in the same week who were at risk of developing
leukemia at the time the index case was diagnosed were eligible to be selected as a control.

2.3. Geocoding

After standardizing all addresses with the United States Postal Service (United States Postal
Service 2014), we used ArcGIS (ESRI®, Redlands, CA) to geocode residence at birth using
2014 TIGER/Line files. Because ArcGIS can only geocode complete street addresses, we
used Melissa Data® to geocode rural routes and any addresses that did not geocode in
ArcGIS (Melissa Data 2014). This allowed us to geocode 25% of children with rural route
addresses. However, we were unable to geocode Highway Contract (HC) Boxes or post
office (PO) Boxes since a physical address was not available from birth certificate records.
We obtained 2000 US census blocks from the US Census TIGER/Line files (United States
Census Bureau 2014).

2.4. Satellite Measurement of NO»

To evaluate NO,, we used the satellite-based LUR model developed by Novotny et al.
(2011). The authors used a linear regression model to predict NO, for the contiguous United
States for 2006, which included data from NO, monitors, land-use characteristics from
geographic information systems (GIS), and data on satellite-based NO, from the Ozone
Monitoring Instrument (OMI).

Monitored ground-level annual-mean NO>, levels were obtained from 369 of the EPA’s 423
monitors in the contiguous United States. Monitors missing >25% of hourly measurements
were excluded per the EPA’s reliability criteria. The final LUR model was determined using
stepwise linear regression (Novotny et al. 2011). Variables included in the final annual mean
model were impervious surface, annual OMI NO», tree canopy, major roads, minor roads,
elevation, and distance to the coast, in addition to the monitoring station parameters
(distance to major road, annual NO», latitude, and longitude). The authors applied the final
model to all census blocks within the contiguous United States using the 2000 US Census.
While the LUR model included all sources of NO,, including industry, airports, and harbors,
the model estimated traffic-related NO» better than industrial sources. In validating the LUR
model, the authors observed high correlation between the data used to build the model
(90%) and the model-testing data (10%) (R2=0.78 for model-building data, R2=0.76 for
model-testing data).

2.5. Road Density

Roads were classified by the 2010 US Census as primary, secondary, and tertiary. Primary
roads generally include limited access highways; secondary roads generally include US,
State, or County Highways systems; and tertiary roads are local roads (Table 1). However,
some limited access highways may have a lower road classification if traffic is generally
lower (i.e., toll roads). Using 2014 TIGER/Line® road files we created buffers of 500 m and
750 m around the birth residence and included all road classifications within the buffers to
define exposure (United States Census Bureau 2015). High exposure was classified as a
residence within 500 m (750 m) of:
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1. Primary roads only
Primary and secondary roads, with or without tertiary roads

Primary and tertiary roads only

A v

Secondary and tertiary roads only

Low exposure was classified as a residence within 500 m (750 m) of:
1. Secondary roads only
2. Tertiary roads only
3. Noroads

In addition, we conducted a sensitivity analysis evaluating the sum of total miles of road
within 500 m of the child’s birth residence, divided into quartiles of exposure (15t Quartile:
0.61-<4.70 miles, 2" Quartile: 4.70-<6.34 miles, 3'd Quartile, 6.34-<7.96 miles, 4
Quartile: 7.96-16.02 miles), allowing us to evaluate dose response.

2.6. Statistical Analysis

We used conditional logistic regression to evaluate the association between both NO, and
road density and childhood acute leukemia, accounting for the matching variable, week of
birth. In our evaluation of the association between traffic-related air pollution and acute
leukemia, we used a directed acyclic graph to identify potentially confounding variables.
The minimally sufficient set of confounding variables included urbanization and maternal
education. However, the relationship between urbanization and socioeconomic status is
unclear. Degree of urban development may be influenced by socioeconomic status, but is
often used as a surrogate of socioeconomic status as it may be related to income (Tselios
2013). Urbanization may also be a surrogate for traffic-related air pollution and may
represent other sources of pollution and geographic factors separate from and in addition to
traffic (Liu and Diamond 2005). Therefore, we considered models including both
urbanization and maternal education and maternal education only. We used backwards
selection to assess confounding in our multivariate model, evaluating NO, and road density
in separate models, and defined confounding as greater than 20% change in the OR after
removal of covariates from the model. We also evaluated effect modification of the
association between traffic-related air pollution and leukemia by urbanization and other
covariates from the birth certificate using tests of interaction in the regression model.

We observed that the logit was not linear for the independent variable of NO, after
categorizing the data into eight categories, defined by approximately equal ppb intervals, and
plotting them against the estimated logit. Thus, we categorized exposure into quartiles based
on the distribution among the controls for analysis. Additionally, we fitted a locally weighted
scatterplot smoothing (LOESS) curve to inform the selection of exposure cutpoints. The
LOESS curve plotted the estimated log-odds of being a case against all values of NO»
exposure. The pattern was relatively constant above the 101" percentile (5.20 ppb) and below
the 95t percentile (14.33 ppb). Thus, in addition to exposure quartiles, we also examined
three categories of exposure representing low, moderate, and high exposure with cutpoints at
5.20 ppb and 14.33 ppb.
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Because older children may be less likely to live in their birth residence compared to
younger children, we stratified our analysis by age at diagnosis/index age among matched
controls to evaluate the potential effect of residential mobility (0-4, 5-9, 10-14, 15-19
years). Additionally, we compared cases in regard to exposure to NO, and road density who
did and did not change residence between birth and leukemia diagnosis. To assess potential
temporal misclassification of traffic-related air pollution, we conducted a stratified analysis
by year of birth (1979-1989, 1990-1994, 1995-1999, 2000-2004, and 2005-2010). We also
conducted a sensitivity analysis restricted to non-Hispanic (NH) white children to evaluate
differences by race/ethnicity and limited to children under 15 years of age at leukemia
diagnosis, a common cutpoint for childhood leukemia, excluding adolescents. Additionally,
in order to evaluate whether exposure to traffic-related air pollution differed by leukemia
type, we examined associations with the specific sub-groups of leukemia, ALL and AML, in
an exploratory analysis.

In our data, 316 children (n=53 [14.7%)] cases and n=263 [18.3%] controls) did not geocode
due to incomplete address data, PO Boxes, HC boxes, and some rural route addresses.
However, we conducted a sensitivity analysis that assigned the census block with the highest
population within the child’s ZIP code. We then assigned NO, levels based on the
designated census block of these children (n=314), which allowed us to evaluate the
association between NO» and acute leukemia among all but two children originally
identified for the study (n=1,798). Because we did not have a physical address, we were
unable to evaluate road density in this sensitivity analysis. In addition, among those who
were born in Oklahoma but did not link to a birth record, we compared the cancer covariates
of type of cancer, year of birth, year of diagnosis, and age at diagnosis to those who linked to
birth records using a Chi-Square Test.

To assess model fit, we calculated Pearson and Deviance residual measures to identify
observations that were not fit well by the model and observed no poorly fit observations
(residual values <5). Unless otherwise specified, all statistical analyses used an alpha of 0.05
to define significance and were conducted using SAS v. 9.3 (Cary, NC).

3. Results

In Oklahoma, the average annual NO> level in 2006 was 6.65 ppb (range: 22.27 ppb), which
was highest in Oklahoma (mean: 11.74 ppb) and Tulsa (mean: 10.65 ppb) counties, with the
largest cities being Oklahoma City and Tulsa in these counties, respectively (Figure 1).
Levels in the highest quartile also occurred in other larger cities in Oklahoma. In general,
NO>, levels were lowest in the eastern half of the state and in the second quartile in the
western half.

Of the 1,800 children originally included in our study (n=360 cases, n=1,440 controls), 82%
had a complete address (n=1,481), 8% had rural route addresses (n=137), <1% had HC
Boxes (n=17), and 9% had PO Boxes (n=165). Nearly all children with a complete physical
street address were geocoded (98%, n=1,450), whereas 25% of rural route addresses were
geocoded (n=34). We were able to geocode 1,484 birth addresses to a latitude and longitude,
which included 307 cases and 1,177 controls. However, because some of these geocoded
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controls were matched to a case who did not geocode, we excluded an additional 165
controls ensuring there was at least one and up to four geocoded controls for each geocoded
case. This resulted in 1,013 controls, with a total sample size of 1,320. A higher percentage
of controls did not geocode (18%) compared to cases (15%) (p<0.0001). Among both cases
and controls, those who did not geocode were more likely to be NH-white (cases: p=0.03,
controls: p<0.0001) and live in a rural census block at birth based on ZIP code (p<0.0001 for
cases and controls) compared to those who geocoded. Additionally, maternal age at the
child’s birth was lower among cases who did not geocode compared to geocoded cases
(p=0.02), but no difference was observed among controls.

Cases were more likely to be male and Hispanic ethnicity and less likely to be NH-African
American (Table 2). ALL was the most common type of acute leukemia among cases
(74.3%) and nearly half of all cases were diagnosed with leukemia between birth and age 4
(48.5%). A high percentage of NH-African American (95.6%) and Hispanic (94.8%) cases
resided in an urban compared to a rural census block at delivery, which was less pronounced
in NH-white (78.8%) and NH-American Indian (69.3%) children. All children in the NH-
Other category resided in an urban census block at delivery. Approximately 81% of children
with ALL and AML resided in an urban census block.

When evaluating NO, at the census block level, we observed no association with any acute
leukemia or ALL with odds ratios (OR) near 1.0 and little difference after adjustment for
maternal education (Table 3). While the ORs for children with AML were elevated and
stronger in the fourth quartile after adjustment for maternal education, the 95% confidence
interval (ClI) included the null value. We observed a marginal interaction between NO, and
urbanization for children with AML (p=0.09), but no interaction in our analysis with any
leukemia (p=0.99) or ALL (p=0.93). Because there were no rural children with NO5 levels
above the median in our analysis of AML, we conducted a sub-analysis restricted to urban
children (Table 4). We observed increased odds of exposure to higher levels of NO, among
urban children with AML compared to matched controls, with a significant, but imprecise,
estimate for the fourth quartile of exposure (OR: 5.25, 95% CI: 1.09, 25.26) after adjustment
for maternal education.

Regarding road density, we observed no association between road density and acute
leukemia when exposure was assessed within 500 m or 750 m from the residence at birth
(Table 5). We detected an interaction between road density and gender at 500 m from the
birth residence (p=0.01), resulting in a higher unadjusted odds of exposure for male cases
compared to controls, but a lower unadjusted odds of exposure among females. For
comparison, we also included results stratified by gender for road density within 750 m of
the birth residence, although the interaction achieved only marginal statistical significance
(p=0.08). The OR for both males and females was stronger when road density was assessed
at a narrower distance of 500 m from the residence, with a larger OR for males and a more
protective OR for females at 500 m. In contrast to the results with NO,, we observed no
interaction between road density and urbanization (750 m: p=0.76, 500 m: p=0.81). When
stratified by subtype of leukemia, we observed a higher, but non-significant unadjusted OR
for males (OR: 1.53, 95% CI: 0.96, 2.44) than females (OR: 0.57, 95% CI: 0.27, 1.02) for
ALL, but no differences for AML (Table 6). In our sensitivity analysis evaluating the sum of
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total miles of road within 500 m of the child’s birth residence, we observed results similar to
those in our primary analysis of road density (data not shown).

After stratifying by age at diagnosis for cases/index age for matched controls, we observed
little difference in road density (500 m OR: 0.92, 95% ClI: 0.62, 1.36; 750 m OR: 0.87, 95%
Cl: 0.60, 1.26) (Supplemental Table 1), but an elevated OR among cases exposed to the
fourth quartile of NO, compared to controls (OR: 1.19, 95% CI: 0.72, 1.97) (Supplemental
Table 2) in children under five years of age at diagnosis/index age. In addition, we observed
a stronger association between road density and acute leukemia among children aged 15-19
years at diagnosis/index age (750 m OR: 1.69, 95% CI: 0.84, 3.40; 500 m OR: 1.78, 95%
Cl: 0.87, 3.63). However, there was a significant protective, though imprecise, association
between NO,, and acute leukemia for children aged 10-14 years (3" quartile unadjusted OR:
0.12, 95% CI: 0.03, 0.59), but no association observed in the fourth quartile. In the third
quartile there were fewer than five cases, with 37 total cases aged 10-14 years.
Approximately two-thirds (n=199, 67.2%) of geocoded cases changed residence, which
increased with age at diagnosis (0-4 years: 58.3%, 5-9 years: 64.9%, 10-14 years: 85.7%,
15-19 years: 86.1%). At diagnosis, a higher percentage of case residences were in a rural
census block compared to birth residence (22.6% v. 12.6%, McNemar’s Test p=0.003). In
general, there was a higher proportion of cases in the low exposure category of road density
and the first quartile of NO, exposure at diagnosis compared to birth (data not shown).

In a sensitivity analysis evaluating the impact of potential temporal exposure
misclassification, we observed a positive association between NO, and leukemia among
those born from 2005-2010 (4t quartile unadjusted OR: 2.94, 95% ClI: 1.22, 7.09).
However, results varied with no clear trend in our analysis of road density by year of birth
(Supplemental Tables 3 and 4). Furthermore, the results of our sensitivity analysis to
evaluate the impact of excluding children who did not geocode, which included all but two
children (n=360 cases, n=1,438 controls) was similar to our analysis including only those
who geocoded (n=1,320) (data not shown).

Because we were unable to link all leukemia cases to birth certificates, we evaluated the
potential under-ascertainment of leukemia cases. Approximately 70% of children who did
not link were either born outside of Oklahoma or had an unknown state of residence at birth
based on social security number. Among the 43 children (8% of children eligible for
linkage) who were born in Oklahoma but did not link to a birth certificate, we observed no
differences regarding cancer-related characteristics, including type of leukemia, year of
birth, year of diagnosis, and age at diagnosis compared to those who did link (data not
shown).

Additionally, we evaluated the association between traffic-related air pollution and acute
leukemia restricted to NH-white children and restricted to children under 15 years of age at
diagnosis/index age. Among NH-white children, estimates for NO, were similar to those
observed in our primary analysis including all racial/ethnic groups, although less precise
(data not shown). The OR for NH-white urban children with AML remained elevated, but
reduced (41" quartile OR adjusted for maternal education: 2.10, 95% Cl: 0.18, 25.03). For
analyses by road density, the ORs among NH-white children were slightly elevated, but with
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wider confidence intervals compared to the results observed when including all children
(750 m OR: 1.19, 95% ClI: 0.85, 1.67; 500 m OR: 1.21, 95% CI: 0.85, 1.72). When
restricting our analysis to children under 15 years of age, results were essentially unchanged
for NO, and road density overall (data not shown). However, when the analysis of urban
children with AML was restricted to children under 15 years, the magnitude of the ORs for
NO, increased but the width of the confidence intervals were also substantially larger than
observed in our primary analysis (e.g., 41 quartile OR adjusted for maternal education: 9.46,
95% CI: 1.11, 80.67).

4. Discussion

In our analysis of road density and NO,, we observed higher odds of exposure to the fourth
quartile of NO, among urban children with AML compared to matched controls after
adjustment for maternal education, indicating a possible dose-response relationship.
However, this result should be interpreted with caution due to small sample size. Three
previous studies have evaluated NO, stratified by leukemia subtype, with none observing
significant differences in exposure among children with AML (Amigou et al. 2011; Ghosh et
al. 2013; Houot et al. 2015).

Consistent with the overall results of our study for any leukemia and ALL, several studies
observed no association between NO, and leukemia (Badaloni et al. 2013; Feychting et al.
1998; Houot et al. 2015; Raaschou-Nielsen et al. 2001). In Denmark, no association with
leukemia was observed when NO, was measured at the mother’s residence during
pregnancy or at the childhood residence, with NO5 levels ranging from 1.5 to 28.1 ppb
(Raaschou-Nielsen et al. 2001). Badaloni et al. (2013) also reported no association with NO,
ranging from 3.6 to 42.5 ppb at the birth residence in Italy. Furthermore, Houot et al. (2015)
observed no association with NO, exposure above the median of 28 ppb in France. While
Feychting et al. (1998) observed an association with all childhood cancer cases for NO»
levels greater than 42.56 ppb for the address at diagnosis/recruitment, they did not detect an
association with leukemia. NO, levels estimated by Novotny et al. (2011) were less than 24
ppb at the highest levels, which were considerably lower than the current National Ambient
Air Quality Standards limit for annual exposure. Although we used NO, as a surrogate for
general traffic exposure, this may indicate lower traffic in Oklahoma compared to other parts
of the US. Our observations, however, did not support the results of several studies that
observed a positive association between NO, and any acute leukemia (Amigou et al. 2011,
Ghosh et al. 2013; Weng et al. 2008). These studies measured exposure at various time
points, including during pregnancy and childhood, with no consistent trend in results.

The association between high density roads and acute leukemia was stronger among males,
particularly when restricting to cases with ALL and using a buffer of 500 m around the
child’s birth residence, which may indicate a more refined measure of exposure to motor
vehicle exhaust. However, no other studies evaluated the association between traffic density
and leukemia by gender and this requires further investigation. While a higher incidence of
ALL has been reported among US males compared to females, few gender differences have
been reported for AML (Smith et al. 1999; United States Department of Health and Human
Services et al. 2016).
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Among studies evaluating the association between exposure to main roads or gas stations
and leukemia among children under 15 years of age, results are mixed. While Steffen et al.
(2004) observed a positive association between exposure to repair garages or gas stations
collected through interview within 50 m of the childhood residence and leukemia (OR: 4.0,
95% CI: 1.5, 10.3), there was no association between exposure to high density roads.
Harrison et al. (1999), Badaloni et al. (2013), Houot et al. (2015), and Abdul Rahman et al.
(2008), using exposure information collected through objective measures, also observed no
association when evaluating exposure to major roads or gas stations. However, Amigou et al.
(2011) measured proximity to roads within 500 m of the residence at diagnosis/recruitment
for controls using a GIS and incorporating different road classifications, similar to that in our
study, and observed marginally elevated ORs (Low exposure: OR 1.1, 95% CI 0.9, 1.4;
Intermediate exposure: OR 1.2, 95% CI 0.8, 1.8; High exposure OR: 2.0, 95% CI 1.0, 3.6).
Furthermore, Spycher et al. (2015) observed an elevated, but non-significant hazard ratio for
leukemia (Hazard Ratio: 1.45, 95% CI: 0.72, 2.94) among those residing <100 m from a
highway compared to =500 m using existing records, which was stronger among children
under five years of age (Hazard Ratio: 2.62, 95% CI: 0.96, 7.16) with stable residence
adjusted for multiple factors, including urbanization.

We were unable to fully evaluate effect modification by urbanization in our analysis of NO,
and AML due to limited variability in exposure among rural children. We observed a
significantly elevated association between NO, and AML among urban children; however,
the estimate was imprecise due to a small number of children with AML (n=64). Although
we did not observe differences in the analysis of road density by urbanization status, our
measure of exposure was dichotomized and may not reflect the true variability within road
classifications. However, we also observed no interaction by urbanization status in our
sensitivity analysis analyzing the sum of total miles of road within 500 m of the child’s birth
residence (p=0.58). No other studies evaluated potential effect modification by urbanization
and our results suggest further investigation is warranted.

In two separate meta-analyses, Boothe et al. (2014) and Filippini et al. (2015) suggested
postnatal residence may be the etiologically relevant time for exposure measurement based
on studies of traffic-related air pollution and childhood leukemia. However, these meta-
analyses did not directly address exposure misclassification due to residential mobility
during pregnancy or childhood. Two air pollution studies evaluating maternal residential
mobility during pregnancy observed that approximately 13%-30% of mothers changed
residence during pregnancy, with minimal exposure misclassification (Chen et al. 2010;
Lupo et al. 2010). In evaluating mobility between birth and cancer diagnosis, Urayama et al.
(2009) observed that approximately one-third of children moved during the first year of life
and nearly two-thirds moved between birth and cancer diagnosis. Furthermore, Reynolds et
al. (2001) observed that 55% of children with cancer in their study changed residence within
the first five years of life. Our study evaluated residence at birth and the extent to which this
would reflect exposures during childhood depends on the family’s residential mobility after
birth. Furthermore, measuring exposure at birth may not represent exposure during
pregnancy in our study if the mother changed residence prior to delivery. While we did not
measure residential mobility directly, we observed lower exposure to traffic-related air
pollution at the residence at diagnosis compared to the residence at birth for cases. This
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suggests that the perinatal exposures assessed in this study may not be good proxies for
postnatal traffic exposure. Additionally, we stratified our results by age at leukemia
diagnosis/index age for controls. Residential mobility may be reduced among the youngest
group of children resulting in less exposure misclassification, but we observed no
association among children under five years of age. Among children aged 10-14 years, we
observed a significant protective association in the third quartile of NO, exposure (8.83-
11.18 ppb). However, it is possible that the small sample size for this analysis produced
results by chance.

In combination with land-use variables, monitored NO,, and satellite data from OMI, this
LUR model provided comprehensive estimates of NO, with improved coverage compared to
a model using only ground estimates of NO, (Novotny et al. 2011). While misclassification
remains a concern, a validation study conducted by Raaschou-Nielsen et al. (2001) indicated
exposure misclassification was minor and occurred between adjacent categories when
modeled NO, levels from the Operational Street Pollution Model in Denmark were
compared to personal exposure measurements. However, individuals in our study may have
more or less exposure than that of the census block in which they reside due to differing
activity patterns; thus, misclassification could result in either an over- or underestimate of
the association if one truly exists. Future studies that adjust for exposure misclassification, a
major limitation of air pollution studies, using estimates from validation studies are critical
to advancing our understanding of the effects of exposure to air pollution on rare diseases
with long latency periods.

Regarding road density, road classifications were obtained from the US Census and are the
same regardless of geographic location; thus, classifications in a high-traffic state such as
California are the same as in Oklahoma where traffic density differs. This limited our ability
to compare observations with geographic locations where traffic density was different from
that in Oklahoma. However, it is important to determine if traffic-related air pollution is a
risk factor for childhood leukemia in locations with differing traffic patterns. Although the
road density data only indicate proximity to roads and potential exposure to engine exhausts,
these data provide individual exposure levels at the place of residence at birth.

Another limitation of this study was the risk for temporal misclassification of exposure.
Although the LUR model accounted for variability by season, weekday/weekend, and time
of day, it only estimated average NO- for the year 2006, preventing the ability to incorporate
variability during the child’s window of exposure. Furthermore, road density data were only
obtained for 2014 (based on 2010 US Census). Our birth data ranged from 1979 through
2010 and traffic-related air pollution has changed over time, with increases in traffic and
decreases in NO, concentration (Oklahoma Department of Transportation 2011; United
States Environmental Protection Agency 2013). For children born in the earlier years of the
study period, exposure to NO, was likely underestimated using the 2006 LUR model data,
but also may have greater misclassification than those born closer to 2006. In a sensitivity
analysis, we observed a statistically significant positive association between NO, and acute
leukemia in the most recent years of the study (2005-2010), which suggests our
observations among children born during the entire study period (1979-2010) may be due to
exposure misclassification, biasing results towards the null.
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We were also concerned with the potential for selection bias in our study due to the lack of
complete geocoding and potential under-ascertainment of cases arising from the inability to
link all cases with birth certificates. Although controls were less likely to geocode than
cases, results from our sensitivity analysis assigning the census block with the highest
population within the child’s ZIP code for 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 an unlikely explanation for our results. Furthermore, most cases who did not
link to Oklahoma birth certificates were born outside of the state and, thus, were not eligible
members of the target population. Reasons for non-linkage among those born in Oklahoma
may be due to name changes, but without a unique identifier available in both birth
certificate data and OCCR we were unable to determine residence at birth for these children.
Among the cases born in Oklahoma without birth certificate linkage, we observed no
differences regarding cancer-related characteristics, including type of leukemia, year of
birth, year of diagnosis, and age at diagnosis when compared to cases who did link. Future
studies could have increased power if all available cases of acute leukemia had available
birth data and complete address information, which may be improved as vital statistics
registries gain additional resources.

5. Conclusions

Traffic exhaust is composed of multiple pollutants, including nitrogen oxides, carbon
monoxide, and benzene, in addition to particulate matter (Benbrahim-Tallaa et al. 2012). In
studies of air pollution and childhood leukemia, multiple hazardous air pollutants have been
evaluated, with benzene as the primary pollutant of interest. The primary studies examining
benzene and adult AML have been occupational studies, thus, assessing higher doses of
benzene exposure than that of the general population (Khalade et al. 2010; Rushton and
Romaniuk 1997). Associations between ambient benzene and childhood leukemia have also
been observed, but results are conflicting (Crosignani et al. 2004; Raaschou-Nielsen et al.
2001; Vinceti et al. 2012; Whitworth et al. 2008). NO», is a widely used marker for traffic-
related air pollution (Briggs et al. 2000), and has the additional benefit of spatial
heterogeneity. Other markers such as intra-urban ambient particulate matter >2.5 microns
(PM5, 5) are fairly homogenous (Wilson et al. 2005), and less useful for capturing variation in
traffic exposures across a population. The research paradigm for understanding the health
effects of air pollution is moving from a one pollutant model to a multiple pollutant model
(Greenbaum and Shaikh 2010) and we consider this to be future work. As a next step, we are
evaluating exposure to benzene in relation to childhood leukemia in Oklahoma.

In summary, we observed an association between NO, and AML among urban children after
adjustment for maternal education, while associations with any acute leukemia and ALL
were near the null. We also observed stronger ORs for males with high exposure to road
density for children with any leukemia and ALL. Modeling traffic-related air pollution
exposure and NO, is complex, making it difficult to measure individual exposure without
the use of personal monitors or detailed activity patterns over time. Future studies would
benefit from incorporating more precise measures of traffic, including traffic counts in
addition to density of the roads. Additionally, these results suggest further evaluation of this
novel method of estimating NO, using satellite data in other geographical areas and further
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exploration of the potential association with AML while incorporating adjustments for
misclassification based on validation studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Association between traffic-related air pollution and childhood leukemia.
Novel measurement of nitrogen dioxide using satellite-based model.

First to observe association between nitrogen dioxide and acute myeloid
leukemia.
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Figure 1.
Distribution of NO, in Oklahoma using 2006 estimates from the satellite-based land-use

regression model developed by Novotny et al. (2011).
Source: Major interstate highways were obtained from the National Transportation Atlas
Databases for the United States published by the Federal Highway Administration.
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Road classifications included in our study using 2014 TIGER/Line® files (2010 US Census).

Table 1

Road
Classification

Description

Study
Classification

$1100

$1200

$1400
S1500
$1630
$1640

S1710
S1730
S1740
$1750
S1780

Generally divided, limited-access highways
(interstate highways, including toll highways)

Generally US, State, or County Highway system,
may have multiple lanes, may or may not be
divided, generally include intersections with other
roads/highways (Main arteries)

Local neighborhood road, rural road, or city street
Vehicular Trail 4WD
Ramp

Service drive usually along a limited access
highway

Walkway or pedestrian trail
Alley

Private road for service vehicles
Internal US Census Bureau use

Parking lot road

Primary

Secondary

Tertiary
Tertiary
Tertiary
Tertiary

Tertiary
Tertiary
Tertiary
Tertiary
Tertiary
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Table 4

OR and 95% ClI for the association between NO, and childhood acute myeloid leukemia among urban

children.

Cases Controls Adjusted for

Quartiles of NO, Unadjusted Maternal Education
OR (95% ClI) OR (95% ClI)

1.00-7.04 ppb <5d 26 Referent Referent
7.05-8.82 ppb 19 58 4.54 (0.96, 21.46) 4.73 (0.97, 23.04)
8.83-11.18 ppb 23 66 4.54 (0.97, 21.35) 4.82(1.00, 23.31)
11.19-19.89 ppb 20 68 4.09 (0.88, 19.03) 5.25 (1.09, 25.26)

a . . . T
Categories with <5 observations suppressed due to confidentiality reasons.

OR=0dds ratio, Cl=confidence interval
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