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Abstract

Leukemia is the most frequent malignant disease affecting children. To date, the etiology of
childhood leukemia remains largely unknown. Few risk factors (genetic susceptibility, infections,
ionizing radiation, etc.) have been clearly identified, but they appear to explain only a small
proportion of cases. Considerably more uncertain is the role of other environmental risk factors,
such as indoor and outdoor air pollution. We sought to summarize and quantify the association
between traffic-related air pollution and risk of childhood leukemia, and further examined results
according to method of exposure assessment, study quality, leukemia subtype, time period and
continent where studies took place. After a literature search yielded 6 ecologic and 20 case-control
studies, we scored the studies based upon the Newcastle-Ottawa Scale. The studies assessed
residential exposure to pollutants from motorized traffic by computing traffic density in the
neighboring roads or vicinity to petrol stations, or by using measured or modeled nitrogen dioxide
and benzene outdoor air levels. Because heterogeneity across studies was observed, random-
effects summary odds ratios (OR) and 95% confidence intervals (CI) were reported. Whenever
possible we additionally conducted stratified analyses comparing acute lymphoblastic leukemia
(ALL) and acute myeloid leukemia (AML). Limiting the analysis to high-quality studies
(Newcastle-Ottawa Scale = 7), those using traffic density as the exposure assessment metric
showed an increase in childhood leukemia risk in the highest exposure category (OR=1.07, 95%
Cl1 0.93 - 1.24). However, we observed evidence of publication bias. Results for NO, exposure
and benzene showed an OR of 1.21 (95% CI 0.97 — 1.52) and 1.64 (95% CI 0.91 — 2.95)
respectively. When stratifying by leukemia type, the results based upon NO, were 1.21 (95% CI
1.04 —1.41) for ALL and 1.06 (95% CI 0.51 — 2.21) for AML,; based upon benzene were 1.09
(95% CI1 0.67 — 1.77) for ALL and 2.28 (95% CI 1.09 — 4.75) for AML. Estimates were generally
higher for exposures in the postnatal period compared to the prenatal period, and for European
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studies compared to North American studies. Overall, our results support a link between ambient
exposure to traffic pollution and childhood leukemia risk, particularly due to benzene.
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oxides

INTRODUCTION

Childhood leukemia is overall a rare occurrence, but it remains the most frequent
malignancy affecting children under 15 years of age. The majority of these cases are acute
lymphoblastic leukemia (ALL) that accounts for about 80% of leukemia cases, followed by
acute myeloid leukemia (AML) that comprises about 15%. Chronic forms of leukemia are
very rare in children [1].

To date, the etiology of childhood leukemia remains largely unknown. Few risk factors
(genetic disorders, early infections, ionizing radiation, etc.) have been established, and these
ones appear to explain only a small proportion of childhood leukemia. Additional potential
environmental risk factors include pesticides, electromagnetic fields and air pollution,
though some of them have been weakly and inconsistently associated with either major form
of acute childhood leukemia [2, 3]. In particular, contaminants released by motorized traffic
have been suggested to play a role in disease etiology by a few epidemiologic studies and
particularly in most recent investigations, but this association is not clear and well defined.
Two recent reviews were devoted to this issue, but both were restricted to studies using only
traffic density as indicator of traffic exposure, the former including studies published up to
July 2011 and founding a direct association between disease risk and exposure [4], the
second updated until December 2013 [5]. This latter study found an overall weak excess risk
of childhood leukemia in association with higher traffic density (summary OR 1.03, 95% ClI
0.98 — 1.09), and the authors concluded that results did not support an association between
traffic contaminants and the disease, due to the lack of so called statistically significant
results. Furthermore, neither review conducted specific analyses for single pollutants,
aiming at identifying specific associations with the contaminants more suspect to be
involved in childhood leukemia etiology, namely benzene. Given that a number of the most
recent studies utilized more sophisticated exposure assessment, an updated review and meta-
analysis is warranted.

Traffic-related air pollution is a ubiquitous exposure. Consequently, the low levels of
contaminants encountered in ambient air, although consistently associated with adverse
health outcomes, frequently yield relatively weak effect estimates in epidemiologic studies
[6-8]. When combined with crude exposure metrics, small sample sizes, and a reliance on
traditional “statistical significance testing”, there is a likelihood of finding null associations.
Thus we sought to capitalize upon the greater statistical power available in meta-analyses.
Our aim was to critically summarize the existing epidemiologic evidence on the risk of
childhood leukemia following long-term exposure to motorized traffic exhausts, attempting
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to update previous reviews on this issue and to use different proxies to estimate exposure to
outdoor air contaminants from traffic.

METHODS

Identification of studies

We performed a systematic search in the PubMed-Medline database using the MeSH terms
childhood leukemia, acute lymphoblastic leukemia, risk, air pollution, outdoor air pollution,
traffic, traffic pollution, air pollutants, outdoor air pollutants, benzene, nitrogen dioxide,
particulate matter up through 20 July, 2014. We included in the review all studies that
assessed exposures to pollutants released by motorized traffic independently of the exposure
window-prenatal or postnatal. Given that several of the studies, and the earlier review,
identified the postnatal period as potentially more relevant in disease etiology, we
hypothesized that postnatal exposures were of most interest. Thus, when more than one
assessment time window was available in the same study, we selected the first of the
following ones available: residence at diagnosis, the longest continual place of residence,
maternal residence at child’s birth, maternal residence during pregnancy. The additional
extracted data were study design, participants’ number and characteristics, subtypes of
leukemia, statistical analyses and effect estimates. We listed and summarized the studies
retrieved in Tables 1 and 2 for ecological and case-control studies respectively. Overall, we
ascertained six ecological studies and twenty case-control studies which were suitable for
inclusion in our review. We additionally conducted sensitivity analyses comparing results
for studies which used these different residence addresses.

Quality Assessment of the Studies

To assess the overall quality and risk of bias of the case-control studies, we used the
Newcastle-Ottawa Scale (NOS), originally developed to evaluate quality of non-randomized
studies in order to support and strengthen the interpretation of meta-analytic results [9].
NOS assesses bias by assigning up to nine stars based upon a study’s data sources,
population representativeness, control selection, control definition, case-control matching
and variable adjustment (up to two stars), if exposure assessment is uniform, if response
rates are similar between cases and controls, and if data collection methods allow blindness
to case-control status. In sensitivity analyses, we restricted our meta-analysis to studies of
low risk of bias with NOS =7, and we also repeated the entire analysis by removing the most
influential study on the basis of its weight.

Meta-Analysis

We performed a meta-analysis of the results of the included studies. All but three of the
included studies quantified the association between air pollutants and childhood leukemia by
computing odds ratios (OR) of the disease in the highest exposure categories, and in our
meta-analysis we estimated the summary ORs for all the meta-analyzed studies along with
their 95% confidence intervals (CI). While meta-analyses have the advantage of
improvements of statistical power and precision of the point estimates, which can yield
better opportunities to identify real effects and settle scientific controversies, meta-analyses
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may also yield misleading results particularly when design, comparability and biases across
the various studies are not carefully considered. Thus we sought to identify variation across
studies (heterogeneity)[10] and since we found a moderate to high amount of heterogeneity
across studies (12 test greater than 50%), we chose to report results from the random effects
model [11, 12]. We also performed subgroup analyses to identify the sources of this
heterogeneity.

Since one of the sources of heterogeneity of studies is publication bias, where research with
“statistically significant results” is more likely to be submitted and published than studies
with null or non-significant results, combining only published works may lead to an
overestimation of results. We therefore computed a funnel plot of the natural logarithm of
ORs vs. the standard errors (SE) of ORs. In the absence of publication bias, it is presumed
that the largest studies will be plotted near the mean, and smaller studies will be spread
evenly on both sides of the mean, creating a roughly funnel-shaped distribution [13]. We
used Stata 13.1 (Stata Corp. College Station, TX, 2013) to carry out all data analyses.

Exposure assessment methods

To assess exposure to traffic exhaust contaminants we chose four proxies. The first was
traffic density, which is one of the oldest and most common indicators used in
epidemiologic studies due to its relative ease and low cost to calculate [14]. Traffic density
was expressed in most studies as the estimated number of vehicles per day in the closest
roads to participants’ residences, or less frequently as distance from major roads, or a
combination of this and vehicles per day. Another common indicator used was the density
and proximity of repair garages and petrol stations to subjects’ residence, thus we calculated
a summary OR of these studies. Other studies utilized measured or modeled levels of traffic-
related air toxics such as benzene, 1,3-butadiene, nitric oxide (NO), nitrogen dioxide (NO,),
nitrogen dioxides (NOy), ozone (O3), particulate matter (PM), or carbon monoxide (CO);
however, since NO, and benzene were the pollutants most frequently reported, we limited
our analysis to these agents. In data analysis we considered the highest versus the lowest
category independently of the exposure cut-points used, and when more than one regression
model was reported we used only the fully adjusted one.

We carried out two additional meta-analyses of the disease risk associated with traffic
density, by stratifying according to study region (Europe and North America) or to the
exposure window assessment (at birth and at diagnosis).

RESULTS

Ecological Studies

The characteristics of ecologic studies on the relation between air pollution from motorized
traffic and childhood leukemia incidence are summarized in Table 1. The two earliest
studies were conducted in Europe, and they analyzed the association between the number of
cars per household or km? (“car density”) with childhood leukemia risk, but had contrasting
results [15, 16]. Alexander et al. selected cases from the Registry of Hematopoietic
Malignancies of England and Wales with diagnosis from 1984 to 1989 and found no
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increased risk between car ownership and the total childhood ALL cases within an electoral
ward area, and an inverse correlation for ALL at ages 1-7 years. Nordlinder et al. used
information from National Swedish Cancer Registry from the years 1975 to 1985 and found
a linear positive correlation between the number of cars (“car density” in cars/lkm2) and
gasoline deliveries (“gasoline density” in m3/km?2). Furthermore, they examined the
incidence rate according to type of leukemia and car density: their results suggested an
association between AML and car density because in municipalities with more than 20
cars/km? the incidence of AML was 5.5 (95% CI 4.4 — 6.8), as compared with 3.4 (95% ClI
1.9 - 5.7) cases per 1 million person-years in municipalities with less than 5 cars/km?. They
did not find any association with other leukemia types.

A third study [17] was conducted in California using cases from the California Cancer
Registry with diagnosis from 1988 to 1994 and it compared air monitoring data and
vehicles, road and traffic density. That study computed rate ratios for estimated traffic level
as measured by spatial information on the density of neighborhood vehicles, surrounding
roads and overall traffic. Results showed a correlation between traffic density indicator and
measured levels of benzene, 1,3-butadiene, carbon monoxide and nitrogen dioxides, and a
weaker association with particulate matter. Rate ratios associated with indicators of traffic
density were 1.15 (95% CI 0.97 —1.37) for all leukemias, 1.14 (95% CI 0.94 — 1.39) for
ALL and 1.01 (95% CI 0.69 — 1.58) for AML. A limited positive relation was also found for
the two other indicators, vehicles and road density. A subsequent study by the same group
assessed exposure to 25 hazardous air pollutants (HAPSs) for all California census tracts
using dispersion model performed by U.S. EPA [18]. In this study rate ratios were directly
associated with exposure to HAPs, being for all leukemias 1.21 (95% CI 1.03 — 1.42) and
1.32 (95% CI 1.11 — 1.57) for combined of 25 HAPs and point-source HAP exposure,
respectively.

A fifth study [19], conducted in Texas, showed an excess incidence of childhood leukemia
in census tracts characterized by the highest benzene and 1,3-butadiene outdoor air levels, as
estimated through a computer simulation model based on emissions data from ambient air
monitors and other factors including meteorology. The results for the census tracts with the
highest benzene levels showed an elevated rate ratio (RR) of 1.37 (95% CI 1.05 — 1.78) for
all leukemias, with a RR of 2.02 (95% CI 1.03 — 3.96) for AML and 1.24 (95% CI 0.92 —
1.66) for ALL; with the highest 1,3-butadiene levels the observed RRs were 1.40 (95% ClI
1.07 - 1.81), 1.68 (95% CI 0.84 — 3.35), and 1.32 (95% CI 0.98 — 1.77) for all leukemias,
AML and ALL respectively. Finally, Senkayi et al. examined the association between
childhood leukemia cases and airport benzene emissions in Texas and found that census
block areas with the high standardized incidence ratios for leukemia were closer to airports
than block areas with low ratios. They also developed a regression model to estimate the
incidence of childhood leukemia based on county-wide benzene emissions, including those
from aircraft exhaust, aircraft auxiliary power units as well as automobile exhaust and
highlighted that emissions were a good predictor of leukemia incidence in Texas [20].
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Case-control studies

The included studies are shown in Table 2 and encompassed over 11,000 cases and 98,000
controls allocated worldwide with time of diagnosis ranging from 1960 to 2009. Fifteen
studies included children aged 0-14/15 [21-33], or 0-10 [34, 35], and four of them also
included stratified analyses splitting into subgroups [21, 22, 33, 35]; five studies focused the
analyses on children aged younger than six [36-40], and one of which conducted stratified
analysis by age <1 versus age 1-4 [39]. A summary of the NOS scores we assigned to these
studies is shown in Table 3. The median NOS value was 8, demonstrating that most studies
were of good quality: the majority took data from national or regional cancer registries [21,
22, 24-26, 30, 32-40], while five studies used ICD codes to identify cases either from
hospital registries [23, 27, 28] or from death certificates [29, 31]. Most studies used the same
exposure assessment method for cases and controls, had a population-based design,
attempted to control for potential confounders and/or included sex, age or date of birth in
matching variables [21, 22, 24-26, 28-33, 35-40]. Exceptions were Harrison et al. in which
controls were children with solid tumors [23] and Steffen et al. in which controls were
hospital-based [27]; Harrison also did not match cases and controls and used only
contingency tables to calculate ORs instead of a regression model.

Nine studies utilized only one method of exposure assessment [21, 22, 24, 28-31, 34, 36],
while eleven studies used two or more [23, 25-27, 32, 33, 35, 37-40]. Seven studies used a
buffer ranging from 500 to ~1640 feet (~150 to 500 meters) from home addresses [24, 28,
32, 34, 36, 37, 39], while another six considered only the crude distance to major roads [21,
23, 25-27, 35].

Most of the studies used residence at diagnosis [21, 23-27, 30, 32, 33] while six studies
collected data from birth certificates and therefore used residence at birth [35-40]. Langholz
et al. utilized the residence of longest duration [34], Weng et al. used the place of “usual
residence” indicated on the death certificate [29, 31], and Feychting et al. used the residence
lived for at least one year within 300 meters from power lines [22]. Only Von Behren et al.
performed analyses using three locations: at birth, at diagnosis and the lifetime average that
was calculated by summing the time-weighted (in months) traffic density at each address
and dividing by the child’s age in months [28].

Additionally six studies investigated the relation between exposure to motorized traffic and
leukemia risk according to the urban or rural status of residential address [22, 27, 29-32]. In
these dichotomized analyses, two studies found a slightly stronger risk for children living in
urban areas [22, 32]. Two studies performed an analysis restricted to children who never
moved their residence: Savitz et al. found stronger association for children who never
moved compared with those who varied their residence, while in the Badaloni et al. study
results remained unchanged, except for NO, exposure for which a slight dose-response
effect emerged in this subgroup [21, 35].

Meta-analysis

Thirteen studies used traffic density to assess air pollution exposure and leukemia risk. [21,
23-28, 32, 34-37, 39]. However, one work [36] was the pilot study, so we considered only
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the last one of the same author [37]; one study [24] was a re-analysis of previously
published data [21], and we included only the earlier work because exposure assessment was
more comparable with the other studies; and one assessed only ALL risk [28]. The summary
OR from these eleven studies was 1.09 (95% CI 0.96 — 1.23), and results from the test for
heterogeneity 12 was 57.0% (Figure 1-A). Restricting the analysis to studies with a low risk
of bias (NOS score =7), we included 8 studies [21, 25-28, 32, 37, 39], which yielded an
overall OR of 1.07 (95% CI 0.93 — 1.24) and a somewhat higher heterogeneity score
(12=61.7%) (Figure 1-A).

When we limited the meta-analysis to studies enrolling only the ALL subtype [21, 28, 32,
39], we estimated a summary OR of 1.25 (95% CI 0.92 — 1.69) with 12=53.7% (Figure 1-B).
Only two studies [32, 39] focused on the AML subtype, and their results for traffic density
were opposite with ORs of 2.10 (95% IC 0.60 — 7.32) and 0.89 (95% CI 0.79 — 1.00),
respectively, and a summary OR of 1.08 (95% IC 0.53 — 2.19) with 12=44.4% (Figure 1-C).

Six studies assessed exposure with NO, [22, 25, 29, 32, 35, 38], and these were
characterized by high heterogeneity (12=74.5%); the summary OR was 1.14 (95% CI 0.94 —
1.39) (Figure 2-A). Restricting the analysis to studies with a high NOS score [22, 25, 29, 32,
38] resulted in an OR of 1.21 (95% CI 0.97 — 1.52) with 12=78.1% (Figure 2-A). Among
these studies, only two performed a specific analysis for the ALL disease subtype [32, 38]
yielding very consistent ORs of 1.20 (95% CI 0.98 — 1.47) and 1.23 (95% CI 0.98 — 1.54)
respectively: their summary OR was 1.21 (95% CI 1.04 — 1.41) with 12=0% (Figure 2-B).
For AML, there were conflicting results with ORs of 1.50 (95% CI1 0.97 — 2.32) and 0.71
(95% C1 0.39 — 1.30) respectively and we estimated a summary OR of 1.06 (95% CI 0.51 —
2.21) with 12=74.2% (Figure 2-C).

Four studies used a more sophisticated model that took into account benzene exposure levels
[25, 26, 33, 40]. By pooling the results of these investigations, the summary OR was 1.64
(95% CI 0.91 — 2.95) with 12=50.7% (Figure 3-A). All of these investigations were
characterized by a NOS score =7. Two studies considered single subtypes of leukemia [33,
40], reporting for ALL ORs of 0.97 (95% CI 0.49 — 1.93) and 1.23 (95% CI 0.62 — 2.43)
respectively, and we estimated an overall OR of 1.09 (95% CI 0.67 — 1.77) with 12=0%
(Figure 3-B); and for AML these studies estimated ORs of 1.92 (95% CI 0.64 — 5.78) and
2.61 (95% CI 0.97 — 6.99) respectively, and we calculated an overall OR of 2.28 (95% ClI
1.09 — 4.75) with 12=0% (Figure 3-C).

Four studies examined childhood leukemia in relation to residential proximity to repair
garages or petrol stations [23, 27, 30, 31]. Their summary OR was 1.83 (95% IC 1.42 —
2.36) with 12=10.3% (Figure 4). All of these investigations were characterized by a NOS
score >7.

We also stratified the case-control studies which used traffic density as the indicator of
exposure according to the continent where they had been conducted. We were only able to
conduct pooled analyses for North America (U.S.A.) and Europe because only two studies
were conducted in Asia [29, 31]. For the American region, data from VVon Behren et al. and
from Heck et al. included only ALL [28, 39]. In America five studies [21, 28, 34, 37, 39]
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and in Europe six studies [25-28, 32, 35] were included and in both four had NOS score >7:
in America resulting ORs were 1.11 (95% CI 0.92 — 1.35) with 12=56.3% for all studies and
1.08 (95% CI 0.88 — 1.33) with 12=60.1% for studies with NOS score =7 (Figure 5-A). In
Europe pooled ORs were 1.34 (95% CI 0.96 — 1.87) with 12=45.7% for all studies and 1.56
(95% CI 1.08 — 2.25) with 12=0% for studies with NOS=>7 respectively (Figure 5-B).

In order to evaluate the association between the exposure windows and disease risk, we
performed stratified analyses for traffic density splitting studies into two subgroups: studies
assessing exposure on the basis of either child’s residence at diagnosis [21, 23, 25-28, 32,
34] or child’s longest place of residence [34], yielding an OR of 1.61 (95% CI 1.26 — 2.06)
with 12=0% (Figure 6-A). Studies which used the maternal residence at birth [28, 35, 37, 39]
for exposure assessment showed null results with summary OR of 0.97 (95% CI 0.89 — 1.06)
with 12=42.1% (Figure 6-B).

We performed a sensitivity analysis by removing the most influential study from all the
above analyses, to confirm that relative independence from single studies of the summary
estimates. The results of such analysis were substantially comparable to those obtained by
including all eligible studies (data not shown).

We finally created different funnel plots, using the different exposure assessment methods,
to explore the possibility of publication bias, but results were generally similar regardless of
the exposure assessment methods. Figure 7 shows the funnel plot for studies using traffic
density indicator, as these studies account for a largest number of published studies. Funnel
plots generally showed an asymmetric distribution, supporting the likely occurrence of
publication bias [13].

DISCUSSION

Outdoor air pollution, particularly arising from traffic exhaust, has been investigated for its
possible association with childhood acute leukemia, due to its potential for carcinogenicity
according to epidemiologic [33, 41] and laboratory evidence [42]. Motor vehicle emissions
release contaminants such as PM, NO,, benzene, and polycyclic aromatic hydrocarbons, and
IARC recently classified diesel engine exhaust as carcinogenic for humans (Group 1) and
gasoline exhaust as probably carcinogenic (Group 2A) [43-45]. Our results showed excesses
in childhood leukemias with traffic pollution. Given the universal nature of the exposure,
however, the attributable risk may be substantial.

A relation between outdoor air pollution from traffic exhausts and childhood acute leukemia
is supported by biological plausibility [45-47]. Benzene in particular is viewed as
hematotoxic and a leukemogen through the induction of several mechanisms which involve
benzene metabolites and may induce DNA double-strand breaks [48, 49], and children
might be more susceptible to these effects [50-52]. In particular, the benzene metabolite
benzoquinone has been associated with DNA damage including sister chromatid exchanges
and oxidative damage, and benzene metabolites interfere with DNA binding resulting in
DNA breakage, chromosomal aberrations, and chromosomal translocations similar to those
seen in leukemia [53, 54]. Benzene may also inhibit topoisomerase |1, an enzyme which may
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relieve the torsional stress that occurs in DNA during replication and transcription [55], and
induce PTEN (Phosphatase and tensin homolog) methylation thus suppressing PTEN-
MRNA expression which is involved in benzene-induced hematotoxicity [56].
Transplacental benzene exposure can induce hematopoietic malignancies in mice [57], and
benzene and its metabolites may adversely affect the immune system and expression of
cytokines and chemokines [58], further supporting the biological plausibility of its
carcinogenicity.

In addition, NO,, particulate matter and other pollutants from motorized traffic and their
mixtures have potential for causing cancer due to their toxic effects [43, 45, 59], including
mutagenicity [2, 60, 61]. In particular, NO, can induce DNA-single strand breaks in cultured
animal cells and also in alveolar macrophages alone and in combination with ozone [62-64].
Particulate matter can interact with DNA either directly or after enzymatic transformation to
induce DNA modifications that may be associated with increased frequencies of pollution-
associated diseases, such as lung cancer [65]. It should be noted that NO, and particulate
matter may either be mutagens themselves or may simply be markers for overall traffic
pollution exposure, and it is not known which agents in traffic pollution are most relevant
for childhood leukemia, or if indeed the mixture is responsible.

Overall, our results suggest that traffic air pollutants increase risk of childhood leukemia,
both among all leukemias as well as within the major subtypes (ALL and AML), and such
findings are consistent across the different indicators of exposure (traffic density,
contaminant levels, petrol stations), and study region. These results were confirmed across
sensitivity analyses, and they appear to affirm the observations of Boothe et al. on a more
limited number of studies based on traffic density [4]. Benzene exposure in particular
appeared to be the traffic contaminant most strongly associated with leukemia risk, thus
apparently mirroring for children the results already known in adults [43, 66, 67]. Parental
occupational exposure also might be involved in childhood cancer [68, 69]: of interest is the
recently reported association of increased leukemia risk among children whose mothers
were occupationally exposed to benzene [70].

Our analysis suggests that the postnatal exposure window is more important than the
prenatal one in increasing childhood leukemia risk, in accordance with the observations of
Boothe et al. [4]. This finding appears inconsistent with the hypothesis that long-term
exposure occurring across the antenatal period is more important than postnatal exposure in
influencing childhood leukemia risk, and it suggests that induction and latent periods for this
disease are likely to be short, also considering the low residential mobility of children at
least in some populations [33]. Because hallmark genetic translocations are known to be
present at birth for at least some leukemia subtypes [71, 72], under the “two-hit hypothesis”
traffic pollution occurring postnatally might be the second of the two hits that is required for
the development of leukemia.

Residential mobility is more common in US than in European populations [73] which may
in part explain why the analyses which stratified by geographic region found higher effect
estimates for Europe. US studies may suffer from more exposure misclassification if
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families moved frequently. Other explanations for the regional differences might include
variation in pollutant mixtures as well as genetic variation [74-77]

An inherent limitation of our review was the use of different cut-points for the highest level
of exposure across the various studies entered in the meta-analysis, as also noted in previous
reviews [4, 5], a choice forced by data availability but which could have hampered detection
of real and homogeneous risk patterns due to differences in exposure ranges. In fact, the
different studies chose various metrics to define exposure to air toxics, such as a 1-unit
increase in the interquartile range, an a priori defined category, or a percentile of exposure,
and such different approaches will have influenced the risk estimates yielded by the various
studies and therefore have similarly influenced our summary odds ratios. In the absence of
additional data which could allow for a pooled analysis comparing specific exposure levels,
the approach used in this and in prior reviews should nevertheless convey reliable
information about the associations found in the various studies and allow their comparison.

Our review indicates that, among the different indicators investigated, benzene exposure
appears to be the strongest predictor of disease risk, and this is fully consistent with the
biological plausibility of such an association [46, 49]. This association was much higher
than that found for NO», or for traffic density, and was present in both two Italian studies
based on modeled benzene air levels [26, 33] and for a large US study using measured
benzene levels from air monitors [40], while the Danish study found no association [25].
The potential for a leukemogen effect of benzene in children indicates that this effect may
occur even at ambient air levels lower than currently allowed limits, and it is consistent with
the results of other recent epidemiologic studies investigating benzene exposure in other
contexts [20, 47].

A systematic bias which may have affected almost all published studies incorporated in our
review, and therefore also our summary odds ratios, is unmeasured confounding which
could be one of the source of heterogeneity that we frequently found between included
studies. However, the exclusion of this bias is very difficult, for a number of reasons. First,
little information is available about the role of environmental factors in the etiology of
childhood leukemia, so any adequate control of confounding is hampered by such lack of
knowledge. Moreover, the studies which carefully collected information about potential
confounders, such as socioeconomic status, pesticide use, exposure to ionizing and non-
ionizing radiation, were also generally affected by selection bias due to families’ self-
selection with regards to study participation and questionnaire completion; this causes a
trade-off between adequate control of confounding and risk of selection bias. However, in
some of the case-control studies which did not require active participation of the subjects
and were therefore free from selection bias, the control for potential confounders such as
socio-economic status and magnetic field exposure did not alter study results [33, 39, 40].
Finally, genetic factors were not generally taken into account in these studies, though there
is little basis to consider them as confounders as there is no evidence they would be related
to traffic exposure. Confounding may also have occurred due to lack of information on other
pollutants from traffic or other correlated pollutants from other sources, which may be
implicated in childhood leukemia etiology but have been rarely considered to date. This
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might be the case for selenium for ALL and for butadiene, ortho-xylene, and toluene for
AML, since a recent large study carried out in California found direct associations with
leukemia risk which are worth further investigation [40].

Another limitation of our estimates is their limited statistical precision as shown by the wide
confidence intervals, due to the low number of studies particularly when single pollutants
were taken into consideration. However, the latter studies appear to be much more adequate
in estimating and assessing exposure to traffic pollutants as compared with traffic density.
Traffic density is a rough proxy of exposure since it generally does not take into
consideration type and speed of vehicles, fuel type, meteorological conditions, the influence
of chemical reactions between specific emissions and other environmental agents, and
finally the contribution of minor roads to air pollution from traffic. Perhaps as a
consequence, traffic density tends to yield lower effect estimates in comparison to more
refined exposure assessment methods [78], and indeed we observed lower summary ORs
from traffic density than from other methodologies.

The occurrence and potential influence of publication bias is very difficult to assess. The
funnel plot we computed suggested that publication bias occurred [79], so caution must be
used in attempting to draw conclusions on the basis of the published studies and from this
meta-analysis.

Overall, the study findings suggest that any public health, technological and policy measures
leading to the reduction of release of contaminants from motorized traffic, and particularly
but not exclusively of benzene, may likely contribute to a reduction of childhood leukemia
incidence, though such effects are likely to be long-term and possibly enhanced or confined
to children with specific genetic susceptibility. In general, the reduction of traffic through
different measures such as the choice of less polluting fuels, technological improvements in
emissions, and attempts to increase the distance of residential buildings from roads
(particularly the most polluted ones) is clearly desirable for preventive medicine purposes
[4], but our review suggests that childhood leukemia is among the additional diseases which
are likely to be prevented to some extent by reducing exposure to air toxics from motorized
traffic. A critical analysis of the studies included in the present meta-analysis also suggests
the need to carry out further epidemiologic studies which examine leukemia cytogenetic
subtypes and are conducted across regions with different pollution mixtures, to more
precisely determine contributions to and relevant co-factors which increase risk. Ideally
these studies should carefully avoid selection bias and particularly avoid voluntary study
participation, but nevertheless should attempt to incorporate some control of potential
confounders through external sources of ascertainment whenever possible. Such studies
should also attempt to include the different contaminants in data analyses by using
multivariate regression models, in an attempt to identify the specific traffic pollutants
associated with childhood leukemia risk.
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Figure 1.

Summary odds ratios (ORs) of childhood leukemia for studies with traffic density as the
indicator of traffic exposure.
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A) Summary ORs for all studies and for studies with NOS >7
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B) Summary OR for ALL subtype

Reference Region OR(95% Cl) Weight(%)
I
i
Amigou 2011 France R 1.20 (0.98, 1.47) 54.69
i
i
Ghosh 2013 California s 1.23(0.98, 1.54) 45.31
Overall (-squared = 0.0%, p = 0.872) <> 1.21 (1.04, 1.41)
i
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T . T
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C) Summary OR for AML subtype
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NOTE: Weights are from random effects analysis
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Figure 2.

3

Summary odds ratios (ORs) of childhood leukemia for studies with NO, as the indicator of

traffic exposure.
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A) Summary OR for all studies (all with NOS >7)
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B) Summary OR for ALL subtype
Reference Region OR(95% ClI) Weight(%)
1
|
Vinceti 2012 Italy Y I — 0.97 (0.49, 1.93) 49.82
|
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C) Summary OR for AML subtype
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NOTE: Weights are from random effects analysis

2.28 (1.09, 4.75)

A 1 2 8

Figure 3.
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Summary odds ratios (ORs) of childhood leukemia for benzene analysis.
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Weng 2009
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Weight(%)
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Figure 4.

.5

Summary odds ratio (OR) of childhood leukemia for petrol station/repair garage proximity.
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A) Summary ORs for studies conducted in America

Reference Region OR(95% CI) Weight_A(%)  Weight_B(%)
Savitz 1989 Colorado - 270(1.27,5.75) 557 6.42
Langholz 2002 California 1.40 (0.88,2.24) 11.98
Reynolds 2004 California i 0.92(0.73,1.15) 26.73 30.44
Von Behren 2008 (ALL)  California 1.17(0.76,1.81) 13.38 15.36
Heck 2013 (ALL) California & 1.03(1.00,1.07) 42.34 47.78
D+L Overall (I-squared = 56.3%, p = 0.057) <f> 1.11 (0.92, 1.35)
(I-squared = 60.1%, p = 0.057) - B Overall <:> 1.08 (0.88, 1.33)

I
NOTE: Weights are from random effects analysis i
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B) Summary ORs for studies conducted in Europe

Reference Region OR(95% CI) Weight_A(%) Weight_B(%)
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Crosignani 2004 Italy —f—+—*——— 2.09(0.85,5.13) 10.01 16.65
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Badaloni 2013 Italy —— : 0.91(0.68, 1.21) 29.89
D+L Overall (I-squared = 45.7%, p = 0.101) -<i> 1.34 (0.96, 1.87)
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I
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Figureb5.
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Summary odds ratios (ORs) of childhood leukemia for studies with traffic density as the
indicator of traffic exposure conducted in America and Europe.
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A) Antenatal (maternal residence at birth or during pregnancy)

Reference Region OR(95% CI) Weight(%)
i
Reynolds 2004 California ﬂf 0.92(0.73, 1.15) 11.80
|
Von Behren 2008 (ALL) California 4{*% 1.11(0.70, 1.77) 3.37
Badaloni 2013 Italy 0.91(0.68, 1.21) 8.01
Heck 2013 (ALL) California | 1.03 (1.00, 1.07) 49.45
Heck 2013 (AML) California —= 0.89(0.79, 1.00) 27.38
Overall (I-squared = 42.1%, p = 0.141) < > 0.97 (0.89, 1.06)
NOTE: Weights are from random effects analysis
5 1 2
B) Postnatal (residence at diagnosis or longest lived residence)
Reference Region OR(95% Cl) Weight(%)
Savitz 1989 Colorado ——%—— 270(1.27, 5.75) 7.94
Harrison 1999 United Kindom 1.61(0.90,2.88)  13.50
Raaschou-Nielsen 2001 Denmark 1.10 (0.57, 2.11) 10.76
|
Langholz 2002 California . 1.40 (0.88, 2.24) 2063
|
Steffen 2004 France R e 1.30 (0.59, 2.86) 7.32
Crosignani 2004 Italy 2.09 (0.85, 5.13) 5.63
Von Behren 2008 (ALL) California 1.17 (0.76, 1.81) 2411
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Figure6.
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Relation between traffic density and disease risk: effect of exposure window.
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Figure7.
Funnel plot with pseudo 95% confidence limits of studies with traffic density as the

indicator of traffic exposure
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Table 1

Page 24

Characteristics of Ecological Studies on Air Pollution from Motorized Traffic and Childhood Leukemia.

Assessment methods

: a
Main results

. . Type of
Reference Region Cases Timeframe a Age
cancer
Alexander et .
al. (omied 438 1984-1989 ALL o
1996 [15] 9
Nordlinder
etal. Sweden 1528 19751985 LMD 0-24
1997 [16] '
Reynolds et All cancers,
al. California 7143 1988-1994 all leukemias, 0-15
2002 [17] gliomas
Reynolds et All cancers,
al. California 6989 1988-1994 all leukemias, 0-15
2003 [18] gliomas
Whitworth All leukemias,
etal. Texas 977 1995-2004 ALL, AML, 0-20
2008 [19] HL
Senkayi et
al. Texas 2134 1995-2005 All leukemias 0-9
2014 [20]

Car ownership: number of
cars per household within
electoral wards (area unit)

Car density in km?:
continuous scale and <5
vs. >20 cars/km?

Ambient air monitoring data
and vehicle density
(vehicles per square mile),
road density (miles of roads
per sq mi) and traffic
density (vehicle miles
traveled per day per sq mi)

25 Hazardous air pollutant
(HAPs) exposure by
census tract modeled by
US EPA and divided into
percentiles

Benzene and 1,3-butadiene
exposure level: lowest vs.
highest quartile US EPA
ASPEN estimates of
ambient air pollutants

Benzene modeled
emissions from airports
(aircraft exhaust and
auxiliary power units) and
roads

Inverse correlation between
car ownership and total
ALL, which was also present
in stratified analysis of
ALL among children ages 1-7
years

In municipalities with more
than 20 cars/km? the
incidence of AML was 5.5
(95% Cl14.4-6.8) as
compared with 3.4 (1.9 -5.7)
cases per 1 million
person-years in those with less
than 5 cars/lkm2
(p=0.05)

Traffic density indicators were
strongly correlated
with measures of benzene and
1,3-butadiene,
carbon monoxide and nitrogen
dioxides and slightly
with particulate matter.
Rate ratios at the 90t
percentiles of traffic density
were 1.08 (95% C10.98 —
1.20) for all cancers, 1.15
(0.97 — 1.97) for leukemia and
1.14 (0.90 - 1.45) for
gliomas.

Elevated rate ratios with
increasing exposure levels
in tracts ranked highest for

exposure to HAPs: for
all leukemias they were 1.21
(95% C11.03 - 1.42)
for of the combination of 25

HAPs grouped together

and 1.32 (1.11 - 1.57) for
point-source HAP
exposure.

Elevated rate ratios for
benzene were 1.37 (95% ClI
1.05 - 1.78, p=0.019), 2.02

(1.03 - 3.96, p=0.153)

and 1.24 (0.92 - 1.66,
p=0.040) for all leukemias,
AML and ALL respectively;

for 1,3-butadiene rate

ratios were 1.40 (1.07 - 1.81,
p=0.013), 1.68 (0.84
—3.35, p=0.064), and 1.32
(0.98-1.77, p=0.142) for
all leukemias, AML and ALL
respectively

Beta regression coefficients
(B) showed strong
relations between benzene
emissions from roads
with $=0.497 (95% CI 0.358 —
0.637, p<0.001) and
from airports with $=0.230
(0.149 - 0.311, p<0.001)
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aALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; ANLL, acute non-lymphoblastic leukemia; NL, Hodgkin lymphoma; NHL,
non-Hodgkin lymphomas; CML, chronic myeloid leukemia; CI, confidence intervals.
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Newecastle-Ottawa Scale score for Selected Case-Control Studies on Air Pollution from Motorized Traffic and

Childhood Leukemia.

Reference

Selection

Comparability Exposure

Total

Savitz et al. 1989 [21]
Feychting et al. 1998 [22]
Harrison et al. 1999 [23]
Pearson et al. 2000 [24]
Raaschou Nielsen et al. 2001 [25]
Reynolds et al. 2001 [36]
Langholz et al. 2002 [34]
Crosignani et al. 2004 [26]
Steffen et al. 2004 [27]
Reynolds et al. 2004 [37]
Von Behren at al. 2008 [28]
Weng et al. 2008 [29]
Brosselin et al. 2009 [30]
Weng et al. 2009 [31]
Amigou et al. 2011 [32]
Vinceti et al. 2012 [33]
Badaloni et al. 2013 [35]
Ghosh et al. 2013 [38]
Heck et al. 2013 [39]

Heck et al. 2014 [40]
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