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Abstract

Background: Traffic related air pollution (TRAP) and its component polycyclic aromatic
hydrocarbons (PAHs) may be neurotoxic in children. There is limited research on postnatal
exposure to TRAP and PAHs and child neurodevelopment.

Methods: We linked data from the U.S. NHANES 2001-2004 with the National Highway
Planning Network 2005 to examine the proximity to major roads (highway or urban/rural principal
arterials), urinary PAH metabolites, and diagnosis of Attention Deficit Hyperactivity Disorder
(ADHD) and Conduct Disorder (CD) based on Diagnostic Interview Schedule for Children (C-
DISC) in 1253 children aged 8 — 15 years. We calculated odds ratios (ORs) and 95% Confidence
Intervals (Cls) for ADHD and CD by traffic proximity and PAH exposures using logistic
regression adjusted for confounders.

Results: Higher ADHD prevalence was observed among children living <500 m (9.86%)
compared to those =500 m (3.84%) from a major road. Prevalence of children with CD was
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comparable (<500 m: 2.51% and =500 m: 2.43%). We found little difference in urinary PAH
metabolite levels between children living near major roads and those who did not. Children living
<500 m from a major road had a non-significant OR of 2.06 (95% CI 0.85-5.03) for ADHD
diagnosis. Children living on =2 major roads within 500 m of a highway had a non-significant OR
of 2.27 (95% CI 0.71-7.26) for ADHD diagnosis. There was no association between proximity to
major roads and CD diagnosis.

Conclusion: We found living close to a major road was not associated with increased PAH
levels. We did not find statistically significant relation between proximity to a major road or
urinary PAH metabolite levels and ADHD or CD diagnosis in this cross-sectional analysis.
Prospective studies are needed for the investigation of postnatal TRAP exposure and ADHD and
CD diagnosis.

Keywords

traffic related air pollution; polycyclic aromatic hydrocarbons; attention deficit hyperactivity
disorder; conduct disorder

Introduction

Polycyclic aromatic hydrocarbons (PAHSs) are environmental pollutants mainly from air
pollution and dietary intake. Burning fossil fuels, woods, and other wastes produces PAHS.
In the U.S., coal-fired power plants and traffic are major contributors of PAH emission in the
air. Forest fire, fireplace, grilling food, and exposure to tobacco products also increase
exposure to PAHSs. It has been shown that PAHS, such as Benzo[a]pyrene (BaP), are
carcinogenic and can cause skin, lung, and bladder cancers.! Recently, non-carcinogenic
effects of PAHSs, especially reproductive and developmental toxicity, received more attention
as studies in the U.S., Poland, and China suggested potential associations between prenatal
PAH exposure and fetal growth restriction, childhood asthma, developmental delays,
cognitive deficits, anxiety/depression, attention problems, and DNA methylation alterations.
2-7 |t has not been well-studied whether postnatal exposure to PAHSs is related to adverse
neurobehavioral outcomes in children who are exposed to levels lower than what has been
seen in Poland or China. Exploration of the relation between postnatal PAH exposure and its
source through traffic-related air pollution (TRAP) is still important as children have direct
exposure to PAHs postnatally over a long time of brain maturation. While PAHs can come
from ambient air, indoor air, and food sources®®, TRAP may affect children’s PAH exposure
based on the distance to major roads. TRAP exposure increases PM, 5 and NOx exposure,
but it is not clear whether children living close to highways also have higher biomarkers of
PAH metabolites, such as 1-OH pyrene, compared with children living farther away from
highways. In urban areas, traffic exposure is hypothesized to be a major contributor to PAH
exposure, but research is still lacking whether postnatal traffic exposure is related to air
pollutant biomarkers and subsequently, neurobehavioral outcomes.

Although prenatal brain development is critical, brain development after birth continues and
is intertwined with behavioral processes, such as life experiences, interpersonal
relationships, and the home and educational environment, that may be influenced by housing
choice (proximity to highways and exposure to traffic pollutants), the community (air
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pollution levels), and dietary preparations (charred or grilled food, wood burning for
fireplace, etc.)10. Because the brain continues to undergo neuronal synapse formation and
trimming, myelination, and neurotransmitter regulation after birth, adverse impacts of these
processes by neurotoxicant exposure is possiblel®. PAHs are lipophilic and thus can cross
the blood brain barrier and may affect brain development!112, Therefore, it is still relevant
to understand whether postnatal exposure to PAHs and proximity to a major road pose a
threat to neurobehavioral processes in the U.S. general population.

Attention deficit hyperactivity disorder (ADHD) occurs in 7-9% of children aged 4-15
years in the United States.13 Although, heritability may account for up to a high percentage
of cases, epidemiological studies have shown associations with environmental factors, such
as lead and environmental tobacco smoke.1415 Conduct disorder (CD) is a clinical diagnosis
characterized by a repetitive and persistent behavioral pattern of violating the rights of others
and social rules. Clinical diagnosis of ADHD and CD has not been studied in a U.S. national
sample in relation to postnatal exposure to PAHs and proximity to traffic. Utilizing publicly
available and restricted access data, we aimed to determine whether proximity to traffic and
urinary PAH metabolite levels are associated with increased odds of ADHD and CD clinical
diagnoses using a representative sample of U.S. children.

The National Health and Nutrition Examination Survey (NHANES) is a stratified multistage
probability sample of U.S., consisting of civilian, non-institutionalized individuals. Traffic
indicators from the 2005 National Highway Planning Network (NHPN) were linked to
2001-2004 NHANES using residential addresses to assign a distance to the nearest road,
identify the number of roads within concentric buffers of a specific radii (100m, 300m,
500m), and obtain an average annual daily traffic measure by the National Center for Health
Statistics (NCHS).16 Of 1,253 children in the NHANES 2001-2004 with an age between 8-
15 years and urinary PAH metabolites available, 1,167 (93.1%) had traffic exposure
information. We dichotomized the distance to a major road (rural principal arterials, urban
principal arterials, and all National Highway System routes) as =500 m or <500m, with the
latter further categorized into 300499 m, 100-299 m, and <100 m.16 Additionally, we
categorized the traffic indicator as “No major road within 500 m” (essentially the same as
distance to a major road =500 m), “1 road within 500 m,” and “=2 roads within 500 m.” We
also used numerical distance in meters in regression models with neurobehavioral outcomes.
Because only 43% of children living within a 500 m distance from a major road had average
annual daily traffic data available (mostly from urban areas), no further analyses were
performed on traffic density data.

The mono-hydroxylated PAHs (OH-PAHSs) were measured in urinary samples by the
Organic Analytical Toxicology Branch, Division of Laboratory Sciences in the National
Center for Environmental Health of the Centers for Disease Control and Prevention using
automated liquid-liquid extraction and isotope dilution gas chromatography/high resolution
mass spectrometry.1’ The OH-PAHs measured included the metabolites: naphthalene (1-
hydroxynaphthalene, 2-hydroxynaphthalene), fluorene (2-hydroxyfluorene, 3-
hydroxyfluorene), phenanthrene (1-hydroxyphenanthrene, 2-hydroxyphenanthrene, 3-
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hydroxyphenanthrene), and pyrene (1-hydroxypyrene, 1-OHP). The naphthalene, fluorene,
and phenanthrene metabolite concentrations were summed as low molecular weight PAH
metabolites (sum LMW PAH metabolites) in this analysis while 1-OHP was considered
separately as a metabolite from higher molecular weight PAHs.18 Urinary OH-PAHSs were
corrected for urinary creatinine concentration to account for urinary dilution, and expressed
as ng/g creatinine in the analysis.

The National Institute of Mental Health (NIMH) Computerized-Diagnostic Interview
Schedule for Children-Version 4 (C-DISC 1V) was used to assess psychiatric diagnosis of
children and adolescents of seven disorders in the NHANES study sample; however, for the
purposes of the present study only ADHD and CD were analyzed in the study sample.1419
The highly structured diagnostic interview questions utilize diagnostic criteria specified in
the Diagnostic and Statistical Manual of Mental Disorders-Fourth Edition (DSM-1V) and
World Health Organization International Classification of Diseases-Version 10 (ICD-10).
Only parent-informant interview (DISC-P) was used to obtain diagnosis of ADHD and CD
in the NHANES 2001-2004. Of 1,253 children in the study sample with OH-PAH data,
1,031 (82.3%) children had data for ADHD diagnosis and 1,032 (82.4%) children had data
for CD diagnosis.

Data on OH-PAHSs and covariates were publicly available through the NHANES website; the
NHPN and C-DISC data were restricted and access to the linked data was only granted
through the NCHS Research Data Center. We compared the traffic indicators and the
diagnosis of ADHD or CD by sociodemographic variables using Rao-Scott chi-square tests.
We first compared the OH-PAH concentrations by distance to a major road using a linear
regression model. We used natural log transformation of OH-PAH concentrations (sum
LMW PAH metabolites and 1-OHP), because the data was skewed. We then examined the
relation between distance to a major road and the diagnosis of ADHD or CD in separate
logistic regression models, using either continuous natural log transformed distance or
dichotomous or categorical distances. We adjusted for years of survey, age group, sex, race,
maternal age at birth, household reference person education level, poverty income ratio
(PIR), maternal smoking during pregnancy, current serum cotinine, current blood lead levels,
and U.S. born status to account for potential confounders. Subsequently, we assessed the
relation between urinary OH-PAH concentrations with ADHD or CD diagnosis using either
continuous natural log transformed OH-PAHSs or quartiles of OH-PAHs (LMW PAH
metabolites and 1-OHP) in logistic regression models. Complex survey sampling was
accounted for in all above-mentioned statistical analyses using SAS survey modules
(SURVEYFREQ, SURVEYMEANS, SURVEYREG, SURVEYLOGISTICS) as well as
sampling strata and weight. All tests were two-sided, with statistical significance at p<0.05.
Adjusted odds ratios (ORs) and 95% confidence intervals (Cls) are reported for the
diagnosis of ADHD or CD.

The distribution of distance to a major road and ADHD and CD diagnoses by
sociodemographic factors, blood lead levels, and serum cotinine levels are shown in Table 1.
Among children with available traffic data, the percentages living within a certain distance
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from a major road are as follows: 51.1% (>500 m), 15.9% (300-499 m), 23.1% (100-299
m), and 9.9% (<100 m). Additionally, 30.5% of children lived with 1 major road within 500
m, and 18.4% of children lived with 2 or more major roads within 500 m (data not shown in
Table 1). Children living in a household with a PIR<1 were more likely to live within 100 m
of a major road and have a high ADHD diagnosis percentage (p<0.01). In children with C-
DISC 1V data, 6.5% had a diagnosis of ADHD and 2.9% had a diagnosis of CD. Ascertained
ADHD prevalence was significantly higher in boys, children whose mothers smoked during
pregnancy, children with higher concurrent blood lead levels, and children born in the U.S.
Ascertained CD prevalence was higher in children aged 12-15 years, had higher serum
cotinine levels, and those born to mothers who smoked during pregnancy.

Sum LMW PAH metabolite concentrations did not differ by distance to a major road (4,521
ng/g creatinine in =500 m group vs. 4,317 ng/g creatinine in <500 m group), neither did
concentrations of 1-OHP (72 vs. 67 ng/g creatinine, respectively) (Table 2). Finer
subgrouping in the <500 m group (<100 m, 100-299 m, 300-349 m) or by number of roads
within 500 m yielded non-significant differences in PAH metabolite levels in the covariate-
adjusted regression models. There were no significant differences in specific LMW PAH
metabolites by distance to a major road (Supplemental Material Table S1).

After adjusting for potential confounders, In-distance to a major road was not statistically
associated with ADHD diagnosis (adj OR=0.94, 95% CI: 0.72-1.23) (Table 3). Children
who lived <500 m had a prevalence of ADHD diagnosis of 9.86%, compared with children
who lived 2500 m from a major road (ADHD prevalence 3.84%), the covariates adjusted OR
was 2.06 (95% CI: 0.85-5.03) and not statistically significant. Similarly, children who lived
<100 m, 100-299 m, and 300-499 m from a major road all had non-significantly higher
odds of having an ADHD diagnosis compared with children who lived =500 m from a major
road after adjustment for covariates. Children who lived with 1 or =2 major road within 500
m also had non-significantly higher odds of being diagnosed with ADHD (adj OR=1.97,
95% ClI: 0.83-4.65 and adj OR=2.27, 95% CI 0.71-7.26, respectively). There was no
association between urinary PAH metabolites (sum LMW PAH metabolites and 1-OHP) and
ADHD diagnosis

The relation between distance to a major road and CD diagnosis was not remarkable, with a
null association (Table 3). Sum LMW PAH metabolites did not show a consistent association
with CD diagnosis for continuous exposure or quartile analysis. The relation between
urinary 1-OHP concentrations and CD diagnosis did not reach statistical significance. We
did not observe associations between individual LMW PAH metabolites (naphthalene,
fluorene, and phenanthrene) and ADHD and CD diagnoses (Supplemental Material Table
S2).

Discussion

In this analysis of a sample of children aged 8 —15 years in the NHANES 2001-2004, we
observed that living within 500 m to a major road was not associated with increased PAH
levels and not associated with a statistically significant higher odds of ADHD diagnoses in
children. There was no association between distance to a major road and the diagnosis of
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CD. The findings were adjusted for potential confounders from socioeconomic status to
concurrent blood lead and serum cotinine levels.

We did not observe consistent associations between PAH exposure and C-DISC based
behavioral disorders, ADHD and CD, in this study. A prior study examined urinary PAH
metabolites and parent-reported ADHD, learning disability, and special education among
children aged 6-15 years in the NHANES 2001-2004 and did not find positive associations
with ADHD and learning disability, but identified a positive association with special
education for fluorene metabolites.20 Our study population partially overlapped with this
sample, but we only examined C-DISC outcomes that were not available in the public data
file. It is possible that one-time PAH metabolite measurements do not capture the exposure
profile over time as the half-lives of urinary PAH metabolites are usually <48 hours.21:22
This is an inherent limitation for cross-sectional analyses of urinary PAH metabolites and
health outcomes using NHANES data. A prospective study of African American and
Dominican children in New York City identified inverse associations between urinary PAH
metabolites at age 5 years and white matter surface measures in the prefrontal region
acquired at ages 7-9 years; although, no association with cerebral surface or cortical
thickness or ADHD scale scores was found.23:24 We did not find differences in PAH
metabolites by the distance to a major road, suggesting that other exposure routes (e.g., diet)
of PAHs may contribute to the concentrations of urinary PAH metabolites. A previous study
among a non-occupational study sample conducted by the CDC found that naphthalene
exposure was mostly from indoor air inhalation, while other PAHs’ route of exposure may
likely come from ingestion, particularly pyrene and other higher molecular PAHs.25
Nevertheless, a Spanish study (Brain Development and Air Pollution Ultrafine Particles in
School Children [BREATHE] project) found an inverse association between total air PAHs
and BaP measured 1 year before neuroimaging and caudate nucleus volume, but no
associations with ADHD scale scores in children at ages 8-12 years.12 These studies with
postnatal urinary PAH metabolite or air PAH measures did not reveal association with
parent-reported ADHD diagnosis or ADHD scale scores, however, adverse associations with
special education or brain structure and organization were identified. We did not observe
associations between urinary PAH metabolite and ADHD diagnosis, maybe due to a) more
stringent C-DISC ADHD diagnosis; b) cross-sectional analysis; c) one-time PAH exposure
assessment in urine but not repeated measures; d) lack of additional PAH biomarkers (e.g.,
DNA or albumin adducts) or personal air measures of PAH; and €) PAHSs not capturing
traffic related air pollution mixture exposure.

We did not identify statistically significant relation between living within 500 m to a major
road and C-DISC based ADHD diagnosis. Previously, Saez and colleagues found that
children living within 300 m from a motorway or dual carriage way, compared with children
living farther away, had an OR of 2.03 (95% CI: 0.94-4.08) for ADHD diagnosis, an
estimate close to our research finding.2® Several studies examining postnatal TRAP (PMj,
PM, 5, black carbon, elemental carbon) have found positive associations with ADHD
diagnosis in India2” and South Korea,28 or hyperactivity/inattention scores in Germany2?
and the United States.3931 |n the Indian study, compared with PM1o <120 pug/m3, PM1g
120-139, 140-200, >200 pg/m3 had an OR of 1.82 (95% CI: 1.07-3.63), 2.20 (95% ClI:
1.16-5.03), 2.77 (95% CI: 1.38-5.56), respectively, for DSM-IV based ADHD diagnosis in
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children at ages 9-17 years.?” In the South Korean study, each 1 pg/m3 increase of PMyg
was associated with a hazard ratio of 1.18 (95% CI: 1.15-1.21) for ADHD diagnosis up to
age 10 years.28 The German study has shown that each 1 ug/m3 increase of PM, 5 at age 10
or 15 years address was associated with an OR of 1.12 (95% CI: 1.01-1.23) or 1.11 (95%
Cl: 1.01-1.22) for abnormal/borderline scores in hyperactivity/inattention at age 15 years.2
In one U.S. study, black carbon during children’s lifetime was associated with higher
commission errors and slower hit-response time in the Conners’ Continuous Performance
Test at age 7-14 years, indicating impaired attention.3° Another U.S. study identified
elemental carbon attributable to traffic exposure in the highest tertile was associated with an
OR of 1.7 (95% CI: 1.0, 2.7) for hyperactivity score in the “at risk” range.3! A study in
Swedish twins, however, did not identify an association between postnatal PMq exposure at
age 1 or 9 years and ADHD diagnosis up to age 12 years.3? It is also possible that noise is
associated with ADHD symptoms while elemental carbon is not, as indicated in the above-
mentioned Spanish BREATHE project using exposure assessment at the same time of the
outcome assessment.33 A study in Belgium suggested an association between urinary
benzene metabolite trans, trans-muconic acid (t,t-MA), an indicator of traffic exposure, and
decreased sustained attention and short-term memory, as well as increased hit-reaction time.
34 Direct comparison of these studies is difficult as they measured different exposure
variables, used different ADHD ascertainment or measurement of inattention and
hyperactivity, and examined children in different age range. Still, there is increasing
evidence suggesting traffic-related exposure is related to ADHD behaviors in children.
However, we did not find statistically significant association between proximity to a major
road and ADHD diagnosis in this cross-sectional analysis. Socioeconomic and behavioral
factors might have explained away the difference in ADHD prevalence by proximity to a
major road. With the lack of TRAP exposure or particulate matter measures before the
diagnosis, as well as postnatal residential history, our assessment of TRAP was not as
precise and temporally relevant to the diagnosis. Despite the availability of the national data,
the number of cases with ADHD diagnosis was still small in the analysis for exposure
groups. Our biomarker of urinary PAH metabolite levels was only for short-term exposure.
Future studies are needed to examine the proximity to major roads and traffic density, with
air pollutant measurement and additional biomarkers of traffic-related exposure, in relation
to ADHD diagnosis using a prospective study design, as this research question was not fully
addressed by existing studies.3® It is plausible that traffic-related exposure encompasses
particulate matter, gaseous pollutants, noise, and may be confounded by housing
characteristics associated with living close to major roads; therefore, a comprehensive
exposure assessment strategy may be needed, which would include repeated measures
during different windows of child development.

This study has several limitations. The cross-sectional nature of the NHANES makes it
difficult to examine temporal associations between exposure and the outcomes. It is likely
that children’s addresses may have changed before the interview and the urinary PAH
metabolites vary over time, thus exposure misclassification is a concern. According to the
Census Bureau, about 14% of the U.S. population moved each year in the 2000s.36 As the
linkage between 1999-2008 NHANES and 2005 NHPN was based on addresses at the time
of survey, the categorization of proximity to a major road is accurate for the majority of the
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study sample except, infrequently, when the road patterns change. However, address(es) a
child lived before the interview was not available in the survey. In addition, we did not have
traffic density data for all study participants. As mentioned earlier, the onetime measurement
of urinary PAH metabolites may not capture the true exposure profile since the typical half-
life is <48 hours. This study did not examine biomarker exposure beyond urinary PAH
metabolites, and we did not have atmospheric measurements of PM, 5, NOX, or other air
pollutants. Hence, this study is more exploratory, using existing data to provide preliminary
results rather than a confirmatory study with a more thorough exposure assessment.

Despite these limitations, this study had several strengths. We analyzed a population-based
representative sample, a major strength compared with other study samples.26:27:31 we
obtained restricted data from CDC, including traffic information and C-DISC based
diagnosis of ADHD or CD. Conduct disorder has rarely been studied in environmental
epidemiology due to its low prevalence and smaller sample size. We adjusted for multiple
potential confounders in the regression, including maternal smoking during pregnancy,
current serum cotinine levels for environmental tobacco smoke, and current blood lead level.

In conclusion, in the NHANES 2001-2004 sample of children aged 8-15 years, we did not
identify a statistically significant relationship between proximity to a major road (<500 m)
and increased risk of ADHD diagnosis. Proximity to a major road was not associated with
CD diagnosis. We did not observe associations between urinary PAH metabolite
concentrations and ADHD or CD diagnosis, nor did we find associations between proximity
to a major road and PAH metabolite concentrations in urine. Using representative NHANES
data, the study provides important indications that ADHD and conduct disorder may be
more likely associated with prenatal exposure with TRAP, socio-economic indicators and
other sources and periods of PAH exposure than from current air pollution. Future research
utilizing a more comprehensive exposure assessment that takes into account proximity to a
major road, multiple windows of susceptibility, and residential mobility utilizing a
prospective study design with better exposure assessment of air pollutants and biomarkers is
recommended to examine associations between TRAP as well as PAHs and
neurodevelopment in children.
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Highlights
. Prenatal exposure to traffic-related air pollution associated with
neurobehavioral disorders
. Linked 2 databases to see if living near major road was associated with

ADHD in children 8-15-years

. The study used U.S. nationally represented datasets with C-DISC based
diagnoses

. The relation between proximity to a major road and ADHD and conduct
disorder was not statistically significant

. No associations were found between proximity to a major road and urinary
PAH metabolites
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