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Abstract

Background—Traffic-related air pollution exposure may influence brain development and
function and thus be related to neurobehavioral problems in children, but little is known about
windows of susceptibility.
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Aims—Examine associations of gestational and childhood exposure to traffic-related pollution
with executive function and behavior problems in children.

Methods—We studied associations of pre- and postnatal pollution exposures with
neurobehavioral outcomes in 1,212 children in the Project Viva pre-birth cohort followed to mid-
childhood (median age 7.7 years). Parents and classroom teachers completed the Behavior Rating
Inventory of Executive Function (BRIEF), and the Strengths and Difficulties Questionnaire (SDQ).
Using validated spatiotemporal models, we estimated exposure to black carbon (BC) and fine
particulate matter (PM, s) in the third trimester of pregnancy, from birth to 3 years, from birth to 6
years, and in the year before behavioral ratings. We also measured residential distance to major
roadways and near-residence traffic density at birth and in mid-childhood. We estimated
associations of BC, PM5, 5, and other traffic exposure measures with BRIEF and SDQ scores,
adjusted for potential confounders.

Results—Higher childhood BC exposure was associated with higher teacher-rated BRIEF
Behavioral Regulation Index (BRI) scores, indicating greater problems: 1.0 points (95%
confidence interval (Cl): 0.0, 2.1) per interquartile range (IQR) increase in birth-age 6 BC, and 1.7
points (95% CI: 0.6, 2.8) for BC in the year prior to behavioral ratings. Mid-childhood residential
traffic density was also associated with BRI score (0.6, 95% CI: 0.1, 1.1). Birth-age 3 BC was not
associated with BRIEF or SDQ scores. Third trimester BC exposure was not associated with
teacher-rated BRI scores (-0.2, 95% CI: —1.1, 0.8), and predicted lower scores (fewer problems)
on the BRIEF Metacognition Index (1.2, 95% CI: -2.2, —0.2) and SDQ total difficulties (-0.9,
95% ClI: -1.4, -0.4). PM> 5 exposure was associated with teacher-rated BRIEF and SDQ scores in
minimally adjusted models but associations attenuated with covariate adjustment. None of the
parent-rated outcomes suggested adverse effects of greater pollution exposure at any time point.

Conclusions—Children with higher mid-childhood exposure to BC and greater near-residence
traffic density in mid-childhood had greater problems with behavioral regulation as assessed by
classroom teachers, but not as assessed by parents. Prenatal and early childhood exposure to
traffic-related pollution did not predict greater executive function or behavior problems; third
trimester BC was associated with lower scores (representing fewer problems) on measures of
metacognition and behavioral problems.

Keywords
Traffic; air pollution; black carbon; executive function; neurodevelopment

1. Background

An accumulating body of evidence suggests that early life exposure to traffic-related air
pollution can affect the developing brain (Block et al. 2012; Calderon-Garciduenas et al.
2014; Costa et al. 2014). The authors of a recent review identified polycyclic aromatic
hydrocarbons (PAH), fine particulate matter with aerodynamic diameter < 2.5 um (PM, 5),
and nitrogen dioxides as air pollutants potentially harmful to neuropsychological
development in children (Suades-Gonzalez et al. 2015). Recent epidemiologic studies have
examined whether air pollution exposure increases risk for adverse behavioral development
including behaviors related to attention deficit hyperactivity disorder (ADHD). Higher
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childhood exposure to particulate matter with aerodynamic diameter < 10 pm (PMyq, of
which one component is PM, 5) was associated with increased prevalence of ADHD among
school age children in India, where vehicular emissions are one important source of
particulate pollution (Siddique et al. 2011). In a Boston cohort of 7-14 year olds, lifetime
(since birth) childhood exposure to black carbon (BC), traffic-related particles commonly
used as a marker of traffic pollution, was associated with worse performance on
computerized assessments of attention (Chiu et al. 2013). Among Cincinnati children, higher
exposure to traffic-related elemental carbon in the first year of life predicted greater
hyperactive behaviors at age 7 (Newman et al. 2013). In China, 8-10 year old children from
a more polluted city performed worse on assessments of attention, motor skills, and sensory
function than children from a less polluted city (Wang et al. 2009). Seven-11 year old
children in Barcelona with higher exposure to elemental carbon, black carbon and nitrogen
dioxide at school displayed greater behavioral problems (Forns et al. 2015); children with
higher traffic-related air pollution exposure also displayed slower improvements in
attentiveness and working memory over a 12 month period (Sunyer et al. 2015). Prenatal
exposure to PAH, air pollutants related to traffic and other forms of combustion, predicted
increased attention problems and anxiety/depression behaviors at age 6-7 and greater
ADHD-related behaviors at age 9 among children in New York City (Perera et al. 2012;
Perera et al. 2014). While findings to date suggest a link between traffic-related pollution
and neurobehavioral outcomes, additional research is needed to identify particular
components of traffic-related pollution that are most influential, developmental windows that
are most sensitive, and aspects of childhood neurobehavior that are most affected. To
investigate these questions in a large prospective cohort followed from pregnancy onwards,
we examined several measures of prenatal and childhood exposure to traffic-related
pollution [BC and PM5, 5 estimated at the residence level, residential proximity to major
roadways, and near-residence traffic density] in relation to ratings of children’s executive
function and behavior problems as reported by parents and classroom teachers.

2. Materials and Methods

2.1 Study population

Participants were drawn from Project Viva, a longitudinal pre-birth cohort of 2,128 mother
and child pairs (Oken et al. 2015). Mothers were enrolled from April 1999 to November
2002 during initial prenatal visits at eight obstetrical offices of Atrius Harvard Vanguard
Medical Associates, a multi-specialty group practice with locations in urban and suburban
Eastern Massachusetts. To be eligible, mothers needed to be <22 weeks gestation at
enrollment (median=9.9 weeks), able to communicate in English, report no plans to move
out of the study area, and give birth to live singleton infants. Viva staff administered a range
of health and developmental assessments at prenatal visits and periodic follow-up visits
during infancy and childhood, and participants completed annual questionnaires regarding
health-related behaviors. Mothers reported their residential address at enrollment and each
follow-up encounter (at mid-pregnancy, delivery, six months, and annually from age 1
forward). At a Project Viva study visit in mid-childhood (median age 7.7 years, range 6.6—
10.9), mothers and classroom teachers reported behavior of child participants using validated
questionnaires. The present study included participants with at least one behavioral rating
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scale and one measure of traffic-related pollution exposure (n=1,212). Depending on the
analysis, final sample sizes ranged from 758 to 1,185. The Institutional Review Board of
Harvard Pilgrim Health Care approved this analysis. All mothers provided written informed
consent and children provided verbal assent at the mid-childhood visit.

2.2. Traffic-related pollutant exposures

We geocoded participants’ residential addresses using ArcGIS 10.1 with Street MapTM
North America (ESRI, Redlands, CA), aerial photographs, and internet resources. Based on
these addresses, and using daily estimates from validated spatiotemporal land use regression
models, we assessed mean exposure of participants to BC and PM, 5 during four periods: the
third trimester of gestation, the first three years of life, the first six years of life, and the year
preceding behavioral ratings. The third trimester mean was selected a priorito represent
prenatal exposure because third trimester exposure estimates were available for a larger
number of participants than first or second trimester exposures; the third trimester is also the
period of gestation when brain development is most rapid (Tau and Peterson 2010). 90
percent of mothers remained at the same residential address from enrollment through date of
delivery.

Methodologies for the pollutant models have been described (Gryparis et al. 2007; Kloog et
al. 2012; Zanobetti et al. 2014). Briefly, the BC model incorporated data on area land use,
traffic density, meteorology, and daily BC measurements from a central monitoring site on
the roof of the Harvard Countway Library of Medicine in Boston, and BC measurements
from 148 permanent and temporary BC monitors operating in Eastern Massachusetts
between January 1999 and August 2011 (Gryparis et al. 2007; Zanobetti et al. 2014). The
PM, 5 model used satellite aerosol optical depth measurements at the 10 km x 10 km grid
scale for the years 2000-2010 (from the Moderate Resolution Imaging Spectroradiometer
aboard the Earth Observing System satellites), and also included daily ground-level
measurements of PM, 5 from United States Environmental Protection Agency and
Interagency Monitoring of Protected Visual Environments networks, along with data on area
land use, meteorology, and locations of major roads and other sources of PM, 5 (Kloog et al.
2012). We estimated BC and PM 5 exposures for all participants who lived in the areas
covered by the models (Eastern Massachusetts for the BC model, New England for the
PM, 5 model) for at least 90% of the days in a given exposure period.

2.3 Residential distance to major roadway and near-residence traffic density

We calculated residential distance to a major roadway and near-residence traffic density at
two timepoints: child’s birth date (to represent prenatal and perinatal exposure) and date of
mid-childhood behavioral ratings (to represent proximal exposure). Using ArcGIS, we
measured the distance in meters from each geocoded residence to nearest major roadway
(US Census feature class Al or A2, denoting major federal and state roads likely to have
significant volumes of traffic). Near-residence traffic density was defined as the length in
kilometers of all roads within 100 meters of a residence, multiplied by the traffic counts for
those roads (vehicles/day) [as in (Zeka et al. 2008)]. We accessed traffic count data from the
Massachusetts Department of Transportation through the Office of Geographic Information
(MassGIS).
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2.4 Neurobehavioral outcomes

Parents and teachers were asked to complete two validated behavioral rating scales of child
participants: the Behavior Rating Inventory of Executive Function (BRIEF) and the
Strengths and Difficulties Questionnaire (SDQ). The BRIEF evaluates executive function,
assessing behaviors including planning and organization, working memory, inhibition of
inappropriate impulses, emotional control, and ability to re-evaluate and shift problem
solving approaches and is validated and standardized for use in children aged 5-18 (Gioia et
al. 2000). Trained Project Viva staff scored completed BRIEF questionnaires according to
published guidelines to generate two index scores (Metacognition (MI) and Behavioral
Regulation (BRI)), and one overall Global Executive Composite score (GEC), which
combines the Ml and BRI. The MI, BRI, and GEC scores were each standardized to
mean=>50, standard deviation (SD)=10 using published reference data; higher scores
represent greater problems (Gioia et al. 2000). The SDQ assesses problem behaviors in four
categories (hyperactivity, emotional problems, conduct problems, and peer problems)
(Goodman 1997), and has good agreement with the Child Behavior Checklist (Goodman and
Scott 1999; Stone et al. 2010). It is frequently used in research and clinical settings and is
valid and reliable among children aged 4-16 (Vostanis 2006). SDQ questionnaires were
scored by trained Project Viva staff, yielding sub-scores in each behavioral category and a
measure of total behavioral difficulties (possible scores range from 0-40 with higher scores
representing greater problems).

2.5 Covariates

We accessed information on participant demographics and health-related behaviors from
Project Viva questionnaires and interviews. We collected data on children’s birth weight and
date of birth from hospital medical records. At the mid-childhood study visits, we
administered the Kaufman Brief Intelligence Test (KBIT-2) to mothers to determine
maternal full scale 1Q (Kaufman and Kaufman 2004). Mothers also completed the Home
Observation for Measurement of the Environment-Short Form (HOME-SF), a validated
measure of emotional support and cognitive stimulation in the child's home (Frankenburg
and Coons 1986). We analyzed maternal blood lead level using blood samples provided by
mothers (n=630) during pregnancy. We also accessed available clinical blood lead measures
from early childhood from medical records for a subset of child participants (n=434). Using
data from the 2000 US Census and geocoded addresses, we recorded median household
income for the census tract of residence at the time of behavioral ratings (United States
Census Bureau, 2000).

2.6 Statistical analyses

We evaluated correlation among exposures, outcomes, and covariates by calculating
Spearman rank correlation coefficients. We ran separate multivariate linear regression
models to assess relationships of each exposure measure (BC, PMs s, distance to major
roadway, near-residence traffic density) with each outcome score (parent- and teacher-rated
BRIEF GEC, BRIEF MI, BRIEF BRI and SDQ total difficulties) for each exposure window
(third trimester, first three years of life, first six years of life, and year prior to behavioral
ratings for BC and PM, 5, birth address and address at the time of behavioral ratings for
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distance to distance to major roadway and near-residence traffic density). We also conducted
sensitivity analyses examining effect estimates for year-long exposure intervals between
birth and age 6 for BC and PM 5.

Although outcome scores had skewed distributions, model residuals were approximately
normal. Sensitivity analyses employing standard errors robust to violations of normality and
homoscedasticity assumptions confirmed the results of linear models.

Initial models were minimally adjusted for child sex and age at behavioral ratings. Primary
models were adjusted for child sex and age at behavioral ratings, and a set of covariates
hypothesized to be potential confounders based on prior knowledge. These covariates
included: duration of any breastfeeding (months up to 12), maternal 1Q, parity (0, 1, =2), age
at enrollment (<25, 25-34, =35 years), marital/cohabitation status (yes/no), education
(=college graduate/<college graduate), race/ethnicity (black, white, Hispanic, Asian, other),
smoking status (never, former, smoked during pregnancy), exposure to secondhand smoke
during pregnancy (<1 hour/=1 hour per week), and alcohol consumption during pregnancy
(g/day), paternal education (=college graduate/<college graduate), presence of a gas stove in
household at infancy (yes/no), annual household income at time of behavioral ratings (<
$40K, $40-70K, $70-150K, =$150K), median income for census tract of residence at the
time of behavioral ratings, HOME-SF score, maternal blood lead level from pregnancy (ug/
dL), and child blood lead level in early childhood (ug/dL). We additionally adjusted third
trimester BC and PM, 5 models for seasonal trends (using sine and cosine functions of the
date of the mid-childhood visit when behavioral ratings were completed) (Schwartz et al.
1991). Birth weight and gestational age were hypothesized to be potential causal
intermediates between prenatal traffic exposure and neurobehavioral outcomes, so we did
not adjust for these variables in primary models, but included gestational age (in weeks) and
birth weight/gestational age z-score (Oken et al. 2003) as covariates in sensitivity analyses.

In initial analyses, BC, PM> 5 and near residence traffic density exposures were assessed
linearly as continuous variables and scaled by the interquartile range (IQR) of each variable.
Distance to major roadway was assessed as a three category variable (<50 m, 50— <200 m,
and =200 m), reflecting previously observed patterns of spatial distributions for important
traffic-related pollutants in relation to major roadways, with rapid decay as distance
increases (Hart et al. 2009; Karner et al. 2010; Zhu et al. 2002). To assess the assumption of
linearity for BC, PM, and near-residence traffic density models, we ran generalized additive
models with cubic regression splines for continuous exposures (with three degrees of
freedom), adjusted for the full set of primary covariates. Splines suggested consistent
patterns of non-linearity in associations between childhood BC exposure and BRIEF and
SDQ scores; based on visual inspection of observed patterns we re-ran models for BC
exposures using two-section piecewise linear models for mean BC concentration with a knot
at 0.5 pg/m3. Splines for PM and traffic density models did not suggest consistent non-linear
dose-response patterns.

To reduce bias and improve model precision (through increased sample size), we imputed
missing covariates using a chained equation multiple imputation model (PROC Ml in SAS)
including exposure and outcome variables, study covariates, and other potential predictors.
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We generated 50 imputed data sets including all Project Viva participants (n=2,128) (White
et al. 2011). We combined the imputed data sets using PROC MIANALY ZE (Rubin 2004).
Final models included participants with imputed covariate data, but participants with
missing measurements of exposure or outcome for a given exposure-outcome analysis were
excluded from that analysis.

Prior investigators have suggested that sex (Chiu et al. 2013) and maternal education
(Newman et al. 2013) may modify associations between air pollution exposure and
behavioral outcomes. We assessed potential effect measure modification by child sex and
maternal education level by re-running primary models for BC, PM, 5 and near-residence
traffic density exposure with cross-product interaction terms for exposure by sex or exposure
by maternal education (=college graduate/<college graduate). We did not assess effect
measure modification in major roadway proximity models because statistical power was
limited by the low numbers of participants in most highly exposed category.

We performed analyses in SAS Version 9.3 (SAS Institute Inc, Cary, NC) and R Version
3.1.3 (R Foundation for Statistical Computing, Vienna, Austria).

3.1 Participant characteristics and traffic-related pollution exposures

Table 1 outlines characteristics of the 1,212 study participants, overall and by category of
BC exposure (<0.5ug/m?3 vs. >0.5ug/m3) in the year prior to behavioral ratings. On average,
participants with higher mid-childhood BC exposure had higher teacher-rated and slightly
higher parent-rated SDQ and BRIEF scores (representing greater behavioral and executive
function problems), lower birth weight and birth weight/gestational age z-score, lower
maternal 1Q, lower levels of maternal and paternal education, lower household income,
higher rates of gas stove ownership (a potential source of indoor air pollution), and lower
neighborhood median income. Mothers of participants with higher mid-childhood BC
exposure were more likely to be black or Hispanic and less likely to be white. Correlations
between parent and teacher ratings on the same instrument were moderate (Spearman r=0.35
for the BRIEF GEC, 0.44 for the SDQ), while intra-rater correlations of BRIEF GEC with
SDQ scores were higher (Spearman /=0.78 for teachers, 0.69 for parents). Participants
excluded due to missing exposure or outcome data (n=916, or 43% of the originally enrolled
2,128) had somewhat lower birth weight (3,429 versus 3,485 g), shorter duration of
breastfeeding (4.2 versus 6.3 months), higher rates of maternal smoking in pregnancy (17
versus 10%) and somewhat lower levels of parental education and household income than
included participants, and were more likely to be black or Hispanic and less likely to be
white (Supplemental Table 1). Distributions of covariates in the original and the imputed
data sets were very similar (Supplemental Table 1).

Table 2 summarizes levels of exposure to traffic-related pollution. BC exposure in the year
prior to behavioral ratings [mean (SD)=0.47 (0.14) ug/m3] was positively correlated with
third trimester mean BC (Spearman r=0.58), birth-age 6 BC (0.88), and all exposure periods
of PM,, 5 exposure and near-residence traffic density. As expected, BC exposure also tended
to be higher among participants living <50 m or 50 to <200m from a major roadway
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compared to =200 m from a major roadway. Excluded participants had similar levels of
exposure to traffic-related pollution in the prenatal period (or at birth address) as included
participants (Supplemental Table 1).

3.2 BC exposure and neurobehavioral scores

In minimally adjusted (child age and sex-adjusted) linear models, an IQR increase in BC
exposure (0.20 ug/md) in the year prior to behavioral ratings was associated with higher
teacher-rated scores (indicating greater problems) on the BRIEF BRI (3.2 points, 95%
confidence interval (Cl): 2.3, 4.1), Ml (2.1, 95% CI: 1.2, 3.1) and SDQ (1.1, 95% CI: 0.6,
1.7). In models adjusted for the full set of covariates, associations of BC in the year prior to
behavioral ratings and teacher-rated scores were attenuated (BRI: 1.7 points per IQR
increase, 95% ClI: 0.6, 2.8; MI: 0.5, 95% CI: -0.6, 1.6; SDQ: 0.1, 95% CI: -0.5, 0.8).
Patterns of association were similar for birth-age 6 BC exposure (Table 3). Birth-age 3 BC
exposure was not associated with BRIEF or SDQ scores. In sensitivity analyses examining
exposure during each year of life from birth to age 6, associations of BC exposure with
teacher-rated BRIEF BRI scores were stronger in years 4, 5, and 6 than in years 1, 2, and 3
(see Supplemental Figure 2).

Higher third trimester BC was associated with higher teacher-rated BRI in minimally
adjusted models (1.2 points per IQR increase, 95% ClI: 0.3, 2.2) but showed no association
with teacher-rated BRI scores and an association with lower (better) Ml scores (-1.2, 95%
Cl: =2.2, -0.2) in covariate-adjusted models (Table 3).

Covariate-adjusted spline models suggested non-linear relationships between mean BC in
the year prior to behavioral ratings and BRIEF and SDQ scores; visual inspection of plotted
splines suggested inflection points at 0.4— 0.6 ug/m3 (see Supplemental Figures 1a-d)
(patterns were generally similar for birth-age 6 BC). Covariate-adjusted piecewise linear
regression models showed that among participants with year prior to behavioral ratings
mean BC exposure above 0.5 pug/m3, a 0.2 pg/m3 increase in BC was associated with larger
increases in BRIEF scores than seen in linear models: 4.8 points (95% ClI: 1.7, 7.8) for the
BRI and 2.9 points (95% CI: -0.3, 6.2) for the MI. Teacher-rated SDQ scores were also
higher among these participants: 2.0 points per 0.2 pg/m3 BC (95% CI: 0.2, 3.7) (Table 4).
Among participants with mean exposure in the year prior to behavioral ratings below 0.5
pg/m3, greater BC was not associated with teacher-rated BRIEF or SDQ scores. Higher third
trimester, birth-age 3 and birth-age 6 BC exposure were associated with higher (worse)
teacher-rated BRIEF scores among participants with BC exposures >0.5 pug/m3, but appeared
associated with lower (better) scores among participants with BC exposures <0.5 pg/m3
(Table 4).

In minimally adjusted linear models, BC exposures in the year prior to behavioral ratings or
the birth-age 6 period appeared associated with slightly higher parent-rated BRIEF and SDQ
scores, but were not associated with parent-rated behavioral scores in covariate-adjusted
models (Table 5). In covariate-adjusted linear models, third trimester BC exposure appeared
associated with slightly lower parent-rated BRIEF scores (representing better executive
function) (Table 5). Covariate-adjusted piecewise linear models showed no association for
third trimester, birth-age 3, or birth-age 6 BC exposure with parent-rated BRIEF scores in
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either BC exposure category, but suggested that an increase of 0.2 ug/m3 BC in the year
prior to behavioral testing was associated with higher parent-rated BRIEF BRI (2.5 points;
95% CI: 0.0, 5.1) and GEC scores (2.7 points; 95% CI: 0.1, 5.3) among participants with
mean exposure >0.5 pug/m3 and somewhat lower parent-rated BRIEF scores among
participants with mean exposure <0.5 pg/m3 (Table 6).

3.3 PM, 5 exposure and neurobehavioral scores

Mean PM5, 5 exposures in the third trimester, birth-age 3 period, birth-age 6 period, and year
prior to behavioral ratings were associated with higher teacher-rated BRIEF and SDQ scores
in minimally adjusted models, but not in covariate-adjusted models (Table 3). PM g
exposures did not appear associated with parent-rated BRIEF scores in either model, with
the exception of associations of higher mean birth-age 3 and birth-age 6 PM, 5 with higher
parent-rated BRIEF BRI and SDQ scores in minimally adjusted models (Table 5).

3.4 Traffic exposure measures and neurobehavioral scores

Near-residence traffic density at birth address was not associated with teacher- or parent-
rated BRIEF scores in minimally adjusted or covariate-adjusted models. Higher near-
residence traffic density at mid-childhood address was associated with higher teacher-rated
BRI and Ml scores in minimally adjusted models, but associations attenuated with
adjustment for covariates, and only BRI score remained associated with mid-childhood near-
residence traffic density (Table 3). Higher mid-childhood near-residence traffic density was
associated with slightly higher parent-rated BRI scores in minimally adjusted models, but
not in covariate-adjusted models (Table 5).

Teacher-rated BRIEF scores were higher among participants living <50 m from a major
roadway at birth compared to those living =200 m in both minimally adjusted and covariate-
adjusted models, but confidence intervals for estimates were wide (owing to the small
number of participants in the <50 m category; n=34) and contained the null value (Table 3).
In minimally adjusted models, there was also a suggestion of higher teacher-rated BRIEF
scores among children living close to major roadways in mid-childhood, but associations
attenuated following adjustment for covariates (Table 3). Parent-rated BRIEF scores were
not associated with roadway proximity at birth, but scores were lower (suggesting better
executive function) among children living <50 m from a major roadway in mid-childhood
compared to those living =200 m in covariate-adjusted models (Table 5).

3.6 Sensitivity analyses

Models additionally adjusted for birth weight and birth weight for gestational age z-score
yielded results very similar to primary covariate-adjusted models (not shown). There were
no consistent patterns of effect measure modification by child sex or maternal education
level in observed associations (not shown).

4. Discussion

In our study cohort of Eastern Massachusetts children, higher average BC exposure from
birth through age 6 and in the year proximal to behavioral ratings predicted greater problems
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with behavioral regulation (a component of executive function involving inhibitory control
of emotion and impulses) as assessed by classroom teachers in mid-childhood (median age
7.7) using the BRIEF questionnaire. BC exposures in the birth-age 3 period and the third
trimester of pregnancy were not associated with worse teacher-rated BRIEF scores, and BC
exposure in the fourth, fifth, and sixth years of life appeared more strongly associated with
teacher-rated BRIEF BRI scores than exposure in the first, second, and third years,
suggesting that mid-childhood exposure may have a greater adverse effect than prenatal or
early childhood exposure on executive function at ages 6-10. These results may also indicate
that the observed associations are related to cumulative BC exposure throughout early life;
high correlations of BC exposure in the year prior to behavioral ratings with birth-age 3 BC
exposure (Spearman r=0.81) and birth-age 6 BC exposure (Spearman /=0.88) limit our
ability to fully isolate the effects of exposure in later versus earlier childhood.

Childhood BC exposure did not appear associated with the Metacognition Index of the
BRIEF (which measures “higher level” executive functions related to planning and problem
solving) (Gioia et al. 2002), indicating that the BRIEF Behavior Regulation Index may be a
more sensitive measure of the neurodevelopmental effects of childhood exposure to traffic-
related pollution than the Metacognition Index among children in the studied age range
(6-10 years).

The observed results are consistent with findings in another Boston cohort (aged 7-14 years)
that childhood BC exposure (average since birth) was associated with errors of commission
on the Connors’ Continuous Performance Test, suggesting poorer inhibitory control; BC
exposure also predicted slower reaction time in that cohort (Chiu et al. 2013). Our findings
are also broadly similar to those of previous studies that have observed greater
neurobehavioral problems among children with higher childhood exposure to traffic-related
pollution, although direct comparability is limited because these studies employed different
outcome assessments and exposure measures (Forns et al. 2015; Sunyer et al. 2015;
Newman et al. 2013; Siddique et al. 2011; Wang et al. 2009). While earlier studies in New
York City reported associations between prenatal PAH exposure and neurobehavioral
problems (anxiety/depression behaviors at ages 6-7 and greater ADHD-related behaviors at
age 9) (Perera et al. 2012; Perera et al. 2014), prenatal exposure to BC in our cohort did not
predict worse outcomes (in fact, teacher-rated metacognition was somewhat better among
children with higher prenatal BC exposure, although this is an association that we do not
believe has a plausible casual explanation). In general, differences between our findings and
those from New York City may relate to differences in sources and exposure levels of
pollution in New York versus Boston, differences in mechanism of effect of PAH versus BC,
differences in the precision of exposure estimates, or differences in susceptibility of the
study populations.

Multiple mechanisms may underlie the associations we observed between childhood
exposure to traffic-related air pollution and behavior regulation problems. Systemic
inflammatory responses or ultrafine particles that reach the brain may trigger
neuroinflammation leading to brain damage through oxidative stress; pollution components
including metals, solvents, and PAHs may also be directly neurotoxic (Block et al. 2012). In
contrast to some brain regions that are more highly developed at birth, the prefrontal cortex,
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a region thought to be important in facilitating behavioral regulation through inhibitory
control, undergoes substantial and critical development throughout childhood and
adolescence (Casey et al. 2000; Tsujimoto 2008).

Evidence suggests that the prefrontal cortex may be a particularly sensitive target for
neurological effects of air pollution exposure. Children exposed to high levels of urban air
pollution in Mexico City had white matter lesions in the prefrontal cortex that were not seen
in Mexican children with lower air pollution exposure (Calderon-Garciduenas et al. 2008).
Dogs exposed to Mexico City air pollution displayed similar white matter lesions, along
with increased neuroinflammation in frontal white matter compared to control dogs, and
deposits of ultrafine particles in frontal blood vessels (Calderon-Garciduenas et al. 2008).
Higher PAH exposure at age 5 in New York City children was associated with reduced
surface white matter in the dorsal prefrontal regions at mean age 8 (while prenatal PAH
exposure was independently associated with reductions in white matter surfaces throughout
the left hemisphere of the brain) (Peterson et al. 2015). Among 8-12 year old children in
Barcelona, childhood exposure to traffic-related air pollution was associated with differences
in functional connectivity of neural networks involving the medial frontal cortex; these
patterns of functional connectivity were opposite to those associated with increased age and
faster reaction time, suggesting that childhood exposure to air pollution was associated with
slower brain maturation (Pujol et al. 2016). Adult volunteers given experimental short-term
exposures to diesel exhaust displayed changes in frontal cortex brain activity, suggesting a
stress response in that region of the brain (Cruts et al. 2008). Mice experimentally exposed
to ultrafine particles (aerodynamic diameter <100 nm) at environmentally-relevant
concentrations in the postnatal period showed greater preference for immediate reward,
which may be an indicator of impulsivity (Allen et al. 2013); exposed mice were also
observed to have alterations in neurotransmitter levels, including increased glutamate in the
frontal cortex, which investigators postulated could indicate an excitotoxic mechanism of
particulate air pollution in the brain (Allen et al. 2014).

In contrast to our findings for teacher-rated BRIEF scores, in linear models parent-rated
BRIEF scores were not associated with childhood BC exposure and third trimester BC
exposure predicted slightly better parent-rated BRIEF GEC scores. Parent and teacher
ratings assess behaviors in different environments. The discrepancy between results for
parent- and teacher-rated questionnaires may indicate that subtle, sub-clinical executive
functioning problems may be more apparent in a school setting rather than at home. We
observed only moderate inter-rater correlation between parent and teacher rating scale scores
in our study population, which is consistent with patterns observed by other researchers and
in normative population samples (Gioia et al. 2000; Mares et al. 2007).

None of the traffic-related exposures we examined predicted worse parent- or teacher-rated
SDQ total difficulties scores in covariate-adjusted linear models. The SDQ is a relatively
short questionnaire, and while it has been shown to have good validity as a primary
screening instrument for childhood psychosocial disorders (Stone et al. 2010), its usefulness
in assessing subtle effects in community populations has been less well-studied.
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Our data suggested that associations between childhood BC exposure and teacher- and
parent-rated BRIEF and SDQ scores were not linear. Below a mean exposure of 0.5 pg/m3,
higher BC exposure in the year prior to behavioral ratings appeared to have no effect (or a
slightly beneficial effect) on parent- and teacher-rated BRIEF and SDQ scores, whereas
above 0.5 pug/m3, higher exposure generally predicted worse scores. This observed non-
linearity may suggest a concentration threshold around 0.5 pg/m3 below which childhood
exposure to BC has less harmful influence on child executive function and behavior. It is
also possible that non-linearity could stem from residual confounding or effect modification
by factors that differ between participants with higher and lower BC exposure.

In our study population, BC exposure was higher, on average, among black and Hispanic
participants compared to white and Asian participants. Participants with higher exposure to
BC tended to have lower household income and live in neighborhoods with lower median
annual household income. These findings are consistent with prior evidence that exposures
to ambient traffic-related air pollution in urban areas are higher among racial and ethnic
minority populations and in lower income communities (Hajat et al. 2013; Jerrett 2009;
Jones et al. 2014). We adjusted for potential confounding by race, household income,
neighborhood income, and other factors in our primary models, but influences of traffic-
related pollutants and socioeconomic factors may be challenging to fully differentiate in this
population, and it is possible that residual confounding may fully or partially explain the
associations we observed.

Through correlated with BC exposure, childhood PM, 5 exposure was a weaker predictor of
teacher-rated BRIEF scores than childhood BC exposure. Although PM, 5 is emitted by
vehicles, it also has many non-traffic sources, meaning PM 5 is considered a less specific
marker of traffic-related pollution than BC (Karner et al. 2010). Our results have similarities
to those of a study of Barcelona school-children, in which total PM, 5 measured in
classrooms was not associated with measures of cognitive development but higher exposure
to the portion of PM, 5 mass attributable to traffic (determined through source
apportionment) was associated with slower improvements in attentiveness and working
memory over the study period (Basagafia et al. 2016). In our study, near-residence traffic
density at mid-childhood address, which we employed as a proxy measure of childhood
exposure to traffic-related pollution, was also associated with a smaller increase in teacher-
rated BRIEF scores than childhood BC exposure, suggesting that BC may be a relatively
more harmful component of the mix of pollutants related to traffic.

We observed suggestive evidence that closer proximity to major roadways at mid-childhood
might be associated with worse teacher-rated BRIEF BRI scores. Teachers also rated
children living within 50 meters of a major roadway at birth as having more executive
function and behavior problems on average (higher BRIEF and SDQ scores), but the small
number of children in this category (n=34) limited the precision of effect estimates. This
pattern reflects earlier findings in the Project Viva cohort suggesting that children with birth
addresses <50 meters from a major roadway had lower non-verbal intelligence, verbal
intelligence and visual motor abilities in mid-childhood (although precision was also limited
in that study) (Harris et al. 2015). In contrast, parent-rated BRIEF scores were lower,
indicating fewer problems, for children living <50 meters from a major roadway at birth. It
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seems unlikely that this association is causal; it may be attributable to confounding we were
unable to account for in our analyses, or may be a chance association.

Additional limitations of our analyses should be noted. We assessed executive function and
behavior based on validated rating scales completed by teachers and parents, but did not
have access to performance-based tests of specific neurobehavioral functions such as
attention or inhibitory control. Rating scales and neurobehavioral tests are complementary
measures ideally used in combination to assess neurobehavioral development; while rating
scales have the advantage of evaluating behavior in everyday life, they may assess different
underlying mental constructs than performance-based measures (Toplak et al. 2013).
Additional measures might have allowed us to identify effects of air pollution exposure on
childhood neurobehavior that could not be identified through observer responses to
behavioral rating scales. In addition, because executive function develops throughout
childhood and adolescence (Anderson 2002), the behavioral rating scales conducted in the
study population at ages 6-10 may not have captured potential effects of air pollution
exposure on aspects of executive function that are better solidified later in development (or
those relevant primarily at younger ages). The association of air pollution exposure with
neurobehavioral development should be further explored in studies employing combined
batteries of multi-informant rating scales and performance-based neuropsychological tests
conducted longitudinally at multiple points in childhood and adolescence.

Although our primary models were adjusted for maternal 1Q, we lacked other measures of
parental neurobehavior (e.g., executive function). Exposure estimates were based on
residential addresses and time-activity data were not available, so exposure measures did not
incorporate exposure outside the home and were therefore certainly misclassified to some
degree (Lane et al. 2013). Median census tract household income, which we used as a
covariate representing neighborhood socioeconomic characteristics, was drawn from year
2000 census data, so this variable may have been misclassified if neighborhood
characteristics changed substantially between the 2000 census and the mid-childhood study
visits (conducted in 2007-2011). Primarily as a result of loss to follow-up soon after birth in
Project Viva, our study included only a subset (57%) of participants originally enrolled in
early pregnancy. While prenatal traffic-related pollution exposures appeared similar for
excluded and included participants, some demographic characteristics and health-related
behaviors differed between excluded and included participants, so selection bias is a
possibility. Lastly, although the study cohort included participants with a range of racial/
ethnic backgrounds and income levels, enrolled mothers all had health insurance coverage
and access to early prenatal care and were on average highly educated and higher income,
which may limit the applicability of findings to less advantaged populations.

Our study also had a number of strengths. We assessed multiple measures of traffic-related
pollution exposure and multiple developmental windows in an effort to investigate
influential pollution components and sensitive exposure periods in relation to childhood
executive function and behavior. We used multiple behavioral rating scales completed by
informants in multiple settings (classroom teachers and parents). \We were able to examine
and adjust for a broad range of potential confounding variables, including co-exposures
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previously observed to influence neurodevelopment and multiple measures of household-
and area-level socioeconomic status.

Our results add to a growing literature suggesting that exposure to traffic-related pollution
may contribute to neurobehavioral problems in children. Given the ubiquity of traffic
exposure in urban and suburban areas, potential adverse impacts to neurodevelopment
represent a serious public health concern, and interventions to limit exposure of children to
traffic-related pollution are warranted.

5. Conclusions

Children with higher childhood exposure to BC had greater problems with behavioral
regulation as assessed by classroom teachers (but not as assessed by parents), and evidence
suggested that mid-childhood might be a more sensitive exposure period than early
childhood or gestation for negative effects of BC exposure on executive function measured
at 6-10 years. We observed evidence of non-linearity in relationships between childhood BC
exposure and rating scales of executive function, which might indicate a potential threshold
for adverse neurodevelopmental effects around 0.5 pg/m3 ambient BC concentration.
Childhood BC exposure appeared to be more strongly predictive of teacher-rated executive
function problems than PM, 5 exposure, near-residence traffic density, or residential
proximity to major roadway. Our results suggest that childhood exposure to traffic-related
pollution may adversely affect executive function development. Together with prior
literature reporting adverse neurodevelopmental effects of traffic exposure, these findings
provide support for public health interventions to reduce exposure to traffic-related pollution
among children.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank the participants and staff of Project Viva. The authors have received support from the National Institutes
of Health (R0O1AI1102960, R01HD034568, PO1ES009825, P30ES000002, R37HD 034568, K24HD069408,
T32ES014562) and the US Environmental Protection Agency (US EPA) (RD83479801, RD83241601). Sponsors
played no role in study design, data collection, analysis and interpretation, manuscript preparation, or the decision
to submit the article for publication.

This publication’s contents are solely the responsibility of the grantee and do not necessarily represent the official
views of the US EPA. Further, US EPA does not endorse the purchase of any commercial products or services
mentioned in the publication.

References

Allen JL, Conrad K, Oberdorster G, Johnston CJ, Sleezer B, Cory-Slechta DA. Developmental
exposure to concentrated ambient particles and preference for immediate reward in mice.
Environmental Health Perspectives. 2013; 121(1):32-38. [PubMed: 23063827]

Allen JL, Liu X, Weston D, Prince L, Oberdorster G, Finkelstein JN, et al. Developmental exposure to
concentrated ambient ultrafine particulate matter air pollution in mice results in persistent and sex-
dependent behavioral neurotoxicity and glial activation. Toxicological Sciences: an official journal
of the Society of Toxicology. 2014; 140(1):160-178. [PubMed: 24690596]

Neurotoxicol Teratol. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Harris et al.

Page 15

Anderson P. Assessment and development of executive function (EF) during childhood. Child
Neuropsychology. 2002; 8:71-82. [PubMed: 12638061]

Basagana X, Esnaola M, Rivas I, Amato F, Alvarez-Pedrerol M, Forns J, et al. Neurodevelopmental
deceleration by urban fine particles from different emission sources: A longitudinal observational
study. Environmental Health Perspectives. 2016; 124(5) [Online 29 April 2016]. doi: 10.1289/
EHP209

Block ML, Elder A, Auten RL, Bilbo SD, Chen H, Chen JC, et al. The outdoor air pollution and brain
health workshop. Neurotoxicology. 2012; 33(5):972-984. [PubMed: 22981845]

Calderon-Garciduenas L, Mora-Tiscareno A, Ontiveros E, Gomez-Garza G, Barragan-Mejia G,
Broadway J, et al. Air pollution, cognitive deficits and brain abnormalities: A pilot study with
children and dogs. Brain and Cognition. 2008; 68(2):117-127. [PubMed: 18550243]

Calderon-Garciduenas L, Torres-Jardon R, Kulesza RJ, Park SB, D'Angiulli A. Air pollution and
detrimental effects on children's brain. The need for a multidisciplinary approach to the issue
complexity and challenges. Frontiers in Human Neuroscience. 2014; 8:613. [PubMed: 25161617]

Casey BJ, Giedd JN, Thomas KM. Structural and functional brain development and its relation to
cognitive development. Biological Psychology. 2000; 54(1-3):241-257. [PubMed: 11035225]

Chiu YH, Bellinger DC, Coull BA, Anderson S, Barber R, Wright RO, et al. Associations between
traffic-related black carbon exposure and attention in a prospective birth cohort of urban children.
Environmental Health Perspectives. 2013; 121(7):859-864. [PubMed: 23665743]

Costa LG, Cole TB, Coburn J, Chang YC, Dao K, Roque P. Neurotoxicants are in the air: Convergence
of human, animal, and in vitro studies on the effects of air pollution on the brain. BioMed
Research International. 2014; 2014:736385. [PubMed: 24524086]

Cruts B, van Etten L, Torngvist H, Blomberg A, Sandstrom T, Mills NL, et al. Exposure to diesel
exhaust induces changes in EEG in human volunteers. Particle and Fibre Toxicology. 2008; 5:4.
[PubMed: 18334019]

Forns J, Dadvand P, Foraster M, Alvarez-Pedrerol M, Rivas I, Lopez-Vicente M, et al. Traffic-related
air pollution, noise at school, and behavioral problems in Barcelona schoolchildren: A cross-
sectional study. Environmental Health Perspectives. 2015; [Online 4 August 2015]. doi: 10.1289/
ehp.1409449

Frankenburg WK, Coons CE. Home screening questionnaire: Its validity in assessing home
environment. The Journal of Pediatrics. 1986; 108(4):624-626. [PubMed: 3958839]

Gioia, G.; Isquith, P.; Guy, S.; Kenworthy, L. Behavioral rating inventory of executive function
(BRIEF). Psychological Assessment Resources, Inc; Lutz, FL: 2000.

Gioia GA, Isquith PK, Retzlaff PD, Espy KA. Confirmatory factor analysis of the behavior rating
inventory of executive function (BRIEF) in a clinical sample. Child Neuropsychology : a Journal
on Normal and Abnormal Development in Childhood and Adolescence. 2002; 8(4):249-257.
[PubMed: 12759822]

Goodman R. The Strengths and Difficulties Questionnaire: A research note. Journal of Child
Psychology and Psychiatry, and Allied Disciplines. 1997; 38(5):581-586.

Goodman R, Scott S. Comparing the Strengths and Difficulties Questionnaire and the Child Behavior
Checklist: Is small beautiful? Journal of Abnormal Child Psychology. 1999; 27(1):17-24.
[PubMed: 10197403]

Gryparis AC, Coull BA, Schwartz J, Suh HH. Semiparametric latent variable regression models for
spatio-teomporal modeling of mobile source particles in the greater Boston area. Journal of the
Royal Statistical Society: Series C (Applied Statistics). 2007; 56(2):183-209.

Hajat A, Diez-Roux AV, Adar SD, Auchincloss AH, Lovasi GS, O'Neill MS, et al. Air pollution and
individual and neighborhood socioeconomic status: Evidence from the Multi-Ethnic Study of
Atherosclerosis (MESA). Environmental Health Perspectives. 2013; 121(11-12):1325-1333.
[PubMed: 24076625]

Harris MH, Gold DR, Rifas-Shiman SL, Melly SJ, Zanobetti A, Coull BA, et al. Prenatal and
childhood traffic-related pollution exposure and childhood cognition in the Project Viva cohort
(Massachusetts, USA). Environmental Health Perspectives. 2015; 123(10):1072-1078. [PubMed:
25839914]

Neurotoxicol Teratol. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Harris et al.

Page 16

Hart JE, Laden F, Puett RC, Costenbader KH, Karlson EW. Exposure to traffic pollution and increased
risk of rheumatoid arthritis. Environmental Health Perspectives. 2009; 117(7):1065-1069.
[PubMed: 19654914]

Jerrett M. Global geographies of injustice in traffic-related air pollution exposure. Epidemiology. 2009;
20(2):231-233. [PubMed: 19234414]

Jones MR, Diez-Roux AV, Hajat A, Kershaw KN, O'Neill MS, Guallar E, et al. Race/ethnicity,
residential segregation, and exposure to ambient air pollution: The Multi-Ethnic Study of
Atherosclerosis (MESA). American Journal of Public Health. 2014; 104(11):2130-2137.
[PubMed: 25211756]

Karner AA, Eisinger DS, Niemeier DA. Near-roadway air quality: Synthesizing the findings from real-
world data. Environmental Science & Technology. 2010; 44(14):5334-5344. [PubMed: 20560612]

Kaufman, A.; Kaufman, N. Kaufman Brief Intelligence Test Second Edition (KBIT-2). 2004.

Kloog I, Nordio F, Coull BA, Schwartz J. Incorporating local land use regression and satellite aerosol
optical depth in a hybrid model of spatiotemporal PM(2.5) exposures in the mid-atlantic states.
Environmental Science & Technology. 2012; 46(21):11913-11921. [PubMed: 23013112]

Lane KJ, Kangsen Scammell M, Levy JI, Fuller CH, Parambi R, Zamore W, et al. Positional error and
time-activity patterns in near-highway proximity studies: an exposure misclassification analysis.
Environmental Health. 2013; 12(1):75. [PubMed: 24010639]

Mares D, McLuckie A, Schwartz M, Saini M. Executive function impairments in children with
attention-deficit hyperactivity disorder: Do they differ between school and home environments?
Canadian Journal of Psychiatry/Revue Canadienne de Psychiatrie. 2007; 52(8):527-534. [PubMed:
17955916]

Newman NC, Ryan P, Lemasters G, Levin L, Bernstein D, Hershey GK, et al. Traffic-related air
pollution exposure in the first year of life and behavioral scores at 7 years of age. Environmental
Health Perspectives. 2013; 121(6):731-736. [PubMed: 23694812]

Oken E, Kleinman KP, Rich-Edwards J, Gillman MW. A nearly continuous measure of birth weight for
gestational age using a United Atates national reference. BMC Pediatrics. 2003; 3:6. [PubMed:
12848901]

Oken E, Baccarelli AA, Gold DR, Kleinman KP, Litonjua AA, De Meo D, et al. Cohort profile: Project
Viva. International Journal of Epidemiology. 2015; 44(1):37-48. [PubMed: 24639442]

Perera FP, Tang D, Wang S, Vishnevetsky J, Zhang B, Diaz D, et al. Prenatal polycyclic aromatic
hydrocarbon (PAH) exposure and child behavior at age 6-7 years. Environmental Health
Perspectives. 2012; 120(6):921-926. [PubMed: 22440811]

Perera FP, Chang HW, Tang D, Roen EL, Herbstman J, Margolis A, et al. Early-life exposure to
polycyclic aromatic hydrocarbons and ADHD behavior problems. PloS one. 2014; 9(11):e111670.
[PubMed: 25372862]

Peterson BS, Rauh VA, Bansal R, Hao X, Toth Z, Nati G, et al. Effects of prenatal exposure to air
pollutants (polycyclic aromatic hydrocarbons) on the development of brain white matter,
cognition, and behavior in later childhood. JAMA Psychiatry. 2015; 72(6):531-40. [PubMed:
25807066]

Pujol J, Martinez-Vilavella G, Macia D, Fenoll R, Alvarez-Pedrerol M, Rivas I, et al. Traffic pollution
exposure is associated with altered brain connectivity in school children. Neuroimage. 2016;
129:175-184. [PubMed: 26825441]

Rubin, DB. Multiple imputation for nonresponse in surveys. Wiley-Interscience; Hoboken, N.J.: 2004.

Schwartz J, Spix C, Wichmann HE, Malin E. Air pollution and acute respiratory illness in five German
communities. Environmental Research. 1991; 56(1):1-14. [PubMed: 1915187]

Siddique S, Banerjee M, Ray MR, Lahiri T. Attention-deficit hyperactivity disorder in children
chronically exposed to high level of vehicular pollution. European Journal of Pediatrics. 2011;
170(7):923-929. [PubMed: 21191614]

Stone LL, Otten R, Engels RC, Vermulst AA, Janssens JM. Psychometric properties of the parent and
teacher versions of the strengths and difficulties questionnaire for 4- to 12-year-olds: A review.
Clinical Child and Family Psychology Review. 2010; 13(3):254-274. [PubMed: 20589428]

Neurotoxicol Teratol. Author manuscript; available in PMC 2017 September 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Harris et al.

Page 17

Suades-Gonzalez E, Gascon M, Guxens M, Sunyer J. Air pollution and neuropsychological
development: A review of the latest evidence. Endocrinology. 2015; 156:3473-3482. [PubMed:
26241071]

Sunyer J, Esnaola M, Alvarez-Pedrerol M, Forns J, Rivas |, Lopez-Vicente M, et al. Association
between traffic-related air pollution in schools and cognitive development in primary school
children: a prospective cohort study. PLOS Med. 2015; 12(3):1001792. [PubMed: 25734425]

Tau GZ, Peterson BS. Normal development of brain circuits. Neuropsychopharmacology: official
publication of the American College of Neuropsychopharmacology. 2010; 35(1):147-168.
[PubMed: 19794405]

Toplak ME, West RF, Stanovich KE. Practitioner review: Do performance-based measures and ratings
of executive function assess the same construct? Journal of Child Psychology and Psychiatry, and
Allied Disciplines. 2013; 54(2):131-143.

Tsujimoto S. The prefrontal cortex: Functional neural development during early childhood. The
Neuroscientist. 2008; 14(4):345-358. [PubMed: 18467667]

United States Census Bureau. [Accessed 18 September 2013] US Census 2000: Summary File 3. 2000.
Auvailable: http://www.census.gov/census2000/sumfile3.html

Vostanis P. Strengths and Difficulties Questionnaire: Research and clinical applications. Curr Opin
Psychiatry. 2006; 19:367-372. [PubMed: 16721165]

Wang S, Zhang J, Zeng X, Zeng Y, Wang S, Chen S. Association of traffic-related air pollution with
children's neurobehavioral functions in Quanzhou, China. Environmental Health Perspectives.
2009; 117(10):1612-1618. [PubMed: 20019914]

White IR, Royston P, Wood AM. Multiple imputation using chained equations: Issues and guidance for
practice. Statistics in Medicine. 2011; 30(4):377-399. [PubMed: 21225900]

Zanobetti A, Coull BA, Gryparis A, Kloog |, Sparrow D, Vokonas PS, et al. Associations between
arrhythmia episodes and temporally and spatially resolved black carbon and particulate matter in
elderly patients. Occupational and Environmental medicine. 2014; 71(3):201-207. [PubMed:
24142987]

Zeka A, Melly SJ, Schwartz J. The effects of socioeconomic status and indices of physical
environment on reduced birth weight and preterm births in eastern Massachusetts. Environmental
Health. 2008; 7:60. [PubMed: 19032747]

Zhu Y, Hinds WC, Kim S, Sioutas C. Concentration and size distribution of ultrafine particles near a
major highway. Journal of the Air & Waste Management Association. 2002; 52(9):1032-1042.
[PubMed: 12269664]

Neurotoxicol Teratol. Author manuscript; available in PMC 2017 September 01.


http://www.census.gov/census2000/sumfile3.html

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Harris et al.

Page 18

Highlights

- We studied early life exposure to traffic-related air pollution and child
behavior.

- Exposure to ambient black carbon predicted worse behavioral regulation
ratings.

- Childhood black carbon exposure appeared more influential than prenatal
exposure.

- Other traffic exposure measures were less strongly associated with
behavioral scores.
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