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Background: To examine whether neighborhood deprivation modifies the association between
early life air pollution exposure and autism spectrum disorder (ASD), we used resources from a
multisite case—control study, the Study to Explore Early Development.

Methods: Cases were 674 children with confirmed ASD born in 2003-2006; controls were 855
randomly sampled children born during the same time period and residents of the same geographic
areas as cases. Air pollution was assessed by roadway proximity and particulate matter <2.5 ym
(PM5 5) exposure during pregnancy and first year of life. To characterize neighborhood
deprivation, an index was created based on eight census tract-level socioeconomic status-related
parameters. The continuous index was categorized into tertiles, representing low, moderate, and
high deprivation. Logistic regression was used to estimate odds ratios (ORs) and corresponding
95% confidence intervals (CIs).

Results: Neighborhood deprivation modified (Psor interaction = 0.08) the association between
PM, 5 exposure during the first year of life and ASD, with a stronger association for those living
in high (OR =2.42, 95% CI = 1.20, 4.86) rather than moderate (OR=1.21, 95% CI = 0.67, 2.17) or
low (OR=1.46, 95% CI = 0.80, 2.65) deprivation neighborhoods. Departure from additivity or
multiplicativity was not observed for roadway proximity or exposures during pregnancy.

Conclusion: These results provide suggestive evidence of interaction between neighborhood
deprivation and PM,, 5 exposure during the first year of life in association with ASD.

Introduction

Autism spectrum disorder (ASD) is a group of neurodevelopmental disorders marked by
impairments in social interaction and communication, and repetitive behaviors.> ASD is a
highly heterogeneous condition, with multiple underlying causes, including genetic and
environmental factors.2 Additionally, strong evidence exists for a prenatal and early
postnatal window of susceptibility for ASD risk.3=> Several epidemiologic studies have
reported associations between prenatal and early postnatal air pollution exposure and ASD,®
specifically for particulate matter <2.5 um in diameter (PM, 5)”:8 and other measures of
traffic-related air pollution.® Early life air pollution exposure may increase risk of ASD
through an inflammatory response pathway impacting brain development.10

Maternal stress has also been hypothesized to alter inflammatory responsel! and has been
associated with ASD in a few previous studies.12-14 Factors at the neighborhood level, such
as crime and poverty, have been implicated as social stressors in previous studies, 1516 with
one study finding associations between neighborhood level stressors and cortisol reactivity
among women.’ Environmental toxicants, such as air pollution, and social stressors are
often spatially correlated, and in general, both of these exposures tend to cluster in more
deprived areas.18-20 Given this relationship, individual and area level socioeconomic status
(SES) may confound the association between air pollution and ASD, but air pollution and
area level SES may also have synergistic effects on ASD development, working through a
shared inflammatory pathway.

Neighborhood deprivation is a multi-component measure of area level SES? that has been
used in previous epidemiological studies to evaluate the impact of stressors at the
neighborhood level on air pollution and health associations.?223 There are several plausible
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pathways for air pollution and neighborhood deprivation to contribute to health outcomes.
Morello-Frosch and Shenassa24 theorized that stressors at the neighborhood level can
contribute to individual chronic stress, which can influence individual susceptibility, and this
stress-induced susceptibility can shape response to environmental exposures. Using this
framework, we hypothesize that chronic stress from neighborhood deprivation could
influence individual susceptibility by impairing the body’s ability to maintain allostasis,
leading to compromised immune function and, ultimately, shaping maternal and infant
responses to air pollution exposure.18:25

The goal of the current study was to investigate the modifying role of neighborhood
deprivation on the association between prenatal and postnatal roadway proximity and PM5 5
exposure and ASD using data from the Study to Explore Early Development (SEED).

Study Population

Details of the recruitment and enrollment processes, and data-collection components for
SEED, have been reported elsewhere.26 Briefly, the SEED catchment area includes six
geographically diverse sites across the United States within California, Colorado, Georgia,
North Carolina, Pennsylvania, and Maryland (eTable 1; http://links.lww.com/EE/AG0).
Individuals were eligible to participate in SEED if they were born in a study catchment area
between September 1, 2003 and August 31, 20086, still resided there at 30-68 months of age,
26 and lived with an English (all sites) or Spanish (California and Colorado sites) speaking
caregiver. Children with possible ASD were ascertained through multiple sources serving or
evaluating children with developmental problems. Population controls were identified from a
random sample of state birth records within a site’s catchment area. Institutional review
boards at each study site and at the Centers for Disease Control and Prevention approved the
SEED study. Informed consent was obtained from all enrolled participants.

Outcome Ascertainment

The Social Communication Questionnaire was administered to the caregivers of both cases
and controls as an initial autism symptom screening tool.2” Any child who had a positive
Social Communication Questionnaire screen of above 11 or previous ASD diagnosis
received a comprehensive developmental assessment to determine final ASD classification.
Controls were moved to the autism workflow if they scored =11 on the Social
Communication Questionnaire or if suspected of autism during the clinical exam. Potential
ASD cases were administered the Autism Diagnostic Observation Schedule,28 and their
caregivers were administered the Autism Diagnostic Interview-Revised.2%30 Final ASD case
classification was based on the results from the Autism Diagnostic Observation Schedule
and Autism Diagnostic Interview-Revised.30 Children who did not have an indication of
possible ASD (negative Social Communication Questionnaire screen, no previous ASD
diagnosis, and no ASD-specific service classification) received a general developmental
assessment only.
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Exposure Assessment

Each participant’s date of birth and residential address at birth was obtained from electronic
birth certificates. Birth addresses were geocoded in ArcGIS using the ESRI StreetMap
database.3! Geocoding match rates ranged from 95% to 100% across study sites.

Start date of pregnancy was calculated by subtracting the clinical estimate of the child’s
gestational age, recorded on the birth certificate, from the child’s date of birth. To ensure the
privacy of all participants, all dates related to the date of birth were randomly shifted—in a
manner maintaining the relationship between dates—by up to 2 weeks in either direction.

Roadway proximity was used to capture the mixture of chemicals from traffic-related air
pollution. Road networks for the entire United States were obtained from ESRI StreetMap.
US major roads include national and state highways, major streets, and other major
thoroughfares within the US. Local residential roads were not included in this assessment.
Each participant’s address at birth was matched to the nearest major road/highway using
ArcGIS to calculate an individual distance measure (in meters).3! Distance to major
roadway was dichotomized at the 10th percentile level in controls (<45m vs. >45m).

We used a previously developed exposure prediction model to characterize PM, 5 exposure
for the study period years (2002-2007).32 Briefly, the hybrid prediction model incorporated
satellite-based aerosol optical depth measurements, simulated outputs from a chemical
transport model, monitored data, land use terms, and meteorological variables. The model
used a neural network to calibrate the predictors to monitored PM, 5 and was trained and
validated with ten-fold cross-validation. Predictions were available at a daily temporal
resolution and a 1 x 1 km spatial resolution. Participants were matched to the centroid of the
nearest grid cell based on their residence at birth. Exposure averages were created for the
entire pregnancy period and the year post birth. PM, 5 exposure during pregnancy and first
year of life was modeled continuously, and also was dichotomized at the PM> 5 National
Ambient Air Quality Standard level of 12.0 pg/m3 (212.0 pg/ m3 vs. <12.0 pg/m3).

Neighborhood Deprivation

Neighborhood level deprivation was characterized using a neighborhood deprivation index
(NDI) measure developed by Messer et al.33 This index has previously been used to describe
relationships between neighborhood deprivation and several pregnancy outcomes, including
low birth weight, small for gestational age, and preterm birth.34-36 To create the index, eight
area-level SES-related parameters were obtained from the 2000 US Census at the census
tract level: percentage of males and females with less than a high school education;
percentage of males and females unemployed; percentage of households defined as crowded
(housing units with more than one occupant per room); percentage of males that are not in
management and professional occupations; percentage of households in poverty; percentage
of female-headed households with dependent children; percentage of households earning <
$30,000 per year; and percentage of households on public assistance (eTable 2; http://
links.lww.com/EE/AB0, for a detailed description of these measures).

To create the weighted NDI, tract-level data from all six study sites were pooled and the data
reduction technique principal components analysis was used; to represent the correlation
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between the components, the eight area-level SES parameters were used as the loadings.3”
The first principal component was retained because it accounted for the largest proportion of
the total variability in the component measures. SES-related variable values were weighted
according to final factor loadings to create a continuous index score for each census tract.
The index score was standardized by dividing the index by the square of the eigenvalue,
resulting in a deprivation index with a mean of zero and an SD of one. Higher values of the
NDI indicate higher levels of neighborhood disadvantage. Census tracts of the SEED study
areas were categorized as having high, moderate, or low deprivation based on tertile cut
points of the continuous index. The deprivation index was then linked to SEED participants
based on the birth residence census tract.

Confounders

Information to assess potential confounders was obtained from a caregiver interview,
medical records, and birth certificates. A directed acyclic graph was used to identify the
covariate set to be included in the model that would result in the least biased estimate. The
final adjustment set consisted of the following variables: study site, year of birth, month of
birth (as a proxy for season of birth), maternal age (continuous), maternal race/ethnicity
(non-Hispanic-white, other race/ethnicity), maternal education (<bachelor’s degree,
>bachelor’s degree), and maternal smoking (any smoking 3 months before conception or
during pregnancy).

Statistical Analyses

Results

Multivariable logistic regression was used to estimate odds ratios (ORs) and corresponding
95% confidence intervals (Cls) for the associations between roadway proximity, PM> 5, and
ASD, with the population group serving as the control group for all analyses. We first report
results for the main associations of each of the exposures in relation to ASD.

Effect measure modification by neighborhood deprivation was first evaluated on the
multiplicative scale for continuous measures of PM> 5 exposure and categorized measures of
distance to roadway (<45m vs. 245m) and PM, 5 exposure (212.0 vs. <12.0 ug/m3). We
assessed departure from multiplicativity by including an interaction term between the
deprivation index and exposure metrics and compared models with and without interaction
terms. Multiplicative interaction was assessed using the likelihood ratio test, with a
significance level of 0.10. We additionally evaluated effect measure modification on the
additive scale by constructing single-referent models for each of the categorized exposures
and computed the relative excess risk due to interaction (RERI) for each exposure.38
Corresponding 95% Cls were calculated using the delta method.3° The RERI measure
indicates whether there is positive, negative, or no interaction on the additive scale.38

Case—control characteristics of the SEED study population, stratified by neighborhood
deprivation level, are presented in Table 1. Overall, compared with controls, children with
ASD were more likely to be boys, born preterm, and born to nonwhite, lower educated
mothers. In our study population, 187 cases (28%) and 159 controls (19%) were categorized
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as residing at birth in a highly deprived census tract. Compared to those in the lowest
deprivation group, controls in the high deprivation group were more likely to be non-white
and to have mothers with lower educations and lower incomes. Their mothers were also
more likely to report tobacco use during pregnancy.

PM, 5 averages in controls during the pregancy period were 13.3 pug/m?3 in the highest
deprivation group and 12.6 and 12.4 ug/m3 in the moderate and low deprivation groups,
respectively. Those in the highest deprivation group were additionally more likely to live
closer to a major road/highway. PM 5 levels additionally varied across study sites, ranging
from a mean of 8.7 pug/ m3 among participants from the Colorado study site, to 15.5 pg/ m3
for participants from the Georgia study site (eTable 3; http://links.lww.com/EE/AGQ ).
Finally, deprivation levels additionally ranged across study sites (eTable 4; http://
links.lww.com/EE/AB0 ). The Pennsylvania study site had a higher percentage of
participants that lived in more deprived census tracts, while the Colorado, Georgia, and
Maryland study sites had a higher percentage that lived in less deprived census tracts.

There was moderate variability in the census indicators by study site (eTable 5; http://
links.lww.com/EE/AB0). Participants from the Colorado and North Carolina study sites
tended to live in census tracts of higher SES compared with those from the Georgia and
Pennsylvania sites. For example, SEED participants from the Pennsylvania study site resided
in census tracts with a greater percentage of households in poverty (9.9%), compared with
those from the Colorado study site (4.9%). Continuous deprivation index levels of SEED
participants also varied by study site (eTable 5; http://links.lww.com/EE/A60). Mean
neighborhood deprivation of study participants varied by site, with a lower mean NDI for
Colorado participants (mean: —0.35, range: —1.3 to 2.1) and higher deprivation for
participants from the Pennsylvania study site (mean: 0.14, range: -1.2 to 4.3).

Childhood ASD was associated with PMs 5 exposure in the first year of life when measured
on a continuous scale (Table 2) (OR = 2.08 per 5-ug/m3, 95% CI = 1.05, 4.10) and when
considered as a dichotomous variable (OR = 1.46, 95% CI = 0.86, 2.46 for PM, 5 levels
>12.0 pg/m?3 in the first year of life compared with <12.0 ug/m3), although Cls for
dichotomized results included the null value. Residence at birth within 45 m of a major road
was also associated with childhood ASD (OR =1.21, 95% CI = 0.88, 1.68). There
additionally appeared to be a slight inverse association for PM, 5 exposure during pregnancy
when exposures were dichotomized; however, Cls for both of these exposure metrics
included the null value.

There was suggestive modification by neighborhood deprivation for the association between
PM, 5 during the first year of life and ASD on the additive (RERI: 0.81, 95% CI = -0.88,
2.47) and multiplicative (Pror interaction = 0.08) scales when PM, 5 was dichotomized at 12.0
pg/m?3 (Table 3). The association between PM, 5 exposure and ASD was strongest in regions
of high deprivation (OR = 2.42, 95% CI = 1.20, 4.86), compared with moderate (OR = 1.21,
95% CI =0.67, 2.17) or low (OR = 1.46, 95% CI = 0.80, 2.65) deprivation groups (Table 3).
Although there was no evidence of modification by neighborhood deprivation for the
association between roadway proximity and ASD, there was some heterogeneity in this
association by deprivation level. The association for living within 45 m of a major road was
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strongest for those in the moderate deprivation group (OR = 1.65, 95% CI = 0.95, 2.86),
compared with the low and high groups (Table 3). We did not observe any modification by
neighborhood deprivation on the multiplicative scale when using continuous measures of
PM, 5 exposure (eTable 6; http://links.lww.com/EE/AG0).

Discussion

We observed modification by neighborhood deprivation for the association between PM> 5
exposure during the first year of life and ASD, with the strongest association observed for
the joint effect between high neighborhood deprivation and PM, s levels above 12.0 pg/m3.
Our study was the first US-based study to address the combined effect of neighborhood
deprivation and air pollution on risk of ASD. One previous study in Sweden assessed the
modifying role of neighborhood deprivation on air pollution and ASD associations and
found no differences by level of deprivation.%0 The role of neighborhood deprivation may
differ between the United States and Sweden, given the overall differences in access to
healthcare and childcare between the two countries. Previous US-based epidemiological
studies have shown that psychological stress and social disadvantage can modify air
pollution and health associations,2341-44 with several showing synergistic effects of air
pollution and social disadvantage in relation to pregnancy outcomes.22:23

We used distance to major roadway as a marker of the mixture of chemicals from traffic-
related air pollution. Our cutoff for living in close proximity to a major road was based on
the distribution in the controls (closest 10%), which is similar to the distribution in a
previous study of roadway proximity and ASD.#> Although mothers in the most deprived
census tracts of our study were more likely to live in close proximity to a major road, we
observed elevated odds of ASD in relation to roadway proximity only for those in the
moderate deprivation group. Thus, modification by neighborhood deprivation differed for
exposure to roadway proximity and exposure to PM, s in the first year of life. The distance
to roadway measure is a proxy for local traffic particles,*6 whereas PM, 5 represents both
local and regional transported particles,* thus differences in the results may be due to the
difference in the two exposures.

Neighborhood deprivation may impact health outcomes in multiple ways. First, living in a
deprived area may limit access to resources (e.g., healthcare, parks, and other places for
physical activity). Alternatively, stressors at the neighborhood level could contribute to
individual chronic stress. The hypotheses of our study were based on the second pathway,
although it is plausible that living in a more deprived neighborhood could reduce access to
healthcare, with particular implications for ascertainment of ASD. Neighborhood
deprivation has been implicated as a social stressor in previous studies, 116 with one study
finding associations between neighborhood deprivation and cortisol reactivity among
women.17 There are several theories relating the combined effects of social and
environmental stressors to health outcomes. One in particular theorizes that stressors at the
neighborhood level can contribute to individual chronic stress, which can influence
individual susceptibility, and this stress-induced susceptibility can shape response to
environmental exposures.24 Using this framework, we hypothesized in our study that chronic
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stress from neighborhood deprivation could influence individual susceptibility and,
ultimately, shape maternal and infant responses to air pollution exposure.

A synergistic association between air pollution and maternal stress in relation to disease
development is biologically plausible given their potentially shared inflammatory pathway.
Recent animal studies have investigated the combined effect of maternal stress and air
pollution exposure on health outcomes in offspring. Findings in mice showed a combined
effect of maternal stress during pregnancy and air pollution exposure on neuroinflammation,
microglia activation, and neurobehavioral outcomes in offspring.#8 These findings led to the
theory that early life maternal stress can induce an inflammatory reaction, sensitize
microglia in the offspring, and make individuals more vulnerable to subsequent challenges,
such as air pollution exposure.10 In relation to the development of ASD, alterations in
microglial development by early postnatal inflammation may alter synaptic pruning,4°-50
resulting in altered neuronal connectivity and disruption of typical brain development.

Like many other air pollution epidemiologic studies,>! our modeled air pollution estimates
represent outdoor area level ambient concentrations and do not take into consideration
indoor exposures or time spent away from home. Further, exposure assessment and linkage
with census tract data was based solely on the residential address at birth, which assumes
limited mobility during pregnancy and the year after delivery. Previous studies, however,
have shown little change in air pollution exposure assignment when using the birth address
versus the complete residential history during pregnancy,®223 although one study did show
somewhat greater exposure misclassification for the pregnancy period than for the first year
of life.>* Residential mobility during pregnancy may also impact the neighborhood
deprivation assignment of participants, and this potential misclassification may differ by
individual SES.

We used information from the US Census to construct a weighted area-level deprivation
index and made no direct measurement of neighborhood physical and social environments.
We used this measure of area level neighborhood deprivation in our study as a proxy for
differences in access to resources and maternal stress, but made no direct measure of self-
reported stress during pregnancy or early life. By using this measure, we make the
assumption that those living in more deprived areas would potentially have higher levels of
chronic stress; however, social control and other individual characteristics may modify this
relationship.18 Additionally, it is likely that exposure and deprivation levels and resulting
estimates could differ by urbanicity. We were unable to assess the impact of urbanicity on
our results as over 95% of SEED study participants lived in “urban” areas.

Another potential limitation is the selectivity of the SEED sample. A number of families of
potentially eligible children did not respond to the SEED invitation letter. One SEED site
was able to assess characteristics of responders and non-responders — their findings showed
that maternal education, age, and race/ethnicity were associated with non-response.>® We
adjusted for all three of these variables in our statistical models in order to address this
potential limitation. Because of this limitation, we made no direct assessment of
neighborhood deprivation and ASD.
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Despite these limitations, this study has several strengths. The Clean Air Act required the

US Environmental Protection Agency to set National Ambient Air Quality Standards for
criteria air pollutants, including PM, 5. The primary standard of 12.0 pg/m3 was set to
“protect public health, including the health of sensitive populations, such as asthmatics,
children, and the elderly.”>® Therefore, we chose this cut-point for our categorized version of
PM, 5. We additionally assessed associations with continuous measures of PM, 5 for
comparability with other studies. Our cutpoint for living in close proximity to a major road
is similar to that of a previous air pollution and ASD study,* and other proximity to
roadway studies,>’:8

To our knowledge, the current study is the first US-based study to assess the modifying role
of neighborhood deprivation on the association between air pollution and ASD. We assessed
modification on both the additive and multiplicative scales using a validated measure of
neighborhood deprivation. Our study additionally used rigorous case-classification based on
gold-standard outcome ascertainment tools. Finally, we used both roadway proximity and
satellite-based modeled PM, 5 estimates in order to capture both local near roadway and
background PM, 5 exposure.

Conclusions

In summary, we observed suggestive evidence of a stronger association between PM; g
exposure in the first year of life and ASD for those living in more deprived neighborhoods.
Additional research in this area of the combined effects of environmental and social stressors
is warranted to help identify susceptible subgroups that are particularly vulnerable to both of
these stressors.
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Refer to Web version on PubMed Central for supplementary material.
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What this study adds

Previous studies have identified associations between air pollution exposure and ASD;
however, the extent to which neighborhood deprivation modifies these associations
remains largely unknown. In order to address this limitation, we investigated the
modifying role of neighborhood deprivation on the association between early life air
pollution exposure and ASD using data from the Study to Explore Early Development.
The findings from our study showed that neighborhood deprivation modified the
association between PM, 5 exposure during the first year of life and ASD, with a stronger
association for those living in high rather than low/moderate deprivation neighborhoods.
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Table 2.

Adjusteda ORs and 95% Cls for the association between proximity to roadway, PM, 5 exposure, neighborhood
deprivation, and ASD

ASD (N) Controls(N) OR (95% CI)

Distance to major road
>45m 582 767 1.00 (ref)
<45m 92 88 1.21 (0.88, 1.68)
Pregnancy PM, 5

5-ug/m3 increase 674 855 1.08 (0.67, 1.72)

<12.0 pg/md 238 309 1.00 (ref)

>12.0 pg/m3 436 546 0.83 (0.57, 1.20)
First year of life PM, 5

5-ug/m? increase 674 855 2.08 (1.05, 4.10)

<12.0 ug/m?3 226 318 1.00 (ref)

>12.0 pg/m? 448 537 1.46 (0.86, 2.46)

a . . . . . .
All models are adjusted for study site, year of birth, month of birth, maternal education, maternal race/ethnicity, maternal age, and maternal
smoking.
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