
UCSF
UC San Francisco Previously Published Works

Title
Exposure to ambient air pollution and early childhood behavior: A longitudinal cohort study

Permalink
https://escholarship.org/uc/item/4zt6x56p

Authors
Loftus, Christine T
Ni, Yu
Szpiro, Adam A
et al.

Publication Date
2020-04-01

DOI
10.1016/j.envres.2019.109075
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4zt6x56p
https://escholarship.org/uc/item/4zt6x56p#author
https://escholarship.org
http://www.cdlib.org/


Exposure to ambient air pollution and early childhood behavior: 
A longitudinal cohort study

Christine T. Loftusa,*, Yu Nib, Adam A. Szpiroc, Marnie F. Hazlehurstb, Frances A. Tylavskyd, 
Nicole R. Bushe,f, Sheela Sathyanarayanaa,g,i, Kecia N. Carrollh, Michael Younga, Catherine 
J. Karra,b,i, Kaja Z. LeWinne

aDepartment of Environmental and Occupational Health Sciences, 4225 Roosevelt Way NE, 
University of Washington (UW), Seattle, WA, 95105, USA

bDepartment of Epidemiology, 1959 NE Pacific Street, Box 357236, UW, Seattle, WA, 98195, 
USA

cDepartment of Biostatistics, UW, Box 357232, Seattle, WA, 98195, USA

dDepartment of Biostatistics and Epidemiology, 462 Doctors Office Building, 66 N Pauline St, 
University of Tennessee Health Science Center, Memphis, TN, 38163, USA

eDepartment of Psychiatry, University of California (UC), 401 Parnassus Ave, San Francisco, CA, 
94143, USA

fDepartment of Pediatrics, 550 16th Street, Box 0110, UC, San Francisco, CA, 94143, USA

gSeattle Children’s Research Institute, 1900 9th Ave, Seattle, WA, 98101, USA

hDivision of General Pediatrics, 2200 Children’s Way, Vanderbilt University Medical Center, 
Nashville, TN, 27232, USA

iDepartment of Pediatrics, 1959 NE Pacific St, UW, Seattle, WA, 98195, USA

Abstract

Background: Prenatal and early life air pollution exposure may impair healthy 

neurodevelopment, increasing risk of childhood behavioral disorders, but epidemiological 

evidence is inconsistent. Little is known about factors that determine susceptibility.

Methods: Participants were mother-child dyads from the CANDLE study, an ECHO 

PATHWAYS Consortium birth cohort set in the mid-South United States, who completed a 

preschool visit. We estimated prenatal and childhood exposures to nitrogen dioxide (NO2) 

and particulate matter less than 10 μm (PM10) at participants’ residences using a national 

annual average universal kriging model (land-use regression with spatial smoothing). Distance 

to nearest major roadway was used as a proxy for traffic-related pollution. Primary outcomes were 
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children’s internalizing and externalizing behavior problems. Regression models were adjusted 

for individual- and neighborhood-level socioeconomic measures, maternal IQ, and multiple 

other potential confounders. We tested for effect modification by select maternal and child 

characteristics.

Results: The analytic sample (N = 975 of 1503 enrolled) was 64% African American and 

53% had a household annual income below $35,000; child mean age was 4.3 years (SD: 

0.4). Mean prenatal NO2 and PM10 exposures were 12.0 ppb (SD: 2.4) and 20.8 μg/m3 (SD: 

2.0); postnatal exposures were lower. In fully adjusted models, 2 ppb higher prenatal NO2 

was positively associated with externalizing behavior (6%; 95% CI: 1, 11%). Associations with 

postnatal exposure were stronger (8% per 2 ppb NO2; 95%CI: 0, 16%). Prenatal NO2 exposure 

was also associated with an increased odds of clinically significant internalizing and externalizing 

behaviors. We found suggestive evidence that socioeconomic adversity and African American race 

increases susceptibility. PM10 and road proximity were not associated with outcomes.

Conclusions: Findings showed that air pollution exposure is positively associated with child 

behavior problems and that African American and low SES children may be more susceptible. 

Importantly, associations were observed at exposures below current air quality standards.

Keywords

Air pollution; Neurodevelopment; Pediatric health; Longitudinal cohort; Epidemiology

1. Introduction

While outdoor air pollution levels are decreasing in the United States, recent research has 

described adverse health impacts at low exposures, below current regulatory standards (Di et 

al., 2017; Schraufnagel et al., 2019). It is uncertain whether low levels of air pollution affect 

pediatric neurodevelopment, including increasing risk of adverse behavioral outcomes. In 

large epidemiological cohort studies, parent report is often used to measure child behavior; 

these measures generally assess two broad domains of behavior: internalizing behaviors (e.g. 

depression, anxiety, and social withdrawal) and externalizing behaviors (e.g. aggression, 

attention problems, impulsivity). Children exhibiting early-onset behavior problems are at 

increased risk for behavior problems in adolescence and delinquency, substance abuse, 

violent behavior, academic problems, and depression over the life course (Moffitt, 1993; 

Hofstra et al., 2000; Shaw et al., 2003; Petty et al., 2008; Althoff et al., 2010). Therefore, the 

identification of modifiable, environmental exposures associated with childhood behavior 

problems has important implications for public health prevention and intervention efforts.

The collective epidemiological evidence linking prenatal and early-life air pollution 

exposure to child behavior outcomes is growing, and toxicological research suggests several 

plausible mechanisms by which prenatal or early-life air pollution exposure could harm 

the developing brain, including by increased systematic and neuroinflammation, oxidative 

stress, and microglial activation (Block et al., 2012; Suades-Gonzales et al., 2015). However, 

there are some inconsistencies in epidemiological studies. Several studies have described 

adverse associations between prenatal or early childhood air pollution and externalizing 

behavior problems (Yorifuji et al., 2017; Newman et al., 2013; Perera et al., 2014; 
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Alemany et al., 2018), self-regulation (Harris et al., 2016; Margolis et al., 2016), diagnosis 

of attention deficit/hyperactivity disorder (ADHD)1 (Siddique et al., 2011), and reduced 

performance on direct assessments of attention or working memory (Chiu et al., 2013, 

2016; Sentís et al., 2017; Wang et al., 2009; Rivas et al., 2019; Forns et al., 2017), which 

are cognitive skills that underlie externalizing problems and ADHD. At the same time, 

recent longitudinal cohort studies provide compelling evidence of null associations between 

air pollution and risk of ADHD (Forns et al., 2018; Gong et al., 2014). Fewer studies 

have assessed associations between air pollution and pediatric internalizing behaviors or 

associated disorders such as depression or anxiety (Perera et al., 2012, 2014).

There are several possible explanations for inconsistencies across prior studies. 

Socioeconomic status (SES) is a strong determinant of pediatric neurodevelopmental 

outcomes as well as ambient air pollution exposure (Mikati et al., 2018; Clark et al., 2014; 

Hajat et al., 2015; Temam et al., 2017), and, when not adequately accounted for, may 

confound associations. There are notable differences with respect to adjustment for SES, 

with many studies including maternal education as the sole SES covariate. Further, it is 

difficult to disentangle direct effects of traffic-related air pollutants on neurodevelopment 

from those attributable to other co-exposures that are correlated with roadway proximity, 

such as noise, which can impact child sleep quality and, in turn, behavior (Basner and 

McGuire, 2018; Gregory et al., 2004; Zare Sakhvidi et al., 2018). Exposure measurement 

error affects all epidemiological studies of air pollution and can be a source of substantial 

bias. Analyses that utilize area-wide estimates of ambient pollutants or that rely on limited 

address history data (Yorifuji et al., 2016, 2017; Haynes et al., 2011; Min and Min, 2017; 

Midouhas et al., 2019) may be more susceptible to such biases. Furthermore, research 

suggests that certain factors increase susceptibility to neurotoxic effects of air pollution, 

such as child sex, SES and maternal nutrition, but existing evidence is inconclusive. Previous 

work has attempted to determine windows of susceptibility as well, but uncertainty persists 

as to timing of exposure most important for health effects.

In the current study, we examine the association between air pollution and child 

externalizing and internalizing behaviors in the Conditions Affecting Neurocognitive 

Development and Learning in Early Childhood (CANDLE) study, a longitudinal study 

of 1503 mother-child dyads in Shelby County, TN. We leverage CANDLE’s prospective 

design, large sample size, high retention rates, and rich characterization of address histories 

as well as participant characteristics to help overcome some limitations of some previous 

studies. We examine effect modification by child characteristics associated with greater 

vulnerability to chemical exposures in prior studies (child sex, race and SES), as well as by 

an objective biomarker of prenatal nutrition, maternal plasma folate, which we have found 

to modify air pollution-neurodevelopment associations in prior studies of this cohort (Loftus 

1ADHD – Attention Deficit Disorder; BSI – Brief Symptom Inventory; CANDLE - Conditions Affecting Neurocognitive 
Development and Learning in Early Childhood; CBCL – Child Behavior Checklist; CI – Confidence Intervals; COI – Childhood 
Opportunity Index; CSHQ – Children’s Sleep Habits Questionnaire; ECHO – Environmental Influences on Child Health Outcomes; 
EPA – Environmental Protection Agency; HOME – Home Observation Measurement of the Environment; IQ – Intelligence Quotient; 
IQR – Interquartile Range; IRB – Institutional Review Board; KIDI – Knowledge of Infant Development Inventory; NO2 – Nitrogen 
Dioxide; OR – Odds Ratio; PM – Particulate Matter; PM10 – Particulate Matter of 10 μm or Less in Aerodynamic Diameter; PM2.5 
– Particulate Matter of 2.5 μm or Less in Aerodynamic Diameter; SD – Standard Deviation; SES – Socioeconomic Status; TN – 
Tennessee; US – United States; WASI – Weschler Abbreviated Scale of Intelligence.
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et al., 2019). We hypothesized that higher exposure to ambient air pollution in the prenatal 

and/or postnatal period are associated with more behavioral problems in early childhood. 

We further aimed to determine whether prenatal or postnatal exposures are more strongly 

associated with neurodevelopmental outcomes.

2. Methods

2.1. The CANDLE study: cohort and data collection

The CANDLE study is a prospective pregnancy cohort study set in Shelby County, TN. 

The design, aims and data collection have been described previously (Sontag-Padilla et 

al., 2015; Loftus et al., 2019). Between 2006 and 2011, CANDLE recruited women based 

on the following criteria: age 16–40 years old, in the second trimester of a singleton 

pregnancy, intent to deliver at one of five health care settings in Shelby County, and with 

no pregnancy complications (e.g. diagnosis of gestational diabetes, high blood pressure or 

other condition). 5228 women were screened and 3320 were determined to be eligible; 

of these, 1503 enrolled in CANDLE (Sontag-Padilla et al., 2015). Longitudinal data 

collection included two prenatal clinic visits, several childhood visits attended by children 

and mothers, as well as two home visits in early childhood. Mothers were contacted by 

phone one or more times per year for purposes of cohort engagement and survey-based 

data. All participants provided informed consent. Research activities were approved by the 

University of Tennessee Health Sciences Center Institutional Review Board (IRB). The 

current analyses were conducted as part of the PATHWAYS Consortium, a cohort award 

of the Environmental Influences on Child Health Outcomes (ECHO) initiative, and were 

approved by the IRB of the University of Washington, Seattle.

2.2. Neurodevelopmental outcomes

Outcomes were assessed at a preschool-age study visit. Mothers completed the Child 

Behavior Checklist (CBCL; ages 1.5–5 years of age), a well-researched instrument 

demonstrating high reliability (Achenbach and Rescorla, 2000; Achenbach and Ruffle, 2000; 

Achenbach, 2009). In brief, the CBCL is a parent reported measure of the frequency (never, 

sometimes, always) of 99 problem behaviors in the past two weeks. Responses are summed 

to create eight syndrome and DSM-oriented scales as well as two broadband domains of 

behavior: externalizing and internalizing, which are the focus of this investigation.

Two primary outcome measures were selected a priori: raw scores for both the CBCL 

externalizing and internalizing broadband scales. Secondary outcomes were externalizing 

and internalizing scores exceeding clinical thresholds (t-scores of 63 or higher).

2.3. Air pollution exposure

CANDLE collected maternal residential addresses at enrollment and updated contact 

information at every subsequent point of contact, including study visits and phone calls. 

Addresses were geocoded using Census TIGER line files in ArcGIS, Texas A&M geocoder, 

or manual matching. When a move date was not available, it was estimated as halfway 

between the ascertainment dates of the two different addresses.
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To estimate ambient NO2 and PM10 at every residential location, we applied validated 

universal kriging models (land-use regression with spatial smoothing) for the contiguous 

US; details in Sampson et al. (2013) and Young et al. (2016). These models predict 

annual average pollutant concentrations based on air quality monitoring data from AQS 

and IMPROVE networks and modeling of over 300 geographic covariates. The NO2 model 

was also enhanced with satellite data (Young et al., 2016). The predictive capacity of models 

were assessed with cross-validation R2s, which ranged from 0.79 to 0.89 and 0.40 too 0.63 

for NO2 and PM10, respectively. To leverage spatial contrasts in air pollution and avoid 

temporal confounding or bias due to year-specific modeling errors, we used a “fixed year” of 

the model to determine participant exposures within each exposure window: specifically, we 

estimated prenatal exposures using annual averages predicted using the 2006 model, and all 

postnatal estimates were derived from the 2011 model. We accounted for changes of address 

during the prenatal and postnatal periods: for participants who moved during an exposure 

period (i.e., prenatal or postnatal period), we calculated time-weighted exposure averages 

across all locations during that window.

As a proxy measure of air pollution associated with road traffic, we estimated distance 

between each residential address and nearest major roadway. We defined “near road” as 

living within 150 m of an A1, A2 or A3 road (US Census Feature Class Codes) for our 

primary metric. If a participant lived at multiple address addresses during the exposure 

period, we assigned road proximity based on the single location at which the mother lived 

the longest.

2.4. Other variables

Covariates included in statistical models as potential confounders, precision variables, and 

effect modifiers were collected by a variety of methods. Baseline socio-demographics, 

health behaviors, pre-pregnancy body mass index (BMI), parity and breastfeeding were 

ascertained by maternal surveys. Reported household income was adjusted by the number 

of adults and children supported by the income (Hagenaars and de Vos andZaidi, 

1994). Prenatal surveys included the Brief Symptom Inventory (BSI) (Derogatis, 1993) 

for assessment of maternal mental health and the Knowledge of Infant Development 

Inventory (KIDI; MacPhee, 1981). Child sleep quality was measured by maternal report 

on the Children’s Sleep Habits Questionnaire (CSHQ) at the age 4–6 year visit (Owens 

et al., 2000). Maternal IQ was assessed using the WASI short form (Axelrod, 2002). 

Maternal blood was collected during the second trimester of pregnancy, and plasma 

folate concentrations were measured as described previously (Roy et al., 2018). The 

Home Observation Measurement of the Environment (HOME) inventory, an in-person 

observational measure of the quality of care-taking environment (Frankenburg and Coons, 

1986), was completed during a visit to CANDLE participants’ homes.

Finally, we used two domains of the Childhood Opportunity Index (COI) to approximate 

neighborhood-level resources and other local factors that influence child development: the 

educational opportunity subscale, calculated using adult educational attainment rate (college 

and above), school poverty rate, reading proficiency rate, math proficiency rate, preschool/

nursery school attendance rate, high school graduation rate, proximity to accredited early 

Loftus et al. Page 5

Environ Res. Author manuscript; available in PMC 2022 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



education centers, and proximity to early childhood education centers of any type; and 

the social and economic opportunity subscale, calculated using neighborhood foreclosure 

rate, poverty rate, unemployment rate, public assistance rate, and proximity to employment. 

COI indices are estimated at the census tract level. Due to alignment with data collection 

years for the COI, we estimated the postnatal average COI subscales with time-weighted 

averaging over all postnatal addresses.

2.5. Statistical analyses

We completed descriptive analyses to characterize the study population overall, to compare 

characteristics between participants with high versus low prenatal air pollution exposures, 

and to compare characteristics of those included in analyses to all CANDLE live births. We 

estimated pairwise correlations between pollutant measures and continuous distances to each 

class of roadway.

Associations between each outcome and air pollution exposure metric were estimated in 

separate multivariate linear regression models. We assessed associations with prenatal as 

well as postnatal exposures for each pollutant separately. Because CBCL externalizing 

and internalizing raw scores are summed counts of behaviors, we used Poisson regression 

with robust standard errors to account for over-dispersion. Associations with dichotomous 

outcomes (i.e., externalizing or internalizing scores above a clinical threshold) were 

estimated using logistic regression. NO2 and PM10 risk estimates were scaled to a 2 unit 

increase in exposure, which approximated the IQR for both pollutants in pre- and postnatal 

windows in this study population.

We used a staged approach to address potential confounding. We first identified risk factors 

for pediatric behavioral problems in the research literature and used a directional acyclic 

diagram (DAG) to inspect possible pathways for confounding (Supplemental Fig. 1). Our 

primary results are based on the “full” model, which includes all covariates identified a 
priori as likely confounders as well as risk factors for poor behavioral outcomes that may 

be correlated with exposures in this population. The “minimal” and “minimal plus temporal 

splines” are included to provide insight into the importance of confounder adjustment in this 

analysis and to help in assessing whether including all of the covariates in the “full” model 

results in inflated confidence intervals. The “expanded” model is included to assess whether 

more robust adjustment for additional covariates might be necessary.

Minimal models were adjusted for child sex, age at assessment, and enrollment site; in 

“minimal plus temporal splines” models, we added child date of birth as cubic splines 

with four degrees of freedom per year. The full models included individual-level SES 

variables (maternal education at baseline [high school degree/GED or less, college degree 

or technical school, graduate or professional degree], and baseline household income 

adjusted for number of adults and children in household), neighborhood-level economic 

and educational opportunity (COI economic and educational subscale scores, as splines with 

three degrees of freedom), maternal demographics (maternal age [16–18, 19–21, 22–29, and 

30 and over years] and maternal race [African American or other]), maternal health during 

pregnancy (reported smoking [any or none]), maternal prenatal depression (BSI t-score 

for depression above 60), maternal cognitive ability (full scale IQ score), birth order (first 
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child or not), and early childhood nutrition and child health behaviors (breastfeeding [never, 

<6 months, ≥6 months], and sleep survey score at time of assessment). Sleep health was 

included as a covariate to block a possible association between air pollution exposure and 

neurodevelopment that may appear due to the effects of traffic noise on sleep and – in turn – 

child behavior. Our aims are to estimate associations with exposure to chemical air pollution 

and child behavior, not the effects of noise or other effects of living near roads. Expanded 

models included all covariates in the full models, plus additional variables to minimize the 

possibility of residual confounding: baseline insurance status (Medicaid/no insurance, or 

other), reported prenatal vitamin use (yes or no), maternal marital status at baseline, paternal 

education at baseline (same categories as maternal education, plus unknown), maternal pre-

pregnancy body mass index (underweight, normal, overweight, obese), and total score on the 

KIDI survey. As noted above, we estimated effects of prenatal and postnatal separately as 

well as in mutually-adjusted models. We used the same models to evaluate both prenatal and 

postnatal exposure for ease of comparing results for different exposure windows.

We assessed evidence of effect modification in associations between air pollution and 

primary outcome measures (continuous CBCL scores) by child sex, individual-level SES, 

and maternal race. In separate analyses, we modeled individual SES 1) by adjusted 

household income, dichotomized at the median as well as a continuous value, and 2) by 

baseline insurance status: covered by private insurance (relatively high SES) vs. Medicaid/

Medicare or no insurance (relatively low SES). We also evaluated effect modification by 

a biomarker of prenatal nutrition, plasma folate. Prenatal plasma folate was divided into 

quartiles based on the distribution among CANDLE mothers. We added interaction terms 

in all models used to assess effect modification, and p-values for interaction were estimated 

using Wald tests with robust standard errors.

We conducted sensitivity analyses to evaluate potential biases in the main findings: 1) 

To assess residual confounding by the home environment, we additionally controlled 

associations with primary outcomes, estimated in full models, for the HOME inventory. 

On account of substantial nondifferential missingness in this measure, we use multiple 

imputation to impute missing HOME scores in N = 10 datasets, which were combined 

in regression analyses using Rubin’s rules (Rubin, 2004). 2) To determine whether our 

findings about road proximity were influenced by the threshold chosen to define “near 

roadway,” we tested additional distance thresholds: 100, 200, 250, 300, 350, and 400 m. 

3) As described above, we excluded participants who moved outside the study area during 

pregnancy in analyses of prenatal exposure and those who moved away between birth and 

time of assessment in analyses of postnatal exposure. In sensitivity analyses, we further 

repeated analyses of prenatal exposure with exclusion of the participants who moved out 

of the area in the postnatal period. 4) We repeated main analyses of each exposure with 

additional control for the two other exposures in the same time window, in attempt to 

assess whether associations with each were affected by confounding by another exposure. 5) 

Finally, we explored whether the exposure-response relationships for main models deviated 

from linearity by using generalized linear models (GAMs) with adjustment for all covariates 

in the full models. We inspected exposure-response curves and associated 95% CIs to 

determine whether there is statistically significant evidence of deviations from linearity.
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All analyses were conducted in Stata version 15 (StataCorp LLC, College Station, Texas) or 

R 3.4.3 (R Foundation for Statistical Computing, Vienna, Austria). We considered 0.05 as a 

p-value threshold for statistical significance.

3. Results

3.1. Study population

The study population included N = 975 mother-child dyads who had prenatal address 

histories available for air pollution predictions and outcome data from the 4–6 year visit. 

Fig. 1 illustrates cohort retention from enrollment to the time of outcome assessments and 

exclusions from the current analysis. Compared to those who enrolled in CANDLE and had 

a live birth (N = 1452), our study population was similar in prenatal exposures as well as 

participant characteristics (Supplemental Table 1).

64% of mothers identified as African American and 29% as Caucasian. The majority were 

covered by Medicaid/Medicare or had no insurance (57%) and reported a high school 

education or less at time of enrollment (60%) (Table 1). 38% of mothers were married at 

enrollment. Few mothers reported prenatal smoking (9%), and the majority breastfed their 

children for less than 6 months or not at all (65%). The mean (SD) child age was 4.3 

(0.4) years at the time of outcome assessment. Compared to those with lower levels of 

prenatal pollution exposure, mothers with higher exposure to at least one pollutant measure 

were more likely African American, were younger during pregnancy, had lower levels of 

educational attainment, were less likely to be married, were less likely covered by private 

insurance, had lower reported incomes at enrollment and lived in census tracts with lower 

COI educational and social and economic opportunity scores (Table 1).

3.2. Behavioral outcomes

Externalizing behavior raw scores ranged from 0 to 43; the mean (SD) was 9.3 (7.6). 

Internalizing behavior raw scores ranged from 0 to 44; the mean (SD) was 6.3 (6.2). 4.7% 

and 5.3% of children had t-scores above the clinical threshold of 63 for externalizing and 

internalizing problem behavior scores, respectively.

3.3. Modeled pollutant exposures and road proximity

Median prenatal exposures to PM10 and NO2 were 20.7 μg/m3 (IQR = 2.8) and 11.9 

ppb (IQR = 3.8), respectively, and median postnatal exposures were 17.2 μg/m3 (IQR = 

2.1) and 8.6 ppb (IQR = 2.5), respectively (Table 2). N = 272 (27.9%) and 262 (27.1%) 

of participants lived within 150 m of a busy road for the majority of their pregnancy 

and during childhood, respectively. NO2 and PM10 had low correlations in both the 

prenatal and postnatal windows of exposures (Pearson’s r = −0.057 and 0.049, respectively; 

Supplemental Table 2). NO2 concentrations and distance to roadways were correlated, as 

expected, while PM10 estimates were not related to roadway proximity. Postnatal NO2 and 

PM10 were strongly correlated with prenatal exposures (r = 0.79 and 0.71 for NO2 and 

PM10, respectively).
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Supplemental Fig. 2 displays predicted annual concentrations of NO2 and PM10 in the study 

region. Estimated NO2 levels were highest around major roadways and concentrated in the 

Memphis urban center, while regions of high PM10 were dispersed across the study region.

3.4. Air pollution and externalizing behavior

In fully-adjusted models, children exposed to 2 ppb higher prenatal NO2 on average had 

6% higher externalizing behavior scores (95% CI: 1, 11%; Fig. 2). 2 ppb higher postnatal 

NO2 was associated with 8% higher externalizing scores (95% CI: 0, 16%). NO2 was also 

associated with a higher odds of meeting the threshold for clinically significant externalizing 

problems (ORprenatal = 1.57 [95%CI: 1.02, 2.40]; ORpostnatal = 1.96 [95%CI: 1.03, 3.71]) 

(Table 3). With additional control of HOME inventory score in imputed datasets, findings 

did not change (results not shown). Mutual adjustment of prenatal and postnatal NO2 in the 

same model resulted in attenuation and reduced precision of effect estimates associated with 

both exposure windows (4% increase [95%CI: −3, 11%] and 2% increase [95%CI: −9, 14%] 

for prenatal and postnatal, respectively, with mutual adjustment). We found no associations 

between prenatal or postnatal PM10 or road proximity and any externalizing outcome (Fig. 

2; Table 3).

There is some evidence that SES modified the association between air pollution and 

externalizing behavior (Fig. 3). Associations between postnatal NO2 and externalizing 

behavior were stronger for those with Medicaid or no insurance at baseline compared to 

those with private insurance (12% increase [95%CI: 1, 24%] vs. 1% increase [95%CI: −10, 

13%]; pinteraction = 0.09). Higher PM10 was associated with more externalizing behavioral 

problems in children from lower income families but not those with higher incomes (11% 

increase [95%CI: 0, 25%] vs. 10% decrease [95%CI: −1, 19%] per 2 g/m3, pinteraction 

= 0.01), respectively; findings were similar when income was modeled as a continuous 

interaction term (results not shown). For both pre- and postnatal NO2 and PM10, we 

observed suggestive trends of stronger associations with lower maternal folate during 

pregnancy, but tests of interaction did not achieve statistical significance (Fig. 3). There 

was no evidence of effect modification by child sex or maternal race (Fig. 3).

3.5. Air pollution and internalizing behavior

Measures of pre- and postnatal air pollution were not associated with internalizing behaviors 

in the full population (Fig. 2). However, we did observe evidence of effect modification of 

postnatal NO2 exposure by participant characteristics for this outcome (Fig. 3). Children 

of African American mothers exhibited stronger positive associations between internalizing 

scores and postnatal NO2 compared to other races (11% higher [95% CI: 0, 24%] versus 

a difference of −3.9% [95% CI: −17, 12%] per 2 ppb increase; pinteraction = 0.10). For 

participants on Medicaid or with no insurance at enrollment, 2 ppb higher postnatal NO2 

was associated with 13% higher (95% CI: 1, 27%) internalizing behavior scores, while there 

was no association among those with private insurance (a difference of −5% [95%CI: −16, 

7%] per 2 ppb higher NO2; pinteraction = 0.027). There was little evidence that maternal 

race, child sex or prenatal folate status affected associations between air pollution and 

internalizing behavior.
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3.6. Sensitivity analyses

In road proximity sensitivity analyses, externalizing scores were significantly higher when 

larger distance thresholds were used to define proximity to major roadways (300 m and 

above; Supplemental Table 3). For example, externalizing scores were 13% higher (95% 

CI: 2, 25%) with prenatal residential locations within 300 m of a busy road; postnatal 

associations were similar for this threshold (Supplemental Table 3).

Exclusions of participants that moved out of the study region in the postnatal period in 

the analyses of prenatal exposures did not affect any the findings (results not shown). We 

explored whether positive associations between NO2 and externalizing behavior observed in 

linear regression models exhibited signs of nonlinearity using GAM plots, but we detected 

no statistically significant deviations from linearity (results not shown). Finally, we repeated 

main models for each exposure with additional control for the other two exposures, and 

observed no meaningful difference in the findings (Supplemental Table 4).

4. Discussion

We found that prenatal and childhood exposure to higher levels of outdoor air pollution were 

associated with poorer behavioral outcomes in early childhood in the CANDLE cohort, a 

large, well-characterized, and diverse birth cohort in the southern US. The most consistent 

associations were between NO2, a marker of traffic-related pollutants, and maternal report 

of children’s externalizing behavior problems. Higher NO2 exposure was associated with 

greater levels of externalizing behaviors as well as increased odds of externalizing scores 

exceeding clinical thresholds. There was suggestive evidence that these associations were 

stronger for children in lower SES families. We did not observe any effects of air pollution 

on internalizing behaviors in the overall population but did find that lower SES and African 

American children may be more susceptible to pre- or postnatal air pollution exposure with 

respect to internalizing behaviors.

These findings add to a growing body of epidemiological evidence connecting externalizing 

behaviors or related disorders with pre- and postnatal exposure to air pollutants (Yorifuji 

et al., 2017; Perera et al., 2014; Newman et al., 2013; Forns et al., 2016; Alemany et al., 

2018; Younan et al., 2018; Roberts et al., 2019; Siddique et al., 2011; Min and Min, 2017). 

Other work suggests that air pollution exposure may impair specific neurological functions 

underlying behavioral regulation (Chiu et al., 2016; Harris et al., 2016; Wang et al., 2009; 

Rivas et al., 2019; Sentís et al., 2017). At the same time, others have reported null or 

protective associations with externalizing behaviors or related disorders (Abid et al., 2014; 

Forns et al., 2018; Gong et al., 2014). Our study strengthens collective evidence for an effect 

of air pollution on behavioral development by addressing some limitations in previous work. 

CANDLE is a large, prospective prenatal cohort study with rich longitudinal data collection 

on predictors of pediatric neurodevelopment. Our exposure assessment included spatially-

resolved air pollution exposures calculated using validated national models. The CANDLE 

study collected detailed address histories, including precise dates for most changes of 

address, which allowed us to estimate more accurate exposures than studies that did not 

track moves. This level of detail increased our ability to characterize pre-versus postnatal 

exposure and attempt to describe associations specific to different windows of exposure. 
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Compared to other pregnancy cohorts, the CANDLE cohort has high longitudinal retention 

and, moreover, we observed little evidence of differential loss-to-follow-up.

Because individual and neighborhood SES are correlated with outdoor air pollution and 

predictors of child neurodevelopment and behavior, inadequate control for SES could bias 

associations with air pollution towards or away from the null. In our study and others 

set in the United States (Harris et al., 2016; Newman et al., 2013) lower SES predicts 

higher air pollution exposure, while in European studies (Forns et al., 2018; Temam et 

al., 2017) the opposite was true. Residual confounding by SES could therefore affect 

observed associations differentially between study regions and contribute to between-study 

inconsistencies. Many studies of air pollution and pediatric neurodevelopment adjusted for 

only a single measure of individual-level SES (Chiu et al., 2013, 2016; Perera et al., 2014; 

Alemany et al., 2018; Rivas et al., 2019; Sentís et al., 2017; Younan et al., 2018; Siddique 

et al., 2011), and several included individual-level SES variables but not area-level SES 

(Min and Min, 2017; Perera et al., 2014; Newman et al., 2013; Chiu et al., 2013, 2016; 

Abid et al., 2014; Midouhas et al., 2019; Sentís et al., 2017; Margolis et al., 2016; Wang 

et al., 2009), increasing the likelihood of residual confounding (Temam et al., 2017). We 

controlled for several SES variables at both the individual and neighborhood levels and used 

staged modeling to explore the robustness of our findings to covariate selection in order to 

minimize the potential impact of confounding by SES. A related strength of our analysis 

over some existing work is that missingness of key covariates was very low; we used 

multiple imputation to additionally control for the HOME score, an observed measure of 

the home environment and important predictor of child neurodevelopment with differential 

missingness in this sample.

Our work also expands upon the existing literature by describing associations in a relatively 

large and diverse cohort that is representative of Shelby County, the most populous county 

in Tennessee. Previous analyses of cohorts with high proportions of lower SES families 

and racial/ethnic minorities have been much smaller (Chiu et al., 2013, 2016; Perera et al., 

2012, 2014). In addition, our findings are notable in that ambient air pollution exposures are 

relatively low. Existing studies have described associations in urban regions of Europe and 

the US with higher air pollution exposures. Median prenatal NO2 and PM10 exposures in 

the CANDLE study population were 11.9 ppb and 20.7 μg/m3, respectively. The current US 

air quality standards for NO2 annual averages is 53 ppb. There is no PM10 annual average 

for comparison, but Memphis has not exceeded the PM10 24-h standard for over 20 years. 

If causal, the associations measured in this study indicate that health effects are occurring 

below current regulatory standards.

Relatively few studies have explored susceptibility to air pollution exposure across prenatal 

and early life stages of development. Distinguishing effects associated with specific 

exposure windows in observational studies is challenged by the high correlation between 

exposure periods. Some studies assessed both prenatal and postnatal windows of exposure 

separately and compared the magnitude of associations across exposure windows (Harris 

et al., 2016; Sentís et al., 2017; Gong et al., 2014). Others modeled both exposures in 

regression models concurrently (Chiu et al., 2016; Vishnevetsky et al., 2015; Edwards et al., 

2010; Rivas et al., 2019) or conducted sensitivity analyses with restriction by move status 
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(Forns et al., 2018; Porta et al., 2016). In general, evidence from these studies is somewhat 

stronger for postnatal exposure but overall is inconclusive. We attempted to address this 

question in our large analytic sample, with excellent detail on participant locations and dates 

of moves. We found that point estimates for both prenatal and postnatal air pollution with 

behavior outcomes were similar in magnitude and precision in separate models; with mutual 

adjustment in the same model, both associations were attenuated and imprecise. Our results 

therefore are also inconclusive as to whether prenatal or postnatal exposures – or both – 

drive associations with neurobehavior.

We examined whether associations between prenatal air pollution and child behavior varied 

by child or maternal characteristics. Sex differences have been evaluated in animal models 

and epidemiologic studies, with several studies indicating that males are more susceptible 

to neurotoxic effects of air pollution (Bolton et al., 2017; Costa et al., 2017; Allen et al., 

2013, 2014; Chiu et al., 2013; Wang et al., 2017; Rivas et al., 2019). Some epidemiologic 

studies indicated the opposite (Chiu et al., 2016; Sentís et al., 2017) or found no sex 

differences (Harris et al., 2016). There was no evidence of effect modification by child 

sex in this study population. We also assessed whether socio-demographic adversity may 

increase susceptibility and found that Medicaid insurance status at baseline was associated 

with significantly stronger associations between pre- or postnatal air pollution exposure and 

behavioral outcomes. These results were qualitatively similar when SES was modeled using 

baseline household income. Our findings are consistent with those from diverse cohorts with 

a large proportion of low-SES families (Vishnevetsky et al., 2015, Wang et al., 2017) and in 

line with hypotheses that sociodemographic adversity could convey increased susceptibility 

to air pollution health effects (Hooper and Kaufman, 2018). By contrast, two analyses in 

study populations with higher SES participants did not observe stronger adverse effects 

among lower SES participants (Harris et al., 2016; Newman et al., 2013), possibly due to 

lack of variability in SES.

We did not observe significant effect modification by maternal folate for any air pollution-

behavior association, but findings were generally suggestive of a stronger association 

between both internalizing and externalizing problems with postnatal PM10 and NO2 

exposure among those whose mothers were in the lowest quartile of plasma folate during 

pregnancy. In a prior study, we observed a stronger, negative association between prenatal 

PM10 exposure and child IQ among women in the lowest quartile of folate during pregnancy 

(Loftus et al., 2019). In this study population, women within the lowest folate quartile had 

levels defined as possibly deficient by the World Health Organization (WHO, 2012). While 

results in the current study were inconclusive, collectively these two papers begin to suggest 

that adequate folate intake may be an important source of resilience to the neurotoxic effects 

of air pollution exposure in both the pre and post-natal period. These associations need to be 

tested in other populations and are an important area for future research.

Toxicological research provides evidence of several potential mechanisms by which 

exposure to air pollution in early life may have a lasting impact on brain development 

and subsequent behavior. General mechanisms by which prenatal air pollution may interfere 

with healthy fetal neurodevelopment include by increased placental and fetal inflammation 

and oxidative stress (Block et al., 2012; Costa et al., 2017) or through altered epigenetic 
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programming in the placenta or fetus (Peng et al., 2018). Exposure in the postnatal period 

may lead to deterioration of the blood-brain barrier, oxidative stress, neuroinflammation 

and microglial activation (Block et al., 2012; Suades-Gonzales et al., 2015). Some lines 

of evidence suggest that such effects increase risk of externalizing disorders specifically. 

Pediatric brain imaging suggests that the pre-frontal cortex, a region of the brain believed 

to be essential for development of behavioral regulation, may be particularly sensitive to the 

effects of air pollution on the developing central nervous system (Peterson et al., 2015; Pujol 

et al., 2016; Mortamais et al., 2017).

Our study has several strengths, as described above, but there are important limitations 

to note as well. The approach to exposure assessment provides limited information as to 

which components of air pollution drive associations with neurodevelopment, assuming that 

observed associations reflect a true causal effect. Associations were strongest for NO2, a 

marker for traffic-related air pollution, a complex mixture of numerous chemical species 

and particle sizes including several linked to neurotoxic effects, such as PAHs, fine and 

ultrafine particulates, lead, and volatile organic compounds (VOCs). Some of the most 

robust epidemiological evidence for developmental neurotoxicity of air pollution is linked 

to PAHs (Block et al., 2012; Costa et al., 2017; Vishnevetsky et al., 2015; Perera et al., 

2009, 2014; Mortamais et al., 2017; Peterson et al., 2015; Margolis et al., 2016; Edwards et 

al., 2010), a combustion-related pollutant generated by traffic, particularly diesel vehicles, 

and industrial point sources in urban areas (Ravindra, 2008). The Memphis area is a major 

transportation hub in the mid-Atlantic region of the United States, with the busiest airport 

for cargo traffic, the third largest rail center, and one of the largest river ports in the country. 

In addition, several industries in Memphis release combustion by-products, including a 

coal-fired power plant and a refinery. Our future research activities will include analyses of 

PAH biomarkers in multiple trimesters of prenatal urine across the CANDLE cohort. We 

did not test associations with PM2.5 due to inadequate between-participant variability in this 

population; this is a key limitation in light of research indicating that small particulates may 

be drivers of the neurotoxic potential of PM. Another limitation is that noise associated 

with proximity to busy traffic could be a confounder in our main analyses, and we did 

not have any data on ambient noise in the study region, which would have allowed us to 

adjust for this factor. Note that we controlled for child sleep at the time of assessment in all 

models, which may be sufficient to block this potential pathway of confounding. Finally, we 

did not account for air quality in the indoor environment, which is a limitation in light of 

recent studies indicating that indoor exposures may have a substantial impact on short- and 

long-term neurodevelopment (Forns et al., 2017; Midouhas et al., 2019).

5. Conclusion

In a large and diverse cohort representative of an understudied US population, we observed 

associations between air pollution and children’s externalizing and internalizing behavior 

problems. Some associations were stronger among lower SES and African American 

families. These findings expand on existing evidence that air pollution impairs pediatric 

neurodevelopment; importantly, the results suggest that health effects may be occurring at 

exposures below current standards of the US Environmental Protection Agency (EPA). If 
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confirmed, national standards should be revised lower to minimize adverse impacts of air 

pollution on children’s health and development.
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Fig. 1. 
Enrollment in the CANDLE cohort and inclusion in analytic samples.
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Fig. 2. Associations between prenatal and postnatal air pollution exposure and child behavior.
Effect sizes are scaled to a 2 unit increase in NO2 and PM10. For road proximity, effect size 

represents difference in outcome for women living within 150 m of a busy road compared 

to those living more than 150 m. Adjustment models for NO2 and PM10: Model 1: adjusted 

for child age, child sex and recruitment site. Model 2: Model 1 + temporal splines. Model 

3: Model 2 + maternal characteristics (age, race, education, prenatal smoking, prenatal 

depression, IQ), breastfeeding, neighborhood COI (postnatal economics score & educational 

score), insurance status, adjusted household income, child sleep score at assessment and 

birth order. Model 4: Model 3 + paternal education, maternal BMI, prenatal vitamin use, 

marital status and KIDI score. Model 5: Model 3, with pre- and postnatal exposures 

mutually adjusted. Models for road proximity: Same as above, except Model 2 is not 

applicable, as distance to roadway is not modeled with time-varying covariates.
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Fig. 3. Analysis of effect modification by participant characteristics.
P-values are for interaction terms. All associations estimated using the “full” adjustment 

models, which include adjustment for child age and sex, temporal splines (for NO2 and 

PM10 models) maternal characteristics (age, race, education, prenatal smoking, prenatal 

depression, IQ), breastfeeding, neighborhood COI (postnatal economics score & educational 

score), insurance status, adjusted household income, child sleep score at assessment and 

birth order. Models assessing folate were additionally adjusted for folate quartile. Effect 

sizes for NO2 and PM10 are scaled to a 2 unit increase in pollutants.
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