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Association between prenatal and childhood
PM, . exposure and preadolescent anxiety and
depressive symptoms

Laura A. McGuinn#be’ lvan Gutiérrez-Avila®, Maria José Rosa®, Allan Justd, Brent Coull®f, Itai Kloog®,
Marcela Tamayo Ortiz9, Homero Harari®, Sandra Martinez", Erika Osorio-Valencia", Martha Maria Téllez-Rojo,
Daniel N. Klein), Rosalind J. Wrighte¥, Robert O. Wright®

Background: Fine particulate matter (PM, ) exposure has been linked to anxiety and depression in adults; however, there is Iimit@
research in the younger populations, in which symptoms often first arise.

Methods: We examined the association between early-life PM, ; exposure and symptoms of anxiety and depression in a cohort
of 8-11-year-olds in Mexico City. Anxiety and depressive symptoms were assessed using the Spanish versions of the Revised
Children’s Manifest Anxiety Scale and Children’s Depression Inventory. Daily PM, . was estimated using a satellite-based exposure
model and averaged over several early and recent exposure windows. Linear and logistic regression models were used to estimate
the change in symptoms with each 5-ug/m? increase in PM, .. Models were adjusted for child’s age, child’s sex, maternal age, mater-
nal socioeconomic status, season of conception, and temperature.

Results: Average anxiety and depressive symptom T-scores were 51.0 (range 33-73) and 53.4 (range 44-90), respectively. We
observed consistent findings for exposures around the fourth year of life, as this was present for both continuous and dichotomized
anxiety symptoms, in both independent exposure models and distributed lag modeling approaches. This window was also observed
for elevated depressive symptoms. An additional consistent finding was for PM, . exposure during early pregnancy in relation to both
clinically elevated anxiety and depressive symptoms, this was seen in both traditional and distributed lag modeling approaches.
Conclusion: Both early life and recent PM, , exposure were associated with higher mental health symptoms in the child highlighting

the role of PM, , in the etiology of these conditions.
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Introduction

Anxiety and depression are the most common mental health
conditions' and are a particular issue for children and ado-
lescents, as the prevalence of both disorders in this age group
has rapidly increased over the past decade.>* Clinical and sub-
clinical symptoms of anxiety and depression appear as early as
the preschool years*—with half of all mental health conditions
starting by age 14,° and an average age of onset of 11 for anxi-
ety.® Given the early age of onset of symptoms and considerable
burden, the late childhood/preadolescent period may represent
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a critical time period for early detection of anxiety and depres-
sive symptoms.” Identification of modifiable risk factors during
these younger life stages could also prevent future mental and
physical health burdens later in life.

Though genetics plays a role in psychiatric disorders and
symptoms, it cannot explain the entire variability or rise in prev-
alence.® There is a growing body of literature to support the
importance of the environment in the etiology of these condi-
tions.’ There is additionally a growing consensus that where you
live can shape your mental health across the life course, with
early and late childhood hypothesized to be significant time
periods of vulnerability to poor neighborhood conditions.!%!
Effects from the urban environment are of increasing concern,
as it is estimated that half of the global population lives in an
urban setting; a proportion that is expected to reach 68% by
2050."2 The prevalence of mental health conditions is even
higher for individuals living in urban areas,'>'* in part related
to social and economic factors, but environmental factors that

What this study adds

Fine particulate matter (PM, ;) has been linked to anxiety and
depression in adults; however, there is limited research in the
younger populations in which symptoms often first arise. We
evaluated the association between early-life PM, ; and anxi-
ety and depressive symptoms in a cohort of children living in
Mexico City. We utilized both independent exposure models
and distributed lag models to address the correlated structure of
the data. Our study addresses this question in an area with high
PM, | levels and identifies several critical windows for PM, | to
contribute to increases in both overall symptoms and clinically
elevated odds of symptoms.
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disproportionately impact urban populations, such as air pollu-
tion, may also play a role.

Air pollution, including particulate matter less than 2.5
micrometers (PM, ,), is a ubiquitous exposure that is high-
est in urban settings.'® An accumulating body of literature
links short and long-term PM, | exposure to psychiatric dis-
orders in adults,"” including depression!®2° and anxiety.?"??
While early life PM, ; has been extensively linked with alter-
ations in brain development, including cognitive deficits?®
and autism,*” there is limited research relating PM, , to
psychiatric symptoms in the late childhood/preadolescent
period. A growing number of studies are starting to address
this research question with the majority in higher income
areas including Australia,?® Europe,?-* and the United States
(US).3335 Few have addressed this research question in a low-
and middle-income country such as Mexico, where air pollu-
tion exposure levels are considerably higher.3¢

The most biologically relevant exposure window for air
pollution to impact anxiety and depressive symptoms is cur-
rently unknown. Understanding the critical exposure window
would add more effective and efficient public health inter-
ventions as the target population would be better identified.
We are a priori interested in the in utero, early life, and pre-
adolescent developmental windows given the heightened
sensitivity of these periods for toxicant exposure. The brain
is rapidly developing during early life and several critical
processes occur during these time points.’” Disruptions of
these critical processes secondary to toxic exposures during
vulnerable periods alter normal brain development, poten-
tially increasing the risk for mental health conditions.?®* It
is also plausible that short-term PM, ; exposure could trigger
an existing susceptibility to anxiety or depressive symptoms
through short-term changes in oxidative stress.*

The purpose of the present study was to leverage highly
temporally resolved PM,  estimates and apply distributed lag
modeling (DLM) approaches to identify potentially critical
windows for the association between early-life and recent
PM, ; exposure and preadolescent anxiety and depressive
symptoms. Given that the most biologically relevant period of
exposure is currently unknown, we focus on several potential
critical windows including (1) prenatal, (2) postnatal through
the eighth year of life, and (3) recent short-term exposures.
We focus on symptoms of anxiety and depression during the
preadolescent period because mental disorders vary along a
continuum and first appear as subclinical symptoms.*! We
further build upon the literature by assessing sex-specific
effects and addressing this research question in a particularly
vulnerable and understudied geographic area with high levels
of chemical and social stressors.’%*
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Materials and methods
Study population

This study takes place among mothers and their children enrolled
in the Programming Research in Obesity, Growth, Environment
and Social Stressors (PROGRESS) study, a prospective birth
cohort study in Mexico City. Briefly, pregnant women were
recruited between 2007 and 2011 at 12-24 weeks’ gestation
in primary care clinics of the Mexican Social Security Institute.
Women were eligible if they were 218 years old, planned to live
in Mexico City, <20 weeks’ gestation, had no medical history
of heart or kidney disease, and did not consume alcohol daily.**
In total, 948 women enrolled in the second trimester and deliv-
ered a live child who was then followed longitudinally. For this
analysis, we used data from 517 mother-child pairs with com-
plete exposure, outcome, and covariate information. Participant
characteristics did not differ for those included and those in
the original sample (Table S1; http:/links.lww.com/EE/A253).
Protocols were approved by the institutional review boards at
the Icahn School of Medicine at Mount Sinai, Harvard School
of Public Health, and Mexican National Institute of Public
Health. All women provided informed consent and children
provided assent.

Symptoms of anxiety and depression

The Children’s Depression Inventory 2 (CDI-2) is a validated*
self-reported instrument developed to evaluate symptoms of
depression in 7-17-year-old children and adolescents.* We used
the short form of the children’s version of the CDI-2 in the cur-
rent study, which contains 12 items. The short form of the CDI-2
is a validated screening tool for youth at risk for depression.*#¢
Individual items on the CDI-2 short form were summed to cre-
ate a total raw score (ranging from 0-21) and then raw scores
were converted to age-standardized T-scores based on normative
samples.*” We analyzed CDI-2 T-scores as continuous measures,
with higher scores indicating more severe depressive symptoms.
We additionally dichotomized scores using cutoff values recom-
mended by the CDI-2 manual (>65). These dichotomized scores
represent those with clinically elevated depressive symptoms.

The Revised Children’s Manifest Anxiety Scale 2 (RCMAS-
2) is a validated*® self-report screening instrument developed
to measure the nature and degree of anxiety symptoms in
6-19-year-old children and adolescents.*” The RCMAS-2 short
form is a validated screening tool for youth at risk for anxi-
ety and has 12 items rated as yes/no.** Higher scores on the
RCMAS-2 indicate more severe anxiety symptoms. Individual
items on the RCMAS-2 were summed to create a total raw score
ranging from 0 to 10. Raw total anxiety scores were then con-
verted to age-standardized T-scores based on normative sam-
ples.* This allows the scores to be compared with other children
their age. We analyzed scores as continuous and dichotomized
scores based on the RCMAS-2 manual (260).* These dichot-
omized scores represent those children with clinically elevated
anxiety symptoms.

Air pollution exposure assessment

Daily average PM, ; exposure at each participant’s residence
was estimated using a previously developed hybrid satellite land
use regression model at a 1x1 km spatial resolution.’! This
model uses Extreme Gradient Boosting with inverse-distance
weighted surfaces and several different meteorological and land
use variables. Briefly, predictors include longitude and latitude,
date, the density of roadways from OpenStreetMap, the aerosol
optical depth from NASA’s Terra and Aqua satellites, daily mean
predicted PM, ; from the NASA MERRA-2 GMI atmospheric
simulation, daily mean of the height of the atmospheric mixing
layer from the European Center for Medium-Range Weather
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Forecasts global climate dataset, temperature, dewpoint tem-
perature, and the daily sum of precipitation. Models were
evaluated using leave-one-station-out cross-validation. Models
for mean PM, , exhibited good performance, with an overall
cross-validated mean absolute error of 3.68 pg/m®. The R? var-
ied year to year, ranging from 0.64 to 0.86.%'

Participants were matched to the centroid of the nearest
grid cell based on GPS coordinates collected at their residential
address by study personnel. Residential addresses were updated
throughout the study period, from birth to the most recent study
visit. Thus, if an individual moved, we were able to link expo-
sures to their updated address based on the length of residence.
Gestational age was used to link the air pollution exposures on
time. Gestational age was based on the last menstrual period, as
reported by the mother, and by a standardized physical exam-
ination to determine gestational age at birth. Average levels of
PM, , were calculated for the entire pregnancy period and each
year of life up until 8 years by averaging the daily PM, | lev-
els across these time periods. For recent exposures, we assigned
these daily values based on the date of the RCMAS-2 and CDI-2
assessment visit. We then calculated exposure averages for the
12 weeks before the study visit.

Covariates

Covariate information was obtained from standardized ques-
tionnaires administered to mothers at baseline and follow-up
study visits. Questionnaires collected sociodemographic infor-
mation such as maternal age, years of education, and socioeco-
nomic status (SES). Thirteen variables (i.e., level of education,
number of bedrooms, access to internet, etc.) derived from
questionnaire results were used to classify study participants
into six levels based on the SES index created by the Asociacion
Mexicana de Agencias de Investigacion de Mercados y Opinién
Publica.’? We further collapsed these six levels into low (lower
two levels), medium (middle two levels), and high (top two lev-
els) SES based on the distribution in our study population.

The program DAGitty was used to construct our directed
acyclic graph to identify the minimally sufficient adjustment set.
All models were adjusted for child’s age at assessment (years),
child’s sex, maternal age at assessment (years), and maternal
SES (low, medium, high). Prenatal exposure models addition-
ally adjusted for season of conception. Postnatal and recent
exposure models additionally adjusted for season of study visit.
Season was categorized as cold-dry (November-February),
warm-dry (March—April), and rainy (May—October). Daily tem-
perature was derived using a model that calibrated satellite sur-
face temperature measurements to air temperature monitors by
using land use regression methods.*

Statistical analyses

We used two approaches to assess the association between
time-specific PM, ; exposure and mental health symptoms in
preadolescents in our study population. First, we assessed asso-
ciations between early life and recent PM, , exposures in inde-
pendent linear regression models. We report beta coefficients
and 95% confidence intervals (CI) for each S-pg/m® increase
in PM, .. For early-life exposures, we used average exposures
for the entire pregnancy period and then each year of life after
birth through 8 years of age. We also assessed trimester-specific
exposures; in these models, we mutually adjusted for exposures
during the other trimesters.’* Next, we assessed the impacts of
recent PM, | exposures with daily exposures averaged over 1
and 3 months before the study visit. We used separate models to
examine associations with each exposure window and outcome,
including self-reported anxiety and depressive symptoms.

We then estimated the time-varying association between PM,
and symptoms of anxiety and depression using distributed lag
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models. DLMs are an approach to include exposure data from
multiple times in the same health effects model, which is of use in
air pollution epidemiology since the risk of an event can be a result
of exposure at time £, but also a combination of that exposure plus
other time periods from the recent past.> The approach has been
adapted for identifying critical exposure windows.** Using this
approach, we assessed independent associations (in separate mod-
els) for prenatal, childhood, and recent PM, ; exposures. For pre-
natal exposures we used weekly PM, | averages during pregnancy;
for childhood, we used monthly PM, ; exposure averages from
birth through the eighth year of life. Finally, for recent exposures,
we used weekly PM, | averages for the 12 weeks before RCMAS-2
and CDI-2 assessments.

In the presence of correlated exposure terms in the model,
the DLM allows for the control of other periods of exposure
when modeling the relation between PM, ; and mental health
symptoms for any given week (or month) and allows these asso-
ciations to vary in a nonlinear fashion over time. Natural cubic
splines were used to model the smoothed lag-response curve.
The degrees of freedom for the natural spline models were cho-
sen based on the lowest Akaike information criterion value. The
exposure-response at each timepoint was modeled with a linear
function. A sensitive window was identified when the pointwise
95% confidence bands did not contain zero. DLM models were
adjusted for child age, child sex, maternal age, maternal SES,
and season. We additionally controlled for temperature by cre-
ating additional crossbasis terms for mean temperature over the
same lags as PM, ..

We conducted several additional analyses. Previous studies
have found differences in the effects of PM, , exposure on health
outcomes for males and females.’>>” Therefore, we assessed if
child sex modified PM, --mental health associations. Next, we
considered mental health symptoms as binary rather than contin-
uous measures. Logistic regression was used to assess associations
between PM, ; and odds of clinically elevated anxiety and depres-
sive T-scores. For logistic models, we report odds ratios (OR) and
95% Cls per 5-pg/m’ increase in PM, ..

Data management and statistical analyses were conducted
using the R statistical software (version 4.1). DLM analyses
were implemented using the dlnm package.>

Results

Study population characteristics and distribution of PM,,

Table 1 shows descriptive characteristics of the 517 mother-
child pairs included in the current analysis. Mothers in the study
population were on average of lower SES and had less than a
high school education at study enrollment; the mean maternal
age at birth was 28 years. There was an equal distribution of
male and female children in the study population (52% males).
Children were on average 9.7 years old at the anxiety and
depressive symptom assessment study visit. Finally, children had
a mean anxiety symptom T-score of 51.0 (standard deviation
[SD] = 7.6) and a mean depressive symptom T-score of 53.4 (SD
= 9.0). About 12% and 10% of participants scored above the
clinical cutoff for anxiety and depressive symptoms, respectively
(Table 1).

Average PM, , concentrations for participants in our study pop-
ulation were on average lower during the eighth year of life (20.8
pg/m?, SD: 1.9) compared with the pregnancy period (22.8 pg/m?,
SD = 2.9) (Table 2). Overall, the levels in our study population
were much higher compared with other parts of the world and
exceeded the WHO Air Quality Guideline for PM, .**

Early life PM, ; and anxiety and depression symptoms

First, we assessed associations between prenatal and childhood
PM, , exposure and anxiety and depressive symptoms at ages
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Characteristics of the mother-child pairs in the Programming
Research in Obesity, Growth, Environment and Social Stressors
study

No. (%) or mean = SD

Number of participants (n) 517
Child sex, n (%)

Male 267 (52)

Female 250 (48)
Maternal age at study enroliment (years) 28.1+5.6
Maternal education, n (%)

Less than high school 214 (41)

High school 188 (36)

More than high school 115 (22)
Maternal socioeconomic status, n (%)

Low 274 (53)

Medium 188 (36)

High 55 (11)
Child age at assessment (years) 9.65+0.7
Season of 8—11-year study visit, n (%)

Cold-dry, November—February 112 (23)

Warm-dry, March—April 47 (10)

Rainy, May—October 329 (67)
Child anxiety and depressive symptoms

Anxiety symptom T-score 51.0+£7.6

Depressive symptoms T-score 53.4+9.0

Clinically elevated anxiety symptoms, n (%) 64 (12)

Clinically elevated depressive symptoms, n (%) 51 (10)

SD indicates standard deviation.

Descriptive statistics for average PM, , (ug/m°) exposures for
participants for the pregnancy period and years 1-8

Average PM, Mean SD Minimum Median Maximum IQR
Pregnancy 22.8 2.9 16.4 229 30.2 4.6
Year 1 22.6 2.5 17.6 23.4 26.7 4.3
Year 2 22.2 2.3 17.8 22.0 29.3 3.6
Year 3 23.0 1.8 18.7 22.8 28.2 2.9
Year 4 22.2 1.9 18.0 221 27.8 2.6
Year 5 21.6 2.1 17.3 215 31.7 2.8
Year 6 21.2 1.9 16.1 21.2 27.9 3.0
Year 7 20.8 1.8 17.3 20.6 26.8 2.6
Year 8 20.8 1.9 17.0 20.5 28.0 2.8

IOR indicates interquartile range; PM, ., fine particulate matter; SD, standard deviation.

8-11 using separate models for each exposure window (Table
3). Overall, we observed associations between average PM, |
exposures during the second (§ = 1.98; 95% CI = 0.22, 3.75)
and fourth year of life (8 = 3.85; 95% CI = 1.34, 6.36) and
increased anxiety symptoms. We additionally observed asso-
ciations between PM, , exposure during the second year of
life and increased depressive symptoms in the child (§ = 2.24;
95% CI = 0.10, 4.39). In these separate exposure window
analyses, we initially identified an association between first-
trimester PM, . exposure and increased depressive symptoms
(8 = 1.05; 95% CI = -0.01, 2.11), though we note that the
95% CI includes the null value (Table S2; http://links.lww.
com/EE/A253).

In addition to separate models for each exposure window,
we also used DLMs to simultaneously control for the other
exposure periods. Figure 1 shows the association between PM,
exposure from birth through the eighth year of life in relation
to both anxiety and depressive symptoms, overall and stratified
by sex. Monthly PM, ; was positively associated with increased
continuous anxiety symptoms—we identified a critical window
during around the fourth-sixth year of life. No differences in
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effects by child sex were identified. We did not identify a sensi-
tive window for depressive symptoms.

Recent PM,, , and anxiety and depression symptoms

Next, we assessed associations between recent (or short-term)
PM, , exposure and anxiety and depressive symptoms. In inde-
pendent exposure models, we observed an association between
the previous month average PM, , exposure and increased anx-
iety symptoms (8 = 0.71; 95% CI = 0.01, 1.40), particularly
for females (8 = 1.07; 95% CI = 0.05, 2.09) (Table 2). We did
not observe any association for 3-month average exposures,
nor did we observe any associations with depressive symptoms
for recent exposures (Table 3). In DLM analyses, weekly recent
PM, | exposure was positively associated with anxiety symp-
toms, with a critical window identified for the 2 weeks before
the study visit (Figure 2). This critical window was observed in
females only (Figure 2). We did not observe any critical win-
dows for depressive symptoms.

Clinically elevated anxiety and depressive symptoms

We additionally investigated associations between PM, . expo-
sure and odds of clinically elevated anxiety and depressive
symptoms in dichotomized outcome models. In these analyses,
we observed similar results for childhood and recent PM, ; expo-
sures (Table S3; http:/links.lww.com/EE/A253). For trimester-
specific mutually adjusted models, we observed associations
between first-trimester PM, ; exposure and increased odds of
having clinically elevated anxiety (OR = 1.49; 95% CI = 1.03,
2.14) and depressive symptoms (OR = 1.54; 95% CI = 1.04,
2.28) (Table S2; http://links.lww.com/EE/A253).

We additionally used DLM approaches and observed a crit-
ical window with PM, ; exposure during the early pregnancy
period. Specifically, for anxiety symptoms we observed associa-
tions particularly for exposures during around the first 15 weeks
of gestation and for depressive symptoms we identified a critical
window during around the first 10 weeks of pregnancy (Figure
3). These results and identified critical window are similar to our
findings in trimester-specific models, where we observed associ-
ations during the first-trimester (or weeks 1-13) of pregnancy
(Table S2; http://links.lww.com/EE/A253). These identified asso-
ciations were seen in females but not males.

Discussion

We assessed the association between early-life PM, | exposure
at multiple time points in relation to anxiety and depressive
symptoms in preadolescents from a longitudinal cohort in
Mexico City. In this study, both childhood and recent PM, |
exposure were associated with higher self-reported contin-
uous mental health symptoms in the child. Specifically, we
observed associations between higher PM, ; exposure during
early childhood in relation to both continuous anxiety and
depressive symptoms in the child. In recent (or short-term)
exposure models, we observed associations between higher
PM, ; exposure in the 2 weeks before the study visit and
higher continuous anxiety symptoms in the child. Finally, we
observed associations between prenatal PM, | exposure early
in pregnancy and higher odds of clinically elevated depressive
and anxiety symptoms.

While early life PM, . has been extensively linked with
alterations in brain devéiopment, research has often focused
on cognitive deficits®® and autism,***>?” with limited research
relating PM, ; to psychiatric symptoms in the late childhood/
preadolescent period. One US-based study® examined associa-
tions between both prenatal and childhood air pollution expo-
sure and anxiety and depressive symptoms in 12-year-olds and
found impacts for both prenatal and lifetime exposure, but not
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Table 3.
Associations between PM, ; concentrations and continuous measures of anxiety and depressive symptoms in children, overall and by sex

Depressive symptoms (CDI-2)

Anxiety symptoms (RCMAS-2)

Betas (95% CI)

Betas (95% Cl)

Females

Males

Females

Overall

Males

Overall

Early life

051 (=1.42, 2.64)
195 (~4.50, 0.60)

~0.52 (~2.66,1.62)
—0.56 (~3.58, 2.46)
1.45 (~1.87,4.78)
—2.70 (-6.73,1.33)
1.15 (=3.34, 5.64)
~3.71 (~7.39, —0.04)

~0.03 (1.5, 1.45)
~1.28 (=3.22, 0.66)

2.24 (0,10, 4.39)

0.22 (~1.52,1.96)
~1.38 (-3.50, 0.74)
2.04 (~0.27, 4.36)
~0.34 (=3.10, 2.43)
3.17 (~0.13, 6.46)
0.55 (~2.65, 3.75)
1.57 (~1.46, 4.59)
1.13 (=212, 4.38)
0.39 (~2.79, 3.56)

~1.41 (~3.16,0.33)
~1.02 (-3.51,1.47)

~0.58 (~1.82, 0.66)

—1.20 (-2.80, 0.40)

Pregnancy
Year 1

2.82(0.01,5.62)

1.96 (~0.78, 4.70)
273 (~6.05, 0.60)

1.98 (0.22,3.75)

—-1.35(-3.50,0.81)

Year 2

)
)
)
)
)
)

~1.89 (~4.44, 0.66)
219 (~0.80, 5.17)
~1.96 (~4.59, 0.67)
~0.70 (~3.39, 1.98)

~0.94 (-3.78, 1.91)

Year 3

3.17 (-0.85,7.20

-0.67 (-4.49,3.15
—2.89 (-6.54,0.76

-1.85(-5.70, 2.00
-2.29(-6.19,1.60

4.25 (0.63, 7.86)
~1.49 (~4.56,1.57)

3.85 (1.34, 6.36)

~0.78 (-3.11,1.55)

Year 4

Year 5

1.79 (~2.29, 5.87)
~0.69 (~4.98, 3.60)
~0.85 (=551, 3.70)

2,54 (~0.81,5.88)
~0.81 (~4.32, 2.70)
—1.04 (-4.81,2.74)

1.85 (~0.44, 4.13)
0.11 (=232, 2.54)
~0.22 (~2.05, 1.60)

Year 6

Year 7

_1.47 (~4.42,1.48)

Year 8
Recent

0.05 (=1.11,1.21)
~0.10 (~1.62, 1.41)

0.27 (~0.97, 1.50)
0.77 (~0.84, 2.37)

0.71 (0.01, 1.40) 1.07 (0.05, 2.09) 0.41 (~0.57,1.38) 0.19 (~0.65, 1.03)
~0.11 (~1.45, 1.24) 0.29 (~0.98, 1.56) 0.34 (-0.75,1.43)

0.11 (-0.86, 1.07)

1-month
3-month

Results are reported per 5-pg/m® increase in PM, .

CDI-2 indicates Children’s Depression Inventory (short form); CI, confidence interval; PM, ., fine particulate matter; RCMAS-2, Revised Children’s Manifest Anxiety Scale (short form).
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concurrent exposures. A UK-based study found associations for
air pollution exposure at age 12 in relation to higher depressive
symptoms at age 18.2” Another European-based study assessed
impacts between air pollution and dispensed medication for
psychiatric disorders in children. Overall, they found that those
children living in neighborhoods with higher air pollution expo-
sure were more likely to have a medication for a psychiatric
disorder.>

Few epidemiologic studies have examined the association
of short-term air pollution exposure with anxiety and depres-
sive symptoms in children and adolescents. One recent study
assessed impacts of recent weekly ultrafine particle exposure
and mental and physical stress in adolescents and found asso-
ciations with physical stress symptoms.>® Several studies have
additionally assessed short-term impacts of air pollution expo-
sure in older, adult populations.!” For example, Power et al.?!
found associations between higher PM, ; exposure in the prior
1-month and increased anxiety symptoms in adult women in the
Nurses’ Health Study. The authors concluded that short-term
averaging periods were more important than the longer aver-
aging periods. Another US-based study found associations with
PM, ; exposure averaged over the prior 6 months in relation
to anxiety symptoms and associations with prior month expo-
sures with depressive symptoms.?> Another recent study found
impacts of exposures in the prior 1 and 4 weeks and increases in
psychiatric symptoms in older adults.®

We hypothesized that early-life air pollution would con-
tribute to mental health symptoms in children during pre- and
postnatal time windows, and early childhood. Given that the
critical window remains unknown, the life stage at which these
effects are most prominent could be at any point in pregnancy,
infancy, or childhood. In addition to these multiple windows
explored, we used two main approaches to assess associations,
including independent exposure models, and DLM approaches.
Given the multiple windows and modeling approaches, we
emphasized results that were robust across several different
modeling approaches. Overall, the most consistent window was
seen around the fourth year of life, as this was present for both
continuous and dichotomized anxiety symptoms, in both inde-
pendent exposure models and DLM approaches. This critical
window was also observed for elevated depressive symptoms.
An additional finding was for PM,  exposure during early preg-
nancy in relation to both clinically elevated anxiety and depres-
sive symptoms, this was seen in both independent and DLM
approaches. This finding was not as apparent with continuous
symptoms—it could be that prenatal air pollution exposure is
associated with more severe psychiatric symptoms in this popu-
lation and not overall continuous anxiety and depressive symp-
toms. We note that overall findings were more apparent and
consistent for anxiety symptoms, particularly when using DLM
approaches. It is unclear why similar results were not seen when
using DLM approaches with depressive symptoms, though we
note that neither modeling approach is perfect and these sensi-
tive windows should be explored further in additional studies.

There are several plausible biologic mechanisms linking air
pollution exposure to clinical and subclinical psychiatric symp-
toms. The brain is rapidly developing during early life and sev-
eral critical processes occur during these time points, including
neuron formation and migration, synapse formation and prun-
ing, generation of glial cells, and myelination.?” These processes
continue through childhood and adolescence, with synaptic den-
sity peaking around age 2, when the process of synaptic prun-
ing dramatically increases until around age 10.' Disruptions
of these critical processes secondary to toxic exposures such
as air pollution during vulnerable periods alter normal brain
development, potentially increasing the risk for mental health
conditions.*®* Given the peak growth of the amygdala during
preadolescence, this period may be a particularly vulnerable
time window for stressors that impact development of mental
health outcomes, particularly emotional disorders including
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Figure 1. Associations between monthly PM, , levels from birth through the eighth year of life and anxiety and depressive symptoms in the preadolescent
period (ages 8-11). Results are shown overall (N = 517) and for males (N = 267) and females (N = 250) separately. Solid lines show the difference in anxiety and
depressive symptoms per 5-ug/m? increase in PM, . Gray areas indicate 95% confidence intervals. Models are adjusted for child’s age at assessment, child’s

sex, maternal age, maternal SES, temperature, and season of study visit.
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Figure 2. Associations between weekly PM, , levels for the prior 12 weeks and anxiety and depressive symptoms in the preadolescent period (ages 8-11).
Results are shown overall (N = 517) and for males (N = 267) and females (N = 250) separately. Solid lines show the difference in anxiety and depressive symp-
toms per 5-ug/me increase in PM, .. Gray areas indicate 95% confidence intervals. Models are adjusted for child’s age at assessment, child’s sex, maternal age,

maternal SES, temperature, and season of study visit.

anxiety and depression. Short-term recent air pollution expo-
sure could additionally trigger an existing susceptibility for
anxiety or depressive symptoms through short-term changes in
oxidative stress.*

One potentially important pathway includes activation of the
hypothalamic pituitary adrenal (HPA) axis and its role in the
body’s response to stress. Once activated, the HPA axis releases
stress hormones (i.e., cortisol), which are known to have an
important role in the regulation of mood.®> PM, ; exposure,
particularly during critical windows of susceptibifity, may act
as a stressor on the body, activating the HPA axis,®* resulting

in the release of stress hormones that impact the central ner-
vous system. Animal studies support this theory, with the finding
that air pollution can activate stress centers in the brain and
increase corticosterone levels in rats.®*%¢ A recent epidemiologic
study found that chronic exposure to nitrogen dioxide was asso-
ciated with a flattened diurnal cortisol slope in adolescents,®’
while another study found a relation between long-term air
pollution and changes in salivary cortisol.®® Future studies in
the PROGRESS cohort will assess mediating pathways between
PM, ; and mental health outcomes in children, including with
child temperament and cortisol levels.
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A major strength of our analyses was the use of a life
course analytical approach to tease out the potential critical
window.*>* Most studies addressing these exposures, even
for other similar outcomes, typically only assess the expo-
sures during one-time point—that is either during pregnancy
or early childhood. We leveraged data from a longitudinal
cohort study with exposure, outcome, and covariate data
measured at several different points in time. This allowed us
to identify the role of timing of exposure in determining child-
hood mental health profiles. Additionally, our team recently
developed an approach using the distributed lag model to
identify susceptible periods of exposure.* The use of the dis-
tributed lag model in these analyses allowed us to model air
pollution exposures simultaneously while taking other time
points into account.* The focus on continuous symptoms
of anxiety and depression in our analyses was an additional
strength because mental disorders vary along a continuum
and first appear as subclinical symptoms. Thus, using strict
diagnostic criteria may have missed more mild symptoms.
Nonetheless, we also dichotomized outcomes using clinically
relevant cutpoints and assessed associations with clinically
elevated symptoms.

Our study additionally has limitations. As in most other
air pollution epidemiology studies, we used exposure data
from an area-level satellite-based air pollution model. Using
an area-level estimate may induce exposure misclassifica-
tion, though we note that this is often nondifferential and
underestimates the true effects of air pollution.®® Personal air
sampling may provide a more individualized exposure but is
more susceptible to confounding by individual-level behav-
iors.”” Nonetheless, we will explore personalized sampling
in future studies looking at recent weekly personal air pol-
lution exposure and mental health symptoms and biologic
markers of stress including cortisol. We adjusted for sev-
eral key covariates, though we did not have information on

other urban correlates such as environmental noise exposure.
Future studies will consider additional measures of other
urban correlates including noise exposure.

In summary, our results suggest that both early life and
recent PM, | exposure is associated with mental health symp-
toms in preadolescents, highlighting the role of air pollution
in the etiology of these conditions. Future studies should
expand on these identified windows and examine mediat-
ing pathways from air pollution to mental health outcomes.
PROGRESS is continuing to follow-up children over time
and an important next step will be to continue to assess
impacts with longitudinal measures of mental health out-
comes throughout the adolescent years.
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