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Abstract

Background: Maternal exposure to particulate matter (PM) air pollution during pregnancy
may impair children’s social and behavioral development. My objectives were to assess
(1) the impact of reducing indoor PM using portable HEPA cleaners during pregnancy on
behavioral problems at ages 2 and 4 (2) the impact of reducing indoor PM using portable
HEPA cleaners during pregnancy on the autistic traits at age 4 and, (3) the influence of
prenatal maternal stress on the relationship between the intervention and children’s social
and behavioral outcomes at age 4. Methods: This research used data collected in the
Ulaanbaatar Gestation and Air Pollution Research (UGAAR) randomized controlled trial.
A total of 540 non-smoking pregnant women were randomly assigned to receive 1 to 2
HEPA filter air cleaners or no air cleaners. The HEPA air cleaners were deployed at median
of 11 weeks of pregnancy. UGAAR staff collected exposure data through home visits and
health, demographic data, and hair and blood samples through clinic visits during
pregnancy. Staff also administered the Behavior Assessment System for Children, 3™
Edition (BASC-3) when children were two and four years old and the Social
Responsiveness Scale, Second Edition (SRS-2) at four years old. Blood samples were also
collected from children at age two. I imputed missing data using multiple imputation with
chained equations and assessed the effect of the intervention on mean BASC-3 and SRS-2
scores. | also evaluated adjusted associations between trimester-specific PMas
concentrations inside residences and behaviour scores. Finally, I tested modification of the
intervention’s effect on behaviour by maternal stress hormone concentrations and
perceived stress in early pregnancy. Results: No differences in the mean BASC-3 and SRS-
2 scores between treatment groups were observed. An interquartile range (20.1 pg/m®)
increase in first trimester PMa2.s concentration was associated with higher externalizing
problem scores (2.4 units, 95% CI: 0.7, 4.1), higher internalizing problem scores (2.4 units,
95% CI: 0.7, 4.0), lower adaptive skills scores (-1.5 units, 95% CI: -3.0, 0.0), and higher
behavior symptoms index scores (2.3 units, 95% CI: 0.7, 3.9) when children were 4 years
old. I found evidence of interactions between the intervention and maternal stress, with
generally greater benefits of the intervention on behavior scores among children whose
mothers had higher levels of stress in early pregnancy. Conclusion: This work provides
further evidence that PMzs exposure during pregnancy increases the risk of social and
behavioral problems in children. It may be necessary to intervene early in pregnancy to
protect children.

Keywords: PM2.s, RCT, portable HEPA cleaner, behavior, autistic traits, stress,
Mongolia
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Chapter 1.
Introduction

Air pollution is a leading contributor to death and disease globally (1). More than
90% of the world’s population is exposed to fine particulate matter (PM2.5) concentrations

above the World Health Organization’s annual average guideline of 5 pg/m? (1,2).

Exposure to PM2.s during pregnancy has been linked to impaired fetal growth (3),
which may, in turn, cause developmental programming that adversely affects health in
childhood and beyond. This is consistent with the “Barker Hypothesis™ (4—7), which posits
that unfavorable intrauterine conditions lead to irreversible fetal adaptions that increase the
likelihood of survival but have lasting effects on the morphology, vasculature, physiology,

and endocrine and metabolic functioning of organs (5-7).

Air pollution exposure during pregnancy may affect brain development. The
temporal process of brain development makes the brain particularly vulnerable to external
stressors at different periods in pregnancy (8). Although the biological mechanisms
underlying the brain effects from prenatal air pollution exposure have not yet been
established, there are several plausible hypotheses, including placental impairments, the
movement of particles across the blood-brain barrier, and/or maternal systematic

inflammation and oxidative stress (9).

Attention Deficit Hyperactive Disorder (ADHD) and Autism Spectrum Disorder
(ASD) are the most common neurodevelopmental disorders among children, and the
prevalence of these disorders has been increasing (10,11). ADHD is defined as a persistent
pattern of inattention and hyperactive or impulsive behavior, while ASD is characterized
by repetitive behaviors and impairment in communication and social skills (12). There are
several possible explanations for the increasing prevalence of neurodevelopmental
disorders, including changes to diagnostic criteria and increased awareness. Genes and
environmental influences both contribute to the development of neurodevelopmental

disorders, but genes do not change at a rate that can account for the rapid increase in the



prevalence of these disorders (13,14). The twin studies of ASD provided evidence that

shared environmental factors play a large role in the development of ASD (15).

Air pollution continues to increase in many low- and middle-income countries
(13,16). The relationship between air pollution and neurodevelopmental disorders remains
unclear as previous studies of the effects of prenatal exposure to air pollution on social and
behavioral development relied on either animal experiments or observational designs (17).
Thus, it is crucial to understand the role of air pollution exposure in the rising prevalence

of neurodevelopmental disorders (18).

The Ulaanbaatar Gestation and Air Pollution (UGAAR) study is a single-blind
randomized controlled trial (RCT) designed to assess the impacts of high efficiency
particulate air (HEPA) filter air cleaners (“HEPA cleaners”) use during pregnancy on fetal
growth and childhood development. I joined the UGAAR study group in 2017, and as part
of the study group I translated the social and behavioral assessments from English to
Mongolian. Additionally, I collected questionnaire data from the participants. Using the
data collected on social and behavioral outcomes from the UGAAR study, I conducted this
research to investigate the impact of HEPA cleaners during pregnancy on social and

behavioral development at ages 2 and 4.

1.1. Background

1.1.1. Neurodevelopmental disorders and their public health implications

Neurodevelopmental disorders are cognitive and behavioral conditions that are
associated with the functioning of the neurological system and the brain (11,19). According
to the Diagnostic and Statistical Manual for Mental Disorders, 5" edition (DSM-5) these
disorders are categorized as developmental deficits in a variety of domains including social,
cognitive, motor, and language (13). Genetic factors contribute neurodevelopmental
disorders such as ASD, however, environmental risk factors also play an important role

(15,16,20).



Behavioral impairments are categorized into internalizing or externalizing
problems. Internalizing problems include anxiety, depression, withdrawal, and
somatization while externalizing problems include aggression, hyperactivity, and attention
problems. Though behaviors such as “tantrums” and aggression can be a normal part of
development, atypical behavioral development is characterized by a pattern of behavior
that is outside the expected norm for age and level of development (19). According to the
US Centers for Disease Control (CDC), Attention Deficit Hyperactivity Disorder (ADHD)
is estimated to affect 9.4% of children and adolescents in the US, while 7.1% of children
ages 3-17 are diagnosed with anxiety and 3.2% with depression (21). This statistic was
slightly lower in the Canadian population as according to Canadian ADHD Resource
Alliance (CADDRA), the estimated prevalence of ADHD among children and adolescents
is 5-7% (22).

The prevalence of ASD in low- and middle-income countries varies from 0.09 to
1.2 % (23). The lower prevalence in these countries, relative to high-income countries, may
be due to lack of ASD knowledge, awareness, and a lack of diagnostic tools in these
countries (23). In Mongolia, ASD was not officially classified as a disorder until 2015 and
there are no official data on the prevalence of ASD or ADHD. Unofficial sources have
indicated that in 2019 there were 763 children registered with an ASD diagnosis nationwide
(24).

Atypical behaviors and their underlying morbidities can impair learning, restrict
access to normal activities and social opportunities, and require a considerable amount of
both human and financial resources to manage (19,25). Furthermore, many of the
neurodevelopmental disorders in childhood increase the risk of negative outcomes in

adulthood, such as substance abuse and suicide (13,19).

1.1.2. Biological mechanisms of brain effects from particulate matter
exposure

The mechanisms underlying the neurodevelopment effects from air pollution
exposure are not yet fully understood. Investigators have identified multiple possible

mechanisms through which exposure to PM2.s during pregnancy can negatively affect the



developing brain (9,26). Findings from experimental studies have suggested that oxidative
stress, chronic neuroinflammation, mitochondrial dysfunction, DNA methylation may be
involved (26). These biological mechanisms may overlap making it challenging to
understand the role of single mechanistic pathways (27). The chemical constituents of the

air pollutant maybe play an important role in the effects (27).

Exposure to PM causes localized oxidative stress and inflammation in the
respiratory system, which can lead to systemic oxidative stress and an inflammatory
response throughout the body (27). During pregnancy, these responses alter the
development and functioning of the placenta, ultimately decreasing the transfer of oxygen
and nutrients to the fetus (9,27). Placental impairment also increases the risk of fetal growth
restriction and preterm birth. These outcomes have been associated with

neuroinflammation, neuron damage, and oxidative stress in the child’s brain (28,29).

There is evidence to suggest that PM exposure during pregnancy can lead to direct
damage to the fetal brain. This may occur through the transport of PM particles into the
maternal bloodstream, through the placental barrier, and across the fetal blood-brain barrier
(9). Black carbon particles have been found on both the fetal and maternal sides of the
placenta. The amount of black carbon found in the placenta has been shown to be correlated

with the mother's residential black carbon exposure (30).

PM exposure may also cause epigenetic changes, which may alter gene expression
without changing DNA sequence. Epigenetic mechanisms play a crucial role in fetal
development by regulating important cellular processes such as apoptosis, cell growth, and
cell differentiation (31). Studies have reported that PM exposure during pregnancy is
associated with altered mitochondrial function in the placenta as indicated by changes in

mitochondrial DNA methylation (32,33).

1.1.3. Epidemiological studies of air pollution on social and behavior
impairment in childhood

There is growing epidemiologic evidence that air pollution in pregnancy negatively

impacts children’s social and behavior development. Several studies reported that higher



exposure to PMas in utero was associated with a reduced corpus callosum volume which
has implications for processing speed, attention, ADHD symptoms, and externalizing
problems in young children (8,34,35). An analysis of 186 children from the European
Study of Cohorts for Air Pollution Effects (ESCAPE) indicated that a 7 pg/m? increase in
prenatal exposure to PM2.s was associated with a -57.2 ( -117.7, 3.4) mm?® reduction in the
mean corpus callosum volume quantified by magnetic resonance imaging (MRI) (34). Such
structural changes in the corpus callosum may link early life exposure to PMzs with
childhood behavioral problems (8,34). However the study used modelled PM2.s estimates
at participants’ current residential addresses to assess prenatal exposure, which may have

introduced non-differential exposure misclassification (34).

Several epidemiologic studies also implicate specific particle constituents. For
example, prenatal exposure to polycyclic aromatic hydrocarbons (PAHs) has been
associated with attention problems and symptoms of anxiety and depression in children
(36-38). Black carbon from diesel exhaust has been linked with atypical behaviors in
children (39,40).

Other observational studies have reported weaker relationships between gestational
exposure to air pollution and behavior. An analysis of 8 European population-based birth
cohorts indicated that prenatal PMa2s exposure was not associated with increases in
depressive and anxiety symptoms among children 7-11 years old. The investigators
suggested that the lack of association was possibly due to the young age of participants,
whose emotional and behavioral problems were not fully developed (41). A study
conducted in Mexico city, in which behavior of children aged 4 to 6 years was assessed
using the Behavior Assessment System for Children, 2nd Edition (BASC-2), observed that
prenatal exposure to PMas averaged over the full pregnancy was not associated with
externalizing or internalizing problem scores (42). The Conditions Affecting
Neurocognitive Development and Learning in Early Childhood (CANDLE) cohort
observed no association between prenatal PMio and externalizing and internalizing raw

scores when children were 1.5 to 5 years old (43).



There is growing evidence of an association between prenatal exposure to PMzs
and ASD. However, the effect estimates vary considerably between studies (17,44—46). A
recent meta-analysis of 13 observational studies reported that five studies observed
significant associations between prenatal PM2.s and ASD, while 8 studies did not report an
association (46). The latest findings from a pooled analysis of 23 studies have reported that
10 ug/m? increment in PM2.5 exposure during pregnancy could increase the risk of ASD by

1.34 times (OR=1.34, 95% CI: 1.11, 1.60) (47).

Existing studies of air pollution exposure and social and behavioral development in
childhood have important limitations. To date all existing studies have been observational,
so residual confounding cannot be ruled out. Another challenge with understanding these
association is cultural differences in the interpretation of social and behavior norms.
Behaviors may be accepted differently in different settings, so use of an instrument
designed for children in one setting may not fully capture behavior problems elsewhere. It
is possible that the timing of exposure to air pollution during pregnancy may modify the
relationship between exposure and neurodevelopment. Moreover, most studies have been
conducted in high-income countries where air pollution concentrations are relatively low
and pollution sources may be different from those in low- and middle-income countries
(LMIC). Finally, use of outdoor PM2.5 concentrations as a proxy for personal exposure to
outdoor-generated PM2.s may introduce exposure misclassification as given that people

spend the majority of their time indoors (48).

1.14. Timing of exposure in pregnancy

Given the speed, complexity and pattern of brain development in early life, the
impact of air pollution exposure may depend on timing (8,49). Studies have examined the
association between trimester-specific exposure and social and behavioral outcomes
(46,50-52). In a nested case-control within the Nurse’s Health Study II, outdoor PM2:s
concentrations during each trimester were associated with an increased risk of ASD. The
strongest association was observed for exposure in the third trimester (OR =1.49; 95% CI:
1.20, 1.85 per 4.4 pg/m?’ contrast) (53). A similar result was observed in a case control

study in California, which reported that exposure to traffic-related PM2.s in each trimester



was associated with ASD, with the strongest association observed for the second trimester
(OR=1.48; 95% CI: 1.40, 1.57 per 8.7 pg/m’ contrast) (54). In the BREATH cohort,
researchers observed that prenatal exposure to PMa.s during third trimester of pregnancy
was associated with a 5% reduction in volume of the body corpus callosum (34). A study
conducted in Changsha, China used the Neonatal Behavioral Neurological Assessment
(NBNA) to assess children’s behavioral impairments at 48-72 hours after birth. Prenatal
PM:.s was not associated with total NBNA score during any of the trimesters of pregnancy
but associations with behavioral subscale scores were strongest for exposure during the

second trimester (55).

Other studies suggest that exposure during early pregnancy might be most
important. In a recent birth cohort study in California, the investigators used a weekly
exposure model to examine the association between PMz.s and ASD. The exposure models
were mutually adjusted for all other weeks of exposure to isolate associations to specific
time periods. The researchers reported that outdoor PMzs in 1-27 weeks of pregnancy was
associated with risk of developing ASD in children (cumulative HR = 1.14; 95% CI: 1.06,
1.23 per 7.4 pg/m? contrast) and the association decreased over the course of pregnancy
(52). In a study conducted in Mexico City using the BASC-2, a 5 pg/m® increase in outdoor
PMa2.s concentration during the first trimester was associated with a 1.1-unit (95% CI: -0.2,
2.4) increase in mean Behavioral Symptom Index (BSI) T-score and a decrease of 1.5 units
(95% CI: -2.6, -0.3) in mean adaptive skills T-score. PM25 concentrations in other
trimesters were not associated with behavior scores. In the Upstate KIDS study, a 10 pg/m?
increase in outdoor PMas exposure during the first and third trimesters was associated with
increases of 1.6% (95% CI: 0.1%, 3.2%) and 2.7% (95% CI: 0.6%, 4.9%) respectively, in
the risk of a failed developmental screening between 8 and 36 months of age. The effect

estimated for exposure during the second trimester was smaller (29).

Several other studies did not observe an association with exposure to PMzsin any
of the trimester of pregnancy (56—59). Thus, the evidence regarding the critical window of
exposure to PMz.s during pregnancy and its impacts on social and behavioral impairment

1s inconclusive and not well understood.



1.1.5. Potential effect modifiers

Epidemiologic studies often focus on the average effect of air pollution in a
population, but there may be heterogeneity in the effects across a population. Previous
studies have identified several plausible effect modifiers in the association between air

pollution and social and behavioral outcomes in children.

Sex

Biological differences in the male and female fetus may play a role in the
association between air pollution during pregnancy and neurodevelopmental outcomes in
children. The National Institutes of Health (NIH) recommends that biomedical studies of
humans and animals address the potential modifying effects of sex (60), suggesting that

there may be important biological differences between sexes in developmental outcomes.

Animal experimental studies have indicated that both antioxidant and anti-
inflammatory factors are lower in male rat fetuses (61,62). Toxicological studies have
shown that microglial cells induced by neuro inflammation may lead to synapse
dysfunction linked to ASD (63,64). Male fetus have more microglia than females during
gestation, potentially leading males to be more sensitive to PM or other inflammatory

insults (65).

Child’s sex has been the most commonly examined effect modifier in
epidemiologic studies of early life air pollution exposure and autistic and behavioral
outcomes (66). Five studies of ASD and three studies of behavioral outcomes have
evaluated sex as an effect modifier and reported results from interaction models. A
consistent pattern of greater effect estimates of prenatal exposure to PM2.s on ASD among
males was observed. However, significant interaction by sex was only observed in two
analyses from the Kaiser Permanente Southern California (KPSC) cohort (52,67). In an
analysis of 246,420 mother-child pairs born in the KPSC hospitals between 1999 to 2009,
investigators reported that the effect of a 6.5 pg/m? contrast in early life PM2.5 exposure on
ASD was stronger among males (cumulative HR =1.23; 95% CI: 1.10, 1.40) than females
(HR =1.02; 95% CI: 0.79, 1.37). The sex difference was most pronounced for exposure in
the first trimester (cumulative HR for males = 1.18; 95% CI: 1.08 — 1.27; HR for females



=0.90; 95% CI: 0.76 —1.07, interaction p-value = 0.03) (67). In a subsequent analysis, the
investigators observed a similar trend on 294,937 mother-child pairs born in the KPSC
hospitals between 2001-2014. The effect of a 7.4 ug/m? contrast in early life PM2 s exposure
on ASD was stronger among males (cumulative HR =1.19; 95% CI: 1.09 — 1.31) than
females (HR = 1.06; 95% CI: 0.86 —1.29, interaction P-value = 0.01) (52).

Prenatal maternal stress

Prenatal maternal anxiety and depression are linked to fetal growth restriction and
impaired cognitive, psychomotor, behavioral, and emotional development in childhood
(68). The hypothalamic-pituitary-adrenal (HPA) axis produces glucocorticoids in response
to stress (69). Some scientists have hypothesized that increased fetal exposure to
glucocorticoids causes abnormalities in the structure and function of neurons and glial cells
(70). The influence of glucocorticoids is partly mediated by the enzyme 11 PB-
hydroxysteriod dehydrogenase type 2 (11B-HSD2), which protects the fetus from exposure
to high levels of glucocorticoids (71). Air pollution may alter the activity of 113-HSD2 in
the placenta, resulting in higher exposure of the fetus to maternal glucocortoids (69,72).
This biological process suggests that both prenatal maternal stress and air pollution share

a common biological pathway (73).

Epidemiologists have observed that maternal stress during pregnancy increased the
risk of neurodevelopmental outcomes in children when mothers were also exposed to
higher levels of air pollution (74,75). A longitudinal birth cohort study in Krakow, Poland,
observed that the effect of demoralizing experiences during pregnancy on children’s
externalizing and internalizing problems were greater among children whose mothers were
also exposed to higher levels of prenatal airborne PAHs (75). Similar results were observed
in a birth cohort in New York City, where the effect of material hardship during pregnancy
on children’s ADHD symptoms was greater among children whose mothers were also

exposed to high levels of prenatal PAHs (74).

Socioeconomic status

Lower socioeconomic status (SES) is a known risk factor for neurodevelopmental

outcomes in children (43). It is possible that maternal SES characteristics and air pollution



share common pathways (73). Mothers with lower socioeconomic status may also
experience other risk factors such as lack of resources or lower intelligence. Studies
conducted in the United States reported that lower SES also predicted higher prenatal
exposure to air pollution (39,40,43). Therefore, in addition to potentially modifying the
association between air pollution and behaviour, SES likely also confounds the relationship

between prenatal air pollution and behavior and ASD outcomes in many settings (76,77).

Researchers have used several indicators of SES (78). Some studies defined SES
as a structural variable (e.g., household income, employment status, parental educational
level) while other studies defined SES by material indicators (e.g., material of walls, roof
and floor of the housing, age of the housing, material goods) (66,79). When examining
SES as a potential modifier in the relationship between air pollution exposure and social
and behavior outcomes, some studies used composite SES indices (59,80), while many
studies used household income, maternal education or maternal hardship to indicate SES
(43,58,59,74,75,81). The CANDLE cohort investigators conducted a study to investigate
the association between prenatal exposure to NO2 and PMio on childhood behavioral
disorders using the Child Behavior Checklist (CBCL) as a measure of outcome. The
investigators also examined whether the association differed based on household income,
maternal education, which were used as individual-level indicators of SES. The
investigators reported that higher levels of postnatal exposure to PM1o were associated with
more externalizing behavioral problems in children from lower income families, but not
those in higher incomes. Specifically, there was an 11% increase (95% CI: 0, 25%) in
externalizing behavioral problems per 2 pg/m?® increase in PMio exposure among children
from lower-income families, compared to a 10% decrease (95% CI: -1, 19%) among
children from higher-income families. A statistically significant interaction (p=0.01) was
observed with postnatal exposure but no interaction was observed between prenatal PMio
exposure and any of the behavioral outcomes (43). The SEED cohort used neighborhood
deprivation index (NDI) to characterize SES. An interaction between PM2s and SES on
ASD was observed for PM2.s exposure in the first year of life, but no interaction was
observed between prenatal PMz.s exposure and ASD (80). In the Stockholm Youth Cohort,
neighborhood deprivation did not modify the association between prenatal traffic-related

PMio exposure and ASD (59).
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Maternal diet and vitamin intake during pregnancy

Prenatal folic acid and multivitamin supplements intake is linked to increased
survival rate and reduced risk of fetal growth restriction and impaired cognitive,
psychomotor, behavioral, and emotional development in childhood (82,83). Some
scientists have hypothesized that folic acid,-which is critical nutrient in the methylation
process for gene regulation (84), may modify air pollution’s effect on DNA methylation
(85). This suggests that folic acid intake and air pollution share a common biological
pathway and that folate may offset some of the neurodevelopmental effects of air pollution

(73,86).

Several epidemiological studies observed that folate intake during pregnancy
modified the effect of multiple air pollutants on neurodevelopmental outcomes (77,86,87).
Two of these studies investigated folic acid and vitamin intake as effect modifiers in the
association between either prenatal PM exposure and ASD or cognitive outcomes (77,86).
Investigators in the CANDLE cohort study reported that maternal plasma folate levels
modified the association between prenatal air pollution and full-scale 1Q (FSIQ). Among
mothers with low levels of plasma folate, a 5 ug/m? increase in prenatal PMio exposure
was associated with a 6.8-point (95% CI: 1.4, 12.3) reduction in mean FSIQ while no
association was observed in mothers with higher levels of plasma folate (interaction
p=0.07) (77). In the CHARGE study researchers reported that increased folate intake early
in pregnancy reduced the effect of prenatal NO2 on ASD (interaction p=0.04). However,

there was not a significant interaction between folate and PMio or PM2.5 (86).

Maternal age

The fetus is more exposed and vulnerable to oxidative stress as maternal age
increases due to accumulated oxidative damage in somatic cells from biological aging
(88,89). This increased oxidative stress may share common pathways with those linking
air pollution exposure and neurodevelopment outcomes in children (89). A study
conducted in Wuxi, China, indicated that maternal age modifies the association between
maternal PMio exposure and preterm birth, which is a risk factor for neurodevelopment

outcomes in children. The investigators reported that among mothers exposed to the lowest
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quartile of PMio levels compared to highest quartile of PM1o exposure, the risk of preterm
birth in women aged 35 years or older was (OR: 2.0; 95% CI: 1.0, 3.9; interaction p=0.03)
(90).

1.1.6. HEPA filter air cleaner as an environmental exposure intervention

HEPA cleaners lower PM2s concentrations through mechanical filtration. By
definition, HEPA filters remove 99.7% of particles sized 0.3 um, with higher efficiency for
larger and smaller particles (91). The effectiveness of HEPA cleaners to reduce indoor
particles concentrations is a function of the volume of air that can be cleaned by the unit
relative to the volume and air exchange rate of the room (92,93). Given that people spend
the majority of their time indoors, HEPA filter air cleaners can be an effective intervention

for reducing PM exposure and, potentially, improving health (92-95).

Environmental exposure studies can be challenging to conduct due to ethical
considerations, However, RCTs are helpful in evaluating causality between environmental
exposures and health outcomes (96). Previous studies have shown that HEPA air cleaner
can reduced indoor PMas concentrations ranging between 30%-80% (92). Numerous
studies also evaluated the effects of using HEPA filter air cleaners on respiratory and
cardiovascular intermediate outcomes including blood pressure level, heart rate variability,
lung function, inflammation and oxidative stress (92,93,95). While some of these studies
have reported beneficial results, only few studies have examined the long term effects of
using HEPA air cleaners (93). The effects of HEPA filter air cleaners during pregnancy on
children’s neurodevelopment has not been studied, but their use has been associated to
improvements in cardiovascular intermediate outcomes which may have benefits to better

neurodevelopmental outcomes in children (92,93,95).

1.1.7. The Ulaanbaatar Gestation and Air Pollution Research (UGAAR)
Study

Study setting

The UGAAR study is being conducted in Ulaanbaatar, the capital city of Mongolia

and home to approximately half of the country’s 3.2 million people. Ulaanbaatar’s annual

12



average PMas concentration in 2019 was 62 pg/m? (97). The main source of particulate
pollution in Ulaanbaatar is the combustion of coal heating and cooking in neighborhoods
comprised of traditional Mongolian felt-lined yurts (gers) and poorly constructed one or
two-story wood and brick homes. Coal emissions from home heating stoves are responsible
for 45-70% of total outdoor PM2.5 concentrations in the city (98—101). Three coal-fired
power plants supply electricity and heat to apartments and other buildings in the city (98—
100). It has been estimated that 10% to 25% of the mortality in Ulaanbaatar can be
attributed to ambient air pollution (101).

Study population

We recruited participants at two perinatal health clinics in the centrally located
Sukhbaatar district of Ulaanbaatar. A total of 540 non-smoking women who met the
following criteria: > 18 years of age, < 18 weeks into a single gestation pregnancy, Non-
smoker, living in an apartment, not using portable air cleaner(s) at enrollment, and planning

to give birth in a medical facility in Ulaanbaatar consented to participate in the study.

Randomization

Randomization was carried out using sealed opaque envelopes containing
randomly generated “filter” or “control” allocations and labeled with participant
identification numbers running from 1 to 600. Once an individual who met the eligibility
criteria and consent to participate, a sealed envelope was drawn in sequential order and
opened by a project coordinator who then informed the participant of the allocation. Only
one envelope was opened per participant. In case if the participant did not agree to their
allocation, they were not enrolled in the study. The envelope was then discarded and a new
one was opened at the time of enrollment of the next participant. Participants were not

blinded to their intervention status.

Intervention

Participants were assigned to the intervention or control group at a 1:1 ratio.
Participants in the intervention group received one or two HEPA filter air cleaners (Coway
AP-1009CH) to use from enrolment to delivery. In smaller apartments (<40 m2) we placed

an air cleaner in the main living area of the home and in larger apartments (>40 m2), we
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placed the second unit in the participant's bedroom. We deployed the HEPA cleaners in
intervention homes shortly after enrollment into the study. The control group received no
HEPA cleaners. We did not replace the HEPA filter(s) during the study and we collected
the HEPA cleaner(s) after pregnancy ended.

Informed consent

The informed consent was obtained from all participants before randomization. At
median of 15.4 months of childbirth (range: 7.7 to 28.9 months) we contacted the
participants for follow-up study to investigate child’s developmental outcomes from
prenatal HEPA air cleaner intervention. Participants again provided written informed
consent. The consent form outlines the study objectives, inclusion, and exclusion criteria
for participation. We compensated participants up to 65,000 Mongolian tugriks
(approximately $30 USD) during prenatal follow-up and up to 260,000 tugriks
(approximately $100 USD) during the four years of post-natal follow-up. Compensation

was pro-rated based on the specific activities that participants completed.

Data collection

Data collection for the UGAAR study started in January 2014 and was completed
in December 2015, during which mothers were enrolled, and intervention took place in the
prenatal period. The follow-up study (UGAARII) started in January 2016 through
December 2017, during which the child’s 24-month assessments were conducted and again
in September 2018 to September 2019 for the child’s 48-month assessment. Data were
collected at home and the UGAAR study office in Ulaanbaatar (figure 1.1).
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1.2. Rationale

The purpose of this research was to evaluate the impact of reducing exposure to
PM with HEPA air cleaners during pregnancy on social and behavioral impairment in
childhood. In addition, I aimed to test for potential modifiers of the air cleaner benefits on
social and behavioral impairment in children. I made use of data collected in the
Ulaanbaatar Gestation and Air Pollution Research (UGAAR) study, a randomized
controlled trial designed to assess the impact of portable HEPA filter air cleaner use during
pregnancy on fetal growth and early childhood development (ClinicalTrials.gov:

NCTO01741051).

My dissertation includes three manuscripts for publication, with each manuscript

focused on testing a specific hypothesis:

1. Children born to mothers who used portable air cleaners during pregnancy will have
lower behavioral problems scores at ages 2 and 4 than children born to mothers

who did not use portable air cleaners during pregnancy.

2. Children born to mothers who used portable air cleaners during pregnancy will have
lower autistic traits scores at age 4 than children born to mothers who did not use

portable air cleaners during pregnancy.

3. Maternal cortisol and dehydroepiandrosterone (DHEA) in early pregnancy modify
the effects of the HEPA air cleaner intervention on children’s social and behavioral

outcomes at age 4.
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Chapter 2. Portable HEPA filter air cleaner use during
pregnancy and children’s behavior problem scores

2.1. Abstract

Background: Developmental exposure to particulate matter (PM) air pollution may impair
children’s behaviors. Our objectives were to quantify the impact of reducing indoor PM
using portable HEPA filter air cleaners during pregnancy on behavioral problems in
children and to assess associations between indoor fine PM (PMa.s) concentrations during

pregnancy and children’s behavior.

Methods: In this single-blind parallel-group randomized controlled trial, we randomly
assigned 540 non-smoking pregnant women to receive 1 to 2 HEPA filter air cleaners or
no air cleaners. We administered the Behavior Assessment System for Children (BASC-3)
to caregivers when children were a mean age of 23 months, and again at a mean age of 48
months. Primary outcomes were the four BASC-3 composite scales: externalizing
problems, internalizing problems, adaptive skills, and the behavioral symptoms index. We
imputed missing data using multiple imputation with chained equations. The primary
analysis was by intention-to-treat. In a secondary analysis, we evaluated associations
between BASC-3 composite indices and trimester-specific PMa2.s concentrations inside

residences.

Results: We enrolled participants at a median of 11 weeks’ gestation. After excluding
miscarriages, still births and neonatal deaths, our analysis included 478 children (233
control and 245 intervention). We observed no differences in the mean BASC-3 scores
between treatment groups. An interquartile increase (20.1 pg/m?) in first trimester PMa.s
concentration was associated with higher externalizing problem scores (2.4 units, 95% CI:
0.7, 4.1), higher internalizing problem scores (2.4 units, 95% CI: 0.7, 4.0), lower adaptive
skills scores (-1.5 units, 95% CI: -3.0, 0.0), and higher behavior symptoms index scores
(2.3 units, 95% CI: 0.7, 3.9). Third trimester PM2.5 concentrations were also associated

with some behavioral indices at age 4, but effect estimates were smaller. No significant
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associations were observed with PM2 s concentrations during the second trimester or for

any of the BASC indices when children were 2 years old.

Conclusion: We found no benefit of reducing indoor particulate air pollution during
pregnancy on parent-reported behaviors in children. Associations between PMos
concentrations in the first trimester and behavioral scores among 4-year-old children
suggest that interventions in early pregnancy may be necessary to protect children, but

these exploratory findings should be interpreted cautiously.

2.2, Introduction

Exposure to fine particulate matter air pollution (PM2.5) during pregnancy is linked
to impaired fetal growth (3,102), which may in turn cause developmental programming
that adversely affects health in childhood and beyond (4). Evidence from animal and
epidemiologic studies suggests that prenatal exposure to air pollution may adversely affect
brain development (37,103,104). Results from birth cohort studies of prenatal exposure
and children’s behaviors have been inconsistent (29,34,36,41-43,105,106).

Given the speed and complexity of brain development, the impact of an exposure
may depend on timing (8,42,49). Two studies of PM exposure and behavior problems in
childhood have evaluated the impacts of exposure during specific stages of pregnancy and

suggested that exposures in the first and third trimesters may be most important (29,42).

Investigators have not definitively identified the biological mechanism(s) through
which air pollution exposure in pregnancy could impact brain development in childhood,
but such a link is biologically plausible. Systematic inflammation may play a role (107).
Animal experiments have suggested that prenatal exposure to airborne particles induces
inflammation in mothers followed by changes in brain morphology in the offspring

(103,108).

Portable high efficiency particulate air (HEPA) filter air cleaners (“HEPA
cleaners”) are a promising intervention to reduce indoor PMz.s exposure. HEPA cleaners

reduce average indoor PMzs concentrations by 29-82% (92,109). Because outdoor air
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pollution infiltrates into buildings, indoor air contains pollution emitted from both outdoor
and indoor sources. As a result, a substantial portion of the health impacts from outdoor
pollution sources stem from exposure that occurs indoors. For example, indoor exposures
account for 61% and 81% of the deaths attributed to outdoor-generated PMz s in the US
and China, respectively (110,111). Thus, reducing particle concentrations indoors may

mitigate the health impacts of outdoor pollution sources.

2.3. Objective

To quantify the impact of reducing PMa.s using HEPA cleaners during pregnancy
on behavioral problems in children at two and four years of age. In addition, we sought to
explore associations between indoor PMazs during different periods of pregnancy and

behavior in these children.

2.4. Methods

2.4.1. Prenatal Data Collection

Participants visited our study office shortly after enrollment, between 5 and 19
weeks gestation, and again at 24-37 weeks’ gestation (112). At both visits we administered
questionnaires on demographics, lifestyle, housing, and health. Participants completed the
4-question perceived stress scale (PSS-4) as part of both prenatal questionnaires (113).
During the second visit, we also collected a venous whole blood sample, which was
analyzed within six weeks of collection for lead, mercury, and cadmium concentrations
using quadrupole-based inductively coupled plasma-mass spectrometry (ICP-MS), with

matrix-matched calibration (114).

We measured indoor PM2:5 in participants’ apartments over seven days shortly after
enrollment and again at a median of 30 weeks using Dylos DC 1700 laser particle counters.
As described elsewhere, these measurements were used to develop a blended multiple
linear regression random forest regression prediction model that provides estimates of

PMa.s concentrations during each week of pregnancy for each UGAAR participant (115).
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We obtained birth weight, length, head circumference, gestational age, sex, and
mode of delivery from medical records. We also collected information from medical
records on stillbirths, pregnancy complications and co-morbidities (116). Participants self-

reported the occurrence and timing of spontaneous abortions.

2.4.2. Postnatal Data Collection

Between February 2016 and January 2017, all living UGAAR mother-child dyads
were invited to continue in a follow-up study of health and development in childhood. We
re-enrolled dyads when the children were a median of 15.4 months of age (range: 7.7 to

28.9). Participants again provided written informed consent.

We made annual visits to participants’ homes, roughly corresponding with the
child’s birthdays. During the first of these home visits we also assessed nurturing and
stimulation of the child using the Home Observation Measurement of the Environment
(HOME) inventory (117). We again measured PMa.s concentrations over seven days in a
subsample of participants’ homes based on availability of Dylos laser particle counters.
Shortly after re-enrollment and at 6-month intervals thereafter, we asked participants to
complete questionnaires about family characteristics and the child’s home environment,

diet, activities, and health.

Mothers and children were invited to our study office when the children were
approximately two and four years of age. At the two-year visit, we obtained a venous
whole blood sample from children for analysis of lead, mercury, and cadmium
concentrations (114). At the two-year visit, trained assessors also administered the matrix
reasoning and vocabulary subtests of the Wechsler Abbreviated Scale of Intelligence

(WASI) and the Beck Depression Inventory-II (BDI) to the mothers (118).

2.4.3. Assessment of Behavioral Qutcomes

We administered the Behavior Assessment System for Children (BASC-3) to
caregivers during the two-year visits (February 2016 to January 2017) and four-year visits

(September 2018 to December 2019) to our study office. We obtained BASC-3 data for a
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total of 407 children including 391 children (214 intervention, 177 control) at age 2 and
388 children (205 intervention, 183 control) at age 4. The BASC-3 asks caregivers how
frequently their child demonstrated 139 specific behaviors or activities over the past several
months. All English BASC-3 materials were translated by native Mongolian speakers. The
translations were then back translated to English. We piloted the BASC-3 on Mongolian
children, updated the translations, and piloted with additional children prior to finalizing
the translation to assess the UGAAR children. Research staff who administered and scored

the BASC-3 were blinded to intervention status.

Our primary outcomes were the four BASC-3 composite scales: externalizing
problems, internalizing problems, adaptive skills, and the behavioral symptoms index
(BSI). For externalizing problems, internalizing problems, and the BSI higher scores
indicate more behavioral problems. For adaptive skills, lower scores indicate poorer

functioning.

2.44. Sample Size

The UGAAR study was originally designed to evaluate the effects of HEPA
cleaners on fetal growth, so our sample size calculations were based on term birth weight.
Assuming a type I error rate of 0.05 (2-sided) and a type II error rate of 0.20, we estimated
that 460 participants, in equal numbers in the treatment and control groups, were needed.
We targeted a population of 540 participants assuming 18% attrition due to withdrawal and

pregnancy loss.

2.4.5. Data Analysis

To evaluate the influence of the intervention on indoor PMb> 5 concentrations, we
compared 7-day measurements of indoor residential PMa2s between intervention and
control participants during pregnancy and after birth. To account for temporal variations in
outdoor PM2 s concentrations and lack of independence in repeated measurements in some
homes, we regressed measured PM2s concentrations on intervention status in a mixed

model with random participant intercept while adjusting for month of measurement.
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To our knowledge, this was the first use of the BASC-3 in Mongolia. Calculation
of composite indices from BASC-3 responses requires the conversion of raw scores into
sex-specific T scores based on the distribution of scores in a reference population. Since
there was no Mongolian reference population with which to normalize BASC-3 scores, we
transformed the UGAAR raw scores to have the same mean and variance as the US
reference population. This allowed us to then estimate sex-specific T-scores according to

the BASC-3 protocol.

Our primary analysis was by intention-to-treat (ITT) and included 478 children.
The complete-case analyses included 407 children whose caregivers completed the BASC-
3 on at least one-time point (391 at age two and 388 children at age four). The 478 children
in the ITT analysis represent the full study population except those who withdrew prior to
baseline data collection (N=8), known pregnancy losses and neonatal deaths (N=51), and
three children with conditions unrelated to air pollution that could affect behavior or our
ability to reliably impute BASC-3 scores (one child with Down’s syndrome, one with

cerebral palsy, and one with a hearing and speech impairment).

We used multiple imputation with chained equations (MICE) to impute outcome
and covariate data for 71 children. We created 20 imputed data sets stratified by treatment
group (SAS Proc MI and PROC Mianalyze). Variables used for imputation included those
that met one of two criteria: 1) variables associated (p<0.20) with the outcome and with <
15% missing observations, 2) variables associated (p<0.05) with missingness and with <
15% missing observations. Variables that met these criteria included maternal age at
baseline, marital status at baseline, maternal smoking at baseline, and maternal self-
reported stress level at baseline, vitamin use at baseline, pre-pregnancy BMI, and living
with a smoker early in pregnancy. In addition, to improve precision in our estimates we
also adjusted for variables that, while unlikely to be confounders, contribute to variability
in parent-reported behavior and are unlikely to be on the causal pathway between PM2.5
and behavior: mother’s self-reported depression score on the BDI and maternal matrix
reasoning and vocabulary subtest scores on the WASI. Trimester-specific models were also
adjusted for PM2.5 concentrations in other trimesters. We did not adjust for sex because

BASC T-scores were derived from sex-specific distributions for the reference population.
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To allow for comparisons of effect estimates from the full pregnancy and different
trimesters of exposure we scaled our effect estimates to the interquartile ranges (IQR) of

PM2.5 concentrations.

Multiple imputation Control group
Complete model Imputed
case data * BASG3 T-score age 2 dataset 120
- |‘ ’ and 4 age2 Combine
¢ .
BASC-3 o] * Maternal age at Imputed -
ASC-] > atace
T-score bascline dataset 120
=score Filter group age?2
age 2 and ® Income baseline age <
age 23 o Marriage baseline Imputed Lincar
aged Varrage bascline dataset 120 mixed
* BMIpre-pregnancy age 2 model
st - I B
* PSS4 bascline using Proc
o Maternal smoking mixed Pooling
baseline > > Proc
« Vitamin use baseline ™ Random Mianaly 2
e Lived with smoker late - intercept i i
pregnancy Control group by
o Preterm birth Imputed participant
dataset 1-20
* Maternal BDI score - .
aged Combine
o Maternal vocabulary -
score Imputed
- dataset 1220 [~
o Maternal matrix Filter group age 4
reasoning score Imputed
o HOME score | dataset 1-20
o Trnimesterspecific aged v
PM; « concentration Fflect estimate &
o Full pregnancy PM, 95% Cl
concentration

Figure 2.1.  Data analysis scheme of the linear mixed effect model with 20
imputations.

In both our primary and secondary analyses, we analyzed data collected when
children were two years old and four years old separately and with the two time points
combined. We used multiple linear regression for the age-specific models, and in the
analysis combining 2- and 4-year data we used linear mixed models with random
participant intercepts to account for repeated measurements of behavioral outcomes
(Figure 2.1). We used variance inflation factors (VIF) to evaluate multicollinearity in the
multiple linear regression models. All analyses were conducted using SAS 9.4 (SAS

Institute Inc., Cary, NC USA).
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2.5. Results

2.5.1. Baseline characteristics

We recruited 540 participants (272 control and 268 intervention) from January 9,
2014 to May 1, 2015. Participants were enrolled at a median (25", 75" percentile)
gestational age of 11 (9, 13) weeks. There were 532 participants enrolled at the start of data
collection, 468 known live births, and five neonatal deaths (Figure 2.2). At baseline, control
and intervention participants had similar characteristics (Table 2.1). For example, mothers’
median (25, 75" percentile) ages at enrollment were 28 (25, 33) years in the control group
and 29 (25, 33) years in the intervention groups. In both groups, 80% of participants

reported completing university.

2.5.2. Pregnancy and postnatal characteristics

During pregnancy, the HEPA cleaners reduced mean indoor PM2 s concentrations
by 29% (95% CI: 21%, 37%) (112). The post-natal PM2.s concentrations were similar
between groups (3% lower in the intervention group, 95% CI: -14%, 7%).

The characteristics of mother-child dyads in the intervention and control groups
were generally similar during pregnancy and during postnatal follow-up (Table 2.2). The
median maternal blood lead concentration late in pregnancy was 1.5 (1.2, 1.8) pg/dL in the
control group and 1.4 (1.2, 1.9) ug/dL in the intervention group. As previously reported,
there were more preterm births in the intervention group (10%) than in the control group
(5%). In both groups, approximately 5% of mothers reported moderate to severe depression

during the 2-year visit (Table 2.2).
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| 540 randomized |

272 were allocated to control I I 268 were allocated to intervention
7 lost before start of data collection 1 lost before start of data collection
5 withdrew _ R 1 withdrew
1 moved out of study area - v
1 spontaneous abortion
v v
265 were enrolled at start of data collection 267 were enrolled at start of data collection
260 received allocated control 264 received allocated intervention
5 did not receive allocated control 3 did not receive allocated intervention
12 lost before end of pregnancy 6 lost before end of pregnancy
8 withdrew < > 2 withdrew
4 moved out of study area 4 moved out of study area
v y
253 were followed to the end of pregnancy | | 261 were followed to the end of pregnancy
28 pregnancy losses 18 pregnancy losses
23 spontaneous abortions < P 10 spontaneous abortions
5 stillbirths 8 stillbirths
v 4
225 live births | | 243 live births
31 lost during postnatal surveillance 21 lost during postnatal surveillance
1 neonatal death < > 4 neonatal deaths
30 did not re-enroll 17 did not re-enroll
v y
[ 194 were enrolied at start of post-natal follow-up | | 222 were enrolied at start of post-natal follow-up |
| BASC age 2 analysis |
y A4
| 177 completed BASC-3 assessment | | 214 completed BASC-3 assessment |
| BASC age 4 analysis |
r \d
| 183 completed BASC-3 assessment | [ 205 completed BASC-3 assessment |

Figure 2.2.  Trial profile
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Table 2.1.

Comparison of baseline characteristics for control and intervention

participants included in the intention-to-treat analysis.

Control (n=233) Intervention
(n=245)
Characteristic
n Median (25", 75 Median (25", 75
percentile) or n (%) percentile) or n (%)
Season of enrollment

Winter (Dec, Jan, Feb) 151 (32) 77 (33) 74 (30)

Spring (Mar, Apr, May) 138 (29) 73 (31) 65 (27)

Summer (Jun, July, Aug) 56 (12) 24 (11) 32 (13)

Fall (Sep, Oct, Nov) 133 (28) 59 (25) 74 (30)
Gestational age, wk 478 (100) 10 (9, 12) 11 (9, 13)
Maternal age, yr 478 (100) 28 (25, 33) 29 (25, 33)
Monthly household income,

Tugriks

> 800,000 376 (79) 182 (78) 194 (79)

< 800,000 93 (19) 46 (20) 47 (19)

Not reported, n (%) 92 52 4(2)
Maternal marital status

Married 282 (59) 135 (58) 147 (60)

Engaged/Common-law 180 (38) 88 (38) 92 (38)

Single 10 (2) 7(3) 3(1)

Not reported, n (%) 6(1) 3(DH) 3(D)
Maternal education

Completed university 383 (80) 187 (80) 196 (80)

Less than university 60 (13) 31 (13) 29 (12)

Not reported, n (%) 35(7) 15 (6) 20 (8)
Lived with a smoker baseline

No 248 (52) 120 (52) 128 (52)

Yes 218 (46) 107 (46) 111 (45)

Not reported, n (%) 12 (3) 6(3) 6(2)
kMatemal pre-pregnancy BMI, 449 (94)  21.7(19.6, 23.9) 21.4(19.7, 24.0)

g/m2

Not reported, n (%) 29 (6) 21 (9) 8(3)
Paternal age, yr 453 (95) 31 (26, 35) 30 (26, 35)
Not reported, n (%) 25 (5) 9(4) 16 (7)
Paternal education

Completed university 364 (76) 179 (77) 185 (76)

Less than university 85 (18) 45 (19) 40 (16)

Not reported, n (%) 29 (6) 9(4) 20 (8)
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Table 2.2.

Comparison of pregnancy and post-natal characteristics for control

and intervention participants included in the intention-to-treat

analysis.
B Control (n=233) ggzzr)ltmn
Characteristic Median (25%, 75® Median (25", 75
n percentile) or n (%) percentile) or n (%)
Maternal blood lead
concentration in late pregnanc
we/dL PICEnANCY  375(78)  1.5(1.2, 1.8) 1.4 (12,1.9)
Missing, n (%) 103 (22) 61 (26) 42 (17)
Type of birth
Cesarean 174 (36) 86 (37) 88 (36)
Vaginal 285 (60) 134 (57) 151 (62)
Missing, n (%) 19 (4) 13 (6) 6(2)
Preterm birth
Preterm (<37 weeks) 31 (7) 10 (4) 21 (9)
Full tern (= 37 weeks) 428 (89) 210 (90) 218 (88)
Missing, n (%) 19 (4) 13 (6) 6(3)
Birth weight, grams 458 (96) 3450 (3125, 3800) 3550 (3200, 3800)
Missing, n (%) 19 (4) 13 (6) 6(2)
Child’s sex
Female 220 (46) 110 (47) 110 (45)
Male 239 (50) 111 (48) 128 (52)
Missing, n (%) 19 (4) 13 (5) 6(3)
Child’s blood lead concentration
at age 2, ug/dL 328 (69) 2.6 (1.9, 3.6) 2.5(1.7,3.5)
Missing, n (%) 150 (31) 80 (46) 70 (45)
Maternal depression level (BDI)
at 2-year visit
Mild 369 (77) 168 (72) 201 (82)
Moderate to severe 31 (6) 8(4) 13 (5)
Missing, n (%) 88 (18) 57 (24) 31 (13)
Maternal WASI matrix reasoning 387 (81) 16 (12, 19) 17 (13, 19)
raw score
Missing, n (%) 91 (19) 58 (25) 33(13)
ls\/clz‘;zmal WASI vocabulary raw 387 (81) 36 (32, 40) 36 (32, 40)
Missing, n (%) 91 (19) 58 (25) 33(13)

BDI = Beck Depression Inventory-1I; WASI = Wechsler Abbreviated Scale of Intelligence



2.5.3.

Intervention effects

We found no significant difference in the mean BASC-3 scores by treatment group

in our [TT analysis of 478 participants (Table 2.3). Results were not sensitive to adjustment

for PTB (Table 2.3). Children’s behavior T scores measured 2 and 4 years of age were

moderately correlated, ranging from » = 0.39 (adaptive skills) to 0.46 (behavioral

symptoms index).

Table 2.3.

intention-to-treat analysis.

Estimated effects of the intervention on BASC composite scores in an

Unadjusted Adjusted for preterm birth
Composite score Change in mean T p-value Change in mean T p-value
score (95%CI) score (95%CI)
Age 2
Externalizing 021 (-1.69,2.12)  0.83 021(-1.70,2.12)  0.83
Internalizing 0.84 (-2.84, 1.16)  0.41 0.84 (-2.84, 1.16)  0.41
Adaptive skills 0.06 (-1.77, 1.64)  0.94 0.01 (-1.73, 1.71) 0.9
Behavioral Symptoms 028 (-1.98,1.42)  0.75 029 (-1.99, 1.40)  0.73
Index
Age 4
Externalizing 0.09 (-1.98, 2.17) 0.93 0.09 (-1.98, 2.17) 0.93
Internalizing 0.48 (2,51, 1.54)  0.64 -0.47 (-2.50, 1.55)  0.65
Adaptive skills 029 (-2.12,1.55)  0.76 0.17(-1.99, 1.66)  0.86
Behavioral Symptoms 451 (217, 1.76)  0.84 020 (-2.17,1.76)  0.84
Index
Ages 2 and 4 combined’

Externalizing problems 0.15 (-1.54, 1.85) 0.86 0.13 (-1.55, 1.82) 0.88
Internalizing problems ~ -0.66 (-2.36, 1.04)  0.44 -0.60 (-2.29,1.10)  0.49
Adaptive skills -0.18 (-1.65, 1.30) 0.82 -0.09 (-1.56, 1.38) 0.91
Behavioral symptoms 54 (1.81,132)  0.76 028 (-1.84,1.28)  0.72

index

'Age 2 and 4 BASC scores modeled together in a linear mixed effects model.
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In our secondary observational analysis, we did not observe any associations
between PM2.s concentrations and behavior scores at age 2 (Figure 2.3). We did, however,
find that indoor PM2.5 during the first trimester of pregnancy was consistently associated
with worse behavior scores at age 4 (Figure 2.3). Specifically, an IQR increase (20.1
ng/m?) in PMa2.s was associated with difference of 2.4 units (95% CI: 0.7, 4.1), 2.4 units
(95% CI: 0.7, 4.0), 2.3 units (95% CI: 0.7, 3.9), and -1.5 units (95% CI: -3.0, 0.0) in mean
externalizing problems, internalizing problems, behavioral symptoms index, and adaptive
skills T scores, respectively. Third trimester PM25 concentrations were associated with
some behavioral indices, but effect estimates were smaller. We did not observe associations
between PM2s exposure in the second trimester and any of the BASC indices when
children were 2 years old (Figure 2.3). Variance inflation factors were <1.7 for all

variables.
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Age 2 Age 4 Ages 2 and 4 Combined

First Trimester

Externalizing Problems - e
Internalizing Problems _— B ——— — e
Behavioral Symptoms Index _— —_—— P —
Adaptive Skills —_———————— —_— e e
Second Trimester
Externalizing Problems —_—————— — _— e
Internalizing Problems _— —_————————— S S
Behavioral Symptoms Index —_———— —_——— e —
Adaptive Skills _— —— _—
Third Trimester
Externalizing Problems —_——————  — P —
Internalizing Problems —_— —_—————— .
Behavioral Symptoms Index —_——— —_——————— —_—
Adaptive Skills —_———————— —_— —
Full Pregnancy
Externalizing Problems _— —_——————— ———
Internalizing Problems _— —_—e P —
Behavioral Symptoms Index —_——— ——————— —_—
Adaptive Skills —_————— e S S
-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4
Change in Mean T Score per Interquartile Change in Mean T Score per Interquartile Change in Mean T Score per Interquartile
Range Increase in Indoor PMz.s Concentration Range Increase in Indoor PMz.s Concentration Range Increase in Indoor PMz.s Concentration

Figure 2.3.  Associations between indoor PM; 5 concentrations during pregnancy and BASC composite scores at age 2, age 4,
and combined!

'Age 2 and 4 BASC scores modeled together in a linear mixed effects model. 1st trimester IQR = 20.1 pg/m?, 2nd trimester IQR = 21.6 pg/m3, 3rd trimester IQR
=13.5 pg/m’, full pregnancy IQR = 9.63 pg/m3.Models adjusted for intervention status, maternal age at baseline, monthly family income at baseline, living with
a smoker at any time during pregnancy, mother’s depression score at the 2-year visit, and maternal WASI matrix reasoning and vocabulary scores at the 2-year
visit. Trimester-specific models were also adjusted for PM» s concentrations in other trimesters.
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2.6. Discussion

In this cohort of women living in a heavily polluted community we found no
evidence in the intent to treat analysis that reducing indoor air pollutants using HEPA air
cleaners starting late in the first trimester of pregnancy improved parent-reported
behavioral problems. In a secondary observational analysis, we found no associations
between PM2s concentration during pregnancy and behavior at age 2. We did, however,
find that first trimester PM2.s concentrations were consistently associated with behavioral
problem scores when children were 4 years old. Third trimester PM2.5 concentration was
also associated with some behavioral indices at age 4, but effects were smaller. PM2.s
concentrations during the second trimester were not associated with behavior at any age.
These results suggest that behavior scores in childhood may be particularly sensitive to air
pollution exposure early in pregnancy, but these are exploratory findings and should be

interpreted cautiously.

Brain development is a rapid, complex and patterned process and the timing of
exposure to neurotoxicants may be an important determinant of adverse impacts
(49,119,120). Our finding of consistent associations with exposure in the first trimester is
similar to a recent analysis of 4 to 6-year-old children in Mexico City (42). In that study,
which assessed behavior using the BASC (BASC-2), a 5 ng/m? increase in outdoor PM2s
concentration during the first trimester was associated with a 1.1 unit (95% CI: -0.2, 2.4)
increase in mean BSI T score and a decrease of 1.5 units (95% CI: -2.6, -0.3) in mean
adaptive skills T score. PM2.5 concentrations in other trimesters were not associated with
behavior scores. In the Upstate KIDS study, a 10 pg/m? increase in PM2 s exposure during
the first and third trimesters was associated with increases of 1.6% (95% CI: 0.1%, 3.2%)
and 2.7% (95% CI: 0.6%, 4.9%), respectively, in the risk of a failed developmental
screening between 8 and 36 months of age. The association was smaller in second trimester

exposure to PMz s and failed developmental domains in those children (29).

For individual children, a change in behavioral symptoms T scores of 1-3 units

would generally not be problematic. However, at a population level, these impacts could
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be important given that 90% of the world’s population is exposed to PM2 s above the World

Health Organization guideline concentration (121,122).

As with many birth cohort studies, our results may have been influenced by the live
birth bias (123). We previously reported a decreased risk of spontaneous abortion and an
increased risk of preterm birth in the intervention group. We speculated that the
intervention enabled fetuses who otherwise might have died in ufero to instead be born
preterm. This difference in pregnancy losses would have most likely have caused an
underestimation of the intervention’s effect on behavioral problems. If air pollution
increases the risk of fetal loss preferentially among fetuses susceptible to the impacts of air
pollution on brain development, the control group would have fewer susceptible children

and the intervention effect estimate would be attenuated (123).

This study had several limitations. Staff who administered and scored the BASC-3
were blinded, but participants were not blinded to their treatment group, which may have
contributed to information bias in this analysis of parent-reported outcomes. The lack of
blinding could also partly explanation for the greater loss of control participants. This may
have introduced some selection bias, which we tried to address through an ITT analysis
using multiple imputation. To our knowledge, this was the first use of the BASC-3 in
Mongolia. We translated the BASC-3 using an iterative process that included back-
translation and extensive pilot testing in Mongolian children before collecting data from
UGAAR participants. However, even careful translation may not account for important
cultural differences in the way behaviors are described and interpreted (124). Behaviors
may be accepted differently in different settings, so use of an instrument designed for North
American children may not have fully captured behavior problems in this cohort of
Mongolian children. This would likely have introduced non-differential errors leading to
underestimated effects. In addition, because there was no Mongolian reference population,
we scaled the raw scores to match those of the Canadian reference population before
calculating scaled scores and composite indices. While this may have introduced some
error in the BASC-3 scores, these errors were also likely non-differential. Although we
demonstrated that the intervention reduced PMzs in participants’ homes, we did not

measure personal exposure to PMz s and the impacts of this residential intervention would
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be attenuated by time spent outside of the home. In our secondary exploratory analysis, we
ran numerous models involving many combinations of exposure periods, behavioral

indices, and children’s ages.

2.7. Conclusion

In this randomized controlled trial, we found no benefit of reducing indoor air
pollution during pregnancy on parent-reported behaviors in children at 2-4 years of age. In
secondary analyses, however, we found that first trimester residential PM2.s concentrations
were associated with worse behavior scores at 4 years of age, suggesting that it may be
necessary to intervene early in pregnancy to protect children. However, these exploratory

findings should be interpreted cautiously and require replication.
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Chapter 3. Portable HEPA filter air cleaner use during
pregnancy and childhood autistic traits at four years of age

3.1. Abstract

Background: Developmental exposure to airborne particulate matter (PM) air pollution
may increase children’s risk of developing autism spectrum disorder. Our objective was to
quantify the impact of reducing PM exposure during pregnancy using portable air cleaners
on the development of autistic traits in children. We also sought to assess associations

between indoor fine PM (PMa2.s) concentrations during pregnancy and autistic traits.

Methods: In this parallel-group randomized controlled trial, we randomly assigned 540
non-smoking pregnant women to receive HEPA filter air cleaners or to a control group,
which did not receive air cleaners. We administered the Social Responsiveness Scale,
Second Edition (SRS-2) to caregivers when children were a median of 48 months (range:
48 to 51 months). Participants were not blinded to intervention status but staff responsible
for administering and scoring the SRS-2 were blinded. Our primary outcome was the SRS-
2 total T-score. We imputed missing data using multiple imputation with chained equations
and our primary analysis was by intention to treat (ITT). In secondary analyses, we
estimated adjusted associations between full pregnancy and trimester-specific PMazs
concentrations inside residences and SRS-2 T-scores. In a post hoc analysis, we used
quantile regression to estimate intervention and PMas effects across the SRS-2 T-score

distribution.

Results: We enrolled participants at a median of 11 weeks’ gestation. After excluding
miscarriages, still births, and neonatal deaths, our analysis included 478 children (233
control and 245 intervention). We previously reported that the intervention reduced
average indoor PM2.s concentrations by 29% (95% CI: 21, 37%). The mean SRS-2 total T-
score was 0.5 units lower (95% CI: -2.5, 1.5) among intervention participants, but quantile
regression results indicated larger benefits for children at the high end of the T-score
distribution. An interquartile range (9.6 ng/m?) increase in indoor PM2.s during pregnancy

was associated with 1.8-unit (95% CI: 0.3, 3.2) increase in mean SRS-2 total T-score.
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Effect estimates for PM2.s5 concentrations in each trimester were smaller and confidence

intervals spanned no effect.

Conclusion: We found limited evidence that reducing indoor PM during pregnancy with
air cleaners reduced parent-reported autistic traits in children. In secondary analyses,
however, indoor PM2s concentrations during pregnancy were associated with higher
autism trait scores among 4-year-old children. These findings suggest that exposure to
particulate matter during pregnancy may influence the development of autistic traits in

childhood.

3.2. Introduction

Autism Spectrum Disorder (ASD) is a neurodevelopmental condition characterized
by repetitive behaviors and impaired communication and social skills (44). While the
etiology of ASD is poorly understood, environmental exposures may play a role (15).
Structural and functional brain development peaks early life (49), which makes the brain

particularly vulnerable to external stressors during gestation and early childhood (26,49).

Exposure to fine particulate matter air pollution (PM2.5) during pregnancy is linked
to impaired fetal growth, which may result in irreversible structural and functional
modifications (125-127). Epidemiological studies suggest that PM2s exposure during
pregnancy may impair neurodevelopment (17). Prenatal exposure to PMa2s has been
associated with an increased risk of ASD in several studies, but the size and precision of

effect estimates has varied widely (17,52,128).

Portable high-efficiency particulate air (HEPA) filter air cleaners (“HEPA
cleaners”) have been shown to reduce indoor PMas5 by 29-82% (92,93). The Ulaanbaatar
Gestation and Air Pollution (UGAAR) study is a parallel group RCT designed to assess
the impacts of HEPA cleaners use during pregnancy on fetal growth and childhood
development (112,116,129,130). We previously reported that the HEPA cleaner
intervention was associated with increases in mean term birth weight and full-scale 1Q at

age 4, but not with children’s behavioral scores at ages 2 and 4 (116,129,131).
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In this analysis we sought to extend our previous work and evaluate the effects of
the HEPA cleaner intervention on autistic traits among 4-year-old children in the UGAAR
cohort. In secondary analyses, we assessed the associations between modeled indoor PMz s

concentrations during different periods of pregnancy and autistic traits in these children.

3.3. Methods
3.3.1. Assessment of Autistic Traits

We obtained data on autistic behaviors for a total of 387 children (205 intervention,
182 control) by administering the school-age (4-18 years) form of the Social
Responsiveness Scale, Second Edition (SRS-2) to caregivers during the four-year visit
(September 2018 to January 2020) when children were a median of 48 months (range: 48
to 51 months). Respondents indicated the frequency of 65 behaviors on a Likert scale from
0 (not true) to 3 (almost always true) (132,133). The 65 items are organized into social
awareness, social cognition, social communication, social motivation and restricted
interests and repetitive behavior subscales. Our primary outcome was the sex-specific total
SRS-2 T-score, which is associated with clinical diagnoses of ASD (134). Secondary
outcomes included T-scores for the five SRS-2 subscales. Higher T-scores indicate more

social impairment.

All English SRS-2 materials were translated from English to Mongolian by native
Mongolian speakers, then independently back-translated to English. We then piloted the
translated SRS-2 on Mongolian parents and refined the translations based on their feedback
before administering the SRS-2 to UGAAR participants. In this trial participants were not
blinded to intervention status but staff who administered and scored the SRS-2 were

blinded to intervention status.

3.3.2. Statistical analysis

To our knowledge, this was the first use of the SRS-2 in Mongolia. Calculation of
composite indices from SRS-2 responses requires the conversion of raw scores into sex-

specific T scores based on the distribution of scores in a reference population. Since there
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was no Mongolian reference population with which to normalize SRS-2 scores, we
transformed the UGAAR raw scores to have the same mean and variance as the US
reference population. This allowed us to then estimate sex-specific T-scores according to

the SRS-2 protocol.

To address validity of our outcome, we examined the correlation between SRS and
the Behavior Assessment System for Children 3™ edition (BASC-3) composite scores
which was conducted on same day, as described elsewhere (129). We also examined the
total SRS T-scores to specific domains of BASC-3 that are most indicative of ASD related
behaviors (atypicality, withdrawal, attention problem, social skills, functional
communication) by evaluating contribution of each domain on overall BASC-3 composite
scores. This both validates that SRS total score, and BASC-3 composite scores are
consistent and also confirms that these two assessments measured different aspects of

neurodevelopment of the children in this cohort.

Our primary analysis was by intention-to-treat (ITT) and included 478 children.
The complete-case analyses included 387 children whose caregivers completed the SRS-2
at child’s four-year assessment. The 478 children in the ITT analysis represent the full
study population except those who withdrew prior to baseline data collection (N=8), known
pregnancy losses and neonatal deaths (N=51), and three children with conditions unrelated
to air pollution that could affect social impairment or our ability to reliably impute SRS-2
scores (one child with Down’s syndrome, one with cerebral palsy, and one with a hearing

and speech impairment).

We used multiple imputation with chained equations (MICE) to impute outcome
and covariate data for 91 children without SRS-2 data. We created 20 imputed data sets
stratified by treatment group (SAS Proc MI and PROC Mianalyze). We considered for
inclusion in our imputation model predictor variables with < 15% of observations missing.
Of these, we included variables that were associated (p<0.05) with a child having missing
SRS-2 data (Table B.2) and/or associated (p<0.20) with the SRS-2 total T-score (Table
B.3). Variables that met one or both criteria were maternal age at baseline (continuous),

marital status at baseline (married/common-law or single/engaged), maternal self-reported
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stress level (PSS-4 score <8 or >8) at baseline and during late pregnancy, prior pregnancy
(yes or no), and season of enrollment. We also included in the imputation model the
outcome variable and adjustment variables for our primary and secondary analyses

(described below).

In our primary ITT analysis, we regressed outcomes on a binary intervention
variable in both unadjusted models and models adjusting for preterm birth (PTB), which is
defined as a birth at <37 weeks’ gestation. We previously reported that the HEPA cleaner
intervention was associated with a decreased risk of spontaneous abortion but an increased
risk of preterm birth in this cohort (116). We hypothesized that the intervention may have
enabled fetuses who might have otherwise died in utero to be born preterm. In a post hoc

analysis, we also evaluated the effect of the intervention in models stratified by child’s sex.

In a secondary analysis, we used multiple linear regression to evaluate the
associations between the SRS-2 T-scores and trimester-specific and full-pregnancy
averaged indoor PMa2s concentrations estimated from the blended multiple linear
regression / random forest model predictions of weekly concentrations (115). We used a
directed acyclic graph to select adjustment variables in our analysis of PM2.s concentrations
and social impairments. We identified five variables as potential confounders: intervention
status (intervention or control), maternal age at baseline (continuous), monthly family
income at baseline (= 800,000 Tugriks or < 800,000 Tugriks), maternal matrix reasoning
and vocabulary subtest scores on the WASI (continuous), and living with a smoker during
early pregnancy (yes or no). In addition, to improve precision in our estimates we also
adjusted for mother’s self-reported depression score on the BDI-II (0-16 or >16), which is
probably not a confounder, but contributes to variability in parent-reported SRS-2 scores
and is unlikely to be on the causal pathway between PMa2s and social impairment.
Trimester-specific models were also adjusted for PMa.s concentrations in other trimesters.
We did not adjust for sex because SRS-2 T-scores were derived from sex-specific

distributions for the reference population.

In addition, we evaluated the sensitivity of our results to the removal of maternal

depression and intelligence from the analysis models and to the inclusion of additional
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variables in the imputation model and analysis models: season of enrollment, perceived
stress (PSS-4) in early and late pregnancy, maternal blood lead level, and maternal pre-

pregnancy body mass index (BMI) (76).

To allow for comparisons of effect estimates from full pregnancy and trimester-
specific indoor PM2.s we scaled our effect estimates to the interquartile ranges (IQR) of
PM:s concentrations. The distributions of SRS-2 T-scores were slightly skewed to the
right, so we conducted a sensitivity analysis to assess the influence of skewness by log-

transforming the SRS-2 T-scores and we report effect estimates as percent changes.

In complete case analyses, we also evaluated the sensitivity of our intervention and
PMa2 s results to the scaling of UGAAR participants’ SRS-2 scores to match the mean and
standard deviation of the U.S. reference population. As alternatives, we converted the
UGAAR scores directly to sex-specific T-scores (i.e., internal scaling) and we analyzed

raw scores in regression models adjusted for sex.

Additionally, for both our primary and secondary analyses, we ran post hoc quantile
regression analysis among complete cases to evaluate the associations between both the
intervention effects and the PMz.s concentrations at different parts of the SRS-2 total T-
score distribution. All analyses were conducted using SAS 9.4 (SAS Institute Inc., Cary,
NC USA).

3.4. Results

3.4.1. Baseline characteristics

We recruited 540 participants (272 control and 268 intervention) from January 9,
2014 to May 1, 2015. Participants were enrolled at a median (25", 75" percentile)
gestational age of 11 (9, 13) weeks. There were 532 participants enrolled at the start of data
collection, 468 known live births, and five neonatal deaths (Figure 3.1). At baseline, control
and intervention participants had similar characteristics (Table 3.1). For example, mothers’
median (25, 75™ percentile) ages at enrollment were 28 (25, 33) years in the control group

and 29 (25, 33) years in the intervention groups (Table 3.1). In both groups, 80% of
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participants reported completing university. The 387 mothers who completed the SRS-2
were older and more likely to have had a prior pregnancy than the 91 mothers who did not

complete the SRS-2 (Table B.2).

| Randomized (n=540) |

v
v v

Allocated to control (n=272) | | Allocated to intervention (n=268)
Lost before start of data collection (n=7)
Withdrew consent (n=5) Lost before start of data collection (n=1)
Moved out of study area (n=1) Withdrew consent (n=1)
Spontaneous abortion (n=1)
‘§ Enrolled at start of data collection (n=265) Enrolled at start of data collection (n=267)
= Received allocated control (n=260) Received allocated intervention (n=264)
é Did not receive allocated control (n=5) Did not receive allocated intervention (n=3)
<
Lost before end of pregnancy (n=12) Lost before end of pregnancy (n=6)
Withdrew consent (n=8) g Withdrew consent (n=2)
Moved out of study area (n=4) Moved out of study area (n=4)
A4 A
Followed to the end of pregnancy (n=253) Followed to the end of pregnancy (n=261)
Pregnancy losses (n=28) Pregnancy losses (n=18)
Spontaneous abortions (n=23) Spontaneous abortions (n=10)
Stillbirths (n=5) Stillbirths (n=8)
é Live births (n=225) Live births (n=243)
S
=
X - Lost during postnatal surveillance
Lost during postnatal surveillance (n=31) _
S - (n=21)
N‘e(;)natal. deat.h lf“_l_) Neonatal deaths (n=4)
Did not re-enroll (n=30) Did not re-enroll (n=17)
Enrolled at start of post-natal study (n=194) Enrolled at start of post-natal study (n=222)
Excluded from data analysis (n=12)
R] Chromosomal abnormality (n=1)
z Cerebral palsy (n=1) Excluded from data analysis (n=17)
s Hearing impairment (n=1) Missing SRS-2 data (n=17)
< Missing SRS -2 data (n=9)
Total analysed Total analysed
Imputed analysis (n=233) Imputed analysis (n=245)
Complete case analysis (n=182) Complete case analysis (n=205)

Figure 3.1.  Trial profile
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Table 3.1. Baseline characteristics for control and intervention participants
included in the intention-to-treat analysis.

Full sample Control (n=233) gt_eggr)ltion
(n=478)
Characteristic Median =\ dian 257,75 Median (25", 75"
(25,75 . 0 . 0
percentile) percentile) or n (%) percentile) or n (%)
or n (%)
Season of enrollment

Winter (Dec, Jan, Feb) 151 (32) 77 (33) 74 (30)

Spring (Mar, Apr, May) 138 (29) 73 (31) 65 (27)

Summer (Jun, July, Aug) 56 (12) 24 (11) 32 (13)

Fall (Sep, Oct, Nov) 133 (28) 59 (25) 74 (30)
Gestational age, wk 478 (100) 10 (9, 12) 11 (9, 13)
Maternal age, yr 478 (100) 28 (25, 33) 29 (25, 33)
Monthly household income,

Tugriks

> 800,000 376 (79) 182 (78) 194 (79)

< 800,000 93 (19) 46 (20) 47 (19)

Not reported, n (%) 9(2) 52) 4(2)

Maternal marital status

Married 282 (59) 135 (58) 147 (60)

Engaged/Common-law 180 (38) 88 (38) 92 (38)

Single 10 (2) 7(3) 3(1)

Not reported, n (%) 6(1) 3(D 3(D)

Maternal education

Completed university 383 (80) 187 (80) 196 (80)

Less than university 60 (13) 31 (13) 29 (12)

Not reported, n (%) 35(7) 15 (6) 20 (8)

Lived with a smoker baseline

No 248 (52) 120 (52) 128 (52)

Yes 218 (46) 107 (46) 111 (45)

Not reported, n (%) 12 (3) 6(3) 6(2)
kngLfgnal pre-pregnancy BML 415 94y 217 (196, 23.9) 21.4(19.7, 24.0)

Not reported, n (%) 29 (6) 21 (9) 8(3)

Vitamin use early pregnancy

No 224 (48.6) 61(26) 52 (21)

Yes 237 (51.4) 163 (70) 185(76)

Not reported, n (%) 17 (4) 9(4) 8(3)

Early prenatal perceived stress
PSS?]41)) P 472 5(4,7) 6(4,7)
Not reported, n (%) 6 (1) 3(D) 3(1)
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Prior pregnancy

No 121 (26)
Yes 352 (74)
Not reported, n (%) 5(1)
Paternal age, yr 453 (95)
Not reported, n (%) 25 (5)
Paternal education
Completed university 364 (76)
Less than university 85 (18)
Not reported, n (%) 29 (6)

60 (26)
169 (73)
4(2)

31 (26, 35)
94

179 (77)
45 (19)
94

61 (25)
183 (75)
1(0)

30 (26, 35)
16 (7)

185 (76)
40 (16)
20 (8)

3.4.2. Pregnancy and postnatal characteristics

We previously reported that during pregnancy the HEPA cleaners reduced mean
indoor PM2.s concentrations by 29% (95% CI: 21%, 37%) from a geometric mean of 24.5
ug/m? in control homes to 17.3 pg/m? in intervention homes (112). The post-natal PM2.s

concentrations were similar between groups (3% lower in the intervention group, 95% CI:

~14%, 7%) (129).

The characteristics of mother-child dyads in the intervention and control groups
were generally similar during pregnancy and during postnatal follow-up (Table 3.2). The
median maternal blood lead concentration late in pregnancy was 1.5 (1.2, 1.8) ug/dL in the
control group and 1.4 (1.2, 1.9) ug/dL in the intervention group. As previously reported,

there were more preterm births in the intervention group (10%) than in the control group

(5%) (Table 3.2).
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Table 3.2.

Comparison of pregnancy and post-natal characteristics for control

and intervention participants included in the intention-to-treat

analysis.
Control (n=233) I“t(flr:;:;;"“
Characteristic n Median (25", 75% Median ('25“‘, 75t
. percentile) or n
percentile) or n (%) (%)
Maternal blood lead concentration
in late pregnancy ug/dL 375 (78) 1.5(1.2,1.8) 14(1.2,1.9)
Missing, n (%) 103 (22) 61 (26) 42 (17)
Type of birth
Cesarean 174 (36) 86 (37) 88 (36)
Vaginal 285 (60) 134 (57) 151 (62)
Missing, n (%) 19 (4) 13 (6) 6(2)
Preterm birth
Preterm (<37 weeks) 31(7) 10 (4) 21 (9)
Full term (> 37 weeks) 428 (89) 210 (90) 218 (88)
Missing, n (%) 19 (4) 13 (6) 6(3)
Birth weight, grams 458 (96) 3450 (3125, 3800) 3550 (3200, 3800)
Missing, n (%) 19 (4) 13 (6) 6(2)
Child’s sex
Female 220 (46) 110 (47) 110 (45)
Male 239 (50) 111 (48) 128 (52)
Missing, n (%) 19 (4) 13 (5) 6(3)
g;;li’iggid lead concentrationat  3)¢ 49 2.6 (1.9, 3.6) 2.5(1.7,3.5)
Missing, n (%) 150 (31) 80 (46) 70 (45)
Maternal depression level (BDI) at
2-year visit
Minimum to mild (Score 0-16) 369 (77) 168 (72) 201 (82)
Moderate to severe (Score >16) 31 (6) 8(4) 13 (5)
Missing, n (%) 88 (18) 57 (24) 31(13)
i\glj:e;zrz)elleWASI matrix reasoning 387 (81) 16 (12, 19) 17 (13, 19)
Missing, n (%) 91 (19) 58 (25) 33(13)
IS\/Clgizmal WASI vocabulary raw 387 (81) 36 (32, 40) 36 (32, 40)
Missing, n (%) 91 (19) 58 (25) 33 (13)
Total T-score 387 (81) 48 (43, 57) 49 (43, 54)
Missing, n (%) 91 (19) 51 (22) 40 (16)
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Social awareness T-score
Missing, n (%)

Social cognition T-score
Missing, n (%)

Social communication T-score
Missing, n (%)

Social motivation T-score
Missing, n (%)

Restricted interests and

repetitive behavior T-score

Missing, n (%)

387 (81)
91 (19)
387 (81)
91 (19)
387 (81)
91 (19)
387 (81)
91 (19)

387 (81)
91 (19)

50 (45, 57)
51 (22)
49 (42, 55)
51 (22)
49 (43, 57)
51 (22)
49 (44, 56)
51 (22)

48 (42, 56)
51(22)

50 (43, 56)
40 (16)
49 (44, 55)
40 (16)
49 (42, 56)
40 (16)
50 (43, 56)
40 (16)

50 (43, 54)
40 (16)

BDI = Beck Depression Inventory-II; WASI = Wechsler Abbreviated Scale of Intelligence
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There were small differences in the SRS raw score distribution between the
Mongolian and the US reference. Though the % difference in the means were higher, SD
generally agreed. For example, the restricted interest and repetitive behavior the mean raw
scores were 46% and 61% higher in the UGAAR population compared to the reference
population for males and females respectively while the SD for males were 12.3 points
lowers in the UGAAR population but no difference in the SD were observed in the females.
The highest difference was observed on social cognition were the mean raw score were
69% and 85% higher in the UGAAR population compared to the reference population for
males and females respectively. The SD was 22% and 23.5% lower in males and females

respectively in the UGAAR population compared to the reference population.

The Pearson correlation between the SRS total T-score and the BASC individual

domains ranged between r=0.11 for anxiety and r=0.67 for withdrawal.

3.4.3. Intervention effects

The mean SRS-2 total T-score was 0.5 units lower (95% CI: -2.5, 1.5)
among intervention participants in our ITT analysis of 478 participants (Table 3.3). Results
did not change appreciably after adjustment for PTB, when the analysis was restricted to
complete cases, when using the UGAAR population for internal scaling of scores, or after

log transforming the SRS-2 scores.
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Table 3.3. Estimated effects of the intervention on mean SRS T-scores (n=478).

Estimated effect of the

Mean (SD) intervention on mean SRS-2
T-score (95% CI)
Adjusted for
SRS-2 Scale Control Intervention Crude preterm
birth
Total -0.5 -0.5
T-score 30509) 300098 (-2.5, 1.5) (-2.5, 1.5)
Social awareness 50.4(10.2) 49.8 (10.0) -0.5 -0.5
T-score (-2.6, 1.5) (-2.5,1.5)
Social cognition 50.1 (9.1) 50.7(9.7) 0.6 0.6
T-score (-1.2,2.5) (-1.2,2.5)
Social communication 51.0 (9.8) 49.8 (9.5) -1.2 -1.2
T-score (-3.2,0.9) (-3.2,0.9)
Social motivation 50.7(9.8) 50.5(9.8) -0.2 -0.2
T-score (-2.3,1.9) (-2.3,1.9)
%:;g;ﬁi‘; Lfﬁ;iﬁfr?d 51.1(10.0)  50.7 (9.5) 0.4 0.4
(-2.4, 1.6) (-2.4, 1.6)

SCOrec

In our secondary analysis, an interquartile range (9.6 pg/m?®) increase in indoor
PM: 5 concentration over the full pregnancy was associated with a 1.8-unit (95% CI: 0.3,
3.2) increase in mean SRS-2 T-score (Table 5). For trimester-specific concentrations, we
observed larger estimates for the first (1.4-unit increase; 95% CI: -0.3, 3.1) and second
(1.3-unit increase; 95% CI: -0.4, 2.9) trimesters than for the third trimester (0.8-unit
increase; 95% CI: -0.6, 2.2), but confidence intervals for all estimates spanned to no effect
(Table 3.4). Inclusion of additional variables in the imputation and analysis models
generally increased the first trimester effect estimate and decreased second trimester
estimates. In our secondary analysis of SRS-2 subscales, effects were most pronounced for
PM:5 concentrations over the full pregnancy, with the largest effect estimates for social
cognition (1.4 points; 95% CI: 0.0, 2.8), social communication (1.7 points; 95% CI: 0.2,
3.1), and restricted interests and repetitive behavior (2.0 points; 95% CI: 0.6, 3.4). The

46



estimate was smaller for social awareness (0.2 points; 95% CI: -1.3, 1.7). The use of

internal scaling had little effect on the estimates.

Table 3.4. Estimated changes in mean SRS-2 total T-scores per interquartile
range (IQR) increase in indoor PM 2.5 concentration during
pregnancy (n=478).

Unadjusted effect Adjusted effect estimates
estimates (95%CI) (95%CI)

1* trimester (IQR = 20.1 pg/m?) 0.9 (-0.5, 2.3) 1.4 (-0.3,3.1)

2" trimester (IQR = 21.6 pg/m*) 1.6 (-0.1, 3.2) 1.3(-0.4,2.9)

3" trimester (IQR = 13.5 pg/m*®) 0.1 (-1.0, 1.2) 0.8 (-0.6, 2.2)

Full pregnancy (IQR = 9.6 pg/m*) 1.8 (0.4, 3.2) 1.8(0.3,3.2)

Adjusted models include intervention status, maternal age at baseline, family income, living with a smoker
early in pregnancy, maternal matrix reasoning and vocabulary subtest scores on the WASI, and mother’s

self-reported depression score on the BDI. Trimester-specific models were also adjusted for PM; s
concentrations in other trimesters.
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A post hoc quantile regression analysis among complete cases suggested larger
benefits of the intervention among children at the high end of the SRS total T-score
distribution (Figure 3.2). For PM2.5 concentrations over the full pregnancy, there was a
consistent trend of larger effect estimates at the higher end of the SRS-2 total T-score

distribution(Figure3.3).
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Figure 3.2.  Intervention effects on SRS total T-scores estimated from a quantile
regression analysis among complete cases (n=387)
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Figure 3.3.  Estimated effects of an interquartile range (IQR) increase in indoor
PMa:5 over the full pregnancy on SRS total T-scores estimated from a
quantile regression analysis among complete cases (#n=353).

Full pregnancy IQR = 9.6 ng/m?, Models adjusted for intervention status, maternal age at baseline, family
income, living with a smoker early in pregnancy, maternal matrix reasoning and vocabulary subtest scores
on the WASI, and mother’s self-reported depression score on the BDI-II.
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3.5. Discussion

In this cohort of women living in a heavily polluted city, we found modest evidence
that reducing indoor particulate matter with HEPA cleaners from late in the first trimester
until the end of pregnancy improved parent-reported autism scores in 4-year-old children.
However, the intervention may have had larger benefits for children with higher scores.
We also observed that increases in indoor PM2s concentrations during pregnancy were
associated with higher mean SRS-2 T-scores, social communication and restricted interests

and repetitive behavior in children.

To our knowledge, this is the first study to use an RCT design to evaluate the
relationship between prenatal exposure to PM and autism-related behaviors in children.
Several possible explanations exist for our observation that the intervention had only
modest effects on parent-reported autism behaviors. Despite observational evidence of an
association between PM2.s and ASD (52,53,135-139), it is possible that air pollution is not
a causal risk factor for autism. In addition, it is possible that exposure early in pregnancy
is most important and by deploying the air cleaners at a median of 11 weeks we missed
some of the crucial exposure period. Another plausible explanation for the discrepancy
between our RCT and observational results is exposure misclassification caused by using
a binary treatment group indicator in the ITT analysis. When developing the indoor PM2 s
prediction model used in this analysis, we found that intervention status alone explained
only 6% of the variance in weekly indoor PM2s concentrations (115). Although we
adjusted for several important variables, we cannot rule out the possibility of residual
confounding in the analysis of PM2.s concentrations and SRS-2 scores. It is also possible
that the 29% reduction in PM2.5 concentrations (from a geometric mean of 24.5 ug/m’ in
the control group to 17.3 pug/m? in intervention group) introduced by the intervention was
insufficient. Finally, the benefits of the intervention may have been masked by effect
heterogeneity across the cohort. From our quantile regression analysis, we observed that

effects of the intervention were not consistent across SRS-2 score distribution.

The associations between PM2 s concentrations and autistic traits, with larger effect

estimates earlier in pregnancy, is consistent with results from our previous publication on
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children’s behaviors assessed with the Behavior Assessment System for Children, Third
Edition (BASC-3) in this cohort (129). Several previous studies compared the SRS-2 with
behavioral assessment tools to evaluate their discriminant validity, a measure of the extent
to which these tools capture different behavioral impairments (133,134,140-142). A
comparison of the Child Behavior Checklist (CBCL), a behavior assessment tool similar
to the BASC, and the SRS-2 conducted among German children suggested that the two
provided independent information, with moderate correlations ranging from r=0.48 to
r=0.64 (143). In an another study of 219 pairs of male twins, investigators found that only
43% of the variance in SRS-2 scores could be predicted from CBCL scores (133). These
findings suggest that the SRS-2 distinguishes autism-related behaviors from other

behavioral problems (134).

Previous birth cohort studies of prenatal exposure to PM2s and ASD risk have
produced a wide range of effect estimates (17,128). In our secondary observational
analysis, we observed that a 9.6 ug/m?® contrast in indoor PM2.s over the full pregnancy was
associated with a 1.8-unit (95% CI: 0.3, 3.2) increase in the mean SRS-2 total T-score. Our
effect estimates are not directly comparable with those of previous studies because we
analyzed a continuous measure of ASD-related behaviors and used indoor PMazs

concentrations as a proxy for exposure.

Our observation that PMa.s exposures earlier in pregnancy may be most important
for autistic traits is consistent with a study in southern California, which reported that the
PM: s-associated risk of ASD decreased over the course of pregnancy (52). In contrast,
several birth cohorts have suggested that second and the third trimesters of exposure are
most important (17,53,128). For example, the Nurses’ Health Study analysis found an
association with ASD for all three trimesters of exposure, but the strongest association was
observed for exposure in the third trimester (53). Results from the CHARGE cohort also
indicated that exposure to PM2:s in second and third trimesters were more strongly linked

with ASD development (136).

As with many birth cohort studies, our results may have been influenced by the live

birth bias, a form of selection bias (123). In a case control study in Israel, Raz and
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colleagues reported that prenatal exposure to nitrogen dioxide was associated with lower
risk of ASD (135), a finding that they speculated may have been due to selection bias
caused by fetal loss (123). We previously reported a decreased risk of spontaneous abortion
and an increased risk of preterm birth in the intervention group (116). We speculated that
the intervention enabled fetuses who otherwise might have died in utero to instead be born
preterm. If air pollution increases the risk of fetal loss preferentially among fetuses
susceptible to the impacts of air pollution on brain development, the control group would
have fewer susceptible children and the intervention effect estimate would be attenuated

(123).

Our study had several limitations. Staff who administered and scored the SRS-2
were blinded to the participants’ group assignments, but the participants were not blinded,
and their awareness of their intervention status could have influenced the way that they
perceived and reported their child’s behaviors. The lack of blinding could also partly
explain the greater loss of control participants. This may have introduced some selection
bias, which we tried to address through an ITT analysis using multiple imputation.
Although we demonstrated that the intervention reduced PMz.s in participants’ homes, we
did not measure personal exposure to PM2sand the impacts of this residential intervention
would be attenuated by exposure encountered outside of the home. This study may have
been underpowered for this outcome as the sample size calculation was based on term birth
weight, the original outcome of this trial. We gained power by using a continuous outcome,
but SRS-2 scores do not represent clinical ASD diagnoses, which have been used in some
previous studies of air pollution and autistic behaviors. With no Mongolian reference
population, we explored multiple approaches to scaling scores, which produced similar
results. Finally, even careful translation may not account for important cultural differences
in the interpretation of social behaviors. Therefore, use of an assessment tool designed for
North American children may not have fully captured autism-related behavior problems in

this cohort of Mongolian children.

Our study also had several strengths. This is the first study to use a randomized
study design to evaluate the causal association between PM and autistic behavior in

children. In addition, a limited number of studies on ASD have been conducted in low and
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middle income countries (144). Finally, most air pollution studies used outdoor PMa.s
concentration as a proxy for exposure to outdoor-generated PM. We used modeled indoor
PM: .5 concentrations to capture exposure in location where the majority of time is spent

(48).

3.6. Conclusions

In this randomized controlled trial, we found little benefit of reducing indoor
particulate matter air pollution during pregnancy on parent-reported autistic traits in
children at age 4. However, the intervention may have been more beneficial for children
with more autistic traits. In a secondary analysis, however, we found increases in indoor
PM: 5 concentrations over the entire pregnancy were associated with increases in autism-
related behaviors. These findings suggest that exposure to air pollution during pregnancy
may influence the development of these behaviors in childhood and interventions early in

pregnancy may be most beneficial.
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Chapter 4. The influence of stress during pregnancy on
the association between an air cleaner intervention and
children’s social and behavioral development at four years
of age

4.1. Abstract

Background: Maternal exposure to fine particulate matter (PM2.s) air pollution has been
linked to fetal growth impairments and children’s social and behavioral developmental
trajectories. The objective of the study is to test if maternal stress during pregnancy may

modify these associations.

Methods: We enrolled 540 non-smoking pregnant women and randomly assigned them
either to an intervention group (n=268), which received HEPA air cleaners to use from
enrollment to the end of pregnancy, or a control group (n=272), which did not receive air
cleaners. At a median of 11 weeks gestation (range: 5 to 19 weeks), we collected hair
samples and analyzed them for cortisol and dehydroepiandrosterone (DHEA). When
children were a median of 48 months (range: 48 to 51 months), we collected maternal
reports of children’s behavioral and social development using the Behavioral Assessment
Systems for Children, Third Edition (BASC-3) and the Social Responsiveness Scale,
Second Edition (SRS-2). To evaluate modification of intervention-behavior relationships
by maternal stress, we ran linear regression models with interactions between the
intervention and tertiles of stress variables. Our analysis included 297 mother-child dyads
(153 intervention and 144 control) who provided hair samples for cortisol and DHEA
analysis and completed the BASC-3 and SRS-2 assessments.

Results: The intervention was not associated with changes in mean BASC-3 or SRS-2
scores. We found, however, several statistically significant interactions between the
intervention and maternal stress, with generally greater benefits on BASC-3 or SRS-2
scores among children whose mothers had lower hair DHEA concentrations or higher hair

cortisol: DHEA ratios.

Conclusion: Benefits of a prenatal air cleaner intervention on children’s social and

behavioral problem scores in our sample differed by markers of maternal stress in
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pregnancy. These findings suggest that benefits from air pollution reductions in pregnancy
on children’s behavior may be greatest for children whose mothers experience HPA-axis

dysregulation in early pregnancy.

4.2. Introduction

Prenatal maternal exposure to fine particulate matter (PM2.5) air pollution has been
linked to impairments in fetal growth and neurodevelopment (3,102,145). Observational
studies have identified associations between gestational exposure to PM2s and anxiety,
depression, attention-deficit/hyperactivity disorder (ADHD), and autism spectrum disorder
(145—148) in children. The mechanisms underlying the neurodevelopmental effects of air
pollution are not fully understood, but experimental studies suggest that oxidative stress,
inflammation, mitochondrial dysfunction, and epigenetic changes may be involved

(33,149,150).

Maternal exposure to physical, immunologic and energetic challenges often
referred to as stress may have lasting effects on fetal brain development (68,69,151,152).
These stressors affect hypothalamic-pituitary-adrenal (HPA) axis activity in terms of the
production of cortisol and other glucocorticoids (69). Increased fetal exposure to
glucocorticoids may cause abnormalities in the structure and function of neurons and glial
cells (70) which may lead to changes in brain structure and function, potentially increasing
the risk for social and behavioural impairments (153,154). The influence of maternal
glucocorticoids on the fetus is partly mediated by the enzyme 11 B-hydroxysteriod
dehydrogenase type 2 (11B-HSD2), which protects the fetus from exposure to high levels
of glucocorticoids (71,155). Air pollution may alter the activity of 11B-HSD2 in the

placenta, resulting in higher exposure of the fetus to maternal glucocorticoids (69,72).

Adrenal dehydroepiandrosterone (DHEA), a steroid that acts as a glucocorticoid
antagonist is another critical modulator of individual responses to stress. Indeed,
quantification of the cortisol:DHEA ratio may provide a better indicator of HPA axis
activity and regulation than either cortisol or DHEA alone (20-23). For example,

individuals who experienced long-term stress had significantly lower serum DHEA
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concentrations and higher cortisol:DHEA ratios than those who reported low stress (156).
Stress hormones are commonly measured in blood and saliva (157), but interpretation of
these measurements is complicated by diurnal variation (157); as cortisol levels are highest
in the morning upon awakening and lowest in the evening before bedtime. Therefore, time
of day when samples are collected must be tightly controlled, which is not always possible
in human studies. Moreover, even if time of day can be controlled, a single measurement
only reflects the individual’s state at that moment in time, and therefore multiple samples
would need to be collected to assess long-term HPA function (153). The measurement of
stress hormones in hair provides a non-invasive and useful measure of longer-term

concentration, over an interval of approximately 3 months (158—160).

Investigators have explored interactions between various air pollutants and
psychosocial stress in pregnancy on health in childhood using both, animals and human
models (161). Bolton and colleagues report that in a mice model, stress late in pregnancy
exacerbated the effects of prenatal diesel exhaust exposure on anxiety in offspring, with
more pronounced effects among males offspring (162). In humans, Perera and colleagues
reported that exposure to polycyclic aromatic hydrocarbons (PAHs) during pregnancy had
greater effects on externalizing and internalizing problems among children who mothers
reported higher material hardship or demoralization (74,163). Importantly, studies
examining interactions between exposure to air pollution and maternal stress on behavioral

outcomes have all been observational and relied on self-reported stress.

Using data from the Ulaanbaatar Gestation and Air Pollution (UGAAR)
randomized controlled trial (RCT), we previously reported that use of high efficiency
particulate air (HEPA) filter air cleaners (“HEPA cleaners”) during pregnancy had little
effect on parent-reported behavior problem scores of children at age four years (129,164).
However, results from a post hoc quantile regression analysis indicated that the benefits of
the intervention were more pronounced among children with more autism-related
behaviors (164), suggesting that the benefits of the intervention may have been masked by
effect heterogeneity across the cohort. In the present analysis, we sought to extend our
previous work from the UGAAR trial to evaluate heterogeneity in the effect of the HEPA

cleaner intervention on behavioral outcomes assessed at age four. Specifically, we
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hypothesize that the greater intervention effect on children with higher SRS score was

because of greater maternal stress during pregnancy.

4.3. Objective

To investigate whether biomarkers of prenatal maternal HPA axis function, cortisol
and dehydroepiandrosterone (DHEA) concentrations in hair and the cortiso/DHEA ratio,
modified the effects of the HEPA filter air cleaner intervention on parent-reported

behaviour at age four.

4.4. Methods

4.4.1. Participants

Our analysis is based on UGAAR study’s data, an RCT that assess the impacts of
HEPA cleaners use during pregnancy on fetal growth and childhood development
(ClinicalTrials.gov: NCTO01741051) (116,129,130,165). The trial was conducted in
Ulaanbaatar, Mongolia’s capital. In this polluted city the primary source of PMa: is coal
combustion in home heating stoves (98—101). We enrolled 540 women who met our
inclusion criteria: > 18 years of age, < 18 weeks into a single gestation pregnancy, non-
smoker, living in an apartment, not using portable air cleaner(s) at enrollment, and planning
to give birth in a medical facility in Ulaanbaatar. The UGAAR study protocol was approved
by the Simon Fraser University Office of Research Ethics, the Research Ethics Committee
of Mongolian National University of Medical Sciences, and the Mongolian Ministry of

Heath Medical Ethics Approval Committee.

4.4.2. Intervention

The intervention group received one or two HEPA cleaners (Coway AP-1009CH)
depending on the size of the home. In smaller apartments (<40 m?) we placed an air cleaner
in the main living area of the home; in larger apartments (>40 m?), we placed a second air
cleaner in the participant's bedroom. We deployed the HEPA cleaners in intervention

homes shortly after enrollment into the study at median of 11 weeks (range: 5 to 19 weeks).
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The control group received no HEPA cleaners. Participants were encouraged to use the air
cleaner continuously throughout pregnancy. We did not replace the HEPA filter(s) during
the study, and we collected the HEPA cleaner(s) after pregnancy ended.

4.4.3. Data collection

Participants visited our study office shortly after enrollment, between 5- and 19-
weeks’ gestation, and again at 24-37 weeks’ gestation. We collected data on
sociodemographic factors during pregnancy via questionnaire administered at a median of
11 weeks of gestation (range: 5 to 19 weeks), and again at a median of 30 weeks (range:
24 to 37 weeks). At approximately the same times, we also assessed prenatal maternal
stress in two ways. First, participants completed the four-question perceived stress scale
(PSS-4), which prompts respondents to describe their feelings and thoughts over the
previous month (113). Second, to evaluate the mothers’ physiologic stress levels, we
collected hair samples from the mothers in which we could quantify cortisol and

dehydroepiandrosterone (DHEA).

At approximately the same times that the questionnaires were administered, we also
collected hair samples from the mothers. We collected hair samples from 485 participants
in early pregnancy (range: 5 to 19 weeks) and from 451 participants in late pregnancy
(range: 24-37 weeks). Each sample consisted of approximately 30-50 strands (~ 30 mg)
of hair but close to the scalp from the occipital area. Some hair samples, particularly those
collected late in pregnancy, were previously used for cotinine analysis with a destructive
assay (166). This left us with 319 hair samples from early pregnancy and 72 samples from

late pregnancy for analysis of stress hormones (166).

We analyzed four cm of hair to quantify cortisol and DHEA concentrations over
approximately three months prior to sample collection. To remove contaminants such as
oil and residue, we washed the samples twice in 10 ml isopropanol using a Bio-Tek ELx50
washer. Following each wash, we air-dried the samples for 48 hours. Next, we pulverized
the samples into fine powder with a Retsch MM301 Grinder, at 2.5 Hz for 2.5 min, and
extracted twice for 24 hours with methanol. The solvent was then dried down using a

Savant Speed Vac Plus and dried samples were reconstituted with 250 ul buffer. We used
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commercially available high sensitivity enzyme immunoassay kits (Salimetrics LLC, State
College, PA) to analyze the samples for cortisol (assay #1-3002) and DHEA (assay #1-
1202). We standardized the hormone concentrations by the weight of the hair. In this
analysis we focused on the early pregnancy hair samples because they were available for

more participants.

We obtained birth weight, length, head circumference, gestational age, sex, and
mode of delivery from medical records. We also collected information from medical
records on stillbirths, pregnancy complications and co-morbidities (116). When children
were two years of age, their mothers were asked to report depression symptoms and,
severity over the two weeks prior to the interview, using the Beck Depression Inventory

(BDI-2).

4.4.4. Assessment of outcomes

To assess children’s behavior and emotional functioning, we administered the
preschool version of the Behavioral Assessment System for Children, 3rd Edition (BASC-
3) to the child’s primary caregiver when the children were a median of 48 months (range:
48 to 51 months) old (167). The BASC-3 asks caregivers how frequently their child
demonstrated 139 specific behaviors or activities over the past several months. The
responses are categorized into four composite scales: externalizing problems (hyperactivity
and aggression), internalizing problems (anxiety, depression, and somatization), behavioral
symptoms index (BSI) (attention problems, atypicality and withdrawal), and adaptive skills
(adaptability, social skills, activities of daily living and functional communication). We

obtained BASC-3 data for 388 children (205 intervention, 183 control).

Our primary outcomes from the BASC-3 were the T-scores for the four composite
scales. For externalizing problems, internalizing problems, and the BSI higher scores
indicate more behavioral problems. For adaptive skills, lower scores indicate poorer

functioning.

At the same time, we also obtained data on social impairments typical of children

with an autism spectrum disorder for a total of 387 children (205 intervention, 182 control)
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by administering to caregivers the school-age (4-18 years) form of the Social
Responsiveness Scale, Second Edition (SRS-2). Respondents indicated the frequency of

65 behaviors on a Likert scale from 0 (not true) to 3 (almost always true) (132).

Our primary outcome from the SRS-2 was the total T-score, which is derived from
the sum of five subscales: social awareness, social cognition, social communication, social
motivation and restricted interest and repetitive behaviors scores. Higher scores are

associated with a greater degree of social impairment.

All BASC-3 and SRS-2 materials were translated from English to Mongolian by
native Mongolian speakers, then independently back-translated to English. We then piloted
the translated SRS-2 and BASC-3 assessments on Mongolian parents and refined the

translations before administering them to UGAAR participants.

4.4.5. Statistical analysis

In this post hoc analysis of potential effect modification by maternal stress, we
restricted our analysis to 297, complete cases of mother-child dyads with maternal hair
cortisol and DHEA concentrations and the BASC-3 and SRS-2 assessments of behavior in
childhood (153 intervention and 144 control). We used the Kruskall-Wallis test to
investigate differences in median hair cortisol and DHEA concentrations across categories

of several maternal and newborn characteristics.

To evaluate intervention effect heterogeneity due to maternal stress, we stratified
the population by tertiles of hair cortisol, hair DHEA, the cortiso/DHEA ratio, and the
PSS-4 score (168). Next, for each indicator of stress, we tested for differences in the effect
of the intervention on behaviour across tertiles of the indicator using stratified analysis. To
evaluate effect modification, we used SAS (v9.4) PROC PLM with an “estimate”
statement, we regressed behaviour scores on intervention status, a categorical variable of
stress tertiles, and intervention X stress tertile interaction terms. We summarized these
results graphically and report differences in intervention effect estimates between stress

tertiles when the interaction p<0.10.
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Finally, we conducted a sensitivity analysis to evaluate the influence of baseline
imbalances between intervention and control participants and to evaluate whether the
observed effect heterogeneity was due to stress and not other variables correlated with
stress. Specifically, we re-ran the models after also including 1) variables that were
associated with intervention group (marital status and preterm birth), 2) variables that were
associated with stress (season of enrollment and maternal age at enrollment), and 3)
interactions between the intervention and those variables (intervention x season of
enrollment and intervention x maternal age at enrollment). The presence of an association

was assessed using a Kruskal Wallace test.

4.5. Results

4.5.1. Characteristics of the participants

We recruited 540 pregnant women from January 9, 2014, to May 1, 2015. The
participants were enrolled at a median (25", 75" percentile) gestational age of 11 (9, 13)
weeks. We followed 514 participants to the end of pregnancy. There were 51 pregnancy
losses or neonatal deaths, and 416 participants re-enrolled in the follow-up study of

childhood development (129,164).

The intervention and control participants included in this analysis were broadly
similar (Table 4.1). Control participants were less likely to be married or common-law and
had a lower median hair cortisol concentration than intervention participants (Table 4.1).
As previously reported, preterm birth was more common in the intervention group (10%)
than the control group (4%) (Table 4.1) (129,164), presumably due to differences in
pregnancy losses and the live-birth bias (169).

The maternal hair cortisol and DHEA concentrations were similar across maternal
and child characteristics (Table 4.2). However, we observed that median cortisol and
DHEA concentrations were higher in mothers enrolled in winter months (Table 4.2).
Additionally, we observed that median cortisol concentrations were higher for older

mothers, which is expected (170).
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The stress hormone measured at early and late pregnancy were moderately
correlated with cortisol levels (r=0.63, p<0.01), DHEA levels (r=0.66 p<0.01) and
cortisol/DHEA ratio (r=0.52, p<0.01) (Table C.1). Of the 297 children included in this
analysis, 261 had their behavior reported on the BASC-3 and SRS-2 by their mothers, while
for 36 children behavior was evaluated by the father or another caregiver. The PSS-4 scores
were not correlated with cortisol (r=-0.10, p=0.07) or DHEA (r=-0.02, p=0.76)
concentrations, or with the cortisol/DHEA ratio (r=0.01, p=0.90) (Table C.2).

The baseline, pregnancy, and postnatal characteristics for the 297 participants
included in the analysis and the 181 participants excluded from the analysis were generally
similar (Table C.3). However, the participants included in the analysis enrolled earlier in
pregnancy and were more likely to have enrolled during the fall season than participants

who were not included.
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Table 4.1.

Pregnancy and post-natal characteristics for control and intervention
dyads included in the analysis (n=297)

Participants in the

control group (n=144)

Participants in the
intervention group

Characteristic Median. (25™, 75 1(\2:(11;1) (25t 75" p-value
percentile) or n (%) percentile) or n (%)
Season of enrollment
Winter (Dec, Jan, Feb) 47 (33) 45 (29)
Spring (Mar, Apr, May) 37 (26) 28 (18) 0.26
Summer (Jun, July, Aug) 15 (10) 18 (12)
Fall (Sep, Oct, Nov) 45 (31) 62 (41)
\()}Vle(stational age at enrollment, 10 (8, 12) 10 (8, 12) 0.59
Maternal age at enrollment, yr 28 (25, 32) 30 (26, 33) 0.15
Not reported, n (%) 2 (1) 4(3)
Monthly household income,
Tugriks
< 800,000 27 (19) 25 (16)
> 800,000 114 (79) 127 (83) 0.55
Not reported, n (%) 3(2) 1(1)
Maternal marital status
Married/Common-law 114 (79) 134 (88) 0.05
Single/engaged 30 (21) 19 (12)
Maternal education
Less than university 18 (13) 16 (10)
Completed university 116 (81) 125 (82) 0.60
Not reported, n (%) 10 (6) 12 (8)
Lived with a smoker during
pregnancy
No 73 (51) 82 (54)
Yes 66 (46) 67 (44) 0.67
Not reported, n (%) 5@) 4 (1)
kng‘:relgnal pre-pregnancy BML 5} 5 196 245) 21.8(19.7,24.2) 0.0
Not reported, n (%) 16 (11) 4(3)
Paternal age, yr 31 (26, 35) 31 (27, 35) 0.48
Not reported, n (%) 8 (6) 15(9)
PSS-4 score in early pregnancy
Minimal 112 (78) 125 (82) 0.34
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Moderate to severe 32 (22) 27 (18)
Not reported, n (%) 1 (0)
g?‘fy;‘ﬁ;ﬁni‘;n(cggfgg)on M 52(4.0,69) 5.6(4.5,7.2) 0.09
iillrprgg gz’;“z;rg/ig’“ n 13.4 (9.2, 19.0) 13.8 (9.9, 18.8) 0.95
Hair colored in early pregnancy
No 107 (75) 121 (79) 045
Yes 35 (25) 32 (21)
Hair chemically treated in early
pregnancy
No 138 (98) 150 (98) 0.92
Yes 3(2) 3(2)
Preterm birth
Preterm (<37 weeks) 6(4) 16 (10) 0.04
Full term (= 37 weeks) 138 (96) 137 (90)
Sex of the child
Boy 76 (53) 75 (49) 0.52
Girl 68 (47) 78 (51)
Maternal depression level (BDI)
at 2-year visit
- Minimum to mild (Score 0- 129 (90) 146 (95)
>16l)\/10derate to severe (Score 8 (5) 7(5) 0.63
Not reported, n (%) 7(5)
SRS-2 total T score 48 (43, 57) 50 (44, 55) 0.93
BASC-3 externalizing T-score 49 (43, 56) 49 (43, 57) 0.69
BASC-3 internalizing T-score 50 (45, 56) 49 (42, 55) 0.36
iﬁjfﬁszfr‘:“"r symptoms 49.5 (44, 55) 50 (44, 57) 0.80
BASC-3 adaptive skills T-score 50 (44.5, 57) 49 (43, 56) 0.36

P-values were calculated using the Chi-square test for categorical variables and the Kruskal-Wallis test for
continuous variables. Missing observations were not included in p-value calculations.

64



Table 4.2. Maternal hair cortisol and DHEA concentrations (pg/mg) by maternal
and child characteristics (n=297)

Cortisol DHEA
Median p- Median

Characteristic N () ;ﬁ:égtiﬂ;) value ;ﬁ:égtiﬂ;) p-value
Season of enrollment
Winter (Dec, Jan, Feb) 92 (31) 6.4 (5.1, 8.0) 15.2(10.8,21.5)
Spring (Mar, Apr, May) 65 (22) 4.8 (3.6,5.9) 14.2 (11.3, 19.9)
Summer (Jun, July, 33 (11) 4.7 (4.0, 6.2) <0.01  155(1256,19.7) <0.01
Aug)
Fall (Sep, Oct, Nov) 107 (36) 53(4.1,6.9) 11.1 (8.6, 15.2)
Gestational age at
enrollment, wk.

<11 weeks 155 (52) 56(4.0,74) 0.23 13.5(10.1, 18.5) 0.88

>11 weeks 142 (48) 53(4.1,6.7) 13.9 (9.3, 20.4)
Maternal age at
enrollment, yr

<30 years 156 (53) 53(4.0,6.6) 0.04 14.4(9.9,19.6) 0.15

>3() years 141 (47) 5.8(4.3,7.4) 12.6 (9.3,17.9)
Monthly household
income, Tugriks
< 800,000 52 (17) 55(M43,68) 091 143 (9.4,18.9) .79
> 800,000 241 (82) 54(4.1,7.2) 13.5(9.6,19.2)
Not reported, n (%) 4 (1)

Maternal marital status
Married/Common-law 248 (84) 54(4.2,72) 043 13.9(9.5,19.0) 0.79

Single/engaged 49 (16) 5.2(3.7,6.7) 13.0 (9.9, 18.3)
Maternal education

Less than university 34 (12) 5.6 (4.8,7.0) 0.61 16.7 (11.2, 20.8) 0.08
Completed university 241 (81) 5.4 (4.1,7.0) 13.1 (9.4, 18.8)

Not reported, n (%) 22 (7)

Lived with a smoker

during pregnancy

No 155 (52) 52(42,68) 0.54 13.0(9.3,18.3) 0.15
Yes 133 (45) 5.7(4.0,7.3) 14.2 (10.1, 19.8)

Not reported, n (%) 9(3)

PSS-4 in early

pregnancy

Minimal 237 (80) 54@3,7.1) 026 13.7(9.8,18.8) 071
Moderate to severe 59 (20) 5.0 (4.0,6.7) 13.4 (8.3,19.2)

Not reported, n (%) 1 (0)
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Sex of the child
Boy 151 (49) 52(4.2,7.0) 041 14.0(99,17.9) 094
Girl 146 (51) 5.7 (4.0,7.2) 12.9(9.3,19.7)

P-values were calculated using the Kruskal-Wallis test. Missing observations were not included in p-value
calculations.

4.5.2. Effectiveness of the intervention

We previously reported that the HEPA air cleaners reduced mean indoor PM2s
concentrations by 29% (95% CI: 21%, 37%) during pregnancy, from a geometric mean
(GM) of 24.5 ng/m? in control homes to 17.3 pg/m? in intervention homes (112). The post-
natal PM2s concentrations were similar between groups (3% lower in the intervention
group, 95% CI: -14%, 7%) (129). Consistent with our previous intention-to-treat analyses,
the intervention had little effect on behavior problem scores in the sample as a whole

(Figure 4.1).

4.5.3. Effect modification by stress markers

We generally observed larger benefits of the intervention among children whose
mothers were in the lowest DHEA tertile or the highest cortisol: DHEA ratio tertile (Figure
4.1). However, intervention effect estimates within stress hormone tertiles had wide
confidence intervals that consistently spanned the null. For DHEA, only adaptive skills
scores had intervention effect estimates that differed (p=0.02) between the lowest and
highest hair concentration tertiles. For the cortisol:DHEA ratio, the intervention effect
estimates differed between the lowest and highest tertiles for externalizing problems
(p=0.09), behavior symptom index (p=0.08), and adaptive skills (p=0.02), with larger
benefits in children whose mothers were in the top cortisol:DHEA ratio tertile. Results

were similar after including additional variables in our models (Figure C.1).

For perceived stress, we observed differences in the intervention effect estimates
between the bottom and top tertiles only for externalizing problems scores (Figure 4.2).

Results were not sensitive to the inclusion of additional variables in the model (Figure C.2).
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Figure 4.1. Estimated effects of the intervention on mean BASC-3 and SRS-2
scores stratified by maternal stress tertiles during pregnancy (n=297).

The figure illustrates estimated effects of the intervention on externalizing problems composite T-score,
internalizing problems composite T-score, behavioral system index (BSI) T-score, adaptive skills
composite T-score, and SRS total T-score. For externalizing, internalizing, BSI and SRS total T-scores, a
higher score indicates more social and behavioral problems. For adaptive skills scores, a lower score
indicates more social and behavioral problems.

*Interaction p<0.10
**Interaction p <0.05

68



)
-

(=]

Q

¢

= 12 Externalizing Problems Internalizing Problems  Behavior Symptom Index Adaptive skills SRS Total
=

g

g 10 *

Q

< 8

g

= 6

S

N

= 4

v

z

= 2

-

=

> 0

=

D 2

=]

v

§ 4

=

= 6

T

‘5 8 Bottom Middle Top Bottom Middle Top Bottom Middle Top Bottom Middle Top Bottom Middle Top
E _
2 10 Tertile
=

Figure 4.2.  Estimated effects of the intervention on BASC-3 and SRS-2 scores
stratified by maternal perceived stress scores during pregnancy
(n=296).

The figure illustrates estimated effects of the intervention on externalizing problems composite T-score,
internalizing problems composite T-score, behavioral system index (BSI) T-score, adaptive skills
composite T-score, and SRS total T-score. For externalizing, internalizing, BSI and SRS total T-scores, a
higher score indicates more social and behavioral problems. For adaptive skills scores, a lower score
indicates more social and behavioral problems.

*Interaction p<0.10

69



4.6. Discussion

In this cohort of women living in a relatively polluted city, children whose mothers
had lower hair DHEA concentrations and higher cortisol: DHEA ratios tended to experience
larger benefits from the air cleaner intervention than children from mothers in other
hormone tertiles. These findings suggest that maternal HPA axis activity during early
pregnancy may influence the benefits of air pollution exposure reductions on children’s
social and behavioral development. However, as the confidence intervals were imprecise,

caution is warranted in interpreting our findings.

Cortisol is the primary stress hormone secreted by the HPA axis, involved in body’s
responding to challenges (171). In the short term, cortisol released following an acute
challenge enables the organism to respond both behaviorally and physiologically after
which cortisol tends to return to basal levels. However, prolonged challenges can lead to
cortisol being consistently secreted at high levels which can have negative consequences
for the health of both mother and the fetus (172,173). Animal studies have demonstrated
that fetal exposure to high levels of glucocorticoid hormones alters neural development in
monkeys and rats (174,175). In humans, too high maternal cortisol levels can overwhelm
protective mechanisms by crossing the placenta and reach the fetus, impacting its
development. It is hypothesized that prenatal exposure to air pollution, may affect one of
those protective mechanism by altering the activity of 113-HSD2 in the placenta, which
catalyzes the dehydrogenase conversion of cortisol to cortisone reducing fetal exposure to
maternal cortisol (69,72). DHEA may be involved in another protective mechanism as it
has anti-glucocorticoid, antioxidative, anti-inflammatory, and neuroprotective effects
(176). Therefore, it has been hypothesized that higher levels of DHEA and hence, a lower
cortiso/DHEA ratio, may also be protective against the adverse effects of high cortisol

levels (159).

To our knowledge, this is the first study to use biomarkers of HPA axis function to
evaluate interactions between air pollution and maternal stress during pregnancy and their
effect on children’s postnatal behavior. The results from previous studies, which relied on

self-reported measures of stress, are broadly consistent with our findings. In a study of 248
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mother-child dyads in Poland, researchers observed significant interactions between PAH
exposure and maternal distress during gestation on children’s internalizing and
externalizing problem scores (163). Another study conducted in New York City reported
significant interactions between PAH exposure and maternal hardship during gestation on
ADHD-related symptoms in children (74). Our results show significant interactions
between air pollution and maternal stress during gestation on children’s behavior,
suggesting the potential value of addressing both environmental and psychosocial stressors

in efforts to promote children’s healthy neurodevelopment.

We did not observe significant differences in the intervention-behavior
relationships by tertiles of maternal cortisol. In a previous analysis from this cohort,
Ulzikhuu and colleagues found a “U-shaped” pattern in which the HEPA cleaners
increased full-scale IQ (FSIQ) among children whose mothers were in the lowest and
highest cortisol tertiles, but not among those whose mothers were in the middle tertile
(177). There are several possible explanations for the differences between our results and
those of Ulzikhuu et al. Maternal stress may affect children’s behavior through changes in
maternal behavior and parenting practices, while the relationship between maternal stress
and children’s FSIQ may act through some other pathway (154). Because we relied on
parent-reported behavior, it is also possible that the effect heterogeneity we observed is
actually due to stress-related differences in mothers’ interpretations and reporting of their

children’s behaviors.

Hair hormone concentrations were not correlated with self—reported perceived
stress in this cohort. Our results align with previous studies that reported low correlations
between hair cortisol concentration and self-reported stress (154,178,179). Hair hormone
concentrations and perceived stress may capture different time periods (180). The
correlations may be influenced the fact that perceived stress only captures how mother is
feeling within the last one month which may not be reflective of long-term stress. Finally,
the relationship between hair cortisol concentrations and perceived stress may be nonlinear

because chronic stress can lead to blunted cortisol (180).
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This study had several strengths. We used biological samples to quantify chronic
stress in mothers. Previous studies to date all have evaluated self-reported questionnaire as
an effect modifier in studies that is evaluating interaction between air pollution exposure
and social and behavioral developmental outcomes (36,74,163). We measured both cortisol
and DHEA as an integrated index of hormone concentrations to indicate long-term HPA
axis functioning. Finally, both use of cortisol and DHEA led us to use the cortiso:DHEA

ratio as an additional index of HPA axis function (159).

This study had some limitations. Staff who administered and scored the BASC-3
and SRS-2 were blinded to the participants’ intervention assignments, but the participants
were not. Participants’ awareness of their intervention status may have introduced bias by
influencing how they interpreted and reported their children’s behavior. Another limitation
is that we relied on cortisol and DHEA quantified from hair samples collected in the first
trimester of pregnancy, which may not capture stress over the full pregnancy. However,
moderate correlations between samples collected in early and late pregnancy suggest that
our first trimester samples provide a reasonable proxy for stress over the full pregnancy.
We also did not measure maternal stress after pregnancy ended, so we were unable to
disentangle the impacts of prenatal and postnatal stress. The sample size in UGAAR was
calculated based on term birth weight, the original outcome of this trial, and we were likely
underpowered to detect interactions with stress. Finally, the large number of multiple
comparisons made in the p-value calculation increases the risk of false positive results.

Therefore, caution is warranted in interpreting the results.

4.7. Conclusion

These findings suggest that reducing exposure to particulate matter air pollution
during pregnancy can have the greatest benefits on the social and behavioral development
of children, especially for pregnant women who are most physiologically stressed.
Therefore, targeted interventions addressing maternal physiological stress may maximize
the benefits of reducing air pollution during pregnancy for the social and behavioral

development of children in early childhood.
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Chapter 5. Discussion

5.1. Summary of results

Using data from the UGAAR randomized controlled trial, I examined the impact
of a HEPA filter air cleaner intervention during pregnancy on children’s social and
behavioral development. I also evaluated the influence of prenatal maternal stress on the
relationship between HEPA filter air cleaner use and children’s social and behavioral

development at four years of age.

5.1.1. Portable HEPA filter air cleaner use during pregnancy and
children’s behavior problems scores (Chapter 2)

I found that HEPA filter air cleaner use was not associated with mean externalizing,
internalizing, behavioral symptom index, or adaptive skills scores at two or four years of
age in an intention-to-treat analysis. The results were not sensitive to adjustment for
preterm birth. In the secondary analysis of modelled indoor PM2.5 concentrations during
pregnancy, I observed that an IQR (20.1 pg/m?) increase in PM2.s during the first trimester
was associated with changes of 2.4 units (95% CI: 0.7, 4.1), 2.4 units (95% CI: 0.7, 4.1),
2.3 units (95% CI: 0.7, 3.9), and -1.5 units (95% CI: -3.0, 0.0) in mean externalizing
problems, internalizing problems, behavioral symptoms index, and adaptive skills T-score,
respectively, at age 4. PM2s concentrations during the third trimester were associated with
some behavioral indices, but effect estimates were smaller. I did not observe associations
between PMa.s exposure in the second trimester and any of the BASC indices at 2 and 4
years old. Overall, the larger effect estimates during the first trimester suggest that it may
be necessary to intervene early in pregnancy to protect children from the impacts of air

pollution on behavior.

5.1.2. Portable HEPA filter air cleaner use during pregnancy and
childhood autistic traits at four years of age (Chapter 3)

HEPA filter air cleaner use during pregnancy was not associated with mean SRS-2

total T-score (-0.5 units; 95% CI: -2.5, 1.5) in 4-year old children. The results were not
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sensitive to adjustment for preterm birth. Results from a post hoc quantile regression
analysis among complete cases suggested larger benefits of the intervention among
children at the higher end of the SRS total T-score distribution. In the secondary analysis,
I observed that an IQR (9.6 ug/m®) increase in modelled indoor PM2 s during the full
pregnancy was associated with 1.8-unit (95% CI: 0.3, 3.2) increase in mean SRS-2 total T-
score. Effect estimates for PM2s concentrations in each trimester were smaller and
confidence intervals spanned no effect. Overall, the findings suggest that exposure to air
pollution during pregnancy may influence the development of autistic behaviors in

children.

5.1.3. The influence of stress during pregnancy on the association between
an air cleaner intervention and children’s social and behavioral development
at four years of age (Chapter 4)

In a subgroup analysis of 297 mother-child dyads with maternal hair cortisol and
DHEA measures, | observed greater benefits from the intervention among children whose
mothers were in the lowest DHEA tertile or the highest cortisol:DHEA ratio tertile.
However, intervention effect estimates within stress tertiles had wide confidence intervals
that consistently spanned the null. For DHEA, only adaptive skills scores had intervention
effect estimates that differed (p=0.02) between the lowest and highest hair concentration
tertiles. For the cortisol: DHEA ratio, the intervention effect estimates differed between the
lowest and highest tertiles for externalizing problems (p=0.09), behavioral system index
(p=0.08), and adaptive skills (p=0.02), with larger benefits for children whose mothers
were in the top cortisol:DHEA ratio tertile. Results were similar after including additional
variables in the models. For perceived stress, I observed differences in the intervention
effect estimates between the bottom and top tertiles only for externalizing problems scores.
Results were not sensitive to the inclusion of additional variables in the models. Overall,
the findings suggest that the benefits of reducing exposure to PM air pollution during
pregnancy on children’s social and behavioral development may be influenced by maternal

stress.
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5.2. Synthesis and significance of findings

The UGAAR study used HEPA air cleaners in the homes of pregnant mothers to
examine the effects of reducing indoor PM on social and behavioral problems in a highly
polluted environment. To the best of my knowledge, this is the first study to utilize an RCT
design to assess the relationship between prenatal exposure to PM and social and
behavioral problems in children. The results showed that lowering indoor PM
concentrations during pregnancy did not provide benefits for social and behavioral
development in children. However, I observed that indoor PMa.s concentrations during

pregnancy were associated with increases in average BASC and SRS scores in children.

The results from the observational component of the analysis differed from the ITT
results of this study. It is not uncommon for an intention-to-treat analyses in an RCT to
produce different results than a corresponding exposure-response analysis (181,182). For
example, the RESPIRE trial of improved indoor cookstoves observed that physician-
diagnosed pneumonia for children younger than 18 months was lower among children in
the treatment group (RR 0.84, 0.63-1.13), but failed to reach statistical significance.
However, a 50% reduction in carbon monoxide exposure was associated with lower risk of
pneumonia (RR = 0.82; 95% CI: 0.70, 0.98). The investigators attributed the discrepancy

in results to greater exposure misclassification in the intention-to-treat analysis (183).

There are several possible explanations for observation that HEPA air cleaners did
not improve social and behavioral outcomes in the UGAAR trial. One possibility is that
there may be no causal link between in utero exposure to PM and social and behavioral
aspects of neurodevelopment in children. Although I found associations between indoor
PM2.s and behavior scores, the broader observational evidence on this relationship remains
mixed. Another possible explanation is that the crucial exposure periods for social and
behavioral aspects of neurodevelopment may have been missed by deploying the air
cleaners at a median of 11 weeks. As seen from the observational component of the study,
exposure to PMa2s during the first trimester was associated with increases in mean
externalizing, internalizing, BSI, and adaptive skills scores. Additionally, like in the

RESPIRE trial, the use of a binary intervention group variable in the ITT analysis may
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have introduced exposure misclassification. When developing the indoor PM2 s prediction
model used in this analysis, Yuchi and colleges reported that intervention status alone
explained only 6% of the variance in weekly indoor PM2.s5 concentrations, while outdoor
PM:25 concentrations from government-run measurement stations explained 9% of the
variance (115). Lastly, it is possible that the 29% reduction in PM2 s concentrations (from
a geometric mean of 24.5 pug/m® in the control group to 17.3 ug/m? in the intervention
group) produced by the intervention was insufficient to produce meaningful differences in

the social and behavioral problems scores.

Because outdoor-generated PMz s infiltrates indoors, indoor PM2 s concentrations
are a mixture of indoor- and outdoor-generated pollution. Therefore, portable air cleaners
potentially reduce the impacts of pollution from both outdoor sources and indoor sources
(184). A study conducted in China reported that exposure indoors accounted for 81% of
the deaths attributable to outdoor PM25 (184). In the US indoor exposures are estimated to
account for 61% of the deaths attributable to outdoor-generated PM2.5 (110).

Brain development is a rapid and complex process, and the timing of exposure to
neurotoxicants may be a crucial factor in determining adverse impacts (27,49,120). My
findings suggest that increased exposure to PM2 s in early pregnancy may have the greatest
impact on social and behavioral impairments in children. However, the results from
observational studies are inconsistent on the critical window(s) of exposure to PM on social
and behavioral outcomes. While some studies have found that increased PM exposure in
the third trimester was linked with lower social and behavior scores, others indicated that
exposure during the first trimester has the greatest impact on these outcomes (29,42,52).
One possible biological mechanism that may explain the significance of early pregnancy
exposures involves the activation of microglia, the brain’s innate immune cells. Microglia
start to develop from the fourth week of gestation through mid-gestation and may become
activated by maternal exposure to PM2 s during this period, leading to oxidative stress in

the mothers and subsequent neuroinflammation in the fetal brain (49,185).

At present, there is no objective measure of social and behavioral problems in

children. However, in recent years magnetic resonance imaging (MRI) has been used to
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measure structural and functional changes in the brain and, in combination with
psychometric tools, to understand biological mechanisms linking air pollution with social
behavioral impairments (34,38,107,186,187). These studies using neuroimaging suggests
that prenatal air pollution exposure is associated with smaller white matter volume (34,38),

white matter lesion (107) and decrease of pre-frontal cortical thickness (187).

In this study I was unable to identify the specific PM2.s components or sources that
are driving associations with children’s social and behavioral development. Previous
UGAAR work reported that mean maternal blood cadmium was 14% (95% CI: 4, 23%)
lower in the intervention group than in the control group. Participants living with smokers
in their homes and those living in areas with higher coal stove density both had higher
mean blood cadmium concentrations (188), suggesting that cadmium may be a marker for
both cigarette smoke and coal emissions. Furthermore, cadmium exposure was associated
with lower birth weight in UGAAR participants, which suggests that cadmium exposure
may play a role in the associations between PM2.s and social and behavioral development
(188-190). However, adjustment for maternal blood cadmium had little effect on the
estimated effect of PM2s5 on SRS T-scores (Table B.7), suggesting that the association with

PM2:s is not primarily acting through cadmium exposure.

My findings with SRS T-scores are not directly comparable with those of previous
studies because I analyzed a continuous measure of ASD-related behaviors while other
studies of similar outcomes reported binary ASD diagnosis. There is an important
implication to using a continuous measure for ASD-related outcomes. At present the
diagnosis of ASD is based on developmental screenings and clinical evaluation of
psychometric assessments (191,192). The clinical relevance of a 1.8-unit increase in the
mean SRS T-score may not be meaningful to an individual child, but an upward “shift” in
the population distribution of autistic traits scores could potentially result in more children
meeting the ASD diagnosis criteria, given that more than 90% of the world’s population is
breathing air with PM2s concentrations that exceed the World Health Organization

guidelines.
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There is strong evidence suggesting that prenatal air pollution exposure increases
the risk of social and behavioral problems in males in previous studies (52,56,193). My
findings from the stratified analysis of the intervention on SRS-2 scores did not provide

evidence of effect modification by sex (Table B.6).

The findings from this study revealed that the maternal HPA axis may have
influenced the impact of the air cleaner intervention on children’s social and behavioral
development. It is observed that the benefits of HEPA air cleaner intervention were greatest
for women who experienced HPA-axis dysregulation in early pregnancy. This is important
because HPA-axis plays a critical role in stress regulation. Previous studies, which relied
on self-reported measures of stress, are broadly consistent with my findings (36,194). The
results indicate that addressing both maternal stress and reducing air pollution exposure

during pregnancy may promote children’s neurodevelopment.

To the best of my knowledge, UGAAR is the first to use of both the BASC and
SRS assessments tools in the Mongolian population. As a result, I had no Mongolian
reference population with which to standardize scores. I explored multiple approaches to
scaling scores. I transformed the BASC and SRS raw score to have the same mean and
variance as the US reference population, and then used the US reference distribution for
the T-score conversion. I also scaled scores using the UGAAR distributions (i.e., used the
UGAAR population as its own reference population), and the results from the two
approaches were similar (Table B.4). The distribution of BASC and SRS scores from this

study can potentially be useful for future studies of behavior in the Mongolian population.

I found a significant association between indoor PMzs during pregnancy and
BASC-3 scores when children were four years old. However, such an association was not
observed for behavior scores at age two. The BASC was originally developed to assess
behaviors that were challenging and disruptive in children aged 4-18 years, so it is possible
that the assessment may have been less sensitive to the developmental changes that
occurred at younger ages (195). Additionally, internalizing behaviors can be hard to assess
in younger children compared to externalizing behaviors. Therefore in-home observational

assessments may be more reliable for younger children (196,197).
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Previous research studies have shown that HEPA filter air cleaners can reduce
indoor PM (92,93,95). Many HEPA air cleaner interventions have shown improvements in
blood pressure, markers of inflammation, oxidative stress (92,95). However, as noted in a
systematic review, improvement in these intermediate health outcomes were more
pronounced in studies conducted in Asian cities with relatively higher air pollution
concentrations, where substantial absolute reductions in PM from the intervention were
followed by improved health benefits (92). Most RCTs of HEPA air cleaners were
conducted over a few hours to weeks to understand effects on health, but less is known
about the long-term use of HEPA air filtration (92,93,95). Additionally, most RCTs of
HEPA air cleaner interventions were conducted to evaluate changes in intermediate health
outcomes, such as blood pressure and biomarkers, which are usually direct precursors of
the clinical outcomes of interest (198). However, these indicators would not detect the
changes in clinical health outcomes (95,198). Therefore, less is known on the HEPA air

cleaner use on clinical outcomes.

While I did not observe a benefit of the intervention on social and behavioral
outcomes, previous results from UGAAR indicate that the intervention was associated with
a decreased risk of spontaneous abortion and an increased risk of PTB (116). The
researchers speculated that “the reason for the surprising increase in PTB in the
intervention group may be found, in part, in the higher frequency of spontaneous abortions
in the control group; the presence of the intervention may have enabled fetuses to survive
long enough to be born preterm.” (116) The reduction in spontaneous abortion, and the
increase in mean term birth weight, suggest that the HEPA cleaner intervention provided

benefits in this population.

Air cleaners, such as HEPA filter air cleaners installed at heating, ventilation and
air conditioning (HVAC) system, or portable HEPA cleaners can be a short-term cost-
effective intervention for high risk population exposed to high levels of air pollution such
as schools and senior homes (92,199-201). A meta-analysis that examined cost and the
economic benefits found that the economic benefits of using air cleaners exceeded costs
mainly due to mortality reductions associated with indoor PM exposure (92). For example,

a modeling study indicated for elders who were exposed to wildfire smoke in Southern
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California, the health benefits from installing enhanced filtration in central HVAC systems
outweighed the costs (200). Another study estimates that using filters in the HVAC systems
in homes of 22 US cities would reduce premature death between 0.002-2.5% which equal
to annual economic benefits from $1 to $1348 per person (92). Therefore, in highly
polluted settings, air cleaners can be a useful harm reduction strategy for reducing exposure
to indoor air pollutants, especially for vulnerable populations such as the elderly, young
children, pregnant women and people with chronic health problems. Governments and
local health agencies should promote the use of air cleaners as a short-term measure to
improve air quality (201-203). However, air cleaners should not replace the role of

governments in reducing emissions at their sources (203,204).

The government of Mongolia and international organizations have attempted to
mitigate air pollution in Ulaanbaatar through various initiatives, such as replacing
traditional heating stoves with advanced models, reducing electricity costs, shifting to
centralized heating stations, launching affordable housing projects, modernizing road and
intersection designs, and substituting raw coal with processed briquettes (98,205,206).
These efforts have had limited benefits. The stove replacement measure showed little
success because many of the households sold the improved stoves to earn money rather
than using them (207). Additionally, in contrast to traditional stoves, the improved stoves
have smaller cook-top openings which is not convenient for cooking. In the initial
preliminary testing of improved stoves conducted in 1997 through the World Bank’s
Energy Sector Management Assistance Programme, only 19 out of 40 households who
were distributed the improved stoves were found to be using them two years after
deployment (208). The city of Ulaanbaatar recently eliminated electricity fees at night (9
pm — 6 am) during the heating season to reduce coal use, but many residents in ger districts
still used stoves for cooking and heating (209). The National Program for Reducing Air
and Environmental Pollution (NPRAEP) established a goal of moving 20,000 ger
households into apartments by 2019 through a special mortgage system. Only 10,287
households were moved into apartments between 2013-2020 (205). The United Nations
Development Programme (UNDP) concluded that many of these air pollution reduction

initiatives were not successful in substantially reducing air pollution in the city. This was
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mainly due to failed political will to cooperate on air quality improvement policies between

ministries, and a lack of accountability of sectors for these projects (210).

Recently, the city of Ulaanbaatar banned the use of raw coal in the city. Effective
May 2019, Ulaanbaatar residents were permitted only to burn processed coal briquettes
(206). There is anecdotal evidence that PM2 s concentrations were lower in 2020 and 2021,
which the government attributed to the use of processed coal briquettes. However, these
observations cannot disentangle the influence of SARS-CoV-2 pandemic-related behavior

changes on pollution emissions (211,212).

5.3. Strengths and limitations

This research had several strengths. Despite a reasonably large environmental
epidemiology literature on prenatal air pollution exposure and children’s social and
behavioral impairments, this study is the first to use an RCT design to evaluate the benefits

of PM reductions on social and behavioral aspects of children’s neurodevelopment.

In this study, I used a modeled indoor PM2 s exposure developed based on two-time
7-day indoor PM2s measurements in each participant’s home. The modeled PMaz:s
concentrations allowed me to assess participants’ exposure to PMas in their homes. In
contrast, most air pollution studies used outdoor PM2s concentration as a proxy for
exposure to PM. Furthermore, the observational analysis using the modeled indoor PM2.s

concentration provided valuable insight in this trial.

Most previous RCTs of HEPA air cleaners were conducted over short durations to
understand health effects. In contrast, the UGAAR trial was conducted over an extended
period to assess the potential benefits for fetal growth and early childhood development of
reducing exposure to PM throughout most of pregnancy. Therefore, this study advances

our understanding of the health benefits from long-term use of HEPA air filter filtration.

Additionally, the study used a hair sample during pregnancy to quantify cortisol,
DHEA, and cortisol/DHEA ratio as indicators of HPA axis functioning over a relatively
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long time period. This objective measure of biological stress is a relatively novel approach

in the field of environmental epidemiology.

This study also had several limitations that should be taken into consideration when
interpreting the results. A key limitation was that, although the staff who administered and
scored the BASC-3 and SRS-2 were blinded to the participants’ group assignments, the
participants were not blinded to their intervention status. This lack of blinding may have
influenced the study in two ways. First, participants’ awareness of their intervention status
may have introduced information bias by influencing how they interpreted and reported
their children’s behavior. A meta-analysis of 1,346 trials revealed that estimates of
intervention effects were exaggerated by ratio of odds ratios 0.75 (95% CI: 0.61, 0.93).
This implies that non-blinded trials with subjective outcomes exaggerate intervention
benefits as indicated by a ratio of odds ratios of less than one. However, the same meta-
analysis found little evidence of bias in trials with objective outcomes, with ratios of odds
ratios 1.01 (95% CI: 0.92, 1.10) (213). Secondly, the lack of blinding may have also led to
selection bias. More participants from the control group dropped out from the study during
pregnancy (12 vs 6) and during postnatal surveillance (31 vs 21). The differential loss to
follow-up can introduce selection bias depending on the type of missing data. Missing not
at random (MNAR) occurs when participants who completed the study differ on
unobserved data from those who dropped out. On the other hand, missing at random
(MAR) refers to missing data that is related to measured variables and this type of missing
data can be accounted for during analysis. To account for missing data, I conducting ITT
analysis using multiple imputation with chained equations. However, this approach
assumes that missing data are MAR. It is not possible to distinguish between MAR and
MNAR empirically for differential lost to follow-up because identifying MNAR data

would require testing for systematic differences across unmeasured values (214,215).

These results may also have been influenced by the live birth bias, which is a
challenge in studies of prenatal exposures and childhood health outcomes. In the UGAAR
trial, PTB was more frequent in the intervention group compared to the control group. I

crudely accounted for the live birth bias by adjusting for PTB. This adjustment accounts
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for differences in PTB between groups but also blocks any effect of the intervention that is

mediated by PTB. This adjustment had little influence on my effect estimates.

A recent publication from UGAAR investigators assessed the effects of live birth
bias on birthweight and full-scale 1Q (FSIQ) (169). Using multiple imputation methods,
the authors simulated alternative scenarios in which pregnancy losses were instead born
alive. The analysis suggested that if, for example, 100% of the pregnancy losses had instead
been born alive but preterm, the estimated effects of the intervention on mean birth weight
and FSIQ would have increased by 219% (from 26 grams to 83 grams) and 19% (from 2.7
points to 3.2 points), respectively (169). Birthweight was more sensitive to live birth bias
than FSIQ because PTB is a stronger predictor of birth weight than FSIQ (169).

Although I demonstrated that the intervention reduced PMozs in participants’
homes, personal exposure to PM2.s was not measured in the UGAAR study. The impacts
of this residential intervention would be attenuated by exposure encountered outside of the
home such a workplace etc. Studies on HEPA air cleaner interventions have shown that a
reduction in indoor PM2s levels does not necessarily result in a corresponding reduction in
personal PMa2s exposure (216,217). The UGAAR trials collected data on the average
amount of time each participant spent at home during pregnancy. Stratified analysis of time
spent at home did not show any evidence of effect modification on the relationship (116).

However, the time activity data was self-reported and crudely assessed.

The indoor PM2 s prediction model was based on only two 7-day measurements per
home. The model predictions may have introduced nondifferential exposure errors, which

would likely bias effect estimates towards the null.

This study may have been underpowered to detect social and behavioral impairment
outcomes due to its sample size, which was based on term birth weight. Furthermore, I ran
many models and results were not corrected for multiple comparisons, so some associations
betweenPM2s and behaviors may be due to chance. Although the use of continuous
outcome measures increased power, both BASC-3 and SRS-2 scores do not represent
clinical diagnoses of specific behavioral impairments or ASD. These continuous social and

behavioral outcome measurements have been used in some previous studies evaluating
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prenatal PM exposure air pollution and autistic or behavioral impairments particularly
looking at prenatal endocrine disrupting chemical exposures (42,47,53,56,218,219). The
BASC-3 and SRS-2 assessment tools used in this study have several advantages over other
psychometric tools used in research on early life exposure to air pollution and social and
behavioral problems in childhood. For example, compared to the commonly used Child
Behavior Checklist (CBCL), the BASC-3 includes adaptive skills ratings that encompass
social communication and adaptability domains (167). However, one limitation to using
the BASC-3 is its length; there are 134 questions in this version, which can be burdensome
for participants. The SRS, on the other hand, has advantages compared to other tools in

terms of its brevity and focus on autism spectrum traits (220).

Control participants may have benefitted from their participation in the study.
These benefits would decrease the differences between treatment groups and cause an
underestimation of the intervention’s benefits (221,222). Future RCTs like UGAAR would
benefit from a 3-arm design to evaluate intervention efficacy while testing for inclusion

benefits among the placebo (“sham” filtration) group (222).

The results from UGAAR may not be generalizable to other populations and
settings. This trial was conducted in a heavily polluted city where the primary source of
PM2 s pollution is raw coal combustion. In addition, the study population was relatively
racially and economically homogeneous. Therefore, the results from this study may not be
directly extrapolated to other populations with different sources of PMa2.s exposure with

more diverse population.

Finally, potential challenges of using not clinical assessments designed for one
cultural context in another cultural context may represent another important limitation to
this study. It is possible that careful translations of the BASC and SRS assessments from
English into Mongolian may not have fully accounted for all the cultural nuances and
differences in language used to describe behaviors. For example, we observed the mean
and variance of hyperactivity, aggression, anxiety and depression raw scores to be similar

between UGAAR and the reference population, while the mean and variance of functional
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communication, social skills and atypicality raw scores were different (Table A.1).

Therefore, these results should be interpreted with caution.

5.4. Future research needs

Several gaps remain in our understanding of the relationship between prenatal air

pollution exposure and children’s social and behavioral impairments.

The disagreement between the ITT results and the PMz.s effect estimates suggest
that the results from the ITT analysis may have been biased. Therefore, future RCTs should
address some of the limitations of UGAAR. For example, a three-arm RCT would allow
for quantification of the “inclusion benefit,” which may lead to an underestimate of an

intervention’s effect (223).

Blinding both the assessors and the participants to group assignment is particularly
important with subjective health measures such as self-reported symptoms or parent rating
scales (224). In pharmaceutical trials, blinding is usually achieved by placebo.
Environmental intervention trials of HEPA filter air cleaners sometimes use “sham filters”
as a placebo (225,226). However, in trials evaluating other environmental interventions
blinding can be difficult or impossible. Out of the 27 environmental health RCTs that I
have reviewed, only eight studies were double blinded (Table D.2).

An important question that remains is the role of folate consumption during
pregnancy in the relationship between PM2s and social and behavioral outcomes. An
increasing amount of evidence suggests that the effect of prenatal air pollution exposure
on children’s neurodevelopment is modified by maternal folate consumption during
pregnancy (77,86). In future studies, quantifying the folate level in maternal blood samples

would be valuable.

It would also be useful for future intervention studies to measure both residential
and personal PMz.s exposure to assess the impact of the intervention on exposure more

precisely. This would provide a clearer understanding of the effect of the intervention on
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actual PMa.s exposure and the potential health benefits that could result from such exposure

reductions.

Despite the cost, it is important to design a 3-arm trial to measure inclusion benefits
in the placebo group. This is useful for estimating the true intervention effects from the
trial. Additionally, objective measurement of HEPA air cleaner use would also be useful.
Logging the time that the air cleaners are used would provide additional information for
evaluating and interpreting effectiveness. In the UGAAR trial, air cleaners were set with
an internal timer that counted total hours of use, however the timer only logged after the
user pressed specific buttons when starting the air cleaners. The complexity of this
procedure resulted in incomplete logged data (112). In the UGAAR study, HEPA air
cleaner effectiveness decreased over time, potentially due to the filters becoming
overloaded (112). Therefore, for optimum effectiveness of HEPA filters air cleaners,

studies should consider periodic maintenance of the air cleaners and filter replacement.

Finally, it is important to situate any future air cleaners studies in the broader
literature on accountability research (227). In this study, I evaluated how a household-level
intervention would benefit social and behavioral outcomes. However, there is also
tremendous need to evaluate the impacts of regulatory policies implemented during last
twenty years and the corresponding health improvement in children in Ulaanbaatar. It is
essential to assess and ensure that past and future regulatory policies achieve the intended
public health benefits (228). The coal banning in Irish cities provides an example of
assessing the temporary regulatory intervention on mortality outcomes. This accountability
study would be very useful in Ulaanbaatar. Researcher took advantage of the many years
of longitudinal data to evaluate whether coal banning regulatory policies implemented at
the national or state level between 1990 to 1996 in Dublin reduced outdoor air pollution
and reduced death rates in the city (229). The findings provided evidence that decreases in
PM2.s and other pollutants were associated with reduced mortality rate. Developing similar
accountability studies in Ulaanbaatar would be very useful in quantifying the benefits of

air quality policy changes.
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5.5. Conclusions

The main objectives of this research were to investigate the causal association of
PM exposure during pregnancy with children’s behavioral problems and autistic traits, as
well as the influence of maternal stress on PM-behavior relationships. While the results
indicate that reducing indoor PM during pregnancy had little effect on children’s social and
behavioral development, I observed a significant increase in the mean SRS-2 total T-score
and the mean BASC-3 scores in the observational analysis. Although the changes in these
scores may be small at the individual level, they can have important implications at the
population level, given the ubiquity of air pollution. My findings also revealed that the
maternal HPA axis may have influenced the relationship between the air cleaner
intervention and children’s social and behavioral development, emphasizing the
importance of addressing both environmental and psychosocial stress in efforts to promote

children’s neurodevelopment.

Many questions remain regarding the relationship between air pollution and
children social and behavioral development. Given that the observational component
revealed stronger associations than the primary ITT analysis, future RCTs should address

some of the shortcomings of UGAAR.

HEPA filter air cleaners may be useful for reducing air pollution and its health
impacts, but air cleaners are not a long-term solution. Rather, air cleaners should be used
as a complementary measure alongside efforts to reduce air pollution at the source.
Mitigating air pollution will require a comprehensive approach, which involves multiple
strategies and interventions at different levels, such as policy and regulation, technology

improvements, and behavior change.
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Appendix A. Supplemental material for chapter two

Table A.1.  Comparison of BASC score distributions between the UGAAR
population and the reference population.
UGAAR raw score Reference raw score
Domain ﬁe?n (SD) e Mean (SD)
ales emales
(n=201) (n=190) Males Females
Hyperactivity 12.26 (4.10) 12.14 (4.72) 11.72 (5.20) 10.43 (5.23)
Aggression 4.23 (2.86) 4.07 (3.01) 3.61 (2.93) 3.32(3.06)
Anxiety 4.80 (3.54) 5.04 (4.09) 4.62 (4.37) 4.45 (4.20)
Depression 7.72 (3.06) 7.88 (4.01) 7.89 (4.12) 7.64 (4.43)
Somatization 7.16 (3.66) 6.98 (3.90) 5.27 (3.66) 5.71 (4.86)
Attention Problems 8.94 (3.11) 8.61 (3.03) 8.11 (3.69) 7.38 (3.35)
Atypicality 6.26 (3.44) 6.59 (3.86) 3.76 (3.56) 3.20 (3.93)
Withdrawal 10.39 (4.41) 1034 (4.59)  9.69 (4.85) 10.43 (5.13)
Adaptability 14.75(3.86)  14.79 (4.30)  16.15 (4.84) 16.60 (4.58)
Social Skills 10.74 (4.66) 1197 (5.61)  13.91(5.92) 15.99 (5.42)
Activities of Daily
Living 8.33 (4.32) 9.39 (4.25) 8.82 (4.33) 10.13 (3.84)
Functional
Communication 11.13(3.96)  12.68 (4.60)  16.84(6.77)  18.40(6.33)
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Table A.2.

Effects of the air cleaner intervention on BASC composite scores at

ages 2 and 4 estimated from a mixed effects model among complete

cases.

Composite score

Unadjusted model

Adjusted for preterm birth

N Change in mean p- Change in mean p-
T score (95%CI) value T score (95%CI)  value
Externalizing 407  0.34 (-1.27,1.94) 0.68 406  0.33(-1.28,1.94) 0.69
Internalizing 407 -0.59(-2.21,1.02) 047 406  -0.57(-2.19,1.05)  0.49
Adaptive 407 -0.07 (-1.49,1.35)  0.93 406  0.03 (-1.39, 1.45) 0.96
Behavior Symptom Index 407  -0.07 (-1.58,1.43)  0.92 406  -0.12(-1.63,1.39)  0.88
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Table A.3.

cases and imputed population

Summary on comparison of baseline characteristics for complete

Completed BASC-3

Did not complete
BASC-3

Baseline characteristic Mediap (250, 75" Median (25, 75™ p-value
percentile) or n (%) percentile) or n (%)
Season of enrollment
Winter (Dec, Jan, Feb) 124 (31) 27 (38)
Spring (Mar, Apr, May) 115 (28) 23 (32)
Summer (Jun, July, Aug) 54 (13) 2(3) 023
Fall (Sep, Oct, Nov) 113 (28) 20 (27)
Gestational age, wk 11(8,13) 11(9, 13) 0.11
Maternal age, yr 29 (25, 33) 27 (24.5, 32) 0.17
Monthly household income,
Tugriks
< 800,000 79 (20) 14 (19)
> 800,000 322 (79) 54 (75) 0.87
Not reported, n (%) 5(D) 4 (6)
Maternal marital status
Married/ Common-law 339 (83) 56 (78)
Single/engaged 67 (17) 16 (22) 0.24
Not reported, n (%)
Maternal education
Less than university 50 (12) 10 (14)
Completed university 328 (81) 55 (76) 0.64
Not reported, n (%) 28 (7) 7(10)
Lived with a smoker during
pregnancy
No 211 (52) 37 (51)
Yes 185 (46) 33 (46) 0.95
Not reported, n (%) 10 (2) 2(3)
i‘;‘gﬂal pre-pregnancy BMI, 21.6(19.6, 24.2) 21.3(19.6,23.1) .
Not reported, n (%) 28 (7) (D)
Paternal age, yr 31 (26, 35) 29 (25, 34)
Not reported, n (%) 24 (6) 1 (1) 023
Paternal education
Less than university 71 (17) 14 (19)
Completed university 308 (76) 56 (78) 0.80
Not reported, n (%) 27 (7) 23
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Figure A.1. Directed acyclic graph used to identify adjustment variables in models
of the association between PM: 5 and BASC scores.
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Appendix B. Supplemental material for chapter three

Table B.1.  Summary statistics of raw SRS-2 scores for UGAAR participants and the SRS-2 reference population.

% difference from the reference

SRS subscale UGAAR mean (SD) Reference mean (SD)?
(% difference from reference SD)

Males Females  Females  Females Males Females
Social awareness 6.9 (2.9) 6.8(2.6) 57(@3.2) 5.1 (3.2) 21 (-9.4) 33 (-18.8)
Social cognition 10.5(4.2) 10.03.9) 6.2(5.4) 54(5.1) 69 (-22.0) 85 (-23.5)
Social Communication 16.1 (7.3) 14.8(7.1) 10.8 9.0 (8.7) 49 (-19.8) 64 (-18.4)
Social motivation 8.0 (4.4) 7.7(4.6) 6.0(4.9) 5.4 (4.6) 33(-10.2) 43 (0)
Restricted interest and repetitive 7.3 (5.0) 6.6 (4.9) 5.0(5.7) 4.1 (4.9) 46 (-12.3) 61 (0)

4Based on sample of 1,012 children aged 4-18 years in the United States.
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Table B.2.  Baseline characteristics for parents who did and did not complete the
SRS-2 when their child was 4 years old.

Completed SRS-2 Did not complete
SRS-2
Baseline characteristic Median (25™, 75 Median (25™, 75 p-value
percentile) or n (%) percentile) or n (%)
Season of enrollment
Winter (Dec, Jan, Feb) 115 (30) 36 (40)
Spring (Mar, Apr, May) 111 (29) 27 (30)
Summer (Jun, July, Aug) 50 (13) 6 (7) 007
Fall (Sep, Oct, Nov) 111 (29) 22 (24)
Gestational age, wk 11 (8, 12.5) 11(9,13) 0.12
Maternal age, yr 29 (25, 33) 27 (24, 32) 0.06
Monthly household income,
Tugriks
< 800,000 74 (19) 19 (21)
> 800,000 308 (80) 68 (75) 0.60
Not reported, n (%) 5(1) 4(4)
Maternal marital status
Married/ Common-law 322 (83) 73 (80) 0.50
Single/engaged 65 (17) 18 (20)
Maternal education
Less than university 47 (12) 13 (14)
Completed university 314 (81) 69 (76) 0.50
Not reported, n (%) 26 (7) 9 (10)
Prior pregnancy
No 90 (23) 31(34) 0.03
Yes 293 (76) 59(65)
Not reported, n (%) 4(1) 1(1)
Lived with a smoker in early
pregnancy
No 204 (53) 44 (48) 0.50
Yes 174 (45) 44 (48)
Not reported, n (%) 9(2) 3(3)
kng‘Lelgnal pre-pregnancy BMI, 21.6(19.7,24.2) 21.5(19.6,23.1) 0.32
Not reported, n (%) 26 (7) 3(1)
Paternal age, yr 31 (26, 35) 29 (25, 34) 0.25
Not reported, n (%) 24 (6) 1(1)

Paternal education
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Less than university 69 (18) 16 (18)
Completed university 293 (76) 71 (78) 0.89
Not reported, n (%) 25 (6) 4(4)
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Table B.3.  Unadjusted associations between potential imputation model

variables and SRS-2 total T-scores among complete cases (n = 387)

Changes in mean SRS-2

Variable total T-score (95% CI) p-value
Gestational weeks at enrollment -0.02 (-0.40, 0.35) 0.90
Maternal age at enrollment -0.22 (-0.39, -0.04) 0.02
Season of enrollment
Winter (Dec, Jan, Feb) Reference
Spring -1.60 (-3.97,0.77) 0.19
Summer -1.90 (-5.01, 1.21) 0.23
Fall -0.06 (-2.81, 2.70) 0.97
Monthly household income
> 800,000 Tugriks Reference 0.53
< 800,000 Tugriks -0.79 (-3.30, 1.71) ’
Marital status
Married/common-law Reference 0.08
Single/Engaged 1.07 (-0.14, 2.27) '
Maternal education
Completed university Reference
Less than university 0.35 (-3.35, 2.66) 0.82
Maternal pre-pregnancy BMI, kg/m2 0.14 (-0.14, 0.42) 0.33
Prior pregnancy 0.39 (-1.94, 2.72) 0.74
Early pregnancy prenatal perceived stress
Less stressed (<8) Reference 011
More stressed (>8) 1.98 (-0.47, 4.43) )
Late pregnancy prenatal perceived stress
Less stressed (<8) Reference 0.06
More stressed (>8) 3.12 (-0.12, 6.37) '
Vitamin use in early pregnancy
No Reference 0.42
Yes 0.96 (-1.37, 3.29)
Lived with a smoker in early pregnancy
No Reference 0.34
Yes 0.96 (-1.02, 2.94)
Preterm birth
No Reference 0.46
Yes 1.36 (-2.25,4.97)
Sex of child
Female Reference 0.99
Male -0.01 (-1.97, 1.96) )
Maternal depression score (BDI-II)
Minimal to mild (0-16) Reference 0.18

Moderate to severe (>16)

2.21 (-1.00, 5.43)

BMI= Body Mass Index; BDI-II = Beck Depression Inventory-II



Table B.4.

Estimated effects of the air cleaner intervention on mean SRS T-scores among complete cases (n=387) using
different methods for scaling scores.

Scores scaled using Scores scaled using Raw scores

reference population UGAAR population (no scaling)

Mean (SD) Effect Estimate Mean (SD) Effect Estimate Mean (SD) Effect Estimate

. ) . Adjusted
SRS-2 Scale Control Intervention Crude Adjusted Control Intervention Crude Adjusted Control Intervention Adjusted for sex &
for PTB for PTB for sex PTB
Total 50.3 50.0 03 03 50.2 499 03 0.3 476 47.0 0.6 0.7
T-score (9.9) 9.8) (2.3, 1.7) (-2.3,1.6) (10.0)  (10.0) (2.3, 1.7) (:2.3,1.7) (19.2)  (19.0) (-44,32) (45,3.1)
Social awareness 50.5 49.7 0.8 0.8 50.3 497 0.6 0.6 6.9 6.8 02 0.2
T-score 9.9) 9.9) (-2.8,12) (-2.8,1.2) 10.1) (9.9 (-2.6, 1.4) (2.6, 1.4) (2.8) @.7 (-0.7,0.4)  (-0.7,0.4)
Social cognition  50.0 50.6 0.7 0.6 49.5 50.5 1.0 0.9 10.0 10.5 0.4 0.4
T-score (8.9) 9.6) (-12,2.5) (-1.3,2.5) 9.8) (10.1) (-1.0,3.0) (-1.1,2.9) 4.0) “.1 (-04,12) (-04,1.2)
Social
ication %9 49.8 -1.1 -1.1 50.6 495 -1.1 -12 15.8 15.0 0.8 0.8

communica ©8)  (95) (:3.0,0.8) (3.1,0.8) 101y (9.9 (:3.1,09) (-32,0.8) (713) .1y (22,06)  (-23,0.6)
T-score
Social motivation 50.6 50.6 0.0 0.0 50.0 50.0 0.0 0.0 7.8 7.8 0.0 0.0
T-score .7 9.6) (-19,1.9) (-1.9,1.9) 9.9) (10.1) (-2.0,2,0) (-2.0,2.0) (4.4) 4.5) (-0.9,0.9)  (-0.9,0.9)
Restricted
interests and 50.7 50.8 0.1 0.1 50.0 50.0 0.0 0.0 6.9 6.9 0.0 0.0
repetitive 9.8) 9.5) (-1.8,2.1) (-1.8,2.1) 10.1) (9.9 (-2.0,2,0) (-2.0,2,0) (5.0) 4.9) (-1.0,1.0)  (-1.0, 1.0)

behavior T-score
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Table B.5. Estimated effects of the intervention on mean SRS T-scores from an
intention-to-treat analysis after log-transforming (n=478).

Estimated % difference in mean SRS T-score
between the intervention and control groups

(95% CI)
SRS-2 Scale Crude Adjusted for preterm
birth
-0.8 -0.8
Total T-score (4.5, 3.0) 46.3.0)
: -1.0 -1.0
Social awareness T-score (5.1,3.1) 5.13.0)
Social cognition T-score L1 1.1
¢ (-2.7,4.9) (-2.7,4.9)
Social communication T-score 2.2 2.2
(-5.9, 1.5) (-6.0, 1.5)
Social motivation T-score -0.2 -0.2
(-4.1,3.6) (-4.1,3.7)
Restricted interests and repetitive -0.5 -0.5
behavior T-score (-4.1,3.0) (-4.1,3.0)
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Table B.6.

Estimated effects of the intervention on mean SRS T-scores stratified by child sex (n=387).

Mean (95%CI) SRS-2 total T-score

Estimated effects of the intervention on mean
SRS-2 T-score

Interaction
Stratum Control Intervention Difference in means (95% value
(n=182) (n=205) CI) p Sex X Filter
All 50.3 (48.9,51.7) 50.0 (48.7,51.4) -0.3 (-1.68, 2.25) 0.77
Females 49.8 (47.6, 52.1) 50.4 (48.6, 52.3) 0.6 (-2.29, 3.42) 0.69
(n=88) (n=97) 041
Males 50.7 (48.8, 52.6) 49.6 (47.7, 51.6) 1.1 (-1.67, 3.81) 0.44

(n=94)

(n=108)
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Table B.7.

after inclusion of different variables in the imputation and analysis models (n=478).

Estimated effects of an interquartile range increase in indoor PM; 5 concentrations on mean SRS-2 total T-score

. . 1%t trimester 2" trimester 3" trimester Full pregnancy

Sensitivity Analysis -
Changes in mean SRS total T-score (95% CI)

Core imputation model, adjustment model includes 1.4(-03,3.1) 1.3 (-0.4, 2.9) 0.8 (-0.6,2.2) 1.8(03,32)
core variables
Core imputation model, adjustment model includes
core variables — maternal depression (BDI-IT) 1.5(-0.2,3.1) 1.2 (-0.5, 2.8) 1.0 (-0.5,2.4) 1.8(0.3,3.2)
Expanded imputation model, adjustment model 1.7 (0.0, 3.3) 1.2 (-0.4, 2.8) 1.0 (-0.5, 2.5) 1.8 (0.4,3.2)
includes core variables
Expanded imputation model, adjustment model
includes core variables + season of enrollment 2.0(¢-0.1,4.1) 1.0(-0.8,2.7) 0.9(-0.7,2.4) 1.8(04,3.2)
Expanded imputation model, adjustment model
includes core variables + maternal blood cadmium 1.6 (-0.1, 3.3) 1.2 (-0.4, 2.8) 0.9 (-0.6, 2.5) 1.8 (0.4,3.2)
concentration
Expanded imputation model, adjustment model
includes core variables + maternal blood lead 1.7 (-0.0, 3.3) 1.2 (-0.4, 2.8) 1.0 (-0.5, 2.5) 1.8(0.4,3.2)
concentration
Expanded imputation model, adjustment model
includes core variables + PSS-4 early in pregnancy 1.7(0.0,34) 12(-04,28) 1.1¢-05,2.6) 1.905,34)
Expanded imputation model, adjustment model
includes core variables + PSS-4 late in pregnancy 19(02,3.6) 1.0(-0.6,2.6) 1.2(-:04,2.8) 1.9(05,3.3)
Expanded imputation model, adjustment model
includes core variables + maternal pre-pregnancy 1.7 (0.0, 3.4) 1.0 (-0.6, 2.6) 1.0 (-0.5, 2.6) 1.8 (0.4,3.2)

BMI

Expanded imputation model variables: SRS-2 total score, SRS-2 subscale scores, maternal age at baseline, marital status at baseline, maternal self-reported stress level at baseline
and during late pregnancy, prior pregnancy, maternal BDI-II score, maternal WASI matrix reasoning and vocabulary subset scores, preterm birth, season of enrollment, trimester
specific PM2.5 concentration and full pregnancy PM2.5 concentration, maternal lead level, maternal cadmium level, pre-pregnancy BMI. Core adjustment variables: Intervention
status, maternal age at baseline, monthly family income, living with a smoker early in pregnancy, maternal matrix reasoning and vocabulary subtest scores on the WASI, and
mother’s self-reported depression score on the BDI-II. Trimester-specific models were also adjusted for PM2.5 concentrations in other trimesters. Ist trimester interquartile range
(IQR) = 20.1 ug/m3, 2nd trimester IQR = 21.6 ug/m3, 3rd trimester IQR = 13.5 ug/m3 full pregnancy IQR = 9.6 ug/m3
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Table B.8.

Estimated changes in mean SRS T-scores per interquartile range

increase in indoor PM ;5 concentration during pregnancy (n=478).

Estimated changes in mean SRS T-scores (95% CI)
per interquartile range contrast in PM> s concentration

SRS-2 Scale 1% trimester 2" trimester 3" trimester Full
pregnancy
Total 1.4 1.3 0.8 1.8
T-score (-0.3,3.1) (-0.4,2.9) (-0.6,2.2) (0.3,3.2)
Social awareness 0.8 -0.2 -0.4 0.2
T-score (-1.2,2.7) (-1.9, 1.5) (-1.2,1.9) (-1.3,1.7)
Social cognition 1.1 1.1 0.5 1.4
T-score (-0.5, 2.8) (-0.5,2.6) (-0.9, 1.8) (0.0,2.8)
Social communication 1.1 1.5 0.6 1.7
T-score (-0.6,2.7) (-0.2,3.1) (-0.9, 2.0) (0.2, 3.1)
Social motivation 0.9 1.2 -0.1 1.1
T-score (-0.8,2.5) (-0.6, 2.9) (-1.5,1.4) (-0.4,2.6)
Restricted interests and 1.4 1.3 1.3 2.0
repetitive behavior T-score  (-0.3, 3.1) (-0.4,3.1) (-0.2, 2.8) (0.6,3.4)

Models adjusted for intervention status, maternal age at baseline, family income, living with a smoker in
early pregnancy, maternal matrix reasoning and vocabulary subtest scores on the Wechsler Abbreviated
Scale of Intelligence (WASI), and mother’s self-reported depression score on the Beck Depression
Inventory (BDI-II). Trimester-specific models were also adjusted for PM» s concentrations in other
trimesters. 1% trimester interquartile range (IQR) = 20.1 ug/m?, 2™ trimester IQR = 21.6 ug/m?, 3™ trimester
IQR = 13.5 ug/m’ full pregnancy IQR = 9.6 ug/m?
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Table B.9.  Estimated effects of an interquartile range increase (9.6 ug/m?) in full
pregnancy average indoor PM:s on mean SRS T-scores among
complete cases (n=387) using different methods for scaling scores.

Scores scaled using  Scores scaled using Raw scores
reference population UGAAR population (no scaling)

Effect Estimate Effect Estimate Effect Estimate

(95% CI) (95% CI) (95% CI)
SRS-2 Scale Crude  Adjusted® Crude  Adjusted® Crude  Adjusted®
Total 2.1 2.0 2.1 2.0 39 3.8
T-score (0.6,3.5) (0.6,3.4) (0.6,3.5) (0.5,34) (12,6.7) (1.0,6.5)
Social awareness 0.6 0.5 0.5 0.4 0.1 0.1
T-score (-0.9,2.0) (-1.0,2.1) (-1.0,1.9) (-1.1,1.8) (-0.3,0.5) (-0.3,0.5)
Social cognition 1.8 1.6 1.9 1.6 0.7 0.7
T-score (0.5,32) (0.3,3.0) (0.4,33) (0.2,3.1) (0.2,13) (0.1,1.2)
Social communication 1.9 1.8 1.9 1.9 1.4 1.4
T-score (0.5,3.3) (0.5,3.2) 0.4,3.3) (0.4,3.3) (0.3,2.4) (0.3,2.4)
Social motivation 1.3 1.2 1.4 1.3 0.6 0.6
T-score (-0.1,2.7) (-0.2,2.6) (-0.1,2.8) (-0.1,2.8) (0.0,1.3) (-0.1,1.2)
Restricted interests and 2.2 2.1 2.2 2.1 1.1 1.0

repetitive behavior T-score  (0.8,3.6) (0.8,3.5)  (0.7,3.6) (0.7,3.5) (0.4,1.8) (0.3,1.8)

2Adjusted for intervention status, maternal age at baseline, monthly family income, living with a smoker
early in pregnancy, maternal matrix reasoning and vocabulary subtest scores on the WASI, and mother’s
self-reported depression score on the BDI-II.

Adjusted for intervention status, maternal age at baseline, monthly family income, living with a smoker
early in pregnancy, maternal matrix reasoning and vocabulary subtest scores on the WASI, mother’s self-
reported depression score on the BDI-II, and child’s sex.
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Indoor PM, 5 exposure during pregnancy

)

Family

income
.All‘ clear}er Maternal age| Maternal stress Maternal | Maternal | |Living with a
1Intervention

\ education |intelligence smoker
Maternal

Child’s — SRS score «—— .
exposure to lead depression

Figure B.1. Directed acyclic graph used to identify adjustment variables in models
of the association between PM».s and SRS-2 scores.

Note: Adjustment variables are shown in boxes. Arrows are not shown if they are on a path that is already

blocked by an adjustment variable.
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Figure B.2. Intervention effects on SRS total T-scores estimated from a quantile regression analysis for a) males n=202 and
b) females =185 adjusted for PTB
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Appendix C. Supplemental material for chapter four

Table C.1. Spearman’s correlation coefficients between biomarker from samples

collected in early pregnancy and late pregnancy (n=74)

Biomarker Correlation P-value
Cortisol 0.63 <0.01
DHEA 0.66 <0.01
Ratio 0.52 <0.01
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Table C.2.  Spearman’s correlation coefficients between cortisol, DHEA, the

cortisol/DHEA ratio, and perceived stress (PSS-4) (n=297).

Cortisol DHEA C/D PSS-4
Cortisol -
DHEA 0.19 -
P<0.01
Cortisol/DHEA 0.27 -0.27 -
P<0.01 P<0.01
PSS-4 -0.10 -0.02 0.01 -
P=0.07 P=0.76 P=0.90
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Table C.3.

Pregnancy and post-natal characteristics for participants included
and not included in the analysis.

Participants included in
the analysis (n=297)

Participants not included
in the analysis (n=181)

p-value

Characteristic Median (25%, 75t Median (25", 75t
percentile) or n (%) percentile) or n (%)
Season of enrollment
Winter (Dec, Jan, Feb) 92 (31) 59 (33)
Spring (Mar, Apr, May) 65 (22) 73 (40) <0.01
Summer (Jun, July, Aug) 33(11) 23 (13)
Fall (Sep, Oct, Nov) 107 (36) 26 (14)
Gestational age at enrollment, wk 10 (8, 12) 11(9,13) <0.01
Maternal age at enrollment, yr 29 (25, 33) 28 (25,3) 0.45
Not reported, n (%) 6(2) 44
Monthly household income,
Tugriks
< 800,000 52 (17) 41 (23)
> 800,000 241 (82) 135 (76) 0.14
Not reported, n (%) 4(D) 5(D)
Maternal marital status
Married/ Common-law 248 (84) 147 (81) 0.52
Single/engaged 49 (16) 34 (19) '
Maternal education
Less than university 34 (12) 26 (14)
Completed university 241 (81) 142 (78) 0.35
Not reported, n (%) 22 (7) 13 (7)
Lived with a smoker during
pregnancy
No 155 (52) 93 (51)
Yes 133 (45) 85 (47) 0.74
Not reported, n (%) 9(3) 3(2)
Maternal pre-pregnancy BMI,
kg/m? pre-preghancy 21.6(19.6, 24.2) 21.5(19.8,23.7) 0.48
Not reported, n (%) 20 (7) 905
Paternal age at enrollment, yr. 31 (26, 35) 30 (26, 35) 0.47
Not reported, n (%) 23 (8) 2(1) '
PSS-4 score in early pregnancy
Minimal 237 (80) 122 (67)
Moderate to severe 59 (20) 34 (19) 0.58
Not reported, n (%) 1 (0) 25 (14)
Sex of the child
Boy 146 (49) 74 (41)
Girl 151 (51) 88 (49) 0.48
Not reported, n (%) 19 (10)

P-values were calculated using Chi-square test for categorical variables and Kruskal-Wallis test for

continuous variables.
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Estimated Effect of the Intervention on the mean T-score
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Figure C.1. Estimated effects of the intervention on BASC-3 and SRS-2 scores
stratified by maternal stress levels during pregnancy (n=297).

Note:

After inclusion of additional terms the model: season of enrollment, maternal age at enrollment, marital

status, preterm birth, intervention x season of enrollment, intervention x maternal age at enrollment. The

figure illustrates estimated effects of the intervention on externalizing problems composite T-score,

internalizing problems composite T-score, behavioral system index (BSI) T-score, adaptive skills

composite T-score, SRS total T-score. For externalizing, internalizing, BSI and SRS total T-scores, a higher

score indicates more social and behavioral problems. For adaptive skills scores, a lower score indicates

more social and behavioral problems.

*Interaction p<0.10

**Interaction p <0.05
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Figure C.2. Estimated effects of the intervention BASC-3 and SRS-2 scores
stratified by maternal perceived stress scores during pregnancy
(n=296).

After inclusion of additional terms, the model: season of enrollment, maternal age at enrollment, marital
status, preterm birth, intervention x season of enrollment, intervention x maternal age at enrollment.

*Interaction p<0.10
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Appendix D. Supplemental material for chapter five

Table D.1.  Association between doubling of maternal blood cadmium
concentrations on BASC and SRS outcomes at age 4 (n=319).
Outcomes Crude Adjusted*
Effect estimate p-value Effect estimate p-value

SRS 3.04 (-0.75, 6.83) 0.12 2.64 (-1.25, 6.53) 0.18
Externalizing T 2.17 (-1.38, 5.72) 0.23 1.20 (-2.69, 5.09) 0.54
Internalizing 1.93 (-1.84, 5.70) 0.32 1.36 (-2.45, 5.18) 0.48
BSI 1.46 (-2.26, 5.18) 0.44 1.11 (-2.66, 4.88) 0.56
adaptive -3.30 (-6.79, 0.19) 0.06 -2.70 (-6.31, 0.90) 0.14

*adjustment variables: BDI, mother’s age, living with smoker late pregnancy, intervention status, child sex

131



Table D.2.

Review of environmental inervention trials.
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