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ABSTRACT

Purpose Exposures early in life, beginning in utero, have
long-term impacts on mental and physical health. The
ECHO prenatal and early childhood pathways to health
consortium (ECHO-PATHWAYS) was established to examine
the independent and combined impact of pregnancy and
childhood chemical exposures and psychosocial stressors
on child neurodevelopment and airway health, as well as
the placental mechanisms underlying these associations.
Participants The ECHO-PATHWAYS consortium
harmonises extant data from 2684 mother—child dyads

in three pregnancy cohort studies (CANDLE [Conditions
Affecting Neurocognitive Development and Learning in
Early Childhood], TIDES [The Infant Development and
Environment Study] and GAPPS [Global Alliance to Prevent
Prematurity and Stillbirth]) and collects prospective

data under a unified protocol. Study participants are
socioeconomically diverse and include a large proportion
of Black families (38% Black and 51% White), often
under-represented in research. Children are currently
5-15 years old. New data collection includes multimodal
assessments of primary outcomes (airway health and
neurodevelopment) and exposures (air pollution, phthalates
and psychosocial stress) as well as rich covariate
characterisation. ECHO-PATHWAYS is compiling extant
and new biospecimens in a central biorepository and
generating the largest placental transcriptomics data set to
date (N=1083).

Findings to date Early analyses demonstrate adverse
associations of prenatal exposure to air pollution,
phthalates and maternal stress with early childhood
airway outcomes and neurodevelopment. Placental
transcriptomics work suggests that phthalate exposure
alters placental gene expression, pointing to mechanistic
pathways for the developmental toxicity of phthalates.

We also observe associations between prenatal maternal
stress and placental corticotropin releasing hormone, a
marker of hormonal activation during pregnancy relevant
for child health. Other publications describe novel methods
for examining exposure mixtures and the development of
a national spatiotemporal model of ambient outdoor air
pollution.

14,19

STRENGTHS AND LIMITATIONS OF THIS STUDY

= The ECHO prenatal and early childhood pathways
to health consortium (ECHO-PATHWAYS) brings to-
gether three pregnancy cohort studies (N=2684) to
investigate a wide range of chemical and psychoso-
cial exposures during pregnancy and their associa-
tion with child neurodevelopment and airway health
in the early and middle childhood periods.

= ECHO-PATHWAYS also includes extensive prena-
tal bioassay results as well as a biorepository with
samples spanning the prenatal period through
childhood.

= ECHO-PATHWAYS is generating the largest tran-
scriptomics data set to date (N=1083) with which to
elucidate placental mechanisms that link maternal
exposures during pregnancy to child outcomes.

= ECHO-PATHWAYS has some sampling limitations:
the component cohorts (1) were not designed to re-
cruit representative samples from their respective
sites, (2) do not contribute equally to the full sample
and (3) had minimal overlap in the calendar years
during which recruitment occurred.

Future plans The first wave of data from the unified
protocol (child age 8-9) is nearly complete. Future work
will leverage these data to examine the combined impact
of early life social and chemical exposures on middle
childhood health outcomes and underlying placental
mechanisms.

INTRODUCTION

Childhood should be a time of healthy devel-
opment, yet too many children in the USA
experience a number of social and health-
related challenges earlyin life thatlead to poor
physical and mental health outcomes across
the life course. The Developmental Origins
of Health and Disease (DOHaD)" framework
posits that experiences and exposures across
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the life course, beginning in utero, can have both long-
term and latent impacts on both mental and physical
health. Studies across multiple health outcomes highlight
pregnancy as an important sensitive period of develop-
ment. Women can experience numerous modifiable
chemical and psychosocial stressors during pregnancy,
which are transmitted to the fetus through multiple phys-
iological mechanisms. Pregnant women in the USA are
not only commonly exposed to air pollutants associated
with roadway, industrial and agricultural emissions, but
many are now exposed to extreme levels due to increasing
length and severity of wildfire seasons.” > Exposure to
phthalates, a commonly used synthetic chemical additive
found in dust, diet and personal care products, is nearly
ubiquitous. Many pregnant women also experience
significant psychosocial stressors, with 13.5% of women
of childbearing age® living in poverty and 75% of women
reporting at least one major stressful life event 12 months
prior to giving birth.” Further, people from racially and
ethnically minoritised groups and low-income families are
disproportionately exposed to both chemical exposures
and psychosocial stressors, contributing to health dispari-
ties. While mounting evidence suggests that chemical and
psychosocial exposures during pregnancy and early child-
hood have long-term impacts on child mental and phys-
ical health outcomes,’” prior epidemiological research
investigating how these exposures combine and interact
to influence the developing fetus and subsequent child
outcomes is notably inconsistent, with limited under-
standing of underlying physiological and psychosocial

EXPOSURES IN UTERO

CHEMICAL:

Residential Air Pollution Model

PM,, NO,, O,

Biomarker: uPAH

urinary polyaromatic hydrocarbon metabolites
Biomarker: uEDC

urinary phthlalate metabolites: DINP, DEHP, BBzP

NON-CHEMICAL:

Psychosocial Stress Assessment
maternal distress, traumatic life events,
neighborhood crime and disadvantage
Biomarker: CRH'
corticotropin-releasing hormone

INTERACTION

mechanisms or attention to heterogenous effects of expo-
sures within subgroups.®’

The ECHO prenatal and early childhood pathways to
health consortium (ECHO-PATHWAYS) addresses these
important gaps by bringing together an interdisciplinary
team of investigators and three richly characterised
pregnancy cohorts from diverse populations across the
country. The core aims of the ECHO-PATHWAYS study
are to examine the independent and combined impact
of common chemical exposures during pregnancy (air
pollutants and phthalates) and psychosocial stressors
experienced by the mother during pregnancy and in her
childhood (maternal childhood traumatic life events,
and exposures to stressful events and neighbourhood
crime during pregnancy) on child neurodevelopment
and airway health (figure 1). Secondary aims of this study
extend investigations to include a child’s own early life
exposures to chemical and psychosocial stressors. Primary
goals for exposure characterisation were to harmonise
existing data, develop new data collection protocols to
produce a databank of prenatal and early life environ-
mental exposures, and use existing and newly collected
maternal and child specimens for analyses. The substan-
tial biorepository collected from the pregnancy period
across the component cohorts, combined with ongoing
biospecimen collection, is a major strength of ECHO-
PATHWAYS and provides unique opportunities for the
well-powered investigation of biomarkers related to
psychosocial stress (ie, placental corticotropin releasing
hormone (pCRH)) as well as chemical exposures (ie,

HEALTH OUTCOMES

Neurodevelopment
executive function and mental health

Airway

lung function growth3 reversible obstruction,
diagnosis of asthma, IgE sensitization.

Sex Specific Associations

MECHANISTIC

Placental Transcriptome Analysis2

INTERACTION

IN UTERO

Figure 1

CHILDHOOD (4-6 yr, 8-9 yr, 10-11 yr)

Conceptual model of the ECHO-PATHWAYS study and specific aims. 'CRH is being measured in the CANDLE and

GAPPS-PW cohorts only. 2Placental transcriptomes are being sequenced in the CANDLE and GAPPS-PW cohorts only. *Lung
function growth will be estimated in the CANDLE cohort; TIDES and GAPPS-PW will measure lung function at one time point
(age 8-9 years). BBzP, benzyl butyl phthalate; CRH, corticotropin releasing hormone; DINP, diisononyl phthalate; DEHP, di(2-
ethylhexyl) phthalate; NO2, nitrogen dioxide; O3, ozone; PM2.5, particulate matter of 2.5 microns in diameter or less; uEDC,

urinary endocrine disrupting chemical.
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urinary polycyclic aromatic hydrocarbon metabolites
and urinary phthalate metabolites) during pregnancy.
We also leverage existing placental samples to better
understand the extent to which differences in placental
biology (reflected in perturbations in the placental tran-
scriptome) serve as mechanisms mediating the relation
between pregnancy exposures and child health outcomes.
This ongoing work represents the largest study to char-
acterise placental mechanisms in relation to child health
outcomes to date.

For the airway and neurodevelopment outcome
domains, ECHO-PATHWAYS developed a compre-
hensive, multimodal assessment battery that combines
maternal report, child self-report and child task-based
assessment, including a range of gold standard data
elements less commonly collected in large prospec-
tive, pregnancy cohort studies. For the airways outcome
domain, measures include spirometry to objectively
measure lung functional development, as well as validated
surveys to assess major chronic airway disorders including
asthma, allergic rhinitis and related atopic conditions
(eg, atopic dermatitis/eczema)."” Neurodevelopmental
outcome assessments include task-based measures of
executive function and child cognitive performance, as
well as child self-report of depression and anxiety symp-
toms using gold-standard survey measures. These robust
outcome assessments combined with rich extant and
ongoing exposure assessment make ECHO-PATHWAYS
well suited to advance our understanding of how early
childhood environments contribute to neurodevelop-
ment and airway health. The ECHO-PATHWAYS sample
is racially and socioeconomically diverse and, for many
analyses, is adequately powered to examine whether
specific subgroups are more likely to experience nega-
tive outcomes in the context of harmful exposures. For
example, there is mounting evidence that risk of poor
airway and neurodevelopmental outcomes is associated
with exposures across multiple domains in a sex-specific
manner; however, many studies are underpowered to
detect sex-specific effects and thus far, findings are often
inconsistent.'™"* The ECHO-PATHWAYS consortium,
with its large, well-powered sample, is poised to robustly
evaluate sex-specific associations (ie, effect modification),
which are central to all ECHO-PATHWAYS analyses.

Cohort description

ECHO-PATHWAYS brings together three pregnancy
cohort studies: the Conditions Affecting Neurocogni-
tive Development and Learning in Early Childhood
(CANDLE) study, The Infant Development and Envi-
ronment Study (TIDES) and a subset of the Global Alli-
ance to Prevent Prematurity and Stillbirth (GAPPS) study
sample that has been enrolled in ECHO-PATHWAYS
(GAPPS-PW). Each study collected extensive data during
the pregnancy period and at birth, a wide range of biospe-
cimens and implemented varying degrees of follow-up
after the pregnancy period.

The CANDLE study at the University of Tennessee
Health Science Center was designed to examine factors
in the pregnancy and early childhood environment
that influence child neurodevelopmental outcomes and
was extended to include a broad range of child health
outcomes (eg, cardiometabolic and airway health).
Pregnant women were recruited from Shelby County/
Memphis, Tennessee, from 2006 to 2011 during the
second trimester of pregnancy. Primary recruitment sites
included an urban hospital obstetric clinic and commu-
nity obstetric practices. Inclusion criteria were: planning
to deliver at one of the five hospitals in Shelby County;
maternal age of 16-40 years; residence in Shelby County;
having a low medical risk, singleton pregnancy; and being
able to speak and understand English.”” A total of 1503
pregnant mothers were enrolled, and mother—child
dyads were followed up at regular intervals with between
912 and 1157 participants attending each follow-up visit
(figure 2).

The multisite TIDES study was designed to examine
prenatal phthalate exposure and psychosocial stress in
relation to hormone-sensitive and sex-dependent child
health outcomes, including reproductive and neuro-
developmental outcomes. Eligibility criteria for TIDES
included: less than 13 weeks pregnant, singleton preg-
nancy, English-speaking, age 18 or over, no serious
threat to the pregnancy and plans to deliver at a study
hospital.'® Participants were recruited in their first
trimester from four university-based prenatal clinics
including the University of San Francisco, California
(San Francisco, California), the University of Rochester
Medical Center (Rochester, New York), the University of
Minnesota (Minneapolis, Minnesota) and University of
Washington/Seattle Children’s (Seattle, Washington).'®
In total, TIDES enrolled 969women between 2010 and
2012, and collected prenatal information on 790 moth-
er—child dyads (figure 2).

The GAPPS study was designed to establish a large
biorepository during the pregnancy and early postnatal
period that could be used for research on reducing
adverse birth outcomes.'” Since 2007, over 2500 women
have been enrolled from the University of Washington in
Seattle, Washington; Swedish Hospital in Seattle, Wash-
ington; Yakima Valley Memorial Hospital in Yakima,
Washington; and Loma Linda University Medical Center
in Loma Linda, California, at various time points in preg-
nancy. Pregnant women were eligible if they were older
than 18 years of age, English-speaking and had plans to
deliver at the hospital in which they enrolled. Unlike
TIDES and CANDLE, GAPPS was a closed cohort (partic-
ipant engagement ended at birth) at the time of ECHO-
PATHWAYS combined cohort development; however,
participants had previously been given the option to
consent to be contacted for future research studies.
Eligibility for ECHO-PATHWAYS included the following:
recruitment at a Washington study site, consent to
contact for future research, at least one pregnancy urine
sample available, pregnancy questionnaire data collected
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and child age between 4-8 years old. Eligible women
(N=1271) have been contacted by phone, email and/or
mail and enrolment into GAPPS-PW is ongoing under
the purview of Seattle Children’s Research Institute
(figure 2). GAPPS-PW has two study sites, Seattle, Wash-
ington, and Yakima, Washington. The initial enrolment
visit for GAPPS-PW is currently ongoing (figure 2).
Participants from the component cohorts were
consented into ECHO-PATHWAYS at their first

ECHO-PATHWAYS Consortium

] | .
|
pregnney [z || e | T
it = = ;
& Birth 20062011 2010-2012 i |2017
Childhoo®
1 N=1132 N=289¢
Y 2008-2013 2012-2014
T
2 N=1139
Y 2009-2014
3 N=1049
Y 2010-2015
N=544
4y 2015-2017 N=438
N=1157 2017.—
5y 2011-2016 (ongomg).
Enrollment in
ECHO-
oy e PATHWAYS ©
2017-2019
7 N=520¢
Y 2019-2021
8 N=478
Y N=912 2020-2022 2019
9y 2017-2020 2021— (ongoing)
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2019—
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11y
1
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Figure 2 ECHO-PATHWAYS visit schedule across cohorts.
White boxes indicate cohort-specific data collection prior to
enrolment in ECHO-PATHWAYS; shaded grey boxes indicate
ECHO-PATHWAYS data collection. *The study population
was defined as participants with birth outcome data (either
birth weight or gestational age at birth) for CANDLE and
TIDES. PCANDLE and TIDES collected data outside of these
in-person clinic visits as well: CANDLE conducted home
visits at ages 1 month and 24 months and phone surveys

at 3, 6,9, 15, 18, 21, 27, 30, 33, 42, 48 and 56 months, and
TIDES conducted a mail survey at age 2-3 years old; °TIDES
age 1 visit was only conducted for boys; “‘GAPPS was a
closed cohort after birth, participants were recruited into
GAPPS-PW at the age 4-6 years visit; °TIDES age 7 visit
consisted of maternal surveys administered by email.

ECHO-PATHWAYS-specific in-person visit (GAPPS-PW
age 4-8 years, TIDES age 6 years and CANDLE age 8-9
years; figure 2). The pooled ECHO-PATHWAYS cohort
includes 2684 mother—child dyads from the seven study
sites, which increases as more GAPPS-PW dyads are
enrolled. Children actively engaged in current research
range in age from 5 to 15 years. In the combined ECHO-
PATHWAYS sample (table 1) 51% of mothers self-identify
as white, 38% as black, with the remainder identifying as
being of multiple racial groups, Asian, or other; 6% iden-
tify as Hispanic. At enrolment, 45% of women had a high
school education or less; 50% of children are women.
There is notable sociodemographic variation across the
cohorts reflecting regional differences, variations in
sampling strategies, and underlying source populations.

Patient and public involvement

Prior to joining ECHO-PATHWAYS, each component
cohort had their own strategies for engaging with partic-
ipants and the public, which included returning appro-
priate study results and sharing study findings with
local end user stakeholders. In addition to continuing
with prior methods, ECHO-PATHWAYS also is creating
lay summaries of published manuscripts to be used by
cohorts for inclusion in participant communications.

Extant data collection

Prior to joining the ECHO-PATHWAYS consortium,
each component cohort had completed varying degrees
of pregnancy and postnatal follow-up (figure 2). Prior
CANDLE cohort data collection was extensive and
included two clinical visits during pregnancy and three
clinical visits in early childhood, with additional home
visits, questionnaires and medical record abstraction
including at delivery. Early childhood clinical visits
included: biospecimen collection, task-based assessments
of neurodevelopment; extensive mother-reported surveys
on measures of child behaviour and development, asthma
and allergy, family environment, adverse experiences and
child diet; observed and coded parent—child interactions
and home environment; as well as task-based assessments
of maternal cognitive performance and reading ability.
In TIDES, study procedures included prenatal visits every
trimester, a birth examination including a thorough
genital examination with anogenital distance measure-
ment, birth record review, a child exam at 12 months
(boys only), a maternal survey at child age 2-3 years and
a postnatal visits at 4 years of age. Study visits included
anthropometric assessments, biospecimen collection,
survey-based assessments (including sociodemographics,
medical history, health behaviours, maternal stress and
depression, as well as other factors) and task-based assess-
ments of child neurodevelopment and maternal cognitive
performance. GAPPS participants completed multiple
surveys during prenatal visits (the number and timing
varied by participant), collecting information on demo-
graphics, reproductive history, health history, pregnancy
conditions, health behaviours, prenatal stress, nutrition
and other factors, and had the opportunity to complete

4
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Table 1 Characteristics of participants in the ECHO-PATHWAYS consortium
Overall CANDLE* TIDES* GAPPS-PWt
(n=2684) (n=1456) (n=790) (n=438)
Variable (categorical)f N % N % N % N %
Child sex 2683 1456 790 437
Male 50 50 51 49
Female 50 50 49 51
Maternal race 2645 1454 773 418
White 51 31 70 82
Black/African-American 38 62 13 2
Asian 3 1 6 3
Native Hawaiian/Pacific Islander 0 0 1 0
American Indian/Alaska Native 0 0 1 1
Multiple 5) 5 4 9
Other 2 0 6 3]
Maternal ethnicity 2664 1454 779 431
Hispanic 6 2 9 14
Not Hispanic 94 98 91 86
Maternal education§ 2660 1454 781 425
<High school 10 12 8 4
High school completion 35 46 19 26
College degree 32 30 31 44
Graduate/professional degree 23 12 43 26
Prenatal smoking (any)| 2655 7 1455 10 775 6 425 3
Prenatal alcohol use 2657 10 1455 8 785 13 417 9
Preterm birth (<37 weeks) 2681 11 1456 9 789 10 436 18
Breast feeding (any) 2161 78 1188 66 541 91 432 94
Breastfeeding duration 1669 770 494 405
<2 months 14 19 7 11
2-4 months 17 23 10 12
5-6 months 13 17 8 11
>6 months 57 41 74 66
Variable (continuous)t N Median N Median N Median N Median
IQR IQR IQR IQR
Gestational age at birth (days) 2681 275 1456 274 789 277 436 274
269-281 269-280 270-284 264-281

*The study population was defined as participants with birth outcome data (either birth weight or gestational age at birth) in CANDLE and TIDES.
TGAPPS was a closed cohort, which was reopened for ECHO-PATHWAYS and the study population in this summary includes those consented into

GAPPS-PW as of 31 December 2020.

1N is defined as the total N with non-missing data. Percent is shown for each category.
§College degree includes college or technical school degree. Graduate/professional defined as some graduate work or graduate/professional degree.

fIMaternal smoking during pregnancy was defined based on self-report.

*k

T

CANDLE, Conditions Affecting Neurocognitive Development and Learning in Early Childhood; GAPPS, Global Alliance to Prevent Prematurity and

Stillbirth; TIDES, The Infant Development and Environment Study.

a postnatal survey when their child was a newborn.
Medical record abstraction provided data about preg-
nancy, delivery and newborn health. Biospecimens were
collected at prenatal visits, during delivery and after birth,
contributing to a large biorepository that we have lever-
aged for ECHO-PATHWAYS research.

PATHWAYS study visits

PATHWAYS study visits (figure 2) were designed to:
(1) collect data from the younger cohorts (TIDES and
GAPPS-PW) on key exposures and outcomes that could
be harmonised with extant data from the older CANDLE
cohort; (2) implement the ECHO-PATHWAYS flagship
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assessment battery at the age 8-9 and 10-11year visit; and
(8) collect data on critical covariates (confounders, preci-
sion variables, effect modifiers). GAPPS-PW and TIDES
each completed an ECHO-PATHWAYS visit between the
ages of 4 and 6 years focused on data harmonisation with
the CANDLE cohort. All ECHO-PATHWAYS cohorts will
complete visits in the 8-9year range; for CANDLE and
GAPPS-PW this is a single visit, while TIDES will collect
these data across two study visits conducted at ages 8
and 9 years. CANDLE participants will also complete a
10-11year visit and 12+ year visit.

Key measurements

Prenatal chemical exposures

The ECHO-PATHWAYS study focuses on key chemical
exposures that are ubiquitous but also show wide varia-
tion in levels of exposure across the USA and in associ-
ation with sociodemographic characteristics. Chemical
stressors of interest include air pollutants (ambient air
particulate matter less than 10 in diameter (PM, ), PM, ,
ozone and nitrogen dioxide (NO,)) as well as phthal-
ates and polycyclic aromatic hydrocarbons (PAHs),
assessed as urinary biomarkers. The team’s expertise in
advanced statistical air pollution modelling was leveraged
to produce national spatiotemporal models of outdoor
PM, ,, ozone and NOQ.18 These models provide temporal
resolution at biweekly intervals, which enables investiga-
tion of critical periods of exposure during pregnancy,'” *’
and point-based spatial resolution, which is key for the
study of pollutants with a high degree of spatial variability,
like NO,. This adds significant strengths to the current
literature in terms of exposure characterisation.'® We
observe notable variation in air pollution exposure both
within and between ECHO-PATHWAYS study sites (see
figure 3 for example of NO,). PAHs are a class of chem-
icals produced during incomplete combustion, as such
they are encountered commonly in indoor and outdoor
air from traffic and industrial combustion-related emis-
sions as well as tobacco smoke. Exposure may occur
through the diet when foods are contaminated during
their growth such as crops encountering PAH in soil or
water or during food preparation such as grilling meats.
PAHs include compounds that are known carcinogens,
mutagens and teratogens and in recent years have been
implicated as endocrine disrupting chemicals. Epidemio-
logical studies of prenatal PAH exposure and associations
with common child health outcomes are relatively few.
In ECHO-PATHWAYS we observe somewhat higher PAH
exposure in CANDLE compared with the other cohorts,
likely reflecting underlying differences in the sample
population as well as sources of exposures, which is a
focus on ongoing ECHO-PATHWAYS research (table 2).
Phthalates are a well characterised class of endocrine
disrupting chemicals that can impact hormone activity as
well as other inflammatory ECHO-PATHWAYS. Prenatal
phthalate exposure is associated with numerous adverse
childhood health outcomes.”' ** Prenatal concentrations
vary by calendar year of pregnancy, geographical location

and cohort. For example, low molecular weight phthal-
ates (monoethyl phthalate or monobutyl phthalate)
are higher within the CANDLE cohort compared with
TIDES (table 2); these low molecular weight phthalates
are primarily found in personal care products,” * but
also these concentrations have decreased over time and
CANDLE children were born before TIDES children.
Overall, concentrations are similar to those measured
within the US-based National Health and Nutrition
Examination Survey (NHANES)** based on year of
birth (table 2). Eight PAH biomarkers (N=1891) and 18
phthalate metabolites (N=2204) were determined in mid-
pregnancy urine samples in ECHO-PATHWAYS mothers
(table 2).

Prenatal psychosocial stressors

The ECHO-PATHWAYS study focuses on psychosocial
stress exposures that are fairly common in the USA, but
with some variation in levels of exposure by sociodemo-
graphic characteristics. Building on life course health
development and DOHaD frameworks, stressors from
two key maternal life course exposure periods (childhood
and pregnancy) are examined as potential contributors
to offspring development in utero. Maternal exposure
to stressful life events during pregnancy was ascertained
using retrospective maternal report of 14 events adapted
from the Centers for Disease Control and Prevention
Pregnancy Risk Assessment Monitoring System,” which
included illness, death, relationship problems, housing
difficulties, legal issues and financial problems during
pregnancy (table 2). In addition, maternal residential
address across pregnancy (duration-weighted for women
who moved) was geospatially linked to multisource crime
reports to create a comprehensive measure of potential
exposure to violent crime at the neighbourhood level.*
ECHO-PATHWAYS has also assessed maternal histories
of exposure to traumatic events in childhood, including
physical and sexual abuse, violence in the home, loss of
a close family member or friend, family upheaval (eg,
divorce) and illness/injury before age 18. There is notable
variation in exposure to these stress exposures in ECHO-
PATHWAYS as well as some differences between cohorts
(table 2). Together, these measures allow for the investi-
gation of intergenerational transmission of stress effects
on health and the consideration of multiple domains and
periods of stress exposures in relation to child well-being.

Neurodevelopment and mental health

Extant and planned data collection from the 4-6year visit
in the CANDLE, TIDES and GAPPS-PW cohorts included
a comprehensive IQ) assessment (using the Stanford Binet,
Wechsler Intelligence Scale for Children-V, and Wechsler
Preschool and Primary Scale of Intelligence-IV, respec-
tively) 729 a5 well as parent report on the Child Behaviour
Checklist (CBCL),*** which is a widely used measure
of multiple dimensions of child behaviour and includes
both continuous and clinically relevant cut-off scores
for symptoms related to internalising and externalising

6
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California;

behaviour, as well as specific symptoms associated with
depression, anxiety and attention deficit/hyperactivity
disorder (ADHD) (table 3).

The age 8-9year ECHO-PATHWAYS neurodevelop-
mental and mental health battery provides both dimen-
sional and clinically relevant insights into potential child
behaviour and mental health problems, with a focus on
symptoms and diagnostically relevant cut-off scores for
ADHD, depression and anxiety, the three most common
mental health problems in children within this age range.
Neurodevelopmental measures at this visit are primarily

child self-report and task-based assessment, in addition to
parent report on the CBCL. ECHO-PATHWAYS includes
a gold standard, child self-report survey measure of
depression symptoms at this age, the Children’s Depres-
sion Inventory,™ ** which provides continuous scores and
cutoffs related to clinical significance as well as a similarly
robust measure of child anxiety, the Screen for Child
Anxiety Related Disorders (table 4).° The battery also
includes task-based assessments of executive function,
which refers to a number of core cognitive skills related to
self-regulation, attention and planning that are positively
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Table 2 Primary prenatal exposure measures in the ECHO-PATHWAYS consortium

Overall CANDLE* TIDES* GAPPS-PWt
(n=2684) (n=1456) (n=790) (n=438)
Variable (continuous) Median IQR Median IQR Median IQR Median IQR
Prenatal period mean air N=2572 N=1417 N=762 N=393
pollution exposurest
PM, (ug/m®) 9.6 7.9-10.9 10.8 10.0-11.3 8.2 7.0-8.8 5.7 4.9-7.1
NO, (ppb) 8.4 6.4-10.8 8.5 6.7-10.4 9.0 67.0-11.6 6.8 5.0-10.5
0, (ppb) 25.8 23.3-30.0 26.6 24.9-28.7 24.5 21.4-27.2 23.3 19.7-26.6
Prenatal psychosocial stress
Maternal SLEs during N=1878 N=904 N=540 N=435
pregnancy§
1 0-2 1 0-3 1 0-2 1 0-2
Maternal childhood trauma N=2386 N=1393 N=540 N=435
§
0 0-1 0 0-1 0 0-1 0 0-1
Crime rate 9| N=2550 N=1417 N=744 N=389
7.0 2.8-17.1 188 5.7-21.9 4.1 2.1-9.2 2.8 12.0-4.6
Placental corticotropin N=1338 N=1338
releasing hormone (pCRH;
pg/mL)
At time 1 38.5 21.6-72.7 38.5 21.6-72.7
At time 2 2421 131.4-440.3 242.1 131.4-440.3
Rate of rise from time 1 187.2 99.1-357.6  187.2 99.1-357.6
to2
Prenatal urinary N=1891 N=990 N=658 N=243
hydroxyl PAH metabolite
concentrations (ng/mL)**
1-NAP 0.58 0.20-1.58 0.98 0.46-2.50 0.19 0.03-0.62 0.38 0.17-0.83
2-NAP 3.65 1.50-7.71 4.78 2.43-8.94 2.30 0.94-6.03 2.82 1.14-5.35
2-PHEN 0.07 0.03-0.12 0.08 0.05-0.14 0.06 0.02-0.11 0.04 0.01-0.07
3-PHEN 0.07 0.03-0.13 0.09 0.05-0.16 0.05 0.02-0.10 0.04 0.01-0.07
4-PHEN 0.02 0.02-0.04 0.02 0.02-0.05 0.02 0.01-0.04 0.01 0.01-0.03
1/9-PHEN 0.18 0.05-0.41 0.32 0.14-0.59 0.10 0.03-0.23 0.08 0.03-0.16
2/3/9-FLUO 0.54 0.34-1.30 0.95 0.50-1.83 0.34 0.34-0.73 0.14 0.06-0.25
1-PYR 0.08 0.01-0.23 0.14 0.07-0.27 0.01 0.01-0.20 0.03 0.01-0.08
Prenatal urinary phthalate N=2204 N=1155 N=663 N=386
metabolite concentration (ng/
mL)tt
MMP 2.1 0.10-8.1 515 0.099-13 0.019 0.019-2.9 1.9 0.51-4.2
MEP 66 21-192 115 45-274 28 10-91 29 12-85
MCPP 1.8 0.99-3.7 1.9 1.1-3.4 1.63 0.89-3.6 1.7 0.68-4.8
MEHHP 14.5 5.9-31 25 15-50 BE 2.7-10 9.3 4.3-18
MBZP 12 4.4-26 19 9.1-39 4.6 1.8-12 8.2 3.0-18
MHXP 0.16 0.071-0.35 0.25 0.13-0.47 0.076 0.013-0.18 0.10 0.059-0.22
MHPP 0.73 0.32-1.5 1.1 0.54-2.0 0.40 0.14-0.91 0.56 0.20-1.2
MCIOP 7.8 2.8-22 12 5.8-28 1.7 0.77-5.0 18 5.9-69.7
MCINP 2.3 1.04-4.8 3.1 1.7-5.3 1.1 0.40-2.8 2.2 0.97-5.0
MEHP 3.8 1.2-9.2 71 3.3-14 1.5 0.35-3.8 1.9 0.66-4.5
MBP 16 6.7-36 30 16-51 6.6 3.4-13 10 4.0-23
MIBP 7.9 3.6-16 12 6.4-20 4.2 2.1-8.1 5.9 2.3-11
MECPP 12 6.2-24 16 9.7-32 7.1 3.6-13.2 11 5.0-23
Continued
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Table 2 Continued

Overall CANDLE* TIDES* GAPPS-PW+
(n=2684) (n=1456) (n=790) (n=438)

MCMHP 12 5.3-25 16 8.8-30 6.2 3.2-15 8.0 3.7-21

MCHPP 0.12 0.079-0.43  0.18 0.034-0.42  0.079 0.079-0.32  0.35 0.11-1.0

MEOHP 7.7 3.6-16 12 7.1-23 3.58 1.9-6.9 5.2 2.5-9.6

MINP 0.43 0.043-1.9  0.36 0.035-0.93  2.12 0.013-5.9 0.11 0.043-0.73

SDEHP 0.13 0.061-0.28  0.21 0.12-0.41 0.0603  0.032-0.12  0.097 0.044-0.18

*The study population was defined as participants with birth outcome data (either birth weight or gestational age at birth) in CANDLE and TIDES.
TGAPPS was a closed cohort which was reopened for ECHO-PATHWAYS. The study population in this summary includes participants consented

into GAPPS-PW as of 31 December 2020.
$NO,, nitrogen dioxide; O,, ozone; PM, , particulate matter less than 2.5.

§Prenatal stressful life events (SLEs, 14 questions) and maternal childhood trauma (3 questions) scored as count of affirmative responses.
{|Violent crime rate per 1000 residents in 2012 at the census block group level, averaged across the address history during pregnancy.

**Only metabolites detected in >50% of samples in the combined cohort were included; four PAHs were not included due low detection

in this sample (1-BAA: 1-hydroxybenz[a]anthracene, 3-BCP: 3-hydroxybenzo[c]phenanthrene, 1-CHRY: 1-hydroxychrysene, and 6-CHRY:
6-hydroxychrysene). All PAH values are shown for raw values (not adjusted for specific gravity), using LOD/sqrt(2) for those below the limit of
detection. 1-NAP, 1-hydroxynaphthalene; 2-NAP, 2-hydroxynaphthalene; 2-PHEN, 2-hydroxyphenanthrene; 3-PHEN, 3-hydroxyphenanthrene;
4-PHEN, 4-hydroxyphenanthrene; 1/9-PHEN, the sum of 1-hydroxyphenanthrene and 9-hydroxyphenanthrene; 2/3/9-FLUO, the sum of
2-hydroxyfluorene, 3-hydroxyfluorene and 9-hydroxyfluorene; and 1-PYR, 1-hydroxypyrene.

11Only metabolites detected in >50% of samples in the combined cohort were included. CANDLE phthalates were obtained from the enrolment
visit during the second trimester. TIDES phthalates were obtained from the second trimester visit. GAPPS-PW phthalates were obtained from the
second trimester if available; if not, measures from the first or third trimesters were used instead. All phthalate values are shown for raw values (not
adjusted for specific gravity), using LOD/sqrt(2) for those below the limit of detection. MMP, mono-methyl phthalate; MEP, mono-ethyl phthalate;
MCPP, mono-(3-carboxypropyl) phthalate; MEHHP, mono-(2-ethyl-5-hydroxyhexyl) phthalate; MBzP, mono-benzyl phthalate; MHXP, mono-n-hexyl
phthalate; MHPP, mono-n-heptyl phthalate; MCIOP, mono-(carboxyisooctyl) phthalate; MCINP, mono-(carboxynonyl) phthalate; MEHP, mono-2-
ethylhexyl phthalate; MBP, mono-n-butyl phthalate; MiBP, mono-isobutyl phthalate; MECPP, mono-(2-ethyl-5-carboxypentyl) phthalate; MCMHP,
mono-(2-carboxymethyl-hexyl) phthalate; MCHPP, mono-carboxy-n-heptyl phthalate; MEOHP, mono-(2-ethyl-5-oxohexyl) phthalate; MINP,
mono-isononyl phthalate; SDEHP, sum of metabolites of di-2-ethylhexyl phthalate parent compound in pmol/L calculated as (MEHP*(1/278.34)) +

(MEHHP*(1/294.34)) + (MEOHP*(1/292.33)) + (MECPP*(1/308.33)).

CANDLE, Conditions Affecting Neurocognitive Development and Learning in Early Childhood; GAPPS, Global Alliance to Prevent Prematurity and
Stillbirth; PAHs, polycyclic aromatic hydrocarbons; TIDES, The Infant Development and Environment Study.

associated with multiple social and educational outcomes,
and negatively associated with psychopathology.% 3 Three
executive functioning tasks are administered at all in
person visits and capture cognitive flexibility (Hearts and
Flowers),”* attention and inhibitory control (Flanker)*
and working memory (Digit Span) (table 4) 2

Airway health

Respiratory health measurement focuses on the globally
recognised International Study of Asthma and Aller-
gies in Childhood Survey based assessment'” of asthma
and atopic diseases as well as spirometry to characterise
child lung function, including repeat assessment in some
participants, allowing characterisation of lung functional
growth over middle childhood.*' Spirometry is conducted
using American Thoracic Society guidelines with assess-
ment of key parameters including forced vital capacity
and forced expiratory volume in 1 s, including pre and
post bronchodilator to ascertain reversibility of airway
obstruction, a hallmark of asthma.* Asthma, allergic
rhinitis and eczema are conditions associated with an
atopic predisposition in children,* with assessment of
current symptoms and associated medication and health-
care use. Blood seroatopy is assessed using a multiallergen
screen for aeroallergens (Phadiatop, mix proprietary) in
combination with the food allergen mix (fx5, chicken
egg, cow’s milk, peanut, soybean, codfish and wheat).**
Application of these screens has been more effective than

individual allergen-specific IgE measurements in charac-
terising the atopic status of children (table 4).

Biological mechanisms
The placental transcriptome provides insight into the
developmental programming of perinatal and child
outcomes. Gene expression is assessed using whole-
genome RNA sequencing and allows for identification of
mechanistic links between chemical and non-chemical
prenatal exposures and perinatal and childhood health
outcomes.” *® Transcriptomics data reflects gene expres-
sion and thus can reveal underlying functional differences
related to exposures or outcomes at a molecular level.
The placental epigenome, transcriptome and proteome
change across gestation®” *® and respond to cues from the
maternal environment.” Using specimens banked at the
time of delivery, we have generated placental transcrip-
tomics data on 289 participants in the GAPPS-PW and 794
participants in the CANDLE cohorts, which combined is
the largest collection of placental transcriptomics data
available to date. The ability to examine these genetic
transcriptomic data in a well-characterised cohort with
robustly assessed outcomes and exposures, provides an
unprecedented opportunity to understand the role of the
placental transcriptome as a mediator between prenatal
exposures, fetal development and childhood health.

In addition, as a potential biomarker that is sensitive to
social stress exposures and chemical exposures,” pCRH
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Table 3 Primary child health outcomes in the ECHO-PATHWAYS consortium at age 4-6

Overall CANDLE TIDES GAPPS-PW
Age 4-6year visit* (n=2179) (n=1149) (n=593) (n=437)
Variable (categorical) N % N % N % N %
Asthma and allergy measurest 2172 1145 591 436
Current wheeze 16 19 10 13
Current asthma 12 16
Ever asthma 12 15
Strict asthma 9 12
Ever Eczema 33 32 35 33
Ever Rhinitis 25 27 21 27
Neurodevelopment measures
Child Behaviour Checklistf 1997 1025 537 435
Externalising (T-score >63) 5 4 9 4
Internalising (T-score >63) 7 S 10 8
Affective scale (T-score >69) S 4 4 2
Anxiety scale (T-score >69) 2 2 2 4
ADHD scale (T-score >69) 2 2 3 3
Full scale IQ§ 1859 1050 427 382
Very high/extremely high 12 8 20 17
High average 23 21 24 29
Average 45 48 39 44
Low average 12 15
Very low/extremely low 7 9
Variable (continuous) Mean SD Mean SD Mean SD Mean SD
Child Behaviour Checklist T-scores N=1997 N=1025 N=537 N=435
Externalising score 46 10 45 10 49 10 44 10
Internalising score 46 11 45 11 49 10 46 11
Affective scale 53 5 53 5 54 6 53 5
Anxiety scale 53 6 52 S 54 6 53 6
ADHD scale 53 5 53 5) 54 6 52 5
Full scale IQ§ N=1859 N=1050 N=427 N=382
Composite score 103 15 100 15 106 16 107 13

*Total count for the age 4-6year visit defined as those participants having at least one neurodevelopment or airway outcome.

TAirway and allergy measures were assessed via the International Study of Asthma and Allergies in Childhood survey. Current wheeze was defined
as an affirmative response to two questions: ‘Has your child ever had wheezing or whistling in the chest at any time in the past?’ and ‘Has your child
ever had wheezing or whistling in the chest in the last 12 months?’ Ever asthma was defined as an affirmative response to the question: ‘Has your
child ever had asthma?’ Current asthma was defined as at least two of current wheeze, ever asthma and asthma medication use (‘In the past 12
months has the child used any medications for asthma or wheeze’). Strict asthma was defined as ever asthma AND at least one of current wheeze
and current asthma medication use. Eczema was defined as an affirmative response to the question ‘Has your child ever had eczema?’ Rhinitis was
defined as an affirmative response to the question ‘Has your child ever had a problem with sneezing, or a runny, or blocked nose when he/she did

not have a cold or the flu?’.

fT-scores were used to identify children with clinically significant behaviour problems on the Child Behaviour Checklist using published norms;

ADHD, attention deficit/hyperactivity disorder.

§Full scale 1Q was categorised as follows: 120 and higher as very high/extremely high, 110-119 as high average, 90-109 as average, 80-89 as low

average and 79 and less as very low/extremely low.

CANDLE, Conditions Affecting Neurocognitive Development and Learning in Early Childhood; GAPPS, Global Alliance to Prevent Prematurity and

Stillbirth; TIDES, The Infant Development and Environment Study.

was measured via repeated blood samples during the
second and third trimesters of pregnancy. CRH plays a
key role in regulating the activity of the hypothalamic—pi-
tuitary—adrenal axis, the body’s major neuroendocrine
stress response system and is synthesised and secreted
by the placenta during pregnancy. Variation in pCRH

levels and rise across pregnancy is critical for fetal devel-
opment’' and birth timing processes, but excessive levels
are related to adverse birth and developmental outcomes.
Thus, pCRH during pregnancy may provide mecha-
nistic insight into the biological embedding of both
maternal psychosocial stressors and chemical exposures.
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Table 4 Primary child health outcomes in the ECHO-PATHWAYS consortium at age 8-9
Age 8-9year visit* N=912

Variable (categorical) N % Variable (continuous) N Mean SD

Asthma and allergy

ISAAC surveyt 912
Current wheeze 13
Current asthma 14
Ever asthma 19
Strict asthma 12
Eczema 35
Rhinitis 31
Spirometryt 739 Spirometryf 739
FEV1<LLN 3 FEV1 Z-score 0.28 1.00
FVC<LLN 2 FVC Z-score 0.39 0.99
FEV1/FVC<LLN 8 FEV1/FVC Z-score -0.17 1.10
FEF 25-75<LLN 7 FEF 25-75 Z-score -0.16 0.95
IgE§ 545
Food Phadiotop (>0.35) 29
Food Phadiotop (>0.10) 58
Aeroallergen Phadiotop (>0.35) 50
Aeroallergen Phadiotop (>0.10) 63
Any allergy (>0.35) 56
Any allergy (=0.10) 76
Neurodevelopment and mental health
Child Behaviour Checklistf] 912 Child Behaviour Checklist | 912
Externalising score (T-score >63) 6 Externalising score 48 10
Internalising score (T-score >63) 8 Internalising score 48 10
Affective scale (T-score >69) 3 Affective scale 54 6
Anxiety scale (T-score >69) 3 Anxiety scale 54 B
ADHD scale (T-score >69) 3 ADHD scale 54 6
Depression 820 Depression** 820
Elevated CDI-2 (>65) 17 CDI-2 t-score 55 11
Very elevated CDI-2 (>70) 10
Anxiety 820 Anxiety T1
SCARED score >25 585 SCARED score 822 28 14
Digit Span scaled score 748 9.5 3.0
Hearts and Flowers
Overall accuracy 744 0.84 0.12
Flanker
Age-corrected standard score 720 95.6 13.8

*Total count for the age 8-9year visit in this table is defined as those participants having at least one neurodevelopment or airway outcome in the CANDLE cohort. Age 8-9year visits
are currently ongoing in the TIDES and GAPPS-PW cohorts, and thus data are not included here.

TISAAC, International Study of Asthma and Allergies in Childhood. Current wheeze was defined as an affirmative response to two questions: ‘Has your child ever had wheezing or
whistling in the chest at any time in the past?’ and ‘Has your child ever had wheezing or whistling in the chest in the last 12 months?’ Ever asthma was defined as an affirmative
response to the question: ‘Has your child ever had asthma?’ Current asthma was defined as at least two of current wheeze, ever asthma and asthma medication use (‘In the past 12
months has the child used any medications for asthma or wheeze’). Strict asthma was defined as ever asthma AND at least one of current wheeze and current asthma medication use.
Eczema was defined as an affirmative response to the question ‘Has your child ever had eczema?’ Rhinitis was defined as an affirmative response to the question ‘Has your child ever
had a problem with sneezing, or a runny, or blocked nose when he/she did not have a cold or the flu?’.

1FEV1, forced expiratory volume in 1s; FVC, forced vital capacity; FEF25-75, forced expiratory flow at 25-75% of FVC; LLN, lower limit of normal, defined as a Z-score of -1.645.
§Serum IgE screen was measured from child participants’ blood samples collected at the age 8-9year visit. The food allergen mix included chicken egg, cow’s milk, peanut, soybean,
codfish and wheat. Values less than the limit of detection (<0.1) were set to 0.1/1/2.

f|Continuous scales are T-scores that were calculated using standard Child Behaviour Checklist norms; T-scores were dichotomised using clinical cut-points; ADHD, attention deficit/
hyperactivity disorder.

**CDI-2, Children’s Depression Inventory, Second Edition. Continuous measures are T-scores using age and gender specific norms.

T1SCARED, Screen for Child Anxiety Related Disorders. Continuous measures are raw scores; possible range is 0-82.

Possible Digit Span scaled score range is 1-19.

CANDLE, Conditions Affecting Neurocognitive Development and Learning in Early Childhood; GAPPS, Global Alliance to Prevent Prematurity and Stillbirth; TIDES, The Infant
Development and Environment Study.
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In ECHO-PATHWAYS, pCRH has been ascertained in
1338women in the CANDLE cohort and is planned for
GAPPS-PW cohort as well (table 2).

Additional exposure and covariate characterisation

An additional strength of the ECHO-PATHWAYS cohort
is rich characterisation of potential covariates and
confounders. For example, multiple studies examining
associations between phthalates and both airway and neuro-
developmental outcomes have only adjusted for maternal
education to account for confounding by socioeconomic
position.”® ECHO-PATHWAYS also includes robust income
assessments (adjusting for household size, inflation and
regional differences in purchasing power) as well as neigh-
bourhood deprivation, which includes indicators related
to poverty, unemployment, educational attainment and
home ownership derived from the US Census.”” ECHO-
PATHWAYS also includes directly assessed maternal IQ),
a potential confounder for many studies examining child
neurodevelopmental outcomes and rarely included in large,
pregnancy cohort studies.” ** Additional covariates in the
ECHO-PATHWAYS study include birth weight, gestational
age, maternal mental health, maternal smoking and alcohol
use during pregnancy, secondhand tobacco smoke expo-
sure during pregnancy and childhood, breast feeding, as
well as a range of postnatal environmental factors such as
parenting and child diet. Ongoing work also includes the
characterisation of primary exposure domains (chemical
and psychosocial stress) and potential protective factors
(eg, neighbourhood opportunity, positive parenting, sleep
quality) throughout childhood, which will be examined in
future analyses.

Findings to date

Each cohort was developed to address specific study aims
or goals and, thus, has their own cohortspecific foci and
resulting publications before they joined the ECHO-
PATHWAYS consortium. ECHO-PATHWAYS has leveraged
all three of its cohorts to examine important scientific ques-
tions regarding each of the three primary ECHO-PATHWAYS
exposures (phthalates, air pollution, psychosocial stress) in
relation to each health outcome domain (neurodevelop-
ment/mental health, airway health) with some early analyses
focusing on single cohorts and more recent work in pooled
samples harmonising data across all three cohorts.

As CANDLE is the oldest cohort in the ECHO-PATHWAYS
consortium with data available through age 6 at study initi-
ation, early ECHO-PATHWAYS analyses focused on anal-
yses within this cohort and, in addition to chemical and
psychosocial exposure data, leveraged detailed nutrition
characterisation during pregnancy (plasma vitamin D and
folate, dietary patterns, etc). These early ECHO-PATHWAYS
products have examined maternal pregnancy exposures to
vitamin D,” dietary patterns,”® air pollutants,'” 5 phthal-
ates” and maternal stress™ in relation to child neurode-
velopment™ and other health outcomes." * For example,
prenatal exposure to PM,  in pregnancy was associated
with reduced IQ in children and the magnitude of effect

increased with reduced folate levels, suggesting that prenatal
folate may protect against the neurotoxic effects of air pollu-
tion."” Similar results were observed in associations with
child behaviour problems.”” ECHO-PATHWAYS analyses in
the CANDLE study population also suggest a positive associ-
ation between maternal vitamin D and childhood IQ,” links
between eating fast food in the second trimester of preg-
nancy and childhood obesity”® and that maternal stressors
during pregnancy are associated with her child’s early life
socioemotional development® and executive functioning,”
with some evidence that high quality parenting may buffer
these associations.” In one of the largest studies of pCRH
and child behaviour outcomes to date, we reported that
maternal exposure to traumatic events during her child-
hood resulted in higher pCRH levels and rise during preg-
nancy.”® We also observed that prenatal phthalate mixtures
were associated with alterations in pCRH, and that women
with pregnancy complications (gestational diabetes and pre-
eclampsia) may be most strongly impacted.” The first study
examining the CANDLE placental transcriptome in relation
to prenatal phthalate exposures found that maternal urinary
concentrations of several phthalate metabolites were asso-
ciated with changes in the expression of 38 genes within
the placenta.”* We also noted additional relations between
prenatal phthalate exposure and placental gene expres-
sion that were only significant in male or female infants. In
ECHO-PATHWAYS analyses focused on the TIDES cohort,
we found that prenatal phthalate exposure was associated
with child behaviours as well as social responsiveness at age
4-6 in a sex-specific manner; indicating that phthalates may
have sex-specific impacts on child behaviour and devel-
opment.” Additional work in TIDES demonstrated that
maternal stressful life events and distress during pregnancy
were associated with more child behaviour problems and
lower levels of adaptive functioning.”® Since GAPPS-PW had
been a closed cohort, no child health data was available until
ECHO-PATHWAYS began and therefore no child health
analyses using extant data could be leveraged within this
cohort. Currently, GAPPS-PW has collected data on over 600
ECHO-PATHWAYS participants, and consortium analyses
including these data are ongoing.

The first multicohort analysis within the ECHO-
PATHWAYS consortium combined the TIDES and
CANDLE cohorts and found that prenatal phthalate
exposure mixtures were associated with increased risk
of asthma and wheeze in boys but not girls.”” A second
paper combining these two cohorts leveraged the high
temporal resolution of modelled ECHO-PATHWAYS air
pollution estimates to examine novel hypotheses related
to the timing of exposure in relation to phases of fetal
lung development. We observed associations between
air pollution exposure during the saccular phase (24-36
weeks) of prenatal lung development and childhood risk
of asthma.”” The first ECHO-PATHWAYS studies using all
three cohorts have now been published. One study found
that prenatal air pollution exposure (PM, . and NO,) was
positively associated with child behaviour problems and
negatively associated with cognitive functioning, with
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some evidence suggesting stronger associations among
girls.”® Another three-cohort study suggests that the dura-
tion of exclusive breast feeding is associated with reduced
risk of asthma.”” Another found that maternal exposure to
trauma during childhood and stressful life events during
pregnancy was associated with greater child mental health
problems at age 4-6 (Bush et al, under review).

Strengths and limitations

The ECHO-PATHWAYS consortium has developed a rich
data resource that includes prenatal bioassay results (urinary
PAHS, phthalates and cotinine; plasma pCRH; and placental
gene expression) as well as a biorepository with samples span-
ning the prenatal period through childhood. Data collected
from ECHO-PATHWAYS participants include extensive
survey data on both chemical and psychosocial exposures
during pregnancy (maternal report only) and childhood
(child and maternal report); robust neurodevelopmental
and airway assessments in the early and middle childhood
periods; and extensive data on potential covariates, allowing
for rigorous adjustment for potential confounders and
precision variables across analyses. Notably, with a gender-
balanced, socioeconomically and racially diverse sample,
ECHO-PATHWAYS is also well-powered to investigate effect
modification by these characteristics, as well as investigate
inequities in prenatal experiences and exposures that may
presage notable health disparities in neurodevelopmental
and airway outcomes. Moreover, ECHO-PATHWAYS has
the capacity to identify prenatal and postnatal protective
factors (eg, maternal nutrition during pregnancy, parenting,
neighbourhood opportunity) that promote resilience
and health—a key component of evidence used to inform
prevention and intervention strategies.70 While outside the
scope of the current paper, ECHO-PATHWAYS data have
also provided an opportunity for additional research in areas
of major public health concern that are beyond the primary
ECHO-PATHWAYS outcome areas, including adverse preg-
nancy and birth outcomes as well as childhood obesity and
hypertension.

One limitation of the ECHO-PATHWAYS consortium is
that the component cohorts were not designed to recruit a
representative sample from their respective sites, which vary
in their representativeness of the underlying target popu-
lation with respect to sociodemographic characteristics.
Related, the cohorts also vary with respect to their demo-
graphic characteristics and relative contribution to the final
sample, which we address in analyses with robust adjustment
for sociodemographic characteristics, study site and site by
covariate interactions when conceptually indicated. We also
examine the robustness of associations to site and cohort
differences by conducting leave-onesite and leave-one-
cohort out sensitivity analyses. While the ongoing CANDLE,
TIDES and GAPPS-PW cohorts have experienced some
differential loss to follow-up, participant characteristics have
remained largely similar over time with respect to key demo-
graphic characteristics including maternal and paternal
education, family income and marital status.”® Finally, as
with many pooled cohort studies, ECHO-PATHWAYS faces

various challenges with respect to data harmonisation.” One
challenge salient to paediatric health research is harmoni-
sation of household income, a confounder of many asso-
ciations between early life exposure to stressors and child
health outcomes. The ECHO-PATHWAYS team has devel-
oped a novel approach to standardising reported household
income across regions with vastly different costs of living (eg,
San Francisco and Memphis) so that the measure represents
approximately equivalent purchasing power (Masterson
et al, under review). Other pooled, multisite studies will be
able to use this approach to harmonise a key predictor of
many exposures and outcome, mitigating the potential for
residual confounding.
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