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ABSTRACTS OF THE DISSERTATION

Prenatal Exposure to Per- and Polyfluoroalkyl Substances and
Child Neurodevelopment
By
Jiwon Oh
Doctor of Philosophy in Environmental Science

University of Texas, Arlington

Professor Hyeong-Moo Shin, Chair

Pregnant women are exposed to per- and polyfluoroalkyl substances (PFAS) primarily
via ingestion of contaminated food, water, and house dust. PFAS in pregnant women can be
transferred to their child through the placenta during pregnancy. Many long-chain PFAS have
been frequently detected in blood of pregnant women, amniotic fluid, and umbilical cord blood
for the last few decades. Prenatal exposure to PFAS has shown potential to adversely affect
offspring’s neurodevelopment in laboratory animals. However, epidemiological evidence on
associations between prenatal PFAS exposure and child neurodevelopment remains inconsistent.

My dissertation research consists of four sub-studies whose objectives are (1) to examine
associations between prenatal maternal serum PFAS concentrations and the risk of autism
spectrum disorder (ASD), (2) to examine associations between prenatal exposure to PFAS and
cognitive development in infancy and toddlerhood, (3) to examine associations between cord
blood PFAS concentrations and cognitive development in infancy and toddlerhood, and (4) to

investigate longitudinal changes in maternal PFAS concentrations from pregnancy to two years

Xviii



postpartum. The first, second, and fourth studies used data from the MARBLES (Markers of
Autism Risk in Babies — Learning Early Signs), a longitudinal cohort of children with a first
degree relative who was diagnosed with ASD. The MARBLES children were administered to
Mullen Scales of Early Learning (MSEL) for cognitive functions at 6, 12, 24, and 36 months of
age and clinically diagnosed with ASD at 36 months of age. Nine PFAS were quantified in
maternal serum collected during the 1%, 2", and 3" trimester of pregnancy and at 3, 6, and 24
months after delivery.

In the first study, I performed Poisson regression analyses to examine associations of
ASD risk with individual PFAS as well as combined PFAS using a principal component analysis
(PCA). I observed that prenatal maternal serum concentrations of perfluorooctanoate (PFOA)
and perfluorononanoate (PFNA) were associated with increased risk of child ASD. In the second
study, I used multiple linear regression models to examine cross-sectional associations of PFAS
with the MSEL Composite and four subscale scores at each time point and generalized
estimating equations to examine associations between PFAS and longitudinal changes in the
MSEL scores over the four assessment time points. I also classified trajectories of the MSEL
Composite scores into low- and high-score groups and fit Poisson regression models to estimate
relative risk (RR) of a high-score group versus a low-score group. I observed that prenatal
maternal serum PFOA concentrations were inversely associated with child MSEL Composite
scores at 24 and 36 months of age. When assessing longitudinal changes in the scores over the
four time points, PFOA was associated with a negative slope for Composite scores and all four
subscales. When examining RR between low- and high-score groups, PFOA was associated with

increased risk of having lower and/or decreasing Composite scores.
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In the third study, I used a Japanese population to confirm the findings from the second
study. I used the same statistical models to examine the cross-sectional and longitudinal
associations between cord blood PFOA and PFOS concentrations and MSEL Composite and
subscale scores assessed at 4, 6, 10, 14, 18, 24, 32, and 40 months of age. MSEL Composite
scores were inversely associated with cord blood PFOA at 18 months of age, but not at other
ages. When accounting for changes in scores from 4 to 40 months of age, PFOA and PFOS were
inversely associated with Fine Motor scores and positively associated with Receptive Language
scores.

In the fourth study, I fit separate linear mixed models during pregnancy, early postpartum
(from delivery to 6 months postpartum) and late postpartum (from 6 to 24 months postpartum) to
estimate percent changes for each sub-period. During pregnancy, linear and branched
perfluorooctane sulfonate (n- and Sm-PFOS), linear PFOA (n-PFOA), and PFNA concentrations
changed -4% to -3% per month. During early postpartum, perfluorohexane sulfonate and n-
PFOA concentrations changed -6% and -4%, respectively, per month, and Sm-PFOS and PFNA
concentrations changed -1% per month. During late postpartum, n-PFOS, Sm-PFOS, and PFNA

concentrations changed -1% per month.
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CHAPTER 1: INTRODUCTION



1.1. Background

1.1.1. Per- and polyfluoroalkyl substances

Per- and polyfluoroalkyl substances (PFAS) are a class of synthetic chemicals containing
carbon-fluorine bonds. They have both hydrophilic properties in the carboxylate or sulfonate
head group and hydrophobic properties in the fluorocarbon tail group (3M 1999). Because of
their surfactant properties, PFAS have been widely applied in the manufacture of consumer and
industrial products, such as non-stick cookware, food contact materials, water- and stain-resistant
fabrics, carpets, and fire-fighting foams (ATSDR 2018). Many of the long-alkyl chain PFAS,
including perfluorooctanoate (PFOA) and perfluorooctane sulfonate (PFOS), are persistent in the
environment and are resistant to photolysis, hydrolysis, biodegradation, and oxidative and
reductive processes owing to their strong carbon-fluorine bonds (Buck et al. 2011; Kissa 2001).

Among numerous families of PFAS, nine common PFAS discussed in this study are summarized

in Table 1.1.

Table 1.1 Nine per- and polyfluoroalkyl substances (PFAS) discussed in this study.

Class / Group Acronym Chemical name Chemical formula
PFOA Perfluorooctanoate CsHi1502
Perfluoroalkane PFNA Perfluorononanoate CoH1702
carboxylates (PFCAS) PFDA Perfluorodecanoate Ci10H1902
PFUnDA Perfluoroundecanoate Ci11H1702
PFDoDA Perfluorododecanoate C12H2302
Perfluoroalkane PFOS Perfluorooctane sulfonate CsH1703S
sulfonates (PFSAs) PFHxS Perfluorohexane sulfonate CsH1303S

2-(N-methyl-perfluorooctane
Perfluoroalkane MeFOSAA ( sulfoanIi)do) acetate CuHF17NO4S

2-(N-ethyl-perfluorooctane
sulfonamido) acetate

sulfonamido substances

EtFOSAA C12HsF17NO4S




Human exposure

PFAS are directly or indirectly released to air, water, and soil from the industrial
facilities, disposal sites of consumer products, and firefighting areas (Paul et al. 2009;
Prevedouros et al. 2006; Shin et al. 2011). Common long-alkyl chain PFAS are widely detected
in drinking water across the United States (U.S.) (Hu et al. 2016). From 1999 to 2017, the
number of sites contaminated by PFAS has increased, suggesting continued exposure of the
general population to these compounds (Sunderland et al. 2019). The major exposure pathways
of PFAS for adults and toddlers is via ingestion of contaminated food and water (Trudel et al.
2008). In addition, non-dietary dust ingestion, hand-to-mouth transfer from treated carpets,
migration into food from food contact materials, inhalation of indoor air, and dermal contact of
treated clothes can also contribute to PFAS exposure (Begley et al. 2008; Begley et al. 2005;

Bjorklund et al. 2009; Haug et al. 2011; Trudel et al. 2008; Yuan et al. 2016).

Half-life

Half-lives of PFAS in human serum are on the order of years. The elimination half-lives
of PFOA ranged from 2.1 to 3.8 years (Bartell et al. 2010; Li et al. 2018; Olsen et al. 2007;
Russell et al. 2015; Worley et al. 2017). One study reported that the half-lives of PFOA differed
by exposure level: 2.9 years for low-exposure populations and 8.5 years for high-exposure
populations (Seals et al. 2011). The half-lives of PFOS ranged from 3.3 to 5.4 years, and those of
perfluorohexane sulfonate (PFHxS) ranged from 5.3 to 15.5 years (Li et al. 2018; Olsen et al.
2007; Wong et al. 2014; Worley et al. 2017). Due to the long half-lives, PFAS concentrations in

blood are considered a standard biomarker of PFAS exposure over the past months or years.



Biomonitoring

Longitudinal biomonitoring studies reported that serum or plasma concentrations of
PFOA, PFOS, PFHxS, perfluorononanoate (PFNA), perfluorodecanoate (PFDA), and
perfluoroundecanoate (PFUnDA) in the general population generally increased from 1980s to
1990s (Berg et al. 2021; Gockener et al. 2020; Neost et al. 2014). In early 2000s, there were
regulatory and voluntary phase-out of PFOA, PFOS, and related compounds by global
manufacturers due to their toxic, persistent, and bioaccumulative properties (Lindstrom et al.
2011). Accordingly, serum or plasma concentrations of PFOA and PFOS have decreased since
2000s (Berg et al. 2021; Ding et al. 2020; Gockener et al. 2020; Nost et al. 2014; Olsen et al.
2017). Other PFAS concentrations, including PFHxS, PFNA, PFDA, and PFUnDA showed
mixed trends depending on country and population. According to the U.S. National Health and
Nutrition Examination Survey (NHANES), several PFAS have been frequently detected in the

serum of the U.S. general population for the last 20 years (CDC 2019).

Adverse health effects in children

PFAS are shown to have liver toxicity (Liu et al. 1996; Seacat et al. 2002), metabolic
toxicity (Kudo et al. 1999), reproductive and developmental toxicity (Butenhoff et al. 2004; Das
et al. 2015; Lau et al. 2004; Lau et al. 2003; Sato et al. 2009; Wang et al. 2021; Yahia et al.
2010), neurotoxicity (Austin et al. 2003; Johansson et al. 2008), and immunotoxicity (DeWitt et
al. 2012) in laboratory animals. Prenatal exposure to PFAS during the critical periods of
development is of particular concern because numerous epidemiological studies reported its
associations with adverse health outcomes in children. Prenatal PFAS exposure was associated

with reduced fetal or infant growth (Chen et al. 2021; Jin et al. 2020; Kashino et al. 2020),



immune dysfunction (Liew et al. 2018; Okada et al. 2012), neurodevelopmental disorders
(Hoffman et al. 2010; Lenters et al. 2019; Lien et al. 2016; Oh et al. 2021a; Oh et al. 2021b;
Vuong et al. 2021; Vuong et al. 2016), and thyroid disruption (Kim et al. 2011a; Preston et al.

2020).

1.1.2. Case Studies

Prenatal PFAS exposure and neurodevelopment

Animal studies reported that prenatal exposure to PFAS has neurotoxic and behavioral
effects on offspring (Mariussen 2012). Male mice that were prenatally exposed to PFOA showed
higher exploratory behaviors than female mice and increased activity in home cage
(Onishchenko et al. 2011). Mice that were prenatally exposed to PFOS showed delayed
development of neuromotor skills (Fuentes et al. 2007) and decreased exploratory activity and
increased number of inactive periods only among males (Onishchenko et al. 2011). In male rats,
prenatal exposure to PFOS led to increased locomotor activity and decreased habituation on
postnatal day (PND) 17 but not on PND 13, 21, and 61(Butenhoff et al. 2009).

Throughout pregnancy, a number of different biological processes concerning brain
development (e.g., neurogenesis, neural migration, synaptogenesis, and neural network
formation) occur with overlapping timing (Hertz-Picciotto et al. 2018a); disruption of such
processes by PFAS can adversely affect child neurodevelopment (Braun 2017; Kalkbrenner et al.
2014; Lyall et al. 2014). For example, PFAS are reported to alter the levels of neuroprotein
critical for brain growth and synaptogenesis (Johansson et al. 2009; Lee and Viberg 2013) and
induce neuronal cell apoptosis and oxidative stress (Berntsen et al. 2017; Lee et al. 2013; Reistad

et al. 2013). PFAS are also shown to interfere with thyroid hormone homeostasis of pregnant



women, (Berg et al. 2015; Wang et al. 2014), which are critical for fetal brain development
(Zoeller and Rovet 2004). Subtle changes in maternal thyroxine levels during pregnancy were
associated with increased risk of child’s delayed mental and motor development (Berbel et al.
2009; Henrichs et al. 2010; Pop et al. 2003; Pop et al. 1999), attention-deficit/hyperactivity
disorder (ADHD) symptoms (Modesto et al. 2015), and autistic behaviors (Roman et al. 2013) in

infancy and early childhood.

Gestational transfer of PFAS

During pregnancy, PFAS are known to be transported from mother to fetus through the
placenta (Ma et al. 2021). Long-alkyl chain PFAS are commonly detected in blood of pregnant
women, amniotic fluid, and umbilical cord blood (Bjerregaard-Olesen et al. 2016b; Inoue et al.
2004; Kato et al. 2014; Kim et al. 2011a; Kim et al. 2011b; Liu et al. 2011; Long et al. 2019;
Manzano-Salgado et al. 2015; Monroy et al. 2008; Ode et al. 2013; Tsai et al. 2018). Certain
PFAS concentrations in prenatal maternal blood are moderately to highly correlated with those in
matched amniotic fluid (» [Pearson or Spearman correlation coefficient] = 0.64 to 0.80 for
PFOA, PFOS and PFHxS) (Stein et al. 2012) and cord blood (» = 0.63 to 0.94 for PFOA, r =
0.50 to 89 for PFOS, r = 0.59 to 0.89 for PFHxS, » = 0.51 to 0.82 for PFNA, » = 0.82 to 0.84 for
PFDA, r=0.55 to 0.70 for PFUnDA), supporting the placental transfer of PFAS (Beesoon et al.
2011; Fromme et al. 2010; Giitzkow et al. 2012; Kim et al. 2011b; Liu et al. 2011; Manzano-
Salgado et al. 2015; Monroy et al. 2008; Ode et al. 2013). In these studies, individual PFAS
showed different transplacental transfer efficiencies, and the transfer efficiencies tended to
decrease with increasing carbon chain length (Beesoon et al. 2011; Giitzkow et al. 2012; Kim et

al. 2011b). The transplacental mechanisms of PFAS are not fully understood, but proposed



mechanisms include passive diffusion and active transport through binding to transporter

proteins in the placenta (Ma et al. 2021).

1.2. Rationale for the dissertation

Prenatal PFAS exposure and autism spectrum disorder
Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder

characterized by deficits in social communication and interaction and by the presence of
restricted interests, repetitive behaviors, and sensory sensitivities (American Psychiatric
Association 2013). In the U.S., 1 in 54 children are affected by ASD, with an increasing number
of ASD diagnoses for the last three decades (Maenner et al. 2020). The prevalence of ASD is
approximately 4.3 times higher in boys than in girls. Twin studies revealed that environmental
factors play a significant role in the development of ASD (Frazier et al. 2014; Hallmayer et al.
2011; Sandin et al. 2014; Tordjman et al. 2014). A growing body of epidemiological studies
suggests that prenatal exposure to environmental neurotoxicants is associated with increased risk
of ASD (Hertz-Picciotto et al. 2018a).

Five epidemiological studies that examined associations between prenatal exposure to
PFAS and ASD risk showed mixed results (Table 1.2). For example, Liew et al. and Shin et al.
reported increased risk of ASD in association with prenatal maternal concentrations of PFHxS
and PFOS and PFHxS, respectively (Liew et al. 2014; Shin et al. 2020). On the contrary, Braun
et al. and Lyall et al. observed decreased risk of ASD in association with prenatal maternal
concentrations of PFOA and PFOS and PFOA, respectively (Braun et al. 2014; Lyall et al.
2018). Long et al. also reported that PFOS concentrations in amniotic fluid were association with

decreased risk of ASD (Long et al. 2019). Although pregnant women are exposed to the mixture



of correlated PFAS, rather than a single compound, these studies examined associations for

individual PFAS, which may explain the inconsistent findings. Therefore, studying the effect of

individual PFAS as well as the potential combined effect of exposure to a PFAS mixture on ASD

risk can help improve understanding of these associations.

Table 1.2 Previous epidemiological studies examining the associations between prenatal PFAS
exposure and the risk of autism spectrum disorder.

Study population

Papers (study period) Sample collection Results
Braun et | U.S. Cincinnati birth Maternal blood at 16-26 PFOA: less autistic behaviors in
al., 2014 | cohort (2003-2006) weeks’ gestation children at 4-5 years (¥)
Liew et | Danish National Birth | Maternal blood at 1 or 2"¢ | PFHxS: some evidence of
al., 2015 | Cohort (1996-2002) trimester of pregnancy increased risk of autism (T)
Lyall et | U.S. California autism | Maternal blood at 15-19 PFOA, PFOS: decreased risk of
al., 2018 | cohort (2000-2003) weeks’ gestation ASD ({)
Long et | Denmark Historic Birth | Amniotic fluid at 2™ PFOS: decreased risk of ASD
al., 2019 | Cohort (1995-1999) trimester of pregnancy )
Shinet | U.S. California autism | Modeled from the maternal | PFOS, PFHxS: increased risk of
al., 2020 | cohort (2009-2017) blood samples collected ASD (1)

when children are 2-5 years

Abbreviation: autism spectrum disorder (ASD), perfluorooctanoate (PFOA), perfluorooctane
sulfonate (PFOS), perfluorohexane sulfonate (PFHxS)

Prenatal PFAS exposure and cognitive development in infancy and toddlerhood

Four epidemiological studies examining the associations between prenatal exposure to

PFAS and cognitive development in infancy and toddlerhood (before or at 36 months of age)

showed mixed results (Table 1.3). These studies assessed cognitive abilities at different ages

using various assessment tools. For example, Donauer et al. observed that prenatal maternal

PFOA concentrations were associated with hypotonic response assessed using Neonatal

Intensive Care Unit Network Neurobehavioral Scale at 5 weeks of age (Donauer et al. 2015).



Goudarzi et al. reported that prenatal maternal PFOA concentrations were associated with lower
mental developmental index assessed using Bayley Scales of Infant Development among 6-
month-old female infants (Goudarzi et al. 2016). Chen et al. observed that cord blood PFOS
concentrations were associated with lower developmental quotients assessed using
Comprehensive Developmental Inventory for Infants and Toddlers at 24 months of age (Chen et
al. 2013). Spratlen et al. repeatedly assessed cognitive development using Bayley Scales at 12,
24, and 36 months of age and observed that cord blood PFOA and PFHxS concentrations were
associated with higher mental developmental index at 3 years of age, but not at 1 and 2 years
(Spratlen et al. 2020). These studies investigated cross-sectional associations between prenatal
PFAS exposure and cognitive development, but little is known about longitudinal changes or
trajectories of child’s cognitive abilities in associations with prenatal PFAS exposure. Because
cognitive abilities fluctuate during infancy and toddlerhood, studying longitudinal changes or
trajectories of cognitive functions in infancy and toddlerhood may improve understanding of

their associations with prenatal PFAS exposure.



Table 1.3 Previous epidemiological studies examining the associations between prenatal PFAS
exposure and child’s cognitive development in infancy and toddlerhood.

Study
population Assessment Sample
Papers (study period) age / tool collection Results
Donauer et | U.S. Cincinnati | 5 weeks / Neonatal | Maternal blood | PFOA: hypotonic
al., 2015 | birth cohort Intensive Care Unit | at 16 weeks’ response (¥)

(2003-2006) Network Neuro-

. gestation
behavioral Scale

Goudarzi | Japan Hokkaido | 6 and 18 months / Maternal blood | PFOA: lower mental

et al., 2016 | birth cohort Bayley Scales of after 2 developmental index
(2002-2005) Infant Development | ¢ egter among 6-month-old
females ({)
Chen et Taiwan Birth 24 months / Cord blood at | PFOS: lower
al., 2013 Panel Study Comprehensive delivery developmental quotients
(2004_2005) Developmental (\L)
Inventory for Infants
and Toddlers
Spratlen et | U.S. New York | 12, 24, and 36 Cord blood or | PFOA, PFHxS: higher
al., 2020 birth cohort months / Bayley maternal blood | mental developmental
(2001-2002) Scales of Infant at delivery index at 3 years (1), but
Development

not at 1 and 2 years (-)

Longitudinal changes in maternal PFAS concentrations from pregnancy to postnatal periods
Changes in maternal PFAS concentrations from pregnancy to postnatal periods are
related to placental or lactational transfer rates from mother to child. Four previous studies
quantified PFAS concentrations in serial blood samples collected during pregnancy or postnatal
periods and investigated concentration changes (Table 1.4). Buck Louis et al. and Chen et al.
collected maternal blood samples at the 1%, 2", and 3™ trimesters of pregnancy and observed
decreases in PFOA, PFOS, PFNA, PFDA, PFUnDA, and perfluorododecanoate (PFDoDA)
concentrations, but PFHxS concentrations increased or did not change (Buck Louis et al. 2019;
Chen et al. 2021). Kato et al. collected maternal blood samples at the 2™ trimester of pregnancy

and delivery and observed decreases in PFOA, PFOS, PFHxS, and PFNA concentrations (Kato



et al. 2014). Glynn et al. collected maternal blood samples at the 1%t and 3™ trimesters of

pregnancy and 3 weeks and 3 months after delivery (Glynn et al. 2012). They observed decreases

in PFOA, PFOS, and PFNA concentrations during pregnancy and declines in PFOA

concentrations from 3 weeks to 3 months after delivery. However, little is known about changes

in maternal PFAS concentrations during postnatal periods when mothers cease exclusive

breastfeeding. After the start of the weaning period, PFAS are less likely to be transported from

mother to child compared to the earlier periods (i.e., pregnancy, lactation). Therefore, changes in

maternal PFAS concentrations during pregnancy and early postpartum compared to those during

late postpartum may help understand gestational and lactational transfers of PFAS.

Table 1.4 Previous studies investigating changes in maternal PFAS concentrations during
pregnancy and postnatal periods.

Study population
Papers (study period) Sample collection Results
Buck Louis | 50 pregnant women | Maternal blood samples | During pregnancy
etal., 2019 | inthe U.S. (1992- at the 1%, 2", and 3% PFOA, PFOS, PFNA, PFDA,
1995) trimesters of pregnancy | PFUnDA, PFDoDA: decreasing (),
PFHxS: increasing (1)
Chen et al., | 214 pregnant women | Maternal blood samples | During pregnancy
2021 in China (2013- at the 1%, 2", and 3™ PFOA, PFOS, PFNA, PFDA,
2015) trimesters of pregnancy | PFUnDA, PFDoDA: decreasing (),
PFHxS: no change (-)
Kato et al., | 71 pregnant women | Maternal blood samples | During pregnancy
2014 in the U.S. (2003- at 16 weeks’ gestation PFOA, PFOS, PFHxS, PFNA:
2006) and at delivery decreasing (1)
Glynn et 19 pregnant women | Maternal blood samples | During pregnancy
al., 2012 in Sweden (1996- at the 1% and 3™ PFOA, PFOS, PFNA: decreasing ()
1999) trimesters of pregnancy, | 3 weeks to 3 months postpartum

3 weeks, and
3 months after delivery

PFOA: decreasing (1),
PFOS, PFNA: no change (-)

Abbreviation: perfluorononanoate (PFNA), perfluorodecanoate (PFDA), perfluoroundecanoate
(PFUnDA), perfluorododecanoate (PFDoDA)
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1.3. Research objectives and hypotheses

The main objectives of my dissertation research were (1) to examine associations of
prenatal maternal serum PFAS concentrations with child ASD and cognitive development and
(2) to investigate longitudinal changes in maternal serum PFAS concentrations from pregnancy
to postnatal periods. Specific research objectives and their corresponding hypotheses are outlined

below:

1) Examine associations between ASD risk and prenatal maternal serum PFAS concentrations
and a PFAS mixture.
a) Ho: Prenatal maternal serum PFAS concentrations are not associated with increased risk
of ASD.

b) Hi: Prenatal maternal serum PFAS concentrations are associated with the risk of ASD.

2) Examine cross-sectional and longitudinal associations between prenatal maternal serum
PFAS concentrations and child cognitive development in infancy and toddlerhood.
a) Ho: Prenatal maternal serum PFAS concentrations are not associated with cognitive
development in infancy and toddlerhood.
b) Hi: Prenatal maternal serum PFAS concentrations are associated with cognitive

development in infancy and toddlerhood.
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3) Investigate longitudinal changes in maternal serum PFAS concentrations during pregnancy
and early and late postpartum. Identify the potential determinants of the changes for each
sub-period.

a) Ho: The changes in maternal serum PFAS concentrations are the same for all compounds
during pregnancy and early and late postpartum.
b) Hi: The changes in maternal serum PFAS concentrations are different for any two of the

study compounds during pregnancy and early and late postpartum.

1.4. Overview of dissertation

The first phase of my research is epidemiological studies to examine associations
between prenatal maternal PFAS exposure and child ASD risk and cognitive development in
infancy and toddlerhood. The second phase is to investigate longitudinal changes in maternal
serum PFAS concentrations from pregnancy to two years postpartum.

In Chapter 2, I examined associations between prenatal maternal serum PFAS
concentrations and the risk of child ASD assessed at 3 years of age. I used Poisson regression
models to estimate the relative risks (RRs) of ASD compared to typical development. I
performed a principal component analysis (PCA) to examine the combined effect of exposure to
a PFAS mixture on ASD risk. As effect modification analyses by child’s sex and maternal age at
delivery, I compared stratum-specific estimates and evaluated p-values for the interaction terms
between PFAS and potential effect modifiers.

In Chapter 3, I examined associations between prenatal maternal serum PFAS
concentrations and child cognitive development assessed using Mullen Scales of Early Learning

(MSEL) at 6, 12, 24, and 36 months of age. For cross-sectional associations, I used multiple
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linear regression models to estimate regression coefficients at each assessment time point. I also
used generalized estimating equations models to examine longitudinal changes in MSEL scores
over the four assessment time points in association with prenatal maternal serum PFAS
concentrations. I performed a trajectory analysis to identify the two groups with distinct
trajectories of MSEL scores over the four assessment time points and used Poisson regression
models to estimate the RRs of the low-score group compared to the high-score group in
association with prenatal maternal serum PFAS concentrations.

In Chapter 4, to support the findings from Chapter 3, I investigated associations between
cord blood PFOA and PFOS concentrations and cognitive development in a Japanese population
that is representative of the general population. Child cognitive development was assessed at 4,
6, 10, 14, 18, 24, 32, and 40 months of age using MSEL. I used the same statistical models to
examine the cross-sectional and longitudinal associations.

In Chapter 5, I grouped maternal blood samples into three sub-periods: 1%, 27, and 3™
trimesters of pregnancy (pregnancy), 3 trimester and 3 and 6 months postpartum (early
postpartum), and 6 and 24 months postpartum (late postpartum). Then I used linear mixed
models to estimate the percent changes in maternal serum PFAS concentrations per one-unit
increase in time for each sub-period. From the linear mixed models, I also identified
determinants for the maternal serum PFAS concentration changes.

In Chapter 6, I summarized the results from Chapters 2 through 5 and described the

conclusions of my dissertation.
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2.1. Introduction

2.1.1. Background

Per- and polyfluoroalkyl substances (PFAS) are a class of man-made fluorinated
chemicals (Olsen et al. 2017). Because of their water- and stain-resistant properties, PFAS have
been widely used in the manufacture of consumer and industrial products, including cookware
non-stick coatings, food contact materials, stain- and water-resistant fabric coatings, industrial
surfactants, and fire-fighting foams (Benford et al. 2008). Due to their wide range of applications
and persistence in the environment, several PFAS have been frequently detected in the serum of
the general U.S. population for the last 20 years (CDC 2019; Kato et al. 2011Db).

Exposure to PFAS during pregnancy is of concern. PFAS can cross placenta and be
transported to the fetus (Giitzkow et al. 2012), and a number of PFAS have been detected in cord
blood samples (Fisher et al. 2016; Kato et al. 2014). PFAS may adversely affect child’s brain
development. In animal studies, mice that were prenatally exposed to perfluorooctane sulfonate
(PFOS) exhibited delays in developmental landmarks and neuromotor maturation (Fuentes et al.
2007). Prenatal exposure to perfluorooctanoate (PFOA) resulted in alterations in exploratory
behaviors in male and female mice (Onishchenko et al. 2011). In humans, there is evidence that
PFAS disrupt thyroid hormone homeostasis of pregnant women (Berg et al. 2015; Wang et al.
2014), which may adversely affect fetal brain development (Morreale de Escobar et al. 2000).
Several prospective birth cohort studies showed that maternal thyroid hormone deficiency during
pregnancy is associated with increased risk of child neurodevelopmental delay, attention-
deficit/hyperactivity disorder (ADHD) symptoms, and autistic behaviors in infancy and

childhood (Modesto et al. 2015; Pop et al. 2003; Roman et al. 2013). However, previous

15



epidemiological findings on the associations between prenatal exposure to PFAS and the risk of

neurodevelopmental concerns or autistic behaviors have been inconclusive (Liew et al. 2018).

2.1.2. Statement of research problem

Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder
characterized by impairments in social communication and interaction, restricted interests and
repetitive behaviors, and sensory sensitivities. A growing body of literature suggests that
exposure to environmental neurotoxicants during pregnancy can contribute to the development
of ASD (Hertz-Picciotto et al. 2018a). Five epidemiologic studies examined the associations
between prenatal PFAS exposure and the risk of ASD. A prospective cohort study observed that
higher PFOA, but not other PFAS, in 16-week prenatal maternal serum was associated with less
autistic behaviors in 4- and 5-year-old children (Braun et al. 2014). A nested case-control study
did not find convincing evidence of associations between maternal PFAS plasma concentrations
collected during the first or second trimester of pregnancy and increased risk of childhood autism
(Liew et al. 2014). Two case-control studies reported that higher PFOA and PFOS in 15- to 19-
week prenatal maternal serum (Lyall et al. 2018) or PFOS in amniotic fluid collected during the
second trimester (Long et al. 2019) were associated with decreased risk of child ASD, while
other PFAS were not associated. Another case-control study observed that modeled prenatal
maternal serum PFOS and perfluorohexane sulfonate (PFHxS), but not other PFAS, were
associated with increased risk of child ASD (Shin et al. 2020). Because PFAS are weakly or
moderately correlated each other and one PFAS may confound another PFAS, consideration of a
single compound in the model may explain, at least in part, the inconsistent findings from these

studies.
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2.1.3. Objectives

In this study, we used maternal serum samples prospectively collected during pregnancy
in a high-risk ASD cohort to examine whether prenatal maternal serum PFAS concentrations
were associated with increased risk of child ASD. We also examined the potential combined

effect of exposure to a mixture of PFAS on ASD risk.

2.2. Methods

2.2.1. Study population

MARBLES (Markers of Autism Risk in Babies — Learning Early Signs) is a prospective
cohort study, which began in 2006, that enrolls women who are pregnant with a child who has a
first degree relative with ASD and thereby is at elevated risk (~ 20%) for developing ASD
(Hertz-Picciotto et al. 2018b; Ozonoff et al. 2011). Participants are primarily recruited from
families receiving services for children with ASD through the California Department of
Developmental Services. Inclusion criteria of MARBLES are: 1) mother or father has a child or
other first degree relative with ASD; 2) mother is 18 years old or older; 3) mother is pregnant; 4)
mother speaks, reads, and understands English; and 5) mother resides within 2.5 hours of the
Davis/Sacramento region at the time of enrollment. For families who consent to participate in the
MARBLES study, demographic information, medical records, and biological specimens are
prospectively collected. Detailed information on study design, study population, inclusion
criteria, recruitment and data collection is described elsewhere (Hertz-Picciotto et al. 2018Db).

For the present study, we included 193 mothers who provided blood samples during

pregnancy between 2009 and 2015. One mother who did not have a previous child with ASD at
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enrollment was included in this study because she had three siblings with ASD. Among 193
mothers, eight mothers participated in the study for two pregnancies and three mothers delivered

twins. Thus, 204 mother-child pairs comprised the study population (Figure 2.1).

Eligible MARBLES mother-child
pairs enrolled between 2009 and 2015
(N =239)

\ 4

Excluded 18 mother-child pairs who did
not provide prenatal blood samples with

sufficient volume of available serum for
PFAS quantification (N = 221)

Total samples = 312 blood samples
(136 pairs provided one sample,
28 pairs provided two samples,
40 pairs provided three samples)

Restricted to children who had
diagnostic outcomes (N = 204,
ASD =57, TD =116, Non-TD = 31)

\ 4

\ 4

For statistical analysis, Non-TD Total samples = 266 blood samples
children were excluded to focus on the (113 pairs provided one sample,
associations of prenatal exposure to > 27 pairs provided two samples,

PFAS with ASD (N = 173) 33 pairs provided three samples)

Figure 2.1 Study flow and blood sample collection from MARBLES participants to examine the
associations between prenatal exposure to PFAS and the risk of ASD.

18



2.2.2. Serum sample collection and PFAS guantification

A total of 312 maternal blood samples were collected during pregnancy from 193
mothers. Each mother provided a varying number of blood samples during pregnancy (mean =
1.5; standard deviation (SD) = 0.8), with most samples (79%) being provided in the second and
third trimesters. Of 312 samples, 67 were collected in the first trimester, 142 in the second
trimester, and 103 in the third trimester. Of 204 mother-child pairs, 136 pairs provided one
sample, 28 pairs provided two samples, and 40 pairs provided three samples (Figure 2.1). Whole
blood was centrifuged, and separated serum was stored at -80 °C within 24 hours of blood draw.

Quantification of PFAS in maternal sera was performed at the Centers for Disease
Control and Prevention (CDC) using online solid-phase extraction coupled to reversed-phase
high-performance liquid chromatography—isotope dilution tandem mass spectrometry. Detailed
analytical methods for quantification of PFAS are described elsewhere (Kato et al. 2011a). For
quality control, blank samples and two quality control materials (low and high concentrations)
were included in each batch. For quality assurance, we additionally analyzed 25 blind duplicate
samples along with the study samples. The median coefficient of variation for these duplicate
pairs of samples varied from 0% to 11%, depending on the analyte.

Nine PFAS were quantified in serum: PFOA, PFOS, PFHxS, perfluorononanoate
(PFNA), perfluorodecanoate (PFDA), perfluoroundecanoate (PFUnDA), perfluorododecanoate
(PFDoDA), 2-(N-methyl-perfluorooctane sulfonamido) acetate (MeFOSAA), and 2-(N-ethyl-
perfluorooctane sulfonamido) acetate (EtFOSAA). The limit of detection (LOD) for all nine
PFAS was 0.1 ng/mL. For PFAS concentrations below the LOD, we used instrument-observed

values as there seems to be less bias with this approach than using an imputation method that
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assigns the same value (e.g., LOD/2) to all non-detected concentrations (Lubin et al. 2004;

Richardson and Ciampi 2003).

2.2.3. Child neurodevelopmental assessment

At approximately 36 months of age, children were administered the Autism Diagnostic
Observation Schedule (ADOS), which is a semi-structured, standardized diagnostic assessment
of ASD conducted by a trained psychologist (Ozonoff et al. 2005). Raw ADOS scores were
further converted into calibrated severity scores (CSS) ranging from 1 to 10 (CSS > 4 represents
ASD classification) (Esler et al. 2015). Children were also assessed for cognitive development
using Mullen Scales of Early Learning (MSEL) which has scores for four subscales (i.e., visual
reception, fine motor, receptive language, and expressive language) (Mullen 1997). Based on
ADOS and MSEL scores, we defined the neurodevelopmental outcome of each child and
classified 204 children into three diagnostic groups using a previously published algorithmic
method with some modifications (Esler et al. 2015; Ozonoff et al. 2014). Children who met
Diagnostic and Statistical Manual of Mental Disorders, 5th Edition (DSM-5) criteria for ASD
and had ADOS CSS > 4 were classified into ASD (n = 57). Children who did not meet DSM-5
criteria for ASD but had ADOS CSS > 3 and/or lower MSEL scores (> 1.5 SD below the mean in
two or more MSEL subscales or > 2 SD below the mean in at least one MSEL subscales) were
classified into non-typical development (Non-TD; n = 31). The rest were classified into typically
developing children (TD; n = 116) (Hertz-Picciotto et al. 2018b). The children with Non-TD
diagnosis were excluded from the current study, as our focus was on ASD specifically. Therefore,

173 mother-child pairs were used in the statistical analyses.
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2.2.4. Statistical analysis

We computed univariate statistics and compared population characteristics of ASD and
TD groups using the Pearson’s chi-squared test for categorical variables and the Wilcoxon rank-
sum test for a continuous variable. We compared median PFAS concentrations between the two
diagnostic groups using the Wilcoxon rank-sum test. We also compared median PFAS
concentrations among groups of population characteristics using the Wilcoxon rank-sum test for
binary variables and the Kruskal-Wallis test for other categorical variables. Further, we
compared our median PFAS concentrations with those of the pregnant women (n = 61) reported
in the National Health and Nutrition Examination Survey (NHANES) during the same study
period (2009-2014). We combined PFAS concentration data from three NHANES cycles (i.e.,
2009-2010, 2011-2012, 2013-2014) and computed median PFAS concentrations restricted to the
pregnant women in the NHANES population (CDC 2019).

We used Poisson regression models with robust error variance to examine the
associations between prenatal PFAS concentrations and the relative risks (RRs) of ASD,
compared with TD (Chen et al. 2018). We constructed a directed acyclic graph (DAG) including
a priori chosen potential confounders and risk factors for ASD identified in the previous studies
(Figure 2.2). We evaluated percent changes of the beta estimate by excluding each covariate
from the DAG full model and selected only those covariates which changed the estimate by
greater than 10% (Weng et al. 2009). In the final model, we included child’s sex (female, male),
birth year (2009-2010, 2011-2013, 2014-2015), maternal vitamin intake in the first month of
pregnancy (yes, no), and two variables as proxies of socioeconomic status: maternal education
(high school or some college credit, bachelor’s degree, graduate or professional degree) and

homeownership (owner, non-owner). For mothers who delivered twins or were enrolled for two
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children from different pregnancies, we adjusted for within-family correlations by participant
identification numbers in the regression models by using clustered sandwich variance estimators
(Zou 2004). Because there were missing values in two covariates, we performed multiple
imputation by chained equations, which included all exposure and outcome variables as well as

the covariates (White et al. 2011). Ten imputed datasets were used in the regression models.

Child's birth year

s Child's sex
Gestational diabetes

o

Pre-pregnancy BMI

N
Maternal prenatal PFAS conc

>
%]
o

' T
WPANA Parity *
Socio-economic status )
Gestational age

“ -
A 7

- ' Prenatal vitamin intake
N,

Maternal education \

: Mother's race/ethnicity
Maternal age

Figure 2.2 Directed acyclic graph constructed to identify potential confounders of association
between prenatal PFAS concentrations and ASD. Green circles represent ancestors of the
exposure, blue circles ancestors of the outcome, pink circles ancestors of both exposure and
outcome.
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Using the final Poisson regression models, we estimated adjusted RRs and 95%
confidence intervals (CIs) for four PFAS which were detected in more than 99% of the study
samples (i.e., PFOA, PFOS, PFHxS, and PFNA). We fit two different models for each of the
individual PFAS using (1) log 2-transformed (or binary log-transformed) PFAS concentrations,
describing the two-fold increase in the log of the RR in relation to the PFAS concentrations (to
lessen the influence of outlying measurements from the skewed untransformed distributions) and
(2) PFAS concentrations without transformation, describing the linear increase in the log of the
RR in relation to the PFAS concentrations (because a previous study suggested a linear dose-
response relationship between the risk of ASD and PFAS concentrations) (Shin et al. 2020). For
mothers who provided multiple samples during pregnancy, we used average PFAS
concentrations in the regression models. In order to examine the combined effect of the four
PFAS concentrations on ASD, we performed a principal component analysis which reduces a set
of correlated variables into a smaller number of principal components (PCs). We selected a PC
that had eigenvalue greater than one based on the Kaiser’s criterion (Kaiser 1960) and used its
scores in the regression models.

As a sensitivity analysis, we excluded the top 2.5 percentiles of individual PFAS
concentrations and ran the regression models to examine the effect of extreme values. We also
ran the regression models by additionally adjusting for a set of potential confounders identified
from a DAG: maternal pre-pregnancy body mass index (BMI) (normal/underweight, overweight,
obese), parity (< 1, > 1), maternal age at delivery (< 35 years, > 35 years), and maternal
race/ethnicity (non-Hispanic white, Hispanic, other). For mothers who provided more than one
sample during pregnancy, we additionally ran the same final models using the highest

concentration or a randomly selected concentration among multiple samples instead of their
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average. To evaluate effect modification of the associations between PFAS and ASD risk, we
examined child’s sex (female, male) and maternal age at delivery (< 35 years, > 35 years) as
potential effect modifiers on the grounds of biological plausibility (Braun et al. 2014; Janecka et
al. 2017; Jeddy et al. 2017; Werling and Geschwind 2013). We compared stratum-specific
estimates and examined p-values for the interaction terms. Statistical analyses were performed

using STATA/IC version 15.1 (StataCorp LLC, College Station, TX, USA).

2.3. Results

2.3.1. Population characteristics

In this study, we observed differences in several population characteristics between ASD
and TD groups (Table 2.1). As expected, the male to female ratio of children with ASD (2.35)
was higher than TD children (1.15). Mothers of TD children were more likely to have a
bachelor’s degree or higher (53.4%), compared to those of children with ASD (36.8%) and more
likely to own a home (60.3%) than those of ASD children (45.6%). Fewer mothers who had
children with ASD took prenatal vitamins during the first month of pregnancy (40.4%),

compared to those who had TD children (56.0%).
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Table 2.1 Characteristics of the study participants by diagnostic group. g

All (n = 173)

ASD (n=57)

TD (n = 116)

Characteristics * ; . % . % p-value®
Child’s sex 0.04
Female 71 17 29.8 54 46.6
Male 102 40 70.2 62 534
Child’s birth year 0.53
2009-2010 61 19 333 42 36.2
2011-2013 57 22 38.6 35 30.2
2014-2015 55 16 28.1 39 33.6
Gestational age at delivery 0.37
<37 weeks 10 2 3.5 8 6.9
> 37 weeks 163 55 96.5 108 93.1
Maternal age at delivery 0.91
< 35 years 93 31 544 62 534
> 35 years 80 26 45.6 54 46.6
Maternal BMI at pre-pregnancy 0.37
Normal/underweight 83 23 40.4 60 51.7
Overweight 50 19 333 31 26.7
Obese 40 15 26.3 25 21.6
Gestational diabetes 0.56
Yes 32 12 21.1 20 17.2
No 140 45 78.9 95 81.9
Maternal race/ethnicity 0.95
Non-Hispanic white 94 30 52.6 64 55.2
Hispanic 41 14 24.6 27 233
Other® 38 13 22.8 25 21.6
Maternal education 0.09
High school, some college 90 36 63.2 54 46.6
Bachelor’s degree 50 11 19.3 39 33.6
Graduate or professional 33 10 17.5 23 19.8
Homeownership 0.11
Yes 96 26 45.6 70 60.3
No 75 29 50.9 46 39.7
Parity 0.47
<1 72 21 36.8 51 44.0
>1 99 34 59.6 65 56.0
Maternal vitamin intake in the
0.07
first month of pregnancy
Yes 88 23 40.4 65 56.0
No 84 33 57.9 51 44.0
Breastfeeding duration (months)
Mean (SD) Mean (SD)
11.5(10.3) 11.7 (9.5) 0.61

2 Missing information (n): gestational diabetes (1), homeownership (2), parity (2), maternal
vitamin intake in the first month of pregnancy (1), breastfeeding duration (10).
b p-value from the Pearson’s chi-squared test for categorical variables and the Mann-Whitney

test for continuous variables.

¢ Includes Black/African American (3%), Asian (16%), and multiracial (3%).
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2.3.2. Prenatal maternal PFAS serum concentrations and principal component

The detection frequency of PFOA, PFOS, PFHxS, and PFNA was 100%, 100%, 99%,
and 99.6%, respectively, and five other PFAS were detected in less than 85% of the samples
(Table 2.2). We observed the highest median for PFOS (3.0 ng/mL), followed by PFOA (0.9
ng/mL), PFNA (0.5 ng/mL), and PFHxS (0.4 ng/mL). The median PFOA of the ASD group was
higher than that of the TD group (p-value = 0.02). There was no statistically significant
difference in the medians of other PFAS between the two diagnostic groups. The medians of
PFOA, PFOS, PFHxS, and PFNA in our study were slightly lower than those of pregnant women
reported in NHANES, while those of other five PFAS concentrations were similar. At least one
of the four PFAS detected in more than 99% of the samples (i.e., PFOA, PFOS, PFHxS, and
PFNA) differed by child’s sex and birth year, maternal age at delivery, maternal pre-pregnancy
BMI, gestational age at delivery, homeownership, parity, and prenatal vitamin intake (Table
S2.1).

Among 40 mothers who provided samples during all three trimesters, geometric mean of
PFOA, PFOS, and PFNA was the highest in the first trimester and slightly decreased over time
(Table S2.2). The correlation coefficients between the pairs of trimesters for PFOA, PFOS, and
PFNA were greater than 0.85, indicating the stability of these three PFAS concentrations during
pregnancy (Table S2.3). For the same four PFAS, concentrations were weakly or moderately
correlated each other (r = 0.36 to 0.65) (Table S2.4). From the principal component analysis, the
first principal component (PC-1) was individually selected based on the log 2-transformed and
untransformed PFAS, accounting for approximately 67% and 55% of the variance, respectively

(Table 2.3). The two PC-1s had moderate positive loadings on all four PFAS (weight = 0.36 to
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0.57). The scores for PC-1 between the two groups were not statistically different (p-value = 0.15

for log 2-transformed PFAS; p-value = 0.12 for untransformed PFAS).
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Table 2.2 Distribution of nine PFAS concentrations (ng/mL) in 266 maternal serum samples collected from 173 mother-child pairs.

All children (rn =173) ASD (n=57) TD (n =116) NHANES
PFAS® LOD % Percentiles Percentiles Percentiles p- pregnant
(ng/mL) detect value®  women
Sth S50th 95th Sth S50th 95th Sth 50th 95th median "
PFOA 0.1 100 0.3 0.9 2.3 0.4 1.1 24 0.3 0.9 22 0.02 1.3
PFOS 0.1 100 1.1 3.0 6.8 1.0 32 7.0 1.2 29 6.7 0.23 3.7
PFHxS 0.1 99 0.2 0.4 1.6 0.2 0.4 1.7 0.2 0.4 1.5 0.45 0.6
PFNA 0.1 99.6 0.2 0.5 1.0 0.2 0.5 1.0 0.2 0.5 1.1 0.32 0.6
PFDA 0.1 83 <LOD 0.1 0.4 <LOD 0.1 0.4 <LOD 0.1 0.3 0.78 0.2
PFUnDA 0.1 60 <LOD 0.1 0.3 <LOD 0.1 0.4 <LOD 0.1 0.3 0.46 <LOD
PFDoDA 0.1 34 <LOD <LOD 0.1 <LOD <LOD 0.1 <LOD <LOD 0.1 0.64 <LOD
MeFOSAA 0.1 57 <LOD 0.1 0.8 <LOD 0.1 1.1 <LOD 0.1 0.7 0.58 0.1
EtFOSAA 0.1 4 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0.46 <LOD

2 p-value from the Wilcoxon rank-sum test comparing ASD and TD groups.
®Median PFAS concentrations of pregnant women from 2009-2010, 2011-2012, 2013-2014 NHANES (n = 61).
Abbreviation: autism spectrum disorder (ASD), limit of detection (LOD), National Health and Nutrition Examination Survey
(NHANES), perfluorooctanoate (PFOA), perfluorooctane sulfonate (PFOS), perfluorohexane sulfonate (PFHxS), perfluorononanoate
(PFNA), perfluorodecanoate (PFDA), perfluoroundecanoate (PFUnDA), perfluorododecanoate (PFDoDA), 2-(N-ethyl-perfluoro-
octane sulfonamido) acetate (EtFOSAA), 2-(N-methyl-perfluorooctane sulfonamido) acetate (MeFOSAA), typical development (TD)

Table 2.3 Selected principal component and its component-loading weights for PFAS.

PC-1 Log 2-transformed PFAS Untransformed PFAS
Proportion of variance 0.67 0.55
Weight for PFOA 0.52 0.56
Weight for PFOS 0.53 0.48
Weight for PFHxS 0.43 0.36
Weight for PFNA 0.52 0.57
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2.3.3. Associations between prenatal maternal PFAS serum concentrations and ASD risk

After adjusting for child’s sex and birth year, homeownership, maternal education, and
maternal vitamin intake in the first month of pregnancy, using log 2-transformed exposure
measures mostly produced null associations between ASD risk and maternal prenatal PFAS
serum concentrations, including PC-1 scores (Table 2.4). PFOA and PFNA showed positive
associations with increased ASD risk, though the associations were slightly above the null (per 2
nanogram per millimeter increase: RR = 1.20, 95% CI: 0.90, 1.61 for PFOA; RR = 1.24, 95%
CI: 0.91, 1.69 for PFNA), while PFHxS showed a negative association with increased ASD risk
(RR =0.88, 95% CI: 0.77, 1.01). When using PFAS concentrations without transformation, RRs
for PFOA, PFOS, and PC-1 increased with narrower CIs. ASD risk was increased with higher
PFOA (per nanogram per millimeter increase: RR = 1.31, 95% CI: 1.04, 1.65), PFNA (RR =
1.79, 95% CI: 1.13, 2.85), and PC-1 (RR = 1.10, 95% CI: 0.97, 1.25), while the association of
ASD risk with PFHxS moved toward the null (RR =0.97, 95% CI: 0.54, 1.51).

When excluding the top 2.5 percentiles of individual PFAS concentrations, results of the
models with log 2-transformed PFAS were similar, while the models with untransformed PFAS
showed broader CIs (Table S2.5). When additionally adjusting for potential confounders (i.e.,
maternal pre-pregnancy BMI, parity, maternal age at delivery, and maternal race/ethnicity) or
when using the highest concentration or a randomly selected PFAS concentration instead of the
average concentration, similar results were observed in models with concentrations for both log

2-transformed PFAS and untransformed PFAS concentrations (Table S2.6).
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Table 2.4 Adjusted relative risk (RR) and 95% confidence interval (CI) for ASD (n = 57) versus
TD (n = 116) in association with prenatal maternal PFAS concentrations and principal
component scores.

PFAS (ng/mL) ? or Log 2-transformed PFAS Untransformed PFAS
principal component score RR ® (95% CI) RR " (95% CI)
PFOA 1.20 (0.90, 1.61) 1.31(1.04, 1.65)
PFOS 0.97 (0.74, 1.28) 0.99 (0.90, 1.08)
PFHxS 0.88 (0.77, 1.01) 0.90 (0.54, 1.51)
PFNA 1.24 (0.91, 1.69) 1.79 (1.13, 2.85)
PC-1¢ 1.03 (0.87, 1.22) 1.10 (0.97, 1.25)

2 Four PFAS detected in more than 99% of the study samples were individually included in the
Poisson regression model.

b Adjusted for child’s sex and birth year, homeownership, maternal education, and maternal
vitamin intake in the first month of pregnancy.

¢ Selected from the principal component analysis because its eigenvalue was higher than 1.

When analyses were stratified by maternal age at delivery (<35, > 35 years old), we
observed effect modification of associations between ASD risk and all four PFAS concentrations
as well as PC-1 scores (p-value for interaction < 0.10) (Table 2.5). Among mothers who were 35
years old or older, ASD risk was increased with higher PFOA (RR =2.29, 95% CI: 1.30, 4.04),
PFOS (RR =1.67, 95% CI: 1.03, 2.71), PFNA (RR = 2.16, 95% CI: 1.23, 3.78), and PC-1 (RR =
1.61, 95% CI: 1.16, 2.23). On the other hand, among mothers who were younger than 35 years
old, ASD risk was decreased with higher PFOS (RR = 0.65, 95% CI: 0.44, 0.98), PFHxS (RR =
0.72, 95% CI: 0.59, 0.89), and PC-1 (RR = 0.83, 95% CI: 0.68, 1.01). When analyses were
stratified by child’s sex, we did not find sex-specific associations of any PFAS compounds with
ASD risk (p-value for interaction > 0.30), and effect size estimates and 95% CI were broadly
consistent across strata. When untransformed PFAS concentrations were used in the stratified
analyses, the effect modification by maternal age at delivery were similarly found and sex-

specific associations were not observed for any PFAS compounds (Table S2.7).
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Table 2.5 Adjusted relative risk (RR) and 95% confidence interval (CI) for ASD (versus TD) in
association with prenatal maternal PFAS concentrations, with log 2-transformation, stratified by
child’s sex and maternal age at delivery.

Log 2-t.ran.sformed PFAS (ng/mL) RR (95% CI) p-value *
or principal component score
Child s sex® Females ° Males ¢
PFOA 1.20 (0.79, 1.80) 1.25(0.87, 1.81) 0.91
PFOS 0.99 (0.64, 1.54) 1.07 (0.77, 1.48) 0.86
PFHxS 0.80 (0.68, 0.95) 1.04 (0.81, 1.33) 0.31
PFNA 1.25 (0.76, 2.06) 1.20 (0.82, 1.76) 0.66
PC-1 1.00 (0.77, 1.31) 1.10 (0.90, 1.35) 0.80
Maternal age at delivery© <35 years ' > 35 years 8

PFOA 0.91 (0.61, 1.35) 2.29 (1.30, 4.04) 0.04
PFOS 0.65 (0.44, 0.98) 1.67 (1.03,2.71) 0.02
PFHxS 0.72 (0.59, 0.89) 1.30(0.90, 1.89) 0.08
PFNA 0.90 (0.58, 1.39) 2.16 (1.23,3.78) 0.05
PC-1 0.83 (0.68, 1.01) 1.61 (1.16, 2.23) 0.01

2 p-value for interaction term of PFAS with each potential effect modifier (potential effect

modifiers and an interaction term were added as additional terms in the regression model, along

with other covariates).

b Adjusted for child’s birth year, homeownership, maternal education, and maternal vitamin

intake in the first month of pregnancy.

¢ Females (n=71; TD = 54, ASD = 17), ¢ Males (n = 102; TD = 62, ASD = 40).
¢ Adjusted for child’s sex and birth year, homeownership, maternal education, and maternal
vitamin intake in the first month of pregnancy.

f< 35 years (n=93; TD = 62, ASD = 31), > 35 years (n = 80; TD = 54, ASD = 26).
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2.4. Discussion

In the present study, we examined whether prenatal exposure to PFAS was associated
with increased risk of ASD using maternal serum samples collected during pregnancy in a high-
risk ASD cohort. When using log 2-transformed PFAS concentrations, we found evidence of
positive associations of ASD risk with prenatal PFOA and PFNA and inverse association with
PFHxS. When the analyses were stratified by maternal age at delivery, each of the individual
PFAS was associated with increased risk of ASD among mothers who were 35 years old or older
and decreased risk of ASD among mothers who were younger than 35 years old. When
untransformed PFAS concentrations were used in the models, we observed that higher PFOA,
PFNA, and PC-1 (i.e., the first principal component with the largest variance from PCA) were
associated with increased risk of ASD and the negative associations of PFHxS with ASD risk
moved toward the null. The models with untransformed PFAS resulted in smaller standard errors
of RRs for PFOA and PFOS compared to those with log 2-transformed PFAS. However, after
excluding the extreme values (i.e., top 2.5 percentiles), the RRs and confidence intervals from
the models with untransformed concentrations were relatively unstable compared to those from
the models with log-transformed concentrations. Therefore, we cannot exclude the possibility
that the models with untransformed concentrations may have been driven more by the influence
of outliers and the results of the untransformed PFAS models should be interpreted with caution.

This current study did not show consistent results with previous studies that examined
associations between prenatal PFAS exposure and the risk of ASD. Braun et al. observed that
higher PFOA was associated with lower Social Responsive Scale scores, indicating fewer autistic
behaviors in children, while PFOS, PFHxS, and PFNA showed null associations (Braun et al.
2014). They used continuous scales, rather than a clinical diagnosis, to assess autistic-like
behaviors in a general population sample, limiting direct comparison of their results with our
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study. Liew et al. found evidence that higher PFHxS was associated with increased risk of
childhood autism but other PFAS did not show apparent associations (Liew et al. 2014). Lyall et
al. observed that most of the PFAS were not associated with the risk of ASD, with the exception
that PFOA and PFOS showed associations with decreased ASD risk (Lyall et al. 2018).
Compared to our study, these two studies (Liew et al. 2014; Lyall et al. 2018) had higher
maternal plasma or serum concentrations of PFOA, PFOS, and PFHxS, while their PFNA
concentrations were similar. Long et al. found that ASD risk was decreased with both higher
PFOS and a principal component that was dominated by PFAS congeners in amniotic fluid
(Long et al. 2019). However, their results may not be directly comparable to ours because PFOS
was only detected in fewer than 50% of amniotic fluid samples and correlations between
maternal serum and amniotic fluid concentrations varied considerably by PFAS (Stein et al.
2012). In a case-control study, Shin et al. used modeled prenatal maternal PFAS concentrations
from maternal samples collected when their child was 2-5 years old and separately fit three
different models using In-transformed PFAS concentrations, PFAS concentrations with no
transformation, and categorized PFAS concentrations (Shin et al. 2020). They observed that
prenatal In-transformed PFHxS was associated with increased risk of ASD, and additionally
found that PFOS was borderline associated with the ASD risk when using PFAS concentrations
without transformation.

Advanced maternal age (mostly considered to be 35 years old or older) was shown to
contribute to child’s neurodevelopmental disorders, including ASD (Janecka et al. 2017; Shelton
et al. 2010). From the stratified analyses by maternal age at delivery, we observed that prenatal
exposure to PFOA, PFOS, PFHxS, and PFNA as well as the combined PFAS was consistently

associated with increased risk of having a child with ASD among mothers who delivered their
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child at 35 years old or older. A previous study also observed that prenatal maternal serum
concentrations of PFOA and PFOS were associated with decreased communication development
scores of 38-month-old females among mothers who were over 30 years old at delivery (Jeddy et
al. 2017). One potential mechanism for the effect modification is age-induced epigenetic
changes. During aging, epigenetic changes influenced by environmental exposures are
accumulated and thus may lead to alterations in various gene expression pathways critical for
fetal development, resulting in the development of ASD (Banik et al. 2017; Fraga and Esteller
2007). Changes in maternal hormone levels during pregnancy, which are altered by advanced
maternal age, can also affect fetal brain development (Barrett et al. 2019; Miranda and Sousa
2018).

Strengths of this study include clinically confirmed ASD diagnosis by trained
psychologists using gold standard diagnostic instruments. Furthermore, our multiple maternal
serum samples collected during pregnancy may better represent fetal exposure to PFAS during
critical time windows of neurodevelopment than individual samples. However, several
limitations should be noted. A relatively small sample size limited the statistical power of our
analysis. In addition, as chance findings may not be excluded, further studies should be
conducted with a large sample size. There might be residual confounding by unmeasured
variables such as lifestyle, behavior, or socioeconomic status because the primary exposure
sources of PFAS are diet, drinking water, or dust ingestion (Jian et al. 2017). In this study, we did
not include children who did not complete the study for final diagnosis or mothers who did not
provide blood samples during pregnancy. As some mothers may have dropped out the study after
having girls due to the lower ASD rates in females, there might be potential selection bias in this

study. Because MARBLES children have increased genetic susceptibility, null associations for
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most PFAS in the current study could indicate that genetic factors may have contributed to the
development of ASD in this study population more than environmental factors such as exposure
to PFAS during pregnancy. Except for two mothers, all children included in the current study had
at least one older sibling. Thus, our results should be interpreted with caution and may not
extrapolate to the general population such as those children without ASD siblings or who were
delivered from first pregnancies. Furthermore, as a growing body of literature suggests
environmental factors can interact with genetic factors in the development of ASD (Chaste and
Leboyer 2012; Tordjman et al. 2014), further studies using integrated approaches including gene

and environment interactions are warranted.
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3.1. Introduction

3.1.1. Background

Per- and polyfluoroalkyl substances (PFAS) are a group of synthetic fluorine-containing
compounds that have been widely used in consumer and industrial applications, including non-
stick cookware, food packaging materials, and stain- and water-repellent fabrics (ATSDR 2018).
The widespread applications of PFAS in consumer products resulted in ubiquitous detection of
several PFAS in serum of the general U.S. population (CDC 2019; Kato et al. 2011b; Olsen et al.
2017). PFAS have also been detected in blood of pregnant women as well as in amniotic fluid,
umbilical cord blood, and breast milk (Bjerregaard-Olesen et al. 2016b; Inoue et al. 2004; Kato
et al. 2014; Kim et al. 2011b; Liu et al. 2011; Long et al. 2019; Monroy et al. 2008; Tsai et al.
2018; von Ehrenstein et al. 2009). In addition, concentrations of commonly-detected PFAS,
including perfluorooctane sulfonate (PFOS) and perfluorooctanoate (PFOA), in prenatal
maternal blood are moderately to highly correlated with corresponding measurements in
amniotic fluid and cord blood (Beesoon et al. 2011; Giitzkow et al. 2012; Stein et al. 2012),
supporting the transfer of PFAS across the placenta.

Prenatal exposure to PFAS is of concern for young child cognitive development because
PFAS have shown neurobehavioral toxicity in prenatally-exposed offspring of laboratory
animals (Mariussen 2012). In mice, gestational exposure to PFOS resulted in delayed
neuromotor maturation (Fuentes et al. 2007) and decreased locomotion (Onishchenko et al.
2011). Among mice prenatally exposed to PFOA, males showed more active exploratory
behaviors, while females displayed decreased activity (Onishchenko et al. 2011). In rats,
gestational exposure to PFOS increased motor activity and reduced habituation in male offspring

on postnatal day (PND) 17 but not on PND 13, 21, and 61 (Butenhoff et al. 2009), suggesting
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that PFOS may have neurobehavioral effects at a certain life stage of offspring. Collectively,
these findings highlight the relevance of examining the potential effect of prenatal maternal

exposure to PFAS on child cognitive development.

3.1.2. Statement of research problem

Epidemiological studies have examined associations of prenatal PFAS exposure with
child’s neurobehaviors at different assessment time points in infancy and toddlerhood (Chen et
al. 2013; Donauer et al. 2015; Goudarzi et al. 2016; Spratlen et al. 2020). Birth cohort studies in
the United States and Japan observed that prenatal serum PFOA was associated with hypotonic
response in 5S-week-old infants and lower mental developmental index among 6-month-old
females, respectively (Donauer et al. 2015; Goudarzi et al. 2016). In the Taiwanese Birth Panel
Study, PFOS in cord blood was inversely associated with whole-test developmental quotients
among children at 2 years of age (Chen et al. 2013). A recent study in the United States reported
that prenatal exposures to PFOA and perfluorohexane sulfonate (PFHxS) were positively
associated with mental developmental index in children at 3 years of age, but not at 1 and 2 years
(Spratlen et al. 2020). Except for Spratlen et al., children in the previous studies were assessed
for neurodevelopment at one or two time points in infancy or toddlerhood (before or at 36
months of age). In addition, little is known about trajectories of child’ neurodevelopment over
time or longitudinal changes in associations between prenatal maternal PFAS exposure and child

neurodevelopment.

3.1.3. Objectives

The present study aimed to investigate associations between prenatal maternal serum
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PFAS concentrations and child cognitive development assessed at four time points in infancy and
toddlerhood (i.e., 6, 12, 24, 36 months of age). We also examined longitudinal changes in child
cognitive developmental scores as well as trajectories of the developmental scores over the four

time points in association with prenatal maternal serum PFAS concentrations.

3.2. Methods

3.2.1. Study population

The present study included participants from MARBLES (Markers of Autism Risk in
Babies — Learning Early Signs) (Hertz-Picciotto et al. 2018b). Launched in 2006, the MARBLES
study is an ongoing cohort that follows pregnant women who previously had a child diagnosed
with autism spectrum disorder (ASD) and are thus at high risk (~28%) of having a child with
delays or deficits in areas of development or behavior (Ozonoff et al. 2014). Participants are
mostly recruited from the lists of families receiving state-funded services for a child with ASD.
MARBLES eligibility criteria at enrollment include: a) mother or father has a child or other first
degree relative with ASD; b) mother is 18 years old or older; ¢) mother is pregnant; d) mother
speaks, reads, and understands English; €) mother resides within 2.5 hours of the
Davis/Sacramento region. Informed consent is obtained from participants before collecting any
data, and the protocols were approved by the institutional review boards for the State of
California and the University of California Davis (UC Davis). The analysis of coded samples at
the Centers for Disease Control and Prevention (CDC) laboratory did not constitute engagement
in human subjects’ research. Details of study design, study population, inclusion criteria,
recruitment, and data collection are available elsewhere (Hertz-Picciotto et al. 2018b).

Enrollment of MARBLES began in 2006; in 2009, MARBLES started collecting serum.
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Therefore, we firstly selected 218 mother-child pairs (MARBLES baseline population) (1) who

provided prenatal blood samples with sufficient volume for PFAS quantification since 2009 and

conceived their babies by 2014 and (2) whose child has ever been assessed for cognitive

development at any time point. We further restricted our study population to 140 children who

were repeatedly evaluated for cognitive development at all four time points, i.e., at 6, 12, 24, and

36 months of age (Figure 3.1).

All MARBLES mother-child pairs
(1) who provided prenatal blood samples with
sufficient volume for PFAS quantification
since 2009 and conceived their babies by 2014
and (2) whose child had at least one MSEL
scores at any time point
(N =218; MARBLES baseline population)

Total samples = 332 blood samples
(147 pairs provided one sample,
28 pairs provided two samples,
43 pairs provided three samples)

\ 4

Restricted to children who were administered
to MSEL at all four assessment time points,
i.e., 6, 12, 24, 36 months of age
(N = 140; Study population)

Total samples = 224 blood samples
(91 pairs provided one sample,
14 pairs provided two samples,

35 pairs provided three samples)

Figure 3.1 Study flow and blood sample collection from MARBLES participants to examine the
associations between prenatal exposure to PFAS and child's cognitive development.
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3.2.2. Serum sample collection and PFAS guantification

Each mother included in the present study provided one to three blood samples during
pregnancy. Of 140 mother-child pairs, 91 pairs provided one sample, 14 pairs two samples, and
35 pairs three samples. Thus, a total of 224 blood samples were used in this study. Whole blood
was centrifuged, and separated serum was stored at -80 °C at the UC Davis.

At the CDC, we quantified PFAS in maternal serum using online solid-phase extraction
coupled to reversed-phase high-performance liquid chromatography—isotope dilution tandem
mass spectrometry. Analytical methods for PFAS quantification are described elsewhere (Kato et
al. 2011a). To ensure reproducibility, quality control samples spiked at low and high
concentrations of PFAS were included in each batch. To assess the reliability of the data, 25
blind duplicate samples were analyzed with the study samples. The median coefficient of
variation for these duplicate pairs of samples ranged from 0 to 11%, depending on the analyte.

We quantified nine PFAS: PFOA, PFOS, PFHxS, perfluorononanoate (PFNA),
perfluorodecanoate (PFDA), perfluoroundecanoate (PFUnDA), perfluorododecanoate
(PFDoDA), 2-(N-methyl-perfluorooctane sulfonamido) acetate (MeFOSAA), and 2-(N-ethyl-
perfluorooctane sulfonamido) acetate (EtFOSAA). The limit of detection (LOD) was 0.1 ng/mL
for all PFAS. For concentrations below the LOD, we used instrument-observed values to reduce

bias (Lubin et al. 2004; Richardson and Ciampi 2003).

3.2.3. Assessment of child cognitive development

Licensed clinical psychologists at the UC Davis Medical Investigations of
Neurodevelopmental Disorders (MIND) Institute assessed all children included in this study for

cognitive development. MARBLES staff who were trained by senior clinicians assessed child
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cognitive development during home visits at 6 and 12 months of age and during participants’
visits to the UC Davis MIND Institute at 24 and 36 months of age, which were then reviewed by
senior clinicians (Hertz-Picciotto et al. 2018b). Cognitive development in infancy and
toddlerhood was assessed using Mullen Scales of Early Learning (MSEL), a performance-based
measure of cognitive functions or abilities designed to evaluate infants and young children up to
68 months of age (Burns et al. 2013; Mullen 1997). Child’s cognitive functions are scored on
four subscales: Fine Motor, Visual Reception, Receptive Language, and Expressive Language.
Raw scores of the four subscales are converted to age-standardized T-scores with a mean of 50
and a standard deviation (SD) of 10. The T-scores of four subscales are combined to yield an
Early Learning Composite (Composite), which is a standardized score of overall cognitive
development with a mean of 100 and an SD of 15 (Swineford et al. 2015; Turner-Brown et al.
2013). A higher score on Composite and each subscale indicates better cognitive functions.
When children became approximately 36 months of age, they were classified into three
diagnostic groups, including ASD, non-typical development (Non-TD), and typical development
(TD), using an algorithmic method based on Autism Diagnostic Observation Schedule and

MSEL scores. The algorithmic method is described elsewhere (Oh et al. 2021a).

3.2.4. Statistical analysis

All statistical analyses were conducted using STATA/IC version 15.1 (StataCorp LLC,
College Station, TX, USA). At each assessment time point, we compared mean MSEL
Composite scores with respect to demographic characteristics using the Wilcoxon rank-sum test
or the Kruskal-Wallis test. Separately for the MSEL Composite scores and each of the subscale

T-scores, we tested for whether mean scores differed across the four time points by fitting a
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panel data regression model with fixed effects for child and timepoint (as a categorical variable)
and then assessing the Wald test for the omnibus null hypothesis associated with timepoint, using
robust sandwich variance estimators to account for heteroskedasticity and Bonferroni correction
for multiple comparison (Bland and Altman 1995).

To investigate prenatal maternal serum PFAS concentrations in association with MSEL
Composite scores and T-scores of each subscale at each assessment time point, we constructed
multiple linear regression models and estimated regression coefficients (s) and 95% confidence
intervals (Cls). Six PFAS with detection frequency greater than 60% were individually included
in the regression models: PFOA, PFOS, PFHxS, PFNA, PFDA, and PFUnDA. Three PFAS that
were detected in less than 60% of the samples were excluded from the further analyses. For
mothers who provided multiple blood samples during different trimesters, PFAS concentrations
were averaged per participant. Because most PFAS concentrations showed right-skewed
distributions, we used log 2-transformed PFAS concentrations to reduce the impact driven by
outliers and centered each log 2-transformed PFAS concentration by subtracting its median
value, to facilitate the interpretability of models with interactions terms. We selected a priori
potential confounders using a directed acyclic graph (Figure 3.2) (Hernan et al. 2004). We
retained the covariates that were associated with MSEL Composite scores at least one time point
(p <0.10) in the regression models. Covariates adjusted in the final models included: child’s sex
(female, male), parity (< 1, > 1), maternal pre-pregnancy body mass index (BMI)
(normal/underweight, overweight, obese), gestational diabetes (yes, no), maternal education
(high school or some college credit, bachelor’s degree, graduate or professional degree), and
breastfeeding duration (< 12 months, > 12 months). Because two mothers participated in the

study with twins, we applied clustered sandwich variance estimators to the regression models to
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adjust for within-family correlations. We imputed missing covariates with chained equations by

including all exposures, outcomes, and covariates (White et al. 2011).

=
Child's birth year Pre-pregnancy BMI Gestational diabetes
/ / Child's sex
> s
=
Maternal prenatal PFAS conc T 2

Cognitive development
‘ :

Gestational age

A
Breastfeeding duration

Maternal education

Maternal race/ethnicity

Socio-economic status

Maternal age

Figure 3.2 Directed acyclic graph used to identify potential confounders of association between
prenatal PFAS concentrations and child’s cognitive development. Green circles represent
ancestors of the exposure, blue circles ancestors of the outcome, pink circles ancestors of both
exposure and outcome.
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To examine longitudinal changes in MSEL Composite scores and T-scores of four
subscales over the four assessment time points within subjects in relation to prenatal maternal
serum PFAS concentrations, we used population-averaged generalized estimating equations
(GEE) models with a linear link and autoregressive correlation structure, adjusting for the same
covariate set as before (Ballinger 2004; Liang and Zeger 1986). In these models, age at
assessment (expressed in months) was centered at 24 and included in the model in two terms;
one for a main effect and the other for an interaction term with the log 2-transformed and
centered PFAS exposure, with the interaction term considered statistically significant when p <
0.10. The GEE models used in this study can handle not only correlated data within individuals
but also incomplete outcome data (e.g., Composite and subscale scores) by using all available
observations (Hubbard et al. 2010). Therefore, as a sensitivity analysis, we ran the GEE models
using the MARBLES baseline population that additionally include 78 children with incomplete
MSEL outcomes.

To examine the trajectories of MSEL Composite scores over the four assessment time
points within groups with distinct trajectories of the outcome, we performed a group-based
trajectory analysis by characterizing the patterns of repeated outcomes (Nagin 2005). Due to the
small sample size, we limited the number of trajectory groups to two, which were characterized
by difference in the child’s Composite score patterns from 6 to 36 months of age, and determined
the trajectory shape of each group based on the Bayesian information criterion (Raftery 1995).
We then classified children with decreasing and/or lower scores into a low-score group and those
with increasing and/or higher scores into a high-score group. To estimate relative risks (RRs) of

the low-score group compared to the high-score group in association with prenatal maternal
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serum PFAS concentrations, we used Poisson regression models with robust error variance,
adjusting for the same covariate set as before.

To examine the combined effect of PFAS on child cognitive development, we carried out
a principal component analysis (PCA), a “variable reduction” strategy that can mitigate
multicollinearity issues (Kaiser 1958). PCA has been used to identify patterns of exposure from
chemical mixtures, including PFAS, in association with child neurodevelopment due to its
versatility and ease of application (Hoffman et al. 2010; Skogheim et al. 2020; Spratlen et al.
2020; Stafoggia et al. 2017). From a PCA with varimax rotation using six PFAS, we selected the
first and second principal components (PC-1 and PC-2), which each had eigenvalues greater than
one. We included them in regression models as independent variables (Kaiser 1960).

Previous studies reported effect modification of associations between prenatal PFAS and
cognitive development of infants or young children by child’s sex (Goudarzi et al. 2016; Harris
et al. 2018; Niu et al. 2019). Breastfeeding was reported to not only serve as an important PFAS
exposure route for infants (Mogensen et al. 2015; Mondal et al. 2012) but also affect child
cognitive development in infancy (McCrory and Murray 2013; Morrow-Tlucak et al. 1988).
Thus, for each of these candidate effect modifiers (i.e., child’s sex (female, male) and
breastfeeding duration (< 12 months, > 12 months)), we performed effect modification analyses
by refitting regression models that included interaction terms involving the candidate effect
modifier with PFAS (and, for the longitudinal analyses, with the age of assessment terms, as
well). PFDA and PFUnDA were excluded from effect modification analyses because more than
half of the samples had concentrations equal to or less than the LOD and the concentration range
was narrow. As our study population included children diagnosed with neurodevelopmental

concerns (i.e., ASD and Non-TD), we performed sensitivity analyses by restricting the multiple
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linear regression and longitudinal GEE analyses to the TD children (n = 93). Except for
interactions specified above in the GEE analyses, the level of statistical significance was set at p-

value < 0.05 for the rest.

3.3. Results

3.3.1. Participant characteristics and MSEL scores

Of the 140 mother-child pairs included in the current study, 59% of children were males
and 91% were full-term birth children (Table 3.1). Approximately 20% of mothers were obese
before pregnancy, 19% had gestational diabetes, and 54% were multiparous at study enrollment.
The majority of mothers were non-Hispanic white (51%) and were high school graduate or had
some college credit without a degree in higher education (45%). There was no difference in
population characteristics between this study population (n = 140) and the MARBLES baseline
population (n = 218) enrolled during the same study period (Table S3.1).

Mean MSEL Composite scores differed among several participant characteristics (Table
3.1). At 12 and 24 months of age, females had higher scores than males. At 12, 24, and 36 months
of age, children whose mothers had a bachelor’s or higher degree had higher scores than those
whose mothers did not have at least a bachelor’s degree. At 24 months of age, children born to
mothers who were older than 35 years at delivery had higher scores than those born to mothers
younger than 35 years. At 36 months of age, children of mothers who were nulliparous or
primiparous had higher scores than those of multiparous mothers.

When comparing the MSEL Composite scores and T-scores of four subscales across the
four assessment time points, the mean scores of Composite and Visual Reception were lower at

24 months than other time points (Figure 3.3). At 12 months of age, the mean scores of Fine
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Motor and Receptive Language were higher and lower than other time points, respectively. The
number of children whose Composite scores fell below 2 SD of the normative mean (i.e.,
Composite < 70, indicating low cognitive function) was 0 for 6 months, 2 for 12 months, 18 for

24 months, and 13 for 36 months.
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Table 3.1 MSEL Composite scores at 6, 12, 24, and 36 months by participant characteristics for
children administered to the MSEL at all four time points.

All MSEL Composite
s e a (n =140) 6 months 12 months 24 months 36 months
Characteristic
o Mean b Mean b Mean b Mean b
" Pl ey P sp P sp P (sD)

Child sex

Female 57 411 99(12) 099 104(11) 0.01 99(17) 0.05 105(19) 0.12

Male 83 59| 98(12) 98 (15) 92 (18) 99 (22)
Child’s birth year

2009-2010 46 33| 96(11) 0.15 97(16) 0.22 94(18) 039 102(23) 0.77

2011-2013 50 36 (101 (12) 101 (12) 92 (18) 99 (21)

2014-2015 44 31| 99(11) 102 (13) 98 (17) 104 (19)
Gestational age at delivery

<37 weeks 12 9] 98(15) 0.66 100(18) 0.69 92(16) 0.58 96(20) 0.17

> 37 weeks 128 91| 99(12) 100 (13) 95 (18) 102 (21)
Maternal age at delivery

<35 years 72 51| 98(12) 031 99(14) 0.20 92(19) 0.05 99(21) 0.12

> 35 years 68 49| 99(12) 102 (13) 97 (17) 104 (21)
Parity

<1 61 44| 99(12) 0.88 101(16) 0.87 98(17) 0.14 106(19) 0.03

>1 76 54| 98 (12) 100 (12) 92 (18) 98 (21)
Maternal pre-pregnancy BMI

Normal/underweight 71 51| 98(11) 0.84 101(14) 0.33 98(17) 0.04 103 (20) 0.52

Overweight 41 29100 (11) 98 (15) 90 (20) 99 (24)

Obese 28 20| 98(14) 102 (12) 92 (15) 102 (19)
Gestational diabetes

Yes 27 19| 95(11) 0.08 99(14) 0.22 100(14) 0.16 108(16) 0.04

No 113 81| 99(12) 101 (14) 93 (19) 100 (22)
Maternal race/ethnicity

Non-Hispanic white 71 51| 99(12) 0.80 101(14) 0.27 95(16) 098 102(20) 0.83

Hispanic 33 24| 98(10) 101 (13) 93 (20) 99 (22)

Other ° 36 26| 98(13) 98 (12) 94 (19) 103 (22)
Maternal education

Less than college degree 63 45] 99(12) 0.60 97(12) 0.05 88(19) 0.01 96(21) 0.01

Bachelor’s degree 46 331|100 (12) 105 (14) 100 (15) 106 (21)

Graduate or 31 22| 97(11) 99 (14) 99 (17) 106 (19)

professional degree
Homeownership

Yes 83 591 99(12) 0.62 101(13) 0.21 96(15) 0.17 102(20) 0.56

No 54 39 98(12) 98 (14) 92 (21) 101 (23)
Breastfeeding duration

< 12 months 77 55| 98(11) 0.59 102(13) 0.05 95(18) 094 103(22) 0.23

> 12 months 57 411100 (12) 98 (14) 93 (18) 99 (20)

2 Missing information (n): parity (3), homeownership (3), breastfeeding duration (6).

b p-value from the Wilcoxon rank-sum test or the Kruskal-Wallis test.
¢ Includes Black (3%), Asian (20%), and others (3%).
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Figure 3.3 Distributions of MSEL Composite scores and T-scores of four subscales at 6, 12, 24, and 36 months of age for 140
children included in the current study. Red crosses denote mean values at each time point. Blue asterisks denote differences in mean
scores with other time points identified by the postestimation test with Bonferroni correction following the linear mixed model at the
significance level of 0.05. Composite scores have a normative mean of 100 and an SD of 15 and T-scores of each subscale have a

normative mean of 50 and an SD of 10.
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3.3.2. Prenatal maternal serum PFAS concentrations

PFOA, PFOS, PFHxS, and PFNA were detected in more than 99% of the samples, while
the detection frequency of PFDA, PFUnDA, PFDoDA, MeFOSAA, and EtFOSAA was 85%,
62%, 31%, 53%, and 4%, respectively (Table 3.2). PFOS had the highest median (2.8 ng/mL),
followed by PFOA (0.9 ng/mL), PFNA (0.5 ng/mL), and PFHxS (0.4 ng/mL). The medians of
PFDA, PFUnDA, and MeFOSAA were at the LOD of 0.1 ng/mL. Due to the narrow
concentration ranges for PFDA and PFUnDA, the results for these two PFAS should be
interpreted with caution.

As combinations of six PFAS, two PCs were identified (Table 3.3). The first principal
component (PC-1) had moderate positive loadings mainly on PFOA, PFOS, PFHxS, and PFNA,
explaining approximately 55% of the total variance (0.46 for PFOA, 0.50 for PFOS, 0.62 for
PFHxS, 0.37 for PFNA, 0.07 for PFDA, and -0.12 for PFUnDA). The second principal
component (PC-2) had positive loadings mainly on PFUnDA, PFDA, and PFNA as well as
negative loadings on PFHxXS, accounting for about 17% of the total variance (0.13 for PFOA,

0.07 for PFOS, -0.28 for PFHxS, 0.33 for PFNA, 0.55 for PFDA, and 0.70 for PFUnDA).
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Table 3.2 Distribution of nine PFAS concentrations (ng/mL) in 224 maternal serum samples
collected from 140 mother-child pairs.

PFAS # % GM Percentiles (ng/mL)
detect (ng/mL) 5th 25th 50t 75t 95th
PFOA 100.0 0.88 0.30 0.60 0.90 1.25 2.20
PFOS 100.0 2.82 1.00 1.90 2.80 4.10 7.00
PFHxS 99.6 0.45 0.10 0.30 0.40 0.70 1.60
PFNA 100.0 0.48 0.20 0.30 0.50 0.70 1.10
PFDA 84.8 0.16 <LOD 0.10 0.10 0.20 0.40
PFUnDA 61.6 0.14 <LOD <LOD 0.10 0.10 0.30
PFDoDA 31.3 0.11 <LOD <LOD <LOD 0.10 0.10
MeFOSAA 53.1 0.19 <LOD <LOD 0.10 0.20 0.80
EtFOSAA 3.6 0.10 <LOD <LOD <LOD <LOD <LOD

2 Limit of detection for all nine PFAS was 0.1 ng/mL.

Abbreviation: geometric mean (GM), perfluorooctanoate (PFOA), perfluorooctane sulfonate
(PFOS), perfluorohexane sulfonate (PFHxS), perfluorononanoate (PFNA), perfluorodecanoate
(PFDA), perfluoroundecanoate (PFUnDA), perfluorododecanoate (PFDoDA), 2-(N-ethyl-
perfluoro-octane sulfonamido) acetate (EtFOSAA), 2-(N-methyl-perfluorooctane sulfonamido)
acetate (MeFOSAA)

Table 3.3 Principal component and its component-loading weights for PFAS.

PFAS Our study Skogheim et al., 2020
PC-1 PC-2 PC-1 PC-2
PFOA 0.46 0.13 0.44 0.09
PFOS 0.50 0.07 0.49 0.04
PFHxS 0.62 -0.28 0.48 -0.06
PFNA 0.37 0.33 0.13 0.48
PFDA 0.07 0.55 -0.01 0.61
PFUnDA -0.12 0.70 -0.08 0.62
PFHpS - - 0.56 -0.06

Abbreviation: principal component (PC), perfluoroheptane sulfonate (PFHpS)
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3.3.3. Associations between prenatal maternal PFAS exposure and child’s cognitive development

Prenatal maternal serum PFOA was inversely associated with Composite scores at 24
months (f =-5.22, 95% CI: -8.27, -2.17) and 36 months of age (f =-5.18, 95% CI: -9.46, -0.91)
(Figure 3.4). PFOA was also inversely associated with all four subscale scores at 24 and 36
months of age, except for Receptive Language at 36 months and Visual Reception at 24 months
(see Table S3.2 for Bs and 95% Cls). Receptive Language scores at 24 months were inversely
associated with PFNA (B =-2.79, 95% CI: -5.38, -0.20) and PC-1 (B = -1.53, 95% CI: -3.04, -
0.01). When assessing longitudinal changes in MSEL scores over the four assessment time
points in GEE models, PFOA was inversely associated with scores on the Composite (f =-0.19,
p-value for interaction = 0.01) and three subscales (B =-0.12 for Fine Motor,  =-0.14 for Visual
Reception, B =-0.08 for Expressive Language; p-value for interaction < 0.06) (Table 3.4). When
the GEE analyses were expanded to the MARBLES baseline population (Table S3.3) or when
restricting timepoint-stratified multiple linear regression and longitudinal GEE analyses to the
TD children (Figure S3.1 and Table S3.4, respectively), overall effect estimates slightly moved

toward a positive direction, but the trends were similar.

53



4- | |
ki 3,+++ ..... +‘+A* ..... ++++ ----- ++++ 0Y+*+++‘+ ..... +++~ ..... T++
-8+ S 'g:"iiiiiiiiiiiiii s
4. "
Fine Motor -3,+++ ..... ++.4+ ..... 2 P S ++++ 0____¢.§.*.+.....,¢.‘.+ ..... +++* ..... ?+++
-8 3+
= _ 3
I T TSR R (N B S A RSO
3 Reception _, | +++ B ¢ +++ ++
@ 8- -3
1 1 31
Receptive :4++++‘++,+¢ ..... 1. + R R T B +¢+ ..... §.+. +
Language _,. + ' + |+ | +
-8 -3
5.
41 |
= prestivs j:---+'+--+--+ ----- ZX T BRRE RN PO iR AR JH ..... +H
O FOA  PFOS  PFIxs  PFNA S oFDA PFUWDA PG PC-2

-~ 6 months * 12 months * 24 months = 36 months

Figure 3.4 Adjusted mean differences () in MSEL Composite scores and T-scores of subscales of children at 6, 12, 24, and 36
months of age in association with a unit increase in log 2-transformed prenatal maternal serum concentrations of six PFAS and two

PCs. Models were adjusted for child's sex, parity, maternal pre-pregnancy BMI, gestational diabetes, maternal education, and

breastfeeding duration. Red shaded areas represent associations with a p-value < 0.05.
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Table 3.4 Longitudinal changes ($) in MSEL Composite scores and T-scores of subscales of children over the four assessment time
points in association with a unit increase in log 2-transformed prenatal maternal serum concentrations of six PFAS and two PCs in

generalized estimating equations.

MSEL

PFOA
B (95% CD) ?

PFOS
B (95% CI) *

PFHxS
B (95% CD) ?

PFNA
B (95% CI) *

Composite
Fine Motor
Visual Reception
Receptive Language
Expressive Language

20.19 (033, -0.04)*
20.12 (-0.20, -0.03)
-0.14 (-0.26, -0.03)
-0.07 (-0.16, 0.02)

-0.08 (-0.16, 0.00)"

0.02 (-0.12, 0.17)
0.00 (-0.09, 0.09)
0.00 (-0.11, 0.12)
0.03 (-0.06, 0.11)
0.02 (-0.06, 0.09)

-0.02 (-0.11, 0.07)
-0.04 (-0.09, 0.02)
-0.01 (-0.07, 0.06)
0.01 (-0.06, 0.09)
-0.01 (-0.06, 0.04)

-0.09 (-0.27, 0.08)
-0.06 (-0.17, 0.05)
-0.08 (-0.21, 0.05)
-0.05 (-0.15, 0.05)
-0.03 (-0.12, 0.06)

MSEL

PFDA
B (95% CD)?

PFUnDA
B (95% CI) *

PC-1
B (95% CI) *

PC-2
B (95% CI) *

Composite
Fine Motor
Visual Reception
Receptive Language
Expressive Language

20.01 (-0.06, 0.04)
-0.01 (-0.04, 0.01)
0.00 (-0.04, 0.04)
0.00 (-0.03, 0.03)
-0.01 (-0.04, 0.01)

0.01 (-0.03, 0.05)
0.00 (-0.02, 0.02)
0.01 (-0.02, 0.04)
0.00 (-0.02, 0.02)
0.00 (-0.02, 0.02)

-0.04 (-0.13, 0.04)
-0.04 (-0.08, 0.01)
-0.04 (-0.10, 0.03)
-0.01 (-0.07, 0.05)
-0.02 (-0.06, 0.02)

-0.02 (-0.12, 0.09)
-0.02 (-0.08, 0.04)
0.00 (-0.08, 0.07)
-0.01 (-0.07, 0.05)
-0.01 (-0.07, 0.04)

2 Models were adjusted for child’s sex, parity, maternal pre-pregnancy BMI, gestational diabetes, maternal education, and

breastfeeding duration. Regression coefficients () were derived from interaction terms between continuous age in months (centered at
24) and continuous log 2-transformed PFAS concentrations, after including the two main effects and their interaction term in the GEE

model.

# p-value for interaction between age at assessment and PFAS concentrations < 0.10
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When analyses were stratified by child’s sex (Figure 3.5), at 12 months of age, higher
PFHxS was associated with decreased Composite scores among females (f = -1.54, 95% CI:
-3.29, 0.22), but with increased Composite scores among males (f = 3.48, 95% CI: 0.00, 6.96; p-
value for interaction = 0.01). With respect to longitudinal changes in MSEL scores in GEE
models, only among females, decreased Composite scores were associated with higher PFOA (3
= -0.25, p-value for interaction = 0.02) over the four time points (Table S3.5). When analyses
were stratified by breastfeeding duration, the associations of Composite scores with PFOA (p-
value for interaction = 0.03), PFHxS (p-value for interaction = 0.09), and PFNA (p-value for
interaction = 0.10) were modified at 12 months of age, showing inverse associations among
children who were breastfed < 12 months and positive associations among children who were

breastfed > 12 months (Figure 3.5).
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Figure 3.5 Effect modification analysis: Adjusted mean differences () in MSEL Composite
scores of children at 6, 12, 24, and 36 months of age in association with log 2-transformed
prenatal maternal serum concentrations of four PFAS stratified by (a) child’s sex (females = 57,
males = 83) and (b) breastfeeding duration (< 12 months = 77, > 12 months = 57). Models were

adjusted for child's sex, parity, maternal pre-pregnancy BMI, gestational diabetes, maternal

education, and breastfeeding duration, and missing covariates were not imputed. Red shaded
areas represent associations with a p-value < 0.05.
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3.3.4. Trajectories of child’s cognitive developmental scores and their associations with prenatal

maternal PFAS exposure

Two different groups were identified from the trajectory analysis. The low-score group (n
= 40) showed lower and/or decreasing MSEL Composite scores over time, including 17 children
with ASD, 10 Non-TD children, and 13 TD children (Figure 3.6). On the other hand, the high-
score group (n = 100) showed higher and/or increasing scores over time, including 12 children
with ASD, 8 Non-TD children, and 80 TD children. The trajectory of mean Composite scores for
high-score group fell within 1 SD of the normative mean, while that for low-score group fell
between 1 SD and 2 SD of the normative mean at 24 and 36 months of age. Compared to the
high-score group, the low-score group included more males (73% versus 54%), more mothers
who were younger than 35 years of age at delivery (65% versus 46%), less mothers with
gestational diabetes (8% versus 24%), and more mothers who did not have at least a bachelor’s
degree (68% versus 36%) (Table S3.6). Having lower and/or decreasing Composite scores was
associated with increasing prenatal maternal serum PFOA concentrations (RR = 1.49, 95% CI:

1.09, 2.03) (Table 3.5).
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Figure 3.6 Trajectories of child’s Composite scores from 6 to 36 months of age for low- and high
-score groups. Solid lines represent trajectories of group mean, and fine lines and dots represent t
rajectories of individuals.

Table 3.5 Adjusted relative risk (RR) and 95% confidence interval (CI) for the low-score group
versus the high-score group in association with prenatal maternal serum PFAS concentrations
and two primary principal components (PC-1 and PC-2).

Log 2-transformed PFAS or Low-score vs. high-score group

two PCs RR?* (95% CI)

PFOA 1.49 (1.09, 2.03)*

PFOS 0.92 (0.70, 1.21)

PFHxS 1.10 (0.90, 1.35)

PFNA 1.19 (0.83, 1.72)

PFDA 1.02 (0.91, 1.15)
PFUnDA 0.95 (0.89, 1.02)

PC-1 1.12 (0.94, 1.33)

PC-2 0.97 (0.79, 1.20)

2 Models were adjusted for child’s sex, parity, maternal pre-pregnancy BMI, gestational diabetes,
maternal education, and breastfeeding duration.

* p-value < 0.05
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3.4. Discussion

To better understand the potential effect of prenatal maternal exposure to PFAS on child
cognitive development, we used prenatal maternal serum PFAS concentrations and child’s
MSEL scores repeatedly evaluated at four time points (i.e., 6, 12, 24, 36 months of age) in the
MARBLES cohort study and examined both cross-sectional associations at each time point and
longitudinal associations over four assessment time points. To our knowledge, this is the first
study that reported cross-sectional and longitudinal associations and showed the trajectories of
child cognitive development between low- and high-score groups. From cross-sectional
associations at specific time points, PFOA was consistently associated with reduced scores on
almost all subscales and the Composite at 24 and 36 months of age (Figure 3.4). From analyses
of longitudinal changes over the four time points using GEE models, we observed prenatal
PFOA to be associated with declining performance on the MSEL Composite and subscale scores
(Table 3.4). When assessing trajectories of Composite scores from 6 to 36 months of age, PFOA
was associated with having lower and/or decreasing Composite scores. From effect modification
analyses, we observed that the associations of PFOA, PFHxS, and PFNA with Composite scores
were modified by breastfeeding duration at 12 months of age, in which higher exposures were
associated with reduced scores among children who were breastfed < 12 months and with

increased scores among children who were breastfed = 12 months.

Our finding should be interpreted in the context of mixed epidemiological literature on
prenatal maternal exposure to PFAS and child cognitive development before or at 3 years of age.
For example, Fei et al. and Goudarzi et al. reported no convincing association of prenatal
maternal PFOA or PFOS concentrations with mental or motor development of infants at 6 and 18

months of age in the Danish National Birth Cohort and a Japanese birth cohort, respectively (Fei
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et al. 2008; Goudarzi et al. 2016). Chen et al. observed that higher PFOS concentrations in cord
blood were adversely associated with the overall development, especially with gross-motor and
fine-motor domains, among 2-year-old children in a Taiwanese population (Chen et al. 2013). In
contrast, Spratlen et al. reported better mental development of children at 3 years of age, but not
at 1 and 2 years, in association with prenatal exposure to PFOA and PFHxS (Spratlen et al.
2020). The previous studies used one to three assessment time points before 3 years of age,
which were mostly similar to those of our studies, but they only examined cross-sectional
associations. To assess the child cognitive development, Fei et al. used mother’s responses in
questionnaires, mostly consisting of yes/no questions, while other studies, including the present
study, used performance-based assessment tools, such as the Bayley Scales of Infant
Development (Goudarzi et al. 2016; Spratlen et al. 2020) and Comprehensive Developmental
Inventory for Infants and Toddlers (Chen et al. 2013). Thus, the differences in the assessment
time points and tools across studies may affect the comparability of the results.

Beyond 3 years of age, a Norwegian cohort reported that the first principal component,
mainly loaded with PFOA, PFOS, PFHxS, and perfluoroheptane sulfonate, was associated with
decreased scores of nonverbal working memory among children at 3.5 years of age (Skogheim et
al. 2020). The two principal components they selected showed very similar PFAS loading
weights with our study (Table 3.3). A prospective cohort in Shanghai reported that prenatal
plasma concentrations of PFNA and PFDA were associated with increased risk of developmental
problems in personal-social skills among 4-year-old children (Niu et al. 2019). In contrast, in a
U.S. birth cohort study, prenatal exposure to PFOA and MeFOSAA was associated with
improved cognitive functions among 3- to 6-year-old children (Harris et al. 2018). As a child

grows, we cannot exclude the possibility that increased interactions with siblings or other
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children in childcare settings contribute to changes in the child cognitive development over time
(Bontinck et al. 2018; Rutter 1985). Longer follow-up of the MARBLES cohort would allow us
to evaluate delayed or persistent effects of prenatal PFAS exposures on child cognitive
development.

We observed sex-specific associations between prenatal exposure to certain PFAS and
cognitive development: negative associations among females and positive associations among
males for PFHxXS at 12 months of age. Although the mechanisms underlying the sex-specific
associations are unknown, PFAS exposure during gestation may alter fetal thyroid and sex
hormone levels, which can adversely affect cognitive functions in later life, in sexually
dimorphic manner (Collaer and Hines 1995; de Cock et al. 2014; Itoh et al. 2016; Nian et al.
2020; Yao et al. 2019). Furthermore, effect modification by child’s sex for PFHxS may relate to
the higher efficiency of placental transfer in females than in males. The mean ratios of cord
serum to maternal serum among male (n = 26) and female (n = 24) infants were 0.71 and 1.15,
respectively (Liu et al. 2011). Our findings are in line with the results from previous
epidemiological studies investigating sex-specific associations between prenatal PFAS exposure
and child’s neurobehaviors. For example, Goudarzi et al. observed that prenatal PFOA was
associated with decreased scores of the mental developmental index only among 6-month-old
female infants (Goudarzi et al. 2016). Skogheim et al. reported that PFAS principal components
were associated with decreased scores of verbal working memory and language skills among
females than males at 3.5 years of age (Skogheim et al. 2020). Niu et al. reported that 4-year-old
females had higher risk of having problems in developing personal-social skills in association
with prenatal PFOA, PFOS, PFNA, PFDA, PFUnDA, and PFDoDA, compared to males at the

same age (Niu et al. 2019).
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Strengths of this study include adjustment for covariates prospectively collected during
the study period and repeated child’s cognitive developmental scores. The repeated measures in
the same children over time allowed us to examine cross-sectional and longitudinal associations
between prenatal maternal serum PFAS and child cognitive scores as well as trajectories of
child’s scores by low- and high-score groups. The MSEL used in this study is known to be a
reliable and valid assessment tool for child cognitive development and covers four subscales of
child’s cognitive function.

However, limitations should be also noted. Approximately one-third of the children
included in the current study were diagnosed with ASD or had other neurodevelopmental
concerns, such as broader autism phenotype and attention-deficit/hyperactivity disorder, which
can result in lower MSEL scores. Thus, our findings should be interpreted cautiously because
their generalizability to the general population may be limited. Although we performed
sensitivity analyses after restricting to those children who were typically developed at 36 months,
it should be noted that this does not entirely address the issue of these children being at high risk
for other neurodevelopmental outcomes that are usually diagnosed at a later age. Another
limitation of this study is selection bias. Though the MARBLES study has a relatively high
retention rate (84%) (Hertz-Picciotto et al. 2018b), only 64% of our MARBLES baseline
population completed all four MSEL tests from 6 to 36 months of age and were used in the
analyses. Therefore, missing outcome measures of the rest of the children may have influenced
our results. Child’s postnatal environmental factors, such as breastfeeding duration, the
intellectual home environment, and attendance at day-care centers, can influence cognitive
development of infants and young children (McCrory and Murray 2013; Morrow-Tlucak et al.

1988; National Institute of Child Health and Human Development Early Child Care Research
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Network 2000; Yeates et al. 1983). We adjusted for breastfeeding duration as well as maternal
education as a surrogate for the intellectual environment in the regression models and considered
effect modification by breastfeeding duration, but we did not account for child’s attendance at
day-care centers nor did we have an assessment of the home environment during this time
period. Because cognitive abilities are malleable in infancy and toddlerhood and child’s postnatal
environments can influence cognitive development, further studies should account for child’s
postnatal environmental factors. Longer follow-up into mid-childhood and beyond would also

contribute to an understanding of the longer-term impacts of prenatal PFAS exposures.

64



CHAPTER 4: PERFLUOROOCTANOATE AND PERFLUOROOCTANE SULFONATE
IN UMBILICAL CORD BLOOD AND CHILD COGNITIVE DEVELOPMENT:

HAMAMATSU BIRTH COHORT FOR MOTHERS AND CHILDREN (HBC STUDY)

Jiwon Oh
Hyeong-Moo Shin
Tomoko Nishimura

Mohammad Shafiur Rahman
Nagahide Takahashi

Kenji J. Tsuchiya

Oh J, Shin HM, Nishimura T, SR Mohammad, Takahashi N, Tsuchiya K. (under review).
Perfluorooctanoate and perfluorooctane sulfonate in umbilical cord blood and child cognitive
development: Hamamatsu Birth Cohort for Mothers and Children (HBC Study).

65



4.1. Introduction

4.1.1. Background

Per- and polyfluoroalkyl substances (PFAS) are a class of man-made fluorine-containing
chemicals widely applied to water- and stain-resistant coatings for consumer products such as
non-stick cookware, food packaging, fabric, and carpeting (ATSDR 2018). Humans are exposed
to PFAS through ingestion of contaminated food, water, and house dust or by use of PFAS-
containing products (Sunderland et al. 2019; Trudel et al. 2008). In general, perfluorooctanoate
(PFOA) and perfluorooctane sulfonate (PFOS) are two predominant long-chain PFAS found in
humans. They have been detected in blood from North American, European, and Asian general
populations (CDC 2019; Harada et al. 2011; Jian et al. 2018) as well as in pregnant women
(Brantsaeter et al. 2013; Kingsley et al. 2018; Manzano-Salgado et al. 2016; Ode et al. 2013;
Sagiv et al. 2015; Tian et al. 2018; Tsai et al. 2018). PFOA and PFOS could be transferred from a
pregnant woman to a fetus via the placenta (Ma et al. 2021) because they are frequently detected
in cord blood (Fromme et al. 2010; Hanssen et al. 2010; Jian et al. 2018; Kato et al. 2014;
Manzano-Salgado et al. 2015; Monroy et al. 2008; Ode et al. 2013).

Prenatal exposure to PFOA and PFOS is reported to have neurotoxic and behavioral
effects on offspring in animal studies (Mariussen 2012). Prenatal PFOS exposure led to delayed
development of neuromotor skills in mice (Fuentes et al. 2007), decreased exploratory activity
and increased number of inactive periods in male mice (Onishchenko et al. 2011), and increased
locomotor activity and decreased habituation in male rats (Butenhoff et al. 2009). For PFOA,
male mice that were prenatally exposed showed higher exploratory behaviors than female mice

along with increased activity in the home cage (Onishchenko et al. 2011).
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4.1.2. Statement of research problem

A number of epidemiological studies investigated associations between prenatal exposure
to PFOA and PFOS and neurodevelopment in the first few years of child’s life, but those that
assessed child neurodevelopment at multiple ages within the same population are limited
(Carrizosa et al. 2021; Fei et al. 2008; Goudarzi et al. 2016; Spratlen et al. 2020). These studies
assessed child neurodevelopment at two, three, or five time points throughout infancy and early
childhood and reported varying results. For example, a Japanese study observed that prenatal
maternal PFOA level was associated with decreased Mental Developmental Index (MDI) scores
in female children at 6 months of age but not at 18 months (Goudarzi et al. 2016), while a Danish
study reported that prenatal maternal PFOS level was associated with slightly delayed sitting or
language skills at 18 months but not at 6 months (Fei et al. 2008). In a United States (U.S.) study,
cord blood PFOA level was associated with higher MDI scores at 3 years of age but not at 1, 2,
4, or 6 years (Spratlen et al. 2020). A Spanish study observed that prenatal maternal PFOS level
was associated with decreased motor development in children at 14 months of age but increased
cognitive development at 4-5 years (Carrizosa et al. 2021). As child neurodevelopment fluctuates
during early life (Huttenlocher 2009), examining associations between prenatal exposure to
PFOA and PFOS and neurodevelopment assessed at multiple time points and longitudinally is
needed to gain a comprehensive understanding of their effects on child neurodevelopment. None
of the above studies investigated longitudinal associations, but our recent study examined
longitudinal associations as well as cross-sectional associations in a cohort of children having a
first-degree relative with autism spectrum disorder (ASD) (Oh et al. 2021b). We observed that
prenatal maternal PFOA level was inversely associated with child cognitive function at 24 and 36

months of age and with longitudinal changes from 6 to 36 months of age.
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4.1.3. Objectives

To support the plausibility of these findings in a different population, the present study
employed a cohort that is representative of the general population with a lower risk of ASD and
examined associations of cord blood PFOA and PFOS with child cognitive development. We
investigated cross-sectional associations more frequently than in our previous study and

longitudinal associations across all assessment time points.

4.2. Methods

4.2.1. Study population

Participants were drawn from the Hamamatsu Birth Cohort Study for Mothers and
Children (HBC Study), an ongoing prospective birth cohort study in Japan initiated in 2007
(Tsuchiya et al. 2010). Pregnant women were enrolled at one of two research sites (Hamamatsu
University Hospital or Kato Maternity Clinic) during the first or second trimester of pregnancy
and gave birth at Hamamatsu University Hospital. Approximately 98% of the enrolled women
were Japanese. Participants provided written informed consent prior to enrolling in the study.
Based on the National Statistics of the Japanese Government, mother-child participants are
considered representative of the general Japanese population with regard to mother’s age,
socioeconomic status, child’s birthweight, and gestational age at delivery (Takagai et al. 2016).
Details of the study design, study population, recruitment, and data collection are described
elsewhere (Takagai et al. 2016; Tsuchiya et al. 2010).

The HBC study included 1,138 mothers and 1,258 children born between December 2007

and March 2012. Of 1,258 live births, 1,244 cord blood samples were collected. Due to limited
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funding, 600 cord blood samples were randomly selected for quantification of PFOA and PFOS.

Among these, one child was excluded due to a diagnosis of Down syndrome with a profound

level of neurodevelopmental delay and heart failure. Another child was excluded due to a sample

processing error and three were excluded because PFOA or PFOS concentrations were below the

method detection limit (MDL). Therefore, a total of 595 children born to 553 mothers were

included in this study (Figure 4.1).

Hamamatsu Birth Cohort (HBC Study)
1138 mothers and their 1258 children born
between December 2007 and March 2012

\4

Of 1258 live births,
1244 umbilical cord bloods were collected

\4

600 umbilical cord blood samples were
randomly selected for quantification of
PFOA and PFOS

A

Children were administered to MSEL at
4,6,10, 14, 18, 24, 32, and 40 months
of age (8 assessment time points)

One child excluded due to
serious developmental delay

One child excluded due to
handling error in quantification

| Three children excluded due to
PFOA/PFOS concentrations < MDL

y

595 children born to 553 mothers
were included in this study

v

Number of children who had MSEL
Composite scores at each time point

4 months: 543
6 months: 525
10 months: 564
14 months: 533

18 months: 557
24 months: 554
32 months: 551
40 months: 548

Figure 4.1 Study design and flow diagram for selecting study population.
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4.2.2. Cord blood sample collection and PFAS quantification

Umbilical cord blood was collected immediately after birth from the umbilical vein and
was stored at room temperature for 30 minutes. It was then centrifuged at 3,500 rpm for 10
minutes and serum was separated to Eppendorf tubes and stored at -80 °C. PFOA and PFOS
concentration in serum was quantified at Shimadzu Techno-Research, Inc. (Kyoto, Japan) using
high-performance liquid chromatography (Shimadzu Corporation) coupled with a tandem mass
spectrometer (AB Sciex) followed by solid phase extraction. Detailed information on sample
preparation and analytical methods are available in Table S4.1.

The MDL was 0.003 ng/mL for both PFOA and PFOS. Minimum values of the measured
PFOA and PFOS concentrations were approximately 60 times greater than the MDL and
replacement of values may bias the results of statistical analyses; therefore, three children whose
sample concentrations were below the MDL were excluded (Figure 4.1). Quality assurance and
quality control of the analytical methods were assessed by international round robin tests for
determination of PFOA and PFOS in serum organized by the German External Quality

Assessment Scheme.

4.2.3. Assessment of child cognitive development

The Mullen Scales of Early Learning (MSEL) was used to evaluate cognitive
development, a specific aspect of neurodevelopment, in children at 4, 6, 10, 14, 18, 24, 32, and
40 months of age. MSEL is a performance-based assessment tool to evaluate cognitive abilities
of infants and young children comprised of four subscales (Fine Motor, Visual Reception,
Receptive Language, Expressive Language) (Mullen 1997). Raw scores of the subscales are

standardized to a T-score with a mean of 50 and a standard deviation (SD) of 10, which is a
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useful index to discern deviations from normative cognitive development. The T-scores of the
four subscales are combined to calculate an Early Learning Composite (Composite) score with a
mean of 100 and a SD of 15 (Swineford et al. 2015; Turner-Brown et al. 2013). Higher scores on
the Composite and four subscales indicate better cognitive abilities. However, the U.S. version of
normative data did not appear to correspond with Japanese T-scores, especially in language
domains; therefore, we used the HBC Study samples to generate a Japanese version of
standardized T-scores and Composite scores in accordance with the original procedure described
by Mullen (Nishimura et al. 2016). All assessors were blinded to prior assessments and

participants’ demographic information.

4.2.4. Statistical analysis

Potential confounders were selected a priori based on a directed acyclic graph (Figure
S4.1) (Hernan et al. 2004). We performed univariate analyses using the Wilcoxon rank-sum test
or the Kruskal-Wallis test to compare MSEL Composite scores at each assessment time point
with respect to potential confounders. Variables that were associated with MSEL Composite
scores at one or more time points (p < 0.05) were selected as covariates: child’s sex (female,
male); child’s birth year (2008, 2009, 2010, 2011); gestational age at delivery (< 38, > 38
weeks); mother’s age at delivery (< 30, 30 — 35, > 35 years); parity (0, 1 —4); mother’s
educational history (< 12, 12 — 14, > 14 years); household income prior to delivery (<4, 4 — 6, >
6 million Japanese yen [JPY]); and breastfeeding duration (< 6, 6 — 14, > 14 months). Child’s
birth year was selected as a covariate to adjust for the potential selection bias associated with

calendar time and PFOA and PFOS decrease over time.
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For regression analyses, cord blood PFOA and PFOS concentrations were: 1) log 2-
transformed to lessen the impacts of outliers; and 2) categorized into tertiles with the lowest
tertile as a reference group. To examine cross-sectional associations between PFOA and PFOS
concentrations and MSEL Composite and T-scores of the four subscales at each assessment time
point, we performed multiple linear regression analyses while using continuous or tertile-based
PFOA and PFOS concentrations and then estimated regression coefficients (Bs) and 95%
confidence intervals (CIs). For mothers who delivered more than one child, we used clustered
sandwich variance estimators to adjust for within-family correlations. To investigate associations
between continuous or tertile-based PFOA and PFOS concentrations and longitudinal changes in
MSEL Composite and subscale scores, we fit generalized estimating equation (GEE) models
with a linear link and an autoregressive correlation structure to deal with correlation of the
repeated outcomes as well as within-subject missing data (Ballinger 2004; Hubbard et al. 2010;
Liang and Zeger 1986). GEE models additionally included age at assessment (in months) and its
interaction term with continuous or tertile-based PFOA or PFOS concentrations.

Based on epidemiological evidence that the associations between prenatal PFAS exposure
and child neurodevelopment were modified by child’s sex (Goudarzi et al. 2016; Harris et al.
2018; Niu et al. 2019; Oh et al. 2021b), we performed effect modification analyses using
Composite and subscale scores at each assessment time point. We stratified the multiple linear
regression models by child’s sex and examined whether regression coefficient directions differed
between females and males. We also evaluated interactions between child’s sex and continuous
PFOA or PFOS concentrations in the regression models.

As exploratory analyses, we performed quantile regression analyses at each time point to

examine associations between continuous PFOA and PFOS concentrations and MSEL
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Composite scores at their different percentiles. Quantile regression allows us to characterize
different exposure effects across the outcome distribution while linear regression only estimates
mean effects (Koenker and Hallock 2001; Wei et al. 2019). We obtained regression coefficients
at the 10th (lowest), 30th, 50th, 70th, and 90th (highest) percentiles, and their standard errors, via
bootstrapping. For sensitivity analyses, we ran the multiple linear regression models using
continuous and tertile-based PFOA and PFOS concentrations after excluding 25 children who
were born preterm (< 37 weeks of pregnancy).

Statistical analyses were performed using STATA/IC version 16.1 (StataCorp LLC,

College Station, TX, USA). A p-value < 0.05 was considered statistically significant.

4.3. Results

4.3.1. Demographic characteristics and MSEL scores

Among the 595 mother-child pairs, 48% of children were females and 81% were born
after 38 weeks of pregnancy; 46% of mothers were nulliparous before the current pregnancy and
67% had normal pre-pregnancy weight (Table 4.1). Approximately 25% of mothers stopped
breastfeeding before 6 months postpartum, while 36% were still breastfeeding after 14 months
postpartum.

Means and SDs of MSEL Composite and subscales scores for 595 children were close to
the normative mean and SD, respectively (Table S4.2). Composite scores at each assessment
time point differed across some demographic characteristics (Table 4.1). Compared to males,
females had higher scores at each timepoint from 14 to 40 months of age and children born in
different calendar years had different scores at each timepoint from 4 to 24 months. Children

whose gestational age at delivery was > 38 weeks showed higher scores at each time point from
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4 to 40 months of age compared to those whose gestational age was < 38 weeks. Children born
to nulliparous women had higher scores at 10 and 40 months of age compared to those born to
parous women. Children whose mother had > 14 years of education showed the highest 40-
month scores compared to those with less education. Children born to families in the highest
income group had higher scores at 24, 32, and 40 months of age compared to those born to
lower-income families. Children who were breastfed more than 6 months showed higher scores

at 6, 14, 18, 32, and 40 months of age compared to those who were breastfed less than 6 months.
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Table 4.1 MSEL Composite scores for 595 children from 4 to 40 months of age by demographic characteristics.

All (n =595) MSEL Composite score, mean (standard deviation)
Characteristic o 4 months 6 months 10 months 14 months 18 months 24 months 32 months 40 months
" | (n=543) (n=525) (n=564) (n=533) (n=557) (n=554) (n=551) (n=>548)

Child’s sex

Female 287 48 | 100 (14) 99 (15) 99 (16) 100 (13) 103(16) 102(11) 103 (13) 104 (13)

Male 308 52 | 100(16) 101 (16) 98 (14) 98 (13) 99 (14) 97 (12) 98 (13) 98 (14)
Child’s birth year

2008 168 28 | 99 (14) 99 (13) 99 (13) 98 (12) 99 (15) 97 (10) 98 (12) 99 (13)

2009 143 24 | 98 (13) 96 (13) 94 (15) 97 (14) 102(16) 100(11) 101 (14) 101 (14)

2010 181 30 | 95(13) 99 (15) 100(16) 101 (14) 103(15) 101 (12) 101 (14) 102(14)

2011 103 17 | 111 (16) 108 (17) 100(16) 98(12) 101(14) 99(13) 101 (13) 101 (14)
Gestational age at delivery

< 38 weeks 115 19 | 95(14) 94 (14) 92 (14) 95 (12) 97 (13) 96 (10) 97 (12) 97 (13)

> 38 weeks 480 81 | 101 (15) 101(15) 100(15) 100(14) 102(15) 100(12) 101(14) 102(14)
Mother’s age at delivery

<30 years 203 34 | 101 (16) 101(14) 9915 101 (13) 101(15) 99(11) 100(13) 100 (14)

30 — 35 years 211 35 | 99(15) 101(16) 100(15) 98(14) 101 (15) 100(11) 100 (14) 101 (14)

> 35 years 181 30 | 99 (14) 98 (15) 96 (14) 97 (13) 102(14) 99(12) 100(13) 101 (14)
Parity

0 273 46 | 101 (15) 101(15) 101 (15) 99(14) 100(15) 100(12) 101(14) 102 (14)

1-4 322 54 | 99(15) 99 (15) 97 (15) 99 (13) 102 (15) 99 (11) 99 (13) 99 (13)
Mother’s pre-pregnancy body mass index

Underweight 121 20 | 99 (14) 98 (15) 96 (14) 97 (13) 101 (15) 100(11) 100 (13) 101 (14)

Normal 397 67 | 100(16) 100 (16) 99 (15) 100 (14) 101 (15) 100(11) 101 (14) 101 (14)

Overweight/obese 77 13 | 160 (14) 99 (15) 99 (15) 97 (14) 101 (13) 97(11) 97 (12) 97 (13)
Mother’s educational history

<12 years 195 33 | 101(15) 100(15) 99(16) 100 (14) 102(15) 99 (11) 100(13) 99 (14)

12 — 14 years 196 33 | 99(15) 101(14) 99 (14) 97 (13) 100 (14) 99 (12) 99 (13) 100 (13)

> 14 years 204 34 | 100 (15) 99 (17) 97 (14) 99 (13) 102 (15) 100(11) 102 (14) 103 (14)
Household income prior to delivery

< 4 million JPY 136 23 | 101 (15) 100(14) 100 (15) 100 (13) 101 (16) 98 (11) 99 (12) 99 (13)
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4 — 6 million JPY 240

> 6 million JPY 219
Breastfeeding duration

< 6 months 147

6 — 14 months 231

> 14 months 217

40
37

25
39
36

98 (14)
100 (16)

99 (15)
101 (15)
99 (15)

100 (15)
99 (16)

97 (15)
102 (15)
100 (15)

98 (15)
98 (15)

96 (14)
99 (15)
99 (16)

99 (14) 100(15) 98(11) 99 (14) 99 (14)
98 (13)  102(15) 101 (11) 103 (14) 104 (13)

95(12) 98(13) 98(11) 97(13) 97(13)
100 (13) 100 (15) 100(12) 101(12) 101 (14)
100 (14) 104 (16) 100 (12) 101 (14) 103 (14)

Note: p-values < 0.05 from the Wilcoxon rank-sum test or the Kruskal-Wallis test are highlighted in bold.

76



4.3.2. Cord blood PFOA and PFOS concentrations

Distributions of PFOA and PFOS concentrations in 595 cord blood samples were similar,
although PFOA showed a slightly wider interquartile range (0.8 to 1.8 ng/mL) versus PFOS (0.9
to 1.7 ng/mL) (Figure 4.2). PFOA and PFOS concentrations had minimum values of 0.2 ng/mL,
but PFOA skewed more to the right, with a greater maximum value (10.0 ng/mL) than PFOS

(7.1 ng/mL). Median PFOA and PFOS concentrations were the same at 1.2 ng/mL.
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Figure 4.2 Distribution of PFOA and PFOS concentrations in 595 cord blood samples.
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4.3.3. Associations between cord blood PFOA and PFOS concentrations and child cognitive

development

When cord blood PFOA and PFOS continuous concentrations were used in the regression
models, PFOA was associated with decreased Composite scores at 18 months of age (per 2-fold
increase in concentration: § = -2.30, 95% CI: -3.96, -0.63) (Figure 4.3). With regard to subscale
scores, PFOA was positively associated with Fine Motor scores at 4 months (B = 1.02, 95% CI:
0.09, 1.96) but was inversely associated with Visual Reception scores at 10 months (f =-1.46,
95% CI: -2.65, -0.26) and Receptive Language scores at 10 months ( =-1.63, 95% CI: -2.88, -
0.38). PFOS was positively associated with Expressive Language scores at 24 months (f = 1.39,
95% CI: 0.25, 2.54) and at 32 months ( = 1.22, 95% CI: 0.17, 2.26).

When categorizing PFOA and PFOS concentrations into tertiles with the lowest tertile
used as a reference group in the regression, the 3™ tertile for PFOA was inversely associated with
Composite (f =-4.56, 95% CI: -8.04, -1.09), Fine Motor ( = -2.69, 95% CI: -4.74, -0.63), and
Visual Reception (B = -2.44, 95% CI: -4.80, -0.08) scores at 18 months of age compared to the
1t tertile (Figure 4.4). The 3™ tertile for PFOA was also inversely associated with 6-month Fine
Motor scores (B = -2.74, 95% CI: -4.87, -0.62) and 10-month Visual Reception scores ( = -3.25,
95% CI: -5.68, -0.82). Compared to the 1% tertile, the 2"¢ and 3™ tertiles for PFOA were
associated with decreased Receptive Language scores at 10 months of age (B = -2.34 for the 2"
tertile, B = -2.75 for the 3™ tertile). On the other hand, the 2" tertile for PFOS was positively
associated with Composite (f = 2.22, 95% CI: 0.01, 4.44) and Fine motor scores (f = 1.90, 95%
CI: 0.01, 3.78) at 24 months of age and with Expressive Language scores at 32 months ( = 2.34,

95% CI: 0.38, 4.29) and at 40 months (B = 2.10, 95% CI: 0.24, 3.96).
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Figure 4.3 Estimated mean differences () in MSEL Composite and subscale scores at 4, 6, 10,
14, 18, 24, 32, and 40 months of age per 2-fold increase in cord blood PFOA and PFOS
concentrations. Multiple linear regression models were adjusted for child’s sex and birth year,
gestational age, maternal age at delivery, parity, household income, maternal educational history,
and breastfeeding duration. Shaded areas indicate estimates with a p-value < 0.05.
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Figure 4.4 Estimated mean differences () in MSEL Composite and subscale scores at 4, 6, 10,
14, 18, 24, 32, and 40 months of age in association with the 2"¢ and 3™ tertile cord blood PFOA
and PFOS concentrations versus the 1% tertile. Multiple linear regression models were adjusted
for child’s sex and birth year, gestational age, maternal age at delivery, parity, household
income, maternal educational history, and breastfeeding duration. Shaded areas indicate
estimates with a p-value < 0.05.
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When longitudinal associations from 4 to 40 months of age were examined using the
GEE models, Fine Motor scores were inversely associated with continuous and the 3™ tertile
(versus the 1% tertile) PFOA (B = -0.04 for continuous, p = -0.08 for the 3™ tertile) and PFOS (B
=-0.06 for continuous, B = -0.11 for the 3™ tertile) (Table 4.2). Receptive Language scores were
positively associated with continuous and the 3™ tertile PFOA (B = 0.05 for continuous, f = 0.07

for the 3 tertile) and PFOS (B = 0.06 for continuous, B = 0.08 for the 3™ tertile). Additionally,

the 2™ tertile PFOS was positively associated with Expressive Language scores (B = 0.07).

Table 4.2 Longitudinal changes ($) in MSEL Composite and subscale scores from 4 to 40
months of age in association with log 2-transformed or tertile-based cord blood PFOA and PFOS

concentrations.
PFAS exposure B2 (95% CI)
MSEL measures PFOA PFOS
Continuous 0.02 (-0.02, 0.07) 0.03 (-0.02, 0.08)
Composite 2nd tertile vs. 1st -0.01 (-0.11, 0.09) 0.08 (-0.01, 0.18)
31 tertile vs. 1st 0.04 (-0.07, 0.14) 0.03 (-0.07, 0.13)
Continuous -0.04 (-0.07, 0.00) -0.06 (-0.10, -0.02)
Fine Motor 2nd tertile vs. 1st -0.07 (-0.13, 0.00) 0.03 (-0.04, 0.10)

31 tertile vs. 1st

-0.08 (-0.15, -0.01)

-0.11 (-0.18, -0.05)

Visual Reception

Continuous
2nd tertile vs. 1st
31 tertile vs. 1st

-0.02 (-0.05, 0.01)
-0.05 (-0.12, 0.01)
-0.05 (-0.12, 0.01)

-0.02 (-0.06, 0.01)
0.03 (-0.04, 0.09)
-0.03 (-0.10, 0.03)

Continuous 0.05 (0.01, 0.08) 0.06 (0.02, 0.09)

Receptive Language 27 tertile vs. 1st 0.01 (-0.05, 0.08) 0.05 (-0.01, 0.12)
31 tertile vs. Ist 0.07 (0.01, 0.14) 0.08 (0.01, 0.14)

Continuous 0.02 (-0.02, 0.05) 0.02 (-0.02, 0.05)

Expressive Language 2" tertile vs. 1st 0.01 (-0.05, 0.08) 0.07 (0.01, 0.13)

31 tertile vs. 1st

0.03 (-0.04, 0.10)

0.02 (-0.05, 0.09)

a GEE models include a continuous or tertile exposure variable, continuous age (in months), and
their interaction term with adjustment for child’s sex and birth year, gestational age, maternal age
at delivery, parity, household income, maternal educational history, and breastfeeding duration.
Regression coefficients represent the estimates of the interaction term (exposure x age).

Note: p-values < 0.05 from the interaction terms (exposure x age) are highlighted in bold.
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When conducting effect modification analyses by child’s sex, PFOA was associated with
decreased Composite, Visual Reception, and Receptive Language scores at 18 months among
females (Figure S4.2). In addition, PFOA was inversely associated with Composite and
Expressive Language scores at 6 months, Receptive Language scores at 10 months, and Visual
Reception scores at 40 months among females. On the contrary, PFOA was positively associated
with 4-month Fine Motor scores and 18-month Visual Reception scores among males. The
associations between PFOA and Composite and subscale scores, except for Fine Motor, were
modified at 18 and 40 months, in a negative direction among females and a positive direction
among males. Similar effect modification was observed for the associations of PFOA and PFOS
with Composite and Fine Motor scores at 14 months.

Quantile regression analyses revealed that PFOA was inversely associated with the 90
percentile Composite scores at 10 months of age (Figure S4.3). At 18 months, PFOA was also
inversely associated with the 10" and 70™ percentile Composite scores. PFOS was positively
associated with the 90 percentile Composite scores at 24, 32, and 40 months of age. When
excluding 25 children who were born preterm, the cross-sectional associations for both

continuous and tertile-based concentrations did not change (Figure S4.4).

4.4. Discussion

In the present study, we examined associations between cord blood PFOA and PFOS
concentrations with child cognitive development from 4 to 40 months of age in the HBC Study,
representative of the Japanese general population. We observed that PFOA was associated with
decreased 18-month Composite and 10-month Visual Reception and Receptive Language scores,

while PFOS was associated with increased Expressive Language scores at later ages (24, 32, and
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40 months) (Figure 2 and Figure 3). From 4 to 40 months of age, PFOA and PFOS showed
negative associations with longitudinal changes in Fine Motor scores and positive associations
with longitudinal changes in Receptive Language scores (Table 2). We observed effect
modification by child’s sex for associations between PFOA and Composite, Visual Reception,
and Receptive and Expressive Language scores at 18 and 40 months of age, with lower scores
among females and higher scores among males (Figure S3). The associations of Composite and
Fine Motor scores at 14 months of age with both PFOA and PFOS were modified by sex, with a
similar trend.

Previous epidemiological studies that examined child neurodevelopment at multiple time
points in association with prenatal exposure to PFOA and PFOS reported mixed associations
within each population. In the Denmark National Birth Cohort, prenatal maternal serum PFOS
was associated with delayed gross motor and expressive language skills at 18 months of age, but
they did not observe any association at 6 months (Fei et al. 2008). A Japanese birth cohort study
observed that prenatal maternal serum PFOA level was inversely associated with 6-month MDI
scores (which represent cognitive, language, and personal and social development) only among
females, but it was not associated with 18-month scores (Goudarzi et al. 2016). In a U.S. birth
cohort, cord blood PFOA level was positively associated with cognitive outcomes at 3 years of
age, but not at 1, 2, 4, and 6 years of age (Spratlen et al. 2020). A Spanish birth cohort reported
that prenatal maternal plasma PFOS level was positively associated with verbal subscales at 4 to
5 years of age but not at 14 months or 7 years (Carrizosa et al. 2021). The mixed associations
among previous studies might be due to differences in study population characteristics and
assessment tools, varying time points for neurodevelopment testing and blood sample collection,

and different exposure metrices (cord blood, prenatal maternal serum, or plasma).

83



We can compare the present study results to our previous work (Oh et al. 2021b) because
both studies used the MSEL to assess child cognitive development at similar ages. In our
previous study, prenatal maternal PFOA was inversely associated with Composite and subscale
scores at 24 and 36 months as well as their longitudinal changes from 6 to 36 months of age.
However, in the present study cord blood PFOA was associated with decreased Composite
scores only at 18 months, and longitudinal analyses did not find convincing associations. These
inconsistent results may be partly explained by differences in exposure matrices and study
population characteristics. Of note, the present study used cord blood to represent prenatal
exposure to PFOA and PFOS, but our previous study used average concentrations measured in
maternal serum collected in the 1%, 2", and 3™ trimesters of pregnancy. Though PFOA and
PFOS concentrations in maternal serum and cord serum are moderately- to highly-correlated
(Kim et al. 2011a; Kim et al. 2011b; Liu et al. 2011; Manzano-Salgado et al. 2015), cord blood
concentrations may better represent true fetal exposure versus maternal blood concentrations
given different transfer efficiencies of PFAS through placenta. Furthermore, our previous study
included one-third of children diagnosed with ASD or other neurodevelopmental concerns,
which resulted in greater variability in Composite scores especially at 24 and 36 months of age
(Oh et al. 2021b), whereas the present study consisted of children without severe
neurodevelopmental concerns and with less variability in Composite scores.

In this study, child’s sex modified associations between PFOA and 18- and 40-month
Composite and subscale scores, except for Fine Motor, and associations between PFOS and 14-
month Composite and Fine Motor scores. Overall, sex-specific associations were negative
among females and were positive among males, consistent with several previous studies. In a

Japanese study, prenatal maternal PFOA level was associated with decreased MDI scores only
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among 6-month-old females (Goudarzi et al. 2016). A Chinese birth cohort study reported that
prenatal maternal PFOA and PFOS levels were associated with increased risk of developmental
problems in personal-social skills only among 4-year-old females (Niu et al. 2019). However,
other studies observed associations in the opposite direction. In a U.S. birth cohort, cord blood
PFOS was positively associated with 2-year MDI scores only among females (Spratlen et al.
2020). A Spanish birth cohort study observed that associations between prenatal maternal PFOA
concentration and 4- to 5-year verbal working memory were positive among females and were
negative among males (Carrizosa et al. 2021). As epidemiological evidence on sex-specific
associations remains inconclusive, further studies are needed to confirm our findings.

A major strength of our study is repeated measures of child cognitive development using
a reliable and standardized assessment instrument. Throughout infancy and toddlerhood, children
were administered the MSEL at eight assessment points, enabling us to discern changes in
associations between prenatal exposure to PFOA and PFOS and cognitive function and to
perform longitudinal analyses. Quantified PFOA and PFOS concentrations in cord blood may
better represent gestational exposure versus those in maternal prenatal serum. Compared to our
previous study (Oh et al. 2021b), the present study has a larger sample size and a more general
population with lower risks of neurodevelopmental concerns. However, this study also has
several limitations. Among many PFAS, only PFOA and PFOS were selected and quantified,
such that a comparison of our results with those of previous studies was limited. Furthermore, as
the current study used the Composite and T-scores standardized to the HBC Study population,

the generalization of our findings to other study populations should be made with caution.
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5.1. Introduction

5.1.1. Backeground

Per- and polyfluoroalkyl substances (PFAS) are a class of synthetic chemicals that exhibit
both hydrophilic and hydrophobic properties and thus are widely used in various consumer and
industrial applications, such as coatings of cookware, textile, carpet and food packaging
materials, and fire-fighting foams (Prevedouros et al. 2006). Humans are exposed to certain
PFAS primarily via ingestion of contaminated food and water as well as non-dietary dust
ingestion (De Silva et al. 2021; Sunderland et al. 2019; Trudel et al. 2008). Since the early 2000s,
serum concentrations of the two most studied PFAS, perfluorooctane sulfonate (PFOS) and
perfluorooctanoate (PFOA), have decreased in the United States (U.S.), following regulatory and
voluntary phase-out, while those of other long-alkyl chain PFAS showed increasing or unclear
trends (Ding et al. 2020; Dong et al. 2019; Olsen et al. 2017). However, widespread detection of
common long-alkyl chain PFAS in drinking water across the U.S. suggests continued exposure
of the general population to these compounds (Hu et al. 2016).

Prenatal and early-life exposure to PFAS is of particular concern due to PFAS’s potential
adverse effects on child’s health. In laboratory animals, PFAS are shown to have liver toxicity,
metabolic toxicity, reproductive and developmental toxicity, neurotoxicity, and immunotoxicity
(DeWitt 2015; Fenton et al. 2021). Epidemiologic studies reported that prenatal or lactational
exposure to PFAS was associated with reduced fetal or infant growth (Chen et al. 2021; Jin et al.
2020; Kashino et al. 2020), immune dysfunction (Liew et al. 2018), neurodevelopmental
disorders (Lenters et al. 2019; Oh et al. 2021a; Oh et al. 2021b; Vuong et al. 2021), and thyroid
disruption (Kim et al. 2011a; Preston et al. 2020). PFAS have been commonly detected in blood

of pregnant women (Berg et al. 2014; Bjerregaard-Olesen et al. 2016a; Brantsaeter et al. 2013;
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Glynn et al. 2012; Kato et al. 2014; Kingsley et al. 2018; Ode et al. 2013; Sagiv et al. 2015; Tian
et al. 2018; Tsai et al. 2018), the placenta (Bangma et al. 2020; Zhang et al. 2013), cord blood
(Kim et al. 2011a; Kim et al. 2011b; Liu et al. 2011; Monroy et al. 2008), and breast milk
(Cariou et al. 2015; Thomsen et al. 2010; Zheng et al. 2021). Moderate to high correlations of
PFAS concentrations in maternal serum with those in paired cord serum and breast milk
demonstrated that PFAS are transported from mother to child through the placenta during
pregnancy and through breast milk during lactation (Beesoon et al. 2011; Fromme et al. 2010;
Giitzkow et al. 2012; Kim et al. 2011a; Kim et al. 2011b; Liu et al. 2011; Manzano-Salgado et al.

2015; Monroy et al. 2008; Ode et al. 2013).

5.1.2. Statement of research problem

Changes in maternal PFAS concentrations may differ not only between pregnancy and
postnatal periods but also among individual PFAS. Several studies quantified PFAS in serial
blood samples collected from the same women during pregnancy or early postpartum period
(Buck Louis et al. 2019; Chen et al. 2021; Glynn et al. 2012; Kato et al. 2014). In these studies,
maternal concentrations of several long-alkyl chain PFAS, including PFOA, PFOS, and
perfluorononanoate (PFNA), decreased at different rates during pregnancy. Only one of the
studies collected postnatal samples and observed declines in PFOA concentrations between 3
weeks and 3 months postpartum, while PFOS and PFNA concentrations did not change (Glynn
et al. 2012). However, little is known about changes in maternal PFAS concentrations over time
from pregnancy to postnatal periods, especially late postpartum when mothers are expected to
cease exclusive breastfeeding (Davis et al. 2018). As PFAS are less likely to be transferred from

mother to child after the start of the weaning period (Mogensen et al. 2015), maternal PFAS
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concentration changes during late postpartum period can be used as a baseline change to be

compared with those in earlier periods.

5.1.3. Objective

In the present study, we quantified ten PFAS in 251 blood serum samples prospectively
collected from 42 mothers during the 1%, 2", and 3" trimesters of pregnancy and 3, 6, and 24
months after delivery. Then, we separately examined changes in serum PFAS concentrations and
their potential determinants for three sub-periods: (1) during pregnancy (from 1% to 3™
trimesters), (2) early postpartum (from delivery to 6 months postpartum) and (3) late postpartum

(from 6 to 24 months postpartum).

5.2. Methods

5.2.1. Study population

This current study includes participants drawn from the MARBLES (Markers of Autism
Risk in Babies — Learning Early Signs) study. Launched in 2006, MARBLES is a prospective
birth cohort study that enrolls pregnant women who previously had a child who developed
autism spectrum disorder (ASD) (Hertz-Picciotto et al. 2018b). The MARBLES families are
primarily recruited from those who receive state-funded services for ASD in Northern California.
Mothers are eligible if they have a child or other first degree relative with ASD, are pregnant and
18 years old or older, speak, read, and understand English, and live within 2.5 hours of the
Davis/Sacramento region at the time of enrollment. Details of study design, study population,
eligibility criteria, and data collection are available elsewhere (Hertz-Picciotto et al. 2018b). Any

information or biological specimens were collected after completing informed consent. This
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study was approved by the institutional review boards for the State of California and the
University of California Davis (UC Davis). The analysis of coded samples at the Centers for
Disease Control and Prevention (CDC) laboratory did not constitute engagement in human
subjects’ research.

The MARBLES study started collecting serum in 2009, thus we included 217
pregnancies from 208 mothers who provided at least one blood sample with sufficient volume
since 2009 and conceived their baby by 2014, which resulted in 453 blood samples. Among
them, we selected 42 mothers who prospectively provided six blood samples during the 1%, 2,
and 3™ trimesters of pregnancy and at 3, 6, and 24 months after delivery. One of the 42 mothers
did not provide the 1% trimester sample but was included in this study. We used 251 maternal
blood samples collected from 42 mothers for statistical analyses and 453 samples collected from

217 unique pregnancies for sensitivity analyses (Figure 5.1).
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Total = 453 blood samples

217 pregnancies from 208 mothers (1t trimester: 68 samples,
provided at least one blood sample 2nd trimester: 149 samples,
with sufficient volume for PFAS ~ p----- > 3w trimester: 110 samples, ~ ====- » Sensitivity analysis
quantification since 2009 and 3 months postpartum: 42 samples,
conceived their babies by 2014 6 months postpartum: 42 samples,

24 months postpartum: 42 samples)

Total = 251 blood samples

42 mothers provided six blood (1t trimester: 41 samples,
samples from pregnancy to two 2nd trimester: 42 samples,
years postpartum et > 3 trimester: 42 samples, [ » Model fitting
(one mother provided five blood 3 months postpartum: 42 samples,
samples, except for the 1% trimester) 6 months postpartum: 42 samples,

24 months postpartum: 42 samples)

Figure 5.1 Numbers of blood serum samples collected at six collection time points (1%, 2", and
3 trimesters of pregnancy and 3, 6, and 24 months postpartum) from MARBLES mothers. Note
that postpartum blood serum samples were selected for only 42 mothers who provided six

samples from pregnancy to two years postpartum. Ten PFAS were quantified in 453 blood serum
samples.
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5.2.2. Serum sample collection and PFAS guantification

Maternal blood was collected at home visits conducted during pregnancy and the first
year after delivery and at visits to UC Davis Medical Investigations of Neurodevelopmental
Disorders (MIND) Institute at two years postpartum.(Hertz-Picciotto et al. 2018b) After
collection, whole blood was centrifuged to separate serum, stored at -80 °C and shipped to the
CDC for PFAS quantification.

PFAS in maternal serum were quantified using online solid-phase extraction coupled to
reversed-phase high-performance liquid chromatography-isotope dilution tandem mass
spectrometry, as described elsewhere (Kato et al. 2011a). Ten PFAS quantified include linear
PFOA (n-PFOA), linear PFOS isomer (n-PFOS), branched PFOS isomers (Sm-PFOS),
perfluorohexane sulfonate (PFHxS), PFNA, perfluorodecanoate (PFDA), perfluoroundecanoate
(PFUnDA), perfluorododecanoate (PFDoDA), 2-(N-methyl-perfluorooctane sulfonamido)
acetate (MeFOSAA), and 2-(N-ethyl-perfluorooctane sulfonamido) acetate (EtFOSAA). Blank
samples and low- and high-concentration quality control samples were analyzed with the study
samples. The study included 25 blind duplicate samples that were analyzed for quality assurance,
their median coefficient of variation ranged from 0% to 11% depending on the PFAS. The limit
of detection (LOD) for all PFAS was 0.1 ng/mL; PFAS concentrations below the LOD were

replaced with a value of the LOD divided by the square root of two (Hornung and Reed 1990).

5.2.3. Potential determinants

Based on the literature review, we considered various maternal prenatal, perinatal, and
demographic factors that were prospectively collected during our study period as potential

determinants of maternal serum PFAS concentrations. Prenatal and perinatal factors included
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parity, maternal body mass index (BMI) at pre-pregnancy (kg/m?), maternal weight gain during
pregnancy (kg), birthweight (kg), and total breastfeeding duration (month). Information on
exclusive breastfeeding duration was not collected. Demographic factors included child’s birth
year (year), maternal age at delivery (year), maternal birthplace (U.S., non-U.S.), maternal
race/ethnicity (non-Hispanic white, Hispanic/Asian/multiracial), maternal education (no

bachelor’s degree, bachelor’s degree or higher), and homeownership (owner, non-owner).

5.2.4. Statistical analysis

All statistical analyses were performed using R version 4.1.0 (R Foundation for Statistical
Computing, Vienna, Austria). For eight PFAS detected in greater than 50% of all samples, we
computed pairwise Spearman correlation coefficients among the six points. We computed
intraclass correlation coefficients (ICCs) and 95% confidence intervals (Cls) using ICCest()
function in R to assess within-subject variability of In-transformed PFAS concentrations (Fleiss
2011). An ICC is a ratio of between-subject variance to the sum of between- and within-subject
variance, and a higher ICC indicates smaller within-subject variability (Rosner 2015). We
calculated maternal serum concentration ratios by dividing the PFAS concentrations at each
point (i.e., 2" and 3" trimesters of pregnancy, 3, 6, and 24 months postpartum) by the 1%
trimester concentration. For one mother who did not provide the 1% trimester sample, the
concentrations at each point were divided by the 2™ trimester concentration. In order to account
for right-skewed distributions, PFAS concentrations and concentration ratios were natural log
(In)-transformed in subsequent regression analyses.

To examine changes in maternal PFAS serum concentrations from pregnancy to a few

years postpartum, we used only five PFAS detected in more than 99% of the whole study
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samples (i.e., n-PFOS, Sm-PFOS, PFHxS, n-PFOA, and PFNA). We grouped our study samples
into three sub-periods: (1) pregnancy included samples from the 1%, 279, and 3™ trimesters of
pregnancy, (2) early postpartum included samples from 3™ trimester and 3 and 6 months
postpartum, and (3) late postpartum included samples from 6 and 24 months postpartum. For
each sub-period, we investigated univariate associations between mean concentrations of each
compound and a priori selected potential determinants by performing the Spearman correlation
test for continuous variables and the Wilcoxon rank-sum test for binary variables.

Based on the univariate analyses, we included covariates that were associated with PFAS
concentrations in all sub-periods (p < 0.05). Accordingly, child’s birth year (centered to 2012),
maternal age at delivery, parity, and maternal birthplace were adjusted in the final models.
Breastfeeding duration was additionally included in the late postpartum models but not in the
early postpartum models because approximately 88% of the mothers breastfed their child longer
than 6 months. Then, we fitted the covariate-adjusted linear mixed models with random
intercepts for maternal-child dyads to estimate changes in maternal serum PFAS concentrations
for each sub-period. Given our small sample size, we performed parametric bootstrapping with
1000 replications and computed 95% bias corrected and accelerated confidence intervals (CIs)
using bootMer() function in R (Bates et al. 2015). We calculated percent changes in maternal
serum PFAS concentrations per one-unit increase in time as well as each covariate using the
following equation [(ef — 1) x 100, where P is a regression coefficient for time and each
covariate].

As a sensitivity analysis, we used In-transformed concentration ratios of PFAS at each
sample collection point to those at the 1* trimester of pregnancy as a dependent variable in the

linear mixed models to account for different initial concentrations. We also ran the final linear
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mixed models using samples from 217 unique pregnancies with at least one blood sample during
the whole study period. We restricted this sensitivity analysis to pregnancy and early postpartum
models because the additional samples from 175 pregnancies were only collected during
pregnancy (Figure 5.1).

Maternal plasma volume increases approximately 45% throughout the pregnancy and
returns to pre-pregnancy levels within 6 weeks postpartum (Aguree and Gernand 2019; Lund and
Donovan 1967). To account for the dilution effect in pregnancy and lactation models, we
additionally adjusted for maternal BMI at pre-pregnancy, maternal weight gain during
pregnancy, and child’s birthweight, which are potential predictors for plasma volume expansion
(Faupel-Badger et al. 2007; Spiegelman et al. 2020). To evaluate whether changes in maternal
serum PFAS concentration differ by breastfeeding duration, we divided the mothers into two
groups: women who breastfed their child longer or shorter than 12 months. For each group, we
used an early postpartum model that was fitted with 3-, 6-, and 24-month postpartum samples
and compared the monthly percent changes of PFAS. We also included interaction terms
between time from conception and a binary breastfeeding duration variable and examined p-

values for the interaction term.

5.3. Results

5.3.1. Population characteristics

Approximately half of the mothers gave birth in the later study period (2014-2015), and
overall, their average age at delivery was 34.9 years (range: 22.4 to 42.8) (Table 5.1). On
average, their pre-pregnancy BMI was 25.1 kg/m? (range: 18.9 to 39.9) and they gained 14.4 kg

of weight during pregnancy (range: 1.4 to 26.1). More than half of the mothers were non-
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Hispanic white (57%), born in the U.S. (67%), had a bachelor’s degree or higher (67%) and
owned a home (67%). After delivery, the mothers breastfed their child for an average of 14.0

months (range: 2.8 to 36.7).
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Table 5.1 Demographic and other characteristics of the study participants (n = 42).

Characteristics n Y%
Child’s birth year

2009 2 5%

2010 7 17%

2011 6 14%

2012 2 5%

2013 5 12%

2014 10 24%

2015 10 24%
Maternal race/ethnicity

Non-Hispanic white 24 57%

Hispanic & other? 18 43%
Maternal birthplace

United States 28 67%

Other 14 33%
Maternal education

No bachelor’s degree 14 33%

Bachelor’s degree or higher 28 67%
Homeownership

Non-owner 14 33%

Owner 28 67%

Mean = SD Range

Maternal age at delivery (year) 349+43 22.4-42.8
Maternal BMI at pre-pregnancy (kg/m?) 25.1+4.38 18.9-39.9
Maternal weight gain during pregnancy (kg) 144+54 1.4-26.1
Birthweight (kg) 34+0.5 1.6-43
Parity 21+14 1-7
Breastfeeding duration (month) 14.0+ 8.4 2.8-36.7

2 Other race/ethnicity includes Asian (21%) and multiracial (2%).

97



5.3.2. Maternal serum PFAS concentrations

During the whole study period, n-PFOS, Sm-PFOS, n-PFOA, and PFNA were detected in
all study samples, and PFHxS, PFDA, PFUnDA, and MeFOSAA were detected in 99%, 81%,
57%, and 52% of the samples, respectively (Table 5.2). PFDoDA and EtFOSAA were detected
in less than 50% of the study samples. The medians of n-PFOS, Sm-PFOS, n-PFOA, PFHxS,
and PFNA were 2.0, 0.7, 0.3, 0.7, and 0.4 ng/mL, respectively, while those of PFDA, PFUnDA,
and MeFOSAA were similar to the LOD (i.e., 0.1 ng/mL). Compared to the 1* trimester of
pregnancy, the GMs of concentration ratios for eight PFAS ranged from 0.79 to 1.01 during
pregnancy and from 0.57 to 0.92 during a postnatal period (Table S5.1).

Concentrations of the eight PFAS detected in more than 50% of the samples showed
moderate to high positive correlations across the six sample collection time points (5 = 0.56 to
0.97) (Table S5.2). PFAS concentrations during the 1%, 2", and 3 trimesters of pregnancy were
highly correlated with each other (75, = 0.62 to 0.97) as well as with those at 3 and 6 months
postpartum (75, = 0.57 to 0.96) and were relatively moderately correlated with those at 24 months
postpartum (75, = 0.58 to 0.85). The ICCs of eight PFAS ranged from 0.63 to 0.92 for the whole
study period, 0.67 to 0.94 for pregnancy, 0.65 to 0.97 for early postpartum, and 0.60 to 0.88 for
late postpartum, indicating relatively small within-subject variability of maternal PFAS serum
concentrations (Figure S5.1). Among three sub-periods, the smallest ICCs were observed during

late postpartum.

98



Table 5.2 Distribution of PFAS concentrations in 251 serum samples collected from 42 mothers during the 1%, 2", and 3™ trimesters
of pregnancy and 3, 6, and 24 months after delivery.

Whole period 1Trim 2Trim 3Trim 3Mon 6Mon 24Mon
PFAS ¢ % Percentiles (ng/mL)
detect 25t 50t 75t 50t 50t 50t 50t 50t 50t
n-PFOS 100 1.40 2.00 2.60 2.20 2.40 2.00 1.95 0.95 1.50
Sm-PFOS 100 0.50 0.70 1.10 0.90 0.85 0.70 0.75 0.70 0.60
PFHxS 99 0.20 0.30 0.50 0.40 0.40 0.40 0.30 0.20 0.30
n-PFOA 100 0.50 0.70 1.00 1.00 0.85 0.80 0.60 0.55 0.50
PFNA 100 0.30 0.40 0.60 0.60 0.50 0.40 0.40 0.40 0.30
PFDA 81 0.10 0.10 0.20 0.20 0.20 0.10 0.10 0.10 0.10
PFUnDA 57 <LOD 0.10 0.10 0.10 0.10 0.10 0.10 <LOD 0.10
PFDoDA 26 <LOD <LOD 0.10 0.07 <LOD <LOD <LOD <LOD <LOD
MeFOSAA 52 <LOD 0.10 0.10 0.10 0.10 <LOD <LOD 0.10 <LOD
EtFOSAA 2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD

2 The limit of detection is 0.1 ng/mL for all PFAS.
Note: One of the 42 mothers did not provide the 1% trimester sample but was included in this study.

Abbreviation: geometric mean (GM), perfluorooctanoate (PFOA), perfluorooctane sulfonate (PFOS), perfluorohexane sulfonate
(PFHxS), perfluorononanoate (PFNA), perfluorodecanoate (PFDA), perfluoroundecanoate (PFUnDA), perfluorododecanoate
(PFDoDA), 2-(N-ethyl-perfluorooctane sulfonamido) acetate (EtFOSAA), 2-(N-methyl-perfluorooctane sulfonamido) acetate
(MeFOSAA)
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5.3.3. Univariate associations of maternal serum PFAS concentrations with potential

determinants

Among the five PFAS detected in more than 99% of the whole study samples, child’s
birth year was negatively correlated with maternal serum n-PFOS, Sm-PFOS, n-PFOA, PFHxS,
and PFNA concentrations during all sub-periods (75, =-0.73 to -0.35), except for PFNA during
pregnancy (Table S5.3). Mother’s age at delivery was positively correlated with n-PFOS and
PFHxS during pregnancy (75 = 0.31), n-PFOA during early postpartum (ry, = 0.37), and n-PFOS,
Sm-PFOS, PFHxS, n-PFOA and PFNA during late postpartum (ry = 0.32 to 0.53). Parity was
negatively correlated with n-PFOA during pregnancy and early postpartum (s, = -0.39 and -0.33,
respectively) and PFHxS during early postpartum and late postpartum (75, = -0.36 and -0.50,
respectively). Breastfeeding duration was negatively correlated with n-PFOA during late
postpartum (75, = -0.51). During all three sub-periods, mothers who were born in the U.S. had

lower PFNA concentrations than those who were not.

5.3.4. Percent changes in maternal PFAS serum concentrations over time and by potential

determinants

Maternal serum concentrations of n-PFOS changed -3.1% per month (95% CI: -4.6%, -
1.5%) during pregnancy and -1.0% (95% CI: -1.6%, -0.6%) during late postpartum (Figure 5.2).
Sm-PFOS decreased with similar rates during pregnancy (-3.4%; 95% CI: -4.7%, -2.2%) and late
postpartum (-1.2%; 95% CI: -1.7%, -0.6%), but further changed -1.3% per month (95% CI: -
2.1%, -0.5%) during early postpartum. PFHxS changed -5.6% per month (95% CI: -7.3%, -
3.7%) only during early postpartum. n-PFOA changed -4.0% per month (95% CI: -4.8%, -3.4%)

during pregnancy and -4.5% (95% CI: -5.3%, -3.7%) during early postpartum. PFNA changed -
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4.4% per month (95% CI: -5.3%, -3.5%) during pregnancy, -1.1% (95% CI: -2.0%, -0.3%)
during early postpartum, and -0.8% (95% CI: -1.3%, -0.2%) during late postpartum.

During all three sub-periods, n-PFOS, Sm-PFOS, PFHxS, n-PFOA, and PFNA
concentrations changed -18.5% to -7.4% per child’s birth year, and mothers who were born
outside the U.S. had 58.4% to 66.4% higher PFNA than the U.S.-born mothers (Table 5.3).
Mothers who were born outside the U.S. had 36.5% and 48.9% higher concentrations of n-PFOS
and PFHxS during pregnancy compared to the U.S.-born mothers. With increasing parity, n-
PFOA concentrations during pregnancy changed -11.4%, and PFHxS concentrations during early
postpartum and late postpartum changed -13.2% and -15.1%, respectively. During late
postpartum, n-PFOA concentrations changed 4.8% per year with increasing maternal age at
delivery. With increasing breastfeeding duration, n-PFOA and PFNA concentrations changed -

2.8% and -1.5% per month, respectively.
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Figure 5.2 Adjusted monthly percent changes and 95% Cls in maternal serum PFAS
concentrations during pregnancy, early postpartum, and late postpartum. Thick lines in blue, red,
and purple represent adjusted mean concentrations during pregnancy, early postpartum (from
delivery to 6 months postpartum), and late postpartum (from 6 to 24 months postpartum),
respectively, and shaded areas represent corresponding 95% ClIs. Thin lines and dots represent
individual trajectory of PFAS concentrations. Asterisk represents significant changes in PFAS
concentrations over time. All models were adjusted for child’s birth year, maternal age at
delivery, parity, and maternal birthplace. Late postpartum models were additionally adjusted for
breastfeeding duration.
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Table 5.3 Adjusted percent changes (95% CI) in maternal serum PFAS concentrations per one-unit increase of each potential

determinants for each sub-period.

Potential determinants?

n-PFOS

Sm-PFOS

PFHxS

n-PFOA

PFNA

Pregnancy

Child’s birth year (year)

-11.9 (-16.8, -6.4)

-18.5 (-24.8, -12.3)

-14.9 (-21.1, -7.5)

-8.9 (-14.9, -2.0)

-7.4 (-12.8, -2.0)

Maternal age at delivery (year) 0.7 (-2.3,3.9) -0.3(-4.0,3.5) -0.3(-4.0, 3.6) 2.3 (-1.1,5.5) -2.1(-5.1, 1.1)
Parity 2.6 (-6.3, 12.6) -3.9(-14.3,7.8) -4.2 (-16.6, 8.9) -11.4 (-20.8, -1.5) 5.6 (-3.1,15.8)
Maternal birthplace
United States Ref Ref Ref Ref Ref
Non-United States 36.5 (3.3, 85.0) -23.9 (-45.6,11.3) 48.9 (4.4, 120.5) 10.1 (-22.3, 54.1) 60.8 (21.6, 116.9)
Early postpartum

Child’s birth year (year)

-10.1 (-15.4, -4.5)

-17.9 (-23.2, -12.0)

-18.0 (-24.5, -10.9)

9.5 (-15.6, -2.7)

-9.0 (-13.9,-3.8)

Maternal age at delivery (year) 0.6 (-2.6, 4.0) 0.4 (-2.9,4.1) -0.1(-4.2,4.6) 3.0(-0.4, 6.8) -1.7(-4.3,1.4)
Parity 2.3(-6.9,13.7) -4.0(-13.3,6.4) -13.2 (-23.6, -2.2) -9.2 (-18.9,1.1) 5.9(-2.9,15.3)
Maternal birthplace
United States Ref Ref Ref Ref Ref
Non-United States 30.5(-1.4,71.0) -20.3 (-42.0,8.7) 39.0 (-8.3, 110.0) 8.6 (-22.1, 48.6) 58.4 (22.0, 105.8)
Late postpartum

Child’s birth year (year)

-8.2 (-14.8, -1.1)

-16.0 (-22.0, -8.9)

-12.1 (-19.6, -4.6)

-7.9 (-14.4,-0.7)

9.8 (-15.5, -3.8)

Maternal age at delivery (year) 2.4 (-14,6.2) 1.2 (-2.6,5.3) 1.5(-2.9,6.1) 4.8 (1.2,8.4) 0.2 (-3.1,3.6)
Parity 5.0(-6.3,17.4) -1.0 (-10.9, 10.9) -15.1 (-25.5, -3.5) -3.6(-13.4,7.2) 7.6 (2.6, 18.1)
Breastfeeding duration (month) -0.4 (-2.1,1.4) -1.0(-2.8,0.7) -1.4(-3.2,0.6) -2.8 (4.6, -1.1) -1.5 (-3.0, 0.0)
Maternal birthplace
United States Ref Ref Ref Ref Ref
Non-United States 36.3 (-4.2,93.1) -17.1 (-39.8, 18.2) 4.4 (-3.8,120.1) 28.4 (-8.7,76.2) 66.4 (22.4, 126.3)

2 p-values were from linear mixed models that mutually adjusted for time from conception and potential determinants for each sub-

period, where the null hypothesis is the regression coefficients of each potential determinant equals to zero. Estimates with p-values
less than 0.05 are highlighted in bold.
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When using In-transformed concentration ratios of PFAS at each time point to those at
the 1% trimester of pregnancy as a sensitivity analysis, most monthly percent changes remained
similar (Figure S5.2). When using samples from 217 unique pregnancies with at least one blood
sample, monthly percent changes during pregnancy and early postpartum were also similar,
except that those for n-PFOS, Sm-PFOS, n-PFOA, and PFNA during pregnancy slightly
decreased (Figure S5.3). When additionally adjusting for maternal BMI at pre-pregnancy,
maternal weight gain during pregnancy and child’s birthweight in pregnancy and early
postpartum models to account for maternal plasma volume expansion, monthly percent changes
did not change (Table S5.4).

When stratifying postnatal samples (i.e., 3, 6, and 24 months) by breastfeeding duration,
n-PFOA and PFNA concentrations decreased only among the mothers who breastfed longer than
12 months (p-value for interaction < 0.01) (Table S5.5). Concentrations of n-PFOS and Sm-
PFOS changed -1.3% and -1.6% per month among the mothers who breastfed longer than 12
months and -0.8% and -1.0% per month among the mothers who breastfed shorter than 12

months, respectively.

5.4. Discussion

In this study, we quantified ten PFAS in prospectively collected maternal blood during
the 1%, 2", and 3™ trimesters of pregnancy and at 3, 6, and 24 months after delivery and
examined changes in PFAS concentrations for three sub-periods (i.e., pregnancy, early
postpartum, and late postpartum). Maternal serum concentrations of n-PFOS, Sm-PFOS, n-
PFOA, and PFNA decreased 3% to 4% per month during pregnancy, those of Sm-PFOS, PFHxS,

n-PFOA, and PFNA declined 1% to 6% per month during early postpartum, and those of n-

104



PFOS, Sm-PFOS, and PFNA declined 1% per month during late postpartum. We also explored
prenatal, perinatal, and demographic factors affecting maternal serum PFAS concentrations. In
all sub-periods, mothers who gave birth in a later study period had lower n-PFOS, Sm-PFOS,
PFHxS, n-PFOA, and PFNA concentrations, and mothers who were born outside the U.S. had
higher PFNA concentrations. During late postpartum, we identified that higher n-PFOA and
PFNA concentrations were associated with shorter breastfeeding duration, which was confirmed
by stratified analysis.

Decreases in our maternal serum PFAS concentrations from pregnancy to postnatal
periods are consistent with those from other studies that repeatedly measured PFAS
concentrations during pregnancy and/or early postpartum within the same women. Two previous
studies collected three maternal blood samples during the 1%, 2", and 3 trimesters of pregnancy
and observed decreases in most of the PFAS concentrations, including PFOS, PFOA, PFNA,
PFDA, PFUnDA, and PFDoDA, while PFHxS concentrations did not change, as in the current
study (Buck Louis et al. 2019; Chen et al. 2021). Kato et al. collected two maternal blood
samples at 16 weeks of pregnancy and at delivery from 71 women (Kato et al. 2014). They
observed 25 to 43% decreases in unadjusted GM serum concentrations of PFOS and PFOA (sum
of linear and branched isomers), PFHxS, and PFNA between 16 weeks of pregnancy and
delivery, and their GM concentration ratios were 0.71 for PFOS, 0.79 for PFHxS, 0.70 for
PFOA, and 0.77 for PFNA. We did not quantify PFAS in serum collected shortly after delivery,
but the GM concentration ratios of Kato et al. were comparable to those between the 1% trimester
of pregnancy and 3 months postpartum in our study (0.85 for n-PFOS, 0.79 for Sm-PFOS, 0.73
for PFHxS, 0.66 for n-PFOA, and 0.78 for PFNA) (Table S5.1). Glynn et al. serially collected

maternal blood samples during the 1% and 3™ trimesters of pregnancy and at 3 weeks and 3
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months after delivery from 19 women (Glynn et al. 2012). They observed decreases in mean
serum concentrations of PFOS (sum of linear and branched isomers), PFOA and PFNA between
the 1%t and 3™ trimester of pregnancy and of PFOA between 3 weeks and 3 months postpartum.

Although we did not use direct evidence of placental transfer of PFAS such as
concentrations in umbilical cord blood, declines in maternal serum PFAS concentrations during
pregnancy may explain placental transfer from mother to fetus because PFAS concentrations in
maternal serum have been shown to be moderately to highly correlated with those in cord
blood(Beesoon et al. 2011; Fromme et al. 2010; Giitzkow et al. 2012; Kim et al. 2011a; Kim et
al. 2011b; Liu et al. 2011; Manzano-Salgado et al. 2015; Monroy et al. 2008; Ode et al. 2013)
and fetal tissues.(Mamsen et al. 2019) Specifically, Mamsen et al. observed that PFOS, PFOA,
and PFNA in maternal serum were positively correlated with those in placenta, fetal liver, lung,
heart, and adipose tissue, while they did not observe significant correlations for PFHxS, PFDA,
and PFUnDA.(Mamsen et al. 2019) Previous studies also suggested that maternal blood volume
expansion during pregnancy can also explain decreases in PFAS concentration(Chen et al. 2021;
Glynn et al. 2012) because blood volume increases approximately 45% throughout the
pregnancy.(Lund and Donovan 1967) However, we observed that changes in maternal serum
PFAS concentrations during pregnancy remained similar after adjusting for potential predictors
of maternal blood volume expansion (Table S5.4).

Breastfeeding is a major PFAS excretion route for lactating mothers (Mogensen et al.
2015; Mondal et al. 2014; Thomsen et al. 2010). We observed that maternal serum
concentrations of n-PFOS, PFHxS, n-PFOA, and PFNA decreased from delivery to 6 months
postpartum and that longer breastfeeding duration was negatively associated with n-PFOA and

PFNA after 6 months postpartum. Moreover, postnatal n-PFOA and PFNA concentrations

106



decreased only among mothers who breastfed their child longer than 12 months. This finding
suggests that breastfeeding may be an important exposure route for nursing infants and thus
those who are longer breastfed may experience higher postnatal exposure to PFOA and PFNA.
In a study that quantified PFOA and PFOS in breast milk serially collected during one year of
breastfeeding, PFOA showed 94% of decrease, which was 2.5 times higher than PFOS.(Thomsen
et al. 2010) Several mother-child studies observed higher concentration ratios of breast milk to
maternal serum for PFOA and PFNA compared to PFOS and PFHxS.(Liu et al. 2011; Zheng et
al. 2021) We also observed that Sm-PFOS, but not n-PFOS, decreased during early postpartum,
and our differences in monthly percent changes between two PFOS isomers were greater during
early postpartum compared to pregnancy and late postpartum. Although previous studies
reported higher placental transfer efficiency of Sm-PFOS than n-PFOS,(Beesoon et al. 2011;
Giitzkow et al. 2012) little is known about the differences in lactational transfer rates of PFOS
isomers, thus further studies are needed to confirm our findings. This study did not collect
individual exclusive breastfeeding duration data and did not quantify PFAS concentrations in
breast milk and child serum during early postpartum. Therefore, future studies may benefit by
collecting exclusive breastfeeding duration and PFAS measurement in breast milk to gain insight
on lactational transfer of PFAS during early postpartum.

Changes in maternal serum PFHxXS concentrations from pregnancy to early postpartum
were different from other PFAS. Maternal PFHXS concentrations did not decrease during
pregnancy, despite the possibility of placental transfer and plasma volume expansion. These
results can be explained by a longer half-life of PFHxS. The half-life of PFHxS ranged from 5.3
to 15.5 years and is longer than PFOA (2.3 to 3.8 years) and PFOS (3.4 to 5.4 years) (Bartell et

al. 2010; Li et al. 2018; Olsen et al. 2007; Russell et al. 2015; Wong et al. 2014; Worley et al.
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2017). On the other hand, we observed that maternal PFHxS decreased with the highest percent
change during early postpartum but was not associated with breastfeeding duration during late
postpartum. As observed for PFOA, maternal serum concentrations of PFHxS appeared to
stabilize after 6 months postpartum. Several previous studies reported that longer breastfeeding
duration was associated with lower PFHXS in the serum of mothers of 2- to 5-year-old children
(Kim et al. 2020; Mondal et al. 2014) or higher PFHxS in the serum of exclusively breastfed 2-
to 4-month-old infants (Gyllenhammar et al. 2018). However, another study observed decreases
in child’s serum PFHXS concentrations during the first year of life, suggesting that early
postnatal exposure to PFHXS may relate to sources other than breast milk (Mogensen et al.
2015). As the evidence on the lactational transfer of PFHxS is still inconclusive, further studies
are needed.

From pregnancy through two years postpartum, maternal serum PFAS concentrations
were negatively associated with child’s birth year, ranging from 7% to 19% decreases per year.
Previous studies examined temporal trends of PFAS in the serum of pregnant women (Berg et al.
2014; Bjerregaard-Olesen et al. 2016b; Sagiv et al. 2015; Tsai et al. 2018) as well mothers of 2 to
5 years old (Kim et al. 2020). Because there were nationwide efforts to phase out PFOS, PFOA
and related compounds in early 2000s, the studies dealing with trends after 2000 reported
decreased serum PFAS concentrations over calendar years. Our percent changes in PFOA,
PFOS, and PFHXS concentrations were comparable to those of Kim et al., who investigated
similar periods (i.e., 2009 - 2017) in the same study region (Kim et al. 2020). We also observed
that mothers who were born outside the U.S. had 58% to 66% higher PFNA concentrations than
the U.S.-born mothers throughout the whole study period. Similarly, Park et al. observed lower

PFNA concentrations in midlife women (45-56 years old) born in the U.S. than those who are

108



not (Park et al. 2019). Other European studies also reported differences in PFAS concentrations
of pregnant women according to country of birth (Bjerregaard-Olesen et al. 2016a; Manzano-
Salgado et al. 2016; Ode et al. 2013). This suggests that the countries of birth can affect a
mother’s diet and lifestyle, which can further result in different patterns of exposure to PFAS (De
Silva et al. 2021; Glynn et al. 2020).

To our knowledge, this is the first study that examined changes in maternal serum PFAS
concentrations from pregnancy to two years postpartum by using repeated serum samples within
the same women and adjusting for relevant covariates for each sub-period. However, some
limitations should be noted. The relatively small sample size may have limited our ability to
examine the determinants of PFAS concentrations that were identified in other studies (Berg et
al. 2014; Bjerregaard-Olesen et al. 2016a; Brantsaeter et al. 2013; Kato et al. 2014; Kingsley et
al. 2018; Ode et al. 2013; Sagiv et al. 2015; Tian et al. 2018; Tsai et al. 2018). Another limitation
includes lack of maternal blood samples during a pre-pregnancy period and at delivery. Aversion
and morning sickness may affect changes in diet and associated PFAS exposure between a pre-
pregnancy period and the first trimester for some mothers. We used maternal serum PFAS
concentrations at the 3™ trimester of pregnancy as surrogates of those at delivery, but there may
be additional decreases in certain PFAS concentrations due to blood loss at delivery, which was
not considered in this study (Prasertcharoensuk et al. 2000). Furthermore, the mothers in this
study population were recruited from those who received state-funded services for ASD and had
longer breastfeeding duration compared to those in the National Health and Nutrition
Examination Survey (Davis et al. 2018). As this study population may not be generalizable, our

results should be interpreted with caution.
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CHAPTER 6: SUMMARY AND CONCLUSIONS
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6.1. Summary of findings

This research aimed to (1) investigate effects of prenatal exposure to per- and
polyfluoroalkyl substances (PFAS) on child neurodevelopment on or before 3 years of age and
(2) evaluate longitudinal changes in maternal PFAS concentrations from pregnancy to two years
postpartum. I used data from MARBLES (Markers of Autism Risk in Babies — Learning Early
Signs), a prospective cohort study that follows pregnant women who already delivered a child
with autism spectrum disorder (ASD).

Chapter 2 examined associations of prenatal PFAS exposure with the risk of ASD using
maternal serum samples collected during pregnancy. Prenatal maternal perfluorooctanoate
(PFOA) and perfluorononanoate (PFNA) concentrations were associated with increased risk of
ASD. Among the mothers who were older than 35 years at delivery, prenatal maternal PFOA,
perfluorooctane sulfonate (PFOS), perfluorohexane sulfonate (PFHxS), PFNA, and the principal
component loaded with the four PFAS were more strongly associated with increased ASD risk,
compared to those who were younger than 35 years.

Chapter 3 examined associations between prenatal maternal serum PFAS concentrations
and child cognitive development assessed using Mullen Scales of Early Learning (MSEL) at 6,
12, 24, and 36 months of age. Prenatal maternal PFOA concentrations were associated with
decreased scores of MSEL Composite and almost all subscales at 24 and 36 months of age.
Prenatal maternal PFOA was also associated with longitudinal decreases in MSEL Composite
and subscale scores and with lower and/or decreasing trajectories of Composite scores over the
four assessment time points.

To support the findings from Chapter 3, Chapter 4 used a Japanese population and

investigated associations between cord blood PFOA and PFOS concentrations and child
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cognitive development assessed at 4, 6, 10, 14, 18, 24, 32, and 40 months of age using MSEL.
PFOA was inversely associated with 18-month Composite and 10-month Visual Reception and
Receptive Language scores. From 4 to 40 months of age, PFOA and PFOS were associated with
decreased longitudinal changes in Fine Motor scores and increased changes in Receptive
Language scores.

Chapter 5 investigated longitudinal changes in PFAS concentrations during pregnancy
and early and late postpartum periods using maternal blood samples collected during the 1%, 2",
and 3™ trimesters of pregnancy and at 3, 6, and 24 months after delivery. During pregnancy,
maternal serum concentrations of linear PFOS (n-PFOS), branched PFOS (Sm-PFOS), linear
PFOA (n-PFOA), and PFNA changed -4% to -3% per month. During early postpartum, maternal
serum concentrations of Sm-PFOS, PFHxS, n-PFOA, and PFNA changed -6% to -1% per month.
During late postpartum, maternal serum concentrations of n-PFOS, Sm-PFOS, and PFNA

changed -1% per month.

6.2. Conclusions

Chapter 2 revealed that prenatal exposure to PFOA and PFNA may increase the risk of
developing ASD in this high-risk ASD cohort. I also observed that individual as well as
combined PFAS showed different effects on ASD risk by advanced maternal age at delivery.
PFAS concentrations in this study population were similar or slightly lower than those in the
National Health and Nutrition Examination Survey (NHANES), which represent the general
population of the United States (U.S.). This study also clinically diagnosed the child ASD using
gold standard instruments. The results of this study provided evidence in support of adverse

effects of prenatal PFAS exposure on the development of ASD.
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Chapter 3 showed that prenatal exposure to PFOA was associated with decreased scores
of cognitive functions throughout infancy and toddlerhood among children who had an older
sibling diagnosed with ASD. At 12 months of age, I observed that associations of cognitive
development with PFHxS were modified by child’s sex and that associations of cognitive
development with PFOA, PFHxS, and PFNA were modified by breastfeeding duration. This
study repeatedly assessed cognitive development in the same children using a reliable and valid
assessment tool. Therefore, the results of this study are comparable to mixed results of the
previous epidemiological studies that used different assessment age and tools. This is the first
study that investigated longitudinal changes and trajectories of child cognitive development in
association with prenatal PFAS exposure.

Chapter 4 revealed no convincing associations between cord blood PFOA and PFOS
concentrations and cognitive development in infancy and toddlerhood in this prospective
Japanese birth cohort. I only found suggestive evidence for an association between PFOA and
decreased cognitive functions at 18 months of age. The results of Chapter 4 were comparable to
those of Chapter 3 because both studies used the similar ages and the same assessment tools.
Compared to Chapter 3, this study used the Japanese general population with a larger sample size
and with a lower risk of ASD or other neurodevelopmental concerns.

Chapter 5 showed that decreases in serum concentrations of n-PFOS, Sm-PFOS, n-
PFOA, and PFNA during pregnancy, Sm-PFOS, PFHxS, n-PFOA, and PFNA during early
postpartum, and n-PFOS, Sm-PFOS, and PFNA during late postpartum. Throughout the whole
study period, later child’s birth year was associated with decreased concentrations of n-PFOS,
Sm-PFOS, PFHxS, n-PFOA, and PFNA which appear to reflect regulations and manufacturing

changes for these compounds. Longer breastfeeding duration was associated with decreased n-
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PFOA and PFNA concentrations during late postpartum. Maternal serum PFAS concentration
profiles from pregnancy to two years postpartum may improve understanding of pregnancy and
lactational transfers from mother to child. Furthermore, our findings might be useful for
reconstructing reliable pregnancy or early-life PFAS exposure for case-control or cross-sectional

epidemiologic studies for which only postpartum PFAS serum concentrations are available.

6.3. Recommendations for future studies

The MARBLES study is a high-risk ASD cohort, thus the MARBLES children have
elevated risk for developing ASD or other neurodevelopmental disorders. Therefore, to confirm
our findings on the associations between prenatal PFAS exposure and ASD risk, future research
based on general populations without high-risk genetic predisposition is warranted. Similarly,
population-based studies are needed to confirm our findings on the associations between prenatal
PFAS exposure and child cognitive development because a large fraction of the MARBLES
children had developmental delays or cognitive deficits. Furthermore, as the MARBLES study
has a relatively small sample size, further studies should be conducted in larger populations,
especially to confirm our findings on the effect modification by maternal age at delivery in
Chapter 2 and by child’s sex and breastfeeding duration in Chapter 3.

A prenatal period is highly weighted in terms of prenatal origins of ASD, and the etiology
of ASD can be explained by genetic and environmental factors and their interactions. Therefore,
future studies that used integrated approaches, such as gene and environment interaction, may
significantly improve understanding of the etiology of ASD. On the other hand, child’s cognitive
abilities fluctuate during their early life and can be affected by postnatal environmental factors,

such as breastfeeding duration, intellectual home environments, and interactions with parents,
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siblings, or other children. Therefore, future epidemiological studies should account for these
postnatal factors. Furthermore, to better understand underlying mechanisms of PFAS exposure
on child neurodevelopment, future studies that evaluate the potential mediation effect of thyroid
hormones on the associations between prenatal PEAS exposure and child neurodevelopment are
warranted.

To assess the combined effects of exposure to a PFAS mixture on child
neurodevelopment, I used a principal component analysis (PCA) which is a variable reduction
strategy to mitigate multicollinearity issues. Other than PCA, many statistical methods have been
developed to evaluate the mixture effects of environmental chemicals, including elastic net
regression, weighted quantile sum regression, and Bayesian kernel machine regression
(Lazarevic et al. 2019). Therefore, future studies using various statistical approaches to study the

mixture effects of prenatal PFAS exposure on child neurodevelopment are warranted.
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Table S2.1 Median (25", 75" percentiles) of the prenatal maternal PFAS ? serum concentrations and the
principal component scores in relation to population characteristics in ASD and TD groups (n = 173).

Characteristics Total PFOA PFOS PFHxS PFNA PC-1
Child’s sex
Female 71 0.8(0.6,1.2) | 29(1.7,3.8) | 0.4(0.3,0.6) | 0.5(0.4,0.7) | -0.1(-1.2,0.9)
Male 102 1.0(0.7,14) | 3.0(2.3,4.6) | 0.5(0.3,0.8) | 0.5(0.4,0.6) | 0.3(-0.6,1.3)
p-value ° 0.09 0.07 0.02 0.42 0.05
Child’s birth year
2009-2010 61 1.1(09,14) | 39(3.0,5.5) | 0.5(0.3,0.6) | 0.6(0.4,0.7) 0.7 (0.0, 1.4)
2011-2013 57 1.0(0.7,1.7) | 29(2.2,49)| 0.5(04,09)| 0.6(0.4,0.7) | 0.5(-0.6,1.7)
2014-2015 55 0.7(0.5,09) | 22(1.4,29)| 04(03,0.6) | 04(0.3,0.5)| -0.7(-1.9,0.0)
p-value <0.001 <0.001 0.06 <0.001 <0.001
Gestational age at delivery
<37 weeks 10 0.6(05,09)| 322.2,62)| 03(0.2,12)| 04(0.3,0.6)| -0.6(-1.4,1.2)
> 37 weeks 163 1.0(0.7,14) | 29(2.1,43) | 0.5(03,0.7) | 0.5(04,0.7) | 0.1(-0.7,1.1)
p-value 0.04 0.70 0.42 0.31 0.46
Maternal age at delivery
<35 years 93 0.8(0.6,1.3) | 2.8(1.9,4.1) | 0.4(0.3,0.6) | 0.4(0.3,0.6) | -0.1(-1.4,0.9)
> 35 years 80 1.0(0.8,14) | 34(23,4.8)| 05(03,0.7) | 0.5(04,0.7)| 04(-04,1.1)
p-value 0.05 0.03 0.14 0.03 0.02
Maternal BMI at pre-pregnancy
Normal/ underweight &3 09(0.7,1.2) | 29(2.3,44)| 05(03,0.6) | 0.5(0.4,0.6) | 0.1(-0.7,0.9)
Overweight 50 09(0.6,1.1) | 2.7(1.5,3.8) | 0.4(0.3,0.6) | 0.5(0.3,0.8) | -0.1(-1.6,0.8)
Obese 40 1.2(0.8,1.6) | 3.6(23,59)| 0.5(04,0.7) | 0.6(0.4,0.7) | 0.8(-0.2,1.4)
p-value 0.03 0.02 0.17 0.32 0.04
Gestational diabetes
Yes 32 0.8(0.6,1.2) | 3.0(1.8,5.0) | 0.5(0.3,0.6) | 0.5(0.4,0.6) | 0.0(-1.0,1.2)
No 140 1.0(0.7,1.3) | 3.0(2.2,44)| 04(03,0.7) | 0.5(04,0.7) | 0.1(-0.7,1.0)
p-value 0.17 0.72 0.97 0.97 0.51
Maternal race/ethnicity
Non-Hispanic white 94 09(0.7,1.3) | 3.2(2.3,49)| 0.5(0.3,0.7) | 0.5(0.4,0.6) | 0.1(-0.8,1.1)
Hispanic 41 0.9(0.6,1.4) | 2.7(1.8,3.7) | 0.4(0.3,0.6) | 0.6 (0.4,0.7) | 0.1(-0.8,0.9)
Other ¢ 38 09(0.7,1.3) | 2.9(1.7,4.2) | 0.4(0.3,0.6) | 0.6 (0.4,0.7) | 0.1(-0.7,1.3)
p-value 0.99 0.08 0.44 0.07 0.99
Maternal education
High school, some college 90 09(0.6,1.3) | 2.8(2.1,3.9)| 04(03,0.7) | 0.5(0.4,0.6) | 0.0(-0.8,0.8)
Bachelor’s degree 50 1.0(0.7,1.5) | 3.6(2.3,53)| 04(03,0.6) | 0.6(04,0.7) | 0.7(-0.8,1.4)
Graduate or professional 33 0.8(0.7,1.2) | 3.1(2.1,39)| 0.5(0.3,0.6) | 0.5(0.4,0.7) | 0.1(-0.7,0.9)
p-value 0.50 0.17 0.82 0.35 0.35
Homeownership
Yes 96 09(0.7,14) | 3.1(23,4.6) | 0.5(03,0.7) | 0.6(0.4,0.7) | 0.3(-0.6,1.2)
No 75 0.8(0.6,1.3) | 2.8(1.7,4.1) | 0.4(0.3,0.6) | 0.4(04,0.6) | -0.1(-1.1,0.8)
p-value 0.19 0.19 0.58 0.01 0.04
Parity
<1 72 1.1(0.8,1.6) | 3.2(2.2,5.0)| 0.5(04,0.7) | 0.6(0.4,0.7) | 0.4(-0.3,1.4)
>1 99 09(0.6,1.1) | 2.8(2.1,3.9)| 04(03,0.6) | 0.5(0.4,0.6) | -0.1(-1.1,0.7)
p-value 0.01 0.14 0.02 0.17 0.02
Maternal vitamin intake in the first
month of pregnancy
Yes 88 09(0.6,1.3) | 2.8(2.1,3.8) | 0.4(0.3,0.6) | 0.5(0.4,0.7) | 0.0(-1.0,0.9)
No 84 1.0(0.7,1.3) | 3.2(24,5.0)| 04(03,0.7) | 0.5(0.4,0.6) | 0.3(-0.6,1.1)
p-value 0.34 0.05 0.83 0.79 0.29
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Breastfeeding duration (months)

Q1 (<5.0) 42 | 1.0(08,1.3) | 32(25,45) | 0.5(0.3,0.7) | 0.5(04,0.7) | 0.2(-02,1.4)
Q2(5.0-<9.9 41 | 09(0.6,1.3) | 3.0(1.5,3.9) | 0.4(0.3,0.6) | 0.5(0.3,0.6) | 0.1(-1.6,0.9)
Q3 (9.9 - < 15.0) 40 | 09(0.6,1.3) | 2.6(2.1,43)| 0.4(0.3,0.7) | 0.5(0.3,0.6) | -0.1(-1.2,0.7)
Q4 (> 15.0) 40 | 1.0(0.6,1.6) | 3.0(23,47)| 0.4(0.3,0.6) | 0.6(0.4,0.7) | 0.5(-0.7,1.7)
p-value 0.39 0.35 0.60 0.11 0.21

a PFDA, PFUnDA, PFDoDA, MeFOSAA, and EtFOSAA that were detected in fewer than 85% of the
samples were excluded in this table.
b Missing information (n): gestational diabetes (1), homeownership (2), parity (2), maternal vitamin
intake in the first month of pregnancy (1), breastfeeding duration (10).
¢ p-value from the Wilcoxon rank-sum test for binary variables and the Kruskal-Wallis test for other
categorical variables. p-values less than 0.05 are highlighted in bold.

4 Includes Black/African American (3%), Asian (16%), and multiracial (3%).
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Table S2.2 Summary statistics of maternal PFAS concentrations of each trimester of pregnancy among 40 mothers who provided

blood samples during all trimesters.

1% trimester 2" trimester 3rd trimester
PFAS Percentiles Percentiles Percentiles p -Vilue
GM ! 5th 50th 95th GM 5th 50th 95th GM 5th 50th 95th

PFOA 0.92 0.45 0.95 2.30 0.82 0.35 0.85 2.00 0.76 0.35 0.80 1.75 0.18
PFOS 3.00 1.15 3.05 6.00 2.88 1.10 3.15 6.05 2.56 0.80 2.70 5.40 0.44
PFHxS 0.41 0.10 0.40 1.70 0.44 0.20 0.40 1.75 0.41 0.10 0.40 1.50 0.97
PFNA 0.54 0.20 0.55 1.10 0.47 0.20 0.50 0.95 0.44 0.20 0.40 0.90 0.13
PFDA 0.17 <LOD 0.20 0.35 0.18 <LOD 0.20 0.30 0.15 <LOD 0.10 0.30 0.89
PFUnDA 0.14 <LOD 0.10 0.30 0.13 <LOD 0.10 0.20 0.14 <LOD 0.10 0.25 0.72
PFDoDA 0.11 <LOD <LOD 0.10 0.1 <LOD <LOD 0.15 0.1 <LOD <LOD 0.10 0.96
MeFOSAA 0.23 <LOD <LOD 1.25 0.19 <LOD 0.10 0.95 0.19 <LOD <LOD 0.95 0.53
EtFOSAA - <LOD <LOD <LOD - <LOD <LOD <LOD - <LOD <LOD <LOD 0.98

2 p-value from the Wilcoxon rank-sum test to compare the median of the PFAS concentrations from different trimesters.
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Table S2.3 Spearman’s correlation coefficients among four maternal PFAS concentrations of each trimester of pregnancy from 40
mothers who provided blood samples during all trimesters.

PFOA- PFOA- PFOA- | PFOS- PFOS- PFOS- | PFHxS- PFHxS- PFHxS- | PFNA- PFNA- PFNA-
1T 2T 3T 1T 2T 3T 1T 2T 3T 1T 2T 3T

PFOA-1T 1.00

PFOA-2T 0.95 1.00

PFOA-3T 0.94 0.98 1.00

PFOS-1T 0.49 0.42 0.49 1.00

PFOS-2T 0.36 0.37 0.43 0.86 1.00

PFOS-3T 0.48 0.46 0.54 0.94 0.87 1.00

PFHxS-1T | 0.65 0.65 0.68 0.47 0.37 0.48 1.00

PFHxS-2T | 0.23 0.18 0.24 0.29 0.45 0.29 0.30 1.00

PFHxS-3T | 0.66 0.69 0.73 0.53 0.55 0.57 0.87 0.46 1.00

PFNA-1T 0.50 0.42 0.44 0.48 0.49 0.48 0.51 0.26 0.43 1.00

PFNA-2T 0.48 0.48 0.49 0.37 0.46 0.42 0.50 0.22 0.47 0.94 1.00

PFNA-3T 0.52 0.51 0.54 0.46 0.53 0.55 0.53 0.26 0.53 0.90 0.94 1.00

Note: Machine-observed concentrations were used for PFAS concentrations below the limit of detection. 1T stands for the first
trimester, 2T for the second trimester, and 3T for the third trimester of pregnancy.
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Table S2.4 Spearman’s correlation coefficients among prenatal maternal PFAS concentrations of
204 mother-child pairs.

PFUnD | PFDoD | MeFO | EtFOS
PFOA | PFOS | PFHxS | PFNA | PFDA A A SAA AA
PFOA 1.00
PFOS 0.62** | 1.00
PFHxS 0.46** | 0.51** | 1.00
PFNA 0.64** | 0.65*%* | 0.36** | 1.00
PFDA 0.43** | 0.52%* | 0.22*%* | 0.62** | 1.00
PFUnDA | 0.28%* | 0.30** | 0.13* 0.53** 1 0.55** | 1.00
PFDoDA | -0.10 -0.03 0.08 0.11 0.02 -0.03 1.00
MeFOSAA | 0.14* 0.36** | 0.16%* | 0.03 0.02 -0.15* | -0.07 1.00
EtFOSAA | -0.02 -0.02 -0.07 0.04 0.03 0.01 0.04 0.11 1.00

Note: Machine-observed concentrations were used for PFAS concentrations below the limit of
detection. Correlation coefficients of PFUnDA, PFDoDA, MeFOSAA, and EtFOSAA should be
interpreted cautiously due to their low detection frequency (60%, 33%, 55%, 4%, respectively).

** p-value < 0.01, * p-value < 0.05

Table S2.5 Sensitivity analysis I: adjusted relative risk (RR) and 95% confidence interval (CI)
for ASD (n = 57) versus TD (n = 116) in association with prenatal maternal PFAS concentrations
after excluding the top 2.5 percentiles.

PFAS * Log 2-transformed PFAS Untransformed PFAS
RR " (95% CI) RR " (95% CI)
PFOA 1.17 (0.84, 1.64) 1.37(0.88, 2.15)
PFOS 0.97 (0.72, 1.32) 1.00 (0.87, 1.15)
PFHxS 0.90 (0.77, 1.04) 1.04 (0.62, 1.76)
PFNA 1.14 (0.79, 1.63) 1.69 (0.64, 4.46)

2 Four PFAS detected in more than 99% of the study samples were individually included in the
Poisson regression model.

b Adjusted for child’s sex and birth year, homeownership, maternal education, and maternal

vitamin intake in the first month of pregnancy.
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Table S2.6 Sensitivity analysis II: adjusted relative risk (RR) and 95% confidence interval (CI)
for ASD (n = 57) versus TD (n = 116) in association with prenatal maternal PFAS concentrations
and principal component scores.

PFAS ? or principal  Log 2-transformed PFAS  Untransformed PFAS

component score RR * (95% CI) RR * (95% CI)
a) Additionally adjusted for potential confounders ®
PFOA 1.21 (0.89, 1.63) 1.32(1.03, 1.71)
PFOS 0.97 (0.74, 1.28) 0.98 (0.89, 1.08)
PFHxS 0.88 (0.77, 1.00) 0.89 (0.53, 1.47)
PFNA 1.25(0.88, 1.76) 1.91 (1.09, 3.35)
PC-1 1.03 (0.86, 1.22) 1.10 (0.96, 1.27)
b) Using the highest PFAS concentration instead of average
PFOA 1.18 (0.89, 1.58) 1.30 (1.04, 1.63)
PFOS 0.97 (0.74, 1.28) 0.98 (0.89, 1.08)
PFHxS 0.88 (0.77, 1.01) 0.91 (0.53, 1.56)
PFNA 1.27 (0.94, 1.72) 1.79 (1.12, 2.85)
PC-1 1.03 (0.87, 1.22) 1.10 (0.96, 1.26)
¢) Using randomly selected one PFAS concentration instead of average
PFOA 1.19 (0.90, 1.59) 1.30 (1.04, 1.63)
PFOS 0.94 (0.71, 1.24) 0.98 (0.89, 1.08)
PFHxS 0.87 (0.76, 1.00) 0.91 (0.53, 1.56)
PFNA 1.17 (0.86, 1.61) 1.79 (1.12, 2.85)
PC-1 1.01 (0.85, 1.20) 1.10 (0.96, 1.26)

2 Final Poisson regression models were adjusted for child’s sex and birth year, homeownership,
maternal education, and maternal vitamin intake in the first month of pregnancy.

b Additionally adjusted for maternal pre-pregnancy BMI (normal/underweight, overweight,
obese), parity (< 1, > 1), maternal age at delivery (< 35 years, > 35 years), and maternal
race/ethnicity (non-Hispanic white, Hispanic, other).
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Table S2.7 Sensitivity analysis III: adjusted relative risk (RR) and 95% confidence interval (CI)

for ASD (n = 57) versus TD (n = 116) in association with prenatal maternal untransformed PFAS

concentrations stratified by child’s sex and maternal age at delivery.

Untransformed PFAS RR (95% CI) p-value ?
Child’s sex® Females ° Males ¢
PFOA 1.16 (0.88, 1.54) 1.47 (0.99, 2.19) 1.00
PFOS 1.06 (0.88, 1.28) 1.00 (0.91, 1.09) 0.79
PFHxS 0.65 (0.12, 3.47) 1.27 (0.81, 2.00) 0.35
PFNA 1.75 (0.85, 3.60) 1.62 (0.79, 3.35) 0.22
PC-1 1.12 (0.95, 1.31) 1.13 (0.95, 1.33) 0.41
Maternal age at delivery© <35 years’ > 35 years 8

PFOA 1.06 (0.76, 1.54) 2.90 (1.65, 5.12) 0.01
PFOS 0.83 (0.67, 1.04) 1.10 (0.96, 1.27) 0.03
PFHxS 0.60 (0.30, 1.32) 1.51 (0.74, 3.08) 0.15
PFNA 1.25 (0.63, 2.57) 4.05(1.48, 11.1) 0.04
PC-1 0.95 (0.77, 1.20) 1.52 (1.19, 1.95) 0.03

2 p-value for interaction term of PFAS with each potential effect modifier (potential effect
modifiers and an interaction term were added as additional terms in the regression model, along

with other covariates).

b Adjusted for child’s birth year, homeownership, maternal education, and maternal vitamin

intake in the first month of pregnancy.

¢ Females (n=71; TD = 54, ASD = 17), ¢ Males (n = 102; TD = 62, ASD = 40).

¢ Adjusted for child’s sex and birth year, homeownership, maternal education, and maternal

vitamin intake in the first month of pregnancy.

f< 35 years (n=93; TD = 62, ASD = 31), & > 35 years (n = 80; TD = 54, ASD = 26).

Note: underlined RR estimates had the ratio of the upper to lower 95% confidence limits larger
than 10, indicating the instability of the results from this model.
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Table S3.1 Characteristics of the study population included in the current study and the

MARBLES baseline population.

Current study? MARBLES"
Characteristic (n = 140) (n=218) p-value ¢
n % n %
Child sex
Female 57 41% 92 42% 0.78
Male 83 59% 126 58%
Child's birth year
2009-2010 46 33% 77 35% 0.77
2011-2013 50 36% 70 32%
2014-2015 44 31% 71 33%
Gestational age at delivery
<37 weeks 12 9% 13 6% 0.35
> 37 weeks 128 91% 205 94%
Maternal age at delivery
<35 years 72 51% 118 54% 0.52
> 35 years 68 49% 97 44%
Maternal pre-pregnancy BMI
Normal/underweight 71 51% 100 46% 0.66
Overweight 41 29% 64 29%
Obese 28 20% 51 23%
Gestational diabetes
Yes 27 19% 37 17% 0.61
No 113 81% 179 82%
Maternal race/ethnicity
Non-Hispanic white 71 51% 114 52% 0.76
Hispanic 33 24% 53 24%
Other ¢ 36 26% 48 22%
Maternal education
Less than college degree 63 45% 113 52% 0.33
Bachelor's degree 46 33% 57 26%
Graduate or professional degree 31 22% 45 21%
Homeownership
Yes 83 59% 117 54% 0.32
No 54 39% 95 44%
Parity
0 2 1% 2 1% 0.90
1 59 42% 92 42%
> 1 76 54% 121 56%
Breastfeeding duration
< 12 months 77 55% 131 60% 0.19
> 12 months 57 41% 72 33%
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2 Missing information in the current study population (n): homeownership (3), parity (3),
breastfeeding duration (6).

b Missing information in the MARBLES baseline population (7): maternal age at delivery (3),
maternal pre-pregnancy BMI (3), gestational diabetes (2), maternal race/ethnicity (3), maternal
education (3), homeownership (6), parity (3), breastfeeding duration (15).

¢ p-value from the Pearson’s chi-squared test comparing the current study population and
MARBLES baseline population.

d Includes Black, Asian, and multiracial.
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Table S3.2 Adjusted mean differences () in MSEL Composite scores and T-scores of subscales
of children at 6, 12, 24, and 36 months of age in association with a unit increase in log 2-
transformed prenatal maternal serum concentrations of six PFAS and two PCs.

6 months 12 months 24 months 36 months

PFAS MSEL BO95%CDH* P@O5%CDH* BO5%CDH*? B (95% CI)*
Composite 0.1(-2.4,2.6) -1.6(4.2,1.1) -52(-83,-2.2) -5.2(-9.5,-0.9)
Fine Motor -0.2 (-1.6,1.2) -1.5(-3.4,0.5) -2.1(-3.7,-0.5) -3.7(-6.3,-1.0)
PFOA Visual Reception 0.7(-1.6,2.9) -1.5(-3.2,0.1) -2.3(-4.8,0.2) -3.3(-6.5,-0.2)
Receptive Language 0.2 (-2.4,2.8) -0.7(-2.7,1.2) -4.7(-7.1,-2.2) -1.5(-3.8,0.7)
Expressive Language -0.3 (-1.9,1.3) 0.4 (-1.8,2.6) -1.9(-3.7,-0.1) -2.7 (-4.9,-0.4)
Composite 0.4(-2.0,2.8) 0.2(-2.2,26) 0.5(-2.8,3.8) 15(2.6,57

Fine Motor 03(1.0,1.6) -0.2(-2.0,1.7) 02(1.7,22) 0.7(-2.0,3.4)

PFOS Visual Reception  -0.4 (-2.4,1.6) -0.6(-2.2,1.0) 0.2(-2.2,2.6) 04(-2.5,34)
Receptive Language 0.8 (-1.9,3.5) 0.5(-1.1,2.0) -0.4(-2.6,1.9) 1.7(-04,3.8)
Expressive Language 0.2 (-1.3,1.6) 0.7(-1.4,2.8) 0.7(-1.3,2.7) 0.3 (-1.6,2.3)
Composite 0.1(-1.9,2.2) 0.1(-1.8,2.1) -1.1(-3.7,1.5) 0.2(-2.2,2.6)

Fine Motor 03(-0.7,1.2) -0.6(-1.9,0.7) -1.0(-2.1,0.2) -0.6(-2.3,1.1)

PFHxS Visual Reception 03(13,19) -05(1.5,0.6) -0.4(-2.5,1.7) 0.7(-1.0,2.5)
Receptive Language -0.8 (-3.2,1.5) 0.0(-1.1,1.1) -1.1(-3.3,1.0) 0.2(-1.0,1.4)
Expressive Language 0.4 (-0.4,1.2) 1.5(-03,3.2) 0.0(-1.1,1.2) 0.2(-1.2,1.6)
Composite 1.0(-1.7,3.6) -0.4(-3.2,24) -24(-6.0,13) -0.9(-5.6,3.7)

Fine Motor 03(13,1.8) -0.1(-2.1,2.0) -09(-3.1,1.3) -0.8(-3.9,2.2)

PFNA Visual Reception 1.2(-1.1,3.5) -1.6(-3.5,04) -0.6(-3.1,1.9) -0.8(-4.0,2.4)
Receptive Language 1.4 (-1.4,4.3) 0.2(-1.7,2.1) -2.8(-54,-0.2) 0.3 (-2.0,2.6)
Expressive Language -0.7 (-2.5,1.2) 0.5(-1.9,2.9) -0.9(-3.1,1.2) -1.0(-3.3,1.3)
Composite -0.1 (-1.0,0.7) -0.1(-1.1,0.8) -0.3(-1.4,0.8) -0.3(-1.5,1.0)

Fine Motor 0.0(-0.5,0.5) 0.3(-0.4,09) -0.2(-0.8,0.4) -0.2(-1.0,0.6)

PFDA Visual Reception 0.0(-0.8,0.7) -0.2(-0.8,0.3) -0.2(-1.0,0.6) 0.1(-0.9, 1.0)
Receptive Language -0.2 (-1.0,0.6) 0.0(-0.6,0.7) -0.4(-1.2,0.5) 0.1(-0.8,0.5)
Expressive Language 0.0 (-0.5,0.5) -0.4(-1.2,0.4) 0.0(-0.6,0.7) -0.4(-1.0,0.2)
Composite -0.1 (-0.7,0.5) 0.0(-0.7,0.7) -0.1(-1.0,0.8) 0.3 (-0.8,1.3)

Fine Motor -0.1(-0.5,0.3) 0.1(-0.4,0.6) -0.1(-0.6,0.4) 0.0(-0.7,0.7)

PFUnDA Visual Reception ~ -0.1 (-0.7,0.4) -0.1(-0.5,0.3) -0.1(-0.7,0.4) 0.3 (-0.4, 1.0)
Receptive Language 0.1 (-0.4,0.7) 0.1 (-0.4,0.6) 0.0(-0.7,0.7) 0.2 (-0.4,0.7)
Expressive Language -0.1(-0.4,0.3) -0.1(-0.7,0.4) 0.0(-0.5,0.5) -0.1(-0.6,0.5)
Composite 03(12,1.8) -02(1.7,1.2) -1.4(-3.3,0.6) -0.7(-2.9,1.6)

Fine Motor 0.2(-0.6,0.9) -0.4(-1.5,0.6) -0.7(-1.6,0.3) -0.8(-2.2,0.7)

PC-1 Visual Reception 03(-09,1.5) -0.7(-1.6,0.2) -0.5(-2.1,1.0) -0.4(-2.0,1.2)
Receptive Language 0.1 (-1.8,2.0) 0.0(-1.0,0.9) -1.5(-3.0,0.0) 0.2(-1.0,1.3)
Expressive Language 0.0 (-0.7,0.8) 0.7 (-0.6,2.0) -0.3(-1.4,0.8) -0.4(-1.6,0.7)
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Composite -0.1 (-1.8,1.6) -03(-19,1.4) -0.8(-3.0,1.4) -0.3(-3.0,2.4)

Fine Motor -0.2 (-1.1,0.8) 0.4(-0.8,1.6) -0.4(-1.6,0.8) -0.3(-2.0,1.4)

PC-2 Visual Reception 00(-14,14) -0.5(1.6,0.5) -0.5(2.0,1.1) 0.0(-1.9,1.9)
Receptive Language 0.4 (-1.1,1.9) 0.2(-1.0,1.4) -0.7(-2.4,09) 0.1 (-1.3,1.5)
Expressive Language -0.3 (-1.2,0.7) -0.6(-1.9,0.7) -0.2(-1.5,1.1) -0.7 (-2.0, 0.6)

2 Models were adjusted for child’s sex, parity, maternal pre-pregnancy BMI, gestational diabetes,
maternal education, and breastfeeding duration.

Note: Bolded numbers indicate p-value < 0.05
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Table S3.3 Sensitivity analysis: Longitudinal changes () in MSEL Composite scores and T-
scores of subscales of children over the four assessment time points in association with a unit
increase in log 2-transformed prenatal maternal serum concentrations of six PFAS in generalized

estimating equations for the MARBLES baseline population (n =218 ?).

MSEL PFOA PFOS PFHxS
B (95% CI) " B (95% CI) " B (95% CI) "

Composite 20.11 (-0.26, 0.03) 0.00 (-0.13,0.14)  -0.02 (-0.12, 0.08)

Fine Motor -0.08 (-0.16,0.00)*  -0.03 (-0.11,0.05)  -0.06 (-0.12,0.01)

Visual Reception
Receptive Language
Expressive Language

20.12 (-0.23, -0.02)*
-0.03 (-0.12, 0.06)
-0.02 (-0.10, 0.06)

0.00 (-0.10, 0.10)
0.00 (-0.08, 0.09)
0.00 (-0.08, 0.07)

0.00 (-0.07, 0.06)
0.02 (-0.05, 0.09)
0.01 (-0.05, 0.07)

PFNA

PFDA

PFUnDA

MSEL B (95% CI) " B (95% CI) " B (95% CI) "
Composite -0.04 (-0.20, 0.12) 0.00 (-0.05,0.05)  0.02 (-0.01, 0.06)
Fine Motor -0.05 (-0.14,0.05)  -0.01(-0.03,0.02)  0.00 (-0.02, 0.03)

Visual Reception
Receptive Language
Expressive Language

-0.05 (-0.16, 0.07)
-0.03 (-0.13, 0.07)
-0.02 (-0.11, 0.07)

0.01 (-0.03, 0.04)
0.00 (-0.03, 0.03)
-0.01 (-0.04, 0.02)

0.02 (-0.01, 0.04)
0.01 (-0.01, 0.03)
0.00 (-0.02, 0.02)

2 194 mother-child pairs were used in the GEE models, excluding those pairs who had missing
covariates (not imputed because of missing outcomes) and had one-point MSEL score only (due
to the characteristics of autoregressive correlation structure).

® Models were adjusted for child’s sex, parity, maternal pre-pregnancy BMI, gestational diabetes,
maternal education, and breastfeeding duration. Regression coefficient (B) was derived from
interaction term between continuous age in months (centered at 24) and continuous log 2-
transformed PFAS concentrations, after including the two main effects and their interaction term
in the GEE model.

# p-value for interaction between age at assessment and PFAS concentrations < 0.10
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Table S3.4 Sensitivity analysis: Longitudinal changes () in MSEL Composite scores and T-
scores of subscales of children over the four assessment time points in association with a unit
increase in log 2-transformed prenatal maternal serum concentrations of six PFAS in generalized
estimating equations after restricting to the TD children (n = 93).

MSEL PFOA PFOS PFHxS
B (95% CI) * B (95% CI) * B (95% CI) *

Composite 20.15 (-0.30, -0.01)*  -0.02 (-0.17,0.14)  -0.08 (-0.23, 0.07)

Fine Motor -0.11 (-0.21,-0.01)*  -0.03 (-0.13,0.08)  -0.08 (-0.18, 0.02)

Visual Reception

Receptive Language
Expressive Language

-0.12 (-0.25, 0.01)*
-0.07 (-0.15, 0.02)
-0.04 (-0.11, 0.04)

-0.01 (-0.14, 0.11)
-0.03 (-0.11, 0.06)
0.03 (-0.05, 0.11)

-0.02 (-0.14, 0.10)
-0.03 (-0.12, 0.06)
-0.03 (-0.11, 0.05)

MSEL PFNA PFDA PFUnDA
B (95% CI) * B (95% CI) * B (95% CI) *

Composite 20.03(-0.21,0.15)  0.02 (-0.03, 0.07) 0.03 (-0.01, 0.07)

Fine Motor -0.03(-0.17,0.11)  0.01 (-0.02, 0.04) 0.01 (-0.02, 0.04)

Visual Reception

-0.06 (-0.20, 0.09)

0.02 (-0.02, 0.07)

0.03 (-0.01, 0.06)"

Receptive Language ~ -0.04 (-0.13,0.06)  0.00 (-0.03, 0.04) 0.01 (-0.02, 0.03)

Expressive Language 0.04 (-0.05, 0.13) 0.01 (-0.02, 0.03) 0.01 (-0.01, 0.03)

2 Models were adjusted for child’s sex, parity, maternal pre-pregnancy BMI, gestational diabetes,
maternal education, and breastfeeding duration. Regression coefficient (B) was derived from
interaction term between continuous age in months (centered at 24) and continuous log 2-
transformed PFAS concentrations, after including the two main effects and their interaction term
in the GEE model.

# p-value for interaction between age at assessment and PFAS concentrations < 0.10
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Table S3.5 Effect modification analysis: Longitudinal changes () in MSEL Composite scores
and T-scores of subscales of children over the four assessment time points in association with a
unit increase in log 2-transformed prenatal maternal serum concentrations of four PFAS stratified
by child’s sex and breastfeeding duration in generalized estimating equations.

a p-value for
PFAS (ng/mL) B (95% CI) interaction P
Child’s sex Females (n = 57) Males (n = 83)
PFOA -0.25 (-0.45, -0.04)* -0.08 (-0.30, 0.13) 0.28
PFOS -0.11 (-0.31, 0.09) 0.14 (-0.07, 0.34) 0.10
PFHxS -0.04 (-0.20, 0.12) 0.01 (-0.16, 0.18) 0.68
PFNA -0.13 (-0.37,0.11) 0.02 (-0.22, 0.26) 0.38
Breastfeeding duration 12 months (n =77) > 12 months (n = 57)

PFOA -0.15 (-0.37, 0.06) -0.16 (-0.36, 0.03) 0.95
PFOS 0.01 (-0.18, 0.20) -0.02 (-0.24, 0.21) 0.87
PFHxS -0.02 (-0.15, 0.10) -0.05 (-0.21, 0.12) 0.84
PFNA 0.00 (-0.23, 0.24) -0.16 (-0.37, 0.06) 0.32

2 Models were adjusted for child’s sex, parity, maternal pre-pregnancy BMI, gestational diabetes,
maternal education, and breastfeeding duration, and missing covariates were not imputed.
Regression coefficient () was derived from interaction term between continuous age in months
(centered at 24) and continuous log 2-transformed PFAS concentrations, after including the two
main effects and their interaction term in the GEE model.

b p-value for interaction among age at assessment, PFAS concentrations, and potential effect
modifiers (child’s sex or breastfeeding duration)

# p-value for interaction between age at assessment and PFAS concentrations < 0.10
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Table S3.6 Characteristics of the study participants by trajectory group.

Low-score group High-score group

Characteristic 2 (n = 40) (n=100) p-value P
n % n %
Child sex
Female 11 28% 46 46% 0.04
Male 29 73% 54 54%
Child's birth year
2009-2010 13 33% 33 33% 0.48
2011-2013 17 43% 33 33%
2014-2015 10 25% 34 34%
Gestational age at delivery
<37 weeks 4 10% 8 8% 0.70
> 37 weeks 36 90% 92 92%
Maternal age at delivery
<35 years 26 65% 46 46% 0.04
> 35 years 14 35% 54 54%
Maternal pre-pregnancy BMI
Normal/underweight 17 43% 54 54% 0.03
Overweight 18 45% 23 23%
Obese 5 13% 23 23%
Gestational diabetes
Yes 3 8% 24 24% 0.03
No 37 93% 76 76%
Maternal race/ethnicity
Non-Hispanic white 18 45% 53 53% 0.67
Hispanic 10 25% 23 23%
Other © 12 30% 24 24%
Maternal education
Less than college degree 27 68% 36 36%  <0.01
Bachelor's degree 7 18% 39 39%
Graduate or professional degree 6 15% 25 25%
Homeownership
Yes 20 50% 63 63% 0.16
No 19 48% 35 35%
Parity
0 0 0% 2 2% 0.34
1 14 35% 45 45%
> 1 25 63% 51 51%
Breastfeeding duration
< 12 months 23 58% 54 54% 0.82
> 12 months 16 40% 41 41%

2 Missing information (n): homeownership (3), parity (3), breastfeeding duration (6).
b p-value from the Pearson’s chi-squared test comparing the low- and high-score groups.
¢ Includes Black, Asian, and multiracial.
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Table S4.1 Details on sample preparation and analytical methods.

1. Pretreatment method

2 ng of internal standard was added to 0.5 mL of serum sample, 1 mL of methanol was
added to remove proteins, and 10 mL of water and 0.1 mL of formic acid were added. The
supernatant of this sample solution was loaded to solid phase (Oasis WAX). Then, target
substances were eluted by 5 mL of methanol containing 0.1% ammonia. The eluent was
concentrated to less than 0.5 mL using gentle stream of nitrogen gas. Measurement solution
was obtained after adjusting to 0.5 mL of sample volume.

2. Measurement

Perfluorooctanoate (PFOA) and perfluorooctane sulfonate (PFOS) were measured with a
liquid chromatograph tandem mass spectrometer (LC/MS/MS). The measurement condition
was shown in the Table S4.1-1.

3. Validation of analytical method

1) Calibration curve: The calibration curve ranged from 0.01 to 30 ng/mL with more than
0.999 coefficient of determination (r?) value.

2) Calculation of Instrumental Detection Limit (IDL): The standard solution with the lowest
concentration used for the calibration curve was repeatedly measured for 7 times. The

measured values were calculated according to the “Guidelines for conducting a survey on
the environment of chemical substances (2015)”, which applied the definition of Currie
(1997).

3) Calculation of Method Detection Limit (MDL) and Method Quantification Limit (MQL):
A test solution in which the internal standard and the native standard of about 5 times of
IDL were added to a blank sample was pretreated in the same method as the actual
sample. This operation was repeated for 7 times, and MDL and MQL were calculated
according to the definition of Currie (1997) as in IDL. MDL were 3 pg/mL for both
PFOS and PFOA.

4) Recovery: A test solution in which the internal standard and 20 pg native standard were
added to a blank sample was subjected to the same pretreatment as the actual sample.

This procedure was repeated for 7 times, and the range of recovery ratio for PFOS was
68.4 to 113.2% and that for PFOA was 67.8 to 109.2%.

4. Round robin test

Participated in German External Quality Assessment Scheme (G-EQUAS) 59, an
international round robin test and the result was within the tolerance for the analysis of PFOA
and PFOS in serum.

5. References

Currie, L.A. (1997) Detection: International update, and some emerging di-lemmas
involving calibration, the blank, and multiple detection decisions. Chemometrics and
Intelligent Laboratory Systems, 37: 151-181.
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Table S4.1-1. LC/MS/MS measurement condition for PFOA and PFOS.

Equipment

LC:LC-20A Prominence (Shimadzu Corporation)
MS : API 4000 (AB SCIEX)

LC conditions
Column

Mobile phase A
Mobile phase B
Gradient

Mobile phase flow
rate
Column temperature
Sample injection
volume

Inertsil ODS-SP (2.1 mm (i.d.)x150 mm, 3um)

(GL Sciences)

10mM ammonium acetate

acetonitrile
0-2 min

2-8 min
8-10.5 min
10.5-15.5 min
15.5-20.5 min
20.5-30 min

0.2 mL/min
40°C
10uL

A:65%
A:65—50%
A:50%
A:50—-20%
A:20%
A:65%

B:35%
B:35—50%
B:50%
B:50—80%
B:80%
B:35%

MS/MS condition
Tonization method

ESI Negative (MRM : Multiple Reaction Monitoring)

Monitor ion (m/z)
Measured substance
PFOS
PFOA

Internal standard
substance
3C4-PFOS
13C4~-PFOA

For quantification

498.9—80.0

412.9—369.0

502.9—80.0

416.9—372.0

For confirmation

498.9—99.0
412.9—169.0

502.9—99.0
416.9—169.0
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Table S4.2 Distribution of MSEL Composite and subscale scores in 595 children from 4 to 40
months of age.

MSEL Age (months) n Mean SD Min Max
4 543 100 15 58 143
6 525 100 15 46 139
10 564 98 15 59 136
Composite 14 533 99 13 64 138
18 557 101 15 58 142
24 554 99 11 74 134
32 551 100 13 61 139
40 548 101 14 59 138
4 556 48 9 20 71
6 545 47 9 26 76
10 574 48 11 20 76
) 14 553 49 10 20 77
Fine Motor 18 576 50 10 20 80
24 579 49 10 20 74
32 557 50 10 20 80
40 558 51 10 20 80
4 552 48 10 20 67
6 542 48 9 22 80
10 575 48 10 20 75
Visual 14 553 49 9 20 77
Reception 18 577 49 10 20 80
24 579 50 10 20 80
32 555 49 10 20 76
40 556 51 10 20 75
4 547 48 10 20 67
6 533 49 10 29 77
10 573 48 10 20 78
Receptive 14 535 50 9 20 80
Language 18 564 49 10 22 80
24 561 50 10 20 68
32 556 50 9 20 80
40 558 50 10 20 80
4 554 48 10 20 68
6 535 49 10 20 80
10 570 48 9 25 78
Expressive 14 550 50 10 20 70
Language 18 570 49 9 20 74
24 568 50 10 20 80
32 559 50 10 20 80
40 554 50 10 20 79

Abbreviation: sample size (n), standard deviation (SD), minimum (min), maximum (max)
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Note: Normative mean and SD of Composite scores are 100 and 15, respectively. Normative
mean and SD of subscale scores are 50 and 10, respectively.
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Table S5.1 Geometric means (GMs) and 95% confidence intervals (CIs) of maternal serum
concentration ratios of eight PFAS at each sample collection point compared to the 1% trimester

of pregnancy.

GM (95% CI)

n-PFOS

Sm-PFOS

PFHxS

n-PFOA

1Trim
2Trim
3Trim
3Mon
6Mon
24Mon

1.00 (1.00, 1.00)
0.98 (0.91, 1.06)
0.84 (0.78, 0.91)
0.85 (0.79, 0.90)
0.82 (0.77, 0.88)
0.68 (0.61, 0.75)

1.00 (1.00, 1.00)
0.90 (0.85, 0.96)
0.83 (0.77, 0.90)
0.79 (0.75, 0.83)
0.74 (0.69, 0.80)
0.60 (0.54, 0.66)

1.00 (1.00, 1.00)
0.98 (0.84, 1.14)
1.01 (0.85, 1.19)
0.73 (0.64, 0.84)
0.65 (0.56, 0.76)
0.72 (0.61, 0.86)

1.00 (1.00, 1.00)
0.88 (0.84, 0.92)
0.81 (0.77, 0.85)
0.66 (0.62, 0.70)
0.57 (0.52, 0.62)
0.57 (0.49, 0.65)

PFNA

PFDA

PFUnDA

MeFOSAA

1Trim
2Trim
3Trim
3Mon
6Mon
24Mon

1.00 (1.00, 1.00)
0.86 (0.81, 0.90)
0.79 (0.74, 0.85)
0.78 (0.73, 0.83)
0.72 (0.67, 0.77)
0.62 (0.55, 0.71)

1.00 (1.00, 1.00)
0.96 (0.85, 1.07)
0.91 (0.81, 1.03)
0.85 (0.73, 0.98)
0.86 (0.77, 0.97)
0.75 (0.64, 0.88)

1.00 (1.00, 1.00)
0.94 (0.86, 1.03)
0.89 (0.81, 0.99)
0.88 (0.79, 0.99)
0.85 (0.76, 0.96)
0.92 (0.83, 1.03)

1.00 (1.00, 1.00)
0.94 (0.84, 1.06)
0.83 (0.76, 0.91)
0.82 (0.74, 0.92)
0.87 (0.76, 1.00)
0.83 (0.69, 0.97)

Note: For one mother who did not provide the 1% trimester sample, the concentration at each
point were divided by the 2" trimester concentration.
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Table S5.2 Spearman correlation coefficients of maternal serum PFAS concentrations across the six collection time points.

1Trim 2Trim 3Trim 3Mon 6Mon 24Mon 1Trim 2Trim 3Trim 3Mon 6Mon 24Mon

n-PFOS Sm-PFOS

1Trim 1.00 1Trim 1.00

2Trim 0.83 1.00 2Trim 0.96 1.00

3Trim 0.83 0.78 1.00 3Trim 0.94 0.93 1.00

3Mon 0.85 0.80 0.83 1.00 3Mon 0.96 0.96 0.96 1.00

6Mon 0.84 0.83 0.79 0.83 1.00 6Mon 0.94 0.94 0.94 0.96 1.00

24Mon 0.77 0.74 0.74 0.73 0.79 1.00 24Mon 0.85 0.85 0.84 0.85 0.85 1.00
PFHxS n-PFOA

1Trim 1.00 1Trim 1.00

2Trim 0.62 1.00 2Trim 0.94 1.00

3Trim 0.69 0.76 1.00 3Trim 0.95 0.97 1.00

3Mon 0.78 0.70 0.81 1.00 3Mon 0.94 0.91 0.92 1.00

6Mon 0.71 0.62 0.73 0.82 1.00 6Mon 0.87 0.85 0.86 0.92 1.00

24Mon  0.64 0.68 0.73 0.75 0.73 1.00 24Mon 0.72 0.71 0.70 0.80 0.87 1.00
PFNA PFDA

1Trim 1.00 1Trim 1.00

2Trim 0.92 1.00 2Trim 0.74 1.00

3Trim 0.89 0.94 1.00 3Trim 0.72 0.81 1.00

3Mon 0.87 0.87 0.85 1.00 3Mon 0.59 0.65 0.77 1.00

6Mon 0.88 0.89 0.87 0.89 1.00 6Mon 0.73 0.66 0.77 0.77 1.00

24Mon  0.74 0.76 0.73 0.82 0.84 1.00 24Mon 0.70 0.58 0.58 0.56 0.67 1.00
PFUnDA MeFOSAA

1Trim 1.00 1Trim 1.00

2Trim 0.70 1.00 2Trim 0.74 1.00

3Trim 0.66 0.75 1.00 3Trim 0.84 0.83 1.00

3Mon 0.58 0.77 0.75 1.00 3Mon 0.70 0.71 0.77 1.00

6Mon 0.57 0.63 0.70 0.79 1.00 6Mon 0.71 0.82 0.86 0.81 1.00

24Mon  0.58 0.69 0.77 0.71 0.73 1.00 24Mon 0.66 0.58 0.68 0.62 0.60 1.00
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Note: p-values of all the Spearman correlation coefficients were less than 0.001. One of the 42 mothers did not provide the 1%
trimester sample but was included in this study.
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Table S5.3 Univariate associations between maternal serum PFAS concentrations and potential determinants.

ry or median (25", 75™ percentiles) *

Potential determinants

n-PFOS Sm-PFOS ‘ PFHxS n-PFOA PFNA
Pregnancy
Child’s birth year -0.52 -0.68 -0.53 -0.43 -0.27
Maternal age at delivery 0.31 0.18 0.31 0.28 0.09
Maternal BMI at pre-pregnancy 0.03 0.10 0.02 -0.10 0.25
Maternal weight gain during pregnancy -0.22 -0.19 -0.19 -0.10 -0.13
Birthweight 0.04 0.07 -0.26 0.02 0.07
Parity -0.00 0.04 -0.24 -0.39 -0.20

Maternal race/ethnicity
Non-Hispanic white
Hispanic & other®

Maternal birthplace
United States
Other

Maternal education
Less than bachelor’s degree
Bachelor’s degree or higher

Homeownership
Non-owner
Owner

2.25 (1.65, 3.40)
2.20 (1.83, 2.95)

2.10(1.30, 2.85)
2.80(2.02, 3.20)

2.15 (1.45, 2.98)
2.25 (1.78, 3.20)

2.20 (2.02, 2.75)
2.30 (1.65, 3.32)

0.90 (0.80, 1.70)
0.70 (0.52, 1.23)

0.90 (0.70, 1.65)
0.75 (0.60, 1.23)

0.90 (0.72, 0.98)
0.85 (0.60, 1.72)

0.90 (0.72, 1.45)
0.85 (0.60, 1.63)

0.40 (0.30, 0.52)
0.40 (0.28, 0.58)

0.37 (0.28, 0.47)
0.48 (0.34, 0.71)

0.34 (0.28, 0.42)
0.45 (0.30, 0.63)

0.40 (0.30, 0.46)
0.40 (0.30, 0.65)

0.83 (0.52, 1.13)
0.87 (0.67, 0.99)

0.75 (0.53, 1.10)
0.92 (0.81, 1.16)

0.68 (0.53, 0.94)
0.92 (0.67, 1.22)

0.83 (0.57, 1.00)
0.87 (0.65, 1.14)

0.40 (0.37, 0.60)
0.65 (0.45, 0.70)

0.40 (0.37, 0.55)
0.67 (0.61, 0.76)

0.42 (0.40, 0.68)
0.53 (0.39, 0.70)

0.40 (0.38, 0.63)
0.58 (0.40, 0.72)

Early postpartum

Child’s birth year
Maternal age at delivery
Maternal BMI at pre-pregnancy
Maternal weight gain during pregnancy
Birthweight
Parity
Maternal race/ethnicity
Non-Hispanic white
Hispanic & other®
Maternal birthplace
United States
Other

-0.45

0.24
-0.02
-0.31
-0.07
-0.08

1.85 (1.45, 2.47)
2.05 (1.35,2.32)

1.80 (1.25, 2.40)
2.10 (2.00, 2.53)

-0.70
0.21
0.09

-0.20
0.07

-0.03

0.80 (0.60, 1.22)
0.55 (0.50, 0.90)

0.70 (0.55, 1.25)
0.65 (0.43, 0.90)
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-0.60
0.26
0.08

-0.23

-0.17

-0.36

0.30 (0.27, 0.40)
0.38 (0.17, 0.55)

0.27 (0.22, 0.40)
0.45 (0.25, 0.78)

-0.45

0.37
-0.12
-0.07
-0.06
-0.33

0.63 (0.43, 0.90)
0.63 (0.52, 0.76)

0.57 (0.42, 0.87)
0.72 (0.57, 0.87)

-0.37
0.14
0.23

-0.13

-0.04

-0.16

0.37 (0.30, 0.52)
0.53 (0.38, 0.63)

0.37 (0.30, 0.47)
0.55 (0.47, 0.66)



Maternal education
Less than bachelor’s degree

1.65 (1.22, 2.45)

0.75 (0.52, 0.88)

0.27 (0.18, 0.38)

0.57 (0.41,0.73)

0.38 (0.34, 0.62)

Bachelor’s degree or higher 2.10(1.75,2.40) | 0.70(0.50,1.33) | 0.40(0.26,0.70) | 0.70(0.52, 1.01) 0.45(0.33, 0.61)
Homeownership

Non-owner 2.00(1.43,2.55) | 0.75(0.52,1.12) | 0.32(0.24,0.43) | 0.58(0.43, 0.84) 0.37(0.30, 0.43)

Owner 2.05(1.45,2.40) | 0.70(0.50,1.22) | 0.33(0.19,0.60) | 0.68 (0.49, 0.92) 0.48 (0.36, 0.63)

Late postpartum

Child’s birth year -0.50 -0.73 -0.42 -0.35 -0.41
Maternal age at delivery 0.35 0.32 0.30 0.53 0.34
Maternal BMI at pre-pregnancy 0.03 0.06 0.06 -0.09 0.07
Parity 0.05 0.07 -0.50 -0.20 -0.08
Breastfeeding duration -0.12 -0.25 -0.18 -0.51 -0.28

Maternal race/ethnicity
Non-Hispanic white
Hispanic & other®

Maternal birthplace
United States
Other

Maternal education
Less than bachelor’s degree
Bachelor’s degree or higher

Homeownership
Non-owner
Owner

1.95(1.58,2.23)
1.95(1.42,2.38)

1.90 (1.35, 2.25)
2.15 (1.52,2.55)

1.95 (1.45, 2.53)
1.90 (1.50, 2.23)

1.85(1.52, 2.00)
2.05(1.45,2.32)

0.80 (0.57, 1.05)
0.55 (0.40, 0.88)

0.80 (0.50, 1.05)
0.55 (0.40, 0.92)

0.70 (0.52, 0.80)
0.65 (0.40, 1.05)

0.75 (0.52, 0.98)
0.65 (0.40, 1.00)

0.25 (0.20, 0.35)
0.30 (0.20, 0.45)

0.25(0.20, 0.32)
0.42 (0.25, 0.73)

0.25(0.20, 0.29)
0.35(0.24, 0.46)

0.30 (0.25, 0.35)
0.25 (0.15, 0.46)

0.57 (0.39, 0.82)
0.52 (0.35, 0.70)

0.50 (0.30, 0.70)
0.62 (0.41, 0.78)

0.45(0.30, 0.64)
0.55(0.44, 0.82)

0.45 (0.33, 0.74)
0.55 (0.35, 0.76)

0.35 (0.30, 0.52)
0.40 (0.31, 0.64)

0.35 (0.28, 0.45)
0.48 (0.35, 0.65)

0.38 (0.30, 0.56)
0.35 (0.30, 0.61)

0.32 (0.25, 0.44)
0.38 (0.30, 0.65)

2 Estimates whose corresponding p-values were less than 0.05 (from the Spearman correlation test or the Wilcoxon rank-sum test)

are highlighted in bold.

b Other race/ethnicity includes Asian (21%) and multiracial (2%).
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Table S5.4 Percent changes in maternal serum PFAS concentrations over time after additionally
adjusting for maternal BMI at pre-pregnancy, maternal weight gain during pregnancy and child’s
birthweight in pregnancy and early postpartum models.

Monthly percent change (95% CI) 2

Pregnancy Early postpartum
n-PFOS -3.1 (-4.5, -1.5) -0.1 (-0.9, 0.7)
Sm-PFOS -3.4 (4.6, -2.1) -1.3 (-2.1, -0.5)
PFHxS -0.6 (-3.6,2.4) -5.6 (-7.4, -3.8)
n-PFOA -4.1 (-4.8, -3.3) -4.5 (-5.2, -3.6)
PFNA -4.4 (-5.4,-3.4) -1.1 (-1.9, -0.2)

2 All models were adjusted for child’s birth year, maternal age at delivery, parity, maternal
birthplace, maternal BMI at pre-pregnancy, maternal weight gain during pregnancy and child’s
birthweight. Estimates with p-values less than 0.05 are highlighted in bold.

Table S5.5 Percent changes in maternal serum PFAS concentrations over time stratified by
breastfeeding duration.

Monthly percent change (95% CI)?

Breastfeeding duration Breastfeeding duration Interaction ®
< 12 months (n = 23) > 12 months (n = 19)
n-PFOS -0.8 (-1.3,-0.4) -1.3 (-1.8, -0.8) 0.21
Sm-PFOS -1.0 (-1.5 -0.5) -1.6 (-2.1, -1.0) 0.11
PFHxS 0.3 (-0.6, 1.2) 0.0 (-1.0, 0.8) 0.22
n-PFOA 0.1(-0.5,0.9) -1.1 (-1.7, -0.5) 0.01
PFNA -0.3 (-0.8, 0.1) -1.7 (-2.2, -1.0) 0.00

2 All models were adjusted for child’s birth year, maternal age at delivery, parity, and maternal
birthplace. Estimates with corresponding p-values less than 0.05 are highlighted in bold.

b p-value for interaction term of time from conception with binary breastfeeding duration
variable (breastfeeding duration and an interaction term were added as additional terms in the
model, along with other covariates).
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Figure S3.1 Sensitivity analysis: Adjusted mean differences () in MSEL Composite scores and
T-scores of subscales of children at 6, 12, 24, and 36 months of age in association with a unit
increase in log 2-transformed prenatal maternal serum concentrations of six PFAS after
restricting to the TD children (n = 93). Models were adjusted for child’s sex, parity, maternal
pre-pregnancy BMI, gestational diabetes, maternal education, and breastfeeding duration. Red
shaded areas represent associations with a p-value < 0.05.

161



= ®

- T
Child's birth year Maternal age Pre-pregnancy BMI Child's sex

>
g 8
Cord blood PFAS concentrations sl
/ Cognitive development

Gestational age

~
Household income

—

Maternal education Breastfeeding duration

Figure S4.1 Directed acyclic graph used to identify potential confounders for the associations
between cord blood PFAS concentrations and child cognitive development. Green

circles represent ancestors of the exposure, blue circles ancestors of the outcome, pink circles
ancestors of both exposure and outcome.
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Figure S4.2 Cross-sectional associations between log 2-transformed cord blood PFOA and PFOS concentrations and MSEL
Composite and subscale scores at 4, 6, 10, 14, 18, 24, 32, and 40 months of age stratified by child’s sex (females = 287, males =
308). Multiple linear regression models were adjusted for child’s birth year and gestational age, maternal age at delivery, parity,
household income, maternal educational history, and breastfeeding duration. Shaded areas indicate estimates with a p-value < 0.05.
Red asterisks indicate that a p-value for interaction terms (exposure % child’s sex) is less than 0.10.
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Figure S4.3 Cross-sectional associations between log 2-transformed cord blood PFOA and PFOS concentrations and quantiles of
MSEL Composite scores at 4, 6, 10, 14, 18, 24, 32, and 40 months of age. Quantile regression models were adjusted for child’s sex,

birth year, and gestational age, maternal age at delivery, parity, household income, maternal educational history, and breastfeeding
duration. Shaded areas indicate 95% confidence intervals of the estimates.
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Figure S4.4 Sensitivity analysis: Estimated mean differences () in MSEL Composite and subscale scores at 4, 6, 10, 14, 18, 24,
32, and 40 months of age in association with (a) log 2-transformed and (b) tertile-based cord blood PFOA and PFOS
concentrations, after excluding 25 children who were born preterm (< 37 weeks of pregnancy). Multiple linear regression models
were adjusted for child’s sex and birth year, gestational age, maternal age at delivery, parity, household income, maternal
educational history, and breastfeeding duration. Shaded areas indicate estimates with a p-value < 0.05.
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Figure S5.1 Intraclass correlation coefficients (ICC) and 95% confidence intervals (CIs) of In-
transformed PFAS concentrations in maternal serum samples collected during the whole study
period and three sub-periods (i.e., pregnancy, early postpartum, and late postpartum).
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Figure S5.2 Sensitivity analysis: Percent changes in maternal serum PFAS concentrations over
time using In-transformed concentration ratios of PFAS at each sample collection points to those
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at the 1st trimester of pregnancy as dependent variable. Thick lines in blue, red, and purple

represent adjusted mean concentrations during pregnancy, early postpartum, and late postpartum,

respectively, and shaded areas represent corresponding 95% ClIs. Thin lines and dots represent
individual trajectory of PFAS concentrations. Asterisk represents significant changes in PFAS
concentrations over time. All models were adjusted for child’s birth year, maternal age at

delivery, parity, and maternal birthplace. Late postpartum models were additionally adjusted for
breastfeeding duration.
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Figure S5.3 Sensitivity analysis: Percent changes in maternal serum PFAS concentrations over
time after including 217 unique pregnancies that provided at least one blood sample during the
whole study period. Thick lines in blue, red, and purple represent adjusted mean concentrations
during pregnancy, early postpartum, and late postpartum, respectively, and shaded areas
represent corresponding 95% Cls. Thin lines and dots represent individual trajectory of PFAS
concentrations. Asterisk represents significant changes in PFAS concentrations over time. All
models were adjusted for child’s birth year, maternal age at delivery, parity, and maternal
birthplace. Late postpartum models were additionally adjusted for breastfeeding duration.
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