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Sampling year Breastfeeding

ABSTRACT: Young children may experience higher per- and R~
polyfluoroalkyl substances (PFAS) exposure than adults due to PFOA
breastfeeding, higher dust ingestion rates, and frequent hand-to-
mouth activities. We explored temporal trends and determinants of
child serum PFAS concentrations and their correlations with paired
maternal PFAS concentrations. From 2009 to 2017, we collected one
blood sample from each of 541 children aged 2—S years participating

in the Childhood Autism Risks from Genetics and Environment

(CHARGE) study and quantified 14 PFAS in serum. For nine _/

frequently detected PFAS (>65% of samples), we performed multiple

regression adjusting for potential determinants to estimate mean _ PR o O
percent concentration changes. For a subset of 327 children, we also PR |

quantified nine PFAS in their mother’s serum collected at the same

visit and computed Spearman correlation coeflicients (rsp) between maternal and child PFAS concentrations. During 2009—2017,
child serum concentrations of all nine PFAS decreased by 6—25% annually. Several PFAS concentrations were higher among non-
Hispanic white children and those with highly educated parents. Most maternal and child PFAS concentrations were moderately
correlated (rsp = 0.13—0.39), with a strong correlation for N-methyl perfluorooctane sulfonamido acetic acid (rsp = 0.68).
Breastfeeding duration appeared to contribute to higher child and lower maternal PFAS concentrations, resulting in relatively weak
correlations between maternal and child PFAS concentrations for samples collected in early childhood. Considering that more than
half of our study children had neurodevelopmental concerns, the generalizability of our findings might be limited.

KEYWORDS: PFAS, child serum, maternal serum, temporal trends, determinants, breastfeeding

-10.3% (-12.1, -8.4)
i
20 t g ST i

R IR
TS

PFOS

-10.8% (-13.1, -8.4)

Child serum PFAS concentrations (ng/mL)

1. INTRODUCTION telomer manufacturers agreed to phase out perfluorooctanoic

. 10
Per- and polyfluoroalkyl substances (PFAS) are a group of aclld (dPFOA) an<cil relatel:.d cccl)rTlpounds by 2015'. .PFOS farlid
man-made chemicals that have unique surfactant properties as related compounds are listed in Annex B (Restriction) of the

well as chemical and thermal stability." Since the 1940s, PFAS Stockholm Convention on Persi.stent. Organic Pollutants, and
have been extensively used in nonstick cookware food PFOA, perfluorohexane-1-sulfonic acid (PFHxS), and related
y ) . . .. . 11,12

packaging products, carpets, furniture, clothing, and fire- comp .ounds are listed in Annex A (Elimination). ) )

fighting foams.”” Widespread use in industrial and consumer Children at early ages are exposed to PFAS via various
applications and environmental persistence have led to
ubiquitous detection of common long-alkyl-chain PFAS in
the serum of the United States (U.S.) general population over
the past decades.” Several PFAS are reported to have adverse
effects on laboratory animals and humans, such as reproductive
and developmental toxicity, neurotoxicity, hormone disruption,

pathways, including breastfeeding, ingestion of contaminated
food, water, dust, and soil, and hand-to-mouth contact with
indoor surfaces.'” ™" Because of their relatively high food and
dust ingestion rates per body weight and age-specific behaviors,
such as frequent hand-to-mouth activity and playing close to

liver, renal, and cardiovascular toxicity, and immunotoxicity.s_7 Received: October 26, 2023
Due to public health concerns, the 3M Company, one of the Revised:  January 19, 2024
major global manufacturers of perfluorooctanesulfonic acid Accepted:  January 24, 2024
(PFOS) and related compounds, voluntarily discontinued Published: February 9, 2024

production in 2002.*” Subsequently, the U.S. Environmental
Protection Agency (EPA) and eight leading fluoropolymer and

© 2024 The Authors. Published b
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CHARGE Study Recruitment
« Children (primary/siblings/twins) receiving services for ASD and DD from California DDS
* General population controls (primary/twins) from state birth files (matched to ASD by sex, age, and area)
* Unaffected twins of the primary children recruited as ASD and DD were invited

l

l

Children recruited as ASD/DD
* Confirmed diagnoses; DD screened for ASD
Unaffected twins of ASD/DD
* Screened for ASD, evaluated for DD

Children recruited as controls
* Screened for ASD, evaluated for DD

/

~

ASD
¢ Clinically
confirmed as
ASD

DD
* Confirmed as
DD

OEC/UT
Recruited as ASD, DD,
or unaffected twins
(UT) but not classified
as ASD or DD

D
* Recruited as
controls and not
classified as
ASD or DD

e L

541 children (511 primary, 30 siblings/twins)
* During 2009-2017, each child provided one serum sample
with sufficient volume at ages 2-5 years

used to investigate temporal trends
> and determinants of child serum
PFAS concentrations

2.

1. Excluded 170 children diagnosed with DD or OEC/UT
due to the study design for maternal serum PFAS analysis
Excluded 44 children whose mother did not provide serum

327 mother-child pairs (327 primary)

used to investigate correlations/
> associations between maternal and
child serum PFAS concentrations

Figure 1. Flowchart describing the recruitment and diagnosis in the CHARGE study and derivation of the child serum sample and the sample of
mother—child dyads for this study. ASD, autism spectrum disorder; CHARGE, Childhood Autism Risks from Genetics and Environment; DD,
developmental delay; DDS, Department of Developmental Services; OEC/UT, other early concerns/unaffected twin; PFAS, per- and

polyfluoroalkyl substances; TD, typical development.

the ground, young children may experience higher PFAS
exposure than adults."”'*'® Many studies that quantified PFAS
in the serum or plasma of children aged 1 to 5 years showed
that PFAS were detected in this vulnerable population even
after phase-out efforts.'®'”'"7* Three studies examining
temporal trends of PFAS body burden in children aged 0 to
12 years have consistently observed decreases in concen-
trations of two major PFAS, PFOS and PFOA, since the early
2000s.>"**35 However, these studies showed mixed temporal
trends for PFHxS and perfluorononanoic acid (PFNA) and did
not investigate longer- or shorter-alkyl-chain PFAS.

Breastfeeding is an important exposure pathway for several
PFAS in breastfed infants,16’17’36 contributing to increasing
child PFAS concentrations during this life-stage period.'®*
Breastfeeding duration is a common determinant of several
PFAS concentrations not only in infants and tod-
dlers'”%?**3%37 but also in preschool and school-aged
children,”**”*" partly due to the long biological half-lives of
many PFAS.” Toddlers and preschoolers, in particular, stop
breastfeeding and begin sharing many PFAS exposure sources
with their mothers within the home environment by
consuming the same water and food and using the same
carpets and furniture."’ Despite the transition of their exposure
sources and partially sharing exposure sources with their
mothers, to our knowledge, only one small-scale study
investigated correlations between PFAS concentrations in
mothers and their young children, which included toddlers and
preschoolers, reporting significant but relatively weak to
moderate correlations of PFAS concentrations,”® while two
other studies examined maternal—child correlations
infants®” or school-aged children.*®

in
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This study aimed to investigate temporal trends of PFAS
concentrations and the concentration determinants including
sociodemographic characteristics and breastfeeding duration.
We used serum samples collected from 541 children aged 2—35
years, each providing a single sample between 2009 and 2017.
In a subset of 327 mother—child dyads whose serum samples
were collected from both mothers and children for PFAS
quantification, we examined the correlations between the
paired child and maternal serum PFAS concentrations.

2. METHODS

2.1. Study Population and Blood Sample Collection.
We used data and biological samples from the Childhood
Autism Risks from Genetics and Environment (CHARGE)
study, an ongoing case-control study that began full recruit-
ment in 2003.” The CHARGE study recruited children who
received services for autism spectrum disorder (ASD) and
developmental delay (DD) through Regional Centers funded
by the California Department of Health and Human Services
(DDS). General population controls were randomly selected
from state birth files and frequency-matched to the sex, age,
and catchment area of children with ASD. Inclusion criteria
were children born in California, 2—5 years of age at
enrollment, living with at least one biological parent who
speaks English or Spanish, and residing in the catchment areas
of a specified list of California Regional Centers in Northern
California. If an enrolled child was a twin or triplet, parents had
the option of enrolling multiple children in the study. Twins of
children with ASD or DD concerns who did not have any
neurodevelopmental concerns were defined as unaffected
twins. Participating families with other children with an ASD
or DD concern who met the other enrollment criteria could

https://doi.org/10.1021/acs.est.3c08928
Environ. Sci. Technol. 2024, 58, 31513162
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enroll those children. Finally, if an enrolled family later had
additional children with an ASD or DD concern, they had the
option of contacting the study staft and enrolling the additional
child.

Enrolled children and their mothers visited the University of
California Davis Medical Investigations of Neurodevelopmen-
tal Disorders (MIND) Institute for neurodevelopmental
assessment. Children recruited as ASD were administered a
set of standardized clinical assessments to confirm their
diagnoses. Children recruited as DD or unaffected twins
were screened for ASD and evaluated for DD. Children
recruited as ASD, DD, or unaffected twins but were ultimately
confirmed to not have ASD or DD in this study were classified
into the other early concerns/unaffected twin (OEC/UT)
group. Participants who were recruited as controls from the
general population were screened for ASD and evaluated for
DD, with additional testing as needed, and if they were not
classified as ASD or DD, they were classified as typically
developing (TD). The flowchart describing the recruitment
and diagnosis of the CHARGE study is presented in Figure 1.
Further details on study design, subject recruitment, data and
sample collection, and diagnostic algorithms are available
elsewhere.’” This study was approved by the institutional
review boards of the State of California and the University of
California, and prior to data collection, all participants
provided written informed consent. The analysis of coded
specimens at the Centers for Disease Control and Prevention
(CDC) laboratory was determined by the CDC not to
constitute engagement in human subject research.

At the MIND Institute visit, both the child and mother
provided a single blood sample. The collected blood sample
was processed to separate the serum component, which was
then stored at —80 °C until it was shipped to the laboratories.
During the period of 2009—2017, a total of 551 child serum
samples were collected as part of the CHARGE study, which
initiated serum collection in 2009. For this study, we restricted
it to 541 children with confirmed diagnoses, comprising 511
primary children and 30 siblings (Figure 1). Maternal serum
samples were collected for a subset of primary children
diagnosed with ASD or DD, with 327 mothers providing
serum samples for PFAS quantification at the same study visit.
Therefore, we included 327 mother—child dyads in data
analyses using both maternal and child serum samples. The
number of child and maternal serum samples collected each
year is listed in Table 1.

2.2. Serum PFAS Quantification. Fourteen PFAS were
quantified in child serum at Wadsworth Center’s Human
Health Exposure Analysis Resource Targeted Analysis
Laboratory using hybrid-solid-phase extraction (SPE) and
high-performance liquid chromatography (HPLC) coupled
with electrospray triple-quadrupole tandem mass spectrometry,
as published elsewhere.”*" The quantified PFAS included 8
perfluoroalkyl carboxylic acids (PFCAs) [i.e., perfluoro-n-
pentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA),
perfluoroheptanoic acid (PFHpA), PFOA, PFNA, perfluor-
odecanoic acid (PFDA), perfluoroundecanoic acid (PFUn-
DA), and perfluorododecanoic acid (PFDoDA)], 3 perfluor-
oalkanesulfonic acids (PFSAs) [ie., perfluorobutanesulfonic
acid (PFBS), PFHxS, and PFOS], and 3 perfluoroalkane
sulfonamides [i.e., perfluorooctanesulfonamide (FOSA), N-
methyl perfluorooctane sulfonamido acetic acid (MeFOSAA),
and N-ethyl perfluorooctane sulfonamido acetic acid (EtFO-
SAA)]. The study samples were analyzed with procedural
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Table 1. Characteristics of the Study Population (541
Children and 327 Mother—Child Dyads)d

a subset of
mother—
all children child dyads
(n = 541)° (n = 327)°
characteristic n % n %
sampling year
2009 64 12 33 10
2010 111 21 75 23
2011 84 16 44 13
2012 73 13 47 14
2013 54 10 31 9
2014 46 9 31 9
2015 40 7 33 10
2016 50 9 31 9
2017 19 4 2
child sex
female 141 26 61 19
male 400 74 256 81
child age (years) at sampling
2 86 16 SS 17
3 176 33 10S 32
4 270 S0 164 N
S 9 2 3 1
birth type
singleton 500 92 310 95
multiple 41 8 17 S
child race/ethnicity
non-Hispanic white 242 45 158 49
Hispanic 177 33 91 28
Black/Asian/multiracial 114 21 75 23
diagnostic group
TD 181 33 174 S3
ASD 190 35 153 47
DD 103 19 0 0
OEC/UT* 67 12 0 0
highest parental education
less than 4 year college degree 265 49 144 44
bachelor’s degree 176 33 123 38
graduate or professional degree 100 18 60 18
homeownership
non-owner 220 42 119 38
owner 298 S8 196 62
ever breastfed
no 36 7 18 6
yes 486 93 298 94
mean =+ mean =+
SD range SD range
child body weight at sampling 17 & 3 10—38 17+ 3 11-38
(kg)
maternal age at delivery 30£6 16—47 306 16—47
(years)
breastfeeding duration 9+9 0-52 9+9 0-52
(months)

“Missing (frequency): child race/ethnicity (8), homeownership (24),
ever breastfed (19), child body weight at sampling (4), and
breastfeeding duration (35). hMissing (frequency): child race/
ethnicity (3), homeownership (12), ever breastfed (11), child body
weight at sampling (2), and breastfeeding duration (17). ©OEC/UT
groups included 57 children with other early concerns and 10
unaffected twins. “Note: ASD, autism spectrum disorder; DD,
developmental delay; OEC/UT, other early concerns/unaffected
twin; SD, standard deviation; TD, typical development.

https://doi.org/10.1021/acs.est.3c08928
Environ. Sci. Technol. 2024, 58, 31513162


pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c08928?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

blanks, quality control samples spiked with standards at 5 ng
for all analytes and internal standards (S ng/mL serum), and
replicates of Standard Reference Materials (SRM1957 and
SRM1958, NIST, Gaithersburg, MD, USA). For quality
assurance, 19 blinded duplicate samples were also analyzed.
The median relative percentage differences of duplicates when
PFAS were above the limit of detection (LOD) in both
duplicates ranged from S to 20% depending on the analyte.
The LODs in child serum were 0.05 ng/mL for PFPeA,
PFHxA, PFOA, and PFDoDA and 0.02 ng/mL for PFHpA,
PENA, PFDA, PFUnDA, PFBS, PFHxS, PFOS, FOSA,
MeFOSAA, and EtFOSAA.

Nine PFAS (PFHxS, PFOS, PFOA, PFNA, PEDA,
PFUnDA, PFDoDA, MeFOSAA, and EtFOSAA) were
quantified in maternal serum at the CDC using online SPE
and reversed-phase HPLC-isotope dilution tandem mass
spectrometry, as described elsewhere.”” Procedural blanks
and quality control serum samples spiked with low and high
concentrations of the target analytes were included in each
batch, along with analytical standards. The median coefficient
of variation of 25 blinded duplicates analyzed with the study
samples ranged from 0 to 11% depending on PFAS. The LOD
in maternal serum was 0.1 ng/mL for all nine PFAS. Despite
different SPE methods used by the two laboratories for sample
extraction, matrix spike recoveries between the methods were
comparable (89—117% for child samples and 87—108% for
maternal samples).””*> Both laboratories regularly and
successfully participate in external quality assessment schemes,
which ensures the comparability of the different analytical
methods.

2.3. Determinants of PFAS Concentrations. Socio-
demographic characteristics of mother—child dyads were
obtained from questionnaires, and potential determinants of
child serum PFAS concentrations were identified a priori based
on the review of information found in the literature. These
potential determinants included: sampling year (year), child
age (month) and weight (kg) at sampling, maternal age at
delivery (year), and breastfeeding duration (month). Child
race/ethnicity (non-Hispanic white, Hispanic, and Black/
Asian/multiracial), highest parental education (less than 4
year college degree, bachelor’s degree, and graduate or
professional), and homeownership (non-owner and owner)
were also considered as proxies for socioeconomic status.
Because there were only 19 child serum samples collected in
2017, we combined samples collected in 2016 and 2017 (n =
69) for statistical analysis. We also considered child diagnosis
of ASD, DD, OEC/UT, and TD as a potential determinant as
our prior study found significant cross-sectional associations
between these dia$noses and child PFAS concentrations in the
CHARGE study.*

2.4. Statistical Analysis. For statistical analysis of child
PFAS concentrations in 541 study children, we included nine
frequently detected (>65%) PFAS (ie, PFPeA, PFHpA,
PFOA, PENA, PFDA, PEUnDA, PFHxS, PFOS, and
MeFOSAA), while other PFAS were excluded due to low
detection frequency (<30%)." Among them, five PFAS (ie.,
PFHxS, PFOS, PFOA, PFNA, and PFDA) frequently detected
(>65%) in the maternal serum samples were included for data
analysis in 327 mother—child pairs while excluding the other
four PFAS due to the relatively low detection frequency
(<50%). We substituted PFAS concentrations below the LOD
with a value of LOD divided by the square root of 2. We used
the Wilcoxon rank-sum test to compare the five PFAS

3154

concentrations between child and maternal serum samples in
the subset of 327 mother—child dyads. We calculated the
Spearman correlation coefficients (rsp) between child and
maternal serum concentrations of five PFAS only when both
maternal and child PFAS were detectable.

In 541 children, we examined bivariate associations between
9 child serum PFAS concentrations and each potential
determinant using the Spearman correlation test for con-
tinuous variables, the Wilcoxon rank-sum test for binary
variables, and the Kruskal—Wallis test for categorical variables
with >2 levels. We selected potential determinants that were
associated with >3 PFAS concentrations (p < 0.05) as
covariates for the multivariate analyses: child age and body
weight at sampling, breastfeeding duration, child race/
ethnicity, diagnostic group, and highest parental education.
To impute missing covariates, we performed multiple
imputation with chained equations, which included all PFAS
concentrations and potential determinants, generating 20
imputed data sets.***

We performed linear regression with natural log (In)-
transformed child serum PFAS concentrations as the depend-
ent variables, sampling year (centered to 2012) as a primary
independent variable, and selected covariates. Although there
was a moderate correlation between child age and body weight
at sampling, the generalized variance inflation factors in the
regression models were low (range = 1.03—1.26), indicating
minimal multicollinearity between the independent variables.*®
Therefore, we decided to retain both variables in the models.
First, we calculated percent changes in child serum PFAS
concentrations per sampling year and unit increase in each
covariate using the formula (exp(ff) — 1) X 100, where f is the
regression coeflicient for each independent variable, with 95%
confidence intervals (Cls) as (exp(ff + 1.96 X SE;) — 1) X
100, where SEj; is the standard error of the regression
coefficients for each independent variable.”” The standard
errors were adjusted using clustered sandwich variance
estimators to account for within-family correlations, as this
study population included multiple children born from the
same mother. Second, we estimated the least-squares means
(LSMs), which are the year-specific means of In-transformed
PFAS concentrations after adjusting for covariates, using an R
package “emmeans”.*® We then calculated the least-squares
geometric means (LSGMs) of PFAS concentrations for each
sampling year by exponentiating the LSMs, with 95% Cls as
LSM =+ 1.96 X SE, g\, where SE; g, is the standard error of the
LSM adjusted using clustered sandwich variance estimators.
We also estimated pooled coefficients of determination (R*) of
the regression models fitted to 20 imputed data sets to assess
the percentage of variation in child PFAS concentrations
explained by the regression models.

To investigate how much of the variation in child serum
PFAS concentrations was explained by maternal serum
concentrations of corresponding PFAS, we reran the regression
models for 327 mother—child dyads as a sensitivity analysis
and then additionally adjusted for In-transformed maternal
serum concentrations in corresponding regression models for
five PFAS. We evaluated R* values for the regression models
before and after adjusting for maternal PFAS concentrations.

We used R version 4.1.3 (R Foundation for Statistical
Computing, Vienna, Austria) for all statistical analyses.

https://doi.org/10.1021/acs.est.3c08928
Environ. Sci. Technol. 2024, 58, 31513162
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Table 2. Distribution of Serum PFAS Concentrations in 541 CHARGE Children”

class/group PFAS LOD (ng/mL)
PFCAs PFPeA 0.05
PFHxA 0.05
PFHpA 0.02
PFOA 0.05
PFNA 0.02
PFDA 0.02
PFUnDA 0.02
PFDoDA 0.05
PFSAs PFBS 0.02
PFHxS 0.02
PFOS 0.02
perfluoroalkane sulfonamides FOSA 0.02
MeFOSAA 0.02
EtFOSAA 0.02

% >LOD

99.4
16.1
96.5
100.0
100.0
99.6
74.3
4.1
29.8
100.0
100.0
0.7
81.1
17.0

percentile (ng/mL)

Sth

0.22
<LOD
0.03
0.96
0.29
0.07
<LOD
<LOD
<LOD
0.24
0.93
<LOD
<LOD
<LOD

25th

0.38
<LOD
0.11
1.65
0.56
0.11
<LOD
<LOD
<LOD
0.38
1.60
<LOD
0.04
<LOD

50th

0.57
<LOD
0.21
2.38
0.85
0.16
0.04
<LOD
<LOD
0.64
2.45
<LOD
0.12
<LOD

75th

0.79
<LOD
0.37
3.68
1.24
0.24
0.07
<LOD
0.02
1.1§
4.07
<LOD
0.36
<LOD

95th

1.25
0.28
0.87
6.81
2.60
0.48
0.15
<LOD
0.07
3.39
11.00
<LOD
1.64
0.07

“Note: CHARGE, Childhood Autism Risks from Genetics and Environment; FOSA, perfluorooctanesulfonamide; EtFOSAA, N-ethyl
perfluorooctane sulfonamido acetic acid; LOD, limit of detection; MeFOSAA, N-methyl perfluorooctane sulfonamido acetic acid; PFAS, per-
and polyfluoroalkyl substances; PFBS, perfluorobutanesulfonic acid; PFCA, perfluoroalkyl carboxylic acids; PFDA, perfluorodecanoic acid; PFHpA,
perfluoroheptanoic acid; PFDoDA, perfluorododecanoic acid; PFHxA, perfluorohexanoic acid; PFHxS, perfluorohexane-1-sulfonic acid; PFNA,
perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctanesulfonic acid; PFPeA, perfluoro-n-pentanoic acid; PESA,
perfluoroalkanesulfonic acids; PFUnDA, perfluoroundecanoic acid.

LSGM (ng/mL)
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Figure 2. Temporal trends of child serum PFAS concentrations during 2009—2017 in 541 CHARGE children. The point estimates represent
LSGMs, and error bars represent their corresponding 95% Cls. The percentages presented on the top right corner represent adjusted annual mean
percent changes (95% Cls). The serum samples for 2016 and 2017 were combined due to the small number of samples collected in 2017. Linear
regression models were adjusted for child age and body weight at sampling, breastfeeding duration, child race/ethnicity, diagnostic group, and
highest parental education. CHARGE, Childhood Autism Risks from Genetics and Environment; CI, confidence interval; LSGM, least-squares
geometric mean; MeFOSAA, N-methyl perfluorooctane sulfonamido acetic acid; PFAS, per- and polyfluoroalkyl substances; PFDA,
perfluorodecanoic acid; PFHpA, perfluoroheptanoic acid; PFHxS, perfluorohexane-1-sulfonic acid; PENA, perfluorononanoic acid; PFOA,

perfluorooctanoic acid; PFOS, perfluorooctanesulfonic acid; PFPeA, perfluoro-n-pentanoic acid; PFUnDA, perfluoroundecanoic acid.
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3. RESULTS

3.1. Participant Characteristics. The majority of the 541
child serum samples (62%) were collected in the earlier study
period (2009—2012) compared to those in the later study
period (2013—2017) (Table 1). Approximately 74% of the
children were males, aligning with the CHARGE study’s goal
to match the frequencies of child sex between ASD and TD
groups due to the higher prevalence of males within the ASD
population. The children’s average age at sampling was 46
months (range: 24—60 months), and the average body weight
was 17.0 kg (range: 10—38 kg). Approximately 93% of children
were ever breastfed, and the average breastfeeding duration
was 8.5 months (range: 0—52 months). The sample consisted
of 45% non-Hispanic white, 33% Hispanic, and 21% other race
(4% non-Hispanic black, 4% Asian, and 13% multiracial)
children. More than half of the children were clinically
diagnosed with ASD or DD at sampling. Nearly half of children
were from families whose highest education level was less than
4 year college degree, and 58% were from families who owned
a home. The participant characteristics of the 327 mother—
child pairs were generally similar, except that this subset
consisted of ASD and TD children only.

3.2, PFAS Concentrations in Child and Maternal
Serum Samples. Among PFAS quantified in 541 child serum
samples, PFPeA, PFHpA, PFOA, PENA, PFDA, PFHxS, and
PFOS were detected in >95% of the samples; PFUnDA and
MeFOSAA were detected in 74 and 81% of the samples,
respectively (Table 2). The other five PFAS were detected in
<30% of samples. The highest median concentration was
observed for PFOS (2.45 ng/mL), followed by PFOA (2.38
ng/mL), PFNA (0.85 ng/mL), PFHxS (0.64 ng/mL), and
PFPeA (0.57 ng/mL). Among the nine PFAS detected in
>65% of the child serum samples, all but PFPeA were
positively and weakly to moderately correlated with each other
(rSp = 0.15—0.68) (Figure S1). In the subset of 327 mother—
child dyads, PFOA, PENA, and PFHxS concentrations were
higher in child samples than maternal samples, while PFOS
concentrations were higher in maternal samples (Table S1 and
Figure S2). When using PFAS detected in both maternal and
child samples, PFOA, PFNA, PFDA, PFUnDA, PFHxS, and
PFOS showed weak to moderate positive correlations between
maternal and child serum samples (rSp =0.13, 0.31, 0.39, 0.38,
0.36, and 0.26 respectively), while MeFOSAA exhibited the
strongest positive correlation (ry, = 0.68) (Table S2). Child
serum concentrations of nine PFAS differed across several
participant characteristics, including sampling year, child age
and body weight at sampling, race/ethnicity, diagnostic group,
highest parental education, homeownership, and breastfeeding
duration (Table S3).

3.3. Temporal Trends and Determinants of Child
Serum PFAS Concentrations. From 2009 to 2017, LSGM
concentrations of all nine PFAS in 541 child serum samples
declined by 6 to 25% per year (Figure 2). The greatest
decrease was observed for MeFOSAA (percent change per
year: —25.1%), followed by PFHxS (—11.8%), PFHpA
(~10.8%), PFOS (—10.8%), PFNA (—10.5%), and PFOA
(—10.3%). LSGM concentrations of PFPeA, PFDA, and
PFUnDA also decreased but to a lesser extent (—6.3, —6.9,
and —8.6%, respectively). Most of these PFAS, except PENA
and PFUnDA, showed curvilinear relationships, with the
sharpest declines during 2009—2011 and then leveling off
during 2011-2017. On the contrary, PFNA and PFUnDA
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gradually decreased during 2009—2011 and then more rapidly
decreased during 2011-2017.

Several participant characteristics were associated with child
serum PFAS concentrations (Table 3). Higher children’s age at
sample collection was associated with higher PFPeA
concentrations (1% per month) and with lower PFHpA
concentrations (—2% per month). Higher children’s body
weight at sampling was associated with lower concentrations of
PFOA and PFDA (—2% per kg). Longer breastfeeding
duration was associated with higher concentrations of seven
PFAS (1—3% per month, which is as high as 17% per 6
months), except PFPeA and MeFOSAA. Black, Asian, or
multiracial children had 14% to 23% lower concentrations of
PFHpA, PFOA, and PFNA, compared with non-Hispanic
white children. Children with ASD had higher concentrations
of PFHpA (38%) and PFOA (16%) and lower PFUnDA
concentrations (—27%) compared to TD children. Children in
the OEC/UT group had 21 to 27% lower concentrations of
PFDA and PFUnDA than those with TD. Compared with
children whose parents’ highest education attainment was less
than 4 year college degree, children who had at least one
parent with a graduate or professional degree had 21% higher
PFDA and 29% higher PFOS concentrations.

In the subset of 327 mother—child dyads, all PFAS
concentrations decreased over time in a similar magnitude
(=23 to —6%) (Table S4). When additionally adjusting for
maternal serum concentrations in corresponding regression
models for five PFAS, the results were slightly attenuated, with
the magnitude of annual mean percent changes for PFOA,
PFHxS, and PFNA decreased (Table SS). Increasing maternal
serum concentrations of five PFAS were associated with higher
concentrations of the corresponding PFAS in children (percent
change per In-transformed unit increase: 20% for PFOA, 31%
for PFNA, 28% for PFDA, 60% for PFHxS, and 42% for
PFOS). Breastfeeding duration remained as a major determi-
nant for all five PFAS, with percent change per month ranging
from 2 to 4%.

The R? values of the regression models using 541 children
were relatively higher for PFOA, PFNA, PFHxS, PFOS, and
MeFOSAA (R* = 0.20—0.33) than those for PFPeA, PFHpA,
PFDA, and PFUnDA (R* = 0.10—0.18) (Table 3). When the
regression analyses were restricted to 327 mother—child dyads,
the R* values were similar, except that the R* value for PFHxS
increased from 0.20 to 0.28 (Table S4). When additionally
including maternal serum concentrations in corresponding
regression models for five PFAS, the greatest increase in the R?
values was observed for PFHxS (from 0.28 to 0.42), followed
by PFDA (from 0.18 to 0.26), PFNA (from 0.21 to 0.29),
PFOS (from 0.30 to 0.37), and PFOA (from 0.37 to 0.39)
(Table S5).

4. DISCUSSION

Among 541 Northern California children who participated in
the CHARGE study at ages 2—S$ years, serum concentrations
of common long-alkyl-chain PFAS (PFOA, PENA, PFHXxS, and
PFOS) and one short-alkyl-chain PFAS (PFHpA) decreased,
on average, by 10 to 12% per year during 2009-2017.
MeFOSAA, a precursor of PFOS, declined the most (25% per
year), and two long-alkyl-chain PFAS (PFDA and PFUnDA)
and one short-alkyl-chain PFAS (PFPeA) decreased less
steeply (6—9% per year). Declines in child serum concen-
trations of common long-alkyl-chain PFAS and MeFOSAA
over the study period likely reflect the phase-out of these
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compounds in consumer products. Less steep decreases in
PFDA and PFUnDA concentrations can be attributed in part
to less active regulation compared to common long-alkyl-chain
PFAS or longer half-lives resulting from their slower
elimination rates.”” ™' The smallest decrease was observed
for PFPeA, the shortest-alkyl-chain PFAS quantified, despite its
shorter half-life.”>>® This finding might have been influenced
by continued exposure arising from the substitution of long-
alkyl-chain PFAS with short-alkyl-chain alternatives and
ongoing use of fluorotelomer alcohols.”**> However, as these
declines were generally not linear, the average declines are, for
most of the measured PFAS, representing a shorter-term
steeper decline in the early years of this study, 2009—2011,
followed by a flattening. From 2011 to 2016, concentrations of
many PFAS either declined much more slowly or appeared to
have leveled off.

There are limited studies investigating the temporal trends
in PFAS concentrations in young children during comparable
study periods.”>> A study of the U.S. children aged 6—10
years observed that concentrations of PFOA, PFHxS, PFOS,
and MeFOSAA decreased during 2007—2010, while those of
PFNA increased.”® However, another study on 4 year-old
Swedish children, who were consuming drinking water
contaminated with PFBS, PFHxS, and PFOS, did not observe
any noticeable temporal trends in concentrations of PFHpA,
PFOA, PFNA, PEDA, PFHxS, and PFOS during 2008—
2015.*" These inconsistent findings may be attributable to
variations in sample sizes, differences in sources of exposure,
sociodemographic characteristics, regulatory status, or differ-
ences in exposure patterns in different geographic locations.
Serum concentrations of common long-alkyl-chain PFAS in
our study children were comparable to those in most of the
previous studies that used study populations with overlapping
age ranges and time periods (Table S6)."******>313% When
compared to 3 to S year-old children from the nationally
representative U.S. National Health and Nutrition Examination
Survey (NHANES) 2013-2014,”* the CHARGE study
children who provided serum samples at the same period
had similar PFOA and PENA and slightly lower PFHxS and
PFOS concentrations.

Our previous study examined serum from 450 CHARGE
mothers, including 327 mothers included in this study, to
assess temporal trends of their serum PFAS concentrations
during the same period.”® When adjusting for maternal race/
ethnicity, age, education, homeownership, parity, prepregnancy
body mass index, and breastfeeding duration, annual mean
percent changes of serum PFOA and PFOS concentrations in
maternal samples (—10.7 and —10.8% per year, respectively)
were similar to those in the children’s samples described here.
Maternal PFHxS concentrations also declined but less steeply
(—8.0% per year) compared to child concentrations. On the
other hand, there were mixed trends observed in maternal
PFNA and PFDA concentrations, whereas child concentrations
consistently decreased. These findings can be partially
explained by different exposure sources or pathways for
PFNA and PFDA between mothers and children. Female
adults are exposed to PFAS primarily through dietary intake,
while toddlers and preschoolers can be exposed to PFAS
through hand-to-mouth transfers from nondietary sources,
such as treated carpets, in addition to diet."” According to the
U.S. EPA, there was a reduction of long-alkyl-chain PFCAs,
including PFNA, PFDA, and PFUnDA, in many commercial
articles, including carpet, carpet/fabric-care liquids, household
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floor wax, and treated apparels and home textiles, during
2007—2011."7 Therefore, it is plausible that PENA and PFDA
levels present in treated carpets and furniture have decreased
over time, leading to reduced levels of exposure of young
children to these compounds.

In our 327 mother—child dyads, serum concentrations of
PFOA, PENA, and PFHxS were higher in child samples than in
maternal samples, whereas those of PFOS were higher in
maternal samples. Prior studies that quantified PFAS
concentrations in young children and their matched mothers
consistently reported higher concentrations of PFOA, PFNA,
PFDA, and PFOS in children compared to their mothers.”***
Increased PFAS concentrations in children can be attributed to
exposures arising from higher water/food ingestion rates per
body weight as well as nondietary exposures due to more
frequent hand-to-mouth activities and closer proximity to the
ground.'”"*'® Furthermore, it is plausible that maternal serum
PFAS concentrations decreased from pregnancy to a few years
postpartum as a result of gestational and/or lactational
transfers and menstrual excretion,””*” whereas young child
PFAS concentrations increased due to breastfeeding.16

As expected, we observed in our study population that
breastfeeding duration is a major determinant for maternal and
child serum PFAS concentrations, showing negative correla-
tions with maternal PFAS concentrations (rSP —0.37 to
—0.16) and positive correlations with child PFAS concen-
trations (rsp = 0.17—0.43) (Table S2). Increased child PFAS
concentrations and decreased maternal PFAS concentrations,
both influenced by breastfeeding duration, were likely to
contribute to relatively weaker correlations between maternal
and child PFAS concentrations (rSP = 0.13-0.39). In
comparison, a previous study in Norway showed strong
correlations between prenatal maternal and 3 year-old child
PFAS concentrations (ry, = 0.50—0.66), despite the children
being breastfed for an average of 12 months.”” In line with our
findings, two previous studies observed relatively weak to
moderate correlations of children aged 2—8 years or 6—11
years and their mothers (rsp = 0.27-0.43 and 0.25-0.48,
respectively).”**® Another study showed stronger correlations
between mothers and their 2 to 4 month-old infants (rSp =
0.50—0.66),”” possibly influenced primarily by gestational
transfer and less depletion of maternal PFAS concentrations
resulting from shorter breastfeeding duration. MeFOSAA was
the only exception, as neither maternal nor child concen-
trations in this study were correlated with breastfeeding
duration. This resulted in strong correlations between maternal
and child concentrations (rsp = 0.70), consistent with previous
ﬁndings.28 Nevertheless, it should be noted that maternal
PFAS concentrations were significant determinants for child
PFAS concentrations, which increased model R? values.
Potential contributin§ factors include long-term effects from
gestational transfer’~ and shared exposure sources with
mothers within the home environment, such as food, drinking
water, carpets, and furniture.”®

Breastfeeding duration was not associated with PFPeA and
MeFOSAA concentrations in children aged 2—5 years but was
positively associated with other PFAS concentrations. Con-
sistent with our results and with the exception of MeFOSAA, a
recent U.S. study reported that all measured long-alkyl-chain
PFAS in reproductive-aged Black women were negatively
associated with breastfeeding duration.®® However, MeFOSAA
concentrations in breast milk as well as its lactational transfer
efficiency have been rarely studied due to the low detection
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frequency.”””® A Korean study observed higher concen-
trations of PFPeA and lower concentrations of long-alkyl-chain
PFAS in breast milk.>* Due to the shorter half-life of short-alkyl
chain PFAS compared with long-alkyl-chain PFAS,>>** it is
likely that serum PFPeA concentrations in our children reflect
more recent exposures. Consequently, this could have resulted
in null associations between PFPeA concentrations and
breastfeeding duration in spite of the higher transfer efficiency
of short-alkyl-chain PFAS from maternal blood to breast
milk.%

Sociodemographic factors that influenced serum PFAS
concentrations in our study children included race/ethnicity
and parental education. In line with our findings, previous
studies observed higher PFAS concentrations in White
children compared to Black or other racial/ethnic
groups,””**** and children from more educated families have
higher PFAS concentrations.””** These factors may be related
to differences in diet, lifestyle, and household characteristics.
For example, repeated use of waterproof clothing, frequent
consumption of fish and fast food, and the presence of rugs or
carpets in a home, among other activities, can contribute to
exposure in children.”****> Additionally, as in prior studies, we
observed negative associations between several PFAS and child
body weight at sampling, suggesting a dilution effect.”>®°

To our knowledge, this is one of the large-scale studies,
notably the largest in the U.S. that quantified the PFAS
concentration in the serum of toddlers and preschoolers. A
strength of this study is that it is one of the few that examined
temporal trends of PFAS concentrations in young children
over almost a decade and reported determinants of 9
ubiquitously detected PFAS, including two short-alkyl-chain
PFAS. We also quantified PFAS in maternal serum samples
collected during the same study visit when children were 2—5
years of age, allowing virtually simultaneous blood draws for
examining correlations between child and maternal PFAS
concentrations. However, it is important to acknowledge
several limitations. First, our regression models for five
common long-alkyl-chain PFAS explained 26—42% of
variability even after adjusting for maternal serum PFAS
concentrations. We were unable to account for other major
determinants of child PFAS concentrations, including dietary
choices or habits, PFAS concentrations in drinking water and
household dust, and prenatal PEAS concentrations.”>*"**>°
Second, over half of the children in our study had been
diagnosed with ASD or DD, and childhood PFAS concen-
trations were associated with increased odds of ASD.*!
Although we did adjust for the diagnostic group in the
regression models and observed similar findings with other
population-based studies, the generalizability of our findings
might be limited. Third, this study used 327 mother—child
dyads, comprising ASD and TD children only, to examine
correlations and associations between maternal and child
serum PFAS concentrations, which excluded children who
were either developmentally delayed or had other disabilities
that prevented their participation in CHARGE or the giving of
blood samples and therefore may have introduced selection
bias. Still, we confirmed no substantial differences in
demographic characteristics and child PFAS concentrations
between 541 children and the subset of 327 children. Last,
PFAS concentrations in child and maternal serum samples
were measured at different laboratories; differences in LODs
could have potentially influenced the distribution of PFAS
concentrations and their correlations.

In conclusion, our study observed a decrease in serum
concentrations of select PFAS in 2 to S year-old children
primarily from 2009 to 2011, with some PFAS concentrations
continuing to decline through 2017. This decline can be
attributed to voluntary phase-out efforts and regulatory
measures targeting common long-alkyl-chain PFAS initiated
in the early 2000s. The widespread detection (>95%) of two
short-chain PFAS, PFPeA and PFHpA, in our children’s serum
aligns with growing use of these compounds as substitutes for
long-alkyl-chain PFAS.>> Further research can help explore
their temporal trends after 2017 and exposure sources and
pathways , especially in susceptible populations. Our findings
also indicate that breastfeeding duration is a major determinant
of most PFAS concentrations in child and maternal serum
samples collected during the same study visit. Despite the
transfer of PFAS from mother to child, particularly through
breastfeeding, the correlations between child and maternal
PFAS concentrations at ages 2—5 years were positive, although
modest in magnitude. The positive results are at least partially
explained by the shared exposure sources of children with their
mothers even after breastfeeding ended.
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