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BACKGROUND: Longitudinal trends in per- and polyfluoroalkyl substances (PFAS) serum concentrations across pregnancy have not been thoroughly
examined, despite evidence linking prenatal PFAS exposures with adverse birth outcomes.

OBJECTIVES: We sought to characterize longitudinal PFAS concentrations across pregnancy and to examine the maternal–fetal transfer ratio among
participants in a study of risk and protective factors for adverse birth outcomes among African Americans.

METHODS: In the Atlanta African American Maternal–Child cohort (2014–2020), we quantified serum concentrations of four PFAS in 376 participants
and an additional eight PFAS in a subset of 301 participants during early (8–14weeks gestation) and late pregnancy (24–30weeks gestation). Among these,
PFAS concentrations were also measured among 199 newborns with available dried blood spot (DBS) samples. We characterized the patterns, variability,
and associations in PFAS concentrations at different time points across pregnancy using intraclass correlation coefficients (ICCs), maternal–newborn pairs
transfer ratios, linear mixed effect models, andmultivariable linear regression, adjusting for socioeconomic and prenatal predictors.

RESULTS: Perfluorohexane sulfonic acid (PFHxS), perfluorooctane sulfonic acid (PFOS), perfluorooctanoic acid (PFOA), and perfluorononanoic acid
(PFNA) were detected in >95% of maternal samples, with PFHxS and PFOS having the highest median concentrations. We observed high variability in
PFAS concentrations across pregnancy time points (ICC=0:03–0:59). All median PFAS concentrations increased from early to late pregnancy, except for
PFOA and N-methyl perfluorooctane sulfonamido acetic acid (NMFOSAA), which decreased [paired t-test for all PFAS p<0:05 except for PFOA and
perfluorobutane sulfonic acid (PFBS)]. Prenatal serum PFAS were weakly to moderately correlated with newborn DBS PFAS (−0:05< rho <0:49). The
median maternal–fetal PFAS transfer ratio was lower for PFAS with longer carbon chains. After adjusting for socioeconomic and prenatal predictors, in
linear mixed effect models, the adjusted mean PFAS concentrations significantly increased during pregnancy, except for PFOA. In multivariable linear
regression, PFAS concentrations in early pregnancy significantly predicted the PFAS concentrations in late pregnancy and in newborns.
DISCUSSION: We found that the concentrations of most PFAS increased during pregnancy, and the magnitude of variability differed by individual
PFAS. Future studies are needed to understand the influence of within-person PFAS variability during and after pregnancy on birth outcomes. https://
doi.org/10.1289/EHP14334

Introduction
Per- and polyfluoroalkyl substances (PFAS) are a group of syn-
thetic chemicals widely used in industrial and commercial applica-
tions and in a variety of consumer products, including nonstick
cookware and food containers, owing to their oil- and water-
repellant properties.1–4 PFAS are persistent in the environment and
ubiquitous in the US population owing to their long biological
half-lives and bioaccumulation.5,6 Because of the health concerns
related to PFAS exposures, major global manufacturers announced

their voluntary phase-out of new production of perfluorooctanoic
acid (PFOA) in 2006 and of perfluorooctane sulfonic acid (PFOS)
between 2000 and 2002.3 Nevertheless, these common long-chain
PFAS have been replaced with structurally similar, unknown
PFAS.3,7 Although both environmental and human concentrations
of PFOS8 have gradually declined, these legacy PFAS are still
found in environmental media, including food, drinking water,
soil, and house dust,9,10 resulting in continued exposure of the gen-
eral population to these compounds.

Consistently, studies of the US population have shown that
almost all individuals have detectable levels of multiple PFAS.8,11
PFAS can readily cross the placental barrier, directly implicating
the risk of PFAS exposure to the developing fetus. Notably, con-
centrations of PFAS in cord blood are often found to be generally
comparable or lower than those in maternal blood,12–14 though
their presence still poses significant risks to the developing fetus.
Epidemiological evidence over the last decade has demonstrated
that exposure to PFAS can be a potential risk factor for adverse
health outcomes, including pregnancy complications and adverse
birth and child health outcomes, as well as neurodevelopmental
effects of children.15–19 PFAS exposure during pregnancy, infancy,
and early childhood is particularly of interest because these life
stages are marked by rapid growth and development, making them
more susceptible to PFAS exposures and adverse health risks.4
Thus, investigating the changes in PFAS exposure levels through-
out pregnancy and their placental transfer mechanisms is crucial
for identifying critical exposure periods and guiding public health
policies to reduce PFAS exposure, especially in vulnerable
populations.

Despite the epidemiological evidence, information on longitudi-
nal trends of PFAS during pregnancy is limited. Recent longitudinal
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analysis of PFAS concentrations, measured during pregnancy, post-
partum period, and early childhood, showed a decreasing trajectory
over time.20–26 In addition, as reported by Oh et al.,21 changes in
maternal PFAS concentrations may differ not only across pregnancy
and postnatal periods but also in individual PFAS types. Previous
studies also identified several important predictors of maternal PFAS
exposure during pregnancy, including some sociodemographic, diet,
and perinatal predictors.22,27–31 However, none of those studies
focused on pregnant African American people, who experience high
environmental exposures and high rates of health disparities.32

Overall, findings in previous studies are inconsistent, and much less
is known about PFAS concentrations in newborns, which have been
predominantly assessed through cord blood samples.20,22,25,26 A
limited number of studies have used dried blood spots (DBS) for
PFAS measurement on newborns,33–36 and the use of DBS has
shown reliability and reproducibility as a minimally invasive and
novel approach for population-level studies.

To address these knowledge gaps, we conducted the present
study to characterize the patterns and variability of maternal serum
PFAS concentrations across early and late pregnancy, as well as
PFAS concentrations in newborn DBS at delivery, in the Atlanta
AfricanAmerican (AA)Maternal–Child Cohort (2014–2020).

Methods

Study Population and Data Collection
Participants included in this analysis were recruited between
2014 and 2020 as a part of the ongoing prospective Atlanta AA
Maternal–Child Cohort, a well-established birth cohort that
has been described thoroughly elsewhere.37,38 The cohort was
designed as an intra-race study of risk and protective factors for
adverse birth outcomes among African Americans in accordance
with the March of Dimes Research Agenda,39 which calls for
cohort studies to investigate the social, biological, and environ-
mental exposures uniquely affecting African American families
due to historical and current inequities. Initial input from focus
groups, consisting of pregnant African American patients and
health care practitioners, guided the study’s design, particularly
in restricting the cohort to US-born African Americans and iden-
tifying critical exposure domains, such as psychosocial stress,
nutrition, and health behaviors.37

Briefly, pregnant people were recruited from prenatal clinics
affiliated with Emory Midtown Hospital (privately funded) and
Grady Hospital (publicly funded) if they were between 18 and
40 years of age, able to communicate in English, self-identified
as African American or Black race, pregnant with a singleton,
and without a diagnosis of chronic medical conditions or chronic
use of a prescription medication. This study was approved by the
Emory University Internal Review Board, and informed consent
was obtained from all participants.

Data collection occurred at early pregnancy (8–14 weeks ges-
tation) and late pregnancy (24–30 weeks gestation) and included a
questionnaire on basic demographic information, medical records
abstraction for clinical conditions, and venous blood samples for
maternal PFAS measurements.29 Detailed characteristics col-
lected included maternal age at study entry, marital status, type of
health insurance, poverty-to-income ratio, educational attain-
ment, parity, body mass index (BMI) based on clinically meas-
ured weight (in kilograms) and height (in meters squared) at the
first visit, and self-reported substance use during the month before
the enrollment visit.

DBS were collected from newborns within 24–48 h after
birth from a heel stick performed by trained hospital nursery
personnel using a standardized protocol.40 Briefly, the skin of
the heel was cleaned with 75% isopropanol and a sterile 2.5-mm

lancet was used to obtain the sample, which was collected onto
a standard Guthrie card by saturating each circle with ∼ 75 lL
of blood.41 On the day of collection, card specimens were trans-
ported to the Georgia Department of Public Health Laboratory
for storage in a walk-in refrigerator (2–8°C) without a desic-
cant for up to 3 months and then transported to an Emory
University Laboratory for storage in a freezer (−80�C) within
gas-impermeable PFAS-free bags with desiccant until assay.41

A total of 638 participants enrolled in the Atlanta AA
Maternal–Child Cohort between 2014 and 2020. Among them,
533 participants were tested for at least one type of PFAS during
early or late pregnancy. In early pregnancy, 525 maternal serum
samples were analyzed for the determination of perfluorohexane
sulfonic acid (PFHxS), PFOS, PFOA, and perfluorononanoic
acid (PFNA) concentrations, and a subset of 429 maternal serum
samples were analyzed to quantify perfluorobutane sulfonic acid
(PFBS), perfluoroheptanoic acid (PFHpA), perfluorodecanoic
acid (PFDA), perfluoroundecanoic acid (PFUnDA), perfluorodo-
decanoic acid (PFDoDA), perfluorooctanesulfonamide (PFOSA),
N-methyl perfluorooctane sulfonamido acetic acid (NMFOSAA),
and perfluorohexanoic acid (PFHxA); In late pregnancy, 383
maternal serum samples (not entirely included in the 525 and 429
samples) were analyzed to quantify the above 12 PFAS, resulting
in 376 having paired PFAS measurements for PFHxS, PFOS,
PFOA, and PFNA, and 301 having paired PFAS measurements
for the additional 8 PFAS in both early and late pregnancy.
Meanwhile, a subset of 280 newborns’ DBS samples were ana-
lyzed for PFHxS, PFOS, PFOA, and PFNA, resulting in 199mater-
nal–newborn dyads. The participants were selected based on the
availability of their serum samples for assays, prioritizing the first
consecutively enrolled participants with sufficient serum volume
to measure the 4 main PFAS: PFHxS, PFOS, PFOA, and PFNA.
PFASmeasurements were completed under different grant mecha-
nisms, which required the use of two different laboratories, one of
which completed a 4-panel PFAS and the other that completed a
12-panel PFAS, further causing interlaboratory differences in the
number of measurements between each lab. The detailed sample
size illustration of each PFAS type is shown in Figure 1.

PFAS Analysis
PFAS measurement in maternal serum samples. Maternal ve-
nous blood samples collected during pregnancy were centrifuged
to obtain serum and stored at −80�C. The maternal serum samples
in early pregnancy were analyzed in two laboratories, namely
Children’s Health Exposure Analysis Resource (CHEAR) at and
the Laboratory of Exposure Assessment and Development for
Environmental Health Research (LEADER), both at Emory
University. Maternal samples in late pregnancy and newborn DBS
were analyzed by the Wadsworth Center Human Health Exposure
Analysis Resource (HHEAR). CHEAR and HHEAR are exposure
assessment consortia of the National Institute of Environmental
Health Studies and the core laboratories of CHEAR/HHEAR imple-
mented harmonized quality control procedures for delivering compa-
rable data.42 Further details of the analytical methods for PFAS
quantification have been described elsewhere.29,43 Briefly, samples
were spiked with internal standards, then extracted by solid phase
extraction (SPE), and subsequently analyzed by liquid chromatography–
tandem mass spectrometry (LC-MS/MS). The isotope-dilution
method was used to quantify PFAS concentration with the limits of
detection (LODs) ranging from 0.05 to 0:20 ng=mL. The LODs of
PFAS measurement in each laboratory for both maternal and new-
born samples are provided in Table S1. Excellent agreement was
found between the results of quality control/duplicate samples ana-
lyzed from the two laboratories formaternal samples (Table S2).29
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NY Wadsworth Laboratory. A hybrid SPE (Hybrid-SPE)
and ultrahigh-performance LC-MS/MS (UPLC-MS/MS) were used
in the analysis of 13 PFAS in maternal serum at theWadsworth lab.
Serum PFASwere extracted using a Hybrid-SPE–phospholipid car-
tridge after precipitating proteins and other endogenous biological
interferences with 1% ammonium formate in methanol (MeOH).
Two hundred fifty microliters of serum was transferred to a 15-mL
polypropylene (PP) tube and spiked with 50 lL of an isotope-
labeled internal standard mixture (5:00 ng of each compound). To
this mixture, 700 lL of MeOH containing 1% ammonium formate
(wt/vol) was added, and the mixture was shaken for 30 s. The super-
natantwas separated by centrifugation at 4,330 × g for 5min at room
temperature using a centrifuge (Eppendorf 5804; Barkhausenweg).
Hybrid-SPE cartridges were prewashed with 1 mL of MeOH con-
taining 1% ammonium formate (wt/vol) to remove any contamina-
tion that might arise from the cartridge. The supernatant was
quantitatively transferred to the cartridge and the eluate was col-
lected and transferred in a 2-mL vial for instrumental analysis. The
chromatographic separation was carried out using UPLC (Acquity I
Class; Waters) coupled with an electrospray ionization triple-
quadrupolemass spectrometer (ESI-TQMS;API 5500; ABSCIEX).

The target analytes were separated by an Acquity UPLC BEH C18
(1:7 lm, 50× 2:1 mm) column (Waters). The mobile phase for the
UPLC comprised 100%MeOH formobile phase A and 0.1% ammo-
nium acetate in water for mobile phase B. The flow rate was set at
0:3 mLmin-1 starting at 10%MeOH, held for 0.75min, increased to
70% over 0.25 min and then to 75% over 1 min, increased to 100%
over 1.2 min and held for 0.9 min, decreased to 10% over 0.1 min
and held for 0.8 min (for a total run time of 5 min). Injection volume
was 3 lL. Quantification of PFASwas based on the isotope-dilution
method, and target analytes were monitored by multiple reaction
monitoring (MRM)mode under negative ionization.

Procedural blanks were analyzed with each batch of 20 sam-
ples. Quantification was by isotope dilution. The average intraday
accuracy (measured as percentage recoveries from fortified sam-
ples) and precision of the method [measured as percentage rela-
tive standard deviation (RSD) between analyses] were 88.7%–
117% and 1.0%–13.4%, respectively. The average interday preci-
sion was 2.8%–6.9%. The method was sensitive with the limits of
quantification (LOQs) in the range of 0.05 to 0:09 ng=mL for all
13 PFAS. The laboratory regularly participates in external quality
assessment schemes to validate the method. National Institute of

Figure 1. (A) Flowchart of participants with PFAS samples at different time points and (B) the overlap between different sample sizes from the Atlanta
African American Maternal–Child Cohort included in our analytic samples, 2014–2020. The orange/blue box notes indicate the size of the paired samples:
early-late four PFAS pairs: 133+168+66= 376; early-late eight PFAS pairs: 133+168= 301; maternal–newborn dyads: 66+133= 199. Among N =533 partici-
pants, 2 participants were missing maternal demographic information. The demographic statistics Table S4 was thus based on N =531 participants. N =199
was used in the intraclass correlation coefficients (ICCs), transfer ratio, Spearman correlation among maternal–newborn dyads, linear mixed effect models, and
multivariable linear regression. N =301=376 was used in the generalized additive models, ICCs, and Spearman correlation among maternal pairs. Note:
NMFOSAA, N-methyl perfluorooctane sulfonamido acetic acid; PFAS, per- and polyfluoroalkyl substances; PFBS, perfluorobutanesulfonic acid; PFDA, per-
fluorodecanoic acid; PFDoDA, perfluorododecanoic acid; PFHpA, perfluoroheptanoic acid; PFHxA, perfluorohexanoic acid; PFHxS, perfluorohexane sulfonic
acid; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonic acid; PFOSA, perfluorooctanesulfonamide; PFUnDA, per-
fluoroundecanoic acid.

Environmental Health Perspectives 117001-3 132(11) November 2024



Standards and Technology (NIST) Standard Reference Materials
(SRMs) were analyzed with each batch of samples, and the val-
ues were within the reference ranges.

Emory LEADER Laboratory. For this study, four PFAS
were measured in human serum using online SPE coupled with
LC-MS/MS. Serum aliquots (250 lL) were spiked with isotopi-
cally labeled internal standards and then mixed. Six hundred
microliters of 0:1 M formic acid was added to each sample and
mixed continuously for 5 min at 1,600 rpm and then sonicated for
20min. Samples were transferred to autosampler vials and injected
into a column switching system for isolation and concentration of
the target analytes on a solid SPE analytical column. The online
SPE-high-performance LC (HPLC) was performed using an
Agilent 1260 Infinity system (Agilent Technologies) consisting of
two binary pumps, two degassers, an autosampler with a tempera-
ture control module set at 8°C, and a temperature-stable column
compartment. An external 10-port switching valve (1290 Valve
Drive; Agilent Technologies) was used to facilitate column switch-
ing. The samples were eluted by mobile phase flow reversal onto a
BetaSil C18 analytical column (4:6× 150 mm, 5 lm) for chro-
matographic separation using a gradient elution beginning at 70%
mobile phase A (20mM ammonium acetate, pH 4.0) and ending
with 100% mobile phase B (acetonitrile) before reequilibrating at
70% mobile phase A. PFAS and their labeled analogs were ana-
lyzed using MRM on an Agilent 6400 series TQMS (Agilent
Technologies) equippedwith an atmospheric pressure ESI interface
in the negative ionmode. One quantification ion and one confirmation
ion were monitored for the native compounds, and one quantification
ionwasmonitored for the labeled analogs.Concentrations of the target
compoundswere determined using isotope-dilution calibration, which
is calculated from the relative response (per volume of sample
injected) of the native-to-labeled standards in the samples relative to
the matrix-matched standard calibration curve. In each analytical run,
samples were analyzed concurrently with an 11-point calibration
curve, 1 serum and 1 reagent blank sample, 2 quality control samples
(at a high and a low concentration), and a NIST SRM. The average
interday accuracy (measured from NIST SRM samples) and RSDs
ranged from 89.2% to 115% and 2.2% to 11.8%, respectively. The av-
erage interdayRSD ranged from1.5% to 7.2%. Themethodwas sensi-
tive,with LOQs in the range of 0.08–0:2 ng=mL for all PFAS.

PFAS measurement in DBS samples. The method for the
analysis of four PFAS in newbornDBS has been described in detail
elsewhere.34,44 Briefly, a 12-mm diameter punch from DBS, esti-
mated to contain 50 lL of whole blood, was used for analysis. The
volume of whole blood spotted on theGuthrie card from heel sticks
can vary, and we estimated the volume based on an empirical
measure36 and some level of uncertainty is associated with this esti-
mate.45 Analytes were identified and quantified using an Agilent
1100 series HPLCcoupledwith a SCIEX5500ESI-TQMS.

DBS samples were cut into small pieces (using solvent-cleaned
scissors) and placed in a 15-mL PP tube. Two milliliters of Milli-Q
water and 100 lL 13C-labeled internal standards [PFOA, PFNA,
PFOS and PFHxS (2 ng each)] were added to each sample and soni-
cated for 60 min. Then, the solution was extracted by an ion-pair
extraction method by adding 1 mL of 0:5 M tetrabutyl ammonium
hydrogen sulfate solution (adjusted to pH 10), 2 mL of 0:25 M so-
dium carbonate/sodium bicarbonate buffer, and 5 mL of methyl
tert-butyl ether (MTBE). After shaking for 40 min in an orbital
shaker (Eberbach) at 250 oscillations/min, the MTBE layer was sep-
arated by centrifugation (Eppendorf Centrifuge 5804) at 5,000 × g for
5 min. The MTBE layer was transferred into a new PP tube, evapo-
rated to dryness under a gentle stream of nitrogen gas, and reconsti-
tuted with 0:2 mL of MeOH. After vortexing, the extract was
transferred into a gas chromatography vial for HPLC-MS/MS analy-
sis. An ABSciex API 5500 ESI-TQMS (Applied Biosystems),

coupled with an Agilent 1100 series HPLC system (Agilent
Technologies Inc.), was used for identification and quantification of
the target chemicals. Chromatographic separation was carried out on
a Betasil C18 column (100× 2:1 mm, 5 lm; Thermo Electron
Corporation) connected serially with a Javelin guard column (Betasil
C18, 20 × 2:1 mm, 5 lm; Thermo Electron Corporation). The mo-
bile phases (flow rate: 200 lL=min) were MeOH and 2mM ammo-
nium acetate water (2mM, 0:154 g ammonium acetate dissolved in
100 mL MeOH and 900 mL Milli-Q water) at a gradient starting
from 20% MeOH, increased linearly to 100% MeOH at 4 min (held
for 4 min), then decreased to 20% MeOH (held for 5 min). Five
microliters of the extract were injected, and a negative ioniza-
tion MRM mode was used for all target chemicals. Data collec-
tion and analysis were performed by Analyst software (version
1.6; Applied Biosystems).

Quality assurance and quality control protocols included anal-
ysis of blank spots from each sample to account for background
levels of contamination on the DBS card, analysis of procedural
blanks to account for background levels of contamination arising
from laboratory reagents and solvents, and analysis of matrix
spikes. Recoveries of target analytes through the method were
between 80% and 120%. RSDs of the repeated analysis were
<15%.

Statistical Analysis
Descriptive analyses were conducted for 12 PFAS in maternal se-
rum samples and 4 PFAS in newborn DBS, including detection
frequency, geometric means (GMs), geometric SDs (GSDs), and
percentiles. PFAS with low detection frequencies (0%–40%) in
both maternal samples included PFHpA, PFDoDA, PFOSA, and
PFHxA and were excluded from further analysis. PFAS levels
below the LODs were imputed as the LOD divided by the square
root of 2.46 After visual inspection of distributions of the data,
PFAS concentrations were natural log-transformed to reduce the
effect of potential outliers. Spearman correlation coefficients of
PFAS concentrations were calculated to examine the correlation
of PFAS between paired maternal samples and paired maternal–
newborn samples.

For comparison of whole blood PFAS measured in newborn
DBS with maternal serum concentrations, a factor of 2 was
applied, based on a previous study that reported the serum-to-
whole blood ratio for PFAS was ∼ 2:1.47 Thus, to normalize
whole blood levels measured in newborn DBS to serum levels
measured in pregnant people, we doubled the PFAS concentra-
tion in newborn DBS. Previous studies have reported excellent
agreement of concentrations in finger prick DBS samples and ve-
nous whole blood samples.35,48

Intraclass correlation coefficients (ICCs) and 95% confi-
dence intervals (CIs) were computed to assess the within-
participant variability of natural log-transformed PFAS con-
centrations across maternal pairs and between maternal–
newborn pairs. The paired t-test was performed to assess
whether the increase or decrease of PFAS across the preg-
nancy was significant. Generalized additive models (GAMs)
were used to visualize the PFAS concentrations across gesta-
tional weeks [shrinkage cubic regression spline in GAM, for-
mula = y ∼ s(x, bs = “cs”)]. Maternal–newborn transfer ratio
was calculated through Equation 1:

TME−DBS =CDBS=CME, (1)

TML−DBS =CDBS=CML,

where CDBS is the doubled PFAS concentration in newborn DBS
(in nanograms per milliliter), and CME and CML are the PFAS
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concentrations in maternal early and late serum samples (in nano-
grams per milliliter), respectively. TME−DBS is the transfer ratio
from PFAS in maternal early samples to PFAS in DBS, and
TML−DBS is the transfer ratio from PFAS in maternal late samples
to PFAS in DBS.

Then, we fitted a covariate-adjusted linear mixed effect model
with a random intercept for each maternal–newborn dyad identi-
fier to assess the change in PFAS concentrations across different
sample periods (maternal serum samples in early and late preg-
nancy and newborn DBSs) using Equation 2, where i represents
each participant and j represents the three sample periods. The
following covariates were selected based on our previous analy-
sis29 and an analysis of variance test (Table S3), including mater-
nal age (continuous), married or cohabiting (yes, no), education
(less than high school, high school, some college, college and
above), hospital site (Emory, Grady), parity (0, 1, ≥2), prenatal
BMI (continuous), sex of infant (male, female), alcohol use and
marijuana use 1 month prior to pregnancy (yes, no). The directed
acyclic graph (https://www.dagitty.net/) for hypothesized rela-
tionships between repeated maternal serum and newborn DBS
PFAS are shown in Figure S1.

LogðPFSA ijÞ=b0 + b1Sample Periodij +b2Covariatesi + ui + eij:

(2)

In addition, to simultaneously assess the adjusted correla-
tion between maternal and newborn PFAS concentrations and
examine the effect of socioeconomic and prenatal factors on
PFAS concentrations, we employed multivariable linear regres-
sion. Specifically, we fitted two sets of models: a) to explore
the effect of maternal PFAS levels in early pregnancy, along
with socioeconomic and prenatal factors, on PFAS concentra-
tions in late pregnancy (maternal PFAS during late pregnancy
as dependent variables and maternal PFAS during early preg-
nancy as predictors with covariates); b) to determine the effect
of PFAS concentrations during early and late pregnancy, as
well as the important predictors, on PFAS concentrations in
newborn DBS (newborn DBS PFAS as dependent variables and
maternal early and late PFAS as predictors with covariates,
respectively).

Treatment
Propensity

+
1− Treatment
1−Propensity

: (3)

All main analyses were run on complete cases, with no miss-
ing data. For sensitivity analysis, to reduce potential selection
bias and residual confounding attributable to the data availability
on the small subset of maternal–newborn dyads (N =199) rela-
tive to the overall study population (N =533), we created inverse
probability weights. To do this, we first used logistic regression
to predict the probability of selection for each participant within
the maternal–newborn pairs (the propensity scores). The propen-
sity models were conditional on the same set of covariates as
Equation 2. We also identified the area of common support,
which is defined as the range between the minimum propensity
score among participants within the N =199 maternal–newborn
dyads and among participants not within the maternal–newborn
dyads.49 Only those participants whose propensity scores fell
within the area of common support were included in the further
analyses. Then, the inverse probability weights of each partici-
pant within the area of common support were calculated based on
Equation 3, where treatment refers to the variable indicating
whether participants were within the maternal–newborn dyads.
Finally, we fitted the adjusted linear mixed effect model with
these inverse probability weights to assess the unbiased adjusted
percentage change of PFAS over pregnancy.

For all models in the analysis, PFAS concentrations were natu-
ral log-transformed for a better fit. All statistical analyses were per-
formed using R (version 4.2.0; R Core Development Team).

Results

Descriptive Analysis
The sociodemographic and behavioral characteristics of partici-
pants with paired PFAS measurements available in both early and
late pregnancy and mother–newborn dyads are shown in Table 1.
The overall study population of the present study included preg-
nant people and their newborns with at least one PFAS measure-
ment available (N =533, two participants were demographic
information) (Table S4). There were no statistically significant dif-
ferences (p>0:05) in the distribution of characteristics when com-
paring the overall study population to the three sample subsets.
Overall, the mean maternal age at enrollment was 25.08 y, and the
average BMI was 28:73 kg=m2. More than half of the participants
had a high school or below education (54.6%), <150% income-to-
poverty ratio (66.3%), hadMedicaid as medical insurance (78.9%),
and had given birth at least once (53.3%).

PFAS concentrations in maternal serum samples and new-
born DBS are summarized in Table 2. PFHxS, PFOS, PFOA,
and PFNA were detected in >90% of the maternal samples,
with the highest GM of 3:67 ng=mL for PFHxS, followed by
2:62 ng=mL for PFOS, in maternal late pregnancy. Generally,
PFAS have lower GM in early pregnancy samples (ranging
from 0.04 to 1:89 ng=mL) than late pregnancy samples (ranging
from 0.03 to 3:67 ng=mL), except for PFOA and NMFOSAA.
When restricting to participants with paired samples, the distri-
bution of PFAS concentrations was similarly higher in late
pregnancy compared with early pregnancy. Moreover, follow-
ing normalization of PFAS concentration in measured DBS to
serum measures, PFAS concentrations were lower in newborns
than in pregnant women (Figure 2). We found an increasing trend
for PFHxS, PFOS, PFNA, PFBS, PFDA, and PFUnDA concentra-
tions and a decreasing trend for PFOA and NMFOSAA concentra-
tions across pregnancy (Figure 3). After conducting the paired
t-test between maternal PFAS pairs, we found all PFAS signifi-
cantly changed over time (p<0:05), except for PFOA (p=0:07)
and PFBS (p=0:20).

The Spearman correlations between log-transformed PFAS
concentrations for early and late pregnancy maternal samples and
maternal and newborn DBS are presented in Figure S2 and Table
S5. For maternal samples, PFAS concentrations in the same preg-
nancy stage showed a stronger and mostly positive correlation
(first and fourth quadrant) (ranging from −0:28 to 0.79, with the
highest correlation between PFOS and PFNA, followed by PFOA
and PFNA) compared with PFAS across the early and late preg-
nancy stage (second and third quadrant) (ranging from −0:11 to
0.47) (Figure S2, left; Table S5A). The correlation of PFAS
across maternal samples and newborn DBS samples was weak to
moderate, with correlation coefficients no larger than 0.6 (Figure
S2, right; Table S5B).

Variability Analysis
Maternal–fetal PFAS transfer ratios are summarized in Table 3.
The highest median transfer ratio TME–DBS among PFAS was
found for PFHxS from maternal early serum (TME–DBS = 91:6%)
and for PFOS from maternal late serum (TML–DBS = 36:4%),
respectively. A descending trend in both TME–DBS and TML–DBS
was observed, with increasing carbon chain length from PFHxS
(C6) to PFNA (C9). Generally, the median PFAS transfer ratio
was higher during early pregnancy, except for PFOA (TME–DBS =
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11:2%, TML–DBS = 15:3%). To exclude the potential effect of
extreme values, samples below the LOD in maternal and new-
born samples were removed (Figure S3). Approximately 53%
and 10% of PFHxS samples had transfer ratios of >100%
for TME–DBS and TML–DBS, respectively. A few PFOA (7% in
TML–DBS) and PFOS (14% in TME–DBS and 7% in TML–DBS) sam-
ples also had transfer ratios of >100% (Figure S3).

During pregnancy, paired maternal samples exhibited substantial
within-participant variation in PFAS, as evidenced by relatively low
ICCs [ranging from 0.06 (PFHxS) to 0.59 (NMFOSAA)]. Larger
variability was observed for maternal–newborn pairs [ranging from
0.03 (PFHxS) to 0.24 (PFOA)] (Figure 4 and Table S6). PFHxS
was most variable in maternal–newborn dyads (ICC=0:03), and
NMFOSAA was least variable in maternal pairs (ICC=0:59).
PFOS and PFNA showed similar variability in both maternal pairs
and maternal–newborn dyads.

On average, PFHxS, PFOS, and PFNA significantly increased
during pregnancy after adjusting for the maternal factors, with
the greatest increase of 238.1% for PFHxS (95% CI: 188.2%,
296.6%) and modest increase of 30.6% for PFNA (95% CI:

15.0%, 48.4%), whereas PFOA decreased ∼ 30% during preg-
nancy (95% CI: −41:0%, −17:5%) (Figure 5). The adjusted
mean PFAS concentrations were generally lower in newborns
at delivery compared with the PFAS concentrations during
pregnancy, especially for PFNA, which may be an artifact of
imputation for values below LOD. After applying inverse proba-
bility weights, the adjusted percentage change of PFAS during
pregnancy showed similar results. Still, PFHxS showed the great-
est increase from early to late pregnancy [244.6% (95% CI:
221.8%, 265.7%)] and PFOA decreased moderately during preg-
nancy [−31:0% (95% CI: −31:0%, −30:7%)] (Figure S4).
Meanwhile, the estimated propensity scores within maternal–
newborn dyad subsets exhibited distributions similar to those of
the remaining subsets from the overall study population, suggest-
ing our analysis pairs were comparable to the overall study popu-
lation (Figure S4).

The associations of sociodemographic and behavioral characteris-
tics with pregnancy and newborn PFAS concentrations are summar-
ized in Tables S7 and S8. PFAS concentrations in early pregnancy
significantly predicted PFAS concentrations in late pregnancy for

Table 1. Sociodemographic and clinical characteristics [mean±SD or n (%)] of study participants by different PFAS pairs in the Atlanta African American
Maternal–Child cohort, 2014–2020.
Characteristics Paired maternal (N =375) Paired maternal (N =301) Paired newborn (N =199)

Maternal age (y)
Mean±SD 25:30± 4:92 25:13± 4:93 25:55± 5:10
Married or cohabiting
Yes 180 (47.9) 145 (48.2) 84 (42.2)
No 195 (51.9) 156 (51.8) 115 (57.8)
Maternal education level
Less than high school 55 (14.6) 44 (14.6) 29 (14.6)
High school 145 (38.6) 115 (38.2) 84 (42.2)
Some college 110 (29.3) 89 (29.6) 53 (26.6)
College graduate and above 65 (17.3) 53 (17.6) 33 (16.6)
Income-to-poverty ratio
<100 167 (44.4) 130 (43.2) 88 (44.2)
≥100 to <150 79 (21.0) 66 (21.9) 42 (21.1)
≥150 to <300 75 (20.0) 68 (22.6) 42 (21.1)
≥300 54 (14.4) 37 (12.3) 27 (13.5)

Health insurance
Private 80 (21.3) 60 (19.9) 51 (25.6)
Medicaid 295 (78.4) 241 (80.1) 164 (74.4)
Hospital site
Grady Memorial Hospital 225 (59.8) 181 (60.1) 121 (60.8)
Emory University Hospital–Midtown 150 (39.9) 120 (39.9) 78 (39.2)
Alcohol use in month prior to pregnancy
No 340 (90.4) 273 (90.7) 184 (92.5)
Yes 35 (9.3) 28 (9.3) 15 (7.5)
Tobacco use in month prior to pregnancy
No 320 (85.1) 260 (86.4) 179 (89.9)
Yes 55 (14.6) 41 (13.6) 20 (10.1)
Marijuana use in month prior to pregnancy
No 243 (64.6) 194 (64.5) 125 (62.8)
Yes 132 (35.1) 107 (35.5) 74 (37.2)
Gestational age at first sample collection
Mean±SD 11:30± 2:18 11:24± 2:16 11:23± 2:27
Gestational age at second sample collection
Mean±SD 26:55± 2:51 26:76± 2:65 26:23± 2:60
Body mass index (kg=m2)
Mean±SD 28:68± 7:93 28:51± 8:14 29:03± 7:83
Parity (number of births)
0 161 (42.8) 134 (44.5) 79 (39.7)
1 108 (28.7) 85 (28.2) 54 (27.1)
≥2 106 (28.2) 82 (27.3) 66 (33.2)

Sex of infant
Female 195 (51.9) 157 (52.2) 103 (51.8)
Male 180 (47.9) 144 (47.8) 96 (48.2)

Note: PFAS pairs (N =375): subset to PFHxS, PFOS, PFOA, and PFNA in maternal early and late sample pairs (N =376), with one participant missing demographic information;
PFAS pairs (N =301): subset to additional eight PFAS in maternal early and late sample pairs; PFAS pairs (N =199): subset to PFHxS, PFOS, PFOA, and PFNA maternal and new-
born pairs. PFAS, per- and polyfluoroalkyl substances; PFHxS, perfluorohexane sulfonic acid; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane
sulfonic acid; SD, standard deviation.
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PFHxS, PFOS, PFNA, PFOA, PFDA, PFBS, andNMFOSAA, with
the largest association being observed for PFOA. A 1% increase of
PFOA in early pregnancy was associated with a 0.63% increase of
PFOA in late pregnancy (95% CI: 0.60%, 0.86%) (Table S7). The
increase of PFAS concentrations in late pregnancy was also associ-
ated with lower maternal age, not being married or cohabiting,
higher education levels, and lower prenatal BMI in early pregnancy.
Among these predictors, education level explained the largest pro-
portion of concentration of PFAS during late pregnancy, with the
largest effect on PFDA in that pregnant individuals with college and
above education had 125.01% (95% CI: 8.40%, 367.06%) higher
PFDA in late pregnancy compared with those with a less than high
school education (Table S7). For newborn PFAS concentrations,
both maternal early and late PFOS, PFOA, and PFNA were signifi-
cant predictors for newborn PFAS. Similarly, education, income-to-
poverty ratio, hospital site, parity, and marijuana use prior to preg-
nancy were found to be significant predictors for the newborn
PFAS, with the largest prediction driver being income-to-poverty
ratio.Meanwhile, the effect size ofmaternal PFAS and other covari-
ates in prediction of newborn PFAS concentration was similar in
both early and late pregnancy (Table S8).

Discussion
To our knowledge, this is the first study to systematically examine
longitudinal PFAS exposure among pregnant African American
mothers and newborns. In the present analysis, we assessed the pat-
terns, transfer ratios, and predictors of concentrations of maternal
serum PFAS during two gestational time points. Most PFAS con-
centrations increased across gestation, with the exception of PFOA
and NMFOSAA. The greatest variability and maternal–fetal trans-
fer ratio were found in PFHxS during pregnancy. We also found

maternal serum PFAS, along with several socioeconomic and pre-
natal predictors, including maternal age, marital status, education,
income, parity, prenatal BMI, and marijuana use, to be important
predictors for PFAS change during pregnancy and newborn PFAS
concentrations. Taken together, this information can bridge the cur-
rent research gap on longitudinal PFAS exposure assessment and
patterns and identify critical windows of exposure during preg-
nancy.We anticipate that improved understanding of PFAS changes
across pregnancy and neonatal periods will help future studies char-
acterize PFAS exposure for pregnant people and their offspring,
especially for those fromunderstudiedmarginalized populations.

Maternal serum PFAS concentrations in the present study
population were lower than concentrations measured in the
general US population (i.e., the National Health and Nutrition
Examination Survey) and other US birth cohorts, except for
PFHxS.22,30,50–54 Previous studies have attributed PFHxS ex-
posure to aqueous film forming foam contamination of drink-
ing water or consumer products, such as carpeting and food
packaging,55 rather than other exposure routes, such as sea-
food consumption.56 Moreover, analyses of dust from cars,
workplaces, and homes from different populations across eight
countries, including the United States, suggested that dust may
be a source of PFHxS exposure, especially in high dust inges-
tion scenarios,57,58 indicating that pollution and consumer
products could be important sources of PFAS exposures in our
study population.

A limited number of studies have quantified neonatal PFAS con-
centrations, and those studies mainly used cord blood samples,59–61

given that the application of DBS for PFAS measurement has
been largely uncharacterized.34,35,44,62 Despite the different
measurements, we found comparable levels of PFHxS, PFOS,

Table 2. Distribution of PFAS concentrations (ng=mL) in maternal serum and newborn dried blood spot samples collected from participants in the Atlanta
African American Maternal–Child cohort, 2014–2020.

PFAS Sample N Detection (%) GM±GSD

Percentile

25th 50th 75th Max

PFHxS Maternal early 525 98 1:16± 2:06 0.81 1.24 1.74 6.17
Maternal late 383 99 3:67± 1:89 2.88 3.79 5.01 15.6
Newborn 280 99 0:55± 2:56 0.29 0.51 0.84 13.9

PFOS Maternal early 525 98 1:89± 2:50 1.38 2.12 3.24 12.4
Maternal late 383 97 2:62± 3:03 1.92 3.11 4.69 19.2
Newborn 280 94 0:36± 2:97 0.26 0.47 0.69 2.07

PFOA Maternal early 525 97 0:62± 2:36 0.45 0.70 1.06 4.42
Maternal late 383 94 0:49± 3:34 0.37 0.63 1.01 6.76
Newborn 280 41 0:04± 2:99 <LOD <LOD 0.10 1.02

PFNA Maternal early 525 98 0:26± 2:35 0.17 0.30 0.47 2.27
Maternal late 383 99 0:4± 2:04 0.28 0.42 0.61 3.25
Newborn 280 13 0:02± 1:94 <LOD <LOD <LOD 0.37

PFBS Maternal early 429 28 0:03± 3:47 <LOD <LOD 0.03 3.32
Maternal late 383 43 0:05± 3:49 <LOD <LOD 0.14 2.29

PFHpA Maternal early 429 19 0:04± 2:03 <LOD <LOD <LOD 0.92
Maternal late 383 44 0:05± 4:79 <LOD <LOD 0.22 6.45

PFDA Maternal early 429 57 0:07± 2:85 <LOD 0.07 0.17 1.73
Maternal late 383 67 0:08± 4:16 <LOD 0.13 0.27 1.69

PFUnDA Maternal early 429 51 0:04± 3:03 <LOD 0.02 0.09 0.93
Maternal late 383 68 0:07± 4:18 <LOD 0.11 0.25 1.44

PFDoDA Maternal early 429 8 0:03± 1:71 <LOD <LOD <LOD 0.63
Maternal late 383 20 0:02± 2:79 <LOD <LOD <LOD 3.46

PFOSA Maternal early 429 3 0:01± 1:28 <LOD <LOD <LOD 0.18
Maternal late 383 2 0:01± 1:16 <LOD <LOD <LOD 0.07

NMFOSAA Maternal early 429 53 0:04± 3:04 <LOD 0.03 0.09 1.46
Maternal late 383 47 0:03± 3:66 <LOD <LOD 0.10 3.83

PFHxA Maternal early 429 10 0:04± 1:99 <LOD <LOD <LOD 1.16
Maternal late 383 37 0:03± 4:19 <LOD <LOD 0.11 3.53

Note: GM, geometric mean; GSD, geometric standard deviation; LOD, limit of detection; max, maximum; NMFOSAA, N-methyl perfluorooctane sulfonamido acetic acid; PFAS,
per- and polyfluoroalkyl substances; PFBS, perfluorobutanesulfonic acid; PFDA, perfluorodecanoic acid; PFDoDA, perfluorododecanoic acid; PFHpA, perfluoroheptanoic acid;
PFHxA, perfluorohexanoic acid; PFHxS, perfluorohexane sulfonic acid; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonic acid; PFOSA,
perfluorooctanesulfonamide; PFUnDA, perfluoroundecanoic acid.
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PFOA, and PFNA in newborn DBS as reported in cord blood
samples in those studies, suggesting a potential alternative for
environmental exposure measurement during critical windows of

susceptibility. In general, DBS are much easier to collect than
cord blood and do not require the immediate presence of a health
care professional at parturition.

Previous studies have reported the longitudinal PFAS profiling
during pre- and postnatal periods among mothers and infants,
which was conducted in diverse geographical locations and popu-
lations, including Sweden, the United States, and China. The
decreasing trend of PFAS concentrations over pregnancy has been
consistently reported in those studies.20,21,23,24,63–66 However, this
trend was not applicable to all PFAS compounds. Two studies21,63

conducted in the United States collected maternal blood samples
during the first, second, and third trimesters of pregnancy and
found that most of the PFAS concentrations decreased, including
PFOS, PFOA, PFNA, and PFDA, whereas PFHxS concentrations
remained unchanged over pregnancy. Similarly, Kato et al. col-
lected maternal samples at 16 wk of gestation and at delivery
among pregnant people in Ohio,66 and observed decreases in
PFOS, PFOA, PFNA, and PFOSA, whereas PFHxS and PFDeA
concentrations did not change. However, Chen et al. collected
maternal plasma at three trimesters and cord blood at delivery from
Chinese pregnant people20 and observed reduced levels of PFOS,
PFOA, PFNA, and PFUA but increased levels of PFHxS over
pregnancy. PFOA and PFOS had pronounced decreases during
pregnancy among pregnant people in Sweden64 and China.65 In
the present study, we also found lower levels of PFOA and
NMFOSAA in mid-to-late pregnancy compared with early preg-
nancy. Interestingly, for the remaining PFAS, we observed an
increasing trend in concentrations over pregnancy. This was espe-
cially apparent for PFHxS, with >90% of participants having ele-
vated PFHxS levels in late pregnancy and showing significant
changes even after adjusting for covariates, which indicates poten-
tial varying sources of PFAS exposures throughout pregnancy.
This can be partly explained by the longer half-life of PFHxS
(8.5 y) comparedwith PFOA (2.3–3.8 y).21,67,68

Prior research conducted within the present African American
cohort29 identified several behavioral factors during pregnancy
that were correlated with elevated PFAS concentrations in early
pregnancy; these included household cleaning practices, primary
sources of drinking water, consumption of takeout food, and the
use of personal care and cosmetic products. These factors indicate
that ongoing exposure to PFAS within this cohort is likely through
environmental and personal behavioral pathways. Moreover, the
observation of a disproportionately higher increase in PFHxS com-
pared with other PFAS compounds further illustrates the environ-
mental pollution and consumer product sources of PFAS exposure
among this African American population. The frequent usage of
highly detected PFAS products in the present African American
cohort suggests a potential continuing exposure of PFAS over
pregnancy and adds emphasis to the importance of targeted inter-
ventions to mitigate exposure risk during this vulnerable period of
development.

The potential continuing exposure during pregnancy might
result in the accumulation of PFAS, which might have obscured
any decreases from the effects of expanded plasma volume and pla-
cental transfer.69,70 Reports have found that changes in PFAS con-
centration during pregnancy were related to PFAS structure,
glomerular filtration rate (GFR), and serum albumin.71 Normally,
GFR and renal clearance increase during pregnancy andmay cause
a decreasing trend of PFAS. However, our previous study with this
cohort showed that the pregnancy-related hemodynamics, as indi-
cated by absolute creatinine concentrations and GFR, do not
explain the PFAS change during early and middle pregnancy.72

Meanwhile, serum albumin may affect the transfer of PFAS by
serving as a binding protein and thus influencing the PFAS concen-
trations.71 Further investigations of these physiological marker

Figure 2. The distribution of natural log-transformed PFAS across maternal se-
rum samples and newborn dried blood spots among study participants with
paired samples available within the Atlanta African American Maternal–Child
cohort, 2014–2020 (N =199 (left side) for mother–newborn dyads and N =301
(right side) for maternal early and late sample pairs). PFAS inDBSwere normal-
ized to serum concentrations for comparison with maternal serum PFAS.
Medians and interquartile ranges are shown in the center box plots, and arithme-
tic means are indicated by red dots. Note: DBS, dried blood spots; ME, maternal
early samples; ML, maternal late samples; NMFOSAA, N-methyl perfluorooc-
tane sulfonamido acetic acid; PFAS, per- and polyfluoroalkyl substances; PFBS,
perfluorobutanesulfonic acid; PFDA, perfluorodecanoic acid; PFHxS, perfluoro-
hexane sulfonic acid; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic
acid; PFOS, perfluorooctane sulfonic acid; PFUnDA, perfluoroundecanoic acid.
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levels and elimination rates of different PFAS types during preg-
nancy are needed.

In neonatal DBS, the PFAS concentrations were generally
lower than PFAS concentrations in maternal serum. Consistent
with our findings, other research groups have reported lower PFAS
concentrations in cord blood compared with maternal sam-
ples.64,66,73 In addition, positive correlation was observed between
PFAS in maternal serum, as well as in newborn DBS, which is in
line with other studies having reported the positive correlation
between PFAS inmaternal serum and in newborn cord serum.30,74–76

For the correlation between maternal samples, however, all cor-
relations were less strong for other PFAS compared with PFHxS,
PFOS, PFOA, and PFNA, which may be due to the low levels of
these PFAS detected leading to higher analytical uncertainty. We
also observed weaker correlations of repeated PFAS measures
over pregnancy compared with correlations of different PFAS in
the same pregnancy stage, which may be explained by different
exposure measurement sources in two pregnant periods and sub-
stantial within-women variation as indicated by low ICC values.
Similarly, the PFAS in DBS were positively correlated with the
PFAS in maternal serum. It is worth noting that stronger positive
correlations have been observed in the literature using cord blood
samples,23,64,73,77 whereas our study using DBS observed weak-
to-moderate correlations. These prior studies reported that sam-
ples in the first and second trimesters were slightly less correlated
with cord serum than samples in the third trimester, which might
be due to a longer time interval before delivery. This may par-
tially explain why we observed the weak-to-moderate correlation
between maternal serum PFAS and newborn DBS PFAS. In addi-
tion, in the adjusted analysis, maternal serum PFAS was identi-
fied as a significant predictor of newborn DBS PFAS, whereas
the majority of the variability of newborn PFAS was accounted
for by socioeconomic factors, including education and income-
to-poverty ratio. Thus, the weak-to-moderate correlations may be
indicative of the variability of maternal and newborn PFAS levels
between participants, which could be attributed to individual-
level social or biological determinants.

Carbon chain length, functional group, and structure of PFAS
have been reported to affect the efficiency of PFAS transportation
across the placental barrier.78–80 An earlier study suggested that

PFAS transfer efficiencies decrease with each increasing unit of
carbon chain.81 Similarly, we found maternal–fetal transfer ratios
were higher for PFAS with shorter carbon chain (i.e., PFHxS)
than for PFAS with longer carbon chain (i.e., PFNA) in both
early and late pregnancy. Researchers also reported a U-shape
trend66 for PFAS transfer across the placenta with increasing
chain length. However, we were unable to validate this pattern
owing to the limited range of PFAS types measured.

In addition, studies have suggested that carboxylated PFAS
(i.e., PFOA and PFNA) are transported more efficiently than
those with sulfonyl groups (i.e., PFHxS and PFOS) owing to the
binding affinities specific to albumin.71 In the present study, the
low transfer ratio of PFNA may be due to the low detection rate
of PFNA among newborn DBS. Transfer ratios of PFOS and
PFOA were similar during pregnancy, indicating that chain
length, rather than functional group, may potentially contribute
more to efficiency of transport from mother to fetus. Our findings
also suggest that PFHxS is more efficiently transferred across the
placenta than the other PFAS, and correspondingly, the median
PFHxS concentration in maternal serum and neonatal DBS sam-
ples was higher than in the other PFAS. However, to date, it is

Figure 3. Generalized additive models (GAMs) plot of natural log-transformed PFAS (ng/mL) across gestational weeks using maternal serum sample pairs
among study participants within the Atlanta African American Maternal–Child cohort, 2014–2020 [N =376 (top row) or N =301 (bottom row)]. Note:
NMFOSAA, N-methyl perfluorooctane sulfonamido acetic acid; PFAS, per- and polyfluoroalkyl substances; PFBS, perfluorobutanesulfonic acid; PFDA, per-
fluorodecanoic acid; PFHxS, perfluorohexane sulfonic acid; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonic
acid; PFUnDA, perfluoroundecanoic acid.

Table 3. Summary statistics (%) of PFAS transfer ratio (newborn dried
blood spots to maternal early/late serum) in Atlanta African American
Maternal–Child cohort, 2014–2020 (N =199).

Mean Min Q1 Median Q3 Max

Newborn DBS–maternal early serum
PFHxS (C6) 244 4.6 41.2 91.6 223 5,422
PFOS (C8) 194 1.1 32.0 56.3 94.1 10,291
PFOA (C8) 24.9 2.4 6.7 11.2 31.1 158
PFNA (C9) 22.4 3.0 7.0 11.1 22.1 262
Newborn DBS–maternal late serum
PFHxS (C6) 230 1.0 14.7 25.7 48.1 18,969
PFOS (C8) 146 0.6 19.4 36.4 66.1 4,893
PFOA (C8) 124 2.2 7.6 15.3 50.5 8,815
PFNA (C9) 18.0 0.8 5.8 8.3 15.5 191

Note: PFAS in DBS were converted to serum basis, for comparison with maternal serum
PFAS. Samples measured below the limit of detection (LOD) were imputed with the
LOD divided by the square root of 2. DBS, dried blood spots; max, maximum; min,
minimum; PFAS, per- and polyfluoroalkyl substances; PFHxS, perfluorohexane sulfonic
acid; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluor-
ooctane sulfonic acid; Q1, first quartile; Q3, third quartile.
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unknown whether high maternal PFAS concentrations affect
transfer efficiency.82 A high amount of PFAS in maternal serum
was transferred to the fetuses during the pregnancy, which conse-
quently led to decreased PFAS concentration in maternal serum
compared with that in cord serum, indicating the amplification of
PFAS exposure through the placenta when the transfer ratio was
>100%.12–14,83 Although to our knowledge, no studies have con-
ducted direct comparisons of transfer ratios derived from DBS
and in those obtained from cord serum, a strong correlation
between DBS samples and in umbilical cord blood, with high
sensitivity and specificity, was reported.84,85 Moreover, it is note-
worthy that all those studies on placental transfer ratio used cord
blood samples, and we found a comparable level of transfer ratios
with those studies,86 and the use of newborn DBS can reflect
direct fetal exposures by PFAS crossing the placenta. However,
many of those studies comparing matched maternal–cord samples
collected both serum and cord blood samples later than 32 wk
gestation or at birth,23,80,87 when the hematologic changes during
pregnancy have reached maximum status and transfer rates of
PFAS are highest.86 This further underscores the necessity for
attention to the potentially higher PFAS exposures of newborns
in this underrepresented population. Future research should also
consider comparative analyses of PFAS concentrations in cord
blood/serum and DBS among newborns to further substantiate
the utility of DBS as an alternative biological matrix for the com-
prehensive assessment of maternal–newborn transfer of PFAS.

We found that PFAS concentrations in early pregnancy signifi-
cantly predicted the concentrations of PFAS in late pregnancy, and
PFAS concentrations during pregnancy also significantly predicted
the PFAS concentrations in newborns, although these findings
explained only ∼ 1% of PFAS concentrations in late pregnancy
and newborns. The attenuated effect magnitude of these PFAS pre-
dictors may potentially be attributed to the concurrent existence of
other important prenatal predictors and the continuing PFAS

exposure during pregnancy. Meanwhile, several common socioe-
conomic and prenatal predictors were associated with the concen-
trations of PFAS in late pregnancy and PFAS concentrations in
newborns. Previously, our group reported a similar set of predic-
tors for PFAS concentrations in early pregnancy within a subset of
participants enrolled in the Atlanta AA Maternal–Child Cohort.29

Similarly, we found the PFAS concentrations during late preg-
nancy and among newborns were higher among pregnant people
who were younger, married, and more educated and had higher
income-to-poverty ratios and lower prenatal BMI and substance
use.

Socioeconomic status predictors, such as household income
and maternal education, were consistently positive predictors of
both maternal PFAS concentrations in cohort studies.22,27,28

Education and income-to-poverty ratio were also considered as
the largest drivers for the prediction of maternal and newborn
PFAS concentrations in our study. Possible explanations could be
that higher-income women with higher education can afford to
buy products containing PFAS, which may be more expensive
(e.g., impregnated materials; waterproof clothing).27,88 They may
also have different diet preferences in favor of a healthier diet,
including more fish.28 However, the patterns of change of PFAS
concentrations were not consistent across all socioeconomic sta-
tus predictors in the present study’s results. Furthermore, we
observed inconsistent results on PFAS in late pregnancy and
BMI. Similarly, there were considerable inconsistencies in the
reported association between PFAS concentrations and maternal
BMI.66,74,89–91 The possible explanation for these mixed results
may be due to the hemodynamics issue or could be influenced by
other factors, such as socioeconomic status, food choices, health
factors, and geographic location.92 Thus, the etiologies of BMI may
affect the change of PFAS concentrations rather than BMI itself.
Limited studies have examined the potential socioeconomic status
and prenatal predictors on newborn PFAS concentration using cord

Figure 4. Intraclass correlation coefficients (ICCs) and 95% CIs of natural log-transformed PFAS concentrations among paired maternal samples [N =376
(PFHxS, PFOS, PFOA, and PFNA) or 301 (PFBS, PFDA, PFUnDA, and NMFOSAA)] and maternal–newborn pairs (N =199). The summary data can be
found in Table S4. PFAS in DBS were normalized to serum concentrations for comparison with maternal serum PFAS. Samples measured below the LOD
were imputed with the LOD divided by the square root of 2. Note: CI, confidence interval; DBS, dried blood spots; LOD, limit of detection; NMFOSAA,
N-methyl perfluorooctane sulfonamido acetic acid; PFAS, per- and polyfluoroalkyl substances; PFBS, perfluorobutanesulfonic acid; PFDA, perfluorodecanoic
acid; PFHxS, perfluorohexane sulfonic acid; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonic acid; PFUnDA,
perfluoroundecanoic acid.
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blood,27,28 and they were found to be consistent with our results
using newborn DBS. Additional research on a broader range of pre-
natal predictors on PFAS concentrations and their temporal varia-
tion during pregnancy is warranted. Overall, the determination of
these important predictors for maternal and neonatal PFAS concen-
trations allows for the potential implementation of public health pre-
vention in the future.

We identified new patterns, variability, and important predic-
tors for variability of PFAS using longitudinal profiles for both
African American mothers and newborns, not only providing a
comprehensive estimate of PFAS exposure levels and depicting a
dynamic trend over pregnancy, but also allowing us to suggest
potential exposure patterns over the course of pregnancy for
future investigations into the health effects of PFAS exposures in
other populations. Specifically, the observed elevation in PFAS
levels during pregnancy indicated the potential continuing expo-
sure of PFAS through home environment and personal behavioral
exposure routes in the present cohort,29 including drinking
water and cosmetic product sources. Moreover, the high levels
of PFHxS detected in this cohort may reflect environmental pol-
lution and consumer product sources of exposure.55,57,58 At the

same time, the high PFHxS transfer ratio found in the present
study further underscores the importance of understanding the
prenatal exposure to PFAS so as to protect fetal health and devel-
opment. These findings facilitated the early identification of ex-
posure and enabled the potential implementation of targeted
interventions to mitigate the health impacts of PFAS exposure
during a critical window of pregnancy among African American
people. Meanwhile, newborn DBS in our analyses proved to be a
potential alternative for direct fetal exposure measurement com-
pared with cord blood, expanding the methodological options for
future investigation in this field. This practical and widely avail-
able sample type—DBS—could broaden the applicability of
PFAS exposure research across diverse populations.

Despite these strengths, our study was limited in several
ways. First, owing to the low detection rate for some PFAS, our
analyses mainly focused on four primary PFAS, which limited
the comprehensive investigation on replacement PFAS patterns
over pregnancy. The heterogeneous measurement sources of
PFAS, coupled with large relative differences on same partici-
pants, further complicated the interpretation of irregular rising
patterns of most PFAS concentrations over pregnancy. Second,

Figure 5. Adjusted percentage change and 95% CIs for PFAS concentrations among maternal–newborn pairs (N =199) using linear mixed effect models.
PFAS in DBS were normalized to serum concentrations for comparison with maternal serum PFAS. Samples measured below the LOD were imputed with the
LOD divided by the square root of 2; models were adjusted for age, education, hospital site, parity, body mass index, alcohol, marijuana use, and infant sex.
Thin lines represent individual trajectories of PFAS concentrations. Thick lines represent the adjusted mean concentrations of PFAS on population level for
early pregnancy–late pregnancy and late pregnancy–delivery time points. Red and blue color indicate an increased or decreased PFAS, respectively.
Statistically significant changes over time are indicated by an asterisk. Note: CI, confidence interval; DBS, dried blood spots; LOD, limit of detection; ME,
maternal early samples; ML, maternal late samples; PFAS, per- and polyfluoroalkyl substances; PFHxS, perfluorohexane sulfonic acid; PFNA, perfluoronona-
noic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonic acid.
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we imputed the LOD value based on the LOD divided by the
square root of 2 instead of imputing a censored lognormal and
assigning a random form. This may have led to a nonnormal dis-
tribution of some PFAS even after transformation because of the
low detection rate. However, given that our PFAS were measured
from different labs, which had several LOD values for each
PFAS, further complexity was added to the computation. The
correlation between PFAS may be biased downward when using
a single value for imputation owing to there being no variance
accounted for by the dependent variable. However, for multiple
imputation, the association can be completely random, which can
also bias the overall correlation downward. In addition, a previ-
ous study on PFAS concentrations during early pregnancy in
present cohort29 used both simple and multiple imputation meth-
ods, and the results were quite similar.

Third, owing to budget constraints, the prioritization of sam-
ples from the first consecutively enrolled participants in the pres-
ent ongoing cohort, coupled with the varied capabilities of PFAS
measurement labs, resulted in differing sample sizes for various
PFAS measurements across pregnancy stages. The small subset
of paired mother–newborn dyad samples may have introduced
selection bias into the present study, although the demographic
and prenatal characteristics were similar between the paired sub-
sets and the overall population. However, we expect any residual
selection bias to be minimal because we applied inverse probabil-
ity weights to account for selection bias within our smaller sub-
set. Fourth, the concentrations of PFAS in newborn DBS were
expressed in nanograms per milliliter, which assumed samples to
contain a fixed volume of blood given that there are many uncer-
tainties associated with the volume of blood spotted on DBS. We
used 50 lL as the nominal volume, but there is a high variability of
± 35% associated with this value. Moreover, the assumption that
whole blood PFAS concentrations would be one-half of serum
PFAS concentrations was made based on previous studies among
adult populations.47,93 Such an assumption should be made with
caution given that cellular blood volume differs slightly between
infants and adults.34 Thus, owing to the variability in blood volume
available in DBS and different hematocrit levels between infants
and adults, the data from newborn DBS may be subject to error.

Fifth, the variability between maternal and newborn PFAS
can be attributable to many factors, and some important predic-
tors, including diet and behavior or lifestyle predictors,27,31 were
not considered in the present study owing to limited data avail-
ability. In addition, the limited sample size may have been insuf-
ficient to tease out good information on all of the covariates
tested in the present analysis, so the results should be interpreted
with caution. In addition, we did not have information on poten-
tial physiological markers such as albumin, which could have
helped us to find out if the rising trend of PFAS concentrations
was caused by potential complications or renal impairment.
Placental function, transfer efficiency, and different sample types
can also affect the variability of PFAS among mothers and new-
borns, highlighting the complexity of assessing and interpreting
PFAS exposure in the maternal–fetal dyad. Meanwhile, to obtain
nonbiased assessment of PFAS exposure between individuals, a
relatively narrow time window at a particular trimester might be
most important.71 Owing to the limited sample size, we did not
use trimester-based sample collection, which may have better
reflected the trend of exposures. Further studies are needed for
more time points during pregnancy. Especially for the transfer ra-
tio in the present study, the PFAS during late pregnancy to PFAS
in newborns at delivery could still have weeks of exposure not
accounted for, so such variability would bias the present results
toward the null. Last, the findings derived from the African
American pregnant cohort, specifically located within the Atlanta

area, could limit the generalizability of the present study to a
broader population across varying geographic areas. However,
we also acknowledge that this is a strength of our study given
that no prior work on prenatal PFAS exposures has focused on
exclusively African American women, who are underrepresented
in epidemiological research.

In conclusion, our results show that, in this study population,
PFAS exposures were ubiquitous among pregnant African
American mothers and their newborns, with PFHxS being the
most predominant compound. Furthermore, the PFAS concentra-
tions exhibited notable variability and differing transfer efficiency
among individuals over pregnancy. Delineating patterns of PFAS
exposure and identifying important predictors can contribute to
our understanding of health burden within this underrepresented
population, informing more equitable public health strategies,
including developing targeted interventions on potential exposure
routes and improving maternal and neonatal health.

Community involvement has been integral to this study from
its inception. Focus groups and a community advisory board
played a critical role in shaping the study’s focus on specific expo-
sures, including environmental toxicants and psychosocial stres-
sors.37,38 Black Women Wellness further contributed to the study
design, particularly given the involvement of Black women clini-
cal research coordinators in recruitment and study visits. Ongoing
efforts by the study team include engaging participants to identify
the best methods for reporting chemical exposure levels, with con-
tinuous feedback sought from both the community and partici-
pants. Thus, the study’s design and focus were shaped through
extensive community engagement and collaboration, ensuring that
the research remains relevant to the specific needs and experiences
of US-born African Americans, with particular attention to the
most impactful social, biological, and environmental exposures.

Future research directions should focus on more time points
for PFAS measurement during and post pregnancy among preg-
nant people and their children, capturing a more comprehensive
longitudinal depiction on PFAS levels over pregnancy and post-
natal periods. In addition, future research should incorporate a
broader spectrum of predictors and physiological factors that
may affect PFAS levels and how changes in PFAS levels can
have long-term health impacts on children exposed to PFAS
in utero. Building upon the present study’s findings, toxicological
studies examining the effect of PFAS exposure during critical
windows of susceptibility on maternal and child health should be
considered in both in vivo and in vitro settings. Clarifying the
toxicological mechanisms of PFAS could provide a crucial basis
for developing public health strategies to protect vulnerable and
minor populations.
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