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ARTICLE INFO ABSTRACT

Handling Editor: Lesa Aylward Background: Per- and polyfluoroalkyl substances (PFASs) are a growing public health concern. Some longer
chain PFASs bioaccumulate and many compounds persist in the environment for long time periods. Recent
studies have established their ability to pass through placenta, yet data on the transplacental transfer efficiency
and partitioning of short and long chain PFASs in blood matrices are limited.

Objectives: To assess predictors of the partitioning of 17 PFAS compounds detected in the maternal serum,
umbilical cord serum and whole cord blood samples from matched mother-newborn pairs from two Faroe Islands
cohorts.

Methods: We examined 151 mother-newborn pairs from two successive Faroese birth cohorts. Cord:maternal
serum (transplacental transfer) and serum:whole cord blood (blood partitioning) ratios were estimated for 17
PFAS compounds. We also examined the relationships of these ratios with maternal, newborns', and physico-
chemical properties using multivariable regression analyses.

Results: Moderate to high correlations were observed between maternal and cord serum PFAS concentrations (p:
0.41 to 0.95), indicating significant transfer of these compounds from the mother to the fetus. Median trans-
placental transfer ratios were generally below 1, except for perfluorooctane sulfonamide (FOSA), and ranged
between 0.36 for perfluorodecanoate (PFDA) and perfluoroundecanoate (PFUnDA) and 1.21 for FOSA. Most
PFASs exhibited a preference to the serum component of the blood, except FOSA and perfluoroheptanoate
(PFHpA), with blood partitioning ratios ranging from 0.36 for FOSA to 2.75 for PFUnDA. Both the functional
groups and carbon chain length of different PFASs were important predictors of transplacental transfer and blood
partitioning. We observed a U-shaped relationship between transplacental transfer ratios and carbon chain
length for perfluorocarboxylates and perfluorosulfonates. Importantly, gestational diabetes was also a strong
predictor of transplacental transfer ratios, with significantly higher transfer in mothers with gestational diabetes.
Conclusions: Our findings provide a better understanding of the transplacental transfer and blood partitioning of
a large number of PFAS compounds. Results elucidate the importance of chemical structure for future risk
assessments and choice of appropriate blood matrices for measurement of PFAS compounds.

1. Background Stahl et al., 2011). PFASs are ubiquitous in the environment and have
been detected in both wildlife and humans worldwide (Birnbaum and

Per- and polyfluoroalkyl substances (PFASs) are a group of synthe- Grandjean, 2015). Human exposure sources for PFASs are diverse and
tically produced chemicals that have been widely used since the 1950s include dust, consumer products, seafood consumption, and drinking
for industrial purposes and in consumer products (Fromme et al., 2009; water (Christensen et al., 2017; Hu et al., 2016; Schaider et al., 2017;
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Vestergren et al., 2012).

PFASs are highly persistent in the environment, some are known to
bioaccumulate, and toxic effects associated with exposure have been
widely reported (Birnbaum and Grandjean, 2015; Liew et al., 2018).
Indeed, the biological half-lives of the most studied PFAS compounds
range between 3 and 7 years (Perfluorooctanoic acid [PFOA] 3.5 years;
Perfluorononanoate [PFNA] 1.5; Perfluorodecanoate [PFDA] 4.2; Per-
fluoroundecanoate [PFUnDA] 4.4; Perfluorohexane sulfonate [PFHxS]
7.1; Perfluorooctane sulfate [PFOS] 4.8 years) (Li et al., 2018; Olsen
et al., 2009; Papadopoulou et al., 2015). Recent studies have shown
that shorter carbon chain PFASs such as Perfluorobutane sulfonate
(PFBS) are generally excreted more rapidly than long-chain PFASs
(Zhang et al., 2013), with the exception of PFHxS (Betts, 2007). Their
ubiquitous presence in humans and the environment along with their
long half-lives represent a growing public health concern. Concerns
about impacts of these chemicals on public health led to the phase out
of production of PFOS and related compounds and PFOA by their major
global manufacturer in 2002, and the inclusion of PFOS in the Stock-
holm Convention on Persistent Organic Pollutants (Buck et al., 2011).
However, newer PFAS compounds, especially short chain ones have
been introduced more recently (CECBP, 2015; Wang et al., 2013).

Available evidence suggests that the toxicity of PFASs increases with
increasing carbon chain length (Kudo et al., 2006; Stahl et al., 2011;
Upham et al., 1998). Experimental studies on the toxicity of PFASs
indicated the potential for developmental toxicity, immunotoxicity,
hepatoxicity, and impacts on hormonal balance and carcinogenic po-
tency (Fromme et al., 2009). In humans, a large number of epidemio-
logic studies investigated associations between exposure to PFASs and
adverse health effects, especially in children. While there is a stronger
evidence for potential effects of PFASs on immune responsiveness and
dyslipidemia, findings are less conclusive for other health outcomes
such as asthma, allergies, metabolic function, and cognitive and beha-
vioral deficits (ATSDR, 2018; Liew et al., 2018; Rappazzo et al., 2017).

Previous studies have measured concentration of PFASs in maternal
and umbilical cord blood samples and concluded that PFASs cross the
placental barrier and reach the fetus (Hanssen et al., 2013; Kim et al.,
2011; Zhang et al., 2013; Zhao et al., 2017). Transplacental transfer of
PFASs may depend on physical —chemical properties, and measure-
ments of PFASs in matched maternal —fetal blood suggests that the
transplacental transfer is lower for long-chain PFASs compared to short
chain PFASs (Fromme et al., 2010; Zhang et al., 2013). However, most
of the studies investigating transplacental transfer were based on rela-
tively small sample sizes (n < 70). Additionally, prior studies relied on
maternal PFAS measured early in pregnancy, but transfer ratios mea-
sured at the time of delivery could reflect more accurately the trans-
placental effect of the entire pregnancy process (Zhao et al., 2017).

Serum (or plasma) concentrations of PFASs are commonly used in
biomonitoring studies and are preferred to whole blood matrix (Olsen
et al., 2007). However, a study comparing concentrations between
blood components indicate that different compounds may be dis-
tributed differently between plasma and whole blood cells (Olsen et al.,
2007). Hence, there is a need for clarifying the best blood compart-
ments to be used for exposure assessment of different PFAS compounds.

The objective of this study was to compare the measurements of 17
PFAS concentrations in the maternal serum, umbilical cord sera and
cord whole blood samples in 151 matched mother-child pairs from two
Faroese birth cohorts. We additionally investigated the potential in-
fluence of PFASs physico-chemical properties on their transplacental
transfer and partitioning between serum and whole blood. Finally, we
investigated the potential influence of maternal and newborn char-
acteristics on the transplacental transfer and partitioning of PFASs be-
tween serum and whole blood.
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2. Methods
2.1. Study population

We included 151 mother-newborn pairs from two successive
Faroese Birth Cohorts. The cohorts consisted of 100 singleton births
from 1999 to 2001 (Cohort 3) and 51 singleton births from 2008 to
2009, (Cohort 5) respectively. Earlier investigations from these cohorts
have determined that pilot whale and consumer products are the main
source of exposure to persistent organic chemicals in this population
(Dassuncao et al., 2018; Grandjean et al., 1995; Schlezinger et al., 2010;
Weihe et al., 2008). Standard questionnaires were used to record past
medical history, current health, and social factors during and before
pregnancy. Relevant obstetric information, including birth weight,
parity, maternal age, gestational diabetes, and gestational age were
abstracted from hospital's medical records. The study protocol was re-
viewed and approved by the Faroese ethics review committee and the
institutional review board at the Harvard T.H. Chan School of Public
Health. Details of these birth cohorts can be found elsewhere (Weihe
and Debes Joensen, 2012).

2.2. Analysis of PFASs in serum and whole blood

Blood samples were collected and processed to sera at the data
collection site. Maternal PFAS concentrations were measured in ma-
ternal serum collected from the mothers during late pregnancy (32nd
week of pregnancy) in Cohort 3 and two weeks after parturition in
Cohort 5.

The maternal serum, cord serum, and cord whole blood samples
were analyzed for 17 PFAS concentrations (ng/mlL), including 9
Perfluorocarboxylates (PFCAs): Perfluorobutanoate (PFBA), Perfluoro-
n-pentanoic acid (PFPeA), Perfluorohexanoate (PFHxA),
Perfluoroheptanoate (PFHpA), PFOA, PFNA, PFDA, PFUnDA, and
Perfluorododecanoic acid (PFDoDA); 5 PerfluoroSulfonates (PFSAs):
PFBS, PFHxS, Perfluorohexanesulfonate (PFHpS), PFOS (both linear [n]
and branched [br] isomers), and Perfluorodecane sulfonate (PFDS); and
3 precursors (perfluoroalkane sulfonyl fluoride based substances):
perfluorooctane sulfonamide (FOSA: both linear [n] and branched [br]
isomers), perfluorooctane sulfonamidoacetic acid (NMeFOSAA), and N-
ethyl derivative of perfluorooctane sulfonamidoacetic acid
(NEtFOSAA). PFAS concentrations were measured using online solid-
phase extraction (SPE) and analyzed using high-pressure liquid chro-
matography with tandem mass spectrometry (Haug et al., 2009). The
limits of detection (LOD) ranged between 0.03 and 0.1 ng PFAS /mL.
The whole blood samples were pretreated with the zinc-sulphate in
order to precipitate proteins and blood cells prior to the on-line SPE. A
volume of 150 uL whole blood and 150 pL 0.06 M ZnSO, in methanol
were whirl mixed for 30 s with 30 uL of 20 ng/mL isotopically labelled
PFAS analogues (internal standard). The sample was here after cen-
trifuged at 13,500 RPM for 20 min, and 160 uL of the supernatant was
transferred to a polypropylene vial with 400 uL 0.1 M formic acid and
whirl mixed prior to injection of 400 uL onto the SPE column. The rest
of the of the analysis were in accordance with the protocol for the
serum samples. The accuracy and reliability of the data was ensured by
including, in each analytical series, quality control serum samples, ca-
libration standards, and reagent and serum blanks. Within-batch and
between-batch coefficient of variations for the serum samples were
better than 8.9% and 12.9% for all analytes, whereas the whole blood
analysis varied up to 14.9%.

2.3. Statistical analysis

All PFAS concentrations were log,-transformed to approximate a
Gaussian distribution. Geometric means (GMs), geometric standard
deviation (GSD), and Interquartile range (IQR) were used to summarize
their distributions. Pearson correlations of log,-transformed PFAS



B. Eryasa, et al.

concentrations were used to describe the correlations between maternal
and cord serum, and between cord serum and whole cord blood PFAS
concentrations.

The mother-child PFAS measurement pairs were summarized as
cord:maternal serum concentration ratios for compounds detected
in > 10% in cohort 3 and > 20% in cohort 5 (to insure a minimum of
10 samples) in both cord and maternal serum to determine their
transplacental transfer. Cord serum:whole cord blood ratios were used
to estimate PFASs partitioning between serum and whole blood to de-
termine PFASs partitioning. All values below detection limit were re-
placed by LOD/v2. GMs and GSDs of the PFAS concentration ratios
were used to summarize their distributions. Scatter plots were used to
display correlations, whereas box plots were used to display cord:ma-
ternal serum and serum:whole cord blood PFAS ratios.

To investigate potential determinants of the estimated ratios, we ran
multivariable regression models for the transplacental transfer and
partitioning ratios for compound including newborn's sex, birth weight
(in grams), maternal age at delivery (in years), gestational age (in
weeks), gestational diabetes, parity, smoking and alcohol consumption
during pregnancy, and cohort. Additionally, to investigate physico-
chemical properties as potential determinants of transplacental transfer
and partitioning ratios, we ran multivariable regressions including
transplacental transfer and partitioning ratios for all compounds (re-
gardless of the compound) as outcomes, and PFAS functional group
(PFCA, PFSA, or sulfonamide precursors) and carbon chain length as
the predictors of interest, while adjusting for the same set of covariates
above. To take into account any potential non-linearities in the re-
lationship between carbon chain length and transplacental and parti-
tioning ratios, we used generalized additive models (GAM) (Hastie and
Tibshirani, 1990) including carbon chain length as thin plate regression
spline.

All statistical tests were two-sided, and significance was set at
p < 0.05. All analyses were performed using STATA and R software
packages (StataCorp, 2013; Team, 2013).

3. Results
3.1. Descriptive statistics

Main characteristics of the study population are presented in sup-
plemental material (Table S1). Newborns included in this study were
predominantly male (58%). Mean birth weight was 3752 g, and mean
maternal age at delivery was 30.4 years. Mean gestational age was
39.8 weeks, prevalence of gestational diabetes was 7%, and most of the
mothers had a previous child (77%). About 19% of mothers reported
smoking and 28% reported having consumed alcohol during pregnancy.
Table 1 shows the summary statistics of PFAS concentrations in ma-
ternal serum, cord serum, and whole cord blood in both cohorts 3 and
5. Overall, > 20% detection frequencies were observed for 11 of the 17
PFASs in cohorts 3 and 5. PFBA and PFBS were not detected in any of
the blood samples. PFPeA and PFHXA were detected in < 10% of
samples in both cohorts. PFDS was detected in < 10% in cohort 3
samples, and in < 20% in cohort 5 cord samples. Consequently, PFBA,
PFBS, PFPeA, PFHxA, and PFDS were excluded from further analyses.
All other PFASs had > 10 mother-child pairs with quantified con-
centrations of PFAS for the analyses of both transplacental and parti-
tioning ratios, except PFDoDA which had only 9 samples for transpla-
cental transfer ratios (See Tables S2 and S3 for detailed sample sizes).

¥PFOS was predominant in all matrices with GMs of 23.8, 9.5, and
4.9 ng/mL, respectively for maternal serum, cord serum, and whole
cord blood in cohort 3, and GMs of 8.8, 3.1, and 1.6 ng/mL, respectively
for maternal serum, cord serum, and whole cord blood in cohort 5.
PFOA was the second mostly predominant compound with GMs of 2.3,
2.0, and 1.1 ng/mL, respectively for maternal serum, cord serum, and
whole cord blood in cohort 3, and GMs of 1.0, 0.8, and 0.4 ng/mL,
respectively for maternal serum, cord serum, and whole cord blood in
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cohort 5. Other PFASs exhibited lower concentrations with
GMs < 1ng/mL in all matrices. Of interest, we observed a decrease in
PFAS concentrations in samples from cohort 5 in comparison to samples
from cohort 3, except for PFNA, PFDA, PFDoDA, PFHxS, and PFDS.

3.2. Intra- and inter-matrices PFAS correlations

Intra-matrices Spearman correlations ranged from —0.38 between
cord serum NEtFOSAA and PFDoDA and 0.88 for the correlation be-
tween whole cord blood PFOA and PFOS. Overall, the patterns of cor-
relations were comparable between the blood matrices (See
Supplemental Material: Fig. S1).

Fig. 1 shows the correlations between maternal, cord serum, and
whole cord blood PFAS concentrations for the mainly studied PFASs.
Detailed correlations can be found in supplemental material (Fig. S2)
for additional PFASs. Overall, correlations between maternal and cord
serum PFAS concentrations were high, and ranged between 0.50
(PFHpA) and 0.90 (NEtFOSAA) in cohort 3, and between 0.41 (PFHpS)
and 0.95 (PFOA) in cohort 5 (Figs. 1a and S2a). Regarding correlations
between cord serum and whole cord blood, Spearman correlation
coefficients ranged between 0.53 (PFHxS) and 0.96 (PFOS) in cohort 3,
and between —0.10 (PFUnDA) and 0.95 (PFOA and PFOS) in cohort 5
(Figs. 1b and S2b).

3.3. Transplacental transfer and partitioning ratios

Fig. 2 presents boxplots describing the distribution of transplacental
transfer ratios in both cohorts. Overall, all PFASs had cord:maternal
serum ratios below 1, except for total FOSA (both linear and branched
isomers). Generally, these results suggest a significant transfer of PFASs
from maternal blood to the fetus with transplacental transfer effi-
ciencies ranging from a median efficiency of 36% (PFUnDA and PFDA)
to 128% (branched FOSA isomer). Also, we observed a pattern of de-
creasing cord:maternal serum ratios with increasing carbon chain
length for both PFCAs and PFSAs. Transplacental transfer also appeared
to be higher in precursors FOSA, NMeFOSAA, and NEtFOSAA compared
to both PFCAs and PFSAs. For instance, median cord:maternal serum
ratios for total FOSA was 1.21 (IQR: 0.95-1.40), whereas the median
cord:maternal serum ratios for PFOS and PFOA, both with the same
carbon chain length, were 0.38 (IQR: 0.33-0.43) and 0.80 (IQR:
0.72-0.91), respectively. Detailed results can be found in supplemental
material, Table S2.

In regard to the blood partitioning of PFASs between serum and
whole blood matrices, Fig. 3 shows serum:whole blood in cord samples
for both cohorts. Overall, all PFASs exhibited median ratios higher than
1, except for total FOSA (both linear and branched isomers), and
PFHpA. These indicate a preference for the serum fraction for most
PFASs. The highest serum:whole blood ratios were observed for
PFUnDA and PFHpS with median ratios of 2.75 (IQR: 2.07-3.78) and
2.64 (IQR: 2.31-3.42), respectively. The lowest serum:whole blood
ratios were observed for the branched isomer of FOSA with a median
ratio of 0.24 (IQR: 0.16-0.50). Besides total FOSA and its isomers,
PFDoDA and PFHpA also exhibited low ratios compared to other PFASs.
Detailed results can be found in supplemental material, Table S3.

3.4. Predictors of transplacental transfer and partitioning ratios

3.4.1. Associations between maternal and newborn characteristics and
transplacental transfer and partitioning ratios

In multivariable analyses investigation of potential determinants of
transplacental and partitioning ratios, gestational diabetes appeared to
be the strongest predictor of transplacental transfer ratios, with ratio
increases ranging from 13% for PFOA (95% CI: —3, 29%) to 44%
PFUnDA (95% CI: 15, 73%), depending on the compound, for mothers
with gestational diabetes compared to mothers with no gestational
diabetes (Fig. 4 and Supplemental material; Table S4). For instance,
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Table 1
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Geometric means (GMs) and interquartile ranges (IQR) of PFAS concentrations (ng/mL) in maternal and cord serum, and cord whole blood for matched mother-child
pairs (n = 151). CS: cord serum; GSD: geometric standard deviation; LOD: limit of detection; MS: maternal serum; WCB: whole cord blood.

Group C Chain length PFAS Matrix Cohort 3 (1999-2001; n = 100) Cohort 5 (2008-2009; n = 51)
% GM(GSD), (ng/mL) IQR % GM(GSD), (ng/mL) IQR
> LOD > LOD
PFCAs C4 PFBA MS 0 - 0 - -
CS 0 - 0 - -
WCB 0 - 0 - -
C5 PFPeA MS 9 - 0 - -
CS 1 - 0 - -
WCB 1 - 0 - -
C6 PFHxA MS 1 - 0 - -
CS 3 - 0 - -
WCB 2 - 0 - -
Cc7 PFHpA MS 44 0.02 (0.001) < LOD-0.11 6 - -
CS 35 0.02 (0.0003) < LOD-0.06 0 - -
WCB 29 0.02 (0.0004) < LOD-0.08 2 - -
Cc8 PFOA MS 100 2.33 (0.12) 1.79-3.29 100 1.03 (0.08) 0.75-1.41
CS 100 1.97 (0.10) 1.42-2.76 100 0.81 (0.07) 0.56-1.26
WCB 100 1.08 (0.05) 0.8-1.45 100 0.41 (0.03) 0.29-0.59
Cc9 PFNA MS 100 0.48 (0.03) 0.32-0.71 100 0.81 (0.04) 0.62-1
CS 100 0.27 (0.02) 0.17-0.4 100 0.45 (0.03) 0.34-0.65
WCB 100 0.14 (0.01) 0.08-0.19 100 0.20 (0.01) 0.15-0.26
C10 PFDA MS 100 0.29 (0.02) 0.19-0.42 100 0.33 (0.02) 0.25-0.41
CS 100 0.11 (0.01) 0.07-0.15 100 0.11 (0.01) 0.09-0.14
WCB 86 0.05 (0.003) 0.04-0.08 88 0.05 (0.004) 0.04-0.07
C11 PFUnDA MS 100 0.55 (0.04) 0.35-0.84 100 0.26 (0.02) 0.2-0.39
CS 100 0.19 (0.01) 0.12-0.31 94 0.10 (0.01) 0.06-0.15
WCB 73 0.05 (0.01) < LOD-0.11 25 0.02 (0.002) < LOD-0.03
C12 PFDoDA MS 41 0.03 (0.003) < LOD-0.06 2 - -
CS 10 0.02 (0.001) < LOD- < LOD 57 0.05 (0.008) < LOD-0.12
WCB 18 0.02 (0.001) < LOD- < LOD 33 0.03 (0.004) < LOD-0.7
PFSAs C4 PFBS MS 0 - - 0 - -
CS 0 - - 0 - -
WCB 0 - - 0 - -
C6 PFHxS MS 96 0.48 (0.04) 0.39-0.69 100 0.47 (0.03) 0.35-0.63
CS 66 0.13 (0.02) < LOD-0.52 100 0.27 (0.02) 0.19-0.4
WCB 84 0.12 (0.01) 0.1-0.21 92 0.12 (0.01) 0.1-0.18
c7 PFHpS MS 100 0.19 (0.01) 0.1-0.32 86 0.07 (0.01) 0.05-0.13
CS 100 0.11 (0.01) 0.07-0.18 39 0.03 (0.003) < LOD-0.05
WCB 65 0.04 (0.003) < LOD-0.06 8 - -
Cc8 Total PFOS MS 100 23.8 (1.2) 15.8-36.9 100 8.82 (0.51) 6.94-11.6
CS 100 9.50 (0.49) 6.34-13.89 100 3.09 (0.22) 2.31-4.42
WCB 100 4.90 (0.26) 3.33-6.94 100 1.60 (0.11) 1.18-2.32
brPFOS MS 100 8.15 (0.42) 5.22-12.58 100 3.18 (0.2) 2.35-4.33
CS 100 3.50 (0.18) 2.38-4.94 100 1.17 (0.09) 0.88-1.73
WCB 100 1.90 (0.10) 1.35-2.73 100 0.63 (0.05) 0.45-0.9
nPFOS MS 100 15.6 (0.8) 10.5-22.96 100 5.55 (0.33) 4.16-7.45
CS 100 5.98 (0.31) 3.97-8.71 100 1.89 (0.14) 1.46-2.84
WCB 100 2.97 (0.16) 1.98-4.36 100 0.96 (0.07) 0.74-1.38
C10 PFDS MS 9 - - 27 0.02 (0.002) < LOD-0.04
CS 3 - - 18 - -
WCB 4 - - 12 - -
Precursors c8 Total FOSA MS 97 0.16 (0.01) 0.10-0.27 14 - -
CS 99 0.19 (0.01) 0.12-0.30 10 - -
WCB 100 0.55 (0.05) 0.29-0.99 25 0.02 (0.002) < LOD-0.03
brFOSA MS 85 0.05 (0.004) 0.03-0.09 14 - -
CS 89 0.06 (0.005) 0.04-0.09 10 - -
WCB 99 0.26 (0.02) 0.13-0.49 25 0.02 (0.002) < LOD-0.03
nFOSA MS 95 0.11 (0.01) 0.08-0.18 14 - -
CS 99 0.12 (0.01) 0.08-0.2 10 - -
WCB 99 0.29 (0.03) 0.15-0.5 25 0.02 (0.001) < LOD-0.02
C11 N-MeFOSAA MS 100 0.22 (0.01) 0.14-0.33 92 0.08 (0.01) 0.05-0.16
CS 100 0.20 (0.01) 0.13-0.31 92 0.07 (0.01) 0.05-0.11
WCB 93 0.10 (0.01) 0.06-0.18 63 0.04 (0.005) < LOD-0.08
C12 N-EtFOSAA MS 100 0.79 (0.05) 0.49-1.23 18 - -
CS 100 0.76 (0.05) 0.46-1.16 25 0.02 (0.002) < LOD-0.03
WCB 100 0.37 (0.03) 0.24-0.59 12 - -

mothers with gestational diabetes had 33% (95% CI: 15, 51%) higher
transplacental transfer ratios of PFOS compared with mothers with no
gestational diabetes. Overall, there was no significant cohort effect on
transplacental transfer ratios, except for PFHxS ( = —0.06, 95% CI:
-0.11, 0).

Regarding partitioning ratios, the ratios of PFNA, PFHxS, and FOSA
were significantly different between the two cohorts, but there was no
clear pattern in terms of direction. We also found significantly de-
creased (p = —0.51, 95% CI: —0.81, —0.21) serum:whole cord blood
NEtFOSAA ratios in girls compared to boys (Supplemental material;
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Fig. 1. Correlation plots for cord vs maternal serum and serum vs whole cord blood pairs for the most frequently detected PFAS compounds (n = 151).

Table S5).

3.4.2. Associations between carbon chain length and PFAS' functional
group, and transplacental transfer and partitioning ratios

In multivariable analyses investigating the associations between
physico-chemical properties and transplacental and partitioning ratios,
PFASs' physico-chemical properties were significant predictors of
transplacental transfer and partitioning ratios. For instance, the

transplacental transfer ratios of PFSAs were 33% (95% CL. —41,
—25%) lower in comparison to transplacental transfer of PFCAs.
Concurrently, the transplacental transfer ratios of sulfonamide pre-
cursors were 55% (95% CI: 48, 62%) higher than transplacental transfer
ratios of PFCAs. Finally, there was an 11% (95% CLI: —13%, —9%)
decrease in serum:maternal ratios per one carbon increase in chain
length after adjustment for functional group and maternal and newborn
characteristics.

PFCAs PFSAs Precursors

16.00

8.00
i)
® 4.00-
(14
© 2.00
=
[
8 1.00; é +|J;~|
=
5 0.50+
S
] 0.251
o cohort

w3
0.101 5
v\é\ & v\og\ @@ \G\x\ S Qe\o ofo\é\ 09\@ 099 ry\d& rys\ q\d& D 0
& & & & F & & & &L & g f

Fig. 2. Distribution of the transplacental transfer ratios for PFAS compounds in the two cohorts, according to PFAS functional group and carbon chain length.
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Fig. 3. Distribution of the blood partitioning ratios for PFAS compounds in the two cohorts, according to PFAS functional group and carbon chain length.

Regarding PFASs partitioning, PFSAs' partitioning ratios were 45%
(95% CI: 35, 55%) higher than PFCAs' partitioning ratios, whereas
sulfonamide precursors partitioning ratios were 107% (95% CL: —117,
—98%) lower than PFCAs partitioning ratios. Finally, there was a 29%
(95% CI: 27, 32%) increase in serum: whole blood ratios per one carbon
increase in chain length after adjustment for functional group and
maternal and newborn characteristics.

In GAM analyses, we observed a non-linear dose-response re-
lationship between carbon chain length and transplacental ratios with a
steeper decrease from C6 to C10 PFASs (Fig. 5a). When stratifying
analyses by PFAS functional group (Fig. 6a), we observed a U-shaped
relationship for PFCAs with a decrease of ratios from C7 to C10, and an
increase from C10 to C12 PFCAs. The same U-shaped relationship was
observed for PFSAs with a decrease of ratios from C6 to C8, and an
increase from C8 to C10 PFSAs. The relationship between carbon chain
length and transplacental transfer ratios was linear for sulfonamide
precursors for which transplacental transfer ratios decreased with in-
creasing carbon chain length.

Regarding predictors of partitioning ratios, we observed a non-

linear relationship with carbon chain length, with partitioning ser-
um:whole blood ratios stable between C6 and C8, and increasing from
C9 to C12 PFASs (Fig. 5b). When stratifying by PFAS functional group,
we observed a linear relationship between carbon chain length and
partitioning serum:whole blood ratios with an increase of ratios with
increasing carbon chain length for the three PFAS families (Fig. 6b).

4. Discussion

In the present study, we investigated the transplacental transfer
ratios for PFASs characterized by measured cord:maternal serum ratios
and blood partitioning patterns as measured by serum:whole cord blood
ratios. Additionally, we assessed physico-chemical properties, new-
born’, and maternal as potential predictors of these ratios. This is the
largest study to date to model both transplacental transfer ratios and
partitioning patterns of multiple PFAS compounds with different phy-
sico-chemical properties and maternal and newborn's characteristics.

Overall, PFOS was the predominant compound in all maternal and
cord blood matrices, followed by PFOA. Maternal serum concentrations
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Fig. 4. Adjusted % difference and 95% confidence intervals in the PFAS transplacental transfer ratios between diagnosed gestational diabetes cases versus non-cases.
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sulfonamide precursors. Carbon chain length appeared to have a sig-
nificant influence on both ratios, with transplacental transfer ratios
decreasing with increasing chain length, whereas the opposite was
observed for partitioning ratios.

Our study suggests that the overall concentrations of PFASs de-
creased over time since measured PFAS concentrations were lower in
cohort 5 compared to cohort 3, except for PFNA, PFDA, PFDoDA,
PFHxS, and PFDS. This decline may be attributable to large decreases in
the legacy PFASs, PFOS and PFOA, which account for the dominant
fractions of exposures (Dassuncao et al., 2018; Oulhote et al., 2016).
Previous studies looking at the trends of PFAS exposures in the general
population of U.S. show the same patterns of decline in PFOS and PFOA
as the trends observed in the Faroe Island cohorts(Haug et al., 2009;
Calafat et al., 2007; Olsen et al., 2008; Kato et al., 2011). The similar
increase in PFNA and PFDA levels was also recorded for the U.S. general
population between the years 1999-2008 (Glynn et al., 2012; Calafat
et al., 2007; Gribble et al., 2015).

Similar declines in PFASs exposure were reported in the U.S. (Harris
et al., 2017), Sweden (Glynn et al., 2015), Australia (Eriksson et al.,
2017), and Norway (Line S. Haug et al., 2009). The elimination of
PFASs after parturition is another factor that may account for a part of
the decreasing trend since the maternal blood was collected during late
pregnancy in cohort 3 and two weeks after parturition in cohort 5
(Needham et al., 2011; Zhang et al., 2013).

Previous reports demonstrated that PFASs in human blood could
cross the placental barrier and reach the fetus (Javins et al., 2013;
Midasch et al., 2007; Mondal et al., 2012). However, these were limited
by relatively small sample sizes and investigated fewer PFASs. The
largest studies to date consisted of 66 and 100 mother-child pairs and
investigated transplacental transfer of a limited number PFAS com-
pounds in Spain (Manzano-Salgado et al., 2015) and China (Pan et al.,
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Fig. 6. Dose-response relationship between a) transplacental transfer and b) blood partitioning ratios, and carbon chain length, stratified by PFAS functional group.

Shaded area represents the 95% confidence interval.
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2017). Generally, our results are in line with findings from previously
reported investigations showing decreasing transplacental transfer with
increasing carbon chain from PFHpA (C7) to NEtFOSAA and PFDoDA
(C12). Importantly, we found a U-shaped relationship for both PFCAs
and PFSAs with a minimum value for transplacental transfer at C10
(PFDA) for PFCAs and C8 (PFOS) for PFSAs. A similar U-shaped re-
lationship has already been reported (Pan et al., 2017; Zhao et al.,
2017). High transplacental values for long chain PFASs were also pre-
viously reported from studies in China, South Korea, and Norway
(Gutzkow et al., 2012; Kim et al., 2011; Liu et al., 2011; Pan et al.,
2017; Yang et al., 2016). To our knowledge, this is the first study to
report on transplacental transfer of compounds such as PFHpS and
NEtFOSAA.

The wide range of detected PFAS compounds in this study allows a
better understanding of the maternal transfer pattern of PFASs with
different carbon chain lengths and chemical structure. Available evi-
dence suggests that the toxicity of PFASs increases with increasing
carbon chain length (Kudo et al., 2006; Stahl et al., 2011; Upham et al.,
1998). Our results suggesting a high transplacental transfer efficiency of
certain long chain PFAS compounds raises serious concerns about their
potential developmental toxicity. Although these PFASs are able to
cross the placenta, the resulting levels of these compounds may not be
indicative of a health risk.

We also report on serum:whole cord blood ratios which can be in-
terpreted as a measure of blood partitioning of PFAS compounds. Our
results indicate that the majority of the PFASs were present in the cord
serum at higher concentrations than the cord whole blood samples. A
major finding from our study is the differential partitioning of PFASs
according to physico-chemical properties of the compound. Few pre-
vious studies investigated the distribution of PFASs in blood compo-
nents, with equivocal findings. Ehresman et al. found that whole blood
concentrations of PFOA, PFOS and PFHxS were almost half that of
serum concentrations in a small sample of 18 3M company workers
(Ehresman et al., 2007), whereas Karrman et al. reported plasma/whole
blood concentration ratios ranging from 0.2 for FOSA to 1.4 for PFOA in
a small sample (n = 3-5). Finally, Jin et al. found partitioning ratios
between 1.2 for PFOA and 1.6 for PFHxXS in a small of 60 Chinese
mother-child pairs (Jin et al., 2016). Biomonitoring studies usually
measure PFAS compounds in serum or plasma because it is thought that
these substances are largely predominant in serum/plasma, and when
PFASs are measured in whole blood, whole blood data are usually
converted to a serum/plasma basis by multiplying by a factor of 2. Our
results suggesting higher affinity to the serum fraction with increasing
carbon chain length indicate that conversion factors should be adapted
to the PFAS compound. Moreover, FOSA showed a different pattern,
with a higher affinity to the blood cells. Overall, most of PFASs were
highly protein bound in blood, and this binding strength increases
linearly with increasing carbon chain length in the three investigated
PFAS functional groups. This is likely due to the fact that short carbon
chain PFASs are more mobile with higher solubility in water and a
lower potential for sorption to particles compared to long-chain ana-
logues (EPA, 2015).

We investigated main maternal and newborns' characteristics as
predictors of transplacental transfer and partitioning ratios. Overall,
there were no consistent patterns of association between newborn’ and
maternal characteristics and transplacental transfer ratios, except for
gestational diabetes. The higher transplacental transfer of PFASs ob-
served for mothers with gestational diabetes diagnosis may be due to
functional and structural changes in the placenta under conditions of
poor glycemic control (Desoye et al.,, 2011). No previous study in-
vestigated potential effect of gestational diabetes on transplacental
transfer of PFAS compounds; however, such increased transplacental
transfer was previously observed for the lidocaine metabolite mono-
ethylglycinexylidide (Moises et al., 2015). Diabetes mellitus can alter
the kinetic disposition and the metabolism of xenobiotics, and studies
showed that diabetes mellitus may interfere with the placental

Environment International 130 (2019) 104874

capillarization index, causing delays in the mature placenta, and in-
fluencing the rate of transplacental transfer of xenobiotics during
pregnancy (Calderon et al., 2007; Moises et al., 2015). No consistent
pattern of associations was observed for partitioning ratios, although
some compounds exhibited significantly different ratios between cohort
3 and 5. Some of these differences could be attributed to the timing of
blood sampling in the mothers in the two cohorts.

A potential limitation of our study is the difference of the timing of
maternal blood sampling between the two cohorts. Since parturition is a
major route for PFAS clearance (Zhang et al., 2013), this difference in
blood sampling could influence comparability of results in the two
cohorts. However, all our analyses investigating predictors of trans-
placental transfer and partitioning ratios adjusted for the cohort effect,
and we did not see a clear pattern demonstrating any substantial effect
of the cohort. Additionally, we were not able to estimate transplacental
transfer and partitioning ratios for PFBA, PFBS, PFPeA, and PFHxA
because of the limited detection frequency in our sample.

Despite these limitations, the current study represents the largest
study to date investigating both transplacental transfer and blood par-
titioning of PFASs and covered a wider number of PFAS compounds
compared to previous investigations. The concordance of the findings
between the two cohorts supports the validity of the estimated ratios.
Our results provide a comprehensive characterization of the transpla-
cental transfer and blood partitioning of PFAS compounds and deepen
the knowledge on the effect of PFASs physico-chemical structure on
these parameters. This provides a better understanding of these com-
pounds and sheds light on the importance of considering the chemical
structure of the compounds for future risk assessment purposes, and for
the choice of appropriate blood matrices for measurement of PFAS
compounds.
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