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Abstract

Little is known about factors influencing infant perfluorinated alkyl acid (PFAA)
concentrations. Associations between serum PFAA concentrations in 2-4-month-old infants
(n=101) and determinants were investigated by multiple linear regression and General Linear
Model (GLM) analysis. In exclusively breastfed infants, maternal serum PFAA
concentrations 3 weeks after delivery explained 13% (perfluoroundecanoic acid, PFUnDA) to
73% (perfluorohexane sulfonate, PFHxS) of infant PFAA concentration variation. Median
infant/maternal ratios decreased with increasing PFAA carbon chain length from 2.8 for
perfluoroheptanoic acid (PFHpA) and perfluorooctanoic acid (PFOA) to 0.53 for PFUnDA,
and from 1.2 to 0.69 for PFHxS and perfluorooctane sulfonate (PFOS). Infant PFOA,
perfluorononanoic acid (PFNA) and PFOS increased 0.7-1.2% per day of gestational age.
Bottle-fed infants had 2 times lower mean concentrations of PFAAs, and a higher mean
percentage of branched (%br) PFOS isomers, than exclusively breastfed infants. PFOA,
PFNA and PFHxS increased 8-11% per week of exclusive breastfeeding. Infants living in an
area receiving PFAA-contaminated drinking water had 3-fold higher mean perfluorobutane
sulfonate (PFBS) and PFHxS concentrations, and higher mean %br PFHxS. Pre- and post-
natal PFAA exposure significantly contribute to infant PFAA serum concentrations,
depending on PFAA carbon-chain length. Moderately PFBS- and PFHxS-contaminated

drinking water is an important indirect exposure source.
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Introduction

Per- and polyfluoroalkyl substances (PFASs) are synthetic fluorinated substances used in
numerous commercial applications and occurring ubiquitously in humans and the
environment. Sources of human exposure include food, drinking water, dust, air and the use
of PFAS-containing consumer products.' Among the ~3000 known PFASs,’ perfluoroalkyl
acids (PFAAs) are of greatest concern due to their persistence and chain length-dependent
bioaccumulation potential.® PFAAs may be formed from degradation of other PFASs
(commonly referred to as PFAA precursors).’

PFAASs could cross the placenta and are excreted in mother’s milk.”!! Modeling of
infant exposure to some PFAAs suggests that in utero exposure and breastfeeding are
important determinants of blood concentrations.'>!* Food, drinking water, dust and air
contribute to exposure when the child gets older.*!*!” High early life exposure to some

PFAAs is related to lower birth weight and immune toxicity, %2

and knowledge of
determinants of PFAS concentrations in infant blood is urgently needed for identification of
infant exposure sources. Moreover, as pointed out by Loccisano et al.!?> more data on PFAA
concentrations in infants is crucial for development/refinement of infant physiologically-
based pharmacokinetic (PBPK) models, which are important for risk assessment. To our
knowledge only one study has reported PFAA concentrations in infants (6 months old),?!
showing higher median concentrations of perfluorohexane sulfonate (PFHxS),
perfluorooctane sulfonate (PFOS), perfluorooctanoic acid (PFOA) and perfluorononanoic acid

(PFNA) in infant serum than in cord serum from the same study participants. The increase

was most likely due to exposure during breastfeeding.?!



The aim of the present study was to investigate maternal to infant transfer of PFHxS
(linear and branched isomers), PFOS (linear and branched isomers), perfluoroheptanoic acid
(PFHpA), PFOA, PFNA, perfluorodecanoic acid (PFDA), and perfluoroundecanoic acid
(PFUnDA), as well as influence of potential determining factors of infant serum
concentrations, such as maternal PFAA concentrations close to delivery, duration of in utero
exposure (days of gestational age at delivery), duration of breastfeeding, infant weight gain,

and maternal exposure to PFAA-contaminated drinking water.

Methods

Study Population

The study is based on samples and data collected within the POPUP cohort (Persistent
Organic Pollutants in Uppsala Primiparas), an on-going investigation of POPs in first-time
mothers and their children that started in 1996.2? The present study is based on recruitment of
mother/child pairs 1996-1999. From early fall 1996 to May 1999, 395 randomly selected
primipara women in late pregnancy were asked to participate in the study.?® The Swedish
speaking women had been recruited in early pregnancy as controls in a case-control study of
caffeine as a risk factor for miscarriage.?* In total 325 women (82%) agreed to participate in
the POPUP study.

The participating women were asked if a maternal blood sample could be taken 3 weeks
after delivery and an infant sample about 3 months after delivery. The mothers were Swedish-
born and had singleton births with no birth defects. Almost all women had a full-term
pregnancy (37-42 weeks), except in a few cases with the shortest gestational age being 35
weeks and the longest 43 weeks. Women in the POPUP cohort are homogenous regarding

ethnic background. In 2006, only about 4% of the Swedish population had one or two foreign-



born parents.? Maternal sampling 3 weeks after delivery was accepted by 211 participants.
Infant sampling was accepted by 138 participants. Due to limited blood volumes 101 maternal
and 107 infant samples were available for PFAA analyses (Table 1). In total 101 matched
mother/infant samples were available. Informed consent was obtained from all participating
women. The study was approved by the Ethics Committee of the Medical Faculty at Uppsala

University (2004:M-177).

Interviews, Questionnaires and Blood sampling

In-person interviews, using a structured questionnaire, were conducted at 6-12 and 32-34
completed gestational weeks.?* Height of the women was measured and women were weighed
on both interview occasions. Data on maternal characteristics included age, pre-pregnancy
body mass index (BMI), years of education, place of residence, and smoking habits. At the
infant sampling, the mothers answered a self-administered questionnaire including questions
about delivery, and personal characteristics not covered by the interviews, such as data on
breast-feeding. Vacutainer® or Vacuette® serum tubes were used for blood sampling, and after

separation serum was stored at -20°C until analysis.

Chemical Analyses

The target analytes included Cas, C¢ and Cs perfluoroalkane sulfonic acids (PFSAs; PFBS,
PFHXxS, PFOS) and Ce-C;5 perfluoroalkyl carboxylic acids (PFCAs; PFHxA, PFHpA, PFOA,
PENA, PFDA, PFUnDA, PFDoDA, PFTrDA, PFTeDA, PFPeDA; for details see Supporting
Information, Table A1). The serum samples were analyzed as described previously.?® In short,
serum (0.1 g for infants and 0.5 g for adults) was spiked with internal standards (Supporting
Information, Table A2) and extracted with acetonitrile (Honeywell CHROMASOLV™,

>99.95% purity) in an ultrasonic bath. The concentrated extract underwent dispersive clean-up



with graphitized carbon (Supelclean™ ENVI-Carb™, Sigma-Aldrich). Aqueous ammonium
acetate (2mM; EMSURE®, Sigma-Aldrich) and volumetric standards (}*Cs-PFOS and '*Cs-
PFOA; both from Wellington Labs) were added before instrumental analysis on an Acquity
ultra performance liquid chromatography system (UPLC) coupled to a Xevo TQ-S tandem
mass spectrometer (both Waters Corp., Milford, MA, U.S.) operated in negative electrospray
ionization, multiple reaction monitoring mode. The mobile phase consisted of water and
acetonitrile (ACN; both containing 2mM ammonium acetate), with the relative proportions
varied under gradient conditions. ACN-based mobile phases such as that used here are highly
effective at removing bile acid interferences which may affect PFOS and PFHxS analysis.?”
Further, instrumental parameters are provided in Supporting Information (Table A2).
Quantification was performed by isotope dilution using a 5-point external calibration curve
(linear, 1/x weighting), which was run before and after samples. For most targets, analogous
isotopically labelled internal standards were available. For PFBS, PFTrDA, PFTeDA, and
PFPeDA, a structurally similar internal standard was used (Supporting Information, Table
A2). For PFHxS and PFOS, the linear isomer and the sum of all branched isomers (as one
signal) were quantified separately using a linear isomer calibration curve. For PFOS,
concentrations obtained from the m/z 499/80 and 499/99 ions were averaged, which provides
a reasonable estimate of the weight % branched (%br) content in the absence of isomer-
specific quantification.’* PFHxS was also monitored using m/z 399/80 and 399/99 ions;
however, since the branched isomer peak in the latter transition was often below method
detection limits (MDLs), concentrations were only reported from the m/z 399/80 transition.
Both a procedural blank (0.1 or 0.5 mL Milli-Q water) and QC sample (pooled human
serum analyzed repeatedly in-house) were included with every batch of samples (see
Supporting Information, Table A3, for QC performance metrics). In addition, concentrations

determined in n = 3 replicates of NIST SRM 1957 were compared to reference values to



assess the accuracy of the method (results provided in Supporting Information Tables A4 and
AS5). Measured concentrations in SRM 1957 were consistent with reference values for all
targets, while coefficients of variation (CVs) in in-house reference serum ranged from 12 -
36% (median 19%; n = 20; Table A3). For targets observable in method blanks, the MDL was
based on the mean blank + 3x the standard deviation of the blanks. For those targets with no
observable blank contamination, detection limits were based on the concentration producing a
signal-to-noise ratio of 3 in sample chromatograms. Analyses of PFAAs in infants and their
mothers were accomplished within three different analytical batches in 2013, 2014, and 2016.
Batch-specific MDLs are provided in Table A6 of the Supporting Information. Further

method validation parameters are provided in Glynn et al. 2012.%¢

Statistical Analyses
MINITAB 15® Statistical Software for Windows was used for all statistical analyses. When
PFAA concentrations were below the method detection limit (MDL), MDL/A\2 was taken as
an estimated value in the statistical analyses. The PFAA concentrations in maternal serum
were measured in different analytical batches and for PFHpA and PFBS the MDL differed
between the batches (Supporting Information Table A6). In the statistical analysis including
maternal PFAA data, all PFHpA and PFBS data below MDL in the batch with the highest
MDL was omitted (batch 3, n=17). The proportions of branched and linear isomers for PFHxS
and PFOS were expressed as a percentage of the total concentration. Correlations between
infant and mother serum PFAA concentrations were investigated using the Pearson”s
correlation test, and only pairs with data >MDL for both the mother and the infant were
included in the analyses.

For PFA As with over 75% of infant data >MDL multiple linear regressions were used

to analyze if infant serum concentrations are influenced by maternal PFAA concentrations 3



weeks after delivery (ng g'!), gestational age at delivery (days), infant weight gain (% of birth
weight) and duration of breastfeeding (weeks) (Table 1). The inclusion of the potential
determinants were based on the assumption that they may influence fetal/infant exposure
(maternal PFAA concentrations, gestational age, duration of breastfeeding) or infant PFAA
distribution volume (infant weight gain). In univariate analyses infant PFAA concentrations
did not differ between sexes (Mann-Whitney U test, p>0.05), and infant sex was not included
as a covariate in the regression models. In this analysis, only data from infants that were
exclusively breastfed during the whole study period from birth to infant blood sampling were
included. Stepwise regression analysis was used to estimate how much of the variation in
PFAA concentrations that could be explained by the variation of each individual determinant
(partial coefficient of determination, R?). Criteria for determinant inclusion in the regression
model was a<0.15, but in the analyses determinants with 0>0.15 were forced to be included in
order to assure that the same model was used in all analyses. Partial R? for each significant
determinant (p<0.05) was calculated by subtraction of the R? of the model not including the
determinant in question from the R? of the model including the determinant in question.

In separate general linear model (GLM) analyses, using all participating mother/infant
pairs, the influence of breastfeeding on infant PFAA concentration was investigated. Maternal
PFAA concentration was used as a covariate in the GLM model, and infants were divided into
a group that were exclusively bottle-fed from birth to sampling, a group with mixed breast-
/bottle-feeding, and infants that were exclusively breastfed.

As only three of the formula-fed infants were living in a city district that received
contaminated drinking water, it was not possible to statistically analyze the influence of direct
drinking water exposure from formula feeding. Instead, the influence of maternal drinking
water PFAA exposure on infant PFAA concentrations was investigated by grouping

participants according to home address in city districts receiving drinking water with different



contributions from PFA A-contaminated production well water. Uppsala County and the City
of Uppsala can be divided into different drinking water districts depending on proportion of
contaminated drinking water distributed to the districts.’! There were two districts that did not
receive any water from the contaminated wells from 1996 to 1999, comprised of 1) areas
outside the City of Uppsala and ii) District 1 within the city. District 2 in the City of Uppsala
received drinking water containing <10% water from contaminated wells, District 3 received
10-90% contaminated water, and District 4 received >90% water from contaminated wells.>!
GLM analysis was used to calculate adjusted means of PFAA concentrations for the different
city districts, with “days of gestational age”, “infant weight gain after birth” and “duration of
breastfeeding” included as covariates in the GLM model. Maternal PFAA concentration was
not included as covariate since this would result in over-adjustment of the association between
infant city district and infant PFAA concentrations. Maternal PFAA concentrations are on the
casual pathway between city district and infant PFAA. Exclusively bottle-fed infants were not
included in the analyses (N=5).

Logarithmically-transformed infant PFAA concentrations were used in the regression
and GLM analyses, since the distribution of data closely followed a log-normal distribution.
Observations with standardized residuals >3 were excluded from regression and GLM

analysis due to their large influence on the results. The statistical significance level was set to

p=<0.05.

Results and Discussion

Serum Concentrations in Infants and Their Mothers

PFOS showed the highest median concentration followed by PFOA, PFHxS, PFNA, PFDA
and PFUnDA in both infants and mothers (Table 2). Concentrations of short-chain PFBS,

PFHxA and PFHpA were in many cases <MDL. Among the long-chain PFCAs (>7

10



fluorinated carbon atoms) median concentrations decreased with increasing chain length in
both infants and mothers, with >50% of concentrations below MDL for PFDoDA, PFTrDA,
PFTeDA and PFPeDA (Table 2). The observed concentrations differ from those reported for
6-month-old infants from Germany,?! the only previously published infant study we could
find in the literature. Different sampling periods (present study:1996-99, German study:2007-
2009) and ages of the infants (present study:2-4 months, German study: 6 months) are most
likely important determinants of the observed differences.

To our knowledge, no other study has reported isomer-specific data on PFHxS and
PFOS for infants. We found similar %br PFOS and PFHxS in mothers and infants (Table 2),
suggesting that infant isomer patterns to a large extent are dependent on maternal patterns. In
Canadian mothers, median %br PFOS (36%) was similar to that of Swedish mothers,
although Canadian mothers were sampled almost 10 years after the Swedish mothers.** In
maternal serum from China, sampled 2015-2016, branched PFHxS accounted for 14%
(median) of the total PFHxS and branched PFOS 17% of total PFOS.** A comparison of
maternal %br PFHxS and PFOS between studies is hampered by differences in how branched
content was determined in each study (e.g. isomer-specific versus sum branched isomer
quantification using linear and/or individual branched isomer standards). Nevertheless,
differences due to ongoing maternal exposure to for instance PFHxS and PFOS precursors in
China are likely since perfluorooctane sulfonyl fluoride-based chemistry is still used in
China.*?

Maternal serum/plasma concentrations of PFHxS, PFOS, PFOA, PFNA, PFDA, and
PFUnDA during pregnancy and a few weeks after delivery both reflect placental and mother’s
milk PFAA transfer, as shown by strong correlations between PFAA concentrations in
maternal and cord blood, and between concentrations in maternal blood and mother”’s

milk.>102634.35 We found positive correlations between maternal and infant PFAA
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concentrations, with weakening strength as chain length increased of both long-chain PFCAs
and PFSAs (Table 3). This suggests that factors other than maternal concentrations become
more important as determinants for infant PFAA concentrations as perfluoroalkyl chain length
increases.

This is further supported by the decreased strength of association between maternal and
infant concentrations with increased PFAA carbon chain length among exclusively breastfed
infants, as determined in multiple log-linear regression analyses (Table 4). Variation in
maternal PFOA concentrations explained 53% of the infant concentration variation, whereas
only 13% of the variation in infant PFUnDA was explained by maternal variation. For
PFHXS, 73% of the infant variation was explained by maternal variation, and the
corresponding figure for PFOS was 36%. The short-chain PFHpA deviated from this pattern
of chain-length dependency, showing a weaker infant/mother correlation than PFOA did
(Table 3) and a weaker strength of association (Table 4). For PFAA homologues with less
strong infant/mother correlations and associations, contribution of infant exposure sources not
studied by us may be important, including ingestion of dust, suction on materials containing
PFAS:s, inhalation of fine particles/air, and skin exposure through use of personal care
products.* To what degree these different exposure pathways contribute to total infant
exposure has not been fully characterized, but the contribution of each component most
probably varies with infant age.*

Our results suggest that PFAA transfer efficiency from mother to infant decreases with
increasing perfluoroalkyl chain length, as indicated by the infant/maternal serum
concentration ratios (Table 3). On average, PFHpA and PFOA showed higher concentrations
in infants than in mothers, PFHXS concentrations were similar, and concentrations for PFNA,
PFOS, PFDA and PFUnDA were lower in infants. This is in agreement with the previously

observed chain length-dependent decrease in transfer efficiency over the placenta and from

12



maternal blood to mother’s milk.>3>3¢37 It has been proposed that decreases in PFAA
placental transfer with increased chain length may be due to decreases in water solubility and
increases in PFAA affinity to serum albumin.**” It has also been hypothesized that there are

chain length differences in active PFAA transport in the placenta,*!!

although this hypothesis
has to our knowledge not been tested. Similarly, it is not known to what degree mammary
gland active PFAA transport is involved in the carbon chain-dependency of PFAA transfer to
mother’s milk.

In contrast to Fromme et al.?!

, our study does not include matched cord blood data. We
have previously published cord whole blood data for PFOS, PFOA and PFNA in the Uppsala
study 1996-99.2° Assuming a distribution factor of 2 between serum and whole blood, average
cord serum concentrations were 2-3 times lower than those in maternal serum sampled in late
pregnancy,?® which is in accordance with data from Fromme et al.>! A comparison of
published cord/maternal serum or plasma PFAA ratios with the infant/maternal serum PFAA
ratios among Uppsala infants (Table 3) and German infants (plasma) show that the
infant/maternal ratios generally are higher than the cord/maternal rations.?!*>3® This strongly
suggests that breastfeeding gives a significant contribution to the PFAA exposure of the
infants.

The similar median ratios of infant/maternal linear and branched PFHxS, as well as of
PFOS isomers (Table 3), show that linear and branched isomers were retained in the infants to
a similar degree as in their mothers. A few studies have reported less efficient placental
transfer of linear PFOS (relative to branched), but found no isomer specific differences in
transfer via mother’s milk.!%3>3% To our knowledge, only one study has reported placental
transfer efficiencies of PFHxS isomers showing, contrary to PFOS, a more efficient transfer

of the linear isomer than of the branched isomers.** Our results suggest that the more efficient

trans-placental transfer of branched PFOS, and less efficient transfer of branched PFHxS, are
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“compensated for” after birth, presumably from mother’s milk, resulting in similar %br

isomers in mothers and infants.

Impact of Duration of Breastfeeding, Gestational Age and Infant Weight Gain
Concentrations of PFOA, PFNA, PFDA, PFUnDA, PFHxS and PFOS were lower in
exclusively bottle-fed infants than in exclusively breastfed infants, strongly suggesting that
mother’s milk is an important source of infant exposure to all these PFAAs (Fig. 1). The
results are however uncertain since we only had 5 exclusively bottle-fed infants, but the
importance of breastfeeding as an exposure source of all these PFAAs is supported by our
findings of lower serum PFAA concentrations also among mixed breast-/bottle-fed infants
(Fig. 1). The lower PFAA concentrations in bottle-fed infants are most probably a net result of
infant excretion and growth dilution of PFAAs accumulated in utero, and much lower PFAA
exposures from infant formula than from mother’s milk.*=* No exclusively bottle-fed infants
were living in a district receiving contaminated drinking water, so it was not possible to
determine the contribution of this potential exposure route.

The higher %br PFOS in the few exclusively bottle-fed infants than in exclusively
breastfed infants (Fig. 1) is most probably a result of the higher placental transfer of branched
PFOS isomers than of the linear isomer, and a “mother’s milk compensation” with the linear
isomer among exclusively breastfed infants.!®323> Branched PFOS isomers are preferentially
excreted in urine in adults compared with the linear isomer,***! but excretion of different
PFOS isomers in infants apparently was too slow to cause preferential retention of the linear
isomer in bottle-fed infants. The reported lower trans-placental transfer efficiency of branched
PFHXxS isomers than of the linear isomer™® did not result in lower %br PFHxS concentration

in the exclusively bottle-fed infants (Fig. 1). Assuming that the excretion of PFHxS was

14



negligible during infancy, the results suggests that the transfer of branched PFHxS isomers to
mother’s milk is not higher than transfer of the linear isomer.

In the multiple regression analyses of PFAA concentrations in exclusively breastfed
infants, duration of breastfeeding explained <10% of the variation in infant PFAA
concentrations, with estimated increases in serum concentrations of <10% per week of
breastfeeding as the infant age at sampling increased from 11 to 18 weeks (Table 4).
Associations with breastfeeding were statistically significant for PFOA, PFNA and PFHXxS.
The low variation in duration of breastfeeding (7 weeks) among the exclusively breastfed
infants may have contributed to the relatively weak associations. Only exclusively breastfed
infants were included in the analyses, and duration of breastfeeding was therefore the same as
infant age. Physiological changes during infancy may influence associations between PFAAs
and breastfeeding duration, including for instance possible age-dependent differences in
efficiency of infant intestinal PFAA absorption and excretion, as well as in body PFAA
distribution.

In our study, PFOA concentrations increased on average 8% per week of exclusive
breastfeeding, corresponding to about 30% per month. The increase for PFNA was estimated
to on average 45% per month and for PFHXS 40% per month. Similar results were observed
for 1.5-year-old children from the Faroe Islands, with PFOA increasing 30% per month of
exclusive breastfeeding and PFNA 20% per month.*? Among 3-4 year-old children from
Norway and USA, every month of breastfeeding was associated with a 3-6% increase in
PFHxS, PFOS and PFOA in child serum.'®!” The lower contribution of breastfeeding in the
older children is most probably an effect of excretion of maternally transferred PFAA and
contribution of non-maternal sources of PFAA exposure during childhood.

Our results suggests that duration of in utero exposure influences infant concentrations

of PFOA, PFNA and PFOS up to 2-4 months after delivery, since days of gestational age in
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general was positively associated with infant PFAA concentrations (Table 4). However, the
associations were fairly weak, explaining only 2-10% of the variation in infant concentrations
of PFOA, PFENA and PFOS. An earlier study found strong positive correlations between fetal
age and fraction of maternal PFAAs present in fetal tissue.*’ Residual confounding of the
gestational age-PFAA associations cannot be excluded. For instance a study from Canada
reported that increases in maternal gestational weight gain (GWG), which increases with
gestational age, were associated with elevated cord blood PFOS and PFOA concentrations**
Inclusion of maternal weight gain as a covariate in the regression models did however not
change the associations between gestational age and PFOA, PFNA and PFOS serum
concentrations in exclusively nursed infants (Supporting Information, Table A8). Birth
weight, which is associated with gestational age, may be another potential confounder through
influence on distribution volume of infant PFAAs. For PFNA and PFOS inclusion of birth
weight as a covariate did not influence the associations with gestational age, but for PFOA the
association became weaker (Supporting Information, Table A8).

Branched PFOS isomers increased on average with 1% per day of gestational age,
whereas the linear isomer increased 0.75% per day of gestational age (Table 4), supporting a
higher placental transfer of branched as opposed to linear isomers.>>* No significant change
in branched and linear PFHxS per day of gestational age was observed, further supporting the
low influence of gestational age on serum PFHXS concentrations in infants at 2-4 months of
age (Table 4).

It may be hypothesized that infant weight gain affects PFAA concentrations due to
growth dilution of PFAA accumulated pre- and post-natally. However, the inverse association
was only significant (p=0.03) for PFHpA (Table 4), explaining about 10% of variation in
infant concentrations (Table 4). Infant PFHpA concentrations decreased on average about 1%

with each percentage of weight gain during the study period (Table 4). The infant weight gain
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effect on concentrations of other PFAAs than PFHpA was not large enough to be detected in

the multiple regression analyses.

Impact of Contaminated Drinking Water.

In 2012, a PFAA contamination was discovered in Uppsala drinking water, with distribution
of contaminated drinking water to some city districts dating back to at least 1996-1999.%! The
affected production wells were quickly taken out of production after the discovery of the
contamination. In 2012-2014, the median PFHxS concentration was 80 ng L' in contaminated
drinking water production wells, followed by PFOS (50 ng L), and PFBS and PFHxXA (both
10 ng LY. Our results suggest that maternal ingestion of the moderately PFHxS- and PFBS-
contaminated drinking water strongly influence serum concentrations of the two PFAAs in
infants (Fig 2). The adjusted mean infant serum concentrations of PFBS and PFHxS were
about 3-fold higher among infants living in District 4, receiving >90% PFA A-contaminated
drinking water between 1996 and 1999, than among infants living in the districts not receiving
contaminated water (Fig. 2).

Similarly as among Uppsala mothers,*!' no influence of contaminated drinking water on
infant PFOS concentrations was observed (Supporting Information, Table A7), although
PFOS concentrations in the contaminated drinking water were only slightly lower than those
of PFHxS and much higher than PFBS concentrations. Taken together the results suggest that,
in contrast to PFBS and PFHxS, maternal PFOS exposure sources other than drinking water
were more important indirect determinants of infant PFAA concentrations.

%br PFHxS was significantly higher in infants living in Uppsala districts receiving 10-
90% and >90% contaminated water than in infants living in the district receiving
uncontaminated water (Fig. 2). We have previously proposed that increased %br PFHxS in

adult serum, compared to background in a population, may be an indicator for drinking water
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exposure to PFHxS originating from fire-fighting foams.*! Our infant results suggest that
enrichment of branched PFHxS persists also in infants of mothers exposed to drinking water

PFHxS.

Strengths and Limitations
Our study includes data on PFBS, PFHxA, PFHpA, PFUnDA, PFDoDA, PFTrDA, PFTeDA
and PFPeDA which were lacking in Fromme et al. (2011).2! For many of these PFAA,
however, concentrations were generally below LOQ, making it impossible to analyze
associations with potential determinants. We have data on branched and linear isomers of
PFHXxS and PFOS in infants, thus enabling a first look at possible isomer-specific differences
in mother/infant dynamics of PFHxS and PFOS. We only had PFAA concentration data from
5 infants that were exclusively bottle-fed, making the comparisons with PFAA concentrations
in exclusively breastfed infants uncertain. However, with supporting data from partially
bottle-fed infants we can nevertheless conclude that breast-feeding is a significant source of
infant exposure to PFHxS, PFOS, PFOA, PFNA, PFDA and PFUnDA. Moreover our study
includes data on several potential determinants not studied before, such as gestational age
(duration of in utero exposure), infant body weight gain (growth dilution), and home address
in drinking water districts with differences in drinking water PFAA contamination (indirect
drinking water exposure). A weakness is that we did not have data on PFAA concentrations in
drinking water ingested by the mothers and maternal drinking water consumption, which
would have improved the analyses of contribution of maternal PFAA drinking water exposure
to infant serum PFAA concentrations.

The Swedish infants were only sampled once after birth and more extensive serial
sampling of neonates and infants will give better information about factors influencing

serum/plasma PFAA concentrations during early childhood. As shown by the decrease in
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strength of determination with increasing PFAA chain length, there are unknown
determinants, not studied by us, that have an important influence on infant PFAA

concentration.
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Figure 1. Concentrations (ng g! serum) of selected PFAAs in serum from 2-4-month-old infants
sampled 1996-1999 with different degrees of breastfeeding during the study period. ‘Bottle-fed’” (N=5)
represents infants which were not breastfed at all prior to sampling. ‘Bottle-/breastfed’ (N=11)
corresponds to infants that were exclusively breastfed followed by partial/exclusive bottle-feeding
before sampling. ‘Breastfed’ (N=83) represents infants exclusively breastfed from birth until
sampling. PFAA concentrations <MDL were replaced with MDL/N2. Concentrations are shown as
adjusted mean and SE determined by general linear model (GLM) analysis. In the GLM analyses the
covariate “maternal PFAA serum concentration” was included. Asterisk (*) represents a significant
difference (p<0.05) relative to infants with exclusive bottle-feeding determined in multiple regression

analysis.
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Figure 2. Concentrations (ng g”' serum) of PFBS (N=88) and PFHxS (N=91), as well as %branched
PFHxS (N=91) in serum from breastfed 2-4-month-old infants sampled 1996-1999, living in different
drinking water districts in Uppsala County receiving different percentages of drinking water from
PFAA-contaminated wells. The district “Outside Uppsala” did not receive contaminated water. PFBS
concentrations <MDL were replaced with MDL/N2. Concentrations are shown as adjusted mean and
SE determined by general linear model (GLM) analysis. In the GLM analyses the covariates
“gestational age”, “infant weight gain after birth” and “duration of breastfeeding” were included.
*Significantly different from district “Outside of Uppsala” in multiple linear regression analyses

(p<0.05). PFBS: District “Outside Uppsala” N=30, 0% N=40, <10% N=2, 10-90% N=7, >90% N=9.
PFHxS: District “Outside Uppsala” N=31, 0% N=41, <10% N=2, 10-90% N=7, >90% N=10.
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Table 1. Characteristics of the mothers and infants investigated in the present study

Characteristics n* Mean Range %P

Mothers

Age (year) 101 29 22-41

Pre-pregnancy BMI¢ 101 24 18-36

Years of education 98 100
<4 years of high school 41 42
1-3 years of higher education 27 28
>3 years of higher education 30 31

Infants

Age at sampling (weeks) 105 13 11-18

Gestational age (days) 100 280 250-300

Weight (kg) 103 6.1 4.4-8.6

Weight gain (% of birth weight) 103 75 30-150

Exclusive breastfeeding (weeks) 105 12 0-18

Sampling year 107 100

1996-1997 48 44

1998-1999 59 66

Sex 107 100

Girls 58 54

Boys 49 46

PFAA drinking water districts 107
Outside of Uppsala city 38 36
Uppsala 1, no PFAA contamination 47 44
Uppsala 2, <10% contaminated water 2 2.0
Uppsala 3, 10-89% 9 8.0
Uppsala 4, > 90% 11 10

20f the original 101 mothers 3 mothers had missing data for education. The different total N values for infants
variables are also due to missing data. "Percent of total N. ‘Body mass index (kg/m?).



Table 2. PFAA serum concentrations in infants at 2-4 months of age and their mothers sampled 3 weeks after delivery

Infants Mothers
PFAA (ng g) Mean? SD Median  Range DF® (%) Mean? SD Median Range DF® (%)
PFHxA <0.10 <0.10-0.27 37 <0.08 <0.08-0.11 1
PFHpA 0.23 0.22 0.19 <0.10-2.1 88 0.055 <0.04-0.40 66°
PFOA 7.7 3.7 7.2 1.3-20 100 2.8 0.96 2.7 1.2-6.7 100
PFNA 0.38 0.21 0.34 0.10-1.5 100 0.41 0.20 0.37 0.08-14 100
PFDA 0.12 0.07 0.11 <0.07-0.47 86 0.19 0.11 0.17 <0.05-0.72 94
PFUnDA 0.09 0.05 0.08 <0.05-0.23 79 0.12 0.09 0.11 <0.05-0.37 64
PFDoDA <0.05 <0.05-0.06 3 <0.05 <0.05-0.22 13
PFTrDA <0.05 <0.05-0.15 37 <0.05 <0.05-0.19 11
PFTeDA <0.05 <0.05-0.13 14 <0.07 <0.07-0.38 4
PFPeDA 0 0
PFBS <0.01 <0.01-0.14 30 <0.01 <0.01-0.15 57¢°
Linear PFHxS 2.6 2.2 1.9 0.41-19 100 2.2 1.4 1.7 0.36-8.9 100
Branched PFHxS 0.21 0.24 0.13 <0.01-1.8 99 0.14 0.13 0.10 <0.01-0.76 96
Y%branched PFHxS 6.9 3.0 6.4 1.8-18 5.7 2.9 5.3 0.41-14
Total PFHxS 2.8 2.5 2.0 0.43-21 100 2.3 1.5 1.8 0.37-9.5 100
Linear PFOS 8.6 4.0 8.4 1.3-26 100 14 5.6 12 5.0-41 100
Branched PFOS 5.0 2.9 4.4 0.87-21 100 7.0 3.5 5.8 2.6-20 100
90branched PFOS 36 6.2 36 26-62 33 4.1 34 24-45
Total PFOS 14 6.7 13 2.2-44 100 20 8.9 18 7.7-61 100

“Concentration below MDL were set to MDL/Y?2 in calculations of mean and SD. Infants: N=107; Mothers: N=101. "Detection frequency. “N=84. MDL differed between the
3 analytical batches. Those with concentrations below MDL in the batch with the highest MDL deleted from the analyses.
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Table 3. Relationship between PFAA concentrations in matched infant serum (IS) and
maternal serum (MS)?

PFAA N No. of carbons in ~ Ratio IS:MS Spearman’s correlation®
fluorinated chain Median (range) p
PFCAs
PFHpA 51 6 2.8 (0.56-8.2) 0.31 0.005
PFOA 101 7 2.8 (0.43-5.7) 0.59 <0.001
PFNA 101 8 0.94 (0.28-6.4) 0.42 <0.001
PFDA 54 9 0.69 (0.095-4.0) 0.34 0.001
PFUnDA 49 10 0.53 (0.21-1.5) 0.18 0.069
PFSAs
Linear PFHxS 101 6 1.2 (0.22-2.2) 0.84 <0.001
Branched PFHxS 101 6 1.3 (0.22-17) 0.80 <0.001
Total PFHxS 101 6 1.2 (0.22-2.3) 0.85 <0.001
Linear PFOS 100 8 0.66 (0.095-1.4)  0.37 <0.001
Branched PFOS 100 8 0.72 (0.19-1.7) 0.46 <0.001

Total PFOS 100 8 0.69 (0.14-1.5) 0.39 <0.001

2Only infant/mother pairs with concentrations >MDL included in the analyses. Infants sampled 2-4 months after delivery,
mothers 3 weeks after delivery. PCorrelation between infant and maternal PFAA concentrations.




Table 4. Percent change in serum PFAA concentrations in exclusively breastfed infants per unit change of maternal PFA As, gestational
age, and infant weight gain®

PFAA No. of Maternal PFAA (ng g!) Gestational age (days) Breastfeeding (weeks) Weight gain (% of birth weight)
carbons P P (partial R?) B P (partial R?) B P (partial R B P (partial R?) Full R?
(% change) (% change) (% change) (% change) %
PFHpA (N=62)° 6 380 (123)  0.003 (4%) 1.1 (0.78) 0.178 7.5(7.5) 0.32 -0.87 (0.38) 0.03 (12%) 27
PFOA (N=70) 7 26 (2.6) <0.001 (53%) 0.67 (0.29) 0.028 (2%) 8.0 (2.8) 0.006 (6%) 0.010 (0.014)  0.92 63
PFNA (N=75) 8 150 (20) <0.001 33%) 1.2(0.42) 0.004 (10%) 11 (4.1) 0.007 (6%) 0.0070 (0.18)  0.97 48
PFDA (N=75) 9 200 (40) <0.001 23%) 0.91 (0.47) 0.058 8.3 (4.5) 0.068 -0.21 (0.20) 0.31 33
PFUnDA (N=75) 10 220 (66) 0.001 (13%) 0.02 (0.6) 0.980 5.6(5.9) 0.34 0.21 (0.27) 0.45 14
Linear PFHxS (N=75) 6 3524 <0.001 (72%) 0.45(0.41) 0.271 10 (3.8) 0.01 2%) -0.09 (0.18) 0.63 76
Branched PFHxS (N=75) 6 600 (47) <0.001 (67%) -0.07 (0.63) 0.913 9.6 (5.9) 0.11 0.10 (0.28) 0.71 71
PFHxS (N=75) 6 32 (2.2) <0.001 (73%) 0.44(0.41) 0.294 10 (3.9) 0.01 2%) -0.080 (0.2) 0.64 76
Linear PFOS (N=73) 8 4.2 (0.56) <0.001 (36%) 0.75(0.34) 0.031 (3%) 29 (3.1) 0.29 0.25 (0.15) 0.10 50
Branched PFOS (N=74) 8 8.2(1.2) <0.001 (37%) 1.0 (0.47) 0.036 (4%) 2.9 4.4) 0.51 0.29 (0.21) 0.16 45
PFOS (N=73) 8 2.9 (0.38) <0.001 (36%) 0.84 (0.36) 0.025 (4%) 3.1(34) 0.36 0.22 (0.16) 0.19 46

2Adjusted mean (standard error). Mutually adjusted for each other in the multiple regression model. Outliers with standardized residual >3 excluded in the regression analyses. Partial R? was
estimated by stepwise regression analyses. "MDL differed between analytical batches. Mother/infant pairs with concentrations below MDL in the batch with the the highest MDL deleted from
the analyses.
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Supporting Information

PFAAs included in the study (Table A1). Target compounds and selected instrumental
parameters for quantification of each compound by UPLC/ESI-MS/MS (Table A2). Summary
of analysis of in-house reference material (pooled human serum) analyzed together with real
samples to assess inter-batch precision (i.e. reproducibility) (Table A3). PFCA concentrations
measured in 3 replicates of NIST SRM 1957 compared to reference values (Table A4). PFSA
concentrations measured in 3 replicates of NIST SRM 1957 compared to reference values
(Table AS). Method detection limits for PEASs analyzed in each of the three batches (Table
A6). Concentrations of PFAAs in serum from 2-4-month-old children sampled 1996-1999,
living in different drinking water districts in the Uppsala County (Table A7). The influence of
maternal weight gain during pregnancy and birth weight on percent change in serum PFAA
concentrations per unit change of gestational age in exclusively breastfed infants (Table A8).

References.

Acknowledgements

Financial support was given to Sanna Lignell by the Swedish Environmental Protection
Agency (contract no 2215-15-001) and to Karin Wiberg from the Swedish Research Council
Formas (SafeDrink: contract no 222-2012-2124). Participating mothers and children are
thanked for their dedication to the study. Ingalill Gadhasson and Ellen Edgren are
acknowledged for excellent laboratory support. We are also very grateful to midwife

Marianne Leimar responsible for recruitment and blood sampling of mothers and infants.

26



Disclosures

The authors declare that they have no actual or competing financial interest.

27



References

(1) D'Hollander, W.; de Voogt, P.; De Coen, W.; Bervoets, L. Perfluorinated substances in
human food and other sources of human exposure. Rev. Environ. Contam. Toxicol. 2010, 208,
179-215.

(2) Vestergren, R.; Berger, U.; Glynn, A.; Cousins, I. T. Dietary exposure to perfluoroalkyl
acids for the Swedish population in 1999, 2005 and 2010. Environ. Int. 2012, 49, 120-127.

(3) Gebbink, W. A.; Berger, U.; Cousins, I. T. Estimating human exposure to PFOS isomers
and PFCA homologues: the relative importance of direct and indirect (precursor) exposure.
Environ. Int. 2015, 74, 160-169.

(4) Winkens, K.; Vestergren, R.; Berger, U.; Cousins, 1. T. Early life exposure to per- and
polyfluoroalkyls substances (PFASs): A critical review. Emerging Contaminants 2017, 3, 55-
68.

(5) KEMI. Occurrence and uses of highly fluorinated substances and alternatives (in
Swedish). Rapport 6/15 http://www.kemi.se/global/rapporter/2015/rapport-6-15-forekomst-
och-anvandning-av-hogfluorerade-amnen-och-alternativ.pdf. 2015

(6) Ng, C. A.; Hungerbuhler, K. Bioaccumulation of perfluorinated alkyl acids: observations
and models. Environ. Sci. Technol. 2014, 48, 4637-46438.

(7) Martin, J. W.; Asher, B. J.; Beesoon, S.; Benskin, J. P.; Ross, M. S. PFOS or PreFOS?
Are perfluorooctane sulfonate precursors (PreFOS) important determinants of human and
environmental perfluorooctane sulfonate (PFOS) exposure? J. Environ. Monit. 2010, 12,
1979-2004.

(8) Rand, A. A.; Mabury, S. A. Is there a human health risk associated with indirect
exposure to perfluoroalkyl carboxylates (PFCAs)? Toxicology 2017, 375, 28-36.

(9) Karrman, A.; Ericson, L.; van Bavel, B.; Darnerud, P. O.; Aune, M.; Glynn, A.; Lignell,

S.; Lindstrom, G. Exposure of perfluorinated chemicals through lactation: levels of matched

28


http://www.kemi.se/global/rapporter/2015/rapport-6-15-forekomst-och-anvandning-av-hogfluorerade-amnen-och-alternativ.pdf
http://www.kemi.se/global/rapporter/2015/rapport-6-15-forekomst-och-anvandning-av-hogfluorerade-amnen-och-alternativ.pdf

human milk and serum and a temporal trend, 1996-2004, in Sweden. Environ. Health
Perspect. 2007, 115, 226-230.

(10) Gutzkow, K. B.; Haug, L. S.; Thomsen, C.; Sabaredzovic, A.; Becher, G.; Brunborg, G.
Placental transfer of perfluorinated compounds is selective--a Norwegian Mother and Child
sub-cohort study. Int. J. Hyg. Environ. Health 2012, 215, 216-219.

(11) Kummu, M.; Sieppi, E.; Koponen, J.; Laatio, L.; Vahakangas, K.; Kiviranta, H.; Rautio,
A.; Myllynen, P. Organic anion transporter 4 (OAT 4) modifies placental transfer of
perfluorinated alkyl acids PFOS and PFOA in human placental ex vivo perfusion system.
Placenta 2015, 36, 1185-1191.

(12) Loccisano, A. E.; Longnecker, M. P.; Campbell, J. L. Jr.; Andersen, M. E.; Clewell, H.
J. 3rd. Development of PBPK models for PFOA and PFOS for human pregnancy and
lactation life stages. J. Toxicol. Environ. Health A 2013, 76, 25-57.

(13) Verner, M. A.; Ngueta, G.; Jensen, E.T.; Fromme, H.; Volkel, W.; Nygaard, U. C.;
Granum, B.; Longnecker, M. P. A Simple Pharmacokinetic Model of Prenatal and Postnatal
Exposure to Perfluoroalkyl Substances (PFASs). Environ. Sci. Technol. 2016, 50, 978-986.

(14) Holzer, J.; Midasch, O.; Rauchfuss, K.; Kraft, M.; Reupert, R.; Angerer, J.;
Kleeschulte, P.; Marschall, N.; Wilhelm, M. Biomonitoring of perfluorinated compounds in
children and adults exposed to perfluorooctanoate-contaminated drinking water. Environ.
Health Perspect. 2008, 116, 651-657.

(15) Haug, L. S.; Huber, S.; Becher, G.; Thomsen, C. Characterisation of human exposure
pathways to perfluorinated compounds - Comparing exposure estimates with biomarkers of
exposure. Environ. Int. 2011. 37, 687-693.

(16) Mondal, D.; Lopez-Espinosa, M. J.; Armstrong, B.; Stein, C. R.; Fletcher, T.

Relationships of perfluorooctanoate and perfluorooctane sulfonate serum concentrations

29



between mother-child pairs in a population with perfluorooctanoate exposure from drinking
water. Environ. Health Perspect. 2012, 7120, 752-757.

(17) Papadopoulou, E.; Sabaredzovic, A.; Namork, E.; Nygaard, U. C.; Granum, B.; Haug,
L. S. Exposure of Norwegian toddlers to perfluoroalkyl substances (PFAS): The association
with breastfeeding and maternal PFAS concentrations. Environ. Int. 2016, 94, 687-694.

(18) Johnson, P. L; Sutton, P.; Atchley, D. S.; Koustas, E.; Lam, J.; Sen, S.; Robinson, K.
A.; Axelrad, D. A.; Woodruff, T. J. The Navigation Guide - evidence-based medicine meets
environmental health: systematic review of human evidence for PFOA effects on fetal growth.
Environ. Health Perspect. 2014, 122, 1028-1039.

(19) Bach, C. C.; Bech, B. H.; Brix, N.; Nohr, E. A.; Bonde, J. P.; Henriksen, T. B.
Perfluoroalkyl and polyfluoroalkyl substances and human fetal growth: a systematic review.
Crit. Rev. Toxicol. 2015, 45, 53-67.

(20) NTP. NTP monograph on immunotoxicity associated with exposure to
perfluorooctanoic acid (PFOA) or perfluorooctane sulfonate (PFOS). National Toxicology
Program, Research Triangle Park,
https://ntp.niehs.nih.gov/ntp/ohat/pfoa_pfos/pfoa_pfosmonograph_508.pdf. 2016.

(21) Fromme, H.; Mosch, C.; Morovitz, M.; Alba-Alejandre, I.; Boehmer, S.; Kiranoglu, M.;
Faber, F.; Hannibal, I.; Genzel-Boroviczeny, O.; Koletzko, B.; Volkel, W. Pre- and postnatal
exposure to perfluorinated compounds (PFCs). Environ. Sci. Technol. 2010, 44, 7123-7129.

(22) Lignell, S.; Aune, M.; Darnerud, P. O.; Hanberg, A.; Larsson, S. C.; Glynn, A. Prenatal
exposure to polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs)
may influence birth weight among infants in a Swedish cohort with background exposure: a

cross-sectional study. Environ. Health 2013, 12, 44.

30


https://ntp.niehs.nih.gov/ntp/ohat/pfoa_pfos/pfoa_pfosmonograph_508.pdf

(23) Glynn, A.; Aune, M.; Darnerud, P. O.; Cnattingius, S.; Bjerselius, R.; Becker, W.;
Lignell, S. Determinants of serum concentrations of organochlorine compounds in Swedish
pregnant women: a cross-sectional study. Environ. Health 2007, 6 (2), 1-14.

(24) Cnattingius, S.; Signorello, L. B.; Anneren, G.; Clausson, B.; Ekbom, A.; Ljunger, E.;
Blot, W. J.; McLaughlin, J. K.; Petersson, G.; Rane, A.; Granath, F. Caffeine intake and the
risk of first-trimester spontaneous abortion. N. Engl. J. Med. 2000, 343, 1839-1845.

(25) Socialstyrelsen. Folkhilsorapport.
http://www.socialstyrelsen.se/publikationer2009/2009-126-71/Documents/13_Migration.pdf.
2009.

(26) Glynn, A.; Berger, U.; Bignert, A.; Ullah, S.; Aune, M.; Lignell, S.; Darnerud, P. O.
Perfluorinated alkyl acids in blood serum from primiparous women in Sweden: serial
sampling during pregnancy and nursing, and temporal trends 1996-2010. Environ. Sci.
Technol. 2012, 46, 9071-9079.

(27) Kato, K.; Basden, B. J.; Needham, L. L.; Calafat, A. M. Improved selectivity for the
analysis of maternal serum and cord serum for polyfluoralkyl chemicals. J. Chromatogr. A.
2011, 7218, 2133-2137.

(28) Benskin, J. P.; Bataineh, M.; Martin, J. W. Simultaneous characterization of
perfluoroalkyl carboxylate, sulfonate, and sulfonamide isomers by liquid chromatography-
tandem mass spectrometry. Anal. Chem. 2007, 79, 6455-6464.

(29) Chan, E.; Sandhu, M.; Benskin, J. P.; Ralitsch, M.; Thibault, D.; Birkholz, D.; Martin,
J. W. Endogenous high-performance liquid chromatography/tandem mass spectrometry
interferences and the case of perfluorohexane sulfonate (PFHxS) in human serum; are we

overestimating exposure? Rapid Commun. Mass Spectrom. 2009, 23, 1405-1410.

31


http://www.socialstyrelsen.se/publikationer2009/2009-126-71/Documents/13_Migration.pdf

(30) Riddell, N.; Arsenault, G.; Benskin, J. P.; Chittim, B.; Martin, J. W.; McAlees, A.;
McCrindle, R. Branched perfluorooctane sulfonate isomer quantification and characterization
in blood serum samples by HPLC/ESI-MS(/MS). Environ. Sci. Technol. 2009, 43, 7902-7908.

(31) Gyllenhammar, I.; Berger, U.; Sundstrom, M.; McCleaf, P.; Euren, K.; Eriksson, S.;
Ahlgren, S.; Lignell, S.; Aune, M.; Kotova, N.; Glynn, A. Influence of contaminated drinking
water on perfluoroalkyl acid levels in human serum--A case study from Uppsala, Sweden.
Environ. Res. 2015, 140, 673-683.

(32) Beesoon, S.; Webster, G. M.; Shoeib, M.; Harner, T.; Benskin, J. P.; Martin, J. W.
Isomer profiles of perfluorochemicals in matched maternal, cord, and house dust samples:
manufacturing sources and transplacental transfer. Environ. Health Perspect. 2011, 119,
1659-1664.

(33) Chen, F.; Yin, S.; Kelly, B. C.; Liu, W. Isomer-Specific Transplacental Transfer of
Perfluoroalkyl Acids: Results from a Survey of Paired Maternal, Cord Sera, and Placentas.
Environ. Sci. Technol. 2017, 51, 5756-5763.

(34) Kim, S. K.; Lee, K. T.; Kang, C. S.; Tao, L.; Kannan, K.; Kim, K. R.; Kim, C. K.; Lee,
J.S.;Park, P. S.; Yoo, Y. W.; Ha, J. Y.; Shin, Y. S.; Lee, J. H. Distribution of
perfluorochemicals between sera and milk from the same mothers and implications for
prenatal and postnatal exposures. Environ. Pollut. 2011, 159, 169-174.

(35) Cariou, R.; Veyrand, B.; Yamada, A.; Berrebi, A.; Zalko, D.; Durand, S.; Pollono, C.;
Marchand, P.; Leblanc, J. C.; Antignac, J. P.; Le Bizec, B. Perfluoroalkyl acid (PFAA) levels
and profiles in breast milk, maternal and cord serum of French women and their newborns.
Environ. Int. 2015, 84, 71-81.

(36) Liu, J.; Li, J.; Liu, Y.; Chan, H. M.; Zhao, Y.; Cai, Z.; Wu, Y. Comparison on gestation
and lactation exposure of perfluorinated compounds for newborns. Environ. Int. 2011, 37,

1206-1212.

32



(37) Zhang, T.; Sun, H.; Lin, Y.; Qin, X.; Zhang, Y.; Geng, X.; Kannan, K. Distribution of
poly- and perfluoroalkyl substances in matched samples from pregnant women and carbon
chain length related maternal transfer. Environ. Sci. Technol. 2013, 47, 7974-7981.

(38) Tao, L.; Ma, J.; Kunisue, T.; Libelo, E. L.; Tanabe, S.; Kannan, K. Perfluorinated
compounds in human breast milk from several Asian countries, and in infant formula and
dairy milk from the United States. Environ. Sci. Technol. 2008, 42, 8597-8602.

(39) Lankova, D.; Lacina, O.; Pulkrabova, J.; Hajslova, J. The determination of
perfluoroalkyl substances, brominated flame retardants and their metabolites in human breast
milk and infant formula. Talanta 2013, 117, 318-325.

(40) Zhang, Y.; Beesoon, S.; Zhu, L.; Martin, J. W. Biomonitoring of perfluoroalkyl acids in
human urine and estimates of biological half-life. Environ. Sci. Technol. 2013, 47, 10619-
10627.

(41) Gao, Y.; Fu, J.; Cao, H.; Wang, Y.; Zhang, A.; Liang, Y.; Wang, T.; Zhao, C.; Jiang, G.
Differential accumulation and elimination behavior of perfluoroalkyl Acid isomers in
occupational workers in a manufactory in China. Environ. Sci. Technol. 2015, 49, 6953-6962.

(42) Mogensen, U. B.; Grandjean, P.; Nielsen, F.; Weihe, P.; Budtz-Jorgensen, E.
Breastfeeding as an Exposure Pathway for Perfluorinated Alkylates. Environ. Sci. Technol.
2015, 49, 10466-10473.

(43) Mamsen, L. S.; Jonsson, B. A. G.; Lindh, C. H.; Olesen, R. H.; Larsen, A.; Ernst, E.;
Kelsey, T. W.; Andersen, C. Y. Concentration of perfluorinated compounds and cotinine in
human foetal organs, placenta, and maternal plasma. Sci. Total Environ. 2017, 596-597, 97-
105.

(44) Ashley-Martin, J.; Dodds, L.; Arbuckle, T. E.; Morisset, A-S.; Fisher, M.; Bouchard,

M. F.; Sharipo, G. D.; Ettinger, A. S.; Monnier, P.; Dallaire, R.; Taback, S.; Fraser, W.

33



Maternal and neonatal levels of perfluorinated substances in relation to gestational weight

gain. Int. J. Environ. Res. Publ. Health 2016, 13, 146.

34



Supporting Information

Perfluoroalkyl acids (PFAAs) in serum from 2-4-month-old infants — influence of
maternal serum concentrations, gestational age, breastfeeding and contaminated

drinking water

Irina Gyllenhammar," Jonathan P. Benskin,* Oskar Sandblom,* Urs Berger,® Lutz Ahren,”

Sanna Lignell,' Karin Wiberg,” Anders Glynn™"

"Department of Risk and Benefit Assessment, National Food Agency, P.O. Box 622, 751 26
Uppsala, Sweden

iDepartment of Environmental Science and Analytical Chemistry (ACES), Stockholm
University, SE-106 91 Stockholm, Sweden

SHelmholtz Centre for Environmental Research — UFZ, Department Analytical Chemistry,
Permoserstr. 15, 04318 Leipzig, Germany

*Department of Aquatic Sciences and Assessment, Swedish University of Agricultural
Sciences, Box 7050, 750 07, Uppsala, Sweden

"Department of Biomedical Sciences and Veterinary Public Health, Swedish University of

Agricultural Sciences, Box 7050, 750 07, Uppsala, Sweden

*Corresponding author:

Anders Glynn

Department of Biomedical Sciences and Veterinary Public Health, Swedish University of
Agricultural Sciences, Box 7050, 750 07, Uppsala, Sweden

Telephone: int + 46 18 672091

E-mail: anders.glynn@slv.se

Pages: 10
Figures: 0

Tables: 8


mailto:anders.glynn@slv.se

Table A1. PFAAs included in this study.

No. of carbons in

Substance fluorinated chain Abbreviation
Perfluoroalkyl carboxylic acids (PFCAs)

Perfluorohexanoic acid 5 PFHxA
Perfluoroheptanoic acid 6 PFHpA
Perfluorooctanoic acid 7 PFOA
Perfluorononanoic acid 8 PFNA
Perfluorodecanoic acid 9 PFDA
Perfluoroundecanoic acid 10 PFUnDA
Perfluorododecanoic acid 11 PFDoDA
Perfluorotridecanoic acid 12 PFTtDA
Perfluorotetradecanoic acid 13 PFTeDA
Perfluoropentadecanoic acid 14 PFPeDA
Perfluoroalkyl sulfonic acids (PFSAs)

Perfluorobutane sulfonic acid 4 PFBS
Perfluorohexane sulfonic acid® 6 PFHxS
Perfluorooctane sulfonic acid? 8 PFOS

*Branched and linear isomers



Table A2. Target compounds and selected instrumental parameters for quantification of each
compound by UPLC/ESI-MS/MS.

Target Analytes™ ¢ Precursor / product ion Cone Collision Internal
(qualitative product ion)" voltage (V) energy (eV) standards®
PFBS 299 /80 (99) 45 30 B3C,-PFHxS
PFHxS 399 /80 (99) 55 36 180,-PFHxS
PFOS 499 /80 (99) 65 40 13C4-PFOS
PFHxA 3137269 (119) 20 10 B3C,-PFHXA
PFHpA 363 /319 (169) 21 11 13C4-PFHpA
PFOA 413 /369 (169) 22 11 3C4-PFOA
PFNA 463 /419 (219) 24 11 BCs-PFNA
PFDA 513 /469 (269) 26 11 13C,-PFDA
PFUnDA 563 /519 (269) 28 11 13C,-PFUnDA
PFDoDA 613 /569 (169) 30 12 3C,-PFDoDA
PFTrDA 663 /619 (169) 32 12 3C,-PFDoDA
PFTeDA 713 /669 (169) 35 12 13C,-PFDoDA
PFPeDA 763 /719 (169) 38 13 3C,-PFDoDA
Recovery Standards
3Cs-PFOA 4217376 22 11
3Cs-PFOS 507/ 80 65 42

aAcronyms are according to (Buck et al., 2011).!
YProduct ions in brackets were used as confirmation ions.
¢All standards were purchased from Wellington Laboratories (Guelph, ON, Canada).



Table A3. Summary of PFAS concentrations (ng/mL) in-house reference material (pooled human serum) analyzed together with real samples to
assess inter-batch precision (i.e. reproducibility). Two different QC samples were included: Control A (n = 17) and Control B (n = 3). Non-detects
(ND) were not included in determination of averages or coefficient of variations (CVs).

Reference >br- lin- >br-PFOS | lin-PFOS-
Material PFHxA | PFHpA | PFOA PFNA | PFDA | PFUnDA | PFDoDA | PFTrDA | PFTeDA | PFPeDA | PFBS PFHxS | PFHxS (Avg. 80+99) 80
A-1 ND ND 1.09 0.54 0.19 031 ND 0.12 ND ND ND 0.03 0.73 0.95 2.36
A-2 ND ND 1.30 0.65 0.25 0.29 ND 0.08 ND ND ND 0.06 0.68 0.95 242
A-3 ND ND 1.60 047 0.25 0.30 ND 0.12 ND ND ND 0.05 0.71 0.98 2.39
A-4 ND ND 1.53 0.59 0.25 0.27 ND 0.11 ND ND ND 0.05 0.75 1.10 2.55
A-5 ND ND 145 0.65 0.33 041 0.05 0.08 ND ND 0.07 0.03 0.83 2.07 2.87
A-6 ND ND 1.18 0.61 0.31 0.30 ND 0.09 ND ND ND 0.02 0.88 1.53 2.11
A7 ND ND 147 0.68 0.27 0.50 0.06 0.14 ND ND 0.04 0.04 0.77 1.84 2.25
A-8 ND ND 1.80 0.59 0.30 0.44 0.08 0.10 ND ND 0.06 0.04 0.85 2.12 3.02
A9 ND ND 1.52 0.69 047 0.35 0.09 0.08 ND ND ND 0.06 091 3.13 3.64
A-10 ND ND 1.69 0.82 0.31 042 0.04 0.05 ND ND 0.05 0.04 0.96 2.41 2.72
A-11 ND ND 1.48 0.70 0.31 042 ND 0.08 ND ND ND 0.04 0.79 2.53 3.46
A-12 ND ND 1.31 0.64 0.25 0.36 0.05 ND ND ND ND 0.04 0.78 2.18 2.75
A-13 ND ND 1.41 0.59 0.28 0.35 0.05 0.04 ND ND ND 0.02 0.91 2.24 3.58
A-14 ND ND 1.36 0.66 0.24 0.35 0.05 0.05 ND ND 0.06 0.02 0.91 1.62 2.83
A-15 ND ND 1.34 0.71 0.29 0.34 ND ND ND ND ND 0.02 0.61 1.91 3.05
A-16 ND ND 1.22 0.67 0.22 0.36 ND 0.06 ND ND ND 0.03 0.90 1.79 1.93
A-17 ND ND 1.35 0.54 0.23 0.44 0.06 0.04 ND ND ND 0.05 0.70 1.58 2.33
Avg Ref
Material A ND ND 1.42 0.64 0.28 0.36 0.06 0.08 ND ND 0.06 0.04 0.80 1.82 2.72
CV Ref
Material A ND ND 12.9 12.6 22.8 17.6 30.1 36.4 ND ND 18.9 34.9 12.4 33.6 18.6
B-1 ND ND 2.99 0.23 0.14 0.15 ND ND ND ND 0.01 0.12 2.23 3.67 8.59
B-2 ND ND 2.03 0.48 0.21 0.23 ND ND ND ND 0.02 0.13 2.03 3.31 8.94
B-3 ND ND 2.45 0.32 0.30 0.17 ND ND ND ND ND 0.18 2.31 2.87 6.34
Avg Ref
Material B ND ND 2.49 0.34 0.22 0.18 ND ND ND ND 0.01 0.15 2.19 3.28 7.96
CV Ref
Material B ND ND 19 37 38 21 ND ND ND ND 34 23 7 12 18
Pooled CV
(A+B material) ND ND 13 17 24 18 30 36 ND ND 23 33 12 32 18




Table A4. PFCA concentrations (mean + 95% confidence intervals) measured in n = 3 replicates of NIST SRM 1957 compared to reference
values. ND = non-detect. NA = not available.

PFHXxA  PFHpA PFOA PFNA PFDA PFURDA PFDoDA PFTrDA  PFTeDA  PFPeDA
xfg;‘ (I‘llg“fg by <0A60 027820091  404£177  08IS£0.135 024013 012140052  <0.030 <0020 <0060 <0010
Reference

1 <0.093 0.305 £ 0.051 5.00 £ 0.44 0.878 £0.077 0.39+0.12 0.172+0.036  <0.025-0.203 <0.131 <0.448 NA
values (ng g)




Table AS. PFSA concentrations (mean + 95% confidence intervals) measured in n = 3 replicates of NIST SRM 1957 compared to reference
values. ND = non-detect. NA = not available.
PFBS br-PFHxS I-PFHxS Total PFHxS br-PFOS 1-PFOS Total PFOS

Mean (n g) <0.01 0.11+ 0.071 4.02+228 4.13+2235 8.12 £2.06 12.6 £3.64 20.7+5.41

Reference values (ng g!)  <0.25 NA NA 4.00 +0.83 NA NA 21.1+13




Table A6. Method detection limits (ng g'!) for PFASs analyzed in each of the three batches.

Target Analytes™ ¢ Batch 1 Batch 2 Batch 3
PFBS 0.01 0.01 0.09
PFHxS 0.01 0.01 0.02
PFOS 0.01 0.01 0.04
PFHxA 0.3 0.1 0.08
PFHpA 0.04 0.1 0.14
PFOA 0.2 0.25 0.03
PFNA 0.05 0.1 0.03
PFDA 0.05 0.07 0.07
PFUnDA 0.05 0.05 0.02
PFDoDA 0.05 0.05 0.03
PFTrDA 0.05 0.05 0.02
PFTeDA 0.05 0.05 0.07
PFPeDA 0.05 0.03 n.a.

n.a. not available.



Table A7. Concentrations of PFAAs in serum from 2-4-month-old children sampled 1996-
1999, living in different drinking water districts in Uppsala County®

Uppsala districts receiving different percentages of
PFAA-contaminated drinking water

PFAA (ng gh) Outside of

0% <10% 10-90% >90%
Uppsala

PFHxA 0.093 (0.006) 0.094 (0.0060) 0.14 (0.043) 0.087 (0.013) 0.080 (0.010)
PFOA 7.4 (0.58) 6.4 (0.45) 9.4 (3.7) 6.4 (1.1) 7.3 (1.1)
PFBS 0.0090 (0.0010)  0.010 (0.0010) 0.0070 (0.0050)  0.013 (0.0040) 0.029 (0.0070)*
PFHxS 1.7 (0.15) 2.1(0.16) 3.0(1.3) 2.6 (0.52) 5.5(0.91)
%br PFHXS 6 (0.40) 6.0 (0.40) 6.0 (2.0) 9.0 (0.90)* 10 (0.8)
PFOS 13 (0.87) 12 (0.74) 17 (5.9) 9.9 (1.6) 14 (1.8)
%br PFOS 37 (0.90) 36 (0.80) 36 (4) 40 (2) 34 (2)

Least square means and standard error. In the GLM analyses the covariates “gestational length”, “infant weight gain after
birth”, and “duration of nursing” were included. a = significantly different (p<0.05) from drinking water district “Outside of
Uppsala”, as determined in multiple regression analyses.



Table A8. The influence of maternal weight gain during pregnancy and birth weight on
percent change in serum PFAA concentrations per unit change of gestational age in
exclusively breastfed infants.?

PFAA +maternal weight gain +birth weight

B (% change) (p) B (% change) (p)
PFOA 0.66 (0.30) (0.030) 0.46 (0.33) (0.165)
PFNA 1.3 (0.42) (0.003) 1.2 (0.47) (0.015)
Linear PFOS 0.77 (0.35) (0.029) 0.87 (0.38) (0.027)
PFOS 0.86 (0.37) (0.021) 0.91 (0.41) (0.030)

2Adjusted mean (standard error). Covariates ‘maternal PFAA’, ‘breastfeeding’ and ‘infant weight gain’ was included in the
multiple regression model. Outliers with standardized residual >3 excluded in the regression analyses.
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