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BACKGROUND: Infancy perfluoroalkyl substances (PFAS) exposure from breastfeeding is partially determined by the transfer efficiencies (TEs) of
PFAS from maternal serum into breast milk. However, to our knowledge there are no studies of such TEs in highly exposed populations.

OBJECTIVES: We estimated the TEs of PFAS from maternal serum into colostrum and breast milk in a cohort of women with a wide range of PFAS
exposures.

METHODS: The Ronneby Mother—Child Cohort was established in 2015 after PFAS contamination was discovered in the public drinking water of
Ronneby, Sweden. We measured seven PFAS in matched samples of maternal serum at delivery and colostrum and breast milk. We calculated the
TE (in percentage) as the ratio of PFAS in colostrum or breast milk to serum multiplied by 100 and evaluated whether TEs varied by PFAS, lactation
stage, or exposure level using a series of linear mixed-effects models with a random intercept for each woman.

RESULTS: This study included 126 mothers. PFAS associated with firefighting foams [i.e., perfluorohexane sulfonic acid (PFHxS) and perfluorooctane
sulfonic acid (PFOS)] were substantially elevated in the serum, colostrum, and breast milk samples of highly exposed women in the cohort and
showed strong correlation. PFHxS and PFOS also contributed the largest fraction of total PFAS on average in colostrum and breast milk. Median TEs
varied from 0.9% to 4.3% and were higher for perfluoroalkyl carboxylic acids, including perfluorooctanoic acid, than perfluoroalkane sulfonic acids,
including PFHxS and PFOS. TEs varied by exposure level, but there was not a consistent pattern in this variation.

Discussion: PFAS concentrations in the colostrum and breast milk of highly exposed women were higher than the concentrations in low-exposed
women, and TEs were of a similar magnitude across exposure categories. This implies that breastfeeding may be an important route of PFAS expo-
sure for breastfeeding infants with highly exposed mothers, although the relative contribution of breastfeeding vs. prenatal transplacental transfer

remains to be clarified. https://doi.org/10.1289/EHP11292

Introduction
Perfluoroalkyl substances (PFAS) are a diverse class of synthetic
chemicals containing an aliphatic fluorinated carbon chain.!
PFAS have unique chemical properties, including chemical and
thermal stability and water and oil repellency.? They have been
widely used since the 1950s in various industrial and commercial
applications, such as personal care products and cosmetics, fire-
fighting foams, textile treatments, food contact materials, medical
devices, and membranes used by the chemical and energy sec-
tors.> However, the same properties that make PFAS desirable in
so many applications also make them extremely persistent in the
environment and bioaccumulative. Widespread human exposure
through diet and other pathways, combined with the long biologi-
cal half-lives of some PFAS, has led to detectable levels in most
human blood samples.>*>

Although governmental regulation on the manufacture and use
of certain PFAS is increasing,®’ the extreme environmental per-
sistence of PFAS means that existing contamination will remain
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a concern. This is particularly relevant for populations living
near contaminated sites, where environmental PFAS concentra-
tions and human exposures are typically highest.* These sites
include fluorochemical manufacturing facilities, manufacturing
facilities where PFAS are used, airports and military bases that
use aqueous film forming firefighting foams (AFFFs), and land-
fills.*® Highly exposed communities continue to be identified
globally.>”

Infants and children are particularly vulnerable to environ-
mental toxicants, including PFAS. Children often have higher
body burdens than adults owing to differences in exposure sour-
ces, body size, and body surface area.'® PFAS developmental
toxicity has been demonstrated in animal models,'!'? and epide-
miological studies have linked prenatal and childhood PFAS
exposures to health outcomes, including dyslipidemia, changes
in fetal and postnatal growth, impaired immunity, and delayed
onset of puberty.'®!3 Furthermore, it is increasingly understood
that changes during sensitive periods of development may have
potentially adverse consequences for health later in life.'*

A critical step in the breastfeeding exposure pathway is the
transfer of PFAS from maternal serum into colostrum and breast
milk. Cumulative infancy exposure can be estimated by multiply-
ing the transfer efficiency (TE; the fraction of PFAS transferred
from maternal serum into breast milk), by the maternal PFAS
concentration and then by the cumulative milk volume con-
sumed. Although breastfeeding has beneficial effects for mother
and child,' it is also an important source of PFAS exposure for
infants and young children. At low exposure levels, the duration
of exclusive breastfeeding has been associated with an increase
in infancy serum PFAS concentrations up to as high as 30% per
month.!%!7 One study also found that postnatal exposure from
exclusive breastfeeding the month after delivery was higher than
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prenatal exposure.'8 However, there is an overall lack of informa-
tion on potential PFAS exposures from breastfeeding.'®

Although a limited number of studies have estimated TEs
using paired samples of maternal serum and breast milk, these
studies had several major limitations.'®2%-23 First, they were all
conducted in populations exposed to low levels of PFAS.
Therefore, PFAS concentrations in milk samples were often
below the limit of detection (LOD) or limit of quantification
(LOQ). To our knowledge, no studies have estimated PFAS TEs
in highly exposed women although this is the population where
infant exposures via breast milk are most concerning. In addition,
because breast milk composition changes throughout lactation, it
is possible that PFAS TEs may also change. However, no study
has evaluated this possibility. Finally, all but one existing study
had a sample size of <20 women.

To address these limitations, we measured the transfer of
PFAS from maternal serum into colostrum and breast milk in a
cohort of women from Ronneby, Sweden, where many residents
were exposed to PFAS from drinking water that was highly con-
taminated by AFFFs.>* We hypothesized that PFAS would be
measurable in colostrum and breast milk and that TEs would
vary by PFAS compound and lactation stage. We also explored
whether TEs varied by the level of maternal exposure (high vs.
background exposure).

Methods
Ronneby Mother—Child Cohort

In 2013, it was discovered that one of the two municipal water sup-
plies in Ronneby, Blekinge county, Sweden, had been delivering
water that was highly contaminated by PFAS from AFFF runoff at
anearby military airport (Figure 1).24 Military records documented
that AFFF usage at the airport began in the mid-1980s, although
the start of widespread water contamination is unknown.?* The
total PFAS level in outgoing drinking water in December 2013 in

this municipal water supply was >10,000ng/L (the Swedish
action level at the time was 90ng/L) and the waterworks was im-
mediately closed.?* In the other Ronneby waterworks, the total
PFAS was 48 ng/ L.2* In contrast, the total PFAS concentration in
the water supply of the nearby municipality of Karlshamn was
<5ng/L.>*

We established the prospective Ronneby Mother—Child Cohort
after the contamination was discovered and drinking water from
the contaminated waterworks was turned off, with the purpose of
investigating the transfer of PFAS from mother to child. All preg-
nant women in the Ronneby municipality between 2015 and
2020 were invited to participate at their maternal health care cen-
ter. Women from Karlshamn were also invited to participate
starting in 2018 after population biomonitoring found that most
individuals in Ronneby, regardless of drinking water source, had
higher serum PFAS concentrations compared with residents
from Karlshamn.?* The final cohort included 263 women, with
225 from Ronneby, 35 from Karlshamn, and 3 who were missing
location data.

A maternal blood sample was collected at the time of delivery
from all participants. The blood was centrifuged and the serum
sample was collected in a 2-mL micro tube (Sarstedt). It was then
shipped from the Karlskrona hospital to the Laboratory of
Occupational and Environmental Medicine in Lund on dry ice
and stored at —80°C until analysis. Mothers collected a colostrum
sample 3—4 d postpartum and a breast milk sample 4—-12 wk post-
partum in 50-mL screw cap polypropylene tubes (Sarstedt). Both
samples were collected at home using either hand expression or a
pump and were stored in the mothers’ home freezers at —20°C
until they were returned to the maternal health care center during
a maternal follow-up visit (~8-12 wk postpartum). They were
stored at —20°C until they were retrieved and transferred to the
Laboratory of Occupational and Environmental Medicine in
Lund on ice and stored at —80°C. They were shipped on dry ice
to the Norwegian Institute of Public Health, arrived frozen, and
were stored at —80°C until analysis. Study participants also
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Figure 1. (A) Map of Sweden. (B) Location of the Ronneby Mother—Child Cohort. The dashed yellow polygon outlines the area receiving highly contaminated

drinking water in 2013. Background maps: ©Lantmiiteriet.>>
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completed questionnaires with information on breastfeeding his-
tory, smoking habits, medical drug use, education, occupation,
and residential history.

The study was approved by the regional ethical review board
in Lund, Sweden (no. 2017/437, with amendments). Written
informed consent was provided by all participants.

PFAS Analysis

Seven PFAS were measured in maternal serum, colostrum, and
breast milk samples [perfluorooctanoic acid (PFOA), perfluoro-
nonanoic acid (PFNA), perfluorodecanoic acid (PFDA), perfluor-
oundecanoic acid (PFUnDA), perfluorohexane sulfonic acid
(PFHxS), perfluoroheptane sulfonic acid (PFHpS), and perfluor-
ooctane sulfonic acid (PFOS)]. Serum samples were analyzed at
the Division of Occupational and Environmental Medicine at
Lund University using the method described by Norén et al.2® In
brief, an aliquot of 100 pL serum was added with an internal
PFAS standard. Serum proteins were then precipitated with ace-
tonitrile, and the mixture was vigorously shaken for 30 min. The
samples were analyzed using liquid chromatography/tandem
mass spectrometry (LC-MS/MS) (QTRAP 5500; AB Sciex).
Total PFOS was measured as the total non—isomer-specific com-
pounds. Four reference samples, created by pooling several se-
rum samples, were used as a quality control to estimate between-
run precision, and 164 serum samples were analyzed in duplicate
to estimate between-batch precision (Table S1). The LOQ for
PFAS measurements in serum was 0.1 ng/mL. The laboratory
participates in the interlaboratory comparison investigations and
external quality assurance schemes for analyses of PFAS and is
approved by the European Human Biomonitoring Initiative
(HBMA4EU) project and the University of Erlangen-Nuremberg.

Colostrum and breast milk samples were analyzed for PFAS
concentrations at the Department of Food Safety, Norwegian
Institute of Public Health. The samples were prepared and ana-
lyzed using LC-MS/MS, following the method detailed by
Thomsen et al.?’ In brief, the samples were thawed and homoge-
nized in an incubator at 37°C. An aliquot of 200 pL. was trans-
ferred to an Eppendorf tube, to which internal standards and
acetonitrile were added. The sample was then mixed on a whirl
mixer and further centrifuged. The supernatant was transferred to
an autosampler vial and 0.1 M formic acid was added. The sam-
ple extracts were injected on a column-switching LC system
coupled to a triple quadrupole mass spectrometer. High quality of
measurements was assured by analyzing two in-house quality
control samples (n =6 each). The mean concentrations of PFAS
in the two in-house control samples were in the range of
0.01-0.16 ng/mL. The relative standard deviations for the two
sets of replications were 28% and 11.1% for PFOA, 28.0 and
33.8% for PFNA, 48.2% and 28.8% for PFDA, 64.2% and 15.9%
for PFHxS, and 20.2% and 8.8% for PFOS. The LOQ for all
seven PFAS in colostrum and breast milk was 0.01 ng/mL. For
the quantification of PFOS, the total area of the linear and
branched isomers was integrated.

Statistical Analysis

We categorized participants into three exposure groups based on
their maternal serum PFHXS concentrations at delivery given that
PFHXS is a strong indicator of exposure to AFFF-contaminated
water in Ronneby.?* Participants were included in the back-
ground exposure group if their PFHxS concentration was <90th
percentile of PFHXS concentration in women receiving maternal
health care in Karlshamn. This cutoff was selected to represent
background levels of exposure while accounting for the fact that
some women in Karlshamn may have spent time working or
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visiting in Ronneby. Participants who were not included in the
background group were then categorized as in either the high ex-
posure group (>75th percentile in PFHxS concentration in the
non-background population) or the intermediate exposure group
(<75th percentile in PFHxS concentration in the non-background
population). Of the 126 women with a serum sample at delivery
and a paired colostrum or breast milk sample, 25 women were
categorized as being in the background group, 76 women in the
intermediate group, and 25 women in the highly exposed group
(Table 1, Tables S5 and S6, and Figure S1).

We calculated the average relative contribution of each PFAS
to the sum of the seven measured PFAS (PFOA, PENA, PFDA,
PFUnDA, PFHxS, PFHpS, and PFOS) for each exposure cate-
gory and sample matrix (serum, colostrum, and breast milk). We
estimated bivariate correlations between each PFAS in each ma-
trix for the full cohort, as well as stratified by exposure group.
Correlations were estimated using Spearman rank correlations
given that the PFAS concentrations were not normally distrib-
uted. In these descriptive analyses we used the measured PFAS
concentration when available and otherwise used the LOQ di-
vided by the square root of 2.

We then calculated the TE (in percentage) of each PFAS from
maternal serum (S) into colostrum (C) or breast milk (B) for all
PFAS measured in the study, limiting our analyses to samples
that measured >LOQ to increase the accuracy of the estimates
and reduce noise from imputation-related error. TE was calcu-
lated as follows:

x 100%, (1)

where i was either colostrum or breast milk; Concg was the
PFAS concentration (in nanograms per milliliter) in the serum
sample; and Conc; was the PFAS concentration in either colos-
trum or breast milk. We summarized TEs using the range, me-
dian, and interquartile range (IQR). Sample quantiles were
calculated using sample quantile definition 7 from Hyndman and
Fan,?® which is the default quantile algorithm in R.

For PFAS measured with a high quantification frequency
(>LOQ in at least 50% of maternal serum samples and 50% of
combined colostrum and breast milk samples), we further investi-
gated potential variation in TE by PFAS compound, lactation
stage, and exposure level. In these secondary analyses we used
measured PFAS values when available but otherwise used the
LOQ divided by the square root of 2. First, we estimated TE strati-
fied by exposure category. Then, to evaluate whether TE varied
significantly by PFAS compound, lactation stage, or exposure
level, we modeled TE using linear mixed-effects models with a
random intercept for each woman to account for within-subject
correlation. TE was log-transformed to improve the normality of
the residuals. In our first model, we evaluated the significance of
PFAS and lactation stage by modeling TE as a function of these
two indicator variables, including an interaction between the two
predictors. This can be written as follows:

4
Yip=Y_ BLI(PFAS=p)+ B, I(milk=m)
1

4
+ Y BI(PFAS =p) X I(milk=m) + b; + &, 2)
2

where Y; ), is the natural logarithm of the TE for woman i and
PFAS p (either PFOA, PFNA, PFHxS, or PFOS); BP is the vector
of coefficients for an indicator variable of PFAS; B, is the main
effect of lactation stage (colostrum or breast milk); BI is the
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Table 1. Baseline characteristics of the 126 mothers from the Ronneby Mother—Child Cohort who were included in this study, displayed as N (%; excludes

missing) or mean + SD.

PFAS exposure category”

Characteristic Overall Background Intermediate High
N 126 25 76 25
Maternal age at delivery 30.71 +4.74 30.88 +4.74 30.70+4.76 30.60 +4.89
Year of delivery
2015 6 (5) 0(0) 2(3) 4 (16)
2016 27 (21) 0(0) 20 (26) 7 (28)
2017 32 (25) 3(12) 21 (28) 8 (32)
2018 31 (25) 10 (40) 19 (25) 2(8)
2019 27 (21) 11 (44) 12 (16) 4 (16)
2020 3(2) 14 2(3) 0(0)
Parity
Primiparous 48 (38) 10 (40) 27 (36) 11 (44)
Multiparous 77 (62) 15 (60) 48 (64) 14 (56)
Smoking status
Never smoker 80 (67) 18 (78) 45 (62) 17 (71)
Current smoker 7 (6) 0(0) 6(8) 14)
Past smoker 32 (27) 5(22) 21 (29) 6 (25)
Missing 7 2 4 1
Education status
Less than high school 32 0(0) 34) 0(0)
High school 51 (42) 8 (35) 29 (40) 14 (58)
University (>3y) 63 (52) 15 (65) 40 (55) 8 (33)
Other 3(2) 0(0) 1(1) 2(8)
Missing 6 2 3 1
Location of maternal care
Karlshamn 23 (18) 20 (80) 34) 0(0)
Ronneby 103 (82) 5(20) 73 (96) 25 (100)

Note: PFAS, perfluoroalkyl substances; PFHxS, perfluorohexane sulfonic acid; SD, standard deviation.
“Exposure levels were categorized based on maternal serum PFHXS concentrations (Cpruys, ng/mL) at delivery. Background: Cpppxs < 0.78. Intermediate: 0.78 < Cpppys < 36. High:

36 < Cpraxs-

vector of coefficients for the interaction term between PFAS and
lactation stage; b; is a subject-specific intercept; and g; , is the
within-subject error. We used Wald F-tests to evaluate the overall
significance of PFAS and lactation stage®® considering p < 0.05
as statistically significant. In our second model, we similarly esti-
mated TE as a function of PFAS and exposure level, allowing for
an interaction between the two terms and stratifying the model by
lactation stage. We again used Wald F-tests to evaluate the over-
all significance of exposure level.

All statistical analyses were conducted in R [version 4.2.0; R
Development Core Team (2022-04-22)] using the Tidyverse.°
Mixed effects models were run using the package nlme (version
3.1.157),%! and the map of Ronneby in Figure 1 was constructed
using the package sf (version 1.0.7).3?

Results

Of the 263 mother—child pairs participating in the Ronneby
Mother—Child Cohort, 211 had PFAS concentrations measured
from maternal serum collected at the time of delivery. Of these,
126 also had PFAS concentrations measured in colostrum
(n=285) or breast milk (n=109). A study selection flow chart is
included as Figure 2. Summary characteristics of the study pop-
ulation are included in Table 1. Four mothers were enrolled
twice in the study because they each had two children in the
cohort and provided serum and breast milk samples in both
instances.

The population characteristics of women with intermediate
and high PFAS exposures were generally similar to those with
background exposures (Table 1). However, women in the high
exposure group had lower educational attainment than the other
two groups: Only 32% of women in the high exposure group
attended university, compared with 60% of women in the back-
ground exposure group. Women in the background group also
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generally gave birth later with respect to calendar year than
women in the intermediate and high exposure groups.

Women who provided at least one colostrum or breast milk
sample differed from women who did not by several important
characteristics. They were slightly older, more likely to be a
never-smoker, and more likely to have attended university. In
addition, women with a colostrum or breast milk sample were
more likely to have received maternal care in Karlshamn than
those who did not (18.3% compared with 8.2%) and, as a result,
had lower median concentrations of PFOA, PFHxS, and PFOS
(Tables S2 and S3).

PFAS Concentrations

We measured seven PFAS in all three matrices (serum, colostrum,
and breast milk). All seven PFAS were quantifiable in at least 76%
of serum samples (Table 2). PFAS concentrations in colostrum and
breast milk were considerably lower than in maternal serum. The
PFAS with the highest quantification frequency in colostrum and
breast milk samples was PFOS (97% >LOQ), whereas PFDA had
the lowest quantification frequency (2% >LOQ). PFHxS and PFOS
had the highest median concentrations in all matrices (Table 2).
PFAS concentrations were generally higher in women attend-
ing maternal health care in Ronneby (n=103) than in women
receiving care in Karlshamn (n=23) (Table S4 and Figure S2).
When we used serum PFHXS concentrations to group women by
their exposure levels, 25 women were categorized as being in the
background group (serum PFHxs <0.78 ng/mL), 76 women in the
intermediate group (0.78 <serum PFHxs <36ng/mL), and 25
women in the highly exposed group (serum PFHxS >36 ng/mL)
(Table 1, Tables S5 and S6, and Figure S1). Concentrations of
AFFF-associated PFAS were much higher among the intermediate
and high exposed groups compared with the background group.
For example, the median serum concentration of PFHxS in the
high exposure group was 56 ng/mL compared with 6 ng/mL in the
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Ronneby Mother Child Cohort

N =263
Twins
s N=2
| N =261 |
No serum sample
from delivery
v N =50
| N=211 |
No colostrum or
breastmilk sample
v N =385
| N =126 |

4

Paired breastmilk and
serum samples
N =109

Paired colostrum and
serum samples
N =285

Figure 2. Study selection flowchart. N refers to the number of mother—child
pairs included or excluded. In the case of twins, each mother—twin pair is
considered N=1.

intermediate group and 0.4 ng/mL in the background group (Table
S6). PFAS concentrations in colostrum and breast milk were simi-
larly higher in the intermediate and highly exposed groups com-
pared with the background group (Tables S7 and S8).

The relative contribution of each PFAS to the sum of seven
PFAS (PFOA, PFNA, PFDA, PFUnDA, PFHxS, PFHpS, and
PFOS) varied by both exposure group and sample matrix (serum,
colostrum, and breast milk) (Figure 3 and Table S9). The average
relative contribution of PFHxS to the sum of PFAS was higher in
the intermediate and high exposure groups than the background
group for all matrices. On average, PFOA contributed a higher
percentage of total PFAS in colostrum and breast milk than in se-
rum, whereas PFOS had a higher relative contribution in serum
than in colostrum and breast milk.

Concentrations of PFOA, PFHxS, PFHpS, and PFOS were
highly correlated with one another within each matrix. The
strongest correlations were found for PFOS and PFHxS (Figure
S3). For example, PFOS and PFHxS were strongly correlated
with one another in serum (rho=0.97), colostrum (rho=10.95),
and breast milk (rho=0.94). Each of these PFAS were also
highly correlated across the three matrices. For example, PFHxS
concentrations in maternal serum were strongly correlated with
PFHxS concentrations in colostrum (rho =0.94) and breast milk
(rho =0.96). Concentrations of other PFAS correlated somewhat
across matrices (e.g., PFNA correlation between serum and
breastmilk = 0.43) but less with other PFAS. When we evaluated
correlations separately in the background exposure group and in
a combined intermediate and high exposure group, correlations
across AFFF-related PFAS were much stronger in the combined
intermediate- and high-exposure group (Figures S4 and S5).

Transfer Efficiency

TEs for each PFAS and lactation stage are shown in Table 3 and
Figure 4. Median TEs varied from 0.9% (TEc:s for PFOS, n=281)
to 4.3% (TEc:s for PFUnDA, n = 8) and were higher for perfluor-
oalkyl carboxylic acids (PFCAs: PFOA, PFNA, PFDA, and
PFUnDA) compared with perfluoroalkane sulfonic acids (PFSAs:
PFHxS, PFHpS, and PFOS). For example, the median TEg:s for
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PFOA and PFNA was 2.2% (IQR: 1.7-3.1) and 2.5% (IQR: 1.8—
3.4), whereas for PFHxS and PFOS it was 1.2% (IQR: 1.0-1.5) and
1.0% (IQR: 0.8-1.2), respectively. For all PFAS except PFOS, the
median TEc:gs was higher than the median TEg:s.

Four PFAS (PFOA, PENA, PFHxS, and PFOS) were >LOQ
in >50% of combined colostrum and breast milk samples and
were included in further analyses. When we stratified TEs by ex-
posure group, there was no clear pattern in TE by exposure
(Table 4). In our first mixed-effects model, both PFAS and lacta-
tion stage were significant predictors of TE (p < 0.001 for PFAS;
p <0.001 for lactation stage) although the directional effect of
lactation stage was not consistent across PFAS (Table S10). In
our models of TE by PFAS and exposure level (stratified by sam-
ple type), exposure level was also overall a significant predictor
of TE in both colostrum (p =0.028) and breast milk (p <0.001).
However, the direction of the exposure-level effect was not con-
sistent across PFAS, agreeing with our stratified analysis (Tables
S11 and S12).

Discussion

In this study, we examined the transfer of PFAS from maternal se-
rum into colostrum and breast milk in a cohort of women with a
wide range of PFAS exposures. PFAS concentrations were corre-
lated across both sample matrices and PFAS compound. In the in-
termediate and high exposure groups, correlations were extremely
strong for AFFF-associated PFAS, including PFHxS and PFOS.
This confirmed that AFFF runoff was indeed the dominant source
of PFAS exposure in this population. Median TEs varied from
0.9% (TEc:s for PFOS) to 4.3% (TEc:s for PFUnDA), and were
higher for PFCAs than PFSAs. TEs in colostrum generally had a
wider spread than those in breast milk, possibly reflecting the

Table 2. PFAS concentrations (ng/mL) in maternal serum at delivery and in
colostrum and breast milk samples.

Serum Colostrum Breast milk

PFAS (N=126) (N=385) (N =109)
PFOA

% >LOQ 100 98 94

5th-95th perc. 0.43-5.93 0.01-0.2 0.01-0.15

Median (IQR) 1.31 (0.84-2.6) 0.03 (0.02-0.08) 0.03 (0.02-0.06)
PFNA

% >LOQ 99 45 75

5th-95th perc. 0.17-0.73 0.01-0.02 0.01-0.01

Median (IQR) 0.38 (0.26-0.52) <0.01 (<0.01-0.01) 0.01 (0.01-0.01)
PFDA

% >LOQ 94 2 2

5th-95th perc. <0.1-0.45 <0.1-0.01 <0.1-0.01

Median (IQR) 0.22 (0.15-0.32) <0.01 (<0.01-<0.01) <0.01 (<0.01-<0.01)
PFUnDA

% >LOQ 90 9 3

5th-95th perc. <0.1-0.44 <0.01-0.01 <0.01-0.01

Median (IQR) 0.2 (0.15-0.32) <0.01 (<0.01-<0.01) <0.01 (<0.01-<0.01)
PFHxS

% >LOQ 100 71 71

5th-95th perc. 0.29-67.47 0.01-1.73 0.01-0.98

Median (IQR) 6.02 (0.88-26.12) 0.1 (<0.01-0.48) 0.07 (<0.01-0.32)
PFHpS

% >LOQ 76 34 36

5th-95th perc. <0.1-3.77 0.01-0.11 0.01-0.05

Median (IQR) 0.42 (0.1-1.74) <0.01 (<0.01-0.02)  <0.01 (<0.01-0.02)
PFOS

% >LOQ 100 95 99

5th-95th perc. 1.89-92.55 0.01-0.96 0.01-1.08

Median (IQR) 11.29 (3.81-36.58) 0.12 (0.03-0.32) 0.13 (0.04-0.39)

Note: IQR, interquartile range; LOQ, limit of quantification; perc., percentile;
PFAS, perfluoroalkyl substances; PFDA, perfluorodecanoic acid; PFHpS, perfluoro-
heptane sulfonic acid; PFHxS, perfluorohexane sulfonic acid; PENA, perfluoronona-
noic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonic acid;
PFUnDA, perfluoroundecanoic acid.
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larger interindividual variation of colostrum composition.* In our
mixed-effects models, we found significant differences in TE by
PFAS and lactation stage. When we stratified women by exposure
categories (background, intermediate, and high), there were also
some differences in TE by exposure level. However, there was not
a consistent pattern for these differences, and the magnitude was
small compared with differences in TE by PFAS compound.

Comparison with Previous Studies

We conducted an informal literature review on PubMed in
November 2021 with the search terms (“PFAS” OR perfluoro™)
AND (breastmilk OR “breast milk” OR “milk, human” [MeSH
Terms]) AND (“exposure” OR “transfer”) and identified five

Table 3. Transfer efficiencies (%) of PFAS from maternal serum at delivery
into colostrum (TEc:s) and breast milk (TEg:s), limited to samples >LOQ.

PFAS N Median (IQR) Range

TEc:s
PFOA 83 2.8 (2.31-3.81) 0.79-8.2
PFNA 38 3.18 (2.25-3.85) 1.2-12.5
PFDA 2 3.27 (2.83-3.72) 2.38-4.17
PFUnDA 8 4.26 (3.71-5.54) 2.33-9.09
PFHxS 60 1.65 (1.17-2.21) 0.68-4.13
PFHpS 29 2.19 (1.68-3.16) 0.68-5.31
PFOS 81 0.86 (0.65-1.19) 0.33-3.06

TEg:s
PFOA 103 2.16 (1.73-3.08) 0.79-6
PFNA 82 2.5(1.79-3.42) 0.98-7.69
PFDA 2 2.72 (2-3.45) 1.28-4.17
PFUnDA 3 2.33 (2.06-2.95) 1.79-3.57
PFHxS 77 1.24 (1-1.5) 0.36-2.94
PFHpS 36 1.33 (0.93-1.87) 0.38-12.5
PFOS 108 1.02 (0.85-1.2) 0.37-3.26

existing studies that estimated TEs in breast milk (Table 5).
Compared with these previous studies, our study had a wider range
of maternal AFFF-associated PFAS exposures and included more
highly exposed women. For example, the median maternal serum
PFHXxS concentration in our study was 6.02 ng/mL (range: 0.15-
189), compared with the median maternal concentration of
0.62 ng/mL (range: 0.8-31) in a cohort of 100 women in France,?°
0.07ng/mL (range: 0.012-0.36) in a cohort of 50 women in
China,'® and 0.39ng/mL (range: 0.16-4.1) in a cohort of 41
women in Norway.?! Similarly, the median maternal serum PFOS
concentration in our study was 11.3ng/mL (range: 0.92-310),
compared with a median maternal concentration of 3.06 ng/mL
(range: 0.32-24.5) in Cariou et al.,® 2.92 ng/mL (range: 0.83—
13.2)in Liuet al.,'® and 6.7 ng/mL (range: 2.3-15) in Haug et al.?!
This wide range in exposures allowed us to investigate potential
variation in TEs by exposure levels, as well as estimate TEs for
several PFAS compounds (PFDA, PFUnDA, and PFHpS) that
were unquantifiable in previous studies.

Our results generally agree with previous studies on the trans-
fer of PFOA and PFOS into breast milk (Table 5). In the five pre-
vious studies that estimated TEs for both PFOA and PFOS (all
conducted at low levels of exposure), all five found that PFOA
had a higher mean or median TE than PFOS.'829-23 The esti-
mated TEs for PFOS were between 1% and 2%, similar to our
estimated median TEc:s of 0.9% and TEg:5 of 1.0%. Estimated
TEs for PFOA were more variable across previous studies. This
also makes sense in the context of our results given that we found

that the TEs of PFOA had a greater spread than those of PFOS.
Existing literature on the transfer of PFHxS and PFNA into

human milk is limited and inconsistent. Two previous studies esti-

mated TEs for PFNA in paired maternal serum and breast milk sam-

Note: B, breast milk; C, colostrum; IQR, interquartile range; LOQ, limit of quantification;
PFAS, perfluoroalkyl substances; PFDA, perfluorodecanoic acid; PFHpS, perfluorohep-
tane sulfonic acid; PFHxS, perfluorohexane sulfonic acid; PENA, perfluorononanoic acid;
PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonic acid; PFUnDA, perfluor-
oundecanoic acid; S, serum; TE, transfer efficiency.
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ples, although one study only included two samples.?? In the study
by Liu et al. (N =50), the estimated median TE of PFNA was 49,18
which is higher than the median TE:gs and TEg:g for PENA found in
the present study. We found that the median TE:s and TEg:5 were
higher for PENA than the corresponding median TEs for PFOS, a
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Figure 4. Distribution of PFAS TEs (%) from maternal serum at delivery into colostrum (TEc:s) and breast milk (TEg:s), limited to samples >LOQ. Tukey
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TE, transfer efficiency.

result which agrees with Liu et al.!® Notably, this contradicts the
2020 European Food Safety Authority (EFSA) report, “Risk to
Human Health Related to the Presence of Perfluoroalkyl Substances
in Food,” which stated “[t]he [transfer] ratio. . . for PENA. .. occurs
at similar levels for PFOS but at a lesser extent than for PFOA.”!!

Three previous studies estimated TE for PFHxS, with esti-
mated mean TEs varying from 0.8% to 2%. However, these three
studies were limited by their small sample size and by the low
concentrations of PFHxS in maternal serum, which ranged from
0.89 to 4.7 ng/mL.2%2223 [n contrast, we estimated TEs in a large
population with a wide range of PFHXS exposures (mean maternal
serum concentration = 18.8 ng/mL), and found TE values that fell
in the middle of these estimates (median TEc:s =1.7%; median
TEg:s = 1.2%). Because AFFF-contaminated groundwater often
has a high level of PFHxS3#-3¢ and high concentrations of PFHxS
have been found in AFFF-exposed populations,3”° this TE is of
particular concern for contaminated populations.

This study is one of the first to quantify PFHpS in breast
milk*® and provides the first estimates of TEs for this PFAS.
PFHpS concentrations were elevated in the serum of exposed
mothers in this cohort, as well in exposed individuals from a
larger biomonitoring cohort in Ronneby.?* PFHpS has also been
identified as a component PFAS in several AFFF formulations.*!
This indicates that, as with PFHxS, PFHpS contamination may
be of particular concern in AFFF-exposed communities, such as
Ronneby. We found that the median TEc:s and TEg:s were the
highest of the three PFSAs included in the study, although they
were lower than the median TEs for PFCAs. The health effects of
early life PFHpS exposures remain relatively unstudied.

Potential Biological Mechanisms

The specific biological processes regulating the transfer of PFAS
from maternal serum into breast milk are not known. The

Table 4. Transfer efficiencies (%) of PFAS from maternal serum at delivery into colostrum (TEc:s) and breast milk (TEg:s), stratified by exposure group.

Transfer efficiency [median (IQR)]

PFNA

PFHxS

PFOS

Exposure category” N PFOA
TEc:s
Background 13 2.94 (2-3.77)
Intermediate 56 2.74 (1.99-3.82)
High 16 2.83 (2.57-3.65)
TEg:s
Background 21 2.25 (1.82-3.45)
Intermediate 68 2.18 (1.72-2.96)
High 20 1.98 (1.7-2.51)

2.58 (1.78-3.1)
2.60 (1.81-3.74)
2.63 (2.03-3.64)

3.03 (2.27-3.57)
2.63 (2.09-3.98)
1.94 (1.57-2.89)

1.86 (1.31-2.36)
1.33 (0.85-1.87)
1.81 (1.23-2.27)

1.86 (1.39-2.36)
1.12 (0.79-1.36)
1.41 (1.14-1.54)

0.66 (0.4-0.92)
0.76 (0.61-1.09)
1.13 (0.92-1.26)

0.99 (0.78-1.2)
1.00 (0.83-1.2)
1.09 (1-1.19)

Note: Samples <LOQ were included and substituted with the LOQ divided by the square root of 2 when a measured concentration was not available. B, breast milk; C, colostrum;
IQR, interquartile range; LOQ, limit of quantification; PFHxS, perfluorohexane sulfonic acid; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane
sulfonic acid; S, serum; TE, transfer efficiency.

“Exposure levels were categorized based on maternal serum PFHXS concentrations (Cppyys, ng/mL) at delivery. Background: Cppuxs < 0.78. Intermediate: 0.78 < Cppyys < 36. High:
36 < Cprrxs-
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Table S. Literature comparison.

Transfer efficiency (N of paired samples >LOQ in

, . . aa : 0
Total paired Sampling period breast milk) [% (N)]

Country Reference samples (V) Maternal serum Breast milk PFOA PFNA PFHxS PFOS
Sweden Kiirrman et al.,?2* 12 3 wk postpartum 3 wk postpartum 12 (1) 1(2) 2 (12) 1(12)
Norway Haug et al.,?!* 19 After delivery After delivery 3.8 (10) — — 1.4 (19)
Korea Kim et al., >3 17 1 d prior to delivery 3-10 d postpartum 2.5(8) — 0.8 (15) 1.1 (17)
China Liu et al.,'8? 50 1 wk postpartum 1 wk postpartum 9 (50) 4 (50) — 2 (50)
France Cariou et al.,20*¢ 19 At delivery 4-5 d postpartum 3.8 (10) — 1.2(9) 1.4 (19)
Sweden Present Studyh 85 At delivery 3—4 d postpartum 2.8 (83) 3.2 (38) 1.7 (60) 0.9 (81)
Sweden Present Studyb 109 At delivery 4—-12 wk postpartum 2.2 (103) 2.5(82) 1.2 (77) 1.0 (108)

Note: —, not applicable; LOQ, limit of quantification; PFHxS, perfluorohexane sulfonic acid; PENA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane

sulfonic acid; TE, transfer efficiency.
“TE summarized as mean.
*TE summarized as median.

“TEs from the 2015 paper by Cariou et al.> were received by direct correspondence with the authors and reflect a correction to their original publication.

mechanism(s) likely differ from those of other persistent organic
pollutants given that PFAS do not accumulate in lipids and fatty
tissue.*? Instead, PFAS in human blood are found primarily
bound to albumin, the most abundant protein in the blood.*3**
Serum albumin is transported directly from plasma into human
milk via transcytosis.*> Some nutrients, including zinc and cop-
per, have been shown to cotransport with albumin,*® and it is pos-
sible that PFAS are also cotransferred this way. If so, PFAS-
specific TEs may partially reflect differences in PFAS-albumin
binding affinity. The concentration of albumin in colostrum and
breast milk is relatively consistent,*” which could explain why
we did not see large differences in TEs by lactation stage.

Another potential biological mechanism that could determine
the transfer of PFAS into breast milk is active transport. PFAS
have similar structures to those of natural fatty acids and may be
transported in a similar manner. Long-chain fatty acids are trans-
ported across the basal layer of the mammary epithelium by spe-
cific transport proteins, such as CD36 [fatty acid translocase
(FAT)] and members of the fatty acid transport proteins/solute
carrier 27 (FATP/SLC2.7A) and acyl-CoA synthetase (ACSL)
families, although the precise mechanisms regulating this active
transfer are still unknown.*® Other transporters, especially those
in the ATP-binding cassette (ABC™) and Solute Carrier (SLC™)
superfamilies, are known to be highly active during lactation and
act as mediators for the active transport of other toxic chemicals,
including specific drugs and environmental pollutants,*® and may
play a role. A better understanding of the biological processes
governing the transfer of PFAS would help scientists anticipate
the risk of transfer for PFAS that have not been directly measured
in populations. In addition, it may help elucidate why some
women have higher transfer ratios than others and identify infants
at risk of high exposure.

Strengths and Limitations

The Ronneby Mother—Child Cohort is a unique cohort in which
many of the women were exposed to highly contaminated drink-
ing water for several decades. As a result, exposures in our study
population spanned a wide range, with maternal serum concentra-
tions varying from background to extremely high levels of
AFFF-associated PFAS. This allowed us to explicitly test
whether maternal exposure levels impacted PFAS TE. One li-
mitation of the study was that, as in previous studies, concentra-
tions of PFNA and PFHXS in colostrum and breast milk from
low-exposed mothers were often <LOQ. This may have limited
our power to detect differences in TEs across exposure groups.
Other PFAS in our study (PFDA and PFUnDA) also had a low
rate of quantification across all colostrum and breast milk sam-
ples, so the estimated TEs for these PFAS compounds may not

Environmental Health Perspectives
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be as accurate. A second limitation was that women from
background-exposed Karlshamn were more likely to provide
colostrum and breast milk samples than highly exposed women
from Ronneby, again possibly limiting our power to detect dif-
ferences by exposure level. Despite this, we were still able to
include many women at high levels of exposure. The method of
milk collection (hand expression vs. a pump) and time of sam-
ple was not standardized, which may have induced some sample
heterogeneity. However, given that all women received the
same collection instructions, this should not induce any system-
atic bias in our results. Finally, both TEc:s and TEg:s were esti-
mated using the same maternal serum concentrations collected
at delivery. Maternal serum PFAS concentrations have been
shown to decrease over lactation,'” and therefore our estimates
of TEg:s may also reflect a decreasing maternal body burden.
However, obtaining paired serum and breast milk samples at
two occasions would have required additional health care visits
and would likely have come at the cost of declining participa-
tion rate and reduced study power.

This study adds much needed information to the existing liter-
ature. To the best of our knowledge, it is the largest study of
breast milk TE to date and the first large study of PFHxS and
PFHpS, two PFAS that are often elevated in AFFF-exposed com-
munities.>*>° In addition, this study was one of the first to com-
pare the transfer of multiple PFAS, and we found a strong pattern
suggesting that functional group may play an important role in
TE. Finally, this is the first study that we are aware of to measure
TEs in both colostrum and breast milk.

Conclusions

In this large study of women with a wide range of PFAS expo-
sures, we found that PFAS concentrations in colostrum and
breast milk were much lower than in maternal serum at deliv-
ery. Median TEs of seven PFAS varied from 0.9% to 4.3%.
Given that cumulative infant exposure is a function of maternal
serum concentrations multiplied by the TE and by the cumula-
tive milk consumption, our finding that TE is similar across ex-
posure levels suggests that infants of highly exposed mothers
are at risk of high exposures from breast milk. We also found a
wide spread of TEs across individuals, especially for PFOA
and PFNA, indicating that some infants may be exposed to
higher levels of PFAS than others. The use of one summary TE
value in risk assessments may mask this large variation and
understate the risk for some children. Future research should
evaluate the contribution of breastfeeding to cumulative prena-
tal and infancy PFAS exposures, with the ultimate goal of
developing evidence-based breastfeeding recommendations for
highly exposed populations.
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