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ABSTRACT

Background: Little is known about how PFAS concentrations in human milk change over the course of lactation,
although this is an important determinant of cumulative infant exposure from breastfeeding.

Objective: To estimate changes in PFAS concentrations in human milk over the course of lactation in a population
with a wide range of exposure from background-to high-exposed.

Methods: We measured PFAS concentrations in colostrum and mature milk samples from women in the Ronneby
Mother-Child Cohort. For each PFAS, we estimated the change in concentration from colostrum collected 3-4
days postpartum to mature milk collected 4-12 weeks postpartum using linear mixed-effects models. We eval-
uated whether this estimated change varied by quartiles of colostrum concentrations. In a subset of mothers with
at least three mature milk samples, we estimated the change in concentration per month over the first eight
months of lactation.

Results: Our study included 77 mother-child pairs, of whom 74 had colostrum and initial mature milk samples
and 11 had three or more repeated samples. The concentration change from colostrum to mature milk varied by
PFAS. While PFOS increased by 21% (95% CI: 8.9, 35), PFOA decreased by 17% (95% CI: —28, —3.5) and PFHxS
decreased by 12% (95% CI: —24, 3.3). In addition, PFAS concentrations tended to increase in women with lower
colostrum levels, but decreased or remained the same in women with high colostrum concentrations. When we
estimated changes over the course of lactation, we found that PFOA concentrations decreased the most (—12%
per month; 95% CI: —22, —1.5), whereas PFHxS and PFOS showed small nonsignificant decreases.
Conclusions: Models for cumulative infancy exposure from breastfeeding need to account for differences in
concentration trajectories by PFAS and possibly by maternal exposure level. Additional research is needed to
evaluate the relative exposure from breastfeeding vs prenatal exposure, especially in highly exposed commu-
nities where breastfeeding guidance is urgently needed.

1. Introduction

stability and water and oil repellency (Sunderland et al., 2019). How-
ever, these same properties also make PFAS extremely persistent and

Per- and polyfluoroalkyl substances (PFAS) are a class of synthetic mobile in the environment, leading to widespread human exposures and
chemicals that are widely used in industrial and consumer applications growing concern over potential health effects (Fenton et al., 2021; Kato
because of their desirable properties, including chemical and thermal et al., 2011).

Abbreviations: PFAS, per- and polyfluoroalkyl substances; AFFF, aqueous film forming foam; PFOA, perfluorooctanoic acid; PFNA, perfluorononanoic acid; PFDA,
perfluorodecanoic acid; PFUnDA, perfluoroundecanoic acid; PFHxS, perfluorohexane sulfonic acid; PFHpS, perfluoroheptane sulfonic acid; PFOS, perfluorooctane

sulfonic acid.
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Infants and young children may be especially vulnerable to PFAS
exposures. Early development is sensitive to hormonal disruption by
chemicals (Barouki et al., 2012; Dietert and Piepenbrink, 2006), and it is
increasingly recognized that exposure during these sensitive periods
may have adverse consequences for health later in life (Barouki et al.,
2012; Dietert et al., 2010). Epidemiological studies have linked prenatal
and childhood PFAS exposures to adverse health outcomes including
dyslipidemia, changes in fetal and postnatal growth and impaired im-
munity (Liew et al., 2018; Rappazzo et al., 2017).

Breastfeeding is one of two important sources of early-life PFAS
exposure, the other being prenatal exposure from transplacental transfer
during gestation. PFAS are transferred from maternal serum into human
milk, although concentrations in human milk are substantially lower
than in maternal serum (Blomberg et al., 2022; EFSA Panel on Con-
taminants in the Food Chain, 2020). Breastfeeding has been associated
with increased child serum levels and a corresponding decrease in
maternal serum levels in background-exposed populations (Gyllen-
hammar et al., 2019; Mogensen et al., 2015; Mondal et al., 2014;
Papadopoulou et al., 2016).

Exposure to PFAS from breastfeeding is of particular concern in
communities impacted by PFAS contamination from point source(s),
including industries that have produced or used PFAS, airports and/or
military bases that have used aqueous film forming foam (AFFF), and
landfills (De Silva et al., 2021). Many highly exposed communities have
been identified around the globe and new communities continue to be
discovered (De Silva et al., 2021; Hu et al., 2016; Salvatore et al., 2022).
There is an urgent need for scientifically-informed breastfeeding
guidelines that balances benefits of breastfeeding with the potential
negative health effects of additional PFAS exposure (LaKind et al.,
2022). To properly account for the cumulative PFAS dose, the guidelines
must consider not only the PFAS concentration in milk at initiation, but
also changes in milk PFAS concentrations over the course of lactation as
well as changes in the volume of milk consumed over time.

Only three existing studies, all at background exposure levels, have
attempted to characterize changes in PFAS concentrations over lacta-
tion. The first study used repeated measurements of PFAS concentra-
tions in human milk, collected from nine Norwegian women who
breastfed for at least six months, to estimate changes in PFOA and PFOS
concentrations over the course of lactation and found a linear reduction
of —7.7% per month for PFOA and —3.1% per month for PFOS (Thomsen
et al., 2010). A second study, which did not use repeated measurements
but instead pooled human milk measurements from a cohort of 128
mothers in Korea, found that concentrations of PFOS, PFNA and PFOA
increased in milk collected 30 days after delivery compared to colostrum
(Lee et al., 2018). In contrast, a third study from Korea found that PFOA
levels decreased over lactation, while concentrations of PFPeA and
PFHXA increased (Kang et al., 2016). However, this study used different
populations for each lactation period, so changes over time may reflect
population differences in underlying exposure profiles or participant
characteristics. In light of this limited and conflicting evidence, more
studies are needed to estimate changes in PFAS concentrations in human
milk over lactation.

Importantly, there are no existing studies of PFAS trajectories in the
milk of highly exposed women, which may vary from trajectories in
background-exposed women for several reasons. First, the mechanisms
of transfer have not been clarified and they may behave differently at
high and low levels of exposure. In addition, differences in the source of
exposure in high-vs background-exposed women may cause apparent
differences in PFAS concentration trajectories. While background-
exposed populations are typically exposed to continuous low levels of
several PFAS, women in highly exposed communities are often exposed
to one (or few) dominating PFAS sources that are eliminated or reduced
after identification. This difference in exposure characteristics (low and
continuous vs high and time-limited) may cause differences in the
relative change of PFAS concentrations in milk over the course of
lactation.
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To address this gap, we measured PFAS concentrations in colostrum
and mature milk samples from a cohort of women with a wide range of
PFAS exposures, from background to extremely high. Our primary aim
was to estimate the relative change in PFAS concentrations 1) from
colostrum to an initial mature milk sample collected 4-12 weeks after
delivery, and 2) over the course of lactation up to eight months. We
hypothesized that the magnitude of these changes would depend on the
exposure level of the mother.

2. Materials and methods
2.1. The Ronneby Mother-Child cohort

In 2013, high levels of PFAS were measured in a municipal water
supply in Ronneby, Sweden. The contamination was linked to AFFF
runoff from a military airport located within the water supply area.
Based on the airport’s purchase records, it is likely that the use of AFFFs
began in the mid-1980s. The time at which the contamination reached
the drinking water is unknown. Of the two municipal waterworks in
Ronneby, one had extremely high levels of PFAS (sum of 12 PFAS
measured in 2013: 10,380 ng/L). The second waterworks had a slightly
elevated concentration of PFAS (sum of 12 PFAS in 2013: 47.6 ng/L). In
contrast, the sum of 12 PFAS in the water supply of the nearby munic-
ipality of Karlshamn was <5 ng/L. Following identification of the PFAS
contamination, the highly contaminated waterworks was immediately
closed and water supply for the entire Ronneby municipality was pro-
vided by the second waterworks (Xu et al., 2021).

The prospective Ronneby Mother-Child cohort was initiated after the
contamination was discovered to investigate the transfer of PFAS from
mother to child. Between 2015 and 2020, all pregnant women in Ron-
neby municipality were invited to enroll at their antenatal clinic.
Enrollment was also conducted in the nearby municipality of Karlshamn
starting in 2018, so that the cohort would include women with a wide
range of PFAS exposures (Blomberg et al., 2022). The final cohort
included 263 women (225 mothers from Ronneby, 35 mothers from
Karlshamn, and three missing recruitment location information).

A maternal blood sample (2 x 5 mL) was collected at a routine
maternal care visit, usually during the second trimester, and transported
to the Department of Clinical Chemistry in Karlskrona on the same day.
Each sample was centrifuged at 3000 rpm for 10 min within 12 h from
the collection and the serum was transferred to three cryotubes (Sar-
stedt, Niimbrecht, Germany). Serum samples were frozen to —70 °C
before cold chain transport to the Department of Occupational and
Environmental Medicine at Lund University, where they were stored at
—80 °C until analysis.

Participants collected a colostrum sample 3-4 days postpartum and a
mature milk sample 4-12 weeks postpartum in 50 mL screw cap poly-
propylene tubes (Sarstedt, Niimbrecht, Germany). Both samples were
collected at home, and could be collected in one feeding or over the
course of several feedings in one day using hand expression, a pump, or
by collecting excess milk while nursing. A subset of mothers was
requested to provide milk samples monthly over the course of lactation.
Milk samples were stored in the participants’ domestic freezers until
sampling was completed and then shipped to the Department of Occu-
pational and Environmental Medicine in Lund where they were stored at
—80 °C until analysis at the Norwegian Institute of Public Health in Oslo.
Samples were shipped on dry ice.

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.

2.2. PFAS assessment
Seven PFAS were measured in colostrum, mature milk and maternal

serum samples (perfluorooctanoic acid, PFOA; perfluorononanoic acid,
PFNA; perfluorodecanoic acid, PFDA; perfluoroundecanoic acid,
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PFUnDA,; perfluorohexane sulfonic acid, PFHxS; perfluoroheptane sul-
fonic acid, PFHpS, and perfluorooctane sulfonic acid, PFOS). Serum
samples were analyzed at the Division of Occupational and Environ-
mental Medicine at Lund University using ultra high-performance liquid
chromatography-mass spectrometry (UHPLC-MS/MS; QTRAP 5500, AB
Sciex, Framingham, MA, USA). The method is described by Norén et al.
(2021). The level of quantification (LOQ) for each PFAS in maternal
serum was 0.1 ng/mL.

Colostrum and mature milk samples were analyzed at the Depart-
ment of Food Safety, Norwegian Institute of Public Health, following the
method detailed in Thomsen et al. (2010). These samples were also
analyzed using UHPLC-MS/MS (Agilent, Santa Clara, CA, USA). The
concentration of PFOS was measured as the integration of the total area
of the linear and branched isomers. Two in-house quality control sam-
ples were analyzed to confirm measurement quality (n = 6 each; mean
concentrations between 10 and 160 pg/mL). The relative standard de-
viations 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 each PFAS
in colostrum and mature milk was 10 pg/mL.

2.3. Statistical analysis

We limited our statistical analysis to PFAS that were detectable
above the LOQ in at least 70% in both colostrum and mature milk
samples. When samples were measured below the LOQ, we used the
measured concentration when available, and otherwise used LOQ/+/2.

For each PFAS, we estimated the percent change in concentration
from the colostrum sample to the initial mature milk sample using a
linear mixed-effects model with a random intercept by mother-child pair
and an unstructured covariance matrix. Each PFAS was modeled sepa-
rately, and PFAS concentrations were log-transformed to ensure re-
siduals were normally distributed. Our primary model can be written as:

Yis=a+p(Li—y)+b; + €,

where Y is the natural logarithm of the PFAS concentration for woman
i in sample s, I; — j7 is an indicator variable for the mature milk sample
(vs. colostrum), B is the estimated change in concentration between
colostrum and mature milk, b; is a subject-specific (i.e., mother-child
pair) intercept, and g; is the within-subject error.

To evaluate whether the relative change in PFAS concentration
varied by the colostrum concentration (i.e., by maternal exposure level),
we categorized each participant by whether the colostrum concentration
was high (top quartile), low (bottom quartile) or medium for each PFAS.
We then included this exposure category as an effect-modifier of the
concentration change from colostrum to mature milk. The fit of the
exposure-interaction models were compared to the corresponding
model without the interaction term using likelihood ratio tests. As a
secondary analysis, we also categorized mothers as low, medium, or
highly exposed based on quartiles of PFHxS concentrations measured in
serum collected in pregnancy. PFHxS levels are a good indicator of
exposure to AFFF-contaminated water in Ronneby (Xu et al., 2021) and
unlike colostrum concentrations, PFAS concentrations in pregnancy
serum samples can be measured before delivery and therefore be used to
inform future breastfeeding decisions. We then re-ran our models with
this new exposure categorization.

We evaluated trends in PFAS concentration over the course of
lactation in mothers with at least three colostrum and mature milk
samples. For each PFAS, we used a linear mixed-effects model with a
random intercept by mother-child pair and an unstructured variance-
covariance matrix to model repeated milk concentrations as a function
of months of lactation. We estimated the adjusted intraclass correlation
coefficient (ICC) for each mixed-effects model by dividing the random
effect variance by the total variance (i.e., the sum of random effect
variance and residual variance) (Liidecke et al., 2021; Nakagawa et al.,
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2017). Because PFAS concentrations in colostrum may behave differ-
ently than concentrations in mature milk, we also ran a second set of
models that excluded colostrum samples and thus provided estimates of
the concentration change over the lactation in relation to early mature
milk.

All statistical analyses were conducted in R version 4.2.0 (2022-04-
22) (R Core Team, 2021) using the package ‘tidyverse’ version 1.3.1
(Wickham et al., 2019); mixed effects models were run using the pack-
age ‘lme4’ version 1.1.29 (Bates et al., 2015) and ICC values were
calculated using the package ‘performance’ version 0.9.0 (Liidecke
et al., 2021).

3. Results

The Ronneby Mother-Child cohort included 263 mother-child pairs.
After excluding two sets of twins, there were 139 mother-child pairs
with at least one colostrum or mature milk sample. Of these, 74 had both
a colostrum and initial mature milk sample and were included in our
paired analyses of colostrum and mature milk. There were 11 mother-
child pairs with at least three samples over the course of lactation
(Fig. 1). A detailed breakdown of the final sample and participant counts
by sample availability is included in the Supplemental Material as
Table S1. Two mothers were enrolled repeatedly in the final study, as
they each had two children in the cohort and provided milk samples in

Ronneby Mother Child Cohort

N =263
e e - - —— |
| _: Excluded: twins :
1 N=2 1
U U U -
¥
N =261

r
1 Excluded: no colostrum or mature :
- - -: milk sample 1

: N=122 !

-
1 Excluded: only one colostrum :
- - -: and/or mature milk sample
X N=6l '

-
! Excluded: two samples but missing:
- - the initial mature milk sample
1 N = 1

A\ 4

Final Cohort: N =77

Paired colostrum and initial human milk: N = 74
At least three samples: N =11

Fig. 1. Study selection flow chart, where N refers to the number of mother-
child pairs included or excluded. In the case of twins, one mother and her
two twins are considered to be one pair.
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both instances.

Characteristics of the study population are included in Table 1. The
majority of participants were multiparous and non-smokers. All women
who provided at least three milk samples received maternal care in
Ronneby. Mothers who provided at least one colostrum and/or mature
milk sample were more likely to have never smoked and attended uni-
versity compared to mothers who did not provide a milk sample
(Table S2).

Concentrations of AFFF-associated PFAS (PFOS, PFHxS, PFOA and
PFHpS) were strongly correlated within each sample type (maternal
serum during pregnancy, colostrum, and initial mature milk) (Fig. S1).
Concentrations of each AFFF-associated PFAS were also highly corre-
lated across the three samples. Other PFAS showed weaker correlations
within and across samples (Fig. S1).

PFOS and PFHxS had the highest median concentrations across all
colostrum and mature milk samples (Table 2). PFAS concentrations in
colostrum and mature milk samples were generally higher in women
receiving maternal health care in Ronneby than women receiving care in
Karlshamn (Table S3). For example, the median concentration of PFOS
in the colostrum of women receiving healthcare in Ronneby was 130 pg/
mL (n = 65; IQR = 50-360) while the median concentration in women
receiving healthcare in Karlshamn was 10 pg/mL (n = 9; IQR = 10-20).
Women receiving maternal health care in Ronneby also had higher
serum PFAS concentrations during pregnancy (e.g., a median PFHxS
concentration of 14 ng/mL vs 0.45 ng/mL) (Table S3).

Of the seven PFAS measured in this study, three (PFOS, PFHxS, and
PFOA) were above the LOQ in at least 70% of both colostrum and mature
milk samples and were included in subsequent analyses. Exposure
category cutoffs for these three PFAS and concentrations by primary and
secondary exposure categorizations are included in Tables S4 and S5.

The estimated change in PFAS concentration from colostrum to the
initial mature milk sample varied by PFAS. While the PFOS concentra-
tion increased by 21% (95% CI: 8.9, 35), PFOA decreased by 17% (95%
CI: —28, —3.5) and PFHxS decreased by 12% (95% CI: —24, 3.3) (Table 3
and Fig. 2). The three models had ICC values ranging from 0.75 (PFOA)
to 0.94 (PFOS), indicating that most of the variability was due to
between-subject variation.

Including an interaction term between exposure category and sample
type significantly improved model fit for models of all three PFAS (p-
value <0.001). Results from the interaction models indicated that the
change in concentration varied by maternal exposure level (Table 3 and
Fig. 2). In the low-exposure groups, PFOS, PFOA and PFHxS concen-
trations increased from colostrum to the first mature milk sample. In
contrast, concentrations of PFOA and PFHxS decreased in the medium-

Table 1
Characteristics of the 77" mother-child pairs, displayed as N (%) or mean + SD.
Variable Paired colostrum and initial At least 3
mature milk sample samples
Nmother-child pairs 74 11
Maternal age at delivery 30.6 + 4.5 31.6 £ 5.9
Parity = Primiparous 24 (32) 5 (46)
Smoking Status
Never Smoker 44 (59) 8(73)
Current Smoker 2(3) 0 (0)
Past Smoker 23 (31) 109
Missing 5(7) 2(18)
Education Status
Less than high school 34) 0(0)
High school 28 (38) 3(27)
University (3 or more 36 (49) 7 (64)
years)
Other 3(4) 0 (0)
Missing 4 (5) 109
Location of Maternal Care 65 (88) 11 (100)
= Ronneby

@ A detailed breakdown of the final participant and sample counts by sample
availability is presented in Table S1.

Environmental Research 219 (2023) 115096

Table 2
PFAS concentrations (pg/mL) in colostrum and mature milk samples included in
the study.

Sample 1 Sample 2 Samples 3-9
Colostrum Initial mature Repeated mature
milk milk
Nsamples 74 76 34
PFOA
% > LOQ" 97% 95% 97%
5th - 95th 10-190 <10-135 10-53.5
perc.
Median (IQR) 30 (20, 68) 30 (20, 50) 20 (13, 40)
PFNA
% > LOQ 46% 70% 74%
5th — 95th <10-20 <10-10 <10-13.5
perc.
Median (IQR) <10 (<10, 10) 10 (<10, 10) 10 (<10, 10)
PFDA
% > LOQ 3% 0% 0%
5th — 95th <10-<10 <10-<10 <10-<10
perc.
Median (IQR) <10(<10,<10) <10 (<10, <10) <10 (<10, <10)
PFUnDA
% > LOQ 8% 3% 3%
5th — 95th <10-10 <10-<10 <10-<10
perc.
Median (IQR) <10(<10,<10) <10 (<10, <10) <10 (<10, <10)
PFHxS
% > LOQ 72% 79% 74%
5th - 95th <10-1320.5 <10-882.5 <10-797
perc.
Median (IQR) 110 (<10, 355) 90 (10, 323) 160 (<10, 348)
PFHpS
% > LOQ 34% 38% 38%
5th - 95th <10-84 <10-50 <10-40
perc.
Median (IQR) <10 (<10, 20) <10 (<10, 20) <10 (<10, 20)
PFOS
% > LOQ 97% 100% 100%
5th - 95th 10-890 20-867.5 10-784
perc.

Median (IQR) 120 (33, 300) 160 (40, 390) 150 (30, 408)

# LOQ = 10 pg/mL for each PFAS.

and high-exposure groups, while concentrations of PFOS still increased
in the medium-exposure group but at a lower relative magnitude. For
example, while concentrations of PFHxS in mature milk increased by
62% in low-exposed women (95% CL 24, 110), concentrations
decreased by 23% in highly exposed women (95% CL: —41, —0.35).

Our secondary analysis used exposure categories based on PFHxS
serum concentrations in pregnancy, as high PFHxS concentrations are a
valid indicator of AFFF-exposure in Ronneby (Xu et al., 2021). Although
the inclusion of an interaction term between serum exposure category
and sample type significantly improved model fit for all three PFAS
compared to models that did not include an interaction (p-value
<0.001), the estimated change from colostrum to mature milk was not
significantly different in high-exposed participants compared to
low-exposed participants for PFOA or PFHxS. Model results for PFOS
were more similar to our primary interaction models, where women in
the low and medium exposure groups had an estimated increase in PFOS
concentration while women in the high exposure group had no change
in PFOS concentrations (Table S6 and Fig. S2).

Repeated measurements of PFAS concentrations in women with at
least three samples are illustrated in Fig. 3. While PFOA decreased by
12% per month (95% CL: —22, —1.5), PFHxS and PFOS concentrations
showed small nonsignificant monthly decreases (PFHxS: —2.5, 95% CI:
—9.7%, 5.4%; PFOS: —3.2%, 95% CI: —8.4%, 2.3%) (Table 4). When we
limited our analysis to only mature milk samples by excluding the
colostrum sample, PFOS showed a greater decrease over time (—5.8%
per month; 95% CL: —12, 0.32).



A.J. Blomberg et al.

Table 3

Estimated mean change (%) in PFAS concentration between the colostrum
sample (collected 3-4 days after delivery) and the first mature milk sample
(collected 4-12 weeks after delivery).

Exposure Colostrum Cutoff Concentration Nsamples % Change (95%
Level® (pg/mL) CcD
PFOA
Overall 74 —16.7 (—28,
-3.5)
Low Cproa < 20 22 13.8 (-11.8,
46.7)
Medium 20 < Cppon < 67.5 33 —23.7 (-38,
-6.1)
High 67.5 < Cproa 19 —32.3(—48.5,
—-11.1)
PFHxS
Overall 74 —11.6 (—24.4,
3.3)
Low Corinxs < 7.4 19 61.7 (24.4,110.1)
Medium 7.4 < Cppuys < 35.5 36 —30.7 (—42.7,
-16.2)
High 355 < Cprrixs 19 —23.3 (—41,
—0.4)
PFOS
Overall 74 21.1 (8.9, 34.7)
Low Cpros < 32.5 19 64.2 (35.7, 98.7)
Medium 32.5 < Cppos < 300 37 15 (0.4, 31.9)
High 300 < Cpros 18 -2.3(-19.7,
18.8)

@ Effects by exposure category (low, medium, and high; based on colostrum
concentrations) were calculated for each PFAS from a model with an interaction
term between sample and exposure group.

4. Discussion

In this study, we analyzed changes in PFAS concentrations in paired
colostrum and mature milk samples collected from women in the Ron-
neby Mother-Child cohort. This cohort was initiated in 2015 after the
end of exposure to high levels of PFAS contamination in the drinking
water of Ronneby, Sweden. When we analyzed changes in PFAS con-
centration from colostrum to mature milk collected 4-12 weeks post-
partum, we found that the direction and the relative magnitude of
change varied by PFAS. Concentrations of PFOA decreased, while con-
centrations of PFOS increased. Similarly, when we examined changes in
PFAS concentration over eight months of lactation, PFOA showed the
greatest estimated decrease (12% per month), while concentrations of
PFOS and PFHxS showed smaller nonsignificant monthly decreases.
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Differences in trajectories by PFAS may be due to differences in the
PFAS-specific transfer efficiency (the estimated ratio between PFAS
measured in human milk to PFAS measured in maternal serum), as a
higher transfer efficiency may lead to a faster decline in maternal body
burden and therefore a faster decrease in PFAS concentrations in milk
over the course of lactation. Several studies have found that PFOA has a
higher transfer efficiency than PFOS (Blomberg et al., 2022; Haug et al.,
2011; Liu et al., 2011). Variations in transfer efficiency by PFAS arise
from the biological process (es) regulating PFAS transfer into human
milk. PFAS transfer is different from other more well-studied lipophilic
persistent organic pollutants (e.g., polychlorinated biphenyls) because
PFAS do not accumulate in lipids (Zheng et al., 2021). Instead, PFAS are
transported in the body bound to proteins in the blood, primarily al-
bumin (Forsthuber et al., 2020). The binding affinity of each PFAS to
albumin partially determines its unbound concentration and its avail-
ability for transfer into human milk by passive diffusion (Anderson,
2018). Previous studies have consistently found that PFOS has a higher
binding affinity to albumin than PFOA (Beesoon and Martin, 2015; Chi
et al., 2018; Forsthuber et al., 2020; Gao et al., 2019; Jackson et al.,
2021), which is consistent with the lower transfer efficiency seen for
PFOS. However, active transfer may also play a role in the transport of
PFAS into human milk and additional research is needed.

The protein content of human milk is dynamic over the course of
lactation in terms of both composition and relative amount (Andreas
et al., 2015). In relation to mature milk, colostrum is rich in the soluble
whey proteins while the content of casein micelles is low. Additionally,
the protein content of human milk gradually decreases over the course
of lactation (Lonnerdal et al., 2017). Although the extent to which PFAS
bind to milk proteins has rarely been investigated, binding of PFOA to
p-lactoglobulin, the major whey protein component, has been confirmed
(Schwieger and Ropers, 2013). If different PFAS bind to milk proteins
with varying affinity, this may have contributed to the observed dif-
ferences in PFAS concentrations between colostrum and mature milk
and over time.

Our results illustrate the importance of considering PFAS-specific
behavior when estimating cumulative infancy exposures. They also
have important implications for pharmacokinetic modeling of infancy
PFAS exposures from breastfeeding. For example, the European Food
Safety Authority (EFSA) report, “Risk to human health related to the
presence of perfluoroalkyl substances in food,” used a PBPK model to
estimate serum PFOA and PFOS concentrations in age-one infants
(2020). This model assumed an estimated decline in human milk con-
centrations of 3.1% per month for PFOS and 7.7% per month for PFOA.
While this is similar to our PFOS estimate, it is much lower than our
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Fig. 2. Estimated change (%) in PFAS concentration from colostrum (collected 3—4 days after delivery) to mature milk collected 4-12 weeks after delivery.



A.J. Blomberg et al.

Environmental Research 219 (2023) 115096

PFOA PFHxS PFOS
1000 1 8001 ARG
23901
£ 750 600 -
(@]
&
c -
'%60 . 500+ 4004 070
= \ )
S 504 o “’//\
S (A 250 \ 200
N\ \e .\k*—l/.\I\. W\-\-\.
0+ o4 —o—= 0-
012 3 456 7 8 0123 45686 7 8 012 3 45686 7 8

Month after delivery

Fig. 3. Concentrations of PFAS over eight months of lactation in 11 women who provided at least 3 colostrum and/or mature milk samples.

Table 4
Estimated change (%) in PFAS concentration per month estimated over 8 months
of lactation from 11 women with at least 3 colostrum and/or mature milk
samples.

PFAS Including colostrum samples Excluding colostrum samples
Nsamples =52 Nsamples =44
Effect Estimate (95% CI) p-value Effect Estimate p-value
PFOA -12(-22, -1.5) 0.03 —13(-25, 0.43) 0.06
PFHxS -2.5(-9.7,5.4) 0.53 -21(-11,7.6) 0.66
PFOS -3.2(-8.4,2.3) 0.24 —5.8 (-12, 0.32) 0.07

estimate for PFOA. This large discrepancy also contradicts EFSA’s
assumption of a low level of uncertainty in the estimated decline values.

We hypothesized that highly exposed women from Ronneby would
have a larger relative decrease in PFAS concentrations from colostrum to
mature milk, as the primary source in the population (contaminated
drinking water) had been eliminated before initiation of the study. In
contrast, continuous and ongoing exposures in low-exposed women
represent a higher fraction of their total exposure, leading to a lower
relative decrease in concentration. To test this, we evaluated whether
the change in PFAS concentration between colostrum and the initial
mature milk sample varied by maternal exposure, operationalized as the
PFAS concentration in the initial colostrum sample. While PFAS con-
centrations in low-exposed women tended to increase from colostrum to
the initial mature milk sample, concentrations on average decreased or
remained constant for high-exposed women. However, in our secondary
analysis using serum PFHxS concentrations measured during pregnancy
as an indication of exposure level, we identified this pattern for PFOS but
not PFOA or PFHxS. There are several possible explanations for these
different results. High colostrum levels in some women may be due to
higher transfer efficiencies of PFAS from serum to colostrum and/or
mature milk, instead of reflecting high initial exposure levels as we
assumed. This possibility is underscored by the wide range in transfer
efficiencies we recently identified in this cohort (Blomberg et al., 2022).
Measurement error may also induce bias in our models, as there is likely
more measurement error in relative terms in measurements of low
colostrum and human milk concentrations compared to higher con-
centrations. Finally, colostrum levels are also dependent on maternal
parity, as multiparous women typically have lower PFAS concentrations
in serum and human milk compared to primiparous women (Rawn et al.,
2022). Regardless, the differences in results between these two analyses
highlight how PFAS transfer and excretion in human milk is a complex
process dependent on many different factors.

This study has several important strengths. First, it is the first study of
PFAS concentrations in human milk using a population with a wide
range of exposures, varying from low-to high-exposed. For example,
while a recent study of milk samples collected 0-90 days after delivery
had a median PFOS concentration of 48 pg/mL (IQR: 35, 68) (Lee et al.,
2018), the median concentration in samples collected over the same
period in our study was 130 pg/mL (IQR: 40, 365). This allowed us to
assess whether exposure levels modified estimated changes in PFAS
concentrations over lactation. In addition, the high overall concentra-
tions of PFAS in milk in this cohort likely reduced the uncertainty in the
measured concentrations. Second, this is the largest study that we are
aware of that uses repeated milk samples from the same cohort of
mothers, rather than pooling milk samples collected at different times
from different women. Using repeated measures from the same mothers
provides more reliable estimates of per-person changes than a
cross-sectional design (Fitzmaurice et al., 2012; Hooper et al., 2007) and
ensures that estimated changes over time are not actually due to un-
derlying differences in exposure. Finally, this was the first study of
PFHxS trajectories, a PFAS that is often elevated in communities
impacted by AFFF-exposure (Rotander et al., 2015; Xu et al., 2021).

Our study also has some limitations. Our initial mature milk sample
had a wide sampling period (between 4 and 12 weeks in lactation), and
the specific sampling date was not known. The method of milk collection
was also not standardized. However, all mothers received the same
sampling instructions, so variation in sample methods or dates is most
likely non-systematic. It is possible that highly-exposed women from
Ronneby were more interested in the study and eager to participate,
which may have led to these mothers collecting their samples earlier in
the sampling window (i.e., closer to 4 weeks than 12 weeks postpartum).
This sampling bias would make the estimated decrease in PFAS con-
centration from the colostrum to the initial human milk sample smaller
in the highly-exposed group than the low-exposed group, acting oppo-
site to our observed patterns in the two groups. In addition, previous
research has linked PFAS exposures to decreased initiation and duration
of breastfeeding (Nielsen et al., 2022; Timmermann et al., 2022);
therefore, it is possible that some highly exposed women from the cohort
did not contribute samples because they were unable to initiate
breastfeeding, or that some women did not provide repeat milk samples
because they stopped breastfeeding due to limited milk supply. How-
ever, the distribution of pregnancy serum PFHxS concentrations in
women who provided a paired colostrum and initial human mature milk
sample is similar to those who did not (Fig. S3) and the limited number
of women with repeated milk samples also reflect the wide range of
pregnancy serum PFHxS concentrations in the cohort (Fig. S4),
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indicating that participation in this study was representative of the un-
derlying PFAS exposures.

5. Conclusions

This study estimated changes in PFAS concentration between paired
colostrum and mature milk samples from mothers with a wide range of
PFAS exposures, including women who had been highly exposed to
PFAS from AFFF-contaminated drinking water. The estimated changes
varied by PFAS and by initial maternal colostrum concentration, sug-
gesting a possible effect of maternal exposure level. These results illus-
trate the importance of studying PFAS exposures in highly exposed
populations. The cumulative breastfeeding exposures in children of
highly exposed mothers will depend both on the specific mixture of
PFAS contamination as well as the nature of the exposure source (i.e.,
ongoing or stopped). Additional research should evaluate the relative
contribution of breastfeeding to cumulative prenatal and infancy ex-
posures, especially in exposed populations where potential develop-
mental exposures are highest and evidence-based breastfeeding
recommendations are needed.
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