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Abstract

Background: Per- and polyfluoroalkyl substances (PFAS) may disrupt mammary gland
development and function; thereby inhibiting milk supply and breastfeeding duration. However,
conclusions on the potential effects of PFAS and breastfeeding duration are limited by prior
epidemiologic studies that inconsistently adjusted for past cumulative breastfeeding duration and
by a lack of examination of the joint effects of PFAS mixtures.

Methods: In Project Viva, a longitudinal cohort that enrolled pregnant participants from 1999—
2002 in the greater Boston, MA area, we studied 1079 women who ever attempted to lactate. We
investigated associations of plasma concentrations of select PFAS in early pregnancy (mean: 10.1
weeks gestation) with breastfeeding termination by 9 months, after which women typically cite
self-weaning as the reason for terminating breastfeeding. We used Cox regression for single-PFAS
models and quantile g-computation for mixture models, adjusting for sociodemographics, prior
breastfeeding duration, and weeks of gestation at the time of blood draw.

Results: We detected 6 PFAS [perfluorooctane sulfonate; perfluorooctanoate (PFOA);
perfluorohexane sulfonate; perfluorononanoate; 2-(N-ethyl-perfluorooctane sulfonamido) acetate
(EtFOSAA); 2-(N-methyl-perfluorooctane sulfonamide) acetate (MeFOSAA)] in >98% of
samples. Sixty percent of lactating women terminated breastfeeding by 9 months postpartum.
Women with higher plasma concentrations of PFOA, EtFOSAA, and MeFOSAA had a greater
hazard of terminating breastfeeding in the first 9 months postpartum [HR (95% CI) per doubling
concentration: 1.20 (1.04, 1.38) for PFOA; 1.10 (1.01, 1.20) for EtFOSAA,; 1.18 (1.08, 1.30)

for MeFOSAA]. In the quantile g-computation model, simultaneously increasing all PFAS in

the mixture by one quartile was associated with 1.17 (95% CI: 1.05, 1.31) greater hazard of
terminating breastfeeding in the first 9 months.

Conclusion: Our findings suggest that exposure to PFAS may be associated with reduced
breastfeeding duration and draw further attention to environmental chemicals that may dysregulate
human lactation.

Graphical abstract
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1. Introduction

Given the nutritional, immunological, and anti-inflammatory benefits of breastfeeding for
infants, along with long-term benefits for maternal health (e.g., decreased risk of type

2 diabetes mellitus, breast cancer, ovarian cancer), the American Academy of Pediatrics
(AAP) recommends continuing breastfeeding for 2 years or longer.1 However, only about
55% of United States (U.S.) women breastfeed beyond 6 months, and only 36% are still
breastfeeding at 12 months.2 Duration of breastfeeding is influenced by a number of
variables, including individual choice; pre- and postnatal care; and societal, sociocultural,
psychological, and biological factors.3-> Women who report terminating breastfeeding early
often cite difficulties with the process of lactation, such as trouble with milk flow to start
and insufficient milk supply.> However, the reasons why some women face challenges with
successful lactation are not well understood.

Lactation is regulated by a complex combination of hormones (e.g., prolactin, insulin,
oxytocin),8 and endocrine-disrupting chemicals may affect mammary gland development,
differentiation, and function and ultimately inhibit milk supply.’ Per- and polyfluoroalkyl
substances (PFAS) are a class of synthetic endocrine disrupting chemicals, used in a broad
range of industrial and consumer products, including textiles, non-stick cookware, and food
packaging. PFAS are both widely used and persistent in the environment; resulting in nearly
ubiquitous human exposure via contaminated drinking water, food, air, and dust.® In fact,
almost all individuals in the U.S. have detectable concentrations of PFAS in their blood.10

Prior epidemiologic studies examining associations of plasma or serum PFAS concentrations
during pregnancy with time to breastfeeding termination have generally shown that higher
PFAS concentrations are associated with shorter breastfeeding duration.1! However, not all

Sci Total Environ. Author manuscript; available in PMC 2024 September 15.
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prior studies could appropriately adjust for historical cumulative breastfeeding duration, a
key confounder as (1) previous breastfeeding duration predicts the duration in a subsequent
pregnancy and (2) lactation is a PFAS excretion pathway.12 The strength of the evidence is
further hampered by minimal investigation of the joint effects of exposure to multiple PFAS
(i.e., mixtures).

Our study leveraged data from a longitudinal cohort of U.S. women to assess the extent to
which pregnancy plasma PFAS concentrations, evaluated as individual components and a
mixture, were associated with hazard of terminating breastfeeding, after adjusting for prior
breastfeeding duration.

2. Methods

2.1. Study population and design

2.2.

Participants in this study were enrolled in Project Viva, a longitudinal pre-birth cohort based
in the greater Boston, Massachusetts area. Pregnant participants were recruited from 1999—
2002 during their first prenatal visit at the multi-specialty group practice Atrius Harvard
Vanguard Medical Associates. During the enrollment period, these women resided in areas
with no known community sources of PFAS exposure (e.g., contaminated drinking water).
Eligibility criteria were singleton gestation, less than 22 weeks gestation, ability to answer
questions in English, and no plans to move outside of the area before delivery.1® Of the
2128 live births in Project Viva, 1645 mother-child pairs had data available on plasma
PFAS concentrations. We restricted our analysis to the 1094 women who put the baby

to breast and/or fed the baby their own expressed human milk (i.e., successfully initiated
breastfeeding) and then also reported their breastfeeding duration of the index child. We
excluded 15 second pregnancies (i.e., multiple enrollments in Project Viva), resulting in a
final analytic cohort of 1079 women.

Project Viva participants provided written informed consent, and the Institutional Review
Boards at Harvard Pilgrim Health Care and other participating institutions approved study
protocols.

Plasma PFAS concentrations during pregnancy

We measured PFAS in plasma collected at the initial prenatal study visit (mean = SD:

10.1 + 2.3 weeks gestation). As previously described,14 we stored all samples at —80°C
prior to overnight shipping to the Division of Laboratory Sciences at the Centers for
Disease Control and Prevention (CDC) (Atlanta, GA), where staff quantified concentrations
of eight PFAS [perfluorohexane sulfonate (PFHXxS); perfluorooctane sulfonate (PFOS);
perfluorooctanoate (PFOA); perfluorononanoate (PFNA); perfluorodecanoate (PFDA); 2-
(N-ethyl-perfluorooctane sulfonamido) acetate (EtFOSAA); 2-(N-methyl-perfluorooctane
sulfonamide) acetate (MeFOSAA); perfluorooctane sulfonamide] using solid-phase
extraction coupled with isotope dilution high performance liquid chromatography-tandem
mass spectrometry.15 The limits of detection (LOD) were 0.2 ng/mL for PFOS and 0.1
ng/mL for the other PFAS.1> We replaced concentrations below the LOD with the LOD/ /2.
We a prioriincluded PFAS detected in >60% of participants’ samples (PFOA, PFOS,

Sci Total Environ. Author manuscript; available in PMC 2024 September 15.
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PFHXS, PFNA, EtFOSAA, and MeFOSAA) in the statistical analyses. The analysis of
the de-identified samples at the CDC laboratory did not constitute engagement in human
subjects research.

2.3. Breastfeeding duration of the index child

At two time points (during an in-person or telephone interview at approximately 6 months
postpartum and on a mailed questionnaire at 12 months postpartum), we asked participants
if they had ever breastfed (i.e., initiated feeding by putting the baby to the breast and/or
giving the baby their own human milk); if the participant was still breastfeeding at all; and if
not, when they had stopped. We defined breastfeeding duration as the time up to 12 months
(minimum: 0.3 months) that a child received any human milk (e.g., exclusive or combination
feeding). At 6 months postpartum, we also asked about timing of introduction of solid food
and other liquids, which enabled us to determine the duration of exclusive breastfeeding

as the time in months that an infant had intake of human milk but no solid foods or other
liquids (except water). Additionally, at 6 and 12 months postpartum, we asked women who
terminated breastfeeding to indicate why they terminated; participants checked all reasons
that applied, with one option being: “I wasn’t producing enough breastmilk to satisfy my
child”. Other possible responses to this questionnaire included, but were not limited to: “I
felt my child had the full benefits of breastfeeding™; “I returned to work or school”; and
“Breastfeeding took too much time away from my other children”. We considered women to
have perceived insufficient milk supply if they indicated that at least one of the reasons they
terminated breastfeeding was not producing enough breastmilk.

2.4. Covariate assessment

We collected participant sociodemographic characteristics at enrollment, including age, race
and ethnicity, education, marital status, parity, pre-pregnancy height and weight, smoking
habits, and annual household income. At a research visit in midlife from 2017-2021 (~18
years post-pregnancy), participants reported information on duration of breastfeeding for
every lifetime pregnancy, enabling us to calculate cumulative breastfeeding duration prior
to the Project Viva index child. Among our analytic cohort of 1079 women, 76% (A=819)
either provided cumulative lifetime breastfeeding data on the midlife questionnaire or were
nulliparous at the index pregnancy.

2.5. Statistical analysis

We used Cox proportional hazards regression models to examine associations of single
PFAS with breastfeeding termination in the first 9 months postpartum. In our primary
analyses, we chose to “administratively censor” individuals at 9 months postpartum because
up to 9 months, most women who stop breastfeeding cite concerns about milk supply as
their reason for terminating, whereas after 9 months, most women cite baby self-weaning.16
We used Cox models rather than binomial modeling methods because we wanted to

utilize an approach that was consistent across single PFAS and mixture analyses and was
comparable with prior studies. To aid in interpretability, we log,-transformed plasma PFAS
concentrations and calculated the hazard ratio (HR) of terminating breastfeeding in the first
9 months per doubling of plasma PFAS.

Sci Total Environ. Author manuscript; available in PMC 2024 September 15.
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We used information from prior research11:14 to select the following possible confounders
for inclusion in our models: age at enroliment (continuous, years), education (college
graduate vs. not), marital status (married or cohabitating vs. not), race and ethnicity (as

a proxy for the unmeasured consequences of racism; non-Hispanic White, non-Hispanic
Black, Hispanic, Asian, other persons), smoking status (during pregnancy, former smoker,
never smoked), parity (nulliparous vs. parous), prior breastfeeding duration (continuous,
months), and pre-pregnancy body mass index (BMI; continuous, kg/m?). We also included
gestational age at time of PFAS blood draw (continuous, weeks) as a covariate in our models
to account for variability in PFAS concentrations due to hemodynamic changes that occur
during pregnancy.1” We examined but did not include annual household income, as the
inclusion versus exclusion of adjustment for this covariate did not materially change effect
estimates. We did not control for gestational weight gain, as gestational weight gain has the
potential to be on the causal pathway for the PFAS-breastfeeding duration relationship.18
In covariate-adjusted models, we assessed the proportional hazards assumption using
Schoenfeld residuals as a diagnostic. While the residuals for all 6 PFAS did not suggest
violation of this assumption, for some covariates (maternal education, parity, and prior
breastfeeding duration) the proportional hazards was not supported; to address this, we
relaxed this assumption by fitting a stratified Cox model which allows a different baseline
hazard by levels of these covariates.

We used multiple imputation to account for missing data for maternal education, race and
ethnicity, and pre-pregnancy BMI (all <1% missing), as well as cumulative breastfeeding
duration in prior pregnancies (A=260, 24% missing). Using imputation by chained
equations, we generated 50 imputed data sets, and combined estimates using Rubin’s
rules?® for the single-PFAS models. We used data on the PFAS concentrations, outcomes,
and additional covariates from 2100 individual participants in Project Viva (excluding 28
duplicate pregnancies) to generate the imputed data sets. For the analyses, we restricted

to the 1079 participants who had initiated feeding human milk to their baby, had data on
PFAS concentrations, and had data on the breastfeeding duration of the index child. We ran
models that were unadjusted, adjusted for all covariates except prior breastfeeding duration
(to examine the magnitude of confounding), and fully covariate-adjusted models.

We utilized quantile based g-computation to account for multiple PFAS and to estimate
the association with the mixture, thereby more accurately reflecting human exposure
scenarios.20 Quantile g-computation, an approach implemented via the ‘qgcomp’ package
in R, provides 1) an estimate of the joint effect of the exposure mixture on an outcome,
and 2) individual weights for each component, which represent the relative contribution to
either the positive or negative scaled effect size. We applied quantile g-computation under
a Cox proportional model 20 to estimate the adjusted association of a simultaneous quartile
increase of all PFAS concentrations and the hazard of terminating breastfeeding in the first
9 months, using the same set of covariates as single-PFAS models and within one of 50
randomly selected imputed datasets. Analogous to single-PFAS models, we implemented
quantile g-computation under a stratified Cox model which allowed a different baseline
hazard by levels of maternal education, parity, and prior cumulative breastfeeding duration.
Quantile g-computation allows for reporting of adjusted associations either conditional on
the assumed confounders or marginalized with respect to confounders. Our estimates of
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conditional and marginal associations were similar, so we only report the conditional hazard
ratio.

In sensitivity analyses, we ran single PFAS models among the 810 participants with all
covariates measured (i.e., complete case analyses with no imputed data). To improve
comparability with some prior studies,?1-25 we also ran sensitivity analyses in which we
restricted to nulliparous participants (A=560); included A=187 participants who never
attempted to lactate (i.e., setting their breastfeeding duration to 0.01 months; N=1266
overall); adjusted for parity as a categorical variable (0, 1, 2, 3, or =4 prior births); and
censored breastfeeding duration at 6 months. To assess the robustness of our results across
analytic approaches, we used modified Poisson regression with robust error varianceZ6 to
estimate risk ratios between plasma concentrations of each PFAS and a binary outcome of
terminating breastfeeding before versus after 9 months.

Additionally, we examined associations of plasma concentrations of each PFAS with
exclusive breastfeeding termination in the first 3 months (A=1022 with data on exclusive
breastfeeding, defined as no complimentary liquids or solids); during the years in which
Project Viva women were enrolled into the study and began breastfeeding (1999-2002),

the AAP recommended introducing solids foods as early as 4 months of age.2’ Finally, we
used modified Poisson regression models to examine associations of plasma concentrations
of each PFAS with perceived insufficient milk supply (A=1077 with data on reason for
terminating breastfeeding). We used R version 3.6.2 (R Core Team) to conduct all analyses.

3. Results

3.1.

Population characteristics

Among all Project Viva participants (A=2100), those included in this analysis (imputed to
N=1079) were more likely to be college graduates, non-Hispanic White persons, nulliparous,
and to have never smoked as compared to those excluded (Table S1). Participants in the
analytic cohort were on average 32.3 years old at enrollment. Participants were primarily
non-Hispanic White persons (72%), married or cohabitating (92%), and college graduates
(73%). On average, participants breastfed the index pregnancy 6.6 [standard deviation (SD):
4.2] months and exclusively breastfed the index pregnancy for 2.5 (SD: 2.0) months. Sixty
percent terminated breastfeeding by 9 months postpartum. The 48% (A=519) participants
who were parous had an average of 1.4 (SD: 0.7) prior births and spent an average of 11.3
(SD: 15.4) months total time breastfeeding across all prior pregnancies (Table 1).

The 6 PFAS included in our analyses were detected in over 98% of samples. The highest
concentrations were for PFOS [median (range): 25.0 (<LOD of 0.2 — 117) ng/mL]. Plasma
PFAS concentrations were positively and moderately correlated [Spearman coefficients (rg):
0.20-0.74], with the strongest correlation between PFOS and PFOA concentrations (rs: 0.66,
Table 2). Participants with higher plasma concentrations of PFOA in pregnancy were more
likely to be non-Hispanic white persons, current or former smokers, nulliparous, and to have
reported fewer months of prior breastfeeding (Table 1).

Sci Total Environ. Author manuscript; available in PMC 2024 September 15.
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3.2. Single PFAS models

In single PFAS models that were unadjusted or adjusted for all covariates except prior
breastfeeding duration, women with higher plasma concentrations of all six PFAS had a
greater hazard of terminating breastfeeding in the first 9 months postpartum, although Cls
for PFHXS included the null (Table S2). In fully adjusted models (i.e., after also accounting
for prior cumulative breastfeeding duration), PFOA, EtFOSAA, and MeFOSAA remained
significantly associated with terminating breastfeeding in the first 9 months. The hazard

of terminating in the first 9 months was 20% [95% confidence interval (CI): 1.04, 1.38]
higher per doubling of PFOA, 18% (95% ClI: 1.08, 1.30) higher per doubling of MeFOSAA,
and 10% (95% ClI: 1.01, 1.20) higher per doubling of EtFOSAA. In fully adjusted models,
women with higher PFOS, PFHXxS, and PFNA concentrations also had greater hazard of
terminating breastfeeding, but associations were weak, and the 95% Cls included the null
(Figure 1, Table S3).

3.3. PFAS mixture model

In the covariate-adjusted quantile g-computation model, we estimated that women had a
17% (95% CI: 1.05, 1.31) greater hazard of terminating breastfeeding per simultaneous
quartile increase of each PFAS component in the mixture. Consistent with our single PFAS
models, the positive association was driven by PFOA, EtFOSAA, and MeFOSAA (Figure
2).

3.4. Sensitivity analyses

When we examined only individuals with no missing covariate data, results were similar in
direction and magnitude as compared to the cohort with imputed covariate data (Table S3).
When we restricted to nulliparous participants (52% of overall analytic cohort), the direction
and magnitude of effect estimates were generally similar, although Cls were wider. The
association between a plasma PFOA concentration and hazard of terminating breastfeeding
was somewhat attenuated among nulliparous participants compared to the overall analytic
cohort [HR (95% Cl): 1.14 (0.95, 1.37) versus 1.20 (1.04, 1.38) per doubling PFOA] (Table
S4). When we included participants who never attempted to lactate (i.e., by setting their
breastfeeding duration to 0.01 months) or when we adjusted for parity as a categorical rather
than a binary variable, effect estimates were similar to those in our primary analyses (data
not shown). When we examined associations of PFAS with breastfeeding termination within
the first 6 months postpartum, direction and magnitude of effect estimates were similar
except for slightly attenuated associations for PFOA [HR: 1.16 (95% CI: 0.98, 1.37) versus
1.20 (95% CI: 1.04, 1.38) per doubling PFOA when censored at 9 months postpartum]
(Table S3). Results were robust across analytic approaches, with effect estimates for PFOA,
EtFOSAA, and MeFOSAA being the strongest in magnitude and statistically significant at
a=0.05 level whether using Cox models or modified Poisson with robust error variance
(Table S5).

Women with higher concentrations of EtFOSAA and MeFOSAA during pregnancy had
greater hazard of terminating exclusive breastfeeding in the first 3 months postpartum, but
associations were weaker as compared to our primary analysis and Cls included the null
[e.g., HR (95% CI) of 1.09 (0.99, 1.20) per doubling plasma MeFOSAA concentration]
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(Table S6). PFAS concentrations during pregnancy were generally not associated with
perceived insufficient milk supply, although women with higher PFOS concentrations
were less likely to report perceived insufficient milk supply as a reason for terminating
breastfeeding (Table S7).

4. Discussion

Among Project Viva participants, higher plasma concentrations of PFOA, EtFOSAA, and
MeFOSAA, as well as of the overall 6 PFAS mixture, were prospectively associated with a
greater hazard of terminating breastfeeding. Our findings were consistent with results from
the Danish National Birth Cohort,2! Health Outcomes and Measures of the Environment
(HOME) Study,22 Children’s Health and the Environment in the Faroes (CHEF) cohort,23
Odense Child Cohort,24 and Ronneby cohort.28 Across prior studies, PFOA has been
consistently associated with shorter breastfeeding duration,21-24 even after accounting for
prior cumulative breastfeeding duration.22-24 Although analyses within some European
cohorts have also shown higher concentrations of PFOS or PFNA to be associated with
shorter breastfeeding duration, we observed no associations with PFOS21:23-25 or PENAZ23.24
in Project Viva, similar to the U.S.-based HOME Study cohort.22 Also consistent with

our findings, PFHXS has not been associated with shorter breastfeeding duration in prior
studies.22-25 Our study is the first to evaluate EtFOSAA and MeFOSAA in relation

to breastfeeding duration, and we found strong associations of both PFAS, particularly
MeFOSAA, with shorter breastfeeding duration. Serum concentrations of EtFOSAA and
MeFOSAA in the general population have declined over the past >20 years (i.e., since the
time when Project Viva women were pregnant), with EtFOSAA largely no longer detectable.
MeFOSAA, which is still detectable at relatively low concentrations in ~50% of the U.S.
population,1¥ is an oxidation product of N-methyl perfluorooctanesulfonamidoethanol, used
primarily in surface treatment applications of carpets and textiles;2%:30 if our finding is
replicated, it could have implications for exposure risk reduction in indoor environments
among pregnant women.

In Project Viva, we collected plasma around the time of peak PFAS production in the U.S.
(1999-2002).31 While PFAS concentrations in our cohort were similar to those observed in
the 1999-2000 U.S. National Health and Nutrition Examination Survey (NHANES)0 and
the Danish National Birth Cohort (1996-2002),21:32 concentrations were generally higher
among our cohort than among other published studies evaluating PFAS and breastfeeding
duration that used serum or plasma collected at a later time. For example, the median PFOS
concentration in our study was 25 ng/mL, higher than 19 ng/mL in the CHEF cohort (1997-
2000, 2007-2009),2% 14 ng/mL in the HOME Study (2003-2006),22 13 ng/mL in MoBa
(1999-2008),2° and 7.6 ng/mL in the Odense Child Cohort (2010-2012).24 In recent years,
multiple communities have been identified with high levels of PFAS contamination?8:33-37
(e.g., from historical use of aqueous film-forming foam mainly containing PFOS and

other long-chain PFAS38-40). Median serum concentrations of PFOA, PFOS, and PFNA

in some of these U.S. communities33-37 are in line with plasma concentrations in our study.
Additionally, many women in our study had PFAS concentrations during pregnancy that
meet the 2022 National Academies of Science clinical reference (20 ng/mL for the additive
sum of PFHXS, PFOS, PFOA, PFNA, PFDA, MeFOSAA, and perfluoroundecanoic acid
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concentrations) for people who may face a higher risk of adverse health effects due to PFAS
exposure.#! Thus, as compared to prior published studies, our findings may be somewhat
more generalizable to individuals currently residing in communities with relatively high
PFAS exposure.

Our study further extends prior literature by quantifying the association of a PFAS mixture
with breastfeeding duration, while accounting for correlations between PFAS, and thus
estimating a more ‘real world’ scenario of exposure to multiple PFAS. While the MoBa
study used elastic net regression to account for multiple PFAS,2 our study is the first

to evaluate the joint effect estimate of a PFAS mixture on breastfeeding duration. We
found that women in Project Viva had a 17% greater hazard of terminating breastfeeding
per quartile increase in each component of the PFAS mixture; similar to the observed

20% greater hazard of terminating per doubling ¥ PFAS (i.e., summing concentrations of
PFOA, PFQOS, PFHxXS, PFNA, and PFDA as a single exposure biomarker) in the Odense
Child Cohort.24 Additionally, we carefully considered the potential for confounding by
prior cumulative breastfeeding duration — as breastfeeding is both a major PFAS excretion
pathway12 and a predictor of future (i.e., index pregnancy) breastfeeding duration,42:43
Prior studies have aimed to control for confounding by prior breastfeeding duration

either via adjusting for prior cumulative breastfeeding duration as a covariate and/or
restricting to nulliparous participants.21-25 We employed both approaches and found similar
results, although observed that adjustment only for parity (without also adjusting for prior
breastfeeding duration) was not sufficient to control confounding.

Consistent with prior cohorts,22-24 we found associations of PFAS concentrations with
duration of exclusive breastfeeding to be weaker than with duration of any breastfeeding.
Report of exclusive breastfeeding duration may be more susceptible to social desirability
bias,** and over-reporting exclusive breastfeeding duration could bias estimates toward

the null. Additionally, a woman’s decision to stop exclusively breastfeeding (versus any
breastfeeding) may be more largely impacted by external psychosocial (e.g., inconvenience,
wanting someone else to feed the baby) and/or lifestyle (e.g., return to work, dietary
restrictions while breastfeeding) factors compared to the decision to stop any breastfeeding.
We found no association between plasma PFAS concentrations and self-reported insufficient
milk supply. However, perceived insufficient milk supply does not consistently correlate
with actual milk supply,*® and instead may be influenced by breastfeeding self-efficacy and
infant behaviors (i.e., crying, sucking).46

PFAS act through several biological pathways that may disrupt mammary gland
development and the lactation process.” Specifically, in mice, higher exposure to PFOA
impairs mammary gland development?7:48 and differentiation*9-20; activates the peroxisome
proliferator activated receptor-a,®152 which may impede mammary lobuloalveolar
development®3; alters expression of genes related to milk protein®; and inhibits the
placental prolactin-growth hormone family,>* an important set of hormones for mammary
gland development, differentiation, and milk production.®® In humans, these effects may
impact a lactating person’s milk supply, leading to earlier termination of breastfeeding or
supplementation with formula or complementary foods which has clinical implications for
mother and infant. Longer breastfeeding duration lowers maternal risk of type 2 diabetes
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mellitus, breast cancer, and ovarian cancer.! Notably, human milk is an excretion pathway
for PFAS, and among infants, the consumption of human milk can be a main source

of PFOS and PFOA.%6-58 Even so, with limited information about PFAS in formula

(often mixed with drinking water) and first foods;>° the nutritional, immunological, and
anti-inflammatory benefits of breastfeeding for infants; and long-term benefits for maternal
health, the CDC and AAP advise breastfeeding despite the possible presence of endocrine
disrupting environmental chemicals like PFAS.50

We are not aware of any cohorts with direct measures of milk production, and our study is
similarly limited by our use of breastfeeding duration as a proxy for human milk production.
Social desirability or recall bias may also introduce outcome measurement error. However,
recall of breastfeeding duration has high reliability and accuracy, particularly among women
with a college degree.61.62 Furthermore, we expect any social desirability or recall bias

to lead to non-differential error and thus bias our results towards the null; meaning there
would be an underestimation of effect estimates. Generalizability may be limited, as Project
Viva participants resided in the greater Boston, Massachusetts area and were of higher
socioeconomic status. Finally, we used Cox modeling approach, which is advantageous in
that it provides a convenient summary measure of estimated associations of exposure with a
time-varying event process,53 but also limits interpretability of results due to the estimation
of hazard ratios rather than risk ratios or risk differences.546> However, the robustness of
our observed associations across methods (Cox models and modified Poisson regression
with robust error variance) suggests that our findings are not simply an artifact of the
modeling approach. Our study also has several strengths. As compared to most existing
studies of PFAS and breastfeeding duration, we investigated a wider number of PFAS. We
also examined the joint effects of a PFAS mixture, and carefully controlled for confounding
by prior breastfeeding duration as well as other sociodemographic characteristics.

Our study strengthens existing evidence that higher prenatal exposure to certain PFAS,
evaluated during pregnancy, individually and as a mixture, may adversely affect
breastfeeding duration. As breastfeeding plays a beneficial role in the subsequent health of
women and their children,%9 our findings draw attention to endocrine disrupting chemicals,
such as PFAS, that may disrupt human lactation.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Higher plasma PFAS in pregnancy were associated with shorter breastfeeding
duration

. PFOA, EtFOSAA, and MeFOSAA associations were strongest across
modeling approaches

. Study extends prior research by examining the joint effects of a 6 PFAS
mixture
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Figure 1.
Adjusted hazard ratios (95% confidence intervals) for terminating breastfeeding in the first 9

months per doubling of plasma PFAS concentrations. Abbreviations: Cl, confidence interval;
PFOA, perfluorooctanoate; PFOS, perfluorooctane sulfonate; PFHXS, perfluorohexane
sulfonate; PFNA, perfluorononanoate; EtFOSAA, 2-(N-ethyl-perfluorooctane sulfonamido)
acetate; MeFOSAA, 2-(N-methyl-perfluorooctane sulfonamide) acetate. Notes: Adjusted for
maternal age, race/ethnicity, pre-pregnancy body mass index, marital status, smoking during
pregnancy, and weeks of gestation at time of PFAS blood draw. Cox model stratified by
maternal education, parity, and prior breastfeeding duration. See Table S3 for corresponding
numerical values.
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Figure 2.
Adjusted quantile g-computation hazard ratio (95% confidence interval) for terminating

breastfeeding in the first 9 months per quartile increment of all plasma PFAS concentrations
in the mixture, and the percent contribution of each PFAS to the overall mixture effect
(calculated using quantile g-computation output and taking into account the scaled effect
size in each direction). Abbreviations: Cl, confidence interval; HR, hazard ratio; PFAS,

per- and polyfluoroalkyl substances; PFOA, perfluorooctanoate; PFOS, perfluorooctane
sulfonate; PFHXS, perfluorohexane sulfonate; PFNA, perfluorononanoate; EtFOSAA, 2-
(N-ethyl-perfluorooctane sulfonamido) acetate; MeFOSAA, 2-(N-methyl-perfluorooctane
sulfonamide) acetate. Notes: Adjusted for maternal age, race/ethnicity, pre-pregnancy

body mass index, marital status, smoking during pregnancy, and weeks of gestation at

time of PFAS blood draw. Cox model stratified by maternal education, parity, and prior
breastfeeding duration.
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Table 1.

Characteristics of study participants in the analytic cohort, overall and by quartiles of plasma
perfluorooctanoate (PFOA) concentration during pregnancy, 1999-2002

Overall Quatrtile of perfluorooctanoate (PFOA) &
N=1079 | R, Nete | Nezo | Neser

Participant characteristics Mean + Standard deviation or N (%)
Age at enrollment (years) 323+49 | 33547 326+4.7 | 31551 | 31.7+49
College degree b

Yes 786 (73) | 214 (79) 204 (74) | 191(71) | 177 (68)

No 293 (27) 58 (21) 72 (26) 79 (29) 84 (32)
Married or cohabitating b

Yes 098 (92) | 253 (93) 247(89) | 251(93) | 247 (95)

No 81 (8) 19 (7) 29 (11) 19 (7) 14 (5)
Race/ethnicity b

Non-Hispanic White 777(72) | 185(68) 196 (71) | 202 (75) | 195 (75)

Non-Hispanic Black 143 (13) 43 (16) 39 (14) 27 (10) 33 (13)

Hispanic 67 (6) 14 (5) 17 (6) 19 (7) 17 (7)

Asian 50 (5) 17 (6) 16 (6) 11 (4) 6(2)

Other ¢ 42 (4) 13 (5) 8(3) 114 10 (4)
Smoking status 2

During pregnancy 112 (10) 15 (6) 27 (10) 35 (13) 34 (13)

Former smoker 211 (19) 48 (18) 49 (18) 51 (19) 63 (24)

Never smoked 757 (70) | 209 (77) 200(72) | 184(68) | 164 (63)
Nulliparous

Yes 560 (52) | 63(23) 127 (46) | 186(69) | 184 (70)

No 519 (48) | 209 (77) 149 (54) | 84 (31) 77 (30)
Prior breastfeeding duration (months) & € 54+121 | 11.1+£158 | 50+115 | 3.2+91 | 20£6.5
Pre-pregnancy BMI (kg/m?) 247+54 | 243+52 248+56 | 247+52 | 25.1+54
Weeks of gestation at time of PFAS blood draw 10.1+23 | 104+23 10.1+25 | 100+23 | 9.7+19
Index pregnancy breastfeeding characteristics
Breastfeeding duration (months) 6.6 +4.2 81+41 6.3+4.3 6.6 +4.0 56+4.2

Terminated by 9 months postpartum 651 (60) 124 (46) 171 (62) 170 (63) 186 (71)
Exclusive breastfeeding duration (months) 25+20 | 3121 24+20 | 2419 |22+19
Perceived insufficient milk supply 9 345 (32) 68 (25) 96 (35) 96 (36) 85 (33)

Abbreviations: Q, quartile; kg, kilograms
aPFOA concentrations (ng/mL) for each quartile are Q1: 0.3 -4.0; Q2: 4.1-5.7; Q3: 5.8 - 7.8; Q4: 7.9-36.7

b . . .
Calculated from all imputations and Ns are rounded to nearest integer; values may not sum to 1079
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Other race/ethnicity includes those who identified as American Indian or Alaskan Native, other, or more than one race

Cumulative breastfeeding duration of any pregnancies prior to the index pregnancy; data retrospectively collected at the midlife research visit and
imputed in 255 participants with missing data

e . . . .
Among parous women (A=519; 48%), the overall mean + SD of prior breastfeeding duration was 11.3 + 15.4 months and for number of prior
births was 1.4 £ 0.7

f . . . .
N=1022; exclusive breastfeeding duration not imputed

gN: 1077; perceived insufficient milk supply not imputed
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Distributions and Spearman correlation coefficients for the plasma PFAS concentrations (A=1079), 1999-

2002
Percentile

PFAS (ng/mL) | o4 detection @ | Minimum | 25th Median | 75th Maximum
PFOA 100 0.3 4.0 5.7 7.8 36.7
PFOS 99.8 <LOD 18.4 25.0 34.0 117
PFHXS 99.0 <LOD 1.6 24 3.7 46.4
PFNA 98.9 <LOD 0.5 0.7 0.9 6.0
EtFOSAA 99.8 <LOD 0.7 11 18 21.2
MeFOSAA 99.9 <LOD 1.2 1.9 3.0 29.7

Spearman correlation coefficients

PFOA PFOS PFHxS | PFNA EtFOSAA | MeFOSAA
PFOA - - - - - -
PFOS 0.74 - - - - -
PFHXS 0.55 0.53 - - - -
PFNA 0.56 0.63 0.45 - - -
EtFOSAA 0.39 0.52 0.20 0.21 - -
MeFOSAA 0.36 0.42 0.26 0.25 0.42 -

Abbreviations: PFAS, per- and polyfluoroalkyl substances; PFOS, perfluorooctane sulfonate; PFOA, perfluorooctanoate; PFHxS, perfluorohexane
sulfonate; PFNA, perfluorononanoate; EtFOSAA, 2-(N-ethyl-perfluorooctane sulfonamido) acetate; MeFOSAA, 2-(N-methyl-perfluorooctane

sulfonamide) acetate

aLimits of detection were 0.2 ng/mL for PFOS and 0.1 ng/mL for all other PFAS.
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