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Abstract

Objective: Test the extent to which pregnancy per- and polyfluoroalkyl substance (PFAS) 

concentrations were associated with gestational weight gain and postpartum weight changes.

Methods: We studied 1614 women recruited 1999-2002 in the Project Viva cohort with 

pregnancy plasma concentrations of six PFAS, including perfluorooctanesulfonic acid (PFOS), 

perfluorooctanoic acid (PFOA), and 2-(N-ethyl-perfluorooctane sulfonamido) acetic acid 

(EtFOSAA). We defined gestational weight gain as the difference between last pregnancy weight 
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and pre-pregnancy weight; 1-year postpartum weight retention as the difference between 1-year 

postpartum weight and pre-pregnancy weight; and 3-year postpartum weight change as the 

difference between 3-years postpartum weight and pre-pregnancy weight.

Results: During pregnancy, women gained 0.37 kg (95%CI: 0.11, 0.62) more weight per 

doubling of EtFOSAA. At 1-year postpartum, women retained 0.55 kg (95%CI: 0.07, 1.04) more 

weight per doubling of PFOA. At 3-years postpartum, women gained 0.91 kg (95%CI: 0.25, 1.56) 

more weight per doubling in PFOA. Findings were similar after adjustment for all PFAS. Other 

PFAS were not associated with weight changes. Postpartum associations were stronger among 

women with higher pre-pregnancy BMI. Models were adjusted for demographics.

Conclusions: Pregnancy PFAS were associated with greater gestational weight gain, weight 

retention, and weight gain years after pregnancy.

Keywords

PFAS; environmental exposure; gestational weight gain; postpartum weight retention; weight gain

Introduction

Excessive gestational weight gain and postpartum weight retention can have short- and long-

term health effects in women. In the short-term, excessive gestational weight gain is linked 

to preterm birth, Cesarean section delivery [1], postpartum weight retention, and weight gain 

[2 3]. In the long-term, these factors are associated with adverse cardiometabolic health [2–

4]. Though an increasing body of evidence links environmental chemical exposures to 

weight gain and greater adiposity in non-pregnant populations [5], few studies have 

evaluated the extent to which chemical exposures may affect maternal weight change during 

and after pregnancy.

Per- and polyfluoroalkyl substances (PFAS) are environmental chemicals with potentially 

obesogenic effects that have been manufactured since the 1950s [6 7]. PFAS are used in a 

variety of products, including food packaging, stain- and water-resistant fabrics, personal 

care products, and cooking equipment [8–10]. U.S. adults are primarily exposed through 

ingestion of contaminated food, water, and indoor dust [11]. PFOS and PFOA have multi-

year half-lives in humans [12]. Despite a voluntary U.S. phase-out of PFOS and PFOA 

beginning in 2000 [13], PFOS and PFOA continue to be ubiquitously detected in the U.S. 

population [14].

A large body of evidence links prenatal PFAS exposure to weight gain and adiposity in 

children [15–18], but evidence for PFAS exposure and weight gain in adults is mixed. In 

nonpregnant adults, prospective studies from the Diabetes Prevention Program Outcomes 

Study (DPPOS) and the Preventing Overweight Using Novel Dietary Strategies (POUNDS 

Lost) clinical trial reported positive associations of some PFAS with weight change [19 20], 

though several cross-sectional studies reported inverse or null associations [21–23]. Three 

studies have evaluated PFAS and weight gain during pregnancy; all reported a positive 

association only among women with normal pre-pregnancy body mass index (BMI) [24–26]. 
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Previous studies have not evaluated associations between PFAS and weight changes 

following pregnancy, a time of rapid metabolic change.

Because PFAS exposure might be modifiable and may affect weight gain, it is important to 

understand the association between PFAS and weight gain in pregnancy and postpartum. In 

this study, we used longitudinal data [27] to evaluate associations of first trimester PFAS 

plasma concentrations with gestational weight gain, 1-year postpartum weight retention, and 

3-year postpartum weight change. We hypothesized that higher PFAS plasma concentrations 

would be associated with higher gestational weight gain, greater 1-year postpartum weight 

retention, and more weight gain at 3 years postpartum.

Methods

Project Viva is a prospective pre-birth cohort that recruited women between 1999–2002 at 

their first prenatal visit from Atrius Harvard Vanguard Medical Associates, a multi-specialty 

group practice in eastern Massachusetts [27]. Women were English-speaking, pregnant with 

a single fetus <22 weeks’ gestation at recruitment, and planned to deliver in eastern 

Massachusetts. All participants provided written informed consent, and the human subjects 

committee of Harvard Pilgrim Health Care approved all procedures. Participants completed 

study visits in the first and second trimesters, at delivery, and at three years postpartum, and 

completed interviews and questionnaires at each visit. They also completed mailed 

questionnaires at 1 and 2 years after delivery. Twenty-eight women participated in Project 

Viva for two pregnancies; we limited the analysis dataset to the first eligible pregnancy for 

each participant. Of 2100 live births, we excluded pregnancies without plasma PFAS 

measurements (n=472), as well as those with prepregnancy type 1 or type 2 diabetes (n=14), 

leaving 1614 participants at baseline.

We collected blood samples in early pregnancy (median 9.7 weeks; range 4.8-21.4 weeks) 

and stored plasma in non-PFAS-containing cryovials in liquid nitrogen freezers at ≤ - 130°C 

until analysis. We quantified plasma concentrations of seven PFAS using online solid-phase 

extraction coupled with isotope dilution high-performance liquid chromatography-tandem 

mass spectrometry at the Centers for Disease Control and Prevention (CDC). The PFAS 

were: perfluorooctanoic acid (PFOA), perfluorooctane sulfonic acid (PFOS), 

perfluorononanoic acid (PFNA), perfluorohexane sulfonic acid (PFHxS), perfluorodecanoic 

acid (PFDA), 2-(N-ethyl-perfluorooctane sulfonamido) acetic acid (EtFOSAA), and 2-(A-

methyl-perfluorooctane sulfonamido) acetic acid (MeFOSAA). Limits of detection (LOD) 

were 0.2 ng/mL for PFOS and 0.1 ng/mL for all other PFAS. All PFAS except PFDA were 

detected in over 98% of samples. PFDA was detected in 45.1% of samples; we excluded it 

because of relatively low detection frequency. We imputed values below the LOD (<1% 

samples) using LOD/√2. The analysis of deidentified samples at the CDC laboratory did not 

constitute engagement in human subjects research.

Participants self-reported pre-pregnancy weight at enrollment. We previously found self-

reported and clinically measured pre-pregnancy weight to be highly correlated (r=0.997) 

among a validation subset of participants (n=343) [28], We used clinically measured weights 

(median 13; range 3-28) to calculate weight gain during pregnancy. Pregnancy days were 
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counted from date of last menstrual period. We defined first trimester weight gain as the 

difference in weight between pregnancy day 91 and pre-pregnancy, second trimester weight 

gain as the difference in weight between pregnancy day 182 and pregnancy day 91, and third 

trimester weight gain as the difference between the final clinically measured weight during 

pregnancy (within 4 weeks of delivery) and weight at pregnancy day 182. To estimate 

weight at pregnancy days 91 and 182, we used linear interpolation between the two weight 

measurements closest to the dates [3]. We calculated trimester-specific rate of gestational 

weight gain (kg/wk) by dividing weight gain by number of weeks in each trimester. We 

defined total gestational weight gain as the difference between the last clinically measured 

weight during pregnancy (within 4 weeks of delivery) and pre-pregnancy weight, and total 

rate of gestational weight gain by dividing total gestational weight gain by the total weeks of 

pregnancy. We also categorized adequacy of gestational weight according to the Institute of 

Medicine 2009 guidelines, which vary by pre-pregnancy BMI [29].

At one year postpartum, participants self-reported weight on a mailed questionnaire. We 

defined 1-year postpartum weight retention as the difference in weight between 1-year 

postpartum and pre-pregnancy. At three years postpartum, research assistants (RAs) weighed 

participants (fully clothed without shoes) using a Seca scale and recorded weights in 

kilograms to two decimal places. Women also self-reported weight on a questionnaire. The 

correlation between self-reported and RA-measured 3-year postpartum weight among 

participants with both measurements was 0.99; self-reported weights were approximately 

0.77 kg lighter than RA-measured weight (women with higher pre-pregnancy BMIs 

underreported their weight slightly more). For participants with a self-reported weight but no 

RA-measured weight (79 of 883 [5.6%] participants), we predicted the participant’s RA-

measured weight (RA-measured weight (kg) = −0.93341 + 0.99627*self-reported weight 

(kg) + 0.07942*BMI (kg/m2)). We defined 3-year postpartum weight change as the 

difference between weight at 3-years postpartum (using the 3-year RA measured weight, or 

predicted weight for participants with only self-reported weight [described above]) and pre-

pregnancy weight.

We set 1-year postpartum weight values to missing if the participant was pregnant at the 

assessment or had another baby since the index pregnancy (n=96). We set 3-year postpartum 

weight values to missing if the participant was pregnant at the assessment or if she had been 

pregnant within the last 6 months (n=192). Sample sizes in adjusted models were n=1568 for 

gestational weight gain, n=860 for 1-year postpartum weight retention, and n=871 for 3-year 

postpartum weight change.

Statistical analysis

We examined the association of early pregnancy PFAS plasma concentrations with 

gestational weight gain (continuous and categorical), 1-year postpartum weight retention 

(continuous and categorical), and 3-year postpartum weight change (continuous). We log2-

transformed PFAS plasma concentrations and present effect estimates per doubling of PFAS 

concentrations.

At recruitment, participants reported maternal race/ethnicity, age, education, parity, marital 

status, household income, and smoking status. We calculated pre-pregnancy BMI using self-
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reported pre-pregnancy weight and height (weight (kg)/height(m)2). We adjusted all models 

for age, continuous pre-pregnancy BMI, marital status (married or cohabitating versus not), 

race/ethnicity (black, white, or other), education (college graduate or more versus less than 

college graduate), annual household income (>$70,000 versus ≤$70,000), smoking (current, 

former, or never), and parity (0, 1, or >1). We chose covariates a priori as likely confounders 

based on prior literature [30 31], Because previous studies have indicated that the 

association between PFAS and gestational weight gain is modified by pre-pregnancy BMI 

[24 25], we also tested multiplicative interactions for categorical pre-pregnancy BMI (<25.0, 

25.0-<30.0, ≥ 30.0 kg/m2) for all outcomes.

We used multivariable linear regression to evaluate the associations of plasma PFAS 

concentrations with trimester-specific and total gestational weight gain. We used 

multinomial regression to estimate the odds of inadequate and excessive gestational weight 

gain.

We used multivariable linear regression to evaluate the associations of PFAS concentrations 

with 1-year postpartum weight retention and 3-year postpartum weight change. We used 

logistic regression to estimate odds of substantial 1-year postpartum weight retention 

(defined as retaining ≥ 5 kg at 1-year postpartum, based on a cutoff commonly used in prior 

literature as well as prior analyses in this cohort) [32],

In 1- and 3-year postpartum models, we used stabilized inverse probability (IP) of censoring 

weights to correct for non-random loss to follow-up resulting in potential selection bias [33], 

We weighted participants who were not lost to follow-up based on their demographic and 

clinical characteristics to ensure that the analytic population continued to represent the 

baseline population. We calculated IP weights separately for each PFAS model.

Because some participants (12%) were missing covariates, we used chained equations in 

SAS PROC MI to multiply impute missing covariates. We generated fifty imputed datasets 

and combined them to generate results. Analyses were performed using SAS 9.4 (SAS 

Institute Inc., Cary, NC).

Because PFAS occur in the environment as correlated, complex mixtures, modeling the 

effects of exposure to one PFAS at a time may not accurately characterize each chemical’s 

independent effect. As a complement to traditional modeling approaches, we additionally 

used Bayesian Kernel Machine Regression (BKMR) in a singly imputed dataset. This 

method assesses the effects of exposure to both the overall PFAS mixture, as well as each 

individual chemical in the mixture, taking into account correlations and interactions. The 

BKMR model is: Yi = h (PFOSi, PFOAi, PFHxSi, PFNAi, EtFOSAAi, MeFOSAAi) +αXi+ 

εi, where h(PFAS) is a flexible Gaussian kernel function and X=X1, …, Xn are n potential 

confounders [34], BKMR analyses were conducted using a single imputation without 

variable selection in R version 3.5.1.

Sensitivity analyses

To ensure gestational weight gain occurred after the exposure measurement, we modeled 

associations with gestational weight gain excluding the first trimester. Also, to ensure any 
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observed association with gestational weight gain was not due to effects on gestational 

length, we modeled the average rate of gestational weight gain over the whole pregnancy. To 

evaluate confounding from other PFAS, we included all PFAS in a single model. Finally, we 

repeated analyses without IP weights.

Results

Most participants in the eligible population (n=1614) were white (68%) and between 25 and 

35 years old (63%). The majority had pre-pregnancy BMI <25.0 kg/m2 (62%), were married 

or cohabitating (91%), never smoked (68%), were college educated (64%), and had 

household incomes >$70,000 per year (58%) (Table 1). Compared to those excluded, the 

subset of the cohort eligible for this analysis (described above) was more likely to be white 

(68% versus 60%). Imputations did not affect the distribution of covariates in the study 

population (Supplemental Table S1). Spearman correlation coefficients between the six 

PFAS ranged from 0.19 to 0.71; most correlations were between 0.2 and 0.5 (Table 2).

Gestational weight gain

Mean gestational weight gain was 15.7 kg (SD=5.7 kg), and 60% of participants gained 

excessive weight. Plasma PFAS concentrations were not associated with first trimester 

weight gain (which preceded blood collection for PFAS measurement for 87% of 

participants). However, each doubling of EtFOSAA concentrations was associated with 0.02 

kg (95% CI: 0.01, 0.02) more weight gain per week in the second trimester, 0.01 kg (95% 

CI: 0.00, 0.02) more weight gain per week in the third trimester, and 0.37 kg (95% CI: 0.11, 

0.62) more total weight gain (Figure 1; Supplemental Table S2; Table 3). Higher PFAS 

concentrations were associated with lower odds of inadequate (versus adequate) total 

gestational weight gain (PFOS adjusted odds ratio [aOR]: 0.76 [95% CI: 0.62, 0.94]; PFOA 

aOR: 0.76 [95% CI: 0.59, 0.98]; PFHxS aOR: 0.84 [95%CI: 0.71, 0.99]; PFNA aOR: 0.80 

[95% CI: 0.65, 1.00], per doubling of PFAS), but odds of gaining excessive (versus 

adequate) weight in pregnancy were similar regardless of participants’ PFAS plasma 

concentrations. Other PFAS were not associated with gestational weight gain. Pre-pregnancy 

BMI did not significantly modify associations between any PFAS and gestational weight 

gain (Figure 2).

In the PFAS mixture analyses, higher EtFOSAA concentrations were associated with more 

total gestational weight gain, and higher PFOS concentrations were associated with less total 

gestational weight gain (Supplemental Figure S1, part A); EtFOSAA was significantly 

associated with greater total gestational weight gain when concentrations of other PFAS 

were above the median (Supplemental Figure S1, part D). The BKMR model also suggested 

a potential interaction between PFOA and EtFOSAA (Supplemental Figure S1, part B). 

Despite significant associations with EtFOSAA, higher concentrations of the PFAS mixture 

were non-significantly associated with greater gestational weight gain (Supplemental Figure 

S1, part C). In a follow-up linear model containing all PFAS and a PFOA x EtFOSAA 

product term, there was a significant inverse association between PFOS and gestational 

weight gain and a positive interaction (p=0.089) between PFOA and EtFOSAA (Table 3).

Mitro et al. Page 6

Obesity (Silver Spring). Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



One-year postpartum weight retention

Mean 1-year postpartum weight retention was 0.8 kg (SD=4.9); 13.5% of women had 

substantial 1-year postpartum weight retention ( ≥ 5 kg). Each doubling of PFOA was 

associated with 0.55 kg (95% CF 0.07, 1.04) more weight retention at 1-year postpartum 

(Figure 1; Table 3). Certain PFAS concentrations were associated with greater odds of 

retaining substantial weight at 1-year postpartum (PFOS aOR: 1.25 [95% CI: 0.94, 1.66]; 

PFOA aOR: 1.59 [95% CI: 1.17, 2.16]; EtFOSAA aOR: 1.10 [95% CI: 0.91, 1.34], per 

doubling of PFAS plasma concentrations). Other PFAS were not associated with 1-year 

postpartum weight retention (Table 3). Pre-pregnancy BMI significantly modified the 

associations of 1-year postpartum weight retention with PFOS (p=0.022) and PFOA 

(p=0.009); associations were stronger among women with higher prepregnancy BMI (Figure 

2). For example, each doubling in PFOA was associated with retaining 0.08 kg (95%CI: 

−0.54, 0.38) less weight at 1-year postpartum among women with prepregnancy BMI <25.0 

kg/m2, 0.55 kg (95%CI: −0.65, 1.75) more weight among women with prepregnancy BMI 

25.0-<30.0 kg/m2, and 2.47 kg (95%CI: 0.48, 4.45) more weight among women with pre-

pregnancy BMI ≥ 30.0 kg/m2. Applied to the observed range of PFOA concentrations, 

among women with pre-pregnancy BMI ≥ 30.0 kg/m2, those with the highest PFOA 

concentrations would retain on average about 10 kg more than those with the lowest PFOA 

concentrations.

In the PFAS mixture analyses, higher plasma concentrations of PFOA were associated with 

retaining more weight, and higher concentrations of PFNA were associated with retaining 

less weight, though associations were not statistically significant (Supplemental Figure S2, 

part A, D). BKMR models also suggested a potential interaction between PFOS and PFOA 

(Supplemental Figure S2, part B). Higher concentrations of the entire PFAS mixture were 

non-significantly associated with greater 1-year postpartum weight retention (Supplemental 

Figure S2, part C). A follow-up IP-weighted linear model containing all PFAS and a product 

term between PFHxS and PFNA confirmed the direction of associations of PFOA and PFNA 

seen in BKMR models (Table 3).

Three-year postpartum weight change

On average, participants gained 2.7 kg (SD=6.7) at three years postpartum; 28% of women 

weighed at least 5 kg more than they had before pregnancy, and 10.5% women weighed at 

least 10 kg more. Certain PFAS concentrations were positively associated with greater 

weight gain at three years postpartum (0.63 kg [95% CI: 0.04, 1.22] more weight per 

doubling in PFOS, 0.91 kg [95% CI: 0.25, 1.56] more weight per doubling in PFOA, and 

0.40 kg (95% CI: −0.01, 0.82) more weight per doubling in EtFOSAA) (Figure 1; Table 3). 

Other PFAS were not associated with 3-year weight change. Pre-pregnancy categorical BMI 

significantly modified the associations between 3-year postpartum weight change and PFOS 

(p=0.008) and PFOA (p=0.01); associations were stronger among women with higher pre-

pregnancy BMI (Figure 2). For example, each doubling in PFOS was associated with 

gaining 0.07 kg (95% CI: −0.38, 0.52) more weight among women with pre-pregnancy BMI 

<25.0 kg/m2, 0.79 kg (95% CI: −0.64, 2.22) more weight among women with pre-pregnancy 

BMI 25.0-<30.0 kg/m2, and 3.58 kg (95% CI: 0.60, 6.56) more weight among women with 

pre-pregnancy BMI ≥ 30.0 kg/m2. Applied to the observed the range of PFOS 
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concentrations, among women with pre-pregnancy BMI ≥ 30.0 kg/m2, those with high 

PFOS concentrations would gain on average about 15 kg more than those with low PFOS 

concentrations.

At three years postpartum, the PFAS mixtures analysis suggested that higher concentrations 

of PFOS and PFOA were associated with more weight gain, and higher concentrations 

PFNA and MeFOSAA were associated with less weight gain, though associations were not 

statistically significant (Supplemental Figure S3, part A, D). The BKMR model did not 

indicate any potential interactions (Supplemental Figure S3, part B). Higher concentrations 

of the entire PFAS mixture were not significantly associated with 3-year postpartum weight 

change (Supplemental Figure S3, part C). In a follow-up IP-weighted linear model 

containing all PFAS as linear terms, PFOA was positively associated, MeFOSAA was 

inversely associated, and PFOS was no longer significantly associated with three-year 

weight gain (Table 3).

Secondary and sensitivity analyses

Gestational weight gain models excluding first trimester weight gain, and modeling rate of 

total gestational weight gain, produced results similar to the primary analysis. Similarly, 

models including all PFAS (Table 3) and models without IP weights (not shown) were 

similar to the primary analysis.

Discussion

In a large cohort, early pregnancy PFAS plasma concentrations were associated with 

gestational weight gain, 1-year postpartum weight retention, and 3-year postpartum weight 

change. Specifically, EtFOSAA was associated with gestational weight gain; PFOA was 

associated with 1-year postpartum weight retention; and both PFOS and PFOA were 

associated with 3-year postpartum weight gain (though PFOS was not statistically 

significantly associated with 3-year postpartum weight gain after adjustment for other 

PFAS). We also found that associations of PFAS concentrations with postpartum weight 

changes were most pronounced among women who had pre-pregnancy BMI >25 kg/m2. To 

our knowledge, ours is the first study to report that pregnancy PFAS concentrations are 

associated with weight both during and after pregnancy.

Our findings of an association between plasma PFAS concentrations and gestational weight 

gain are broadly consistent with prior studies. Three prior studies of this association reported 

no overall effect of PFASs on gestational weight gain, but positive associations with 

gestational weight gain among women with normal pre-pregnancy BMI [24–26]. Similarly, 

in our study, PFOA predicted significantly higher gestational weight gain only among 

women with normal pre-pregnancy BMI. Unlike prior studies, EtFOSAA was significantly 

associated with higher gestational weight gain in our sample. EtFOSAA is an oxidation 

product of a compound largely found in paper and packaging protectors [35]. During the 

years of Viva recruitment (1999-2002), other studies detected EtFOSAA in high-fat fast food 

items like pizza and chicken nuggets, probably due to migration from PFAS-treated oil-

resistant wrappers. Consumption of these high-fat foods may partly explain the associations 

we observed [36]. Though EtFOSAA has not been previously associated with weight gain or 
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adiposity, a recent analysis reported an association between EtFOSAA concentrations and 

microvascular disease, suggesting EtFOSAA concentrations may affect cardiometabolic 

health [37].

We additionally reported positive associations of PFAS plasma concentrations with 1-year 

postpartum weight retention and 3-year postpartum weight change. Though no prior studies 

investigated these associations, the association of PFOA with 1-year postpartum weight 

retention is similar in magnitude to well-known risk factors. For example, we found the odds 

of substantial 1-year postpartum weight retention was 1.59 times greater per doubling in 

PFOA, which is similar to the effect estimate for walking one hour less each day at 6-months 

postpartum (aOR=1.52) [38], We also saw effect modification by pre-pregnancy BMI on the 

associations between PFAS and postpartum weight changes, with stronger associations in 

women with higher pre-pregnancy BMI. Because women with high pre-pregnancy BMI may 

be particularly susceptible, clinicians might focus PFAS exposure reduction efforts on this 

group.

Interestingly, we found PFOA to have a stronger effect on maternal weight with increasing 

time after pregnancy. Other studies of PFAS and adiposity or weight gain, including the 

DPPOS [20], the POUNDS Lost Trial [19], and the European Youth Heart Study [39] have 

also reported positive longitudinal associations between certain PFAS and weight gain. It is 

not clear why associations may strengthen with increasing follow-up time.

There are several potential mechanisms through which PFAS exposure may be associated 

with increased adiposity and weight gain. In vitro studies of PFAS show an increase in 

adipocyte cell number, reduced cell size, and less lipid accumulation in differentiating 

adipocytes [40 41], PFAS also activates PPAR-γ and ER-α in mouse and human cell lines 

and in vivo in mice, indicating that PFAS exposure may lead to increased adiposity and 

weight gain via estrogenic signaling and lipid metabolism [42–45], The association between 

PFAS exposure and weight gain reported here is consistent with this potential metabolic 

disruption pathway.

Findings from the all-PFAS and BKMR models largely reinforced findings from single-

pollutant regression models. Single-PFAS, all-PFAS, and BKMR models signaled that 

EtFOSAA was associated with greater gestational weight gain, PFOA was associated with 

greater 1-year postpartum weight retention, and PFOA was associated with higher 3-year 

postpartum weight gain. PFOS was associated with higher 3-year postpartum weight gain in 

single-PFAS and BKMR models, but not in all-PFAS models. These consistent findings in 

single- and all-PFAS models, and qualitatively similar findings from the BKMR models, 

suggest that individual PFAS did not strongly confound one another’s effects. We used 

follow-up linear models to quantify interactions suggested by BKMR; the inclusion of 

product terms in these models reduced power (especially for main effects of PFAS that were 

part of the product term) but the direction of the associations appeared mostly similar. While 

the beta coefficient for EtFOSAA changed from 0.52 (0.20, 0.83) to −0.08 (−0.83, 0.68) in 

the model with a PFOA x EtFOSAA product term, the EtFOSAA-total gestational weight 

gain association conditional on PFOA was positive for all observed values of PFOA above 

the minimum (0.3 ng/mL). BKMR models, shown in Supplemental Figure S1B, also 
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indicate that positive associations of EtFOSAA with total gestational weight gain are 

stronger at higher PFOA levels. Based on BKMR modeling, concentrations of the PFAS 

mixture as a whole were not significantly associated with weight change in pregnancy or 

postpartum, indicating that observed effects are largely due to individual PFAS.

Our analysis was subject to limitations. Self-reported pre-pregnancy and 1-year postpartum 

weight may be subject to desirability biases, but self-reported weights have been validated in 

Project Viva [38]. Also, about half of participants were lost to follow-up before 1-year 

postpartum; we used IP weights to counteract potential bias caused by this loss. Finally, 

though fast food may be a source of EtFOSAA, we did not adjust for diet.

Our study also had many strengths, including use of a high-quality prospective cohort with 

plasma PFAS measurements, the gold standard for measuring PFAS body burden. 

Additionally, we followed participants for multiple years postpartum, including in-person 

visits with weight measurements. Our study is among the first to model PFAS mixtures 

using BKMR, allowing us to separate each chemical’s effects while accounting for 

correlation between chemicals. Finally, PFAS concentrations measured in Project Viva are 

similar to those reported nationally in the same time frame [30], so findings may be 

generalizable to the American population.

Conclusions

To our knowledge, this is the first study to test associations between pregnancy PFAS 

concentrations and maternal weight change across the perinatal period, a marker for long-

term cardiometabolic health. In Project Viva, we found that pregnancy concentration of 

EtFOSAA was associated with gestational weight gain and PFOA was associated with both 

1-year postpartum weight retention and greater weight gain at three years postpartum. We 

observed the strongest postpartum associations among women with high pre-pregnancy 

BMI, suggesting that this subgroup may be especially vulnerable to long-term adverse health 

outcomes associated with PFAS exposure. Further research is needed to more fully 

understand the mechanism connecting PFAS exposure to maternal weight changes. If 

replicated, incorporating PFAS exposure reduction strategies into clinical care could 

improve maternal health by reducing substantial weight gain during the perinatal period.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Study importance:

What is already known about this subject?

• Prenatal PFAS exposure is linked to greater offspring weight gain and 

adiposity, but evidence for an association between PFAS exposure and weight 

gain in adulthood is mixed.

• Three studies have examined the link between PFAS and gestational weight 

gain; all found a positive association only among women with normal pre-

pregnancy BMI.

• No studies have investigated the association between pregnancy PFAS 

concentrations and 1 year postpartum weight retention or longer-term 

postpartum weight change.

What does your study add?

• Pregnancy plasma concentrations of EtFOSAA were positively associated 

with gestational weight gain; PFOA was positively associated with gestational 

weight gain only among women with normal pre-pregnancy BMI.

• Pregnancy concentrations of PFOA were associated with greater 1-year 

postpartum weight retention and more weight gain at three years postpartum.

• The strongest associations between PFAS and postpartum weight change were 

among women with high pre-pregnancy BMI.

How might your results change the direction of research or the focus of clinical 
practice?

• If replicated, incorporating PFAS exposure reduction strategies into clinical 

care could improve maternal health by reducing substantial weight gain 

during the perinatal period.
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Figure 1. 
Weight change (kg) per doubling in PFAS plasma concentrations during pregnancy 

(gestational weight gain) and 1- and 3-years postpartum. All estimates were adjusted for age, 

pre-pregnancy BMI, marital status, race/ethnicity, education, household income, smoking, 

and parity. One-year postpartum weight retention and 3-year postpartum weight change 

estimates were IP-weighted to account for differential loss to follow up. Plotted values listed 

in Table 3. *P < 0.05; **P < 0.01.
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Figure 2. 
Weight change (kg) per doubling in PFAS plasma concentrations during pregnancy 

(gestational weight gain) and 1- and 3-years postpartum, stratified by pre-pregnancy body 

mass index (BMI) category. Part A. shows PFOS and part B. shows PFOA. All estimates 

were adjusted for age, pre-pregnancy BMI, marital status, race/ethnicity, education, 

household income, smoking, and parity. One-year postpartum weight retention and 3-year 
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postpartum weight change estimates were IP-weighted to account for differential loss to 

follow up.
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Table 1.

Baseline demographics (imputed to n=1614)
1

Characteristic Study population n(%)

Age at enrollment

Mean (SD) age (years) 31.8 (5.2)

  <25 years 153 (9.5)

  25 - <30 years 348 (21.6)

  30 - <35 years 665 (41.2)

  ≥ 35 years 448 (27.8)

Year of enrollment

  1999 405 (25.1)

  2000 597 (37.0)

  2001 559 (34.6)

  2002 53 (3.3)

Pre-pregnancy body mass index

Median (IQR) BMI (kg/m2) 23.6(21.2 - 27.5)

  <25.0 kg/m2 993 (61.5)

  25.0 - <30.0 kg/m2 359 (22.3)

  ≥ 30.0 kg/m2 262 (16.2)

Race/ethnicity

  White 1104 (68.4)

  Black 254 (15.7)

  Other 256 (15.8)

Parity

  0 794 (49.2)

  1 559 (34.6)

  >1 261 (16.2)

Education

  < College graduate 574 (35.6)

  College graduate or more 1040 (64.4)

Married or cohabitating

  No 143 (8.9)

  Yes 1471 (91.1)

Smoking status

  Smoked during pregnancy 212 (13.2)

  Former 300 (18.6)

  Never 1101 (68.2)

Annual household income

  ≤ $70,000/year 687 (42.5)

  >$70,000/year 927 (57.5)

1
Calculated from all imputations and Ns are rounded to the nearest integer; values may not sum to 1614.
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Table 2.

PFAS plasma concentrations (ng/mL) and Spearman correlations between PFASs measured in Project Viva 

participants (n=1614)

PFAS % >LOD Geometric mean 25% median 75% 95%

PFOS 99.8 25.4 18.8 25.7 34.9 57.3

PFOA 100 5.7 4.2 5.9 7.9 12.1

PFHxS 99.3 2.5 1.6 2.5 3.8 9.1

PFNA 98.6 0.7 0.5 0.7 0.9 1.5

EtFOSAA 99.7 1.2 0.7 1.2 1.9 4.3

MeFOSAA 100 1.9 1.3 1.9 3.2 5.6

Correlation coefficients

PFOS PFOA PFHxS PFNA EtFOSAA MeFOSAA

PFOS 1.00

PFOA 0.71 1.00

PFHxS 0.50 0.52 1.00

PFNA 0.60 0.52 0.42 1.00

EtFOSAA 0.52 0.39 0.21 0.19 1.00

MeFOSAA 0.40 0.37 0.23 0.23 0.40 1.00

1
LOD: limit of detection (0.2 ng/mL for PFOS and 0.1 ng/mL for all other PFAS chemicals). Concentrations below the limit of detection were 

imputed as LOD/√2).

2
PFOA: perfluorooctanoic acid; PFOS: perfluorooctanesulfonic acid; PFNA: perfluorononanoic acid; PFHxS: perfluorohexane sulfonic acid; 

EtFOSAA: 2-(N-ethyl-perfluorooctane sulfonamido) acetic acid; MEFOSAA: 2-(N-methyl-perfluorooctane sulfonamido) acetic acid
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Table 3.

Change in gestational weight gain, 1-year postpartum weight retention, and 3-year postpartum weight change 

per doubling in plasma PFAS concentration (ng/mL) from individual PFAS models; models containing all 

PFAS; and models containing all PFAS as well as any product terms suggested by BKMR.

Total gestational weight gain (kg)
1
 (n=1568)

Single PFAS All PFAS All PFAS, product terms

PFAS β (95% CI) β (95% CI) β (95% CI)

PFOS 0.01 (−0.34, 0.36) −0.52 (−1.05, 0.01) −0.55 (−1.09, −0.02)*

PFOA 0.26 (−0.15, 0.66) 0.34 (−0.26, 0.94) 0.28 (−0.32, 0.88)

PFHxS 0.01 (−0.25, 0.27) −0.03 (−0.32, 0.27) −0.00 (−0.30, 0.29)

PFNA 0.10 (−0.26, 0.45) 0.15 (−0.31, 0.61) 0.19 (−0.27, 0.65)

EtFOSAA 0.37(0.11, 0.62)** 0.52 (0.20, 0.83)** −0.08 (−0.83, 0.68)

MeFOSAA −0.02 (−0.31, 0.27) −0.21 (−0.54, 0.12) −0.19 (−0.52, 0.14)

PFOA*EtFOSAA -- -- 0.23 (−0.04, 0.50)

1-year postpartum weight retention (kg)
2

 (n=860)

Single PFAS All PFAS All PFAS, product terms

PFAS β (95% CI) β (95% CI) β (95% CI)

PFOS 0.22 (−0.20, 0.64) −0.01 (−0.60, 0.58) 0.27 (−1.05, 1.60)

PFOA 0.55 (0.07, 1.04)* 0.84 (0.12, 1.57)* 1.35 (−0.86, 3.57)

PFHxS 0.18 (−0.11, 0.48) 0.10 (−0.24, 0.45) 0.10 (−0.24, 0.44)

PFNA 0.00 (−0.44, 0.44) −0.36 (−0.91, 0.18) −0.38 (−0.93, 0.17)

EtFOSAA 0.13 (−0.19, 0.44) 0.01 (−0.37, 0.39) 0.02 (−0.36, 0.41)

MeFOSAA −0.05 (−0.41, 0.30) −0.23 (−0.63, 0.17) −0.24 (−0.64, 0.16)

PFOS*PFOA -- -- −0.11 (−0.58, 0.35)

3-year postpartum weight change (kg)
2
 (n=871)

Single PFAS All PFAS All PFAS, product terms
3

PFAS β (95% CI) β (95% CI) β (95% CI)

PFOS 0.63 (0.04, 1.22)* 0.18 (−0.63, 1.00) 0.18 (−0.63, 1.00)

PFOA 0.91 (0.25, 1.56)** 1.33 (0.33, 2.33)** 1.33 (0.33, 2.33)**

PFHxS 0.17 (−0.27, 0.60) −0.03 (−0.53, 0.47) −0.03 (−0.53, 0.47)

PFNA 0.09 (−0.49, 0.66) −0.46 (−1.20, 0.28) −0.46 (−1.20, 0.28)

EtFOSAA 0.40 (−0.01, 0.82) 0.25 (−0.27, 0.76) 0.25 (−0.27, 0.76)

MeFOSAA −0.15 (−0.64, 0.33) −0.64 (−1.21, −0.08)* −0.64 (−1.21, −0.08)*

*
P< 0.05;

**
P< 0.01

1
Models adjusted for age, pre-pregnancy BMI, marital status, race ethnicity, education, income smoking, and parity
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2
Models adjusted for age, pre-pregnancy BMI, marital status, race ethnicity, education, income smoking, and parity, and additionally IP weighted 

to account for differential loss to follow-up

3
Parameter estimates are identical to “All PFAS” column because BKMR models did not suggest any interactions.
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