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Abstract

Per- and polyfluoroalkyl substances (PFASS), used in food packaging and stain-resistant coatings,
are suspected developmental toxicants that are ubiquitous and persistent in the environment. We
measured plasma PFAS concentrations during early pregnancy (median = 9.7 weeks gestation)
among 1645 women in the Boston-area Project Viva cohort, recruited during 1999-2002. We used
multivariable linear regression to estimate associations of sociodemographic and perinatal
predictors, including measures of pregnancy physiology (albumin, glomerular filtration rate
(GFR)), with log-transformed plasma PFAS concentrations. Geometric mean concentrations for
the four main PFASs, perfluorooctanesulfonate (PFOS), perfluorooctanoate (PFOA),
perfluorohexanesulfonate (PFHxS) and perfluorononanoate (PFNA) were 25.4, 5.7, 2.5, and 0.6
ng/mL, respectively, comparable with general U.S. population concentrations during those years.
Higher early pregnancy PFAS concentrations were associated with younger age (except PFNA),
less educational attainment, nulliparity, no history of breastfeeding and higher prepregnancy body
mass index in adjusted models. In addition, lower GFR was associated with 3-4% higher PFAS
concentrations and higher albumin was associated with 4-6% higher PFAS concentrations. Our
results show associations consistent (parity and breastfeeding) and less consistent (age and
education) with previous studies. We also report associations with GFR and albumin, which were

"Corresponding Author: Phone: 510-642-8917; sagiv@berkeley.edu.
Notes: The authors declare no competing financial interest.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Sagiv et al. Page 2

strongly related to PFAS concentrations and thus could confound estimates of PFAS—outcome
associations in epidemiologic studies.
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Introduction

Per- and polyfluoroalkyl substances (PFASS) are synthetic chemicals that have been widely
used in manufacturing of industrial and consumer products, such as food packaging, and
stain-resistant coatings, since their introduction in the 1950s. General population exposure
occurs by inhalation and ingestion of PFASs from a combination of dietary and indoor
environmental sources.}:2 While drinking water can play a substantial role in water-
contaminated areas, exposure to PFASs occurs primarily through nonindustrial sources.
The factors that drive variability in PFAS concentrations among individuals, which include
primarily exposure to consumer products that contain these chemicals, have not been well
described. Exposure may be to PFAS compounds or precursors that can be metabolically
converted into the compounds detected in blood.#~% Strong carbon—fluorine bonds make
many PFASS resistant to degradation and thus very persistent not only in the environment,
but also in the human body. In addition, longer chain PFASs bioaccumulate more than
shorter chain PFASs.” Human half-lives for common PFASs are approximately 2-5 years.8
Unlike many persistent organic compounds, PFASs are proteinophilic rather than lipophilic;
blood is the principal accumulation site and PFASs bind primarily to albumin.® PFASs are
universally present at varying concentrations in the U.S. population, as reported in the
National Health and Nutrition Examination Survey (NHANES).10.11

PFAS production increased steadily since the 1950s with peak production in the 1990s.
Human concentrations of one of the most commonly studied PFASS,
perfluorooctanesulfonate (PFOS), have been on the decline since their peak in 1999-2000
due to their voluntary phase out by industry, a trend also observed for
perfluorohexanesulfonate (PFHxS).12 Concentrations of (PFOA) also decreased after 1999—
2000, but remained stable during 2003—-2008. Concentrations of perfluorononanoate (PFNA)
increased during 1999-2008.12

Animal and human studies suggest that PFASs are developmental toxicants and that the
prenatal period may be a particularly sensitive time window for impacts on growth and
development.13-15 Several epidemiologic studies have reported predictors of serum or
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plasma PFAS concentrations during pregnancy.16-21 In three studies, lower PFAS
concentrations were associated with higher parity and history of breastfeeding.17+18.20
Previous studies also showed differences in PFAS concentrations for sociodemographic
factors, including maternal age, race, and income, but patterns were not consistent across
different studies or individual PFASs.16:19-21

Most previous studies of PFAS predictors have not examined measures of pregnancy
physiology, which could confound associations of PFASs with developmental
endpoints.22:23 For example, maternal glomerular filtration rate (GFR), a measure of flow
rate of filtered fluid through the kidney, has been shown to be associated with infant birth
weight.24 If GFR is also associated with PFAS concentrations, this could produce a spurious
association between PFASs and birth weight. Better characterization of the relationship
between maternal physiologic factors and PFAS concentrations would help determine
whether these factors should be considered as potential confounders of associations of
PFASs with child health outcomes.

We examined sociodemographic and perinatal factors in relation to plasma concentrations of
PFASs measured in early pregnancy in a large, well-characterized birth cohort of women
who were pregnant during 1999-2002. We also considered markers of pregnancy
physiology, including GFR and plasma albumin.

Materials and Methods

Study Population

Pregnant women were enrolled in Project Viva 1999-2002 at their first prenatal visit at one
of 8 obstetric clinics of Atrius Harvard Vanguard Medical Associates, a multispecialty group
practice in eastern Massachusetts.?® Eligible mothers were fluent in English, had singleton
gestations, were <22 weeks gestation, and had no plans to move away from the study area.
Of 2128 mothers with a live birth between November 1999 and February 2003, 1668 (78%)
provided an early pregnancy blood sample. The Human Subjects Committees of
participating institutions approved all study protocols and all participating mothers provided
written informed consent.

Plasma PFAS Measurement

Plasma samples were stored in non-PFAS containing cryovial tubes in liquid nitrogen
freezers.

Of the 1668 early pregnancy samples (median = 9.7 weeks gestation; range = 4.8-21.4
weeks), 1645 had sufficient volume for PFAS measurements. Samples were thawed,
aliquoted and sent to the Division of Laboratory Sciences at the CDC. Detailed analytic
methods were described previously;26 briefly, the CDC used online solid-phase extraction
coupled with isotope dilution high-performance liquid chromatography-tandem mass
spectrometry to report plasma concentrations for PFOA, PFOS, PFHXS, PFNA, 2-(N-ethyl-
perfluorooctane sulfonamido) acetate (Et-PFOSA-AcOH), 2-(N-methyl-perfluorooctane
sulfonamido) acetate (Me-PFOSA-AcOH), perfluorodecanoate (PFDeA) and
perfluorooctane sulfonamide (PFOSA). The reported concentrations are for the sum of linear
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and branched isomers of PFOS and PFOA. Low-concentration quality control materials
(QCs) and high-concentration QCs, prepared from a calf serum pool, were analyzed with the
study samples, analytical standards, and with reagent and serum blanks to ensure the
accuracy and reliability of the data. Limits of detection (LOD) were 0.2 ng/mL for PFOS
and 0.1 for all other PFASs (Table 1). Values below the LOD were not reported by the CDC
and we therefore imputed these values as the LOD (0.1 or 0.2) divided by the square root of
2.

Predictor Data

Using interviews and questionnaires administered during early pregnancy, midpregnancy
and at delivery, study staff obtained data on the mothers' sociodemographic, behavioral, and
health history measures. Risk factors for this analysis included sociodemographic factors
(maternal age at enrollment, marital status, race/ethnicity, and smoking status and parental
educational attainment and household income) and perinatal factors (parity and
prepregnancy body mass index (BMI)).

Data on history of breastfeeding prior to the current pregnancy were not collected in Project
Viva. We created a binary variable to estimate breastfeeding history using information on
parity and breastfeeding data for the child of the current pregnancy (which was collected
following the birth). If the mother was parous (regardless of the number of previous births),
and breastfed the child of the current pregnancy, history of breastfeeding was coded as
“yes”, with the assumption that a mother who breastfed this child had a high likelihood of
having breastfed an older child. If the mother was nulliparous or did not breastfeed the
current child history of breastfeed was coded “no”.

To capture markers of pregnancy physiology, we measured plasma albumin and creatinine
in the same samples used to measure PFASs. Albumin is the main binding site for PFASs as
well as a marker of plasma volume expansion during pregnancy.2’ GFR is a measure of the
flow rate of filtered fluid through the kidney.24 We calculated GFR (mL/min per 1.73 m?)
by plugging plasma creatinine into the Cockroft-Gault (GFR-CG) formula [GFR-CG = (140-
age) x weight (kg) x 1.04/serum creatinine (umol/L)].

Statistical Analysis

We estimated PFAS geometric means to account for the skewed distribution of PFAS
concentrations in the population, and estimated unadjusted partial sum of square p-values (p-
value across multiple categories) for each predictor using linear regression models. We fitted
multivariable linear regression models to generate adjusted estimates and 95% confidence
intervals (CI) for predictors of log-transformed PFAS concentrations. We calculated percent
change in PFAS concentration for each predictor by exponentiating regression coefficients,
subtracting 1 and multiplying by 100. We based our conclusions about whether or not a
variable was an important predictor of our outcome on the magnitude and precision of the
estimates.
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Results

PFAS Concentrations

As shown in Table 1, we detected PFASs in 99-100% of plasma samples, with the exception
of PFDeA and PFOSA, which were detected in 45% and 10% of samples, respectively. We
did not include predictor analyses for these two analytes. PFAS concentrations were
moderately to highly correlated with each other (range of Spearman correlation coefficients:
0.21-0.72, Table 2). Correlations were strongest for PFOS and PFOA.

Figure 1 compares PFAS concentrations in Project Viva participants (from 1999 to 2002)
with concentrations in 20-39 year old male and female NHANES participants between 1999
and 2008.12 Project Viva PFAS concentrations were comparable to concentrations reported
in the 1999-2000 NHANES cycle, when concentrations of PFOS, PFOA, and PFHXS
peaked in humans.

Sociodemographic Predictors

Table 3 shows unadjusted geometric means and interquartile ranges for the six PFASs across
sociodemographic predictors for 1645 participants. All PFAS concentrations were lower for
older women, with the exception of PFNA, which was higher. Concentrations were also
lower for women with higher educational attainment, again with the exception of PFNA,
which showed the opposite relationship, and PFHxS, which showed a null association. The
pattern was the same for partner educational attainment, though there was quite a bit of
missing data (~11% missing) for this variable. Women who never smoked had the lowest
PFAS concentrations. Concentrations of all six PFASs declined over the enrollment period.
PFAS concentrations were not consistently different across categories of race/ethnicity,
marital status or household income.

In multivariable linear regression models (Table 4) adjusting for all sociodemographic and
perinatal predictors, PFAS concentrations were lower with age, except for PFNA. PFAS
concentrations were also lower with higher educational attainment; associations were
substantially weaker for PFNA and for PFHxS with partner educational attainment. Annual
household income showed the opposite trend as education, with lower PFOS, PFOA and
PFNA concentrations at the lowest income level (<40k/year) vs. the highest (>70k/year).
With the exception of PFNA, all PFAS concentrations declined over the enrollment period,
and most strongly for Et-PFOSA-AcOH and Me-PFOSA-ACcOH. Associations were
attenuated for prenatal smoking, though concentrations still tended to be highest among
former and current smokers.

Perinatal and Physiologic Predictors

Table 3 reports higher unadjusted PFAS concentrations among women who were
nulliparous and among women we estimated did not breastfeed prior to the current
pregnancy, with the exception of Et-PFOSA-AcOH and Me-PFOSA-AcOH. In addition,
PFQOS, PFOA, and Et-PFOSA-AcOH concentrations were highest among women who were
obese prior to pregnancy (BMI = 30 kg/m?2). For markers of pregnancy hemodynamics, all
PFAS concentrations were higher for women with blood drawn earlier in pregnancy, lower
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prenatal GFR and higher prenatal plasma albumin levels. GFR and plasma albumin were
moderately correlated (correlation coefficient = 0.2).

Fully adjusted multivariable models (Table 4) showed lower PFAS concentrations among
nulliparous vs. parous women, though we observed the opposite trend for Et-PFOSA-AcOH
and Me-PFOSA-AcOH. All PFAS concentrations were higher among women who never
breastfed prior to the current pregnancy, especially PFOS and PFOA. PFAS concentrations
were also higher for mothers with higher prepregnancy BMI (though not shown in Table 4,
associations increased monotonically across BMI categories). PFAS concentrations were
inversely associated with GFR and positively associated with plasma albumin (these
associations were predominantly linear across quartiles of GFR and albumin). However,
associations were weaker for gestational age at blood draw in multivariable models.

R2 for fully adjusted models reported in Table 4 showed that depending on the PFAS,
predictors included explained between 13 and 30% of the variance in PFAS concentrations.

Discussion

In models adjusted for all predictors we found that overall PFAS concentrations were higher
among pregnant women who were younger, less educated (but higher income), had less
educated partners, were nulliparous, did not breastfeed prior to the current pregnancy, and
had higher prepregnancy BMI. In addition, overall PFAS concentrations declined over the
enrollment period, and were lower for participants with no history of smoking, higher GFR
and lower plasma albumin levels.

PFAS concentrations in Project Viva were comparable to NHANES 1999-2000
concentrations, reflecting general population concentrations during these peak production
years. As with NHANES, Viva PFAS concentrations declined over time, with the phase out
of long-chained PFAS, including PFOS and PFOA. PFNA concentrations, on the other
hand, were highest in the final Project Viva enrollment year (2002), consistent with higher
PFNA concentrations over time in NHANES from 1999 to 2008.

Previous studies of prenatal PFAS concentrations have found inconsistent relationships for
maternal age, with some studies reporting lower PFOA and PFOS with older age,1828 as we
report in the current study, and other studies reporting the opposite trend!” or no consistent
pattern.16:20.21 NHANES reported higher concentrations of these compounds in women of
older age.12 We found a positive association between PFNA and age, similar to a few other
pregnancy studies!’20 and NHANES,12 but other studies found null PFNA-age
associations.18:21 The differing trends of PFOS/PFOA and PFNA may partly reflect usage
patterns of these compounds or their precursors.® Differences with respect to age across
pregnancy studies may also reflect differing year of sampling. PFASs were still very much
in use during the Project Viva enrollment period. In general, age trends of persistent organic
pollutants depend on year since peak emission, environmental persistence and biological
half-life.2?

Patterns of PFAS concentrations were not uniform across socioeconomic status indicators.
While PFAS concentrations were lower for higher maternal and partner educational
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attainment, concentrations of most PFASs were higher with higher household income. We
are unable to explain this inconsistency between education and income in our results, which
was not reported in two other pregnancy studies, which found higher PFAS concentrations
for more educated and higher income women.1820 Two additional studies reported no
associations for socioeconomic indicators and PFAS concentrations.16:28

PFOS, PFOA, PFHXS, and PFNA concentrations were higher for nulliparous women, which
has been well documented in previous studies.16:17.20.21 | ower PFAS concentrations in
parous women are likely a function of placental transfer of PFASs during previous
pregnancies as well as deposition of these chemicals in breast milk. We found the opposite
association for parity and Et-PFOSA-AcOH and Me-PFOSA-ACOH, that is, higher
concentrations among parous women. It is unclear why these two analytes showed different
associations. As this is the first study to report predictors of Et-PFOSA-AcOH and Me-
PFOSA-ACOH, these findings require replication.

We created a variable to represent breastfeeding prior to the current pregnancy, which we
derived from parity and report of breastfeeding the child of the current pregnancy. While
this derived variable likely serves as a proxy for parity, we did find independent associations
for history of breastfeeding and parity in our multivariable models. History of breastfeeding
has also been identified as a predictor of PFAS concentrations in previous studies.18:20

PFAS concentrations were higher among women with higher prepregnancy BMI, which is
consistent with some previous studies that also reported suggestive associations;16:18.28
other studies have reported null associations for PFAS concentrations and prepregnancy
BMI.20.21

We measured plasma creatinine and albumin levels in the same samples used for quantifying
PFASs. In Viva we observed lower PFAS concentrations with higher GFR (estimated using
creatinine) and lower albumin. This is the first epidemiologic study to show associations of
PFASs with GFR in pregnant women, and we hypothesize that these associations may be
due to higher flow rate of filtered fluid through the kidney. In addition, lower PFASs with
lower albumin levels may be explained by hemodilution due to plasma volume expansion as
pregnancy progresses. Plasma albumin was measured in males and females participating in
NHANES and was related to higher PFOS and PFOA concentrations, but lower PFHxXS
concentrations.1? Strong associations of PFAS and albumin are also plausible due to the
strong binding affinity of PFASs to plasma albumin.30:31 Normalizing for albumin in
descriptive comparisons of PFASs should be considered in future studies, similar to the lipid
normalization that is done for lipophilic compounds such as PCBs and PBDEs. It may also
be appropriate to adjust for albumin, as well as GFR, in multivariable models when
estimating associations for PFASs with health outcomes, depending on the relationship
between these physiologic markers and the outcome.32 For example, a recent study that used
a pharmacokinetic model to examine the impact of GFR on PFAS-birth weight associations
reported results for simulations that suggested that associations were substantially attenuated
due to confounding by GFR.33
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A limitation of this study is that we did not have data on some potentially important
predictors of PFASs, including history of breastfeeding and interpregnancy interval. While
we used existing data on parity and breastfeeding the child of the current pregnancy to
reconstruct a history of breastfeeding variable, misclassification is possible and results
should be interpreted with caution. Another limitation of this analysis is that we did not
adjust for diet. A number of studies have found certain foods, including seafood, read meat,
and salty snacks, to be important sources of PFAS exposure.17:28:34 Project Viva collected
high quality data on prenatal diet using validated food frequency questionnaires; however
given the complexity of these data, and dietary sources of PFASs (e.g., food packaging is
likely to be a source of dietary exposure), we chose to report dietary predictors of PFASs in
future work. This may pose some limitations for our multivariable model, as these
potentially important predictors were not accounted for, and may explain the low R2 in
adjusted models (Table 4).

The limitations of this analysis are offset by some notable strengths, including the large
sample size (this is the largest prospective study of prenatal PFASs to date), excellent
measurement of prenatal factors during the relevant time window and during the period
when human biomarker concentrations of PFOS and PFOA were at their peak, and data on
pregnancy physiology, which has not yet been well characterized in studies of
environmental biomarkers.

In summary, our data show that PFAS exposures were ubiquitous among a cohort of
pregnant women living in eastern Massachusetts, an area not known to be proximal to any
PFAS water-contaminated areas. Furthermore, concentrations exhibited variability across
individuals, with higher PFAS concentrations in women who were younger, had lower
educational attainment, were nulliparous, had no history of breastfeeding, were enrolled
earlier in the study period, and had higher prepregnancy BMI. We also report associations
with pregnancy physiology, including GFR and albumin, which were consistently related to
PFAS concentrations. Future studies of PFASs and health outcomes should consider
measuring and adjusting for these physiologic factors when estimating PFAS-outcome
associations.
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