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A B S T R A C T

Background: Experimental studies show that chlorinated polyfluorinated ether sulfonic acids (Cl-PFESA 6:2 and
8:2), one of perfluoroalkyl substances (PFAS) used as perfluorooctane sulfonate (PFOS) alternatives, are re-
productive toxicants in vivo and in vitro. However, the associations between gestational exposure to Cl-PFESAs
and birth outcomes are unknown.
Objectives: We investigated associations between 6:2 Cl-PFESA and 8:2 Cl-PFESA in maternal serum and birth
outcomes.
Methods: We measured four PFAS, including 6:2 Cl-PFESA, 8:2 Cl-PFESA, PFOS, and perfluorooctanoic acid
(PFOA) in third-trimester maternal serum collected from 372 mother-child dyads participating in the Guangzhou
Birth Cohort Study. Characteristics of mothers and infants were gathered from medical records and by inter-
viewer-administered questionnaires.
Results: PFOS was the most abundant PFAS in maternal serum (median: 7.15 ng/mL), followed by 6:2 Cl-PFESA
(median: 2.41 ng/mL). Greater maternal serum levels of all PFAS alternatives were significantly associated with
lower birth weight, adjusted for confounding variables. For example, each ln-ng/mL greater concentration of 6:2
Cl-PFESA and 8:2 Cl-PFESA was associated with a 54.44 g [95% confidence interval (CI): −95.66, −13.22] and
21.15 g (95% CI: −41.44, −0.86) lower birth weight, respectively. Greater continuous maternal serum 6:2 Cl-
PFESA (OR: 2.67, 95% CI: 1.73, 4.15) and PFOS (OR: 2.03, 95% CI: 1.24, 3.32) were also associated with higher
risks for preterm birth, adjusted for confounders, with a possible threshold effect at the highest quartile of 6:2 Cl-
PFESA.
Conclusions: For the first time, we report associations between maternal serum 6:2 Cl-PFESA and 8:2 Cl-PFESA
concentrations and adverse birth outcomes. Our findings suggest that PFOS alternatives may be reproductive
toxicants in human populations and should be considered with caution before widespread use. Given the pre-
liminary nature of our results, additional epidemiological and toxicological investigations are needed to more
definitively assess the risks.

1. Introduction

Poly- and perfluoroalkyl substances (PFAS) have been used in
myriad industrial and commercial products, and have been recognized
as environmental pollutants due to their persistence, toxicity and bio-

accumulative properties (Sunderland et al., 2019). Perfluorooctane
sulfonate (PFOS) and perfluorooctanoic acid (PFOA) have been used
most extensively and are the most widely studied PFAS to date (Negri
et al., 2017). However, production of PFOS and PFOA, which are listed
as persistent organic pollutants by the Stockholm Convention, has been
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phased out by many developed nations (U.S. Environmental Protection
Agency, 2006). As a party to the Stockholm Convention, China also
endeavors to reduce and eliminate PFOS and PFOA production (Liu
et al., 2016).

Chlorinated polyfluorinated ether sulfonic acids (Cl-PFESAs), in-
cluding 6:2 Cl-PFESA and 8:2 Cl-PFESA, have been introduced as PFOS
alternatives. They are presumed to be less persistent due to the presence
of an oxygen atom in the perfluoroalkyl chain (Figs. S1 and S2) (Wang
et al., 2013). These agents, commercially named F-53B (CAS No.
73606-19-6), have been used primarily as mist suppressants for the
electroplating industry in China since the 1970s (Wang et al., 2013,
Wang et al., 2014, Wang et al., 2019). Near universal use led to
widespread environmental contamination in China. Recent studies de-
tected 6:2 Cl-PFESA and 8:2 Cl-PFESA in various environmental ma-
trices (Ruan et al., 2015, Lin et al., 2016, Wang et al., 2016, Kato et al.,
2018, Pan et al., 2018) and human biospecimens (Shi et al., 2016, Chen
et al., 2017, Pan et al., 2017). Due to its persistence and long-range
transport, 6:2 Cl-PFESA has even been detected in remote areas, in-
cluding in marine mammals from Greenland (Gebbink et al., 2016), so
the health risks of Cl-PFESAs are likely to be global. Similar to other
PFAS, dietary intake is the main route of human exposure to Cl-PFESAs,
including consumption of contaminated seafood and water (Cui et al.,
2018a, Fromme et al., 2009). Of great concern, 6:2 Cl-PFESA and 8:2
Cl-PFESA appear to cross the placenta and enter the fetal compartment
more readily than PFOS, suggesting a developmental risk for maternal
Cl-PFESAs exposures (Pan et al., 2017).

Previous epidemiologic studies suggest that prenatal exposure to
PFOS and PFOA may be associated with adverse birth outcomes, such as
lower birth weight and smaller gestational age (Bach et al., 2015, Negri
et al., 2017, Steenland et al., 2018). Neonates with low birth weight and
preterm birth that reflect fetal growth restriction (Nardozza et al.,
2017) are at greater risk of death (Saigal and Doyle, 2008, Crump et al.,
2011), neurodevelopmental delays (Aylward, 2014), cardiovascular
disorders (Pocobelli et al., 2016) and other adverse health effects
throughout life (Blencowe et al., 2012). Our previous work indicated
associations between greater cord blood PFOS and lower birth weight
(Li et al., 2017). However, there are few data available to assess the
developmental risks of maternal 6:2 Cl-PFESA and 8:2 Cl-PFESA ex-
posure in human populations.

To begin to address this research gap, we conducted an exploratory
investigation of associations between prenatal 6:2 Cl-PFESA and 8:2 Cl-
PFESA exposure with fetal growth in the Guangzhou Birth Cohort
Study. We hypothesized that greater prenatal 6:2 Cl-PFESA and 8:2 Cl-
PFESA exposure would be associated with lower birth weight and
shorter gestational age at delivery, and that greater prenatal 6:2 Cl-
PFESA and 8:2 Cl-PFESA exposure would be associated with higher
risks for low birth weight and preterm birth.

2. Methods

2.1. Study population

The Guangzhou Birth Cohort included mothers receiving prenatal
care at a single hospital in Guangzhou (Guangdong Province, China)
from July to October 2013. Participant enrollment and the study pro-
tocol were previously described in detail (Li et al., 2017). Briefly,
pregnant women 18 to 45 years of age, without self-reported cancer or
psychiatric illness, and with live, singleton births were eligible to par-
ticipate. Of 411 eligible women invited, 372 (90.5%) provided a blood
sample for PFAS analysis. Blood was collected within three days of
delivery by selecting the routine clinical collection made after admis-
sion to the hospital and closest to the date of delivery. Blood serum was
separated by centrifugation at 3500g within 3 h of collection and kept
at −80 ℃ until analysis. Study staff interviewed participants about
demographic information (including maternal age, occupation, educa-
tion, and family income), reproductive history (including parity and

history of pregnancy losses), and lifestyle factors (including smoking
habits and alcohol consumption among others). We abstracted relevant
clinical information from the prenatal and delivery records, including
newborn sex, birth weight, gestational age at delivery, and parity. Each
participant provided written informed consent prior to enrollment and
the local Institutional Review Board (Sun Yat-Sen University Research
Ethics Committee) approved the study protocol.

2.2. Birth outcomes

We abstracted continuous birth weight (g) and gestational age
(weeks) data from the electronic medical record as recorded by the
midwife or attending physician at the time of delivery. Gestational age
was estimated by the obstetrician according to Naegele's rule, using
each participant’s self-reported last menstrual period (LMP). Preterm
birth was defined as gestational age at delivery<37 weeks, and low
birth weight (LBW) was defined as birth weight< 2500 g (WHO,
1977).

2.3. PFAS measurements

We measured PFAS concentrations in maternal serum samples using
a modified version of the method developed by Benskin et al (Benskin
et al., 2012). PFAS abbreviations and nomenclature are shown in Table
S1, and detail about the internal standards is provided in Table S2.
Detailed analytic methods describing the standards and reagents,
sample extraction, liquid chromatography-mass spectrometry, and
quality control in the present study is provided in the Supplementary
Material. Briefly, extractions were based on 0.2 mL serum and were
performed by solid phase extraction. The PFAS were separated and
quantified using an Agilent 1290 UPLC attached to an Agilent 6495B
triple-quadrupole tandem mass spectrometer (Agilent Technologies,
Palo Alto, CA, USA), equipped with an electrospray interface operating
in negative ion mode. The m/z 351.0 and 451.0 transition were selected
as the quantitative product ions for 6:2 Cl-PFESA and 8:2 Cl-PFESA,
respectively. All PFAS standards were purchased from Wellington La-
boratories (Guelph, ON, Canada). The limit of detection (LOD) for each
PFAS was defined as the minimum detectable concentration with a
signal-to-noise ratio of 3 (S/N = 3) (Table S3). PFAS concentrations
below the LOD were imputed as LOD divided by the square root of 2
(Hornung and Laurence, 1990).

2.4. Statistical analysis

Distributions were characterized for demographic factors, lifestyle
factors, clinical factors, and PFAS concentrations in maternal sera.
Maternal serum PFAS concentrations were natural log transformed to
achieve a normal distribution. Splines indicated mostly linear relations
between PFAS exposure and birth outcome, with the exception of a
possible non-linear association between 8:2 Cl-PFESA and gestational
age, and a possible threshold effect between 6:2 Cl-PFESA and gesta-
tional age. Generalized additive models (GAMs) were used to estimate
associations of PFAS as predictors with birth weight and gestational age
as outcomes. Because sex-specific effects were reported by previous
studies (Maisonet et al., 2012, Sagiv et al., 2018), we also assessed
interactions between PFAS and infant sex using GAMs and stratified by
infant sex for interpretation. Cross-product terms between PFAS and
infant sex were entered into adjusted regression models to test for
statistical significance. We used logistic regression to estimate odds
ratios (OR) and 95% confidence intervals (CI) for low birth weight and
preterm birth as functions of maternal serum PFAS. PFAS levels were
entered as both continuous variables and categorical quartiles. We
operationalized 8:2 Cl-PFESA based on three categories (≤LOD,>
LOD–75th %tile, > 75th %tile) as there were few detectable values. To
estimate P-values for trend we modeled an ordinal variable as the
median value assigned for each corresponding PFAS category. We also
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conducted sensitivity analyses by excluding participants with gesta-
tional diabetes mellitus (GDM), hypertension in pregnancy, and anemia
given high risks for adverse pregnancy outcomes in these groups
(Metzger et al., 2010, Lee and Okam, 2011, Malik and Kumar, 2017).

We identified potential confounders in the literature as common
predictors of PFAS exposure and birth outcomes or their antecedents
(Greenland et al., 1999). This included sources of PFAS exposure and
factors likely to impact the absorption and excretion of PFAS (Savitz,
2007), that may also affect birth outcomes, such as age, parity, body
mass index (BMI), and socioeconomic characteristics (Tian et al., 2018,
Mohammad et al., 2014). We incorporated these factors into directed
acyclic graphs (DAGs) to identify minimally sufficient covariate sets to
adjust for confounding without introducing bias (Figs. S3 and S4). We
retained infant sex (male and female), maternal age (years, con-
tinuous), maternal occupation (blue collar and white collar), maternal
education (< high school and ≥high school), family income (< 4000,
4000–7999 and ≥8000 Yuan/month), and parity (0 and> 0) as po-
tential confounders in the regression models. While somewhat con-
troversial (Schisterman et al., 2009, Wilcox et al., 2011, Bach et al.,
2015), we also considered gestational age at delivery (weeks, con-
tinuous) as a confounder in birth weight models, based on cumulative
gestational PFAS exposure and the strong association with birth weight.
We defined statistical significance as a two-tailed P-value< 0.05. The
statistical analyses were performed using SAS version 9.4 (SAS Institute
Inc., Cary, NC, USA).

3. Results

The distribution of demographic, clinical factors, and select ma-
ternal PFAS concentrations in 372 gravidas are presented in Table 1,
stratified by infant sex. Mothers were 27 years of age on average,
predominantly blue-collar workers, high school educated, and tended
to have a household income lower than 4000 Yuan/month. No parti-
cipants reported smoking cigarettes or drinking alcohol during the
study pregnancy. Average birth weights were 3139 g for males and

3133 g for females, with an average gestational age of 38 weeks overall.
Among newborns, 8.9% had low birth weight and 10.5% were preterm
births. With the exception of gestational hypertension, which was more
prevalent among mothers of female infants (P < 0.001), distributions
of covariates were similar between the mothers of male and female
infants. All PFAS were measured above the LODs, with the exception of
40.9% of 8:2 Cl-PFESA, and concentrations were similar between mo-
thers of male and female infants (Table S3). PFOS (7.15 ng/mL) was the
dominant PFAS in maternal serum, followed by 6:2 Cl-PFESA (2.41 ng/
mL), and PFOA (1.54 ng/mL). Spearman correlation coefficients be-
tween PFAS ranged from 0.33 to 0.79 (Table S4).

Table 2 shows associations of selected natural log-transformed PFAS
levels in maternal serum with birth weight and gestational age, ad-
justed for confounders. We detected statistically significant inverse as-
sociations between all maternal serum PFAS concentrations and birth
weight. For example, each ln-ng/mL greater 6:2 Cl-PFESA concentra-
tion was associated with a 54.44 lower birth weight (95% CI: −95.66,
−13.22). As shown by Fig. 1(A), women in the highest quartile of 6:2
Cl-PFESA quartile had a mean birth weight of 3018 g (95% CI: 2936,
3100) compared with 3201 g (95% CI: 3122, 3280) in the 3rd quartile
of 6:2 Cl-PFESA (P < 0.05), indicating a possible threshold effect.
Some PFAS also showed inverse associations with gestational age. Each
1n-ng/mL greater maternal serum 6:2 Cl-PFESA was associated with
0.39 weeks shorter gestational age (95% CI: −0.56, −0.22) and
−0.32 weeks (95% CI: −0.53, −0.11) for PFOS. As shown in Fig. 1(B),
women in the highest 6:2 Cl-PFESA quartile had mean gestational age
at delivery of 37.9 weeks (95% CI: 37.6, 38.3) compared with
38.6 weeks (95% CI: 38.3, 39.0) in the 3rd quartile of 6:2 Cl-PFESA,
again suggesting a possible threshold effect. The associations between
6:2 Cl-PFESA and birth outcomes became weaker, after excluding
participants with preterm birth (n = 39). Furthermore, 6:2 Cl-PFESA
was not associated with birth weight after adding PFOS and PFOA to
the model, and the association for 8:2 Cl-PFESA became weaker, but the
associations between Cl-PFESAs and gestational age remained similar
(Table S5). There was no statistically significant interaction between

Table 1
Distribution of demographic, clinical, and lifestyle factors among women with singleton pregnancies, by infant sex.

Characteristic Total (n = 372) Male (n = 186) Female (n = 186) P

Maternal age (years)a 27.4 ± 5.1 27.4 ± 5.2 27.5 ± 5.1 0.839
Gestational age (weeks)a 38.6 ± 1.7 38.6 ± 1.7 38.7 ± 1.7 0.628
Infant birth weight (g)a 3131.1 ± 466.8 3138.5 ± 438.0 3132.8 ± 495.0 0.762
Low birth weightb,c 33 (8.9) 14 (7.5) 19 (10.2) 0.362
Preterm deliveryb,d 39 (10.5) 21 (11.3) 18 (9.7) 0.612
Maternal occupationb

Blue collar 303 (81.5) 151 (81.2) 152 (81.7) 0.894
White collar 69 (18.5) 35 (18.8) 34 (18.3)

Maternal educationb

<High school 129 (34.7) 67 (36.0) 62 (33.3) 0.586
≥High school 243 (65.3) 119 (64.0) 124 (66.7)

Family incomeb

<4000 229 (61.6) 115 (61.8) 114 (61.3) 0.984
4000–7999 106 (28.4) 53 (28.5) 53 (28.5)
≥8000 37 (10.00) 18 (9.7) 19 (10.2)

Primiparab 205 (55.1) 108 (58.1) 97 (52.1) 0.252
Gestational diabetes mellitusb 27 (7.3) 15 (8.1) 12 (6.4) 0.549
Hypertension in pregnancyb 33 (8.9) 6 (3.2) 27 (14.5) < 0.001
Anemiab 113 (30.4) 61 (32.8) 52 (28.0) 0.310
PFAS (ng/mL) in maternal serum
6:2 Cl-PFESAe 2.405 (1.219, 4.686) 2.623 (1.489, 5.440) 2.170 (1.108, 4.151) 0.615
8:2 Cl-PFESAe 0.001 (0.001, 0.039) 0.001 (0.001, 0.052) 0.001 (0.001, 0.037) 0.637
PFOSe 7.153 (4.361, 11.928) 7.652 (4.607, 11.672) 6.474 (3.956, 11.950) 0.972
PFOAe 1.538 (0.957, 2.635) 1.558 (0.988, 2.628) 1.497 (0.920, 2.642) 0.767

Abbreviations: Cl-PFESA, chlorinated polyfluorinated ether sulfonic acids; PFOS, perfluorooctane sulfonate; PFOA, perfluorooctanoic acid.
a Values are mean ± SD; difference tested using Student's t-test.
b Values are n (%); difference tested using Chi-square test.
d Gestational age<37 weeks at delivery.
c Birth weight< 2500 g.
e Values are median (interquartile range), difference tested using Wilcoxon rank-sum test.
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6:2 Cl-PFESA and PFOS, and the associations between maternal PFAS
and birth weight were similar when stratified by infant sex and without
significant interactions (Table 2). However, when stratified by infant
sex, the associations between maternal serum PFOS
(Pinteraction = 0.003) and PFOA (Pinteraction = 0.002) with gestational

age at delivery were stronger in females (β = -0.61, 95% CI:-0.90,
−0.32 and β= -0.53, 95% CI:-0.83,−0.23, respectively) than in males
(β = 0.004, 95% CI:-0.31, 0.32 and β = 0.17, 95% CI:-0.16, 0.51,
respectively).

Table S6 lists crude regression coefficients for the associations of
birth weight and gestational age with maternal PFAS. The results were
generally consistent with the main analysis, although less precise, when
excluding participants with GDM, gestational hypertension, and preg-
nancy anemia (Table S7), and also when excluding participants with
GDM only (n = 27).

Table 3 describes confounder-adjusted associations of LBW with
continuous and categorical maternal PFAS concentrations. We detected
positive linear trends for associations of LBW with 6:2 Cl-PFESA
(P = 0.047), PFOS (P < 0.001), and PFOA (P = 0.007), and with a
significant positive association for continuous PFOS (OR = 2.43, 95%
CI: 1.08, 5.47), although not for individual exposure quartiles.

Table 3 also describes confounder-adjusted associations of preterm
birth with continuous and categorical maternal PFAS concentrations.
We detected 2.67-fold (95% CI: 1.73, 4.15) greater odds of preterm
birth per ln-ng/mL maternal serum 6:2 Cl-PFESA concentration, and a
2.03-fold (95% CI: 1.24, 3.32) greater odds for preterm birth per ln-ng/
mL maternal serum PFOS concentration. Linear trends for preterm birth
were likewise statistically significant, in which greater categorical
maternal 6:2 Cl-PFESA (P < 0.001) and PFOS (P = 0.003) were as-
sociated with preterm birth. The ORs for preterm birth in association
with the highest versus lowest quartiles of exposure were also elevated
for 6:2 Cl-PFESA (OR = 5.42, 95% CI: 1.70, 17.29) and PFOS
(OR = 4.99, 95% CI: 1.34, 18.56).

Table S8 shows adjusted associations of maternal serum PFAS with
preterm birth classified as moderate preterm birth (32–33 weeks ge-
station) and late preterm birth (34–36 weeks gestation) (Shapiro-
Mendoza and Lackritz, 2012). The pattern of associations was similar to
those for overall preterm birth. Due to the small number of moderate
preterm births, the associations were imprecise and may be over-
estimated.

4. Discussion

In this prospective birth cohort, we detected associations between
maternal serum Cl-PFESAs concentrations and birth outcomes, sug-
gesting a higher risk for adverse birth outcomes with greater maternal
Cl-PFESAs exposure. We also found a possible threshold effect in which
the risk for preterm birth was greater only for the highest quartile of 6:2
Cl-PFESA exposure. To the best of our knowledge, this study is the first
to investigate associations between maternal Cl-PFESAs exposure and
fetal development in a human population.

We detected 6:2 Cl-PFESA in 100% of women with late third

Table 2
Adjusted regression coefficients (95% confidence intervals) for associations of birth weight (g) and gestational age (weeks) with natural log transformed maternal
serum PFAS concentrations (ln ng/mL), by infant sex.

PFAS
(ln ng/mL)

Total (n = 372)
β (95% CI)

Male (n = 186)
β (95% CI)

Female (n = 186)
β (95% CI)

Pinteractionc

Birth weight (g)a

6:2 Cl-PFESA −54.44 (−95.66, −13.22) −23.96 (−84.89, 36.98) −67.69 (−123.77, −11.61) 0.106
8:2 Cl-PFESA −21.15(−41.44, −0.86) −24.67 (−52.69, 3.36) −16.36 (−45.22, 12.50) 0.684
PFOS −83.28 (−133.20, −33.36) −71.52 (−142.44, −0.61) −71.91 (−143.86, 0.05) 0.678
PFOA −73.64 (−126.39, −20.88) −71.80 (−148.61, 5.00) −56.04 (−129.32, 17.24) 0.958

Gestational age (weeks)b

6:2 Cl-PFESA −0.39 (−0.56, −0.22) −0.25 (−0.51, 0.01) −0.51 (−0.73, −0.28) 0.096
8:2 Cl-PFESA −0.06 (−0.15, 0.03) −0.04 (−0.16, 0.08) −0.08 (−0.21, 0.04) 0.687
PFOS −0.32 (−0.53, −0.11) 0.004 (−0.31, 0.32) −0.61 (−0.90, −0.32) 0.003
PFOA −0.21 (−0.44, 0.02) 0.17 (−0.16, 0.51) −0.53 (−0.83, −0.23) 0.002

a Adjusted for gestational age, maternal age, maternal occupation, maternal education, family income, parity, and infant sex (except stratified models).
b Adjusted for maternal age, maternal occupation, maternal education, family income, parity, and infant sex (except stratified models).
c P for cross-product term between PFAS × infant sex entered into adjusted regression model.

Fig. 1. Dose–response relationship between quartiles (Q) of maternal 6:2 Cl-
PFESA exposure and birth weight (A) and gestational age (B) of infants (n = 93
for each quartile). The data are expressed as estimated means and the error bars
depict 95% confidence intervals. Models are adjusted for infant sex, maternal
age, maternal occupation, maternal education, family income, parity and ge-
stational age (for birth weight model). *P < 0.05 compared with Q1.
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trimester pregnancies. We found 6:2 Cl-PFESA concentrations com-
parable to two previous cohorts from Wuhan, China, including 32
pregnant women in 2015–2016 with a median 1.54 ng/mL (Chen et al.,
2017) and 100 pregnant women in 2014 with a median 1.90 ng/mL
(Pan et al., 2017). In contrast, we detected fewer women with 8:2 Cl-
PFESA in our study than from the prior Wuhan studies, which reported
84.4% (Chen et al., 2017) and 100% (Pan et al., 2017) detected, and the
detection limits were 10-fold and 50-fold higher than our own. The
inconsistency in 8:2 Cl-PFESA exposure might be due in part to dif-
ferences in regional industries and exposure patterns, but additional
investigation is necessary for a clearer understanding.

The bioaccumulation potential and toxicity of 6:2 Cl-PFESA and 8:2
Cl-PFESA were similar to or greater than PFOS in animal studies (Shi
et al., 2016, Cui et al., 2018b, Zhang et al., 2018). Observational human
research suggests that 6:2 Cl-PFESA is more bio-persistent than PFOS,
with median total elimination half-lives of 15.3 and 6.7 years, respec-
tively (Shi et al., 2016). There also appears to be greater placental
transfer efficiency for 8:2 Cl-PFESA compared with PFOS, for which
cord serum to maternal serum concentration ratios of 0.557 and 0.399
were reported, respectively (Chen et al., 2017). A more comprehensive
future investigation of exposure sources will be necessary to more
clearly characterize the toxicokinetics of Cl-PFESAs during pregnancy.

To date, there are no human data available to assess the re-
productive toxicity of Cl-PFESAs. However, the results of several animal
studies suggest a potential health risk for offspring. More than half
(58.4%) of 6:2 Cl-PFESA accumulated in the ovary of the black spotted
frog (Cui et al., 2018b). Zebrafish embryos incubated with various 6:2

Cl-PFESA concentrations showed delayed hatching, malformations, and
reduced survival indicative of developmental toxicity (Shi et al., 2017).
Mature zebrafish chronically exposed to 6:2 Cl-PFESA had offspring
with poorer survival, more structural malformation, inhibited growth,
decreased gonadosomatic development, greater serum testosterone le-
vels, and thyroid hormone disruption compared to unexposed controls
(Shi et al., 2018, Shi et al., 2019). However, the serum reproductive
hormone levels and testicular mRNA of adult male BALB/c mice were
unaffected by 56 days of 6:2 Cl-PFESA exposure (Zhou et al., 2018).
Furthermore, chicken embryo survival and hatchling body mass were
not affected by Cl-PFESAs injected into ova before incubation (Briels
et al., 2018).

In this study, we found statistically significant associations between
maternal serum concentrations of 6:2 Cl-PFESA, 8:2 Cl-PFESA, PFOS,
and PFOA with birth outcomes. Ours appears to be the first study to
report on birth outcomes in associations with Cl-PFESAs, but many
studies have reported on associations of PFOS and PFOA with birth
outcomes. Our PFOS and PFOA findings are in line with the results of
several recent systematic reviews and meta-analyses, lending credibility
to our Cl-PFESA results. A recent meta-analysis (Negri et al., 2017)
reported pooled linear regression coefficients of −46.1 g (95% CI:
−80.3, −11.9) and −27.1 g (95% CI: −50.6, −3.6) for birth weight,
per ln-ng/mL greater prenatal PFOS (eight studies) and PFOA (nine
studies), respectively, which were more modest than but consistent
with our results. Also consistent with our results, greater PFOS con-
centration measured in 1645 early U.S. gravidas, recruited 1999–2002,
was associated with higher odds of preterm birth (ORQ1 vs. Q4 = 2.4,
95% CI: 1.3, 4.4) (Sagiv et al., 2018). However, the relation between
human PFAS exposure and birth outcomes remains controversial, given
concerns about effective dose and reverse causality on the part of some
investigators (Olsen et al., 2009, Verner et al., 2015). Furthermore, the
results may differ across studies due to differences in timing sample
collections, different modeling approaches, and adjustment for different
confounding factors (Steenland et al., 2018). We found that in-
vestigators adjusted for different confounding factors in a review of 14
previous epidemiologic studies of PFOS exposure and birth outcomes
(Table S9). For example, a Spanish birth cohort study reported no as-
sociation between maternal PFOS and birth weight in 1202 newborns
using the same statistical method that we used, but without adjustment
for socioeconomic status (Manzano-Salgado et al., 2017).

Though the mechanisms by which Cl-PFESAs might affect fetal
growth are unclear, several biologic effects were reported in the lit-
erature that may contribute to adverse outcome pathways. In an in vitro
investigation, 6:2 Cl-PFESA was cytotoxic to human liver cells and
bound human liver fatty acid binding protein (hL-FABP), which affects
lipid metabolism and fatty acid transportation (Sheng et al., 2018).
Studies in vitro and in vivo indicated that Cl-PFESAs activated peroxi-
some proliferator-activated receptors (PPARs) to affect lipid metabo-
lism, with 8:2 Cl-PFESA having greater PPAR signaling pathway ago-
nistic activity than PFOS (Li et al., 2018, Shi et al., 2019). Similar to the
reports for PFOS (Ballesteros et al., 2017, Coperchini et al., 2017, Zeng
et al., 2019), Cl-PFESAs also behave as endocrine disruptors, as thyroid
receptor agonistic activity led to thyroid hormone disorders in a study
of zebrafish larvae (Deng et al., 2018). Thyroid hormones play an im-
portant role in fetal growth and development (Forhead and Fowden,
2014).

We also found stronger associations between PFAS and gestational
age among female infants than among males in this study. The reason
for a sex-difference remains unknown but may involve interactions
between PFAS and sex-steroid hormone receptors. In vitro studies sug-
gest that several PFAS activate estrogen receptors and antagonize an-
drogen receptor activity (Benninghoff et al., 2011, Kjeldsen and
Bonefeld-Jorgensen, 2013). Alternately, the sex-interaction may be a
chance finding. Additional research with a larger sample size is needed
to clarify the influence of sex on the associations between PFAS ex-
posure and fetal growth.

Table 3
Adjusted odds ratios (OR) and 95% confidence intervals for associations of low
birth weight (< 2500 g) and preterm birth (< 37 weeks) with natural log
transformed maternal serum PFAS concentrations.

PFAS Low birth weight
Adjusted OR (95%CI) a

Preterm birth
Adjusted OR (95%CI)b

6:2 Cl-PFESA
Per in ln ng/mL greater 1.54 (0.82, 2.89) 2.67 (1.73, 4.15)
Quartile (ng/mL)
≤1.22 1.00 (reference) 1.00 (reference)
>1.22 to 2.41 1.25 (0.21, 7.35) 0.57 (0.12, 2.70)
>2.41 to 4.69 0.35 (0.05, 2.44) 2.19 (0.64, 7.53)
>4.69 3.11 (0.65, 14.90) 5.42 (1.70, 17.29)
P for trendc 0.047 < 0.001

8:2 Cl-PFESA
Per in ln ng/mL greater 1.12 (0.86, 1.46) 1.07 (0.90, 1.27)
Quartile (ng/mL)
≤LOD 1.00 (reference) 1.00 (reference)
> LOD to 0.039 0.64 (0.22, 1.87) 1.02 (0.51, 2.04)
>0.039 1.56 (0.53, 4.55) 0.99 (0.49, 1.98)
P for trendc 0.076 0.721

PFOS
Per in ln ng/mL greater 2.43 (1.08, 5.47) 2.03 (1.24, 3.32)
Quartile (ng/mL)
≤4.36 1.00 (reference) 1.00 (reference)
>4.36 to 7.15 0.83 (0.11, 6.47) 2.22 (0.55, 9.05)
>7.15 to 11.93 1.41 (0.23, 8.82) 4.52 (1.21, 16.88)
>11.93 3.70 (0.61, 22.58) 4.99 (1.34, 18.56)
P for trendc < 0.001 0.003

PFOA
Per in ln ng/mL greater 1.16 (0.52, 2.58) 1.49 (0.94, 2.36)
Quartile (ng/mL)
≤0.96 1.00 (reference) 1.00 (reference)
>0.96 to 1.54 0.61 (0.14, 2.69) 0.71 (0.23, 2.14)
>1.54 to 2.63 0.27 (0.05, 1.42) 1.60 (0.60, 4.23)
>2.63 1.00 (0.23, 4.35) 1.84 (0.72, 4.71)
P for trendc 0.007 0.273

a Adjusted for gestational age, infant sex, maternal age, maternal occupation,
maternal education, family income and parity.

b Adjusted for infant sex, maternal age, maternal occupation, maternal
education, family income and parity.

c Tested using the median value for each category.
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There are several strengths to this study. Firstly, we prospectively
collected biomarkers of exposure during gestation, ensuring tempor-
ality of the exposure-outcome association and precluding introduction
of exposure recall errors. Given the extensive half-lives of Cl-PFESAs,
PFOS, and PFOA, which are measured in years, serum concentrations
are likely to be reasonably representative of exposure across gestation.
Secondly, we obtained birth outcomes from medical records, which also
precluded recall biases and minimized outcome misclassification.
Thirdly, we collected and controlled for a comprehensive panel of po-
tential confounding variables, including sociodemographic and clinical
factors. Finally, our study is the first, to our knowledge, to explore the
associations of Cl-PFESAs with fetal growth and to report associations
between greater gestational Cl-PFESAs exposure and a higher risk for
adverse birth outcomes.

However, there are several limitations to this study. Firstly, our
study population comprised only 372 pregnancies, so we may have
been unable to detect modest associations and some effect estimates
were imprecise. Secondly, though our analyses included key con-
founding variables, we did not adjust for glomerular filtration rate
(GFR), which might introduce exposure misclassification due to preg-
nancy-associated plasma volume expansion and changes in renal
clearance (Ouzounian and Elkayam, 2012). Higher GFR may lead to
lower PFAS transfer efficiency (Pan et al., 2017), and GFR may itself
influence birth weight (Verner et al., 2015). Thus, changes in GFR may
contribute in part to associations between PFAS body burdens and fetal
growth (Verner et al., 2015). However, there is inconsistent and limited
information available about the influence of maternal GFR on this as-
sociation (Johnson et al., 2014; Manzano-Salgado et al., 2017). Thirdly,
we did not consider various other pollutants that may affect birth
outcomes, such as phthalates (Bloom et al., 2019), trace elements
(Freire et al., 2019; Bloom et al., 2015), and polychlorinated biphenyls
(PCBs) (Lenters et al., 2019), which might have impacted PFAS asso-
ciations in a synergistic or antagonistic manner (Braun et al., 2016).
Likewise, given strong intercorrelations among the measured PFAS, we
evaluated each in isolation and were unable to evaluate their interac-
tions. Still, the associations for Cl-PFESAs with gestational age re-
mained similar after further adjustment for PFOS and PFOA, although
birth weight associations were attenuated. Thus, we cannot rule out the
possibility for confounding by PFOA, PFOS, or other correlated PFAS,
and so a larger future study that employs a formal analysis of PFAS
mixtures will be necessary for more definitive results. Fourthly, we
captured serum PFAS concentrations at a single time point during the
study pregnancy, which may have misclassified exposure for some
women, in particular given uncertainties about causal windows and
changes in plasma volume and serum binding proteins throughout ge-
station that might alter circulating concentrations of persistent organic
pollutants like PFAS (Bloom et al., 2007). Yet, given their persistent
nature, with median elimination half-lives estimated as 15.3 years for
6:2 Cl-PFESA and 6.7 years for PFOS (Shi et al., 2016), the impact is
difficult to predict. Fifthly, we imputed values below detection limits
using a commonly employed, yet somewhat controversial approach
(i.e., LOD/ 2 ) (Richardson and Ciampi, 2003, Schisterman et al., 2006,
Huynh et al., 2014). This approach may have biased associations be-
tween 8:2 Cl-PFESA, for which relatively few values were measured
above the LOD, and birth outcomes. However, our results were similar,
although modestly stronger for gestational age, when we repeated the
analysis using machine-read values without imputation (Table S10).
Finally, we conducted multiple statistical tests, which may have led to
false positive results secondary to type-1 error inflation (Goldberg and
Silbergeld, 2011). As an exploratory investigation, our aim was to
maximize sensitivity for detecting plausible hypotheses for confirma-
tion in a larger future investigation.

5. Conclusion

We found that Cl-PFESAs exposure in utero were associated with

adverse birth outcomes, and more specifically that maternal 6:2 Cl-
PFESA was positively associated with preterm birth. Yet, our study was
based at a single hospital that treated gravidas from the local and
surrounding areas and included only live born singletons. Thus, our
results may not be generalizable to other source populations.
Additional, larger investigations in multiple regions will be required for
more definitive results in the future. The safety of Cl-PFESAs should be
questioned, and Cl-PFESAs exposure must be merits attention from
academic scientists and policy-makers.
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