Version of Record: https://www.sciencedirect.com/science/article/pii/S0048969723008835
Manuscript_8f2ba5dbe61c20721a23e3326c¢9edcb9

Exposure to Perfluoroalkyl Substances and Women’s Fertility Outcomes in a Singaporean

Population-based Preconception Cohort

Authors: Nathan J. Cohen?® Meizhen Yao?, Vishal Midya? Sandra India-Aldana?, Tomer
Mouzica?, Syam S. Andra?, Srinivasan Narasimhan?®, Anil K. Meher?, Manish Arora?, Jerry Kok
Yen Chan®*, Shiao-Yng Chan’¢, See Ling Loy, Lidia Minguez-Alarcon’, Youssef Oulhoteg,

Jonathan Huang?®, Damaskini Valvi®*

2 Department of Environmental Medicine and Public Health, Icahn School of Medicine at Mount
Sinai

b Department of Reproductive Medicine, KK Women’s and Children’s Hospital

¢ Academic Clinical Program in Obstetrics and Gynaecology, Duke-NUS Medical School

d Singapore Institute for Clinical Sciences (SICS), Agency for Science, Technology, and
Research (A*STAR)

¢ Department of Obstetrics and Gynaecology, Yong Loo Lin School of Medicine, National
University of Singapore

fDepartment of Environmental Health, Harvard T.H. Chan School of Public Health

¢ Department of Biostatistics and Epidemiology, School of Public Health and Health Sciences,
University of Massachusetts at Amherst

h Centre for Quantitative Medicine, Duke-NUS Medical School

* Corresponding author information:
Damaskini Valvi, MD, MPH, PhD
One Gustave L. Levy Place, Box 1057
New York, NY 10029

© 2023 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0048969723008835

Tel: 212-824-7062
Fax: 212-824-2334

Email: dania.valvi@mssm.edu



Graphical Abstract

Measured preconception PFAS in plasma at enrollment
in S-PRESTO Cohort Study (2015-2017)
s Perfluorodecanoic acid (PFDA)
s Perfluorooctanesulfonic acid (PFOS)
s Perfluorooctanoic acid (PFOA)
* Perfluoroheptanoic acid (PFHpA)
e Perfluorohexanesulfonic acid (PFHxS)
e Perfluorononanoic acid (PFNA)
s Perfluoroheptanesulfonic acid (PFHpS)

50 = TP
B Pregnant
1.25 4 W Live Birth
1.00 : 1

Measure of Association (95% ClI)

2 = hed e
i=4 Ll o -
= @ =} o
L 1 L 1

Y

Fertility Outcomes at 12 Months of Follow Up

Time-to-pregnancy (TTP)
Clinical pregnancy
Live birth

0.25

Weight

= PFDA
@ PFOS

B PFOA
B PFHpA
B PFHxS
O PFNA
O PFHpS

0.00 -

]

I I

Pregnant Live Birth

All models adjusted for analytical batch, age at recruitment, education, ethnicity, and parity.
Reporting HR (95% Cl) for TTP and OR (95% Cl} for pregnancy and live birth for a quartile increase in the PFAS mixture.




Abstract

Objectives: Experimental models have demonstrated a link between exposure to perfluoroalkyl
substances (PFAS) and decreased fertility and fecundability; however, human studies are scarce.
We assessed the associations between preconception plasma PFAS concentrations and fertility
outcomes in women.

Methods: In a case-control study nested within the population-based Singapore Preconception
Study of Long-Term Maternal and Child Outcomes (S-PRESTO), we measured PFAS in plasma
collected in 2015-2017 from 382 women of reproductive age trying to conceive. Using Cox
proportional hazards regression (fecundability ratios [FRs]) and logistic regression (odds ratios
[ORs]) models, we assessed the associations of individual PFAS with time-to-pregnancy (TTP),
and the likelihoods of clinical pregnancy and live birth, respectively, over one year of follow-up,
adjusting for analytical batch, age, education, ethnicity, and parity. We used Bayesian weighted
quantile sum (BWQS) regression to assess the associations of the PFAS mixture with fertility
outcomes.

Results: We found a 5-10% reduction in fecundability per quartile increase of exposure to
individual PFAS (FRs [95% ClIs] for clinical pregnancy=0.90 [0.82, 0.98] for PFDA; 0.88 [0.79,
0.99] for PFOS; 0.95 [0.86, 1.06] for PFOA; 0.92 [0.84, 1.00] for PFHpA). We observed similar
decreased odds of clinical pregnancy (ORs [95% Cls]=0.74 [0.56, 0.98] for PFDA; 0.76 [0.53,
1.09] for PFOS; 0.83 [0.59, 1.17] for PFOA; 0.92 [0.70, 1.22] for PFHpA) and live birth per
quartile increases of individual PFAS and the PFAS mixture (ORs [95% Cls]=0.61 [0.37, 1.02]
for clinical pregnancy, and 0.66 [0.40, 1.07] for live birth). Within the PFAS mixture, PFDA

followed by PFOS, PFOA, and PFHpA were the biggest contributors to these associations. We



found no evidence of association for PFHxS, PFNA, and PFHpS and the fertility outcomes
examined.

Conclusions: Higher PFAS exposures may be associated with decreased fertility in women. The
potential impact of ubiquitous PFAS exposures on infertility mechanisms require further
investigation.

Keywords: PFAS; Endocrine disrupting chemicals; Fecundability; Pregnancy outcomes;

Women’s health.
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1. Introduction
Infertility is the inability of an individual who is actively attempting conception to become
pregnant within 12 months or longer of initiating unprotected sexual intercourse on a regular
basis (Vander Borght and Wyns, 2018). Infertility is an important public health problem due to
its adverse effects on affected individuals’ mental health (Fallahzadeh et al., 2019; Yusuf, 2016).
Approximately 8-12% of couples experience infertility worldwide (Vander Borght and Wyns,
2018). The use of assisted reproductive technology (ART) among women living in Singapore is
currently on the rise (Huang et al., 2021a). Furthermore, the prevalence of primary infertility
among women who desired to get pregnant in South Asia was nearly 2.5% in 2010, which
exceeded that of many other parts of the world (Mascarenhas et al., 2012). Additionally, Asian
women are more likely to delay the usage of infertility treatments and have lower success rates
after fertility treatments compared to white women (Vu et al., 2021). Emerging evidence
suggests that environmental chemical exposures may affect fertility in women (Luo et al., 2022;
Messerlian et al., 2016; Thomsen et al., 2017; Tranfo et al., 2012). However, few studies have

examined this association to date, and no previous study included women residing in Singapore.

Perfluoroalkyl substances (PFAS) comprise a class of ubiquitous and persistent chemicals that
are commonly found in drinking water (Domingo and Nadal, 2019; Sunderland et al., 2019) and
a wide variety of consumer products such as waterproof clothing (van der Veen et al., 2020; van
der Veen et al., 2022), furniture (Schildroth et al., 2022), non-stick cookware (Herzke et al.,
2012), baking paper (Kotthoff et al., 2015), and food packaging (Curtzwiler et al., 2021; Ramirez
Carnero et al., 2021; Susmann et al., 2019). PFAS are detected in the blood of >99% of

populations tested in the United States (Kato et al., 2011), Singapore (Sum et al., 2022), and
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other regions due to common daily exposure and the long half-lives (in years) in human tissues

of many PFAS (Olsen et al., 2007).

Exposure to PFAS may result in infertility in women via endocrine disruption (Rickard et al.,
2022) and through increasing the risk for common reproductive conditions such as endometriosis
(Miller et al., 2017; Mohammed Rasheed and Hamid, 2020; Singh et al., 2016; Wang et al.,
2017) and polycystic ovary syndrome (Gonzdlez, 2012; Tarkun et al., 2006; Velez et al., 2021;
Wang et al., 2019). In particular, higher levels of PFAS exposure could lead to alterations in
estradiol and progesterone levels in women, resulting in impairment of the reproductive system
(Barrett et al., 2015; Chaparro-Ortega et al., 2018) due to the important role that they play in the

menstrual cycle (Reed and Carr, 2000).

A recent meta-analysis of previous epidemiology studies conducted mainly in non-Asian
populations found evidence that exposures to PFOS and PFOA may decrease fertility in women
but noted large heterogeneity in effect estimates across studies and limited data on other PFAS
(Wang et al., 2023). Notably, previous studies have not assessed the potential impact of PFAS
exposure as a mixture. This is an important limitation as populations are exposed simultaneously
to multiple PFAS, rather than a single PFAS compound. Therefore, we assessed the extent to
which preconception plasma PFAS concentrations and PFAS mixture exposures were associated
with fertility outcomes in a population-based cohort of women from Singapore who were of
reproductive age and attempting to conceive naturally within a one-year period of follow-up.

Consistent with experimental evidence, we hypothesized that higher plasma PFAS
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concentrations will be associated with decreased fecundability and reduced likelihoods of

clinical pregnancy and live birth in reproductive age women.

2. Materials and Methods
2.1 Study Design and Population
The present study included women who were enrolled in the Singapore Preconception Study of
Long-Term Maternal and Child Outcomes (S-PRESTO) (Loo et al., 2021). S-PRESTO is a
population-based prospective cohort study designed to assess the effects of maternal
preconception health on adverse health outcomes in women and their offspring (Loo et al.,
2021). A total of 1,032 women aged from 18 to 45 years who were actively trying to conceive
were enrolled in the origin cohort between February 2015 and October 2017, and followed-up
for at least 1 year. In total, each participant attended three preconception visits within the first
few months, and then was followed up by phone calls at 6, 9, and 12 months to track pregnancy
status. Recruitment occurred from the community and at KK Women’s and Children’s Hospital,
which is Singapore’s largest public maternity hospital. Women who had been actively trying to
conceive for more than 18 months before recruitment, who were currently pregnant, were using
oral or implanted contraception, or with an intrauterine contraceptive device in situ in the past 1
month or who were undergoing fertility treatment or had a diagnosis of type 1 or type 2 diabetes,
or were on systemic steroids, anticonvulsants, HIV or Hepatitis B or C medications in the past 1
month were excluded from the S-PRESTO study (Loo et al., 2021). Only Chinese, Malay,

Indian, or a mixture of these ethnicities were recruited.
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We conducted a case-control study nested within the S-PRESTO cohort to evaluate the
association between PFAS exposure and fertility. The present analysis included a sub-study of
382 women with PFAS concentrations measured in preconception blood samples, including 332
women who achieved clinical pregnancy and a random subset of 50 women from among those
who failed to conceive within one year of follow up. The 332 women who became clinically
pregnant consisted of all women who conceived in the S-PRESTO cohort who had a blood
sample available for PFAS analysis, and the 50 women who did not conceive (i.e. controls)
comprised a random subset of the remaining such S-PRESTO participants. All participants
provided a signed informed consent. Ethical approvals of the study protocols were obtained by
the SingHealth Centralised Institutional Review Board (reference 2014/692/D) and the

Institutional Review Board at Icahn School of Medicine at Mount Sinai.

2.2 Assessment of PFAS exposures

A total of 15 PFAS were measured in one preconception plasma sample collected from each
woman at study enrollment from 2015-2017. Samples were drawn, fractionated, and stored
immediately frozen at -80°C until laboratory analyses. All PFAS analyses occurred between
December 4, 2020 and January 16, 2021 and were performed by targeted LC-MS/MS (Coggan et
al., 2019; Kato et al., 2018) at the Frank R. Lautenberg Environmental Health Sciences
Laboratory at Icahn School of Medicine at Mount Sinai, NY, USA. The samples were analyzed
in six batches. Measured PFAS included perfluorodecanoic acid (PFDA), linear and branched
perfluorooctanesulfonic acid (PFOS), linear perfluorooctanoic acid (PFOA), perfluoroheptanoic
acid (PFHpA), perfluorohexanesulfonic acid (PFHxS), perfluorononanoic acid (PFNA),

perfluoroheptanesulfonic acid (PFHpS), perfluorobutanesulfonic acid (PFBS), N-
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methylperfluorooctanesulfonamido acetic acid (NMeFOSAA), N-ethyl
perfluorooctanesulfonamidoacetic acid (NEtFOSAA), 6:2 fluorotelomer sulfonate (6:2 FTS), 6:2
polyfluoroalkyl phosphate ester (6:2 PAP), 6:2 fluorotelomer phosphate diester (6:2 diPAP),

perfluorooctanesulfonamide (PFOSA), and perfluorodecanesulfonic acid (PFDS).

We followed the analytical method of the Centers for Disease Control and Prevention (CDC) for
PFAS in plasma (Kato et al., 2018) with minor modifications (Coggan et al., 2019; Reagen et al.,
2008). Quantification of PFAS was based on isotope-dilution liquid chromatography with
tandem mass spectrometry method. In brief, 13C stable isotope labeled internal standards were
added to each sample, followed by solid-phase extraction with an Oasis WAX mixed-mode
polymeric reversed-phase 96-well plate (30 mg sorbent per well, 30 um particle size; Waters
Corporation, Milford, MA). Low-volume sample aliquoting (0.2 ml) and clean-up procedures
were automated using a liquid handler (epMotion 5075vtc; Eppendorf, Hauppauge, NY). The
LC-MS/MS (Agilent 1290 Infinity II UHPLC coupled with 6470A triple quadrupole MS,
Agilent Technologies, Wilmington, DE) was operated in electrospray negative mode for
ionization and multiple reaction monitoring (MRM) for quantification. Chromatographic
separation was achieved on an InfinityLab Poroshell 120 EC-C18, 1.9 um, 100 x 2.1 mm
analytical column with 5 x 2.1 mm guard cartridge (Agilent Technologies, Wilmington, DE).
Instrument contribution to background PFAS was removed by Eclipse Plus C18, 3.5 um, 50 x
4.6 mm delay column (Agilent Technologies, Wilmington, DE). Mobile phase A was SmM
ammonium acetate in LC-MS grade water, and mobile phase B was 5SmM ammonium acetate in
LC-MS grade methanol and water (95:5 v/v). Quality controls (QCs) included in each batch were

procedural and instrumental blanks, matrix spikes in the lower, middle and upper range of assay

10



114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

validation, NIST standard reference material (SRM 1957: Organic Contaminants in Non-
Fortified Human Serum and SRM 1958: Organic Contaminants in Fortified Human Serum), and
archived proficiency testing material. Batchwise relative standard deviations (RSDs) of QCs
during analysis of the study specimens were <20% for target analytes in reference or fortified
material, except for analytes at or below the limit of quantification (LOQ) (LOQ=3xLOD) where
RSDs up to 30% were accepted. Intra-batch precision (CV) was below 10% and inter-batch
precision was below 20% for QC analytes above the LOQ. Recoveries in batch QCs were
between 70% and 130%. The Lautenberg Laboratory is part of the Human Health Exposure
Analysis Resource (HHEAR), a continuation of Children's Health Exposure Analysis Resource
(CHEAR), which has participated and is qualified in proficiency testing programs for PFAS in
human serum conducted by CTQ-AMAP
(https://www.inspq.qc.ca/en/ctq/eqas/amap/description) (CTQ, 2021) and G-EQUAS

(http://www.g-equas.de/) (Goen et al., 2012).

Out of 15 PFAS measured, seven had concentrations above the limit of detection (LOD) for at
least 33% of women and were subsequently included in statistical analyses. These seven PFAS
(LOD) included total PFOS (0.20 ng/ml for linear and branched), PFOA (0.50 ng/ml), PFHpA
(0.20 ng/ml), PFDA (0.50 ng/ml), PFHxS (0.10 ng/ml), PENA (0.50 ng/ml), and PFHpS (0.20
ng/ml). We excluded the remaining eight PFAS from subsequent statistical analyses due to low
detection rates. We substituted PFAS concentrations below the LOD to be equal to half of the
LOD in our analyses, as has been done previously (Vélez et al., 2015). We calculated total PFOS

as the sum of linear and branched PFOS.

11
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2.3 Assessment of Fertility Outcomes

Pregnancy screening procedures conducted in the S-PRESTO cohort have previously been
detailed elsewhere (Loy et al., 2018). Briefly, participants were screened for pregnancy at each
preconception visit using a urinary pregnancy test kit (Biotron Diagnostics, USA) (Loy et al.,
2018). Women were provided with pregnancy test kits to use in between preconception visits and
were reminded to perform home urine pregnancy tests, if their menstrual periods were late for 3-
4 days, or 2 weeks after unprotected intercourse, and to contact the research staff if they test
positive. The pregnancy test kits were sensitive to 25 mIU/ml of human chorionic gonadotropin
(hCG) (Loy et al., 2018). In the event of a positive pregnancy test, participants underwent a
viability ultrasound scan after 6 weeks’ amenorrhea to confirm a clinical pregnancy. In the
absence of any update within 6, 9, and 12 months of recruitment, S-PRESTO research staff
conducted a follow-up call to determine the woman’s pregnancy status over the past year. All

women were followed for at least 1 year while attempting to conceive.

We assessed TTP, clinical pregnancy, and live birth as the study outcomes in our analyses. We
assessed TTP based on the number of observed menstrual cycles required to achieve pregnancy
over 12 months of follow-up, as detailed previously (Wise et al., 2020). In order to account for
left truncation, we based our risk sets on observed cycles at risk. We used the date of the last
menstrual period (LMP) as the starting date and the date of conception or the date of the last
follow-up call as the ending date for women who conceived and those who did not conceive,
respectively. We used these starting and ending dates to calculate the observation time interval
taken to achieve a clinical pregnancy for each participant. Finally, we calculated TTP in

menstrual cycles using the following formula:

12
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Observed TTP (in days)
0.5 X (Minimum Menstrual Cycle Length + Maximum Menstrual Cycle Length)

TTP =

For those who achieved a clinical pregnancy, one more cycle was added (Loy et al., 2018) under
the assumption that the actual conception occurred 0.5-1.0 menstrual cycles after the LMP
(Huang et al., 2021b). In the analyses of TTP, we excluded three participants with missing data
on the start and end dates of the menstrual cycle and an additional three participants with missing
data on the TTP measurement in days. In addition to TTP, we also assessed clinical pregnancy
and live birth as dichotomous outcomes (0: no, 1: yes) denoting whether the woman conceived
by the end of the 12 month follow-up period, and whether they delivered. Delivery information

was abstracted from clinical records by trained study staff using standardized case report forms.

2.4 Additional covariates

We collected data on sociodemographic characteristics for each participant based on interviews
with the women conducted by trained study staff at the enrollment visit. These data included
participants’ ethnicity, education, parity, and smoking status. Women’s age at recruitment was
calculated based on recorded date of birth. Only a few women were of mixed ethnicity and were
reclassified as Chinese, if of partial Chinese descent (n=6), or Malay, if of mixed Malay-Indian
ethnicity (n=1) to handle small number categories, as these ethnic groups are the most largely

represented in our study population.

2.5 Statistical Analysis

13
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We reported descriptive statistics to summarize the demographic composition of the study
population and compare it to the overall cohort. We also compared demographic characteristics
between clinical pregnancy or live birth subgroups using Wilcoxon rank sum tests for continuous
variables and chi-squared tests or Fisher’s exact test for categorical variables. We computed

Spearman pairwise correlations between the individual PFAS concentrations under study.

We analyzed TTP using Cox proportional hazards regression models to estimate fecundability
ratios (FR, 95% Cls) interpreted as the risk of being clinically pregnant per quartile increase in
PFAS exposures. Results did not considerably differ using accelerated failure time (AFT) models
with a discrete time Weibull distribution or a Poisson regression model to assess TTP, as
sensitivity analyses. The proportional hazards assumption was met in our analyses (p > 0.05 for
the Schoenfeld test for all seven PFAS). We used logistic regression models to estimate the odds
ratios (OR, 95% ClIs) for being clinically pregnant within a year of follow up, or delivering a live
birth per quartile increase in PFAS exposures. Additionally, Bayesian weighted quantile sum-
Cox proportional hazards (BWQS-PH) regression models were used to assess the combined
effects of the multiple PFAS with TTP to calculate a FR. A Bayesian weighted quantile sum
(BWQS) model (Colicino et al., 2020) estimates the combined effects of multiple exposures on
an outcome, and a Cox proportional hazards model (Cox, 1972) estimates the hazard rate of an
event given that a participant has not yet experienced the event at a given point in time.
Therefore, a BWQS-PH model estimates the combined effects of multiple exposures on the
hazard rate of a survival outcome. Our code for fitting the BWQS-PH models has been made
publicly available (https://github.com/DaniaValvi/S-PRESTO_Fertility) (Yao, 2023). Moreover,

we used BWQS to calculate the ORs for clinical pregnancy and live birth. In the BWQS models,

14
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we set the thinning parameter to one, and we used two Markov chains with 10,000 iterations
each. We selected confounders included in the statistical models based on a priori knowledge
(Kingsley et al., 2018; Liang et al., 2021; Sadecki et al., 2022) and results of our bivariate
analyses evaluating PFAS relationships with covariates, and adjusted all models for analytical
batch, age at recruitment, education, ethnicity, and parity. No missing data were present in these
covariates. Effect estimates (95% Cls) from all analyses are expressed per quartile increase in
PFAS exposures to facilitate comparison of the magnitude of effects across statistical methods.
We checked linearity between the seven PFAS and clinical pregnancy by adding orthogonal
polynomials of degree one and two into our models and confirming that the quadratic terms were

not statistically significant for any of the seven PFAS.

We used inverse probability weighting (IPW) in all models to account for the different selection
probabilities for women’s inclusion in the present nested case-control design for PFAS
assessment due to pregnancy status, loss to follow up, and blood sample availability. Weights
were calculated for each participant in the entire origin cohort from a logistic regression model
of the probability of inclusion in the PFAS laboratory analyses based on baseline predictors (age
at recruitment, education, ethnicity, and parity). We present all estimates and 95% confidence

intervals from the weighted statistical models.

Sensitivity analyses included: (1) repeating all analyses using PFDA, PFHpA, and PFHpS as
binary variables (instead of in quartiles), dichotomized at the LOD value because of larger
numbers of women having concentrations below the LOD for these three PFAS; (2) the

exclusion of women with irregular menstrual cycles (n=24) in our mixture analyses; (3) the

15
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exclusion of the few participants of mixed-race (n=7) from the statistical models, and (4)

analyses adjusting for fruit intake and fast food intake.

We interpreted results emphasizing on effect magnitude (estimates and confidence intervals) and
consistent association patterns without solely relying on statistical significance. We performed
all statistical analyses in R (version 4.2.1). We used the rstan (Stan Development Team, 2020)

and BWQS (Colicino et al., 2020) packages for our mixture analyses.

3. Results
Median (IQR) age at recruitment was 30.5 (28.1, 32.8) years (Table 1). Median (IQR) BMI at
preconception was 22.0 (20.1, 25.2) kg/m?. The majority of women (77.2%) were Chinese,
attained a university level education (67.0%), were nulliparous (64.4%) and had never smoked
(91.1%). Only three (0.8%) women had a diagnosis of polycystic ovary syndrome. PFOS and
PFOA had the highest concentrations on average compared to other PFAS with a median (IQR)
of 2.49 (1.83, 3.35) ng/ml and 1.76 (1.28, 2.28) ng/ml, respectively. The distribution of all 15
PFAS measured is displayed in Supplementary Table 1, and the pairwise correlations between
PFAS included in our analyses are shown in Supplementary Figure 1. Spearman correlation
coefficients between PFAS ranged from 0.03 (PFHxS and PFHpA as well as PFHpS and PFDA)
to 0.74 (PFOS and PFHpS). Average TTP (median (IQR)) was 5 (2, 10) menstrual cycles
(Kaplan-Meier curve shown in Supplementary Figure 2). Women who conceived over the study
period, compared to those who did not conceive, were more likely to be of Chinese ethnicity, had
a higher education, were less likely to be nulliparous and had lower plasma concentrations of

certain PFAS (Table 1). We observed similar differences in covariates distributions between
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women who delivered a live birth vs. those who did not (Supplementary Table 2). Women
included compared to those excluded from the present analyses were of younger age (median:
30.5 vs 31.5 years) more likely to have attained university level education (67.0% vs 58.3%) and
be Chinese (77.2% vs 71.1%) and did not differ in parity or smoking history (Supplementary
Table 3). We did not observe any substantial differences in sociodemographic characteristics
when comparing women included to those excluded from the current analyses by clinical

pregnancy status (Supplementary Table 4).

In individual PFAS analyses (Table 2), we observed decreased fecundability (FR [95% CI]) per
quartile increase in preconception plasma concentrations of PFDA (0.90 [0.82, 0.98]), PFOS
(0.88 [0.79, 0.99]), PFOA (0.95 [0.86, 1.06]), and PFHpA (0.92 [0.84, 1.00]). Moreover, we
observed reduced likelihood of clinical pregnancy (OR [95%CI]) per quartile increase in PFDA
(0.74 [0.56, 0.98]) and PFOS (0.76 [0.53, 1.09]). Associations between individual PFAS and live
birth were in the same direction (ORs < 1) as for clinical pregnancy but did not reach the
statistical significance level (Table 2). In PFAS mixture analyses, we observed a consistent
pattern of decreased fecundability (FR [95% CI]=0.89 [0.73, 1.02]), and reduced likelihoods for
clinical pregnancy (OR [95% CI]=0.61 [0.37, 1.02]) and live birth (OR [95% CI]=0.66 [0.40,
1.07]) per quartile increase in the PFAS mixture (Table 2). PFDA followed by PFOS, PFOA, and
PFHpA were the biggest contributors to the PFAS mixture associations (Figure 1). We did not
observe evidence of an association with the fertility outcomes in any of our analyses for PFHxS,

PFNA, and PFHpS.
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In sensitivity analyses analyzing PFDA, PFHpA, and PFHpS as dichotomous variables, effect
estimates for all fertility outcomes, though non-significant, were in the same direction and of
stronger magnitude (Supplementary Table 5), as the effect estimates obtained from the main
analyses (Table 2). Our results for TTP also did not considerably change in our AFT models or
our Poisson regression models (Supplementary Table 6). Our results also remained similar after
excluding the 24 participants with irregular menstrual cycles from our mixture analyses
(Supplementary Table 7) and after adjusting for fruit intake and fast food intake (Supplementary
Table 8). Moreover, results from all analyses remained the same after exclusion of the seven

participants of mixed-race (data not shown).

4. Discussion
In this population-based study of women from Singapore who were attempting pregnancy over a
one-year follow-up period, we found that higher exposure to PFAS, individually and as a
mixture, is associated with reduced probability for clinical pregnancy and live birth. More
specifically, we found suggestive evidence of a 5-10% reduction on average in fecundability per
quartile increase of PFDA, PFOS, PFOA, and PFHpA, and a 30-40% reduction on average in the
likelihood of clinical pregnancy and live birth per quartile increase in the PFAS mixture. We
found no clear evidence for an association between exposures to PFHxS, PFNA, and PFHpS and
the fertility outcomes examined. Our results support the notion that exposure to PFAS may
disrupt reproductive function in women, as suggested in previous female animal models (Cao et
al., 2020; Feng et al., 2015), and underscore the need for further investigation to elucidate the
potential impact of ubiquitous PFAS exposures on women’s fertility and underlying biological

mechanisms.
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Our results add to a growing body of literature implicating PFAS as a potential risk factor of
infertility in women (Wang et al., 2023). For example, a recent study conducted in the Shanghai
Birth Cohort found associations between higher 6:2 diPAP concentrations in women and reduced
fecundability and greater odds of infertility, defined as a TTP greater than 12 menstrual cycles
(Luo et al., 2022). In our study, 6:2 diPAP concentrations were below the LOD for almost all
women and therefore we did not examine this association. This previous study also did not
observe an association between PFDA concentrations and fecundability or infertility, whereas we
observed an association in the present study. This discrepancy could be explained in part by
differences in the PFAS mixtures and exposure ranges between the two studies. Our findings are
consistent with prior work conducted in the Danish National Birth Cohort (Fei et al., 2009)
which showed associations between higher PFOS and PFOA concentrations and infertility,
defined as a TTP greater than 12 months or the usage of infertility treatment. A previous
pregnancy cohort study conducted in Canada (Vélez et al., 2015) further showed an association
of higher PFOA exposure with TTP, in line to our findings. Similarly, a previous study
conducted in Norway (Whitworth et al., 2012) showed associations with PFOS and PFOA
exposure in relation to subfecundity, which is consistent with our findings. However, the study
conducted in Canada also found that PFHXS was associated with infertility, for which we
observed no clear association in our study, and no association for PFOS (Vélez et al., 2015). The
discrepant results between our study and this previous study may in part be attributed to the
retrospective collection of self-reported TTP data from pregnant women, as well as differences in
the PFHXS concentrations between the two cohorts, because PFHxS concentrations were double

as high in the previous study (median: 1 ng/ml vs 0.58 ng/ml in our study). Additionally, our null
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findings for certain PFAS (PFHxS and PFNA) are in line with another prior study conducted in a

Danish cohort (Vestergaard et al., 2012).

In our analyses, we observed associations with infertility outcomes for both long-chain PFAS
(PFOS, PFOA, PFDA) as well as the short-chain PFHpA. PFHpA has a shorter biological half-
life in humans (estimated in days to few months) compared to other long-chain PFAS (half-lives
estimated in years) (Xu et al., 2020). Our finding about a potential association between PFHpA
and women’s infertility is of particular importance because long-chain PFAS are being replaced
by short-chain PFAS that are considered as ‘safer’ alternatives in recent years (Sunderland et al.,
2019). This finding motivates future research into the effects of emerging, short-chained PFAS

on infertility that have not been previously studied (Wang et al., 2023).

Previous animal studies focused on long-chain (Feng et al., 2015) and short-chain (Cao et al.,
2020) PFAS suggest reproductive hormone disruption as a potential mechanism for explaining
the PFAS effects on female fertility. In particular, female mice who are chronically exposed to
PFOS have lower concentrations of luteinizing hormone (LH), follicle stimulating hormone
(FSH), and gonadotropin releasing hormone (GnRH) (Feng et al., 2015), which play a role in the
process of ovulation (Holesh et al., 2022). Our results with respect to PFOS support the notion
that this could be a potential mechanism in humans. In PFAS mixture analyses, we found PFDA
followed by other PFAS to be the main driver of the associations with fertility outcomes.
Biological mechanisms underlying the potential effects of PFDA and PFAS as a mixture on

female fertility require further elucidation in experimental models. In addition, future
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epidemiology studies integrating female reproductive hormones and omic biomarkers can help to

elucidate potential mechanisms underlying the PFAS associations with infertility in humans.

PFAS exposure in the present study is lower in comparison to a previous preconception cohort
study in Shanghai, China, with median PFOS and PFOA concentrations above 10 ng/ml (Zhou et
al., 2017), which considerably exceeds the median concentrations measured in the present study
of women in Singapore. Preconception blood samples used to measure the PFAS were collected
from 2013-2015 in this previous study, compared to 2015-2017 in the present study.
Concentrations for PFAS examined are also generally lower in our cohort than those observed in
delivery samples collected in 2009-2011 from an older Singaporean cohort (Sum et al., 2022). In
particular, PFBS was detected in only 1% of preconception samples in our study but 100% of
cord and maternal peripheral blood at delivery in the previous cohort. This may reflect in part
declines in environmental PFAS exposures over the preceding 4-5 years differential exposures
during pregnancy, and/or potential effects of pregnancy dynamics. Other studies assessing the
relationship between PFAS and infertility in women in Canada and Norway have reported higher
median PFOS concentrations than that of the present study, but their reported median PFOA
concentrations have been more comparable (Vélez et al., 2015; Whitworth et al., 2012).
Therefore, findings from the present study suggest that PFAS exposures at preconception may
contribute to infertility even at the lower PFAS exposure ranges detected in the S-PRESTO

cohort study compared to other previous populations.

The present study has important strengths. These include the prospective design that ensured that

PFAS exposures preceded the outcomes under study and allowed us to evaluate observed fertility
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outcomes within one year of follow up. Other strengths are the multiethnic composition of the S-
PRESTO cohort consisting of Chinese, Indian, and Malay ancestries which is generally
representative of Singapore’s citizen and permanent resident population (Singapore, 2020), the
measurement of a wide list of PFAS, and the use of exposure mixture methods to assess the joint
effect of the PFAS mixture on the fertility outcomes. Furthermore, we assessed a cohort of
women who were residing in Singapore population, which addresses a notable gap in the
literature in this area because no prior studies have assessed the effects of PFAS on infertility in
women who live there. Further research in other Asian populations is needed, as PFAS
concentrations in water are above the recommended levels in many countries, such as China,
Japan, and South Korea (Baluyot et al., 2021). Additionally, replacement chemicals, such as
perfluoroalkyl carboxylic acids and perfluorooctane sulfonamide substances, have been found to
be relatively high in Singaporean water catchments (Chen et al., 2017), and their effects are

otherwise poorly studied.

The present study has a few limitations that are worth noting. One limitation is the fact that we
relied on observed pregnancy outcomes and could not further assess associations with
reproductive hormones as a potential mechanism as hormone measures are not available in this
cohort. However, efforts are underway in this and other deeply-phenotyped cohorts to investigate
potential underlying mechanisms. Additionally, our PFAS assessment was targeted to PFAS that
have been detected at high concentrations in other populations (Chang et al., 2021; Christensen
et al., 2019) and other Singaporean pregnancy cohorts (Sum et al., 2022), but PFAS consist of a
particularly large class of chemicals and many emerging PFAS were not studied. Another

limitation is that only a subset of women from the parent cohort study were selected for the
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PFAS assessment which may increase chance of selection bias; to address this limitation we used
IPW in statistical analyses to provide generalizable results for the parent cohort study. Notably,
we also calculated TTP using self-reported data on the minimum and maximum menstrual cycle
lengths for each woman, which could potentially be subject to recall bias. Lastly, we were unable
to account for male PFAS exposure and male infertility history in our analyses. Future studies in
other populations are needed to elucidate the potential impacts of PFAS mixtures on fertility in

women, considering also other emerging PFAS, and underlying mechanisms.

4.1 Conclusions

In conclusion, we found suggestive evidence that higher plasma PFAS concentrations measured
at preconception (individual PFAS and as a mixture) are associated with a reduced likelihood of
clinical pregnancy over a year of follow-up and live birth in women from Singapore. We
observed stronger associations for PFAS as a mixture, suggesting a reduction in the likelihood of
clinical pregnancy and live birth per quartile PFAS mixture increment, with PFDA, PFOS,
PFOA, and PFHpA being the biggest contributors to these associations. The present study makes
a valuable contribution to the literature because it is a prospective population-based
preconception study of Asian women aiming to conceive naturally in Singapore, which may be
more susceptible to infertility, and considered potential PFAS mixture effects. Future
investigation is essential to better understand the potential effects and modifiable mechanisms of

PFAS on female infertility and inform potential public health or clinical interventions.
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Tables

Table 1. Population Characteristics Overall and by Pregnancy Status

Overall Conceived Did Not Conceive P-Value P
(N=382) (N=332) (N=50)
Median (IQR) or Median (IQR) or Median (IQR) or
N(%)* N (%) * N (%) *
Age at Recruitment (years) 30.5 (28.1, 32.8) 30.4 (28.1, 32.6) 32.0(28.2, 33.8) 0.09
BMI at Preconception (kg/m?) 22.0 (20.1,25.2) 21.9 (20.2, 25.0) 23.4(19.6, 25.7) 0.52
Highest Education Completed at <0.001
Preconception
Primary/Secondary/Post-Secondary 126 (33.0%) 98 (29.5%) 28 (56.0%)
University 256 (67.0%) 234 (70.5%) 22 (44.0%)
Ethnicity 0.12
Chinese 295 (77.2%) 262 (78.9%) 33 (66.0%)
Indian 29 (7.6%) 23 (6.9%) 6 (12.0%)
Malay 58 (15.2%) 47 (14.2%) 11 (22.0%)




History of Parity
0
>0
Smoking Status
Never Smoked
Former Smoker
Current Smoker
Polycystic Ovary Syndrome
No
Yes
PFDA (ng/ml)¢
PFOS (ng/ml)d¢
PFOA (ng/ml)¢
PFHpA (ng/ml)¢
PFHxS (ng/ml)

PFNA (ng/ml)®

246 (64.4%)

136 (35.6%)

348 (91.1%)
20 (5.2%)

14 (3.7%)

379 (99.2%)

3 (0.8%)
0.25 (0.25, 0.63)
2.49 (1.83, 3.35)
1.76 (1.28, 2.28)
0.10 (0.10, 0.45)
0.58 (0.44, 0.79)

0.64 (0.25, 1.01)

207 (62.3%)

125 (37.7%)

304 (91.6%)
17 (5.1%)

11 (3.3%)

329 (99.1%)

3 (0.9%)
0.25 (0.25, 0.62)
2.43 (1.82, 3.28)
1.74 (1.24,2.23)
0.10 (0.10, 0.44)
0.57 (0.43, 0.78)

0.62 (0.25, 1.01)

39 (78.0%)

11 (22.0%)

44 (88.0%)
3 (6.0%)

3 (6.0%)

50 (100.0%)

0 (0.0%)
0.25 (0.25, 0.74)
3.00 (1.94, 3.95)
1.99 (1.52, 2.54)
0.10 (0.10, 0.49)
0.64 (0.45, 0.97)

0.68 (0.25, 0.98)

0.05

0.46

>0.99

0.25

0.01

0.02

0.29

0.12

0.84




PFHpS (ng/ml)¢ 0.10 (0.10, 0.22) 0.10 (0.10, 0.22) 0.21 (0.10, 0.24) 0.02

TTP (menstrual cycles) 5(2,10) 4(2,8) 14 (13, 16) <0.001

2 For continuous variables, we are reporting median (IQR). For categorical variables, we are reporting N (%).

® Comparison of covariate distributions between groups of women who conceived and did not conceive using Wilcoxon rank sum tests for continuous variables and chi-squared
tests for categorical variables. For categorical variables with counts less than five, we used Fisher’s exact test instead.

¢ BMI at preconception is missing for one participant who conceived.

4 PFAS concentrations below the LOD were substituted by half of the LOD.

¢ We are reporting total PFOS in this table.



Table 2. Associations of PFAS Concentrations at Preconception with Fertility Outcomes ?

TTP

FR (95% CI)

Clinical Pregnancy

OR (95% CI)

Live Birth

OR (95% CI)

PFDA (ng/ml)
PFOS (ng/ml)
PFOA (ng/ml)
PFHpA (ng/ml)
PFHxS (ng/ml)
PFNA (ng/ml)
PFHpS (ng/ml)

PFAS Mixture?

0.90 (0.82, 0.98)
0.88 (0.79, 0.99)
0.95 (0.86, 1.06)
0.92 (0.84, 1.00)
0.95 (0.85, 1.07)
0.98 (0.90, 1.08)
0.97 (0.89, 1.06)

0.89 (0.73, 1.02)

0.74 (0.56, 0.98)
0.76 (0.53, 1.09)
0.83 (0.59, 1.17)
0.92 (0.70, 1.22)
0.98 (0.70, 1.37)
0.98 (0.75, 1.30)
0.89 (0.67, 1.19)

0.61 (0.37, 1.02)

0.78 (0.60, 1.03)
0.78 (0.54, 1.11)
0.86 (0.62, 1.20)
0.91 (0.69, 1.21)
0.97 (0.70, 1.35)
0.99 (0.75, 1.31)
0.90 (0.67, 1.20)

0.66 (0.40, 1.07)

2 Effect estimates (95% CI) per quartile increase in PFAS from Cox proportional hazards regression (FRs) and logistic regression (ORs) models.

b Effect estimates per quartile increase in the PFAS mixture from BWQS regression.

¢ All estimates shown are adjusted for batch, age at recruitment, education, ethnicity, and parity.




Figures

Figure 1. Contributions of Each Individual PFAS in the PFAS Mixture Associations from the BWQS Regression Analysis ?
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2 The weights shown in the figure sum to one.





