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Abstract: This Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) sys-
tematic review synthesized effects of background levels of per- and polyfluorylalkyl substance (PFAS)
levels on reproductive health outcomes in the general public: fertility, preterm birth, miscarriage,
ovarian health, menstruation, menopause, sperm health, and in utero fetal growth. The inclusion
criteria included original research (or primary) studies, human subjects, and investigation of out-
comes of interest following non-occupational exposures. It drew from four databases (Web of Science,
PubMed, Embase and Health and Environmental Research Online (HERO)) using a standardized
search string for all studies published between 1 January 2017 and 13 April 2022. Risk of bias was
assessed by two independent reviewers. Data were extracted and reviewed by multiple reviewers.
Each study was summarized under its outcome in terms of methodology and results and placed in
context, with recommendations for future research. Of 1712 records identified, 30 were eligible, with
a total of 27,901 participants (33 datasets, as three studies included multiple outcomes). There was no
effect of background levels of PFAS on fertility. There were weakly to moderately increased odds
of preterm birth with higher perfluorooctane sulfonic acid (PFOS) levels; the same for miscarriage
with perfluorooctanoic acid (PFOA) levels. There was limited yet suggestive evidence for a link be-
tween PFAS and early menopause and primary ovarian insufficiency; menstrual cycle characteristics
were inconsistent. PFAS moderately increased odds of PCOS- and endometriosis-related infertility,
respectively. Sperm motility and DNA health were moderately impaired by multiple PFAS. Fetal
growth findings were inconsistent. This review may be used to inform forthcoming drinking water
standards and policy initiatives regarding PFAS compounds and drinking water. Future reviews
would benefit from more recent studies. Larger studies in these areas are warranted. Future studies
should plan large cohorts and open access data availability to capture small effects and serve the
public. Funding: Great Lakes Water Authority (Detroit, MI), the Erb Family Foundation through
Healthy Urban Waters at Wayne State University (Detroit, MI), and Wayne State University CLEAR
Superfund Research (NIH P42ES030991).
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1. Introduction

The objective of this systematic review is to synthesize recent results from quality
studies on background levels of per- and polyfluorylalkyl substances (PFAS) and reproduc-
tive outcomes: fertility, preterm birth, miscarriage, menstruation and menopause, ovarian
health, sperm health, and fetal growth. We present a rigorous, reproducible and infor-
mative review to be used by community organizations, government, industry, academia,
and society.

It is a public health imperative to study any possible effects of xenobiotics on repro-
duction. The developmental origins of health and disease (DOHaD) framework theorizes
the perinatal environment significantly impacts future health, and later health effects can
be traced back to events in certain critical windows during growth [1]. Issues during preg-
nancy and development can extend to future generations, underscoring the requirement to
study these early life effects now. Placental health is essential for protecting a fetus that has
not fully developed its own xenobiotic detoxification system. Gestation is a critical window
of development during which the timing of exposures can differentially actuate long-term
effects. Despite limited studies on PFAS and the placenta, it is known that environmental
contaminants in the placenta can contribute to adverse health effects [2–4] as PFAS readily
cross the placental barrier [5], accumulating in fetal organs [6]. However, the long-term
effects of maternal and placental PFAS exposure are largely unknown.

PFAS are a class of persistent chemicals characterized by a fluorinated carbon tail
attached to a functional group. PFAS are ubiquitous, mobile and persistent in the envi-
ronment and human blood across the world [7–11]. The carbon–fluorine bonds are the
strongest in organic chemistry [12], rendering them virtually indestructible: a valuable
trait for industrial uses and consumer products. PFAS have long been used for waterproof-
ing and nonstick coatings, and more recently for electroplating and firefighting gear and
foams [13]. One type of PFAS, perfluorooctanoic acid (PFOA), has been manufactured in
the US since the 1940s [14] and has since been tied to numerous health effects in humans
including reproductive issues [15]. The closely related perfluorooctane sulfonic acid (PFOS)
has demonstrated negative health effects as well. The USA started regularly blood testing a
representative sample of the public for PFAS in 1999 [16], finding PFOS in 99.9%, and three
other PFAS (PFOA, perfluorohexane sulfonic acid (PFHxS), and perfluorononanoic acid
(PFNA)) in >98% of blood samples from 2002 to 2003. Detection rates remain the same for
the latest National Health and Nutrition Examination Survey (NHANES) data from 2017 to
2018 [17]. The half-life of PFOA and PFOS in blood is 3.5 and 4.8 years, respectively [18].

Adequate publicly available human data remain insufficient to thoroughly assess and
regulate the vast majority of the thousands of chemicals that fall under the broad category
of PFAS [3]. Other lesser-known PFAS continue to rise [19,20]. Predictions of alternative
chemistries with lower toxicity have proven, at times, to be overly optimistic, earning
some compounds the nickname “regrettable substitution.” For example, the main PFOS
alternative in China, F-53B (also known as 6:2 Cl-PFESA), has the longest known PFAS
half-life of 15.3 years [19,21]. The Environmental Protection Agency (EPA) has designated
the chronic reference dose (RfD) for GenX (perfluoro-2-propoxypropanoic acid), the main
PFOA alternative in the USA, as 3 ng/kg/d [14] compared to the current PFOA Rfd of
20 ng/kg/d [22]. Intermediate metabolites from fluorotelomer transformation “have been
observed to be up to 10,000 times more toxic than [the parent PFAS]” [23]. Thus, rather than
focusing on PFOA and PFOS in this review, we included every PFAS detected in ≥51% of
each study’s samples above the LOD to capture both legacy and emerging PFAS.

The exact mechanisms of how PFAS exert their effects are unknown in most etiologies
but are now understood as a class of endocrine-disrupting compounds (EDCs) in females
and males. Pregnancy is a window of dramatic physiological changes affecting both mother
and fetus, and both are especially sensitive to exposure during it. High levels of PFAS
during pregnancy can cause gestational hypertension (GH) in the mother [24], which can
have long-lasting effects on the mother and the child; GH is strongly associated with
risk of subsequent cardiovascular disease in the mother [25] and increases the offspring’s
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risk of hypertension [26] and possible cardiac remodeling later in life [27]. Higher PFAS
levels equated to shorter breastfeeding duration in five of the six included studies in a
2023 epidemiological review [28]. PFAS-associated altered breast development, shortened
breastfeeding duration, and breast cancer in women are additionally reviewed in [29]. Out
of 13 studies included between two systematic reviews, N-ethylperfluorooctane sulfon-
amidoacetic acid (EtFOSAA) [30], PFOA [31], and PFOS [30,32] were sometimes associated
with increased time to pregnancy [33,34].

Male reproduction is relatively understudied, despite males being half the contribution
to fertility and semen being an easily obtainable and non-invasive media. Previous reviews
covered sperm concentration, count, motility, and morphology, and generally found PFAS
unfavorably impacted these outcomes, though some studies found no associations [35–37].
Moreover, environmental stressors in sperm can have multi- or transgenerational influence
on male infertility [38,39].

Epigenetics is recognized as a potential mechanism of transmitting health effects over
multiple generations [40]. Periconceptual environmental conditions can cause epigenetic
changes that persist even decades after the environment has changed for the former fe-
tus [41]. PCOS’ heritability is thought to be genetic, epigenetic, and environmental [42]. A
large retrospective cohort study found women who were born preterm were significantly
more likely to deliver preterm babies of their own [43]. Regardless of mechanism, in utero
exposures have long-term effects. For example, the exposure timing–outcome receipt of the
teratogen thalidomide is so sensitive that the birth defect coloboma can be traced back to
maternal use specifically during days 24–26 of gestation [44]. This concept is illustrated
again in the lowered sperm quality of men previously exposed in utero following the dioxin
plant accident in Seveso, Italy where their mothers lived [45], while male residents exposed
as adults with fully intact reproductive systems were unaffected by the incident [46].

Tap water is a significant route of PFAS exposure, accounting for 2–34% of intake,
with many regulatory agencies using 20% as a standard [47]. PFAS are present in the
majority of tested community drinking water systems [48], which were not originally
designed to filter out these chemicals. The half-life of PFOA in water is estimated at
>92 years, and PFOS at >41 years [49–51]. USA drinking water treatment plants are
chronically underfunded and can lack basic safety features [52]. An encouraging product
of massive efforts by PFAS researchers, policy makers, and grassroots organizers is the
2021 Bipartisan Infrastructure Law (BIL), granting over USD 50 billion to improve water
infrastructure, though the 2019–2039 cumulative investment gap is thought to be over
USD 2 trillion [53]. USD 5 billion in the BIL is allocated for PFAS in drinking water through
2026 [54]; much more will be needed. In the absence of enforceable federal PFAS limits
in drinking water, some states have begun passing legislation limiting the amount of
allowable PFAS in drinking water to protect their constituents, despite the technological,
political, and financial challenges this creates [55]. One utility of this systematic review is
to inform decision makers (risk assessment managers, policymakers, local governments,
etc.) in stewardship of allocating valuable, scarce, and competing water resources of the
realistic risks posed by PFAS and the resulting importance of mitigating current PFAS
intake stemming from drinking water.

This systematic review’s impetus is to inform the public and scientific community
about reproductive health effects associated with background PFAS levels in the general
population using a thorough and reproducible method of inquiry.

2. Materials and Methods
2.1. Eligibility Criteria

We assessed peer-reviewed published reports in the years of 2017–2022 in the English
language. We excluded studies on any non-human model, infants, or children, occupa-
tional exposure or exposure through pollution of drinking water (high exposure groups),
reviews, meta-analyses or abstracts; we also excluded studies with medium or higher
risk of bias score (see Section 2.7). Other related reproductive outcomes were excluded
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due to existing extensive or recent reviews: gestational weight gain, gestational diabetes,
gestational hypertension, preeclampsia, time to pregnancy, and hormones. All study types
were permitted (cohort, case–control, etc.). Inclusion criteria covered community samples
and those seeking assistive reproductive technologies (ARTs). In reports that contained
included and excluded outcomes, we reviewed only the included outcomes. Reports were
grouped into seven categories for analysis: fertility, preterm birth/gestational age at birth,
miscarriage, menopause/menstruation, ovarian health, sperm health, and fetal growth.

2.2. Information Sources

The last date of each database search was 13 April 2022. Due to resource constraints,
more recent studies are not included. We searched PubMed, Embase, Web of Science, and
Health and Environmental Research Online (HERO).

2.3. Search Strategy

The search strategy included terms to capture all PFAS and outcomes of interest.
Table 1 displays the advanced search terms for each database.

Table 1. Search strategy for systematic review.

Database Search Terms

PubMed
(“PFAS” [Title/Abstract] OR “perfluorinated” [Title/Abstract] OR “polyfluoroalkyl” [Title/Abstract] OR

“perfluoroalkyl” [Title/Abstract] AND (reproduct * OR fertile * OR fecund * OR infertile * OR subfertil * OR pregnan
* OR menstr * OR menopaus * OR menarche OR endometriosis OR PCOS OR polycystic ovarian syndrome)

Embase
PFAS AND (reproduct * OR fertile * OR fecund * OR infertile * OR subfertil * OR pregnan * OR menstr * OR

menopaus * OR menarche OR endometriosis OR pcos OR (polycystic AND ovarian AND syndrome)) and (2017:py
OR 2018:py OR 2019:py OR 2020:py OR 2021:py OR 2022:py)

Web of
Science

(AB = (PFAS OR polyfluoroalkyl OR perfluoroalkyl OR perfluorinated) AND ALL = (reproduct * OR fertile * OR
fecund * OR infertile * OR subfertil * OR pregnan * OR menstr * OR menopaus * OR menarche OR endometriosis OR

PCOS OR polycystic ovarian syndrome))
Refined by: Language: English, Timespan: 2017–2022, Document type: Article

HERO

Search For: “PFAS” (match all words)
Search For: “reproduct *, fertile *, fecund *, infertile *, subfertil *, pregnan *, menstr *, menopaus *, menarche,

endometriosis, PCOS, polycystic ovarian syndrome (match any word)
Years: “2017 to 2022”

* is the Boolean wildcard returning all words that start with the stem preceding the asterisk.

2.4. Selection Process

Results returned by the search terms were exported and loaded into SWIFT-Active
Screener (Sciome, Triangle Park, NC, USA) [56]. At a minimum, this information included
the title, authors, year, and abstract. SWIFT-Active Screener removed 525 duplicates
before reviewer screening. Inclusion and exclusion criteria are listed above. At least two
independent reviewers screened each returned report and marked them as eligible or
ineligible for further analysis. Conflicts between independent reviewers at this and all
other stages were resolved through discussion or by a third reviewer. Titles, authors, and
year were exported for eligible reports. The filtering process is summarized in the PRISMA
flow diagram (Figure 1) made using the template developed in [57].
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Figure 1. PRISMA flow diagram.

2.5. Data Collection Process

One independent reviewer collected data from each report based on a common tem-
plate that included the paper title, first author, PFAS, timepoint (if applicable), outcome,
effect measure, covariates, unit of measurement, median concentration (or high/low con-
centrations for case–control studies), findings, media, country of study, and number of
the table or figure from which the data were collected. This collection was reviewed by a
second independent reviewer. If more data were collected by the second reviewer, the first
reviewer reviewed the new collection. Any disagreements were resolved between the two
reviewers. No automated tools or software were used.

2.6. Data Items

We sought data for outcomes of fertility (female), sperm health, miscarriage, fetal
growth, preterm birth/gestational age at birth, menopause/menstruation, and ovarian
health (endometriosis and PCOS). The PECO statement is shown in Table 2. Any mea-
sure and time frame of these outcomes were sought. For fertility, this included infertility,
fecundity, IVF outcomes, ovarian reserve, parity, time since last birth, live births, follicle
counts, etc. Preterm birth/gestational age at birth were live births in <37 week gestation.
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Miscarriage is spontaneous abortion of a conceptus. Menopause/menstruation included
onset of either, and menstrual cycle characteristics such as length, regularity, and sever-
ity. Ovarian health included PCOS, PCOS-related infertility, and endometriosis-related
infertility. Sperm health included motility, morphology, concentration, volume, and DNA
instability. Fetal growth included in utero fetal morphometrics (infant morphometrics and
small-for-gestational-age were not covered, as these are ex utero measurements). Country
of study, media type, open access status, study design, number of participants, and median
PFAS levels in participants were also sought (Figures 2 and 3c).

Table 2. PECO statement.

Population Humans (mothers, men, and women in IVF clinics, young women, fetuses)

Exposure Any PFAS chemical

Comparator Lowest exposed in group compared to more highly exposed in group (i.e., lowest tertile vs. highest
tertile), continuous levels, or comparing PFAS levels in groups with or without outcome of interest.

Outcome Reproductive endpoints (fertility, preterm birth, miscarriage, menstruation and menopause, ovarian
health, sperm health, and in utero fetal growth)
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Norway, Faroe Islands, and Denmark.



Int. J. Environ. Res. Public Health 2024, 21, 1615 7 of 42Int. J. Environ. Res. Public Health 2024, 21, x  7 of 45 
 

 

 
Figure 3. (a) Participants in each outcome. (b) Average risk of bias scores in each outcome stratified 
by cohort or cross-sectional studies (left) or case–control (right). Minimum points to be included in 
the review for cohort/cross-sectional was 7; maximum achievable was 10. Minimum points to be 
included in the review for case–control was 10; maximum achievable was 14. (c) Median PFAS levels 
(ng/mL) in each study in maternal/paternal blood, serum, or plasma. Levels reported from controls 
only in case–control studies. Multi-region studies denoted with (S) for Sweden, (N) for Norway, (Y) 
for Yantai, and (B) for Beijing. Meng et al., 2018 [58]. Sagiv et al., 2017 [59]. Liew et al., 2020 [60]. 
Petersen et al., 2018 [61]. Ding et al., 2020 [62]. Lauritzen et al., 2017 [63]. Kalloo et al., 2020 [64]. 
Singer et al., 2018 [65]. Zhou et al., 2017 [66]. Song et al., 2018 [67]. Huo et al., 2020 [68]. Pan et al., 
2019 [69]. Chu et al., 2020 [70]. Wang et al., 2021 [71]. Wang et al., 2017 [72]. Costa et al., 2019 [73]. 
Manzano-Salgado et al., 2017 [74]. Zhang et al., 2018 [75]. Wikström et al., 2021 [76]. Ouidir et al., 
2020 [77]. Wang et al., 2021 [71]. Wise et al., 2022 [78]. Wang et al., 2019 [79]. Bjorvang et al., 2022 
[80]. Heffernan et al., 2018 [81]. Bjorvang et al., 2021 [82]. Eick & Hom Thepaksorn et al., 2020 [83]. 
Liu et al., 2020 [84]. Asterisk denotes the concentration of controls in case-control studies, if overall 
median is not reported. 

Table 2. PECO statement. 

Population Humans (mothers, men, and women in IVF clinics, young women, fetuses) 
Exposure Any PFAS chemical 

Comparator 
Lowest exposed in group compared to more highly exposed in group (i.e., lowest tertile vs. highest tertile), 

continuous levels, or comparing PFAS levels in groups with or without outcome of interest. 

Outcome 
Reproductive endpoints (fertility, preterm birth, miscarriage, menstruation and menopause, ovarian health, 

sperm health, and in utero fetal growth) 

2.7. Study Risk of Bias Assessment 
We adapted the Newcastle–Ottawa scale for our needs [85,86] (File S1). No automated 

tools were used. At least two independent reviewers rated each report according to the 
scale. Conflicts between independent reviewers were resolved through discussion or a 
third reviewer. Cohort or cross-sectional studies scoring less than 5 points out of 10 were 
considered a very high risk of bias; 5–6 points a medium risk of bias, 7–8 points a low risk 
of bias, and 9–10 points a very low risk of bias. Case–control studies scoring less than 5 
points out of 10 were considered a very high risk of bias; 5–9 points a medium risk of bias, 

Figure 3. (a) Participants in each outcome. (b) Average risk of bias scores in each outcome stratified
by cohort or cross-sectional studies (left) or case–control (right). Minimum points to be included in
the review for cohort/cross-sectional was 7; maximum achievable was 10. Minimum points to be
included in the review for case–control was 10; maximum achievable was 14. (c) Median PFAS levels
(ng/mL) in each study in maternal/paternal blood, serum, or plasma. Levels reported from controls
only in case–control studies. Multi-region studies denoted with (S) for Sweden, (N) for Norway, (Y)
for Yantai, and (B) for Beijing. Meng et al., 2018 [58]. Sagiv et al., 2017 [59]. Liew et al., 2020 [60].
Petersen et al., 2018 [61]. Ding et al., 2020 [62]. Lauritzen et al., 2017 [63]. Kalloo et al., 2020 [64].
Singer et al., 2018 [65]. Zhou et al., 2017 [66]. Song et al., 2018 [67]. Huo et al., 2020 [68]. Pan et al.,
2019 [69]. Chu et al., 2020 [70]. Wang et al., 2021 [71]. Wang et al., 2017 [72]. Costa et al., 2019 [73].
Manzano-Salgado et al., 2017 [74]. Zhang et al., 2018 [75]. Wikström et al., 2021 [76]. Ouidir et al.,
2020 [77]. Wang et al., 2021 [71]. Wise et al., 2022 [78]. Wang et al., 2019 [79]. Bjorvang et al., 2022 [80].
Heffernan et al., 2018 [81]. Bjorvang et al., 2021 [82]. Eick & Hom Thepaksorn et al., 2020 [83].
Liu et al., 2020 [84]. Asterisk denotes the concentration of controls in case-control studies, if overall
median is not reported.

2.7. Study Risk of Bias Assessment

We adapted the Newcastle–Ottawa scale for our needs [85,86] (File S1). No automated
tools were used. At least two independent reviewers rated each report according to the
scale. Conflicts between independent reviewers were resolved through discussion or a
third reviewer. Cohort or cross-sectional studies scoring less than 5 points out of 10 were
considered a very high risk of bias; 5–6 points a medium risk of bias, 7–8 points a low
risk of bias, and 9–10 points a very low risk of bias. Case–control studies scoring less than
5 points out of 10 were considered a very high risk of bias; 5–9 points a medium risk of bias,
10–12 points a low risk of bias, and 13–14 points a very low risk of bias. Supplementary
Tables S1 and S2 show the scoring for all domains in each included report. Reports scoring
medium or very high were not included in further analysis. Any studies receiving a 0 in
the “assessment of outcome” domain were not included.

2.8. Effect Measures

All data were collected from reports, including any effect measure. We did not
synthesize any data for meta-analysis on any study. For correlations, we considered r
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values of <0.20 as very weak, <0.40 as weak, <0.60 as moderate, <0.80 as strong, and
0.81–100 as very strong [87]. For the regression coefficient β, effect sizes between 0.10
and 0.29 were considered weak; 0.30–0.49 moderate; and 0.50 or greater were strong [88].
For odds ratios, effect sizes around 1.5 were weak; 2.5 moderate; 4 strong; and 10+ very
strong [89]. Percent changes between 15 and 85 used the descriptors of small for a 7-point
difference; medium for 18; large for 30; and very large for 45 [89].

2.9. Synthesis Methods

For studies where data were available in the main or Supplementary Text/Tables,
forest plots were generated from aggregated data for either beta values and 95% CIs or
odds ratios and 95% CIs. No meta-analysis was conducted.

2.10. Reporting Bias Assessment and Certainty Assessment

No formal reporting bias or certainty assessment was conducted.

3. Results and Discussion
3.1. Included Studies: Overview and Characteristics

From 1712 records identified, 30 were eligible for inclusion. Three records included
multiple outcomes. Studies were mainly conducted in China, the USA, and Scandinavia;
additionally in Spain and the UK. In total, 61% were cohort studies, 26% were case–control
studies and 13% were cross-sectional. The records considered the following seven reproduc-
tive outcomes (with number of included papers and total participants, respectively, revealed
within parenthesis): fertility (4, 2039); preterm birth (12, 12,442), miscarriage (3, 2270), ovar-
ian health (3, 761), menstruation and menopause (6, 5845), fetal growth (2, 3514); and sperm
health (3, 1030). A summary of study characteristics including average risk of bias score is
presented in Figures 2 and 3. If participant data were analyzed for more than one outcome,
they were counted in both outcomes.

3.2. Fertility

Fertility is the ability to produce children. Fertility is arguably the overarching outcome
of this review; all other endpoints are simply contributing factors to fertility. Infertility is
defined as unsuccessful conception following 12 months of unprotected intercourse [90].
Most studies in this section come from fertility clinics, where fertility and pregnancy can
be accurately measured by ultrasonography, histology, and measuring hormones such as
follicle stimulating hormone (FSH) and human chorionic gonadotropin (hCG). In general,
there are few female fertility studies that focus on PFAS. Earlier reviews did not find
convincing links to PFAS and time to pregnancy (TTP) [33,91], though more recent reviews
find longer TTP and reduced odds of pregnancy tied to PFOA and PFOS levels; PFNA and
PFHxS have conflicting findings [29,34].

Our search identified four studies on fertility: two cohort studies in Sweden, a prospec-
tive cohort study in China, and a cross-sectional study in the USA (Table 3). Two studies
collected samples in assisted reproduction therapy (ART) clinics, one during elective
C-sections at a hospital, and one at a clinic. There was a wide variety in the specific end-
points measured, though all support fertility. The highest concentrations in all studies were
of PFOS and PFOA. The publication from China [71] found a maximum of about 7 ng/mL
PFOS, and 6 ng/mL PFOA. In the Swedish and USA papers [78,80,82], PFOS was around
3–4 ng/mL, and PFOA around 1 ng/mL at the highest.

Bjorvang et al. (2021) [82] leveraged minimally invasive access to reproductive organs
during elective C-section of a cohort of 50 women at Karolinska University Hospital Hud-
dinge in Stockholm and biopsied ovarian cortical tissue to study ovarian reserve through
histology. They found that first trimester serum PFAS concentration in serum made no
difference in unilaminar, atretic, growing, or healthy follicle densities. Furthermore, there
was no association with infertility as measured by time to pregnancy (TTP) > 12 months, as
revealed from electronic medical records.
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Table 3. Characteristics of fertility studies.

Study Study Type Study
Size (n) Detected PFAS

PFAS Not
Detected in 51%
or More Samples

Outcomes Media Country

Bjorvang et al.
(2021) [82] Cohort 50

PFDA, PFDoA,
PFHpA, PFHxA,
PFHxS, PFNA,
PFOA, PFOS,

PFUnA

NA

Ovarian reserve; Growing,
Healthy or Atretic Follicle

Density; infertility
(TTP > 12 months)

Serum Sweden

Bjorvang et al.
(2022) [80] Cohort 185

PFDA, PFHpA,
PFHxA, PFHxS,
PFNA, PFOA,
PFOS, PFUnA

PFDoA

Basal antral follicle count,
Ovarian sensitivity index,
Average embryo score, at

least one top quality embryo,
Clinical pregnancy from fresh
or fresh/frozen transfer, Live

birth from fresh or
fresh/frozen transfer

Plasma,
follicular

fluid
Sweden

Wang et al.
(2021) [71]

Prospective
cohort 305

PFBA, PFBS,
PFDA, PFHxA,
PFNA, PFOA,
PFOS, PFHxS

PFDoA *,
PFHpA, PFPeA *,

PFUdA *

Clinical pregnancy failure,
hCG test negative 14 d

after transfer
Serum China

Wise et al.
(2022) [78] Cross-sectional 1499

MeFOSAA,
PFDA, PFHxS,
PFNA, PFOA,

PFOS, PFUnDA

NA Parity, time since last birth Plasma USA

Bold: common across all studies. * Detected in <51% of samples from at least one of the two study sites and thus
was excluded from analysis in the study itself. MeFOSAA: N-methylperfluorooctane sulfonamidoacetic acid.
PFBA: perfluorobutanoic acid. PFBS: perfluorobutane sulfonate. PFDA: perfluorodecanoic acid. PFDoA: perfluo-
rododecanoic acid. PFHpA: perfluoroheptanoic acid. PFHxA: perfluorohexanoic acid. PFHxS: perfluorohexane
sulfonic acid. PFNA: perfluorononanoic acid. PFOA: perfluorooctanoic acid. PFOS: perfluorooctane sulfonic acid;
PFPeA: perfluoro-n-pentanoic acid. PFUdA/PFUnA/PFUnDA: perfluoroundecanoic acid.

Some reproductive outcomes require more invasive assessment. Bjorvang et al. (2022) [80]
collected serum and follicular fluid at ovum pickup from a cohort of 185 women under-
going assisted reproductive technology (ART) at the Carl von Linné Clinic in Uppsala,
which allowed them access to fertilization outcomes such as antral follicle count (AFC) via
ultrasound, evidence-based/standardized morphological embryo scoring [92], ovarian sen-
sitivity index (log((number of oocytes retrieved/total FSH dose) × 1000), clinical pregnancy
(gestational sac presence at 6–7 weeks via ultrasound), and infertility as determined by a
reproductive endocrinologist. They also used clinical records to track live births following
fresh or frozen transfer.

In plasma and follicular fluid, median PFOS levels were 3.9 and 3.5 ng/mL, respectively.
PFOS showed a significant positive association with higher AFC. AFC is one estimate of ovarian
reserve; the higher the AFC, the greater the reserve. Ovarian reserve is an indirect estimate of a
woman’s remaining follicles [93]. However, there were no significant associations between any
other PFAS in either medium with ovarian sensitivity index. PFOS and PFNA in both media
were significantly associated with lower odds of having at least one top-quality embryo, though
importantly, average embryo score was unaffected. PFAS may be implicated in some granular
ART outcomes such as AFC and top-quality embryos, but did not affect overall fertility. There
were no associations between any PFAS in either medium with clinical pregnancy or live birth
from any type of embryo transfer (fresh or frozen).

Wang et al. (2021) [71] conducted their prospective cohort study with 305 women in an
ART setting as well, and examined clinical pregnancy failure (CPF) and hCG test-negative
(hCG(−)). CPF was confirmed by the absence of gestational sac and fetal heartbeat at Week
6 of gestation via ultrasound following an implantation attempt. hCG(−) was defined as
<10 IU of human chorionic gonadotropin 14 days after embryo transfer. They enrolled
roughly 150 women from each of the two study sites: the inland city of Beijing and the
seaside city of Yantai, which are approximately 450 miles apart. Serum was taken the
morning of the day before the treatment cycle.
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There were no similarities in significant findings between the study sites. In Beijing,
PFDA levels were significantly higher in CPF cases than in controls (median 0.56 ng/mL in
cases; 0.38 ng/mL in controls), and risk ratios increased with increasing concentrations and
with quartiles (aRR = 2.28 (95% CI: 1.02, 5.11); Ptrend = 0.02). These trends were reversed
in Yantai (median 0.51 ng/mL in cases; 0.61 ng/mL in controls; aRR = 0.45 (95% CI: 0.23,
0.85); insignificant Ptrend for quartiles).

As for other PFAS, in adjusted models using quartiles of PFAS concentrations, there were
no significant monotonic dose responses in CPF. PFBA decreased the risk ratio for CPF in Yantai
only in Q2 and Q3, though the overall trend was insignificant (Q2 aRR = 0.66 (95% CI: 0.46, 0.96);
Q3 aRR = 0.70 (95% CI: 0.52, 0.96)); when not classified by quartiles, there was no relationship.
PFBA levels in Yantai were 0.32 ng/mL in controls and 0.28 ng/mL in cases.

For hCG(−) test, PFDA significantly decreased RRs with increasing concentration in Yantai
only (aRR = 0.50 (95% CI: 0.26, 0.98). This trend was reversed in Beijing, though insignificantly;
however, PFDA significantly increased RRs across quartiles (Ptrend = 0.04). PFDA levels in
Yantai were slightly higher in controls (0.59 ng/mL) than in cases (0.52 ng/mL); Beijing displayed
the reverse pattern (0.38 ng/mL in controls; 0.56 ng/mL in cases). PFOA showed an inverted
U-shape response in Yantai only, with significance in Q3 only (aRR = 1.72 (95% CI: 1.01, 2.91)).
PFOA levels in Yantai were 5.3 ng/mL in controls and 5.9 ng/mL in cases. No other PFAS
showed significant trends for hCG(−).

When data from both sites were combined, there were no significant findings for any
PFAS, for either CPF or hCG(−).

There was no consistent evidence for PFAS exposure influencing these two repro-
ductive outcomes. The study site heavily influenced results. PFAS profiles were different
between the two study sites in terms of concentration and detection rate. There was no
consistent evidence for PFAS exposure influencing these two reproductive outcomes.

Wise et al. (2022) [78] used cross-sectional analysis of 1499 Black women participating
in the Study of Environment, Lifestyle, and Fibroids (SELF) cohort study in Detroit, MI.
Plasma was collected at enrollment. Despite the study title, enrolled women had not been
diagnosed with fibroids. Parity and time since last birth were measured by questionnaire.
They found significantly lower mean PFAS concentrations associated with at least one
birth for PFOA, PFHxS, PFNA, PFOS, and PFDA (median levels were 1.3, 0.6, 0.5, 4.3, and
0.2 ng/mL, respectively. The largest differences were with PFHxS (−34.7%) and PFOA
(−33.1%). Further, women with more recent births (<2 years ago) had medium to large
decreases in PFAS levels (PFOA (−33%), PFHxS (−29%), PFNA (−25%), PFOS (−18%)).
It is well known that birth is an excretion route for PFAS, and thus statements on the
meaning of these findings may be limited by reverse causation [29,94]. These results may
simply reflect that PFHxS and PFOA are most easily excreted via birth. In fact, a recent
meta-analysis of transplacental transfer efficiencies (TTEs) found PFHxS and PFOA to
have higher TTEs than PFDA, PFNA, and PFOS [95]. One limitation is that although the
women were not clinically diagnosed with fibroids at enrollment, ultrasound examinations
revealed undiagnosed fibroids in 22% of participants in the original study [96]. It was
unclear what percentage of fibroids were in Wise et al. (2022)’s subset [78].

Taken together, these four studies show no evidence that PFAS affects fertility. Over-
arching endpoints of live births, clinical pregnancy, and infertility were unaffected, and
ovarian structure supporting fertility was not negatively affected. Four high-quality studies
are not enough to draw final conclusions regarding the multi-faceted endpoint of fertility.
More studies are needed in each of the specific sub-outcome areas (i.e., parity, TTP, clinical
pregnancy or failure from ART, etc.). Studies from ART centers are an excellent place to
map clinical outcomes onto biological mechanisms, as they have the advantage of a more
controlled environment than at-home fertilization and matched pathology not common
to most hospitals seeing patients for infertility. In planning future fertility cohorts, study
design is crucial to account for the potential confounding of changing pharmacokinetics in
pregnancy, perhaps by drawing blood before pregnancy occurs and throughout the course
of the pregnancy. The current paucity of evidence for PFAS affecting fertility may be due to
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the relative lack of studies, as pointed out in [97] by the authors’ review of EDCs, noting
that generally, higher EDC concentrations are associated with sub- or infertility. Subfertility,
with its subtler etiology, is more difficult to detect associations with than infertility, and it is
a promising future direction for large cohort studies.

3.3. Preterm Birth/Gestational Age at Birth

Premature infants incur on average 4–10× greater hospital costs than term (≥37 weeks)
infants [98,99]. Very premature infants drive this disparity; however, even a birth 1–2 weeks
before term costs on average about 4× more than a term birth [99]. Economics aside, premature
birth is deeply associated with many different adverse health outcomes later in life [100].
Approximately 10% of USA births are premature [79], and the reasons for premature birth are
unknown in many cases. The environment can play a role. It is known that cigarette smoke [101]
and heavy drinking [102,103] increase risk of premature birth. Given the known influence of
other environmental exposures, we reviewed the literature for evidence of the effect of PFAS on
this outcome that is often idiopathic. Interestingly, one narrative review reported no association
in five studies of a highly exposed population, and a positive association with PFOS in the
general population [104]. Two previous meta-analyses covering preterm birth (PTB) concurred
that PFOS slightly increased the risk for PTB (OR range 1.01–1.20) [105,106], while another found
no effect of PFOS, but found PFHpS significantly reduced GAB [107]. Four additional studies
are included presently. Overall, we found little to no evidence of an association between PFAS
and gestational age at birth (GAB) or PTB in the present review, including when stratifying for
infant sex. PTB is a dichotomous endpoint (delivery earlier or later than 37 weeks gestation,
while GAB is continuous (days/weeks)); a reduction in GAB by a few days may not always
translate to a PTB outcome.

We included endpoints from twelve studies that met our inclusion criteria on both
gestational age at birth (GAB; 11 studies) and preterm birth (PTB; <37 weeks gestation;
7 studies) (Table 4). Most quantified GAB and/or PTB by medical record abstraction.
Manzano-Salgado et al. (2017) [74] used self-reported last menstrual period. Sagiv et al.
(2017) [59], Meng et al. (2018) [58], and Lauritzen et al. (2017) [63] used ultrasound scan.
Ten were cohort studies and two [84,108] were case–control studies. Five were conducted
in the USA [59,64,83,109,110], four in China [68,70,84,108], and one each in Spain [74],
Norway [63], and Denmark [58]. Infant sex is a relevant modifier to consider, as it is
thought that PFAS as an endocrine disruptor may have differential effects based on sex.
In vitro studies have found PFAS can activate sex-steroid hormone receptors [111,112].
In fact, correlations between maternal steroid hormones and PFAS concentrations have
been shown to vary with the sex of the infant being carried [113], and researchers using
NHANES data found PFOS, PFOA, and PFDeA appear to increase free testosterone in
reproductive-aged women [114]. At the same time, it has also been shown in vitro that
current serum levels of PFOA do not affect free testosterone [115]. More research is needed
in this realm, and to the paper’s credit in this section, all but two reported infant sex [68,84].

Table 4. Characteristics of preterm birth/gestational age at birth studies.

Study Study Type Study Size
(n) Detected PFAS PFAS Not Detected in

51% or More Samples Outcomes Sub-Outcomes Media Country

Bangma et al.
(2020) [109]

Cross-
sectional

cohort
122 PFHpS, PFHxS,

PFOS

6:2 FTS, GenX, PFBA,
PFBS, PFDA, PFDoA,

PFDoS, PFDS, PFHpA,
PFHxA, PFHxDA,

PFNA, PFNS, PFOA,
PFPeA, PFPeS, PFTeDA,

PFTrDA, PFUnA

Gestational
age at birth,

PTB
Infant sex Placenta USA

Chu et al.
(2020) [70] Cohort 372

6:2 Cl-PFESA,
PFBA *, PFDA *,

PFDoA*, PFHpA *,
PFHpS *, PFHxS *,

PFNA *, PFOA,
PFOS, PFUdA *

4:2 FTS, 6:2 FTS, 8:2
Cl-PFESA, 8:2 FTS, FOSA,
HFPO-DA, N-EtFOSAA,

N-MeFOSAA, PFBS,
PFDS, PFHxA, PFNS,

PFPeA, PFPeS,
PFTeDA, PFTrDA

Gestational
age at birth,

PTB
Infant sex Serum China
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Table 4. Cont.

Study Study Type Study Size
(n) Detected PFAS PFAS Not Detected in

51% or More Samples Outcomes Sub-Outcomes Media Country

Eick and Hom
Thepaksorn et al.

(2020) [83]

Prospective
cohort 506

Me-PFOSA-AcOH,
PFDeA *, PFNA,
PFHxS, PFOA,

PFOS, PFUdA *

Et-PFOSA-AcOH, PFBS,
PFDoA, PFHpA, PFOSA

Gestational
age at birth,

PTB
Infant sex Serum USA

Hall et al.
(2022) [110]

Prospective
cohort 120 PFDA, PFNA,

PFOA, PFOS

GenX, PFBA, PFBS,
PFHpA, PFHxA, PFHxS,

PFPeA

Gestational
age at birth Infant sex Placenta USA

Huo et al.
(2020) [68]

Prospective
cohort 2849

PFBS, PFDA,
PFDoA, PFHpA,
PFHxS, PFNA,
PFOA, PFOS,

PFUA

PFOSA
Gestational
age at birth,

PTB

Spontaneous/non-
spontaneous/indicated

PTB, sponta-
neous/indicated late

PTB, late PTB
(34–36 weeks), length
of gestation (weeks);

infant sex

Plasma China

Kalloo et al.
(2020) [64]

Prospective
cohort 380 PFHxS, PFNA,

PFOA, PFOS NA Gestational
age at birth Infant sex Serum USA

Lauritzen et al.
(2017) [63] Case–cohort 424 PFOA, PFOS NA Gestational

age at birth Infant sex Serum Norway

Liu et al.
(2020) [84]

Case–
control

Cases: 144;
Controls:

375

6:2 Cl-PFESA,
PFDS, PFHpS,
PFHxS, PFOA,

PFOS

8:2 Cl-PFESA, PFBA,
PFBS, PFDA, PFDoA,

PFHpA, PFHxA, PFNA,
PFPeA, PFTeDA,

PFTrDA, PFUdA *

PTB Spontaneous PTB Plasma China

Manzano-
Salgado et al.

(2017) [74]

Prospective
cohort 1202 PFHxS, PFNA,

PFOA, PFOS NA
Gestational
age at birth,

PTB
Infant sex Plasma Spain

Meng et al.
(2018) [58] Cohort

3535 (PFOA
and PFOS);
2137 (other

PFAS)

PFDA, PFHpS,
PFHxS, PFNA,
PFOA, PFOS

NA
Gestational
age at birth,

PTB
Infant sex Plasma Denmark

Sagiv et al.(2017) [59] Cohort 1645 PFHxS, PFNA,
PFOA, PFOS NA

Gestational
age at birth,

PTB
Infant sex Plasma USA

Yang et al.
(2022) [108]

Case–
control

Cases: 384;
Controls:

384

1 m-PFOS,
11Cl-PF3OUdS,

6 m-PFOS,
9Cl-PF3ONS,

branched PFHxS,
branched PFOS,

linear PFHxS, linear
PFOS, PFDA,

PFDoA, PFHpA,
PFHpS, PFHxA,
PFNA, PFOA,

PFTeDA, PFTrDA,
PFUdA, sum 3 + 4 +

5 m-PFOS, sum
m2-PFOS, total

PFAS, total PFHxS,
total PFOS

4:2 FTS, 6:2 FTS, 8:2 FTS,
FOSA, HFPO-DA,

N-EtFOSAA,
N-MeFOSAA, PFBA,
PFBS, PFDoA, PFDS,
PFNS, PFPeA, PFPeS

Gestational
age at birth,

PTB
Infant sex Cord

serum China

Bold: common across all studies. * Detected in >51% of samples but not included in the results of original
paper, and thus cannot be described here. 11Cl-PF3OUdS: 11-chloroeicosafluoro-3-oxaundecane-1-sulfonic
acid. 4:2 FTS: 4:2 Fluorotelomer sulfonic acid. 6:2 Cl-PFESA: 6:2 chlorinated polyfluorinated ether sulfonate.
6:2 FTS: 6:2-fluorotelomersulfonic acid. 8:2 Cl-PFESA: 8:2 chloropolyfluoroether sulfonic acid. 8:2 FTS: 8:2 fluo-
rotelomer sulfonic acid. 9Cl-PF3ONS: perfluoro(2-((6-chlorohexyl)oxy)ethanesulfonic acid). Et-PFOSA-AcOH:
2-(N-ethyl-perfluorooctane sulfonamido) acetic acid. FOSA: perfluorooctane sulfonamide. GenX: Trade name
for HFPO-DA (hexafluoropropylene oxide dimer acid). HFPO-DA: hexafluoropropylene oxide dimer acid.
Me-PFOSA-AcOH: N-methylperfluorooctane sulfonamidoacetic acid. N-EtFOSAA: N-ethylperfluorooctane sul-
fonamidoacetic acid. N-MeFOSAA: N-methylperfluorooctane sulfonamidoacetic acid. PFBA: perfluorobutanoic
acid. PFBS: perfluorobutane sulfonate. PFDA/PFDeA: perfluorodecanoic acid. PFDoA: perfluorododecanoic
acid. PFDOS: perfluorodecane sulfonic acid. PFDS: perfluorodecanesulfonic acid. PFHpA: perfluoroheptanoic
acid. PFHpS: perfluoroheptanesulfonic acid. PFHxA: perfluorohexanoic acid. PFHxDA: perfluorohexadecanoic
acid. PFHxS: perfluorohexane sulfonate. PFNA: perfluorononanoic acid. PFNS: perfluorononanesulfonic acid.
PFOA: perfluorooctanoic acid. PFOS: perfluorooctane sulfonate. PFOSA: perfluorooctane sulfonamide. PF-
PeA: perfluoro-n-pentanoic acid. PFPeS: perfluoropentanesulfonic acid. PFTeDA: perfluorotetradecanoic acid.
PFTrDA: perfluorotridecanoic acid. PFUA/PFUdA/PFUnA: perfluoroundecanoic acid.

Lauritzen et al. (2017) [63] analyzed a prospective, multi-center case–cohort study
(USA National Institute of Child Health and Human Development (NICHD) Scandinavian



Int. J. Environ. Res. Public Health 2024, 21, 1615 13 of 42

Successive Small-for-Gestational Age births study) of 424 women from the 1980s. Serum
samples were collected between gestational weeks 17 and 20. GAB (weeks) was determined
by ultrasound scan at Week 17 of gestation. PFAS levels were higher in the 1980s than
today, as evidenced by the median PFOS level of 16.4/9.74 ng/mL (Sweden/Norway).
Contemporary USA median PFOS levels are 3 ng/mL [116]. PFOA levels were comparable
to the NHANES 2017–2018 median of 1.32 ng/mL [116] (2.33/1.62; Sweden/Norway).
Even with higher levels of these legacy PFAS, no significant associations were found with
GAB (weeks) in either country, including when stratified by infant sex.

Kalloo et al. (2020) [64] also found relatively high PFOS (14 ng/mL median) and PFOA
(5.5 ng/mL) concentrations in their prospective pregnancy and birth cohort (Health Outcomes
and Measure of the Environment (HOME) Study) of 380 women in the early to mid-2000s.
Serum samples were collected at 16 or 26 weeks of gestation. GAB (weeks) and PTB were
abstracted from medical records. Similar to the findings in [63], they found no significant
associations with maternal serum PFAS and GAB in any model, including per IQR increase and
in clusters with other contaminants. There was no difference by infant sex.

Manzano-Salgado et al. (2017) [74] used a larger (1202 women) prospective birth
cohort (Environment and Childhood—INfancia y Medio Ambiente (INMA)) from the mid-
2000s and found no significant associations between first trimester maternal plasma PFAS
and GAB (weeks) or PTB in any models (ORs or regression), including infant sex. GAB was
calculated using self-reported last menstrual period. Median PFOS was 6.05 ng/mL.

Bangma et al. (2020) [109] used placental samples taken at birth from a small cross-
sectional cohort of high-risk pregnancies (122 women; UNC Preterm Birth Biobank Study).
This study was one of three receiving the lowest risk of bias score (9 out of 10) for this
outcome. “High risk” for spontaneous PTB was defined as a prior PTB, short mid-trimester
transvaginal cervical length, gestation of multiples, and antepartum hospital admission for
threatened preterm labor. As such, the heterogeneity of the group was low; however, the
mean GAB and prevalence of PTB was different from the average USA population. PTB
and GAB (trichotomized, weeks) were abstracted from medical records. About half of the
participants delivered PTBs (53.3%).

There was no significant association with GAB or PTB and the three PFAS detected
in placentas (PFOS, PFHxS, PFHpS), even when stratified by infant sex. Median levels in
placenta (ng/g) were as follows: PFOS (0.48), PFHxs (0.07), PFHpS (0.01). Interestingly,
PFOA was only detected > RL in 27% of placental samples and thus was not analyzed
further. PFOA has been widely observed to easily transfer to the placenta from maternal
blood [95], and was found in placenta in [110] described below.

Hall et al. (2022) [110] used a small (120 women) prospective pregnancy cohort study
(Healthy Pregnancy, Healthy Baby (HPHB)) of primarily of non-Hispanic Black women,
and measured PFAS in placental samples taken at birth to examine associations with GAB
(days; abstracted from medical records). Overall, there were no significant findings: none
with the race of mother and none with the total infants. Median levels of PFOA and
PFOS were 0.27 and 0.95 ng/g, respectively. However, in male infants only, the highest
tertile of PFDA exposure was associated with an earlier birth of about 10 days (B = −10.4
(95% CI: −18.21, −2.68), p = 0.01). Median PFDA level was 0.2 ng/g; tertile levels were not
reported. This finding is in contrast to the sex-dependent results of [70], which found PFOA
and PFOS decreased GAB in females, though PFAS levels were much higher in that study
and PFDA was not included. Both studies were small cohorts and found no difference
when males and females were combined. Interestingly, this study did not detect PFHxS in
placenta, though it passes to the placenta from blood [95] and was found in [109].

Chu et al. (2020) [70] used a small (372 women) birth cohort study (Guangzhou Birth
Cohort) in a large Chinese city to examine relationships between PFOS, PFOA, and 6:2
Cl-PFESA and both GAB and PTB. Serum was collected <3 days post-delivery. GAB (weeks)
and PTB were abstracted from medical records. In addition, 6:2 Cl-PFESA is the longtime
PFOS alternative of China historically unique to the country [117]. Median PFOA in serum
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was 1.54 ng/mL; PFOS 7.15 ng/mL; 6:2 Cl-PFESA 2.41 ng/mL. This study was one of three
receiving the lowest risk of bias score (9 out of 10) for this outcome.

Both PFOS and 6:2 Cl-PFESA were significantly associated with an approximately
2–3 day decrease in GAB per ln-ng/mL increase in concentration. Additionally, Q4 6:2
Cl-PFESA concentrations were monotonically associated with a 5-day decrease in GAB
compared to Q3 (Ptrend < 0.001), though all of Q4 were still term births (37.9 weeks).
When GAB was broken down by infant sex, males were unaffected, and female GAB was
negatively affected by 6:2 Cl-PFESA, PFOS, and PFOA; each PFAS brought down GAB
by 3–4 days. The authors concede the sex difference may be a chance effect from a small
cohort. Further, if this decrease in GAB manifested, it would likely still result in a term
birth. Although GAB was not pragmatically affected, PTB was associated with increases in
PFAS concentrations. Odds of PTB were greater per ln-ng/mL increase in concentrations of
6:2 Cl-PFESA (2.67-fold (1.73, 4.15)) and PFOS (2.03-fold (1.24, 3.32)), and in Q4 vs. Q1 (5.42
(1.70, 17.29)) and 4.99-fold (1.34, 18.56)), respectively). PFOA was not associated. Infant
sex was not examined for PTB. Many other PFAS were detected in this study but analyses
were not reported (PFBA, PFDA, PFDoA, PFHpA, PFHpS, PFHxS, PFNA, PFUdA), which
indicates there were no significant findings.

Eick and Hom Thepaksorn et al. (2020) [83] used a slightly larger (506 women) diverse
prospective birth cohort (Chemicals in our Bodies (CIOB)) study and measured serum
PFAS from between 12 and 28 weeks of gestation. GAB (weeks) and PTB were abstracted
from medical records. No association was found with PFAS tertiles and ORs of PTB.
The authors note that overall, there were no consistent associations between PFAS and
decreased GAB (weeks) either. In fact, an adjusted model found a link between highest
tertile Me-PFOSA-AcOH and increased GAB in female infants only (B = 0.79, 95% CI: 0.15,
1.43), though Me-PFOSA-AcOH levels were quite low (0.05 ng/mL median). Median PFOA
and PFOS levels were 0.76 and 1.93 ng/mL, respectively. There was no evidence of PFAS
being associated with earlier birth in any case.

Huo et al. (2020) [68] used maternal plasma from a large perspective cohort study
(2849 mother–infant pairs; Shanghai Birth Cohort) and abstracted GAB (weeks) and PTB
from medical records. Plasma was taken during gestational weeks 13–16. This study was
one of three receiving the lowest risk of bias score (9 out of 10) for this outcome. There
were no links to GAB, and overall, no associations were found in many measures of PTB
(overall PTB, indicated PTB, late PTB, indicated late PTB, spontaneous PTB, spontaneous
late PTB, length of gestation). Median PFOA and PFOS levels were 11.85 and 9.33 ng/mL,
respectively. “Non-spontaneous” PTB was analyzed for infant sex (not overall) and PFHxS
significantly increased the risks in female infants only (aOR = 2.56 (95% CI: 1.18, 5.53)).
Non-spontaneous PTB was not clearly defined in the text but is assumed to mean any
type of indicated birth. Reasons for clinically indicated PTB vary in pathophysiology and
severity in both the mother and fetus [118,119]; this study defined it broadly as being
due to “preeclampsia, fetal stress, placenta previa and other maternal, fetal or placenta
indications”. Thus, the risk female infants have of PTB may be due to a variety of factors
besides PFAS. PFHxS levels were on the higher end of the included studies, but not the
highest (0.56 ng/mL [64]: 1.5 ng/mL (no association)).

Yang et al. (2022) [108] used cord serum taken at delivery from a small PTB case–
control study nested within the Kashgar Birth Cohort Study (384 matched case–controls).
PTB was clinically diagnosed as birth between 28 and 36 weeks. Controls were matched by
infant’s sex, delivery date, maternal age, and maternal residence distance to a factory. The
recruiting hospital was in an area of low population density where the land use was mainly
agricultural. As such, PFAS concentrations were relatively low in both cases and controls
(median total PFAS: 1.727, 1.396 ng/mL (controls, cases); PFOA: 0.46, 0.29; linear PFOS:
0.17, 0.13). A total of 92% of the area’s population are from the Uyghur ethnic minority,
which constitutes 58% of the study population.

There was a significant decrease in mean concentration in cases compared to controls
for about 50% of the PFAS studied, and no significant difference in total PFAS. However, in
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adjusted ORs per IQR increase in concentration, total, linear, and branched PFOSs were signifi-
cantly positively associated with PTB (aOR range 1.11–1.44, p < 0.01), though when stratifying
by potential modifiers, there was no significant association. Per-IQR increase in total and linear
PFOSs were further examined in relation to infant sex. There was no connection with infant
sex and PTB for any PFOS group. Total, linear, and sum m2-PFOS were significantly inversely
associated with GAB (weeks) in cases only (B range −3.03 to −1.26); additionally, PFDoA
and PFHpS followed this significant trend (B = −3.43 (−5.55, −1.32); −3.02 (−4.93, −1.11),
respectively). Linear PFOS was associated with infant sex GAB (Pinteraction = 0.02), with the
beta value for females (−2.32) being stronger than for males (−0.58); however, the CIs for
both sexes contained zero. Though GAB may be affected, overall, there was no evidence for
this decrease in GAB translating to clinical PTB in this study, and in fact controls had higher
levels of most PFAS than did cases.

Meng et al. (2018) [58] drew from multiple subsamples of the Danish National Birth
Cohort to analyze a pooled sample of 2137–3535 mothers (3535 for PFOA and PFOS samples;
2137 for the other PFAS) in Denmark. Plasma was taken once in the first and once in the
second trimester. Median PFOS and PFOA levels were 30.1 and 4.6 ng/mL, respectively.
This study’s median PFOS level is the highest of any included in the review. A total of 97%
percent of GAB (weeks) records were verified by ultrasound before Week 24 of gestation;
3% were dated to last menstrual period.

PFDA and PFOS were significantly associated with slightly elevated odds of PTB
per doubling of exposure (aOR = 1.7 (1.2, 2.5); 1.5 (1.1, 2.2), respectively), but not when
examined by quartiles. PTB was not stratified by infant sex. Various PFAS affected GAB;
however, not by more than 2 weeks. Notably, PFOS was associated with decreased GAB in
both per doubling models (B = −1.1 (−1.7, −0.4)) and non-monotonically in all quartiles
(Q4 B = −1.5 (−2.6, −0.5)). When stratified for infant sex, PFNA was significantly associated
with decreased GAB in male infants only (B = −1.9 (−2.8, −0.5)). Overall, PFOS was the
most frequently associated PFAS, though effect sizes were quite small. The following study
showed similar results of PFOS mildly associated with increased PTB and decreased GAB,
and PFNA affecting GAB in male infants only.

Sagiv et al. (2017) [59] drew 1645 participants from the Project Viva birth cohort in
1999–2002 eastern Massachusetts, US. Maternal plasma was taken at a median of 9 weeks of
gestation. Median levels of PFOS and PFOA were 25.7 and 5.8 ng/mL, respectively. Most
(79%) of gestational length measures were confirmed by ultrasound at 16–20 weeks of ges-
tation, the rest were dated to last menstrual period (make sure this is correct interpretation).
GAB was a dichotomous variable in this study only (<37 weeks vs. ≥37 weeks).

PFOS significantly increased odds for PTB in all quartiles of exposure (Q4 aOR = 2.4
(1.3, 4.4)), though this did not show in a continuous IQR model. PTB was not stratified
by sex. PFOS was significantly negatively associated with GAB in quartiles only (Q4
B = −0.37 (−0.65, −0.10)), not in continuous IQR models. Exact statistics were not reported
for interactions with infant sex; however, per IQR increase in both PFOS and PFNA, GAB
was significantly decreased for males only.

Liu et al. (2020) [84] chose demographically matched cases and controls nested in a
prospective cohort study (144 cases, 375 controls) in Shanxi Province, China. The partic-
ipants were all women of Han ethnicity. Plasma was taken between weeks 4 and 22 of
gestation, and PTB was recorded by health care staff.

There was no association between PFAS levels and overall PTB or first-trimester PTB.
For the second-trimester PTB, there was a significant positive association with PFOS levels
(aOR = 3.35 (1.39, 8.05), p < 0.01). The median PFOS concentration was 1.79 ng/mL. The
authors note the relatively low PFAS concentrations compared with other cohorts in the
country and worldwide; the median PFOA level was 0.79 ng/mL. Further, they assert that
even with the PFOS finding, it is unlikely PFAS at this level appreciably influences PTB.

In summary, most studies found no significant association between most PFASs and
GAB or PTB. There were weakly to moderately increased odds of preterm birth with higher
PFOS levels [59,70] and with 6:2 Cl-PFESA [70] (Figure 4). Though a few studies observed
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a decrease in GAB amounting to approximately 1–3 days [58,59,70,108,110], this difference
is likely clinically irrelevant for PTB. While some studies observed sex-specific effects of
PFAS on GAB, these findings were inconsistent. Future larger studies should include infant
sex in their analysis, as it is still unknown whether there are sex-dependent differences in
PFAS toxicity during gestation. Further, any associations with infant sex found in cohort
studies should be examined mechanistically at the basic science level.
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3.4. Miscarriage

Miscarriage (or spontaneous abortion) is a sentinel for subsequent obstetric difficulties
and later in life health effects, including all-cause mortality [120,121]. Miscarriage, espe-
cially recurrent miscarriage, portends psychological issues for both members of a couple
trying to conceive [122,123]. Studies on miscarriage and background levels of PFAS are
sparse, and reviews even more so, despite certain environmental exposures having long
been linked to miscarriage [124]. A study of highly PFOA-exposed women due to contami-
nated drinking water found no link to miscarriage, though interestingly, background levels
of PFOS in the same population were associated with elevated odds of miscarriage (how-
ever, not significantly) [125]. There are two existing meta-analyses on background levels of
PFAS and miscarriage. One included two studies and found a positive association with
miscarriage and PFDA (pooled OR per 1-ng/mL increase: 1.87; 95% CI: 1.15, 3.03) [105].
The other used seven studies and found no significant associations with miscarriage [106].
Both meta-analyses included Liew et al. (2020) [60] (reviewed here) and other publications
from before our inclusion period.

Three studies that examined miscarriage met all our criteria (Table 5). Two were Nordic
case–control studies, one a Chinese prospective cohort study, and all used some component
of blood. Two studied the first trimester, and one the second. Wang et al. (2021) [71] was
conducted in an in vitro fertilization (IVF) setting, and as such, pregnancy was closely mon-
itored: spontaneous clinical abortion was measured at 6 weeks. Wikström et al. (2021) [76]
focused on the first trimester more broadly, and Liew et al. (2020) [60] on the second
trimester. Five PFAS were detected in all studies: PFDA, PFHxS, PFNA, PFOA, and
PFOS. PFOS was found at the highest concentration in all studies (range: 6.09 (Sweden)–
24.55 ng/mL (Denmark) (cases)). PFOA ranges were tighter at 2 ng/mL (Sweden; cases)–
3.97 ng/mL (China).
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Table 5. Characteristics of miscarriage studies.

Study Study Type Study Size (n) Detected PFAS
PFAS Not

Detected in 51%
or More Samples

Outcomes Media Country

Liew et al.
(2020) [60] Case–control Cases: 220;

Controls: 218

PFDA, PFHpS,
PFHxS, PFNA,
PFOA, PFOS,

PFOSA

NA Miscarriage (12–22 w;
second trimester) Plasma Denmark

Wang et al.
(2021) [71]

Prospective
cohort

305 (Site 1: 178;
Site 2: 127)

PFBA, PFBS,
PFDA, PFHxA,
PFNA, PFOA,
PFOS, PFHxS

PFDoA *,
PFHpA, PFPeA *,

PFUdA *

Preclinical spontaneous
abortion (6 w) Serum China

Wikström et al.
(2021) [76] Case–control Cases: 78;

Controls: 1449

PFDA, PFHpA,
PFHxS, PFNA,
PFOA, PFOS,

PFUnDA

NA Sporadic first trimester
miscarriage (≤12 w + 6 d) Serum Sweden

Bold: common across all studies. * Detected in <51% of samples from at least one of the two study sites, and thus
was excluded from analysis in the study itself. PFBA: perfluorobutanoic acid. PFBS: perfluorobutane sulfonate.
PFDA: perfluorodecanoic acid. PFDoA: perfluorododecanoic acid. PFHpA: perfluoroheptanoic acid. PFHpS:
perfluoroheptanesulfonic acid. PFHxA: perfluorohexanoic acid. PFHxS: perfluorohexane sulfonate. PFNA:
perfluorononanoic acid. PFOA: perfluorooctanoic acid. PFOS: perfluorooctane sulfonate. PFOSA: perfluorooctane
sulfonamide. PFPeA: perfluoro-n-pentanoic acid. PFUdA/PFUnDA: perfluoroundecanoic acid.

Following the timeline of gestation, we first discuss Wang et al. (2021) [71]. This
prospective cohort study spanned two IVF sites in China (Beijing and Yantai) and included
305 women. Importantly, unlike the other studies, the populations were undergoing
IVF, and as such, pregnancy and miscarriage (“spontaneous preclinical abortion”) were
confirmed on defined days. To be considered a spontaneous preclinical abortion case,
participants required a positive pregnancy test (hCG+) 14 d after embryo transfer and an
ultrasonography-confirmed lack of gestational sac and heartbeat at 6 weeks. Serum was
taken the day before IVF treatment began. Overall, there were no significant findings for
the eight PFASs (PFBA, PFBS, PFDA, PFHxA, PFNA, PFOA, PFOS, PHFxS). PFHxA had
no significant association when comparing median concentrations in cases vs. controls in
adjusted or crude models at either site; however, when using quartiles of PFHxA in an
adjusted model, there was a decreased relative risk (aRR = 0.12 (95% CI: 0.02, 0.93)) at the
Beijing site in the third quartile only. Median levels of PFHxA in cases and controls were
0.21 and 0.17 ng/mL, respectively.

Wikström et al. (2021) [76] used ultrasound-confirmed first trimester miscarriages
abstracted from clinical patient records in 78 cases and used 1449 controls from the Swedish
Environmental Longitudinal Mother and child Asthma and allergy (SELMA) pregnancy
cohort. They found PFOA was associated with a significantly increased OR of sporadic
first trimester miscarriage in all three models (OR range: 1.38–2.66), which included crude
OR not restricting to parous women. Median PFOA levels were 1.64 ng/mL in controls
and 2 ng/mL in cases. No other PFASs (PFDA, PFHpA, PFHxS, PFNA, PFOS, PFUnDA)
had any significant findings.

Liew et al. (2020) [60] was a retrospective case–control study utilizing the Danish
National Birth Cohort, which enrolled women between 1996 and 2002. Plasma samples of
220 cases and 218 controls were collected at gestational Week 8, on average. Miscarriage data
were obtained from the Danish National Hospital Discharge Register. Most PFASs (PFDA,
PFHxS, PFNA, PFOS, PFOSA) showed no associations. Highest quartile PFOA and PFHpS
were associated with significantly increased odds of miscarriage in some adjusted models
(OR range PFOA: 1.9–2.4; PFHpS: 1.8–2.4). These held true when restricting to parous
but not nulliparous women and when controlling for the additional factors of outcome
of last pregnancy and time gap since last pregnancy; not when analyzing according to
per-doubling increase in PFAS. Median PFOA levels were 3.56 ng/mL in controls and
3.96 ng/mL in cases. PFHpS concentrations were 0.36 ng/mL in controls and 0.39 ng/mL
in cases. More recent data show both PFHpS and PFOA median serum levels are lower
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(0.2 ng/mL; 1.32 ng/mL, respectively) in the average American population in 2017 [116]
than the population of Danish women in 1996–2002. PFHpS is an uncommon PFAS, and
was not studied by NHANES in blood until 2017, where median levels were much lower
(0.2 ng/mL) than PFOA (1.32 ng/mL) [116]. Even so, PFHpS has been shown to have a
longer half-life in humans than PFOA or PFOS [126].

In sum, there is weak or no evidence for a relationship between most PFAS and
miscarriage (Figure 5). In two of the three studies, PFOA was associated with weakly
increased odds of miscarriage, especially in parous women. PFHpS was only included in
one study and mirrored the outcomes of PFOA. The inclusion of this lesser-known PFAS
and observed findings once again indicate the importance of including multiple PFAS in
epidemiology studies, beyond PFOA and PFOS. We additionally recommend forthcoming
research on miscarriage following the guidelines established by the European Society of
Human Reproduction and Embryology to use consistent nomenclature in early pregnancy
loss literature [127].
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3.5. Menopause and Menstruation

Without menstruation, ovulation and pregnancy cannot result. Some EDCs can af-
fect menstruation [128,129], ovulation [130,131], and ultimately fertility [132]. PFAS are
increasingly viewed as EDCs; thus, all aspects of menstrual function must be studied.
Menstrual bleeding is an important route of elimination for PFAS [133], accounting for 30%
of the PFOS concentration discrepancy in men versus women [134]. Menopause is thus the
cessation of a route of elimination, allowing compounds to more easily accumulate. Earlier
or later menstruation or menopause affects the window of fertility in women. With the
societal shift towards pregnancies occurring later in life [135], menopausal timing becomes
more salient.

An existing systematic review of early menarche and PFAS [136] featured three studies
on ambient exposure, none included here (two before inclusion period, one did not pass risk
of bias assessment), and found inconsistent results. A recent narrative review [137] found
no or conflicting associations with menarcheal timing, while another found insufficient
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evidence [138]. A comprehensive review of various ovarian health effects [139] found a
wide body of associations with PFAS and cycle characteristics and menopausal timing;
however, the authors concluded there is insufficient evidence at this time to draw causal
relationships. We echo these reviews’ emphasis on the importance for more research
into these health outcomes, as environmental exposures are an understudied potential
contributor to them.

Five studies on menstruation and one on menopause met our inclusion criteria
(Table 6). Two were case–control studies (UK [81], China [75]), and the rest were cohort
studies (two in the US, one in Norway, and one in China). PFOA levels ranged from
1.3 ng/mL (USA) to 13.5 ng/mL (China); PFOS from 3.46 (UK) to 16.9 ng/mL (USA). PFOA
was found at higher levels than PFOS in the Chinese studies; the reverse was true for
all others.

Four additional studies (one on menopause, three on menstruation) failed the risk of
bias assessment for receiving a zero in the assessment of outcome domain. Menstruation
and menopause characteristics are difficult to track when relying on memory. Using self-
recall alone was the reason these studies did not pass the assessment. Future studies could
provide menstrual tracking supplies to prospective participants before menarche or base
findings solely on menstrual cycles tracked in detail during the study period in girls or
women who have already begun menstruation. More rigorous data collection will lead to
more robust results on this outcome.

3.5.1. Menopause

Ding et al. (2020) [62] used a longitudinal cohort of 1120 multiethnic premenopausal
USA women aged 45–56 (Study of Women’s Health Across the Nation Multi-Pollutant
Study (SWAN-MPS) cohort) to understand PFAS’ effect on menopausal timing. The SWAN
study began in 1996, and the MPS portion in 2016. Researchers used repository serum
samples taken at an earlier follow-up visit (1999–2000) and, through annual interviews,
measured natural incident menopause, defined as 12 months of amenorrhea without any
other cause. Unlike in most studies, they teased out linear and branched isomers of PFOA
and PFOS. Linear PFOA (n-PFOA) and PFOS (n-PFOS) were detected in 99.9–100% of
samples (median n-PFOA 4 ng/mL; n-PFOS 16.9 ng/mL), branched PFOA (Sb-PFOA) was
detected in 18.2% of samples, and branched PFOS (Sm-PFOS) was detected in 99.9%.

Individually, increasing tertiles of n-PFOA, n-PFOS, and Sm-PFOS were all signifi-
cantly associated with increased hazard ratios (HR approx. 1.30; 95% CI ranges 1.03–1.50)
for earlier menopause for a predicted median difference of 0.9–1.1 years. This predicted
difference increases to 2.0 years when examining the “high” total PFAS mixture group
versus “low” total PFAS mixture group (HR = 1.63 (95% CI: 1.08, 2.45)). Measures reporting
total PFAS are more realistic than individual PFAS alone, as we are always exposed to many
at once.

The paper further breaks down HRs by a few minority groups (White, Black, Chinese,
Japanese). This is important as different minority groups may have differing exposure
to PFAS [140,141]. It finds only PFNA significantly associated with an increased HR (per
doubling increase in concentration) in only White women (HR = 1.33 (95% CI: 1.13, 1.56)).

This study is evidence supporting the need for more research to understand a potential
connection between menopause and ambient PFAS exposure. An earlier study using
NHANES data [142] found an association with PFHxS, but none with PFOS, PFOA, or
PFNA for early menopause. These studies both rightly warn about controlling for reverse
causation in findings for menopause, as PFAS concentrations are higher after menopause
due to an eliminated excretion route [134,141]. On the other hand, high exposure to PFOA,
such as in the C8 Health Study, has been associated with earlier menopause [143]. Earlier
menopause could prove especially relevant as more women plan to start or continue
families later in life [144,145].
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3.5.2. Menstruation

While somewhat similar to menopause, primary ovarian insufficiency occurs when
the ovaries stop working properly before the age of 40 [146]. Infertility can result. Diagnosis
for POI includes irregular periods and consistently elevated FSH levels [147]. In most cases,
POI is idiopathic, though environmental exposures including PFAS can play a part [148].
The case–control study of Zhang et al. (2018) [75] recruited 120 POI cases and 120 matched
controls 20–40 years old during a hospital visit in China (First Affiliated Hospital of Nanjing
Medical University) for irregular menstruation or amenorrhea. POI was defined as an
elevated FSH level (>25 IU/L) on two occasions > 4 weeks apart and oligo/amenorrhea
for at least 4 months. Menstrual history was collected at enrollment via interview, and
plasma samples were taken. FSH levels were measured in this sample. It is unclear
exactly where/when the requisite high FSH on another occasion was measured, though
they state gynecological examination information was obtained from medical records; this
may have included FSH testing. They found that PFHxS, PFOA, and PFOS levels were
significantly positively associated with increased odds of POI in all models (aOR: 6.63, 3.80,
2.81, respectively; p < 0.01). Five other PFAS studied (PFBS, PFDeA, PFDoA, PFHpA, PFUA)
had no associations. Median PFHxS levels were 0.29 ng/mL in controls and 0.38 ng/mL in
cases; PFOA 8.35 in controls and 11.1 ng/mL in cases; PFOS 6.02 ng/mL in controls and
8.18 ng/mL in cases.

All other studies examined at least one aspect of menstrual cycle regularity or length.
Zhou et al. (2017) [66] studied 950 women from the Shanghai Birth Cohort Study to produce
odds ratios for PFAS and four aspects of menstruation: irregular cycle (cycle variations
of >7 days between cycles), long cycles (>35 days), menorrhagia (heavy bleeding), or
hypomenorrhea (abnormally low bleeding). Questionnaires were administered and blood
samples drawn at enrollment. Median PFAS levels were 1.36, 13.84 (the highest median
PFOA level of any study included in this review), and 10.49 ng/mL, respectively.

No significant associations were found for PFBS, PFDeA, PFDoA, PFHpS, PFOSA, or
PFUA with any outcome. In general, the evidence for positive associations between four
PFAS (PFHxS, PFNA, PFOA, PFOS) and irregular or long cycle was weak. Though ORs
were statistically significant for these two outcomes, confidence intervals were very close
to including one. Evidence was also weak for menorrhagia: crude and adjusted models
show a significant negative association between all four PFAS levels and menorrhagia
(aOR range: 0.14–0.57). In other words, odds decrease at least 43% for menorrhagia with
increasing PFAS quartiles. No associations were found for hypomenorrhea.

Wise et al. (2022) [78] had similar findings for bleed intensity (light, medium, heavy;
data collected via questionnaire) in their USA cohort study of 1499 women. Plasma sample
questionnaires were obtained at enrollment. Nearly every PFAS studied (except MeFOSAA)
had an inverse association with medium or heavy bleeding as compared to light bleeders (~
−10–20% difference); this includes PFHxS, PFNA, PFOA, PFOS as in [66], and additionally
PFDA and PFUnDA. Median levels for these PFAS were 0.6, 0.5, 1.3, 4.3, 0.2, and 0.1 ng/mL,
respectively. This inverse relationship may stem from the fact that menstruation is an
elimination route for PFAS. Additionally, while a lighter flow might seem desirable, it could
make it more difficult to become pregnant [149].

Other endpoints included age at menarche (≤10, 11–13, 14+ years), menstrual cycle
length (<25, 25–27, 28–31, >31 days), bleed length (<5, 5–7 or 8+ days), and a combined
endpoint of “cycle length and flow.” For age at menarche, PFDA was associated with
starting both earlier and later than the reference group of 11–13 years (~11% difference for
both). No associations were found for any PFAS and menstrual cycle length or bleed length.
Results for “cycle length and flow” combined endpoint did not align with findings from
either measure individually.

Other health issues such as PCOS and diabetes are tied to both early and late menar-
che [150,151]. This is unsurprising considering the influence of EDCs on reproductive
health and the non-monotonic responses commonly observed with EDCs. Early onset is
associated with a number of health and/or psychosocial factors that may influence fertility
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indirectly, such as diabetes and riskier sexual behaviors [151,152]. Delayed onset technically
reduces the fertility window, though with the average USA age of first-time childbearing
being late 20s, this likely does not make an appreciable difference [153]. Another systematic
review [154] on PFOA and PFOS found mostly no association with onset, though some
studies showed delayed and one showed early onset. Other factors that may affect fertil-
ity are still being investigated for links to menarcheal timing, such as BMI [152,155] and
endometrial cancer [156].

This cross-sectional study was unique in that it recruited only Black women from a pre-
dominantly Black city (Detroit, MI) (Study of Environment, Lifestyle and Fibroids (SELF)).
Environmental racism is known to disproportionately affect minorities. Manufacturing or
industrial sites are commonly placed in economically disadvantaged areas or communities
of color [157,158]. PFAS and other EDCs have been found at higher levels in African
American women than White women [140,159,160] and may contribute to reproductive
issues. Higher infant mortality in non-Hispanic Black births [161,162] is likely attributed
to structural racism [163,164]; at the same time, environmental exposures are an emerging
area of research to help explain this phenomenon [161].

Heffernan et al. (2018) [81] looked solely at menstrual cycle irregularity in a prospective
cohort study of case–controls. A total of 59 participants (30 PCOS cases; 29 controls) were
recruited from an IVF clinic in the UK. The study focused on PCOS (described in the
ovarian health section of this review); however, for this endpoint, they combined all
participants together, irrespective of PCOS status. Serum samples were taken on Day 21 of
the luteal phase before beginning IVF treatment. Irregular cycle was defined as variations
in length for more than 7 days between cycles. They measured the differences of mean
PFAS concentration in those with irregular or regular cycles. PFOS was significantly higher
in the serum of patients with irregular menstrual cycle compared to those with regular cycle
(irregular cycle geometric mean = 3.9 ng/mL; regular cycle geometric mean = 3.0 ng/mL;
p = 0.011). None of the other PFASs studied (PFHxS, PFNA, PFOA) were associated.
Geometric mean levels of these PFASs in all participants combined were 1.04, 0.57, and
2.39 ng/mL, respectively; means for the irregular and regular groups were not reported for
these PFAS.

The final study on cycle characteristics (irregular, long, or short) came from 1977 women
in a prospective population-based cohort (Norwegian Mother and Child cohort (MoBa)) [65].
Plasma samples were taken at 17–18 weeks of gestation. Cycle characteristics were self-
reported via questionnaire. The analysis used percent change in plasma PFAS concentration
for all outcomes. The authors were additionally interested in the effect parity and birth
control use have on associations with PFAS. The authors acknowledge that the subgroup
analyses of parity and contraceptive use were of small sample size and do not constitute
strong evidence. The results are still reported here as this is an emerging field of research,
and contraceptive use is understudied in general. Parity is a known factor that decreases
PFAS levels as the placenta of each gestation readily transfers and bioaccumulates some
of the mother’s PFAS and is then excreted [6,141,165]. Conversely, contraceptive use may
lessen excretion leading to higher PFAS levels [166].

Women with irregular cycles showed a significant decrease in concentrations of PFDA
(−17%), PFUnDA (−14%), PFNA (−9%), and PFOA (−7%). Median levels (ng/mL) for
cases and controls were as follows: PFDA (0.19, 0.9), PFUnDA (0.32, 0.13), PFNA (0.63, 0.33),
PFOA (3.3, 1.87). There was no effect of parity or contraceptive use. Overall, there was no
significant association with long cycles, except in women who recently (last 12 months)
used oral contraceptives, where long cycles where PFNA and PFUnDA were increased.
There was no association with women who never used contraceptives or used them over a
year ago. Overall, there was no significant association with PFAS and short cycles, except
in parous women where PFHpS and PFOS were decreased.

As shown here, few recent, high-quality studies exist on these important reproductive
endpoints. Three studies on irregular cycle [66,78,81] and two on cycle length [66,78] were
overall inconclusive. However, both Wise et al. (2022) [78] and Zhou et al. (2017) [66]
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found PFAS modestly inversely associated with heavy bleeding in nearly every PFAS
studied. Again, menstrual cycles are difficult to self-report without a rigorous study design
that includes tracking materials for participants during their cycles and does not rely on
memory. Larger sample sizes will help highlight small but significant effects.

The studies on PFOA and PFOS in both early menopause risk [62] and POI odds [75]
were the most convincing due to their effect sizes (menopause early by 2 years, and up to
6× higher odds for POI) and reinforce the need for more work in these areas. As mentioned
above, reverse causation must be considered in studies on menopause [134,141]. Both
early menopause and POI are linked to serious health conditions including and beyond
infertility [167,168]. Causes of each are multifaceted and include the environment [169];
thus, it is pertinent to continue researching PFAS in this area.

Table 6. Characteristics of menopause and menstruation studies.

Study Study Type Study Size (n) Detected PFAS PFAS Not Detected in
51% or More Samples Outcomes Sub-Outcomes Media Country

Ding et al.
(2020) [62]

Prospective
cohort 1120

PFHxS, PFNA,
n-PFOA,

n-PFOS, Sm-PFOS

PFDA, PFDoDA,
Sb-PFOA, PFUnDA Menopause Incident natural

menopause Serum USA

Heffernan et al.
(2018) [81]

Case–
control

Case: 30;
Control: 29

PFHxS, PFNA,
PFOA, PFOS

PFBS, PFDA, PFHpA,
PFPeA, PFUnDA Menstruation Irregular cycle Serum UK

Singer et al.
(2018) [65]

Prospective
cohort 1977

PFDA, PFHpS,
PFHxS, PFNA,
PFOA, PFOA,

PFUnDA

NA Menstruation Cycle regularity
and length Plasma Norway

Wise et al.
(2022) [78] Cohort 1499

MeFOSAA, PFDA,
PFHxS, PFNA,
PFOA, PFOS,

PFUnDA

NA Menstruation
Age at menarche,
cycle length and

intensity
Plasma USA

Zhang et al.
(2018) [75]

Case–
control

Cases: 120;
Controls: 120

PFBS, PFDeA,
PFDoA, PFHpA,
PFHxS, PFNA,
PFOA, PFOS,

PFUA

PFOSA Menstruation Primary ovarian
insufficiency Plasma China

Zhou et al.
(2017) [66] Cohort 950

PFBS, PFDeA,
PFDoA, PFHpS,
PFHxS, PFNA,
PFOA, PFOS,

PFOSA, PFUA

NA Menstruation Cycle regularity,
length, and volume Blood China

Bold: common across all studies. Prefix n-: linear. Prefix Sm-: sum of branched isomers. Prefix Sb-: sum
of branched. MeFOSAA: N-methylperfluorooctane sulfonamidoacetic acid. PFBS: perfluorobutane sulfonate.
PFDA/PFDeA: perfluorodecanoic acid. PFDoA/PFDoDA: perfluorododecanoic acid. PFHpA: perfluoroheptanoic
acid. PFHpS: perfluoroheptanesulfonic acid. PFHxS: perfluorohexane sulfonate. PFNA: perfluorononanoic acid.
PFOA: perfluorooctanoic acid. PFOS: perfluorooctane sulfonate. PFOSA: perfluorooctane sulfonamide. PFPeA:
perfluoro-n-pentanoic acid. PFUA/PFUnDA: perfluoroundecanoic acid.

3.6. Ovarian Health

Ovarian health is an important contributor to fertility. PCOS can limit ovulation [170,171],
and endometriosis frequently co-occurs with infertility [172]. The origins of either condition
are incompletely understood. Existing works have focused on the relationship between
PFAS and hormones to link endocrine disruption or hormone imbalance to fertility or
ovarian issues [97,173,174]. Here, we decided to cover PFAS with regards to the less-
studied female fertility endpoints of clinically diagnosed PCOS and endometriosis.

PCOS is defined by having at least two of the following signs: irregular periods,
hyperandrogenism, and/or cysts on the ovaries that can hinder egg release [175].

Many factors influence PCOS status and severity: insulin resistance, androgen levels,
and adiposity are a few [176–178]. Higher adiposity is seen in as much as 80% of women
with PCOS in the US. Rates are lower in other countries, suggesting environmental factors
play a role in the USA [179]. Endometriosis is a condition in which endometrial-type tissue
grows outside of the uterus. This tissue does not shed during menstruation and can build
up causing cysts or scarring, the consequence of which can be reduced fertility.
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A previous review included the papers covered here, and additionally one earlier
study on PCOS and endometriosis each. Rickard et al. (2022) [29] noted that Vagi et al.
(2014) [180] found positive associations between PFAS exposure and PCOS, and that
Campbell et al. (2016) [181] used NHANES data to show mean levels of PFNA, PFOA, and
PFOS were higher in women with endometriosis. Another study found an insignificant
link to increased odds between PFAS and endometriosis [182].

In this systematic review, three identified studies met our inclusion criteria (Table 7).
Two studies focused on PCOS (one in the UK, one in China) and one on endometriosis in
China. All three were case–control studies recruiting from IVF centers, and PFOA and PFOS
were found to be the highest concentrations of any PFAS. PFOA and PFOS were found at
median levels of 2.39 and 3.46 ng/mL (respectively) in the UK PCOS study, and 5.07 and
4.05 ng/mL (respectively) in the Chinese PCOS study. The Chinese endometriosis study
did not report the overall medians; median in cases was 14.67 and 6.4 ng/mL (respectively).

3.6.1. PCOS

Heffernan et al. (2018) [81] was an age- and weight-matched case–control study
(30 PCOS cases, 29 controls) that recruited from the Hull IVF Unit in the UK and sampled
serum and follicular fluid for 13 PFAS. Serum samples were taken on Day 21 of the luteal
phase before beginning IVF treatment. PCOS was defined using the Rotterdam criteria—
PCOS was present if any two out of three criteria were met: menstrual disturbance (oligo-
and/or anovulation), clinical and/or biochemical signs of androgenism or polycystic
ovaries on ultrasound [175]. The authors simply compared the mean difference of PFAS
concentration between cases and controls, and found PFOS was significantly higher in the
serum of PCOS patients: 3.9 ng/mL in cases and 3.1 ng/mL in controls. No associations
were found for the three other detected PFASs (PFHxS, PFNA, PFOA) in serum. There
was no significant difference in cases in follicular fluid concentration of any PFAS. PFAS
concentrations in serum and follicular fluid were highly correlated (R2 > 0.95), suggesting
the more easily obtainable serum collection is sufficient for studying this outcome. However,
as blood–follicle transfer efficiencies may differ based on the PFAS characteristics [183],
using both media was a strength of this study. Another strength was its power calculation
and recruitment of more participants than the minimum indicated.

Wang et al. (2019) [184] was a case–control study (180 cases, 187 controls) that re-
cruited and took plasma samples from the Center for Reproductive Medicine of Shandong
University in China. They found no significant mean differences in PFAS concentration
in plasma between controls and PCOS-related infertility cases. Odds ratios for PCOS in-
significantly decreased with increasing PFUA concentrations in Tertiles 2 and 3 (aOR = 0.69,
0.29; p = 0.38, 0.06), but the overall inverse trend was significant (p = 0.03). Median PFUA
levels in cases was 0.41 ng/mL and 0.39 ng/mL in controls. ORs significantly increased
in a dose-dependent manner with increasing PFDoA concentration in Tertiles 2 and 3
(aOR = 2.36 (1.12, 4.99); 3.04 (1.19, 7.67) and the direct trend was significant across tertiles
(p = 0.01). Median PFDoA level in cases was 0.24 ng/mL and 0.23 ng/mL in controls.

Both Heffernan et al. (2018) [81] and Wang et al. (2019) [184] used the same criteria for
diagnosing PCOS (Rotterdam ESHRE/ASRM revised 2003 consensus [175]) and infertility
(inability to become pregnant after having unprotected intercourse for more than one year),
used the same methods for PFAS measurement (HPLC-MS/MS), and found comparable
serum PFAS levels. Heffernan et al. (2018) [81] collected serum at a very specific time
in all participants (Day 21 of luteal phase), while exact collection timing in Wang et al.
(2019) [184] was unspecified. Heffernan et al. (2018) [81] did not measure PFDoA and did
not detect PFUA, and thus these chemicals could not be compared across the two studies
on PCOS.

3.6.2. Endometriosis

Wang et al. (2017) [72] was a case–control study (157 cases, 178 controls) that recruited
and took plasma samples from the Women’s Hospital Affiliated to Zhejiang University
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School of Medicine in China. Plasma was collected at enrollment. Endometriosis was
confirmed by surgical visualization using laparoscopy. Infertility was defined as failure to
conceive after >12 months of attempts. Across multiple adjusted models, highest tertile
PFBS was associated with increased odds of endometriosis-related infertility (aOR range:
3.04–3.41), and PFNA was associated with decreased odds (range: 0.45–0.52). PFBS levels
were 0.091 ng/mL in cases and 0.089 ng/mL in controls. PFNA levels were 1.05 ng/mL
in cases and 1.20 ng/mL in controls. PFHpA levels lowered odds in a partially adjusted
model (aOR = 0.48); when analyses were restricted to those without a history of pregnancy
or without other gynecologic pathologies, the association disappeared. PFHpA levels were
0.09 ng/mL in cases and 0.10 ng/mL in controls. This brings up the point that PFAS may
exacerbate existing gynecologic conditions rather than being involved in their origin.

Altogether, there is limited yet suggestive evidence for PFAS’ influence on the odds
of PCOS and endometriosis in women who seek IVF (Figure 6). PFDoDA and PFBS—or
more likely lifestyle factors that affect exposure of these less common PFAS—moderately
increased the odds of PCOS or endometriosis contributing to infertility. PFOS was sig-
nificantly associated with PCOS in one study, and not in the other. Reverse causation
should be considered in both conditions. Menstrual bleeding is generally heavier with en-
dometriosis, and PCOS is characterized by irregular periods which can lead to less overall
elimination. Additionally, higher BMI is commonly present in PCOS; higher adiposity may
disrupt pharmacokinetics of elimination of PFAS [185]. More research is clearly required
to take a more confident stance on PFAS and PCOS- or endometriosis-related infertility.
Future high-quality work should follow common guidelines for diagnosis such as the
Rotterdam criteria [175] along with pathologic evidence when possible and should include
lesser-studied PFAS such as PFBS, PFUA, and PFHpA.
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tom: PCOS-related infertility) with increasing PFAS levels from two studies. PFHpA: perfluoro-
heptanoic acid. PFBS: perfluorobutanesulfonic acid. PFDoA: perfluorododecanoic acid. PFHxS:
perfluorohexane sulfonic acid. PFUA: perfluoroundecanoic acid. PFDA: perfluorodecanoic acid.
PFNA: perfluorononanoic acid. PFOS: perfluorooctanesulfonic acid. PFOA: perfluorooctanoic acid.
Wang et al., 2019 [184]. Wang et al., 2017 [72].
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Table 7. Characteristics of ovarian health studies.

Study Study
Type Study Size (n) Detected PFAS PFAS Not Detected in

51% or More Samples Outcomes Sub-Outcomes Media Country

Heffernan et al.
(2018) [81]

Case–
control

Cases: 30;
Controls: 29

PFHxS, PFNA,
PFOA, PFOS

PFBS, PFDA, PFHpA,
PFPeA, PFUnDA

Ovarian
health PCOS

Serum,
follicular

fluid
UK

Wang et al.
(2017) [72]

Case–
control

Cases: 157;
Controls: 178

PFBS, PFDA,
PFDoA, PFHpA,
PFHxS, PFNA,
PFOA, PFOS,

PFUA

PFOSA Ovarian
health

Endometriosis-
related infertility Plasma China

Wang et al.
(2019) [184]

Case–
control

Cases: 180;
Controls: 187

PFBS, PFDA,
PFDoA, PFHpA,
PFHxS, PFNA,
PFOA, PFOS,

PFUA

PFOSA Ovarian
health

PCOS-related
infertility Plasma China

Bold: common across all studies. PFBS: perfluorobutane sulfonate. PFDA: perfluorodecanoic acid. PFDoA:
perfluorododecanoic acid. PFHpA: perfluoroheptanoic acid. PFHxS: perfluorohexane sulfonate. PFNA: perflu-
orononanoic acid. PFOA: perfluorooctanoic acid. PFOS: perfluorooctane sulfonate. PFOSA: perfluorooctane
sulfonamide. PFPeA: perfluoro-n-pentanoic acid. PFUA/PFUnDA: perfluoroundecanoic acid.

3.7. Sperm Health

We included the male reproductive endpoint of sperm quality as male health out-
comes are often overlooked in the PFAS literature, save testicular cancer [35,186]. Males
are also understudied in the infertility space, despite the fact that about half of infer-
tility cases can be attributed to males, with up to 30% of male-factor infertility being
idiopathic [187]. One explanation for idiopathic male infertility is exposure to environ-
mental contaminants [188,189]; thus, it is important to examine sperm health to achieve
a well-rounded review of PFAS’ effects on reproduction. Male infertility is an indicator
of overall health; further-reaching is the fact that co-morbidities with infertility are often
transgenerational in nature [35]. Preconceptual environmental exposure to contaminants
can alter the sperm epigenome which controls developmental programming of the resulting
embryo [190]. This germline program can be transmitted to subsequent generations even
in the absence of exposure [38]. With so much at stake, it is a public health imperative to
review sperm as a sentinel marker of current and future well-being.

The literature search identified three cross-sectional studies: two from China and one
from the Faroe Islands (Table 8). All samples were collected at fertility clinics. The five
shared outcomes between the two studies are semen volume, sperm motility, concentration,
count, and morphology. Pan et al. (2019) [69] additionally examined DNA instability. All
measured PFAS in blood, and two included semen. Combined, 13 PFAS were investigated;
PFOA and PFOS were shared among all studies. Median PFOA levels ranged from 0.23
to 0.74 ng/mL in semen and 2.8 to 8.57 ng/mL in blood/serum. Median PFOS levels
ranged from 0.1 to 3.9 ng/mL in semen and 8.38 to 96 ng/mL in blood/serum. Every PFAS
detected in blood/serum was also detected in semen. The highest median level of PFAS
found in serum, blood, or semen was PFOS (19.5, 96, 3.9 ng/mL, respectively).

Table 8. Characteristics of sperm health studies.

Study Study
Type

Study
Size (n) Detected PFAS PFAS Not Detected in

51% or More Samples Outcomes Sub-Outcomes Media Country

Pan et al.
(2019) [69]

Cross-
sectional 664

6:2 Cl-PFESA,
PFDA, PFNA,
PFOA, PFOS,

PFUnDA

Semen: PFHpA,
PFDoDA, PFTeDA,
PFBS, PFHxS, 8:2
Cl-PFESA; Serum:
PFHpA, PFTeDA;

(PFTriDA >LOQ in most
samples regardless of

media, but not included
in analysis)

DNA instability,
semen volume,

sperm
concentration,

sperm
morphology,

sperm motility,
total sperm

count

DNA fragmentation index
(%), high DNA stainability

%, semen volume (mL),
sperm concentration

(million/mL),
morphologically normal
sperm (%), progressive

motile sperm (%), straight
linear sperm velocity

(um/s), curvilinear sperm
velocity (um/s), sperm

count (million)

Serum,
semen China



Int. J. Environ. Res. Public Health 2024, 21, 1615 26 of 42

Table 8. Cont.

Study Study
Type

Study
Size (n) Detected PFAS PFAS Not Detected in

51% or More Samples Outcomes Sub-Outcomes Media Country

Petersen et al.
(2018) [61]

Cross-
sectional 263 PFOA, PFOS

NA (PFNA, PFHxS,
PFDA >LOQ but not
included in analysis)

Semen volume,
sperm

concentration,
sperm

morphology,
sperm motility,

total sperm
count

Semen volume (mL),
sperm concentration
(mill/mL), normal

morphology (%), motile
sperm (%), total sperm

count (million)

Serum,
semen

Faroe
Islands

Song et al.
(2018) [67]

Cross-
sectional 103

PFBS, PFBA,
PFHpA, PFHS,
PFHxA, PFOA,
PFOS, PFPeA,

PFPrA, total PFAAs

NA
Sperm

concentration,
sperm motility

Semen concentration,
progressive motility of

semen

Blood,
semen China

Bold: common across all studies. 6:2 Cl-PFESA: 6:2 chlorinated polyfluorinated ether sulfonate. 8:2 Cl-PFESA: 8:2
chloropolyfluoroether sulfonic acid. PFAAs: perfluoroalkyl acids. PFBA: perfluorobutanoic acid. PFBS: perfluo-
robutane sulfonate. PFDA: perfluorodecanoic acid. PFDoDA: perfluorododecanoic acid. PFHpA: perfluorohep-
tanoic acid. PFHxA: perfluorohexanoic acid. PFHxS/PFHS: perfluorohexane sulfonate. PFNA: perfluorononanoic
acid. PFOA: perfluorooctanoic acid. PFOS: perfluorooctane sulfonate. PFPeA: perfluoro-n-pentanoic acid. PFPrA:
perfluoropropionic acid. PFTeDA: perfluorotetradecanoic acid. PFTriDA: perfluorotridecanoic acid. PFUnDA:
perfluoroundecanoic acid.

Song et al. (2018) [67] collected blood and semen of 103 men recruited from an
infertility clinic at the Third Affiliated Hospital of Sun Yat-sen University in China in their
cross-sectional study. This clinic is in the most populous province of China, and specifically
in the Pearl River Delta, a region of heavy industry and contamination [191] where the
general population is more highly exposed to PFAS than, for example, the third most
populous province of China [192]. Blood and semen samples were taken on the same
day. They excluded those with reproductive diseases. Progressive motility of sperm was
analyzed using WHO guidelines of class A + B [193]. Sperm concentration was measured
via hemocytometry.

Correlations between PFAS in semen (and blood) and progressive motility were
reported. In semen, all correlations were negative, and almost all significantly so. For
the sum of total PFAS and motility, r = −0.495 (p < 0.001). Individual PFAS had weak
correlations ranging from r = −0.35 (PFHxA; median 3.4 ng/mL; p < 0.01) to r = −0.20
(PFOS; median 3.9 ng/mL; p < 0.05). In blood, correlations with motility were not in
directional agreement and were sporadically significant. For sperm concentration in semen,
there were no significant findings with any PFAS.

Pan et al. (2019) [69] recruited 664 men from the infertility clinic at Nanjing Jinling
Hospital in China for their cross-sectional study. Semen and serum samples were taken
on the same day. The authors attempted to represent the general population with their
sample, and thus recruited a heterogeneous group of men visiting the clinic for either male-
or female-factor infertility. They did not distinguish between the two groups (fertile or
infertile men) in their analysis. They excluded those with severe reproductive diseases
and one fluorochemical plant worker. Many parameters of semen or sperm health were
measured: motility, volume, count, concentration, morphology, and DNA instability. Sperm
concentration and progressive motility were measured with computer-aided sperm analysis
system (CASA). Sperm count was calculated by concentration times volume. Morphology
was judged from stained slides using WHO criteria (edition not explicitly specified, but
is likely 5th edition [194]. DNA instability was probed by a chromatin stability assay
measuring both DNA fragmentation (percentage of sperm with damaged DNA (DNA
fragmentation index (DFI%)) and immature chromatin (percentage of sperm with high
DNA stainability (HDS%)) via flow cytometry. p-values for all models were FDR-adjusted.

Count, concentration, and volume were largely unaffected. 6:2 Cl-PFESA and PFDA
showed a significant increase in volume at the highest quartile for both serum and semen,
but the trend was not significant. Logically, both chemicals were then associated with a
decrease in sperm concentration, again not significantly across quartiles. No significant
findings were reported for morphology. For motility, linear regressions for nearly all PFAS
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revealed significant (p < 0.05) strong negative associations ranging from B = −2.4 (−3.9,
−0.8) (PFOA) to −1.6 (−2.8, −0.4) (6:2 Cl-PFESA); 6:2 Cl-PFESA remained significant in
quartile regressions for Q4 for both serum and semen (B = −3.94 (−7.04, −0.83)); p for
trend not significant). Median 6:2 Cl-PFESA concentration in serum was 3.36 ng/mL and
0.04 ng/mL in semen.

DNA stability was a sensitive endpoint. All PFASs (except PFOS and PFOA) were
significantly positively associated with increased immature chromatin (HDS%) in both
linear and quartile regressions, in both serum and semen. Quartile trends were often
significant overall as well. Notably, 6:2 Cl-PFESA showed a significant monotonic dose
response across all quartiles (serum p-trend = 0.01; semen p-trend non-significant). All
PFAS (PFUnDA not included) in semen were associated with an increase in damaged DNA
(DFI%) in linear regression, with many remaining significant (p < 0.05) for the trend in
quartile regression (PFUnDA included). B-values ranged from 0.08 (95% CI: 0.026, 0.135; 6:2
Cl-PFESA) to 0.136 (95% CI: 0.064, 0.209; PFOA) in linear regression. Median PFOA level in
semen was 0.23 ng/mL. In quartile regression, B-values ranged from 0.16 (95% CI: 0.01,
0.30; PFUnDA) to 0.25 (95% CI: 0.10, 0.40; PFOS). Median PFUnDA and PFOS levels in
semen were 0.016 and 0.097 ng/mL, respectively. PFASs seem to have an effect on sperm
DNA only when PFAS is measured in semen. In serum PFAS measurements, there were no
significant findings for either measure of DNA stability in sperm.

An important strength of this paper was its FDR adjustment for p-values in all models,
which increases the weight of the evidence. PFAS did not strongly affect sperm parameters
in this study, save for DNA stability. This endpoint should be included in future sperm
health population studies. Although there was a moderate to very strong correlation
between PFAS detected in semen and serum (r-values range from 0.58 (PFHxS, p < 0.001) to
0.83 (6:2 Cl-PFESA, p < 0.001)), associations were uncovered more often with PFAS levels in
semen rather than serum. Both are easily obtainable non-invasive media and should be
included in future studies.

Petersen et al. (2018) [61] used a population-based cross-sectional study of 263 men
aged 24–26 years recruited from the entire population of men born between 2007 and 2009
in the Faroe Islands. PFAS was quantified in serum only. The Faroe Islands contain a
genetically homogeneous population and have high PFAS exposure through their diet
which includes seafood; this seafood may include traditional pilot whale meat containing
bioaccumulated PFAS [195–197]. Semen and serum samples were taken on the same day.
As in Pan et al. (2019) [69], the authors measured motility, volume, count, concentration and
morphology. Concentration and count were measured using a hemacytometer. Motility
was classified according to WHO guidelines (progressive motility = class A + B) [198], and
morphology was judged according to “strict criteria” used at the University Department of
Growth and Reproduction, Rigshospitalet, University of Copenhagen. The criteria were
not well-cited but likely refer to the 1990 standards set forth by Menkveld et al. (1990) [199].
PFOA and PFOS were detected in serum (median levels 2.8 and 19.5 ng/mL, respectively)
and the results centered on these two PFAS. PFNA, PFHxS, and PFDA were also detected
above the LOQ but were not included in the analyses. There were no significant findings
for any PFAS with any measure of sperm health.

In summary, studies examining PFAS and sperm health found negative associations
with sperm motility and DNA stability, and no associations for volume, concentration,
count, or morphology when PFAS were measured in semen (not serum) (Figure 7). All
PFAS were associated with DNA damage (6:2 Cl-PFESA, PFDA, PFNA, PFOA, PFOS, and
PFUnDA) [69]. The importance of the sperm genome and epigenome in reproductive
health cannot be overemphasized. It is reasonable to recommend more studies, given the
moderate effects shown here. Interestingly, PFOA and PFOS were the only two PFAS to not
affect chromatin maturity [69], underscoring the need for more research into non-legacy
PFAS/PFAS alternatives. Future studies should strongly consider including phenotypic
endpoints as done in Pan et al. (2019) [69]. Semen is an easily accessible PFAS depot with
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higher sensitivity to sperm parameters; however, equipment capable of reliably reading
into the fg/mL range is necessary for future PFAS analysis in semen.
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3.8. Fetal Growth

Fetal growth is included in this review as a holistic part of maternal health. In utero
growth is determined by both maternal and fetal factors. As the developmental origins
of health and disease hypothesis posits, there are critical windows during development
that can affect fetal outcomes both acutely and later in life [200]. Gestation is a particularly
sensitive period for exposures. Environmental contaminant exposure during this period
can disrupt the ongoing cellular programming during fetal development resulting in
adverse structural or functional changes. PFAS readily cross the placental barrier, are
detected in placenta [95], and indeed accumulate in fetal organs [3]. Newborn (ex utero)
morphometrics such as head circumference and birth weight have been well studied;
however, in utero growth has not received the same attention. For example, a recent meta-
analysis of 46 studies on newborns showed PFOS and PFDoDA inversely associated with
head circumference and multiple PFAS linked to low birth weight [107]. PFOA and PFOS
have been modestly linked to low birth weight in earlier meta-analyses as well [201,202].
Head circumference is a proxy for brain size, and small head circumference at birth is related
to intellectual deficiencies in childhood and anxiety in adulthood [203]. Low birth weight is
associated with adverse effects later in life such as asthma and insulin resistance [204,205].
Understanding whether or how morphometrics are affected in utero helps define critical
windows during gestation and is a necessary supplement to the body of evidence on PFAS
and newborn measurements.

Only two identified cohort studies approach in utero growth (Table 9). Both Costa et al.
(2019) (Spain) [73] and Ouidir et al. (2020) (USA) [77] employ multiple sonography appoint-
ments spanning gestational weeks 12–40. Both shared measures of head size (biparietal
diameter (BD)), appendicular skeleton length (femur length (FL)), and overall body size
(estimated fetal weight (EFW), abdominal circumference (AC)). Ouidir et al. (2020) [77]
detected eight PFASs (PFOS, PFOA, PFHxS, PFNA, PFUnDA, PFDA, N-MeFOSAA, PF-
DoDA). Costa et al. (2019) [73] examined four of these PFAS as well (PFOS, PFOA, PFHxS,
PFNA). The PFAS with the highest concentration in plasma was PFOS in both studies (5.16
and 6.05 ng/mL, respectively). PFOA levels were 2 and 2.35 ng/mL, respectively.
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Table 9. Characteristics of fetal growth studies.

Study Study
Type

Study
Size (n) Detected PFAS PFAS Not Detected in

51% or More Samples Outcomes Sub-Outcomes Media Country

Costa et al.
(2019) [73] Cohort 1230 PFHxS, PFNA,

PFOA, PFOS NA

Cranium size,
appendicular

skeleton
length,

abdominal
circumference

Biparietal diameter, femur
length, estimated fetal

weight, abdominal
circumference

Plasma USA

Ouidir et al.
(2020) [77] Cohort 2284

N-MeFOSAA,
PFDA, PFDoDA,
PFHxS, PFNA,
PFOA, PFOS,

PFUnDA

PFDS, PFHpA PFOSA

Cranium size,
appendicular

skeleton
length,

abdominal
circumference

Cerebral width, head
circumference, inner orbit
diameter, occipital–frontal

diameter, outer orbit
diameter, biparietal

diameter, fibula length,
humerus length, radial

length, tibia length, ulnar
length, foot length, femur

length, estimated fetal
growth, abdominal

circumference

Plasma Spain

Bold: common across all studies. N-MeFOSAA: N-methylperfluorooctane sulfonamidoacetic acid. PFDA: perfluo-
rodecanoic acid. PFDoDA: perfluorododecanoic acid. PFDS: perfluorodecanesulfonic acid. PFHpA: perfluorohep-
tanoic acid. PFHxS: perfluorohexane sulfonate. PFNA: perfluorononanoic acid. PFOA: perfluorooctanoic acid.
PFOS: perfluorooctane sulfonate. PFOSA: perfluorooctane sulfonamide.

Costa et al. (2019) [73] enrolled 1230 women in the Infancia y Medio Ambiente
(Environment and Childhood) (INMA) Project cohort. Plasma samples were taken at the
end of the first trimester (average 13.5 weeks of gestation). Ultrasounds were taken at the
first, second, and third trimesters (Weeks 12, 20 and 34) by specialized obstetricians for four
measures of fetal growth: BD, AC, FL, and EFW. EFW was calculated using the Hadlock
formula [206]. Median levels of PFHxS, PFNA, PFOA, and PFOS were 0.58, 0.65, 2.35, and
6.05 ng/mL, respectively. Median PFAS levels were reported for the aggregate and not
delineated by smokers vs. non-smokers.

There were no significant findings in the main analysis. Only when restricting to
smokers did inverse associations with PFNA and PFOA appear at 20 weeks. Authors found
that for every two-fold increase in PFNA and PFOA concentration, there was a change in FL
of −6.3% (95% CI: −11.9, −0.5) and –6.8% (95% CI: −12.4, −1.0), respectively. By 34 weeks,
there were no significant differences for these PFASs. Similarly, EFW for smokers was lower
in Week 20 with increasing PFNA concentrations (−6% change (95% CI: −11.6, −0.3));
however, by Week 34, there were no associations. In smokers only, positive associations
with BD were revealed at 34 weeks with PFHxS and PFOS (+6.8% (95% CI: 0.5, 12.9) and
+6.3% (95% CI: 0.1, 12.3), respectively). There were no associations for AC. Overall, there
were a few significant findings. Some differences in smokers were revealed in week 20,
but by week 34 these dissipated, except for a persistent ~6.5% increase in BD with PFHxS
and PFOS.

The other study in this review did find associations between PFAS and fetal growth
in their main analysis. Ouidir et al. (2020) [77] enrolled 2284 women from 12 study sites
across the USA for the National Institute of Child Health and Human Development Fetal
Growth Studies–Singleton cohort. Plasma samples were taken at enrollment which ranged
from gestational Week 8 to 14. The participants had five ultrasound appointments, with the
first between weeks 16 and 22. Time between appointments was 4–8 weeks [207]. Fourteen
fetal measurements were taken at each session by trained sonographers. They focused
their reporting on head size (head circumference (HC)), AC, and FL. We additionally
report findings for BD and EFW in order to better compare findings with BD and EFW
in Costa et al. (2019) [73]. In the overall sample, median levels of PFDA, PFHxS, PFNA,
PFOA, and PFOS were 0.25, 0.71, 0.77, 2, and 5.16 ng/mL, respectively. A strength of this
study was its use of FDR and a very low ROB score (9).

Authors found no strong associations with AC or HC. Some associations with PFHxS,
PFNA, PFOA, and PFOS were weak to moderate for these outcomes, but did not hold when
controlling for false discovery rate. For example, PFDA, PFNA, and PFOS were moderately
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associated with an increase in AC (B = 0.43, 0.28, 0.38, respectively; p < 0.05). PFDA was
weakly associated with an increase in head circumference (B = 0.21 p < 0.05), while PFHxS
and PFOS were weakly associated with a decrease in head circumference (B = −0.22 (p <
0.05), −0.27 (p < 0.01), respectively).

Another measure of head size, however, did pass the FDR threshold: PFNA was
weakly associated with a significant decrease in BD (B = −0.12, FDR < 0.001). Other BD
findings did not pass FDR and contradict the head circumference findings: PFHxS was
strongly associated with an increase in BD (B = 0.7, p < 0.05) and PFDA with a slight
decrease (B = −0.08, p < 0.01).

PFHxS and PFOA had reliably positive yet weak associations with femur length (B=
0.12 (FDR < 0.001); 0.13 (FDR < 0.001), respectively).

EFW showed a strong association with PFDA. PFDA was associated with an increase
in EFW (B = 6.11, p < 0.01); however, this did not pass FDR.

This study was notable for delineating every endpoint by race/ethnicity and by female/male
fetuses, an important step in addressing potential disparities in exposure and reproductive
outcomes. Median PFAS levels are reported separately for each group as well (see Figure 8).
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Ethnicity was self-reported as Hispanic (27.8%), White (26.5%), Black (25.8%), or 
Asian (19.9%). For Hispanics, there was a significant negative association with BD and 
PFDA (B = −0.25, FDR < 0.05). For White people, three PFAS had strong significant positive 
associations with EFW (PFDA (B = 18.58, FDR < 0.01), PFNA (B = 14.3, FDR < 0.1), PFDoDA 
(B = 28.7, FDR < 0.001)); it was similar for AC (PFDA (B = 1.01, FDR < 0.05), PFDoDA (B = 
1.40, FDR < 0.05)). In contrast, for Black people, there was an inverse association with 
PFHxS and AC (B= −0.88, FDR < 0.05). Black people also showed a negative association 
between PFNA and BD (B= −0.20, FDR < 0.05). Both White and Black people showed sig-
nificant positive associations with FL with an FDR of <0.10 or better. White people had 
beta values ranging from 0.25 or less (PFHxS, PFOS; in increasing order) or 0.35 to 0.50 
(PFDA, PFNA, PFDoDA, PFUnDA; in increasing order). Black people’s beta values 
ranged from 0.12 to 0.19 (PFHxS, PFDoDA, PFDA, PFOS, PFOA, N-MeFOSAA; in increas-
ing order). Interestingly, in Asian people, this was generally reversed (beta values from –
0.25 to –0.50: PFNA, PFDA, PFUnDA), PFOS, PFDoDA; decreasing order), though N-
MeFOSAA and PFHxS had positive beta values (0.18 and 0.20, respectively). See Figure 9 
for a summary of these values. 
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Ethnicity was self-reported as Hispanic (27.8%), White (26.5%), Black (25.8%), or Asian
(19.9%). For Hispanics, there was a significant negative association with BD and PFDA
(B = −0.25, FDR < 0.05). For White people, three PFAS had strong significant positive
associations with EFW (PFDA (B = 18.58, FDR < 0.01), PFNA (B = 14.3, FDR < 0.1), PFDoDA
(B = 28.7, FDR < 0.001)); it was similar for AC (PFDA (B = 1.01, FDR < 0.05), PFDoDA
(B = 1.40, FDR < 0.05)). In contrast, for Black people, there was an inverse association with
PFHxS and AC (B= −0.88, FDR < 0.05). Black people also showed a negative association
between PFNA and BD (B= −0.20, FDR < 0.05). Both White and Black people showed
significant positive associations with FL with an FDR of <0.10 or better. White people had
beta values ranging from 0.25 or less (PFHxS, PFOS; in increasing order) or 0.35 to 0.50
(PFDA, PFNA, PFDoDA, PFUnDA; in increasing order). Black people’s beta values ranged
from 0.12 to 0.19 (PFHxS, PFDoDA, PFDA, PFOS, PFOA, N-MeFOSAA; in increasing order).
Interestingly, in Asian people, this was generally reversed (beta values from –0.25 to –0.50:
PFNA, PFDA, PFUnDA), PFOS, PFDoDA; decreasing order), though N-MeFOSAA and
PFHxS had positive beta values (0.18 and 0.20, respectively). See Figure 9 for a summary of
these values.

A total of 55% of fetuses were male and 45% female. Males were more sensitive to
PFAS than females, though PFASs seem to have had a protective effect on growth. AC
and BD were significantly affected in males but not females (AC: PFOS (B = 0.56), PFDA
(B = 0.62), PFDoDA (B = 0.74); BD: PFNA (B = −0.13)). Femur length was affected in both
for PFHxS (male: B = 0.09; female: B = 0.15); additionally, N-MeFOSAA for males (B = 0.17)
and PFNA (B = 0.12), and PFOA (B = 0.19) in females. EFW was not affected in either sex.
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Beyond what can be directly compared between the two studies, Ouidir et al. (2020) [77]
examined other measures of cranium size (cerebral width, inner and outer orbit diameter,
occipital–frontal diameter) and appendicular skeleton lengths (tibia, fibula, radial, ulnar,
humerus, foot). For cranium size in the overall cohort, cerebral width and occipital–frontal
diameter were null. Four PFAS were positively associated with inner orbit diameter with
an FDR of <0.05 (PFHxS and PFNA (B = 0.08), PFDA (B = 0.11), PFOA (B = 0.13)), and
two of those were negative for outer orbit diameter (PFHxS and N-MeFOSAA, B= −0.13).
Hispanic participants were the least affected in the cranium measurements, and White
participants were affected the most. There was no clear difference between male and female
fetuses. For appendicular skeleton length in the overall cohort, every measure (six of six)
showed only positive associations with at least one and as many as four PFAS (of the
eight measured). Hispanic and Asian participants defied the overall trend, showing either
mainly negative or no associations for all measures. There was no clear difference between
male and female fetuses.

Findings in this study are mostly positive (albeit not strong), indicating higher PFAS ex-
posure may increase fetus size or protect against small fetus size. Other studies have found
similar links between PFAS and “better health”, and have noted this correlation may be
partially explained by socioeconomic status (SES) [208]. Other studies of PFAS and determi-
nants of health have shown higher earners may have more access to PFAS-containing goods
or diet [209], and better fetal health is often associated with higher SES [210]. Ouidir et al.
(2020) [77] did control for SES by proxy of maternal education level. The idea that higher
earners have greater access to PFAS-containing goods in interesting because, although
PFAS are found in higher-cost consumer items such as Gore-TexTM clothing, they are also
found everywhere, including in food wrappings that people with lower SES may contact in
lieu of, for example, fresh produce without wrappings. Generally, lower SES comes with
the lack of “freedom from” environmental chemicals that higher earners can more easily
avoid; see BPA-free baby products, organic produce, housing away from industrial areas,
etc. The occasional associations seen here between PFAS and fetal growth may correlate,
and the correlation is yet to be determined. In fact, Ouidir et al. (2020) [77] noted their
findings in utero are inconsistent with anthropometric measures of newborns from the
same NICHD cohort [211].

Overall, associations between plasma PFAS concentrations and fetal growth outcomes
reported in both large studies are inconsistent. Some PFAS compounds were linked to
minor changes in femur length, biparietal diameter, and estimated fetal weight, but these
findings were inconsistent. Smoking, race/ethnicity, and fetal sex may be relevant me-
diators for this endpoint and should be included in future studies. A study since this
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systematic search found PFOA stunted in utero growth, driven by higher stress levels in
mothers [212], emphasizing the interplay between environmental chemicals and the mater-
nal environment. It is thus recommended to include stress, smoking, and the multitude of
factors in the exposome.

4. Conclusions

The impetus for this systematic review was to provide a rigorous, reproducible, and
informative summary of the risks of background level PFAS exposure to reproductive
outcomes in the general population. Exposures during the critical period of pregnancy
affect both mother and fetus, and can have long-lasting effects. This review is one response
to the public health imperative to study xenobiotics and reproduction. It can be used to
inform those dealing with allocating valuable, scarce, and competing resources: grassroots
organizations, government, industry, academia, and society of the realistic risks posed by
ambient PFAS.

In summary, there was no effect on all-cause fertility. There was weak to moderate evi-
dence for increased preterm birth, miscarriage, PCOS- and endometriosis-related infertility,
decreased sperm motility, and DNA health. There was limited yet suggestive evidence
for PFAS and menopause, primary insufficiency, and inconsistent results for fetal growth.
Table 10 summarizes the conclusions of all endpoints.

Table 10. Summary of conclusions.

Endpoint Conclusions

Fertility Clinical pregnancy and infertility were not affected by PFAS.

Preterm birth (PTB)/gestational
age at birth (GAB)

In roughly one-third of all PTB/GAB studies, a decrease in gestational age at birth was
inversely associated with PFOS levels, though the 1–3-day earlier birth is likely clinically

irrelevant for preterm birth, defined as <37 weeks of gestation.

Fetal growth Fetal growth outcomes were inconsistent, though the combination of PFAS and smoking may
play an unconfirmed role in reducing growth.

Miscarriage In two of the three miscarriage studies, PFOA was associated with weakly to moderately
increased odds of miscarriage, especially in parous women.

Menstruation/menopause

Menstrual cycle length and regularity were unaffected, though heavy bleeding was reduced
with nearly every PFAS studied. In a single study, increasing tertiles of PFOA and PFOS

affected menopause approximately one year earlier than the lowest exposure group, and high
total PFAS levels predicted two years earlier. PFOA and PFOS were associated with up to six

times higher odds for primary ovarian insufficiency.

Ovarian health
Lesser studied PFAS such as PFDoDA and PFBS were implicated in increasing odds of PCOS-
and endometriosis-related infertility in women who seek IVF, though this may be due to an

unknown lifestyle factor.

Sperm health Sperm motility was decreased with nearly every PFAS when measured in semen but not serum;
similarly, most PFASs (except PFOA and PFOS) affected DNA stability in semen and serum.

PFOS: perfluorooctane sulfonic acid. PFOA: perfluoroctanoic acid, PFDoDA: perfluorododecanoic acid. PFBS: per-
fluorobutanesulfonic acid.

This review process would have been strengthened by including more recent studies.
The literature search parameters were determined by available resources. The data aggre-
gation presented in the forest plots would have benefitted from more studies reporting
data in the same format (e.g., beta values and odds ratios with 95% CIs) so as to allow
comparison. The included studies were high quality and many had not been systematically
reviewed previously.

Environment played a salient role in many studies, most clearly evidenced by the
obvious differences and sometimes reversals in findings between the large study sites of
Beijing and Yantai conducted in the same method by the same group. Further, only in
smokers did Costa et al. (2019) [73] reveal reductions in fetal growth mid-term, though
these changes did not persist in late gestation.
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One proxy for environment included in a handful of studies was race/ethnicity. This
is a worthwhile step in addressing disparities in exposure and reproductive outcomes.
However, like much of the scientific literature, the minority categories do not follow current
National Academies of Sciences, Engineering, and Medicine (NASEM) guidelines, which
warn against, among other things, grouping nationalities into ethnicities as in [197] (Chinese
and Japanese become “Asian”), [213]. Though NASEM is intended for population genetics
studies, their best practices can improve all science. A more appropriate grouping could
have been by determinants known to be associated with PFAS, rather than race/ethnicity.
Future studies should continue to include ethnicity or ancestry only if explicitly defining
the criteria for those groupings.

It will behoove future studies to use power analyses to plan cohorts large enough to
uncover subtle effects of background exposure, measure and report on lesser-studied PFAS,
include fetal sex as a modifier, supplant the use of self-recall in surveys with more reliable
tools such as menstrual tracking apps in real time, take care to account for reverse causation,
record other exposome factors such as smoking, stress, or other contaminants, and supply
open access raw datasets and journals. Open access datasets will facilitate comparison
across studies using, for example, forest plots of the same test statistic. Open access
publication is essential for reaching every stakeholder, including community members.

Considering all evidence presented above, the authors reason that background levels
of PFAS pose a slight yet significant threat to reproductive health in men and women, and
steps should be taken to reduce exposure when possible.
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