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A B S T R A C T

In April 2023, the World Health Organization (WHO) reported that 17.5% of the global adult population
experience infertility. What may be the contribution of per-and polyfluoroalkyl (PFAS) to this global public
health problem?

This study explored the associations between in vitro fertilization (IVF) outcomes and plasma concentrations
of individual PFAS and PFAS mixtures in women undergoing in vitro fertilization and embryo transfer (IVF-ET)
and how these exposures might affect IVF outcomes. We analyzed 8 PFASs in plasma samples from women (N =

259) who underwent IVF treatment. In multivariable generalized linear mixed models, there were statistically
significant associations of higher plasma concentrations of PFNA with reduced numbers of total retrieved oocytes
[12.486 (95%CI: 0.446,25.418), p trend = 0.017], 2 PN zygotes [6.467(95%CI: 2.034,14.968), p trend = 0.007],
and cleavage embryos [6.039(95%CI: 2.162,14.240), p trend = 0.008]. Similarly, there was a continuous decline
in the numbers of retrieved 2 PN zygotes and cleavage embryos with increasing concentration of PFOS [6.467
(95%CI: 2.034,14.968), p trend = 0.009 and 6.039(95%CI: 2.162,14.240), p trend = 0.031,respectively] and a
negative association between PFHxS concentrations and clinical pregnancy during the initial cycles of frozen ET
[0.525(95%CI:0.410,0.640), p trend = 0.021]. To investigate the joint effect of PFAS mixtures, a confounder-
adjusted BKMR model analysis showed inverse relationship between PFAS mixtures and the number of high-
quality embryos, 2 PN zygotes and cleavage embryos, to which the greatest contributors to the mixture effect
are PFDeA and PFBS, respectively. It demonstrated that PFAS exposure might exert negative effects on oocyte
yield, fertilization and high-quality embryo in women undergoing IVF. These findings suggest that exposure to
PFAS may increase the risk of female infertility and further studies are needed to uncover the potential mech-
anisms underlying the reproductive effects associated with PFAS.
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1. Background

Infertility is generally defined as the inability of a couple to develop
pregnancy even after a year of unprotected frequent sexual intercourse.
In April 2023, The World Health Organization (WHO) reported global
data on infertility (WHO, 2023). The Western Pacific Region had the
highest prevalence of lifetime infertility (23.2%), followed by the Re-
gion of the Americas (20.0%) and the European Region (16.5%) (WHO,
2023; Cox et al., 2022). In countries like China, the rate of female
infertility among reproductive age has increased to a reported preva-
lence of about 25% (Zhou et al., 2018). There are several reasons for
infertility, including advanced reproductive-age, unhealthy lifestyle,
exposure to environmental toxins, and other issues(Swift et al., 2024;
Presunto et al., 2023). Endocrine disruptors (EDCs) have been consid-
ered as one of the factors leading to infertility, impairing female fertility
by altering the hormonal environment that plays an important role in
the pathogenesis of infertility (Green et al., 2021).

Per-and polyfluorinated-alkyl substances (PFAS) are environmental
endocrine-disrupting-chemicals (EDCs) and constitute a wide range of
formulated compounds, characterized by carbon chains varying from 4
to 14 carbons in length adorned with multiple fluorine atoms (Giulivo
et al., 2016; Marks et al., 2021; Padmanabhan et al., 2021). PFAS are
recognized as problematic pollutants with adverse reproductive conse-
quences, and these compounds have been widespread utilized in both
market or commercial uses, including non-stick utensils foodstuffs,
décor, carpets, cosmetics and along with different applications (Liu
et al., 2018; Su et al., 2016; Sunderland et al., 2019). Human pop-
ulations are frequently susceptible to PFAS exposure by inhalation,
ingestion, and dermal exposure (Balk et al., 2019; Rice et al., 2020).
PFAS are often found in urine, serum, follicular fluid, semen, umbilical
cord blood and in infant milk, among other human biological specimens
(Aro et al., 2021; Lamichhane et al., 2021; Zeng et al., 2023a). In the
human body, PFAS exhibit limited elimination, characterized by
half-lives that can extend to 5 years (Rosato et al., 2024). Various in-
vestigations in animal subjects have illustrated a range of toxic effects
associated with PFAS, including impacts on reproduction, development,
and neurological function (Lopez-Arellano et al., 2019; Wang et al.,
2019a). As a result, two challenges arise. On the one hand, increase in
public awareness about the probable threats posed by PFAS exposure to
public health including blood-follicular transfer and associations with
IVF-ET outcomes (Hong et al., 2022a) needs to be a major goal of sci-
entific studies and evidence. On the other hand, practical solutions from
stakeholders should be adopted. Especially considering that these
chemicals are going to be present in the environment for many years to
come, since, in the past, their use has been broadly uncontrolled.

Perfluorooctanoic acid (PFOA) may trigger oocyte apoptosis, ne-
crosis, and corpus luteum dysfunction in pregnant mice through
oxidative stress and apoptotic pathways (Lopez-Arellano et al., 2019;
Chen et al., 2017). Additionally, perfluorobutane sulfonic acid (PFBS),
perfluorononanoic acid (PFNA), and perfluorododecanoic acid (PFDoA)
have been associated with ovarian dysfunction, health issues in female
mice descendants and diminished levels of serum hormone levels (Zhang
et al., 2021; Hjermitslev et al., 2020). In mice, prolonged intake of
perfluorooctane sulfonic acid (PFOS) as been associated to impairing
estrogen production, thus affecting the maturation of follicles and the
process of ovulation (Feng et al., 2015). Observational research in
humans indicate PFAS contact may result in delayed menarche, irreg-
ular menstrual cycles, early onset of menopause, early ovary dysfunc-
tion, and changes in the amounts of systemic sexual hormone level
(Lopez-Espinosa et al., 2011; Zhou et al., 2017; Taylor et al., 2014;
Zhang et al., 2018; Barrett et al., 2015). However, there have been few
and limited studies into the potential pathways through which PFAS
may impair human fertility in spite of recent evidence strengthening the
need for further research (Rickard et al., 2022; Cohen et al., 2023; Xie
et al., 2021).

Epidemiological research has revealed a link between women’s

exposure to PFAS and an increased likelihood of developing polycystic
ovarian syndrome (PCOS), thus impairing women’s sexuality (Di Nisio
et al., 2020; Wang et al., 2019b). In participants conceiving in vitro
fertilization (IVF), PFOA exhibited an inverse relation with fully devel-
oped oocytes, ZPN oocytes, and high-quality embryos (Ma et al., 2021).
Conversely, a separate investigation had elaborated that PFAS in
follicular-fluid exhibit no link with the rate of fertilization (Kim et al.,
2020). Another review study indicated that no strong links between
PFAS concentrations and IVF outcomes were observed in cross-sectional
studies involving women undergoing IVF-ET (McCoy et al., 2017).
Overall, previously published literature exploring the interrelationship
between PFAS and women fertility has had very a scope and published
evidence demonstrates inconsistency in published results.

As part of standard Assisted Reproductive Technology (ART) pro-
cedures, both the outcomes of treatment and collected samples present
valuable prospects for exploring the connection between PFAS levels
and in vitro fertilization (IVF) results, which may provide insights into
the potential impact of PFAS on female reproductive health.

Additionally, we should note that people are exposed to various
PFAS compounds. Unfortunately, most previous studies primarily
examined individual PFAS and did not investigate the possible com-
bined impact of PFAS mixtures on human reproductive capabilities.
Precisely address this gap in knowledge and available evidence, this
study aimed to assess the links between plasma levels of individual PFAS
and PFAS mixtures in women undergoing IVF-ET and how these expo-
sures might affect female IVF outcomes.

2. Materials and methods

2.1. Research participants

We focused on a cohort of 259 female volunteers recruited from
couples receiving in vitro fertilization-embryo transfer (IVF-ET) pro-
cedures at a Chinese "Women’s Hospital” from May 2017 to September
2018. The inclusion/exclusion criteria were defined to exclude as many
other interfering factors as possible, including those that may affect the
ovarian function and IVF outcomes, such as polycystic ovary syndrome,
endometriosis, reproductive tract malformations, hereditary diseases,
immunological factors, male non obstructive azoospermia and donor
sperm or donor egg cycles. Male infertility only included males with
obstructive azoospermia. Unexplained infertility refers to the absence of
a clear cause of infertility, where the female ovaries and male sperm
function normally. Women above the age of 40, as well as those with low
ovulation retention (follicle-stimulating level of hormones greater than
12 mIU/mL or antral follicle counts less than five), were excluded. The
Study follows the STROBE Protocol Statement’s recommendations.

2.2. Collection of blood samples and PFAS measurement

Upon oocyte retrieval day, blood samples were obtained from female
participants and collected in a sterile container with EDTA, amounting
to approximately 1 mL in total. Following collection, the samples were
subjected to centrifugation (1000×g; 10 min). The resulting supernatant
was stored at − 80 ◦C for later research.

Perfluorohexane sulfonic acid (PFHxS), PFOA, PFNA, PFOS, per-
fluorodecanoic acid (PFDeA), perfluoroundecanoic acid (PFUA), PFDoA,
perfluoroheptanoic acid (PFHpA), and PFBS were all found in plasma
samples. The analyses were carried out at Zhejiang University,
employing the procedures outlined in the work of Wang et al. (2016).

PFAS levels were determined using liquid chromatography in
conjunction with a tandem-mass-spectrometry (“HPLC-MS/MS, Agilent
Technologies Inc, USA”). To establish reference values that encom-
passed a combination of nine PFAS compounds, blank fetal-bovine
serum was utilized for comparison and calibration purposes. This
analytical methodology allowed for the accurate measurement of PFAS
levels in the study participants, and internal standards included isotope-
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labeled PFOS and PFOA (13C4-PFOS and 13C4-PFOA).
All measurements were performed with multiple reaction moni-

toring (MRM) in negative electrosprayionization (ESI) mode. The
quantification was conducted through the internal standard approach.
The reference curve was comprised of 6 standard concentration points
spanning from 0.5 ng/mL to 200 ng/mL, exhibited excellent relationship
with correlation coefficients of 0.99 for all the substances. The lower
limits of quantification (LOD) taken at 0.01 ng/mL for PFOA, PFDeA,
PFBS and PFOS, 0.02 ng/mL for PFHxS, PFNA and PFUA, 0.03 ng/mL for
PFHpA, and 0.05 ng/mL for PFDoA. Concentrations lower than the LOD
were substituted by the LOD/√2 in the dataset to account for values
below the detection limit. Furthermore, in subsequent analyses, PFDoA
was excluded if its detection rate was lower than 80%.

2.3. Sex hormone measurement

Blood samples were collected over the first 3 days of a woman’s
menstrual cycle to analyze the foundational hormone profiles, which
comprised follicular-stimulating-hormone (FSH), luteal hormone (LH),
and estradiol (E2). The E2 peak levels were measured on the day of
trigger with hCG. The examinations were executed at a Women’s Hos-
pital School of Medicine.

2.4. Treatment strategies and evaluation of IVF results

This process involved ovarian stimulation following the GnRH
agonist protocol, and the descriptions of IVF outcomes were in accor-
dance with our prior investigation, albeit with minor adjustments (Shen
et al., 2020). In brief, a successful pregnancy was concluded by noting an
elevated plasma β-hCG level and the sonographic observation of fetal
heart pulsations about five weeks succeeding embryo implantation. The
implantation percentage was computed as the ration of visible concep-
tion sacs to the total embryos placed. Whereas, in this study we defined
live birth rate as the total deliveries with single or multiple live neonates
beyond certain gestation period (24-weeks) per embryo transfer inter-
val. Each female participant contributed one IVF cycle to this study, with
all the participants having their first IVF cycle.

2.5. Statistical analysis

Statistics for constant variables were presented as means, standard
deviations (SD), or the median with interquartile range (IQR) for
normalized data. Additionally, we computed Spearman rank correla-
tions between plasma PFAS concentrations in pairs.

To study the association between plasma PFAS levels and IVF effects,
multifactorial combined generalized linear mixed models with unfixed
intercepts was used. We identified total oocytes recovered, 2 PN (two
pronuclei) zygotes, cleavage embryos, high-quality embryos and live
birth were Poisson distribution and the link function was log. Specified
endometrial wall thickness, E2 peak levels and implantation (0,1/3,1/
2,2/3,1) were Gaussian distribution and link function was identified.
Designated Clinical pregnancy and Abortion as Binomial distribution,
and the link function was logit. We utilized different statistical models
for distinct variables. Linear trend analysis identified link between PFAS
concentrations and IVF outcomes, while considering various factors like
age, BMI, infertility diagnosis, stimulation protocol, and Basal hormone
profiles. Similarly, the linkage between PFAS tertile levels and clinical
findings was assessed using multivariable logistic regression. We
assessed linear trends using the median values from each plasma quar-
tile treated as continuous variables. For missing data, we use the Mean
Substitution method in the analysis.

Robustness of the results was testified through: 1) limiting the
analysis to single IVF cycle for each participant; 2) age characterization
of less than 35 years or older than 35 years, and through protocol type
(agonist vs. other) to assess alterations in effects.

Bayesian kernel machine regression (BKMR) was employed to

investigate the potential joint effect estimates of a PFAS on IVF outcomes
(endometrial wall thickness, E2 peak levels, oocytes retrieved, 2 PN
zygotes, cleavage embryos, high-quality embryos, clinical pregnancies,
implantation, abortion, and live birth). The BKMR methodology permits
appraisal of the autonomous connections of distinct PFAS mixture ele-
ments, considering overall combined mixed PFAS exposure.

The PFAS exposure–response connections were evaluated using the
BKMR model (log transformed) and IVF outcomes: a) Determining
overall PFAS mixture effect on IVF outcomes at median individual PFAS
levels and b) Assessing dose-response of individual PFAS on IVF out-
comes while fixing other PFAS at percentiles (25th, 50th, and 75th). The
collective impact of PFAS combinations on IVF findings was assessed by
employing the BKMR models. This involved standardizing all PFAS
mixtures within the 25-75th percentile range with 5th percentile in-
tervals and comparing them to the overall PFAS performance when
standardized at the 50th percentile.

R software (version 4.2.3) was used throughout for data analysis.
Marginal means were conducted using R software with the “emmeans”
package (1.8.4–1) and BKMR model was conducted with the “bkmr”
package (0.2.2) and the number of interactions run is 1000. A statistical
value of less than 0.05 is considered to be significant.

3. Results

3.1. Demographic attributes of participants

As presented in Table 1, the current study comprised 259 partici-
pants. Women’s mean age was 30.14 ± 3.79 y, ranging from 20 to 39 y.
All women currently did not smoke tobacco. The mean BMI was 21.40

Table 1
Demographic characteristics and clinical characteristics among women under-
going in vitro fertilization(N = 259).

Variables Values

Age (y)
Mean ± SD 30.140 ± 3.793
Range 20~39

BMI (kg/m2)
Mean ± SD 21.400 ± 2.558
Range 16.23–28.13

infertility diagnosis
Only female infertility factor 190(78.51%)
Only male infertility factor 34(14.05%)
Unexplained 18(7.44%)

Basal hormone profiles
Estradiol (nmol/L) 102.160 ± 55.775
FSH (IU/L) 6.573 ± 1.849
LH (IU/L) 5.172 ± 5.648

Antral follicle count 12.058 ± 4.594
Ovarian stimulation protocol

Long GnRH agonist 142(54.82%)
GnRH antagonist protocol 88(33.98%)
Others 29(11.20%)

Fertilization procedure
IVF 180(69.50%)
ICSI 75(28.96%)
half ICSI 4(1.54%)

Number of follicles greater than 14 mm 12.266 ± 6.299
Peak estradiol level (pmol/L) 11483.2 ± 6649.236
Gn dosage(IU) 2262.301 ± 1192.646
Endometrial thickness on the day of egg retrieval(cm) 1.105 ± 0.265
Total oocytes retrieved 12.486 ± 6.598
2 PN Zygotes 6.467 ± 4.337
Cleavage embryos 6.039 ± 4.184
High quality embryos 3.050 ± 2.263

Note: Values are represented as mean ± SD, or number (%). Percentages may not
sum to 100% due to number rounding. 2 PN, two pronuclei; BMI, body mass
index; CC, clomiphene citrate. GnRH, gonadotrophin releasing hormone; ICSI,
intracytoplasmic sperm injection; IVF, in vitro fertilization; LH, luteinizing
hormone; SD, standard deviation.
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kg/m2, ranging from 16.23 to 28.13. Infertility was primarily reflected
as female factors in the majority of cases (78.51%), with 13.05% linked
to male infertility, and 7.44% classified as unexplained infertility. In
Table 1, descriptive statistics concerning participant’s baseline hormone
profiles and IVF findings are listed. The extended GnRH-agonist ovarian
stimulation protocol (54.82%) was commonly used. Approximately,
69.5% participants underwent IVF, while 28.96 % opted for ICSI, and
1.54% chose half-ICSI. On average, female participants yielded 12.5 ±

6.6 oocytes per cycle. Furthermore, each cycle produced an average of
6.5 ± 4.3 successfully fertilized oocytes (2 PN zygotes), leading to the
development of 3.1 ± 3.3 good-quality embryos by day 3.

3.2. PFAS concentration and correlation in Women’s plasma

Regarding PFAS distribution and correlation in women plasma (as
shown in Table 2), eight PFAS (PFHxS, PFOA, PFNA, PFOS, PFDeA,
PFUA, PFHpA, and PFBS) remained noticed in over 85% of plasma
samples. The PFAS distribution and LODs are shown in Table 2, with
PFOA having the greatest mean concentration (19.11 ng/mL), preceding
PFOS (11.37 ng/mL). Notably, PFHxS, PFOA, PFNA and PFDeA
exhibited robust and positive correlations among themselves (r =

0.238–0.762, p＜0.001; Table S1), PFOS levels were positively linked to
PFNA (r = 0.566, p＜ 0.001; Table S1), and PFHpA was positively
associated with those of PFOA and PFBS, respectively (r = 0.219, p ＜
0.001; r = 0.226, p ＜ 0.001; Table S1).

4. Associations of individual plasma PFAS with IVF outcomes

In multivariable generalized linear mixed models, accounting for
female participant’s age, BMI, infertility diagnosis, stimulation protocol,
and baseline hormonal profiles, this study identified statistically sig-
nificant connections between plasma PFNA levels and decreased
numbers of total retrieved oocytes[12.486(95%CI: 0.446,25.418), p
trend = 0.017], 2 PN zygotes [6.467(95%CI: 2.034,14.968) p trend =

0.007], and cleavage embryos [6.039(95%CI: 2.162,14.240) p trend =

0.008] (Table 3).
Specifically, females in the highest plasma PFNA concentration

quartile (ranging from 2.337 to 32.191 ng/mL) yielded an average of
1.33 fewer retrieved oocytes, 0.88 fewer 2 PN zygotes, and 0.79 fewer
cleavage embryos compared to females in the lowest PFNA quartile
(0.184–1.127 ng/mL), for which 95% confidence intervals were (10.00,
12.96), (4.56, 6.24), and (4.25,5.84), respectively. Likewise, a consis-
tent decrease in the number of retrieved 2 PN zygotes and cleavage
embryos was observed with increasing PFOS concentration [6.467(95%
CI: 2.034,14.968), p trend = 0.009 and 6.039(95%CI: 2.162,14.240), p
trend = 0.031 respectively], indicating statistical significance. In the
highest plasma PFOS concentration quartile, female participants had
0.71 fewer 2 PN zygotes and 0.47 fewer cleavage embryos compared to
females in the lowest quartile, respectively. However, the difference for
the total number of retrieved oocytes between the groups was not sig-
nificant (Table 3). Significant dose-response associations of plasma
PFOA concentrations and E2 (peak) levels are shown in Table 3(p trend =

0.016). This study also explored the impact of PFAS exposure on females
experiencing their initial fresh ET cycles (n = 160). After adjusting for

females age, BMI, infertility diagnosis, stimulation protocol, and base-
line hormone profiles, there was no observable dose-response correla-
tion between plasma PFAS concentrations and reproductive outcomes
(refer to Table S2).

However, this study observed a negative association between PFHxS
concentrations and clinical pregnancy during the initial cycles of frozen
ET [n = 80,0.525(95%CI:0.410,0.640), p trend = 0.021, Table S3].
Multivariable generalized linear mixed models did not suggest associa-
tions of the other PFAS with clinical pregnancy, implantation, abortion
and live birth.

4.1. Associations of PFAS mixture with IVF outcomes

To investigate the joint effect of PFAS mixtures, this study conducted
a confounder-adjusted BKMR model analysis. We showed the impact of
the PFAS mixtures on the good-quality embryos, the 2 PN zygotes and
cleavage embryos through BKMR analysis. (Fig. 1A, Fig. S1A, Fig. S2A,
respectively). Univariate exposure-response relationship for 8 PFAS
(Fig. 1C, Fig. S1C, Fig. S2C) represent the link between these chemicals
and high-quality embryos, the 2 PN zygotes or cleavage embryos in IVF
when all other PFAS held at median levels. Individual response rela-
tionship for the 8 kinds of PFAS are depicted in Fig. 1D, Fig. S1D and
Fig. S2D, respectively.

The results of this study indicated that there might be a negative
correlation between plasma PFAS mixtures and the quantities of good-
quality embryos, 2 PN zygotes, and cleavage embryos.(as presented in
Fig. 2, Table 4; Fig. S1B, Table S5; Fig. S2B, Table S7, respectively). For
instance, when comparing the 75th percentile of the PFAS mixture levels
fixed at the exposure distribution with the 50th percentile, we observed
a decreased posterior mean estimate of high-quality embryos (− 0.13%;
95% CI: − 0.57, 0.003) (Table 4). Furthermore, this study investigated
the distinct contributions of individual PFAS components to the overall
association of PFAS mixtures. Our analysis revealed that PFUA and
PFOA were notably correlated with a reduced number of good-quality
embryos, while all other PFAS held at the 25th, 50th, and 75th per-
centiles (Table S5). Through the estimation of posterior inclusion
probabilities (PIPs), BKMR identified PFOA as the primary contributor
to the overall trend and its correlation with lowered 2 PN zygote
numbers (Table S6). Specifically, the individual fluctuations in PFOA
levels from 25th to 75th percentiles were − 0.39(95% CI: 1.35, 0.58),
− 0.37 (95% CI: 1.33, 0.59), − 0.36 (95% CI: 1.33, 0.61) lower odds of 2
PN zygotes, with other PFAS held at their median concentrations
(Table S6). This study also examined intermediate outcomes, such as the
number of cleavage embryos, and found that the association patterns
remained similar (Table S8). This study did not observe evidence of
plasma PFAS mixture with endometrial wall thickness, E2 peak level,
clinical pregnancy, implantation, abortion and live birth (Tables S9–14)
(see Fig. 3).

5. Discussion

5.1. Key findings summary

In this study, we detected clear relationships between several PFAS
levels and IVF findings. The analysis undertaken of PFAS as a composite
revealed a possible adverse relationship between the PFAS mixture and a
reduction in the quantities of good-quality embryos, 2 PN zygotes, and
cleavage embryos. Furthermore, PFOA, PFOS and PFUA appeared to
dominate the association. Nonetheless, no interrelationship was
observed among the PFAS and implantation, clinical pregnancy or live
birth in IVF.

The data generated in this study suggests that PFOA and PFOS were
the predominant PFAS detected in humans, which is consistent with
prior research (Cariou et al., 2015; Velez et al., 2015; Li et al., 2017). The
median PFOA levels in this study (15.6 ng/mL) and other study con-
ducted in Shanghai (14.7 ng/mL) were found elevated compared to

Table 2
Concentrations (ng/mL) of detected PFAS in 259 women plasma.

PFAS Detection(%) Mean ± SD Median (Q1, Q3)

PFHxS 100 1.796 ± 1.321 1.295(0.811,2.421)
PFOA 100 19.11 ± 13.187 15.645(8.411,26.438)
PFNA 100 2.141 ± 2.909 1.620(1.127,2.337)
PFOS 95.75 11.37 ± 28.038 4.978(0.998,10.562)
PFDeA 96.91 2.799 ± 4.573 1.495(0.787,2.801)
PFUA 93.82 1.735 ± 6.555 0.207(0.079,0.854)
PFHpA 100 0.293 ± 0.608 0.148(0.117,0.178)
PFBS 95.75 0.056 ± 0.079 0.037(0.030,0.053)
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Table 3
Plasma concentrations of PFAS in relation to ovarian stimulation outcomes among 259 women contributing to fresh IVF cycles in the study.

PFAS E2(peak) pmol/L endometrial thickness
(cm)

Total oocytes
retrieved

2 PN Zygotes Cleavage
embryos

High quality
embryos

PFHxS
Q1(0.203–0.811) 12247.77(10488.75,14006.79) 1.12(1.05, 1.19) 12.03(10.36,13.71) 6.68(5.47,

7.89)
6.18(5.02,7.35) 2.89(2.25,3.53)

Q2(0.811–1.295) 11264.15(9696.39, 12831.92) 1.08(1.02, 1.13) 12.08(10.51,13.64) 6.51(5.45,
7.57)

6.16(5.12,7.19) 2.91(2.28,3.53)

Q3(1.295–2.421) 11123.59(9530.45, 12716.73) 1.12(1.05, 1.18) 12.8(11.05,14.54) 6.06(5.04,7.08) 5.69(4.73,6.64) 3.06(2.55,3.58)
Q4(2.421–7.616) 11288.77(9576.31, 13001.22) 1.11(1.04, 1.18) 13.05(11.45,14.64) 6.62(5.59,

7.64)
6.12(5.12,7.13) 3.34(2.89,3.79)

p-Trend 0.1237 0.4804 0.0549 0.6583 0.6352 0.1232
PFOA
Q1(3.339–8.411) 12401.63(10700.36,

14102.90)
1.12(1.06, 1.19) 12.71(10.95, 14.47) 6.46(5.32,

7.60)
6.06(4.96, 7.16) 3.08(2.39,3.76)

Q2(8.411–15.645) 11345.72(9633.38,13058.07) 1.10(1.04, 1.17) 12.31(10.69, 13.93) 6.35(5.28,
7.43)

5.88(4.85, 6.90) 2.74(2.15, 3.33)

Q3(15.645–26.438) 11970.4(10312.80,13628.00) 1.08(1.02, 1.13) 12.97(11.26, 14.68) 6.48(5.42,
7.53)

6.06(5.01, 7.12) 3.09(2.65,3.53)

Q4(26.438–62.296) 10174.79(8659.02,11690.57) 1.11(1.04, 1.19) 11.95(10.48, 13.43) 6.58(5.53,
7.63)

6.16(5.15, 7.16) 3.30(2.80,3.79)

p-Trend 0.016* 0.4595 0.4193 0.7393 0.7333 0.2992
PFNA
Q1(0.184–1.127) 11197.09(9559.39, 12834.8) 1.08(1.02, 1.15) 12.81(11.26, 14.37) 6.28(5.27,

7.29)
5.84(4.87,6.82) 2.75(2.20, 3.30)

Q2(1.127–1.620) 11951.46(10200.34,13702.58) 1.14(1.06, 1.21) 13.17(11.54, 14.79) 7.64(6.47,
8.80)

7.23(6.07,8.40) 3.65(3.01, 4.29)

Q3(1.620–2.337) 11697.92(9867.12,13528.7) 1.06(0.99,1.13) 12.48(10.60, 14.37) 6.53(5.33,
7.73)

6.03(4.89,7.17) 2.92(2.40, 3.44)

Q4(2.337–32.191) 11085.23(9685.85, 12484.61) 1.14(1.08,1.2) 11.48(10.00, 12.96) 5.40(4.56,
6.24)

5.05(4.25,5.84) 2.86(2.35, 3.37)

p-Trend 0.9666 0.8584 0.0165* 0.0073* 0.008* 0.6664
PFOS
Q1(0.007–0.998) 10985.42(9373.32, 12597.52) 1.09(1.03, 1.15) 12.92(11.44, 14.4) 6.73(5.71,

7.75)
6.12(5.13, 7.12) 2.86(2.31, 3.41)

Q2(0.998–4.978) 12498.25(10777.88,
14218.61)

1.09(1.02, 1.16) 12.71(11.02, 14.41) 7.30(6.11,
8.49)

6.94(5.74, 8.13) 3.35(2.73, 3.97)

Q3(4.978–10.562) 10307.47(8827.34, 11787.59) 1.12(1.05, 1.19) 12.38(10.68, 14.07) 5.80(4.92,
6.68)

5.44(4.62, 6.26) 3.09(2.60, 3.59)

Q4
(10.562–320.752)

12115.92(10351.73,
13880.12)

1.11(1.05, 1.18) 11.94(10.24, 13.63) 6.02(4.86,
7.17)

5.65(4.55, 6.74) 2.89(2.32, 3.47)

p-Trend 0.8354 0.7904 0.0942 0.0094* 0.0313* 0.8602
PFDeA
Q1(0.007–0.787) 11361.54(9683.36, 13039.72) 1.12(1.05, 1.18) 13.22(11.69, 14.74) 6.83(5.68,

7.97)
6.34(5.24, 7.44) 2.86(2.24, 3.48)

Q2(0.787–1.495) 10673.27(9323.72, 12022.82) 1.11(1.04, 1.18) 12.41(10.87, 13.95) 6.76(5.88,
7.63)

6.28(5.43, 7.12) 3.15(2.63, 3.67)

Q3(1.495–2.801) 11619.74(9793.45, 13446.03) 1.10(1.02, 1.17) 11.94(10.09, 13.79) 5.78(4.70,
6.86)

5.51(4.45, 6.56) 3.02(2.45, 3.59)

Q4(2.801–37.998) 12299.53(10551.28,
14047.78)

1.09(1.04, 1.15) 12.39(10.75, 14.03) 6.50(5.30,
7.70)

6.03(4.87, 7.19) 3.17(2.63, 3.72)

p-Trend 0.2224 0.3275 0.1343 0.1649 0.2113 0.4145
PFUA
Q1(0.014–0.079) 10984.98(9560.61, 12409.36) 1.13(1.06, 1.2) 12.58(11.11, 14.04) 6.11(5.15,

7.07)
5.64(4.73, 6.55) 2.64(2.14, 3.14)

Q2(0.079–0.207) 11164.2(9481.02, 12847.38) 1.10(1.04, 1.16) 12.34(10.75, 13.93) 6.72(5.60,
7.85)

6.25(5.13, 7.36) 3.45(2.84, 4.05)

Q3(0.207–0.854) 11444.29(9875.74, 13012.85) 1.09(1.03, 1.15) 12.20(10.49, 13.91) 6.48(5.38,
7.58)

6.05(5.05, 7.05) 2.94(2.39, 3.48)

Q4(0.854–59.015) 12324.00(10416.35,
14231.65)

1.10(1.03, 1.17) 12.83(11.03, 14.63) 6.55(5.42,
7.69)

6.22(5.08, 7.35) 3.17(2.58, 3.76)

p-Trend 0.3894 0.4057 0.7495 0.4463 0.2673 0.2726
PFHpA
Q1(0.041–0.117) 11809.23(9964.86, 13653.61) 1.08(1.01, 1.15) 12.97(11.20, 14.74) 6.26(5.28,

7.24)
5.89(4.95, 6.83) 3.03(2.44, 3.62)

Q2(0.117–0.148) 11787.39(10185.45,
13389.34)

1.14(1.07, 1.21) 12.4(10.84, 13.97) 6.57(5.49,
7.65)

6.03(5.00, 7.06) 3.31(2.71, 3.91)

Q3(0.148–0.178) 11019.05(9380.22, 12657.87) 1.10(1.05, 1.16) 12.65(10.88, 14.43) 6.52(5.41,
7.64)

6.17(5.07, 7.28) 2.86(2.37, 3.35)

Q4(0.178–7.464) 11295.28(9752.77, 12837.79) 1.09(1.03, 1.16) 11.92(10.47, 13.38) 6.52(5.36,
7.67)

6.06(4.96, 7.17) 2.98(2.43, 3.54)

p-Trend 0.6340 0.8483 0.1416 0.6126 0.6319 0.5380
PFBS
Q1(0.007–0.030) 10831.77(9262.01, 12401.53) 1.12(1.04, 1.20) 12.26(10.60, 13.93) 6.61(5.47,

7.74)
6.13(5.11, 7.15) 3.16(2.59, 3.74)

(continued on next page)
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values cited in previous researches (Louis et al., 2015; Raymer et al.,
2012). The discrepancies in levels of different types of PFAS might be
attributed to: varying exposure sources in regions (Pan et al., 2014),
various dietary sources of PFAS exposure (Domingo et al., 2017), as well
as the diverse composition of study participants. Due to concerns related
to human health risks, PFOA and PFOS have been restricted or banned in
many Western countries. However, there have been no relevant public
policies announced in China so far (Lim et al., 2011; Karwacka et al.,
2019).

5.2. Comparison of previous research evaluating individual PFAS and IVF
results

Examination of PFAS exposure and IVF findings in prior studies has
yielded mixed findings. In line with findings of this study, another
Chinese cohort (n = 96 couples) discovered a link between higher
mother’s serum PFOA contents and a lower number of developed oo-
cytes and good-quality embryos. It is important to note, though, that the
authors of that other study did not furnish details regarding the com-
bined impact of PFAS mixtures (Ma et al., 2021). A second cohort study
in China also found that higher PFOA or PFOS were related with fewer
good-quality embryos from intermediate IVF outcomes; however, the
evidence generated failed to establish the association involving PFAS
and sexual results (Zeng et al., 2023b). Differing from our findings,
research conducted in Australia found no significant connection be-
tween eight distinct PFAS compounds in follicular fluid and the fertil-
ization rate (Kim et al., 2020). Similarly, Hong et al. in China reported an
absence of correlation between concentrations of PFAS follicular fluid
and IVF results (Hong et al., 2022b). On the contrary, a study in Belgium
arrived at contrasting results. The authors employed a principal
component analysis, and it indicated that when considering various
factors including maturity, estradiol levels, BMI, male subfertility, and
the prevalence of other organic compounds, overall PFAS content in
follicular fluid found to be linked to accelerated fertilization rate (Petro
et al., 2014). Overall, our results of negative associations between
several PFAS and the variety of matured embryos and oocytes, which are
of outstanding value, 2 PN zygotes, and cleavage embryos are in line
with some previously reported findings.

5.3. Contrasting with previous research on PFAS mixtures and IVF results

While individuals have experienced various PFAS, limited research
has focused on quantifying the collective effects of PFAS mixtures on IVF
findings. Our study, as a first report of undergoing research, suggests
that PFAS mixtures might have a negative impact on women’s fertility
by influencing both the quantity and quality of embryos. Applying
BKMR and quantile approaches, we identified analogous links between
PFAS and IVF results in our examination of PFAS, whether considered
individually or as a composite.

Furthermore, within our investigation, we discerned that the over-
arching pattern exhibited substantial statistical significance within sin-
gular models. Notably, females with PFNA levels in the uppermost
quartile displayed the lowest total oocyte retrieval. The achievement of
fertilization and early embryo growth is intimately linked to the
developmental capacity of the oocyte (Schier, 2007). Additionally, an-
imal experimental studies in vitro demonstrated that exposure to PFOS
can potentially compromise quality of the oocyte through interfering
with ovarian meiotic competence and proliferation (Chen et al., 2021;
Wolf et al., 2012; Sant et al., 2018).

Studies have also demonstrated that PFOS and PFNA can hinder
oocyte maturation through the interruption of mitochondrial activity,
the induction of oxidative stress, and the initiation of oocyte apoptosis

Table 3 (continued )

PFAS E2(peak) pmol/L endometrial thickness
(cm)

Total oocytes
retrieved

2 PN Zygotes Cleavage
embryos

High quality
embryos

Q2(0.030–0.037) 11820.52(10187.69,
13453.35)

1.07(1.01, 1.13) 12.62(11.01, 14.24) 6.64(5.60,
7.67)

6.23(5.21, 7.24) 3.27(2.72, 3.82)

Q3(0.037–0.053) 10502.19(9081.68, 11922.7) 1.09(1.04, 1.15) 11.81(10.34, 13.28) 5.84(4.85,
6.83)

5.53(4.53, 6.53) 2.86(2.24, 3.47)

Q4(0.053–0.748) 12840.37(10885.37,
14795.36)

1.14(1.07, 1.21) 13.30(11.47, 15.13) 6.84(5.68, 8) 6.30(5.16, 7.44) 2.92(2.43, 3.41)

p-Trend 0.6905 0.5617 0.2639 0.9185 0.8692 0.2344

Note: The mean values and 95% confidence interval of oocytes/embryo counts were present in the table. Models were run using Poisson regression with log link. The
lowest tertile of plasma PFAS content were considered as reference. Models adjusted for women’s age, BMI, infertility diagnosis, stimulation protocol, and Basal
hormone profiles.

Fig. 1. The result of 3000 iterations.

Fig. 2. The result of 10000 iterations.
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(Chen et al., 2021; Jiao et al., 2021). In a laboratory setting using bovine
oocytes, Hallberg et al. ascertained that early embryo development was
influenced by exposure to PFOS levels pertinent to humans, potentially
leading to detrimental effects on subsequent development (Hallberg
et al., 2021). Therefore, evidence suggests that PFAS may impact the
oocyte potential development and the process of fertilization, which is a
cause for concern. Further epidemiological analysis is needed to estab-
lish the possible adverse interactions between exposure to PFAS and
ovulation.

In addition, the results from our investigation suggest that there was
a lack of correlation between the outcomes of initial frozen ET cycles and
the PFAS mixtures. However, we found that there was an inverse rela-
tionship between PFHxS concentrations and clinical pregnancy rate in
individual models from initial frozen ET cycles (trend p = 0.02). Despite
conflicting results, in our study it appears that decreased implantation
rate occurs in high PFAS-exposure women. The failure of embryo im-
plantation can be attributed to factors such as oocyte maturation,

embryo quality, impaired endometrial receptivity, and deficient
embryo-endometrium signaling (Xiao et al., 2011). Thus, we can suggest
that prolonged exposure to PFAS may have a more significant effect on
embryos or endometrium than short-term exposure on women’s
implantation.

5.4. Biological mechanisms

The ovary’s principal functions encompass the creation, develop-
ment, and discharge of the female germ cell (oocyte), while also pro-
ducing gender hormones and peptide compounds that regulate
reproduction-related functions (Cavalcante et al., 2023). Though a
particular species study has revealed that PFAS can contribute to the
development of follicles in the ovary and produce oocytes (Chen et al.,
2021; Hallberg et al., 2021; Dominguez et al., 2016), the exact mecha-
nistic understanding of PFAS-induced fluctuations on the human
reproductive system need to be further uncovered. Endometriosis

Fig. 3. The value of Sigsq. eps and β after approximately 1000 iterations.
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appears to be confirmed by PFBS intake, consequently raising the pos-
sibility of female infertility (Wang et al., 2017). Based on available
findings, PFAS exposure has the capacity to promote cell death in adult
granulosa cells of the ovary and interfere with steroid synthesis in both
granulosa and porcine theca cells, regardless of gonadotropic stimula-
tion (Zhou et al., 2020; Chaparro-Ortega et al., 2018). Research has
documented a link between elevated PFOS levels and decreased estra-
diol and progesterone levels (Barrett et al., 2015). In parallel, serum
testosterone exhibited a noteworthy correlation with the concentrations
of PFOA, PFHxS, and PFNA (Heffernan et al., 2018). Specifically, PFOS
are recognized as a substance having negative consequences on repro-
duction (Ding et al., 2020; Tsuda, 2016). Hence, evidence generated in
this study can also contribute to raise public awareness on the delete-
rious effects of certain PFAS on human healthy reproduction.

The correlation between PFAS exposure and a reduced quantity of
high-quality embryos could be explained by the activation of peroxi-
some proliferator–activated receptors (PPARs). PPARs have a significant
role in male and female germ cell function and oocyte maturation (Wolf
et al., 2012; Maradonna et al., 2018). The interaction of PFAS with
PPARs might disrupt steroidogenesis response elements, leading to
negative effects on follicular development and, consequently, embryo
development. However, the PFAS doses delivered in animal research
exceeded the PFAS amounts frequently observed in the general human
population, which may possibly induce a variety of harm routes and
mechanisms. In purview of possible threat of PFAS to human fertility,
forthcoming research should incorporate experimental studies involving
PFAS doses mirroring typical human exposure levels and combinations
of these substances.

5.5. Strengths and limitations

In this cohort research, we identified connections between PFAS
mixtures and both fertilization and development of high-quality em-
bryos among women undergoing IVF. Subsequent studies need to delve
into both the individual and combined impacts of PFAS on fertility status
of women throughout the reproductive journey. Additionally, it is
necessary to scrutinize the consistency of these results across different
population groups. Further efforts also are needed to elucidate the po-
tential mechanisms underlying the reproductive effects associated with
PFAS. Our study faced a limitation in which the analysis to only cycles
with fresh embryo transferred may induce a selection bias. And, we did
not calculate the group PIPs and conditional PIPs, that might affect the
accuracy of the results. Additionally, we have considered recent evi-
dence on research trends and methods while planning this study
(Antunes, 2022; Chen et al., 2022; Chen and Qin, 2023; Dsouza, 2022;

Dsouza et al., 2023; Ferreira et al., 2023; Gao et al., 2024; Han et al.,
2023; Jacennik et al., 2022; Jia et al., 2023; Kehinde et al., 2023; Li
et al., 2022; Lloyd Williams, 2022; Loureiro Pais Batista et al., 2023;
Monachino, 2022; Moreira, 2022; Nguyen, 2022; Niu, 2023; Song and
Xie, 2023; Sun et al., 2023; Tian et al., 2023; Wang et al., 2024; Wei,
2023; Wei and Xue, 2022; Zhang et al., 2022a,b,2023a,b)

6. Conclusions

In this observational research, we found that PFAS mixtures may be
associated with fertilization and high-quality embryos in women un-
dergoing in vitro fertilization.

Subsequent research endeavors ought to delve deeper into both the
individual and cumulative impacts of PFAS on human reproductive ca-
pabilities throughout the entire reproductive timeline. Moreover, it is
important to assess the repeatability of these outcomes within various
demographic groups. Additional research is required to uncover the
potential mechanisms underlying the reproductive effects associated
with PFAS.
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