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A B S T R A C T   

Per- and poly-fluorinated substances (PFASs) with endocrine disrupting effect can efficiently transfer across the 
blood-follicle barrier. However, it is still controversial and attracting extensive public concern that whether 
PFASs can affect the human fertility potential. Therefore, we aimed to analyze the associations of women’s 
exposure to PFASs with pregnancy loss, the relevant processes of fertilization, zygote implantation, and embryo 
development by using a prospective cohort study. The women undergoing in vitro fertilization-embryo transfer 
(IVF-ET) treatment were recruited in Beijing City (Beijing Center) and Yantai City (Yantai Center) in China 
during 2015–2017. A total of 305 women were recruited before the IVF-ET treatment. Twelve PFASs were 
measured in their serum samples collected in the day before the IVF-ET treatment, as well as in the human 
chorionic gonadotropin (hCG) day. The three IVF-ET outcomes were included, i.e. hCG test negative, clinical 
pregnancy failure (CPF), and preclinical spontaneous abortion. Nine serum PFASs had detection rate of >70% in 
Beijing and Yantai centers. The exposure patterns to PFASs between these two centers were overall different. For 
Beijing Center, we only found a positive association of perflurodecanoic acid (PFDA) with the risk of CPF [RR =
2.28 (95 %CI: 1.02–5.11)], but there is a reverse trend in Yantai Center with [RR = 0.45 (95 %CI: 0.23–0.85)]. 
However, the serum concentration of PFDA in Beijing Center was relatively lower than that of Yantai Center. 
Other significant associations of the detected PFASs with the IVF-ET outcomes, or with the relevant clinical 
processes, were not found. The multi-pollutant regression model of the Bayesian kernel machine regression 
suggested that there were no joint effects between various PFASs on the concerned outcomes. Overall, we suggest 
that most PFAS were not associated with early pregnancy loss at the current exposure levels. As for the PFDA, 
there may exist susceptibility of different populations.   

1. Introduction 

Per- and polyfluoroalkyl substances (PFASs) are highly versatile 
synthetic compounds and have been extensively used in industrial and 

consumer products since the 1950s–60s (Gao et al., 2018). Some PFASs 
have relatively long elimination half-lives in humans, such as ~5.4 years 
for perfluorooctane sulfonic acid (PFOS) and ~3.8 years for per-
fluorooctanoic acid (PFOA) (Olsen et al., 2007). Of them, PFOS has been 
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listed as a persistent organic pollutant in Annex B of the Stockholm 
Convention (http://chm.pops.int), like some other compounds, such as 
organochlorine pesticides etc., which were all demonstrated to be toxic 
and bioaccumulative in wild animals and human beings (Chen et al., 
2021). PFASs seem to be ubiquitous in human serum and can enter 
follicular fluid (Ma et al., Jan 15 2021; Gao et al., 2019; Louis et al., 
2015; Kang et al., 2020). The blood–follicle transfer efficiencies of PFASs 
range from 50% to 100% (Kang et al., 2020). These findings suggest that 
oocytes may be at high risk for PFAS exposure in serum. PFASs were 
reported to have adverse effects on the subfecundity (Fei et al., 2009), 
which is an important issue worldwide. A prospective study in China 
indicated that the 12-month infertility rates were ~13.6% (Meng et al., 
2015), even higher than in some developing countries (Rutstein and 
Infecundity, 2004), causing heavy psychological and economic burdens. 
Therefore, the potential effects of PFAS exposure on subfertility have 
arose worldwide concern (Green et al., 2020). 

Many toxicological studies have suggested that PFASs exhibit 
endocrine-disrupting effects and reproductive toxicities including 
augment of the risks of polycystic ovarian syndrome (PCOS) (Wang 
et al., 2019), endometriosis-related infertility (Wang et al., 2017), pri-
mary ovarian insufficiency (Zhang et al., 2018), and subfecundity (Fei 
et al., 2009). For example, women’s exposure to PFOA and PFOS might 
reduce their fecundity in Denmark, of which the exposure levels were in 
the average level compared with the previous reports in the developed 
countries (Fei et al., 2009). It also indicated that exposure to PFOA and 
PFHxS, even at lower levels than previously reported, might reduce 
fecundity (Velez et al., 2015). However, some other studies pointed out 
that the relationship between exposure to PFASs and female fecundity 
most likely not causal (Bach et al., 2016). For example, no effects of 
PFAS exposure on the ovarian reserve (Crawford et al., 2017) or PCOS- 
related infertility (Wang et al., 2019) were observed. The current in-
formation suggested that the effects of PFASs in women is insufficient 
and conflicting (Green et al., 2020). Thus, it is critical to clarify the ef-
fects of PFAS exposure on infertility when seeking to develop scientifi-
cally acceptable environmental levels. In vitro fertilization and embryo 
transfer (IVF-ET), the principal assisted-reproductive technology used to 
help couples achieve pregnancy, can yield relevant information, which 
provides an advantage to investigate the adverse health effects of 
various factors. This method has previously been adopted to explore the 
potential reproductive effects of environmental pollutants using a small 
population size (Ma et al., 2021; Crawford et al., 2017; Governini et al., 
2011; Kim et al., 2020; McCoy et al., 2017; Petro et al., 2014). Serum 
sample has been considered as a routine matrix to represent pop-
ulation’s PFASs exposure level (Schümann et al., 2021). Early pregnancy 
commonly refers to the pregnancy within 12 gestation weeks, during 
which the fetus has numerous significant developmental milestones and 
are sensitive to the external exposure (Hansen et al., 2018).Therefore, 
we explored the associations between serum concentrations of PFASs 
and early pregnancy outcomes using a relatively large population un-
dergoing IVF-ET treatment. 

2. Methods 

2.1. Participants and setting 

Women undergoing their first IVF-ET treatment cycles were 
recruited at Peking University People’s Hospital in Beijing City (Beijing) 
and Yuhuangding Hospital in Yantai City (Yantai) of Shandong Prov-
ince, China, during 2015–2017. The detailed recruitment procedures 
and clinical diagnostics have previously been described (Li et al., 2021). 
Briefly, women who chose IVF–ET for assisted reproduction were orig-
inally recruited if they met the inclusion criteria of age 18–40 years, 
body mass index (BMI) 18.5–28 kg/m2, and infertility duration ≥ 12 
months. The exclusion criteria were hydrosalpinx, adenomyosis, thyroid 
dysfunction, hyperprolactinemia, serious cardiovascular disease, dia-
betes mellitus, hormone therapy in the preceding 3 months, as well as 

the endometriosis and PCOS, which have potential associations with the 
risk of early pregnancy loss according to the previous studies (Pinar 
et al., 2018), as well as the physician professional judgments. For the 
female, the fallopian tube obstruction was the dominant pathogenesis. A 
questionnaire was used to collect information on demographics and 
lifestyle characteristics. The fasting serum samples were collected dur-
ing two periods, i.e. in the morning of the day before the treatment cycle 
began (time window-I, TW-I) and the morning of the day before 
injecting human chorionic gonadotropin (hCG-) (time window-II, TW- 
II). The serum samples were separated by centrifugation at 3000 rpm. 
We consider the serum in TW-I as a representation of the normal 
exposure status of PFASs without medicine treatment of ovarian stim-
ulation, and in TW-I as the sample from the time close to the in vitro 
fertilization of the ovum. The average time lag between TW-I and TW-II 
is about 7–12 days. The routine diagnosis and treatment procedures 
were provided in the subsection of “Clinical Diagnosis and Treatment” in 
the Supplementary Materials (SM). There was no case of ectopic preg-
nancy in our study. A total of 305 women were ultimately included, 127 
from Beijing and 178 from Yantai. The population recruitment flowchart 
can be found in Fig. 1. The study was approved by the Institutional 
Review Board of Peking University People’s Hospital, Beijing, China. 
Signed informed consent was obtained from all participants. This study 
is registered in the China Cohort Consortium (No. CCC2020022101, see 
the website: http://chinacohort.bjmu.edu.cn/project/104/). 

2.2. Clinical characteristics 

hCG test-negative (hCG-) was defined as a level < 10 IU 14 days after 
embryo transfer. Clinical pregnancy failure (CPF) was confirmed by 
visualization of absence of gestational sac with a fetal heartbeat evident 
in ultrasonography at 6 weeks of gestation. Preclinical spontaneous 
abortion (PSA) was defined as spontaneous loss of a pregnancy after hCG 
test-positivity of a serum or a urine sample with a level > 10 IU 14 days 
after embryo transfer, but no clinical pregnancy developed. However, 
the ovarian stimulation parameters differed greatly (Table S1). Typi-
cally, higher gonadotropin doses were used in Yantai than in Beijing. On 
the hCG trigger day, the E2 level in Yantai was significantly higher than 
that in Beijing. However, there were no significant between-center dif-
ferences in the three relevant IVF-ET outcomes. The detailed charac-
teristics between the subgroup without hCG-, CPF, and PSA (Subgroup-I) 
and the subgroup with hCG-, CPF, and PSA (Subgroup-II) of the three 
typical outcomes of women undergoing in vitro fertilization–embryo 
transfer in Beijing and Yantai centers were provided in Table S2-S3. For 
the two centers, there were few differences in the characteristics be-
tween the subgroups of the three typical IVF-ET outcomes (Table S2). In 
Beijing, only the residence and the numbers of transplanted embryos 
differed between the two hCG groups. In Yantai, only the numbers of 
transplanted embryos differed by the statuses of hCG-, CPF, and PSA. 

2.3. Exposures 

The details of serum PFAS analyses have previously been described 
(Gao et al., 2018). A total of 12 PFASs were analyzed, which are per-
fluorobutyric acid (PFBA), perfluoropentanoic acid (PFPeA), per-
fluorohexanoic acid (PFHxA), perfluorobutanesulfonate (PFBS), 
perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid (PFOA), per-
fluorohexanesulfonate acid (PFHxS), perfluorononanoic acid (PFNA), 
perflurodecanoic acid (PFDA), perfluorooctanesulfonate acid (PFOS), 
perfluoroundecanoic acid (PFUdA), and perfluorododecanoic acid 
(PFDoA). Briefly, 25 µL serum was diluted in 67 μL Milli Q water and 8 
µL 250 ng mL− 1 isotope internal standard solution in methanol. The 
mixture was homogenized and centrifuged at 11,100 g for 15 min at 4 
◦C. An online solid phase extraction (SPE) method was used for cleanup 
and concentration to provide a small volume of serum. The target PFASs 
were analyzed using the Turboflow-SPE-HPLC-MS/MS system, consist-
ing of the UltiMate 3000 system (Thermo Scientific, USA) and a TSQ 
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Quantivatriple quadruple mass spectrometer (Thermo Scientific). The 
mass spectrometer was operated in the ESI-MS/MS mode with multiple 
reaction monitoring (MRM). In general, two or three transitions (qual-
ifier and quantifier ions) for each compound were chosen to avoid 
interference caused by co-elution of endogenous substances. The data 
quality control was provided in “Serum PFAS Analysis” in SM. 

2.4. Data analysis 

Medians with IQRs were used to describe the distributions of serum 
concentrations of PFAS because their normality was lacking. Relation-
ships among the 12 target PFASs were sought by deriving Spearman 
correlation coefficients. The median PFAS concentrations were used to 
divide participants into two exposure groups (low and high). Mann- 
Whitney U test was employed to compare both PFAS concentrations 
and ovarian stimulation parameters among the subgroups for the 
adverse IVF-ET outcomes. As the prevalence of the three outcomes of 
hCG-, CPF, and PSA were relatively high, log-binomial regression was 
used to estimate the associations between the other PFAS concentrations 
and these outcomes (Strömberg, 1994). In this model, the original values 
of PFAS concentrations was used. The PFAS concentrations was 
dichotomized into two groups as high and low according to median 
values, and classified into four groups by their quartiles. Confounders 
were identified based on the accumulated knowledge of factors associ-
ated with IVF-ET outcomes and PFAS concentrations, as reported in 
previous studies (Mihaela et al., 2018; Loendersloot et al., 2010; 
Maheshwari et al., 2007). In our study, seven confounders were finally 
included when adjusting the regression models: women’s age, BMI, type 
of pathogenesis, stimulation protocol, endometrial thickness on the hCG 
trigger day, number of transferred embryos, and number of cycles of 
embryo transfer. Statistical significance was defined as P < 0.05. SPSS 
ver. 23.0 (IBM Corporation, USA) was used for data organization. The 
statistical analyses were performed using R Studio ver. 3.6.1 (R Studio 
Inc., USA). 

A mixed effect model with random effect was further used to pool all 
the participants from the two cities (Beijing and Yantai). The random 
term was used to control for the clustering effects in the city level in the 
following model, 

Y = β1 × PFASi + β2 × CF1 + β3 × CF2 + …+ βn+1 × CFn + γ(city) (1)  

where Y is the binary variable outcome (0 = No, 1 = Yes), PFASi is the 
individual PFAS homologues, CFn is the nth confounding factor, γ(city) 
represents random terms. The R package “lme4” was adopted to conduct 
the calculation using R Studio ver. 3.6.1 (R Studio Inc., USA) 

The Bayesian kernel machine regression (BKMR) model is a combi-
nation of Bayesian and statistical learning methods to obtain an expo-
sure–response function iteratively by a Gaussian kernel function. To 
assess the synergistic effects of exposure to all PFASs on the risk the 
clinical outcomes of IVF-ET in a BKMR model, the PFASs concentrations 
were logarithmically transformed (Bobb et al., 2018). We implemented 
this regression method by a Markov chain Monte Carlo (MCMC) algo-
rithm with consistent results after 10,000 iterations. The BKMR model is 
given by 

Y = h(PFASs)+ βT Z + e (2)  

where Y is the binary variable outcome (0 = No, 1 = Yes), h(PFASs) is 
the exposure–response link function indicating the associations between 
all PFASs and Y, and Z and β represent the covariates and their co-
efficients, respectively. The BKMR analysis was conducted in R (version 
3.6.0) using the package “bkmr”. 

3. Results 

3.1. Population characteristics 

The demographic and clinical characteristics of the 305 participants 
are shown in Table 1. There were no differences between the two centers 
in age, BMI, residence, active or passive smoking status, occupation, 
hCG-, CPF, and PSA. More Beijing than Yantai women had a college or 
higher education (65% vs. 48%). Besides, the clinical characteristics of 
women treated in either center differed in terms of the overall patho-
genesis type, the stimulation protocol, the fertilization mode, and the 
number of embryo transfer cycles, but not in terms of the primary or 
secondary pathogenesis types or the number of transferred embryos. The 
Yantai Center had higher proportions of cases attributable to female 
(70%) and unexplained (16%) causes of infertility. The stimulation 

Fig. 1. Flowchart of the population recruitment.  
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protocol-III (85%) was more often employed in Beijing; the stimulation 
protocol-I was favored (93%) in Yantai. In addition, Beijing more 
commonly employed the ICSI fertilization mode (34%) and frozen em-
bryo transfer (73%) than did Yantai (13% and 24%, respectively). 

In terms of dietary habits (Table S4), there were no significant 
between-center differences of the ingestion frequencies among various 
food types. 

3.2. Serum PFAS concentrations 

For the serum collected during TW-I, the detection rates (DRs) of the 
12 target PFASs varied by location (Table S5). Overall, eight PFASs 
exhibited DRs > 70% in both centers (PFBA, PFHxA, PFBS, PFOA, 

PFHxS, PFNA, PFDA, and PFOS). In Beijing, the serum concentrations of 
PFBA, PFPeA, and PFHxS were higher than those in Yantai, but reversely 
for those of PFOA, PFNA, PFDA, PFOS, and PFUdA. For the other four 
PFASs, the DRs differed considerably. The DR of PFPeA (72%) in Beijing 
was higher than that in Yantai (39%), whereas the DRs of PFHpA, 
PFUdA, and PFDoA in Beijing were clearly lower than those in Yantai 
(15% vs. 41%, 28% vs. 94%, and 19% vs. 62%, respectively). In Yantai, 
there were higher serum concentrations of PFASs with long-carbon 
chains then in Beijing. 

The correlations between the serum levels of the 12 PFASs at the two 
centers are shown in Fig. 2. The positive correlations between PFOA and 
other PFASs with longer carbon chains were similar, given by the data 
from the two centers. However, the overall correlation patterns of the 12 
PFASs from the two centers were obviously different. There were posi-
tive associations among PFASs with short-carbon chains in Beijing but 
not in Yantai (Group-I in blue). Positive correlations among PFNA, 
PFDA, and PFOS levels were found in Yantai at TW-I, but not in Beijing. 
When the correlations during the two sample collection periods were 
compared, there were relatively consistent positive correlations among 
PFASs with longer carbon chains (from PFOA to PFOS), although some 
correlation coefficients were not statistically significant (Group-II in red 
and Group-III in purple). 

3.3. Association of serum PFAS concentrations with IVF-ET outcomes 

In consideration of the great differences in the PFASs exposure sce-
nario, as well as the clinical and ovarian stimulation parameters, we 
therefore conduct the stratified analysis to obtain the rational risk 
assessment. For the TW-I, we compared the serum concentrations of 
PFASs in the subgroups for the three IVF-ET outcomes (Table 2). It was 
found that only higher levels of PFHpA and PFDA in the Subgroup-II 
than the Subgroup-I in Beijing for hCG- were found. In Yantai, PFAS 
levels did not differ between the two groups. For CPF, we found that only 
higher PFDA levels in Subgroup-II than in Subgroup-I in Beijing, but the 
reversed in Yantai, which also exhibited a lower PFUdA levels. For PSA, 
we found only a lower PFUdA concentration in Subgroup-II than that in 
Subgroup-I in Yantai. No other differences were found in either center. 
In regression analyses, only PFASs with DRs above 75% in both Beijing 
and Yantai were included; we did not consider PFPeA, PFHpA, PFDoA, 
or PFUdA. The associations between their concentrations and risk for 
IVF-ET outcomes were obtained via log-binomial regression model 
(Table 3). For Beijing, we found only consistent positive associations 
between PFDA levels and the risks for both hCG- and CPF, but the 
reverse was true in Yantai. After pooling the data by controlling the 
random effect of locations, there were overall no associations between 
them. Overall, we found no significant associations between PFAS 
concentrations and the three IVF-ET outcomes of hCG-, CPF, and PSA. 
We further classified PFAS levels into quartiles; consistent results were 
obtained (Table S6). No significant dose–response associations between 
any PFAS level and risks for hCG-, CPF, or PSA were found, except for 
PFDA with hCG- in Beijing. However, there were also quartiles that were 
significantly associated with outcomes in some cases, e.g. PFBA with 
hCG- (Level 2, Beijing), PFOA with hCG- (Level 3, Yantai), PFBA with 
CPF (Level 2&3, Yantai), PFNA with CPF (Level 3, Yantai), and 
PFHxAwith PSA (Level 3, Beijing). 

The comparison results of the serum PFAS concentration between 
Beijing and Yantai in TW-II were overall consistent for most PFASs 
including PFHxA, PFBS, PFHpA, PFOA, PFNA, PFDA, PFOS, PFUdA, and 
PFDoA; there were no statistically significant differences for PFBA and 
PFPeA, and a reverse trend for PFHxS in TW-II compared with those in 
TW-I (Table S7). We further compared the PFAS concentrations in serum 
collected during TW-II, and found no significant differences between the 
Subgroup-I and Subgroup-II in terms of the three IVF-ET outcomes, 
except a higher serum PFBA found in hCG- in Yantai than in Beijing 
(Table S8). Overall, we found no associations between PFAS concen-
trations in serum collected during TW-II and the three IVF-ET outcomes 

Table 1 
Characteristics of women undergoing in vitro fertilization-embryo transfer in 
Beijing and Yantai centers.  

Characteristics Subgroup Beijing (N 
= 127)a 

Yantai (N 
= 178) 

pe 

Age (years) <35 104 (82)a 142 (80)  0.645 
≥35 23 (18) 36 (20) 

BMI (kg/m2) <18.5 10 (8) 12 (7)  0.447 
18.5–25 92 (72) 120 (67) 
≥25 25 (20) 46 (26) 

Education Primary or 
lower 

3 (2) 2 (1)  0.013 

Junior high 19 (15) 36 (20) 
High school 22 (18) 55 (31) 
College or 
higher 

81 (65) 85 (48) 

Residence Rural 20 (16) 30 (17)  0.058 
Suburban 26 (21) 19 (11) 
Urban 79 (63) 126 (72) 

Occupation Farmer 14 (11) 12 (7)  0.173 
Non-farmer 111 (89) 166 (93) 

Active smoking No 126 (100) 175 (99)  0.397 
Yes 0 (0) 1 (1) 

Passive smoking No 69 (55) 107 (61)  0.303 
Yes 56 (45) 68 (39) 

Pathogenesis type-I Primary 62 (49) 91 (51)  0.691 
Secondary 65 (51) 87 (49) 

Pathogenesis type-IIf Female 69 (55) 125 (70)  <0.001 
Male 47 (37) 25 (14) 
Unexplained 10 (8) 28 (16) 

Stimulation protocol I 9 (7) 166 (93)  <0.001 
II 10 (8) 12 (7) 
III 106 (85) 0 

Fertilization mode IVF 72 (57) 137 (77)  <0.001 
ICSI 43 (34) 23 (13) 
Half ICSI 12 (9) 18 (10) 

Cycle of embryo 
transfer 

Fresh 34 (27) 134 (76)  <0.001 
Frozen 93 (73) 43 (24) 

Number of implanted 
embryos 

1 12 (9) 17 (10)  0.244 
2 113 (89) 161 (90) 
3 2 (2) 0 

hCG test negativeb No 90 (71)d 115 (65)  0.251 
Yes 37 (29) 63 (35) 

Clinical pregnancy 
failurec 

No 71 (56) 98 (55)  0.883 
Yes 56 (44) 80 (45) 

Preclinical 
spontaneous 
abortiond 

No 71 (79) 98 (85)  0.237 
Yes 19 (21) 17 (15)  

a Data are presented as number or number (percentage). Total number may 
not be equal to the number of the group due to the missing or unknown data. 

b Detection of hCG in serum or urine at as a level of < 10 IU at 14 days after 
embryo transfer. 

c A pregnancy diagnosed by ultrasonographic visualization of absence of 
gestational sacs or definitive clinical signs of pregnancy. 

d A pregnancy with hCG test positive at 14 days after embryo transfer, but 
failed to develop into a clinical pregnancy. 

e Pearson’s χ2 test. 
f For the female, the fallopian tube obstruction was the dominant 

pathogenesis. 
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among the 183 women without or with pooling the whole population, 
except that there were negative association between serum PFNA and 
risk of CPF for TW-II (Table S9). 

We further conducted the multi-pollutant model by BKMR for TW-I 
and TW-II, respectively. It suggested that there were no joint effects 
among the concerned PFASs on the risk of three IVF-ET outcomes 
(Fig. S2). In addition, we found no significant correlations among serum 
levels of PFASs (TW-I) and clinical parameters relevant to IVF-ET out-
comes which included the fertilization and high-quality embryo rates, 
and the basal concentrations of E2, LH, FSH, T, FT4, FT3, and TSH, at 
either center (Table S10). Likewise, we found no significant correlation 
between serum levels of PFASs (TW-II) and the rates of fertilization and 
high-quality embryo production (Table S11). 

4. Discussion 

Overall, we did not find significant associations between serum 
PFASs of infertile women and the clinical characteristics of IVF-ET. Our 

study results did not support that PFASs can cause the adverse effects on 
the embryo implantation, as well as its ongoing development in these 
two typical areas in North China. 

Given the limited data on PFBA, PFPeA, and PFHxA in the literature, 
we compared principally the serum concentrations of the other nine 
PFASs evaluated in previous reports (Table S12). Among them, PFOA 
and PFOS were the two most ubiquitous PFASs, with relatively higher 
concentrations, which is consistent with previous studies (Ma et al., Jan 
15 2021; Wang et al., 2019; McCoy et al., 2017). The PFAS concentra-
tions in our study were much lower than those reported in polluted 
areas, such as the average PFOA level of 26.4 ng mL− 1 in Germany 
(Hölzer, et al., 2008), a PFOS level of 23.7 ng mL− 1 in the Faroes, and a 
PFOA level of 30.7 ng mL− 1 and a PFOS level of 31.1 ng mL− 1 in Osaka, 
Japan (Kärrman et al., 2009/05/01/ 2009). It was summarized that 
typical concentrations of PFOA and PFOS in human plasma were 1–10 
ng mL− 1 and 1–15 ngmL− 1, respectively (Hölzer et al., 2021). Overall, 
the PFAS concentrations in our study were in the mid-ranges of those in 
global regions lacking obvious pollution sources. In China, the PFAS 

Fig. 2. Correlation patterns between various serum PFAS concentrations in Beijing Center during Time Window-I (A) and Time Window-II (B) and Yantai Center 
during Time Window-I (C) and Time Window-II (D). The number of the correlations coefficients with the statistical P-value of > 0.05 were not depicted. The three 
groups were marked according to their correlation patterns of PFASs with various molecular weights for the convenience of comparison. 
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concentrations vary by location. The median concentrations in our study 
were lower than those reported in Shanghai (PFOA 13.8 ngmL− 1 and 
PFOS 10.5 ngmL− 1) (Zhou et al., 2017) and Zhejiang Province, China 
(PFOA 14.8 ng mL− 1) (Ma et al., Jan 15 2021), but clearly higher than in 
rural areas of Shanxi City, China (Liu et al., 2020). The PFAS concen-
trations in serum and follicular fluid were highly comparable (McCoy 
et al., 2017), suggesting that serum levels of PFASs reflect those in 
follicular fluid where the oocytes develop. In China, the pollution status 
of PFASs in various environment mediums has been widely reported, 
including soil (Meng et al., 2018), water (Zhao et al., 2020; Wan et al., 
2017), and air (Yu et al., 2018). It was considered that intensive 
anthropogenic activities involved in urbanization possibly resulted in 
increasing releases of PFASs from industrial and domestic sources, 
especially for Shandong, where the fluorine chemical industries played 
important roles in terms of point emission and contamination of PFAS 
(Meng et al., 2018). Still, PFOS and PFOA are the two leading PFAS 

analogues in these mediums. Among them, PFDA took a relatively small 
fraction of <5% (Zhao et al., 2020; Wan et al., 2017). With the 
decreasing uses of PFOS and PFOA in the recent years, some alternatives 
(i.e., 6:2 fluorotelomer sulfonate acid, hexafluoropropylene oxide dimer 
acid, and chlorinated 6:2 polyfluorinated ether sulfonic acid (Zhao et al., 
2020) and short-carbon chain PFASs (C4–C6) with PFBA as the domi-
nant analogues was observed with an increasing trend of frequency in 
the recent years (Yao et al., 2014). 

Positive intercorrelations among PFASs have been previously re-
ported, with correlation coefficients of 0.34–0.98 among PFOA, PFOS, 
PFNA, PFDA, PFHxS, PFUnDA, and PFHpS (Bjorke-Monsen et al., 2020); 
0.28–0.67 among PFOA, PFOS, PFHpA, PFNA, and PFDA (Starling et al., 
2020); and 0.07–0.98 among PFOA, PFOS, PFHpA, PFNA, and PFDA (Xu 
et al., 2021). Overall, strong correlations were usually evident among 
PFASs with relatively longer carbon chains. This may be because the 
excretion properties differ depending on the carbon chain length (Xu 

Table 2 
Comparison of the serum PFAS concentrations in the subgroup-I without hCG-, CPF, and PSA (Subgroup-I) and the subgroup-II with hCG-, CPF, and PSA (Subgroup-II) 
for the concerned outcomes of in vitro fertilization-embryo transfer in Beijing and Yantai centers.  

PFASs  Beijing Center (N = 127) b  Yantai Center (N = 178) 

DR a Subgroup-I DR Subgroup-I I DR Subgroup-I DR Subgroup-I I 

hCG test negative c 

PFBA 90 0.597 (0.305–0.890) f 92 0.474 (0.385–0.787) 80 0.316 (0.162–0.432) 78 0.282 (0.118–0.422) 
PFPeA 72 0.212 (0.029–0.325) 73 0.142 (0.018–0.258) 37 0 (0–0.100) 41 0 (0–0.114) 
PFHxA 81 0.171 (0.093–0.353) 78 0.143 (0.051–0.314) 81 0.198 (0.124–0.302) 83 0.192 (0.122–0.293) 
PFBS 84 0.448 (0.112–0.784) 78 0.240 (0.052–0.714) 87 0.225 (0.186–0.312) 83 0.234 (0.146–0.352) 
PFHpA 11 0 (0–0.107) 24 0.095 (0.055–0.209)*, g 43 0 (0–0.119) 38 0 (0–0.074) 
PFOA 94 3.562 (1.547–4.654) 97 2.579 (1.641–5.053) 98 5.334 (3.384–8.907) 100 5.892 (3.949–7.614) 
PFHxS 93 3.031 (0.489–7.138) 97 2.36 (0.731–5.905) 97 0.643 (0.498–0.783) 95 0.596 (0.467–0.716) 
PFNA 77 0.164 (0.083–0.233) 81 0.118 (0.069–0.168) 94 0.528 (0.365–0.749) 95 0.613 (0.368–0.83) 
PFDA 90 0.389 (0.241–0.661) 95 0.620 (0.310–0.867)* 98 0.585 (0.44–0.752) 94 0.523 (0.421–0.666) 
PFOS 94 5.214 (3.285–8.537) 97 4.017 (2.182–6.854) 98 6.846 (4.575–9.11) 100 7.021 (4.933–9.575) 
PFUdA0 27 0.101 (0.072–0.191) 32 0.143 (0.094–0.189) 95 0.311 (0.209–0.5) 94 0.265 (0.194–0.418) 
PFDoA 21 0.187 (0.025–0.246) 14 0 (0–0.2) 61 0.123 (0–0.203) 65 0.132 (0–0.198) 

Clinical Pregnancy Failure d 

PFBA 89 0.569 (0.231–0.876) 93 0.554 (0.397–0.859) 81 0.314 (0.164–0.421) 78 0.296 (0.115–0.443) 
PFPeA 68 0.173 (0–0.303) 79 0.165 (0.051–0.271) 38 0 (0–0.098) 40 0 (0–0.113) 
PFHxA 85 0.171 (0.097–0.342) 75 0.143 (0.030–0.356) 82 0.200 (0.124–0.300) 81 0.191 (0.123–0.300) 
PFBS 87 0.448 (0.112–0.795) 77 0.28 (0.065–0.701) 88 0.225 (0.186–0.313) 82 0.230 (0.148–0.352) 
PFHpA 11 0 (0–0.107) 20 0.092 (0–0.138) 42 0 (0–0.114) 40 0 (0–0.082) 
PFOA 94 3.407 (1.490–4.605) 96 3.545 (1.925–5.453) 98 5.231 (3.444–8.962) 100 5.852 (3.620–7.719) 
PFHxS 93 2.868 (0.470–6.982) 96 2.82 (0.777–5.993) 97 0.648 (0.498–0.785) 96 0.601 (0.486–0.734) 
PFNA 75 0.162 (0.08–0.265) 82 0.140 (0.073–0.196) 93 0.557 (0.358–0.816) 96 0.518 (0.372–0.754) 
PFDA 89 0.380 (0.228–0.651) 95 0.557 (0.260–0.794)* 98 0.611 (0.44–0.789) 95 0.514 (0.422–0.642)* 
PFOS 94 5.449 (3.37–8.713) 96 4.349 (2.213–7.043) 98 7.383 (4.744–9.52) 100 6.815 (4.714–8.933) 
PFUdA 28 0.104 (0.072–0.204) 29 0.132 (0.086–0.174) 95 0.333 (0.215–0.534) 94 0.264 (0.183–0.389)** 
PFDoA 21 0.175 (0–0.228) 16 0.138 (0–0.237) 62 0.13 (0–0.212) 62 0.127 (0–0.189) 

Preclinical Spontaneous Abortion e 

PFBA 89 0.569 (0.231–0.876) 95 0.673 (0.460–0.912) 81 0.314 (0.164–0.421) 76 0.376 (0.104–0.456) 
PFPeA 68 0.173 (0–0.330) 89 0.233 (0.160–0.298) 38 0 (0–0.098) 35 0 (0–0.100) 
PFHxA 85 0.171 (0.097–0.342) 68 0.213 (0.007–0.42) 82 0.200 (0.124–0.300) 76 0.190 (0.124–0.375) 
PFBS 87 0.448 (0.112–0.795) 74 0.407 (0.160–0.676) 88 0.225 (0.186–0.313) 82 0.226 (0.157–0.284) 
PFHpA 11 0 (0–0.107) 11 0.041 (0–0.091) 42 0 (0–0.114) 47 0 (0–0.165) 
PFOA 94 3.407 (1.490–4.605) 95 3.973 (2.760–5.453) 98 5.231 (3.444–8.962) 100 5.615 (3.012–7.949) 
PFHxS 93 2.868 (0.470–6.982) 95 4.003 (1.281–9.788) 97 0.648 (0.498–0.785) 100 0.62 (0.523–0.739) 
PFNA 75 0.162 (0.080–0.265) 84 0.178 (0.107–0.217) 93 0.557 (0.358–0.816) 100 0.45 (0.402–0.544) 
PFDA 89 0.380 (0.228–0.651) 95 0.467 (0.252–0.722) 98 0.611 (0.440–0.789) 100 0.508 (0.438–0.582) 
PFOS 94 5.449 (3.37–8.713) 95 4.953 (2.446–7.678) 98 7.383 (4.744–9.520) 100 6.494 (4.494–7.358) 
PFUdA 28 0.104 (0.072–0.204) 21 0.097 (0.075–0.118) 95 0.333 (0.215–0.534) 94 0.239 (0.163–0.289)*** 
PFDoA 21 0.175 (0–0.228) 21 0.253 (0.187–0.311) 62 0.13 (0–0.212) 53 0.098 (0–0.150)  

a DR, detection rate. 
b Number of subjects. 
c Detection of hCG in serum or urine at as a level of less 10 IU at 14 days after embryo transfer. 
d A pregnancy diagnosed by ultrasonographic visualization of absence of gestational sacs or definitive clinical signs of pregnancy. 
e A pregnancy with hCG test positive at 14 days after embryo transfer, but failed to develop into a clinical pregnancy. 
f Data are presented as median value (inter-quartile range). 
g Mann-Whitney U test. 
* P < 0.05. 
** P < 0.01. 
*** P < 0.001. 
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et al., 2020). Short-carbon chain PFASs can be more easily excreted from 
human body (Han et al., 2012), which may result in more variance of the 
intercorrelation between them than that of the long-carbon chain PFASs. 
It suggested that there were certain variations of serum PFASs during the 
ovulation cycle. More serum samples should be collected to characterize 
the exposure status to PFASs if possible. In addition, their different 
correlation patterns of the concerned PFASs indicated the distinguished 
exposure scenarios between the participants living in Beijing and in 
Yantai. The sea surface water of the Chinese Bohai Sea, including the 
area close to Yantai City, had relatively high PFAS concentrations (Zhao 
et al., 2020). In comparison with Yantai as a large coastal city the Bohai 
Sea, Beijing is the most important metropolis city in China inland. The 
living style in the two places are obviously different, which warrant 
further detailed survey information to address. It is therefore worth-
while to assess the associations between PFASs’ exposure and the IVF-ET 
outcomes, respectively. 

After pooling the women in the two cities, our data did not show the 
positive associations between serum PFAS concentrations in the two 
time-windows and the risk of the early pregnancy loss. As for the sig-
nificant associations between some PFASs and the IVF outcomes in some 
quartiles, we are not sure whether there may exist a “U” shape curve of 
the dose–response association between the serum PFAS and the out-
comes of IVF-ET. Overall, the serum PFAS concentrations in our study 
are in the normal level compared with other studies reported in the 
China and abroad. Thus, such dose–response relationship should be 
extrapolated with care. Only one similar previous study has been 

conducted in Zhejiang Province, China, and it reported a nearly double 
PFDA levels compared with our study, but no associations were found 
between PFAS levels and successful in vitro embryo implantation, CPF, 
or live birth, in 96 women undergoing IVF-ET (Ma et al., 2021). It seems 
that the significant association between PFDA concentration and the risk 
for negative IVF-ET outcomes cannot be supported by the previous 
studies. In addition to PFDA, no significant association between any of 
the other nine typical PFASs and risk for hCG-, CPF, and PSA was 
observed; the PFASs evaluated were PFOA, PFOS, PFNA, PFDA, PFUdA, 
PFHxS, PFDoA, PFHpA, PFBS, and perfluorooctane sulfonamide 
(PFOSA) (Ma et al., 2021). For the PSA (i.e. miscarriage generally), there 
were also some controversies on the adverse effects of PFASs. In 
Denmark Odense Child Cohort, a case-control study within apopulation- 
based, prospective cohort during 2010–2012 (including 51 women 
suffering a miscarriage and 204 controls) indicated that there were no 
associations between serum PFOA and PFOS and risk of PSA (Jensen 
et al., 2015), which is consistent with the Longitudinal Investigation of 
Fertility and the Environment (LIFE) study (Louis et al., 2016). How-
ever, a case–control study nested within the Danish National Birth 
Cohort (DNBC,1996–2002) (including 220 pregnancies ending in 
miscarriage during weeks 12–22 of gestation, and 218 pregnancies 
resulting in livebirths) found a monotonic increase in odds for miscar-
riage associated with increasing PFOA and PFHpS levels (Liew et al., 
2020). As this study focused on the miscarriage in relatively large 
gestational weeks than the PSA determined in 4th–6th weeks in our 
study, it can be used as a reference to understand the potential toxicity of 

Table 3 
Relative risks of serum PFAS concentrationsin the time window-I associated with the three typical outcomes of in vitro fertilization-embryo transfer.  

PFASs Beijing Center Yantai Center Beijing + Yantai Centers  

Na cRR (95 %CI)e aRR (95 %CI)f N cRR (95 %CI)e aRR (95 %CI)f N cRR (95%)g aRR (95%)h 

hCG test negativeb 

PFBA 122 0.62 (0.28–1.36) 0.51 (0.20–1.34) 177 0.65 (0.35–1.21) 0.77 (0.39–1.49) 299 0.99 (0.78–1.27) 1.10 (0.80–1.53) 
PFHxA 122 0.73 (0.33–1.59) 0.89 (0.37–2.15) 177 0.97 (0.52–1.79) 0.90 (0.46–1.75) 299 0.70 (0.33–1.50) 0.59 (0.19–1.85) 
PFBS 122 0.73 (0.33–1.59) 0.88 (0.36–2.15) 176 1.28 (0.69–2.38) 1.25 (0.65–2.40) 298 1.00 (0.98–1.02) 1.01 (0.98–1.05) 
PFOA 122 0.73 (0.33–1.59) 0.78 (0.32–1.93) 177 1.30 (0.70–2.41) 1.48 (0.76–2.88) 299 0.99 (0.97–1.02) 1.00 (0.96–1.04) 
PFHxS 122 0.62 (0.28–1.36) 0.64 (0.26–1.60) 177 0.65 (0.35–1.21) 0.72 (0.37–1.39) 299 0.97 (0.93–1.02) 0.96 (0.90–1.03) 
PFNA 122 0.53 (0.24–1.17) 0.50 (0.20–1.25) 177 1.18 (0.64–2.18) 1.29 (0.66–2.52) 299 1.07 (0.76–1.52) 1.33 (0.69–2.58) 
PFDA 122 2.65 (1.17–5.98)* 2.42 (0.98–6.03) 177 0.59 (0.32–1.10) 0.50 (0.26–0.98)* 299 1.25 (0.78–2.01) 1.27 (0.61–2.63) 
PFOS 122 0.62 (0.28–1.36) 0.72 (0.30–1.75) 177 1.07 (0.58–1.98) 1.01 (0.52–1.96) 299 1.00 (0.98–1.03) 1.00 (0.96–1.04) 
Clinical pregnancy failurec 

PFBA 122 1.00 (0.49–2.04) 1.00 (0.44–2.24) 177 0.78 (0.43–1.40) 0.83 (0.43–1.59) 299 1.03 (0.89–1.18) 1.15 (0.83–1.60) 
PFHxA 122 0.77 (0.37–1.57) 0.79 (0.35–1.77) 177 0.93 (0.52–1.68) 0.86 (0.45–1.64) 299 1.02 (0.66–1.58) 1.09 (0.48–2.49) 
PFBS 122 0.77 (0.37–1.57) 0.79 (0.35–1.78) 176 1.10 (0.61–1.98) 1.00 (0.53–1.89) 298 1.00 (0.99–1.02) 1.01 (0.98–1.05) 
PFOA 122 1.14 (0.56–2.33) 1.22 (0.54–2.75) 177 1.23 (0.68–2.22) 1.37 (0.72–2.60) 299 0.99 (0.97–1.01) 0.99 (0.96–1.03) 
PFHxS 122 0.88 (0.43–1.79) 0.91 (0.40–2.03) 177 0.65 (0.36–1.17) 0.70 (0.37–1.32) 299 1.00 (0.97–1.03) 1.00 (0.94–1.06) 
PFNA 122 0.77 (0.37–1.57) 0.76 (0.34–1.70) 177 0.85 (0.47–1.54) 0.94 (0.49–1.79) 299 0.86 (0.63–1.18) 0.91 (0.48–1.75) 
PFDA 122 2.58 (1.24–5.39)* 2.28 (1.02–5.11)* 177 0.49 (0.27–0.89)* 0.45 (0.23–0.85)** 299 1.02 (0.69–1.49) 1.00 (0.49–2.02) 
PFOS 122 0.59 (0.28–1.20) 0.65 (0.29–1.47) 177 0.93 (0.52–1.68) 0.96 (0.51–1.81) 299 0.99 (0.96–1.01) 0.99 (0.95–1.03) 
Preclinical spontaneous abortiond 

PFBA 86 2.00 (0.67–5.94) 2.39 (0.65–8.75) 114 1.29 (0.45–3.66) 1.39 (0.43–4.51) 200 1.09 (0.83–1.42) 1.46 (0.84–2.51) 
PFHxA 86 0.89 (0.31–2.51) 0.74 (0.21–2.68) 114 0.87 (0.31–2.44) 0.91 (0.28–2.99) 200 1.48 (0.89–2.45) 2.14 (0.82–5.60) 
PFBS 86 0.89 (0.31–2.51) 0.69 (0.2–2.42) 113 0.73 (0.26–2.08) 0.68 (0.21–2.14) 199 0.99 (0.94–1.05) 1.02 (0.95–1.09) 
PFOA 86 2.12 (0.71–6.30) 2.26 (0.64–7.95) 114 0.99 (0.35–2.77) 1.13 (0.36–3.53) 200 0.99 (0.94–1.03) 0.99 (0.94–1.05) 
PFHxS 86 1.48 (0.51–4.28) 1.47 (0.43–5.04) 114 0.74 (0.26–2.07) 0.62 (0.20–1.98) 200 1.03 (0.99–1.08) 1.04 (0.96–1.12) 
PFNA 86 1.40 (0.48–4.03) 1.38 (0.41–4.67) 114 0.39 (0.13–1.20) 0.38 (0.11–1.30) 200 0.36 (0.13–0.98)* 0.27 (0.06–1.24) 
PFDA 86 1.90 (0.66–5.42) 1.88 (0.57–6.26) 114 0.40 (0.14–1.17) 0.48 (0.15–1.56) 200 0.59 (0.22–1.63) 0.67 (0.16–2.73) 
PFOS 86 0.63 (0.22–1.80) 0.67 (0.20–2.22) 114 0.69 (0.24–1.95) 0.92 (0.29–2.85) 200 0.94 (0.87–1.02) 0.95 (0.87–1.04)  

* P < 0.05. 
** P < 0.01. 
a Number of subjects. 
b Detection of hCG in serum or urine at as a level of less 10 IU at 14 days after embryo transfer. 
c A pregnancy diagnosed by ultrasonographic visualization of absence of gestational sacs or definitive clinical signs of pregnancy. 
d A pregnancy with hCG test positive at 14 days after embryo transfer, but failed to develop into a clinical pregnancy. 
e Crude relative risk (cRR) and 95% confidence interval (CI) calculated by a log–binomial regression model. 
f Adjusted relative risk (aRR) and 95% CI calculated by a log–binomial regression model adjusted by the confounders of women’s age, BMI, pathogenesis type, 

stimulation protocol, endometrial thickness on hCG trigger day, number of transferred embryonic, and cycles of embryo transfer. 
g Crude relative risk (cRR) and 95% confidence interval (CI) calculated by a log–binomial regression model with city as the random effect. 
h Adjusted relative risk (aRR) and 95% CI calculated by a log–binomial regression model with city as the random effect adjusted by the confounders of women’s age, 

BMI, pathogenesis type, stimulation protocol, endometrial thickness on hCG trigger day, number of transferred embryonic, and cycles of embryo transfer. 
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PFASs. The newest meta-analysis overall concluded that there were no 
significant associations between most detected PFASs and miscarriage 
(Deji et al., 2021). Our cohort study including a total of 305 women 
enrolled in Beijing (127) and Yantai (178) is, to the best of our knowl-
edge, the largest population study to date for the very early pregnancy 
loss. Our work provides a validation on whether PFAS exposure affects 
early pregnancy loss. 

Potential adverse effects of PFASs on fecundity have previously been 
reported (Fei et al., 2009; Velez et al., 2015). However, those previous 
studies did not accurately monitor the early pregnancy status (within 6 
weeks of fertilization). The IVF-ET platform can be used to investigate 
the potential effects of PFASs on ovum fertilization rate, as well as 
embryo implantation and development (Ma et al., Jan 15 2021; Iwasaki 
et al., 2012; Meng et al., 2015; Crawford et al., 2017; Governini et al., 
2011; Kim et al., 2020; McCoy et al., 2017; Petro et al., 2014). Their 
results seem to be controversial. Governini et al. (2011) conducted a 
pilot study on 18 women undergoing IVF-ET and found that patients 
with PFAS contamination of follicular fluid (8 women) exhibited a 
significantly lower fertilization rate and number of embryos transferred 
than the PFAS-negative group (8 women) (Governini et al., 2011). Ma 
et al. (Ma et al., Jan 15 2021) observed that only the PFOA concentration 
in maternal plasma (of 10 detected PFASs) was negatively associated 
with the numbers of retrieved and mature oocytes, 2 PN zygotes, and 
good-quality embryos (Ma et al., Jan 15 2021). However, these findings 
are not supported by most other studies. For example, Petro et al. (Petro 
et al., 2014) found that higher PFAS contamination of the follicular 
micro-environment is associated with a higher chance that an oocyte 
will develop into a high-quality embryo in 38 women (Petro et al., 
2014). Negative results have also been documented in Australia; in a 
study of 97 women, no relationship was found between PFAS levels and 
the fertilization rate (Kim et al., 2020). Likewise, Crawford et al. (2017) 
found no significant association between serum levels of PFAS and 
fecundity or the ovarian reserve of 99 women (Crawford et al., 2017). 
We tend to support the suggestion that PFASs may not interfere with 
fertilization, or embryo implantation or development, at least at the 
levels observed in this study. It has been proposed that the toxic effects 
of PFASs on fecundity may be mediated during the development of 
endometriosis (Wang et al., 2017) or PCOS (Vagi et al., 2014), which can 
further aggravate subfecundity. However, our study excluded these two 
diseases during the recruitment. Although there were certain differences 
in the pathogenesis type of male factor between Beijing and Yantai, the 
fertilization rate and resulted zygotes were similar for each group. We 
therefore consider that there are available sperm to achieve in vitro 
fertilization. We did not address this topic in our study because all 
women produced zygotes with suitable fertilization method. Further in- 
depth studies are required to confirm our findings. 

4.1. Limitations and advantages 

Our study had two important limitations. First, we did not assay 
PFAS levels in the serum of male partners. Second, our study did not 
consider the effect of susceptibility on the early pregnancy among the 
two populations. However, our study had some strengths. First, we used 
a prospective cohort study design, which can provide a relatively useful 
confirmation. Second, to the best of our knowledge, we enrolled the 
largest number of participants to date (305 women) when investigating 
the relationship between PFAS exposure and early pregnancy outcomes. 
Third, the study was simultaneously conducted in two typical cities of 
north China. Beijing is the capital of China, and a very large metropolis. 
Yantai is one of the biggest coastal cities in north China; the lifestyle 
differs from that of Beijing. Our data may thus reflect the overall situ-
ation in China. 

5. Conclusions 

Overall, we concluded that most PFAS were not associated with early 

pregnancy loss at the current average exposure levels. As for the PFDA, 
there may exist susceptibility among different populations. As thousands 
of PFASs are double-edged swords, we cannot live without them, given 
their unique properties. Our work enhances the scientific understanding 
of PFAS toxicity in the real world and will support the preparation of 
reasonable PFAS control policies. 
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