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Abstract

The objective of this study was to determine the associations between maternal exposure to PFASs and infant birth weight and
to explore evidence for a possible dose-response relationship. Four databases including PubMed, Embase, Web of Science,
and Medline before 20 September 2022 were systematically searched. A fixed-effect model was used to estimate the change
in infant birth weight (g) associated with PFAS concentrations increasing by 10-fold. Dose-response meta-analyses were
also conducted when possible. The study follows the guidelines of the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA). A total of 21 studies were included. Among these studies, 18 studies examined the associa-
tions between PFOA and birth weight, 17 studies reported PFOS, and 11 studies discussed PFHxS. Associations between
PFHxS (ES = —5.67,95% CI: —33.92 to 22.59, P = 0.694) were weaker than those for PFOA and PFOS (ES = —58.62, 95%
CI: —85.23 to —32.01, P < 0.001 for PFOA; ES = —54.75, 95% CI. —84.48 to —25.02, P < 0.001 for PFOS). The associa-
tion was significantly stronger in the high median PFOS concentration group (ES = —107.23, 95% CI: —171.07 to —43.39,
P < 0.001) than the lower one (ES = —29.15, 95% CI: —63.60 to —5.30, P = 0.097; meta-regression, P = 0.045). Limited
evidence of a dose-response relationship was found. This study showed negative associations between maternal exposure
to PFASs and infant birth weight. Limited evidence of a dose-response relationship between exposure to PFOS and infant
birth weight was found. Further studies are needed to find more evidence.
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Introduction

Polyfluoroalkyl substances (PFASSs), first synthesized in the
1950s, are a wide family of synthetic organic compounds
(Mokra 2021). The three most common and widely used are
perfluorooctanoic acid (PFOA), perfluorooctane sulfonate
(PFOS), and perfluorohexane sulfonate (PFHxS) (Deng et al.
2020; Lee et al. 2014). PFASs have fluorine atoms replacing
all hydrogen atoms in their molecules, making them chemi-
cally stable and hydrophobic. PFASs are extensively used
in a variety of industrial and household products, includ-
ing fire-fighting foams, garments, and cookware (Lindstrom
et al. 2011). They could be released into the environment by
industrial sources or consumer products (Prevedouros et al.
20006). Diet, drinking water, vegetables, infant breast milk,
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food packaging, indoor dust, and outdoor aerosols have been
identified as significant sources of PFAS exposure in humans
(Haug et al. 2011; Herzke et al. 2013; Susmann et al. 2019;
Yu et al. 2020). While PFOA, PFOS, and PFHxS were listed
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as persistent organic pollutants by the Stockholm Conven-
tion in 2009, 2019, and 2021, respectively (UNEP 2019a,
2019b), they are still present almost everywhere in the envi-
ronment (Chen et al. 2022; Domingo and Nadal 2019; Lau
et al. 2007; Pan et al. 2014; Yeung et al. 2006).

Unfortunately, as with most environmental chemicals,
PFASs have a greater impact on infants than adults (Rap-
pazzo et al. 2017). PFASs are causing concern due to reports
of possible health effects in rodent studies (Fuentes et al.
2006; Lau et al. 2006; Lau et al. 2003; Ramhgj et al. 2018)
and human observational studies (Starling et al. 2017), which
suggested the fact that exposure to PFASs during pregnancy
caused offspring growth and developmental delays as well
as lower birth weight. The mechanism behind this may be
related to alterations in corticosteroid and thyroid hormone
homeostasis (Goudarzi et al. 2017; Shah-Kulkarni et al.
2016). As demonstrated in human observational studies
(Cariou et al. 2015), PFASs can be transmitted to the fetus
via the placental barrier after it accumulates in pregnant
women, as well as to nursing infants through breast milk.
This raises further concerns about PFASs’ potential health
effects. It is imperative to emphasize that birth weight is an
important predictor of neonatal and infant survival, a critical
indicator of pregnancy outcome, and an important marker of
fetal growth, development, and nutrition in utero exposure
(Mathews and Driscoll 2017; Spracklen et al. 2014; Zhang
et al. 2014). For these reasons, it is critical to evaluate the
effect of maternal PFAS exposure on the infant birth weight.

A growing number of studies used epidemiological
methods to analyze the associations between maternal
PFAS exposure and infant birth weight. According to a
recent analysis of the Danish National Birth Cohort, pre-
natal exposure to several PFASs was negatively associated
with birth weight (Meng et al. 2018). Similarly, the Swedish
pregnancy cohort study found that prenatal exposure to five
different PFASs contributes to the decrease in infant birth
weight, particularly in girls (Wikstrom et al. 2020). These
findings were subsequently confirmed by a recent study of
504 Greenlandic women (Hjermitslev et al. 2020). However,
the relationship between maternal PFAS exposure and infant
birth weight was not statistically significant in some studies.
According to a study in Beijing, no statistically significant
association was found between PFAS exposure and infant
birth weight in this study (Shi et al. 2017).

Since the connection between maternal PFAS exposure
and infant birth weight is still debatable, a comprehensive
meta-analysis is required to determine the relationship
between maternal PFAS exposure and infant birth weight.
This study’s primary objective was to assess the impact
of prenatal exposure to the three forms of PFASs (PFOA,
PFOS, and PFHxS) on the birth weight of the offspring. In
addition, we investigated potential contributors to heteroge-
neity and conducted subgroup analyses based on the broad
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World Health Organization (WHO) geographical regions
and median exposure concentration. As a final component
of our study, we explored the dose-response relationship
between PFOS exposure and infant birth weight.

Materials and methods
Search strategy

Our systematic review and meta-analysis followed the
guidelines of the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) (Shamseer et al.
2015). On 20 September 2022, four databases including
PubMed, Embase, Web of Science, and Cochrane Library
were systematically searched using keywords such as per-
fluoroalkylated substances, maternal exposure, and infant
birth weight (complete search terms in Table S1). In addi-
tion to this, references of all relevant studies were manually
tracked by us to ensure that no study was omitted.

Inclusion and exclusion criteria
The inclusion criteria for the articles were as follows:

a. Able to search the full text of literature.

b. Epidemiological studies based on human observation
were selected, including descriptive studies, case-control
studies, cohort studies, and cross-sectional studies.

c. The research design had no defects and the literature
quality was high.

d. The study objects were pregnant women; not experimen-
tal animals, children, or postpartum exposure.

e. Prenatal exposure factor was perfluoroalkylated substances.

f.  Changes in birth weight were measured as a result of the
study.

g. Regression coefficients (f) for infant birth weight and
the 95% CI were provided in the primitive study.

h. If the same population was used in different studies, we
selected the recent one with a larger sample size.

The exclusion criteria for the articles were as follows:

1. Not conform to the research topic.

2. Animal research, conference summaries, editorial mate-
rial, reviews, lecture literature or comments, and so on.

3. The research objects’ exposure to multiple environmen-
tal endocrine disruptors.

4. The level of maternal perfluoroalkylated substances
besides PFOA, PFOS, or PFHxS was measured.

5. The research has design defects or low-quality research.

Raw data was unavailable.

7. Unpublished studies.
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Selection of studies and extraction of data

Data of all included studies were obtained from two inde-
pendent researchers. In accordance with the standard format,
we browsed the titles and abstracts of the articles according
to the inclusion and exclusion criteria. Additionally, full-
text articles were assessed for further confirmation. Relevant
characteristics were extracted from selected original studies.

Quality assessment

Two independent reviewers evaluated the quality of the rel-
evant literature using the Newcastle-Ottawa Scale (NOS),
which consists of three basic components: selection of the
study subjects, comparability, and outcome (Modesti et al.
2016; Stang 2010). There are eight identifiers to identify
high-quality star picks. Up to one star will be awarded per
item, except for the “comparability” category, which will
receive up to two stars. Each article received up to nine
stars, and more stars meant the study was of higher qual-
ity. Research of no less than seven stars is considered high
quality.

Statistical analysis

Statistical analysis was performed using the meta-analysis
module in Stata 12.0. Assessment of risk of bias was con-
ducted in RevMan 5.4.1. Relevant data was gathered from
qualified studies and entered into Excel. Adjusted § was used
as the effect size (ES) for PFAS exposure during pregnancy.
According to Liu et al. (2013), we standardized the loga-
rithmic conversion to log;, to account for variations across
studies (Table S2, Table S3, and Table S4).
The specific steps are as follows:

1. Sensitivity analysis: to assess the credibility of included
studies, we excluded each individual article one by one
for sensitivity analysis.

2. Heterogeneity test: if P < 0.05 and I? > 50%, the article
is considered high heterogeneous, while the article is
considered low heterogeneous. The statistical analysis
method is determined by the magnitude of heterogeneity.
For studies with high heterogeneity, the random-effect
model was employed, while the fixed-effect model was
utilized for studies with low heterogeneity (Dettori et al.
2022; Doi et al. 2015).

3. Test of publication bias: to evaluate the publication
bias in included studies, we considered funnel plots and
Begg’s test for qualitative and quantitative testing. The
included studies were not uniformly small, nor were
they sponsored by industry. A comprehensive search
was completed of the literature.

4. Subgroup analysis: according to the results of our inves-
tigation, the median PFAS readings differed significantly
between different geographical regions and spanned over
a wide range of concentrations. Therefore, we separated
the included research into three subgroup analyses based
on the broad WHO geographical regions to investigate
the impact of geographical factors on the outcomes of
included studies. Additionally, we developed the cutoff
values based on the average global serum PFAS content
monitored by Fan et al. (2022) (2.3 ng/ml for PFOA; 6.6
ng/ml for PFOS; 1.3 ng/ml for PFHxS), and these values
were utilized to conduct another subgroup to examine
the effect of concentration on the results. The included
studies were separated into high and low concentration
subgroups based on the median exposure concentration
in each research and cutoff value.

5. Dose-response meta-analysis: the dose-response meta-
analysis was examined using the reported mean of each
category. In the category without the mean PFAS expo-
sure, the midpoint was designated as the average level.
In the unbounded category, we assumed the width of the
category to be the same as the adjacent category.

Result
Study search and characteristic overview

Totally, 617 studies were initially retrieved with the
search strategy. A total of 365 records were obtained after
eliminating duplicates (Fig. 1). By reading the titles and
abstracts, 334 studies were excluded. Finally, after review-
ing the full-text articles, we included 21 articles in our
meta-analysis (Apelberg et al. 2007; Callan et al. 2016;
Cao et al. 2018; Chang et al. 2022; Chen et al. 2021; Chen
et al. 2012; Darrow et al. 2013; Hu et al. 2021; Kashino
et al. 2020; Maisonet et al. 2012; Manzano-Salgado et al.
2017; Marks et al. 2019; Meng et al. 2018; Minatoya
et al. 2017; Shi et al. 2017; Starling et al. 2017; Valvi
et al. 2017; Wang et al. 2019; Washino et al. 2009; Wik-
strom et al. 2020; Wu et al. 2012). The characteristics of
these studies are illustrated in Table 1. The majority of
the articles included were cohort studies, while only two
were case-control studies (Apelberg et al. 2007; Callan
et al. 2016). All included studies received a NOS score
between 6 and 8. The detailed quality assessment of all
included studies is shown in Table S5, Table S6, Figure
S1, and Figure S2. Since the heterogeneity of PFOA,
PFOS, and PFHxS was found to be low (I = 15.6% for
PFOA; I* = 44.0% for PFOS; I* = 0.0% for PFHxS), the
fixed-effect model was chosen to calculate the combined
effect value. Forest map showed the effect size of each
study. In most studies, potential confounders like maternal
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Fig. 1 . F.IOW chart of the [ Identification of studies via databases and registers ]
association between maternal

exposure to PFASs and infant
birth weight
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2
c
o
[%]
)
Full-text articles assessed for
further identification
(n=31)
() A 4
3
3 Studies included in meta-analysis
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age, educational level, and body mass index (BMI) were
adjusted. All 21 studies were classified into the Western
Pacific, North American, and Europe regions based on
broad WHO geographical regions. A total of 10 stud-
ies were from the Western Pacific region (Callan et al.
2016; Cao et al. 2018; Chen et al. 2021; Chen et al. 2012;
Kashino et al. 2020; Minatoya et al. 2017; Shi et al. 2017,
Wang et al. 2019; Washino et al. 2009; Wu et al. 2012), 5
studies from North America (Apelberg et al. 2007; Chang
et al. 2022; Darrow et al. 2013; Hu et al. 2021; Starling
et al. 2017), and the remaining 6 from Europe (Maisonet
et al. 2012; Manzano-Salgado et al. 2017; Marks et al.
2019; Meng et al. 2018; Valvi et al. 2017; Wikstrom et al.
2020). We noted the median concentration of the three
substances, the sample size, and the geographical regions
of the research (Fig. 2 and Figure S3). One research did
not offer data on median concentration (Chen et al. 2012).
Consequently, the median concentrations of PFOA and
PFOS differed by two orders of magnitude (0.71-16.95 ng/
ml for PFOA; 0.65-30.1 ng/ml for PFOS). PFHxS varied
by one order of magnitude (0.16—4.54ng/ml for PFHxS).

By broad WHO geographical regions, the median values
for PFOS and PFHxS differed the most considerably. West-
ern Pacific studies had the lowest median, while European
studies had the highest median.

@ Springer

Associations between maternal exposure to PFOA
and infant birth weight

We included a total of 18 articles to evaluate the associa-
tion between maternal PFOA exposure and the birth weight
of infants. Among them, only 1 article showed that PFOA
exposure during pregnancy resulted in increased infant birth
weight (Shi et al. 2017), while other articles showed that per
10-fold increase in PFOA concentration during pregnancy
resulted in decreased birth weight. Specific results were fol-
lows: ES = —58.62, 95% CI: —85.23 to —32.01, P < 0.001,
> = 15.60%, indicating that prenatal exposure to PFOA and
infant birth weight were negatively correlated (Fig. 3a).

Associations between prenatal exposure to PFOS
and infant birth weight

Totally, 17 studies investigating the relationship between
prenatal exposure to PFOS and infant birth weight were
included. A fixed-effect model was used in the meta-analysis
(I* = 44.0%). Specific results were follows: ES = —54.75,
95% CI: —84.48 to —25.02, P < 0.001, I = 44%. The differ-
ence was statistically significant, which showed a negative
association between prenatal exposure to PFOS and infant
birth weight (Fig. 3c).
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E g Associations between maternal exposure to PFHxS
g g § and infant birth weight
zZ 2 o o0 >
PR B - E There were 11 articles related to the relationship between
2 38 2523 5 85 - T 8 =~ prenatal PFHxS exposure and infant birth weight. Meta-
g §E€g ”E—g £% EZ £ 22:7% g y analysis was performed using a fixed-effect model (/> =
5 g ?E < § 5 % go g"';é é g AR < 0.0%). Specific results were as follows: ES = —5.67, 95%
g £E%%w.zzrEogst| 8] CI: —33.92 10 22.59, P = 0.694, I = 0.0%. The results indi-
é E E‘J go % 'g '_EOE % = = S ; jé z § g cated that prenatal exposure to PFHxS has a statistically sig-
22 % $S5EE5S é %E £E552 %:; nificant effect on the birth weight of the infant (Figure S4).
=S
) EE Subgroup analysis
4 E > 2 f-?; group Yy
E & 1% = EE
2 e = YSa « & The first subgroup analysis based on broad WHO geograph-
é 5 - = = 5 E ical regions was undertaken as part of the meta-analysis. A
8 = % total of 5 studies were conducted in North America (Apel-
g <8 L§ g _?:; berg et al. 2007; Chang et al. 2022; Darrow et al. 2013; Hu
-g 7 ? § 3 % E § et al. 2021; Starling et al. 2017), 9 studies in the Western
2 2272 £ g 2§ Pacific (Callan et al. 2016; Chen et al. 2021; Chen et al.
g é E E, E e 2 % 2012; Kashino et al. 2020; Minatoya et al. 2017; Shi et al.
i o === = é’ = 2017; Wang et al. 2019; Washino et al. 2009; Wu et al.
g e oag g) ‘;} 2012), and the remaining 4 in Europe (Manzano-Salgado
§ 2 = S Io =5 et al. 2017; Meng et al. 2018; Valvi et al. 2017; Wikstrom
__=§ g E g g "E’ s 8 ‘é’ % % et al. 2020) for PFOA, There was only one study from the
s § ElEEE LT S - Western Pacific that did not report exposure to PFOS (Wu
" 3 g et al. 2012). AS for PFHXxS, 3 studies were conducted in
§ § - - % § North America (Chang et al. 2022; Hu et al. 2021; Star-
é% 38 % 38 % § é ling et al. 2017), 4 studies in the Western Pacific (Callan
47 |EE& A ) et al. 2016; Chen et al. 2021; Kashino et al. 2020; Shi et al.
o g ‘é 2017), and the remaining 4 in Europe (Manzano-Salgado
% § é E,g: et al. 2017, Meng et al. 2018, Valvi et al. 2017, Wikstrom
g - cﬁ: g3 et al. 2020), but no data was available for Southeast Asia
= & & %‘); and Africa. In a broad WHO geographical region subgroup
E g S g £ % analysis, maternal PFOA exposure and infant birth weight
o £ § were significantly negatively correlated in the Europe
@ g g and North American subgroups (ES = —97.20, 95% CI:
Lé o a '%"i —153.70 to —40.49, P < 0.001 for Europe; ES = —52.76,
3 e} ) 2 = 95% CI: —99.73 to —5.80, P = 0.028 for North American)
- g § (Fig. 4a). Furthermore, PFOS exposure was also associ-
= 5 o ated with a significant negative association (ES = —95.25,
'i £ g x é 95% CI: —153.79 to —36.71, P < 0.001 for Europe; ES =
i G G 2 g —30.70, 95% CI: —78.68 to 17.27, P = 0.210 for North
2 “ “ ‘g E; American) (Fig. 4b). As for PFHxS exposure, no signifi-
‘é’ Z cant negative association was found (ES = -0.14, 95%
1y - 8 g CI: —45.50 to 45.22, P = 0.995 for Europe; ES = —12.85,
3 = g & _§ 95% CI: —64.46 to 38.76, P = 0.626 for North Ameri-
< - - = g can) (Figure S5). In the Western Pacific subgroup, PFOA
2 S E }:» and PFOS exposures were both negatively associated with
E|£ — ) = & infant birth weight, but not statistically significant (ES =
£|& 5 Tj g %0 —44.03 95% CI: —83.37 to —4.69, P = 0.028 for PFOA;
f g o 2 =¥ ES = -51.37,95% CI: —101.06 to —1.67, P = 0.043 for
2 LE e j § = 915 PFOS). PFHxS exposure was positively associated with
R =~ y; S 3 infant birth weight, but this association was not statistically
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Fig.2 Median PFOS (a) and PFHxS (b) concentrations based on the broad WHO geographical regions in studies examining the association
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a author (year) Effect (95% CI) Weight b Begg's funnel plot with pseudo 95% confidence limits
Apelberg, B. J. (2007) —_— -239.47 (-490.45, 11.51) 112 400 |
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Hu, J. M. Y. (2021) -35.21(-140.19, 70.09) 640
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Manzano-Salgado, C. B. (2017) -30.99 (-128.92, 66.97) 7.38
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shi, Y. 2017) B 16328 (127,66, 4542) .84
Starling, A. P. (2017) —_— -169.75 (-321.01, -18.62) 310
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400
Apelverg, 8. J. (2007) _— -158.88 (-:343.09, 23.03) 264
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Chen, M. H. (2012) _ -253.74 (-405.25,-102.47) 386 °
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Kashino, I. 2020) = -35.00 (109,00, 39.00) 16.14 0 N ¢
Manzano-Salgado, C. B. (2017) +— 1.46(-107.90, 110.82) 7.39 a o o o °
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Fig. 3 Forest plot of included studies for PFOA (a) and PFOS (c) exposure and the funnel plot of included studies for PFOA (b) and PFOS (d)
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Fig.4 Subgroup analysis on studies based on broad WHO geographical regions for PFOA (a) and PFOS (b)
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significant (ES = —5.64, 95% CI: —56.20 to 44.92, P =
0.827 for PFHxS). The meta-regression found no statistical
significance among all studies in this subgroup (Table S7).

The second subgroup analysis was conducted depending
on the concentration of media exposure. In the high median
PFOS concentration group (>6.6 ng/ml, n = 3), PFOS expo-
sure showed a statistically significant negative association
with infant birth weight (ES = —107.23, 95% CIL: —171.07
to —43.39, P < 0.001), while studies with low median PFOS
concentration did not observe such a significant negative
association (ES = —-29.15, 95% CI: —63.61 to 5.30, P =
0.097) (Fig. 5). Similarly, such a significant negative asso-
ciation was not found in both the high (>1.3 ng/ml, n = 1)
or low (<1.3 ng/ml, n = 11) median PFHxS concentration
groups (ES = 49.83,95% CI: —58.13 to 157.79, P = 0.366
for high median PFHxS concentration group; ES = —9.75,
95% CI: —39.02 to 19.53, P = 0.514 for low median PFHxS
concentration group) (Figure S6). In contrast, a significant
negative association was found in both the high (>2.3 ng/ml,
n=11) and low (<2.3 ng/ml, n = 6) median PFOA concen-
tration groups (ES = —57.53, 95% CI: —103.25 to —11.81,
P =0.014 for high median PFOA concentration group; ES
= —60.90, 95% CI: —95.44 to —26.35, P < 0.001 for low
median PFOA concentration group) (Figure S7). Addition-
ally, comparing studies with low and high median levels

Fig.5 Subgroup analysis on

of exposure to PFOS, the meta-regression found statistical
significance (difference in associations = —80.93; 95% CI:
—159.88 to —1.98, P = 0.045). The results indicated a poten-
tial inverse relationship between PFOS concentrations and
infant birth weight. In addition, the results also suggested a
possible dose-response relationship between PFOS and birth
weight. While comparing studies with low and high median
levels of exposure to PFOA and PFHxS, statistical signifi-
cance was not found in the meta-regression (Table S8). Con-
sequently, to find additional evidence of a dose-response
relationship between PFOS and birth weight, additional
analyses under distinct PFOS dose concentration exposure
groups were required. To further explore the dose-response
relationship between PFOS and infant birth weight. Eight
articles reported the associations between categories of
maternal PFOS concentrations and infant birth weight rela-
tive to the lowest category of maternal PFOS concentrations
(reference group). Each independent study represents the
dose-response for each independent study. The monotonic
link between various levels of maternal PFOS concentra-
tion and regression coefficients () for infant birth weight
revealed evidence of a dose-response relationship (Fig. 6).
The regression coefficient (f) of infant birth weight
decreased with increasing PFOS concentration in most
studies, suggesting that the concentration of maternal PFOS

%

studies based on median levels subgroup and author (year) Effect (95% Cl) Weight
of PFOS exposure
low median PFOS concentration (<6.6ng/mL)
Wang, H. (2019) _— -125.49 (-343.25, 92.24) 1.94
Shi, Y. (2017) : — 160.45 (-11.85, 332.75) 3.10
Callan, A. C. (2016) + E -158.88 (-531.90, 216.44) 0.66
Chang, C. J. (2022) —t— -23.25 (-159.45, 112.95) 4.96
Starling, A. P. (2017) ——— -31.78 (-123.88, 60.56) 10.81
Chen, L. (2021) —_—— 34.31 (-152.66, 221.28) 263
Kashino, 1. (2020) —_—— -35.00 (-109.00, 39.00) 16.79
Hu, J. M. Y. (2021) ——— 63.78 (-40.86, 168.09) 8.42
Apelberg, B. J. (2007) _— -158.88 (-343.09, 23.03) 274
Minatoya, M. (2017) - -29.00 (-289.00, 232.00) 1.35
Washino, N. (2009) —0—:—— -75.10 (-191.80, 41.60) 6.75
Wikstrém, S. (2020) —0—:— -105.92 (-202.63, -6.91) 9.60
Manzano-Salgado, C. B. (2017) —E—P— 1.46 (-107.90, 110.82) 7.69
Subgroup, IV (I = 17.6%, p = 0.266) 0 -29.15 (-63.61, 5.30) 77.44
|
high median PFOS concentration (26.6ng/mL) :
Darrow, L. A. (2013) — -66.77 (-151.97, 16.12) 13.02
Valvi, D. (2017) - : -269.08 (-574.69, 36.54) 0.98
Meng, Q. (2018) —o—i -150.15 (-252.47, -45.18) 8.56
Subgroup, IV (I? = 23.9%, p = 0.269) Q 107.23 (-171.07, -43.39)  22.56
|
Heterogeneity between groups: p = 0.035 !
Overall, IV (2 = 30.7%, p = 0.117) é -46.77 (-77.09, -16.44) 100.00
I T

-500
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Fig.6 Associations between categories of maternal PFOS concentrations and infant birth weight

and the birth weight of infants may be related to a dose-
response relationship.

Sensitivity analyses

To determine the credibility of the included articles, sensitiv-
ity analysis was performed by eliminating each article indi-
vidually. There were no significant differences (the results
remained unchanged) when we removed any study (Fig. 7
and Figure S4). The consistency of the findings indicates that
the studies included in the meta-analysis are reliable.

Publication bias

The funnel plots do suggest that there may be some cases of
bias, such that at the base of the plot, there is less symmetry
than toward the tip of the plot, and for PFOA and PFOS out-
come, some studies fall outside the funnel itself (Fig. 3b and
d and Figure S8). Note that results from funnel plots should
be evaluated with caution, as we were also not able to obtain
results from unpublished studies that demonstrated different
results than the published studies that were included. For
quantitative testing, Begg’s tests revealed that there was no

a b
Meta-analysis estimates, given named study is omitted Ih:l_x:ngll{sl:::s hmgz:ii?'::z' named styp[:e‘:'glﬂz‘:ni t
| Lower CI Limit OEstimate | Upper CI Limit
Apelberg, B. J. (2007) | | Apelberg, B. J. (2007) I |
Callan, A. C. (2016) Callan, A. C. (2016) | o] |
Chang, C. J. (2022) | Chang, C. J. (2022) | I
Chen, L. (2021) | Chen, L. (2021) | |
Chen, M. H. (2012) | Chen, M. H. (2012) | |
Damow, L. A. (2013) I | Darrow, L. A. (2013) o I
Hu, J. M. Y. (2021) | | Hu, J. M. Y. (2021) o |
Kashino, |. (2020) | Kashino, |. (2020) | o |
Manzano-Salgado, C. B. (2017) ! S ! Manzano-Salgado, C. B. (2017) | | I
 Meng, Q. (2018) I | Meng, Q. (2018) I i
M'“a“’;:'i “:( ggz; 1! " Al Minatoya, M. (2017) a %
Starling, AP (2017) ' I © I i ) Shi, Y. @2017) | | !
Valvi, D. (2017) Starling, A. P. (2017) I 1
Wang, H. (2019) Valvi, D. (2017) | O |
Washino, N. (2009) ] Wang, H. (2019) | |
Wikstrom, S. (2020) | | Washino, N. (2009) |
Wu, K. (2012) I o} | Wikstrom, S. (2020) | |
-104.19 -84.88 -58.26 31632337 -96.43 -8473 -55.01 2529 -15.18

Fig. 7 Sensitivity analysis of maternal PFOA (a) and PFOS (b) exposure and infant birth weight
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evidence of material publication bias (P = 0.150 for PFOA;
P = 0.387 for PFOS; P = 0.755 for PFHxS).

Discussion

Our meta-analysis included 21 studies and 18,700 partici-
pants to investigate the association between maternal PFAS
exposure and infant birth weight. Fixed-effect models were
used in all cases. In accordance with the meta-analysis
of Cao et al. (2021), maternal exposure to three forms of
PFASs (PFOA, PFOS, and PFHxS) was found to be neg-
atively associated with the birth weight of offspring. The
observed negative association between PFHxS exposure and
infant birth weight was not statistically significant. Moreo-
ver, the impact values were lower than those for PFOA and
PFOS. According to the result, it seems that PFHxS, as an
alternative to PFOA and PFOS, has a less detrimental effect
on infant birth weight. To reduce potential heterogeneity
between studies, subgroup analyses based on broad WHO
geographic regions and median concentration were per-
formed. In the subgroup based on median concentrations, a
significantly stronger negative association was found in the
high PFOS exposure group than in the low PFOS exposure
group. To further investigate the dose-response relationship,
we extracted the quartiles of PFOS exposure and the related
impact values and examined the correlation between PFOS
impact values corresponding to each quartile. Consequently,
our results corroborate the findings of several previous stud-
ies indicating that maternal exposure to PFASs is negatively
associated with birth weight.

Subgroup analysis was conducted to decrease consider-
able heterogeneity. Several factors including geographic
regions, the concentration level of PFAS exposure, the man-
agement of relevant confounders, and the timing of PFAS
content measurements might contribute to the heterogene-
ity. In subgroup based on WHO geographical regions, the
heterogeneity of PFOS exposure was mostly attributable
to research conducted in the Western Pacific. This hetero-
geneity may be explained by the large number of studies
attributed to the Western Pacific group, five of which were
conducted in developing country (Chen et al. 2021; Chen
et al. 2012; Shi et al. 2017; Wang et al. 2019; Wu et al. 2012)
and another from a developed country (Callan et al. 2016;
Kashino et al. 2020; Minatoya et al. 2017; Washino et al.
2009). There is also the potential that this high heterogeneity
is the consequence of random mistakes across studies and
factors such as the climate, nutrition, lifestyle, and ethnic-
ity of respondents in the Western Pacific region. However,
we suggest further research from other locations to evalu-
ate the influence of geographic location on the connection
between PFASs and the birth weight of infants. Additionally,
the European studies showed a stronger negative association
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between both maternal PFOA and PFOS exposure and infant
birth weight than in North American and the Western Pacific
studies. The sensitivity of pregnant women to PFOA and
PFOS during pregnancy may be ethnically related. To iden-
tify populations vulnerable to PFOA and PFOS, additional
research simulating toxicokinetic variability diversity is
required (Ring et al. 2017). For both high and low groups
of exposure to the three PFASs, another subgroup analysis
based on PFAS concentration revealed a reduction in het-
erogeneity. This indicates that exposure level may have a
significant impact on determining heterogeneity.

There are also variations in potential confounders across
articles, such as maternal age and BMI. Even though the
statistics have been adjusted, several studies still miss crucial
confounders. According to Washino et al. (2009), maternal
age and maternal education were adjusted, while Maisonet
et al. (2012) study did not consider these crucial covaria-
bles. This may have implications for the association between
maternal exposure to PFASs during pregnancy and the birth
weight of the offspring.

Furthermore, heterogeneity may also be due to the tim-
ing of the measurements of PFAS concentrations. Among
the 21 studies, 15 used maternal serum as the sample, and
only 6 used cord blood. Nevertheless, this could still result
in heterogeneity. In the studies where the sample was mater-
nal serum, Callan et al. (2016) and Kashino et al. (2020)
measured PFAS concentrations in the third trimester of preg-
nancy. Another study from British (Maisonet et al. 2012)
measured PFASs throughout pregnancy, with median times
of measurement at 30 weeks. Therefore, we urge that addi-
tional research be conducted to investigate the effect of vari-
ous measurement periods on the concentration of PFASs in
pregnant women and the birth weight of their progeny.

Pregnancy is well known to be a vulnerable period for
chemical exposure (Mallozzi et al. 2016). Several animal
and cellular investigations have identified potential mech-
anisms for the effects of exposure to PFASs during this
time on infant birth weights. PFASs may affect infant birth
weight through a reduction in IGF2 methylation, disruption
of maternal and neonatal thyroid hormone function, acti-
vation of peroxisome proliferator-activated receptor-a, and
changes in epigenetic composition. Maternal PFAS expo-
sure led to a reduction in IGF2 methylation in cord blood,
which was associated with a lower ponderal index at birth
(Kobayashi et al. 2017). In addition, by changing thyroid
hormone signaling and interfering with thyroid hormone
function and homeostasis, PFASs may be able to influence
fetal birth weight (Kim et al. 2021; Long et al. 2013). Wolf
et al. (2014) found that PFASs could also activate peroxi-
some proliferator-activated receptor-o, which was also a
potential mechanism of effect on fetal growth. According
to the findings of Kaijser et al.’s (2000) study, there was a
significant positive relation between estriol levels and birth
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weight. Regrettable PFASs could cause a change in estro-
gen synthesis by affecting the expression of the estrogen
response gene and interfering with the estrogen receptor
of the human body (Benninghoff et al. 2011; Kjeldsen and
Bonefeld-Jgrgensen 2013). Moreover, human data from a
cohort study further confirmed that estrogens might mediate
the association between exposure to PFASs and fetal growth
(Wang et al. 2019). These findings might help to explain the
potential mechanisms by which maternal exposure to PFASs
might decrease the birth weight of infants.

According to the subgroup analysis of studies based on
median PFOS exposure levels, the high median concentra-
tion of PFOS was associated with significantly greater effect
values than the low median concentration. Each quartile of
a single trial and a subgroup analysis based on the median
concentration of many studies revealed evidence of a dose-
response relationship. However, since we included only a
limited number of articles, the dose-response relationship
between the two requires further investigation.

In our study, a total of 16,843 participants were included
in the PFOA study, 16,685 participants in the PFOS study,
and another 12,139 participants in the PFHxS study. It was
possible to conduct a meta-analysis with adequate statistical
validity. Since most of the PFAS analysis techniques in rele-
vant studies were LC/MS/MS, their accuracy and sensitivity
further contribute to the reliability of the results. In addition,
we observed evidence of a dose-effect relationship between
PFOA exposure and the birth weight of offspring. Finally,
the majority of the articles included in the study were pro-
spective studies of high quality, which may strengthen the
credibility of our research.

However, our study still has some limitations. First, vari-
ous potential confounding factors such as other environ-
mental chemicals, maternal nutrition, and race may affect
infant birth weight. Despite the fact that many studies have
adjusted for confounding factors, it is impossible to elimi-
nate potential confounding factors. A second drawback is
that the majority of the included studies were from the West-
ern Pacific, Europe, and North America, with no representa-
tion from Southeast Asia, Africa, or Eastern Mediterranean.
The lack of geographical diversity among the included stud-
ies limits the extrapolation of results to all regions. Finally,
exposure to PFASs was measured at different times during
pregnancy in the included studies, which may have intro-
duced bias into the findings.

Notably, the findings of some previous meta-analyses
demonstrated the fact that maternal PFAS exposure showed
a significant negative association with infant birth weight,
but the majority of meta-analyses only contained a lim-
ited number of studies and only focused on the association
between maternal exposure to PFOA and PFOS and infant
birth weight (Cao et al. 2021). However, a biomonitor-
ing study conducted by Fan et al. (2022) based on 2325

publications revealed that PFOS exposure was the highest
in the world, followed by PFHxS and PFOA exposure. Mul-
tiple human and animal investigations have revealed that
PFHXxS can diminish thyroid hormone levels, which may
result in birth weight variations in offspring (Preston et al.
2020; Ramhgj et al. 2018; Ramhgj et al. 2020). In addition,
the half-life of PFHXS in humans is 4.7-35 years longer than
that of PFOA and PFOS, which range from 2.1 to 10.1 years
and 3.3 to 27 years, respectively (ATSDR) 2021). Therefore,
exposure to PFHxS during pregnancy cannot be dismissed.
In our meta-analysis, we included a larger number of arti-
cles and a wider variety of PFASs. In addition, our study
provides the first limited evidence of a dose-response rela-
tionship between maternal exposure to PFOS and the birth
weight of the offspring.

Consequently, our findings contribute to a greater under-
standing of the detrimental effects of PFAS exposure dur-
ing pregnancy. To improve birth outcomes and preserve the
health of future generations, the government authorities
should continue to implement further the Stockholm Con-
vention to restrict PFAS-related environmental pollution and
minimize prenatal exposure to PFASs. It would be appropri-
ate to conduct further studies to examine potential sources
of heterogeneity, such as geographical location, the timing
of exposure measurements, and exposure levels.

Conclusion

In our meta-analysis, the findings indicated an adverse asso-
ciation between maternal exposure to PFASs during preg-
nancy and infant birth weight. Additionally, the result varied
primarily according to the type of PFAS exposure and the
geographical region. Moreover, evidence of a dose-response
relationship was found between PFOS exposure and infant
birth weight for the first time.
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