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BACKGROUND: Pregnant women are ubiquitously exposed to per- and polyfluoroalkyl substances (PFAS). Prenatal exposure to PFAS has been associ-
ated with lower birth weight but also with excess adiposity and higher weight in childhood. These mixed findings warrant investigation of the rela-
tionship between PFAS and dynamic offspring growth.

OBJECTIVES: To investigate the association between prenatal PFAS exposure and early-life growth trajectories during the first 2 y.
METHODS: Pregnant women (n=3,426) were recruited from 2013 to 2016 from the Shanghai Birth Cohort (SBC) Study, and their children were fol-
lowed up from birth to 2 y of age. Seven PFAS congeners were quantified in pregnant women’s serum during the first trimester. Our study population
was restricted to 1,350 children who had five repeated measurements for at least one anthropometric measure. Four anthropometric measures, includ-
ing weight, length/height, weight-for-length, and head circumference, were evaluated at birth, 42 d, 6 months, 12 months, and 24 months, and standar-
dized into z-scores using the World Health Organization reference. Trajectories of each measure were classified into five groups using group-based
trajectory modeling. Multinomial logistic regression was used to estimate odds ratio (OR) and 95% confidence interval (CI) for trajectory groups
according to log2-transformed PFAS concentrations, and the moderate-stable group was selected as the reference group for all measures.

RESULTS: Higher prenatal exposure to PFAS was associated with elevated odds for the low-rising weight-for-age z-score (WAZ) trajectory, and the
high-rising length-for-age z-score (LAZ) trajectory. Meanwhile, PFAS levels were associated with decreased odds for the low-rising and high-rising
weight-for-length z-score (WLZ) trajectories. In addition, the associations of PFAS with growth trajectory groups differed by sex, where males had
greater odds for the low-rising and low-stable WAZ trajectories and for the high-stable and low-rising WLZ trajectories. In contrast, inverse associa-
tions were consistently observed with trajectories of the high-stable, low-stable, and low-rising head-circumference-for-age z-score (HCZ) in relation
to most individual PFAS congeners. PFAS mixtures analysis further confirmed the above findings.
DISCUSSION: Trajectory analysis approach provided insight into the complex associations between PFAS exposure and offspring growth. Future stud-
ies are warranted to confirm the present findings with trajectory modeling strategies and understand the clinical significance of these trajectory groups.
https://doi.org/10.1289/EHP9875

Introduction
Per- and polyfluoroalkyl substances (PFAS) have been produced
since the 1940s and used for a wide variety of industrial and com-
mercial applications (Prevedouros et al. 2006). Due to their global
distribution, environmental persistence, long half-lives in humans,
and toxicity, PFAS are recognized as environmental contaminants
of high and emerging concern (Blum et al. 2015; Ritscher et al.
2018; Scheringer et al. 2014). Perfluorooctane sulfonic acid
(PFOS) and perfluorooctanoic acid (PFOA), the most studied con-
geners, have been listed as persistent organic pollutants (POPs) in
Annex B and Annex A of the Stockholm Convention in 2009 and
2019, respectively (UNEP 2009, 2019). More restrictive regula-
tions have been introduced, limiting the production and use of

PFAS in North America and Europe (EFSA CONTAM Panel
2020; U.S. EPA 2020). China has also restricted the usage of
PFOA and PFOS since 2011(NDRC 2011). However, PFAS will
present an intractable, potentially never - ending challenge to eco-
system and human health, given the continuing production and
usage, the large number of existing substances, the manufacture of
novel PFAS congeners and PFAS substitutes, and the lack of effec-
tive controlmeasures (Wang et al. 2017).

The universal exposure to PFAS in pregnant women has been
reported from different regions worldwide (Aimuzi et al. 2020;
Han et al. 2018; Kim et al. 2020; Lebeaux et al. 2020). PFAS can
transfer across the placenta during pregnancy (Eryasa et al. 2019;
Wang et al. 2019), making them a potential threat to fetuses during
the most sensitive early stages of life. Previous epidemiological
studies have suggested that prenatal PFAS exposures, mainly
PFOS and PFOA, may be associated with decreased birth weight
(Chen et al. 2021; Gyllenhammar et al. 2018; Lee et al. 2021; Liew
et al. 2018; Maisonet et al. 2012; Marks et al. 2019; Meng et al.
2018; Starling et al. 2017) and increased risk of childhood over-
weight or adiposity (Braun et al. 2016; Chen et al. 2017, 2019;
Gyllenhammar et al. 2018; Lee et al. 2021; Maisonet et al. 2012;
Starling et al. 2019). However, several inconsistent results have
also been reported, such as inverse or null associations for child-
hood growth (Andersen et al. 2013; Barry et al. 2014; Shoaff et al.
2018). For other types of PFAS and other growthmeasures besides
weight, the evidence was very limited and more inconclusive as
reviewed by Lee et al. (Lee et al. 2021). Taken together, prenatal
PFAS exposures may show mixed and conflicting associations
with human growth at different developmental stages, raising con-
cerns over their long-term health influence.

Although numerous studies have examined the impact of pre-
natal PFAS exposure on birth size or adiposity at birth and later in
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childhood (Alkhalawi et al. 2016; Gyllenhammar et al. 2018;
Maisonet et al. 2012), the relationship between PFAS and early-
life growth remains inconclusive (Andersen et al. 2010; Shoaff
et al. 2018; Starling et al. 2019). Growth processes during the first
2 y of life, when the greatest variations in rates of weight gain usu-
ally occur, deserve more attention (Ong et al. 2000; Pryor et al.
2011). In addition, prior studies have almost exclusively used static
anthropometric measures, which lack information on the dynamic
growth processes (Braun et al. 2016; Gyllenhammar et al. 2018;
Kashino et al. 2020; Lee et al. 2021). The heterogeneity in early-
life growth calls for finer modeling of these variations into several
typical trajectories instead of an average growthpattern (Herle et al.
2020). Previous studies have also demonstrated that life course
changes in anthropometric measures, especially during critical de-
velopmental period, are more predictive for diseases in later life in
comparison with measures at a single time point (Song et al. 2018;
Zheng et al. 2017).

Many approaches have been proposed to identify distinctive
early-life growth trajectories that may be related to high health
risk in later life (Tu et al. 2013). Among them, the group-based
trajectory modeling [GBTM; also called latent class growth anal-
ysis (LCGA)] provides a flexible approach for identifying distinct
groups of trajectories within the same population (Nagin and
Tremblay 2001). Psychology and criminology have already used
GBTM to identify high-risk subgroups and risk factors based on
individual-level behavior trajectories (Swartout et al. 2015).
Recently, the GBTM approach has been increasingly used for
biomedical research, such as obesity studies (Pryor et al. 2011;
Song 2019; Zheng et al. 2017). However, to our knowledge, no
study has looked at the association of prenatal exposure to PFAS
with postnatal growth trajectories using GBTM.

To address the knowledge gap regarding prenatal PFAS expo-
sure and offspring growth, we used GBTM to characterize early
postnatal growth trajectories and to evaluate whether prenatal ex-
posure to PFAS, individually and collectively, was associated
with particular growth trajectories through the first 2 y of life in a
prospective birth cohort study.

Methods

Study Population
We used data from the Shanghai Birth Cohort (SBC) Study, a pro-
spective cohort study designed to examine the impacts of environ-
mental chemicals and behavioral and genetic factors on
fecundability, birth outcomes, postnatal growth and development,
and risks of childhood diseases, which has been described in details
elsewhere (Zhang et al. 2019). Briefly, pregnant women
(n=3,426) from six participating hospitals in Shanghai, China,
were enrolled from 2013 to 2016. After excluding those lost to
follow-up or whose pregnancies ended in miscarriages or still-
births, 3,331 pregnant women who had live births remained.
Multiple pregnancy (more than one fetus) and maternal history of
chronic diseases may seriously affect intrauterine or postnatal
growth. Thus, women with a multiple pregnancy, diabetes, cancer,
thyroid disorders, schizophrenia, and HIV infection before enroll-
ment were excluded, leaving 3,078 pregnant women. We further
excluded children who had severe congenital diseases, specifically
congenital heart defects, neural tube defects, hydrocephalus,
dwarfism, and intestinal atresia (n=31), or who had no maternal
PFAS exposure information (n=376). We further restricted our
study population to childrenwho hadfivemeasurements for at least
one anthropometric measure (weight, length/height, weight-for-
length, or head circumference) from birth to 24months (at birth, 42
d, 6 months, 12 months, and 24 months) (n=1,350 in total; see
flowchart in Figure S1). The study was approved by the ethics

committees of all six hospitals. All participants signed informed
consent prior to their enrollment.

PFASMeasurement
Maternal plasma for PFAS measurement was collected between
9 and 16 wk of gestation, and 10 PFAS congeners [PFOA,
PFOS, perfluorononanoic acid (PFNA), perfluoroundecanoic acid
(PFUA), perfluorodecanoic acid (PFDA), perfluorohexanesulfo-
nate (PFHxS), perfluoroheptanoic acid (PFBS), perfluorododeca-
noic acid (PFDoA), perfluoroheptanoic acid (PFHpA), and
perfluorooctane sulfonamide (PFOSA)]weremeasured using a liq-
uid chromatography system coupled with tandemmass spectrome-
try (HPLC-MS/MS; Agilent Technologies Inc.). Intra- and inter-
day variation coefficients were below 10%. Detailed methods for
PFAS measurements have been reported previously (Wang et al.
2016). The limit of detection (LOD) for PFAS ranged from 0.009
to 0:12 ng=mL, and concentrations below the LOD were replaced
by the LOD divided by the square root of 2. We excluded three
PFAS (PFOSA, PFBS, and PFDoA) with detection rates lower
than 80% in further analyses.

Anthropometric Measurements
Standardized measurements of weight (in grams), length/height
(in centimeters), and head circumference (in centimeters) were
taken when children were born, at 42 d ( ± 2 d), 6 months
[mean± standard deviation ðSDÞ: 6:4± 0:7], 12 months (mean±
SD: 12:4± 0:3), and 24 months (mean±SD: 24:2± 0:7) by
trained research assistants who were blinded to the mothers’
PFAS concentrations. For analysis of infant/child growth, we
generated weight-for-age z-score (WAZ), length-for-age z-score
(LAZ), weight-for-length z-score (WLZ), and head-circumference-
for-age z-score (HCZ), using the World Health Organization
(WHO) reference data for children younger than 2 y old (version
3.2.2) (WHO Multicentre Growth Reference Study Group 2006).
The American Academy of Pediatrics recommends using weight-
for-length for children younger than 24 months rather than body
mass index (BMI) (Daniels et al. 2015).

We systemically cleaned data to eliminate apparent data entry
errors, such as incorrect units (e.g., years vs. months, grams vs.
kilograms), and nonmonotonic growth in each consecutive visit.

Covariates
Directed acyclic graph (DAG) was used to select maternal sociode-
mographic, nutritional, prenatal, postnatal, and environmental fac-
tors as covariates in our analysis (Figure S2). Self-reported data on
maternal/child characteristics and behaviors were obtained from the
mothers during pregnancy or during follow-up visits, including:
maternal age at delivery (continuous, years), maternal educational
level (below Bachelor, Bachelor, above Bachelor), maternal pre-
pregnancy BMI (continuous, kilograms per square meter), active or
passive smoking during pregnancy (yes/no), fish or seafood intake
during pregnancy (no, <1 time=wk, 1–3 times/wk, 4–7 times/wk,
>7 times=wk), nutrient supplementation during pregnancy (yes/
no), breastfeeding duration (0,≤6months, >6months), infant nutri-
ent supplementation (yes/no), and duration of outdoor activities per
day of children (≤2 h, >2 h). Other important covariates were
obtained from hospital medical records, including parity (nullipar-
ous/multiparous), child sex (male, female), type of delivery (vaginal
delivery, forceps delivery, caesarean), maternal weight at delivery
(continuous, kilograms), and plasma creatinine (continuous, micro-
molar). Maternal weight gain during pregnancy (continuous, kilo-
grams) was calculated as maternal weight at delivery minus
prepregnancy weight. Maternal estimated glomerular filtration rate
(eGFR) was calculated using levels of plasma creatinine by the
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Cockroft-Gault formula. Exact age (in days) for each individual
child at anthropometry measurement was calculated as the date at
examinationminus the birth date of the child.

Statistical Analyses
First, we identified the growth trajectories of WAZ, LAZ, WLZ,
and HCZ using GBTM to evaluate the evolution of these measures
over time. GBTM assumes that all participants are from the same
population but composed of distinct groups defined by their growth
trajectories (Nagin and Tremblay 2001; Nagin and Odgers 2010;
Nagin et al. 2018; Song 2019). The time and growth were linked
using a polynomial function in GBTM. More technical details
about the statistic basis of GBTM can be found elsewhere (Nagin
and Tremblay 2001; Nagin 2014; Nagin et al. 2018).

Model selection is a key issue in GBTM, and we followed
suggestions from early studies to complete the task (Song 2019).
We first identified the optimal number of trajectory groups using
the Bayesian information criteria (BIC). Specifically, we fit mod-
els with different numbers (from one to six) of trajectory groups
using a quadratic form for all trajectories and then generated cor-
responding BICs. The quadratic function used in this step was to
help us determine the optimal number of groups and did not rep-
resent the final shape of trajectories in this study. The higher BIC
indicates better model fit, and a difference lower than 2 means
not enough evidence against the null model and was only used to
determine the optimal group number. Then, we determined the
trajectory shapes that best describe the observed trajectories.
Linear, quadratic, cubic, and quartic functions were all tried.
Linear and quadratic functions were not enough to capture the
variations in trajectories. Because we had only five measure-
ments, the quartic function could always perfectly fit the
observed data, no matter how unrealistic the predictive trajectory
was, which led to concerns of overfitting. Therefore, as a compro-
mise, the cubic function was finally selected to describe the tra-
jectory shape. After obtaining the optimal number of trajectory
groups and the proper trajectory shape, we visually presented the
trajectories for each measure and selected the group that had a
stable trend near the null z-score as the reference group.

Second, multinomial logistic regression was used to evaluate
the association between prenatal PFAS exposure and the trajectory
groups with adjustment for potential confounders. Maternal age,
maternal education, prepregnancy BMI, fish and seafood intake
during pregnancy, parity, and pregnancy eGFR were identified as
the minimal set for necessary adjustment according the DAG and
were adjusted in the primary analysis. Odds ratios (OR) and 95%
confidence intervals (CI) were estimated. Meanwhile, PFAS con-
centrationswere log2-transformed and treated as a continuous vari-
able in the regression models. The effect estimate was thus
interpreted as the OR for different growth trajectories for doubling
in prenatal PFAS concentrations in comparison with the reference
group. We further performed sex-stratified analyses to evaluate
potential effect modification by child sex, because prior studies
have reported potential sex difference in the effect of prenatal
PFAS exposure (Ernst et al. 2019; Liew et al. 2014). Tests of heter-
ogeneity were performed by assessing the p-value of the interac-
tion term for each PFAS and child sex in the regressionmodels.

To account for the potential selection bias due to the inclusion
criterion, we constructed inverse probability weights (IPW) for
each anthropometric measure according to factors assessed for all
women in the SBC at baseline that may affect participation,
including maternal education, maternal age, and parity (Härkänen
et al. 2014). All the regression models that evaluate the associa-
tion between prenatal PFAS exposure and trajectory groups were
weighted by corresponding IPW, and we presented the weighted
estimates in this study.

Moreover, we used weighted quantile sum approach (WQS) to
estimate the joint exposure effect of all PFAS congeners on each of
the trajectories (Carrico et al. 2015). A WQS index was created
using all PFAS congeners in this study, and each PFAS was
assigned a weight that reflected the contribution of that PFAS to the
association between PFAS mixture and outcomes. The WQS index
was created using the PFAS quartiles, and one-unit increase in
WQS indexwas interpreted as per quartile increase in PFASmixture
exposure. BecauseWQS performs unidirectional evaluation ofmix-
ture effects, we used the results from individual chemical analysis to
guide the directionality of WQS analysis. For most trajectory
groups, the direction was clear and consistent. For groups that had
no clear direction, we estimated both positive and negative mixture
associations and reported the estimates that were further away from
null.We ran 500 bootstraps for theWQS regressions.

Fewer than 4% of participants had missing values in potential
confounders. Missing confounders were assumed missing at ran-
dom and replaced by multiple imputations that included all PFAS
and the aforementioned variables. Ten complete data sets were
generated and analyzed as recommended (Yuan 2010).

In the sensitivity analysis, we additionally adjusted for active
or passive smoking during pregnancy, gestational weight gain,
breastfeeding after birth, delivery methods, child sex, nutrient
supplementation during pregnancy, infant nutrient supplementa-
tion, and infancy outdoor activity, aiming to control for all resid-
ual confounding in the back-door paths. We also used general
additive models (GAM) to test nonlinearity using penalized
smoothing regression splines with a degree of 3. A p-value less
than 0.10 for spline was considered as departure from linearity.

The GBTM was performed using PROC TRAJ in SAS (Jones
et al. 2001). The WQS analysis was performed using R package
gWQS (version 4.1.1, R Core Development Team). All other sta-
tistical analysis was performed using SAS (version 9.4; SAS
Institute Inc.).

Results
The distributions of selected characteristics in the overall study
population (n=1,350), participants with five WAZ measurements
(n=1346), participants with five LAZ measurements (n=1,140),
participants with fiveWLZmeasurements (n=1,134), and partici-
pants with five HCZ measurements (n=1,082) are presented
in Table 1. The majority of pregnant women in this study were
25–29 y of age, received an education above high school, and had
normal prepregnancy BMI. There was no substantial difference in
demographic characteristics between the source population and the
study population (Table S1).

Infant anthropometric measures are presented in Table S2. For
infants at birth, 42 d, 6months, 12months, and 24months of age, av-
erage weights (SD) were 3.38 (0.44), 5.14 (0.62), 8.61 (1.02), 10.26
(1.14), and 12.87 (1.44) kg, respectively; average lengths (SD)were
49.92 (1.19), 56.74 (2.28), 68.65 (2.64), 76.18 (2.60), and 88.66
(3.25) cm, respectively; and average head circumferences (SD)
were 34.36 (1.18), 37.91 (1.17), 43.50 (1.35), 45.90 (1.35), and
48.36 (1.33) cm, respectively. The corresponding WAZ, LAZ,
WLZ, andHCZ are also presented in Table S2 aswell.

GBTM identified five trajectory groups for each anthropometric
measure (WAZ, LAZ, WLZ, and HCZ) in this study. The trajecto-
ries for each measure are presented in Figure 1. The trajectories
were labeled according to their initial values (low, moderate, high)
and subsequent trends (rising, stable, falling). For example, a low-
rising trajectory means that the trajectory starts with a low value but
is followed by an increase afterward. The five trajectory groups for
WAZ were: high-rising, high-stable, moderate-stable, low-rising,
and low-stable. The five trajectory groups for LAZ were: high-
rising, moderate-rising, moderate-stable, moderate-falling, and
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low-rising. The five trajectory groups for WLZ were: high-rising,
high-stable, moderate-stable, low-rising, and low-stable. The five
trajectory groups for HCZ were: high-stable, moderate-rising,
moderate-stable, low-stable, and low-rising. In each measure, there
was one moderate-stable group. This group demonstrated a steady
trend near z=0 and had a considerable portion of the study popula-
tions. Therefore, the moderate-stable group was selected as the ref-
erence group for all measures. Detailed definitions for five
trajectory groups for each anthropometrical measure are presented
in Table S3. The BIC used for model selection and posterior proba-
bility formodel goodness offit can be found in Table S4.

First-trimester maternal plasma concentrations of 10 PFAS
congeners are shown in Table S5. The detection frequencies were
greater than 80% for seven PFAS congeners that were included in
the analysis. Median concentrations [interquartile ranges (IQRs)]
were 11.66 (9.24–14.80), 9.68 (6.75–13.60), 1.82 (1.23–2.67),

1.77 (1.27–2.41), 1.48 (1.02–2.10), 0.54 (0.43–0.68), and 0.06
ð0:04− 0:08Þ ng=mL for PFOA, PFOS, PFDA, PFNA, PFUA,
PFHxS, and PFHpA, respectively.

The associations between prenatal PFAS exposures and child
growth trajectories by each anthropometric measure are presented
in Figure 2 (numeric values are presented in Tables S6 and S7).
With regard to WAZ, it was noted that positive associations were
consistently observed for most PFAS exposures and the low-
rising group (except PFOS and PFHpA). When using WQS anal-
ysis, PFAS mixture was associated with higher odds (OR=1:34;
95% CI: 1.09, 1.65) for the low-rising group, whereas PFHxS had
the highest weights (0.74).

For LAZ (Figure 2; numeric values are presented in Tables
S6 and S7), most PFAS exposures were consistently associated
with higher OR for the high-rising group. When using WQS anal-
ysis, PFAS mixture was marginally significantly associated with

Table 1. Distribution of child anthropometric z-scores by maternal characteristics in Shanghai Birth Cohort, Shanghai, China, recruited from 2013 to 2016.

Selected characteristics
Overall

(n= 1; 350)
WAZ

(n=1; 346)
LAZ

(n= 1,140)
WLZ

(n= 1; 134)
HCZ

(n= 1,082)

Maternal age (y)
<25 99 (7.3) 98 (7.3) 94 (8.3) 93 (8.2) 89 (8.2)
25–29 717 (53.2) 716 (53.3) 615 (54.0) 613 (54.1) 580 (53.7)
30–34 406 (30.1) 405 (30.1) 325 (28.5) 323 (28.5) 316 (29.2)
≥35 126 (9.3) 125 (9.3) 105 (9.2) 104 (9.2) 96 (8.9)
Missing 2 2 1 1 1
Maternal education
High school or less 147 (10.9) 147 (10.9) 137 (12.0) 136 (12.0) 135 (12.5)
Associate or bachelor 1,074 (79.7) 1,071 (79.7) 908 (79.9) 904 (79.9) 857 (79.4)
Graduate 126 (9.4) 125 (9.3) 92 (8.1) 91 (8.0) 88 (8.1)
Missing 3 3 3 3 2
Parity
Nulliparous 1,151 (85.3) 1,148 (85.3) 978 (85.8) 974 (85.9) 924 (85.4)
Multiparous 199 (14.7) 198 (14.7) 162 (14.2) 160 (14.1) 158 (14.6)
Active or passive smoking during

pregnancy
No 845 (63.1) 842 (63.1) 723 (63.9) 720 (64.0) 679 (63.2)
Yes 494 (36.9) 493 (36.9) 408 (36.1) 405 (36.0) 395 (36.8)
Missing 11 11 9 9 8
Prepregnancy BMI (kg=m3)
<18:5 208 (15.6) 207 (15.5) 189 (16.7) 188 (16.7) 181 (16.9)
18.5–24.9 981 (73.4) 978 (73.4) 821 (72.7) 817 (72.7) 773 (72.1)
≥25 148 (11.1) 148 (11.1) 120 (10.6) 119 (10.6) 118 (11.0)
Missing 13 13 10 10 10
Fish or seafood intake
No 53 (4.0) 53 (4.0) 30 (2.7) 30 (2.7) 28 (2.7)
<1/wk 148 (11.3) 148 (11.3) 146 (13.1) 146 (13.2) 133 (12.6)
1–3 /wk 917 (69.7) 914 (69.7) 772 (69.4) 767 (69.3) 735 (69.7)
4–7/wk 186 (14.1) 185 (14.1) 159 (14.3) 158 (14.3) 153 (14.5)
>7/wk 11 (0.8) 11 (0.8) 6 (0.5) 6 (0.5) 6 (0.6)
Missing 35 35 27 27 27
Gestational weight gain (kg)
<12 327 (25.4) 327 (25.5) 278 (25.3) 277 (25.4) 264 (25.3)
12–14.9 319 (24.8) 318 (24.8) 266 (24.2) 265 (24.3) 252 (24.2)
15–17.9 323 (25.1) 320 (24.9) 278 (25.3) 275 (25.2) 265 (25.4)
≥18 319 (24.8) 319 (24.8) 275 (25.1) 275 (25.2) 261 (25.0)
Missing 62 62 43 42 40
Breastfeeding after birth
No 40 (3.0) 40 (3.0) 40 (3.5) 39 (3.4) 36 (3.3)
Yes, less than 6 months 350 (25.9) 350 (26.0) 281 (24.7) 281 (24.8) 268 (24.8)
Yes, more than 6 months 960 (71.1) 956 (71.0) 819 (71.8) 814 (71.8) 778 (71.9)
Delivery method
Vaginal delivery 770 (57.0) 768 (57.1) 615 (53.9) 611 (53.9) 575 (53.1)
Cesarean delivery 580 (43.0) 578 (42.9) 525 (46.1) 523 (46.1) 507 (46.9)
Child sex
Female 644 (47.7) 643 (47.8) 532 (46.7) 530 (46.7) 501 (46.3)
Male 706 (52.3) 703 (52.2) 608 (53.3) 604 (53.3) 581 (53.7)
Pregnancy eGFR (mL=min=1:73 m2)a 157.8 (139.0–183.1) 157.8 (139.0–183.0) 158.9 (139.2–185.4) 158.8 (139.2–185.3) 158.7 (139.0–186.3)
Note: BMI, body mass index; eGFR, estimated glomerular filtration rate; HCZ, head-circumference-for-age z-score; LAZ, length-for-age z-score; min, minute; WAZ, weight-for-age
z-score; WLZ, weight-for-length z-score.
aMedian (interquartile range).
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higher odds (OR=1:38; 95% CI: 0.93, 2.05) for the high-rising
group, whereas PFDA had the highest weights (0.53).

For WLZ (Figure 2; numeric values are presented in Tables
S6 and S7), inverse associations were observed between PFAS
congeners and the high-rising and the low-rising groups. PFAS
mixture was associated with lower odds for the high-rising group
(OR=0:84; 95% CI: 0.68, 1.05) and for the low-rising group
(OR=0:63; 95% CI: 0.46, 0.74), whereas PFHxS had the highest
weight (0.33) for the high-rising group, and PFHpA had the high-
est weight (0.58) for the low-rising group.

For HCZ (Figure 2; numeric values are presented in Tables S6
and S7), inverse associations were consistently observed between
PFAS congeners and the high-stable, low-stable, and low-rising
groups. When PFAS mixture was considered, associations were
strengthened.WQS index was negatively associated with the high-
stable group (OR=0:62; 95% CI: 0.43, 0.89), the low-stable group
(OR=0:68; 95% CI: 0.55, 0.85), and the low-rising group
(OR=0:50; 95% CI: 0.31, 0.80), whereas PFHxS, PFUA, and
PFDAhad the highest weights (0.34, 0.51, and 0.33), respectively.

In stratified analysis by sex (Figure 3: numeric values are pre-
sented in Tables S8–S10), PFAS were associated with greater
ORs for the low-rising and low-stable WAZ trajectories and the
high-stable and low-rising WLZ trajectories among males but not
females. Most pronounced differences between males and
females were found for the low-rising WLZ trajectory. For exam-
ple, PFNA (OR=0:53; 95% CI: 0.33, 0.85), PFDA (OR=0:60;
95% CI: 0.40, 0.89), and PFUA (OR=0:55; 95% CI: 0.37, 0.83)
were related with decreased OR in females, whereas PFNA
(OR=1:24; 95% CI: 0.77, 2.01), PFDA (OR=1:20; 95% CI:
0.79, 1.82), and PFUA (OR=1:28; 95% CI: 0.84, 1.97) were
related with increased OR in males, and p for interaction were
0.03, 0.04, and 0.01, respectively.

In the sensitivity analysis, when additionally adjusted for active or
passive smoking during pregnancy, gestational weight gain, breast-
feeding after birth, delivery method, child sex, nutrient supplementa-
tion during pregnancy, infant nutrient supplementation, and infancy
outdoor activity, although some changes were observed, the overall

results were consistent with our main analysis (Table S11). In GAM
(Table S12),we found no evidence for nonlinear relationship between
prenatal PFAS exposures and trajectories of WAZ, LAZ, and WLZ.
However, GAM suggested nonlinear relationship between PFAS and
the high-stable, low-rising, and low-stable HCZ trajectories. The
splines demonstrated aU-shaped curve only for the high-stable group.
As for the low-rising and low-stable HCZ trajectories, though nonlin-
ear, the splines exhibited amonotonic trend (Figure S3).

Discussion
In a—to our knowledge—novel application of GBTM to environ-
mental epidemiology, we characterized postnatal growth trajecto-
ries during the first 2 y of life as outcome variables in relation to
prenatal PFAS exposure levels during the first trimester. We found
that higher PFAS levels were associated with elevated odds for the
low-risingWAZ trajectory and for the high-rising LAZ trajectory in
comparison with the moderate-stable trajectory. The associations of
PFAS with weight and length/height trajectories might differ by
sex. In contrast, high PFAS concentrations were associated with
decreased odds of being in the high-stable, low-stable, or low-rising
HCZ trajectories in comparison with the moderate-stable trajectory.
PFASmixtures analysis further confirmed the above findings.

Our findings are generally in line with the growing evidence
regarding the association of prenatal PFAS exposure both with fe-
tal growth restriction and overweight or obesity during infancy and
early childhood, including low birth weight (Fei et al. 2007; Meng
et al. 2018; Starling et al. 2019), greater weight and adiposity at
5 months of age (Starling et al. 2019), heavier at 20 months
(Maisonet et al. 2012), higher BMI at 3–5 y of age (Gyllenhammar
et al. 2018), and a more rapid increase in BMI between 2–8 y
(Braun et al. 2016). More previous studies investigated growth in
mid-childhood and afterward; however, several inconsistencies
were also noted. For example, in a Danish study, maternal PFOS
and PFOA levels during pregnancy were inversely related to child
weight up to 7 y of age, although not statistically significant
(Andersen et al. 2013). The Avon Longitudinal Study found a

Figure 1. Developmental trajectories for weight-for-age z-score (WAZ), length-for-age z-score (LAZ), weight-for-length z-score (WLZ), and head-circumfer-
ence-for-age z-score (HCZ) from birth to 24 months of age in Shanghai Birth Cohort, Shanghai, China, recruited from 2013 to 2016. The groups are labeled
according to the initial value and following trend. The solid line indicates predicted trajectory, whereas the dashed line indicates observed trajectory.
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nonsignificant association between PFAS exposure and childhood
adiposity in girls at 9 y of age (Hartman et al. 2017). The cohort
study around mid-Ohio valley showed that elevated levels of
PFOA exposure in early life were not associated with overweight
and obesity risk in adulthood (Barry et al. 2014). Great heterogene-
ity in the study populations and residual confounding may partly
explain the inconsistent results. Our study focuses on the first 2 y
after birth. In comparison with later life periods, prenatal PFAS ex-
posure may play a more important role in growth variance during
infancy and early childhood, which may explain the difference
between results in this study and the null findings during later
childhood in other studies. It is commonly observed that growth-
restricted newborns are more likely to experience rapid postnatal
weight gain during the first 2 y of life to compensate for intrauterine
restraint (Ong et al. 2000), which may be a precursor for metabolic
diseases in later life (Ibáñez et al. 2006; Kerkhof et al. 2012; Teller
et al. 2018). Thus, the potential impact of prenatal exposure to
PFAS at early postnatal growth is of concern for public health.

Most prior literature almost exclusively used static growthmeas-
ures. Limited longitudinal studies investigated postnatal growth at
multiple time points using conventional analysis methods, such as
linear mixed-effects and marginal models to estimate cumulative
growth metrics instead of trajectory patterns (Braun et al. 2016;
Shoaff et al. 2018; Starling et al. 2019). These conventional
methods are cross-sectional in nature and fail to capture the dynamic
features of growth. In contrast, growth trajectory modeling can pro-
vide more complete characterization of dynamic growth processes
(Pryor et al. 2011), which may allow more accurate identification
and quantification ofmodifiable risk factors and prediction of health
outcomes as well as identification of critical windows for

intervention (Regnault and Gillman 2014). To our knowledge, only
a recent study of Swedish children (n=1,334) explored how prena-
tal PFAS exposure may influence child weight trajectory. The
Swedish study investigated the weight trajectory from birth to age
5.5 y with a double logistic functionmodeling and found that higher
prenatal PFOA exposure was related to lower birth weight aswell as
higher infant weight plateau at later stages (Tanner et al. 2020).
Using a different trajectory model, we confirmed their findings by
showing an association between prenatal PFAS exposure and the
low-rising WAZ trajectory that has a higher WAZ from 6 months.
The Swedish study focused only on PFOA and weight trajectory,
whereas our study included seven PFAS congeners andmultiple an-
thropometric measures, providing more evidence regarding the
influence of prenatal PFAS exposure on postnatal growth.

In this study, using age- and sex-standardized measures, we
observed an association between prenatal PFAS exposure and
low-rising WAZ trajectory. These findings support the hypothesis
that reduced fetal growth due to in utero exposure to PFAS may
result in early-life catch-up growth gain (Gyllenhammar et al.
2018; Starling et al. 2019). Moreover, this catch-up weight gain
appears to be excessive because the late-stage z-score in the low-
rising WAZ trajectory was larger than that in the average trajec-
tory. Because excessive catch-up growth is an established risk
factor for obesity and metabolic disease in later life (Ibáñez et al.
2006; Kerkhof et al. 2012; Lobstein et al. 2004; Teller et al.
2018), our findings warrant the concern over the long-term health
influence of prenatal PFAS exposure. In addition to WAZ, we
found that high PFAS levels were also associated with the risk of
high-rising LAZ and low-stable WAZ, suggesting a complex and
heterogeneous relationship of PFAS with postnatal growth. Our

Figure 2. OR and 95% CI for trajectory groups in each anthropometrical measure according to per doubling increase in prenatal PFAS level (nanograms per
milliliter) in logistic regression models in Shanghai Birth Cohort, Shanghai, China, recruited from 2013 to 2016. A WQS index was created using all seven
types of PFAS to reflect the mixture exposure level. All models were adjusted for maternal age, maternal education, prepregnancy BMI, fish and seafood intake
during pregnancy, parity, and pregnancy eGFR. Numeric values are presented in Table S6. Note: BMI, body mass index; CI, confidence interval; eGFR, esti-
mated glomerular filtration rate; HCZ, head-circumference-for-age z-score; for LAZ, length-for-age z-score; PFAS, per- and polyfluoroalkyl substances; PFDA,
perfluorodecanoic acid; PFHpA, perfluoroheptanoic acid; PFHxS, perfluorohexanesulfonic acid; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid;
PFOS, perfluorooctane sulfonic acid; PFUA, perfluoroundecanoic acid; OR, odds ratio; WAZ, weight-for-age z-score; WLZ, weight-for-length z-score; WQS,
weighted quantile sum.
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results further support that growth trajectory modeling is particu-
larly useful for allowing a close scrutiny of heterogeneity in
growth patterns, whereas most previous studies focused on aver-
age growth pattern as a whole, which may have overlooked indi-
vidual heterogeneity of growth patterns.

Unexpectedly, we found that in contrast to WAZ and LAZ,
inverse associations were consistently observed with HCZ for
high-stable, low-stable, and low-rising trajectories in relation to
most individual PFAS congeners as well as PFAS mixture. It
suggests that PFAS exposure might be related to increased odds
for average development of HCZ, neither too high nor too low. A
U-shaped relationship between PFAS exposure and HCZ high-
stable trajectory was observed in our study, which implies diver-
gent associations of different PFAS exposure levels. Head cir-
cumference is far less studied than weight in the context of PFAS
exposures, and results were inconsistent among available studies.
For example, studies from the Danish National Birth Cohort and
Avon Longitudinal Study showed an inverse association between
prenatal exposure to PFOA or PFOS and head circumference
(Marks et al. 2019; Xiao et al. 2020), whereas studies from the
Aarhus Birth Cohort, Shanghai Birth Cohort, and Hokkaido,
Japan, showed no association with head circumference (Bach
et al. 2016; Chen et al. 2021; Kashino et al. 2020). Another study
in Zhoukou City, China, reported that PFHxS was positively
associated with postnatal (mean 19 months) head circumference
(Cao et al. 2018). Head circumference is believed to be related to
cognitive and neurological development in children. As shown in
a recent study from six sites worldwide, fetal cranial growth tra-
jectories within a 20- to 25-wk gestational age window were
associated with brain development at 2 y of age (Villar et al.

2021). In addition, macrocephaly and brain overgrowth have al-
ready been reported to be associated with autism spectrum disor-
der (ASD) (Sacco et al. 2015). Epidemiological evidence remains
inconsistent regarding association between prenatal PFAS expo-
sures and child ASD. For example, positive associations between
prenatal PFAS and increased risk of child ASD were found in a
high-risk ASD cohort (Oh et al. 2021) as well as in a population-
based case–control study (Shin et al. 2020). However, several
studies have also reported an inverse association (Braun et al.
2014; Long et al. 2019; Lyall et al. 2018), which might be related
to the weak estrogenic activities and antiandrogenic activities of
PFAS (Long et al. 2019) but also could be due to some unmeas-
ured confounders (Lyall et al. 2018). Because prior studies sug-
gest that high-stable head circumference trajectory may be an
indicator for autism (Fukumoto et al. 2011; Sacco et al. 2015),
our observations might partly explain the mixed findings in ear-
lier studies evaluating the association between prenatal PFAS ex-
posure and autism: PFAS might be inversely associated with
autism at low levels but positively associated with autism at high
levels. However, in view of the inconsistencies in the limited
amount of available literature, we should not overinterpret the
results. More research on this issue is needed.

In addition, we found potential differential effects between
sex. It seems that boys might be more sensitive to PFAS expo-
sures in our study, with more pronounced OR for the associations
of PFAS with WAZ and WLZ trajectories than those reported for
girls. Sex-specific effect estimates in fetal or childhood growth
related to PFAS have also been reported in other studies, but the
results were mixed. Some studies showed that prenatal PFAS
concentrations were associated with lower birth weight in boys

Figure 3. Stratified analysis by sex using logistic regression models in Shanghai Birth Cohort, Shanghai, China, recruited from 2013 to 2016. The solid line
represents males, and the dashed line represents females. Lines with asterisk mean a p<0:1 for the comparison between males and females. A WQS index was
created using all seven types of PFAS to reflect the mixture exposure level. All models were adjusted for maternal age, maternal education, prepregnancy BMI,
fish and seafood intake during pregnancy, parity, and pregnancy eGFR. Numeric values are presented in Tables S8 and S9. Note: BMI, body mass index;
eGFR, estimated glomerular filtration rate; HCZ, head-circumference-for-age z-score; for LAZ, length-for-age z-score; PFAS, per- and polyfluoroalkyl substan-
ces; PFDA, perfluorodecanoic acid; PFHpA, perfluoroheptanoic acid; PFHxS, perfluorohexanesulfonic acid; PFNA, perfluorononanoic acid; PFOA, perfluor-
ooctanoic acid; PFOS, perfluorooctane sulfonic acid; PFUA, perfluoroundecanoic acid; OR, odds ratio; WAZ, weight-for-age z-score; WLZ, weight-for-length
z-score; WQS, weighted quantile sum.
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(Li et al. 2017; Manzano-Salgado et al. 2017), whereas others
suggested that girls could be more vulnerable (Cao et al. 2018;
Chen et al. 2019; Kashino et al. 2020; Kishi et al. 2015), and
some reported no obvious sex differences (Bach et al. 2016;
Gyllenhammar et al. 2018). A recent study also showed PFAS
exposures were related to cholesterol metabolism with significant
differences in sex (Blomberg et al. 2021). The modification
effects by child sex should be considered in future studies.

To our knowledge, ours is one of the largest and most com-
prehensive studies to date on the potential growth effects of pre-
natal exposure to PFAS. We employed GBTM to characterize
postnatal growth trajectories during the first 2 y of life, which
provided a more complete characterization of growth trajectory
in comparison with cumulative weight measures. Repeated mea-
surement of weight, length/height and head circumference from
birth to 2 y old using WHO standardized protocols is an impor-
tant strength of our study, which is superior to most existing stud-
ies that relied on medical records. This study also benefited from
the prospective study design and comprehensive collected covari-
ates, including maternal age, maternal education, prepregnancy
BMI, fish and seafood intake, parity, and pregnancy eGFR. In
addition, with reliable biological measures of seven PFAS conge-
ners, we estimated effect estimates of individual PFAS as well as
joint estimates of PFAS mixtures, which may provide additional
insight of overall findings to further confirm the single PFAS
analyses and reduce the possibility of chance findings.

Several limitations of the present study should also be noted.
First, potential selection bias might have been induced by the
inclusion criterion that all participants should have all five meas-
urements of one anthropometric measure. Nevertheless, we con-
structed inverse probability weights according to factors measured
for all women in the SBC at baseline that may affect inclusion in
each measurement, and there was no substantial difference in de-
mographic characteristics between participants for different an-
thropometric measures, indicating selection bias was minimal.
Second, despite including multiple confounders, residual con-
founding cannot be ruled out from other unmeasured or unknown
confounders, such as environmental pollutants and lifestyle fac-
tors. Studies have reported that PFAS are only weakly correlated
with other persistent chemicals (Fisher et al. 2016). Thus, potential
confounding from other persistent environmental pollutants may
be small. Third, it is difficult to assess the clinical relevance for the
growth trajectories used as an outcome in this study. It is a com-
plex and challenging endeavor to demonstrate the influence of
growth trajectories on later diseases at this moment. Life-course
studies combined with multiple approaches are required to unravel
the complexity (Tu et al. 2013). Because we plan to follow these
children for a long time, we will try to understand the clinical sig-
nificance of these trajectories with health outcomes in the future.
Finally, GBTM, as well as other trajectory analysis approaches,
cannot perfectly delineate the trajectory for each individual, and
thus misclassification cannot be ruled out. Other alternative trajec-
tory modeling strategies are also encouraged to verify our results.

In conclusion, using trajectory analysis of repeated measure-
ments of anthropometric metric during the first 2 y of life, we
found that higher PFAS levels were associated with elevated odds
for low-rising WAZ trajectory and high-rising LAZ trajectory.
However, inverse associations were observed with HCZ for aver-
age development of HCZ trajectories, and a sex-specific effect
might exist. GBTM, a trajectory analysis approach, provided
insight into the complex effects of PFAS exposure on growth at
different developmental stages. Follow-up of the SBC participants
will help further characterize how prenatal exposures may impact
late childhood growth trajectories. Future studies are warranted to
confirm the present findings with trajectory modeling strategies.
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