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Abstract

Background Bisphenol A (BPA) is an environmental endocrine disruptor and is found in many consumer products. Studies
suggest that BPA may perturb pubertal development, although evidence on BPA-influenced pubertal height growth is scarce.
Methods A total of 754 children aged 9-18 years from three schools (one elementary, one middle, and one high school)
in Shanghai were included in this longitudinal study. Height was measured at enrolment (visit 1) and, subsequently, at
19 months after enrolment (visit 2). Age- and sex-specific Z scores for height were calculated (height Z score = [participant’s
height—sex- and age-specific population height mean]/sex- and age-specific population height standard deviation). Urine
samples were collected at enrolment to measure BPA concentrations. We used multiple linear regression models or general
estimating equation models (GEE) to estimate associations between urine BPA level and height Z score.

Results The geometric mean of urine BPA concentrations was 1.6 pug/L (95%CI: 1.4, 1.8) or 1.2 ug/g creatinine (95%CI:
1.0, 1.3). An inverse association between urine BPA level and height was observed in boys. After adjustment for potential
confounders, height Z score at enrolment in boys decreased by 0.49 for the highest exposure level (above 10.9 ug/g
creatinine as the 90th percentile), compared with the lowest BPA exposure (below 0.2 ug/g creatinine as the 25th percentile)
(95%CI: —0.96, —0.01; p-trend = 0.024). The inverse association remained between BPA exposure and height Z score
at visit 2. The GEE model showed that a 1-unit increase in log;y-transformed BPA concentrations was associated with a
0.15-point decrease in height Z score over the follow-up (95%CI: —0.30, —0.01). BPA was not associated with height
growth in girls.

Conclusions Our findings indicate an inverse association between urine BPA level and height growth in boys. These
findings need to be confirmed in further studies.
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Introduction

Bisphenol A (BPA) is a synthetic compound used exten-
sively worldwide in the production of polycarbonate plas-
tics and epoxy resins, which are found in many consumer
products (e.g., water bottles, water piping, the lining of tin
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when puberty begins and reaches a peak on average
22 months after initiation [7]. This accelerated growth
period of puberty, which is influenced by many hormones
and growth factors, accounts for about 20% of final adult
height [7]. Sex steroids play a crucial role in pubertal
growth both at the systemic level via the growth hormone/
insulin-like growth factor-1 (GH/IGF-I) axis and at the local
level of the epiphyseal growth plate [7]. Pituitary growth
hormone secretion increases during puberty in response to
sex steroids [8]. Besides, sex steroids are likely to have a
direct action on chondrocytes because the androgen receptor
(AR) and both oestrogen receptor o (ERa) and B (ERp),
have been demonstrated in growth plate tissue at the mRNA
and protein level in several species, including human [7].

As an endocrine-disrupting chemical, BPA can act
through a variety of physiological receptors, including ERs
and AR. Previous studies reported that BPA could disrupt
pubertal development through its oestrogenic and anti-
androgenic effects [3, 9, 10]. However, there was scarce
evidence with regard to the impact of BPA on longitudinal
bone growth in puberty. In this study, we examined the
impact of BPA exposure on pubertal growth in height
among school-aged children and any sex-specific effect,
since gender differences were reported in studies examining
BPA and growth outcomes, such as gestational length and
birth weight [11].

Methods

This was an ancillary study of a national survey of pubertal
development and adolescent health in China. The national
survey was designed to collect anthropometric measures
and related information in order to assess pubertal growth
and development. The current study was conducted during
2011-2012 among school-aged children in Jiading district,
a highly industrialised district located in the northwestern
part of Shanghai, with middle level of population density
and income. It was selected as one of the sites of the
national survey. This study added collection of urine sam-
ples at enrolment and ascertained additional questions
concerning factors related to pubertal growth when the
students were first enroled (visit 1) and subsequently visited
at 19 months after enrolment (visit 2). A detailed descrip-
tion of the study has been presented previously [12]. The
following are methods relevant to the present study.

Study population
Three large schools (one elementary, one middle, and one
high school) in Jiading district participated in the study. All

students aged 9-18 years in grades 4 through 12 were eli-
gible for inclusion in the study. Four classes of students
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from each grade were randomly selected and recruited with
approximately 160 students from each grade. Among 1451
eligible students, 18 (1.2%) refused to participate. An
additional 90 students did not provide urine samples, of
whom 72 were girls due to menstruation at the time of
specimen collection. Samples from 17 students were acci-
dentally damaged during transportation. Thus, 1326 stu-
dents were included at visit 1, consisting of 91.4% of the
initial eligible population. At visit 2, 414 students were no
longer available as they had graduated from the participat-
ing school. In addition, 158 students did not complete the
physical examinations during visit 2. Thus, 754 participants
had information for both visits, and were included in the
final analyses.

The study was approved by the committees for protection
of human subjects at Shanghai Institute of Planned Par-
enthood Research and School of Public Health, Fudan
University. Parents of all students were sent a consent form
with a detailed description of the study prior to enrolment.
Parents were asked to inform the teachers if they did not
want their children to participate in the study. All students
were also informed by their teachers of the study purpose,
process and the voluntary nature of participation in advance,
and reminded again at the time of data collection.

BPA exposure assessment

Spot urine samples collected at visit 1 were measured for total
urine BPA concentrations (free plus conjugated species) by
high-performance liquid chromatography (HPLC) based on
the modified methods of Yang et al. [13], as described in
previous studies [12, 14]. In brief, the reaction mixtures of
phosphorous acid buffer, f-glucuronidase (Sigma Chemical
Co., St. Louis, MO) and sample aliquots in glass tubes were
incubated for hydrolyzation, and then were extracted twice
with ether:n-hexane (1:1) (HPLC grade, Dikma). The super-
natants were evaporated with nitrogen gas. The residue was
dissolved in 40% acetonitrile (HPLC grade, Dikma) and
analysed by HPLC with fluorescence detection. Analysis was
conducted at the Department of Occupational Health and
Toxicology, School of Public Health & WHO Collaborating
Center for Occupational Health, Fudan University, Shanghai,
China. Laboratory techniques and quality control protocols
have been reported previously [14]. The limit of detection
(LOD) for BPA was 0.31 ug/L, which is comparable to the
published LOD of 0.4 ug/L [15]. Values below LOD were
replaced with LOD/Y2 as the standard practice. All BPA
concentrations were accounted for urine creatinine levels to
control for urine dilution. Due to the potential non-monotonic
dose response effects of BPA [16], we used 25th, 50th, and
75th percentile of creatinine-adjusted BPA concentrations
(micrograms per gram creatinine) as cutoff points. In addition
to quartiles, we used 90th percentile to obtain a categorical
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variable and examined the effects of relatively high BPA
exposure in our population. Further, we included log;o-
transformed creatinine as an independent variable in models
using log;o-transformed BPA concentrations as a continuous
variable, as recommended by Barr et al. [17].

Height growth and pubertal assessment

For each participant, a trained physician conducted stan-
dardised physical examinations without knowledge of the
child’s BPA exposure status. At visits 1 and 2, height
was measured with the participants barefoot, in line with
recommendations from the National Health and
Nutrition Examination Survey [18]. Age- and sex-specific Z
scores for height at each visit were calculated based
on references from a previous study in a similar study
population (height Z score = [participant’s height—sex- and
age-specific population height mean]/sex- and age-specific
population height standard deviation) [19]. Pubertal devel-
opment status, which might represent a distinct growth and/
or hormonal profile, was measured according to the inter-
nationally accepted Tanner stage criteria [20]. Pubic hair
development at visit 1 was graded as 1 (pre-puberty), 2
(onset), 3 (ongoing), 4 (nearly complete) or 5 (complete and
adult-like). Participants at pubic hair Tanner stage 1 were
classified as prepubertal, while those at Tanner stage 2 or
higher (Tanner stage 2+) were classified into the pubertal

group.
In-person information collection

At visits 1 and 2, the following information was collected
by self-administered questionnaires from children and their
parents: (1) demographic characteristics, including chil-
dren’s sex and age, parental age and height, maternal edu-
cation level (>college vs. <college). In addition, a 1-5
rating scale (poor to good) was used for self-evaluation of
household income. Those who reported 1-3 were cate-
gorised as middle and below, while 4-5 were categorised as
upper middle. (2) Other maternal characteristics, including
gestational age, parity, single or multiple births, prenatal
passive smoking (yes/no), and exclusive breastfeeding (yes/
no). (3) Information on children’s dietary intake was col-
lected using a food frequency questionnaire validated in a
similar Chinese population [21] to ascertain the frequency
of food intake per week, including junk foods, fish, meat,
dairy products, fruits and vegetables, and soy-based foods.
The participants were asked to self-evaluate whether they
have an unbalanced diet (yes/no). (4) Time spent on phy-
sical activity were collected and categorised as > 30 min/day
and <30 min/day. (5) Children’s current depression status
was assessed using the published Children’s Depression
Inventory [22]. (6) Children’s exposure status to

environmental tobacco smoke (ETS) was collected by
asking whether their father or mother was a smoker
(yes/no).

Statistical analyses

Due to the sexual dimorphic pattern of pubertal growth [7],
as well as potential sex difference in the effects of BPA [11,
23], we examined height growth in relation to peripubertal
BPA exposure in boys and girls separately. Initially, linear
regression models were used to examine the association
between urine BPA level and height Z score at visits 1 and
2, respectively. Beta coefficients were calculated to repre-
sent the change in height Z score for each unit increase of
BPA variable. Then, in order to assess the association
between BPA exposure and height growth over the follow-
up, generalised estimating equation (GEE) models were
used to account for the correlation between repeated height
Z scores obtained for two visits from the same child [24].
We characterised creatinine-adjusted urine BPA con-
centrations as a categorical variable in our statistical mod-
els. In addition, we used a continuous log-transformed BPA
variable in models including log-creatinine as a covariate.
As a sensitivity analysis, we stratified main analyses by
pubic hair development status at visit 1 (Tanner stage 1 vs.
Tanner stage 2+-), since puberty might represent a distinct
growth and/or hormonal profile [6, 8] and thus could be a
modifier for the association between BPA exposure and
height growth. In addition, pubertal growth spurt in both
boys and girls begins at pubic hair stage 2 [6]. We also
explored the potential modifying effect of pubertal status on
the association by entering the interaction term (BPA*pu-
bertal status) in the models, although our study sample size
is likely underpowered to study interactions.

We evaluated a wide range of covariates, including
parental characteristics, such as household income, paternal
age, paternal height (continuous variable), maternal age,
maternal height (continuous variable), maternal education,
gestational age, parity, single or multiple births, prenatal
passive smoking, and exclusive breastfeeding, and child
characteristics, such as sex, age (continuous variable),
pubertal status, unbalanced diet, physical activity, depres-
sion score, dietary intake, and ETS. We first constructed a
basic model adjusted for child sex and age at visit 1, and
then added each covariate one at the time to the basic
model. We retained in the final multivariable-adjusted
models only those covariates that altered the coefficient of
the BPA exposure by >10%.

We repeated all analyses excluding children with urine
creatinine values < 0.2 g/L, to reduce the influence of very
dilute specimens (n =4) [25]. We also restricted analysis to
first births, single births or term births, to examine whether
the results were stable, since these characteristics could be
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related to different growth patterns [26-29]. All statistical
analyses were performed using Stata 12.0 (Stata Corp., LP,
College Station, TX). Statistical significance was defined as
a p-value <0.05.

Table 1 Characteristics of participants (n=754)

Characteristics N (%) Mean (SD)
Child characteristics

Age at visit 1 12.9 (2.3)
Male sex (%) 370 (49.1)

Tanner stage 2 or higher at visit 1 (%) 454 (60.3)

Parity 22 (%) 39 (5.3)

Gestational age (weeks) 39.6 (1.4)
Preterm (%) 29 (3.9)

Singleton (%) 734 (98.5)
Breastfeeding exclusive (%) 375 (51.2)

Life style and mental health

Unbalanced diet (%) 307 (44.2)

Physical activity 230 min/day (%) 304 (41.1)

Depression score® 210 (%) 357 (57.5)

Dietary intake

Junk foods intake 25 days/week (%) 186 (24.8)

Fish intake >5 days/week (%) 185 (24.6)

Meat intake 25 days/week (%) 66 (8.8)

Dairy products intake everyday (%) 331 (44.0)

Fruits and vegetables intake everyday (%) 557 (74.3)

Soy-based foods intake everyday (%) 184 (24.4)

Parental characteristics

Maternal age 24.5 (3.3)
Maternal height 160.2 (4.5)
Paternal age 26.8 (3.7)
Paternal height 172.3 (4.7)
Parental tobacco smoke positive (%) 496 (66.7)

Prenatal passive smoking (%) 126 (17.1)

Maternal education > college (%) 308 (41.5)

Household income > middle (%) 247 (33.0)

*The CDI (Children’s Depression Inventory) was used to assess
depression status. Higher scores represent higher depressive symptoms

Results

Participants included in analyses (n=754) had a mean
(£SD) age of 12.9 (+2.3) years. At enrolment, a total of
454 children (60.3%) had reached Tanner stage 2+ for
pubic hair development (Table 1), with a mean (£SD) age
of 14.2 (+1.8) years, while the mean age of children at
Tanner stage 1 was 10.8 (x1.3) years (p <0.01). The mean
height of children by age group revealed an expected
chronological order, increasing reasonably from visit 1 to
visit 2 (Table 2). The geometric mean of urine BPA con-
centrations was 1.6 ug/LL (95%CI: 1.4, 1.8) or 1.2 ug/g
creatinine (95%CI: 1.0, 1.3). The median of creatinine-
adjusted BPA concentrations was 1.3 (0.2, 4.9) ug/g crea-
tinine, while the 90th percentile was 10.9 pg/g creatinine.
Lower urine BPA concentrations were found in children
with higher paternal age (Table S1). BPA concentrations
did not vary according to other characteristics in Table 1.

There was an inverse association between urine BPA
level and boy’s height Z score (Table 3). In analyses
according to continuous BPA exposure variable, after
adjustment for log-creatine and other potential confounders,
the P coefficients for the association between BPA (logo-
transformed, in pg/L) and boy’s height Z score were —0.18
(95%CI: —0.34, —0.01) for visit 1 and —0.13 (95%CI:
—0.28, 0.02) for visit 2 (Table 3). The results of models
with percentile of urine BPA concentrations were consistent
with those using continuous variable. At visit 1,
compared with the lowest BPA exposure, height Z score in
boys decreased by 0.49 at the exposure level above 90th
percentile (10.9 pug/g creatinine) (adjusted = —0.49; 95%
CL: —0.96, —0.01; p-trend = 0.024). An inverse but a bit
weaker association remained at visit 2 (adjusted f = —0.38
for the highest level vs. the lowest one; 95%CI: —0.83,
0.06). However, urine BPA was not associated with height
Z score in girls.

The GEE multivariable model (Table 4) assesses the
mean height over the two visits in relation to urine BPA and
shows the similar results. In boys, peripubertal exposure to
BPA showed a significant inverse association with height Z
score, which decreased by 0.15 per log;o-transformed pg/L
BPA increase (95%CI: —0.30, —0.01). We explored the

Table 2 Mean height by age of

. ; . A isit 1
children (with SD) at two visits ge group (at visit 1)

Girls’ height (cm)

Boys’ height (cm)

N Visit 1 Visit 2 N Visit 1 Visit 2
9-10 83 140.9 (6.7) 151.8 (6.9) 83 139.2 (7.0) 148.2 (8.0)
11 51 151.4 (6.7) 158.9 (5.3) 61 150.4 (8.5) 163.6 (7.9)
12 73 155.9 (5.4) 160.0 (5.2) 80 158.7 (9.1) 168.9 (6.7)
13-14 68 158.7 (7.2) 161.1 (6.7) 72 166.7 (7.3) 173.3 (5.9)
15 43 162.8 (4.8) 163.3 (5.1) 33 172.9 (5.6) 175.1 (5.2)
16-17 66 163.0 (4.8) 163.2 (4.8) 41 174.8 (6.2) 175.4 (6.4)
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Table 3 Associations between urine BPA level and height Z score at two visits®

Percentiles of urine BPA concentrations (ug/g Cr) p-trend Log;o-BPA (ug/L)
<25th 25-50th 50-75th 75-90th >90th
Boys (n=370)
Visit 1
Crude Ref  —0.02 (—0.34,0.30) —0.12 (—0.44,0.20) 0.01 (—0.35,0.38) —0.53** (—0.93, 0.058* —0.11 (—0.25,0.03)
—0.12)
Adjusted® Ref  —0.04 (—0.38,0.30) —0.33* —0.20 —0.49%* (—0.96, 0.024*% —0.18%* (—0.34,
(—0.67,0.01) (—0.60,0.21) —0.01) —0.01)
Visit 2
Crude Ref  0.09 (—-0.20,0.37) —0.05 (—0.33,0.24) 0.09 (—0.24,0.42) —0.39*%* (—0.76, 0.143 —0.08 (—0.21,0.05)
—0.03)
Adjusted® Ref  0.07 (—0.25,0.38) —0.26 (—0.58,0.06) —0.06 —0.38% (—0.83,0.06) 0.069* —0.13* (—0.28,0.02)
(—0.44,0.33)
Girls (n=384)
Visit 1
Crude Ref  —0.06 (—0.35,0.24) —0.14 (—0.43,0.16) 0.08 (—0.26,0.42) —0.07 (—0.47,0.33) 0.964 —0.01 (—0.15,0.13)
Adjusted® Ref — —0.05 (—0.33,0.22) —0.05 (—0.33,0.22) 0.07 (—0.24,0.39)  0.08 (—0.31,0.46) 0.552 0.04 (—0.09,0.18)
Visit 2
Crude Ref  —0.003 —0.12 (—-0.41,0.18) —0.07 0.01 (—0.39,0.41) 0.692 —0.05 (—0.19,0.09)
(—0.30,0.29) (—0.41,0.26)
Adjusted® Ref  0.02 (—0.25,0.29) —0.05 (—0.32,0.22) —0.07 0.13 (—0.24,0.51) 0.962 —0.02 (—0.16,0.11)
(—0.39,0.24)

*Beta coefficients were calculated to represent the change in height Z score for each unit of increase of BPA variable

"Models with categorised BPA variable adjusted for: age, maternal education, paternal age, maternal height, paternal height, singleton, pubertal
status, unbalanced diet, sports activity, depression, and junk foods; models with continuous BPA variable further adjusted for log-creatinine

#p<0.1, *%p<0.05

time effect on the association between BPA and height
growth by adding to the GEE model an interaction term
(BPA*visit). However, no significant interaction was found
for the product term BPA*visit (p-value =0.455) in the
model for boys (data not shown).

Given that 60.3% of participants were at Tanner
stage 2+, which might have a distinct growth and/or hor-
monal profile, Table 5 presents the association between
urine BPA and height Z score in boys stratified by pubertal
status. At visit 1, while no association was found among
boys at Tanner stage 1, per logo-transformed BPA increase
was associated with a significantly lower height Z score
(adjusted = —0.27; 95%CI: —0.48, —0.05) among those
at Tanner stage 2+. However, no significant interaction
was found when we added the term BPA*pubertal status
to the model (p-value =0.138). Urine BPA was not asso-
ciated with girl's height regardless of whether she had
reached Tanner stage 2 or not (Table S2).

In sensitivity analyses, excluding children with urine
creatinine values <0.2 g/L did not influence results (data
not shown). After restricting the analysis to first births,
single births or term births, results did not change mean-
ingfully (data not shown).

Discussion

This longitudinal follow-up study examined the relationship
between exposure to BPA and growth of height in school
aged children. We observed that urine BPA was inversely
associated with height Z score in boys. To our knowledge,
this is the first study that appeared to show growth sup-
pression by BPA exposure among peripubertal boys.
Although the impact of BPA on longitudinal bone growth in
puberty has not been well examined, impact of BPA on
bone development in early life has been reported in animal
studies. In-utero exposure to high doses of BPA (1000 mg/
kg/day from days 1 to 20 of gestation) adversely impacted
the bone turnover and skeletal development in rats [30],
while developmental BPA exposure at low doses (10 pg/kg/
day from gestational day 11 to postnatal day 12) increased
femur length in male mice [31]. Although environmentally
relevant BPA exposure is usually much lower than tox-
icologically level in animal studies [32], previous studies
have reported adverse effects of environmental BPA
exposure on human health outcomes [33], including pub-
ertal development [9, 10]. In addition, an epidemiological
study assessing foetal growth has shown that prenatal
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Table 4 GEE regression model results for associations between urine BPA level and height Z score over the follow-up®

Percentiles of urine BPA concentrations (ug/g Cr)

p-trend  Log;o-BPA (ug/L)

25-50th 25-50th 50-75th 75-90th 290th
Boys (n=370)
Crude Ref 0.03 (—0.25,0.32) —0.08 (—0.37,0.20) 0.05 (—0.28,0.38) —0.46%* (—0.82,—-0.09) 0.074 —0.09 (-0.22,0.04)
Adjusted®  Ref 001 (—029,031)  —0.29% (—0.60,0.01) —0.13 (—0.49,024) —0.44%% (—0.85,-0.02) 0.026  —0.15%% (—0.30,~0.01)
Gitls (1=384)
Crude Ref —0.03 (-0.31,0.25) —0.13 (—0.41,0.15) 0.004 (—0.32,0.33) —0.03 (—0.42,0.35) 0.820 —0.03 (=0.17,0.11)
Adjusted®  Ref —0.01 (=0.27,0.24) —0.05 (—0.30,0.20)  0.0001 (—0.29,0.29)  0.11 (—0.25,0.46) 0.730  0.01 (=0.12,0.13)

*Beta coefficients were calculated to represent the change in height Z score for each unit of increase of BPA variable

"Models with categorised BPA variable adjusted for: age, maternal education, paternal age, maternal height, paternal height, singleton, pubertal
status, unbalanced diet, sports activity, depression, and junk foods; models with continuous BPA variable further adjusted for log-creatinine

#p<0.1, *p<0.05

exposure to environmental BPA was associated with
reduced femur length from 12 to 20 weeks [34].

Although the biological explanation behind the association
between BPA exposure and growth in height is unclear at this
point, BPA has been shown to affect a variety of hormone
functions and can potentially disrupt height growth. For
example, BPA can interact with oestrogen receptors to act as
an oestrogen agonist or antagonist. BPA can also directly bind
to androgen receptors and is possibly antiandrogenic, block-
ing endogenous androgen action. Animal studies also showed
that BPA can induce GH transcription and release [35], and
alter IGF-I concentration [36]. Both sex steroids and GH/IGF-
I axis play crucial roles in regulating longitudinal growth and
skeletal maturation [7, 8].

Significant associations between urine BPA and depres-
sed height growth were found in boys, but not in girls. Our
results are consistent with previous studies which observed
sex-specific associations of prenatal BPA with anthropo-
metric measures. These studies reported that maternal
urinary BPA concentrations were significantly associated
with foetal growth in males, but not females [23, 34]. Many
other studies also reported sex differences in effects of BPA
[12, 37, 38]. In both human and animal populations,
responsiveness to oestrogenic endocrine-disrupting chemi-
cals is known to be variable across individuals, and it is
possible that endogenous sex hormones play a role [39],
which also may explain sex-specific effects of BPA.

Although the inverse association between BPA and
height Z score in boys at visit 1 remained after the follow-up
period, it was weaker and non-significant at visit 2. This
finding, combined with our earlier publication indicating
BPA associated with accelerated pubertal onset in boys [9],
is consistent with previous findings on the relationship
between pubertal timing and height growth, which reported
that children who matured earlier tended to be shorter at
a given age than those who matured later, although, on
average, final heights at full maturity did not differ [40, 41].
However, no significant interaction was found when we
examined the time effect on the association between BPA
and pubertal height growth, likely due to the limited
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statistical power from our sample size. Further investigation
in future studies are needed to draw a conclusion about the
potential catch-up growth phenomenon.

In the present study, results also suggest potential dif-
ferences in the BPA-height growth associations according
to pubertal status. In stratified analyses (Table 5), a
strengthened association towards higher urine BPA and
lower height Z score was found in pubertal boys, while no
significant association was observed in prepubertal boys. A
potential explanation is that puberty with rapid linear
growth and sex maturation, is a hormone-dependent stage of
development and is more vulnerable to endocrine disruption
[42]. Although our sample size might be underpowered to
study interactions, we explored the potential modifying
effect of pubertal status, and the product term BPA*pubertal
status did not reach the statistical significance (p-value =
0.138). Nevertheless, these findings should be cautiously
treated because we were not able to follow the exact tra-
jectories of height growth according to pubertal status in the
current study.

There are a few potential limitations of our study. One
consideration is about BPA exposure. The mean con-
centration of urine BPA measured in this study is compar-
able to those reported previously in similar Chinese
populations [43, 44]. However, a single spot urine sample
collected in our study may represent only recent exposure
due to the relatively short half-life of BPA, and subse-
quently could have led to non-differential misclassification
of BPA exposure, resulting in attenuation of the observed
association. An additional consideration is that the peripu-
bertal period is likely not the only critical window of
exposure to factors which alter pubertal growth. Early-life
exposure can also contribute to late development [16].
Therefore, a lack of information on BPA exposure during
other critical windows makes it difficult to rule out the
impact of BPA exposure at earlier life stages on pubertal
height growth. Finally, this study was limited by its insuf-
ficient length of follow-up and height measures to follow
the exact trajectorie of height growth, which made further
analyses less conclusive.
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Table 5 Associations between urine BPA level and height Z score in boys stratified by pubertal status®

Percentiles of urine BPA concentrations (ug/g Cr)

p-trend Log;o-BPA (ug/L)

<25th 25-50th 50-75th

75-90th

290th

Tanner stage 1 (n=187)

Visit 1
Crude Ref  —0.02 —0.13 (—0.58,0.32)  0.32 (—0.19,0.84) —0.27 (—0.80,0.26) 0.787 —0.04 (—0.23,0.16)
(—0.45,0.41)
Adjusted® Ref  0.01 (—=0.53,0.55) —0.17 (=0.75,0.41)  0.30 (—0.38,0.99)  —0.16 (—0.90,0.59) 0.985 —0.02 (—0.28,0.24)
Visit 2
Crude Ref  0.25 (—0.17,0.66) —0.003 (—0.43,0.43) 0.34 (—0.15,0.83) —0.25 (—0.76,0.25) 0.620 —0.06 (—0.25,0.12)
Adjusted® Ref  0.28 (—0.22,0.79) —0.15 (—0.69,0.39)  0.23 (—0.42,0.87)  0.05 (—0.65,0.74) 0970 —0.03 (—0.28,0.21)
Tanner stage 2 or higher (n=183)
Visit 1
Crude Ref  0.02 (—0.43,0.46) —0.14 (—0.58,0.30)  —0.30 (—0.80,0.20) —0.74** (—1.36, 0.017 —0.22%* (—0.44,
—0.13) —0.01)
Adjusted® Ref  —0.01 —0.43** (—0.86, —0.45% —0.35 (—1.00,0.29) 0.025 —0.27%* (—0.48,
(—0.44,0.42) —0.01) (—0.94,0.04) —0.05)
Visit 2
Crude Ref  —0.08 —0.09 (—0.48,0.30)  —0.14 (-0.59,0.30) —0.54* (—1.09,0.003) 0.102 —0.10 (—0.29,0.09)
(—0.47,0.32)

Adjusted® Ref  0.003 (—0.38,0.39) —0.25 (—0.62.0.13)

—0.14 (=0.58,0.30) —0.22 (—0.79,0.36)

0229  —0.11 (-0.30,0.08)

*Beta coefficients were calculated to represent the change in height Z score for each unit of increase of BPA variable

"Models with categorised BPA variable adjusted for: age, maternal education, paternal age, maternal height, paternal height, singleton, unbalanced
diet, sports activity, depression, and junk foods; models with continuous BPA variable further adjusted for log-creatinine

#p<0.1, *p<0.05

A main strength of our study is its longitudinal follow-
up study design. With children’s height measures at two
visits, this study provided an ability to examine not only
the association between BPA exposure and reduced pub-
ertal height, but also the association potentially modified
by time and pubertal status. However, the insufficient
length of follow-up and height measures of this study lim-
ited its ability to examine how BPA exposure would
alter height growth trajectory in a peripubertal period.
Thus, long-term longitudinal studies are needed to clarify
our findings. Another strength is that the present study
collected information on a wide range of children’s
and parental characteristics as potential confounders, espe-
cially dietary patterns and food intake. Our estimates did
not change noticeably after inclusion of a variety of
potential confounders, suggesting robustness for the
observed associations.

Another consideration is about urine creatinine con-
centrations which we used to control for urine dilution.
Both creatinine and specific gravity are common methods
for adjusting dilution. A study which compared creatinine
with specific gravity suggested the correction method of
specific gravity is preferred to evaluate BPA exposure for
children [44], since specific gravity might be less affected
by physiological parameters, such as age, sex, BMI,
muscle mass, etc. [17, 44, 45]. However, a study reported

that, like creatinine, specific gravity differed across age
groups due to variations in muscle mass [46]. Therefore,
multivariate control for dilution factors as independent
variables may be a better method to compare biomarker
concentrations between individuals than when modelling
the marker as a ratio [17, 47]. In this study, we also
included creatinine as a variable in the model as recom-
mended by Barr et al. [17], which would allow our results
to be compared with other studies adjusting for specific
gravity in the future.

Conclusions

Our findings provide first epidemiological evidence that
higher environmental BPA exposure is associated with
reduced height growth in boys. Given this new finding,
further studies, especially long-term longitudinal studies,
are needed to verify these results.
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