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BACKGROUND: Bisphenol-A (BPA) is an endocrine disruptor with widespread human exposure. The effect
of in utero BPA exposure on human offspring remains largely unknown. METHODS: Anogenital distance
(AGD) of sons of workers who did or did not have occupational BPA exposure during pregnancy were com-
pared in an occupational cohort study. Parental BPA exposure level during the index pregnancy was esti-
mated through a job-exposure matrix based on personal air sampling measurement. Maternal exposure was
considered direct in utero exposure to the fetus, whereas paternal exposure was considered indirect in utero
exposure. RESULTS: A total of 153 boys were included in the final analysis, among them 56 with parental
occupational exposure during pregnancy and 97 without. After controlling for the boys’ ages and weights
using linear regression, parental occupational exposure to BPA during pregnancy was associated with short-
ened AGD in male offspring. The association was stronger for maternal exposure (p < 0.01). There was also
a dose-response relationship with increased BPA exposure levels in pregnancy associated with greater mag-
nitude of shortened AGD in male offspring, with a statistically significant trend for the association (p 5
0.008). CONCLUSION: Our findings provide the first epidemiologic evidence that in utero BPA exposure
may adversely affect male genital development. Birth Defects Research (Part A) 91:867–872, 2011. � 2011
Wiley-Liss, Inc.
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INTRODUCTION

Bisphenol-A (BPA) is a monomer used primarily in the
manufacturing of polycarbonate plastics and epoxy res-
ins. BPA can be found in food and drink containers, plas-
tic baby bottles, food and beverage can linings, and den-
tal fillings. Because the ester bonds in these BPA-based
polymers are subject to hydrolysis, leaching of BPA has
led to widespread human exposure (vom Saal and
Hughes 2005; Le et al., 2008). It has been reported that
urine BPA levels increased after people used BPA-con-
taining polycarbonate bottles (Carwile et al., 2009). In a
recent U.S. study, urine BPA was detected in 92.6% of a
national sample (Calafat et al., 2008).

Animal studies show that BPA can act as an endocrine
disruptor, with both estrogenic and antiandrogenic

effects. Serving as an androgen receptor (AR) antagonist,
BPA interrupts normal AR binding activity and therefore
may affect the morphology and function of male repro-
ductive organs (Wetherill et al., 2007, vom Saal and
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Hughes 2005). In particular, in utero exposure to BPA
was found to produce harmful effects on reproductive
organs in rodents, including changes in prostate gland
weight, alteration in the development and tissue organi-
zation of the mammary gland, disruption of sexual dif-
ferentiation in the brain and long-term deleterious effects
in the vagina (Schonfelder et al., 2002). More importantly,
these effects can be detected even at low doses of typical
environmental exposure.

In utero exposure to AR antagonist agents has been
shown to demasculinize and feminize male offspring in
rodents (Wolf et al., 2004) and cause a cluster of male
reproductive tract disorders, including shortened anogen-
ital distance (AGD), hypospadias, and cryptorchidism, as
well as adult-onset disorders such as low sperm count
and testicular cancer (Hsieh et al., 2008; Welsh et al.,
2008). Among them, AGD was considered as a sensitive
marker of androgenic and antiandrogenic effects of in
utero chemical exposure, and it has been recommended
as one of the endpoints for examining the reproductive
toxicity of chemicals by the U.S. Environmental Protec-
tion Agency (Foster and McIntyre, 2002). Strong correla-
tions between AGD and all semen parameters have been
reported in adult humans (Eisenberg et al., 2011; Men-
diola et al., 2011). In the case of BPA, decreased AGD in
rodent offspring has been found after maternal exposure
to BPA during pregnancy (Ema et al., 2001; Kim et al.,
2001; Murray et al., 2007). However, inconsistent results
showing no change or increased AGD also exist (Gupta,
2000; Kobayashi et al., 2002; Howdeshell, 2008). The dis-
crepancy in animal species, administration route, and ex-
posure dosage make the comparison of existing studies
difficult. No human studies have reported on the rela-
tionship between in utero BPA exposure and AGD in off-
spring, whereas decreased AGD has been found to be
correlated with prenatal exposure to other environmental
endocrine disruptors, such as phthalates and 1,1-
dichloro-2,2-bis(p-chlorophenyl)ethylene (DDE) in
humans (Swan et al., 2005; Torres-Sanchez et al., 2008). In
the present study, we examined whether in utero BPA
exposure, as measured by parental occupational exposure
to BPA during pregnancy, has any effect on AGD of
male offspring.

MATERIALS AND METHODS
Study Population

The population for this study was identified from par-
ticipants of a study evaluating the health effects of BPA.
A detailed description of the original study can be found
elsewhere (Li et al., 2010b). In brief, a retrospective
cohort of BPA-exposed workers and their families was
recruited from manufacturers of epoxy resin in China,
and corresponding unexposed workers were recruited
from a variety of industries without BPA exposure in the
same areas from 2004 to 2008, including construction ma-
terial manufacturers, water supply factories, machinery
factories, a textile factory, fire stations, and trade and
commerce firms. More detailed descriptions of industry
types are provided in a previous publication (Li et al.,
2010b). Sons of workers were recruited if they agreed to
a physical examination, including the measurement of
AGD. The study was approved by the committees for
protection of human subjects from all participating insti-
tutes. All participating families gave written informed

consent before participation in the study. Parents pro-
vided consent for their younger participating children.
Children who were 18 years or older provided their own
consent.
In the original parent study, the participation rates

were 61.66% for male workers (62.44% and 61.02% for
exposed and unexposed groups, respectively) and 64.42%
for female workers (77.85% and 60.27% for exposed and
unexposed groups, respectively). Sons of BPA-exposed
parents were eligible for the current study if either of
their parents were involved in BPA-exposed occupations
when they were in utero (i.e., when their mother was
pregnant with them). All sons of unexposed workers
(controls) were eligible. Of the 194 eligible boys, 153 boys
participated in the study, the participation rate was
78.86% (72.72% and 82.90% in exposed and unexposed
group, respectively). Among them, 97 boys were from
unexposed parents and 56 boys had parents who were
exposed to BPA during the index pregnancy. Of those, 15
had a mother who was exposed to BPA in the workplace
during the index pregnancy, 38 had a father who was
exposed to BPA in the workplace while his wife was
pregnant with the index child, and 3 had a mother and
father who were both exposed to BPA in the workplace.

Measurement of BPA Exposure

Parents were first classified into exposed or unexposed
categories based on whether they were employed at the
BPA-exposed factories during the index pregnancy. To
further measure BPA exposure level for exposed work-
ers, personal air sample monitoring was performed to
obtain their current exposure level. The 8-hour time-
weighted average (TWA8) was then calculated to mea-
sure the BPA exposure level of a given job title based on
the personal air sample monitoring results from this job
title. A detailed description of TWA8 measurement can
be found in a previous publication (Li et al., 2010b). Past
exposure level was estimated based on the combination
of the current exposure level, employment history,
change in manufacturing process and work environment,
and use of protective measures. A job-exposure matrix
was then constructed to provide BPA exposure level
(estimated TWA8) during the index pregnancy.
We also assayed urine BPA levels among the partici-

pants who provided their urine samples. The results
based on these urine BPA samples have been previously
reported (He et al., 2009a, 2009b). Although the current
urine BPA level was not used as a measure of exposure
level for the index pregnancy, it was used as an addi-
tional measure to verify the validity of classification of
BPA exposure (see later).

Physical Examination and Measurement of AGD

All participating boys had a physical examination in
which their body weight and height were measured, and
their external genitalia were examined for any anomalies.
Following the standard method described in the litera-
ture, AGD was measured from the center of the anus to
the anterior base of the penis by the same physician
using a measuring instrument with increments of 1 mm,
while the boys were in a dorsal decubitus position with
both hips flexed, as shown by Romano-Riquer (2007).
The examining physician was blinded to the exposure
status of the participants.

868 MIAO ET AL.

Birth Defects Research (Part A) 91:867--872 (2011)



In-Person Interview

An in-person interview was performed by trained
interviewers with all the participating workers and their
spouses to collect the following information: sociodemo-
graphic characteristics, reproductive and medical history,
health-related behaviors, exposure to environmental haz-
ards, and employment history. In addition for the moth-
ers, information about the index pregnancy was collected
on gestational age, illnesses, medications, and other envi-
ronmental risk factors during the index pregnancy, as
well as information on birth outcomes such as birth
weight and any gross abnormalities of newborns.

Data Analysis

Because AGD is a continuous variable, AGD for boys
was compared between exposed and unexposed groups
using multiple linear regression models after controlling
for age and weight. To avoid the large variation caused
by pubertal development, we did subgroup analysis
among the boys aged less than 8 years, as the onset of
puberty in the majority of boys (more than 95%) starts af-
ter that age (Monteilh et al, 2011; Tomova, 2010). All
observations in the present study were independent
because only one child from each family participated in
the study.

BPA exposure during the index pregnancy was further
divided into several dose categories. Because paternal ex-
posure is considered an indirect maternal exposure dur-
ing pregnancy (e.g., through contamination or maternal
visits to factories), which is the relevant exposure level,
paternal exposure was classified into lower exposure cat-
egories than direct maternal exposure. Parents who were
both exposed to BPA in the workplace during the index
pregnancy were considered as the highest exposure cate-
gory. To test the validity of this classification, we com-
pared the urine BPA level of those exposure categories

among a subgroup of participants who also provided
urine specimens for BPA assay.
Categorical variables were used to examine the effect

of different BPA exposure levels for parental unexposed,
paternal low TWA8, paternal high TWA8, maternal low
TWA8, maternal high TWA8, and parents both exposed.
We also used continuous variables, with the values of 1
through 6 corresponding to these categories, to examine
the trend of a dose-response relationship. The weight of
the boys was included in the model instead of height
because weight was reported to be related to AGD in
previous studies (Swan et al., 2005).

RESULTS

The age range of the participating boys was 0 to 17
years old, with 81% of them younger than 10 years. As
shown in Table 1, boys with maternal BPA exposure
were younger and had slightly lower birth weight com-
pared to those with paternal BPA exposure or without
parental exposure. Boys with paternal BPA exposure
were more likely to be the result of a first pregnancy. Av-
erage maternal ages were similar in the three groups. No
mother smoked during the index pregnancy, whereas 40
to 60% of the boys’ fathers smoked, with the highest per-
centage among the paternal exposure group. The lengths
of working during the index pregnancy were shortest for
the mothers exposed to BPA in the workplace.
After controlling for the boys’ age and weight, parental

exposure to BPA in the work place during the index
pregnancy was correlated with a shortened AGD in male
offspring: compared with boys from unexposed families,
AGD was 8.11 mm shorter on average for boys with
maternal exposure (p 5 0.003) and 2.87 mm shorter for
those with paternal exposure (p 5 0.15; Table 2). Similar
results were found when the analyses were restricted to
boys younger than 8 years to reduce the effects of pubertal

Table 1
Characteristics of Male Offspring in BPA-Exposed and Unexposed Groups

BPA-exposed during pregnancy

Variables
Mother exposeda

(n 5 18)
Father exposedb

(n538)
Unexposed
(n 5 97)

Average age (years)c 4.28 (2.19) 5.34 (4.71) 6.05 (4.23)
Average birth weight (gm)c 3415.00 (455.54) 3455.40 (582.11) 3597.87 (518.26)
Average maternal age at birth (years)c 26.50 (1.92) 25.71 (2.36) 26.47 (2.23)
Average paternal age at birth (years)c 28.38 (1.41) 28.07 (2.26) 28.35 (2.61)
Maternal education at birth

Middle school or less 1 (5.56%) 15 (39.47%) 25 (25.77%)
High school 13 (72.22%) 18 (47.37%) 50 (51.55%)
College or more 4 (22.22%) 5 (13.16%) 22 (22.68%)

Paternal education at birth
Middle school or less 2 (11.11%) 8 (21.05%) 12 (12.37%)
High school 10 (55.56%) 27 (71.05%) 45 (46.39%)
College or more 6 (33.33%) 3 (7.89%) 40 (41.24%)

Gravidity
1 8 (44.44%) 21 (55.26%) 37 (39.36%)
2 6 (33.33%) 9 (23.68%) 42 (44.68%)
>2 4 (22.22%) 8 (21.06%) 15 (15.96%)

No. of paternal smoking during pregnancy 7 (38.89%) 22 (57.89%) 48 (49.48%)
Average working weeks of mother during the index pregnancyc 25.00 (14.24) 30.95 (13.76) 27.44 (13.53)

aThree boys with both mother and father exposed were included in the maternally exposed group.
bPaternal exposure with indirect maternal exposure.
cMean 6 SD. BPA, bisphenol-A.
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development. In fact, the association was slightly stronger
among these younger boys. Additional adjustment for body
mass index, maternal age and education, and paternal age
and education produced similar results, as well as adjust-
ment for gravidity and paternal smoking.

The association between BPA exposure during preg-
nancy and AGD also showed a dose-response relation-
ship, with the inverse correlation becoming stronger with
increasing BPA exposure dose: the coefficients were
22.74, 23.27, 25.77, 210.89, and 211.91 for boys with
paternal low TWA8, paternal high TWA8, maternal low
TWA8, maternal high TWA8, and both parents exposed,
respectively, compared with boys from unexposed fami-
lies in linear regression analysis. The trend test was
highly statistically significant (p 5 0.0008; Fig. 1).

The validity of the dose categories based on types of
parental exposure was confirmed by the tests of BPA lev-
els among a subgroup of participants that provided urine
specimens. The urine BPA levels showed a gradient
reduction from exposed female workers (maternal direct
exposure) to spouses of exposed male workers (maternal
indirect exposure through paternal exposure) to unex-
posed women. The geometric mean (95% confidence
interval [CI]) of maternal current urine BPA was 16.0
(9.1–28.0; n 5 18), 2.2 (1.5–3.3; n 5 38), and 0.6 lg/g Cr
(0.7–0.9; n 5 93) in exposed mothers, spouses of exposed
fathers, and unexposed mothers, respectively. Among
each of the paternal and maternal exposed categories, we

further divided the exposure into high and low catego-
ries based on the median of their estimated TWA8 levels
during the index pregnancy. The TWA8 measurement
appeared to be a reasonably good measure of actual BPA
exposure. Using current TWA8 against current urine BPA
level, we found that among the exposed women, TWA8

category high and low based on the median TWA8 as the
cutoff corresponded to geometric mean (95% CI) of urine
BPA level of 33.0 (15.1–72.3; n 5 8) and 10.8 lg/g Cr
(3.7–31.5; n510), respectively, supporting the use of
TWA8 as a reasonable measure for classifying BPA expo-
sure level.

DISCUSSION

Although these findings need to be confirmed by other
studies, this study provides important epidemiologic evi-
dence that parental exposure to high levels of BPA dur-
ing pregnancy could be associated with shortened AGD
in male offspring. The relationship showed a dose-
response fashion with increasing maternal BPA exposure
levels in pregnancy associated with a higher likelihood of
shortened AGD in male offspring.
Several animal studies reported decreased AGD after

in utero exposure to BPA, with more consistent results in
male than female offspring. Timing of AGD measure-
ment ranged from at birth (Kim et al., 2001), to 4 days af-
ter birth (Murray et al., 2007), and to 113 days after birth
(Ema et al., 2001). These findings from animal studies
provide support for our results that maternal BPA expo-
sure during pregnancy was associated with decreased
AGD of male offspring, and such an association can be
detected in newborns and older children.
Published human studies examining the effect of BPA

on reproduction are still rare. We have reported previ-
ously that men’s sexual function decreased after expo-
sure to BPA (Li et al., 2010a, 2010b) and exposure to BPA
also led to poor semen quality (Li et al., 2011). Although
the health effect of in utero exposure to BPA on the de-
velopment of the fetal reproductive organs in humans is
largely unknown, the effect of in utero exposure to other
endocrine-disrupting chemicals has been reported.
Decreased AGD was found to be associated with in utero
exposure to phthalates, an antiandrogenic agent, in a
study of 134 male infants aged 2 to 36 months (Swan
et al., 2005). In another study, increased maternal blood
level of DDE in the first trimester was also found to be
correlated with decreased anal position index, defined as
the ratio of AGD to the distance between the coccyx and
the scrotum (Torres-Sanchez et al., 2008), whereas the
correlation between DDE and AGD was not found in
another study using postnatal rather than prenatal mater-
nal blood for the DDE examination (Longnecker et al.,
2007). In the present study, we provide new evidence
that in utero exposure to BPA was associated with a
decreased AGD.
Development of the perineum and the external genita-

lia is determined by dihydrotestosterone, resulting in a
greater AGD in males than in females. The most rapid
development of AGD occurs during a masculinization
programming window (MPW). The MPW is the time
when sexual differentiation happens, during which
androgen plays an essential role in directing mammalian
sexual differentiation of the male phenotype. Exposure to
chemicals with estrogen or antiandrogen properties dur-

Table 2
Parental BPA Exposure in Relation to Anogenital

Distance of Male Offspring

Group N
Mean 6 SD

(mm) Coefficienta p value

All subjects
Unexposed 97 87.44 (19.39) Reference
Father exposed only 38 81.84 (19.84) 22.87 0.15
Mother exposedb 18 71.94 (8.60) 28.11 0.003

Among boys <8 years old
Unexposed 68 78.71 (11.22) Reference
Father exposed only 27 71.48 (10.27) 23.78 0.07
Mother exposedD 17 70.88 (7.55) 27.65 0.002

aAdjusted for age and weight of male offspring.
bThree boys with both mother and father exposed were

included in the mother-exposed group. BPA, bisphenol-A.

Figure 1. The association between BPA exposure dosage and
boys’ anogenital distance. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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ing the MPW can lead to maldevelopment of the male
sexual organs, leading to shortened AGD, hypospadias,
cryptorchidism, and altered penile length (Bowman et al.,
2003; Hsieh, 2008; Welsh et al., 2008). BPA’s endocrine
disrupting property makes it a highly potent chemical to
interrupt the development occurring in MPW. The MPW
has been shown to occur during the 14th to 19th days of
gestation in rats, corresponding approximately to the 8th
to 14th weeks of gestation in human pregnancy (Welsh
et al., 2008, 2010; Wolf et al., 2004).

Animal studies showed that there is little or no placen-
tal barrier to BPA (Nishikawa et al., 2010; Takahashi and
Oishi, 2000). In human studies, a positive correlation has
been found between maternal blood and umbilical cord
blood BPA level in a study of 300 woman-fetus pairs
(Lee et al., 2008). Thus, maternal exposure to BPA can
readily lead to fetal exposure, providing biologic plausi-
bility for the possible adverse effects of BPA on offspring
through maternal exposure. In the present study, the av-
erage urine BPA level among exposed mothers (direct
maternal exposure) was much higher than in unexposed
parents. Combined with the fact that all mothers in the
exposed group worked for at least 3 months during preg-
nancy (mostly the first 3 months of gestation, which is
during the MPW), it is conceivable that all offspring in
this group had relatively high levels of in utero BPA ex-
posure. For the spouses of exposed fathers, although not
exposed to BPA in the workplace directly, they were
likely to have higher BPA exposure levels than women in
the unexposed group, through indirect exposure to conta-
minated clothing, visits to the spouses’ factories (BPA ex-
posure in workplace), and residing in the vicinity of the
factories. Through the in-person interviews, we found
that 45% of exposed fathers did not routinely change
their uniforms before discharge. Most of them (64%) did
not routinely take a shower before going home. In addi-
tion, 19% of spouses of exposed male workers visited
their husbands factories regularly at work. Finally, many
workers’ residences were close to the factories, a com-
mon practice in most parts of China. All these factors
were likely to have led to a secondary exposure to BPA
for female spouses of exposed fathers. Our urine assays
of BPA levels confirmed that average urine BPA level
was highest among women with direct BPA exposure in
the workplace, followed by spouses of male exposed work-
ers. The unexposed mothers (neither spouses were exposed
to BPA in the workplace) had lowest urine BPA levels.
This confirmation validated our exposure classification.

Human studies using AGD as the endpoint of interest
have been reported either in babies (from newborn to <3
years) or adults (Thankamony et al., 2009; Eisenberg
et al., 2011; Mendiola et al., 2011). Our finding provides
additional support that AGD may be a useful and sensi-
tive measure for endocrine-disrupting effects. AGD mea-
sure was well tolerated by all subjects and was quick to
perform, with acceptable intraexaminer reliability. More-
over, in male rodents, shortened AGD persists into adult-
hood (Hotchkiss et al., 2004). In humans, AGD at birth
was reported to be associated with subsequent AGD at 2
years of age (Thankamony et al., 2009). All these findings
suggest the potential to use AGD as a biomarker to
examine developmental antiandrogen effects. Its associa-
tion with reproductive endpoints, including semen qual-
ity and testicular cancer, also makes it a valuable mea-
surement of an early biomarker with both public health

and clinical significance (Gray et al., 1999; Eisenberg
et al., 2011; Mendiola et al., 2011).
The present study was limited by the small sample

size and relatively low participation rates. The most com-
mon reason for boys’ inability to participate in the study
was that they were at school far from home, and the pro-
portion of unavailable boys was similar between the
exposed and unexposed groups. As a result, there is a
reduced likelihood that the association between BPA ex-
posure and AGD could be explained by their participa-
tion. In addition, our finding of a dose-response relation-
ship provides some support for the validity of the
observed association.
Because of the retrospective nature of the study, esti-

mated TWA8 was used to determine the exposure dosage
during the index pregnancy, instead of maternal urine
BPA level. We did not use current maternal urine BPA
level as a substitute for BPA level during pregnancy,
because the exposure levels have changed since the index
pregnancy as a result of a change in job title, environ-
mental BPA level, and the use of protective devices.
Although we have demonstrated that current TWA8 is
highly correlated with current urine BPA, the association
between BPA exposure and AGD could be effected
because of inaccurate classification of BPA exposure cate-
gory. However, because TWA8 was generated before the
AGD measurement in the present study, and thus not
related to AGD, this misclassification would be nondiffer-
ential, and the effect of such misclassification, if it
existed, would have attenuated the observed association.

CONCLUSION

These results need to be replicated in other studies, but
our findings provide new evidence that in utero exposure
to BPA may have an adverse effect on the reproductive
system in male offspring, indicating a potentially disturb-
ing interference of BPA with the development of fetal
reproductive systems.
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