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INTRODUCTION: Evidence from animal models suggests that prenatal exposure to bisphenol A (BPA), a ubiquitous endocrine-disrupting chemical, is
associated with adverse reproductive outcomes in females. Exposure during early gestation, a critical period for reproductive development, is of particular concern. Anogenital distance (AGD) is a sensitive biomarker of the fetal hormonal milieu and a measure of reproductive toxicity in animal
models. In some studies, the daughters of BPA-exposed dams have shorter AGD than controls. Here, we investigate this relationship in humans.
METHODS: BPA was assayed in ﬁrst-trimester urine samples from 385 participants who delivered infant girls in a multicenter pregnancy cohort study.
After birth, daughters underwent exams that included two measures of AGD (AGD-AC: distance from center of anus to clitoris; AGD-AF: distance
from center of anus to fourchette). We ﬁt linear regression models to examine the association between speciﬁc gravity–adjusted (SPG-adj) maternal
BPA concentrations and infant AGD, adjusting for covariates.
RESULTS: BPA was detectable in 94% of women. In covariate-adjusted models ﬁt on 381 eligible subjects, the natural logarithm of SpG-adj maternal
BPA concentration was inversely associated with infant AGD-AC [b = − 0:56, 95% conﬁdence interval (CI): −0:97, −0:15]. We observed no association between maternal BPA and infant AGD-AF.
CONCLUSION: BPA may have toxic eﬀects on the female reproductive system in humans, as it does in animal models. Higher ﬁrst-trimester BPA exposure was associated with signiﬁcantly shorter AGD in daughters, suggesting that BPA may alter the hormonal environment of the female fetus.
https://doi.org/10.1289/EHP875

Introduction
Bisphenol A (BPA) is a synthetic chemical widely used in consumer products, including food and drink containers, thermal
receipts, medical equipment, and other plastic products (CDC
2013). BPA is detectable in over 90% of the population in the
United States (Calafat et al. 2008), and may act on the endocrine
system in numerous ways, including binding to and activating
numerous nuclear and membrane endocrine receptors, and stimulating changes in estrogen, androgen, progesterone, and thyroid
hormone activity (Gentilcore et al. 2013; Jones et al. 2016; Rehan
et al. 2015; Sohoni and Sumpter 1998; Teng et al. 2013;
Vandenberg et al. 2009). Dozens of studies in humans have examined BPA exposure in relation to a wide range of health end points,
including reproductive, perinatal, and pediatric outcomes. That epidemiological research is complemented by ﬁndings from animal
models and in vitro studies indicating that many tissues and organ
systems (including the mammary gland, prostate gland, adipose
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tissue, reproductive system, and brain) are sensitive to BPA
(Ariemma et al. 2016; Berger et al. 2016; de Lima et al. 2015;
Vandenberg et al. 2007; Wolstenholme et al. 2011).
In animal models and humans, BPA can cross the placenta to
enter fetal circulation (Balakrishnan et al. 2010; Gerona et al.
2013; Ikezuki et al. 2002; Nishikawa et al. 2010; Takahashi and
Oishi 2000). Because fetal development is a period of rapid cell
proliferation and diﬀerentiation, tissue development, and organ
growth, prenatal exposure to environmental chemicals such as
BPA may be of particular concern. In humans, linking prenatal
BPA exposure to postnatal outcomes can be challenging for
many reasons, including the long lag between exposure and the
outcomes of interest. This is particularly true of reproductive end
points because decades may lapse between prenatal exposure and
outcomes such as pubertal development, sex steroid production,
and, ultimately, fertility.
However, even in the case of these reproductive end points,
there are early indicators that may reﬂect signal altered development. For example, anogenital distance (AGD), the distance from
the anus to the genitals, can be measured from birth and is important because a) it is a well-documented index of prenatal androgen exposure in animal models; and b) in humans, it has been
linked to clinically relevant measures of adult reproductive health
in both sexes (Castaño-Vinyals et al. 2012; Eisenberg et al. 2012;
Mendiola et al. 2011; Mendiola et al. 2016). Across numerous
mammalian species (including humans), AGD is 50–100% longer
in males than in females, and in animal models, it is responsive
to experimental manipulation of the prenatal endocrine environment (Dean and Sharpe 2013). Here, we focus on females,
acknowledging there is an even larger literature on AGD in
males. When androgens are administered to a pregnant dam, her
female oﬀspring have longer, more masculine AGD than controls
(Hotchkiss et al. 2007). In humans, an early study observed that
three infant girls with congenital adrenal hyperplasia (a condition
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characterized by supranormal adrenal androgen exposures in
utero) all had AGD ratios above the 95% conﬁdence limit, as
established based on measurements in 115 healthy infant girls
(Callegari et al. 1987). We have reported, furthermore, that infant
girls born to mothers with polycystic ovary syndrome (PCOS)
(n = 24), another hyperandrogenic condition, have longer AGD at
birth than infant girls born to a PCOS-free comparison group
(n = 232) (Barrett et al. 2016). In a study of 100 young adult
women, longer AGD was associated with higher testosterone levels (Mira-Escolano et al. 2014), as well as multifollicular ovaries
(Mendiola et al. 2012). Most recently, a case–control study demonstrated that women with endometriosis (n = 114) had shorter
AGD than controls (n = 105) (Mendiola et al. 2016).
Thus, AGD may be an important marker of prenatal
endocrine-disrupting exposures and potentially a predictor of
reproductive sequelae in females. Several studies in rodents have
examined the eﬀect of low-dose maternal BPA exposure on AGD
in female oﬀspring, but the results have been inconsistent. In a
rat study, decreases in female AGD at birth were observed following prenatal and lactational BPA exposure at 0:025 mg=kg
body weight (BW) per d, an amount well below the no observed
adverse eﬀect level of 5 mg/kg BW per d (Christiansen et al.
2014), but still considerably higher than the likely human daily
exposure, estimated at 0:04–1:5 lg=kg BW per d (EFSA 2015;
Lakind and Naiman 2011; WHO 2011). In another rat study, at
age 1 mo, AGD was shorter in the female oﬀspring of dams
exposed to BPA (at doses of 0.17 and 1:7 mg=kg BW per d) compared with controls; however, the diﬀerences in AGD were attenuated by 3 mo of age (Kobayashi et al. 2012). At the same time, a
handful of other studies in mice and rats have observed no signiﬁcant changes in AGD in female oﬀspring following gestational
BPA exposure at similar or lower concentrations (2–200l g/kg
BW per d) (Honma et al. 2002; Howdeshell et al. 2008; Ryan
et al. 2010). Diﬀerences in timing of exposure, dose, strain, sample size, and age at AGD measurement all may contribute to the
inconsistencies across studies.
To date, very few studies have examined the relationship
between prenatal BPA exposure and AGD in humans, and thus
far, all of them have focused on male oﬀspring. In a Chinese
study, the sons of workers with occupational BPA exposure during pregnancy (n = 56) had shorter AGD than the sons of controls
who worked in related industries (n = 97) (Miao et al. 2011).
However, maternal urinary BPA (a more precise exposure metric) was not measured, and AGD was measured in the sons at a
wide range of ages (0–17 yr). By contrast, in a second study,
maternal urinary BPA concentration in late pregnancy was not
associated with AGD in male infants at birth (n = 137), but it was
inversely associated with testosterone concentrations and the
testosterone-to-estradiol ratio in cord blood (Liu et al. 2016). In
this case, the timing of urine and blood collection was outside of
the period of greatest relevance, the reproductive programming
window (estimated to be approximately 8–14 weeksgestation),
during which AGD appears to be most responsive to exposures
(Welsh et al. 2008). The objective of the current study was to
expand upon this small literature by using data from a large pregnancy cohort study to examine the relationship between maternal
BPA concentrations in the early pregnancy reproductive programming window and AGD in the resulting daughters at birth.

Methods
Study Population and Overview
The Infant Development and the Environment Study (TIDES)
was a pregnancy cohort study designed to examine exposure to
endocrine disrupting chemicals in relation to infant reproductive
Environmental Health Perspectives

development. Women in their ﬁrst trimester of pregnancy were
recruited in 2010–2012 at four academic medical centers:
University of California, San Francisco (UCSF), University of
Minnesota (UMN), University of Rochester Medical Center
(New York) (URMC), and University of Washington (UW).
Eligibility criteria included: age 18 or older, able to read and
write English, no major medical complications, <13 weeks pregnant, and planning to deliver in a participating study hospital. In
each trimester, subjects gave urine samples and completed questionnaires, which included items on demographics, health, lifestyle, and reproductive history. All study activities were
approved by the relevant institutional review boards prior to
study implementation, and all subjects signed informed consent.
The current analysis includes TIDES subjects who gave a ﬁrsttrimester urine sample and went on to deliver a daughter who
underwent a TIDES physical examination shortly after birth.
Gestational age at birth was determined based on the ﬁrst ultrasound in the medical record. When that was not available, the
physician’s estimate of gestational age at birth was used instead.

Bisphenol A Measurement and Analysis
Urine samples were collected in BPA-free containers and frozen
at −80 C until they were shipped on dry ice to the Division of
Laboratory Sciences, National Center for Environmental Health
at the Centers for Disease Control and Prevention (CDC). Due to
funding constraints, BPA was only analyzed in ﬁrst trimester
urine samples from mothers who gave birth to girls. At the CDC,
total urinary BPA (free plus conjugated species) was measured
using online solid phase extraction–high-performance liquid
chromatography–isotope dilution mass spectrometry (Ye et al.
2005). For quality control, each batch also included ﬁeld blanks,
reagent blanks, analytical standards, and matrix-based quality
control materials.
Samples with BPA concentrations below the limit of detection (0:07 lg=L) were assigned a value of LOD divided by the
square root of 2, following convention (Hornung and Reed
1990). We adjusted for urine dilution using a standard formula:
BPAadj = BPA½ð1:014–1Þ= ðSpG–1Þ, where BPAadj is the speciﬁc gravity–adjusted (SpG-adj) BPA concentration, BPA is the
ssconcentration measured in the individual sample, 1.014 is
the mean SpG for all TIDES samples, and SpG is the SpG of the
individual urine sample (Boeniger et al. 1993). SpG-adj BPA
concentrations were then natural log–transformed.

Infant Physical Examinations and Anogenital Distance
Prior to hospital discharge (typically at 1–2d of age), the study
team visited the TIDES mother and child to conduct the infant
physical examination. For infants born preterm or fragile, exams
were delayed until the clinical team felt the infant was ready.
TIDES exams consisted of weight and length measurements (following standardized protocols), as well as comprehensive genital
exams conducted by experienced examiners who had undergone
2-d, face-to-face, multicenter intensive standardized trainings at
the beginning and middle of the study (Sathyanarayana et al.
2015). AGD was measured following protocols developed based
on our previous work (Swan et al. 2005; Swan 2008). The infant
was placed ﬂat on her back with her legs held in a “frog-leg”
position. Trained study coordinators obtained two measurements
of AGD (in mm) using dial calipers, shown in Figure 1. The
shorter measurement, the anus–fourchette distance (AGD-AF), is
from the posterior end of the fourchette to the center of the anus
(1). The longer measurement, the anus–clitoris distance (AGDAC), is from the anterior surface of the clitoral hood to the center
of the anus (Figure 1). Each measurement was repeated three

077008-2

Figure 1. Measurement of anogenital distance in female newborns [adapted
from Sathyanarayana et al. (2010) and reprinted with permission from John
Wiley and Sons].

times, and the mean of the three measurements was used in data
analysis. At each study center, measurements were independently
repeated by a diﬀerent examiner in at least 10% of infants to
assess quality control. The repeated measurements allowed us to
quantify inter- and intraobserver (intraclass correlations) variation (as further described by Sathyanarayana et al. 2015). On a
monthly basis, the TIDES coordinating center assessed interexaminer and intercenter variation, and any issues were immediately
addressed to ensure data quality.

Statistical Methods
We ﬁrst calculated univariate statistics for all variables of interest, including counts and percentages for categorical variables,
means, and summary statistics (minimum, 25th percentile, median,
75th percentile, maximum) for continuous variables (Table 1).

Variables of interest included our main exposure (log–transformed, SpG-adj BPA) and outcome variables (AGD-AF and
AGD-AC), all of which were continuous. We selected a set of
covariates a priori based on our prior analyses and the previous
literature (Swan et al. 2015). Those covariates were postconception age at the time of exam (calculated as gestational age at birth
plus age at exam, continuous), infant size at exam [weight-forlength z-score (ZWL), continuous], mother’s age (continuous),
child’s race (non-Hispanic white vs. other; categorical indicator)
time of urine collection (time since midnight in hours), and study
center (categorical indicator). We elected to use ZWL based on
World Health Organization (WHO) standard curves (WHO
Multicentre Growth Reference Study Group 2009) to adjust for
body size in our models because our previous work in this cohort
suggests that among possible infant size metrics to consider
(including weight, weight for age, and length-for-age z-scores),
ZWL is the strongest predictor of genital measurements (Swan
et al. 2015).
We used scatterplots to examine the relationships between
our outcome variables (AGD-AF and AGD-AC) and all continuous covariates. Four unusual observations were detected in
bivariate analyses. Three babies were measured at ages much
older than the median of 1 d (110, 132, and 153 d). An additional
mother had a urinary SpG value that was biologically implausible
(1.062) (Boeniger et al. 1993). Those four mother–infant dyads
were removed from all subsequent analyses.
To examine the relationship between maternal BPA concentrations and infant AGD, we ﬁt unadjusted and adjusted linear
regression models. In the unadjusted models, only SpG-adj BPA
was used as a covariate, while in the adjusted models, all covariates speciﬁed above were included. We conducted several sets of
sensitivity analyses. First, we reﬁt models stratifying based on
whether the infants were examined by the study team within 2 d
after birth. Second, we reﬁt models replacing the composite variable “postconception age at exam” with its constituent variables,
gestational age at birth and age at exam. Model diagnostics were
conducted to investigate any possible violations of the linear

Table 1. Characteristics of the study population (n = 381).
Continuous variables

Mean ± SD

Min

25th

Percentiles
50th

75th

Max

Association with
log(SpG-adj BPA) (r)c

Maternal age (years)
Gestational age at birth (weeks)
Age at exam (days)
z-score weight for age
Postconception age at exam (weeks)
AGD-AC (mm)a
AGD-AF (mm)
Time of urine collection (hours since midnight)
Gestational age at urine collection (weeks)
SpG-adj BPAðlg=LÞ
Categorical variables
Center
UCSF
UMN
URMC
UW
Race/ethnicity
White/non-Hispanic
Other
Education
High school or less
Some college or more

31:1 ± 5:6
39:4 ± 1:6
4:4 ± 10:4
−0:4 ± 1:3
40:1 ± 2:0
36:6 ± 3:8
16:0 ± 3:2
12:6 ± 2:5
10:8 ± 2:0
1:8 ± 2:5
n (%)b

18.3
32.9
0
−5:3
35.0
16.5
8.0
7.5
5.1
0.04

27.4
38.9
1.0
−1:0
39.1
34.1
13.9
10.5
9.4
0.6

31.8
39.6
1.0
−0:3
40.0
36.8
15.7
12.5
11.0
1.0

35.3
40.6
2.0
0.4
41.0
39.1
18.2
14.8
12.3
1.9

45.2
42.3
65.0
8.6
49.0
53.3
28.5
19.8
15.7
27.1

−0:16
0.03
0.11
0.06
0.11
−0:10
0.03
0.16
0.01
—

98 (25.7)
94 (24.7)
109 (28.6)
80 (21.0)
225 (60.5)
147 (39.5)
55 (14.7)
320 (85.3)

Note: AGD-AC, anogenital distance from the anus to the clitoris; AGD-AF, anogenital distance from the anus to the fourchette; BPA, Bisphenol A; Max, maximum; Min, minimum;
SD, standard deviation; SpG-adj, specific gravity–adjusted; UCSF, University of California, San Francisco; UMN, University of Minnesota; URMC, University of Rochester Medical
Center; UW, University of Washington.
a
One infant did not have an AGD-AC measurement, so n = 380.
b
Percentages may not total exactly 100% due to rounding.
c
Log-transformed specific gravity–adjusted concentrations. Pearson’s correlation was used to examine associations with continuous variables.
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model assumptions of normality (Q-Q plots), homogeneity of
variance (residuals as a function of predicted values), independence of the observations (Durbin-Watson test), and linearity of
the relationship between the outcome variables and the covariates
(plots of residual vs. predicted values as well as component plus
residual plots). Outliers were identiﬁed using the studentized
residuals (>3 or < − 3), inﬂuential observations were identiﬁed
using Cook’s distance (>0:5), and leverage points were identiﬁed
using the diagonal elements of the hat matrix (for our sample,
h > 0:0417). Adjusted models were also checked for collinearity
using the variance inﬂation factors (VIFs) of each variable
(VIF >10 indicating collinearity issues). In adjusted models, several violations were noted, including violation of the constant
variance assumption (AGD-AC models only), and nonlinear relationships between some covariates (postconception age, ZWL,
and BPA) and outcome variables in some models. Although
several potential outliers were noted across the various models
and some observations had slightly high leverage (but were not
inﬂuential), lacking further justiﬁcation for excluding them,
they were retained. Given the model violations noted above, we
log–transformed the outcome variables and reﬁt models. This
did not lead to signiﬁcant improvement in satisfying the linear
assumptions; therefore, we also explored generalized additive
models (GAMs). Ultimately, because the intent of this analysis
is inference, not prediction, we present the linear models as primary, with the nonlinear models presented secondarily for reference. All analyses were done using R (version 3.23; R
Development Core Team), and p-values <0:05 were considered
signiﬁcant.

Results
Demographic characteristics of TIDES participants have been
previously described (Barrett et al. 2014; Swan et al. 2015), and
are summarized here brieﬂy. A total of 385 mothers (and their
infant daughters) had data on ﬁrst-trimester maternal BPA concentrations, infant AGD, and relevant covariates. After removing
from the analysis the four excluded mother–child pairs, 381
dyads were included in the current analyses (Table 1). On average, mothers in the study were 31:1 ± 5:6 yr of age. Participants
were predominantly white (65.3%). The remaining women selfidentiﬁed as black (14.8%), Asian (6.7%), and other/unknown
(13.2%). Most women were non-Hispanic (87.5%), and 85.3%
had at least a high school education. There was roughly equal
representation across the four study centers (California: 25.7%;
Minnesota: 24.7%; New York: 28.6%; Washington: 21.0%) (see
Table S1). Eight women (2.1%) gave a urine sample outside of
the ﬁrst trimester (range: 14–15 weeks); however, they were
retained in analyses given that the reproductive programming

window is believed to extend into that approximate gestational
age range.
The infants in the current analyses were mostly born at term
(91.9% at ≥37 weeks gestation). Median infant weight for length
z-score at the time of examination was slightly negative
(median: −0:32), presumably due to the water weight loss that
typically occurs in the days immediately following birth (Mulder
and Gardner 2015). Of the 381 babies included in this analysis,
exams were conducted on 68 babies (17.8%) at greater than 2 d
old. Of these, sixteen exams were delayed due to neonatal intensive care unit (NICU) admission (following preterm birth), while
the remaining 52 exams were delayed due to logistical issues,
where mothers were discharged from the hospital before they
could be reached by the study team.
Across all girls, mean AGD-AC was 36:6 ± 3:8 mm, and
mean AGD-AF was 16:0 ± 3:2 mm. The intraexaminer intraclass correlations (ICCs) (looking at consistency of measurements within a single examiner) were 0.92 for both AGD
measures. Fifty-four infants in this analysis underwent repeated
measurements by two examiners, and the interexaminer ICCs
were 0.73 and 0.79 for AGD-AF and AGD-AC, respectively.
BPA concentration was below the limit of detection in 6.3% of
samples, and the median BPA concentration was 0:90 lg=L
(0:99 lg=L after SpG adjustment). A check of model assumptions showed evidence of nonhomogeneous residual variance
with untransformed AGD, so models were also ﬁt using the
natural logarithm of AGD. Conclusions were similar and results
from the transformed models are presented in Table S2. Scatterplots
of AGD in relation to covariates are shown in Figures S1 and
S2.
In unadjusted models, log(SpG-adj BPA) showed a nonsigniﬁcant, inverse association with AGD-AC [b = − 0:36, 95% conﬁdence interval (CI): −0:78, 0.06] and a nonsigniﬁcant, weakly
positive relationship with AGD-AF (b = 0:16, 95% CI: −0:19,
0.52) (Table 2). In multivariable models adjusting for mother’s
age, infant’s postconception age, weight-for-length z-score, time
of urine collection, infant’s race, and study center, log(SpG-adj
BPA) was signiﬁcantly associated with AGD-AC (b = − 0:56,
95% CI: −0:97, −0:15), but not with AGD-AF (b = 0:03, 95%
CI: −0:30, 0.37). Since the third quartile of SpG-adj BPA is
317% that of the ﬁrst quartile, multiplying the slopes for log
(SpG-adj BPA) by log ð3Þ = 1:1 estimates the change in AGD for
a change in BPA from the ﬁrst to the third quartile. The transformed slopes in the adjusted model are −0:62 mm for AGD-AC
and 0.03 mm for AGD-AF. The infant’s postconception age and
ZWL were both strongly and positively associated with AGDAC (Table 2). AGD-AF varied by study center and was inversely
associated with maternal age, but positively associated with
infant’s postconception age (Table 2).

Table 2. Linear regression models examining the relationship between log(SpG-adj BPA) and covariates and anogenital distance measures in newborn daughters (n = 381).
AGD-AC
Characteristic
Log(SpG-adj BPA)
Maternal age
Infant’s postconception age
Weight-for-length z-score
Race
Urine collection time
UCSF center
URMC center
UW center

AGD-AF

Unadjusted b ð95% CIÞ

Adjusted b ð95% CIÞ

Unadjusted b ð95% CIÞ

Adjusted b ð95% CIÞ

−0:36 ð − 0:78, 0:06Þ

−0:56 ð − 0:97, −0:15Þ
−0:05 ð − 0:13, 0:03Þ
0.54 (0.35, 0.73)
0.66 (0.35, 0.96)
0:30 ð − 0:54, 1:13Þ
0:04 ð − 0:11, 0:20Þ
0:61 ð − 0:54, 1:75Þ
−0:47 ð − 1:63, 0:68Þ
0:08 ð − 1:06, 1:22Þ

0:16 ð − 0:19, 0:52Þ

0:03 ð − 0:30, 0:37Þ
−0:08 ð − 0:14, −0:01Þ
0.17 (0.02, 0.33)
0:22 ð − 0:02, 0:47Þ
−0:06 ð − 0:73, 0:62Þ
0:04 ð − 0:08, 0:17Þ
−1:53 ð − 2:46, −0:61Þ
−1:09 ð − 2:02, −0:16Þ
1.99 (1.07, 2.90)

Note: AGD-AC, anogenital distance from the anus to the clitoris; AGD-AF, anogenital distance from the anus to the fourchette; BPA, Bisphenol A; mm, millimeters; CI, confidence
interval; SpG-adj, specific gravity–adjusted; UCSF, University of California, San Francisco; URMC, University of Rochester Medical Center; UW, University of Washington. For
race, the referent is non-Hispanic, white. For center, the referent is UMN. All other variables are continuous.
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In secondary GAM models that allowed for nonlinearity
between covariates and AGD, AGD-AC showed nonlinear associations with both log(SpG-adj BPA) and ZWL, while AGD-AF
showed nonlinear associations with log(SpG-adj BPA) and postconception age. The association between log(SpG-adj BPA) on
AGD-AC was relatively constant for small values of BPA, but
AGD-AC decreased more rapidly in association with higher BPA
concentrations (Figure S3). The nature of this relationship was
similar when stratiﬁed by postconception age greater or less than
2 d (not shown). GAM models for AGD-AF showed nonmonotonic relationships with log(SpG-adj BPA) (Figure S4).
When we reﬁt models stratifying by age at examination, in
the subset of infants measured within 2 d of birth (n = 313), the
adjusted slope for BPA was −0:40 (95% CI: −0:82, 0.01),
whereas the relationship was stronger among infants measured
after 2 d of age (n = 68; adjusted slope = − 0:84; 95% CI: −2:26,
0.59). In sensitivity models replacing postconception age at exam
with gestational age at birth and age at exam, results were virtually identical to our primary models (AGD-AC: b = − 0:55, 95%
CI: −0:97, −0:14; AGD-AF: b = 0:04, 95%CI: −0:30, 0.37).

Discussion
In this pregnancy cohort study, ﬁrst-trimester maternal urinary
BPA concentration was inversely associated with one of two
measures of daughters’ AGD at birth. To our knowledge, this is
the ﬁrst study to examine BPA exposure during early pregnancy
in relation to AGD. It is also the ﬁrst study to consider prenatal
BPA exposure and AGD in females. Our ﬁndings are consistent
with several (but not all) rodent studies that found BPA administration during gestation to be associated with shortened AGD in
newborn female oﬀspring (Christiansen et al. 2014; Kobayashi
et al. 2012), and it has been hypothesized that shorter female
AGD may represent hyperfeminization, possibly resulting from
estrogen receptor agonism (Christiansen et al. 2014). Given the
body of evidence that AGD is, in fact, a sensitive measure of endocrine activity during early fetal development, our results provide further support for the hypothesis that BPA exposure during
pregnancy alters typical gestational endocrine signaling pathways. The extent to which early endocrine changes may program
long-term reproductive development and trajectories is uncertain,
but merits additional research.
Research across a number of model species has linked prenatal BPA exposure to outcomes including changes in oogenesis
and ovarian steroidogenesis (Fernández et al. 2010; Hunt et al.
2012; Susiarjo et al. 2007; Xi et al. 2011), a polycystic ovarian
syndrome-like phenotype (Adewale et al. 2009; Fernández et al.
2010), uterine and endometrial defects (Newbold et al. 2009;
Signorile et al. 2010), and morphological changes in the mammary gland (Paulose et al. 2015). Although there has been considerable epidemiological research on adolescent and adult BPA
exposure in relation to reproductive outcomes (reviewed by
Peretz et al. 2014), to our knowledge, there is currently only one
study that measured prenatal BPA levels and followed the resulting children to reproductive maturity, when reproductive outcomes are more easily measured and clinically relevant. In that
Mexican cohort, BPA concentration in third-trimester urine was
not associated with steroid hormone levels or sexual maturation
in girls at age 8–13 y (n = 115) (Watkins et al. 2014), but was
inversely associated with odds of having reached adrenarche or
pubarche in boys (n = 107) (Ferguson et al. 2014). Additional
longitudinal research is needed to replicate these ﬁndings in other
populations to examine exposures earlier in pregnancy and to
investigate reproductive outcomes beyond the peripubertal period
in humans.
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Based on the body of evidence from numerous in vitro, animal model, and human studies, AGD is usually considered an
androgen-sensitive measure (reviewed in Dean and Sharpe 2013;
Thankamony et al. 2016). By contrast, BPA is best known for its
estrogenic activity (Alonso-Magdalena et al. 2012; Vom Saal
et al. 2012), and the mechanisms underlying the relationship
between prenatal BPA exposure and AGD are uncertain. In animal models, there is evidence that BPA may act as an androgen
receptor antagonist (vom Saal and Hughes 2005; Wetherill et al.
2007), a mechanism that is consistent with ﬁndings from a
Chinese study demonstrating that maternal occupational exposure
to BPA (as estimated by personal air sampling during pregnancy)
was associated with shorter age- and weight-adjusted AGD in
sons during childhood (n = 153) (Miao et al. 2011). In that study,
daughters were not examined. However previous work in animal
models and humans suggests that prenatal exposure to antiandrogens [such as di(2-ethylhexyl) phthalate (DEHP)] is not associated with alterations in AGD in females (Christiansen et al. 2009;
Hass et al. 2007; Swan et al. 2015). Thus, if BPA exposure in
early gestation aﬀects AGD in females, it may be through an alternative mechanism. For instance, BPA may increase activity of
the enzyme aromatase, which converts testosterone to estradiol
(Castro et al. 2013; Séralini and Moslemi 2001). This possibility
is supported by a cross-sectional study that found that BPA concentration in third-trimester maternal urine was inversely associated with the testosterone to estradiol ratio in cord blood of 137
newborn boys (Liu et al. 2016). It is also possible that BPA exposure may aﬀect AGD through estrogenic pathways. Some studies
have found that gestational exposure to known estrogenic compounds, like diethylstilbestrol (DES), ethinyl estradiol (EE2 ), or
genistein, de-creases AGD in female rodents (Delclos et al. 2009;
Levy et al. 1995), whereas other studies have found increases in
AGD, depending on the compound used, dose, species, and the
study design (Casanova et al. 1999; Mandrup et al. 2013).
Finally, it is worth considering other potential mechanisms; in
large-scale toxicity testing (ToxCast program), BPA had eﬀects
in 101 of 467 in vitro screening assays. Notably, of 309 environmental chemicals studied, BPA had the second-highest toxic
potential score, suggesting its ability to act through numerous endocrine pathways (Reif et al. 2010).
A strength of our study is the longitudinal cohort design with
maternal samples collected from early pregnancy, arguably the
period of most relevance for fetal reproductive system development. In addition, we recruited healthy pregnant women broadly
from four U.S. cities, giving us a relatively diverse sample (in
terms of age, race, education, and socioeconomic status) compared to some other notable pregnancy cohorts, which have
focused on a very speciﬁc subject population, such as migrant
farm workers (Harley et al. 2013b) or low-income inner-city families (Braun et al. 2011; Harley et al. 2013a; Wolﬀ et al. 2008).
Notably, BPA concentrations varied quite considerably across
study centers. For instance, women at the UCSF study center,
who tended to be very well educated and had high income, had
much lower BPA levels (median, 0:81 lg=L) than women at the
other TIDES study centers (URMC: 1:18 lg=L; UMN: 1:11 lg=L,
UW: 0:91 lg=L). Their BPA levels were also lower than those
reported in a number of other recent studies of pregnant women in Boston (geometric mean: 1:34 lg=L), Denmark
(median 1:52 lg=L), and at National Children’s Study Vanguard sites (geometric mean: 1:4 lg=L) (Cantonwine et al.
2016; Frederiksen et al. 2014; Mortensen et al. 2014). Given
the widespread concern about BPA exposure, better understanding the speciﬁc factors (including consumer choices)
linked to low BPA levels (such as those seen in our UCSF population) may shed light on potential ways to reduce exposure.
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Only one of the two infant female AGD measurements,
AGD-AC, was signiﬁcantly associated with maternal BPA concentration. Overall, the high intra- and interobserver ICCs indicate that our infant AGD measurements were consistent and
reproducible. All examiners were highly trained, and our protocols were carefully designed to be quick, minimally invasive, and
acceptable to families. Nevertheless, as previously reported, the
AGF-AF measurement tends to be relatively diﬃcult to replicate
because the fourchette landmark can be diﬃcult to visualize
(Sathyanarayana et al. 2015), and there was signiﬁcant intercenter
variation in that measurement. Based on these data, we believe
that AGD-AC is the more reliable measurement in the current
study; however, it is also worth considering the possibility that
AGD-AF was not associated with ﬁrst-trimester maternal BPA
exposure because that distance reﬂects diﬀerent developmental
processes that may be aﬀected by diﬀerent exposures and/or during a diﬀerent critical period. It is worth noting, however, that
even for AGD-AC, the magnitude of the observed diﬀerences
was small. Holding all other covariates constant, the daughter
of a mother in the 75th percentile of BPA concentration would
be expected to have 0.63 mm shorter AGD than the daughter
of a mother in the 25th percentile. This diﬀerence corresponds
to only a 2% shorter AGD for the average girl. While this difference is small, it is on par with the magnitude of observed
associations between prenatal phthalate exposure and AGD in
male infants. Our previous work suggests that depending on
the AGD measurement and the metabolite, a maternal increase
from the 10th to the 90th percentile of ﬁrst-trimester DEHP exposure corresponds to a 2–5% decrease in boys’ AGD at birth
(Swan et al. 2015). The clinical relevance of these subtle variations in AGD is an important question that requires continued
longitudinal follow-up.
Our study has several limitations of note. First, women who
agree to participate in intensive, longitudinal research studies
may not be representative of pregnant women as a whole; however, we cannot directly address this issue, as we do not have
data on women who declined to participate or could not be
approached. Another concern is the use of single urine samples to
assess maternal BPA exposure. BPA levels can vary considerably
over time; two studies have estimated the interclass correlation
for serial BPA samples collected across pregnancy to be roughly
0.2 to 0.3 (Meeker et al. 2013; Teitelbaum et al. 2008). Moreover, we did not measure BPA in maternal samples collected later
in pregnancy, nor in mothers of boys, which would be informative as far as further understanding critical windows and potential
sex diﬀerences. Finally, although AGD was measured by highly
trained examiners and quality control measures were implemented throughout the study, there was signiﬁcant intercenter
variation in AGD-AF, making that measurement less informative.
As with any multicenter study, there is the possibility of uncontrolled confounding by unidentiﬁed factors that may vary across
the study sites. Finally, we do not have serial measures of AGD
at multiple ages in girls, so we are unable to address whether
associations observed between prenatal BPA concentrations and
AGD are stable across childhood and into adulthood. Regardless
of whether the relationship between early BPA exposure and
AGD persists throughout life, our ﬁndings provide further evidence suggesting that BPA may disrupt the early endocrine
environment.

Conclusion
Our study provides further evidence that prenatal exposure to
BPA may impact reproductive development in females. More
research is needed to conﬁrm the current ﬁndings and investigate additional reproductive end points in human females,
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including reproductive hormones and ovarian reserve in infancy,
as well as reproductive outcomes later in life. Whether the
changes we observed persist across the lifespan and contribute
to clinically relevant outcomes should be investigated further.
These results may further inform the ongoing controversy over
the widespread use of BPA in consumer products and provide
evidence regarding policy to limit its use in manufactured goods
in the United States as well as abroad (Heindel et al. 2015;
Metz 2016).
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