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Context: Prenatal exposure to phthalates disrupts male sex development in rodents. In humans, the
placental glycoprotein hormone human chorionic gonadotropin (hCG) is required for male development,
and may be a target of phthalate exposure.

Objective: This study aimed to test the hypothesis that phthalates disrupt placental hCG differentially in
males and females with consequences for sexually dimorphic genital development.

Design: The Infant Development and Environment Study (TIDES) is a prospective birth cohort. Pregnant
women were enrolled from 2010–2012 at four university hospitals.

Participants: Participants were TIDES subjects (n � 541) for whom genital and phthalate measurements
were available and who underwent prenatal serum screening in the first or second trimester.

MainOutcomeMeasures:Outcomes includedhCGlevels inmaternal seruminthefirstandsecondtrimestersand
anogenital distance (AGD), which is the distance from the anus to the genitals in male and female neonates.

Results: Higher first-trimester urinary mono-n-butyl phthalate (MnBP; P � .01), monobenzyl phthalate
(MBzP; P � .03), and mono-carboxy-isooctyl phthalate (P � .01) were associated with higher first-tri-
mester hCG in women carrying female fetuses, and lower hCG in women carrying males. First-trimester
hCG was positively correlated with the AGD z score in female neonates, and inversely correlated in males
(P � 0.01). We measured significant associations of MnBP (P � .01), MBzP (P � .02), and mono-2-ethylhexyl
phthalate (MEHP; P � .01) with AGD, after adjusting for sex differences. Approximately 52% (MnBP) and
25% (MEHP) of this association in males, and 78% in females (MBzP), could be attributed to the phthalate
association with hCG.

Conclusions:First-trimesterhCGlevels,normalizedbyfetalsex,mayreflectsexuallydimorphicactionofphthalates
on placental function and on genital development. (J Clin Endocrinol Metab 100: E1216–E1224, 2015)
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benzyl phthalate; MCNP, mono-carboxy-isononyl phthalate; MCOP, mono-carboxy-propyl
phthalate;MCPP,mono-carboxy-propylphthalate;MEHP,mono-2-ethylhexylphthalate;MEP,
monoethyl phthalate;MiBP,mono-iso-butyl phthalate;MnBP,mono-n-butyl phthalate; TIDES,
The Infant Development and the Environment Study; UCSF, University of California–San Fran-
ciscoUMN, University of Minnesota; URMC, University of Rochester Medical Center; UW, Uni-
versity of Washington; VIF, variance inflation factor.
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Phthalates, a class of endocrine-disrupting chemicals,
are widely used in consumer products and are mea-

surable in 95–100% of pregnant women in the United
States (1). Although the concentrations of some phthalate
esters have increased over the last 10 years, that of others
have decreased (2). In rodents, phthalates alter androgen-
sensitive development of male reproductive organs (3–5).
It is assumed that maternal phthalates pass through the
placenta to alter gene and protein expression directly
within the fetal tissue.

This may not be the case in the human first trimester
when the gestational sac (early placenta) is relatively im-
pervious to maternal blood (6). Trophoblastic plugs block
maternal blood flow into the intervillous spaces, thus
maintaining the low oxygen environment necessary for
normal development (7). Nonpersistent environmental
chemicals such as phthalates likely enter the intervillous
space through uterine gland secretions and plasma infil-
trates, granting them greater access to the chorionic villi
than to fetal circulation (6, 8). During this early stage in
pregnancy, the placenta acts as a small factory for the
synthesis and secretion of molecules such as human cho-
rionic gonadotropin (hCG) (9), making it vulnerable to
xenobiotics in maternal circulation. These secreted mol-
ecules may serve as an indicator of exposure-related per-
turbations within the fetal-placental compartment. This
hypothesis represents a departure from the dominant
model of fetal toxicology, which assumes that the placenta
transports chemicals to the fetus and is neutral with regard
to its own response.

hCG exhibits a “noncanonical” placental function in the
first trimester, whereby it diffuses into the fetus and binds to
the LH chorionic gonadotropin receptor (LHCGR) receptor
in the fetal testis and stimulates the onset of T production,
which is required for normal male sex development (10).
Mutations in the LHCGR gene result in males born with
hypogonadism and pseudohermaphrotism (11). Mothers
who gave birth to cryptorchid males had approximately
20% lower circulating hCG in the second trimester of preg-
nancy vs age-matched normal males (12).

Circulating hCG (and corresponding mRNA tran-
scripts) is approximately 10% higher in women carrying
female vs male fetuses (13, 14). hCG may be altered by
maternal exposures including diethylstilbesterol (15),
chlorpyrifos (16), triclosan (17), and smoking (18). In an
epidemiologic study and in follow-up experimental stud-
ies of the human trophoblast, expression of chorionic go-
nadotropin alpha, one of the genes that encodes hCG, was
increased in females relative to males by mono-n-butyl
phthalate (MnBP) (Adibi et al, manuscript submitted).

Prenatal exposures to certain phthalates (ie, di-2-eth-
ylhexyl phthalate [DEHP], di-n-butyl phthalate, butyl-

benzyl phthalate) cause defects in the male rodent that
include a shorter anogenital distance (AGD) at birth,
higher incidence of hypospadias, cryptorchidism, and re-
duced fertility (3, 4). In The Infant Development and the
Environment Study (TIDES), the parent study from which
we conducted this analysis, which is the largest analysis to
date (n � 750), there was a 4–5% decrement in AGD in
male neonates born to mothers with high vs low prenatal
urinary phthalate concentrations of DEHP metabolites
(19). AGD is a sensitive marker of hormonal actions in
pregnancy and is predictive of reproductive health and
function over the life course (20). In rodents, phthalates
inhibit T production. Experimental studies using human
fetal testes explants have not recapitulated this effect (21–
23). We hypothesize that the human placenta, through the
production of hCG, may mediate this association (Sup-
plemental Figure 1). The aim of the current analysis was to
estimate associations between 1) prenatal phthalates and
circulating first trimester placental hCG, and 2) circulat-
ing first-trimester placental hCG and AGD in male and
female neonates.

Materials and Methods

Study subjects
Pregnant women were enrolled onto TIDES between 2010

and 2012 at prenatal clinics in San Francisco, CA (University of
California–San Francisco [UCSF]), Seattle, WA (University of
Washington [UW]), Minneapolis, MN (University of Minnesota
[UMN]), and Rochester, NY (University of Rochester Medical
Center [URMC]). A woman was eligible if she was greater than
18 years of age, able to read and write in English, was less than
13 weeks pregnant, did not have a medically threatened preg-
nancy, and was planning to deliver in an eligible hospital. Details
on the cohort and recruitment are published elsewhere (19). The
institutional review boards at all participating institutions ap-
proved TIDES prior to study implementation. All subjects pro-
vided signed informed consent.

Prenatal serum screening
We accessed the prenatal medical record for subjects who

underwent serum screening to detect fetal aneuploidy in the first
or second trimesters. hCG is widely used clinically given that it
is highly predictive of Down Syndrome and other fetal aneup-
loidies. UCSF samples were submitted to the California Genetic
Disease Screening Program, and total hCG was measured by the
AutoDELFIA time-resolved fluoroimmunoassay (PerkinElmer).
At the other sites, samples were analyzed in University or private
laboratories. For subjects at UW and UMN, hCG-� was mea-
sured by UniCel DxI 800 Immunoassay System (Beckman
Coulter). For subjects at URMC, hCG-� was measured by Uni-
Cel DxI 600 Immunoassay System (Beckman Coulter). Even
though hCG assays differed across TIDES sites, our measures of
total hCG and hCG-� provide similar information. In a pilot
study (N � 32), we measured a significant association of total
hCG and hCG-� measured within the same first trimester serum
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samples (r � 0.61; P � .002). We therefore created a single z
score for hCG levels across centers. The median ages at first- and
second-trimester blood draws for hCG analysis were 12.1 and
16.7 weeks’ gestation, respectively.

Urinary phthalate concentrations
Urine samples were collected in the first trimester in phtha-

late-free polypropylene cups. Collection and storage materials
were also phthalate-free. Specific gravity was measured within
30 minutes using a hand-held refractometer (National Instru-
ment Company, Inc.). The median gestational age at first tri-
mester urine collection was 10.8 weeks. All samples of mothers
of boys, and a subset of mothers of girls (N � 68), were analyzed
at the Division of Laboratory Sciences, National Center for En-
vironmental Health, Centers for Disease Control and Preven-
tion. The analytic method, described previously (24), involves
enzymatic deconjugation of the metabolites from their glucu-
ronidated form, automated online solid-phase extraction, sepa-
ration with HPLC, and detection by isotope-dilution tandem
mass spectrometry. Samples from the remainder of mothers of
girls were analyzed at the Environmental Health Laboratory at
UW. After deconjugation, solid-phase extraction was coupled
with reversed HPLC-electrospray ionization-tandem mass spec-
trometry. Details regarding the methods and quality control
measures are outlined elsewhere (19, 24). Values below the limit
of detection (LOD) were assigned the value of the LOD divided
by the square root of 2 (25). Here we report results for eight
phthalate monoester metabolites that were selected because they
are all products of phase-I metabolism and are considered more
bioactive than their parent compounds (26). By including me-
tabolites that are products of phase II and more complex path-
ways of metabolism, we would potentially introduce greater
confounding by interindividual differences in xenobiotic metab-
olism. The first category includes those decreasing in the urine of
the U.S. population: MnBP, monobenzyl phthalate (MBzP),
mono-2-ethylhexyl phthalate (MEHP), and monoethyl phtha-
late (MEP). The second category includes those that are increas-
ing: mono-iso-butyl phthalate (MiBP), mono-carboxy-propyl
phthalate (MCPP), mono-carboxy-isononyl phthalate (MCNP),
and mono-carboxy-isooctyl phthalate (MCOP) (2). Urinary
phthalate concentrations were specific-gravity adjusted as de-
scribed elsewhere.

Anogenital distance
AGD is a measure of the distance from the anus to a genital

landmark. In males the genital landmarks are 1) the anterior base
of the penis where the penile tissue meets the pubic bone (AGD-
AP) and 2) the base of the scrotum where the skin changes from
rugated to smooth (AGD-AS). In females, the genital landmarks
are 1) the anterior tip of the clitoral hood (AGD-AC) and 2) the
base of the posterior fourchette where skin folds fuse (AGD-AF).
Genital measurements were made on neonates within a few days
of birth by a trained study staff (median age at examination, 1 d).
Detailed methods describing AGD measurement are provided
elsewhere (19, 27). All measurements were made with the infant
lying on his/her back with the buttocks at the edge of a flat
surface. An assistant held the legs in frog leg position at a 60–90°
angle from the torso at the hip. Measurements in millimeters
were made with the dial calipers (SPI Model 31–415-3, Style B).
Each measurement was performed in triplicate and summarized

as a mean. Length and weight were also measured following a
study protocol, and used in adjustment of AGD for body size. In
the data analysis, we treated AGD-AS in males and AGD-AF in
females as parallel endpoints, and also AGD-AP in males and
AGD-AC in females. One is the shorter and the other is the longer
distance from the anus in both sexes.

Statistical analysis
Specific-gravity-adjusted urinary phthalate distributions

were right skewed and transformed by a natural log transfor-
mation. To estimate male and female AGD within one model, we
transformed the millimeter values to a z score scale, as has been
done previously in studies of variation in sexually dimorphic
development (28).

We examined multiple potential confounders including
TIDES center, season, year, month of birth, maternal smoking,
nutritional supplementation, chronic disease, stress, reproduc-
tive history, gynecologic disorders, endocrine disorders, and as-
sisted reproduction in the current pregnancy. In these categories,
we captured information on factors that could affect 1) phthalate
exposure, metabolism and excretion; 2) placental hormone syn-
thesis and secretion; and 3) fetal sex development. In addition,
we assessed variables specifically related to phthalate measure-
ment (laboratory, hour of urine sample) and AGD (age at ex-
amination, weight for length z score using World Health Orga-
nization standards) (19). Final selection of variables was based
on our causal framework and directed acyclic graphs (29). We fit
linear regression models to estimate the associations between 1)
first trimester urinary phthalates and first- and second-trimester
hCG, and 2) first- and second-trimester hCG and AGD. To con-
trol for interindividual differences in phthalate metabolism, we
adjusted simultaneously for the monoester phthalate metabolites
(MnBP, MBzP, MEHP, and MEP) and evaluated potential mul-
ticollinearity using the variance inflation factor (VIF). We con-
sidered VIFs greater than 10 to suggest a collinearity problem.
Main effects of sex and phthalate/hCG and the sex by phthalate/
hCG interaction terms were included in the model. When there
was a significant interaction, we estimated percent changes in
outcomes between the 90–10th and 25–75th percentiles of both
exposures (phthalates, hCG), using stratified models with males
and females, separately. We report here results for MCOP and
MCNP as exploratory given that we had a large imbalance in the
number of males (N � 172) and females (N � 50) due to limited
resources to analyze the urine samples of women carrying
females.

We used multivariate linear regression to estimate the rela-
tionship between phthalates and AGD z score in male and female
neonates. To assess whether hCG mediates the effect of phtha-
lates on AGD, we estimated the total vs direct association be-
tween phthalates and AGD. The direct association or controlled
direct effect (CDE) captures the magnitude of the phthalates-
AGD association that does not occur through hCG, and was
estimated as described elsewhere (30, 31). A comparison of the
coefficients for the total and direct association yields an estimate
of the percentage of the total effect that could be blocked by a
hypothetical block on hCG. To account for variation in both
stages of the two-stage direct effect estimator, SEs, and 95%
confidence intervals (CIs) were obtained using the nonparamet-
ric percentile bootstrap based on 2000 resamples (32). All anal-
yses were conducted with males and females combined. Analyses
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were conducted in SAS 9.3 (SAS Institute) and in R (The R Project
for Statistical Computing, r-project.org).

Results

Because not all women undergo prenatal serum screening,
these data were available for 72% of the subjects in the
parent cohort (47% in the first trimester and 35% in the
second trimester with some overlap). The subset of sub-
jects with hCG was not equally distributed across sites,
compared with the parent study. It was similar to the par-
ent cohort on demographics, reproductive history, and
AGD characteristics (Table 1); although mean AGD-AF
was significantly shorter by 0.5 mm (P � .05) in our subset
than in the parent cohort (19). Phthalate metabolite con-
centrations in our subset did not differ and the proportions
of subjects with detectable levels (64% for MEHP was the
lowest and 100% for MCOP was the highest) were similar
to the parent study.

We detected significant associations of three phthalate
metabolites (MnBP, MBzP, and MCOP) of the eight tested
with hCG, after adjusting for sex differences (Table 2;

Figure 1). The VIF in our models did not exceed 3. We
estimated that hCG was 2.3-fold higher (MCOP), 3.9-fold
higher (MnBP), and 4.2-fold higher (MBzP) in women
carrying females at the 75th vs the 25th percentile. In
women carrying males, hCG was lower by 0.7-fold
(MCOP), 1.5-fold lower (MnBP), 1.5-fold lower (MBzP)
at the 75th vs 25th percentile. As expected from previous
reports, circulating hCG was significantly higher in
women carrying females vs males (beta coefficient � 0.42;
z score unit 95% CI, 0.22,–0.62) before and after adjust-
ment for phthalates and other covariates. First-trimester
urinary phthalate metabolites were not associated with
second-trimester hCG levels.

First-trimester hCG was directly associated with a
shorter distance from the anus to scrotum in the male, and
a longer distance from the anus to the fourchette in the
female (P for sex by hCG interaction � .01; Table 3). This
association was not seen for hCG and the longer AGD (anus
to penis and anus to clitoris) in either males or females. Com-
paring hCG levels at the 25th vs the 75th percentiles, the
anus-scrotum distance was 4.3% shorter in males, whereas
thecomparableanus-fourchettedistancewas3.3%longer in

Table 1. Characteristics of Subjects in The Infant Development and Environment Study (TIDES) who Underwent
Prenatal Serum Screening in the First and/or Second Trimester

UCSF UMN URMC UWa Total

N (%) 171 (32) 112 (21) 181 (33) 77 (14) 541
Maternal age, y, Mean (SE) 34.8 (0.30) 32.2 (0.45) 27.0 (0.42) 33.0 (0.54) 31.4 (0.25)
Maternal race, N (%)

White 124 (73) 89 (80) 84 (46) 61 (79) 358 (66)
Black 3 (2) 4 (4) 62 (34) 4 (5) 77 (14)
Asian 27 (16) 6 (5) 2 (1) 4 (5) 39 (7)
Mixed 5 (3) 8 (7) 10 (6) 4 (5) 27 (5)
Other 12 (7) 3 (3) 23 (13) 4 (5) 42 (8)
Missing 2 (2) 2

Hispanic ethnicity, N (%) 19 (11) 2 (2) 26 (14) 5 (6) 52 (10)
Female baby, N (%) 89 (52) 52 (46) 90 (50) 44 (57) 275 (51)
Maternal pre-pregnancy BMI, mean (SE) 23.8 (0.33) 25.2 (0.51) 28.2 (0.57) 25.4 (0.71) 25.8 (0.27)
Maternal pre-pregnancy weight, lb, Mean (SE) 142.2 (1.95) 153.7 (3.51) 164.7 (3.44) 155.9 (4.23) 154.0 (1.65)
Gravid, N (%) 109 (64) 56 (50) 127 (70) 49 (64) 341 (63)
Nulliparous, N (%) 98 (57) 71 (63) 90 (50) 41 (53) 300 (55)
Assisted reproduction, N (%) 17 (10) 11 (10) 8 (4) 4 (5) 40 (7)
Household income, N (%)

� $45 000 17 (10) 22 (20) 126 (69) 12 (16) 177 (33)
$45 000–75 000 17 (10) 25 (21) 21 (12) 16 (21) 78 (14)
�$75 000 137 (80) 59 (53) 25 (14) 44 (57) 265 (49)

Missing 7 (6) 9 (5) 5 (6) 21 (4)
Gestational age at delivery, wk, Mean (SE) 39.1 (0.13) 38.8 (0.17) 38.6 (0.12) 39.1 (0.18) 38.9 (0.07)
Birthweight, kg, Mean (SE) 3.38 (0.04) 3.41 (0.05) 3.19 (0.04) 3.41 (0.06) 3.33 (0.02)
Anogenital distance: AS/AF, mm

Male, Mean (SE) 25.5 (0.55) 24.3 (0.51) 23.9 (0.41) 26.4 (1.04) 24.8 (0.29)
Female, Mean (SE) 14.4 (0.34) 16.0 (0.38) 15.3 (0.27) 18.0 (0.43) 15.6 (0.19)

Anogenital distance: AP/AC, mm
Male, Mean (SE) 50.9 (0.69) 50.1 (0.64) 47.9 (0.54) 50.2 (1.58) 49.6 (0.38)
Female, Mean (SE) 37.0 (0.46) 36.4 (0.51) 35.9 (0.39) 36.9 (0.58) 36.5 (0.24)

Abbreviation: BMI, body mass index.
a UW subjects only contributed second trimester hCG values.
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females. Taking a more extreme but clinically relevant con-
trastof the10thvs the90thpercentile, theestimatesaremuch
more pronounced with a 8.0% shorter distance in males and
6.0% longer distance in females. These associations were
independent of phthalate levels.

Of the eight urinary phthalate metabolites we exam-
ined, three were associated with a downward shift in the
male anus-scrotum distance relative to female anus-
fourchette distance: MnBP, MBzP, and MEHP (Table 4).
These are similar to the results for the male reported for the

Table 2. Linear Associations of First Trimester Log Urinary Phthalate Concentrations and hCG z Scores in Women
Carrying Female and Male Fetuses

Group N Male, � (95% CI) Female, � (95% CI)

Interaction

� (95% C.I) P Value

Group 1
MnBP 354 �0.13 (�0.30–0.04) 0.16 (�0.01–0.33) 0.29 (0.07–0.51) .01
MBzP 354 �0.09 (�0.24–0.06) 0.11 (�0.04–0.26) 0.20 (0.02–0.38) .03
MEHP 354 �0.09 (�0.25–0.07) �0.03 (�0.19–0.12) 0.06 (�0.16–0.27) .61
MEP 354 0.03 (�0.07–0.13) �0.02 (�0.13–0.08) �0.05 (�0.20–0.09) .47

Group 2
MiBP 354 �0.17 (�0.39–0.06) 0.03 (�0.13–0.20) 0.20 (�0.04–0.45) .11
MCPP 354 �0.04 (�0.15–0.07) 0.01 (�0.10–0.12) 0.05 (�0.10–0.20) .52
MCNP 222 �0.05 (�0.20–0.10) 0.08 (�0.19–0.36) 0.13 (�0.18–0.44) .41
MCOP 222 0.03 (�0.08–0.14) 0.38 (0.15–0.61) 0.35 (0.10–0.60) �.01

All models are adjusted for specific-gravity-adjusted log urinary phthalates, TIDES center, gestational age at the time of blood draw, hour of urine
collection, maternal race, income, and weight in the first trimester. Group 1 includes those metabolites that are increasing in the U.S. population,
and Group 2 includes those that are decreasing. Women carrying male fetuses are the referent.
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Figure 1. Adjusted linear associations of first trimester log urinary phthalate concentrations (specific gravity adjusted) with the hCG z score across
three TIDES Centers. Predicted mean values and 95% CIs are shown with dotted lines for women carrying male fetuses, and with solid lines for
women carrying female fetuses. A, MnBP; B, MCOP; C, MBzP; D, MEHP.
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full TIDES cohort. In contrast with the results from the
parent study that were generated from stratified analyses
of males and females, we detected significant associations
of AGD with MnBP (stronger in male neonates) and MBzP
(stronger in female neonates).

For every log unit increase in MnBP and MEHP, male
AGD decreased respectively by 0.23 (95% CI, �0.40 –
�0.05) and by 0.28 z score units (95% CI, �0.43–
�0.13). For every log unit increase in MBzP, female
AGD increased by 0.18 z score units (95% CI, 0.04 –
0.32) (Table 4). Part of these decreases and increases in
AGD may be due to the effect of phthalates on hCG and
the contribution of hCG to the formation of the genitals.

The controlled direct effect (CDE) tells us how much
(Figure 2). If we, for example, administered a hypothet-
ical substance that completely blocked the effect of
hCG, then MnBP would induce a nonsignificant 0.11 z
score unit (95% CI, �0.32–�0.11) decrease in AGD,
MEHP would induce a significant 0.21 decrease (95%
CI, – 0.39 –�0.05) decrease in AGD. In female fetuses
with a hypothetical block on hCG, MBzP would induce
a nonsignificant 0.04 z score unit (95% CI, �0.13–
0.21) increase in AGD. Our inference, therefore, is that
hCG explained 52% (MnBP) and 25% (MEHP) of the
phthalate association with male AGD. In females, hCG
explained 78% of the association of MBzP with AGD.

Table 4. Linear Associations of First Trimester Log Urinary Phthalate Concentrations and Anogenital Distance
(AGD-short) z Scores in Male and Female Neonates.

Group N Male, � (95% CI) Female, � (95% CI)

Interaction

� (95% CI) P Value

Group 1
MnBPa 349 �0.23 (�0.40–�0.05) 0.07 (�0.10–0.24) 0.30 (0.09–0.51) �.01
MBzPb 349 �0.03 (�0.17–0.11) 0.18 (0.04–0.32) 0.21 (0.03–0.39) .02
MEHPc 349 �0.28 (�0.43–�0.13) 0.06 (�0.09–0.21) 0.34 (0.13–0.55) �.01
MEPd 349 �0.05 (�0.15–0.05) 0.05 (�0.05–0.15) 0.10 (�0.03–0.24) .14

Group 2
MiBPe 349 �0.15 (�0.37–0.07) 0.06 (�0.11–0.22) 0.21 (�0.03–0.45) .08
MCPPd 349 �0.04 (�0.15–0.07) �0.01 (�0.11–0.09) 0.03 (�0.11–0.17) .71
MCNPd 219 0.09 (�0.05–0.23) �0.06 (�0.32–0.20) �0.15 (�0.44–0.15) .33
MCOPd 219 0.08 (�0.03–0.19) 0.09 (�0.15–0.32) 0.01 (�0.24–0.25) .95

All models are adjusted for log urinary phthalates (specific-gravity adjusted), baby sex, TIDES Center, hour of urine collection, infant age at time of
exam, maternal age, maternal income, calcium supplementation, and z score for weight for length. Group 1 includes those metabolites that are
increasing in the U.S. population, and Group 2 includes those that are decreasing. Women carrying male fetuses are the referent.
a Adjusted additionally for month of birth and parity.
b Adjusted additionally for year of birth, month of birth, and parity.
c Adjusted additionally for month of birth.
d Adjusted additionally for month of birth, parity.
e Adjusted additionally for history of asthma.

Table 3. Adjusted Linear Associations of hCG z Scores and Anogenital Distance z Scores in Male and Female
Neonates

N Male, � (95% CI) Female, � (95% CI)

Interaction (Male is Referent)

� (95% C.I) P Value

First trimester
AGD-scrotum/fourchettea 349 �0.12 (�0.28–0.03) 0.13 (0.01–0.26) 0.26 (0.06–0.46) .01
AGD-penis/clitorisb 355 �0.06 (�0.21–0.10) 0.10 (�0.03–0.24) 0.16 (�0.04–0.37) .12

Second trimester
AGD-scrotum/fourchettec 259 �0.03 (�0.19–0.14) �0.02 (�0.21–0.16) 0.01 (�0.43–0.24) .97
AGD-penis/clitorisd 258 0.03 (�0.14–0.19) 0.01 (�0.18–0.10) �0.02 (�0.25–0.22) .87

All models are adjusted for TIDES center, gestational age at the time of blood draw, infant age at the time of the exam, maternal age, z score for
weight for length, and log urinary phthalates (specific-gravity adjusted). Women carrying male fetuses are the referent.
a Adjusted additionally for income, month of birth, calcium supplementation, and gamete intrafallopian transfer/zygote intrafallopian transfer
(GIFT/ZIFT).
b Adjusted additionally for history of diabetes, vitamin D supplementation, assisted reproductive technology (A.R.T.) and GIFT/ZIFT.
c Adjusted additionally for history of chronic pain, history of thyroid disorders, and A.R.T.
d Adjusted additionally for history of depression, folic acid supplementation, weight in the second trimester and GIFT/ZIFT.
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Discussion

We measured significant associations of first-trimester
urinary concentrations of three phthalate metabolites
with circulating levels of hCG that differed depending on
whether the subject was carrying a male or a female.
Higher first-trimester hCG was associated with longer
AGD in female neonates, which signifies a masculinization
effect (33), and shorter AGD in male neonates, which sig-
nifies reduced masculinization of the genitalia (20). A sub-
stantial portion of the phthalate association with AGD
could be attributed to the phthalate association with hCG.
We offer evidence that the effects of phthalates, and pos-
sibly other endocrine-disrupting compounds, on fetal
development may occur by way of exposure-induced
changes in hormone synthesis and secretion in the first-
trimester placenta (Supplemental Figure 1). This opens
new possibilities to isolate in time and space, and to more
precisely measure the effects of endocrine-disrupting com-
pounds on human fetal development.

hCG has a role in almost every physiologic process in
pregnancy including implantation, angiogenesis, immune

tolerance, and uterine quiescence (34). Our data support
the function of hCG as a morphogen in the differentiation
of the fetal testes (10). The second-trimester hCG measure
was closer in time by one gestational month to birth and
to the AGD measurement, yet we only detected a signifi-
cant association between first-trimester hCG and AGD.
This is consistent with the presence of the masculinization
programming window between 8 and 12 weeks’ gestation
(35). The effects of endocrine disruption on fetal testes
differentiation in the first trimester are more profound
than effects on androgen receptor–mediated pathways
later in pregnancy, or even later in postnatal life (35–37).

AGD is an established marker of in utero endocrine
disruption (20), and it may also be a marker of fertility,
hormonal status, and gonadal health in adulthood (33, 38,
39). In rodents, AGD at birth predicts subsequent repro-
ductive health; however, it is unknown whether that holds
true in humans (20). The shorter AGD measure (anus-
scrotum, anus-fourchette) was significantly associated
with hCG, and the longer AGD measure (anus-penis,
anus-clitoris) was not. In the parent study, both measures
of AGD in the male were correlated with phthalates and
were correlated with each other (r � 0.65 in males; r �
0.47 in females) (19). The long and short forms of AGD
may reflect different developmental processes, and the
longer measure may be under the regulation of nonpla-
cental or non-hCG placental factors. The differences in
association may be due to greater measurement error in
the long form of AGD (27).

In theparent study,only theDEHPmetabolites (including
MEHP) were significantly correlated with AGD (19). In this
subset, MnBP, MBzP, and MCOP, but not MEHP, were
correlated with placental hCG. However, we estimated that
hCG contributed approximately 25% to the reduction in the
anus to scrotum distance in males associated with MEHP. It
is possible that the pharmacokinetics of MEHP differ such
that it present at higher concentrations in maternal uterine
tissues and therefore can access embryonic/fetal tissue earlier
in development and at higher concentrations (ie, a direct ef-
fect and not hCG mediated). It is also possible that MEHP
alters the secretion of a different, unmeasured placental mol-
ecule, other than hCG, with consequences for fetal testes
differentiation and AGD. We hypothesize that the phthalate
monoesters work through distinct cellular mechanisms and
may have differential access to the chorionic villi where hCG
synthesis takes place.

Median urinary concentrations of MnBP, MBzP, and
MCOP were 1.5–3.5-fold higher than MEHP. If blood
(internal dose) and urine (excreted dose) concentrations
are correlated, then we might infer that access of the first
trimester placenta to MEHP was limited. The median
MnBP urinary concentration was 5-fold lower in this
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MEHP Total

MEP  CDE
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-1.0 -0.5 0.0 0.5 1.0

MBzP CDE

MBzP Total
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Figure 2. Forest plots of the beta coefficients, and their 95% CIs for
the total phthalate effect on male and female AGD-AS/AF (total), and
after blocking the CDE of human chorionic gonadotropin. The dotted
line represents the null.
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study compared with the earlier cohort study, which
ended in 2006 (40), a trend that is consistent with an anal-
ysis of the U.S. population (2). Even at these reduced con-
centrations phthalates may interfere with human devel-
opmental pathways.

Several aspects of our model building are notable. Be-
cause our primary aim was to evaluate associations with
sexual dimorphism in the fetal period, unlike previous
work, we included males and females in all analyses. In
addition, we simultaneously adjusted for multiple phtha-
lates for the following reasons: 1) to control for between-
person difference in metabolism and excretion in preg-
nancy, 2) to estimate the independent effects of the
different metabolites, and 3) to more accurately reflect the
physiologic reality of simultaneous exposure to multiple
phthalates. Finally, in our model-building criteria, we con-
sidered a wide range of factors that could potentially be a
common cause of the exposures and the outcomes. A
strength of this analysis is that we were able to assess
associations with two endpoints in males and females that
are sex dependent and highly relevant to the fetal period in
development: circulating hCG level and AGD at birth.
These findings provide epidemiologic confirmation of an
experimental finding (Adibi et al, manuscript submitted),
and also confirmation at the level of the circulating protein
of the same association with the corresponding mRNA. A
limitation is that we had to rely on clinical measurements
of hCG and therefore only were able to include half of the
TIDES study population. Given the large variation in these
exposures and outcomes, these analyses must be con-
ducted in larger populations to achieve more robust
estimates.

We measured an association of both hCG and a phtha-
late with the female AGD-AF, indicating that this type of
endocrine disruption is relevant to female as well as male
development. This merits special attention because previ-
ous studies have found few effects of phthalates on female
reproductive development. It is unclear how small differ-
ences in AGD at birth may relate to children’s long-term
health and wellbeing. To further explore this question,
sexually dimorphic anthropometrics and neurodevelop-
ment will be assessed in this cohort at ages 3 and 6 years.
We will continue to examine the degree to which placental
hCG is correlated with sex-specific development later in
childhood.

In conclusion, we have demonstrated that placental
hCG may be a target of prenatal phthalate exposure, and
may explain up to 25–78% of the phthalate-induced vari-
ability in AGD. This represents a shift in the paradigm in
how endocrine-disrupting exposures in the fetal environ-
ment can disrupt development. With increased under-
standing of these relationships, we may be able to offer

new insights and methods to monitor early pregnancies for
exposure-related shifts in development.
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