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SUMMARY
Prior studies report that penile size and male anogenital distance (AGD), sensitive markers of androgen action in utero, may be

shortened by prenatal exposure to certain phthalates, including diethylhexyl phthalate (DEHP), but no human study has investigated

the importance of exposure timing in these associations. The aim of this study was to examine the significance of exposure timing on

the action of prenatal phthalates in particular DEHP, on male infant penile size and AGD. In The Infant Development and the Envi-

ronment Study (TIDES) we measured penile width (PW) as well as anoscrotal distance (AGDAS) and anopenile distance (AGPAP) in

newborn males. We modeled these endpoints in relation to phthalate metabolite concentrations in maternal urine samples collected

in each trimester (T1, T2, and T3) in a subset of TIDES mothers (N = 168). PW was inversely associated with T2 oxidized DEHP

metabolites, mono-2-ethyl-5-oxohexyl (MEOHP, b=�0.48; 95% confidence interval, �0.93, �0.02), MEHHP (�0.48; �0.92, �0.05),

mono-2-ethyl-5-carboxypentyl (MECPP, �0.51; �1.01, �0.004), although no appreciable associations were seen between PW and T1

and T3 DEHP metabolite concentrations in this subset. Concentrations of DEHP metabolites in T1 urine samples were inversely

related to male AGD. For example, in T1 samples in this subset of women mono-2-ethyl-5-hydroxyhexyl (MEHHP) was inversely

associated with male AGDAP (b = �1.73; 95% confidence interval, �3.45, 0.0004). However, no appreciable associations were seen

between AGD measures and any DEHP metabolite in T2 and T3 samples. These data suggest that DEHP exposure is inversely associ-

ated with AGD and PW, with PW primarily associated with T2 exposure and AGD associations seen only for T1 exposure, but no asso-

ciations were found between T3 DEHP metabolites and any of these genital endpoints. These findings are consistent with data on

critical windows in rodent studies, supporting the biological plausibility of these associations in humans.

INTRODUCTION
Endocrine disrupting chemicals (EDCs) can interfere with the

normal function of the endocrine system and adversely affect

growth and development. The spectrum and severity of effects

induced by EDCs are largely dependent on timing of exposure

(Schug et al., 2011). Male sexual differentiation, a process driven

by gonadal hormones at critical time windows in utero, is partic-

ularly sensitive to endocrine disruption. Androgen action during

a specific time-frame, the masculinization programming win-

dow (MPW), is essential for the differentiation of internal and

external male genitalia and to ensure that reproductive tissues

are responsive to subsequent hormonal stimuli (Welsh et al.,

2008; Macleod et al., 2010). In rats, the MPW occurs during

gestation days 15–18, whereas in humans it is believed to occur

between weeks 8–14 (Welsh et al., 2008). Suboptimal androgen

action during the MPW may result in short (feminized) anogeni-

tal distance (AGD) and several reproductive tract abnormalities,

including abnormal development of sex accessory organs,

micropenis, and hypospadias (Macleod et al., 2010; van den Dri-

esche et al., 2011). Certain phthalates, industrial chemicals used

as plasticizers of polyvinyl chlorine (PVC) plastics and as addi-

tives in a variety of consumer products can inhibit fetal testos-

terone production during the MPW and, in rats, induce a cluster

of reproductive tract abnormalities known as the ‘phthalate syn-

drome’ (Gray et al., 2000; Foster, 2006; Martino-Andrade & Cha-

houd, 2010).
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In a previous pregnancy cohort study, the Study for Future

Families, in which a single urine sample was collected over a

wide range of gestational ages (11–40 weeks, median 27 weeks),

we reported inverse associations between maternal phthalate

metabolites, including metabolites of the common PVC plasti-

cizer diethylhexyl phthalate (DEHP), and male infant AGD and

penile width (PW), supporting the hypothesis that some phtha-

lates can act as anti-androgens in humans (Swan et al., 2005;

Swan, 2008). Recently, in The Infant Development and the Envi-

ronment Study (TIDES) we found negative associations between

first trimester (T1) urinary concentrations of metabolites of

phthalate diesters, in particular DEHP, and AGD at birth (Swan

et al., 2015).

Experimental manipulation of pre- and postnatal androgen

environments in rodents suggests that adequate androgen expo-

sure during the MPW is critical to achieving the final AGD and

penis size, although subsequent growth and development out-

side the MPW may require additional androgen exposure, partic-

ularly for penile development (Macleod et al., 2010; Welsh et al.,

2010; van den Driesche et al., 2011). In humans, the sexual

dimorphism in AGD is evident by weeks 11–13 gestation (Fowler

et al., 2011), increasing till week 17 and remaining approxi-

mately 50–100% longer in males than in females (Fowler et al.,

2009; Thankamony et al., 2009). In rats and non-human primate

models, exposure to antiandrogens outside the MPW results in

abnormal penis morphology (Herman et al., 2000; Simon et al.,

2012). Thus, it is plausible that in humans as in rodents and

other animal models the development of different genital struc-

tures may respond differently to hormonal disturbances depend-

ing on the time in pregnancy. Here, we compare associations

between maternal phthalate exposure in three trimesters and

genital morphology (AGD and PW) in a subset of TIDES partici-

pants, to examine possible windows of susceptibility for prenatal

genital development in humans.

METHODS

Study population

Details of TIDES study design, methods, and population have

been published previously (Barrett et al., 2014; Swan et al.,

2015). Briefly, pregnant women were recruited between August

2010 and August 2012 at academic medical centers in San Fran-

cisco, CA (University of California, San Francisco, UCSF), Roche-

ster, NY (University of Rochester Medical Center, URMC),

Minneapolis, MN (University of Minnesota, UMN) and Seattle,

WA (University of Washington/Seattle Children’s Hospital, UW/

SCH). All women who were less than 13 weeks pregnant, aged

18 years or older and able to read and write English (or Spanish

at the CA center) were eligible. Participants provided a urine

sample and completed a questionnaire at three prenatal visits

[targeted to be in the first (T1), second (T2), and third (T3) trime-

sters]. TIDES study protocols were approved by institutional

review boards at participating institutions and subjects provided

signed informed consent before starting any study activities. IRB

approval was also obtained at the Icahn School of Medicine at

Mount Sinai, which served as the TIDES Coordinating Center.

We previously reported on all 753 women (including N = 370

mothers of boys) with phthalate concentrations measured in T1

urine samples and whose babies were examined at or shortly

after birth (Swan et al., 2015). Because funding did not permit us

to analyze all three samples for all women, in the current analy-

sis, designed to examine exposure timing, we used a randomiza-

tion procedure (PROC SURVEYSELECT, SAS 9.3; Cary, NC, USA)

to select a 50% subset of the 338 mothers of boys who had pro-

vided urine samples in all three trimesters. This subset (N = 168)

is referred to here as the Analysis Subset. The remaining 50% of

women who had provided three urine samples but for whom

only T1 samples were analyzed is referred to as the Comparison

Subset. This sampling strategy is summarized in Fig. 1.

Maternal urinary phthalate metabolite concentrations

In these analyses, our a priori hypothesis, based on our finding

in all T1 TIDES samples (Swan et al., 2015) and our prior study

(Swan, 2008) was that we would see inverse associations

between DEHP metabolites in T1 samples and male genital mea-

surements. While DEHP was the primary focus of this study we

also examined the concentrations of seven other phthalate

metabolites that are measured by the Centers for Disease Con-

trol and Prevention (CDC) as part of their phthalate panel. We

consider any associations with these seven metabolites as only

exploratory.

All samples were analyzed at the Division of Laboratory

Sciences, National Center for Environmental Health, CDC

using previously described methods (Silva et al., 2007; Swan

et al., 2015). After urine collection, specific gravity (SpG) was

measured using a hand-held refractometer (National Instru-

ment Company, Inc., Baltimore, MD, USA). Samples were

stored at �80 °C before shipment. The analytical approach

involved enzymatic deconjugation of the metabolites from

their glucuronidated form, automated on-line solid-phase

extraction, separation with high-performance liquid chro-

matography and detection by isotope-dilution tandem mass

spectrometry (Silva et al., 2007). For statistical analyses, values

below the limit of detection (LOD) were assigned the value

LOD divided by the square root of 2, as has been recom-

mended when the data are not highly skewed (Hornung &

Reed, 1990). Concentrations of 11 measured phthalate metabo-

lites, their molecular weights and their limits of detection

(LOD) are shown in Table 1 as well as the molar sum of the

four measured DEHP metabolites: ∑DEHP (nmol/

L) = (qMEHP/278) + (qMEOHP/292) + (qMEHHP/

294) + (qMECPP/308), where q is concentration (ng/mL) and

278, 292, 294, and 308 are molecular weights (ng/nmol) of the

respective metabolites (Wolff et al., 2008).

Genital measurements

Two measures of AGD and one measure of PW were obtained

on all male infants following methods described elsewhere

(Sathyanarayana et al., 2015). All measurements were made with

dial calipers while the infant was lying in a supine position on a

flat surface, an assistant holding the legs back at a 60–90ο angle

from the torso at the hip. AGD measurements were from the

center of the anus to: (i) the base of the scrotum where the skin

changes from rugated to smooth (AGDAS) and (ii) the anterior

base of the penis where the penile tissue meets the pubic bone

(AGDAP). PW was measured at the base of the penis. Three inde-

pendent measurements were made for all endpoints and the

measurement was obtained independently in 10% of infants to

assess between-examiner reliability (Sathyanarayana et al.,

2015).
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Statistical methods

Phthalate metabolite concentrations were log10 transformed

to normalize distributions. We adjusted for urine dilution by

SpG using the following formula: Pc = P [(1.014 � 1)/(SpG � 1)]

where Pc is the SpG-corrected phthalate concentration (ng/mL),

P is the observed phthalate concentration (ng/mL), 1.014 is the

mean SpG for all TIDES samples and SpG is the SpG of the sam-

ple (Boeniger et al., 1993).

We calculated univariate descriptive statistics for all variables of

interest (including phthalate concentrations in each trimester, gen-

ital endpoints measured at birth, and covariates) in both the analy-

sis and comparison subsets. In the analysis subset, we calculated

pair-wise Pearson’s correlation coefficients between log10 SpG-

adjusted phthalate metabolite concentrations in each trimester.

We examined associations between male genital endpoints

(AGDAS, AGDAP, and PW) and trimester-specific log10 SpG-

adjusted concentrations of phthalate metabolites using multi-

variable linear regression models. Covariates included a predic-

tor of phthalate concentration (time of day of urine collection)

and predictors of AGD and PW (clinical center, gestational age at

birth, age at genital exam, weight-for-age percentiles, and mater-

nal age) (Sathyanarayana et al., 2015; Swan et al., 2015). We

explored several approaches to handling infant body size,

including no adjustment, and adjustment for weight-for-age per-

centiles (WTPCT) based on US Centers for Disease Control stan-

dards (Kuczmarski et al. 2002), and weight-for-length Z-score

(ZWL) based on World Health Organization standards (WHO,

2006). We selected WTPCT for inclusion in our models as this

resulted in the best fitting model (data available upon request).

In addition to trimester-specific exposures, we examined associ-

ations between our study endpoints and the average of metabo-

lite concentrations across trimesters.

Associations are described by beta coefficients and 95% confi-

dence intervals (CIs) which represent change in mm. However,

because measures of AGDAS, AGDAP, and PW differ in magni-

tude, results are also presented as standardized betas, which cor-

respond to the standard deviation change in the dependent

variable per one standard deviation change in the predictor vari-

able and represent effect size independent of magnitude. We

examined regression assumptions using residual plots and data

points with standardized residuals exceeding three standard

deviations were removed (Swan et al., 2015). All analyses were

conducted using SAS software, Version 9.3.

RESULTS

Characteristics of the study population

Summary statistics for phthalate metabolite concentrations in

T1, T2, and T3 urine samples, molecular weights, and LODs are

shown in Table 1. The mean (95% CI) gestational age at urine

collection was 10.8 (10.5, 11.2) weeks in the first visit and 20.6

(20.0, 21.1) and 32.5 (32.1, 33.0) weeks in the second and third

visits, respectively. The baseline characteristics of the Analysis

Subset are shown in Table 2. In addition, we compared demo-

graphics, gestational age at urine collection, genital endpoints,

and T1 phthalate metabolite concentrations between the Analy-

sis and Comparison Subsets (see Table S1). No appreciable dif-

ferences were observed between these subsets.

Correlations between phthalate metabolite concentrations

across trimesters

We calculated Pearson’s correlation coefficients between log10
transformed SpG-adjusted concentrations in paired trimester

samples (Table 3). DEHP metabolites (and ∑DEHP) concentra-

tions measured in T1 samples were largely uncorrelated with

those in T2 and T3 (r = �0.014 to 0.122), except for MECPP,

whereas values in T2 and T3 were somewhat correlated (r = 0.130–

0.211). Metabolites of phthalates other than DEHP were signifi-

cantly correlated across all trimesters, with correlations increasing

with decreasing molecular weight of the metabolite (Table 1).

Associations between urinary phthalate metabolites in T1, T2,

and T3 and genital measures

We observed negative associations between log10
SpG-adjusted DEHP metabolite concentrations and both AGD

N = 370 mothers of boys 
(Swan et al. 2015)

N = 338 with urine samples 
in three trimesters

N = 169 N = 169 (Comparison Subset): phthalate 
measurements only in the first trimester 

N = 168 (Analysis Subset): phthalate 
measurements in three trimesters

N = 32 with missing urine samples 
in second and/or third trimester

Randomization

1 sample missing 
phthalate analysis 

Figure 1 Subsets of mothers of boys in the infant development and the environment study.
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measures in T1, but not in T2 and T3 samples (Table 4). For

AGDAS the strongest associations (beta coefficient; 95% CI) were

seen for MEOHP (�1.31; �2.76, 0.15) and ∑DEHP (�1.31; �2.88,

0.25), whereas for AGDAP the strongest associations were for

MEHHP (�1.73; �3.45, 0.0004) and MECPP (�1.90; �3.84, 0.03).

A comparison of the standardized beta coefficients (�0.10 to

�0.13 for AGDAS and �0.11 to �0.12 for AGDAP) shows that asso-

ciations between DEHP metabolites and these two measures of

AGD were of comparable magnitude.

Unlike AGD, PW was inversely related to concentrations of the

oxidized DEHP metabolites and ∑DEHP in T2 samples (beta

coefficient; 95% CI): MEOHP (�0.48; �0.93, �0.02), MEHHP

(�0.48; �0.92, �0.05), MECPP (�0.51; �1.01, �0.004), and

∑DEHP (�0.49; �0.99, 0.004) (Table 4). The standardized beta

coefficients for these associations were similar to those for AGD

in T1 samples, ranging from �0.13 to �0.14. Figure 2 illustrates

the associations (standardized betas, 95% CIs) between ∑DEHP

and genital endpoints in each trimester. On the other hand, we

found no significant associations between urinary concentra-

tions of DEHP metabolites and ∑DEHP averaged across trime-

sters and our study endpoints (data available on request). As

discussed above, we had hypothesized associations with DEHP

metabolites a priori but also conducted exploratory analyses to

look for associations between genital measurements and the

seven other phthalate metabolites included in the CDC phtha-

late panel (see Table S2). We saw negative associations between

AGD and MCNP (metabolite of DIDP) in T2 and T3 samples and

between PW and T3 MCPP (metabolite of DnOP) and positive

associations between PW and MBzP and MiBP in T3 samples.

DISCUSSION
Our results suggest that associations between DEHP metabo-

lites and male genital endpoints differ by exposure timing, per-

haps reflecting different critical windows of susceptibility. Here,

we show, for the first time, inverse associations between mater-

nal DEHP metabolite concentrations at T2 and PW, whereas

inverse relationships between maternal DEHP exposure and

AGD appear to be restricted to T1. The 95% CI for gestational

age at T1 sample was 10.5–11.2 weeks, suggesting a susceptibil-

ity window for AGD around weeks 10–12 gestation, although

with few samples collected prior to week 10 we cannot rule out

sensitivity prior to 10 weeks. The associations between T1

DEHP metabolites and AGD were observed in both the analysis

and comparison subsets. These results extend and strengthen

our previous TIDES findings, which showed negative associa-

tions in T1, but did not examine AGD associations at other time

points. More importantly, we demonstrated that maternal expo-

sure to DEHP at a later time point (T2) is associated with short-

ened PW, but we found no associations between metabolites of

DEHP in T3 and any genital endpoint. Studies that use oppor-

tunity samples or that average samples across trimesters are

likely to underestimate or mask associations that vary by expo-

sure timing, as is the case for DEHP and PW and AGD; when

we averaged exposure across the three trimesters we saw no

significant associations. In addition, our results are in agree-

ment with the known timing of critical events in human male

reproductive development and extensive animal literature,

which describe the MPW as the critical time-frame for induc-

tion of anti-androgenic effects of DEHP and other phthalates

Table 1 Concentrations (ng/mL) of urinary phthalate metabolites in mothers of boys in three trimestersa

Phthalate

diester

Phthalate

metabolite

MWb LODc T1 T2 T3

Mean � SD GM (95% CI) Mean � SD GM (95% CI) Mean � SD GM (95% CI)

Diethylhexyl

(DEHP)

Mono-2-

ethylhexyl

(MEHP)

390.6/278.3 0.5 5.61 � 25.38 1.70 (1.41, 2.06) 3.33 � 8.01 1.41 (1.19, 1.71) 3.46 � 12.51 1.33 (1.11, 1.58)

Mono-2-ethyl-

5-oxohexyl

(MEOHP)

390.6/292.3 0.2 12.03 � 57.92 3.40 (2.78, 4.15) 10.96 � 38.93 3.86 (3.18, 4.67) 9.19 � 17.99 4.28 (3.54, 5.17)

Mono-2-ethyl-

5-hydroxyhexyl

(MEHHP)

390.6/294.3 0.2 18.92 � 90.40 5.22 (4.26, 6.41) 13.83 � 48.10 4.81 (3.93, 5.87) 11.15 � 24.54 4.92 (4.06, 5.97)

Mono-2-ethyl-

5-carboxypentyl

(MECPP)

390.6/308.3 0.2 21.36 � 62.94 8.54 (7.07, 10.31) 23.68 � 95.53 8.51 (7.12, 10.15) 18.75 � 36.83 9.55 (8.07, 11.29)

∑DEHPd NA NA 195.09 � 795.71 65.58 (54.23, 79.30) 173.42 � 630.75 64.43 (53.77, 77.21) 142.70 � 284.12 69.91 (58.71, 83.24)

Di-isodecyl

(DIDP)

Mono-carboxy-

isononyl (MCNP)

446.7/335.4 0.2 5.79 � 16.85 2.13 (1.74, 2.61) 5.28 � 13.96 1.93 (1.58, 2.36) 4.73 � 8.85 2.33 (1.97, 2.77)

Di-isononyl

(DINP)

Mono-carboxy-

isooctyl (MCOP)

418.6/322.4 0.2 57.31 � 121.93 15.4 (11.92, 19.89) 33.47 � 66.26 12.19 (9.86, 15.09) 32.32 � 61.67 13.32 (10.93, 16.22)

Di-n-octyl

(DnOP)

Mono-3-carboxy-

propyl (MCPP)

390.6/252.2 0.2 8.44 � 25.54 1.86 (1.44, 2.40) 5.69 � 15.78 1.63 (1.30, 2.04) 8.50 � 47.63 1.69 (1.36, 2.10)

Butyl Benzyl

(BBP)

Mono-benzyl

(MBzP)

312.4/256.3 0.3 7.25 � 10.99 2.98 (2.40, 3.69) 8.94 � 19.33 2.94 (2.35, 3.68) 8.75 � 15.32 3.31 (2.64, 4.14)

Di-isobutyl

(DIBP)

Mono-isobutyl

(MiBP)

278.3/222.2 0.2 6.75 � 8.54 3.46 (2.84, 4.21) 8.37 � 11.61 4.03 (3.31, 4.91) 12.53 � 25.63 5.34 (4.34, 6.57)

Di-n-butyl

(DBP)

Mono-n-butyl

(MBP)

278.3/222.2 0.4 11.78 � 14.56 6.04 (4.96, 7.36) 14.12 � 29.08 5.36 (4.29, 6.70) 16.65 � 25.84 6.98 (5.59, 8.70)

Diethyl

(DEP)

Mono-ethyl

(MEP)

222.2/194.2 0.6 125.62 � 379.80 30.37 (24.02, 38.40) 87.65 � 209.02 28.14 (22.44, 35.28) 219.90 � 682.53 40.25 (31.04, 52.17)

Values represent Mean � standard deviation (SD) and geometric mean (GM, 95% confidence interval); N = 168, except for MCNP and MCOP in T1 (N = 167). aT1,

T2, and T3 correspond to first, second and third trimester samples. bMW, molecular weight (parent compound/metabolite). cLOD, Limit of detection (ng/mL).
d∑DEHP = the molar sum of MEHP, MEOHP, MEHHP and MECPP (nmol/L).
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(Gray et al., 2000; Welsh et al., 2008; van den Driesche et al.,

2011; O’Shaughnessy & Fowler, 2011). Although later androgen

exposure is needed for achievement of the maximum growth of

androgen-dependent structures including the penis, AGD has

only limited plasticity outside the MPW and has been regarded

as a lifelong readout of the androgen action within this critical

window (van den Driesche et al., 2011; Mitchell et al., 2015).

On the other hand, the inverse associations between T2 DEHP

metabolite concentrations in maternal samples and PW are

consistent with a wider susceptibility window for disruption of

the androgen-dependent development of the penis, when com-

pared with AGD.

Penile dimensions in humans are associated with testicular

volume, AGD, and fertility status (Swan, 2008; Stewart et al.,

2009; Eisenberg et al., 2011). However, data on disruption of

penile development in humans are scarce. In our study, we mea-

sured PW rather than penile length (PL) because, as previously

demonstrated, PW is more strongly correlated with AGD than

PL, and PW but not PL is negatively associated with maternal

DEHP exposure (Swan et al., 2005; Swan, 2008). Here, we

observed significant inverse associations between T2 concentra-

tions of DEHP metabolites and PW, but no association in T1 and

T3 samples. However, we previously reported borderline nega-

tive associations between DEHP metabolites in T1 samples and

PW using all 355 mothers and male infants (Swan et al., 2015).

Taken together these results support the view of an extended

period of penile development beyond the first trimester. In

experimental animals and humans, the penis is responsive to

androgens at multiple time periods, including prenatal, neona-

tal, and pubertal phases, indicating that it may be more plastic

than AGD (Boas et al., 2006; van den Driesche et al., 2011;

Pasterski et al., 2015). Although gross morphogenesis of the

penis occurs during the MPW, subsequent histological changes

occur in the neonatal period in rats and at the beginning of the

second trimester in humans (Simon et al., 2012). Rodent studies

indicate that exposure to anti-androgens and estrogens during

the neonatal period can significantly impact penile differentia-

tion and growth (Mathews et al., 2009; Simon et al., 2012).

Experiments with rhesus monkeys (Herman et al., 2000) showed

that early gestational exposure to the androgen receptor antago-

nist flutamide results in small and malformed penises, whereas

late treatment results in fully developed, but significantly smaller

penises. In humans, prenatal testosterone peaks at the end of

the MPW, around 12–14 weeks gestation, but the number of Ley-

dig cells increases over the second trimester and high levels of

testosterone continue to be produced to induce growth of the

penis and other reproductive organs and to promote testis devel-

opment (Fowler et al., 2009).

In this study, we focused on the associations between mater-

nal DEHP exposure and male genital endpoints at different

time points, because of the vast amount of animal literature on

the effects of this compound on male reproductive develop-

ment and because in our prior human studies maternal DEHP

exposure resulted in the strongest negative associations with

AGD and PW. However, while this study focused on associa-

tions with DEHP metabolites we also examined other phthalate

metabolites that were measured in our samples as part of the

CDC panel of phthalates. We observed negative associations

between T2 and T3 concentrations of MCNP (a metabolite of

DIDP) and AGD measures, and negative associations between

Table 2 Baseline characteristics of mothers and boys in the Analysis Subset

(N = 168)

Characteristic N (%)/mean � SD

Center

San Francisco, CA 44 (26.2%)

Minneapolis, MN 51 (30.4%)

Rochester, NY 45 (26.8%)

Seattle, WA 28 (16.7%)

Race/ethnicity

White/not Hispanic 97 (57.7%)

Other 71 (42.3%)

Smoking 10 (6.0%)

Educationa

Less than college graduate 40 (23.8%)

Graduated college 127 (75.6%)

Marital status

Married/living as married 144 (85.7%)

Separated/divorced/single 24 (14.3%)

Maternal age at enrollment (years) 31.23 � 5.64

Pre-pregnancy BMI (kg/m2) 25.89 � 5.77

Gestational age at 1st trimester visit (weeks) 10.80 � 2.26

Gestational age at 2nd trimester visit (weeks) 20.58 � 3.72

Gestational age at 3rd trimester visit (weeks) 32.51 � 2.98

Gestational age at birth (weeks) 39.17 � 1.72

Age at genital exam (days) 6.96 � 13.99

Infant weight at exam (kg) 3.44 � 0.73

Length at exam (cm) 50.95 � 2.97

Weight-for-age percentile (WTPCT) 35.75 � 27.04

AGDAS (mm) 24.87 � 4.24

AGDAP (mm) 49.18 � 5.76

Penile width (mm) 10.80 � 1.36

Data represent numbers (%) for categorical variables and mean � SD for contin-

uous variables. aMissing information for one participant.

Table 3 Correlations between phthalate metabolite concentrationsa in three trimesters

Trimesterb Phthalate metabolites

MEHP MEOHP MEHHP MECPP Σ DEHP MCNP MCOP MCPP MBzP MiBP MBP MEP

T1 vs. T2 0.030

(0.699)

0.122

(0.115)

0.106

(0.172)

0.177

(0.022)

0.103

(0.186)

0.081

(0.301)

0.175

(0.024)

0.321

(<0.001)
0.512

(<0.001)
0.371

(<0.001)
0.256

(<0.001)
0.513

(<0.001)
T1 vs. T3 �0.014

(0.853)

0.040

(0.604)

0.033

(0.669)

0.107

(0.168)

0.024

(0.758)

0.104

(0.182)

0.365

(<0.001)
0.254

(<0.001)
0.515

(<0.001)
0.367

(<0.001)
0.305

(<0.001)
0.298

(<0.001)
T2 vs. T3 0.211

(0.006)

0.150

(0.053)

0.188

(0.015)

0.139

(0.072)

0.130

(0.092)

0.132

(0.088)

0.201

(0.009)

0.252

(0.001)

0.551

(<0.001)
0.413

(<0.001)
0.269

(<0.001)
0.381

(<0.001)

Data indicate Pearson’s correlation coefficients (p-values) in the Analysis Subset (N = 168); for MCNP and MCOP T1 versus T2 and T1 versus T3 N = 167. alog10 specific

gravity adjusted. bT1, T2, and T3 correspond to first, second and third trimester samples.
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T3 levels of MCPP (a metabolite of DnOP) and PW, although it

is important to mention that MCPP is not a specific metabolite

of DnOP, but it is also the metabolite of other diesters, includ-

ing DBP, DIDP and DINP (Koch et al., 2013). These results were

unexpected as DIDP and DnOP have not been previously con-

sidered to be anti-androgens and the observed associations are

not consistent with the hypothesized windows of susceptibility

for these genital endpoints. Surprisingly, we also observed posi-

tive associations between urinary concentrations of MBzP and

MiBP in T3 and PW. In rats, exposure to high doses of their

respective parent compounds, BBP and DIBP, results in anti-

androgenic effects, including short AGD (Gray et al., 2000;

Howdeshell et al., 2008). The relationships observed here could

be result of unknown mechanisms or, more likely, reflect

chance associations. It is important to mention that inhibition

of testosterone production is only one of multiple possible

mechanisms by which phthalates and other EDCs induce hor-

monal and reproductive changes. For example, inhibition of

prostaglandin synthesis and induction aromatase enzyme has

been reported for several of these compounds (Martino-

Andrade & Chahoud, 2010; Kristensen et al., 2011). In addition,

to our knowledge this is the first study to investigate trimester-

specific exposure to phthalates and genital endpoints in

humans. Future studies, including the analysis of our compar-

ison subset should be funded to further investigate this issue

and confirm or disprove the associations observed for metabo-

lites of phthalates other than DEHP. In addition, chemical anal-

ysis of a larger number of urinary metabolites of high molecular

weight phthalates would be helpful to clarify the significance, if

any, of these findings.

Unlike animal studies, we are unable to manipulate the pre-

natal endocrine environment in humans to determine the exact

critical windows for the action of EDCs. However, exposure to

Table 4 Associationsa between urinary DEHP metabolitesb and genital endpoints in newborn boysc by trimester of exposured

Metaboliteb Endpointc T1 T2 T3

b (95% CI) Std b (95% CI) b (95% CI) Std b (95% CI) b (95% CI) Std b (95% CI)

MEHP AGDAS �1.10

(�2.62, 0.43)

�0.10

(�0.24, 0.04)

�0.47

(�1.95, 1.00)

�0.04

(�0.18, 0.09)

0.41

(�1.07, 1.89)

0.04

(�0.10, 0.18)

AGDAP �1.58

(�3.46, 0.31)

�0.11

(�0.24, 0.02)

0.34

(�1.49, 2.18)

0.02

(�0.10, 0.15)

�0.58

(�2.41, 1.25)

�0.04

(�0.17, 0.09)

PW �0.09

(�0.58, 0.41)

�0.02

(�0.17, 0.12)

�0.10

(�0.58, 0.37)

�0.03

(�0.17, 0.11)

0.18

(�0.30, 0.65)

0.05

(�0.09, 0.19)

MEOHP AGDAS �1.31

(�2.76, 0.15)

�0.13

(�0.26, 0.01)

0.05

(�1.39, 1.49)

0.01

(�0.13, 0.14)

0.42

(�1.02, 1.87)

0.04

(�0.10, 0.18)

AGDAP �1.56

(�3.37, 0.25)

�0.11

(�0.24, 0.02)

1.50

(�0.26, 3.28)

0.11

(�0.02, 0.23)

�0.01

(�1.80, 1.78)

�0.01

(�0.13, 0.13)

PW �0.02

(�0.50, 0.45)

�0.01

(�0.15, 0.13)

�0.48

(�0.93, �0.02)

�0.14

(�0.28, <�0.01)

0.06

(�0.41, 0.52)

0.02

(�0.12, 0.16)

MEHHP AGDAS �1.19

(�2.59, 0.20)

�0.12

(�0.26, 0.02)

�0.02

(�1.39, 1.34)

�0.01

(�0.14, 0.14)

0.36

(�1.04, 1.77)

0.04

(�0.11, 0.18)

AGDAP �1.73

(�3.45, <0.01)
�0.13

(�0.25, <0.01)
1.18

(�0.50, 2.86)

0.09

(�0.04, 0.21)

�0.11

(�1.86, 1.62)

�0.01

(�0.14, 0.12)

PW �0.06

(�0.51, 0.39)

�0.02

(�0.16, 0.12)

�0.48

(�0.92, �0.05)

�0.15

(�0.29, �0.02)

0.02

(�0.43, 0.48)

0.01

(�0.13, 0.15)

MECPP AGDAS �1.24

(�2.80, 0.33)

�0.11

(�0.24, 0.03)

�0.19

(�1.77, 1.39)

�0.02

(�0.15, 0.12)

0.26

(�1.34, 1.86)

0.02

(�0.12, 0.16)

AGDAP �1.90

(�3.84, 0.03)

�0.12

(�0.25, <0.01)
1.11

(�0.84, 3.07)

0.07

(�0.05, 0.19)

�0.54

(�2.52, 1.43)

�0.04

(�0.16, 0.09)

PW �0.06

(�0.57, 0.44)

�0.02

(�0.15, 0.12)

�0.51

(�1.01, <�0.01)

�0.13

(�0.27, <�0.01)

�0.02

(�0.54, 0.49)

�0.01

(�0.14, 0.13)

∑DEHP AGDAS �1.31

(�2.88, 0.25)

�0.12

(�0.25, 0.02)

�0.15

(�1.70, 1.41)

�0.01

(�0.15, 0.12)

0.47

(�1.12, 2.05)

0.04

(�0.10, 0.18)

AGDAP �1.84

(�3.79, 0.10)

�0.12

(�0.24, 0.01)

1.28

(�0.64, 3.20)

0.08

(�0.04, 0.21)

�0.32

(�2.28, 1.64)

�0.02

(�0.15, 0.11)

PW �0.05

(�0.56, 0.46)

�0.01

(�0.15, 0.12)

�0.49

(�0.99, <0.01)
�0.13

(�0.27, <0.01)
�0.01

(�0.51, 0.51)

�0.01

(�0.14, 0.14)

aData represent b and standardized b (Std b) coefficients (95% confidence intervals); model adjusted for age at exam, gestational age at birth, center, time of day of

urine collection, maternal age, and weight-for-age-percentile; N = 168 (for AGDAP N = 167). blog10 specific gravity adjusted. Metabolite concentrations <LOD set to

LOD/(√2). cAGDAS = Distance from anus to scrotum; AGDAP = Distance from anus to penis; PW = Penile width. dT1, T2, and T3 correspond to first, second and third

trimester samples.

Figure 2 Associations between maternal urinary concentrations of diethyl-

hexyl phthalate (DEHP) metabolites and ∑DEHP and AGDAS, AGDAP and

PW in newborn males. Values represent standardized beta coefficients and

95% confidence intervals (CI) for associations in first (T1), second (T2), and

third (T3) trimesters. AGDAS = Distance from anus to scrotum;

AGDAP = Distance from anus to penis; PW = Penile width.
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many chemicals, including phthalates, can vary considerably

across pregnancy, so that time-specific associations can be

examined. In our data concentrations of urinary DEHP metabo-

lites were largely uncorrelated across the pregnancy, whereas

metabolites of low molecular weight phthalates (less than eight

carbons in the ester side chain) displayed higher correlations.

This is accordance with results published by Braun et al. (2012)

and suggest that varying exposure sources may contribute to

variability of phthalate measurements in spot urine samples.

For example, it has been shown that food-borne phthalates,

such as DEHP, DINP, and DIDP, have increased variability

compared with low molecular weight phthalates, whose expo-

sure is not primarily driven by diet (Koch et al., 2013). In addi-

tion, fluctuations in the concentrations of urinary phthalate

metabolites may be related to altered pharmacokinetics (e.g.,

volume distribution) and/or behavioral changes during preg-

nancy (e.g., lower consumption of processed food) (Rudel et al.,

2011; Braun et al., 2012). Interestingly, in our results we found

that while geometric means of the urinary concentrations of

DEHP metabolites did not show a trend across trimesters, we

did see marked decreases in the standard deviations across

pregnancy with a resulting decrease in the arithmetic mean of

these metabolites.

Given the non-persistent nature of phthalates and the variabil-

ity in urinary metabolite concentrations, our use of single spot

urine to estimate trimester-specific exposure is a limitation.

However, this is a limitation shared by most epidemiological

studies on the developmental effects of prenatal exposure to

non-persistent chemicals. As has been stated previously, the

resulting exposure misclassification is unlikely to be differential

and therefore likely to bias the estimate toward the null (Roth-

man et al., 2008).

Despite these limitations we observed significant associations

between maternal DEHP metabolites and genital endpoints that

are biologically plausible and consistent with our previous find-

ings (Swan et al., 2005, 2015; Swan, 2008) and with extensive ani-

mal toxicology literature (Gray et al., 2000, 2009; Christiansen

et al., 2010; Martino-Andrade & Chahoud, 2010). Future analyses

are needed to confirm these findings.

In summary, this study demonstrates that maternal exposure

to DEHP adversely impacts the genital development of male

newborns, but suggests that our study endpoints (PW and AGD)

present different windows of susceptibility. The negative rela-

tionship between AGD and maternal DEHP metabolites was

restricted to T1, whereas PW was inversely associated with DEHP

metabolite concentrations in T2, which may reflect the increased

plasticity of penile development. These results strengthen our

previous findings and support the biological plausibility of the

associations between maternal exposure to DEHP and anti-

androgenic effects in humans.

ACKNOWLEDGMENTS
Funding for TIDES was provided by the following grants from

the National Institute of Environmental Health Sciences:

R01ES016863-04 and R01ES016863-02S4. Anderson J Martino-

Andrade is a fellowship recipient from CNPq/Brazil. Hagai

Levine is a fellowship recipient from the Environment and

Health Fund, Israel. We wish to acknowledge the contributions

of the TIDES Study Team: Coordinating Center: Erica Scher;

UCSF: Sarah Janssen, Marina Stasenko, Erin Ayash, Melissa

Schirmer, Jason Farrell, Mari-Paule Thiet, Laurence Baskin;

UMN: Heather Gray, Chelsea Georgesen, Brooke Rody, Carrie

Terrell, Kapilmeet Kaur; URMC: Erin Brantley, Heather Fiore,

Lynda Kochman, Lauren Parlett, Jessica Marino, William Hul-

bert, Robert Mevorach, Eva Pressman; UW/SCH: Kristy Ivicek,

Bobbie Salveson, Garry Alcedo, and the families who partici-

pated in the study. In addition, we thank the TIDES families for

their participation and the residents at URMC and UCSF who

assisted in birth exams and Antonia Calafat at the Centers for

Disease Control and Prevention for phthalate analyses.

DISCLOSURES
The authors declare no actual or potential competing financial

interests.

AUTHOR CONTRIBUTIONS
AJMA, FL, and HL contributed to data analysis and discus-

sion and writing of the manuscript. SS, ESB, JBR, and RHNN

designed and conducted the study and contributed to data

analysis and discussion. SHS designed and directed the study,

contributed to data analysis and discussion, and writing of

the manuscript.

MEETING COMMENTS

Ken Grigor (Edinburgh, UK)

Are there ethnic differences in AGD?

Shanna Swan (New York, USA)

We studied a very homogeneous population and there was not

sufficient ethnic diversity in our cohort to address this important

question.

Tina Kold Jensen (Odense, Denmark)

If female rats are exposed to antiandrogens in utero does this

have a virilization effect causing lengthening of the AGD?

Richard Sharpe (Edinburgh, UK)

There is no effect of antiandrogens on female fetuses including

AGD although there is a larger effect of estrogens on female sex-

ual development.

Jorma Toppari (Turku, Finland)

In rodents, estrogens block the production of INSL3 and there-

fore interfere with testicular descent.

Bernard J�egou (Rennes, France)

Do other hormones, such as growth hormone (GH), influence

the AGD?

Jean-Pierre Bourguignon (Li�ege, Belgium)

An isolated GH deficiency in humans can cause micrope-

nis indicating that penile development is influenced by both

GH and growth factors. I am not sure how this relates to

animals.

Tamara Wainstock (Atlanta, USA)

Is there any association between the AGD and the 2 : 4 digit

ratio? The ratio of the index finger to the ring finger is deter-

mined by in utero exposure to androgens. It is easier and more
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acceptable to measure the length of the digits rather than the

AGD.

Shanna Swan

We have studied the 2D : 4D ratio in adult females and found

an association with prenatal exposures. However, it is much less

sexually dimorphic with only a 1–2% difference between males

and females, whereas the M : F difference for AGD is 50–100%.

It is also not easier because it is very difficult to measure the pre-

cise digit length requiring X-ray validation in a very particular

way and very stringent quality control. Only very small differ-

ences are detected.

Richard Sharpe

Paper 26 Several small studies have been performed in

patients with congenital adrenal hyperplasia (CAH) to investi-

gate if affected females have a more masculine 2 : 4 digit ratio,

and the results are completely equivocal in spite of significantly

altered androgen exposure. The most convincing evidence

comes from an intervention study in pregnant rhesus monkeys

which showed that androgen blockade in the putative masculin-

ization programming window altered AGD in male offspring, but

not the 2D : 4D ratio, although it did affect the length of one of

the digits. The pattern of effect is different in mice.

Bernard J�egou

The digit ratio has application to archeology and paleontology.

We can tell from prints in prehistoric caves whether the inhabi-

tants and artists were male or female. Unfortunately, the prints

do not depict the AGD!

Shanna Swan

The AGD has been measured in more than 10,000 children

around the world, but there are marked differences in the

reported lengths in different countries and different studies.

That is because there is different methodology in different

groups, and we must harmonize our methods across studies so

that we have unified, standardized criteria for making the

measurements.
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