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A B S T R A C T

Anogenital distance (AGD) has been used as a marker of fetal androgen action to identify endocrine disrupting
chemicals. A US study (TIDES) has reported that the association between some phthalates and reduced AGD in
males was only apparent in sons of mothers reporting no stressful life events (SLEs) during pregnancy. The
objective of the current study was to examine the potential modifying effect of SLEs and their subjective impact
on associations between prenatal phthalates and AGD. First trimester urines from the MIREC Study were ana-
lysed for phthalate metabolites and AGD was measured in neonates. Post-delivery, the women answered
questions on SLEs during the pregnancy. Women reporting 1 or more SLEs during pregnancy were considered a
“higher stressor” group, whereas women reporting no SLEs or who reported a SLE that was perceived as not at all
stressful were considered a “lower stressor” group. Multivariable linear regression models were fit stratified by
stressor group.

Maternal stressor, AGD and phthalates results were available for 153 females and 147 males. A summary
measure of androgen-disrupting phthalates (Σ AD) was associated with significantly longer AGDs in females
from the higher stressor group. These effect sizes were increased when the perceived impact was restricted to
moderately or very much stressful. In males, all phthalates were associated with longer anopenile distance
(APD), regardless of stressor group; however, higher Σ AD was associated with significantly longer APD in the
lower stressor group. In contrast to the TIDES study, we did not observe shorter AGDs in male infants prenatally
exposed to di-(2-ethylhexyl) phthalates, regardless of maternal stressor level.
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Abbreviations: ACD, anoclitoris distance; AGD, anogenital distance; AFD, anofourchette distance; APD, anopenile distance; ASD, anoscrotal distance; BMI, body
mass index; CIE, change-in-estimate method; DEHP, Di-(2-ethylhexyl) phthalate; LC-MS/MS, liquid chromatography coupled with tandem mass spectrometry; LOD,
limit of detection; MBzP, Mono-benzyl phthalate; MCHP, Mono-cyclo-hexyl phthalate; MCPP, Mono-(3-carboxypropyl) phthalate; MEHHP, Mono-(2-ethyl-5-hydroxy-
hexyl) phthalate; MEHP, Mono-(2-ethylhexyl) phthalate; MEOHP, Mono-(2-ethyl-5-oxo-hexyl) phthalate; MEP, Mono-ethyl phthalate; MiBP, Mono-iso-butyl
phthalate; MiNP, Mono-isononyl phthalate; MIREC, Maternal-Infant Research on Environmental Chemicals; MIREC-ID, Maternal-Infant Research on Environmental
Chemicals – Infant Development; MMP, Mono-methyl phthalate; MnBP, Mono-n-butyl phthalate; MnOP, Mono-n-octyl phthalate; PLES, Prenatal Life Event Scale;
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pregnancy were considered a “higher stressor” group, whereas women reporting no SLEs were considered a “lower stressor” group; Σ, AD, molar sum of androgen-
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In conclusion, we were unable to replicate the findings of the TIDES study, but did find some evidence that
prenatal SLEs may modify associations between phthalates and female AGD. Further research with other po-
pulations and measures of prenatal stress may shed more light on whether prenatal stress is an important effect
modifier of associations between phthalates (or other chemicals) and anogenital distance.

1. Introduction

Measuring neonatal anogenital distance (AGD) in rodents is one of
the male and female reproductive/developmental toxicity screening
tests for androgenic endocrine disruption included in the battery of
outcomes recommended by the Organisation for Economic Co-opera-
tion and Development (OECD, 2015). AGD may also become a pro-
spective biomarker in humans, where a shorter than normal AGD in
male offspring may be a warning flag for future reproductive compli-
cations (Schwartz et al., 2019).

Some evidence from the animal toxicology literature suggests that
prenatal stress may also feminize (reduce) male AGD (Williams et al.,
1998; Shono et al., 1999; Pereira et al., 2006; Pallarés et al., 2013;
Desaulniers et al., 2016), while masculinizing female behavior (e.g.,
distinctly higher amounts of play behavior and of two male-typical
courtship behavioral patterns) (Kaiser et al., 2003). Rodent data suggest
that the developing male may be more sensitive to maternal stress than
females (Ashworth et al., 2016); however, the results can vary de-
pending on how the prenatal stress experienced is measured and when
it occurs during prenatal development. In humans, two previous
American studies have examined prenatal stress and AGD. The Study
for Future Families (137 male and 136 female infants) reported that
infant females born to couples with higher stress had significantly
longer (i.e., more masculine) AGD than those born to couples with
lower stress, while higher stress was not significantly associated with
shorter AGD in males (Barrett et al., 2013). In contrast, TIDES (The
Infant Development and Environment Study) of 738 infants found no
significant differences in AGD in males or females by SLEs (Barrett
et al., 2016).

Some phthalates are known to act as anti-androgens (di(2-ethyl-
hexyl) phthalate (DEHP), benzyl butyl phthalate (BBP)) while others
have shown no effects on male or female AGD in rat studies (dimethyl
phthalate (DMP), diethyl phthalate (DEP)) (Gray et al., 2000). The anti-
androgens act via (a) decreased testosterone synthesis (Skakkebaek
et al., 2001) and (b) antagonism of testosterone binding to the androgen
receptor (Shen et al., 2009). The displaced testosterone is then available
for conversion to estradiol via aromatase resulting in feminization in
males and decrease in the AGD. Prenatal exposure to phthalates has
been associated with the phthalate syndrome in male rodents, char-
acterized by effects on reproductive development including hypospa-
dias, cryptorchidism, feminization in the retention of nipples/areolae
(sexually dimorphic structures in rodents) and reduced (demasculi-
nized) AGD (Foster, 2006). In rodents, females may be less sensitive to
reproductive tract malformations than males for in utero exposure to
anti-androgenic phthalates; however, longer AGDs in female rats were
noted at mid-dosing levels of a mixture of butyl benzyl phthalate (BBP),
dibutyl phthalate (DBP), diisobutyl phthalate (DiBP) and dipentyl
phthalate (DPeP) from gestation day 8 to post-natal day 2 (Hannas
et al., 2013).

An early paper by Swan and colleagues (2005) reported that in-
creasing maternal urinary phthalates (monoethyl phthalate (MEP),
mono-n-butyl phthalate (MnBP), monobenzyl phthalate (MBzP), and
mono-isobutyl phthalate (MiBP)) were associated with reduced AGD in
85 boys 2-36 months of age. A subsequent American study (TIDES) of
366 male and 373 female newborns reported that first trimester ex-
posure to di-(2-ethylhexyl) phthalate (DEHP) was negatively associated
with AGD in boys but not in girls (Swan et al., 2015). Two recent re-
views of the literature have concluded that DEHP may be a re-
productive hazard to humans on the basis of reduced AGD in male

offspring (Dorman et al., 2018; Radke et al., 2018).
In contrast to some American studies (Swan et al., 2015; Wenzel

et al., 2018), our previous analysis of Canadian male and female neo-
nates in the MIREC study did not observe an association between ma-
ternal urinary phthalate concentrations and reduced AGD in males
(Arbuckle et al., 2018). No tangible explanation for the differences in
the results could be identified, except perhaps the variation in ex-
posures to chemical mixtures between countries.

The current analysis was prompted by a subsequent analysis of one
of the American studies (TIDES) which examined the role of stress as a
modifier of the phthalate-AGD relationship. That study stratified par-
ticipants by lower (0) or higher (1+) SLEs during the first trimester of
pregnancy and found that the association between some phthalates and
reduced AGD in males was only apparent in sons of mothers reporting
no life events stressors during pregnancy (Barrett et al., 2016).

The objective of the current study was to determine if prenatal SLEs
modifies the associations between maternal urinary phthalates and
AGD in male and female neonates in our Canadian population. Also, if
the SLEs are restricted to those reported as more stressful, does that
result in a larger effect on the associations between phthalates and
AGD? In addition, as the TIDES study did not collect information on the
subjective impact of the SLE when examining the modifying effect of
prenatal SLEs on associations between phthalates and AGD (Barrett
et al., 2016), we repeated our analysis ignoring the woman's reported
impact of the SLEs. Given that the two exposures we study here -
phthalates and psychosocial stress - are ubiquitous among pregnant
women today, this is an important area to study.

2. Materials and methods

2.1. Study population

The population for this analysis was mother-infant dyads from the
Maternal-Infant Research on Environmental Chemicals (MIREC) study
(Arbuckle et al., 2013) who consented to participate in the assessment
of their infants shortly after birth. MIREC is a prospective pregnancy
cohort that recruited women in the 1st trimester of pregnancy from 10
cities across Canada (2008–2011) and followed them through delivery.
The study population for this analysis was from the MIREC-ID (Infant
Development) Study, a subset of the MIREC cohort. Due to limited
funding and delays in obtaining ethics approval at some of the sites,
MIREC-ID was only able to recruit mothers and their singleton infants
without any major congenital birth defects or neurological disorders
from five of the 10 cities. The study was reviewed and approved by the
Health Canada Research Ethics Board and ethics committees at each
recruitment site. All women provided informed consent.

2.2. Urine collection and analysis

Urine was collected (without use of any wipes) in the 1st trimester
of pregnancy in 125 mL Nalgene® containers (Thermo-Fisher Scientific
Inc., Rochester NY, USA) (pre-screened for phthalates), aliquoted into
Nalgene® containers, frozen at − 20 °C within 2 h of collection and
shipped on dry ice to the Institut national de santé publique du Québec
laboratory. Urine was analysed for eleven urinary phthalate metabolites
by LC-MS/MS as previously described (Arbuckle et al., 2014). As in-
dividuals are exposed to multiple phthalates and various approaches
have been used to categorize them, the molar sums of DEHP metabo-
lites (MEHP (Mono-(2-ethylhexyl) phthalate), MEOHP (Mono-(2-ethyl-
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5-oxo-hexyl) phthalate), MEHHP (Mono-(2-ethyl-5-hydroxy-hexyl)
phthalate)), low molecular weight (Σ LMW) (MMP (Mono-methyl
phthalate), MEP, MnBP, MCHP (Mono-cyclo-hexyl phthalate), and
MBzP), and high molecular weight (Σ HMW) (MCPP (Mono-(3-car-
boxypropyl) phthalate), MEHP, MnOP (Mono-n-octyl phthalate),
MEOHP, MiNP (Mono-isononyl phthalate), and MEHHP) phthalate
metabolites were calculated. As identified by Varshavsky and collea-
gues (2016), we also summed androgen-disruptor phthalates (Σ AD)
(molar sum of MnBP, MBzP, MEHP, MEOHP, MEHHP, MEP, and MiNP).
To account for varying urine dilution between samples, specific gravity
was measured in thawed urine samples by a refractometer (UG-1, Atago
#3461, Atago U.S.A. Inc., Bellevue, WA).

2.3. Data collection and anthropometric measures

Women completed questionnaires in the 1st and 3rd trimesters of
pregnancy that collected socio-demographic and lifestyle information
(maternal education, age, active and passive smoking, country of birth,
race, pre-pregnancy body mass index, and family income). Gestational
age at birth and infant age at examination were determined from
medical charts and questionnaires. Infant weight and length were
measured during the physical exam using an infant scale (seca 727®)
and infantometer (seca 416®) (seca, Hamburg Germany). Gestational
age at birth, newborn age, weight and length at exam, and recruitment
site were considered as potential confounders, as were factors asso-
ciated with the urine collection such as time of day, season of collection
and time since last void. A weight-for-length z score was calculated
based on the standards set out by the World Health Organization
(2011).

2.4. Anogenital distance measures

All examiners completed a training session with a pediatrician,
endocrinologist, psychologist and pediatric urologist using volunteer
infants and were provided with a detailed manual of procedures and
presentation materials for review. AGD in male and female infants was
measured shortly after birth (mean 3.5 days) using methods described
by Sathyanarayana and colleagues (2010; 2015) and detailed in our
recent publication (Arbuckle et al., 2018). For female infants, the dis-
tance (in mm) from the center of the anus to the posterior convergence
of the fourchette (anofourchette distance or AFD) or the clitoris (ano-
clitoris distance or ACD) was measured using metric dial Vernier cali-
pers. Similarly, for males, the distances (in mm) between the base of the
scrotum (junction of the smooth perineal skin and the rugated skin of
the scrotum) and the mid-anus (anoscrotal distance or ASD) and be-
tween the centers of the anus to the cephalad (superior) base of the
penis (anopenile distance or APD) were measured. The caliper was
properly calibrated and set to zero prior to each measurement. Two
measurements were taken and reported; if there was a > 2 mm differ-
ence between the 2 measures, then a third measurement was taken. For
the purpose of this analysis, the mean of the 2 closest measures was
calculated and used. Infant weight and length were measured at the
same time as AGD. All measurements were taken by trained study ex-
aminers. Examination techniques were monitored periodically through
direct observation by the research coordinator who was responsible for
the initial training session.

2.5. Prenatal stress

Stressful life events have been defined as “situations likely to re-
quire some degree of coping in ongoing life adjustment” (Shapiro et al.,
2013). In a questionnaire administered approximately 6 months post-
partum, the women were asked a series of 16 questions concerning
whether or not a SLE had occurred anytime during her pregnancy
(Supplemental Material, Figure S1), and if yes, to score the subjective
impact of the event (0, if no event; 1, if “not at all”; 2, if “somewhat”; 3,

if “moderately”, and 4, if “very much”). These questions were adapted
from the Prenatal Life Event Scale (PLES) (Lobel et al., 2008). Total
Prenatal Stress Level (TPSL) was categorized as follows: women re-
porting no Stressful Life Events (SLEs) during pregnancy or who rated
the SLE as not at all stressful were considered a “lower stressor” group
(0). Women reporting 1 or more SLEs as somewhat, moderately or very
much stressful were considered a “higher stressor” group (1). Each
event was weighted the same.

2.6. Statistical analyses

All urinary phthalate results below the Limit of Detection (LOD)
were substituted with 1/2 LOD. As the chemical concentrations were
highly skewed, they were natural log transformed before being in-
cluded in the models. Least squares mean (SAS Institute Inc, 2008)
anogenital distances (AGD) in males and females were calculated by
Total Prenatal Stress Level (TPSL). A set of linear regression models
were fit to examine the bivariate relationship between AGD and TPSL
for each sex. Next, we fit a set of linear regression models looking at the
relationship between the chemical concentrations and AGD, including a
stress × phthalate interaction term and including terms for the main
effects of stress and phthalates. Unfortunately, for our analysis, when
the interaction between the exposures and stress were tested, we did
not have the sample sizes to obtain unique estimates and therefore
couldn't rely on the results. Subsequently, multivariable linear regres-
sion models were created to examine the relationship between the
phthalate concentrations and AGD, stratified by TPSL, while controlling
for the potential confounders identified a priori above. The “change-in-
estimate” (CIE) method, in which variables are selected based on re-
lative or absolute changes in the estimated exposure effect (10%), was
used (Greenland, 1989) to identify potential confounders. Specific
gravity was included in all models. Separate models were created for
each AGD to allow the data to drive the selection and for potential sex
differences in the confounders to be identified.

In a sensitivity analysis to evaluate the influence of a higher sub-
jective impact rating of the SLEs on modifying associations between
phthalates and AGD, we further restricted the “higher stressor” group to
those SLEs reported as “moderately” or “very much” stressful (i.e., ex-
cluded if SLEs reported as “not at all” or “somewhat” stressful).

To make our analysis more comparable with the TIDES study which
did not consider subjective impact of the SLE, we also modelled
phthalate concentrations and AGD stratified by TPSL but ignoring
subjective impact (i.e., including SLEs where women reported sub-
jective impact as “not at all” in the “higher stressor” group).

The change in estimate procedure for selecting confounders was
performed using R 3.2.4. The descriptive statistics and linear modelling
was performed using SAS EG 5.1.

3. Results

The majority of women participating in this study were from higher
socio-economic levels, were white and born in Canada (Supplemental
Material, Table S1). About 60% had a university degree and 30% had a
household income over $100,000 CAD. The characteristics of the subset
of mother-infant pairs participating in this study were comparable to
those for the entire cohort (Supplemental Material, Table S1). Women
reporting no SLEs during pregnancy (52% of sample) or who rated the
SLE as not at all stressful (8% of sample) were considered a “lower
stressor” group. Women reporting 1 or more SLEs as somewhat, mod-
erately or highly stressing (40% of the sample) were considered a
“higher stressor” group. Among the 120 women in the higher stressor
group, 87 reported 1 event, 23 reported 2 events, and 10 reported 3 or
more events that they rated as somewhat, moderately or highly stres-
sing. Across groups, a move or searching for a new home was most
frequently reported (18%), followed by a death of a person close to
them (12%) (Supplemental Material, Fig. S1). A total of 300 mother-
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infant pairs had at least one measure of AGD, phthalates and stress (153
females have at least one AGD measure and 147 males have at least one
AGD measure). Males had longer AGDs than females (Supplemental
Material, Table S2). No significant associations between TPSL and AGD
were observed (Table 1). Generally, prenatal urinary phthalates were
slightly lower in the higher stressor women compared to the lower
stressor women with the exception of MEP and the androgen-disrupting
phthalates (Σ AD) (Table 2).

In female infants, only among the higher stressor group were sig-
nificant associations observed between increasing prenatal phthalate
exposure and AGD (ACD and Σ LMW and Σ AD (β = 1.54, p = 0.02 and
β = 1.58, p = 0.02, respectively) and AFD and MnBP (β = 1.67,
p = 0.05) (Table 3; Fig. 1).

Among women in the lower stressor group, MnBP, Σ LMW, and Σ
AD were significantly and positively associated with a longer APD in
males while MBzP was associated with a longer APD regardless of
maternal stressor group (Table 3, Fig. 2). In the higher stressor group,
all analytes were associated with longer APD, while the Σ AD and the
low molecular weight phthalates were associated with shorter ASDs
(p = 0.10).

In the sensitivity analysis, when the SLEs were restricted to those
reported as moderately or very much stressful and compared to the
main analysis, the results for female AGDs were comparable but more
pronounced (larger betas) (Table 4 and Fig. 1).

4. Discussion

Results of the present study revealed that when the subjective im-
pact of the SLEs was considered, we found that Σ AD phthalates (MnBP,
MBzP, MEHP, MEOHP, MEHHP, MEP and MiNP) was associated with
significantly longer ACDs in females from the higher stressor group.
These effect sizes were increased when the perceived impact was re-
stricted to those reporting impact as moderately or very much stressful.
MnBP, MBzP, MEP and the DEHP metabolites all individually had po-
sitive associations with ACD, although they did not reach statistical
significance. Our results suggest that prenatal stressful life events can
have a modifying effect on the associations between phthalates and
AGD but this may differ by infant sex. In the case of Σ AD metabolites,
daughters of women in the higher stressor group had longer ACDs than
those in the lower stressor group; whereas, longer APDs were observed
among sons of women in the lower stressor group.

While small differences in AGD may not be clinically meaningful, on
a population scale, moving the entire curve to the right or left may
result in the extremes (tails of the distribution) being clinically sig-
nificant. These differences may translate into future reproductive ab-
normalities. For example, adult female AGD has been associated with
female infertility (Wainstock et al., 2017), polycystic ovary syndrome
(Hernández-Peñalver et al., 2018), and endometriosis (Sánchez-Ferrer
et al., 2019). A cross-sectional study of young college females has
suggested that longer AFDs are related to higher serum testosterone
levels (Mira-Escolano et al., 2014). Adult AFD has also been associated
with age at menarche, suggesting a possible common developmental
trajectory (Barrett et al., 2015). In adult males, AGD was linked with
variability in semen parameters (López-Espín et al., 2018). Shorter AGD
has also been associated with hypospadias and cryptorchidism (Hua
et al., 2018), as well as the severity of hypospadias in infants (Cox et al.,
2017).

In contrast to some previous work including the TIDES study (Swan
et al., 2015) and the phthalate syndrome reported in the toxicological
literature (Foster, 2006), our previous analysis of the associations be-
tween prenatal phthalates and AGD in male and female infants, did not
observe any feminizing effects (shorter AGD) in males (Arbuckle et al.,
2018). However, in a study in mice treated with a mixture of phthalates
previously associated with shorter male AGD in the SELMA study
(Bornehag et al., 2019), a non-significant increase in AGD index was
observed in males (Repouskou et al., 2019), similar to the increases we
observed in males (Arbuckle et al., 2018).

Table 1
Least Squares Mean anogenital distances (AGD) in males and females by Total
Prenatal Stress Level (TPSL). Women reporting no Stressful Life Events (SLEs)
during pregnancy or rated the SLE as not at all stressful were considered a
“lower stressor” group (0). Women reporting 1 or more SLEs as somewhat,
moderately or highly stressing were considered a “higher stressor” group (1).

Anogenital Distance Na TPSL Mean (S.D) (mm) p-value
Anoclitoris distance 93 0 33.52 (4.38)

57 1 33.70 (3.69) 0.84
Anofourchette distance 95 0 14.19 (4.19)

56 1 15.14 (4.42) 0.19
Anopenile distance 83 0 43.57 (4.85)

63 1 44.10 (4.50) 0.50
Anoscrotal distance 84 0 22.57 (4.70)

63 1 22.42 (4.68) 0.86

a Numbers do not add up to 300 (153 females and 147 males) due to missing
TPSL data.

Table 2
First trimester urinary phthalate metabolite concentrations in MIREC women by Total Prenatal Stress Level. Women reporting no Stressful Life Events (SLEs) during
pregnancy or rated the SLE as not at all stressful were considered a “lower stressor” group (0). Women reporting 1 or more SLEs as somewhat, moderately or highly
stressing were considered a “higher stressor” group (1).

Chemical a Overall Low Stress High Stress

Nb Geometric Mean [95% CI] n Geometric Mean [95% CI] n Geometric Mean [95% CI]

MEP 300 27.3 [22.9, 32.6] 155 24.9 [20.0, 31.0] 145 30.1 [22.7, 40.0]
MnBP 300 10.9 [9.5, 12.5] 155 11.5 [9.5, 14.0] 145 10.3 [8.5, 12.5]
MBzP 299 5.1 [4.4, 5.9] 155 5.6 [4.6, 6.9] 144 4.6 [3.7, 5.6]
MEHHP 300 7.7 [6.7, 8.9] 155 8.4 [6.9, 10.2] 145 7.0 [5.7, 8.6]
MCPP 300 0.8 [0.6, 0.9] 155 0.8 [0.7, 1.0] 145 0.7 [0.5, 0.9]
MEOHP 300 5.4 [4.7, 6.2] 155 5.7 [4.8, 6.9] 145 5.1 [4.2, 6.2]
MEHP 297 1.9 [1.7, 2.2] 153 2.0 [1.6, 2.4] 144 1.9 [1.6, 2.3]
Σ DEHP 297 53.3 [46.3, 60.9] 153 56.3 [46.5, 68.1] 144 50.3 [41.6, 60.7]
Σ LMW 299 302.5 [265.1, 346.7] 155 285.1 [240.1, 338.4] 144 322.6 [260.0, 400.3]
Σ HMW 297 62.4 [55.2, 70.8] 153 65.7 [54.9, 78.6] 144 59.2 [49.7, 70.5]
Σ AD 297 355.4 [309.4, 408.4] 153 343.0 [287.1, 409.7] 144 369.2 [297.2, 458.7]

Σ DEHP: Molar sum of DEHP metabolites (MEHP, MEOHP and MEHHP).
Σ LMW: Molar sum of low molecular weight phthalate metabolites (MMP, MEP, MnBP, MCHP, and MBzP)
Σ HMW: Molar sum of high molecular weight phthalate metabolites (MEHP, MnOP, MCPP, MEOHP, MiNP, and MEHHP).
Σ AD: Molar sum of androgen-disrupting phthalate metabolites (MnBP, MBzP, MEHP, MEOHP, MEHHP, MEP and MiNP).

a Metabolites in μg/L; Molar Sums in nmol/L.
b N's don't add up to 300 due to missing phthalate data.
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A subsequent analysis of the TIDES data reported that the associa-
tion between first trimester Σ DEHP metabolites and shorter male AGD
was only observed in women with lower prenatal SLEs scores and that
associations in the higher stressor group were mostly positive but non-
significant (Barrett et al., 2016). No significant associations were ob-
served in female TIDES infants.

We conducted a similar analysis to see whether prenatal SLEs (ig-
noring subjective impact) might explain the discrepancies in results
between the earlier MIREC study and TIDES. Similar to the TIDES study
(Barrett et al., 2016), we did not find any main effects of prenatal SLEs
on AGD in male or female infants, although there was some suggestion
that those in the higher stressor group might have longer (masculi-
nized) AGD in females.

As shown in Supplemental Material Fig. S2, in both TIDES and
MIREC, when stratified by TPSL (and ignoring subjective impact of SLE
in MIREC which was not collected in TIDES), both studies found de-
creased ACD in the lower stressor group exposed to higher levels of Σ
DEHP. Among the higher stressor group, there was agreement in that
both studies observed that MnBP and MEP were associated with longer
ACD. Opposite directions of associations between the two studies were
observed for the lower stressor group and MCPP as well as MBzP and
ACD among the higher stressor group. In both studies, increases in AFD
in the higher stressor group were observed for Σ DEHP and MnBP, while
opposite directions were observed in TIDES and MIREC when com-
paring MEP and AFD among the higher stressor group.

In males prenatally exposed to higher levels of DEHP metabolites,
women in the lower stressor group had infants with shorter APD in
TIDES but longer in MIREC, while both studies found women in the
higher stressor group with higher MBzP exposure had infants with
longer APD. In both studies, increasing MEP was associated with
shorter ASD among women in the higher stressor group (Supplemental
Material, Fig. S3).

Similar to MIREC, the TIDES population was well-educated, most
were married or living as married, had a college education or more, did
not smoke during pregnancy and nearly half had a household income
over $75,000 USD (Barrett et al., 2016). Average ages at AGD mea-
surements were 6 days in TIDES and 3.5 days in MIREC. The TIDES
study reported that compared to lower stress mothers, higher stress
mothers were younger, had higher body mass indexes (BMI's) and lower
income, were less likely to be college educated or married and were
more likely to be non-white. In MIREC, women in the higher stressor
group were less likely to have a university education and income
greater than $100,000 CAD, and more likely to be exposed to en-
vironmental tobacco smoke, while mother's age, country of birth, race
and BMI were similar for both high and low stressor groups (Supple-
mental Material, Table S3). With the exception of MnBP (higher in
MIREC) and MCPP (higher in TIDES), the urinary phthalate con-
centrations were similar (Supplemental Material Table S4). However,
the TIDES study reported that overall, phthalate concentrations tended
to be higher in higher stressed mothers than lower stressed; while in
MIREC, only MEP concentrations appeared higher in women from the
higher stressor groups (Supplemental Material, Table S4). Therefore,
based on these maternal characteristics, the MIREC and TIDES study
populations were generally comparable; however, there were differ-
ences in geometric mean phthalate concentrations between the two
studies.

Few studies have examined associations between female AGD and
phthalates. A recent meta-analysis of published human studies of
phthalates and AGD reported that in females, many of the phthalates
were associated with longer AGDs; however, only MBzP was sig-
nificantly associated with AFD (pooled β = 0.178 (0.045, 0.311))
(Zarean et al., 2019). In MIREC, while most phthalates were associated

Table 3
Estimate of the adjusted association between ln-transformed first trimester
phthalate concentrations and infant AGD, stratified by Total Prenatal Stress
Level. Women reporting no stressful life events (SLEs) during pregnancy or
rated the SLE as not at all stressful were considered the “Low Stress” group.
Women reporting 1 or more SLEs as somewhat, moderately or very much
stressful were considered the “High Stress” group.

Outcome Exposure Low Stress High Stress

n Beta p-value n Beta p-value

Anoclitoris Distancea MEP 80 0.36 0.23 49 0.86 0.07
MnBP 80 −0.34 0.41 49 1.04 0.13
MBzP 80 −0.63 0.07 49 0.21 0.78
MEHHP 80 −0.59 0.21 49 0.66 0.31
MCPP 80 0.61 0.07 49 −0.41 0.50
MEOHP 80 −0.61 0.24 49 0.99 0.18
MEHP 79 −0.48 0.42 49 0.84 0.23
Σ DEHP 79 −0.63 0.23 49 0.87 0.23
Σ LMW 80 0.33 0.40 49 1.54 0.02
Σ HMW 79 −0.55 0.36 49 0.78 0.34
Σ AD 79 0.34 0.42 49 1.58 0.02

Anofourchette
Distanceb

MEP 80 0.12 0.74 48 0.75 0.19
MnBP 80 −0.69 0.19 48 1.67 0.046
MBzP 80 −0.86 0.07 48 −0.23 0.78
MEHHP 80 −0.68 0.27 48 0.71 0.37
MCPP 80 −0.30 0.47 48 −0.45 0.55
MEOHP 80 −0.96 0.15 48 0.90 0.32
MEHP 79 −0.62 0.42 48 0.98 0.23
Σ DEHP 79 −0.84 0.22 48 0.95 0.28
Σ LMW 80 −0.14 0.77 48 1.59 0.05
Σ HMW 79 −1.04 0.18 48 0.91 0.35
Σ AD 79 −0.25 0.64 48 1.58 0.06

Anopenile Distancec MEP 72 0.82 0.08 52 0.31 0.38
MnBP 72 2.22 0.001 52 0.48 0.48
MBzP 72 1.22 0.047 51 1.21 0.03
MEHHP 72 0.65 0.40 52 0.73 0.24
MCPP 72 0.41 0.51 52 0.72 0.16
MEOHP 72 0.98 0.23 52 0.42 0.54
MEHP 71 0.60 0.46 51 0.99 0.15
Σ DEHP 71 0.76 0.35 51 0.74 0.30
Σ LMW 72 1.79 0.007 51 0.50 0.36
Σ HMW 71 0.72 0.40 51 1.01 0.20
Σ AD 71 1.94 0.009 51 0.50 0.38

Anoscrotal Distanced MEP 80 −0.03 0.94 56 −0.51 0.21
MnBP 80 −0.08 0.90 56 −0.78 0.33
MBzP 80 0.23 0.69 55 −0.53 0.42
MEHHP 80 0.10 0.88 56 0.41 0.61
MCPP 80 −0.18 0.70 56 −1.00 0.08
MEOHP 80 0.28 0.68 56 0.51 0.54
MEHP 79 0.16 0.81 55 0.68 0.43
Σ DEHP 79 0.13 0.85 55 0.65 0.48
Σ LMW 80 −0.18 0.77 55 −1.07 0.08
Σ HMW 79 0.10 0.89 55 0.47 0.64
Σ AD 79 −0.17 0.81 55 −1.03 0.10

Σ DEHP: Molar sum of DEHP metabolites (MEHP, MEOHP and MEHHP).
Σ LMW: Molar sum of low molecular weight phthalate metabolites (MMP, MEP,
MnBP, MCHP, and MBzP).
Σ HMW: Molar sum of high molecular weight phthalate metabolites (MEHP,
MnOP, MCPP, MEOHP, MiNP, and MEHHP).
Σ AD: Molar sum of androgen disrupting phthalate metabolites (MnBP, MBzP,
MEHP, MEOHP, MEHHP, MEP and MiNP).
Note: N's for male and female AGDs do not add up to 153 females and 147 males
due to missing data for AGD, phthalate metabolites and/or total prenatal stress
level.

a Adjusted for: specific gravity, site, education, gestational age, weight-for-
length z-score.

b Adjusted for: specific gravity, education, season, weight-for-length z-score.
c Adjusted for: specific gravity, site, education, smoking status, BMI, gesta-

tional age.
d Adjusted for: specific gravity, season, smoking status, gestational age.
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Fig. 1. Associations between anoclitoris and anofourchette distances in female newborns and ln-transformed chemical metabolites in 1st trimester maternal urine,
expressed as a beta-coefficient (change in mm) from an adjusted linear regression model, stratified by Total Prenatal Stress Level, comparing influence of reported
impact of event. Note: Women reporting no stressful life events (SLEs) during pregnancy or rated the SLE as not at all stressful were considered the “Low Stress”
group. Women reporting 1 or more SLEs as somewhat, moderately or very much stressful were considered the “High Stress” group. In the Sensitivity Analysis, the
“High Stress” group is restricted to those where the impact was moderately or very much stressful.
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Fig. 2. Associations between anopenile and anoscrotal distances in male infants at birth and ln-transformed chemical metabolites in 1st trimester maternal urine,
expressed as a beta-coefficient (change in mm) from an adjusted linear regression model, stratified by Total Prenatal Stress Level, comparing influence of reported
impact of event. Note: Women reporting no stressful life events (SLEs) during pregnancy or rated the SLE as not at all stressful were considered the “Low Stress”
group. Women reporting 1 or more SLEs as somewhat, moderately or very much stressful were considered the “High Stress” group. In the Sensitivity Analysis, the
“High Stress” group is restricted to those where the impact was moderately or very much stressful.
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with longer AGDs in females, it was primarily among the higher stressor
group, (MBzP β = 1.07; p = 0.3 in the sensitivity analysis). In animal
studies, longer AGDs in females were noted for a mixture of butyl
benzyl phthalate (BBP), dibutyl phthalate (DBP), diisobutyl phthalate
(DiBP) and dipentyl phthalate (DPeP) in rats (Hannas et al., 2013) and
also in mice, given a mixture of phthalates based on the SELMA study in
humans (MBP, MBzP, MEHP and MINP) (Repouskou et al., 2019). This
latter mixture is similar to our Σ AD mixture where we also observed
longer AGDs in females among the higher stressor group.

Although phthalates were measured in the first trimester (the
masculinization programming window (van den Driesche et al., 2017),
which in humans is estimated to occur between 8 and 14 weeks ge-
station (Welsh et al., 2014) and where AGD is hypothesized to be fixed
(Jain et al., 2018)) and similar methods were used to measure AGD and
prenatal SLEs levels in both the TIDES and MIREC studies, comparable
significant associations between prenatal phthalates, stressful life
events and AGD were not found. Possible explanations for these dis-
crepancies include unmeasured differences in study populations and
genetics, smaller sample size in MIREC (738 in TIDES vs 253 in MIREC),
different mixtures and potencies of phthalates and other chemicals to
which the women were exposed, as well as differences in the timing of
SLE (first trimester vs. any time during pregnancy) and possible sub-
jective impact of the SLEs. In our earlier paper (Fig. 1 in Arbuckle et al.,
2018), no consistent patterns were observed between phthalate con-
centrations in reviewed studies and associations with the 4 AGDs. There
were also a few differences between the studies in what events were
proposed as stressful life events (e.g., job loss was not included in
MIREC, and TIDES included an open-ended question to identify other
events); furthermore, TIDES did not include a supplemental question on
the perceived impact of the event. Additionally, given the number of
associations examined, we cannot rule out the possibility that the sta-
tistical associations reported in TIDES or MIREC may have been due to
chance as the rate of significant findings was about 5%.

The main limitation of this study is the measurement of prenatal
stress. First, prenatal stress was reported retrospectively, at about 6-
months post-partum, which prevented us from precisely documenting
the timing during prenatal development when the SLE occurred, (early
or later in pregnancy) and how much psychological stress or anxiety
was experienced by the mother when going through these difficult
events. Our analysis focused on the number of SLEs and their perceived
impact and not on more objective measures of how much stress or
anxiety was elicited by these events, which may vary considerably
between women according to their financial resources, occupation and
social support, for example. The cumulative effects of any chronic
stressors, as well as any measures of social support likely to mitigate the
effect of SLEs were also not assessed. Furthermore, only one estimate of
prenatal phthalate exposure was available and previous research on a
similar population has shown the extent of intra-individual variability
that can occur in urinary measures (Fisher et al., 2015). The study also
had a limited sample size and did not consider that the reproductive
effect of prenatal phthalate exposure could present as a non-monotonic
dose-response relationship. In addition, while our results may not be
generalizable to the general population, given MIREC participants
tended to be older, more educated, more likely to be born in Canada,
married and less likely to be a current smoker than the Canadian po-
pulation giving birth in the same time period (Arbuckle et al., 2013),
the interaction between SLE and phthalate exposure on reproductive
health outcomes are potentially important.

The biological pathways by which maternal stress may impact re-
productive development have not been identified at this point. Adrenal
androgens such as dehydroepiandrostenedione are known substrates of
aromatase that are converted to estrone. Although a weak estrogen, we
speculate that in addition to the anti-androgenic effects of some
phthalates, conversion of peripheral androgens to estrogens may also
promote changes in AGD. Although the HPA axis (and cortisol in par-
ticular) is typically most closely linked to psychosocial stress, there is

Table 4
Estimate of the association between ln-transformed first trimester phthalate
metabolite and molar sum concentrations and infant AGD, stratified by Total
Prenatal Stress Level that considered reported impact of event. Women re-
porting no stressful life events (SLEs) during pregnancy or rated the SLE as not
at all stressful or somewhat, were considered the “Low Stress” group. Women
reporting 1 or more SLEs as moderately or very much stressful were considered
the “High Stress” group. Covariates are the same as main results (Table 3).

Outcome Exposure Low Stress High Stress

n Beta p-value n Beta p-value

Anoclitoris Distancea MEP 97 0.50 0.07 32 1.16 0.12
MnBP 97 −0.13 0.74 32 1.41 0.21
MBzP 97 −0.37 0.28 32 0.12 0.92
MEHHP 97 −0.13 0.76 32 0.57 0.56
MCPP 97 0.24 0.45 32 −0.43 0.58
MEOHP 97 −0.15 0.75 32 1.04 0.40
MEHP 96 −0.02 0.98 32 0.37 0.75
Σ DEHP 96 −0.13 0.78 32 0.79 0.51
Σ LMW 97 0.58 0.11 32 2.36 0.04
Σ HMW 96 −0.27 0.61 32 0.71 0.61
Σ AD 96 0.61 0.11 32 2.45 0.04

Anofourchette
Distance b

MEP 96 0.11 0.74 32 1.63 0.046
MnBP 96 −0.38 0.43 32 2.08 0.06
MBzP 96 −0.88 0.04 32 1.07 0.34
MEHHP 96 −0.30 0.58 32 0.78 0.47
MCPP 96 −0.21 0.60 32 −0.82 0.35
MEOHP 96 −0.47 0.42 32 1.29 0.31
MEHP 95 0.16 0.80 32 1.17 0.32
Σ DEHP 95 −0.32 0.60 32 1.17 0.35
Σ LMW 96 −0.05 0.91 32 3.17 0.01
Σ HMW 95 −0.38 0.56 32 0.97 0.51
Σ AD 95 −0.09 0.85 32 3.23 0.01

Anopenile Distance c MEP 79 0.71 0.09 45 0.40 0.29
MnBP 79 1.84 0.003 45 0.65 0.43
MBzP 79 1.07 0.06 44 1.62 0.01
MEHHP 79 0.51 0.45 45 0.69 0.35
MCPP 79 0.28 0.62 45 0.75 0.18
MEOHP 79 0.75 0.30 45 0.37 0.64
MEHP 78 0.43 0.56 44 0.80 0.33
Σ DEHP 78 0.57 0.45 44 0.63 0.46
Σ LMW 79 1.51 0.01 44 0.66 0.28
Σ HMW 78 0.53 0.49 44 0.98 0.30
Σ AD 78 1.55 0.02 44 0.63 0.32

Anoscrotal Distance d MEP 89 0.12 0.78 47 −0.53 0.23
MnBP 89 −0.20 0.75 47 −0.47 0.66
MBzP 89 0.13 0.80 46 −0.16 0.84
MEHHP 89 0.10 0.87 47 0.76 0.44
MCPP 89 −0.33 0.47 47 −1.02 0.11
MEOHP 89 0.22 0.73 47 0.94 0.34
MEHP 88 0.12 0.84 46 1.11 0.28
Σ DEHP 88 0.10 0.87 46 1.01 0.37
Σ LMW 89 −0.06 0.91 46 −1.07 0.11
Σ HMW 88 0.05 0.94 46 0.80 0.51
Σ AD 88 −0.10 0.88 46 −1.02 0.14

Σ DEHP: Molar sum of DEHP metabolites (MEHP, MEOHP and MEHHP).
Σ LMW: Molar sum of low molecular weight phthalate metabolites (MMP, MEP,
MnBP, MCHP, and MBzP).
Σ HMW: Molar sum of high molecular weight phthalate metabolites (MEHP,
MnOP, MCPP, MEOHP, MiNP, and MEHHP).
Σ AD: Molar sum of androgen disrupting phthalate metabolites (MnBP, MBzP,
MEHP, MEOHP, MEHHP, MEP and MiNP).
Note: N's for male and female AGDs do not add up to 153 females and 147 males
due to missing data for AGD, phthalate metabolites and/or total prenatal stress
level.

a Adjusted for: specific gravity, site, education, gestational age, weight-for-
length z-score.

b Adjusted for: specific gravity, education, season, weight-for-length z-score.
c Adjusted for: specific gravity, site, education, smoking status, BMI, gesta-

tional age.
d Adjusted for: specific gravity, season, smoking status, gestational age.
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also evidence that stress impacts other relevant physiological systems
including sex steroid and inflammatory pathways. One possibility
raised by Barrett and Swan (2015) is that prenatal stress upregulates
HPA axis hormone production, thereby increasing fetal adrenal an-
drogen production. Evidence from select animal models that synthesize
adrenal androgens offers potential support for increasing androgen
activity following exposure to prenatal stress (Kaiser et al., 2003; Kaiser
and Sachser, 1998). More research is needed to understand the impact
of prenatal stress on these pathways in humans.

In summary, our main analysis, which considered subjective impact
of the SLEs, found that Σ AD phthalates was associated with sig-
nificantly longer AGDs in females from the higher stressor group. These
effect sizes were increased when the perceived impact was restricted to
those reporting impact as moderately or very much stressful. In males,
all phthalates were associated with longer APD, regardless of stressor
group; however, Σ AD was associated with significantly longer APD in
the lower stressor group. These results suggest sex differences in the
modifying effect of prenatal stressful life events on the associations
between phthalates and AGD. Total prenatal stress level (ignoring im-
pact) was not significantly associated with AGD in either the TIDES or
MIREC studies. The results from both studies suggest that prenatal ex-
posure to MEP or MBzP may be associated with longer ACD or APD,
respectively, regardless of prenatal stressful life events. Even after
stratifying by prenatal stress level, the MIREC study did not observe
negative associations between the DEHP metabolites and AGD in males,
suggesting that the reasons for the discrepancies in results between
studies are yet to be elucidated. The effects on AGDs observed in TIDES
were small (betas < −2.0 mm) and even if real, these effects are
harder to reproduce across studies, especially given the potential for
exposure misclassification. Finally, given the number of associations
examined, we cannot rule out spurious significant findings.

Future research with other populations may shed some light on
whether psychological stress, anxiety or the stressful life events ex-
perienced during pregnancy are an important effect modifier of asso-
ciations between prenatal exposure to phthalates or other chemicals
and AGD, and explore possible mechanisms to explain the results.
Furthermore, a better understanding of what a longer neonatal AGD in
females might mean to her long-term gynecological and reproductive
health is needed.
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