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Introduction

Phthalate esters are pervasive environmental chemicals.
Although several of these are now banned for use in toys

© 2009 The Authors

Summary

Foetal exposure to antiandrogens alters androgen-sensitive development in
male rodents, resulting in less male-typical behaviour. Foetal phthalate expo-
sure is also associated with male reproductive development in humans, but
neurodevelopmental outcomes have seldom been examined in relation to phth-
alate exposure. To assess play behaviour in relation to phthalate metabolite
concentration in prenatal urine samples, we recontacted participants in the
Study for Future Families whose phthalate metabolites had been measured in
mid-pregnancy urine samples. Mothers completed a questionnaire including
the Pre-School Activities Inventory, a validated instrument used to assess sexu-
ally dimorphic play behaviour. We examined play behaviour scores (masculine,
feminine and composite) in relationship to (log;y) phthalate metabolite con-
centrations in mother’s urine separately for boys (N = 74) and girls (N = 71).
Covariates (child’s age, mother’s age and education and parental attitude
towards atypical play choices) were controlled using multivariate regression
models. Concentrations of dibutyl phthalate metabolites, mono-n-butyl phtha-
late (MnBP) and mono-isobutyl phthalate (MiBP) and their sum, were associ-
ated with a decreased (less masculine) composite score in boys (regression
coefficients —4.53,-3.61 and —4.20, p = 0.01, 0.07 and 0.04 for MnBP, MiBP
and their sum respectively). Concentrations of two urinary metabolites of di(2-
ethylhexyl) phthalate (DEHP), mono-(2-ethyl-5-oxohexyl) phthalate (MEOHP)
and mono-(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP) and the sum of these
DEHP metabolites plus mono(2-ethylhexyl) phthalate were associated with a
decreased masculine score (regression coefficients —3.29,-2.94 and -3.18,
p = 0.02, 0.04 and 0.04) for MEHHP, MEOHP and the sum respectively. No
strong associations were seen between behaviour and urinary concentrations of
any other phthalate metabolites in boys, or between girls’ scores and any
metabolites. These data, although based on a small sample, suggest that prena-
tal exposure to antiandrogenic phthalates may be associated with less male-
typical play behaviour in boys. Our findings suggest that these ubiquitous
environmental chemicals have the potential to alter androgen-responsive brain
development in humans.

and some other products designed for young children
(Kamrin, 2009), this legislation does not limit prenatal
exposure. Moreover, phthalates are present in so many
other products and manufactured in such quantity, that
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exposure is virtually universal (CDC, 2005). A large body
of work in laboratories around the world has demon-
strated that, in experimental animals, when exposure
occurs during the period of foetal sexual differentiation,
some phthalates, notably di(2-ethylhexyl) phthalate
(DEHP) and dibutyl phthalate (DBP), inhibit the synthe-
sis of testosterone by Leydig cells, thereby reducing foetal
testosterone concentration (Welsh et al., 2008). As a
result, male pups exhibit a cluster of altered androgen-
dependent anatomical features that reflect disordered sex
differentiation, including a reduced — that is, a less mas-
culine — anogenital distance (AGD), impaired testicular
descent and reduced genital size. This cluster of altera-
tions has been referred to as the ‘phthalate syndrome’
(Foster, 2006). Some phthalate-related changes have also
been identified in adult female rodents, but no significant
changes have been reported in female neonates. In male
rodents, the phthalate syndrome, which is initially identi-
fied neonatally, has been shown to have adverse conse-
quences for later sexual development. We recently
reported data demonstrating an association between pre-
natal exposure in humans, particularly to DEHP and its
urinary metabolites, and a similar cluster of reproductive
developmental outcomes in male infants (Swan et al,
2005; Swan, 2008). In addition, free serum testosterone in
human male infants has been negatively correlated with
levels of some phthalate metabolites in breast milk (Main
et al., 2006). However, the long-term consequences of
these findings for humans are uncertain.

In particular, the potential for these antiandrogens to
influence the course of brain sexual differentiation has
only recently been addressed (Engel ef al., 2009). This
question is rooted in our understanding of how gonadal
hormones influence mammalian neural development.
Testosterone exposure during early development produces
a masculine neural phenotype by influencing cell survival,
neural growth and neurochemical specification. In
rodents, this process involves the enzyme aromatase,
which, by a biological irony, converts testosterone into
oestradiol, which then shapes the male structure. In rats,
the critical programming window for genital tract devel-
opment occurs in gestational days 18-21 (Welsh et al.,
2008), a period that corresponds to a testosterone surge
in the developing male. In humans, the testes begin to
function at about week 8 of gestation and, while dates are
uncertain, testosterone appears to be elevated in the male
foetus from about weeks 8 to 24 of gestation (Reyes et al.,
1973; Smail et al., 1981). The critical period for brain sex-
ual differentiation is unknown and may not be the same
as that for reproductive tract development. Whatever the
critical period, testosterone is an essential mediator; if the
antiandrogenic actions of phthalates reduce its secretion
by the foetus, brain sexual differentiation may be altered.

S. H. Swan et al.

Data from Swan et al. (2005) and Swan (2008) support
the hypothesis that in humans, maternal exposure to
phthalates, particularly DEHP, lowers foetal testosterone
production and results in incomplete masculinization of
the genital tract, resulting in a shortened AGD as well as
incomplete testicular descent and smaller penile size.
These data suggest that the same process might plausibly
influence brain sexual differentiation and its expression in
sexually dimorphic behaviours. Play behaviours offer
themselves as a test of the hypothesis that phthalate expo-
sures during gestation may alter brain sexual differentia-
tion and its behavioural outcomes.

Young male and female humans, rats and non-human
primates all show sex differences in play behaviours. Young
male rats and non-human primates, for example, engage in
more play-fighting or rough-and-tumble play than their
female counterparts (Pellis, 2002; Wallen, 2005). Young
male rhesus monkeys, like boys, also show distinct prefer-
ences for toys with wheels (Hassett et al., 2008) and vervet
monkeys show sex differences in toy preferences similar to
those shown previously in children (Alexander & Hines,
2002). Finally, and more central to our hypothesis, stan-
dardized inventories of sex differences in play behaviours
have been constructed, such as the Pre-School Activities
Inventory (PSAL Golombok & Rust, 1993), which has been
shown to be sensitive to early androgen exposure (Hines
et al., 2002; Auyeung et al., 2009) and to reflect the endo-
crine-disrupting properties of dioxins and Polychlorinated
Biphenyls (PCBs) (Vreugdenhil et al., 2002). We chose to
use a slightly modified version of the PSAI (which we refer
to as PSAI-M) to investigate changes in sex-typical play
behaviours in a subsample of the population described in
Swan et al. (2005) and Swan (2008).

Materials and methods

Study population

The Study for Future Families (SFF) is a multi-centre
pregnancy cohort study in which women and their part-
ners were recruited at prenatal clinics. Initial recruitment
took place at clinics affiliated with university hospitals in
Los Angeles, CA (Harbor-UCLA and Cedars-Sinai),
Minneapolis, MN (University of Minnesota Health Center)
and Columbia, MO (University Physicians) between
September 1999 and December 2002 (Swan et al., 2003).
Recruitment in Iowa City, IA (University of Iowa) was
conducted during 2002-2005. Couples who were at least
18 years old, who spoke English or Spanish and whose
pregnancy was conceived without medical treatment were
eligible. If the couple agreed to participate, both partners
completed questionnaires and gave a serum sample (at
mean 28.6 weeks of pregnancy) and, for those recruited
after September 2000, a urine sample.
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In 2000, we initiated a follow-up study (SFFII) to mea-
sure genital parameters in human infants in relation to
their mother’s prenatal phthalate exposure. Eighty-five
per cent of SFFI participants had agreed to be recontact-
ed, and we invited these mothers to take part in SFFII if
the pregnancy ended in a live birth, the baby was
2-36 months of age at the time of recontact, the mother
lived within 50 miles of the clinic, and had provided a
urine sample during pregnancy. In 2006, we initiated a
second follow-up of SFF children with the goal of exam-
ining play behaviour in relation to prenatal phthalate
metabolite concentration, results of which are reported
here. For this study, children born during 2000-2003 who
had a physical exam in SFFII and whose mothers had
provided a urine sample were eligible. Human subject
committees at all participating institutions approved
SFF-I and SFF-II and all subjects signed informed
consents for each study. The involvement of the Centers
for Disease Control and Prevention (CDC) laboratory was
limited and determined not to constitute engagement in
human subjects’ research.

Sample collection and measurement of phthalate
metabolites

Urine samples were collected during mid-pregnancy at
the time of the mother’s prenatal visit. Staff at the Divi-
sion of Laboratory Sciences of the CDC, which had no
access to subject data, carried out the analyses. The uri-
nary concentrations of nine urinary phthalate metabolites
were measured using an analytical approach that involves
the 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., 2004). Isotopically labelled
internal standards were used along with conjugated inter-
nal standards to increase precision and accuracy of the
measurements. Along with the samples, each analytical
run included calibration standards, reagent blanks and
quality control materials of high and low concentration
to monitor for accuracy and precision. Limits of detection
(LOD) were in the low nanogram per millilitre (ng/mL)
range. Most metabolite concentrations were above the
LOD; those below the LOD were assigned the value LOD
divided by the square root of 2, which has been recom-
mended when, as in this case, the data are not highly
skewed (Hornung & Reed, 1990).

Pre-School Activities Inventory

Parents were asked to complete the PSAI (Golombok &
Rust, 1993) as well as a brief questionnaire that included

© 2009 The Authors
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questions on other relevant covariates (such as age, num-
ber and age of siblings, parental education and questions
on parental attitudes towards sex-atypical toy choice).
The PSAI is designed to discriminate play behaviour both
within and between the sexes, and has been standardized
on children in the UK, the Netherlands and the US
(Golombok et al., 2008). It consists of 24 items (12
considered ‘feminine’ and 12 ‘masculine’) addressing three
aspects of play behaviour: type of toys, activities and child
characteristics. Answers are given on a 5-point, Likert-type
scale ranging from ‘never’ to ‘very often’. A total score is
computed based on the sum of scores for masculine items,
minus the sum of scores for feminine items. A higher
total (composite) score implies more male-typical play
behaviour and a lower score implies more female-typical
play behaviour. We also looked at the masculine and femi-
nine subscale totals separately. For these subscales, a higher
score on the feminine scale indicates more feminine play
behaviour, whereas a higher score on the masculine scale
indicates more masculine play behaviour.

Parental Attitude Scale

As the child’s choice of a toy might depend on the avail-
ability of that toy in the household, or the parents’ views
about the child’s play with that toy, we attempted to
assess the parental attitudes towards sex-atypical play.
The mother was asked, ‘what would you do if you had a
boy who preferred toys that girls usually play with?’ The
five possible responses ranged from ‘strongly encourage’
(him to play in this way) to ‘strongly discourage’. She
was also asked how she thought the father of a boy would
respond to these questions (see Appendix). The five pos-
sible responses for each parents’ attitude were coded 1-5
and summed for each parent. This resulted in a score,
which we called parental attitude-boys (PAB), reflecting
the combined responses of both parents towards boys’
play, for which a value of 2 reflects the strongest encour-
agement of a boy to play with toys ‘girls usually play
with’ and 10 the strongest discouragement of such play,
whereas six indicates neutrality. A similar scale (PAG)
was constructed for girls. PAB was included when model-
ling boys’ PSAI-M in relation to phthalate metabolite
concentrations and PAG when modelling girls’. As these
variables have not been used previously and remain to be
validated, we also analysed our data without including
them to assess their influence on our results.

Statistical analysis

Phthalate metabolite distributions were reviewed. As these
distributions were extremely skewed, and because the
relationships between metabolites concentrations and
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PSAI-M scores were markedly more linear on the loga-
rithmic scale, metabolite concentrations were logo-trans-
formed in all analyses. Prior to examining associations
between phthalate metabolite concentrations and out-
comes, we reviewed the data for extreme values (e.g.
those that were more than 1.5 times the interquartile
range above the 75th percentile, after log transformation)
and excluded three subjects whose DEHP metabolite con-
centrations were extreme, and one whose MnBP concen-
tration was extreme. One girl whose mother was missing
all phthalate metabolite concentrations was also excluded.
In addition, prior to examining associations between
phthalate metabolite concentrations and outcomes, we
conducted an item analysis of each of the 24 PSAI ques-
tions and examined their distribution in boys and girls.
After examining unadjusted correlations between phtha-
late metabolites and the PSAI-M scores, we conducted
multiple regression analyses to examine the relationships
between these variables. Covariates initially considered in
these analyses were: creatinine concentration, sex and age
of child, maternal age, parental education, number of the
same and opposite sex siblings, ethnicity, clinic location
and parental attitude. Covariates that altered the effect
estimates for at least one metabolite-play behaviour score
by at least 10% (maternal age, boy’s age, mother’s educa-
tion, father’s education, parental attitude and the interac-
tion of mother’s education and parental attitude) were
retained in the model. Regression analyses were per-
formed using Generalized Linear Models (SAS Institute
Inc, 1999).

Results

As questionnaires were mailed to families 4-7 years after
their initial enrollment in the study, many had moved
and could no longer be contacted. Of the 334 eligible
families to whom questionnaires were mailed, 128 were
returned undeliverable, presumably because the family
had moved. Of the 206 questionnaires that were not
returned undeliverable, all but 56 were returned com-
pleted (72.8%). Mothers who returned completed ques-
tionnaires were somewhat more likely to be Caucasian
(88% vs. 78.6%) and to have completed college (73.3%
vs. 68.4%) than those who could not be contacted, or
who failed to return a completed questionnaire.

We conducted an item analysis of the 24 questions
(available upon request). Q5F (‘avoids taking risks’) had
been classified as a ‘feminine’ question. However, the
mean (2.6) and median (3.0) were equal in boys and girls
in our sample. Similarly, the mean (3.2) and median
(4.0) for Q5A (‘likes to explore new surroundings’),
which was classified as a masculine question, were the
same in boys and girls. As these items were not

S. H. Swan et al.

Table 1 Summary statistics for modified Pre-School Activities Inven-
tory (PSAl) compared with published data on PSAI?

PSAI-M PSAI
(current (Golombok
study) et al., 2008)
Boys
N 74 2726
Mean age (months) 60 57
Mean composite score (SD) 65.9 (8.6) 64.2 (8.8)
Girls
N 71 2775
Mean age (months) 59 57
Mean composite score (SD) 31.4(8.7) 35.1 (9.4)

@PSAI-M excludes two items that were equally distributed in boys and
girls in the current study.

sex-dimorphic in our sample, they were dropped, reducing
the total number of items to 22 and forming the modified
instrument (PSAI-M), which we used in all analyses. As
shown in Table 1, the mean and standard deviations of
the composite scores obtained using PSAI-M in our pop-
ulation were in close agreement with those for several
thousand children obtained using the original PSAI
(Golombok et al., 2008).

None of the urinary concentrations of phthalate metab-
olites other than those of DEHP and DBP were associated
with play behaviour scores in boys or girls in either uni-
variate or initial multivariate analyses (p-values were
between 0.23 and 0.99 for all metabolites other than those
of DEHP and DBP; data not shown). Nor were the con-
centrations of any phthalate metabolites associated with
play behaviour in girls. Therefore, the remaining analyses
were limited to metabolites of DEHP: mono-(2-ethyl-
hexyl) phthalate (MEHP), mono-(2-ethyl-5-hydroxyhexyl)
phthalate (MEHHP) and mono-(2-ethyl-5-oxohexyl)
phthalate (MEOHP) as well as their sum (denoted
2DEHP), and metabolites of DBP: mono-#n-butyl phtha-
late (MnBP) and mono-isobutyl phthalate (MiBP), as well
as their sum (denoted XDBP) in relation to play behav-
iour scores in boys.

Summary statistics for the three PSAI-M scores and
other covariates are shown in Table 2. Mean parental atti-
tude scores (PAB and PAG) were close to neutral, with
parents of girls somewhat more likely to discourage sex-
atypical play (A value of 3 indicates the parent would nei-
ther encourage nor discourage such play. The sum of
these, combining attitudes of both parents, was included
in multivariate models, for which a value of 6 indicates
neutrality).

Phthalate metabolite concentrations in our sample
(shown in Table 3), are consistent with those reported in
a national sample (CDC, 2005). We initially included

© 2009 The Authors
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Table 2 Summary of Pre-School Activities Inventory (PSAI) scores and covariates

Play behaviour and prenatal phthalate exposure

Variable

Boys (N = 74)?
Mean/SD/range

Girls (N = 71)?
Mean/SD/range

PSAI-M Scores
Composite
Masculine
Feminine

Parental Attitude Scores

PAB (Boys' play)
PAG (Girls" play)
Mother’s age (years)

Child’s age (years)

65.9/8.6/37.3-83.5
40.8/5.9/26-53
24.7/6.1/13-43

5.6/1.5/2.0-8.0

5.0/0.6/3.0-9.0
30.5/5.2/18.3-40.3

5.0/0.6/3.6-6.4

31.4/8.7/13.0-51.6
27.9/5.7/16.0-43.0
43.2/5.5/30.0-54.0

5.9/1.6/2.0-10.0

6.9/1.3/3.0-10.0
30.3/5.4/18.7-41.3

4.9/0.7/3.6-6.0

Mother completed college (%) 81.1 63.3

Father completed college (%) 64.9 63.3

“Excludes four mothers with extreme phthalate metabolite values and one with missing phthalate values.

Table 3 Mean and percentiles for DEHP and DBP metabolite concentration in prenatal urine by sex

Boys (N = 74)? Girls (N = 71)7

Metabolite

Phthalate (ng/mL) Mean 25th 50th 75th % > LOD Mean 25th 50th 75th % > LOD

DEHP MEHP 52 1.4 2.9 6.2 78.3 8.7 1.2 4.3 1.3 77.4
MEHHP 16.0 5.2 9.8 17.3 98.6 18.3 6.3 12.1 21.5 98.5
MEOHP 14.3 4.7 9.0 17.9 94.5 15.5 5.4 10.8 20.7 97.1
>"DEHP 35.6 1.7 22.6 40.3 42.5 16.0 28.0 58.2

DBP MnBP 19.4 6.9 12.5 28.3 97.2 23.0 9.0 18.0 323 98.5
MiBP 4.0 0.7 2.4 5.1 72.9 4.1 1.5 2.8 5.0 80.2
>"DBP 23.4 8.3 14.8 34.0 27.0 10.0 20.5 37.1

Creatinine (mg/dL) 79.3 33.0 59.0 124 94.3 51.7 76.4 130

LOD, limit of detection.

“Excludes four samples with extreme phthalate metabolite concentration and one with missing phthalate concentrations.

creatinine concentration in these models to adjust for uri-
nary dilution, However, creatinine concentration was not
retained in final models, as point estimates were close to
zero (p-values = 0.52-0.90) and removing this variable
had little influence on the effect estimates.

The two metabolites of DBP, as well as their sum, were
associated with a decreased (less masculine) composite

score in boys. Regression coefficients were —4.53, —3.61
and —4.20 (p = 0.01, 0.07 and 0.04) for MiBP, MnBP and
their sum (denoted XDBP) respectively (Table 4). Of the
DBP metabolites, only MiBP was associated (positively)
with the feminine score (coefficient 2.48, p = 0.07). The
(weak) negative associations between DBP metabolites
and the masculine score were unremarkable.

Table 4 Regression coefficients (95% Cl) for boys' Pre-School Activities Inventory (PSAI) scores on concentration of (logso) phthalate metabolite

concentration in prenatal urine

Phthalate Metabolite Composite Masculine Feminine

DEHP MEHP —1.04 (-4.72 t0 2.63) —0.95 (-3.85 to 1.95) —0.01 (-2.66 to 2.66)
MEHHP —2.24 (-5.95 to 1.46) —3.29 (-6.14 to —0.43) -1.25(-3.93 to 1.44)
MEOHP -2.44 (-6.10 to 1.22) —2.94 (-5.78 to —0.10) —-0.72 (-3.39 to 1.95)
2DEHP —2.64 (-6.60 to 1.32) -3.18 (-6.26 to —0.10) —-0.78 (-3.67 t0 2.11)

DBP MnBP -3.61(-7.48 t0 0.26) —2.21 (-5.29 to0 0.87) 1.07 (-1.77 t0 3.92)
MiBP —4.53 (-8.12 to —0.94) —1.65 (-4.57 to 1.28) 2.48 (-0.16 to 3.92)
XDBP -4.20 (-8.18 to —0.23) —2.32 (-5.50 to 0.86) 1.50 (-1.43 to 4.43)

Using Generalized Linear Models controlling for boy’s age, mother’s age, mother’s education, parents’ attitude towards boy’s play, and interaction

of mother’s education and attitude towards boy’s play.

© 2009 The Authors
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Table 5 Regression coefficients (p-values) for girls’ Pre-School Activities
concentration in prenatal urine

S. H. Swan et al.

Inventory (PSAI) scores on concentration of (logqo) phthalate metabolite

Phthalate Metabolite Composite Masculine Feminine

DEHP MEHP —-0.01 (-3.37 to0 3.37) 0.07 (=2.15 to 2.29) 0.07 (-=2.26 to 2.40)
MEHHP —-1.08 (-5.13 t0 2.97) -0.56 (-3.23 t0 2.11) 0.42 (-2.38 t0 3.23)
MEOHP —1.39 (-5.57 to 2.78) —-0.82 (-3.57 to 1.93) 0.45 (-2.45 to 3.34)
YDEHP —-0.81 (-4.94 to 3.31) —-0.42 (-3.14 to 2.30) 0.32 (-2.53 t0 3.17)

DBP MnBP —-1.07 (-5.46 to 3.32) 0.21 (-2.69 to 3.10) 1.18 (-1.85 to 4.20)
MiBP 0.38 (-3.86 to 4.63) 1.04 (-1.75 to 3.82) 0.69 (-2.24 to0 3.62)
>DBP —-0.87 (-5.41 to 3.67) 0.21 (-2.78 t0 3.20) 1.01 (-2.13 to 4.14)

Using Generalized Linear Models controlling for boy’s age, mother’s age,
of mother’s education and attitude towards boy’s play.

Concentrations of two urinary metabolites of DEHP,
MEOHP and MEHHP, as well as the sum of concentra-
tions of MEHHP, MEOHP and MEHP (denoted
YDEHP), were associated with a decreased masculine
score. Regression coefficients were —3.29, —2.94 and
—3.18 (p = 0.02, 0.04 and 0.04 for MEHHP, MEOHP and
ZDEHP respectively), as seen in Table 5. Associations
between DEHP metabolites and the composite and femi-
nine scores were weak (all p-values >0.36).

While not all associations between DEHP and DBP
metabolite concentrations and play behaviour reached sta-
tistical significance at p = 0.05, all regression coefficients
for the masculine and composite scores and these metab-
olites were negative for boys, suggesting that these metab-
olites are (to various degrees) associated with less
masculine play behaviour. To express these in terms that
are easier to interpret than the regression coefficients, we
show the per cent change in the composite and masculine
scores the model would predict, if the mothers’ metabo-
lite concentration was increased from the 10th to the
90th percentile. These predicted changes are shown in
Fig. 1. Those for which the significance probability of

mother’s education, parents’ attitude towards boy’s play, and interaction

the underlying effect estimates reached p = 0.05 are
starred.

We reran these analyses excluding the Parental Attitude
Scores (and their interaction with maternal education).
We found that questions on parental attitude were
important for some associations, but not all. Removing
these questions resulted in changes to the effect estimates
of between 0 and 12.5%. In particular, adding these
parental attitude questions strengthened the associations
between DEHP metabolites and the masculine score. On
the other hand, when PAB is not included, the association
between MiBP concentrations and boys’ feminine score is
somewhat stronger (coefficient = 2.79, p-value = 0.048),
implying more feminine play with higher DBP exposure.
However, after adjusting for parental attitude this associa-
tion is reduced somewhat (coefficient 2.48, p = 0.07),
suggesting some negative confounding by PAB.

Discussion

Even with a relatively small pool of subjects, the message
emerging from this study is consistent with the hypothesis

Percent changes in masculine and composite PSAI scores

Metabolites
MEHP MEHHP MEOHP SDEHP MnBP
0%
-1%
2%
o 3%
o
c
S 4%
o
€
@ -5%
o
[
8 6%
7%
"
-8% —_ "
"
-9%
6

MiBP $DBP
[ Figure 1 Percent change in PSAI-M score
= g expected if the phthalate metabolite concen-
¥ tration in boy’s mother’s prenatal urine was
increased from the 10th percentile to the
90th percentile. Stars indicate p-values of

<0.05 for regression coefficients in multivari-
ate model.
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that animated its design. Namely, that the antiandrogenic
properties of some phthalate esters, documented in scores
of papers on the developing male rodent reproductive
tract, and more recently by studies in humans (Swan,
et al., 2005; Swan, 2008) possess the potential to modify
male behaviour, potentially reflecting changes to the
developing brain. If replicated in a larger sample, it would
be a finding with implications that extend far beyond the
scope of children’s play preferences, as noted below.

How large were the changes we observed? Given the
non-intuitive nature of the outcome scores and the fact
that they were modelled in relation to the logarithm (base
10) of the urinary metabolite concentrations, interpreta-
tion of the regression coefficients is not straightforward.
As an example, consider the coefficient of —3.29 for
(log10) MEHHP in relation to the masculine score as an
example, which implies that a one-unit change in the
logiy MEHHP metabolite concentration was associated
with a decrease of 3.29 in the boys’ masculine score, con-
ditional on fixed values of all other model covariates. The
10th and 90th percentiles of log;, MEHHP differ by 1.0,
so the predicted change in the boys’ masculine score for
an increase in MEHHP concentration from the 10th to
the 90th percentile is a decrease of —3.29. If a boy had a
typical (median) masculine score (40.5) and his mother’s
MEHHP metabolite concentration increased from the
10th to 90th percentile, his score would be expected to
decrease to 37.5 (a decrease of 8%), which would bring
his masculine score down to the 27th percentile. Other
predicted decreases in boy’s PSAI masculine and compos-
ite scores associated with unit increases in DEHP and
DBP metabolite concentrations are shown in Fig. 1.

As noted in the introduction, there are critical periods
for hormonal influences on brain development in mam-
mals, beginning in utero. Sex differences in patterns of
behaviour relate to differences in brain organization that
develop under the influence of testosterone and its
metabolites during this period, although societal expec-
tations and contingencies, beyond the period of early
development, also exert significant influences. It is
understandable, therefore, that antiandrogenic chemicals,
a class that includes phthalates, are capable of influencing
the development of male-typical behaviour, much as they
impair masculinization of genital structures. Two other
antiandrogenic chemicals, vinclozolin (Hotchkiss et al.,
2003; Colbert et al., 2005) and flutamide (Casto et al.,
2003), also reduce male-typical play behaviour in male
rats that are exposed prenatally.

Our subject population consisted of children
3.6-6.4 years of age. Many investigations of children’s
behaviours seem to accord sex differences a minor role,
providing no standards for boys and girls separately.
Many standard behavioural assessments do not provide
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information on sex differences in young children. For
example, the Ages and Stages questionnaire (Squires et al.,
1997) is standardized on the basis of age and not
distinguished by sex. Norms for the Parents’ Evaluation of
Developmental Status questionnaire (Brothers et al., 2008)
are also not differentiated by sex (Brothers et al., 2008).

Sex differences in play preferences, however, are detect-
able early in development. Toy choices in girls and boys
have been found to differ in infants as young as 12—
13 months of age (Servin et al., 1999; Van De Beek et al.,
2009), and may be manifest even earlier, as reflected in
visual attention. For instance, Alexander et al. (2009) found
that 3- to 8-month-old girls and boys showed different pat-
terns of visual fixations to images of dolls and trucks. Simi-
lar sex differences in toy preferences have been seen in non-
human primates (Alexander & Hines, 2002; Hassett et al.,
2008). These differences may be based on perceptual fea-
tures of the stimuli that arouse different responses in males
and females governed by how the brain was organized by
androgens during development. In a finding somewhat
related to ours, gestational phthalate exposure was reported
to be related to different patterns of response in male and
female neonates on the Brazelton Neonatal Behavioural
Assessment Scale (Engel et al., 2009).

Phthalates are endocrine-disrupting chemicals (EDCs).
Sex-specific influences of environmental chemicals on
endpoints such as reproductive tract anomalies are com-
paratively straightforward to investigate, which accounts
for the substantial literature on such measures. A compre-
hensive evaluation of how development is altered by
EDCs must include neurobehavioural endpoints. Here,
appropriate tools for assessment are particularly crucial
because they may reveal important effects whose nature
(e.g. cognitive style, social behaviours such as play, tem-
perament) makes them easy to overlook in conventional
toxicity assessment.

We obtained only a single prenatal urine sample from
each woman and most were obtained quite late in preg-
nancy (mean 28.3 weeks). Therefore, the phthalate metabo-
lite concentrations reported here may not reflect exposure
during the most sensitive developmental window. How-
ever, a recent study of the variability of phthalate metabo-
lite concentrations in men of reproductive age found that a
single urine sample was reasonably predictive of the sub-
ject’s exposure to the parent phthalate over 3 months (Ha-
user et al, 2004). This may reflect habitual use of
phthalate-containing household and consumer products.

Our analysis took a simple approach to the link between
phthalate exposure and play behaviour by examining one
phthalate at a time. As we hypothesized based on anti-
androgenic activity reported in many rodent (as well as
human) studies, metabolites of DEHP and DBP were most
strongly associated with play behaviour in males, whereas
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other phthalate metabolites (MEP, MCPP, MMP and
MBzP) were not, when examined individually. However,
our environment, in contrast, exposes us to many phtha-
lates, to a variety of other antiandrogenic agents, and to
other exposures with unknown effects and interactions. Of
our children examined at a mean age of 12 months, 81%
had detectable concentrations of at least seven phthalate
metabolites in their urine (Sathyanarayana et al., 2008). As
shown by Rider et al. (2008), Sharpe et al. (1995) and
Howdeshell et al. (2008), antiandrogens with diverse
mechanisms of action, including phthalates, exert similar
effects on male reproductive development in a dose-addi-
tive fashion. These findings suggest that exposure assess-
ments should be based on exposure to multiple agents
that act on common endpoints if we are not to underesti-
mate their combined effects. Our own data indicate that,
even where not statistically significant, associations for all
five of the DEHP and DBP metabolites suggested less
male-typical play behaviour. A more sophisticated model
of joint action of these metabolites is warranted.

This study is the first to relate complex sexually dimor-
phic behaviour to phthalate exposure. Although our
results are based on a relatively small sample, their inter-
nal consistency and their compatibility with current
knowledge about how gonadal hormones mould sex dif-
ferences in brain and behaviour support their plausibility.
Their implications warrant extensive investigation.
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In the following four questions, ‘Encourage’ means ‘Encourage him (or her) to play in the way described in the

question’ and ‘Discourage’ means ‘Discourage him (or her) from playing in the way described in the question’.

1. What would you do if you had a boy who preferred toys that girls usually play with?

Strongly Encourage Encourage Neutral Discourage Strongly Discourage

1] 2[] 3] 4[] 5[]

2. What would you do if you had a girl who preferred toys that boys usually play with?

Strongly Encourage Encourage Neutral Discourage Strongly Discourage

1] 2[] 3] 4[] 5[]

3. What do you think (Child Name)’s father would do if he had a boy who preferred toys that girls usually play
with?
Strongly Encourage Encourage Neutral Discourage Strongly Discourage

1] 2[] 3] 4[] 5[]

4. What do you think (Child Name)’s father would do if he had a girl who preferred toys that boys usually play
with?
Strongly Encourage Encourage Neutral

1] 2] 3]

Discourage Strongly Discourage

4[] s[]
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