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Abstract

Objective: Brain volume of boys is larger than that of girls by ~10%. Prenatal exposure to testosterone
has been suggested in the masculinization of the brain. For example, in litter-bearing mammals
intrauterine position increases prenatal testosterone exposure through adjacent male fetuses, resulting
in masculinization of brain morphology.

Design: The influence of intrauterine presence of a male co-twin on masculinization of human brain
volume was studied in 9-year old twins.

Methods: Magnetic resonance imaging brain scans, current testosterone, and estradiol levels were
acquired from four groups of dizygotic (DZ) twins: boys from same-sex twin-pairs (SSM), boys from
opposite-sex twin-pairs (OSM), girls from opposite-sex twin-pairs (OSF), and girls from same-sex twin-
pairs (SSF; n=119 individuals). Data on total brain, cerebellum, gray and white matter volumes were
examined.

Results: Trrespective of their own sex, children with a male co-twin as compared to children with a
female co-twin had larger total brain (+2.5%) and cerebellum (+5.5%) volumes. SSM, purportedly
exposed to the highest prenatal testosterone levels, were found to have the largest volumes, followed by
OSM, OSF and SSF children. Birth weight partly explained the effect on brain volumes. Current
testosterone and estradiol levels did not account for the volumetric brain differences. However, the
effects observed in children did not replicate in adult twins.

Conclusions: Our study indicates that sharing the uterus with a DZ twin brother increases total brain

volume in 9-year olds. The effect may be transient and limited to a critical period in childhood.
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Introduction

In the human brain, sex differences have been well
studied in adults, children, and adolescents. The most
consistent finding is ~10% larger total brain volume
in males than in females (1-3). This volumetric
difference is already present in neonates (4) and cannot
be accounted for by differences in height (5). Sexually,
dimorphic brain areas are thought to develop under the
(early) influence of sex steroid exposure (6). Evidence
from animal studies suggests that prenatal exposure to
testosterone (or estrogen, converted from testosterone
via the aromatase-enzyme (7) leads to ‘masculinization’
(8, 9) or ‘defeminization’ (10) of the brain, whereas
preventing the exposure to testosterone leads to
feminization of the brain (11).

Recently, our group demonstrated that in healthy
children, sex differences in brain volumes could not be
explained by either pubertal testosterone or estradiol
levels (12) and it was argued that prenatal exposure
to sex steroids would have more pronounced effects on
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(the development of) sex differences in overall human
brain size than the exposure to pubertal increases of
steroid production.

Studies in litter-bearing mammals have shown that
intrauterine position affects naturally occurring varia-
tions in sex hormones, which are not genetic in origin
(13). More specifically, a male fetus has a higher blood
level of testosterone than a female fetus, but irrespective
of its own sex, a fetus located between male fetuses has a
higher concentration of testosterone than a fetus
positioned between females (14). This phenomenon in
turn influences several anatomical and behavioral
parameters, such as reproductive organs and aggressive
behavior (13).

In humans, the comparison of opposite-sex with
same-sex dizygotic (DZ) twin pairs allows for exploration
of masculinizing effects of prenatal testosterone
exposure (15, 16). In human fetuses, hormone transfer
may occur through two routes, i.e. the maternal-fetal
transfer route (via maternal bloodstream), and the feto—
fetal transfer route (hormones diffusing through
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amniotic membranes) (16). Some studies applying this
‘same sex—opposite sex paradigm’ confirm the mascu-
linizing effect of a male co-twin on a female for less left
hemispheric dominance in processing verbal stimuli
(17), more aggression (18), less reproductive fitness
(19), and disordered eating (20). However, other studies
did not demonstrate a masculinizing effect of a male
co-twin e.g. for birth weight (21), aggression (22, 23),
disordered eating (24), pubertal development, and
fertility (25) or handedness (26). Importantly, pubertal
stage and circulating testosterone levels could not
account for the differences in aggression between the
group having a male co-twin versus the group having a
female co-twin (18). The masculinizing pattern for
disordered eating was also observed in males with a
male co-twin as compared with a female co-twin and
socialization from growing up with a male sibling did
not account for the differences in disordered eating (20).
The aim of the present study was to explore the effect
of intrauterine presence of a male co-twin on mascu-
linization of global brain volumes. Brain volumes of boys
from DZ same sex twin-pairs (SSM), boys from opposite-
sex twin-pairs (OSM), girls from opposite-sex twin-pairs
(OSF), and girls from DZ same-sex twin pairs (SSF) were
compared in order to explore whether brain volume
differed by expected level of prenatal testosterone
exposure. It was hypothesized that, based on their
higher expected level of prenatal testosterone exposure,
having a male co-twin would induce an enlargement of
global brain volumes as opposed to having a female
co-twin (on top of larger brain volumes in boys).

Subjects and methods

Participants

The sample was drawn from a cohort of twin pairs in
which magnetic resonance imaging (MRI) scans were
acquired at the age of nine years as described elsewhere
(27, 28). The present sample consists of DZ twins,

Table 1 Demographics of the sample.
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including: 43 SSM children (22 pairs, 1 incomplete),
16 OSM individuals, 19 OSF individuals (coming from
19 pairs, three incomplete), and 41 SSF (21 pairs, one
incomplete), with a total number of 119 children (mean
age was 9.2 years (Table 1)). Exclusion criteria consisted
any major medical or psychiatric illness and partici-
pation in special education. Physical health and mental
health were assessed with a medical history inventory.
Zygosity of the twins was determined based on DNA
polymorphisms, using 8—11 highly polymorphic di-, tri-
and tetra-nucleotide genetic markers. Parents and the
participants themselves gave written informed consent
to participate in the study. The study was approved by
the Central Committee on Research involving Human
Subjects (CCMO) of The Netherlands and was in
agreement with the Declaration of Helsinki (Edinburgh
amendments).

MRI acquisition and processing

Structural MRI scans of the whole brain were made on a
1.5 T Achieva scanner (Philips, Best, The Netherlands).

A three-dimensional T1-weighted coronal spoiled-
gradient echo scan of the whole head (256X256
matrix, TE=4.6 ms, TR =30 ms, flip angle=30°, 160—
180 contiguous slices; 1X1X 1.2 mm> voxels, field-
of-view =256 mm/70%) was acquired. Furthermore, a
single-shot echo planar imaging scan was made as part
of a diffusion tensor imaging (DTI)-series (SENSE factor
2.5; flip angle 90° 60 transverse slices of 2.5 mm; no
gap; 128X 96 acquisition matrix; FOV 240 mm; TE=
78 ms) together with a magnetization transfer imaging
(MTI) scan (60 transverse slices of 2.5 mm; no
gap;128 X96 acquisition matrix; FOV 240 mm; flip
angle 8° TE=4.5 ms; TR=37.5 ms), which were used
for segmentation of the intracranial volume. Our
imaging protocol made use of T2-weighted contrast of
the DTI-BO and MTI-series for segmentation of the
intracranial volume. The intracranial volume segment
was subsequently superimposed onto the T1-weighted

SSM OsSM OSF SSF
n (individuals) 43 16 19 41
Birth order (1st/2nd) 21/22 8/8 10/9 21/20
Handedness (R/NR) 36/7 13/3 15/4 36/5
Age (years; s.n.) 9.20 (0.11) 9.24 (0.13) 9.22 (0.14) 9.24 (0.08)
Gestational age (weeks; s.D.) 36.8 (1.7) 37.0 (2.2) 37.2 (2.0) 36.7 (1.4)
Birth weight (g; s.0.) 2739.1 (531.7) 2642.5 (551.6) 2780.3 (531.9) 2493.7 (434.7)
Testosterone (pmol/l; s.p.)* 30.8 (22.1) 23.9 (8.7) 30.9 (16.5) 38.6 (21.8)
Estradiol (pmol/l)/creatinine (pmol/l; s.0.) 115.9 (88.0) 120.0 (119.5) 119.3 (88.9) 94.9 (39.3)%
1Q (s.0.) 101.0 (12.6) 103.4 (14.5) 102.5 (10.1) 106.7 (12.1)
Height (cm; s.0.) 138.7 (5.5) 140.9 (4.8) 140.7 (5.2) 138.9 (4.8)
Weight (kg; s.D.) 31.2 (4.7) 32.3(3.2) 32.0 (4.4) 31.8 (4.8)

SSM, males from same sex pairs; OSM, males from opposite sex pairs; OSF, females from opposite sex pairs; SSF, females from same sex pairs.
Handedness: R, right handed; NR, non right-handed. Testosterone levels were available in 29 SSM, 9 OSM, 12 OSF, and 28 SSF children.
8Cohen’s D effect size is 0.10 (small): estradiol levels are not significantly different between the groups. Full scale IQ was measured using the Wechsler

Intelligence Scale for Children (3rd Edition).
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image to remove non-brain tissue voxels, as described
previously (27, 29).

The scans were coded to ensure blindness for subject
and zygosity identification. The T1-weighted images
were automatically put into Talairach orientation (30)
without scaling, by registering them to a model brain in
Talairach orientation. The translation and rotation
parameters of this registration were then applied to the
images (31). After registration to the T1-weighted
image, the intracranial segment served as a mask for
all further segmentation steps. The T1-weighted images
were corrected for field inhomogeneities using the N3
algorithm (32). Our automatic image processing pipe-
line was used for the segmentation of total brain, gray
and white matter of the cerebrum and cerebellum. The
software included histogram analysis, mathematical
morphology operations, and anatomical knowledge
based rules to connect all voxels of interest, as was
validated before (33). The total brain and cerebellum
segments were all visually checked and edited if
necessary. Ten brains from the cohort were randomly
selected and analyzed by two independent raters to
estimate inter-rater reliability. Intra-class correlation
coefficients were all above 0.97.

Owing to motion artifacts, separation of gray and
white matter tissue was not possible in eight subjects
(2 SSM, 2 OSM and 4 SSF). These subjects were included
in the analyses of the total brain and cerebellum only.
Consequently, the total number of individuals included
in global gray and white matter analyses was 111,
whereas for total brain and cerebellum volumes the
total number of participants was 119.

Hormonal measurements

Free testosterone levels were determined in first
morning saliva (Competitive immunoassay (luminis-
cention), IBL Hamburg). The intra-assay and inter-
assay coefficients of variation (CV) were below 12% at
levels >11 pmol/l (lower limit of detection). Total
estradiol levels as well as creatinine levels were
determined in the first morning urine (Competitive
immunoassay (luminiscention), Architect, Abbott
Laboratories). The intra-assay and inter-assay CV were
5 and 10% respectively at levels > 150 pmol/l (lower)
and <9000 pmol/l (upper). Urinary estradiol levels
were divided by creatinine level to correct for variations
in urine excretion rate. Both testosterone and estradiol
data were collected on two consecutive days at
consistent times directly after waking up, and the
means of the two measurements were used in further
analyses. Analyses were carried out by the endocrino-
logical laboratory of clinical chemistry of the VU
Medical Center in Amsterdam, The Netherlands.
Measurable testosterone levels were available in 67%
of the females (n=40; 12 OSF and 28 SSF), and in 64%
of the males (n=38; 9 OSM and 29 SSM). Estradiol
samples were measurable in all children.

741

Does having a twin brother make for a bigger brain?

Statistical analysis

A linear regression analysis was carried out to estimate
the effect of co-twins' sex (dummy-coded as: 0=girl,
1=boy) on brain volumes, corrected for the twin's
own sex (dummy-coded as: O=girl, 1=Dboy). More
specifically, the effect of co-twins’ sex was analyzed on
the residuals after the effect of twin's own sex was
regressed out.

Regression components and Cohen’s D effect sizes
were estimated using the software package Mx (34) that
takes the dependency of the twin data into account.
Birth order was taken into account by allowing mean
brain volumes of the first and second born twin to be
different.

Likelihood-ratio x*-tests were performed to test for
significance of the effect of co-twins’ sex. To investigate a
possible mediating role of present testosterone and
estradiol levels, height or birth weight, in additional
analyses these variables were subsequently included as
covariates. Interactions between the twin's own and
co-twins’ sex were investigated as well in all analyses.

Results

A Kolmogorov—Smirnov test showed that all brain
volumes were normally distributed. When comparing
the four groups of twins, no differences in age, birth
weight, gestational age, handedness, testosterone or
estradiol level, weight or height were found (Table 1).

Global brain volumes

A main effect of the twins’ own sex was found on global
brain measures, i.e. a larger total brain (x>=57.9;
P<0.0001), cerebellum (x*>=38.7; P<0.0001), total
cerebral gray (x>=48.5; P<0.0001) and white matter
(x>=24.0; P<0.0001) in males, with a mean increase
of 8.5% in male brain volumes. More importantly,
results indicated that in both boys and girls, having a
male co-twin is related to an increase in brain volumes
(compared with having a female co-twin): a significant
effect of co-twins’ sex was found for total brain volume
(x>=4.22; P<0.04; (Fig. 1 and Table 2), cerebellum
(x*=3.89; P<0.05) together with a trend for total
white matter volume (x*=3.68; P<0.06). When
examining the means of total brain volume between
the four groups of twins, the following pattern could be
observed: SSM had the largest total brain volume,
followed by OSM, OSF, and SSF (Fig. 2). An absolute
increase in total brain volume of 27.4 ml could be
observed in OSF compared with SSF (+2%), and a
37.3 ml increase in SSM compared with OSM (+ 3%).
The same pattern could be observed for cerebellar
volumes, and although not significant, for gray and
white matter volumes (Table 2). There was no
significant effect of co-twins’ sex on gray matter volume
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Figure 1 Effect of co-twins’ sex on total brain volume. Mean total
brain volume (with s.e.m.) in male or female sex with a male co-twin
(dashed line) or female co-twin (solid line). Both the main effect of
the twins’ own sex (P<0.0001) and the main effect of co-twins’ sex
were significant (P<0.04).

(P=0.33). Furthermore, no significant interaction
between twins’ own sex and co-twins’ sex was found
for total brain, gray or white matter volumes. However,
for cerebellar volume, there was a significant
interaction between the twins’ own sex and co-twins’
sex (x2=9.39; P<0.009); data indicated that a male
co-twin had a more pronounced (enlarging) effect on a
males’ cerebellum than on a females’ (+9.4 ml, (6%)
vs+3.0 ml (2%)).

When correcting the analyses for testosterone and
estradiol levels or height, the effects on total brain
volume, white matter, and cerebellar volume remained
significant. Although the effect size remained moderate,
after correction for birth weight the enlarging effect of a
co-twin brother on total brain, cerebellum, and white
matter volumes no longer reached statistical signi-
ficance (Table 2).
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Discussion

To our knowledge, this is the first study that addresses
the relation between the intrauterine presence of a male
co-twin on masculinization of human brain volume.
Boys had significantly larger total brain, cerebellum,
and gray and white matter volumes than girls,
irrespective of their co-twins’ sex. Confirming our
hypothesis, children with a male co-twin had larger
total brain, cerebellum, and white matter volumes than
children with a female co-twin, on top of the overall
larger brain volumes in boys. SSM had the largest
volumes, followed by OSM, OSF, and finally SSF.
Although the size-effect remained moderate, after
correcting the analyses for birth weight, the enlarging
effect of a co-twin brother on total brain, cerebellum,
and white matter volumes did no longer reach
statistical significance. Present testosterone or estradiol
level or height did not account for the volumetric
differences in children with a male or female co-twin.
The larger brain volume in boys versus girls is in
agreement with earlier studies on sex differences in
global brain volumes throughout development (1-5,
35, 36). Conform our expectations, having shared the
uterus with a brother as compared with a sister was
related to a larger brain volume. Animal research
suggests that the intrauterine presence of a male
fetus leads to exposure to higher levels of prenatal
testosterone within other fetuses, compared with the
intrauterine presence of a female fetus, leading to
more masculine brain morphology (14). Furthermore,
prenatal exposure to sex steroids is implicated in the
development of sex differences in brain structure (8).
Consequently, our findings might suggest that larger
brain volumes in children with a male co-twin have
resulted from higher prenatal testosterone exposure.
In animals, it has been reported that prenatal
testosterone-treatment increased head circumference
(37). Prenatal testosterone exposure, by influencing
neuronal properties such as dendritic branching and
synaptogenesis, could ultimately be reflected by an
enlarged global brain volume. A probable mechanism of
sexual differentiation by gonadal steroids could be
apoptosis (cell death): androgens or their estrogenic

Table 2 Global brain volumes (in ml) across same sex and opposite sex twins.

Volume SSM OSM OSF SSF B co-twins’ sex (95% CI) D

Total brain (s.o.)? 1445.7 (95.7) 1408.3 (56.7) 1317.2(66.2) 1289.7 (85.4) 33.5(3.9-63.1)*/24.4 (—6.7-54.9) 0.37/0.29
Cerebellum (s.0.)*°  164.6 (10.9) 155.0 (16.7)  148.6 (11.2) 145.6(11.0) 7.6 (0.5-14.9)*/5.4 (—7.6-18.2) 0.46/0.40
Gray matter (s.p.)° 788.3 (55.0) 782.6 (36.5) 718.5(45.0) 704.3(54.7) 9.9 (—9.2-29.1)/6.2 (—14.2-26.7)  0.19/0.12
White matter (s.0.)°  481.6 (48.9)  460.5(25.4) 440.1 (26.1)  429.7 (40.2) 15.5(0.5-30.6)*/10.5 (—5.1-26.1) 0.39/0.31

*P<0.05 (Significant effect of co-twins’ sex). SSM, males from same sex pairs; OSM, males from opposite sex pairs; OSF, females from opposite sex pairs;
SSF, females from same sex pairs. ‘B co-twins’ sex’ represents the increase in brain volume (ml) in children with a brother compared with children with a sister
corrected for twins’ own sex (left of slash) and corrected for twins’ own sex and birth weight (right of slash). The corresponding 95% CI are presented between

brackets. Similarly, the right most column represents Cohen’s D effect sizes.

2Total brain and cerebellum volumes were available in 43 SSM, 16 OSM, 19 OSF, and 41 SSF children.
bFor cerebellum volume, the interaction effect between twins’ own sex and co-twins’ sex was included as a covariate.
°Gray and white matter volumes were available in 41 SSM, 14 OSM, 19 OSF, and 37 SSF children.
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Figure 2 Total brain volume across the four groups of twins (n=119
individuals). Individuals’ total brain volume (with means) across
same sex males (SSM), opposite sex males (OSM), opposite sex
females (OSF), and same sex females (SSF).

metabolites can either prevent or induce apoptosis (38).
Interestingly, in humans, in a study on cross-sex
hormone administration to transsexuals, reported that
androgen treatment in female-to-male subjects was
capable of increasing total brain volume towards male
proportions, whereas anti-androgen and estrogen
treatment in male-to-female subjects decreased total
brain volumes towards female proportions (39). These
data support the hypothesis that in humans, the
exposure to large amounts of testosterone, similar to
the prenatal surge, enlarges (masculinizes) total brain
volume. After controlling for present testosterone or
estradiol level, the masculinizing effects on global brain
volumes remained unchanged. This indicates that
(relatively low) levels of sex steroids at the age of nine
cannot explain the global larger brain volumes in males,
or in children with a male co-twin.

Our results are comparable with the earlier described
masculinizing effects of a male co-twin on cerebral
asymmetry (left hemispheric dominance in processing
verbal stimuli) (17) aggression (18) and disordered
eating (20). Most studies applying the ‘same sex-
opposite sex’ twin paradigm focused on the masculiniz-
ing effects of a male co-twin on females only. However,
our study suggests that an additional male in uterus
might have a cumulative effect on prenatal testosterone
exposure on a male fetus as well. Indeed, in rats it was
found that male fetuses located between other males
displayed a larger (more masculine) sexually dimorphic
nucleus of the pre-optic area than male fetuses located
between females (40).

Does having a twin brother make for a bigger brain> 743
We were not able to directly measure hormonal levels

and brain volumes during the prenatal or neonatal period

(i.e. our measurements took place at ~9 years of age).

After correcting the analyses for birth weight, the
enlarging effect on brain volumes due to a co-twin
brother compared to a co-twin sister did no longer reach
statistical significance, although the effect sizes still
remained moderate. SSF twins seem to carry this effect,
as their birth weight appears lower than the rest of the
sample (although not significantly different from the
other groups). It might be argued that birth weight that
highly correlates with neonatal head circumference
(41) and most likely also with neonatal intracranial
volume, is (at least) in part related to a larger brain
volume at 9 years of age (which is reflected by a
significant correlation of 0.28). This finding also
indicates that in children with male co-twin versus a
female co-twin intrauterine growth in general is
increased. Indeed, in animals it has been reported that
fetal growth can be programmed by prenatal exposure
to sex steroids (42). On the other hand, as in our sample
birth weight only explained 8% of the variance in total
brain volume at 9 years of age, the use of birth weight as
a proxy for prenatal testosterone exposure on brain
volumes seems tenuous.

It must be noted that data on birth weight deviate
from the large population based East Flanders Twin
Study (EFTS), in which OSM twins were born later and
reported heavier than SSM twins (43). Also, birth
weights reported in the EFTS were generally lower than
birth weights in our study. These deviations between
both studies might be due to a selection bias in our
(relatively small) sample. However, our data on birth
weight and gestational age are comparable with a large
data set of 2930 twin pairs from The Netherlands (44).
Importantly, there was no significant difference between
the educational level of mothers of twins who did and
did not participate in our study (45). Furthermore, our
sample forms an adequate representation of the general
population with respect to general intelligence: the
average IQ was 103.2 (s.n. 12.4; range 78-143) and
there were no significant IQ differences between the four
groups of twins or between the sexes. It is therefore
unlikely that, for example, boys with higher IQs were
overrepresented in our study and carried the masculi-
nizing effect on brain volumes.

An explanation for the overall difference in birth
weight between our study and the EFTS study could be
that within the EFTS-study, included twin pairs were
born between 1964 and 2002, whereas in our study,
twin pairs were born in 1995 or 1996. It has been
reported that between 1962 and 1992, birth weight in
general increased significantly due to improved maternal
health and less obstetric complications (46). Also it
has been found recently that twins from the EFTS study
(from younger cohorts) have lower birth weights than
Dutch twins (M Gielen, CE van Beijsterveldt, C Derom,

www.eje-online.org



744 ] S Peper and others

Table 3 Brain volumes of adult dizygotic twins (n=116).
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SSM OsM OSF SSF
n (individuals) 44 11 21 40
Age (s.D.) 29.7 (8.3) 30.5 (13.5) 20.9 (12.7) 30.1 (8.4)
Total brain (s.0.) 1301.9 (84.9) 1299.2 (87.6) 1171.7 (86.2) 1180.5 (110.9)
Gray matter (s.p.) 767.8 (62.3) 791.3 (50.5) 724.6 (71.9) 725.0 (63.5)
White matter (s.p.) 534.1 (45.5) 507.9 (53.2) 4471 (42.7) 455.5 (60.8)
Cerebellum (s.p.) 143.3 (9.6) 143.9 (12.3) 132.7 (11.3) 135.0 (14.0)

SSM, males from same sex pairs; OSM, males from opposite sex pairs; OSF, females from opposite sex pairs; SSF, females from same sex pairs. Mean (s.p.)

age in years, mean (s.p.) brain volumes in ml.

R Vlietinck, JG Nijhuis, M Zeegers & DI Boomsma,
personal communication).

We can only speculate, whether the enlarged brain
volumes in children with a male co-twin are indeed a
result of prenatal factors or in fact of postnatal factors,
such as play-or socializing behavior. However, it seems
unlikely that having shared the social environment with
an opposite sex co-twin would have a substantial
influence on neuroanatomical phenotypes. In a post-
hoc analysis on part of the sample, we explored the
possible effect of an older male or female singleton sibling
(corrected for twins’ own sex): n=37 girls: 18 with an
elder sister, 19 with an elder brother; n=37 boys: 22
with an elder sister, 15 with an elder brother, all from
same sex twin-pairs. Results of this post-hoc analysis
showed no differences in brain volumes of children with
an older singleton sister compared with children with an
older singleton brother. These data support a role for
prenatal rather than post-natal effects on masculiniza-
tion of brain volumes. Of course, this post-hoc analysis
requires the assumption that the influence of an older
singleton brother or sister is the same as for a twin
brother or sister. The unique influence of the presence of
a — opposite sex — co-twin during childhood is obviously
present and its influence cannot be excluded in this
analysis. In addition, in an attempt to replicate our
observations, we investigated another dataset of brain
volumetric MRI measurements in twins we had access to
(47, 48). However, in that sample with a mean age of
30.0 years (+9.7 years), no enlarged brain volumes in
subjects with a co-twin brother were observed compared
with subjects with a co-twin sister (Table 3). It might be
argued that possible prenatal masculinizing factors on
human brain volume are transient and limited to a
critical period in childhood, since the effect could not be
demonstrated in adults. The absence of effect during
adulthood could also suggest that both organizational
(prenatal) and activational (resulting from circulating
post-pubertal levels of hormones) effects of sex steroids
are important for brain volume. Thus, it may be argued
that before puberty, prenatal testosterone influences
brain volume (which may have behavioral effects), but
when hormones are activated at puberty, they may
override the prenatal effect on brain volume (12, 39).

We cannot state that the mechanism underlying
prenatal masculinizing of brain volume in children is a
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specific result of testosterone, or might in fact result
from other hormonal exposure. One such hormone is
17B-estradiol, an important metabolite of testosterone
which is converted through the aromatase enzyme in
both sexes. For example, it is plausible that a higher rate
of conversion into estradiol in females is responsible for
‘demasculinization’ or ‘feminization’ of brain volume,
although evidence for this view is limited (6). Moreover,
there appears to be a dramatic sex difference in prenatal
testosterone level in the human fetus between week 8
and 24 of gestation, a critical period of brain
development (49). Prenatal estrogen levels do not
show such a remarkable sex difference, making it likely
that during critical periods of brain development,
testosterone is implicated in producing sexual dimorph-
isms. In humans, it is at present unclear how a possible
increased prenatal testosterone exposure is caused.
Although it has been reported that next to the direct
feto—fetal route, hormone transfer in humans may
occur through the indirect maternal-fetal transfer
route (via maternal bloodstream) (16), it has more
recently been found that maternal serum steroid levels
are unrelated to fetal sex of twins (50). This would make
the direct feto—fetal route more plausible as a source of
prenatal testosterone exposure. Furthermore, it should
be noted that sex steroids are also produced within the
placenta (51). Thus, the effect of the co-twin is not due
to hormones from the co-twin, but might rather reflect
general growth patterns in boys and girls due to
placental characteristics (52).

To conclude, our results indicate that having shared
the uterus with a brother does seem to increase total
brain volume compared with having shared the uterus
with a sister. This effect may be related to a higher level of
prenatal testosterone exposure. Future studies in larger
samples including neonatal subjects are required to
further investigate this issue and replicate our findings.

Declaration of interest

Authors do not report any conflict of interest.

Funding

This work was supported by a grant from the Dutch Organization for
Scientific Research (NWO) to HEH (051.02.061) and HEH, DIB and
RSK (051.02.060).



EUROPEAN JOURNAL OF ENDOCRINOLOGY (2009) 160

Acknowledgements

The authors like to thank Dr Eske M Derks for statistical assistance.

References

1

1C

=)

11

12

13

14

—
(921

16

17

18

Giedd JN, Castellanos FX, Rajapakse JC, Vaituzis AC & Rapoport JL.
Sexual dimorphism of the developing human brain. Progress
in Neuro-Psychopharmacology and Biological Psychiatry 1997 21
1185-1201.

Durston S, Hulshoff Pol HE, Casey BJ, Giedd JN, Buitelaar JK &
van Engeland H. Anatomical MRI of the developing human brain:
what have we learned? Journal of the American Academy of Child and
Adolescent Psychiatry 2001 40 1012-1020.

Raz N, Gunning-Dixon F, Head D, Rodrigue KM, Williamson A &
Acker JD. Aging, sexual dimorphism, and hemispheric asymmetry
of the cerebral cortex: replicability of regional differences in
volume. Neurobiology of Aging 2004 25 377-396.

Gilmore JH, Lin W, Prastawa MW, Looney CB, Vetsa YS,
Knickmeyer RC, Evans DD, Smith JK, Hamer RM, Lieberman JA
& Gerig G. Regional gray matter growth, sexual dimorphism, and
cerebral asymmetry in the neonatal brain. Journal of Neuroscience
2007 27 1255-1260.

Witelson SF, Beresh H & Kigar DL. Intelligence and brain size in
100 postmortem brains: sex, lateralization and age factors. Brain
2006 129 386-398.

Collaer ML & Hines M. Human behavioral sex differences: a role for
gonadal hormones during early development? Psychological
Bulletin 1995 118 55-107.

Pilgrim C & Hutchison JB. Developmental regulation of sex
differences in the brain: can the role of gonadal steroids be
redefined? Neuroscience 1994 60 843-855.

McEwen BS, Ellendorff F, Gluckman PD & Parvizi N. Gonadal
hormone receptors in developing and adult brain: relationship to
the regulatory phenotype. In Research in Perinatal Medicine (II),
pp 149-159. Ithaca, NY: Perinatology Press, 1984.

De Vries GJ, Simerly RB, Pfaff DW, Arnold AP, Etgen AM, Fahrbach
SE & Rubin RT. Anatomy, development, and function of sexually
dimorphic neural circuits in the mammalian brain. In Hormones,
Brain and Behavior, pp 137-191. New York: Elsevier, 2002.
Arnold AP & Gorksi RA. Gonadal steroid induction of structural
sex differences in the central nervous system. Annual Review of
Neuroscience 1984 7 413-442.

MacLusky NJ & Naftolin F. Sexual differentiation of the central
nervous system. Science 1981 211 1294-1302.

Peper JS, Brouwer RM, Schnack HG, van Baal GCM, van
Leeuwen M, van den Berg SM, Boomsma DI, Kahn RS & Hulshoff
Pol HE. Sex steroids and pubertal brain structure in boys and girls.
Psychoneuroendocrinology 2009 34 332-342.

Ryan BC & Vandenbergh JG. Intrauterine position -effects.
Neuroscience and Biobehavioral Reviews 2002 26 665-678.

Saal V. Sexual differentiation in litter-bearing mammals: influence
of sex of adjacent fetuses in utero. Journal of Animal Science 1989 67
1824-1840.

Resnick SM, Gottesman II & McGue M. Sensation seeking in
opposite-sex twins — an effect of prenatal hormones. Behavior
Genetics 1993 23 323-329.

Miller EM. Prenatal sex-hormone transfer — a reason to study
opposite-sex twins. Personality and Individual Differences 1994 17
511-529.

Cohen-Bendahan CC, Buitelaar JK, van Goozen SH & Cohen-
Kettenis PT. Prenatal exposure to testosterone and functional
cerebral lateralization: a study in same-sex and opposite-sex twin
girls. Psychoneuroendocrinology 2004 29 911-916.
Cohen-Bendahan CC, Buitelaar JK, van Goozen SH, Orlebeke JF &
Cohen-Kettenis PT. Is there an effect of prenatal testosterone on
aggression and other behavioral traits? A study comparing same-
sex and opposite-sex twin girls Hormones and Behavior 2005 47
230-237.

19

2(

)

21

22

23

24

26

27

28

29

3(

31

32

33

34

36

37

745

Does having a twin brother make for a bigger brain?

Lummaa V, Pettay JE & Russell AF. Male twins reduce fitness of
female co-twins in humans. PNAS 2007 104 10915-10920.
Culbert KM, Breedlove SM, Burt SA & Klump KL. Prenatal
hormone exposure and risk for eating disorders: a comparison of
opposite-sex and same-sex twins. Archives of General Psychiatry
2008 65 329-336.

Orlebeke JF, van Baal GC, Boomsma DI & Neeleman D. Birth weight
in opposite sex twins as compared to same sex dizygotic twins.
European Journal of Obstetrics, Gynecology, and Reproductive Biology
1993 50 95-98.

Ligthart L, Bartels M, Hoekstra RA, Hudziak JJ] & Boomsma DI.
Genetic contributions to subtypes of aggression. Twin Research and
Human Genetics 2005 8 483—491.

Hudziak J], van Beijsterveldt CE, Bartels M, Rietveld MJ, Rettew DC,
Derks EM & Boomsma DI. Individual differences in aggression:
genetic analyses by age, gender, and informant in 3-, 7-, and
10-year-old Dutch twins. Behavior Genetics 2003 33 575-589.
Raevuori A, Kaprio J, Hoek HW, Sihvola E, Rissanen A & Keski-
Rahkonen A. Anorexia and bulimia nervosa in same-sex and
opposite-sex twins: lack of association with twin type in a
nationwide study of Finnish twins. American Journal of Psychiatry
2008 165 1604-1610.

Rose RJ, Kaprio J, Winter T, Dick DM, Viken R]J, Pulkkinen L &
Koskenvuo M. Femininity and fertility in sisters with twin
brothers: prenatal androgenization? Cross-sex socialization?
Psychological Science 2002 13 263-267.

Elkadi S, Nicholls MER & Clode D. Handedness in opposite and
same-sex dizygotic twins: testing the testosterone hypothesis.
Neuroreport 1999 10 333-336.

Peper ]S, Schnack HG, Brouwer RM, van Baal GCM, Pjetri E,
Székely E, Van Leeuwen M, van den Berg SM, Collins DL, Evans AC,
Boomsma DI, Kahn RS & Hulshoff Pol HE. Heritability of global
and regional brain structure at the onset of puberty: a magnetic
resonance imaging study in 9-year old twin-pairs. Human Brain
Mapping, 2009 (In press).

van Leeuwen M, van den Berg SM & Boomsma DI. A twin-family
study of general 1Q. Learning and Individual Differences 2008 18 76-88.
Peper JS, Brouwer RM, Schnack HG, van Baal GC, van Leeuwen M,
van den Berg SM, Delemarre-Van de Waal HA, Janke AL,
Collins DL, Evans AC, Boomsma DI, Kahn RS & Hulshoff Pol HE.
Cerebral white matter in early puberty is associated with
luteinizing hormone concentrations. Psychoneuroendocrinology
2008 33 909-915.

Talairach J & Tournoux P. Co-Planar Stereotaxic Atlas of the Human
Brain: 3-Dimensional Proportional System: An Approach to Cerebral
Imaging New York: Thieme, 1988.

Maes F, Collignon A, Vandermeulen D, Marchal G & Suetens P.
Multimodality image registration by maximization of mutual infor-
mation. IEEE Transactions on Medical Imaging 1997 16 187-198.
Sled ]G, Zijdenbos AP & Evans AC. A nonparametric method for
automatic correction of intensity nonuniformity in MRI data.
IEEE Transactions on Medical Imaging 1998 17 87-97.

Schnack HG, Hulshoff Pol HE, Baare WF, Staal WG, Viergever MA
& Kahn RS. Automated separation of gray and white matter from
MR images of the human brain. Neurolmage 2001 13 230-237.
Neale MC, Boker SM, Xie G & Maes HH. Mx: Statistical Modeling
Richmond, VA: MCV, 2003.

Sowell ER, Trauner DA, Gamst A & Jernigan TL. Development of
cortical and subcortical brain structures in childhood and
adolescence: a structural MRI study. Developmental Medicine and
Child Neurology 2002 44 4-16.

Leonard CM, Towler S, Welcome S, Halderman LK, Otto R, Eckert MA
& Chiarello C. Size matters: cerebral volume influences sex
differences in neuroanatomy. Cerebral Cortex 2008 18 2920-2931.
Steckler T, Wang J, Bartol FF, Roy SK & Padmanabhan V. Fetal
programming: prenatal testosterone treatment causes intrau-
terine growth retardation, reduces ovarian reserve and
increases ovarian follicular recruitment. Endocrinology 2005
146 3185-3193.

www.eje-online.org



746

38

39

40

41

42

43

44

45

] S Peper and others

Kawata M. Roles of steroid hormones and their receptors in
structural organization in the nervous system. Neuroscience
Research 1995 24 1-46.

Pol HEH, Kettenis PTC, Haren NEMYV, Peper ]S, Brans RGH,
Cahn W, Schnack HG, Gooren L]G & Kahn RS. Changing your sex
changes your brain: influences of testosterone and estrogen on
adult human brain structure. In European Journal of Endocrinology
2006 S107-S114.

Pei M, Matsuda K, Sakamoto H & Kawata M. Intrauterine
proximity to male fetuses affects the morphology of the sexually
dimorphic nucleus of the preoptic area in the adult rat brain.
European Journal of Neuroscience 2006 23 1234-1240.

Williams LA, Evans SF & Newnham JP. Prospective cohort study of
factors influencing the relative weights of the placenta and the
newborn infant. BMJ 1997 314 1864-1868.

Manikkam M, Crespi EJ, Doop DD, Herkimer C, Lee JS, Yu S,
Brown MB, Foster DL & Padmanabhan V. Fetal programming:
prenatal testosterone excess leads to fetal growth retardation and
postnatal catch-up growth in sheep. Endocrinology 2004 145
790-798.

Gielen M, Lindsey PJ, Derom C, Loos R], Derom R, Nijhuis JG &
Vlietinck R. Twin birth weight standards. Neonatology 2007 92
164-173.

van Baal CG & Boomsma DI. Etiology of individual differences in
birth weight of twins as a function of maternal smoking during
pregnancy. Twin Research 1998 1 123-130.

Van Leeuwen M. A study of cognition in pre-adolescent twins.
PhD Thesis 2008. VU University Amsterdam.

www.eje-online.org

46

47

48

49

5C

=)

51

52

EUROPEAN JOURNAL OF ENDOCRINOLOGY (2009) 160

Glinianaia SV, Rankin J, Pless-Mulloli T, Pearce MS, Charlton M &
Parker L. Temporal changes in key maternal and fetal factors
affecting birth outcomes: a 32-year population-based study in an
industrial city. BMC Pregnancy and Childbirth 2008 8 39.

Baare WF, Hulshoff Pol HE, Boomsma DI, Posthuma D, De Geus EJ,
Schnack HG, van Haren NE, van Oel C] & Kahn RS. Quantitative
genetic modeling of variation in human brain morphology.
Cerebral Cortex 2001 11 816-824.

Hulshoff Pol HE, Posthuma D, Baare WF, De Geus EJ, Schnack HG,
van Haren NE, van Oel CJ, Kahn RS & Boomsma DI. Twin-
singleton differences in brain structure using structural equation
modelling. Brain 2002 125 384-390.

Hines M. Prenatal testosterone and gender-related behaviour.
European Journal of Endocrinology 2006 155 S115-S121.
Cohen-Bendahan CC, van Goozen SH, Buitelaar JK & Cohen-
Kettenis PT. Maternal serum steroid levels are unrelated to fetal
sex: a study in twin pregnancies. Twin Research and Human Genetics
2005 8 173-177.

Albrecht ED & Pepe GJ. Placental steroid hormone biosynthesis in
primate pregnancy. Endocrine Reviews 1990 11 124-150.

Drolet R, Simard M, Plante J, Laberge P & Tremblay Y. Human type
2 17 beta-hydroxysteroid dehydrogenase mRNA and protein
distribution in placental villi at mid and term pregnancy.
Reproductive Biology and Endocrinology 2007 5 30.

Received 26 January 2009
Accepted 9 February 2009



	Outline placeholder
	Introduction
	Subjects and methods
	Participants
	MRI acquisition and processing
	Hormonal measurements
	Statistical analysis

	Results
	Global brain volumes

	Discussion
	Declaration of interest
	Funding
	Acknowledgements
	References


