Biological roots of sex differences:

a longitudinal twin study

Celina Cohen-Bendahan



ISBN: 90-809396-2-5

Cover design: Marijn Twuyver
Impreso en Espana

Depésito Legal: S. 132-2005
Impresion: Gréficas Varona, S. A.

Poligono Industrial «El Montalvo», parcela 49
37008 Salamanca (Espaiia)



Biological roots of sex differences:

a longitudinal twin study

Biologische wortels van sekseverschillen:
een longitudinaal tweelingenonderzoek
(met samenvatting in het Nederlands)

Proefschrift

Ter verkrijging van de graad van doctor aan de Universiteit Utrecht op gezag
van de Rector Magnificus, Prof. dr. W.H. Gispen, ingevolge het besluit van het
College voor Promoties in het openbaar te verdedigen op donderdag 24 februari
2005, des middags te 12.45 uur

door

Celina Chawa Clara Cohen-Bendahan
Geboren op 31 januari 1970, te Leeuwarden



Promotoren:  Prof. dr. ].K. Buitelaar
Department of Psychiatry
University Medical Center St. Radboud, Nijmegen, The Netherlands

Prof. dr. P.T. Cohen-Kettenis
Department of Medical Psychology
VU University Medical Center, Amsterdam, The Netherlands

Co-promotor: Dr. S.H.M. van Goozen
School of Psychology
Cardiff University, Cardiff, United Kingdom

The research presented in this thesis was carried out at the Department of Child
and Adolescent Psychiatry, University Medical Center Utrecht, The Netherlands.
It was funded by the Netherlands Organization for Scientific Research (NWO),
grant number 575-25-011.

Financial support by the Prof. dr. L.N.J]. Kampstichting for publication of this
thesis is gratefully acknowledged.



CONTENTS

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

References

Introduction

Maternal serum steroid levels are unrelated to fetal sex: A
study in twin pregnancies

Prenatal exposure to testosterone and functional cerebral
lateralization: A study in same-sex and opposite-sex twin
girls

Is there an organizational or activational effect of testoste-
rone on verbal skills and spatial ability? A twin study

Is there an effect of prenatal testosterone on aggression
and other behavioral traits? A study comparing same-sex
and opposite-sex twin girls

Investigating the possible prenatal testosterone exposure
effects on finger ratio: Is the finger pattern masculinized
in female opposite-sex twins?

Educational achievement in a national sample of Dutch
female twins and their matched singleton controls:

influence of social or hormonal environment?

Summary of results and general discussion

Nederlandse samenvatting

Dankwoord

Curriculum Vitae

Bijlage

27

41

57

75

93

109

121

143

163

173

177

178



Chapter 1

Introduction

This chapter is based on Cohen-Bendahan CCC,
van de Beek C, Berenbaum SA.
Neuroscience and Biobehavioral Reviews, in press.



1. GENERAL INTRODUCTION

There is now good evidence from studies with human and nonhu-
man species that events occurring during prenatal development can
have life-long effects on an organism. These effects are not limited
to physical characteristics, but extend to a variety of behavioral
traits. Thus, for example, physical and emotional stressors experi-
enced by rodent, monkey, and human females during pregnancy
are associated with lifelong behavioral problems in their offspring
(O’Connor et al., 2003; Schneider et al., 2002; Gordon, 2002).

Long-term effects of prenatal events extend beyond exposure to
stress hormones. There are also marked physical and behavioral
consequences of prenatal exposure to another category of hor-
mones, those produced by the gonads (“sex hormones”). In all
mammalian species studied, sexual differentiation of the reproduc-
tive system depends largely on the amount of androgens present
during critical periods of prenatal life. In human beings, this critical
period begins at about 7 to 8 weeks of gestation, when the testes
develop and begin to secrete testosterone (Grumbach et al., 2002).
The external genitalia are undifferentiated until then, and the
amount of testosterone (or other androgens) determines whether
they differentiate into male-typical or female-typical genitalia. With
high levels of testosterone, the genitalia become the penis, scrotum,
and urogenital sinus, whereas low levels of testosterone result in the
development of the clitoris, labia majora, and separate vaginal and
urethral canals. Intermediate levels of testosterone result in ambigu-
ous genitalia, e.g., an enlarged clitoris with fused labia, a small
penis. Sex hormones also affect the development of the internal
reproductive structures.

Behavioral studies with nonhuman mammals clearly show that
the same prenatal hormones responsible for the sexual differentia-
tion of the body are also involved in the sexual differentiation of
behavior (for reviews see, Becker et al., 2002; Breedlove, 1992; Goy
and McEwen, 1980). In rodents, newborn females injected with high
doses of androgens show behavior more typical of males than of
other females, and newborn males that are castrated or given anti-
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androgens show behavior more typical of females than of other
males. The behaviors involved include adult sexual behavior, juve-
nile rough-and-tumble play, adult aggression, and maze perfor-
mance. These effects are also found in rodents naturally exposed to
atypical hormone levels as a result of gestating next to opposite-sex
littermates.

Behavioral effects of early hormones are also found in nonhuman
primates: female monkeys exposed to androgens early in develop-
ment are masculinized with respect to sexual behavior, rough-and-
tumble play, grooming (Goy et al., 1988), and some learning abilities
(Bachevalier and Hagger, 1991; Clark and Goldman-Rakic, 1989).
Studies with monkeys confirm and extend studies with rodents in two
important ways. First, they illustrate the complexity of timing effects
and show that there may be several distinct periods during which
behavior is sensitive to androgens, even within the prenatal period, so
that some behaviors are masculinized by exposure to androgens in
early (but not late) gestation, whereas other behaviors are masculin-
ized by exposure in late (but not early) gestation (Goy et al., 1988). For
example, monkeys that received androgens early in development and
had masculinized genitals showed increased mounting of peers and
mothers and less grooming behavior, whereas those exposed to
androgens later in development had normal-looking genitals but
showed increased rough play and mounting of peers, but not mount-
ing of mothers. Second, studies with monkeys show the importance of
the environmental context in modifying the behavioral effects of hor-
mones. For example, the social environment of juvenile monkeys
modifies the expression of behavior that is influenced by hormones
(Wallen, 1996). The behaviors that are the least variable across social
contexts are the most affected by prenatal hormones.

This chapter describes the behavioral effects of sex hormones in
humans and presents evidence that the findings of studies of
rodents and primates also apply to humans. Most of the early stud-
ies exploring the behavioral effects of sex hormones in humans
were performed with clinical samples, i.e., individuals whose hor-
mone concentrations were unusual because of disease or accident.
Such “experiments of nature” have limitations regarding alterna-



tive explanations and generalizability, so it is important to examine
evidence obtained with different methods, all of which have differ-
ent limitations. It is even more important to extend findings to typ-
ical populations, to examine generalizability, and this is now possi-
ble as a result of methodological advances. This chapter is
organized around some of the methods used to study the behav-
ioral effects of hormones, beginning with a study involving individ-
uals with congenital adrenal hyperplasia (CAH), then moving to
studies of typical populations involving direct measures of prenatal
hormone exposure, and then to the main topic of this dissertation,
studies of typical populations in which an indirect measure of hor-
mone exposure was used.

2. EVIDENCE FROM OTHER HUMAN STUDIES

The early studies with animals showing behavioral effects of early
exposure to hormones prompted studies of people with atypical
hormone exposure, i.e., in which the sex hormones are higher or
lower than expected for a person’s sex (e.g., Money and Ehrhardt,
1972). Early studies involving such “experiments of nature” sug-
gested that sex hormones have an important role in behavioral
development, confirming the results of studies with other species,
but they were criticized for methodological limitations, especially
for their use of subjective measures and insufficient controls. Recent
studies with improved methodology generally confirm the findings
of the earlier studies, but also show the complexity of hormonal
influences on behavior.

For example, the best-studied clinical condition is CAH due to
21-hydroxylase deficiency, probably because it is one of the most
common problems of sexual differentiation, with an incidence of 1
in 10,000 to 1 in 15,000 live births (Grumbach et al., 2002; Therrell et
al., 1998). Because of an enzymatic defect caused by a single gene,
individuals with CAH produce high levels of adrenal androgens
very early in gestation. Postnatal treatment with corticosteroids
(and mineralocorticoids for the 75% who are salt-wasters) reduces
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hormone levels, generally to normal or subnormal levels (Speiser
and White, 2003). Both sexes are affected by CAH, and both have
been studied behaviorally, but studies of nonhuman species have
generated clearer hypotheses for females than for males. Studies
with male rodents and primates show that excess androgens may
masculinize or demasculinize behavior, but generally have no
effect, whereas studies of female rodents and primates show that
excess androgens have masculinizing and defeminizing effects.
Therefore, if sex differences in human behavior are affected by the
levels of androgens present during sensitive periods of develop-
ment, as occurs in other species, then females with CAH should
show more “male-typical” and less “female-typical” behavior than
control females. And they do in many, but not all, ways, with the
size of the effect depending on the type of behavior investigated.
These studies have recently been reviewed (Berenbaum, 2002;
Berenbaum, 2001; Collaer and Hines, 1995).

While studies with clinical populations have provided valuable
information about hormonal contributors to behavior, their design
is not perfect (because of the methodological limitations and con-
cerns about generalizability, see review, Cohen-Bendahan et al., in
press) and such populations are also difficult to study (because of
their relatively low frequency and the sampling problems). There
has thus been an increased interest in developing alternative ways
to study the behavioral effects of prenatal hormones, particularly
within the normal range. These methods include the direct measure-
ment of hormones to which the developing fetus is exposed and
inferential (indirect) measures about the fetal hormone environment,
e.g. prospective studies, and the twin paradigm.

Findings for nonhuman mammals and clinical populations
strongly suggest that sex hormones play an important role in the
development of behavioral differences between the sexes, and prob-
ably in producing within-sex behavioral variations, but it is impor-
tant to test the generality of these effects by studying typical popu-
lations. An ideal study would involve direct measurement of fetal
hormones at different times during gestation, to cover possible sen-
sitive periods, and then a follow-up behavioral study in childhood



and beyond. The ideal is obviously difficult to realize because of the
risks associated with collecting serum from living fetuses. But, it is
possible to obtain “snapshots” of the fetal hormone environment,
from samples of peripheral hormones, which are somewhat
removed from direct fetal processes.

Three types of studies have examined fetal hormones: (a) studies
of perinatal hormones obtained from umbilical cord blood at birth; (b)
studies of prenatal hormones obtained from maternal serum by
venipuncture during routine prenatal medical care (although opin-
ion is divided as to whether maternal blood contains fetal sex hor-
mones); (c) studies of prenatal hormones from ammniotic fluid
obtained during routine amniocentesis for diagnosis of genetic
anomalies. The results of studies investigating the possible associa-
tion between testosterone in amniotic fluid and childhood behavior
have been inconsistent. Although some findings support the
hypothesis that testosterone has masculinizing effects, others do not
or even suggest the opposite (see review, Cohen-Bendahan, in
press). These inconsistencies are most parsimoniously explained by
methodological limitations: most behaviors studied did not show
large sex differences, and sample sizes were very small. In addition,
this approach is not practical because of the long follow-up needed,
with the attendant problems (Ehrhardt and Meyer-Bahlburg, 1979).

3. GENERAL CONSIDERATIONS AND CAVEATS

Before moving to the main topic, we highlight a number of theo-
retical and methodological issues relevant to evaluating all studies
of human hormone-behavior relations.

3.1. Theoretical Issues

Timing of Effects

Organizational vs. activational effects. Two types of hormonal
effects have generally been distinguished: organizational and acti-
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vational (Goy and McEwen, 1980). Organizational effects produce
permanent changes in the wiring and sensitivity of the brain
(Phoenix et al., 1959) and are thus largely irreversible; they are most
likely to occur during early development when most neural struc-
tures are established. Activational effects occur later and are associ-
ated with concurrent changes in circulating hormone levels, for
example, those associated with menstrual cycle variations (Cooke et
al., 1999; Kimura and Hampson, 1994); here, hormones activate
neural systems that were organized early in life. The distinction
between organizational and activational hormones is not as clear as
once believed (Arnold and Breedlove, 1985). For example, the
human brain continues to develop into adolescence, so hormones
that increase at puberty may change brain structure. Organizational
hormones may prime the brain by changing its responsivity to hor-
mones that are present later in life (Clark and Galef, 1998).
Nevertheless, most work is based on the distinction between orga-
nizational and activational effects, so we will continue to use this
distinction here. Because circulating sex hormones are low before
puberty, any hormones affecting behavioral sex differences in child-
hood are likely to be due to organizational effects, i.e., hormones
producing changes in the structure of the brain. Behavioral sex dif-
ferences in adolescents and adults may reflect effects of organiza-
tional hormones or activational effects, given the large sex differ-
ences in the levels of circulating sex hormones after puberty. The
main focus of this paper is on organizational effects occurring dur-
ing the prenatal period, although there is good evidence for behav-
ioral effects of activational hormones as well (see, e.g., Gadea et al.,
2003; Becker et al., 2002; O’Connor et al.,, 2001, Moffat and
Hampson, 2000; Kimura and Hampson, 1994).

Sensitive periods for organizational effects. It is widely accepted
that organizational effects are maximal during circumscribed sensi-
tive periods when the brain is developing, but the exact sensitive
periods for human behavioral effects of sex hormones are not
known. Weeks 8 to 24 of gestation have long been considered the
key period (e.g., Collaer and Hines, 1995; Sikich and Todd, 1988),



given data showing a testosterone surge in male fetuses then (Smail
et al., 1981). Nevertheless, there is increasing recognition that there
may be multiple sensitive periods, and that different brain regions
(and thus different behaviors) may be affected by hormones at dif-
ferent times. There are only limited data on this issue in human
beings (Smith and Hines, 2000; Hampson et al., 1998), but ample
data from other species, including primates, illustrate this point
(Goy and McEwen, 1980). For example, as mentioned above, data
from rhesus macaques show that androgen exposure early in gesta-
tion masculinizes different behaviors than exposure late in gesta-
tion (Goy et al., 1988).

There may be another sensitive period shortly after birth, associ-
ated with another peak in testosterone in male infants during post-
natal months 1 to 5. Its significance for human behavior is not well-
studied, but some information can be gleaned from studies in infant
male monkeys who exhibit the same early postnatal peak. Those
studies show that neonatal testosterone is important for genital
development (Chemes, 2001; Brown et al., 1999), but there is no
clear evidence for its role in behavioral development: neonatal
testosterone has been found to affect mother-offspring interaction in
one study of juveniles (Wallen et al., 1995), but not in another study
of infants (Brown and Dixson, 1999), and not to affect sex-dimor-
phic play or sexual behavior (Brown and Dixson, 1999; Nevison et
al., 1997; Wallen et al., 1995). Given continuing postnatal brain
development, it would not be surprising to find that sex hormones
continue to affect the brain and behavior after birth.

Feminization as an Active or Passive Process?

Much of the evidence about both physical and behavioral sexual
differentiation focuses on the masculinizing effects of androgens.
For a long time, it was believed that feminization is a passive
process, occurring in the absence of high levels of androgens. There
is increasing recognition of the importance of other hormones for
complete feminization, but much is still unknown about this
process (Grumbach et al.,, 2002). The ovary develops at about 3
months of gestation, but does not produce estradiol until later in
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embryogenesis (Wilson et al., 1981) and even then does not produce
significant amounts (Bin-Abbas et al., 1999). Fetuses of both sexes
are exposed to high levels of estrogens from the placenta, perhaps
explaining why estrogen does not play a large role in prenatal
development. Very little is known about the human behavioral
effects of ovarian estrogens during early development (organiza-
tional effects) (Collaer and Hines, 1995), although much is known
about their effects during adulthood (activational effects) (see, e.g.,
Berenbaum et al., 2003; Becker et al., 2002; Resnick and Maki, 2001;
Moffat and Hampson, 2000; Maki and Resnick, 2000; Kimura and
Hampson, 1994). It has been suggested that estrogen’s organization-
al effects occur during early postnatal rather than prenatal develop-
ment (Fitch et al., 1998; Fitch and Denenberg, 1998), but there is no
relevant evidence. Progestins from the ovary are thought to have
anti-androgenic effects, but there are also reports that they act as
androgens (Collaer and Hines, 1995), and it may be important to
consider that effects vary by dose (Witt et al., 1995).

Subtleties of Hormone Action

Hormone levels. In nonhuman species, hormonal effects on
behavior are dose-dependent, (animals exposed to high doses
change more than animals exposed to low doses), and the level of
hormones necessary to masculinize or defeminize behavior varies
across behaviors (a given dose changes some behaviors more than
others) (Goy and McEwen, 1980; Debold and Whalen, 1975). Some
behaviors may be affected only by extreme variations in hormones,
whereas others may be affected by relatively minor variations.
Effects may be nonlinear. For example, there may be threshold
effects, such that behavior is affected only when hormone levels
exceed a specific point, with no additional effect with increasing
levels.

Specific hormones. Masculinizing hormones come in many
forms, and each affects different aspects of physical and behavioral
sexual differentiation. For example, dihydrotestosterone is the
metabolite responsible for differentiation of the external genitalia
(Siiteri and Wilson, 1974); dihydrotestosterone and another metabo-



lite of testosterone, testosterone propionate, have different effects
on learning abilities in monkeys (Bachevalier and Hagger, 1991).
Some metabolites are more potent masculinizing agents than oth-
ers, e.g., dihydrotestosterone is more potent than testosterone in
masculinizing the external genitalia, but this has not been well stud-
ied with respect to human behavior. In some species, it is estradiol
metabolized from androgen in the brain that is responsible for the
masculine-typical development of some behaviors. For example, in
rodents, estradiol masculinizes sexual behavior and learning
(Breedlove, 1992; Williams and Meck, 1991; Goy and McEwen,
1980), but testosterone itself or dihydrotestosterone masculinizes
rough play (Meaney, 1988).

Further, the effects of specific hormones depend on other hor-
mones present, so that the presence of one hormone may promote
or prevent the effect of another hormone (Goy and McEwen, 1980).
For example, as mentioned above, progesterone may provide pro-
tection against masculinizing effects of androgens (Ehrhardt et al.,
1984; Hull, 1981; Hull et al., 1980; Shapiro et al., 1976).

Hormone responsivity. Individuals vary not only in the levels of
hormones to which they are exposed, but also in their sensitivity to
those hormones. For example, variations in androgen responsivity
caused by mutations in the human androgen receptor gene result in
physical variations in men ranging from complete insensitivity to
androgens (and thus female differentiation) to infertility and minor
undervirilization (Casella et al., 2001; McPhaul et al., 1993). There
has been very little study of the behavioral effects of variations in
androgen sensitivity (Comings et al., 2002), but clearly this is some-
thing worth exploring.

Cross-species comparisons

Human studies are largely motivated by studies in other species,
and largely confirm those studies in the general outline, that is, in
revealing the behavioral importance of sex hormones present during
early development. But it is crucial to recognize that the details of
hormonal influences on human behavior do not always parallel
those effects in other species given species differences in physiology.
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Key examples concern the sensitive periods for hormone effects and
the specific hormones responsible for masculinization.

The sensitive periods differ dramatically across species, in direct
relation to the timetable of brain development. In rodents, brain
development occurs during both prenatal and postnatal life, so the
early postnatal period continues to be a sensitive period for the
effects of sex hormones. In primates, however, much of structural
brain development takes place prenatally, so this represents the
most important sensitive period for brain and behavioral effects of
sex hormones. Nevertheless, as noted above, the postnatal period
may turn out to be another sensitive period for effects of hormones
on some aspects of human behavior.

The specific hormones responsible for masculinization and
defeminization of the brain and behavior may also differ across
species. In rodents, these processes are largely dependent on estra-
diol as it is converted from testosterone in the brain via the action of
the aromatase enzyme (“aromatization”). Female rodents are pro-
tected from the masculinizing effects of estrogen by a protein which
binds circulating estrogen and prevents it from entering the brain
(for reviews, see (Fitch and Denenberg, 1998; Goy and McEwen,
1980). It is unclear whether aromatization is important for human
behavior, although the limited evidence suggests that it is not, with
masculinization and defeminization resulting directly from the
effects of testosterone or other metabolites (see the discussions of
Complete Androgen Insensitivity and exposure to diethylstilbe-
strol, in Cohen-Bendahan et al., in press).

3.2. Methodological Issues

Measures

Studies in other species suggest — not surprisingly — that sex hor-
mones affect behaviors that show sex differences. Accordingly,
human studies examining behavioral effects of sex hormones have
been considered valid only when the measures used differentiate
between typical males and females (e.g., Hines et al., 2002;
Hampson et al., 1998; Berenbaum, 1998; Collaer and Hines, 1995;



Resnick et al., 1986). Further, it is generally believed that the same
factors that produce between-sex differences produce within-sex
variation. For example, sex differences in early androgens are
hypothesized to contribute to sex differences in spatial ability, and
natural variations in levels or availability of androgens among nor-
mal males and females to within-sex variability in spatial ability.
But, some have advocated the use of a broad range of behavioral
measures, arguing against simple extrapolation of findings in ani-
mals to humans (Finegan et al., 1992), or that hormones may pro-
duce sex differences in brain organization and behavioral processes
without necessarily producing average differences in performance
(Fitch et al., 1998). Studies from this perspective have been
exploratory in approach (e.g., Finegan et al., 1992).

Effect Sizes

The ability to detect behavioral effects of hormones, as any effect
in science, requires that the study has sufficient statistical power.
Effect sizes in this field vary considerably by behavior, and the design
and interpretation of all studies require attention to the size of effect
expected. Behaviors that show large sex differences are the best can-
didates for studying effects of hormones. Table 1 lists a representative
sample of sex-related behaviors, along with the direction and gener-
al size of the sex difference in standard deviation units, d (Cohen,
1988), estimated from the studies reviewed below and others in the
literature (e.g.,, Halpern, 2000; Kimura, 1999; Leveroni and
Berenbaum, 1998; Berenbaum and Snyder, 1995; Resnick et al., 1993;
Hyde and Linn, 1988; Kramer et al., 1988; Reinisch and Sanders,
1986). The size of the sex difference should be considered in interpret-
ing the studies described in the sections below, because a measure
that does not show a large sex difference is unlikely to be strongly
influenced by sex hormones. (Despite appeals to use other measures,
as mentioned above, it is difficult to interpret findings when mea-
sures do not show sex differences.) It is also valuable to consider the
magnitude of hormone effects in relation to the magnitude of the sex
difference, because this provides an indication of the extent to which
hormones are likely to be responsible for the sex difference.
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Table 1. Representative sex differences in behavior.

Trait Direction of d, Size of Sex
Sex Difference Difference

Cognitive Abilities

Spatial ability: mental rotation M>F large

Spatial ability: targeting M>F large

Verbal ability: fluency F>M small to medium

Verbal ability: memory F>M medium

Perceptual speed and accuracy F>M small to medium

Personality Traits

Sensation-seeking M>F medium to large

Aggression M>F large

Nurturance F>M medium

Interest in babies F>M medium to large

Gender-Role Behaviors

Interest in male-typical activities M>F very large

Interest in female-typical activities F>M very large

Preference for boys as playmates M>F very large

Preference for girls as playmates F>M very large

Sexual Orientation

Arousal to females M>F very large

Arousal to males F>M very large

2 d (mean difference/standard deviation) as reported in adults.

4. CO-TWIN SEX AS AN INDIRECT INDICATOR OF
PRENATAL HORMONES - THE TWIN PARADIGM

After the above-mentioned theoretical background of issues
involved in the study of sex differences, we continue with an
overview of the background and results of twin studies, the main

topic of this thesis.




4.1. Opposite-sex Twins
4.1.1. Background

Most evidence for behavioral and physiological effects of early
hormones comes from nonhuman studies in which hormones are
directly manipulated. Interestingly, however, there is good evidence
that behavior and physiology are influenced by naturally-occurring
variations in hormones that result from an animal’s position in the
uterus, particularly the sex of its littermates (intrauterine position,
IUP) (for reviews, see Ryan and Vandenbergh, 2002; Clark and
Galef, 1998; vom Saal, 1989). Female rodents that developed
between male fetuses in utero are less female-typical in postnatal
behavior (e.g., aggression, attractiveness to males), anatomy (e.g.,
anogenital distance, an aspect of genital morphology), and repro-
ductive characteristics (pubertal maturation, reproductive life) than
are female animals that developed between female fetuses in utero.
This effect extends beyond rodents. For example, female swine sur-
rounded by male swine in utero are more likely to participate in and
to win fights than female swine positioned between female swine in
utero (Rohde Parfet et al., 1990). The masculinizing effect on females
of gestating close to males is attributed to the transfer of testos-
terone from the male fetus to the adjacent female fetus (Even et al.,
1992). In some species, intrauterine position affects postnatal behav-
ior, anatomy, and physiology in male animals too, presumably by
the same mechanism. For example, male gerbils that developed
between two females are less masculine than those that developed
between two males in reproductive characteristics and sexual
behavior (Clark and Galef, 1998). The studies of intrauterine posi-
tion effects are consistent with studies in which hormones are
manipulated directly and shown to affect later behavior (Clark and
Galef, 1998) and confirm the importance for sex-typed behavior of
exposure to sex hormones early in development.

As suggested by Resnick (1993) and Miller (1994), human twins
might also be affected by the sex of the co-twin, providing a paral-
lel to the intrauterine position effect in animals, and an opportunity
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to examine the human behavioral and physiological effects of pre-
natal exposure to higher-than-average-female (or lower-than-aver-
age male) levels of testosterone. The female member of an opposite-
sex (OS) twin pair is assumed, as a result of sharing the womb with
a male co-twin, to be exposed to higher levels of testosterone dur-
ing prenatal development than is a female member of a (dizygotic)
same-sex (SS) twin pair. Thus, OS females should be more male-typ-
ical and less female-typical than SS females. Similarly, the male
member of an OS twin pair might be exposed to lower levels of
testosterone than a male member of a SS twin pair, making OS
males less male-typical and more female-typical than SS males. It is
important to note, however, that twins also share a postnatal envi-
ronment, and that children with opposite-sex siblings may be
exposed to a different gender-related social environment than chil-
dren with same-sex siblings (McHale et al., 2001; Stoneman et al.,
1986). This complicates interpretation of differences between OS
and SS twins, as considered below. In this section we briefly review
human studies of opposite-sex twins designed to investigate effects
of prenatal sex hormones on physical and behavioral characteris-
tics, interpreting findings in light of the strengths and limitations of
the method.

4.1.2. Findings: Physical and Behavioral Traits in Opposite-sex Female
Twins

Twin studies designed to investigate the possible masculinizing
effect on behavioral and physical traits of prenatal exposure to
testosterone in females have yielded contradictory results.

Physical Characteristics. The majority of twin studies have
focused on physical or psychophysical characteristics, possibly
because they are thought to be less likely to be influenced by post-
natal environmental factors (although clearly that is not always
true). Most studies failed to find differences between OS and SS
females on a variety of measures of reproductive characteristics and
handedness. Exceptions concerned tooth size (Dempsey et al., 1999)
and spontaneous otoacoustic emissions, an auditory characteristic



that shows sex differences and is related to hearing sensitivity
(McFadden, 1993): in both cases OS females were masculinized rel-
ative to SS females. In contrast, click-evoked otoacoustic emissions,
another auditory characteristic that shows sex differences and is
related to hearing sensitivity (McFadden, 1998), did not differ sig-
nificantly between OS and SS females, although OS females were
considered by the investigators to show “masculine” changes and
the overall results were interpreted to suggest that prenatal expo-
sure to testosterone leads to a more masculinized pattern of otoa-
coustic emissions (McFadden et al., 1996). Two large-scale studies
have failed to show differences between OS and SS females in
reproductive characteristics (Rose et al., 2002; Loehlin and Martin,
1998), and another study failed to find effects of co-twin sex on
handedness (Elkadi et al., 1999).

Cognitive Abilities. The only twin study to examine this domain
found OS females to have higher spatial ability than SS females
(Cole-Harding et al., 1988). Although the results are consistent with
prenatal testosterone effects, they are also consistent with effects of
environmental factors associated with having an opposite-sex sib-
ling, such as the availability of toys that might facilitate spatial abil-
ity (Cole-Harding, 2002; Stoneman et al., 1986). Further, the effect
has not been subject to replication.

Personality and Gender-role Behavior. Some studies have found
OS females to be more masculine than SS females, on traits such as
sensation-seeking (Resnick et al., 1993), rule-breaking (Loehlin and
Martin, 2000), and social attitudes (Miller and Martin, 1995),
although differences are not always seen (Rose et al., 2002; Loehlin
and Martin, 2000). There is some suggestion of an age effect in one
study (Loehlin and Martin, 2000), with differences between twin
groups in younger females (mean 23.4 years) but not in older ones
(mean 41.2). Although the age division does not reflect clear devel-
opmental distinctions, it is possible that testosterone effects dimin-
ish with age, as influences of other factors, such as circulating hor-
mones and social environmental events, become salient. This
suggests an important need to consider age in these studies.
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Other studies showed mixed results in comparisons of OS and SS
females on a variety of traits. In a large Australian study, very few
traits differentiated the twin groups, with the exception of retro-
spectively-recalled sex-typed childhood behavior (Dawood et al.,
2004). This stands in contrast to three studies in children, in which
sex-typed behavior was measured and found not to differentiate OS
and SS females (Rodgers et al., 1998; Henderson and Berenbaum,
1997; Elizabeth and Green, 1984), suggesting the possibility of Type
I error with many comparisons in the Australian study.
Inconsistencies across studies might reflect differences in age.

4.1.3. Findings: Physical and Behavioral Traits in Opposite-sex Male Twins

A few studies examined co-twin effects in males, hypothesizing,
on the basis of rodent studies, that OS males would be demasculin-
ized/feminized compared to SS males or non-twin males. These
studies were originally focused on co-twin effects in females, but
also studied males. Therefore, they examined the traits described
above in studies of females. Most studies failed to find demasculin-
ization in males with a female co-twin on physical traits, such as
tooth size (Dempsey et al., 1999), psychological traits, such as social
attitudes (Loehlin and Martin, 2000) and sensation-seeking (Resnick
et al., 1993), spatial ability (Cole-Harding et al., 1988), sex-typed toy
play (Rodgers et al., 1998), and handedness (Elkadi et al., 1999).
Interestingly, however, there is some suggestion that males with a
female co-twin might be demasculinized or feminized on gender-
role behavior (Dawood, 2004; Elizabeth and Green, 1984), but it is
not possible to know whether this reflects effects of gestating in
proximity to a female or being reared with one.

4.1.4. Interpretation of Findings in Opposite-Sex Twins

The results of the studies summarized above show a mixed pic-
ture regarding effects for females of having an opposite sex co-twin
and not a lot of information regarding effects for males. The positive
effects in females primarily concern masculinized tooth size, spon-



taneous otoacoustic emissions, and spatial ability in female OS
twins, but it is important to note that these positive findings have
not been replicated. This masculinization (if replicated) is difficult
to explain by gender-socialization factors. Moreover, if OS females
are raised in a more male-typical environment than SS females, and
this affects behavior, then there should be many and pronounced
differences between OS and SS females. This is clearly not the case.
Nevertheless, twin studies need to have better control for the role of
the social environment. This would involve a comparison group of
singleton girls with an older brother very close in age; only one twin
study used such a comparison group (Henderson and Berenbaum,
1997). Although this is the best comparison currently available, it is
not perfect, because same-aged siblings, as in twin pairs, might
affect each other differently than siblings of different ages.

5. AIMS OF THE STUDIES PRESENTED IN THIS THESIS

The aim of the studies presented in this thesis was to investigate
and elaborate the twin paradigm in a structured manner in order to
develop a fairly easy method to investigate the biological basis of
sex differences. We investigated different measures during impor-
tant transitional phases of development, i.e. the pre-pubertal period
and puberty (the longitudinal element of the study), and controlled
for the possible activational effect of current circulating levels of
testosterone.

Given the constraints of the limited research period, we decided
to focus our research on 10- and 13-year old-children. We hypothe-
sized that we would be able to study the organizational effects of
testosterone in 10-year-old children because most children are pre-
pubertal at this age. In contrast, we hypothesized that when the
children were 13 years old, the surge of hormones that accompanies
puberty would make it possible to measure additional activational
effects of testosterone. For this reason, we established a battery of
tests and questionnaires that could be used for both ages. However,
the difference in mental age was rather large between the two test-
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ing sessions, and we could administer only one instrument in the
exact same manner in both age groups (see, chapter 3).

We focused on the following issues. First, because we were inter-
ested in whether the sex of the fetus is associated with maternal
serum levels of steroids in human twin pregnancies (chapter 2). We
investigated the effects of presumed prenatal exposure to testos-
terone on the hemispheric specialization and cognitive abilities of
10-year-old children (chapters 3 and 4), and then studied the behav-
ioral effects of such prenatal exposure in the same children when
they were 13 years old (chapter 5). At the age of 13 years, the chil-
dren were retested with the task to evaluate hemispheric specializa-
tion. The results are presented at the end of chapter 3. In order to val-
idate the twin paradigm, we also investigated another indirect
method of evaluating the effects of prenatal exposure to sex hor-
mones, namely the finger ratio, in our sample (chapter 6). In addi-
tion we tested whether the finger ratio is associated with specific
characteristics in our twin sample. In chapter 7 we finish with the
results on educational achievement using the twin paradigm.



Chapter 2

Maternal serum steroid levels are unrelated
to fetal sex: A study in twin pregnancies
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ABSTRACT

Increased prenatal exposure to testosterone in girls of an opposite-
sex (OS) twin pair may have an effect on the development of sex-
typical cognitive and behavioral patterns. The prenatal exposure to
testosterone due to hormone transfer in OS twin girls may occur in
two ways, one directly via the feto-fetal transfer route within the
uterus, the other indirectly through maternal-fetal transfer and
based in the maternal-fetal compartment. Although some studies in
singletons indeed found that women pregnant with a male fetus
have higher testosterone levels during gestation than women preg-
nant with a female fetus, many other studies could not find any
relation between the sex of the fetus and maternal serum steroid
levels. Therefore at the moment it is unclear whether a pregnant
women bearing a male has higher levels of testosterone than a
women bearing a female. So far, no one investigated this issue in
twin pregnancies. We examined the relationship between maternal
serum steroid levels and sex of fetus in 17 female-female, nine male-
male and 29 OS twin pregnancies.

No differences were observed between maternal serum steroid lev-
els of women expecting single sex or mixed sex offspring’s. It is con-
cluded that the source of prenatal testosterone exposure in girls
probably comes from the fetal unit, which is the direct route of fetal
hormone transfer.
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1. INTRODUCTION

Research on normal healthy twins may provide an opportunity
to investigate the possible prenatal effects of testosterone on brain
and behavior. In animal research it has been shown that exposure to
steroids is influenced by the intrauterine position of the fetus.
Female fetuses located between two male fetuses are exposed to
higher levels of testosterone than fetuses situated between two
females or one female and one male fetus (Gandelman, 1992; Vom
Saal, 1989; for review, see Ryan and Vandenbergh, 2002). Fetal hor-
mone transfer may occur in two ways: (1) more indirectly via the
maternal-fetal transfer route, as Meulenberg and Hofman (1991)
described; and (2) more directly via the feto-fetal transfer route.
With respect to the latter route, it has been shown in rodents that
testosterone can diffuse across amniotic membranes (e.g., Even et
al., 1992). At present it is unclear whether similar processes operate
in human opposite-sex (OS) fetal twins. Evidence in support of an
increased prenatal testosterone exposure effect in female animals
which were located between male fetuses comes from the observa-
tion that these female animals have anatomical characteristics and
show behavioral patterns more typical of males (Ryan and
Vandenbergh, 2002). The few studies that have been conducted in
human opposite-sex twins suggest that female fetuses of an OS twin
pair could have been masculinized in a similar way (see Miller,
1998, for review). For example, it has been found that OS twin girls
have a number of spontaneous otoacoustic ear emissions
(McFadden, 1993) and tooth sizes (Dempsey et al., 1999) that are
more similar to males than to females. Also, OS twin girls seem to
have more masculine attitudes compared to same-sex twin girls
with regard to Sensation seeking behavior (Resnick et al., 1993).

Although it is presently unclear how the increased prenatal
testosterone exposure — if it indeed exists — is caused, it presumably
occurs through direct or indirect hormone transference between the
OS fetuses.

In the seventies and early eighties of the last century several
investigators tried to establish a link between fetal sex and maternal



testosterone levels (Rivarola et al., 1968; Forest et al., 1971; Dawood
and Saxena, 1977; Klinga et al, 1978; Nagamani et al., 1979;
Bammann et al., 1980; Glass and Klein, 1981; Rodeck et al., 1985). At
the time, this information was considered to be useful in the ante-
natal determination of fetal sex, which in turn would be a fairly
inexpensive screening tool in, for example, the diagnosis of sex-
linked genetic disorders (Glass and Klein, 1981). However, this
seemed not to be very productive because inconclusive results and
an extensive overlap between the sexes.

Years later Meulenberg and Hofman (1991) again investigated
the relationship between fetal sex and maternal testosterone serum
concentrations and concluded that male fetus pregnancies were
associated with higher maternal serum testosterone levels in the
second half of the pregnancy. The maternal serum testosterone lev-
els differed in this period at least 1 standard deviation among
male/female fetus pregnancies. Like Bammann et al. (1980), they
claimed that this could be due to “a gradient from the fetal to the
maternal compartment at the level of plasma unbound testos-
terone” (p. 53; Meulenberg and Hofman, 1991). So far, all the previ-
ously conducted studies have focused on singleton pregnancies.
Since the maternal-fetal gradient of unbound testosterone is able to
cross the placenta from the male fetus towards the maternal blood
circulation it would be interesting to find out whether maternal
serum testosterone levels reflect the number of male fetuses the
pregnant mother is carrying in her womb. If this is true, than
women carrying male-male twins should have higher testosterone
levels than women carrying OS twins, and this latter group of
women should again have higher levels than women expecting
female-female twins.

In that case, this may reflect the assumption of the (indirect)
maternal-fetal route of hormone transfer between co-twins. This can
be the hormonal basis for the unusual hormonal milieu wherein OS
twin girls are situated and may lead to the rather sex atypical pat-
terns that are found in females with a co-twin brother.

In summary, this present study focused on whether the sex of the
fetus is associated to maternal serum steroid levels in twin preg-
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nancies. Which may be an indication for the possible indirect route,
i.e. via the maternal-fetal compartment, of testosterone exposure
through hormone transfer during twin pregnancies.

Research in the past has shown that subfertile women may have
a different endocrine profile than women without fertility prob-
lems. For example, in women with polycystic ovary syndrome, a
common disorder in subfertile women, one of the three possible cri-
teria for diagnosis is biochemical features of hyperandrogenism
(Agrawal et al., 2004). Because a part of the women that participat-
ed in our study will become pregnant as a result of the treatment of
their subfertility (non-spontaneous twin pregnancies) we will con-
sider that in our analysis in order to control possible effects of dif-
ferent endocrine profiles.

2. MATERIALS AND METHODS

2.1. Subjects

All participants were recruited, between August 2000 and
August 2002, from the Department of Obstetrics at the University
Medical Center in Utrecht (The Netherlands) after ultrasonic exam-
ination had confirmed a twin pregnancy. The women were invited
to participate in this study by an information letter. From the 89
women who were invited to take part, 59 agreed to participate.
Eventually, the data of 55 women were used in this study because
one woman had a miscarriage, in two women one of the twins died
during pregnancy, and one woman withdrew from the study with-
out giving a reason. Of these 55 women carried nine Male-Male
(MM), 29 OS and 17 Female-Female (FF) twin pairs. The average
age of the women was 33.9 years (SD = 3.4; range 25-41). Thirty-
eight women were nulliparous. There were 29 spontaneously con-
ceived twin pregnancies and 25 pregnancies were induced as a
result of for example in vitro fertilization, for one woman we were
unable to trace the conception form (see Table 1). A written
informed consent form was obtained from all participating women.



The Medical Ethical Committee of the University Medical Center in
Utrecht approved the study.

Table 1. The numbers of spontaneous and non-spontaneous pregnancies per typed twin;

FF DOS MM
Spontaneous 12 12 5
Non spontaneous 4 17 4

Note: From one woman we were unfortunately unable to retrieve conception form.

2.2. Materials

Two samples of blood serum were obtained from the partici-
pants: One sample was taken at 24 weeks and one at 32 weeks of
gestation. The sera was taken during a normal visiting appointment
with the gynecologist. Because of logistic reasons and the longitu-
dinal character of this study some data are missing. See Table 2 for
an overview of the number of hormone samples. All samples were
collected and stored at —30°C until assayed.

Several steroids were measured: Testosterone (T), Progesterone
(Prog), Dehydroepiandrosterone-sulfate (DHEAS), Sex hormone-
binding globulin (SHBG), Estradiol (E2), and Androstenedione (A);
Free Testosterone (FT) was calculated.

Testosterone was measured after diethylether extraction using an
in house competitive radioimmunoassay (RIA) employing a poly-
clonal antitestosterone-antibody (Dr.Pratt AZG 3290). [1-,2--*H(N)]-
Testosterone (NET-387, DuPont NEN Nederland B.V.) was used as
a tracer following chromatographic verification of its purity. The
lower limit of detection was 0.12 nmol/L and inter-assay variation
was 7,6; 5,0 and 5,9% at 1,5; 4,9 and 24 nmol /L respectively (n = 45).

Androstenedione was measured after hexane-toluene extraction
using an in house competitive RIA employing a polyclonal anti-
androstenedione-antibody (Dr.Pratt AZG 271178). [1,2,6,7-°H]-
Androst-4-ene-3, 178-dione (TRK 454, Amersham Pharmacia
biotech) was used as a tracer following chromatographic verifica-
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tion of its purity. The lower limit of detection was 0.2 nmol/L and
inter-assay variation was 9,0; 5,5 and 57% at 1,4; 5,0 and 11,5
nmol /L respectively (n = 20).

DHEAS was measured using an immunometric technique on an
Advantage Chemiluminescence System (Nichols Institute
Diagnostics, San Juan Capistrano, USA). The lower limit of detec-
tion was 0.1 ymol/L and inter-assay variation was 7,0; 5,9 and 4,9%
at 1,0; 4,7 and 14,3 umol /L respectively (n = 50).

SHBG was measured using an immunometric technique on an
IMMULITE Analyzer (Diagnostic Products Corporation, Los
Angeles, USA). The lower limit of detection was 5 nmol/L and
inter-assay variation was 5,5; 4,1 and 5,3% at 14; 34 and 91 nmol/L
respectively (n = 23).

Estradiol (E2) was determined using the Axsym of Abbott
(Abbott Park, Il. 60064). Sera was diluted with phosphate buffered
saline (0.01 Mol at pH 7.0, containing 0.5% Bovine Serum Albumin)
(second trimester serum 20x, third trimester serum 40x). Interassay
variation was 5.1% at 1060 pmol /L.

Progesterone (Prog) was determined by the above-mentioned
method with a dilution of 10x. Interassay variation was 5.0% at 18
nmol/L.

Free testosterone (FT) was calculated using the equations
described by Dunn et al. (1981). These equations can be used to
describe the relation between bound and free fraction of testos-
terone with other steroids and with several binding proteins. We
made calculations for a system of two steroids (E2 and T) and two
binding proteins (albumin and SHBG). The value of albumin in
maternal serum was fixed at 35 g/L for measurements at 24 weeks
gestation and 33 g/L at 32 weeks gestation.

2.3. Statistical analyses

To establish that the maternal blood serum steroid levels indeed
showed sex differences we compared the mean levels of the three
possible groups (female-female (FF), opposite-sex (OS), and male-
male (MM)) at both time points (i.e., 24 and 32 weeks) using a



repeated measures model. Separate analyses of repeated measures
for the “male” steroids (i.e. T, FT, A, DHEAS, SHBG) and for the
“female” sex hormones (i.e. E2 and PROG) were conducted.

3. RESULTS

3.1. Sex

The pregnant women who participated in the study gave birth to
nine MM, 29 OS, and 17 FF twins; thus 47 babies were a boy and 63
were a girl, which gives a sex ratio of 0.75. This is different from the
sex ratio normally found in singletons, namely 1.045.

3.2. Group and Time differences in maternal serum steroids: T, FT, A,
DHEAS, and SHBG

None of the levels of prenatal steroids displayed any statistically
significant difference between the three groups (i.e., MM, OS, and
FF), and only a main Time effect was found for FT (F (1,31) = 5.29;
p<.05), SHBG (F (1,31 ) = 10.17; p<.01), and DHEAS (F(1, 31) = 5.30;
p<.05) These data reflect the fact that in all groups there was a pro-
gressive increase in FT and SHBG during pregnancy, but a decrease
in DHEAS (see Table 2). There were no statistically significant inter-
actions between Group and Time, and it can therefore be concluded
that the groups responded in the same manner to the effect of time
for all hormones assessed.
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Table 2. Mean maternal steroid sera levels in women pregnant with a twin, according to
the sex of the newborn twins, (SD in parentheses).

Steroid Maternal serum N, eeks Maternal serum L\
24 weeks 32 weeks
DHEAS (mmol/L) FF twin 3.07 (1.60) 15 2.45 (1.30) 12
0OS twin 2.99 (1.81) 27 2.09 (1.28) 22
MM twin  3.04 (1.35) 7 2.74 (0.83) 7
Androstenedione (nmol/L) FF twin 8.01 (4.31) 15 6.91 (4.82) 13
OS twin 6.20 (2.79) 27 4.99 (2.60) 21
MM twin  6.20 (2.82) 7 7.78 (5.41) 6
SHBG (nmol /L) FF twin 403.00 (107.50) 15 455.83 (153.52) 12
OS twin 434.44 (75.34) 27 465.23 (81.95) 22
MM twin ~ 452.14 (94.95) 7 496.43 (97.03) 7
Testosterone (nmol/L) FF twin 5.26 (3.55) 15 3.79 (2.20) 12
OS twin 3.95(2.21) 27 296 (1.82) 22
MM twin  3.50 (1.59) 7 5.06 (3.84) 7
Progesterone (nmol /L) FF twin 482.67 (180.32) 15 894.83 (216.60) 12
0OS twin 493.00 (138.27) 27 1046.18 (301.84) 22
MM twin  455.86 (163.76) 7 1104.29 (297.34) 7
Estradiol (pmol/ L) FF twin 117493 (37855) 15 182200 (66079) 12
OS twin 115559 (50799) 27 152181 (55978) 22
MMtwin 106971 (24802) 7 182771 (57781) 7
Free Testosterone (pmol/L) FF twin 70.68 (47.36) 15 77.56 (70.14) 11
OS twin 48.58 (29.50) 27 55.23 (38.01) 22
MM twin  41.00 (23.68) 7 93.46 (59.16) 7

Note: male-male twin (MM); opposite-sex twin (OS); female-female twin (FF)

3.3. Group and Time differences in maternal serum sex hormones: E2 and
PROG

There were no differences between the three twin groups in
maternal serum levels of Estradiol and Progesterone. However,
these hormone levels increased significantly over time (E2 (F (1,34)
= 39.85; p<.001) and PROG (F (1,34) = 149.80; p<.001), see Table 2).



3.4. Former analysis including the conception form as a covariate

The chi-square test was not significant for the distribution of type
of twin between the different conception forms, i.e. spontaneous
and non-spontaneous. However, because of the possible interfer-
ence of an abnormal endocrine profile in the non-spontaneous
women we entered in the model in an extra analysis the way of con-
ception. This showed that only the SHBG (F(1,29) = 5.91; p<.05) and
PROG (F(1,32) = 15.02; p<.001) still increased significantly over time
for all twin groups.

4. DISCUSSION

According to the hypothesis of hormone transfer between co-
twins (Miller, 1998), exposure to testosterone in utero may occur via
the maternal-fetal route apart from the feto-fetal route. This study
was designed to find (indirect) support for this possibility. We pre-
dicted that if the maternal serum steroid levels depend (at least
partly) on the sexes of the twin in the womb, the mothers of MM
twins would show different levels of steroids in their serum as an
indication of the hormone transfer via the maternal-fetal blood cir-
culation than mothers of OS twins or FF twins. This expectation is
based on the idea that the maternal serum levels are affected
because of concentration-gradient, i.e. difference at the level of
unbound testosterone with higher levels in the male fetus compared
to the maternal concentrations (Meulenberg and Hofman, 1991). In
singleton pregnancies differences in maternal serum levels of
androgens of women pregnant of boys or girls have been found
(e.g. Meulenberg and Hofman, 1991) but there are also studies,
which have failed to find such a relationship between fetal sex and
maternal serum steroid levels (e.g. Nagamani et al., 1979; Rodeck et
al., 1985).

In the present study we collected serum twice (i.e., in week 24
and 32 of gestation) in nine women pregnant of MM twins, 29
women pregnant of OS twins, and 17 women pregnant of FF twins.
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We were unable to establish any difference in maternal serum
steroid levels between mothers carrying a MM twin pair, FF twin
pair or OS twin pair.

However, the present outcome together with previous non-find-
ings questions the reliability of the two studies in singletons that
observed a difference in maternal serum steroid levels, although
both did not agree on the period of the pregnancy in which the ele-
vation of testosterone occurred (Meulenberg and Hofman, 1991;
Klinga et al., 1978). In this respect our findings could be best com-
pared to the study of Meulenberg and Hofman (1991) since their
measurements were done during the same period.

Therefore, no support was found in this study for a maternal-
fetal route of the fetal hormone transfer notion. It seems therefore
likely that the maternal compartment of the maternal-fetal unit is a
fairly different one than the fetal compartment (i.e., the amnion sac).
It has been shown rather convincingly in several studies (e.g.,
Nagamani et al., 1979; Rodeck et al., 1985; Van de Beek et al., 2004)
that amniotic fluid testosterone levels are higher when measured in
the presence of a male fetus compared to a female fetus. This sup-
ports the notion that prenatal exposure to testosterone in fetuses is
not so much via the more indirect maternal-fetal route, as the fetal
hormone transfer notion suggests, but rather by the other route, i.e.
the feto-fetal route. In animal research this mechanism has been
observed more systematically and there is clear support that trans-
port of testosterone occurs through fetal membranes (e.g., Even et
al., 1992).

However, since we also observed a change in several maternal
serum steroids during gestation which is assumed to be of fetal ori-
gin no matter which sex (Bammann et al., 1980), we can not com-
pletely rule out any exchange of steroids between the maternal-fetal
compartment. Evidence for such an underlying assumption, that
fetal and maternal compartments affect each other hormonal states,
is mentioned in the literature (see, Miller, 1998).

Although the participating pregnant women were not selected
on basis of the sex of their unborn children, the number of women
pregnant with a MM twin pair turned out to be unexpectedly low



(i.e., nine) compared to the other types of twin pregnancies (respec-
tively 29 OS — and 17 FF-twins). This might be because of an artifact
due to hormone induced pregnancies (James, 1986; Orlebeke et al.,
1993).

In sum, we must clearly be cautious in drawing any strong con-
clusions since it is possible that we were not able to demonstrate an
effect of fetal sex on maternal serum steroid levels due to the fact
that one of our sub-groups (i.e., the MM group) was small.

However, our results seem to suggest for now that any presumed
increased prenatal exposure to testosterone in female fetuses shar-
ing the womb with males, as in opposite-sex twins, occurs mainly
through the direct feto-fetal route of hormone transfer in the amni-
otic sac and not the indirect one via the maternal-fetal unit. Since
this study failed to find evidence for the maternal-fetal (indirect)
route we believe that the two routes of hormone transfer are
depending on different compartments. Measuring maternal serum
steroid levels in the maternal unit during pregnancy does not seem
to be of any use in investigating prenatal exposure to steroids in
twins.

Nevertheless, final conclusions can only be drawn after our
results have been replicated.
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ABSTRACT

In animals it has been shown that exposure to sex hormones is influ-
enced by intrauterine position. Thus fetuses located between two
male fetuses are exposed to higher levels of testosterone than fetus-
es situated between two female fetuses or one female and one male
fetus. In a group of opposite-sex (OS) twin girls and same-sex (SS)
twin girls a potential effect of prenatal exposure to testosterone on
functional cerebral lateralization was investigated. We hypothe-
sized that prenatal exposure to testosterone would result in a more
masculine, i.e. a more lateralized pattern of cerebral lateralization in
OS twin girls than in SS twin girls. An auditory-verbal dichotic lis-
tening task (DLT) was used as an indirect method to study hemi-
spheric specialization. Firstly, we established a sex difference on the
DLT. Compared with SS girls, OS twin boys showed a more lateral-
ized pattern of processing verbal stimuli. Secondly, as predicted OS
girls had a more masculine pattern of cerebral lateralization, than SS
girls. These findings support the notion of an influence of prenatal
testosterone on early brain organization in girls.
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1. INTRODUCTION

As early as the nineteenth century the superiority of each hemi-
sphere for specific skills had been discovered (Geschwind and
Galaburda, 1987). The majority of human beings are found to have
a functional cerebral lateralization pattern that is characterized by
the left hemisphere specializing in the processing of verbal materi-
al and the right hemisphere in nonverbal and emotional processing
(Geschwind and Galaburda, 1987; Kimura, 1999). However, this
patterning of functional cerebral lateralization has been demon-
strated to be stronger for men than for women, i.e. males exhibit a
more asymmetrical functional cerebral lateralization pattern than
women do. The specific mechanism explaining this sex difference in
functional cerebral lateralization is as yet unclear, but it has been
suggested that the prenatal sex hormonal environment could play a
role. Specifically, it has been proposed that the sex hormone testos-
terone (Goy and McEwen, 1980; Wisniewski, 1998; Kelso et al., 1999)
during the critical period of the pregnancy, around week 16, has an
important impact on the development of the fetal brain by influ-
encing functional cerebral lateralization (Hines and Shipley, 1984;
Geschwind and Galaburda, 1987; Witelson, 1991; Kelso et al., 1999).
Important processes such as neuronal growth, and proliferation
have been shown to be co-regulated by sex hormones during criti-
cal periods of early brain development (Goy and McEwen, 1980;
Geschwind and Galaburda, 1987; Erlanger et al., 1999).

A pathway through which this might occur is the aromatization
of testosterone to estradiol. From animal studies it is known that
this process enables testosterone to bind to estrogen as well as to
testosterone receptors, which has a critical role in the masculiniza-
tion and defeminization of specific brain structures. This has less
effect in females since they are protected from the masculinizing
effects of estrogen via a protein called alpha-fetoprotein (AFP). AFP
binds to freely circulating estrogen and prevents it from crossing the
blood-brain-barrier and consequently from entering the neuron
(see, Fitch and Denenberg (1998), for review). However, at present
it is unclear whether similar processes operate in humans.



Since deliberately manipulating the perinatal sex hormonal envi-
ronment in humans is not only impossible but also unethical, most
research has focused on animal designs and on clinical human sam-
ples with a medical condition in which they have been exposed to
higher levels of sex hormones either pre- or postnatally.

For example, with respect to animal studies in the Long-Evans
rat a sexual dimorphism has been observed with the male rat show-
ing a thicker right hemispheric cortex, and the female rat revealing
the reversed pattern. However, when the female rat was ovariec-
tomized at birth and the testes of the male rat were removed, the
typical cerebral patterns in each sex could be altered (Goy and
McEwen, 1980; Geschwind and Galaburda, 1987; Diamond, 1991).
On the basis of animal research it can be concluded that the admin-
istration of testosterone (or its metabolites) to females, during preg-
nancy or shortly thereafter, increases male-typical patterns and
decreases female-typical patterns of functional cerebral lateraliza-
tion (Goy and McEwen, 1980; Geschwind and Galaburda, 1987).

Functional cerebral lateralization may be studied in humans
using a dichotic listening task in which ear advantage in terms of
correct responses reflects the dominance of the contralateral hemi-
sphere for that specific material (Bouma, 1998; Bouma et al., 1998;
Kimura, 1967). A right-ear advantage (REA) has been observed in
normal, right-handed subjects when the stimuli consist of verbal
material (Bouma, 1998), which is thought to reflect the left hemi-
spheric dominance for language. The REA is enhanced in men since
men are on average more lateralized for verbal stimuli presented to
the left-hemisphere than women (Voyer, 1996; Cohen-Kettenis et al.,
1998).

In clinical samples, for example women who have been exposed
prenatally to diethylstilbestrol (DES), which has a masculinizing
and defeminizing effect, it has been found that they have a more
masculine pattern of functional lateralization. Specifically, they
appear to show an enhanced right-ear superiority on the dichotic
listening task compared to their unexposed control sisters (Hines
and Shipley, 1984).
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However, in another clinical group consisting of women with
congenital androgen hyperplasia (CAH), a genetic disorder that
exposes them to extremely high levels of androgens prenatally, the
expected higher REA was not found (Helladay, et al., 1994; Kelso et
al., 2000).

Some limitations and confounding influences of the above cited
studies could hamper the extrapolation of these results to the “nor-
mal” general population. One of these is that clinical groups may
have other medical problems, which might complicate the interpre-
tation of the results. For example, it is known that a large propor-
tion of CAH patients suffers from salt-wasting which may lead to
episodes of hypotension or hyponatremia and these conditions can
permanently affect the functioning of the brain (Nass and Baker,
1991).

Research on normal healthy twins may also provide an opportu-
nity to investigate the possible prenatal effects of testosterone on
brain and behavior. In animal research it has been shown that expo-
sure to testosterone, or its metabolites, is influenced by the intrauter-
ine position of the fetus. Female fetuses located between two male
fetuses are exposed to higher levels of testosterone than fetuses sit-
uated between two female or one female and one male fetus (Vom
Saal, 1989; Gandelman, 1992). Fetal hormone transfer may occur in
different ways: (1) via the maternal-fetal transfer route as
Meulenberg and Hofman (1991) have shown in their study, “As a
consequence of a maternal-fetal gradient, unbound testosterone
crosses the placenta from the male fetus towards the maternal cir-
culation, whereas the opposite occurs from the maternal circulation
towards the female fetus” (p.53) (see Miller 1998 for review); and (2)
via the feto-fetal transfer route because it has been shown (in
rodents) that testosterone can diffuse across amniotic membranes
(e.g. Fels and Bosch, 1971; Even et al., 1992).

Likewise it could be predicted that prenatal exposure to testos-
terone of female fetuses would have effects on a variety of anatom-
ical and behavioral aspects, in a way that differs from the typical
female pattern. Such effects could be studied in female twins.
Presently, however, very few human studies have investigated the



fetal hormone transfer notion in twins (e.g. Loehlin and Martin,
1998; Miller, 1998). One study reported that females from an oppo-
site-sex (OS) twin pair had more male like spontaneous otoacoustic
emissions than females from same-sex (SS) twin pairs (McFadden,
2002). In another study it was found that OS girls outperformed SS
girls on spatial ability (Cole-Harding et al., 1988).

These prenatal hormonal effects on behavior and cognition, as
discussed above, are also known as the organizing effects of sex
hormones; such effects are seen as structural and to a large extent
irreversible. Organizing effects are distinguished from the so-called
activating effects of sex hormones. With these we refer to the post-
natal behavioral effects that are observed as a result of concurrent
changes in hormone levels, i.e. hormonal changes related to the
menstrual cycle or to puberty (Cooke et al., 1999; McEwen, 1999).
For example, sex differences in lateralization which can manifest
themselves early in life could be due to organizing effects of testos-
terone, since organizing effects establish structural differences in
the neural basis of the brain (Goy and McEwen, 1980). However,
they can also be the consequence of circulating activating effects of
testosterone, since it has been shown that circulating testosterone
levels, as measured in saliva, have an effect on cerebral lateraliza-
tion (e.g. Moffat and Hampson, 2000; Gadea et al., 2003).

The aim of this present study was to explore the notion of differ-
ences in prenatal testosterone exposure in SS and OS female twins
by investigating whether OS twin girls as compared to SS twin girls
would show a pattern of functional cerebral lateralization away
from the typical female pattern. In addition, to investigate the pos-
sible circulating or activating effects of testosterone on performance,
we also collected in all participants saliva and analyzed it for levels
of testosterone.
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2. METHOD

2.1. Subjects

The subjects in this study were recruited from the Netherlands
Twin Register (NTR) of the Vrije Universteit in Amsterdam. Twins
were included in this study when (1) they were born in the year
1989; (2) they had expressed an interest in the past for participating
in scientific research; and (3) they were right-handed.

In total 67 opposite-sex (OS) twin girls, 67 OS twin boys, and 53
girls from same-sex (SS) dizygotic twin pairs with a mean age of
10.96 years (range: 10.43 — 11.84) agreed to participate. Written
informed consent was obtained from the parents, and the twins
themselves gave oral consent.

2.2. Materials and procedure
2.2.1. Dichotic listening task

A three pair digit Dichotic Listening Task (DLT; Bouma, 1998)
was used to measure functional cerebral lateralization, presenting
auditory-verbal stimuli. Monosyllabic numbers were presented
dichotically through headphones.

To control for attentional biases which have been reported to
occur in children when using free recall methods (Bryden and
Allard, 1981), we used the version of the DLT in which the children
were required to focus their attention on one of the ears, determined
by a tone presented before presentation of the numbers. The tone
indicates the order of oral report by the child. The test consisted of
18 practice trials and 20 test trials. Total presentation time was 1500
msec per trial (500 per pair). A right-ear correct-score, a right-ear
missed-score, a left-ear correct-score, left-ear missed-score, and a
Laterality Index (LI) were calculated.

The formula for the Laterality Index is as follows:

_=In[(R*_) / (§*L)], where R is the number of correct right-ear
responses, ¥ the number of missed right-ear responses, L the num-



ber of correct left-ear responses, and £ the number of missed left-ear
responses. A negative LI lambda score indicates a left-ear superior-
ity whereas a positive score reflects a right-ear advantage. The vari-
ation in overall accuracy among the subjects is adjusted by the use
of LI because it is mathematically independent (McCormick and
Witelson, 1994; Saxby and Bryden, 1984; Bryden and Sprott, 1981).

2.2.2. Hormone assay

Testosterone in saliva was measured after diethylether extraction
using an in house competitive radio-immunoassay employing a
polyclonal antitestosterone-antibody (Dr.Pratt AZG 3290).

[1,2,6,7-H]-Testosterone (TRK402, Amersham Nederland B.V.)
was used as a tracer following chromatographic verification of its
purity.

The lower limit of detection was 2.9 pg/mL and inter-assay vari-
ation was 10% at 12 pg/mL respectively (n = 180).

2.3. Statistical analyses

First, to establish that the DLT indeed showed sex differences we
compared the mean LI scores of OS boys to those of the SS girls by
independent-samples t-tests. Thereafter, we analyzed ear advan-
tage and possible interactions with Type in a 2 X 2 (right-ear/left-
ear X boys/girls) repeated measures analysis using multivariate
procedures. Finally and in a similar way, we compared the two girls
groups in order to establish from a statistical point of view that OS
girls show a pattern of functional cerebral lateralization away from
the typical female pattern. In case of directional hypotheses we used
one-tailed tests.

In order to control for the effects of possible circulating free
testosterone levels on performance we compared the free testos-
terone levels of the three groups by using a linear contrast matrix
and we calculated correlations between testosterone and LI
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3. RESULTS

3.1. Sex differences: comparison between OS boys and SS girls

As expected, we found a sex difference on the mean Laterality
Index (LI) score, with the OS boys showing a higher Laterality
Index compared to the SS girls (#(116) = 3.18, p < 0.01, (two-tailed)).
The mean LI for both groups is illustrated in Figure 1.
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Figure 1. Scattergram of the Laterality Index (LI; Lambda) as measured with the Dichotic
Listening Task (DLT) for the Opposite-sex (OS) girls, Same-sex (SS) girls, and OS boys.
The error bar represents the 95% mean confidence interval LI for each group.

A main effect of ear was found indicating a clear right-ear advan-
tage in the total (combined OS boys and SS girls) group (F (1, 118) =
33.174, p < 0.001), and we found an interaction between ear and sex
with boys showing a more lateralized pattern (F (1, 118) = 7.636, p <
0.01), see Figure 2).
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Figure 2. Separate left- and right-ear score for the Opposite-sex (OS) twin girls, Same-sex
(SS) twin girls, and OS twin boys. Means and standard error scores are indicated.

3.2. Comparison between OS girls and SS girls

Likewise, a significant difference in mean LI scores (t(117) = 2.07,
p < 0.025; one-tailed (see Figure 1)) was found between the OS and
SS girls.

When analyzing within the separate twin girl groups, again a
main effect of ear was found, indicating a right-ear advantage in
girls (F (1, 118) = 26.885, p < 0.001). As predicted, we found an inter-
action between type (OS or SS) and ear (right or left) (F (1, 118) =
3.267, p < 0.05; see Figure 2), suggesting that the OS girl group
showed a more masculine pattern of cerebral lateralization than the

SS girl group.
3.3. Relation between testosterone and laterality scores

In the total sample there was no association between the LI scores
and the free testosterone levels (r = -.03, n.s.), nor were there mean-
ingful relations between LI and testosterone in the three separate
groups, with values ranging between -.08 and .13 (and all values
being not significant).

Prenatal testosterone and functional cerebral lateralization

51



N ‘ Chapter 3

However there was a significant difference in free testosterone
level, as measured at age of 10, between the three groups, with the
SS girls having the highest levels (mean testosterone pg/mL =
13.33, SD = 5.38), followed by the OS girls (mean testosterone
pg/mL = 12.05, SD = 4.40), and the OS boys (mean testosterone
pg/mL =10.51, SD = 3.70), (F (2,179) = 11.739, p< .001).

A paired samples test showed that the OS twin pairs differed
significantly in their free testosterone levels (#(53) = -2.76, p < .01).
Independent Samples testosterone test revealed a significant sex
difference between the OS boys and SS girls, (t(115) = 3.19, p < .01)
but the OS girls and SS girls did not differ significantly (t(111) =
1.4, ns).

4. DISCUSSION

The aim of the present study was to investigate whether prepu-
bertal, 10 year old opposite-sex (OS) twin girls as compared to
same-sex (SS) twin girls, would show a pattern of functional cere-
bral lateralization away from the typical female pattern as a result
of their possible prenatal exposure to higher levels of testosterone
(T) due to fetal hormone transfer. To that end we compared the per-
formances of these two groups on a dichotic listening task (DLT),
which provided us with an indirect measure of functional cerebral
lateralization.

The results indicate that the OS twin girls indeed showed a less
feminine and more masculine pattern of functional cerebral lateral-
ization on the DLT as compared to the SS twin girls. Their function-
al cerebral asymmetry, as reflected by a right-ear superiority (i.e.
left-hemispheric dominance) when processing verbal-auditory
stimuli, was greater than in SS twin girls. Differences between OS
and SS twin girls in the extent of prenatal exposure to androgens
could at least partly be responsible for these findings, given that
prenatal testosterone (T) has shown to be involved in brain organi-
zation and postnatal sex-dimorphic behavior (McGlone, 1980;
Geschwind and Galaburda, 1987; Wisniewski, 1998).



A different line of research indicates that differences in perfor-
mance on cerebral lateralization tasks could also be attributed to
current or activating effect of sex hormones (Sanders and Wenmoth,
1998). However, we do not believe that the current findings are
caused by differences between the groups in circulating testos-
terone levels. First, we did not find a correlation between testos-
terone and our functional cerebral laterality scores. The results of
our testosterone analyses showed not only that girls had higher
testosterone levels than boys of similar age, a finding that has been
reported before (Granger et al., 1999), but also, and more impor-
tantly for the interpretation of the current results, that there were no
differences in testosterone between OS and SS twin girls. In other
words, the difference in lateralization performance between OS and
SS twin girls, as shown by the results on the DLT, could not be
attributed to differences between these two groups in concurrent
testosterone levels. It seems therefore more likely that if it is true
that testosterone influences lateralization performance, its role in
explaining the observed difference in performance between SS and
OS twin girls is more likely to have been a prenatal one.

It should of course be kept in mind that hormonal and “social”-
experiential influences are very difficult to separate. It remains possi-
ble that environmental factors, such as those provided by the presence
of a male twin brother, have a strong influence on the general “mas-
culinization” of the OS twin girl’s behavior. However, although these
effects can be expected to occur in the general domain of gender-relat-
ed behavior (e.g., affecting toy or playmate preference, activity level)
it is less easy to see how they could influence more specific areas of
neuropsychological functioning, like hemispheric specialization.

Clearly, the possible elevated prenatal exposure to testosterone of
OS twin girls, and the extent of such an effect - if it exists at all -,
remains at the present unclear, and needs further investigation. Our
findings are at best suggestive of such an effect on cerebral lateral-
ization. In the future it will be interesting to find out whether simi-
lar patterns of findings are observed for other behavioral and/or
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neuropsychological parameters on which males and females are
known to differ. The current findings should therefore be replicated
and extended in different groups of OS and SS twin girls, but the
designs of these studies should also inform us whether any differences
are suggestive of hormonal rather than environmental influences.

5. POSTSCRIPT

The finding of prenatal masculinization of hemispheric special-
ization, as measured with the DLT, in OS female twins at the age of
10 years was a primary reason to re-evaluate DLT performance
when the twins were 13 years. In addition, this was the only task
that we were able to use during both test occasions in the exact
same manner. We expected that these differences in performance
between SS and OS girls would still be present when the girls were
older because we hypothesized that the differences were due to
structural prenatal effects of testosterone. Unexpectedly, these dif-
ferences in DLT performance were no longer present when the girls
were 13 years old (see Figure).
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Multivariate analyses showed the main effect of Time (10 or 13
years old) and the interaction between Group and Time not to be
significant. We had not expected these interactions to be significant
because we considered hemispheric lateralization to be mainly due
to an organizational effect of testosterone. However, because our
main interest was the possible masculinization of the OS girls in
comparison to the SS females, we decided to use independent t-tests
to analyze the data for the second test occasion, when the girls were
about 13 years of age. These tests revealed a significant sex differ-
ence, with the OS boys (again as expected) showing an increased
hemispheric laterality compared to the SS girls (£(106) = -2.02, p <
.05). However, as noted above, we could no longer detect a more
masculine hemispheric specialization in the OS girls than in the SS
girls (#(107) = .26, ns).

The effect size for the sex difference based on the data from the
tirst testing occasion (OS boys versus SS girls) was d = .59; howev-
er, the effect size for SS and OS girls was obviously lower d = .38.
Because fewer girls were tested when they were 13 years old, the
sample size may not have been large enough to detect a difference
comparable to that seen when the girls were 10 years old (Cohen,
1988). Alternatively, it may also be that the effects that were found
before puberty fade with age, perhaps due to postnatal experiential
influences. Whether the masculinized hemispheric specialization in
OS females changes again after puberty remains to be determined.
In any case, free testosterone levels did not influence lateralization
performance because the correlation between testosterone levels
and performance was not significant in any group at 13 years.
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Is there an organizational or activational effect
of testosterone on verbal skills and spatial ability?
A twin study

Cohen-Bendahan CCC, van Goozen SHM, Cohen-Kettenis PT,
Orlebeke JF, Buitelaar JK. Submitted.



ABSTRACT

There is clear evidence of a sex difference in cognitive functioning.
Thus, males show enhanced spatial skills and females excel in tasks
involving verbal skills. Although these sex differences are apparent
in adulthood, and have been attributed to both organizing and acti-
vating effects of hormones, there is less clear evidence of similar
cognitive sex differences in childhood. We compared the perfor-
mance of 79 pre-adolescent boys and 59 girls on two spatial tasks
and two verbal tasks. Further, because it has been suggested that
opposite-sex (OS; N=79) twin girls may have been exposed to high-
er levels of testosterone in utero than same-sex (SS) twin girls, we
examined a possible organizational effect of testosterone on cogni-
tive performance in twin girls and hypothesized that prenatal expo-
sure to testosterone would lead to a more masculine cognitive pat-
tern in OS girls than in SS girls. However, because testosterone may
also have an activating effect on cognitive abilities, we measured
testosterone and related this to performance on the cognitive tasks.
Although a sex difference on two of the four cognitive tasks was
found, testosterone was not significantly associated with either ver-
bal or spatial performance. Not many differences were observed
between OS and SS girls, but SS girls had a better memory for ver-
bal information than the OS girls. It is discussed that prenatal expo-
sure to testosterone may affect the development of the certain brain
structures that support verbal memory.
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1. INTRODUCTION

Already thirty years ago, Maccoby and Jacklin (1974) stated that
cognitive sex differences exist, i.e. men outscore women on tasks
that require spatial ability, and women have better verbal skills than
men. It is less clear whether these sex differences already exist in
children. According to Maccoby and Jacklin, the sex difference in
spatial ability does not emerge before adolescence. Differences in
verbal ability are first seen before the age of three, but then they
seem to disappear and to reappear again in adolescence and
beyond. Many studies failed to confirm the ideas of Maccoby and
Jacklin (e.g. Levine et al., 1999; Johnson and Meade, 1987). Sex dif-
ferences in cognitive functioning seem to be apparent at a young
age provided suitably sensitive tests are used to establish the dif-
ferences (e.g. Voyer et al., 1995). For example, Johnson and Meade
(1987) showed that by using appropriate tasks, sex differences in
spatial performance were found in children as young as 10 years.
Another possibility, which is partly related to the above, is that girls,
because of their verbal precocity, use a verbal strategy to solve spa-
tial tasks (Johnson and Meade, 1987) and that sex differences in spa-
tial performance only become apparent in adolescence when testos-
terone levels rise dramatically in boys.

Various suggestions have been advanced to explain the mecha-
nism causing sex differences. One explanation is that the differences
are caused by the postnatal socialization processes (e.g. Bem, 1983
in Liben et al., 2002; Baenninger and Newcombe, 1989). Thus envi-
ronmental factors that reinforce the child’s biological sex, e.g. sex-
differentiated play, may contribute to sex differences in cognition.
This social learning theory was widely accepted as the best expla-
nation during the early 1980s, but has since been questioned. An
alternative explanation concerns the influence of sex steroids, main-
ly testosterone. Hormones, such as testosterone, affect some aspects
of cognitive functioning through two distinct mechanisms, (1) by
their organizing effects, and (2) by their activating effects.
Organizing effects are based on the structural (lasting) influence of
hormones on the nervous system during prenatal development as



well as very early childhood. Both maternally produced hormones
and fetal hormones have been shown to exert gender-specific effects
on neuro-anatomical growth. These effects may be amplified by
(later) circulating hormones, especially during puberty (Goy and
McEwen, 1980). However, some differences may only become man-
ifest as an additional effect of circulating, or activational, testos-
terone (Goy and McEwen, 1980). Thus the elevated levels of sex hor-
mones from puberty onward contribute to the expression of sex
differences that were established prenatally by the organizing
effects of testosterone.

Animal studies have shown that experimental manipulation of
hormone levels in the perinatal period affects behavior and physi-
ology later in life. Because this method cannot be used in humans,
other paradigms have been used to investigate whether human cog-
nitive sex differences are influenced by abnormal prenatal exposure
of the brain to testosterone.

A different line of animal research has shown that female fetuses
located between two male fetuses are exposed to higher levels of
testosterone than female fetuses that are situated between two
females or one female and one male fetus. This differential exposure
has been shown to correlate with postnatal cognition (Galea et al.,
1994), physiology, and behavior (for review see Ryan and
Vandenbergh, 2002) toward the pattern of the opposite sex, i.e.
away from the typical biological female pattern.

The purpose of the present study was to examine the possibility
of an organizing effect of testosterone on cognitive sex differences in
children by using the twin paradigm. We assumed that opposite-sex
(OS) twin girls are exposed prenatally to higher levels of testos-
terone, and that they would as a consequence of this early exposure
show a more masculine pattern of cognitive performance than
same-sex (SS) twin girls. We also took account of any possible acti-
vating effects of testosterone on cognitive performance by assessing
relationships between free testosterone levels and cognitive perfor-
mance in 10 year old children. Age appropriate tests were selected
that were comparable to tasks for which sex differences have been
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demonstrated in adults. In order to verify that our tasks showed sex
differences, we first compared the performance of boys and girls.

2. METHODS

2.1. Subjects

The subjects were recruited from the Netherlands Twin Register
(NTR) of the Vrije Universiteit in Amsterdam. This is a population-
based sample with more than 50% of all born twins registered from
birth onward. Twins could be included in this study if: (1) they were
born in the year 1989, and, (2) they had expressed their interest in
the past to participate in research. In total 79 opposite-sex (OS) twin
pairs and 59 girls from same-sex (SS) dizygotic twin pairs aged 10
years (see Table 1) agreed to participate. Written informed consent
was obtained from the parents, and oral consent from the twins.

Table 1. Mean age and range for the two twin groups. Distribution of the level of educa-
tion for each parent (%).

OS twin pairs (N=79) FF twin pairs (N=59)
Age Children (yrs) 10.96 (.005) 10.94 (.005)
Mean (sem) 10.43 - 11.75 10.50 - 11.84
Range
Vocabulary subtest WISC-RN (SEM) | boys: 103.22 (2.0)

girls: 97.30 (2.0) girls: 99.12 (2.2)
Educational level Mother
Low 16.2% 15.7%
Middle 43.2% 39.2%
High 40.5% 45.1%
Educational level Father
Low 17.1% 16.0%
Middle 44.3% 38.0%
High 38.6% 46.0%

Note. No significant differences were found between the two groups on any of these varia-
bles.



2.2. Materials
2.2.1. Card Rotation two-dimensional (RF-2D; Ekstrom et al., 1976).

By comparing five alternatives with the example figure given,
the subject has to decide which alternatives are identical by rotating
them in two dimensions. The subject has to identify the answers by
crossing the letter above each figure. After practicing with four
example items and receiving feedback about the correct answers,
the subject is given 7 minutes to finish the task (30 items). A total
score was calculated by allocating one point for each correct answer,
including the incorrect items left uncrossed, thus giving a maxi-
mum score of 150. The effect size for sex differences in adults is
between 0.30 and 0.39 (Voyer et al., 1995).

2.2.2. Line Orientation (LO; Benton et al., 1983).

Two lines shown at the top of a page have to be compared with
eleven lines with different slopes at the bottom of the page. The sub-
ject has to indicate which of the eleven numbered lines correspond
with the two example lines. The test contains 5 practice items fol-
lowed by 30 test items. There is no time limit and a score of 1 is
awarded if both answers to an item are correct. The maximum score
is 30. The effect size for sex differences in adults is between 0.57 and
0.75 (Benton, 1994).

2.2.3. Dutch adaptation of Rey’s (1941, 1958) Auditory-Verbal Learning
Test (RAVLT; see Van den Burg and Kingma, 1999)

We would have preferred to use the California Verbal Learning
Test — children’s Version (CVLT-C; Delis et al., 1994), which can
detect sex differences between the ages 5 and 16 years (Kramer et
al., 1997), but this test is not available in Dutch. Hence we decided
to use the Dutch version of the RAVLT because it detects sex differ-
ences in adults (Geffen et al., 1990).

In the RAVLT, subjects have to memorize 15 words in five con-
secutive trials. After each trial, the recalled words are reported ver-
bally. The sum of these five trials represents the short-term verbal
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memory. The maximum score is 75. After 30 minutes, subjects are
asked to re-call the previously learned words. In the 30-minute
interval verbal or memory tasks are not administered, in order to
prevent any interference. The sum of the delayed recall represents
long-term verbal memory. The maximum score is 15. For statistical
analysis, we used adjusted scores: we corrected for age in the short-
term verbal memory task (STM-RAVLT) and for STM-RAVLT score
in the long-term verbal memory task (LTM-RAVLT). We calculated
the effect size of the sex differences for this task using the following
formula (Cohen, 1988), based on the adult data (ages 40 to 49) pre-
sented in the study of Bleecker et al. (1988):

2.2.4. Groninger Intelligence test — Word naming 1 — Verbal Ideational flu-
ency test (VIF; Luteijn and Van der Ploeg, 1983).

This test measures verbal ideational fluency. The verbal fluency
test consists of a 60-second category (animals)-naming trail. The
score is the sum of correctly produced animals in 60 seconds.
Separate norms are available for each sex.

2.2.5. Wechsler Intelligence Scale for Children — Revised — Subtest
Vocabulary (WISC-R, Wechsler, 1974; Dutch version WISC-RN,
Vandersteene et al., 1986)

To measure the verbal skill and to determine whether the girls
show a verbal precocity compared to the boys we chose to admin-
ister the subtest Vocabulary of the WISC-RN (WISC-VOC).

(M1 - Mz)
d= =0.55
VI(E?, +32)/2)]




2.2.6. Hormone assay

Testosterone in saliva was measured after diethylether extraction
with an in-house competitive radioimmunoassay using a polyclon-
al anti-testosterone-antibody (Dr.Pratt AZG 3290). [1,2,6,7-*H]-
Testosterone (TRK402, Amersham Nederland B.V.) was used as a
tracer following chromatographic verification of its purity. The
lower limit of detection was 2.9 pg/mL and inter-assay variation
was 10% at 12 pg/mL (n = 180). Saliva sampling is a non-invasive,
stress-free technique and saliva testosterone levels provide a very
good indication of the free testosterone level in serum (Ostatnikova
et al., 2002).

2.2.7. Pubertal status
Pubertal status was evaluated using the Tanner staging system
(Tanner, 1962). Mothers were asked which of five drawings best

reflected the development of the breasts and pubic hair of their
daughters or the pubic hair and scrotal development of their sons.
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2.3. Statistical analyses

First, we compared the mean scores of our groups to normative
data from the literature in order to assess the representativeness of
our subject population, using one-sample t-tests. This was only pos-
sible for the tasks LO, VIF, and RAVLT. For the RF-2D no age appro-
priate norms were available. Second, to establish that the tasks
indeed showed sex differences, we compared the mean scores of the
four tasks for the OS boys with those of the SS girls by ANOVA
(General Linear Model; GLM).

Thereafter, we compared the two girl groups (OS and SS) in order
to test whether OS girls had a more masculine cognitive pattern than
SS girls. We used one-tailed tests in case we replicated established
sex differences in our sample on comparing OS boys and SS girls,
and two-tailed tests whenever we failed to establish a sex difference.

In order to control for possible effects of circulating, or activa-
tional (i.e., postnatal), free testosterone on performance, we com-
pared the free testosterone levels of the three groups by using a lin-
ear contrast matrix and calculated the Pearson correlations between
testosterone levels and scores on the four cognitive tasks.

3. RESULTS

3.1. Comparison with norms found in literature

Normative data were available for the following three tasks only:
3.1.1. Line Orientation (LO)

Normative data were available for boys and girls on the LO task
(N=17; Lindgren and Benton, 1980). OS boys performed much bet-
ter than the boy normative group (mean difference = 2.50; t(78) =
5.35; p < .001). The twin girls also performed significantly better
than the girl normative group (N=19); mean difference = 1.42; £(137)
=3.93; p < .001).



3.1.2. RAVLT

There were no separate normative data for boys and girls; we
therefore compared our total sample with the available age norma-
tive group.

3.1.2.1. RAVLT - Short Term Memory

The performance of the twin group (N=216) was not significant-
ly different from that of the normative group (N=64; Van den Burg
and Kingma, 1999); the mean difference was -1.10, (#(215) = -1.93;
ns).

3.1.2.2. RAVLT - Long Term Memory

The twin group performed significantly worse than the norma-
tive group, (t(216) = -3.98; p < .001; mean difference = -0.66).

3.1.3. Verbal Ideational Fluency

The VIF was originally designed for the ages 12 up to 76 years,
and therefore we compared our groups with the youngest norma-
tive group, i.e. 12 year olds (see Luteijn and Van der Ploeg, 1983;
p-43). All our subjects performed better than the normative group
on the VIE. The mean difference for the boys was 1.52, (t(78) = 3.16;
p <.01) and for the girls 3.47 (t(137) = 9.14; p < .001).

3.2. Sex differences

To determine a possible verbal precocity in girls relative to boys,
the Dutch version of the Wechsler Intelligence Scale for Children
Revised (Vandersteene et al., 1986) subtest Vocabulary, was evaluat-
ed; however, no significant difference was found (#(136) = -1.37, p =
20).

Means and standard deviations for all four cognitive tasks for
each group are shown in Table 2. The GLM analyses revealed a sex
difference on two tasks, namely, the Line Orientation (LO) and the
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Verbal Ideational fluency test (VIF): boys performed better on the
LO task and girls performed better on the VIF test. No sex differ-
ences were found on the other two tasks, see Table 2.

Table 2. Performance on each test for the three different groups

OS boys SS girls OS girls OS boys - OS girls -
Test M SEM M SEM M SEM SS girls SS girls

N=79 N =59 N=79 F/tp F/tp
RF-2D 94.82 2.34 88.88 3.11 81.59 2.64 2.26 ns 321 ns
LO 2310047  20.800.44 20.66 0.54 12.20 .001 0.04 ns
STM-RAVLT 44.000.97  44.801.09 47.24 0.89 0.29* ns 3.09* ns
LTM-RAVLT 9.47 0.30 9.880.28 9.620.28 0.51* ns 10.87* .001
VIF 1952048  21.140.57 19.97 0.50 4.69 .032 231 ns
WISC-VOC  103.222.00  99.122.20 97.302.00 -1.37 ns 0.61 ns

Note. OS, Opposite-sex twin; SS, same-sex twin; M, mean score; SEM, Standard Error
Mean; p, p-value; RF-2D, Card Rotation two-dimensional; LO, Line Orientation; RAVLT,
Rey’s Auditory-Verbal Learning Test; STM, short-term memory; LTM, Long-term memo-
ry; VIF, Verbal Ideational Fluency; WISC-VOC, WISC-RN'’s Vocabulary subtest; *, F-values
are based upon adjusted RAVLT scores.

3.3. SS versus OS girls

We compared the results of the SS and OS girls on the two tasks
showing significant sex differences, using one-tailed tests.
However, no differences between the OS- and SS-girls were found
on the VIF and LO (see Table 2). As past research (Voyer et al., 1995;
Bleecker et al., 1988) has suggested that the other two tasks, the two-
dimensional mental rotation task (RF-2D) and the verbal memory
task (RAVLT; long-term and short-term), do differentiate between
males and females, we examined whether performance on these
tasks differed between the two groups of girls (two-tailed tests).
There was no difference between the OS and SS girls on the RF-2D,
(F(1,136) = 3.21; p < 0.10) but OS girls did worse on the LTM-RAVLT
test (see Figure 1). Apparently, SS girls were better in memorizing
information because they remembered more words than the OS
girls in the long term (Table 2).
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Figure 1. An overview of the relation between STM-RAVLT and LTM-RAVLT for the two
girl groups

3.4. Relations between saliva free testosterone levels and the four cogni-
tive tasks

The mean free testosterone levels of the twins are presented in
Table 3. There was no significant association between performance
on the four tasks and free testosterone levels in the total group (with
correlation values ranging between -.04 and .09, all not significant),
nor in the three separate groups, with the only exception of a sig-
nificant positive correlation between LO performance and free
testosterone levels in the OS girl group (r= .24; p < .05).

However, there was a significant difference in free testosterone
level, between the three groups, with the SS girls having the high-
est levels, followed by the OS girls, and the OS boys, (F(2,207) =
8.35, p<.001). Independent Samples T-test revealed a significant sex

Organizational or activational effect of testosterone on cognition

69



S ‘ Chapter 4

difference between the OS boys and the SS girls, (#(131) = 3.84,
p<.001), but also SS and OS girls differed significantly (#(129) = 1.92,
p<.03, one-tailed.

Table 3. Number and mean saliva testosterone level (SEM in parentheses) for the three
twin groups.

SS girls OS boys 0S girls
N 56 77 75
pg/mL 13.43 (.70) 10.33 (41) 11.83 (.50)

3.5. Pubertal status

The median pubertal stage for the OS girls was stage 1 for breast
development and stage 1 for pubic hair, and for SS girls stage 2 for
breast development and stage 2 for pubic hair. The differences were
not statistically significant (chi-square = 1.25, and 3.14, for breast
development and pubic hair, respectively; all ns). The OS boys had
a median pubertal stage 2 for scrotal development and 2 for pubic
hair.

3.6. Post-hoc estimation of power

To determine whether the non-significant findings were due to a
small sample size, we performed a post-hoc power analysis, includ-
ing all the variables that were non-significant in the main analysis,
for the sex differences (SS girls — OS boys) and the twin girl differ-
ences (SS girls — OS girls). Both analyses indicated that the power
was too low, varying between .05 and .61, respectively. Thus the rel-
ative lack of significant results was in part due to the inclusion of
too few subjects.



4. DISCUSSION

The goal of the study was to look at the presumed organizing effects
of testosterone on cognitive abilities. To that end we compared the
performances of OS twins and female SS twins on spatial and ver-
bal domains and related these to levels of testosterone. When we
compared SS twin girls and OS twin boys, we found that pre-ado-
lescent girls had a better verbal ability whereas pre-adolescent boys
had a better spatial ability. However, this did not apply to all the
investigated measures because the groups did not differ in perfor-
mance on the mental rotation task (RF-2D) and the verbal memory
task (RAVLT). The mental rotation findings are more-or-less in line
with conclusions from an extensive meta-analysis carried out by
Voyer et al. (1995) that sex differences in spatial ability before the
age of 13 years are rarely observed. Moreover, the RF-2D task,
which is a two-dimensional mental rotation task, provides a less
clear-cut difference between males and females than the more com-
plex, three-dimensional mental rotation task such as the
Vandenberg Mental Rotation Test (RF-3D; Vandenberg and Kuse,
1978). Because of the age of our participants, we did not select the
RF-3D as we expected the task would be too difficult. Fairweather
(1976), and Johnson and Meade (1987) have suggested that girls
may show a verbal precocity in childhood, which may overshadow
an actual sex difference in spatial ability because girls use a verbal
strategy to solve spatial problems. Our finding of no difference in
RF-2D performance, but a better verbal fluency in girls, seems in
line with this explanation. However, in that case one would also
expect a sex difference on another verbal task (WISC-VOC) that was
used to control for this possible precocity but here we did not find
any difference. Additionally;, if this were the case, then performance
on the other spatial task (i.e. LO) should have been influenced in a
similar way.

Our finding of an absence in sex difference on the RAVLT may be
related to the test choice. Because the California Verbal Learning
Test — children’s Version, is not available in Dutch we had to use a
“similar” test, the RAVLT. Although the RAVLT does show signifi-
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cant sex differences in adults (Geffen et al., 1990) it apparently does
not in children (Van den Burg and Kingma, 1999; Forrester and
Geffen, 1991). Test similarity, i.e. RAVLT and California Verbal
Learning Test — children’s Version, does not seem to be a guarantee
for finding the same results when investigating the same domain
(Crossen and Wiens, 1994).

Apart from the above-mentioned difference between boys and
girls (LO and VIF), our inability to detect sex differences in perfor-
mance on other tasks, i.e., RE-2D and RAVLT, could have been due
to the relatively small sample size as our calculations of statistical
power showed.

We compared the performance of OS and SS girls on those tests
(LO and VIF) which showed a sex difference in performance, to
determine whether prenatal exposure to testosterone could have
influenced task performance. We assumed that the OS girls would
have been exposed to higher levels of testosterone in utero than the
SS girls, and that they would show a more “masculine-type” per-
formance on these tasks. However, this was not the case and thus
our results did not support our hypothesis that prenatal testos-
terone exposure in OS girls would have affected their cognitive per-
formance. Moreover, because cognitive task performance and free
testosterone levels were not correlated in these 10-year-old children,
we can also conclude that testosterone does not seem to have an
activational effect at this age. As all children were pre-pubertal or in
the very early stages of puberty, at Tanner stage 1 or 2, it remains
possible that the effect of prenatal testosterone exposure will only
become visible later in puberty, after the onset of menarche. As
mentioned before, our sample may also have been too small to
detect the (at this age perhaps still subtle) differences in cognitive
performance.

It is possible that a task showing no sex differences in mean
scores, still can reflect effects of sex hormones on the developing
brain (Janowsky et al., 2000). For example, in men a curvilinear rela-
tionship is shown and in women a linear relationship exists
between spatial ability and testosterone (Moffat and Hampson,
1996; Shute et al., 1983). We therefore also analyzed performance on



the two cognitive tasks that failed to show a sex difference in our
groups, using two-tailed tests. This analysis revealed an interesting
difference between OS and SS girls for the RAVLT. Although the
short-term memory performance of the two groups of girls was
similar, the OS girls had a significantly worse long-term verbal
memory performance than the SS girls.

It is known that estrogen has a positive effect on long-term mem-
ory (e.g., Kampen and Sherwin, 1994). This finding may be
explained by the fact that the SS girls had higher levels of circulat-
ing testosterone than the OS girls, and testosterone can be aroma-
tized into estrogen. Another possibility is that the SS girls had high-
er levels of estrogen regardless of their testosterone levels. At this
moment we cannot sort what the exact reason is of the poorer long-
term verbal memory performance by the OS girls.

It is interesting that in pre-adolescent children some neuropsy-
chological functions seem to be affected by prenatal testosterone
exposure, such as the lateralization of brain functions (Cohen-
Bendahan et al., 2004) whereas others are not. It is possible that the
cognitive skills investigated here involve specific structures in the
brain that are not influenced by the organizing effects of testos-
terone, in contrast to the structures involved in the task measuring
verbal lateralization. Alternatively, the timing of exposure to testos-
terone may be important. During the critical period of early brain
development some brain structures may have more testosterone
receptors than others, i.e. they are more sensitive to testosterone,
and react to prenatal exposure to testosterone by, for example, neu-
ronal proliferation and growth (Goy and McEwen, 1980). The out-
come of these differences in brain structure and function may
become manifest as early as 10 years. Thus the tests used in these
above-mentioned studies, i.e., for example, hemispheric lateraliza-
tion (Cohen-Bendahan et al., 2004; chapter 3) and the cognitive find-
ings in this paper, probably involve different areas of the brain with
different dose-dependent thresholds. If the involved brain areas
have a different sensitivity to testosterone, then the effect of sex hor-
mones may become manifest from adolescence onward when much
higher levels of sex hormones are present. Cole-Harding and her
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colleagues (1988) have shown that adult OS females do show much
more masculine spatial ability measured with the RF-3D than SS
adult females. So the exhibition of traits may be dose-dependent
regarding the amount of exposure during life to testosterone.

We feel that our inability to detect substantial differences
between OS and SS twin girls on several cognitive functions, with
the exception of long-term verbal memory function, was due to a
too small sample size. Indeed, study power may be especially a
problem when trying to detect subtle differences in participants of
the same sex. In the future, studies with larger groups of twins, who
are assessed at both pre- and postpubertal age, should be conduct-
ed to find out whether the twin paradigm can be used to investigate
the possible organizational and activational effects of testosterone
on cognitive functioning.
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Chapter 5

Is there an effect of prenatal testosterone on
aggression and other behavioral traits? A study
comparing same-sex and opposite-sex twin girls

Cohen-Bendahan CCC, Buitelaar JK, van Goozen SHM,
Orlebeke JF, Cohen—Kettenis PT.
Hormones and Behavior, 47: 230-237.



ABSTRACT

Men and women differ in temperament and personality traits, such
as aggression and sensation seeking. The sex hormone testosterone
could play a role in the origin of these differences, but it remains
unclear how and when testosterone could have these effects. One
way to investigate the prenatal exposure effect of testosterone is to
compare opposite-sex (OS) and same-sex (SS) female twins. It has
been suggested that OS twin girls are exposed prenatally to elevat-
ed testosterone levels and that this may result in some masculiniza-
tion of their personality and behavior. We measured sexually-
dimorphic traits and circulating testosterone levels in 13-year-old
OS (n=74) and SS (n=55) twins.

Testosterone levels showed a clear circadian rhythm, with higher
levels in the morning than in the afternoon. Testosterone was high-
er in boys than girls, but similar in OS and SS twin girls.
Testosterone was not in any way systematically related to the dif-
ferent personality traits. However, a sex difference in aggression
proneness was observed, and OS girls showed a more masculine
pattern of aggression proneness than the SS girls. It is argued that it
is unlikely that this difference is due to social factors, such as a gen-
der-specific upbringing.
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1. INTRODUCTION

While the physical differences between males and females are clear,
differences in behavioral traits are less clear-cut. However, certain
behaviors do show sexual dimorphism in adults. For example, men
are more physically aggressive and engage in more sensation-seek-
ing behavior than do women (e.g. Helgeson, 2002; Feij et al., 1997).
Such male—female differences are thought to be even more pro-
nounced in children (Helgeson, 2002). It is generally assumed that
sex hormones, mainly testosterone, are associated with the devel-
opment of sexually dimorphic adult behavior (e.g., Finkelstein et
al., 1997) and exert their effect early in life, as recently emphasized
by Ramirez (2003), who stated that “the origin of gender-based dif-
ferences in aggression must lie in neuroendocrinological events
occurring during prenatal life or early postnatal life” (p. 621).
However, other authors have reported that the influence of testos-
terone on aggression is sometimes rather small (e.g., Mattsson et al.,
1980; Olweus et al., 1980, 1988).

Sensation seeking was defined by Zuckerman (1979, p.10) as “the
need for varied, novel, and complex sensations and experiences and
the willingness to take physical and social risks for the sake of such
experience”. Men engage in more sensation seeking behavior than
do women (e.g., Rosenblitt et al., 2001; Russo et al., 1991;
Zuckerman et al., 1978). For example, Feij et al. (1982) showed that
adult men and youths aged 12-24 years showed more overall sen-
sation seeking behavior, as measured with the Sensation Seeking
Scale (SSS) than did women and girls of the same age (Feij et al.,
1997). Although scores on the Disinhibition subscale of the SSS were
found to be associated with levels of sex hormones, mainly testos-
terone, estradiol, and estrone (Daitzman and Zuckerman, 1980),
Rosenblitt et al. (2001) could not find support for an influence of
testosterone on these behavioral sex differences. Temperament may
be associated with personality traits such as aggression and sensa-
tion seeking. Temperamental traits, such as impatience and irri-
tability, are supposed to be related to testosterone levels. In boys,
high testosterone levels were correlated with a more impatient and



irritable temperament, which in turn increased aggressive behavior
(Olweus et al., 1988).

The role of early testosterone exposure in humans can be investi-
gated in various ways. For example, women with congenital adren-
al hyperplasia (CAH) are exposed to higher levels of testosterone
during gestation because of an enzyme defect. This exposure leads
to masculinization of different aspects of behavior and cognition —
CAH girls have been found to be more aggressive in adolescence
and adulthood than their non-affected siblings or cousins
(Berenbaum and Resnick, 1997). However, since these women often
suffer from other medical problems, it is not easy to generalize these
results to implications for the normal population.

Another approach is to look at the relation between prenatal lev-
els of sex hormones and behavior in offspring’s. For example, levels
of testosterone measured in maternal serum during pregnancy may
contribute to the development of gender role behavior in preschool
girls but not boys (Hines et al., 2002). However, this approach is not
practical because of the long follow-up needed and the attendant
problems (Ehrhardt and Meyer-Bahlburg, 1979).

A third approach is to study the effects of prenatal hormone
transfer in opposite-sex (OS) twins. In animals, female animals that
develop in utero between male fetuses show a less typically female
pattern of behavior and anatomy in adulthood than do female ani-
mals that developed in utero between female fetuses (for review see,
Ryan and Vandenbergh, 2002). This may be due to exposure of the
female fetus to high levels of testosterone coming from the adjacent
male fetuses (Even et al., 1992). Male mice exposed to higher levels
of testosterone in utero (because they are positioned between male
fetuses) are more aggressive as adults than male mice exposed to
lower levels of the hormone (because they are positioned between
female fetuses) (Beatty, 1992). Similarly, female swine surrounded
by male swine in utero are more likely to participate in fights, and to
win fights, than female swine located between female swine in utero
(Rohde Parfet et al.,, 1990). Again, these findings have been
explained in terms of the transfer of sex hormones from the male
fetuses to the adjacent female fetuses during pregnancy. This early
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prenatal exposure to androgens may change the organization of the
structure and the sensitivity of the brain and nervous system in
adulthood (Harris, 1999). The above-mentioned examples con-
cerned prenatal exposure to hormones via the feto-fetal route, i.e.,
the diffusion of testosterone across amniotic membranes, which
seems to be the more direct path (e.g. Even et al., 1992; Fels and
Bosch, 1971). An alternative route of exposure is the maternal-fetal
transfer route (see, Meulenberg and Hofman, 1991).

Previous studies using this method have shown inconsistent
results. It has been shown that prenatal exposure affected tooth size
(Dempsey et al.,, 1999) and spontaneous otoacoustic emission in
opposite-sex twin (OS) females (McFadden, 1993), which is in line
with findings in males. However, click-evoked otoacoustic emis-
sions were not significantly different between OS and same-sex (SS)
female twins. McFadden et al. (1996) concluded that although the
difference between the females with a male co-twin or a female co-
twin did not reach statistical significance, the OS females tended to
show “masculine” changes. Therefore they argued that their results
added support to the underlying phenomenon that prenatal expo-
sure to testosterone leads to a more masculinized pattern of otoa-
coustic emissions in OS females, and that the sex differences in otoa-
coustic emission are due to, and controlled by, the influence of
prenatal testosterone. Cohen-Bendahan et al. (2004) recently found,
in a group of pre-adolescent 10-year-old twins, that OS girls had a
more masculine pattern of cerebral lateralization than did the SS
girls. Resnick et al. (1993) investigated sensation-seeking behavior
in female OS twins and showed that this may also be influenced by
prenatal hormones. Other studies, however, could not find any
indication for an effect of prenatal exposure (e.g. Rose et al., 2002;
Henderson and Berenbaum, 1997).

In this study, we investigated whether sex differences in aggres-
sion, sensation seeking, and temperament are influenced by testos-
terone. To this end, we studied a group of 13-year-old OS and SS
female twins. We assumed that 