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Lateralization of brain and behaviour has been the topic of research for many years in
neuropsychology, but the factors guiding its development remain elusive. Based on sex differences
in human lateralization, four hypotheses have been postulated that suggest a role for androgens,
specifically testosterone. With the discovery that lateralization is a fundamental principle in the
organization of brain and behaviour among vertebrates, it has now become possible to experimentally
test such hypotheses in animal models. The use of different taxa, humans, other mammalian species
and birds (with oestradiol and not testosterone involved in sexual differentiation in birds) facilitates to
differentiate between the hypotheses. We used meta-analyses for analysing papers that provided
sufficient information, and a semi-quantitative approach based on all relevant studies that we
extracted from the literature. We tested the predictions of these hypotheses regarding strength and
direction of lateralization for motor output, language and visuospatial cognition in these three taxa.
We tested for sex differences and early organizational effects of testosterone (both correlative and
experimental studies). We found sex differences in the direction of lateralization for non-human
mammals (motor biases similar to humans) and in direction and strength in birds (visual cognitive
tasks). However, the prediction that prenatal testosterone exposure affects the direction of
lateralization was not supported for humans. In birds and non-human mammals, opposite trends
were found, with the effect in non-human mammals being opposite to the expectation based on sex
differences. None of the four hypotheses was sufficiently supported and more studies, testing a wider
array of functions in different taxa while reporting the data more completely are needed.

Keywords: lateralization; testosterone; meta-analysis; hemispheric dominance; brain asymmetry;
development

1. INTRODUCTION

Lateralization of brain and behaviour refers to the fact
that the two hemispheres of the brain differ in their
control of a wide array of functions, while they each
predominantly affect the contralateral side of the body.
This lateralization has long been thought to exist in
humans only, and therefore been the domain of
(neuro)psychologists. Although this human-oriented
research has yielded many interesting hypotheses and
elegant approaches, and revealed much interesting
data, it has hampered the experimental testing of
hypotheses about the nature, ontogeny and function
of lateralization, due to the obvious limitation of
especially physiological experimentation with humans
and the lack of a comparative approach. One particular
area of interest is the epigenesis of lateralization,
concerning questions similar to its developmental
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plasticity, the extent of sensitivity to, and buffering
against environmental influences, the interactions of
the latter with the genetic make-up of the individual,
and the relationship with health and disease. Now that
it has become clear that lateralization is not restricted
only to humans, but is a fundamental aspect of the
organization of brain and behaviour in at least
vertebrates (reviewed in Vallortigara 2000; Rogers
2002; Vallortigara & Rogers 2005), testing hypotheses
in animal models has also fallen into the realm of
biology. This paper aims at exploring the possibilities
for such an approach by reviewing the literature on
humans and other vertebrate species on one important
aspect of the development of lateralization: the
influence of steroid hormones.

Hypotheses about the influence of testosterone
on lateralization were inspired by sex differences
in lateralization of brain and behaviour. In humans,
lateralized functions such as spatial orientation,
language and hand preferences are thought to display
sex differences, not only in performance but also in the
direction and strength of lateralized control. The latter
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Table 1. Expected shifts in strength and hemispheric dominance in laterality when exposed to increasing testosterone levels,
according to four different hypotheses. RH, right hemisphere; ILH, left hemisphere.

corpus callosum

Geschwind and Galaburda

sexual differentiation

hypothesis hypothesis hypothesis nonlinearity hypothesis
direction strength  direction strength direction strength direction strength
handedness 0 > — RH < RH < RH,LH,RH >, =, >
language 0 > — RH < 0 > 0
visuospatial 0 > 0 > 0 > 0

is of direct concern here. Males would show more left-
handedness, and, in addition, a stronger dominance of
the left hemisphere for language while females,
although displaying lateralization in the same direction,
are less strongly lateralized for language owing to a
stronger involvement of the right hemisphere. Finally,
although the right hemisphere is in both sexes
dominant for visuospatial cognition, males would be
stronger lateralized for this function. Although there is
large overlap between the sexes in these laterality
indices and the sex differences are minor and not always
found, they have been confirmed in several studies,
including large meta-analyses for language and cogni-
tive functions (Voyer 1996) and a smaller meta-analysis
for handedness (Sommer er al. 2008). However, two
smaller scale meta-analyses did not confirm a sex
difference in language function (Sommer ez al. 2004,
2008) and the debate about sex differences in
lateralization of brain and behaviour is still ongoing.
Since prenatal exposure to testosterone is well
known to organize brain and behaviour, and in
mammals, including humans, males are exposed to
higher levels of prenatal androgens than females,
several hypotheses for the potential influence on
lateralization have been postulated. The first
hypothesis stated that testosterone in males would
decrease the information exchange between the two
hemispheres by stimulating axonal pruning in the
corpus callosum, leading to less information exchange
between the hemispheres and therefore a stronger
lateralization of functions (Witelson & Nowakowski
1991). This hypothesis is based on their finding that in
males, but not in females, right-handed persons have a
smaller corpus callosum than non-right-handers, the
latter assumed to be less strongly lateralized for
handedness and language. Since this relationship
seems to be present only in males, and the formation
of the corpus callosum, including cell death and axonal
pruning would occur before birth, a role for prenatal
exposure to testosterone is suggested. This hypothesis
predicts that prenatal exposure to elevated levels of
testosterone induces an increase in the strength of
lateralization, but would not affect its direction
(table 1). This mechanism may be specific for the
male sex, but perhaps only so because males show
higher levels and more variation of the hormone levels
than females, so that elevated levels in females would
induce similar effects as in males. This hypothesis is
supported by two animal studies. Denenberg er al.
(1991) reported in rats, that males have a smaller
corpus callosum than females and that its size can be
affected by prenatal hormones. Additionally, Rosen
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(1996) reported that rats with asymmetric brains have
a smaller corpus callosum than rats with more
symmetric brains.

The second hypothesis and most frequently cited
one was proposed by Geschwind & Galaburda (1985).
It hypothesizes among others that elevated prenatal
exposure to testosterone inhibits the growth of the left
hemisphere, inducing compensatory growth in corre-
sponding regions of the right hemisphere. As a
consequence, those functions that are dominated by
the left hemisphere, such as handedness in right-
handers (the majority of people, see Schaafsma ez al.
2009) and language, would become either less strongly
lateralized, or even dominated by the right hemisphere.
This would explain the higher incidence of left-
handedness and decreased language lateralization in
males relative to females. Visuospatial functions that
are dominated by the right hemisphere, would not
change in direction, but become even more strongly
lateralized by enhanced dominance of that hemisphere
(see table 1 for a summary of these predictions). The
theory also aims to explain by means of early exposure
to androgens, the correlations between left-handed-
ness, developmental disorders and immune diseases,
which have received a lot of attention but is not our
main concern in this paper.

The third hypothesis postulates that the sex
differences in lateralization are due to being part of
the process of sexual differentiation, which is in
mammals under the influence of testosterone and
would masculinize the direction and degree of later-
alization (for a review see Grimshaw er al. (1993,
1995), see also Smith & Hines 2000). This hypothesis
would yield the same predictions as above, except for
the strength and direction of language lateralization.
Since males would be more strongly lateralized than
females for this function, early exposure to elevated
testosterone levels would increase instead of decreasing
the strength of language lateralization, and induce no
change in its direction (see table 1).

Finally, more recently a fourth hypothesis has been
put forward (Lauter 2007). Aiming to explain individ-
ual variation in behavioural and brain lateralization, it
postulates an important role for individual variation in
prenatal exposure to testosterone. It proposes, in
contrast to the corpus callosum hypothesis (CCH),
that variation in prenatal exposure to testosterone
would induce individual variation in pruning of
connectivity throughout the brain and in both sexes.
This would have a differential effect on both hemi-
spheres, as the left hemisphere develops relatively late
and would be more vulnerable to the pruning effects of
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testosterone. Although laterality is mainly charac-
terized in terms of skills, and not explicitly in terms of
strength or direction, the author makes explicit
predictions for handedness and fine motor control.
Exposure to low levels of testosterone would allow full
development and connectivity in both hemispheres,
resulting in the full capacity of the left hemisphere,
leading to strong right-handedness. Moderate exposure
to prenatal testosterone would primarily affect the left
hemisphere (note the similarity with the Geschwind
and Galaburda hypothesis (GGH)), inducing more
ambidexterity and left-handedness. A higher level of
exposure to testosterone would also affect the right
hemisphere, and in cases of severe overall pruning it
would inhibit the supposed coordinating and ‘nur-
turing of the left brain’ function of the right hemi-
sphere, releasing (over)growth of the left side. This
would lead to strong right-handedness again and so the
effect of prenatal testosterone exposure is not linear
(see table 1).

As summarized in table 1, the four hypotheses make
somewhat different predictions for the effect of
testosterone on the direction and strength of lateraliza-
tion of different functions. This can be tested in
humans by measuring both direction and strength of
lateralization of different functions in relation to
testosterone levels, both in normals and in persons
exposed to pathologically high or low levels of the
hormone. Moreover, the effect of experimental
manipulation of hormone levels, not possible in
human early development, can be studied in animal
models such as primates and other mammals. In
addition, using birds as an animal model we have
another strategy to compare the hypotheses. First,
birds lack a corpus callosum (Cuenod 1974), so that
any effect of testosterone on the strength of lateraliza-
tion in birds cannot be attributed to its effect on a
corpus callosum. Second, while sexual differentiation
in mammals is primarily under the influence of
testosterone, causing masculinization in males, in
birds sexual differentiation is under the influence of
oestradiol, inducing feminization of females (Schlinger
1998). Although testosterone can be converted to
oestradiol by the enzyme aromatase, the enzyme is not
very active in male birds, preventing feminization.
Therefore, any effect of androgens on lateralization in
birds cannot be explained by the sexual differentiation
hypothesis (SDH) either.

The four hypotheses deal with the so-called
organizational effects of testosterone. Such organiz-
ational effects are long-term effects inducing structural
and irreversible changes in brain and behaviour during
an early phase in development. However, scientists
have, sometimes referring to one of the four
hypotheses, also looked at the effect of hormones in
adulthood. Such effects are not considered to be
organizational, but activational, inducing highly revers-
ible changes in brain and behaviour, with waning
effects when hormone levels decrease. Although the
distinction between organizational and activational
effects is not absolute (Arnold & Breedlove 1985), the
hypotheses mentioned here explicitly deal with prenatal
exposure to testosterone, and therefore we only
analysed studies dealing with organizational effects.
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Although not always possible, due to limited
numbers of studies, we used meta-analyses for
reviewing the literature. To explore the scope for the
influence of gonadal hormones, we start by presenting a
meta-analysis of potential sex differences in lateraliza-
tion of brain or behaviour. Since excellent reviews on
this topic for humans have recently been published
(Voyer 1996; Sommer et al. 2004, 2008), we only
present the results for non-human mammals and bird
species. Next, we present separate analyses for
organizational effects of testosterone in humans, other
mammalian species and bird species. A surprisingly
large amount of published studies could not be used for
proper meta-analyses, owing to incomplete statistical
information. Therefore, we additionally calculated the
number of studies that investigated the effects of sex or
testosterone on either strength or direction of later-
alization for motor, language and other cognitive
functions. With a binomial test, we checked whether
the number of studies showing positive or negative
effects deviated from random expectation.

2. MATERIAL AND METHODS

(a) Literature search: Reywords and selection criteria
Literature for the different meta-analyses was searched via
Web of Knowledge, with the keyword ‘lateralization’ OR
‘lateralization’, OR ‘asymmetry’ and additional different
keywords for every topic. For sex differences: ‘sex difference’
OR ‘gender difference’; for hormone effects: ‘testosterone’
OR ‘hormone’, adding in a separate search ‘CAH’. In
addition, we searched the reference lists in the literature
found for relevant papers.

For testing sex differences, only those studies were
included that tested lateralization of males and females
against each other. For the effects of androgens only those
studies were included in which the hormone levels were
actually measured or manipulated early in ontogeny, plus two
categories in the human literature. First, we included one
study looking at same and opposite sex twins, assuming,
based on extensive animal literature, that a female from
opposite sex twins would be exposed to relatively high levels
of testosterone, produced by her brother iz utero. Second, we
included studies on patients with congenital adrenal hyper-
plasia (CAH), which are exposed to abnormal high androgen
levels due to enhanced prenatal production (see Mathews
et al. 2004). We did not include patients prenatally exposed to
elevated levels of oestrogens (offspring of mothers treated
with diethylstilbestrol). Although such female offspring
might show masculinization, we were specifically interested
in the effects of testosterone and, furthermore, the involve-
ment of oestrogens in human sexual differentiation is not
clear. We did include studies on dihydrotestosterone, since
this hormone has an even higher affinity to the androgen
receptor than testosterone.

Owing to the low number of animal studies that looked at
lateralized behaviour in the adult stage, we were forced to
include data collected in younger stages. For the human
studies we included only those studies that tested lateraliza-
tion in older children or adults, when lateralization is
expected to have become fixed. Furthermore, we only
included studies that reported direct measurements of
lateralization, such as hand preference, results from visual
half-field or dichotic listening tasks, and indices for brain
asymmetry. Especially in humans, indirect measurements of
lateralization such as a better performance of spatial
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orientation or language function is often used as an indication
of stronger lateralization, but the assumption that per-
formance is directly related to lateralization is not valid
(Friederici et al. 2008).

For the direction of lateralization we used, where possible,
the standard laterality index (R— L)/(R+ L), in which Rand L
stand for the frequency of right and left performance,
respectively. In other cases we were forced to use a slightly
different calculation, such as R—L, and this is specified in
text, tables and figures. Some authors interpreted these
formulae as an indication for strength. However, this is under
the assumption that all subjects have the same direction of
lateralization, so that a difference in the index is a difference in
strength of lateralization. However, evidence for this
assumption is not always given, and sometimes obviously
not correctly based on the reported data. Therefore, we
defined strength as the absolute value of the laterality index.

(b) Meta-analysis procedure

Meta-analyses were carried out using the program
COMPREHENSIVE META ANALYSIS v. 2. Effect sizes, expressed
as the correlation coefficient r, were calculated from sample
sizes, exact p-values and statistics (F- or t-values and d.f.)
which were extracted from the papers or calculated by
ourselves when possible. The x? values (e.g. used for testing
the proportion of left- against right-handedness) were
transformed into phi-correlations (Fern & Monroe 1996;
Nakagawa & Cuthill 2007). The sign of the correlation
coefficient was assigned as follows: for sex differences in
strength and direction, a positive value indicated that males
show a higher degree in laterality than females and an
increased right-hemispheric bias, respectively. In the analyses
of organizational effects of testosterone, a positive value
means that high testosterone levels are correlated with or
induced increased right-hemispheric dominance.

Results from the three classes of domains presented in
table 1 (handedness in humans or motor behaviour in other
mammals; language lateralization in humans (e.g. measured
by dichotic listening tasks) and on other (visuospatial)
cognitive tasks in humans and other animals), were analysed
separately because different hypotheses make different
predictions for these functions. We analysed the results
separately for taxonomic groups: humans, other mammals,
and birds (other taxonomic groups did not yield more than
one or two studies, but see below). Owing to the small
number of studies in the analyses of organizational effects on
strength of lateralization, only studies on direction were
analysed in the meta-analyses.

In several studies more than one dependent variable was
measured. In case these concerned the same function
(motor biases, language or visuospatial domains), we used
the weighted averages per study for the calculations of
overall effect sizes. This is because these are not indepen-
dent statistical units as they are derived from the same
subjects and the same study. We do present them all,
however, separately in the tables and graphs. We considered
results within one study on males and females (when
presented separately) as separate studies since they concern
different subjects.

The program also analysed the homogeneity of the dataset
to test whether the results can be considered replications of
each other. Significant deviations from homogeneity can be
due to the inclusion of different tests, or differences in study
groups or animals and suggests that further partitioning
might be necessary.
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In order to control for the stability of overall effects, a fail-
safe n-test was carried out for each meta-analysis. This test
calculates the amount of studies needed to find overall no
significant effect and indicates therefore how stable the overall
effect size is.

(c) Additional analyses

A substantial number of studies reported the results in such a
way that we could not extract the proper variables for the
meta-analyses. This might lead to a bias in the meta-analyses,
especially since non-significant results are relatively often
incompletely reported. Therefore, we calculated over all
studies, including those excluded from the meta-analyses, the
number of studies that reported a significant positive or
negative effect, or a non-significant effect of sex or hormone
exposure, respectively. Similar to the meta-analyses this was
calculated for each taxa and functional domain separately.
The results of this semi-quantitative approach were tested
with a binomial test, testing the number of studies that
yielded a sex effect or hormonal effect in either a positive or
negative (in the case of strength) or the left or right direction
(direction). This was performed under the assumption that
with a random distribution the chance of being in one of the
two categories (strength: smaller or larger; direction: left or
right bias) is 0.50. All studies that we used are listed in tables
2-5, results of the binomial tests are shown in table 6.

3. RESULTS

(a) Sex differences

(1) Strength of lateralization

The meta-analysis for sex differences in non-human
mammals could only include three studies and con-
cerned motor biases. It showed no significant effects for
strength (r=0.251, n=3, p=0.378; figure 1) whereas
heterogeneity was significant (» <0.001). Numbers were
insufficient for testing the results of the semi-quantitative
approach (table 2). For birds, no studies could be used
for the meta-analysis. However, 11 studies could be
used for the semi-quantitative approach (table 3). These
concerned the involvement of either eye (in most
studies by occlusion of one eye) in the performance of
avariety of tasks, often discrimination learning, and were
therefore classified under the cognition domain. The
results indicate that males show greater strength than
females (table 6; p=0.035).

(i1) Drrection of lateralization

For non-human mammals, the overall sex effect in
direction of motor biases is significantly different
between males and females (r=0.160, =7, p=0.038,
seven studies, figure 2; table 2). The fail-safe n-test
indicated that eight studies with non-significant results
must be added to result in an overall p>0.05.
Homogeneity of data was however not achieved
(p<0.001). The finding that the right hemisphere is
more dominant in males than females was not
confirmed in the semi-quantitative approach
(table 6). However, both approaches used the same
studies and the meta-analyses, being more powerful, is
more accurate.

For birds, the meta-analysis of sex differences in
direction for more cognitive related tasks (see above)
also revealed a significant difference (r=0.097, n=4,
p=0.044; figure 2; table 3). The data show no
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Table 6. Overview of the results of the meta-analyses and the semi-quantitative approach concerning sex differences in strength and direction of lateralization, and the organizational (org.)
effects of androgens, separated for functional domain and species. (Positive r-values for strength: males stronger lateralized than females. Positive r-values for direction: stronger right-
hemispheric control in males versus females, or with higher prenatal exposure to testosterone. Semi-quantitative analysis (binomial test) sex differences strength: minus, males less lateralized
than females; zero, no difference; plus, males stronger lateralized than females. Sex difference in direction: minus, males show stronger left hemisphere bias than females; zero, no difference;
plus, males show stronger right hemisphere bias than females. Organizational effects of hormones: minus, high androgen levels correlated with left hemisphere dominance; zero, no correlation;

plus, high androgen levels correlated with right hemisphere dominance. *p<0.10, *»<0.05, **p<0.01, ***p<0.001; ns, not significant.)
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Figure 1. Sex differences in the strength of lateralization in
mammals. Plotted are effect sizes r+95% CI. Filled circles
show results for separate dependent values within one
experiment; open circles show averaged weighted effect
sizes (r) for each study. Square, overall effect size (r). Positive
values indicate higher strength in males than in females.
Dependent variables are given in brackets; abs. LI=absolute
value of laterality index (R—L)/(R+L).

significant heterogeneity (p=0.132). However, using
all, and therefore many more studies in the semi-
quantitative approach, binomial testing showed no
significant effects (table 6).

(b) Organizational effects of testosterone

(1) Humans

The meta-analysis for the effects of androgens on
language lateralization in humans showed no signi-
ficance (r=—0.070, p=0.347, n=6; figure 3; table 4).
Although the two studies on normal subjects showed a
tendency towards a stronger involvement of the left
hemisphere and studies on CAH patients showed a
right-hemispheric bias, the data did not show signi-
ficant heterogeneity (»p=0.150). Using 10 studies, the
semi-quantitative approach did not yield a significant
effect either, and if at all a trend towards a stronger
involvement of the left hemisphere (table 6).

The meta-analysis for the effects of androgens on
handedness in humans also showed no significant
effect (r=0.098, n=9, p=0.248; figure 3; table 4).
There was a significant indication for heterogeneity
(p=0.017), with most CAH studies showing a trend
towards right hemispheric bias, and only one CAH
study and both studies on normal subjects towards a
left-hemispheric bias. In support of the meta-analysis
the semi-quantitative approach did not yield a signi-
ficant result either.

For the analysis on organizational effects of andro-
gens in non-human mammals, five studies on motor
lateralization could be used. The data indicate that
in non-human mammals, in contrast to humans,
high prenatal androgen exposure is associated with
stronger left-hemispheric dominance (figure 3; table 4;
r=—0.102, n=5, p=0.011). However, heterogeneity
was significant (p=0.037) and the semi-quantitative
approach including three more studies did not support
the meta-analysis.

For birds, only two values from one study (males and
females) could be used (figure 3). Owing to the small
sample size, no meta-analysis was conducted. For the
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Figure 2. Sex differences in direction of lateralization for mammals (upper part) and birds (lower part). Birds were tested for
right or left eye involvement in certain tasks, mostly by occlusion of either eye. Positive values indicate a stronger right-
hemispheric bias in males, negative values indicate a stronger left-hemispheric bias in males. Circles indicate motor behaviour
and triangles indicate cognitive tasks. For further details see legend to figure 1. [LI] =laterality index: (R— L)/(R+L); [nr. left
vers. nr. right] =number of animals with left-side bias were tested against number of animals with right-side bias; [nr. of trials] =
number of trials males and females needed to learn a task; [fear response] =number of fear responses.
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Figure 3. Organizational effects of gonadal hormones on language lateralization in humans (CAH patients and healthy
individuals) (first part); on handedness in humans (CAH patients and healthy individuals) (second part); motor behaviour in
other mammals (rhesus monkeys and rats) (third part); and birds (fourth part). Positive values indicate a right-hemispheric
dominance (for handedness, motor behaviour and language) with higher levels of testosterone. Circles indicate motor behaviour
and/or handedness, diamonds indicate language lateralization (DL, dichotic listening; FDWT, fused dichotic words test). HI,
handedness index measured by questionnaires or activity tasks. For further details see legend to figure 1.
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semi-quantitative approach we could use six studies,
yielding a significant effect of prenatal testosterone on
right-hemispheric dominance (table 6).

4. DISCUSSION

The epigenesis of lateralization of brain and behaviour
is still far from clear. Several genetic models for the
explanation of patterns of inheritance of lateralization
of language and hand preference or hand skill in
humans have been put forward. However, their
explanatory power is limited and scope for an
important role for especially perinatal environmental
factors exists (reviewed by Schaafsma et al. 2009). For
at least two decades, there has been much speculation
in the literature about the potential effects of androgens
on the development of lateralization of brain and
behaviour. Based on meta-analyses of a selection of
papers and a semi-quantitative approach based on all
relevant studies we extracted from the literature, we
tested four specific hypotheses that have been put
forward concerning the potential role of androgens on
lateralization. We summarized the predictions of each
of these hypotheses concerning the influence of
prenatal exposure to testosterone on strength and
direction of lateralization for motor behaviour,
language and (other) cognitive functions (see §1 and
table 1). The results are summarized in table 6. Based
on this, we will discuss the evidence supporting or
undermining the four hypotheses.

The CCH predicts no effect of sex or androgen
exposure on direction, but an increase in strength of
lateralization for all three domains investigated. Our
data, and data from earlier meta-analyses do not
support this. We could not find evidence for an effect
of sex on strength of lateralization in non-human
mammals. However, sample size was very small and
only concerns motor biases. There was a significant
effect of sex on the strength of cognitive functions in
birds in a total of 11 studies. However, this finding does
not differentiate between the four hypotheses since
three of them have a similar prediction for the degree of
lateralization in visuospatial functions. Furthermore,
birds lack a corpus callosum, and this result therefore
cannot be in support of the CCH. Moreover, our
findings that sex and testosterone affect the direction
of lateralization were not predicted by the CCH
(see below).

Several studies claim to demonstrate an effect on
strength whereas they actually do not report direct
evidence for this. For example, higher scores for right-
handedness might be an indication to a stronger degree
but only under the assumption that no left-handers
were present in the population. Since such data on
direction is not always reported, we could not reliably
use such claims, reducing our sample size.

The GGH predicts, in contrast to the CCH, a
decrease in strength of lateralization for handedness
and language and an increase in strength for visuospa-
tial functions with increasing prenatal testosterone
exposure (table 1). Only the latter is partly supported
by the sex differences in birds, but, as mentioned
before, sample sizes do not allow reliable conclusions.

Phil. Trans. R. Soc. B (2009)

The number of studies analysing direction of
lateralization allow a more reliable test. Both in
humans (Voyer 1996; Sommer et al. 2008) and
mammals (this study, but only in the meta-analysis
and not in the semi-quantitative approach), males
display a stronger shift to right-hemispheric dom-
inance than females for handedness. This is consist-
ent with the predictions of the GGH. However, in
contrast to this, our meta-analyses do not show that
prenatal testosterone enhances this direction of
lateralization in humans, neither for handedness nor
for language. Moreover, and surprisingly, the meta-
analysis for motor lateralization in non-human
mammals even showed a significant effect of prenatal
testosterone in the other direction than that found for
humans. Although this finding is not supported by
the semi-quantitative approach, it is intriguing and
not consistent with the GGH. However, all these
studies concern only one specific rat strain and one
primate species, in which control animals already
show a right-hemispheric dominance (a left bias for
motor behaviour) in contrast to left-hemispheric
dominance in motor biases than in other species
including humans.

A second finding also undermines the GGH. In the
semi-quantitative approach birds show a consistent and
almost significant effect of perinatal testosterone
exposure on the direction of lateralization opposite to
what the hypothesis predicted. But again this result
should be interpreted with caution. The tests on
laterality concern the preferred use of the left or right
eye in a variety of tests and their homology with
visuospatial tasks in humans is not always clear.
Moreover, the experimental treatment with androgens
concern dosages above the normal physiological range
of the species (see endogenous embryonic production
as reported in Woods ez al. 1975; Tanabe er al. 1979;
Woods & Brazzil 1981).

The SDH predicts effects of sex and androgens on
strength of lateralization (table 1) for which we have, as
mentioned above, no sufficient data. It also predicts a
stronger right-hemispheric dominance for handedness
in males relative to females, and a stronger right-
hemispheric dominance for handedness due to prenatal
exposure to testosterone (table 1). As described above,
we did not find this. Moreover, we found an effect of
prenatal exposure to testosterone on motor biases in
mammals in the direction opposite expectation (see
above, table 6). Furthermore, we found a significant
effect of sex and an almost significant effect of
testosterone on cognitive functions in birds. Since in
birds the sexual differentiation is under the influence of
oestrogens and not testosterone itself (Schlinger 1998),
this undermines the hypothesis.

The hypothesis by Lauter (2007) that we termed
the nonlinearity hypothesis is more difficult to test.
First, many hemispheric functions are labelled differ-
ently in other literature and explicit predictions about
the influence of prenatal testosterone are made for
handedness only. Second, the hypothesis postulates a
dose-dependent effect of the hormone, which is not
analysed in the studies that we used. Assuming that
CAH females are exposed to supraphysiological levels
of prenatal testosterone, we would expect a differential
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effect of testosterone in this group versus CAH males or
normals. However, there is no indication for this in our
dataset (figure 3).

In conclusion, we found some evidence for effects of
sex and prenatal testosterone exposure on lateralization
in humans, other mammals, and bird species.
However, none of the hypotheses were convincingly
supported. It can be questioned to what extent motor
biases in animals such as paw preference are similar to
fine motor control in humans. It is obviously even more
debatable whether the tests concerning eye use or
visual projections in birds should be classified in the
same domain as visuospatial functions in humans. Our
study clearly reveals a lack of coordination between the
different fields of research working on different taxa.
For example, birds are excellent models for studying
effects of prenatal exposure to hormones on lateraliza-
tion since the embryos develop outside the mother’s
body, facilitating measurement and manipulation of
this exposure. However, the effect of this in the adult
stage, on motor behaviour, on complex vocalizations
and vocal imitation (song birds and parrots), facilitat-
ing comparison with humans, has not yet been studied.
Comparison between humans and other animals may
also be facilitated by measuring lateralization of
emotions in relation to sex or hormones, since emotion
is a trait that is in evolutionary terms very old, but so far
we have only come across one such animal study (on
sex differences in lateralization of fear in the domestic
chick, Andrew & Brennan 1984). In addition, in all
experimental studies care must be taken to manipulate
hormone levels within the physiological range. More-
over, a surprising amount of studies did not contain
proper data for separating strength and direction of
lateralization, nor presented the proper statistical
values for using these studies in meta-analyses; severely
hampering an adequate overview over the field. We
hope that this study will therefore stimulate new studies
in this field of research, facilitating a better under-
standing of the effects of early exposure to androgens
on the development of lateralization in humans and
other vertebrates.

We thank Bernd Riedstra and Sara Schaafsma for valuable
discussions, Reint Geuze and two anonymous reviewers for
comments on the manuscript, and Jelle Boonekamp for help
with the meta-analyses.
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