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Abstract
Adolescence is a time of increased divergence between males and females in physical characteristics,
behavior, and risk for psychopathology. Here we will review data regarding sex differences in brain
structure and function during this period of the lifespan. The most consistent sex difference in brain
morphometry is the 9-12% larger brain size that has been reported in males. Individual brain regions
that have most consistently been reported as different in males and females include the basal ganglia,
hippocampus, and amygdala. Diffusion tensor imaging and magnetization transfer imaging studies
have also shown sex differences in white matter development during adolescence. Functional
imaging studies have shown different patterns of activation without differences in performance,
suggesting male and female brains may use slightly different strategies for achieving similar
cognitive abilities. Longitudinal studies have shown sex differences in the trajectory of brain
development, with females reaching peak values of brain volumes earlier than males. Although
compelling, these sex differences are present as group averages and should not be taken as indicative
of relative capacities of males or females.

Across species that reproduce by combining genetic material, it is frequently adaptive for one
of the pair to contribute DNA from a larger, stationary gamete, and the other member of the
pair to contribute DNA from a gamete that is smaller and more mobile. The individual
contributing the larger gamete is conventionally designated as the female of the species.
Evolutionary forces often favor different characteristics in some domains for males and
females, including differences in anatomy. Although the extent of these differences varies
widely between species, it is the case that within a given species, the sex of an organism is
usually the single greatest determinate of size and shape.

In humans, differing evolutionary forces have led to group average differences in brain and
behavior between men and women. Recognition of the importance of the adolescent period in
the pathogenesis of common psychiatric disorders such as schizophrenia and depression has
gained attention (Kessler et al., 2005) and has stimulated increased interest in how brain
development differs between males and females and how this may be contributing to their
relative risks for specific disorders.
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In this review, we will discuss sex differences in brain structure and function during
adolescence, a time of increased divergence between males and females in physical
characteristics, behavior, and risk for psychopathology (Häfner, 2003; Kessler et al., 2005).
We refer to male/female differences in physiology or behavior as “sex differences” as opposed
to “gender differences”, considering gender to refer to the social role adapted by the person.

Overview of the process of sexual differentiation
Sexual differentiation is a cascade of events beginning with the process of sex determination
and continuing through different stages of development to establish male or female phenotypes.
Following a schema proposed by Phoenix and colleagues in 1959, sex-specific events are often
categorized as early occurring organizational effects or later occurring activational effects
(McCarthy, Schwarz, Wright, & Dean, 2008; Phoenix, Goy, Gerall, & Young, 1959). Although
there are many variations on this basic categorization, including the method of sex
determination, timing and number of organizational events, magnitude of differences between
the sexes, and which steroid hormones are operative, it continues to serve as a valuable template
(McCarthy & Ball, 2008). An important modification to the original hypothesis is that sex
steroid exposures during puberty are also associated with organizational effects, and that brain
structural modifications in response to changing hormonal levels continue throughout adult
life (Sisk & Zehr, 2005).

Sex differences in embryos can be detected as early as the 2nd day after conception, with male
embryos in both humans (Ray, Conaghan, Winston, & Handyside, 1995) and mice(Burgoyne
et al., 1995) being observed to have more cells and a higher metabolic rate (Wilson & Davies,
2007). Around the 6th week post-conception, the SRY gene on the Y chromosome interacts
with products of genes on the X chromosome and autosomes to stimulate the primordial fetal
gonad to develop into testes (Koopman, 1999). Testicular hormones, including testosterone
and Mullerian inhibiting hormone, are produced beginning between 12-16 weeks gestation,
which then triggers the separate processes that will masculinize and defeminize the developing
organism. In the absence of these factors, the fetus develops into a female.

The occurrence of sex differences prior to the introduction of hormones implies that genes on
the X or Y sex chromosomes have direct effects on sexual differentiation. Sex chromosome
genes may directly produce products that contribute to sexual dimorphism or regulate
transcription on autosomal genes (Malone & Oliver, 2008; Ober, Loisel, & Gilad, 2008). One
method of exploring this hypothesis has been the development of a transgenic mouse model
in which the sex chromosome complement is dissociated from the gonadal phenotype. The
four potential combinations include XX and XY mice without the SRY genes, who develop
ovaries, and XX and XY mice with the SRY gene, who develop testes (Arnold, 2009). Studies
of this mouse model have revealed dosages of sex chromosome genes affecting a variety of
brain structural and behavioral features, including gene expression in multiple tissues (Arnold,
2009; Reisert & Pilgrim, 1991), regional densities of tyrosine hydroxylase and vasopressin
neurons, and behaviors such as habit formation (Quinn, Hitchcott, Umeda, Arnold, & Taylor,
2007) and responses to intruders (Arnold, 2009).

There are several potential mechanisms by which sex chromosome genes can affect phenotype
directly (Davies & Wilkinson, 2006). One is through male-specific genes present only on the
Y chromosome. A second is through dosage differences of sex chromosome genes between
XX and XY organisms. As the X chromosome contains many more genes than the Y
chromosome, one avenue is through dosage differences between XX and XY organisms of X
and Y chromosome genes. Parity is achieved for a majority of these genes by a process of
inactivation of most genes on one of the X chromosomes combined with upregulation of the
remaining X chromosome in both sexes (Payer & Lee, 2008). Although most of the genes that
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escape inactivation of the second X chromosome have functional homologues on the Y
chromosome, several do not, raising the possibility of dosage effects. A third means by which
X and Y chromosome genes may contribute directly to sex differences is through imprinting.
Females receive X chromosomes imprinted by both mother and father, while males only receive
a single maternally imprinted X chromosome.

The effects of hormones such as estrogen, testosterone, and their multiple active metabolites
proceed by several distinct mechanisms. Testosterone is metabolized to the much more potent
dihydrotestosterone (DHT) and then to estradiol. Binding of DHT and estradiol to specific
receptors in the cell nucleus affects transcription of a broad variety of genes. Estrogen also
promotes neurogenesis and synaptic growth directly or via stimulation of GABAergic neurons
(McCarthy, Schwarz, Wright, & Dean, 2008). Early in development, GABA acts as an
activating neurotransmitter and induces synaptogenesis. In addition to slower transcriptome-
mediated effects, estrogen can act quickly through a membrane bound receptor and through
second messenger systems (Balthazart & Ball, 2006; Milner et al., 2001). In addition to effects
that are related to GABA transmission, the rate of conversion of testosterone to estradiol by
aromatase changes in response to fluctuating glutamate levels. Modulation of local estrogen
dosages by the rapid conversion of testosterone to estradiol allows effectiveness of estrogen
as a neurotransmitter. Although both males and females have endogenous testosterone, which
could serve as a substrate for aromatase, it is not known how the much lower endogenous levels
of testosterone in females may affect this pathway.

The organizational processes occuring in utero and during early development set the stage for
adrenarche, a rise in adrenal steroids beginning between the ages of 6-8 years that is associated
with the development of axillary and pubic hair (Patton & Viner, 2007). Gonadarche is initiated
in a separate process by the increasing activation of specialized hypothalamic neurons that
secrete gonadotropin releasing hormone (GnRH), typically occurring between ages 8-13 in
females and between 9-14 in males (Euling et al., 2008; Senzaki et al., 1993). The rise in GnRH
stimulates increased secretion of lutenizing hormone (LH) and follicle-stimulating hormone
(FSH) from the pituitary, triggering the rise of output of the gonadal steroids estradiol and
testosterone, which in turn brings about the somatic events associated with sexual maturation.
Studies of twins indicate that 60-80% of the 4-5 year variation in onset of gonadarche may be
due to genetic factors (Silventoinen et al., 2007; van den Berg & Boomsma, 2007). Physiologic
and environmental signals appear to have more of a permissive role that prevents pubertal onset
in the presence of adverse conditions such as inadequate nutrition (Roseweir & Millar, 2009),
and may accelerate pubertal onset in the presence of some kinds of social stressors (Tither &
Ellis, 2008). Kisspeptin is a protein triggering the pubertal upsurge in GnRH production, in
part through acting as a mediator by which environmental signals are transferred. However,
what signals the up regulation of Kisspeptin is not yet known (Gottsch, Clifton, & Steiner,
2009; Navarro, Castellano, García-Galiano, & Tena-Sempere, 2007).

Sex differences in the brains of adolescents and adults
Total brain volume

Postmortem data (Dekaban, 1977; H. Pakkenberg & Voight, 1964; Witelson, Beresh, & Kigar,
2006), in vivo imaging studies of adults (Allen, Damasio, Grabowski, Bruss, & Zhang, 2003;
Andreasen et al., 1993; Goldstein et al., 2001; Good et al., 2001; Nopoulos, Flaum, O'Leary,
& Andreasen, 2000), and in vivo imaging studies of children (Giedd, Castellanos, Rajapakse,
Vaituzis, & Rapoport, 1997; Reiss, Abrams, Singer, Ross, & Denckla, 1996) (De Bellis et al.,
2001) all consistently find a 9-12% greater brain size in males. This difference is not accounted
for by body size either in adults, (Ankney, 1992; Ho, Roessmann, Straumfjord, & Monroe,
1980; O'brien et al., 2006; Witelson et al., 2006) or in children, where larger brain volumes in
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males are observed despite the minor sex differences in height and weight characteristic of
prepubertal development.

Allometry, the relationship between size and shape, is highly relevant to studies of sexual
dimorphism. At least some changes in proportions of different brain regions occur solely as a
factor of increasing brain volume (Finlay & Darlington, 1995). For example, it has been
reported that the ratio of gray matter (GM) to white matter (WM) is larger in females (Allen
et al., 2003; Gur, Gunning-Dixon, Bilker, & Gur, 2002). However, studies within and between
species have found that WM volume increases more quickly than GM following a 4/3 power
law (Zhang & Sejnowski, 2000). Studies directly comparing male-female differences to effects
of overall brain size have found that sex differences in the GM/WM ratio are minimal once
overall brain size differences have been accounted for, meaning that males and females with
equal brain volumes will also have equal gray/white matter ratios (Leonard et al., 2008).

The complex relationship of cortical morphometry and brain size is highlighted by a recent
report in healthy adults relating brain volume to cortical features including thickness, surface
area and gyrification (Im et al., 2007a). Consistent with previous reports from postmortem data
(Pakkenberg & Gundersen, 1997), they found that increases in gray matter volume were driven
primarily by increased surface area rather than cortical thickening. They also found that
increased brain size was associated with a marked increase in folding of the cortical surface.
There were no sex differences after accounting for differences in total brain size. This is
inconsistent with some previous studies which found relatively thicker cortex and greater
cortical complexity in females if differences in total brain volume were taken into account
(Luders et al., 2004; Luders et al., 2006; Sowell et al., 2006), although the authors speculated
that this may have been due to the use of a linear scaling method in the previous studies, which
did not completely account for brain size differences. If different brain regions do not scale
linearly, it is possible that contrasts in some areas may be ascribed to sexual dimorphism when
they are related instead to overall differences in brain volume (Brun et al., 2009).

With respect for the complexities of interpretation introduced by allometric issues, we will
next discuss reports of sexual dimorphism in measures adjusted in some way for differences
in total brain volume (TBV).

Sexual dimorphism of brain regions
Besides overall differences in brain volume, there are specific areas of the brain which show
differences in male and female adolescents and adults. It would seem logical that these may
be areas that contain significant populations of sex steroid receptors. Estrogen, androgen, and
progesterone receptors are all found in the hypothalamus, consistent with its central role in the
control of sexual and reproductive function (Cameron, 2001). Many of the areas with strong
connections to the hypothalamus also contain dense numbers of one or more of the sex steroid
receptors. Prominent among these regions are the amygdala, bed nucleus of the stria terminalis,
and parts of the nucleus of the solitary tract and parabrachial nucleus. Other regions observed
to contain sex steroid receptors include the basal ganglia, hippocampus, and cerebellum
(Goldstein et al., 2001; Simerly, Chang, Muramatsu, & Swanson, 1990).

Sex steroids impact on cortical function through both direct and indirect pathways.
Dopaminergic neurons in the midbrain and elsewhere have been shown to be sensitive to sex
steroid activity(Creutz & Kritzer, 2004; Kritzer & Creutz, 2008; Stewart & Rajabi, 1994).
Serotonergic neurons in areas such as the dorsal raphe nucleus have also been identified as
containing sex steroid receptors.(Bethea, Lu, Gundlah, & Streicher, 2002; Vanderhorst,
Gustafsson, & Ulfhake, 2005). Both dopaminergic and serotonergic nuclei project diffusely to
wide areas of the cortex. In addition to effects mediated through these systems, sex steroid
receptors have within many cortical regions, (Montague et al., 2008), adding the potential for
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direct effects of sex steroids on cortical development. Among the cortical areas with high
densities of steroid receptors are areas of the frontal cortex, motor and somatosensory cortex,
posterior parietal cortex, agranular insular cortex and parahippocampal regions (Goldstein et
al., 2001).

Our picture of the role of sex steroids in different parts of the brain is still incomplete. More
recent studies using assays such as immunohistochemistry methods and in situ hybridization
techniques have extended the range of brain regions, cell types, and cellular locations in which
sex steroids have been found (Guerriero, 2009; Sarkey, Azcoitia, Garcia-Segura, Garcia-
Ovejero, & DonCarlos, 2008). Besides questions relating to the “non-classic” functions of
receptors outside of the nucleus, we are just beginning to explore how splice variations in
steroid receptor transcription may impact both function and the ability of existing assays to
register their presence (Weickert et al., 2008; Weiser, Foradori, & Handa, 2008). There is also
limited data regarding developmental changes in sex steroid receptor expression, particularly
during puberty (Sugiyama et al., 2009).

Nevertheless, there does appear to be some consistency between regions of the brain with
structural sexual dimorphism and those found to have high numbers of sex steroid receptors.
After covarying for TBV, orbitofrontal and caudate volumes have been reported to be larger
in adult females (Filipek, Richelme, Kennedy, & Caviness Jr., 1994). Goldstein et al (2001)
found several frontal and medial paralimbic brain regions to be relatively larger in women,
whereas the frontomedial cortex, hypothalamus, amygdala, and angular gyrus were
proportionately larger in men. The differences with the greatest effect sizes were also areas
that are richly endowed with sex steroid receptors during development as determined by animal
models (Goldstein et al., 2001).

In three independent pediatric cohorts, the caudate nucleus has been found to be relatively
larger in females (Giedd et al., 1997; Sowell, Trauner, Gamst, & Jernigan, 2002; Wilke,
Krägeloh-Mann, & Holland, 2007). Findings of sexual dimorphism in other regions have been
less consistent. These include reports of relatively larger regions in the temporal lobes,
thalamus, and basomesial diencephalons in females (Sowell et al., 2002), inferior frontal gyrus
gray matter (Wilke et al., 2007) and relatively larger measures of total white matter (Wilke et
al., 2007) and globus pallidus white matter (Giedd et al., 1997) in males.

Neufang and colleagues used voxel based morphometry to explore sex differences, including
the influences of sex steroid levels and pubertal stage to GM and WM densities in a sample of
46 males and 46 females aged 8-15 years (Neufang et al., 2009). In girls, the hippocampus was
larger bilaterally, as was the right striatum. In boys, a region of the amygdala was larger in
males. With the exception of higher levels of serum testosterone in older males, there were no
differences in sex steroid levels in their sample. They first examined the relationship of steroid
levels and pubertal stages to brain structure in regions that had already been demonstrated to
be sexually dimorphic; they found that GM intensity in the amygdala was predicted by
testosterone levels in both males and females. Testosterone levels also predicted hippocampal
size in females, but with younger females having larger hippocampi. In a whole brain regression
analysis, testosterone was positively associated with increased GM density in right sided
diencephalic structures in males, and negatively correlated with parietal GM volume in males.
Estradiol levels were positively correlated with greater GM density in the uncus and
parahippocampal gyri in girls only. Although this study did not look at effects of sex steroids
and pubertal stages separately from effects of chronologic age, the sex-specific effects of
testosterone and estrogen are consistent with findings that sex steroids continue to have
organizational effects on brain structure during puberty. For more discussion of the effects of
pubertal timing on behavior in adolescents, please see the paper by Dahl and Forbes, this issue.
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Reports regarding sex dimorphism and pubertal effects on brain development are beginning to
appear from a large cohort of typically developing twins currently being followed
longitudinally by researchers in the Netherlands (Peper et al., 2009; Peper et al., 2008).
Lutenizing hormone (LH) levels were measured as an indication of onset of puberty in 57 male
twins (age 9.20 +- 0.10) and 47 female twins (age 9.21 +-0.12), and voxel based morphometry
was used to relate LH levels to regional gray and WM densities (Peper et al., 2008). LH levels
were found to predict WM volumes when both sexes were looked at together, although not
when they were looked at separately, potentially due to the loss in power from the smaller
sample sizes. A second analysis in an overlapping cohort of 10-15 year olds, also using voxel
based morphometry, compared brain gray and WM density and their relationships to estradiol
and testosterone levels (Peper et al., 2009). Males (n=37; age 11.6 +- 1.0 yrs) had overall larger
brain volumes than females (n=41, age=12.2 +-1.2yrs) after correction for age differences,
although no difference was seen in the ratio of gray to WM between the sexes. The largest
regional sex differences were in the putamen, insula, and amygdala, all larger in males. Total
GM volumes correlated negatively with estradiol levels in females and positively with
testosterone levels in males. A limitation of this study was that the female twin pairs were
significantly older than the males. While a factor to account for age was included in all analyses,
the authors note that it is possible that males were on the upward portion of their developmental
trajectory in brain volume while females were on the downward trajectory, making exact
comparisons difficult.

The relationship between WM development and testosterone was examined in a cross sectional
sample of 408 healthy adolescents (204 males; age range 12-18)(Perrin et al., 2008). They
measured serum testosterone levels and genotyped the androgen receptor, which contains a
CAG repeat that affects testosterone activity. They further sought to separate out
developmental changes in myelination by measuring changes in the magnetization transfer
ratio (MTR), a measure sensitive to macromolecular structure and composition of tissue. In
the absence of overt pathology such as edema, the predominant factor affecting MTR in WM
is the amount of myelin, and thus developmental changes in MTR are thought to indicate
changes in myelination. Similarly to previous studies, they found a much more rapid increase
in WM volume in males than females. Although levels of bioavailable testosterone did not add
significantly to chronologic age in explaining variation in WM volume in the overall group, it
appeared to have a stronger effect in the subset of males with the AR genotype having fewer
CAG repeats, a variation associated with higher transcriptional activity of the AR gene and
suggesting an interaction of testosterone level with genotype (see Figure 1 in the paper by Paus,
this issue). Despite the increasing WM volume, the MTR ratio decreased with age, with age
explaining a greater proportion of the variance in the MTR ratio in males (8%) than in females
(1%). This pattern suggests that the rapid increase in WM volume in males may be related to
other structural elements such as axonal volume rather than myelination.

A follow-up study in the same group of adolescents found that males had significantly greater
apparent GM density (aGMD) in the putative cortico-spinal tract, a region containing fibers
emanating from Brodman's area 4 and thought likely to be involved in motor control (Herve
et al., 2009). Males showed a significant increase in aGMD with age, while females did not,
such that the sex differences in volume were only present in older adolescents. Rising levels
of bioavailable testosterone in males contributed to the variance in the aGMD even after
accounting for age effects; females did not show a similar rise in testosterone levels or a similar
relationship to aGMD.

Diffusion tensor imaging
In recent years, more studies have begun to appear using imaging methods that aim to quantify
brain tissue characteristics directly rather than by measuring volumes of gray and white matter
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in anatomic structures. One of these is magnetization transfer imaging, discussed above.
Another is diffusion tensor imaging (DTI), which provides information about the properties of
diffusion of water through different regions of the brain(Mori & Zhang, 2006). If
unconstrained, water molecules will randomly diffuse in all directions, whereas water
molecules interacting with tissue components such as cell membranes or large molecules will
be more likely to diffuse in particular directions. In DTI, a tensor can be calculated for each
voxel which represents the overall distribution of the diffusion of the water molecules in that
area (Le Bihan et al., 2001). Although many potential measures of water diffusion can be
obtained from diffusion imaging data, the most frequently reported metrics are general
diffusivity, a measure of how quickly water diffuses in any direction, and fractional anisotropy
(FA), which refers to the proportion of water molecules within a certain brain region that are
diffusing in the same direction. Factors that increase FA include organization of tissue into
tightly packed unidirectional structures and increased myelination; thus structures such as the
corpus callosum and interior capsule tend to have high fractional anisotropy values. Mean
diffusivity tends to be decreased in the presence of these same factors. Tissues such as the
cortex will have lower FA levels despite their highly organized states because tissue elements
are going in different directions, a phenomenon termed fiber crossing (see paper by
Schmithorst, this issue).

In general, neurodevelopmental studies of diffusion tensor imaging parameters have found FA
to be increasing and mean diffusivity to be decreasing in key WM tracts throughout adolescence
(Barnea-Goraly et al., 2005; Mukherjee et al., 2002; Schmithorst & Holland, 2007;
Schmithorst, Holland, & Dardzinski, 2008; Snook, Paulson, Roy, Phillips, & Beaulieu,
2005). This pattern has been most often interpreted in relation to the increases in myelination
associated with maturation previously observed in postmortem studies, although the
magnetization transfer findings described above suggest that it may also be related to changes
in other structural components.

In the largest study in adolescents thus far, Schmithorst et al measured anisotropy and
diffusivity in a group of typically developing subjects (104, 52 male, mean age 12.3 +- 3.5
years)(Schmithorst et al., 2008). They found higher FA and lower mean diffusivity in females
in the splenium of the corpus callosum, while in males, FA was higher and mean diffusivity
was lower in bilateral frontal WM regions, the right arcuate fasciculus, and left parietal and
parieto-occipital WM. Correlations of FA with age also differed between brain regions in males
and females; for example, left frontal lobe FA was positively correlated with age in boys, but
negatively correlated with age in girls.

Adjusting for presumed earlier maturity in females by comparing females with boys who were
approximately two years older resulted in even more pronounced effects with the exception of
the splenium, where the effects size of the difference decreased. As increases in FA and
decreases in mean diffusivity with development had been reported in a similar population by
this group as well as others, the finding of greater FA values in males, despite their later
maturation, suggested that sexually dimorphic processes are at work beyond differences in
maturational rates. The authors speculated that this may be related to more extensive fiber
crossing in females. A study in 21 adolescents (9 male, mean age 12.3 +- 2.9yrs) also found
that males overall had higher FA values in left frontal WM regions than females (Silveri et al.,
2006). These results are different than those found in a study in adults, which reported greater
anisotropy in frontal regions in females (Szeszko et al., 2003). It is possible that relative
anisotropy values in males and females may change as maturation completes, a question
awaiting the availability of longitudinal data. Further information on changes in diffusion
tensor imaging parameters during adolescence can be found elsewhere in this issue.
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Cortical morphometry
Postmortem studies in adults have consistently found sex differences in the cortical
cytoarchitecture, including higher neuronal densities in granular cortical layers in females
(Witelson, Glezer, & Kigar, 1995), higher overall neuronal densities and numbers in males
(Rabinowicz, Dean, Mcdonald-Comber Petetot, & De Courten-Myers, 1999), and more
neuropil in females(Rabinowicz et al., 2002) without overall differences in cortical thickness
(Mayhew, Mwamengele, & Dantzer, 1996). A greater number of neurons in the brain and a
thicker cortex has also been reported in males regardless of overall body size (Pakkenberg &
Gundersen, 1997) as well as higher synaptic density in males throughout the cortex(Alonso-
Nanclares, Gonzalez-Soriano, Rodriguez, & DeFelipe, 2008). Regional differences include a
larger visual cortex in males (Amunts et al., 2007). Language-related areas such as the superior
temporal cortex and Broca's region have been reported larger in females (Harasty, Double,
Halliday, Kril, & McRitchie, 1997), and one study found the cortex to be thicker in females
(Henery & Mayhew, 1989). Cortical complexity has been reported as similar in males and
females (Zilles et al., 1998). There are currently no equivalent postmortem studies in pediatric
subjects.

Results from neuroimaging studies have been mixed. Some neuroimaging studies have not
found sex differences in cortical thickness (Nopoulos et al., 2000; O'Donnell, Noseworthy,
Levine, & Dennis, 2005; Salat, 2004) after covarying for total brain volume, or they have found
trends towards greater thickness in males (Salat, 2004). Others have found thicker cortex in
females after taking differences in overall brain volume into account. Luders and colleagues
measured cortical thickness in sixty healthy right handed adults (females aged 24.32 +- 4.35
years; males 25.45 +- 4.72 years), using a method in which spatially homologous regions of
the cortex were aligned between individuals by matching patterns of cortical landmarks (Luders
et al., 2006). They found that when total brain volume was covaried, the cortex was thicker in
females across nearly the entire lateral surface of the brain. If unadjusted values were used, a
similar but less widespread pattern of greater thickness in females was found, which was most
pronounced in the left inferior and superior frontal gyri, and then to a lesser extent in the
superior pre- and post-central regions and occipital lobe. In contrast, males had an area of
increased thickness in the left posterior temporal lobe. Surface area was significantly larger in
females when scaled data were used and was larger in males using the original unscaled data.
Gyrification, measured through determining the degree of curvature at thousands of points
across the brain, was higher in females in several regions in the frontal, parietal, and temporal
lobes. The areas of greatest differences were in the anterior regions of the frontal lobe. No
regions had greater gyrification in men(Luders et al., 2004; Luders et al., 2006).

Using the same cortical-pattern matching method of comparing cortical thickness measurement
as Luder et al, a cross-sectional study in 176 subjects who ranged from 7 to 87 years of age
reported females to have thicker cortices in the right inferior parietal and posterior temporal
regions (Sowell et al., 2007). In this study, the authors accounted for scaling issues related to
differences in total brain size by creating a subsample of 36 adult subjects (18 males and 18
females) who had been individually matched on total brain volume and age. They found that
even when overall brain volume and GM volumes were identical, females had thicker cortex
in the right lateral frontal, temporal, and parietal cortices. These were in similar regions as
found when using the entire sample, except even more statistically robust, despite the smaller
sample size. While there were also significant changes in cortical thickness with age, these
were not in the same regions as where sex differences were identified, leading the authors to
suggest that these sex differences may exist prior to the age of the youngest participants in their
study, which was age 7.
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Sex Differences in Developmental Trajectories
An emerging theme from longitudinal studies is that in neuroimaging, as in life, the journey is
often as important as the destination. This is exemplified in MRI studies where developmental
trajectories of morphometry (i.e. size by age curves) show discriminating features not found
with static measures for predicting cognitive parameters (Shaw et al., 2006), separating clinical
groups (Shaw et al., 2007), and predicting good and bad outcomes (Mackie et al., 2007).
Understanding the sexual dimorphism of developmental brain trajectories may also clarify
some of the allometric issues previously discussed.

In 1989, the Child Psychiatry branch at the NIMH initiated a large scale longitudinal study of
typical brain development, which to date has acquired data regarding brain development and
function from over 1000 typically developing children (including twins and siblings) scanned
from 1-7 times at approximately two year intervals. A study of a subset of these data, which
included 829 scans from 387 unrelated individuals (age range 3-27, 209 males), demonstrated
that neurodevelopmental trajectories were significantly different between males and females
(Lenroot et al., 2007). Total brain size followed an inverted U trajectory in both sexes, with
peak total brain size occurring at approximately 10.5 years in females and 14.5 years in males.
Regional GM volumes also followed an inverted U shaped maturational curve and peaked
earlier in females {SEE FIGURE 1}.

WM volumes continued to increase in both males and females throughout the age range of the
study. Consistent with a prior report from an independent cohort of 188 children and
adolescents (De Bellis et al., 2001), WM in males grew more rapidly, resulting in increasingly
larger volumes relative to females with age. After covarying for total brain volume, many of
the regional size differences disappeared. Differences were still present in the frontal lobe, in
which GM volume was proportionately larger in females, and which had sex differences in
rates of growth for GM and WM. The lateral ventricles were larger in males, while the corpus
callosum was relatively larger in females (Lenroot et al., 2007).

In an earlier study from the NIMH sample, males had a more rapid increase in amygdala size,
while the hippocampus grew more quickly in females (Giedd et al., 1997). Suzuki and
colleagues also found sexual dimorphism in the growth of the hippocampus, but in this case,
they reported more pronounced growth in males. They measured age and sex effects on
volumes of the hippocampus and parahippocampus in a group of 23 adolescents (13-14 yrs
age, 10 male) and 30 young adults (18-21 years, 15 males)(Suzuki et al., 2005). Hippocampal
volumes were significantly larger in the adult males than in the adolescents, but there were no
differences in females. The authors speculated that the discrepancy could be related to the older
age of participants in this study compared to previous reports, suggesting that hippocampal
growth may occur earlier in girls than boys, consistent with the pattern seen in other brain
regions (Lenroot et al., 2007).

Sex differences in brain physiology
Studies have reported sex differences in brain activation levels in the presence of equal
cognitive ability (Bell, Willson, Wilman, Dave, & Silverstone, 2006). Some have suggested
that, at least in adulthood, females tend to have more bilateral activity during tasks, and males
more regional activation (Shaywitz et al., 1995). One study found that females had less relative
activation for a given level of task performance than males, possibly indicating greater
efficiency (Christova, Lewis, Tagaris, Uğurbil, & Georgopoulos, 2008). Although there has
been very little investigation yet into sex differences in functional brain development during
adolescence, one study looking at an interaction of sex and age during adolescence with regards
to responses to viewing different types of faces found that females and males had similar
responses to angry faces during childhood. However, females showed greater responses to
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angry faces after puberty, while males did not change. This pattern is possibly related to sex-
related changes in HPA axis functioning, which is discussed in more detail below (Mcclure,
2004).

A hint towards the potential relevance of sex steroid differences to brain activity can be
suggested by studies looking at brain activation across the different phases of the menstrual
cycle. Brain activation levels themselves change as a function of menstrual phase (Goldstein,
2006). The relation to cognitive function also may change. For example, several studies have
found that performance and brain activation fluctuate across the menstrual cycle on tasks
including spatial ability (Hausmann & Gunturkun, 2000; Schöning et al., 2007) and semantic
performance (Konrad et al., 2008). Tests of learning and memory also show fluctuations across
the menstrual cycle, suggesting that temporary changes in sex steroid exposure can affect
neuronal plasticity (Farage, Osborn, & Maclean, 2008; Sherwin, 2003). A recent study
examining interhemispheric inhibition found that the influence of left hemispheric regions is
much stronger during the menses, while lateralization decreases during the follicular phase as
estradiol levels rise (Weis et al., 2008). Although brain imaging studies in general rarely
explicitly account for influences such as menstrual phase, the opportunity to study the
interaction of changing levels of steroid hormones with neuronal function may provide an
invaluable window onto the processes underlying neuronal plasticity and how it may change
in response to the hormonal changes that characterize adolescence.

Sex differences in brain development during adolescence: impact on
function

Sex differences in cognitive ability are modest (McCarthy & Konkle, 2005). Patterns of social
interaction typically show much stronger contrast, extending in varying form and degrees of
magnitude across species. In general, species having the greatest differences in roles in
procreation tend also to have the most marked behavioral differences (McCarthy, 2008). In
humans and most other mammalian species, females have generally been characterized as
being more sensitive to social cues and stresses, such as perception of rejection. Evolutionarily
this has been tied to adaptation of social roles to facilitate bearing offspring and having primary
responsibility for care of the very young, including the capacity for attunement needed to foster
cognitive and social development of the neonate (Cyranowski, Frank, Young, & Shear,
2000). The relationship of the sex differences in brain development described by the
neuroimaging studies above to these functional differences in social behavior is as yet largely
unexplored. It is intriguing to speculate that a better understanding of the neurodevelopmental
processes underlying sex differences in social cognition may also provide a key to another
functional aspect of sex differences during adolescence: the disparity in rates of onset, course,
and symptomatology of the common psychiatric disorders whose incidence begins to rise
during this time.

The clearest example of this increased incidence is major depression. Prior to the onset of
puberty, males and females have approximately equal rates of depression at 5%. With the onset
of puberty, rates in females double, while males stay approximately the same (Angold,
Costello, & Worthman, 1998). Many factors may play a role in this pattern, including different
stresses associated with gender expectations, the higher incidence of exposure to trauma in
young females, and differences in social cognitive function such as rejection sensitivity
(Cyranowski et al., 2000; Zahn-Waxler & Shirtcliff, 2006). One potential mechanism is sex
differences in the development of the HPA axis. Studies indicate that the increase in incidence
of depression is linked to pubertal maturation rather than increases in chronological age
(Angold et al., 1998). In females, there is an increased response of the HPA axis to stress with
advancing puberty, while in males, the response is decreased, possibly associated with
increased testosterone levels (Mccormick & Mathews, 2007).
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Schizophrenia is another disorder whose incidence rises markedly during adolescence and
whose presentation shows significant sex differences (Castle, Sham, & Murray, 1998;
Grossman, Harrow, Rosen, Faull, & Strauss, 2008; McGlashan & Bardenstein, 1990).
Schizophrenia is slightly more common in males (McGrath, Saha, Chant, & Welham, 2008).
Males also have a distinct peak age of onset during late adolescence and young adulthood,
while the peak in females is later and more gradual, and there is a second rise in incidence
around the time of menopause (Angermeyer & Kuhn, 1988). If schizophrenia is linked to
abnormalities in adolescent brain development, this would seem counter-intuitive based on the
behavioral and brain imaging data that females mature earlier than males. It has been suggested
that the pubertal surge in estrogen levels seen in females but not males has a neuroprotective
effect, possibly serving to delay onset of the disorder and ameliorate some of its effects
(Kulkarni et al., 2008). Women with schizophrenia also tend to continue to have better
outcomes, linked at least in part to better social functioning than males (Castle & Murray,
1991; Grossman et al., 2008; Thorup et al., 2007). It has also been observed that males are
more likely to have a history of lower functioning prior to their first psychotic break, suggesting
that males may be more at risk for earlier abnormal neurodevelopmental processes that could
interact with other processes during adolescence to facilitate the onset of schizophrenia (Castle
& Murray, 1991; Thorup et al., 2007).

Conclusion
In summary, male adolescents, as a group, have larger brain volumes than females. The
longitudinal data show that adolescent males reach their peak volumes later than females, such
that volumes become increasingly divergent as males and females reach adulthood, particularly
for WM. Assessing regional differences is complicated by the observation that scaling with
increased volume is not necessarily linear, leading to regional differences that could be
attributable to variations in brain size alone (Im et al., 2007b; Leonard et al., 2008). The
complexities of comparing brain measurements in cross-sectional data across development are
highlighted by findings in the hippocampus and the corpus callosum, in which studies done at
different ages have found different patterns of sex differences (Giedd et al., 1997; Lenroot et
al., 2007; Suzuki et al., 2005). If brain regions are growing at different rates, the size or even
direction of the difference between them could depend on the age at which measurements are
made.

The regions most frequently reported by imaging studies as showing morphological sex
differences include the basal ganglia and limbic structures. The caudate has been reported as
proportionately larger in females by several studies across different ages and using different
methodologies (Filipek, Richelme, Kennedy, & Caviness, 1994; Giedd et al., 1997; Sowell et
al., 2002), which is intriguing given the involvement of the basal ganglia in disorders with
pronounced sex differences in incidence such as Attention Deficit/Hyperactivity Disorder and
Tourette's syndrome. The other areas most frequently reported as being different even after
accounting for overall differences in brain size are the hippocampus and amygdala (Giedd et
al., 1997; Goldstein et al., 2001; Suzuki et al., 2005; Wilke et al., 2007), with larger size or
more rapid growth of the hippocampus typically reported in females, and of the amygdala in
males. These findings appear consistent with observations of greater densities of androgen
receptors in the amygdala versus higher levels of estrogen receptors in the hippocampus, as
well as with the preliminary data combining steroid levels and brain volumes, which seem to
indicate more sensitivity of the amygdala to testosterone levels and of the hippocampus to
estrogen. These areas have also been associated with disorders such as depression and anxiety,
disorders which show distinct differences between the sexes (Becker et al., 2007; McEwen,
2001; Romeo, Waters, & Mcewen, 2004).
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DTI and magnetization transfer imaging have also shown sex dimorphism in measurements
sensitive to the brain's microstructural features such as myelination and tissue organization.
Studies of brain activity have shown different patterns of activation in the presence of equal
cognitive performance, suggesting that male and female brains may follow slightly different
paths to achieve similar levels of function.

Do sex differences in brain structure or function during adolescence explain sex differences in
functional capacity and behavior? Answering this question is one of the next pressing tasks for
better understanding how the processes of sexual differentiation affect behavior or risk for
psychopathology. Separating out effects of development from those of sex is challenging,
particularly in cross-sectional data, given the enormous variability within the normal range of
both brain structural features and ability. For example, if brain volumes in the frontal lobe
appear to peak two years earlier in females, suggesting more rapid development in females, is
matching populations on chronological age the most appropriate method, or should
developmentally equivalent groups be chosen? And if the latter, what measure of development
should be used? Pubertal stage is one possibility, as seen in some of the studies here, but the
timing of pubertal maturation relative to other aspects of adolescence varies between
individuals. Moreover, different systems may not mature at the same rate even within the same
person, and not all cognitive maturation is

Understanding how sex differences interact with other factors that lead to vulnerability or
resilience for neuropsychiatric disorders could throw unexpected light on relevant pathways.
A consequence of sex differences in brain development is the possibility that treatments may
not have the same effects in males and females, which may be important to explore further for
the goal of optimizing individual treatment strategies (Hodes, Yang, Van Kooy, Santollo, &
Shors, 2009). Although a better understanding of how sex differences develop during childhood
and adolescence may eventually help to guide interventions such as treatment and education,
it should be remembered that all the findings discussed in this paper represent group averages
with substantial overlap between groups. Causality has not yet been established between any
normal variation of brain development and functional ability. Neuroimaging findings should
be taken as clues pointing us towards different processes affecting male and female brain
development rather than definitive statements about the capabilities of male or female
individuals
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Figure 1.
Mean volume by age in years for males (N = 475 scans) and females (N = 354 scans). Middle
lines in each set of three lines represent mean values, and upper and lower lines represent upper
and lower 95% confidence intervals. All curves differed significantly in height and shape.
Figure adapted from Lenroot et al., 2007.
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