
Section 1

Chapter

1
The Developmental Context and Developmental Disorders

Human Brain Development
Implications for Maladies of the Male Mind
David Coghill

As you work through the chapters in this book it will
become very clear that since the beginning of the
‘decade of the brain’ in 1990 we have made consider-
able progress in understanding how the brain works
and the way that it develops across the lifespan. We
have also made significant progress in understanding
the genetic and environmental factors that contribute
to the development of mental health problems. We still,
however, struggle to develop new and innovative treat-
ments and therapies and in our understanding of what
works for whom in what circumstances – more
recently labelled precision or personalized medicine.
There are, of course, many factors that contribute to
this lack of concrete progress. Psychiatric disorders are
complex and heterogeneous across several levels of
analysis: phenotypically, with co-morbidity being the
rule rather than the exception; aetiologically, with a
complex genetic architecture based on different types
of genetic variants and gene–environment interplay
and diverse brain alterations. Also, as there is no stable,
agreed-upon, and biologically valid construct for any of
the recognized psychiatric disorders, the current tax-
onomy provides an unclear basis for informed bio-
logical research. Attempts to define biologically
homogeneous subtypes (‘biotypes’) or pathophysiolo-
gical dimensions of psychiatric disorders are under way
but have yet to deliver (Feczko et al., 2019). From
another angle, enormous scientific challenges are still
presented by the complexity of the brain’s architecture
and physiology, our far from complete understanding
of how these change across development, and the rela-
tionships between structure and function and between
cognition and behaviour/symptoms. These continue to
present enormous scientific challenges.

Sex is an often unrecognized but essential variable
in this whole picture. There are sex differences in
prevalence for most psychiatric disorders. Being male
is a significant risk for the development of neurodeve-
lopmental and neuropsychiatric disorders (e.g. schizo-
phrenia, attention deficit hyperactivity disorder

(ADHD), autism spectrum disorder (ASD), Tourette’s
disorder, and intellectual disability (ID)). While
being female appears to afford some degree of pro-
tection against these common disorders, it increases
risk, at least after puberty, for depression and eating
disorders. A discussion of these sex differences
forms the core of this book. In this opening chapter
we focus on sex differences in brain development.
While our understanding of these differences is far
from complete, the hope is that, in time, knowledge
of the biological origins and functional conse-
quences of these risk and protective factors will gen-
erate novel therapeutic targets and approaches for
prevention and intervention.

We focus on two main lines of evidence that arise
from human neuroimaging studies on the one hand
and animal models on the other. Animal studies are
particularly important in this context not only
because they deliver several advantages in experimen-
tal design that are not possible in human studies but
also because it is possible in animal models to separ-
ate sex from gender. In humans, gender is a complex
construct that is based on a combination of our own
and societal perception of our sex (see Chapter 7).

Interestingly it is only in the last 60 years that it
has been accepted that the brain plays an important
role in determining sex differences in human behav-
iours. Up until this time it was generally accepted that
it was the somatic characteristics and differences
between males and females (i.e. their differing geni-
talia and secondary sexual characteristics) that led to
their characteristic sexual behaviours. This idea was
convincingly challenged in 1959 when Phoenix and
colleagues published a seminal study demonstrating
that, when pregnant guinea pigs were treated with
testosterone, their female offspring – when adults –
showed a copulatory pattern of males despite not
having a penis (Phoenix et al., 1959).

Sex differences between male and female embryos
can be detected as soon as the second day following
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conception, by which time male embryos (in humans
and rodents) are seen to have more cells and a higher
metabolic rate (Burgoyne et al., 1995; Ray et al., 1995).
A pivotal event in human sexual differentiation
occurs at around six weeks post-conception when, in
males, the Sry gene on the Y chromosome interacts
with gene products from the X chromosome and
other autosomal gene products to stimulate the prim-
ordial fetal gonad to develop into testes (Koopman,
1999). In the absence of these factors the fetus is
programmed to develop into a female. The testicular
hormones, including testosterone, start to be pro-
duced by the testes between 12 and 16 weeks post-
conception and they then trigger the processes that
lead to masculinization and defeminization of the
male fetus.

Dimensions of Sex Differences in
Behaviour and Brain Development
Before addressing the various causal agents that
impact on sex differences in brain development it is
worth considering the various dimensions along
which these differences are realized. Joel and
McCarthy (2017) proposed four helpful and non-
mutually exclusive dimensions:

1. Direct versus indirect: this refers to whether the
impact of the causal agent is direct (e.g. hormonal
genetic – XX, YY) or indirect (e.g. as a
consequence of stress or rearing practices).

2. Persistent versus transient: sometimes sex
differences (manifest often as behavioural
differences) appear only under certain
circumstances and/or may disappear under others
(e.g. sex differences in rough and tumble play that
disappear during and after puberty).

3. Context-independent versus context-dependent:
for example, stress-related sex differences in
behaviour. In many species there is an interaction
between age/stage of development and stress
response whereby males show a greater response
to stress at some ages while females respond more
strongly at others.

4. Dimorphic versus continuous: sexually dimorphic
brain differences are more commonly seen in
non-mammalian species. For example, the neural
circuitry controlling singing in songbirds is highly
dimorphic with the nuclei responsible for
generating complex courtship songs present only

in males. In mammals, sex differences are more
often seen when an end point varies along a
continuum and where the mean value is
significantly different for males versus females. As
there is often considerable overlap between the
end points this means that despite there being a
significant difference at the group level it is not
possible to predict sex for any one individual
based on their score.

A fifth important dimension that has been added is
the concept of convergence versus divergence
(McCarthy, 2016). Again the clearest examples are
seen in animal studies. Performance on an eye-blink
conditioning task, which taps into learning and
memory processes, is strongly influenced by stress.
Although there are no sex differences in task perform-
ance in a stress-free environment, males and females
respond to stress differently. Under stressful condi-
tions male performance improves, while female per-
formance deteriorates (although only at a particular
stage of the oestrus cycle) (Shors, 2016). Convergence
has also been demonstrated in animal models both at
the behavioural and cellular levels. For example, the
males of a particular species of vole have a separate
and additional neural circuit to females that drives
them to show parenting behaviour. The assumption is
that this is required because the males do not experi-
ence pregnancy or lactation, which are thought to be
associated with the neural circuits required for
parenting (De Vries, 2004). At a cellular level – for
reasons that remain unknown – the control of synap-
tic potentiation and inhibition via glutamate and
GABA in some species of rodents is achieved via
distinct cellular pathways in the hippocampus
(Barraclough and Gorski, 1961; Oberlander and
Woolley, 2016). Here the end result is no sex differ-
ence in function, but this is achieved differently in
males and females.

A further important factor in understanding sex
differences in the brain and its development (high-
lighted by McCarthy, 2016) is that when you under-
stand the mechanism by which sex differences in one
brain region are established you understand only how
differences in that region have been established. There
is no general template or set of principles that can be
applied across the brain. Each region has its own
profile and set of influences. This is key to under-
standing the patterns of sex differences across the
brain, which, as highlighted in the section ‘Sex
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Differences in Brain Structure’, resemble a patchwork
of relative maleness and femaleness in any one indi-
vidual with considerable inter-individual (as well as
intra-individual) variability.

We will now consider some of the mechanisms by
which sex differences in the brain are brought about
before highlighting some of the differences that have
been described.

Direct Genetic Effects on SexDifferences
in the Brain
The recognition that some sex differences are initiated
before male sex hormones are produced highlights
the potential for the X and Y chromosomes to impact
directly on sexual differentiation either through their
own gene products or through regulation of the tran-
scription of autosomal genes. This process has been
investigated using clever experimental designs by
Arnold and colleagues (De Vries et al., 2002). They
were able to remove the Sry gene from the
Y chromosome and replace it with an autosome.
This allowed XX female experimental mice to develop
testes and XY experimental animals to develop ovar-
ies. The initial studies, which focused on more trad-
itional sexual behaviours and the underlying neural
architecture supporting these, found few differences
between experimental and wild-type animals.
However, later in the programme when they started
to look at emotional, cognitive, and motivational out-
comes, many differences were noted. Direct gene
effects were found for habit formation, aggression,
parenting, weight gain, and more (Arnold, 2012;
Arnold et al., 2004).

Despite widespread anticipation it has not yet
been possible to identify the specific genes on the
X and Y chromosome that are responsible for these
differences. Indeed, it now seems that it may not
always be the presence or absence of the specific genes
but the number of X chromosomes that is the key
factor. The X chromosome contains many important
genes and is particularly enriched in genes associated
with brain development and cognitive functioning
(Zechner et al., 2001). In order to keep the dose of
X chromosomes relatively even between males and
females, one of the X chromosomes is inactivated in
females. However, it is now recognized that this
inactivation is incomplete and that around 15% of
the genes on the X chromosome are capable of bial-
lelic expression in women (Berletch et al., 2010). It

has also become clear that there is a cost associated
with inactivating the second X and that this creates
what has been termed a ‘heterochromatic sink’ that
sucks up valuable resources that could otherwise be
used to regulate gene expression of the autosomes
(Arnold et al., 2016). Studies with extreme individuals
(e.g. XXY, Kleinfelter syndrome, or XYY males and
others) have also allowed investigation as to whether
the number of X or Y chromosomes makes a differ-
ence to development. Rather surprisingly the effects
of increasing numbers of either X or Y chromosomes
on brain development appear to be similar. For
example those people with a greater number of either
X or Y have increasing distortions in the size and
shape of the striatum, pallidum, and thalamus
(Reardon et al., 2016). These studies do, however,
emphasize the potential for the sex chromosomes to
impact on brain structure.

Hormonal Effects on Sex Differences in
the Brain
Notwithstanding these direct effects, most sex differ-
ences in the brain are programmed by one of two
pathways (McCarthy, 2016):

1. By gonadal steroids during a developmentally
critical period. In primates (including human) this
critical period starts when testosterone first surges
in the male testes – around the beginning of the
second trimester – and ends by the developmental
period during which females lose their sensitivity
to exogenous steroids and cannot be masculinized.
The timing of this offset appears to be different for
different outcomes and is earlier for reproductive
vs non-reproductive end points; or

2. Although many of the important changes in
sexual development occur during the critical
period of fetal development, puberty is clearly a
key later stage during which there are further key
changes in the hormonal milieu that differ in
males and females and impact on brain
development (see also Chapter 4). Puberty starts
around the age of 6–8 years with adrenarche
during which there is a sharp rise in the levels of
adrenal hormones associated with the
development of axillary and pubertal hair. This is
followed by gonadarche, a separate process, that
typically starts between 9 and 14 years in males
and slightly earlier in females. Specialist
hypothalamic neurones are activated and start to
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secrete gonadotrophin-releasing hormone
(GnRH), which then stimulate increased secretion
of luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) from the pituitary
gland. These then trigger increased production of
testosterone in males and oestrogens in females.

As with the gonads, the brain is programmed to
develop into the female phenotype. In adult males
across species the regular but pulsatile secretion of
leutinizing hormones results in continuous testos-
terone production and the associated continual
interest in mating and the associated behaviours of
male-to-male competition and mate guarding. The
hormonal milieu of adult males and females is,
however, much more nuanced than simply high
testosterone vs fluctuating oestrogens and proges-
terone. Males also make oestrogens, particularly in
the brain where the enzyme that converts testoster-
one to oestradiol is found in high levels. The brain
can also create its own oestradiol through de novo
steroidogenesis.

The effects of oestrogen and testosterone and
their active metabolites on the brain are mediated
through several distinct pathways. Testosterone is
metabolized to dihydrotestosterone (DHT) and then
oestradiol. Both DHT and oestradiol bind to specific
receptors in the nucleus affecting the transcription of
multiple genes. Oestrogen can promote neurogenesis
and synaptic growth via stimulation of GABAergic
neurons and also have a much more rapid effect
through binding to membrane-bound receptors
and second-messenger systems. The rate of conver-
sion of testosterone to oestradiol is affected by fluc-
tuating glutamate levels.

Epigenetic and Environmental Impacts
on Brain Development
We have already highlighted that stress is an import-
ant environmental determinant of sex differences in
brain development. It is likely that while some of
these effects occur through a direct impact on hor-
mone production, some are due to epigenetic effects
determined by an impact on the enzymes that regu-
late DNA methylation and expression. A key differ-
ence between these epigenetic effects and the direct
hormonal effects is that the epigenetic effects are
often much longer lasting and sometimes perman-
ent. An example from the animal literature is the
discovery that in male rodent DNA methylation is

down-regulated by steroid hormones decreasing
gene expression and resulting in masculinization.
In females these genes must be continually repressed
to prevent masculinization (Nugent et al., 2015).

Sex Differences in Brain Structure

Total Brain Volume
There are now many studies that have demonstrated
sex differences in brain structure. Taken together,
post-mortem studies and in vivo imaging studies of
children, adolescents, and adults consistently dem-
onstrate a total brain volume in males 9–12% greater
than that for females (Lenroot and Giedd, 2010). It is
also clear that these overall differences are not
accounted for by body size in either children or
adults. While some studies have reported that the
grey matter–white matter ratio (GM–WM) is smaller
in males than in females, these differences are min-
imal when overall brain sizes are accounted for. The
complexity of the relationship between cortical mor-
phometry and brain size is further demonstrated by
a study that investigated the relationships between
total brain volume and a range of cortical features
such as thickness, surface area, and gyrification (Im
et al., 2008). That study found that increases in grey
matter volume were driven by increased surface area
rather than cortical thickening and that increased
brain size was associated with marked increases in
folding of the cortical surface. Interestingly and
importantly there were no other sex differences
found in this study once sex differences in total brain
volume were accounted for (Pakkenberg and
Gundersen, 1997).

Regional Differences
In addition to the differences in total brain volume,
sex differences have been demonstrated in several
specific brain regions in adolescents and adults (see
Lenroot and Giedd, 2010, for a detailed review). Many
of these are seen in regions with higher densities of
sex steroid receptors. The sex steroids can act both
directly and indirectly. Several dopaminergic and ser-
otonergic neurons have been demonstrated to be sen-
sitive to changes in sex steroids. This is particularly
interesting because dopaminergic neurotransmission
has been implicated in schizophrenia and ADHD and
serotonergic neurotransmission in depression, all of
which show marked sex differences in prevalence.
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Other regions with high levels of sex steroid receptors
include the frontal cortex, posterior parietal cortex,
motor and somatosensory cortex. There does appear
to be an association between these regions and those
for which sex differences in architecture have been
most consistently found. When total brain volume is
accounted for the orbitofrontal and paralimbic brain
regions and the caudate have been reported to be
smaller in males, while the fronto-medial cortex,
hypothalamus, amygdala, and angular gyrus have
been shown to be proportionately larger in men
(Lenroot and Giedd, 2010).

In a key study for the field, Neufang and col-
leagues looked at the relationships between sex steroid
levels and brain structure (Neufang et al., 2009). In
boys, a region of the amygdala was larger. Apart from
higher levels of serum testosterone in older males,
there were no differences in sex steroid levels in their
sample. They also found that grey matter intensity in
the amygdala was predicted by testosterone levels in
both males and females. In a whole brain regression
analysis, testosterone was positively associated with
increased grey matter density in right-sided dience-
phalic structures in males, and negatively correlated
with parietal GM volume in males. Peper and col-
leagues investigated the effects of puberty on brain
development in a large cohort of Dutch twins. They
found that total grey matter volume correlated nega-
tively with oestradiol levels in females and positively
with testosterone in males (Peper et al., 2009).

Sex Differences in Connectivity
Studies have started to appear that use diffusion
tensor imaging (DTI) to investigate sex differences
in brain white matter. In general, studies across
adolescence suggest increasing white matter as ado-
lescence progresses. The literature on sex differences
in DTI-based measures shows functional anisotropy
(FA) values in bilateral frontal regions, the right
arcuate fasciculus, and left parietal and parieto-
occipital regions in males (Clayden et al., 2012;
Herting et al., 2012; Hsu et al., 2008), while in
females FA is increased in the corpus callosum
(Kanaan et al., 2012). Interestingly correlations of
FA with age differ between brain regions in males
and females; for example, left frontal lobe FA is
positively correlated with age in boys, but negatively
correlated with age in girls (Schmithorst et al., 2008).
Taken together it would appear that the structural

properties and development of white matter are not
uniform throughout the brain or across males
and females.

A more recent use of DTI has been to examine
what has been termed the ‘structural connectome’
through measures indexing the patterns and strength
of brain connectivity both locally and globally. The
hope is that the identification of network properties
such as communities or the communication back-
bone can advance our understanding of how complex
behaviours emerge from the integration of segregated
neuronal clusters (Schwarz et al., 2008). Gur and Gur
evaluated sex differences in the structural connectome
to elucidate sex differences in the Philadelphia
Neurodevelopmental Cohort (PNC) and found
stronger intra-hemispheric connectivity bilaterally in
males and stronger inter-hemispheric connectivity in
females (Ingalhalikar et al., 2014). This fits well with
the previous DTI findings.

Cortical Morphometry
Post-mortem studies in adults have consistently
found sex differences in the cortical cytoarchitecture.
These have been summarized by Lenroot and Geidd
(2010) and include: higher neuronal densities in
granular cortical layers in females; higher overall
neuronal densities and numbers in males; and more
neuropil in females without overall differences in
cortical thickness. A greater number of neurons in
the brain and a thicker cortex have also been reported
in males regardless of overall body size (Pakkenberg
and Gundersen, 1997) as well as higher synaptic dens-
ity in males throughout the cortex (Alonso-Nanclares
et al., 2008). Results of neuroimaging studies that
have commented on sex differences in cortical thick-
ness are mixed. Some found no sex differences in
cortical thickness after covarying for total brain
volume (Nopoulos et al., 2000; O’Donnell et al.,
2005; Salat et al., 2004). Some have found a trend
towards greater thickness in males (Salat et al.,
2004), while others have found that after taking dif-
ferences in overall brain volume into account the
cortex was thicker in females.

Sex Differences in
Developmental Trajectories
There is now an extensive literature showing that
adolescence is associated with changes in brain
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structure, including reduced grey matter volume and
increased white matter volume, which have also been
related to sex differences (Lenroot and Giedd, 2010).

The pioneering longitudinal studies of brain
development conducted by the Child Psychiatry
branch at the US National Institute for Mental
Health (NIMH) that were initiated in 1989 and that
continue through to today have clearly demonstrated
the importance of considering not just static differ-
ences in brain development but also the develop-
mental trajectories of these differences. By doing so
it has been possible to develop size-by-age curves
that describe different developmental trajectories
for males and females and demonstrate that these
curves differ across different brain regions (Lenroot
et al., 2007). Thus, total brain size development
followed an inverted U-shaped curve for both males
and females but with different timings for peak total
brain size that were on average four years earlier for
females (10.5 years) compared to males (14.5 years).
Other grey matter brain regions also showed a simi-
lar inverted U-shaped trajectory and also peaked
earlier in females. White matter volumes continued
to increase for both males and females across the age
range covered by the study (3–27 years). In both this
sample and that from an independent study (De
Bellis et al., 2001) white matter development in
males was more rapid than in females and this
resulted in greater white matter volumes for males
at any particular age than for females. When
volumes were corrected for total brain size many of
these apparent sex differences were no longer signifi-
cant. There were, however, still differences in grey
matter in the frontal lobes and white matter in the
corpus callosum, both of which were bigger in
females (Lenroot et al., 2007). In males the lateral
ventricles were larger (Lenroot et al., 2007). Data
from an earlier analysis of the NIMH cohort also
demonstrated several sex differences across adoles-
cence. Geidd and colleagues found that during ado-
lescence there was a more rapid increase in amygdala
size in males and in the hippocampus in females
(Giedd et al., 1997).

Notwithstanding its seminal importance, one
drawback of the NIMH data is that the lack of infor-
mation about hormonal status makes it difficult to
distinguish between age and hormonal effects. There
is currently very limited data available that can start to
separate age from hormonal effects and it is too early
to draw any clear conclusions.

Sex Differences in Behaviour Linked to
Brain Function
Cognitive testing has the potential to act as a window
into the brain and its development. It is now generally
accepted that specific cognitive domains exhibit dif-
ferent developmental patterns. Executive control, for
example, continues to develop well into the third
decade of life (Conklin et al., 2007; Pickering, 2001)
while lower order cognitive domains (e.g. low
executive-demand spatial and verbal memory) reach
adult levels before puberty in many individuals
(Coghill, 2010). One problem with much of the avail-
able data is a lack of specificity for many tasks
between cognitive functioning and neural substrate.
Most of the cognitive measures currently employed to
describe developmental changes were developed for
clinical purposes and are administered using paper-
and-pencil formats, which precludes their use in neu-
roimaging studies. Equally importantly, most of the
tasks are broadly defined and load heavily on the ‘g
factor’, which makes it difficult to separate different
cognitive processes and separate accuracy from speed
(Salthouse, 2004). While there are computerized cog-
nitive batteries that have been developed from a
neuroscience perspective (e.g. The Cambridge
Automated Neuropsychological Testing Assessment
Battery; Morris et al., 1987) and for which the neural
substrates have been well defined, these tasks have not
generally been applied in large-scale developmental
studies from childhood to adulthood; and the litera-
ture is especially limited in the application of an
identical neurocognitive test battery across a popula-
tion ranging from childhood through puberty and
young adulthood.

Those data that do exist suggest sex differences in
cognitive performance, which by extrapolation sup-
ports the notion of underlying differences in brain
function. Males have been demonstrated to perform
better than females on spatial (e.g. Voyer et al., 1995)
and motor tasks (e.g. Moreno-Briseno et al., 2010),
with females performing better than males on some
verbal and memory tasks (e.g. Hedges and Nowell,
1995) as well as measures of social cognition (e.g.
Gur et al., 2010). However, for the reasons described
above the developmental course of sex differences in
brain–behaviour relationships, especially in adoles-
cence and across neurobehavioral domains, remain
to be fully elucidated, particularly with longitudinal
studies.
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The Impact of Sex Differences in Brain
Development on Psychiatric Disorders
As was noted at the start of this chapter, and as is
discussed in detail throughout the rest of this book,
there are sex differences in the prevalence, presenta-
tion, and course of many psychiatric disorders, and
while it is now clear that these must, at least in part,
reflect sex differences in brain structure and func-
tion, the precise mechanisms linking the two remain
uncertain. Several early onset neuropsychiatric dis-
orders such as autism spectrum disorder (ASD),
attention deficit hyperactivity disorder (ADHD), as
well as disorders such as schizophrenia and
Tourette’s syndrome, which ‘onset’ later in life but
have been associated with early differences that can
be measured before the actual onset of the disorder,
are all more frequent in males and associated with

differences in brain structure and function from very
early in life. Although it seems almost certain that
these differences arise during fetal development, the
balance between direct genetic and hormonal (or
indeed gene x environment interactions and/or epi-
genetic) influences is not yet clear. It is also not clear
whether males are more vulnerable to these dis-
orders or whether females are ‘protected’: a subtle
but important difference. For depressive disorders,
where the sex differences in prevalence do not
appear until later in development, around puberty,
it would be reasonable to speculate that hormonal
changes around puberty and perhaps environmen-
tally induced epigenetic factors are more important.
These concepts and constructs are expanded on by
the authors of subsequent chapters, all experts in
their specific fields.

References
Alonso-Nanclares, L., Gonzalez-

Soriano, J., Rodriguez, J. R., and
Defelipe, J. 2008. Gender differences
in human cortical synaptic density.
Proc Natl Acad Sci USA, 105,
14615-9.

Arnold, A. P. 2012. The end of gonad-
centric sex determination in
mammals. Trends Genet, 28, 55–61.

Arnold, A. P., Reue, K., Eghbali, M.,
Vilain, E., Chen, X., Ghahramani,
N., Itoh, Y., Li, J., Link, J. C., Ngun,
T., and Williams-Burris, S. M. 2016.
The importance of having two
X chromosomes. Philos Trans R Soc
Lond B Biol Sci, 371, doi: 10.1098/
rstb.2015.0113.

Arnold, A. P., Xu, J., Grisham, W.,
Chen, X., Kim, Y. H., and Itoh, Y.
2004. Minireview: Sex
chromosomes and brain sexual
differentiation. Endocrinology, 145,
1057–62.

Barraclough, C. A. and Gorski, R. A.
1961. Evidence that the
hypothalamus is responsible for
androgen-induced sterility in the
female rat. Endocrinology, 68,
68–79.

Berletch, J. B., Yang, F., and Disteche,
C. M. 2010. Escape from

X inactivation in mice and humans.
Genome Biol, 11, 213.

Burgoyne, P. S., Thornhill, A. R.,
Boudrean, S. K., Darling, S. M.,
Bishop, C. E., and Evans, E. P. 1995.
The genetic basis of XX–XY
differences present before gonadal
sex differentiation in the mouse.
Philos Trans R Soc Lond B Biol Sci,
350, 253–60, 260–1.

Clayden, J. D., Jentschke, S., Munoz,
M., Cooper, J. M., Chadwick, M. J.,
Banks, T., Clark, C. A., and Vargha-
Khadem, F. 2012. Normative
development of white matter tracts:
similarities and differences in
relation to age, gender, and
intelligence. Cereb Cortex, 22,
1738–47.

Coghill, D. 2010. Heterogeneity in
ADHD. MD thesis, University of
Dundee.

Conklin, H. M., Luciana, M., Hooper,
C. J., and Yarger, R. S. 2007.
Working memory performance in
typically developing children and
adolescents: behavioral evidence of
protracted frontal lobe
development. Dev Neuropsychol, 31,
103–28.

De Bellis, M. D., Keshavan, M. S.,
Beers, S. R., Hall, J., Frustaci, K.,

Masalehdan, A., Noll, J., and
Boring, A. M. 2001. Sex differences
in brain maturation during
childhood and adolescence. Cereb
Cortex, 11, 552–7.

De Vries, G. J. 2004. Minireview: Sex
differences in adult and developing
brains: compensation,
compensation, compensation.
Endocrinology, 145, 1063–8.

De Vries, G. J., Rissman, E. F.,
Simerly, R. B., Yang, L. Y.,
Scordalakes, E. M., Auger, C. J.,
Swain, A., Lovell-Badge, R.,
Burgoyne, P. S., and Arnold, A. P.
2002. A model system for study of
sex chromosome effects on sexually
dimorphic neural and behavioral
traits. J Neurosci, 22, 9005–14.

Feczko, E., Miranda-Dominguez, O.,
Marr, M., Graham, A. M., Nigg, J. T.,
and Fair, D. A. 2019. The
heterogeneity problem: approaches
to identify psychiatric subtypes.
Trends Cogn Sci, 23, 584–601.

Giedd, J. N., Castellanos, F. X.,
Rajapakse, J. C., Vaituzis, A. C., and
Rapoport, J. L. 1997. Sexual
dimorphism of the developing
human brain. Prog
Neuropsychopharmacol Biol
Psychiatry, 21, 1185–201.

7

Chapter 1: Human Brain Development: Implications For Maladies Of The Male Mind

https://doi.org/10.1017/9781108646765.002 Published online by Cambridge University Press

https://doi.org/10.1017/9781108646765.002


Gur, R. C., Richard, J., Hughett, P.,
Calkins, M. E., Macy, L., Bilker, W. B.,
Brensinger, C., and Gur, R. E. 2010.
A cognitive neuroscience-based
computerized battery for efficient
measurement of individual
differences: standardization and initial
construct validation. J Neurosci
Methods, 187, 254–62.

Hedges, L. V. and Nowell, A. 1995. Sex
differences in mental test scores,
variability, and numbers of high-
scoring individuals. Science, 269, 41–5.

Herting, M. M., Maxwell, E. C., Irvine,
C., and Nagel, B. J. 2012. The
impact of sex, puberty, and
hormones on white matter
microstructure in adolescents. Cereb
Cortex, 22, 1979–92.

Hsu, J. L., Leemans, A., Bai, C. H., Lee,
C. H., Tsai, Y. F., Chiu, H. C., and
Chen, W. H. 2008. Gender
differences and age-related white
matter changes of the human brain:
a diffusion tensor imaging study.
Neuroimage, 39, 566–77.

Im, K., Lee, J. M., Lyttelton, O.,
Kim, S. H., Evans, A. C., and
Kim, S. I. 2008. Brain size and
cortical structure in the adult human
brain. Cereb Cortex, 18, 2181–91.

Ingalhalikar, M., Smith, A., Parker, D.,
Satterthwaite, T. D., Elliott, M. A.,
Ruparel, K., Hakonarson, H., Gur,
R. E., Gur, R. C., and Verma, R.
2014. Sex differences in the
structural connectome of the
human brain. Proc Natl Acad Sci
USA, 111, 823–8.

Joel, D. and Mccarthy, M. M. 2017.
Incorporating sex as a biological
variable in neuropsychiatric research:
where are we now and where should
we be? Neuropsychopharmacology,
42, 379–85.

Kanaan, R. A., Allin, M., Picchioni, M.,
Barker, G. J., Daly, E., Shergill, S. S.,
Woolley, J., and Mcguire, P. K.
2012. Gender differences in white
matter microstructure. PLoS One, 7,
e38272.

Koopman, P. 1999. Sry and Sox9:
mammalian testis-determining
genes. Cell Mol Life Sci, 55, 839–56.

Lenroot, R. K. and Giedd, J. N. 2010.
Sex differences in the adolescent
brain. Brain Cogn, 72, 46–55.

Lenroot, R. K., Gogtay, N.,
Greenstein, D. K., Wells, E. M.,
Wallace, G. L., Clasen, L. S.,
Blumenthal, J. D., Lerch, J.,
Zijdenbos, A. P., Evans, A. C.,
Thompson, P. M., and
Giedd, J. N. 2007. Sexual dimorphism
of brain developmental trajectories
during childhood and adolescence.
Neuroimage, 36, 1065–73.

Mccarthy, M. M. 2016. Sex differences
in the developing brain as a source
of inherent risk. Dialogues Clin
Neurosci, 18, 361–72.

Moreno-Briseno, P., Diaz, R., Campos-
Romo, A., and Fernandez-Ruiz, J.
2010. Sex-related differences in
motor learning and performance.
Behav Brain Funct, 6, 74.

Morris, R. C., Evendon, J. L., Sahakian,
B. J., and Robbins, T. W. 1987.
Computer-aided assessment of
dementia: comparative studies of
neuropsychological deficits in
Alzheimer-type dementia and
Parkinson’s disease. In: S. M. Stahl,
S. D. Iversen, and E. D. Goodman
(eds) Cognitive Neurochemistry.
Oxford: Oxford University Press.

Neufang, S., Specht, K., Hausmann, M.,
Gunturkun, O., Herpertz-
Dahlmann, B., Fink, G. R., and
Konrad, K. 2009. Sex differences
and the impact of steroid hormones
on the developing human brain.
Cereb Cortex, 19, 464–73.

Nopoulos, P., Flaum, M., O’Leary, D.,
and Andreasen, N. C. 2000. Sexual
dimorphism in the human brain:
evaluation of tissue volume, tissue
composition and surface anatomy
using magnetic resonance imaging.
Psychiatry Res, 98, 1–13.

Nugent, B. M., Wright, C. L.,
Shetty, A. C., Hodes, G. E.,
Lenz, K. M., Mahurkar, A.,
Russo, S. J., Devine, S. E., and
Mccarthy, M. M. 2015. Brain
feminization requires active repression
of masculinization via DNA
methylation. Nat Neurosci, 18, 690–7.

Oberlander, J. G. and Woolley, C. S.
2016. 17beta-estradiol acutely
potentiates glutamatergic synaptic
transmission in the hippocampus
through distinct mechanisms in
males and females. J Neurosci, 36,
2677–90.

O’Donnell, S., Noseworthy, M. D.,
Levine, B., and Dennis, M. 2005.
Cortical thickness of the frontopolar
area in typically developing children
and adolescents. Neuroimage, 24,
948–54.

Pakkenberg, B. and Gundersen, H. J.
1997. Neocortical neuron number
in humans: effect of sex and age.
J Comp Neurol, 384, 312–20.

Peper, J. S., Brouwer, R. M., Schnack,
H. G., Van Baal, G. C., Van
Leeuwen, M., Van Den Berg, S. M.,
Delemarre-Van De Waal, H. A.,
Boomsma, D. I., Kahn, R. S., and
Hulshoff Pol, H. E. 2009. Sex
steroids and brain structure in
pubertal boys and girls.
Psychoneuroendocrinology, 34,
332–42.

Phoenix, C. H., Goy, R. W.,
Gerall, A. A., and Young, W. C.
1959. Organizing action of
prenatally administered testosterone
propionate on the tissues mediating
mating behavior in the female
guinea pig. Endocrinology, 65,
369–82.

Pickering, S. J. 2001. The development
of visuo-spatial working memory.
Memory, 9, 423–32.

Ray, P. F., Conaghan, J., Winston, R. M.,
and Handyside, A. H. 1995.
Increased number of cells and
metabolic activity in male human
preimplantation embryos following
in vitro fertilization. J Reprod Fertil,
104, 165–71.

Reardon, P. K., Clasen, L., Giedd, J. N.,
Blumenthal, J., Lerch, J. P.,
Chakravarty, M. M., and Raznahan,
A. 2016. An allometric analysis of
sex and sex chromosome dosage
effects on subcortical anatomy in
humans. J Neurosci, 36, 2438–48.

Salat, D. H., Buckner, R. L.,
Snyder, A. Z., Greve, D. N.,

8

Section 1: The Developmental Context and Developmental Disorders

https://doi.org/10.1017/9781108646765.002 Published online by Cambridge University Press

https://doi.org/10.1017/9781108646765.002


Desikan, R. S., Busa, E., Morris, J. C.,
Dale, A. M., and Fischl, B. 2004.
Thinning of the cerebral cortex in
aging. Cereb Cortex, 14, 721–30.

Salthouse, T. A. 2004. Localizing
age-related individual differences
in a hierarchical structure.
Intelligence, 32.

Schmithorst, V. J., Holland, S. K., and
Dardzinski, B. J. 2008.
Developmental differences in white
matter architecture between boys

and girls. Hum Brain Mapp, 29,
696–710.

Schwarz, A. J., Gozzi, A., and Bifone, A.
2008. Community structure and
modularity in networks of
correlated brain activity. Magn
Reson Imaging, 26, 914–20.

Shors, T. J. 2016. A trip down memory
lane about sex differences in the
brain. Philos Trans R Soc Lond
B Biol Sci, 371, doi: 10.1098/
rstb.2015.0124.

Voyer, D., Voyer, S., and Bryden, M. P.
1995. Magnitude of sex differences
in spatial abilities: a meta-analysis
and consideration of critical
variables. Psychol Bull, 117, 250–70.

Zechner, U., Wilda, M., Kehrer-
Sawatzki, H., Vogel, W., Fundele,
R., and Hameister, H. 2001. A high
density of X-linked genes for
general cognitive ability: a run-away
process shaping human evolution?
Trends Genet, 17, 697–701.

9

Chapter 1: Human Brain Development: Implications For Maladies Of The Male Mind

https://doi.org/10.1017/9781108646765.002 Published online by Cambridge University Press

https://doi.org/10.1017/9781108646765.002

